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ABSTRACT 

Closed-loop control of the welding variables represents a promising, 
cost-effective approach to improving weld quality and therefore reducing the 
total cost of producing welded structures. The ultimate goal is to place all 
significant weld variables under direct closed-loop control; this contrasts 
with preprogramed machines which place the welding 'equipment under control. 
As the first step, an overall strategy has been formulated and an investigation 
of weld pool geometry control for gas tungsten arc process has been completed. 
The research activities were divided roughly into the areas of arc phenomena, 
weld pool phenomena, sensing techniques and control activities. 

The control strategy developed is to decouple and separately regulate key 
determinants of a "good" weld. Once the selection of the key determinants of 
a good weld has been made, closed-loop control requires four components: 
a) an on-line technique for sensing each control variable; b) a physically based 
but computationally simple model relating the weld variables to the process 
inputs; c) at least one control variable on the welding device for each weld 
variable being controlled; and d) a control algorithm that combines the above 
components to provide independent output variable control. These activities 
must develop in parallel; trial closed-loop control systems should be developed 
early to identify the required accuracy of the models and sensors and to identify 
control problems. 

To establish fundamental knowledge necessary for this approach, the steady 
and transient thermal and fluid behavior of the arc was investigated to 
a) determine the effect of current pulsing on the weld pool shape and b) evaluate 
whether current pulsing can be used to obtain separate control of weld pool top 
width and penetration (or back bead width for a full penetration). The origin 
and magnit~ide af the plasma j e t  forces has been clearly and accurately shown and 
the momentum of the plasma jet measured using a novel magnetic deflection technique 
The "stiffness" of an arc to deflection by external flows or magnetic field has 
been explained in terms of the momentum of the plasma jet. Experiments have shown 
that the response of the arc to step changes in current is strongly influenced by 
transient fluid phenomena. The transient studies were conducted with a transistor- 
based current regulator which was designed by Alexander Kusko, Inc. to our 
specifications. The device was capable of changing the current with a band width 
of >20 kHz. . 

Closed-loop control requires computationally simple models of the welding 
process since their computations must be performed in real-time. It is 
particularly important to predict how the weld pool shape varies with the welding 
equipment variables. A simple model was developed to predict the width and depth 
of a stationary weld puddle and the results compared with experimental data. The 
model included conduction heat transfer and convection heat transfer in the weld 
pool and conduction and radiation heat transfer from the solid plate. Results 
were not extensive, but indicated that the model might serve as a parameter 
indentification model in a closed-loop controller. Considerable additional 
work will be required, in particular the application to the moving weld pool 
configuration. 



The weld geometry con t ro l  a c t i v i t i e s  have concentrated on t h e  case of 
f u l l  penet ra t ion  welds, and have included: a )  development of a novel 
technique t o  d e t e c t  weld pool mass without access t o  the  r e a r  of the  weld, b) 
demonstration of a simple penet ra t ion  con t ro l  system based on arc-vol tage  
sens ing and c )  implementation of a real-time con t ro l  of back bead width. In 
t h e  f u l l y  penet ra ted  mode t h e  weld pool i s  supported a g a i n s t  g r a v i t y  and 
plasma j e t  f o r c e s  by su r face  tens ion forces .  Experimental measurements have 
c l e a r l y  e s t a b l i s h e d  t h a t  t h e  f u l l y  penetrated weld pool responds l i k e  a 
second-order mechanical system, a s  would be expected from a simple model of 
t h e  mechanical response. The experimental measurements were made by varying 
t h e  plasma j e t  momentum and d e t e c t i n g  t h e  corresponding motion of the  weld 
pool. Spec t ra l  a n a l y s i s  of the  pool motion c l e a r l y  i d e n t i f i e d  t h e  n a t u r a l  
frequency and t h c  high frequency r o l l n f f  which characterize second order  
systems. Since t h e  weld pool mass i s  d i r e c t l y  r e l a t e d  t o  t h e  n a t u r a l  
frequency and t h e  su r face  tension,  t h e  technique g ives  an es t ima te  of pool 
mass from simple tops ide  measurements. Additional work i s  required t o  
e s t a b l i s h  the  use  of the  technique f o r  moving weld pools and t o  develop 
real-time pool p o s i t i o n  sens ing techniques. Nonetheless t h e  technique shows 
promise a s  a sensor  f o r  weld pool s i ze .  

Two closed-loop c o n t r o l  schemes were inves t iga ted  experimental ly,  both 
a t tempt ing t o  c o n t r o l  f u l l  penet ra t ion  weld geometry. The f i r s t  used the  
arc-length change a t  f u l l  pene t ra t ion  a s  feedback while t h e  second d i r e c t l y  
measured (from t h e  back s i d e )  t h e  width of the  back bead. Not su rp r i s ing ly  
t h e  former was very simple, but gave an  o s c i l l a t o r y  back bead t h a t  varied from 
p a r t i a l  t o  f u l l  penet ra t ion .  However, t h e  l a t t e r  method has been q u i t e  
success fu l  i n  r egu la t ing  bead width. Although i t  involves an impract ica l  
sens ing method, t h e  dynamics and c o n t r o l  s t u d i e s  t h a t  have been performed have 
l a i d  t h e  groundwork f o r  proper con t ro l  system design once sens ing methods have 
been perfected.  



1. In t roduc t ion  

Uver t h e  y e a r s ,  t h e  c o s t  of c o n s t r u c t i n g  c r i t i c a l  welded s t r u c t u r e s  has 
i nc reased  d rama t i ca l l y .  A s i g n i f i c a n t  p o r t i o n  of t h e  i n c r e a s e  comes from 
r e q u i r e d  i n s p e c t i o n  and r e p a i r ,  wh i l e  t h e  d i r e c t  c o s t  of welding has  increased  
only  s l i g h t l y .  The q u a l i t y  of t h e  o r i g i n a l  weld, however, de te rmines  t he  
number and s e r i o u s n e s s  of d e f e c t s  and t h e r e f o r e  p a r t l y  de te rmines  t h e  r e p a i r  
c o s t s .  Closed-loop c o n t r o l  of t h e  welding v a r i a b l e s  r e p r e s e n t s  a promising 
c o s t - e f f e c t i v e  approach t o  improving weld q u a l i t y  and t h e r e f o r e  reducing t h e  
t o t a l  c o s t  of producing welded s t r u c t u r e s .  Such an automated welding system 
can  a l s o  p lay  a s i g n i f i c a n t  r o l e  i n  r e p a i r  ope ra t i ons  o r  o t h e r  hazardous 
s i t u a t i o n s  and 'can he lp  a l l e v i a t e  t h e  problem of u n a v a i l a b i l i t y  of highly 
s k i l l e d  welders.  

In  a n  e f f o r t  t o  minimize some of t h e  problems a s s o c i a t e d  w i th  welding, 
v a r i o u s  t ypes  of semiautomatic  welding machines have been developed over  t h e  
p a s t  t h i r t y  years .  While t h e  l a b e l  "automatic" has  been a t t a c h e d  t o  many 
welding s y s t e m ,  i n  many cases  t h e s e  a r e  a s  p r imi t i ve  a s  a mechanized welding 
d e v i c e  o r  a t  b e s t  a r e  a pre-programmed machine. In  such machines t h e  t o r c h  
t r a v e l  speed, t h e  w i r e  f eed  r a t e  and t h e  power source  c h a r a c t e r i s t i c s  a r e  
pre-ad jus ted  t o  va lues  which, based upon exper ience  f o r  t h e  p a r t i c u l a r  
s i t u a t i o n ,  produce a n  a c c e p t a b l e  weld. Feedback and s e l f - r e g u l a t i o n  of t h e  
weld i n  t h e  presence  of a v a r i e t y  of e x t e r n a l  d i s tu rbances  a r e  absen t  i n  t he se  
systems . 

While t h e  need f o r  au tomat ic  seam t r a c k i n g  and c o n t r o l  of welding 
subsystems has been recognized f o r  some t ime,  t h e  importance of automation 
c e n t e r e d  around d i r e c t  c o n t r o l  of t h e  c r i t i c a l  weld v a r i a b l e s  has  on ly  - 
r e c e n t l y  been recognized. A s t r o n g  i n d i c a t i o n  of t h i s  i n t e r e s t  was shown by 
the p u b l i c  session of t h e  1979 Annual Meeting of t h e  I n t e r n a t i o n a l  I n s t i t u t e  
o t  Welding devoted t o  "Welding Processes  and Workshop Automation" (1.11. 
Some feedback c o n t r o l  ha s  been accomplished i n  sub ta sk  ope ra t i ons  such a s  
t o r c h  guid ing  and seam t r ack ing .  One a r e a  where c losed  loop  c o n t r o l  has  been 
i n  u s e  f o r  some t i m e  i s  t h e  electrodelweld-pool  s e p a r a t i o n  by a r c  vo l t age  
feedback i n  GTA welding. Arc v o l t a g e  c o n t r o l  (AVC) i s  a l s o  used i n  Gas Metal 
A r c  (GMA) welding t o  f i x  t h e  d i s t a n c e  of t h e  consumable e l e c t r o d e  t o  t h e  
p l a t e .  These examples of closed-loop c o n t r o l  do n o t ,  however, e f f e c t  c o n t r o l  
o f  t h e  weld c h a r a c t e r i s t i c s .  Success fu l  closed-loop c o n t r o l  of weld v a r i a b l e s  
has  been accomplished f o r  very  s p e c i a l i z e d  a p p l i c a t i o n s  [ l .  2 ,  l r b u t  i s  
s t i l l  i n  t h e  i n i t i a l  s t a g e s  of development. Closed-loop c o n t r o l  of t h e  - weld 
i t s e l f  is  a p o t e n t i a l l y  e f f e c t i v e  way t o  improve q u a l i t y  and p r o d u c t i v i t y  and 
may pose advantages over  improvements which could be achieved by r e q u i r i n g  
t i g h t e r  t o l e r a n c e s  on t h e  p repa ra t i on ,  post- t reatment  o r  m a t e r i a l  composition 
i t s e l f .  The r e sea rch  performed under t h i s  c o n t r a c t  i s  an i n i t i a l  s t e p  toward 
ach i ev ing  c lo sed  loop  weld c o n t r o l  and a f i r s t  s t e p  i n  developing and 
e v a l u a t i n g  t h i s  approach. 

One s i g n i f i c a n t  a c t i v i t y  has  been t o  formula te  a u n i f i e d  s t r a t e g y  t o  
ach ieve  closed-loop c o n t r o l ,  s o  a d e s c r i p t i o n  of our  o v e r a l l  approach t o  t h e  
weld c o n t r o l  problem i s  f i r s t  given. This  is fol lowed by a summary of t h e  
main accomplishments of our  work, which a r e  i n  t h e  fo l l owing  a r ea s :  



( 1 )  Plasma Jet Phenomena i n  Welding Arcs; 

( 2 )  Weld Geometry Control; 

(3 )  Weld Puddle Geometry; and 

(4 )  Arc Current Regulation. 
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2. rl.1.T. Approach t o  Welding Automation 

The c o n t r o l  s t r a t e g y  which has been adopted i n  t h i s  work, i s  t o  decouple 
and separa te ly  r e g u l a t e  key determinants  of a  "good" weld. For example, 
independent c o n t r o l  would be exerc ised  on weld bead top  and bottom width and 
on l o c a l  temperature d i s t r i b u t i o n  h i s t o r y  wi th  t h e  g o a l  of maintaining a 
s p e c i f i e d  s t r e n g t h ,  toughness and f a t i g u e  c h a r a c t e r i s t i c  i n  t h e  j o i n t .  The 
expec ta t ion  i s  t h a t  closed-loop c o n t r o l  w i l l  be more e f f e c t i v e  i n  reducing 
d e f e c t s  from many of t h e  d is turbances  which now cause d i f f i c u l t i e s  i n  welding. 
A t  t h e  same t ime,  we recognize t h a t  weld c o n t r o l  i s  not  l i k e l y  t o  r e so lve  a l l  
t h e  d i f f i c u l t i e s  and t h u s  one g o a l  of our e f f o r t s  i s  t o  e v a l u a t e  t h e  p o t e n t i a l  
g a i n s  by c o n t r o l  a g a i n s t  t h e  ga ins  which can be achieved by o t h e r  means. 

In  t h e  l o n g  term, welding automation w i l l  be achieved by a combination of 
changes i n  f a b r i c a t i o n ,  j o i n t  geometry, m a t e r i a l s ,  and m a t e r i a l  condi t ioning 
p r a c t i c e s ,  a s  w e l l  a s  by t h e  a p p l i c a t i o n  of d i r e c t  welding contro l .  The l e v e l  
of  s o p h i s t i c a t i o n  of t h e  c o n t r o l l e r  w i l l  be determined by t h e  economic balance 
between reduc t ion  of s e t u p  and r e p a i r  c o s t s  versus  t h e  added c a p i t a l  and 
maintenance c o s t  of a  more s o p h i s t i c a t e d  device. F i n a l l y  i t  is  important t o  
recognize t h a t  t h e  c o n t r o l  research  e f f o r t s  must be supported by improved 
phys ica l  understanding of t h e  welding process and t h a t  p lac ing  a process under 
c o n t r o l  r e q u i r e s  an i n t e g r a t e d  approach where c o n t r o l  systems a r e  developed i n  
p a r a l l e l  wi th  sensor  development, process understanding, and welding equipment 
redesign.  

Once t h e  s e l e c t i o n  of the  key determinants  of a  good weld has been made, 
closed-loop c o n t r o l  r e q u i r e s  four  components: 

a )  An on-l ine technique f o r  sens ing each of t h e  v a r i a b l e s  t o  be 
c o n t r o l l e d ;  

b) A phys ica l ly  based but  computat ionally s imple model r e l a t i n g  the  
weld v a r i a b l e s  being con t ro l l ed  t o  t h e  process  imputs; 

c )  A t  l e a s t  one c o n t r o l  v a r i a b l e  on t h e  welding device  f o r  each weld 
v a r i a b l e  being control led. ;  and 

d) A c o n t r o l  a lgor i thm t h a t  combines t h e  above components t o  provide 
independent output  v a r i a b l e  c o n t r o l .  

While f i r s t  genera t ion  closed-loop welding c o n t r o l  systems w i l l  no t  r equ i re  
advances i n  t h e  state-of- the-art  knowledge of c o n t r o l  theory ,  t h i s  does not 
imply t h a t  t h e  development of t h e  c o n t r o l  system i s  a minor s t e p  cons i s t ing  of 
"hooking-up a computer." Thus, t h e  sensors ,  models and welding device  c o n t r o l  
v a r i a b l e s  must be developed i n  p a r a l l e l  wi th  t h e  c o n t r o l  system. Our approach 
i s  t o  c l o s e  loops  a s  e a r l y  a s  poss ib le  and t o  advance i n  p a r a l l e l  t h e  
c a p a b i l i t i e s  i n  a r e a s  a ,  b and c above. Fur ther ,  we s e p a r a t e  t h e  problem of 
t o r c h  manipulat ion,  i.e. welding r o b o t i c s ,  from t h e  closed-loop c o n t r o l  of t h e  
weld i t s e l f .  In t h e  former, the  purpose of t h e  manipulator c o n t r o l  system i s  
t o  c o n t r o l  where t h e  t o r c h  moves r a t h e r  than t o  d i r e c t l y  c o n t r o l  t h e  
p r o p e r t i e s  of t h e  weld being produced. Ihe weld c o n t r o l  system must i n s t r u c t  
( con t ro l )  t h e  manipulator  on how t o  move t o  achieve t h e  d e s i r e d  weld 
c h a r a c t e r i s t i c s .  The t o t a l  system c o n s i s t s  of s e v e r a l  i n n e r  loop (or  



subprocess )  c o n t r o l l e r s  a l l  supe rv i sed  by t h e  master c o n t r o l l e r ,  a s  shown 
schema t i ca l l y  i n  Fig. 2 . 1 .  

We have conf ined  o u r  e f f o r t s  t o  Gas Tungsten Arc Welding (GTAW) of t h e  
r o o t  p a s s  of a mult i -pass  weld o r  t o  autogenous welds of modest th ickness .  
F u r t h e r ,  i n  t h i s  i n i t i a l  work we have cons idered  c o n t r o l  on ly  of t h e  weld 
geometry,  r a t h e r  t h a n  c o n s i d e r i n g  a l l  a s p e c t s  of weld q u a l i t y .  These 
l i m i t a t i o n s  a r e  n o t  s e v e r e ,  as t h e  r o o t  pass  is  t h e  most c r i t i c a l  s t a g e  of a 

,mul t i -pass  weld (even though t h e  f i l l  pa s se s  might t ake  more of t h e  t i w )  and 
- , t h e  s u c c e s s f u l  a p p l i c a t i o n  of  c o n t r o l  t o  t h e  r o o t  pa s s  should a l low a r e l a x i n g  

o f  t h e  f i t - u p  and n ra t e r i a l  t o l e r ances .  Autogenous GTA welds a r e  of i n t e r e s t  
because f o r  modest t h i c k n e s s  m a t e r i a l s  t h e  s i n g l e  pas s  may be s u f f i c i e n t .  We 
have a l s o  l i m i t e d  our  e f f o r t s  p r i m a r i l y  t o  geometry con t ro l .  Appendix A 
d i s c u s s e s  some i s s u e s  of c o n t r o l  w i t h i n  t h e  l a r g e  contex t  of welding 
f a b r i c a t i o n .  F i n a l l y , i t  must be recognized t h a t  the general approach t o  weld 
c o n t r o l  and many of t h e  sensors and models can a l s o  be used as a s t a r t i n g  
p o i n t  f o r  c o n t r o l  of o t h e r  welding systems. 
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3. Plasma Jets i n  Welding Arcs 

Plasma jets o r i g i n a t e d  by t h e  e l e c t r o m a g n e t i c  f o r c e s  p lay  an important  
r o l e  i n  t h e  welding p roces s  by: . 

a )  s t a b i l i z i n g  t h e  a r c ;  

b) e x e r t i n g  p r e s s u r e  and s h e a r '  f o r c e s  on t h e  'weld pool ;  and 

c )  a l t e r i n g  t h e  me ta l  t r a n s f e r  mode when a consumable e l e c t r o d e  i s  used. 

I n  t h e s e  ways, t h e  plasma jet behavior  can be a  s i g n i f i c a n t  f a c t o r  i n  
de te rmin ing  t h e  q u a l i t y  of a weld. In t h e  contex t  of c o n t r o l ,  t h e  s t r e n g t h  
and d i s t r i b u t i o n  of  plasma j e t  f o r c e  on t h e  weld pool  r e p r e s e n t  p o s s i b l e  
i n p u t  v a r i a b l e s  r h i c h  can  be a d j u s t e d  t o  keep an  ou tput  v a r i a b l e ,  such a s  
p e n e t r a t i o n ,  t o  a p r e s c r i b e d  value. The succes s  of c u r r e n t  p u l s i n g  i n  GT.4 
welding  suppor t s  t h e  importance of plasma j e t  f o r ce s .  An understanding of the  
a r c  behavior  i s  a l s o  impor tan t  s i n c e  t h e  a r c  r e p r e s e n t s  a source  of d i a g n o s t i c  
i n fo rma t ion ,  and s i g n a l  p roces s ing  of t h e  vo l t age  and c u r r e n t  s i g n a l s ,  f o r  
example, r e q u i r e s  an  unders tanding  of t h e  arc .  

The f i r s t  p a r t  of t h i s  s e c t i o n  d e s c r i b e s  t h e  main r e s u l t s  of our s tudy  of 
t h e  s t eady  behavior  of an  a r c  between a GTAW t o r c h  and a  f l a t  p l a t e  anode. 
For  s t e a d y  f l w  c o n d i t i o n s ,  we have developed a  novel  t echnique  t o  measure t h e  
s t r e n g t h  of t h e  plasma jet  and made measurements f o r  a  range of c u r r e n t s  and 
e l e c t r o d e  t i p  angles .  I n t e r p r e t i v e  models were developed both  f o r  t h e  t i p  
r e g i o n  and f o r  t h e  deve loping  jet  r eg ion  away from t h e  t i p .  As d i scus sed  i n  
t h e  d e s c r i p t i o n  of  our  o v e r a l l  approach, t h e  e f f o r t s  i n  modeling l e a n  i n  t h e  
d i r e c t i o n  of p h y s i c a l l y  based, but computat ional ly  s imple,  models. We have 
a l s o  exp la ined  t h e  e m p i r i c a l  r e s u l t s  f o r ' t h e  s t i f f n e s s  of a r c s  t o  e x t e r n a l  
d i s t u r b a n c e s  measured by o t h e r  i n v e s t i g a t o r s  i n  terms of t h e  plasma jet  
p hen~mena. 

The second p a r t  of t h i s  s e c t i o n  d i s c u s s e s  t h e  r e s u l t s  of our  s tudy of t h e  
uns teady  behavior  of  t h e  arc, i n  p a r t i c u l a r  t h e  response t o  s t r o n g  and r a p i d  
changes i n  arc cu r r en t .  In a d d i t i o n ,  t h e  time response of t h e  a r c  t o  l a t e r a l  
d e f l e c t i o n s  and o t h e r  t ime vary ing  d i s t u r b a n c e s  r epo r t ed  have been measured. 

3.1 Background and Theory 

The b a s i c  s t r u c t u r e  of h igh  p re s su re  a r c s  i s  w e l l  e s t a b l i s h e d .  The 
r e g i o n s  c l o s e  t o  t h e  anode and cathode a r e  dominated by t h e  i n t e r a c t i o n  of t h e  
c u r r e n t  w i t h  t h e  w a l l  and a r e  g e n e r a l l y  a r e a s  w i t h  l a r g e  d e p a r t u r e  from l o c a l  
t hermodynadc equ i l i b r ium (LTE) . In c o n t r a s t ,  t h e  reg1 o n  avay from t h e  
e l e c t r o d e s ,  t h e  p o s i t i v e  column, is g e n e r a l l y  c l o s e  t o  LTE and can  be analyzed 
u s i n g  t h e  continuum f l u i d  equa t ions  i nc lud ing  t h e  e l ec t romagne t i c  body f o r c e s  
and t h e  bulk J o u l e  h e a t i n g  of t h e  gas. An a r c ,  formed i n  an unbounded reg ion ,  
w i l l  expand t o  f i l l  t h e  r eg ion ;  t h e r e f o r e  some s o r t  of ' s t a b i l i z a t i o n '  of t h e  
a rc  must occur  i f  t h e  a r c  i s  t o  be conf ined  t o  a f i n i t e  s i z e .  A cooled w a l l ,  
a  f o r c e d  s w i r l  o r  a x i a l  f low of  gas ,  n a t u r a l  convect ion c u r r e n t s  around t h e  
a r c ,  o r  f i x e d  e l e c t r o d e  s i z e  and s h o r t  e l e c t r o d e  s e p a r a t i o n  a r e  some ways a r c s  
a r e  s t a b i l i z e d .  For t h e  t i p  p l ane  geometry t h e  arc can be s t a b i l i z e d  by t h e  



self- induced plasma j e t  f low which r e s u l t s  from t h e  c o n s t r i c t i o n  of t h e  
c u r r e n t  imposed by t h e  t i p  e l ec t rode .  Maecker 13.11, f i r s t  expla ined  t h i s  
behavior  i n  terms of t h e  pinch e f f e c t ,  which produces a  c e n t e r l i n e  p re s su re  
which i s  h igher  n e a r  t h e  e l e c t r o d e  t h a n  i n  t h e  r eg ion  away from t h e  
c o n s t r i c t i o n .  'his exp lana t ion  i s  incomplete and l e a d s  on ly  t o  rough 
e s t i m a t e s  of t h e  plasma jet  s t r e n g t h .  The more e x a c t  f o r m l a t i o n  contained i n  
o t h e r  works i s  summarized below. 

The main welding c u r r e n t  e s t a b l i s h e s  a n  az imutha l  magnet ic  f i e l d  which 
i n c r e a s e s  w i t h  d i s t a n c e  from t h e  c e n t e r  of t h e  a r c  t o  t h e  o u t e r  boundary. For 
a  uniform d i s t r i b u t i o n  of  c u r r e n t  w i t h i n  t h e  l o c a l  a r c  r a d i u s  R ,  t h e  magnetic 
f  i c l d  i s  givon as 

IJIr 
b e ( r )  = - 

2n ~2 

where p is  t h e  magnet ic  pe rmeab i l i t y ,  r i s  t h e  r a d i a l  coo rd ina t e ,  and I is  t h e  
t o t a l  c u r r e n t  through t h e  a r c .  If  t h e  a r c  i s  cons t r a ined  t o  keep a  cons t an t  
r a d i u s ,  t h e  s e l f  magnet ic  f i e l d  w i l l  r e s u l t  i n  a  Lorentz f o r c e  i n  t h e  r a d i a l  
d i r e c t i o n  only.  I f  t h e  a r c  d e v i a t e s  from c y l i n d r i c a l  shape,  but  main ta ins  
r a d i a l  sylometry, tile Lorentz f o r c e  on t h e  f l u i d  w i l l  have bo th  r a d i a l  and 
a x i a l  components. In t h e  absence of space  charge e f f e c t s ,  i .e.  away from the  
e l e c t r o d e s ,  conse rva t ion  of c u r r e n t  r e q u i r e s  -- 

where Je = aJ8/ae = 0 from symmetry cons ide ra t i ons .  The r a d i a l  c u r r e n t  
d e n s i t y  can be r e l a t e d  t o  t h e  a x i a l  change i n  a r c  r a d i u s ,  dK/dz, a s  

where J r ( r  = 0) = O by symmetry and f o r  convenience a  uniform c u r r e n t  
d i s t r i b u t i o n  h a s  been assumed. The body f o r c e  i s  g iven  a s  

where G r  and GZ a r e  u n i t  v e c t o r s  i n  t h e  r a d i a l  and a x i a l  d i r e c t i o n s .  Both 
components of t h e  f o r c e  c o n t r i b u t e  t o  t h e  c i r c u l a t i o n ,  w i t h  t h e  r a d i a l  f o r c e  
r e s u l t i n g  i n  c i r c u l a t i o n  through t h e  a r c  c e n t e r  toward t h e  p l a t e  and t h e  a x i a l  
f o r c e  r e s u l t i n g  i n  c i r c u l a t i o n  i n  t h e  oppos i t e  d i r e c t i o n .  Only t h e  a x i a l  
f o r c e  l e a d s  t o  a  n e t  a x i a l  momentum on t h e  f l u i d ,  a s  can e a s i l y  be e s t a b l i s h e d  
by c o n s i d e r i n g  a c y l i n d r i c a l  c o n t r o l  volume around p a r t  of t h e  a r c .  The t o t a l  
a x i a l  f o r c e  on t h e  plasma i n  t h e  expanding c u r r e n t  channel  is  eva lua t ed  by 
i n t e g r a t i n g  t h e  body f o r c e  over  t h e  volume of i n t e r e s t  and y i e l d s  



where K1 and K2 a r e  t h e  a r c  r a d i i  a t  t h e  i n i t i a l  and f i n a l  s t a t i o n s  of 
i n t e r e s t .  The magnitude of t h e  f o r c e  is  independent of t h e  p r e c i s e  v a r i a t i o n  
o f  a r c  r a d i u s  w i t h  a x i a l  d i s t a n c e  as long  a s  t h e  shape of t h e  c u r r e n t  
d i s t r i b u t i o n  remains t h e  same. When t h e  f l u i d  i s  turned  a t  t h e  p l a t e  t h e  jet  
a x i a l  momentum i s  conver ted  t o  a  f o r c e  on t h e  p l a t e ;  t h i s  f o r c e  i s  i n  a d d i t i o n  
t o  t h e  f o r c e  e x e r t e d  by t h e  p inch  e f f e c t .  The t o t a l  f o r c e  on t h e  p l a t e  
becomes 

3.1.1 E f f e c t  of T ip  Angle - - 
ff t h e  r a d i u s  of t h e  a r c  i n  t h e  f u l l y  expanded r eg ion  and t h e  c u r r e n t  

d e n s i t y  a t  t h e  cathode are not  s t r o n g l y  af fected by the t i p  ang le ,  n nimplc 
e x p r e s s i o n  can  b e  de r ived  t o  r e l a t e  t h e  momentum imparted t o  t h e  f l u i d  t o  t h e  
t i p  a n g l e  of t h e  e l e c t o d e ,  a t  l e a s t  f o r  cons t an t  a r c  cu r r en t .  For f i x e d  
c u r r e n t ,  a  cons t an t  ca thode  c u r r e n t  d e n s i t y  impl ies  t h a t  t h e  c a t h o d e  s u r f a c e  
a r e a  ( ' I / J ~ ~ ~ ~ ~ ~ ~ )  should  remain f i x e d  a s  t h e  t i p  angle  v a r i e s ;  thus  t h e  
e f f e c t i v e  a r c  r a d i u s  a t  t h e  e l e c t r o d e ,  De, i s  r e l a t e d  t o  t h e  t i p  ang le ,  a, a s  
by 

L), = / 4 s i n  a Ac/a 

The f l u x  of momentum can  then  be c a l c u l a t e d  a s  

where Dc i s  t h e  d i ame te r  of t h e  a r c  away from t h e  t i p  region. 

3.1.2 Uef l e c t i o n '  of  t h e  Arc by a  Transverse  ~Yagnetic F i e l d  

I f  an e x t e r n a l  magnet ic  f i e l d  i s  e s t a b l i s h e d  i n  t h e  t r a n s v e r s e  d i r e c t i o n ,  
t h e  a r c  w i l l  be d e f l e c t e d .  In t h e  t i p  reg ion ,  where most of t h e  expansion of 
t h e  c u r r e n t  khannel o c c u r s ,  t h e  arc i s  d i r e c t e d  by t h e  e l e c t r o d e  and the 
d e f l e c t ' i o n  should  be small .  In  t h e  r eg ion  away from t h e  t i p  t h e  momentum of  
t h e  f l u i d  i s  roughly cons t an t  i n  t h e ' a b s e n c e  of t h e  e x t e r n a l  f i e l d  and s i n c e  
t h e r e  i s  no work done by t h e  magnetic f i e l d  on t h e  plasma ( t h e  f o r c e  i s  always 
p e r p e n d i c u l a r  t o  t h e  motion of t h e  plasma) t h e  momentum of t h e  f l u i d  must 
remain cons t an t .  The r e s u l t  is t h a t  t h e  plasma pa th  assumes a  t r a j e c t o r y  of a  
c i r c l e  w i t h  r a d i u s  Kc which can be found from Mo- = B,IHc, where B, i s  t h e  
s t r e n g t h  of t h e  a p p l i e d  magnet ic  f i e l d .  . L £  t h e  r a d i u s  of cu rva tu re  is  l a r g e  
and t h e  a r c  remains t angen t  t o  t h e  e l e c t r o d e  a t  t h e  t i p ,  t h e  r a d i a l  d e f l e c t i o n  
o f  t h e  a r c  a t  a  d i s t a n c e  h  from t h e  e l e c t r o d e  i s  given as 

where a n  approximate exp re s s ion  f o r  t h e  r a d i u s  of cu rva tu re  has  been used. 

The r e l a t i o n s h i p  of  plasma jet phenomena t o  t h e  s t i f f n e s s  of t h e  arc 
t o  resist d e f l e c t i o n  from e x t e r n a l  magnetic f i e l d s  is  c l e a r l y  e s t a b l i s h e d  by 



Eqn 3. I f  t h e  s i m p l e  e x p r e s s i o n  f o r  plasma j e t  momentum i s  used,  t h e  
d e f l e c t i o n  can  be  e x p r e s s e d  as 

I 

Assuming t h a t  t h e  a r c  e x p a n s i o n  r a t i o  i s  rough ly  c o n s t a n t  a s  t h e  c u r r e n t  is 
1 

changed,  t h e  fo rmula  i n d i c a t e s  t h a t  t h e  a r c  s t i f f n e s s  (=d/B0) s h o u l d  vary  a s  
t h e  i n v e r s e  of  t h e  a r c  c u r r e n t .  The i n c r e a s e  i n  s t i f f n e s s  g a i n e d  f rom reduced 
t i p  a n g l e  c a n  be de te rmined  by u s e  of  Eqn 2. Other  t e c h n i q u e s  t o  i n c r e a s e  
plasma j e t  momentum a t  f i x e d  c u r r e n t  w i l l  a l s o  l e a d  t o  i n c r e a s e d  s t i f f n e s s .  

3.1.3 Behavior  o f  t h e  Arc A f t e r  t h e  I n i t i a l  Expansion Region ---- - ------ --- 
While t h e  most  c r i t i c a l  r e g i o n  t o  model i s  t h e  r e g i o n  n e a r  t h e  t i p  where 

most of  t h e  momentum i s  i m p a r t e d  t o  t h e  f l u i d ,  i t  is  a l s o  o f  i n t e r e s t  t o  model 
t h e  development o f  t h e  plasma j e t  downstream of t h i s  r e g i o n .  A s i m p l e  j e t  
development model was c o n s t r u c t e d ;  more complex models have been deve loped  
l 3 . 2 1 ,  but  i t  seems h a r d l y  n e c e s s a r y  i f  t h e  n e a r  t i p  r e g i o n  i s  n o t  t o  be 
modeled. The p r e s e n t  model c o n s i d e r s  t h e  development f r s m  t h e  end of t h e  main 
e x p a n s i o n  r e g i o n ,  by assuming s i m p l e  v e l o c i t y  and t e m p e r a t u r e  d i s t r i b u t i o n s  a t .  
e a c h  a x i a l  l o c a t i o n  i n  t h e  c o n s e r v a t i o n  e q u a t i o n s  f o r  mass, momentum and 
energy  and i n  t h e  a p p r o p r i a t e  Ohm's Law e q u a t i o n .  

A s  shown i n  Fig .  3.1, t h e  a r c  i s  t a k e n  t o  c o n s i s t  o f  a n  i n n e r  c o r e  
o f  un i fo rm t e m p e r a t u r e  a n d  v e l o c i t y .  In  t h e .  o u t e r  r e g i o n '  t h e  g a s  t empera tu re  
d e c l i n e s  t o  room t e m p e r a t u r e  and t h e  v e l o c i t y  i s  t a k e n  e q u a l  t o  t h e  s h i e l d  g a s  
v e l o c i t y .  The i n n e r  c o r e  e n t r a i n s  f l u i d  f rom t h e  o u t e r  c o r e  and t h e r e b y  
i n c r e a s e s  i n  r a d i u s  and s l o w s  down w i t h  a x i a i  distance. The g a s  i s  assuned  t o  
behave as a n  i d e a l  g a s  a n d  measured d a t a  i s  used t o  descrsbe t h e  v a r i a t i o n  of 
e l e c t r i c a l  c o n d u c t i v i t y ,  r a d i a t i o n  l o s s  and t h e r m a l  c o n d u c t i v i t y  w i t h  
t empera tu re .  

Equa t ion  f o r  Axial Growth of J e t .  The e n t r a i n m e n t  of mass i n t o  t h e  i n n e r  c o r e  - --- 
i s  t a k e n  t o  be p r o p o r t i o n a l  to-the v e l o c i t y  and t h e  j e t  s u r f a c e  a r e a ;  
c o n s e r v a t i o n  o f  mass c a n  t h e n  be e x p r e s s e d  a s  

wherc y i~ t h e  inner c o r e  rar l i~ i s ,  t h e  s u b s c r i p t  c  d e n o t e s  c o r e ,  a i s  t h e  
e n t r a i n m e n t  c o e f f i c i e n t ,  T, U ,  and P a r e  t h e  t e m p e r a t u r e ,  v e l o c i t y  and 
p r e s s u r e  respect lva1.y  and K i s  t h e  g a s  c o n s t a n t ;  S i n c e  t h e  momentum i s  
assumed t o  be t r a n s f e r r e d  t o  t h e  g a s  upst ream o f  t h e  r e g i o n  o f  i n t e r e s t ,  
c o n s e r v a t i o n  o f  momentum f l u x  f o r  t h e  c o r e  y i e l d s  

dM 
0 

d 
- =  2 2 - [ny U (P/RTc) ] = 0 
d z  dz  c 



PROFILE 

Pigure 3.1 Sketch of Tip-Plane Configuration Showing 
the  Assumed Prof i l e  Shapes f o r  the Developing 
Je t  iqodel and the Flow Pattern i n  the Tip Hegion. 



The conserva t ion  equa t ion  f o r  t h e  i n n e r  core  balances t h e  en tha lpy  f l u x  
a g a i n s t  Jou l e  d i s s i p a t i o n ,  hea t  conductfon and r a d i a t i o n  l o s s  and can be 
. w r i t t e n  a s  

d$ - -  dm, ( T c - T o )  . 
cpTc - = J ~ B '  - 27ry Ac 

d  z dz r '- y 
- 9 '  

r ad 
w i t h  

and where Xc i s  the t h e m 1  rnn .duc t iv i ty ,  15 i o  t h e  t l e c L r l c  f i e l d ,  oc i s  t h e  
e l e c t r i c a l  c o n d u c t i v i t y ,  To i s  t h e  temperature  of t h e  incoming s h i e l d  gas, cp 
t h e  s p e c i f i c  h e a t  and irad i s  t h e  hea t  Pos t  from t h e  c o r e  per  u n i t  length.  
by r a d i a t i o n .  The r a d i a t i o n  l o s s  i s  eva lua t ed  from t h e  vo lumet r ic  l o s s ,  q 
assuming t h a t  ga s  i s  o p t i c a l l y  t h i n  t h u s  l o s s  

L qr = q t l t ( T c )  ny 
r ad  rad  

. 
where qrad i s  supp l i ed  by t n e  experimental  r e s u l t s  of Emmons. [ 3 . 3 ]  m e  
energy balance on t h e  e n t i r e  a r c  can be w r i t t e n  a s  . 

dHt - - dm 
cp Toz = EI - 

dz rad 

wi th  

.% . where Uo i s  t h e  v e l o c i t y  of t h e  purge gas .  The second term on t h e  l e f t  hand 
s i d e  of  Eqn (1.7a) can be neglec ted  s i n c e  To<(Tc . The t o t a l  r a d i a t i o n  l o s s  
p e r  u n i t  l e n g t h  is  tauen  equa l  t o  t h e  l o s s  from t h e  core.  The f i n a l  equa t ion  
r equ i r ed  i s  O h m ' s  l a w  which r e l a t e s  t h e  e l e c t r i c  f i e l d  t o  t h e  c u r r e n t  a s  

where <a> i s  t h e  average  conduc t iv i t y  ove r  t h e  a r c  cross-sect ion.  The 
e l e c t r i c a l  c o n d u c t i v i t y  i s  a f u n c t i o n  of temperature  and taken  t o  be 

where A and k4 a r e  c o n s t a n t s  f o r  a p a r t i c u l a r  ga s  mixture.  

Eqns 1.4, 1.5, 1.6a,b, 1.7ab and 8 r e p r e s e n t  5  equa t ions  . i n  t h e  
5 unknowns; y ,  r ,  Uc, Tc and E ,  (Hc, Mo and Ht a r e  i n t e r m e d i a t e  q u a n t i t i e s  
which a r e  e a s i l y  e l imina t ed  f o r  t h e  equa t ions)  which can be i n t e g r a t e d  i n  z 
f o r  a g iven  a r c  c u r r e n t .  



I n i t i a l  Condi t ions.  The c o n d i t i o n s  a t  t h e  end of t h e  c u r r e n t  expansion reg ion  
a r e  p a r t l y  determined by exper imenta l  da ta .  The momentum f l u x  is. taken  a s  

where t h e  exper imenta l  v a l u e  of  [ l  + 2 Ln(R2/K1)] i s  used. The r e s u l t s  were 
found t o  be i n s e n s i t i v e  t o  t h e  choice  of t h e  i n i t i a l  o u t e r  r eg ion  r a d i u s ,  s o  
i t  was assumed t o  be r(z=O)=2y(z=O). A t h i r d  cond i t i on  was ob t a ined  by 
assuming t h a t  t h e  tempera ture  To i s  a  maximum a t  t h e  end of t h e  c u r r e n t  
expans ion  reg ion ,  which r e s u l t s  i n  u s i n g  Eqn 6a i n  t h e  r e l a t i o n  

a t  z=0. Ohm's law, e v a l u a t e d  a t  z=0 r e p r e s e n t s  an  a d d i t i o n a l  equa t ion .  The 
f i n a l  i n i t i a l  c o n d i t i o n  i s  ob ta ined  by choosing t h e  i n i t i a l  v e l o c i t y  U, t o  
g i v e  t h e  proper  a r c  v o l t a g e  g r a d i e n t  f o r  a c u r r e n t  of 100 amperes; f o r  argon 
a r c s  t h i s  f i e l d  i s  8 V/cm.[3.4]. For o t h e r  c u r r e n t s ,  t h e  i n i t i a l  v e l o c i t y  i s  
assumed t o  vary l i n e a r l y  from t h i s  value.  

Entrainment  C o e f f i c i e n t .  For a  t u r b u l e n t  j e t  an  entrainment  c o e f f i c i e n t  of --- 
-0.1 i s  t y p i c a l .  However, f o r  t h e  somewhat low c u r r e n t s  cons idered  he re  t he  
j e t  Keynolds number is  -10-130 and t h e  f low can be expected t o  be laminar.  
For a  lamanar j e t  t h e  en t ra inment  r a t e  i s  

r a t h e r  t h a n  p r o p o r t i o n a l  t o  2nrUca a s  has  been assumed. Never the less ,  
r e a s o n a b l e  r e s u l t s  can  be found by t ak ing  t h e  formulation of Eqn (1.4) w i t h  
a = 0.055. 

Ca lcu l a t ed  Kesul ts .  The The a x i a l  v a r i a t i o n  of t h e  q u a n t i t i e s  f o r  a 100 A a r e  
shown i n  Fig. 3.2 As can be s een ,  , t h e  i n n e r  co re  grows l i n e a r l y  w i t h  a x i a l  
d i s t a n c e ,  wh i l e  t h e  o u t e r  c o r e  grows more r ap id ly -nea r  t h e  start. The 
p r e d i c t e d  v a r i a t i o n  w i t h  t o t a l  c u r r e n t  of vo l t age  drop  (away from t h e  
e l e c t r o d e s )  i s  shown i n  Fig. 3.3 and i n d i c a t e s  i n c r e a s e  i n  vo l t age  from 7 
v o l t s  a t  40 amperes t o  10 v o l t s  a t  240 amperes. 

3.1.4 Modeling .of T rans i en t  Response 

As w i l l  be shown i n  t h e  exper imenta l  s e c t i o n ,  r ap id  i n c r e a s e s  i n  t h e  a r c  
c u r r e n t  r e s u l t  i n  t h e  format ion  of a  vo r t ex  s t r u c t u r e  t h a t  p ropaga tes  from t h e  
t i p  region.  This  t ype  of behavior  has  been observed f o r  o t a r t i n g  hydrodynamic 
jets by Witze (3.5.1 The a n a l y s i s  of Abramovich [ 3 . 6 ]  i s  used t o  cons ider  
t h e  response  of t h e  plasma je t  t o  a change from a  very  low c u r r e n t  (-10 
Amperes) t o  a  h igh  l e v e l .  The assumed s t r u c t u r e  of  t h e  j e t  t r a n s i e n t  is shown 
i n  Fig. 3.4. A s p h e r i c a l  v o r t e x  of r a d i u s  R ,  moves away from t h e  t i p .  The 
v o r t e x  mass i n c r e a s e s  due t o  en t ra inment  of mass from t h e  jet  forming behind 
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Figure 3.3 Voltage Drop Through the Arc Versus Current. 



Figure 3.4 Vortex Structure Convected Away from the T i p .  



i t ;  t h e  v o r t e x  is pushed through t h e  s t i l l  a i r  by t h e  j e t  behind it. 
Following Solon, equa t ions  can be developed f o r  t h e  time v a r i a t i o n  of t h e  
volume of t h e  v o r t e x  and a x i a l  l o c a t i o n  of t h e  vortex.  Entrainment t o  t h e  
v o r t e x  is  assumed t o  come e n t i r e l y  from t h e  j e t ,  and is taken  a s  

where V i s  t h e  v o r t e x  volume, U is  t h e  speed of t h e  r e a r  of t h e  vo r t ex ,  y and 
Uc a r e  t h e  r a d i u s  and v e l o c i t y  of t h e  s t e a d y  jet  growing behind t h e  vo r t ex  and 
a r e  t aken  from t h e  s t eady  s o l u t i o n  desc r ibed  i n  t h e  prev ious  s ec t i on .  The 
momentum ba lance  f o r  t h e  v o r t e x  i n c l u d e s  t h e  momentum f l u x  from t h e  j e t ,  
v i s c o u s  d r a g  and t h e  i n e r t i a  imposed by t h e  need t o  move f l u i d  o u t  of t h e  pa th  
of  t h e  vortex.  The l a t t e r  term i s  determined from t h e  p o t e n t i a l  f low s o l u t l o n  
d i s c u s s e d  by Milne-Thompson [ 3 . 7 ] .  In t h e  p re sen t  case ,  some assumption about 
t h e  d e n s i t y  of t h e  volume d i sp l aced  must be made and i n  t h e  r e s u l t s  shown 
below t h e  d e n s i t y  i s  eva lua t ed  a t  t h e  average of  t h e  a r c  temperature  a n d ' t h e  
ambient g a s  temperatures .  The d rag  f o r c e  i s  eva lua ted  from d a t a  of laminar  
f low around a sphe re  (3.81. The f i n a l  form of  t h e  momentum equa t ion  i s  

The p o s i t i o n  of t h e  r e a r  of t h e  vo r t ex  can be found a s  d z l d t  = U and t h e  t h r ee  
e q u a t i o n s  numer ica l ly  i n t e g r a t e d  (u s ing  t h e  s t eady  plasma j e t  s o l u t i o n )  t o  
f i n d  t h e  p o s i t i o n  of t h e  vortex.  

The r e s u l t  i s  shown i n  Fig. 3.5 f o r  a  s t e p  change t o  a  c u r r e n t  of 200 
amps. A s  c an  be s e e n  t h e  speed i s  roughly cons t an t  and equa l  t o  '50mIsec f o r  
t h i n  oaoo. 

3.2 Experimental Apparatus  and Procedure 

The exper imenta l  measurements of t h e  plasma j e t  momentum were conducted 
i n  a  s t a t i o n a r y  t o r c h  s e t u p  shown schemat ica l ly  i n  Fig. 3.6. A convent iona l  
GTA t o r c h  wao uocd, t y p i c a l l y  w i t h  argon s h i e l d i n g  gas, t u  creaLe Lt~e arc 
plasma w i t h  a water-cooled copper p l a t e  used a s  t h e  anode. The r i g  was 
des igned  t o  a l low f u l l  o p t i c a l  acces s  t o  t h e  welding reg ion ,  and t o  provide 
f o r  e a s y  mod i f i ca t i on  and i n t e r f a c i n g  w i t h  d i a g n o s t i c  ins t rumenta t ion .  

A Gl'AW t o r c h  (Airco Heliweld H2O-C) w i t h  a  3/32'* diameter ,  2% t h o r i a t e d  
t u n g s t e n  e l e c t r o d e  w a s  used i n  a l l  t h e  experiments.  The t i p  was ground t o  a  
c o n i c a l  shape and a shadow of t h e  t i p  p ro j ec t ed  on sc r een  t o  a c c u r a t e l y  
measure t h e  t i p  angle .  A l a r g e  d iameter  c a b l e  was connected d i r e c t l y  t o  t h e  
e l e c t r i c a l  con tac t  i n  t h e  t o r c h  head, t hus  avoid ing  t h e  use of t h e  normal, 
h igh  impedence, c a b l e  which runs  t h e  l e n g t h  of t h e  water-cooling hose. Th i s  
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was necessary  f o r  t h e  high frequency runs  t o  be conducted properly.  A 318" 
d i ame te r  alumina nozz le  was used t o  d i r e c t  t h e  welding q u a l i t y  argon purge 
f low,  which was f i x e d  a t  18 cfh.  The workpiece was made of 1/4 i n c h  
Oxygen-Free-High-Conductivity copper,  s i l v e r - s o l d e r e d  t o  a s t a i n l e s s - s t e e l  
stem. The s t a g n a t i o n  f low coo l ing  wa te r  con f igu ra t i on  was used t o  prevent  
f i l m  b o i l i n g  a t  t h e  high l o c a l  hea t  t r a n s f e r  r a t e s .  The top  s u r f a c e  of t h e  
e l e c t r o d e  was remachined o r  rep laced  whenever i t  became p i t t e d .  

A s t anda rd  3-phase r e c t i f i e d  power supply (Airco CV-450) capable  of 
p rovid ing  450 amps a t  38 v o l t s  was used a s  t h e  main power source ;  t h e  high 
c u r r e n t  op t ion  of t h e  supply was used t o  avoid  t h e  inductance in t roduced  i n  
t h e  low c u r r e n t  c i r c u i t .  A unique c u r r e n t  c o n t r o l l e r  designed and 
cons t ruc t ed ,  t o  our  s p e c i f i c a t i o n s ,  by Alexander Kusko, Inc. [3.9] was used. 
This  t r a n s i s t o r  based dev ice  p l a c e s  t h e  welding c u r r e n t  under t i g h t  c o n t r o l  
and a l lows  v a r i a t i o n  of welding c u r r e n t  over  i t s  f u l l  range (0-300 amps) wi th  
a bandwidth g r e a t e r  t han  20 kHz. In  t h e  t r a n s i e n t  s t u d i e s ,  t h e  device  was 
used t o  impose r a p i d  changes i n  a r c  c u r r e n t ;  f o r  example t h e  c u r r e n t  was 
i nc reased  by 60 amperes w i t h  a r i s e  t i m e  of 15 micro-seconds. The c u r r e n t  
from t h e  dev ice  can be c o n t r o l l e d  d i r e c t l y  by a computer, but i n  t he se  
experiments  a s i g n a l  gene ra to r  was used t o  d e f i n e  t h e  ou tput  c u r r e n t  from t h e  
r egu la to r .  

The magnetic f i e l d  f o r  t h e  d e f l e c t i o n  experiments  was provided by a p a i r  
of c o i l s  s e t  up i n  t h e  Helmholtz con f igu ra t i on ,  which y i e l d s  a uniform f i e l d .  
A maximum magnet ic  f i e l d  s t r e n g t h  of 100 Gauss was p o s s i b l e  w i t h  t h e  c o i l s .  
The magnet ic  f i e l d  a t  va r ious  c u r r e n t s  was measured u s i n g  a Gaussmeter and t h e  
r e s u l t i n g  c a l i b r a t i o n  curve used t o  determine t h e  magnetic f i e l d  from t h e  
measured magnet c u r r e n t .  

In a d d i t i o n  t o  a r c  vo l t age  and a r c  c u r r e n t  measurements, s e v e r a l  o p t i c a l  
d i a g n o s t i c s  were used. For t h e  s teady-s t a t e  plasma j e t  measurements a charge 
coupled photo d iode  (CCPD) l i n e a r  a r r a y ,  manufactured by Ret icon,  was used t o  
measure t h e  l i g h t  emission i n t e n s i t y  and thereby determine t h e  d i s t a n c e  t h e  
a r c  was d e f l e c t e d  by t h e  magnetic f i e l d  . A s imple l e n s e  arrangement was used 
t o  p r o j e c t  t h e  a r c  on t h e  diode a r r a y  ( s e e  Pig. 3.6); no s p e c t r a l  f i l t e r i n g  
was performed. Trans ien t  measurements were made u s i n g  a s i n g l e  photo-diode 
(ZGLG model SGblOW) ,  which allowed f a s t  response measurements f o r  a s i n g l e  
l o c a t i o n  i n  t h e  a r c .  A l e n s e  was used such t h a t  t h e  d iode  accepted  l i g h t  from 
a narrow p e n c i l  through t h e  a r c  w i t h  a d iameter  of 200 microns; no s p e c t r a l  
f i l t e r i n g  was performed. The ou tpu t  of t h e  CCPD and t h e  s i n g l e  diode were 
recorded us ing  a n  o sc i l l o scope .  

3.3 dxperimental  Hesu l t s  

a 3.3.1 Steady Flow Momentum Flux 

The momentum f l u x  of  t h e  plasma j e t  was determined by measuring t h e  
d e f l e c t i o n  of t h e  a r c  f o r  a known va lue  of magnetic f i e l d .  A s  shown i n  Fig. 

L 

3.7 t h e  CCPD a r r a y  was p laced  a d i s t a n c e  h from t h e  image of t h e  t i p  of  t h e  
e l e c t r o d e  and t h e  r a d i a t i o n  i n t e n s i t y  p r o f i l e  determined from t h e  d iode  a r r ay .  
Although a measurement of t h e  d e f l e c t i o n  a t  a s i n g l e  combination of magnet ic  
f i e l d  s t r e n g t h  and s e p a r a t i o n  d i s t a n c e  i s  s u f f i c i e n t  t o  determine the.momentum 
f l u x  a t  a va lue  of a r c  c u r r e n t ,  i n  t h e  p re sen t  i n v e s t i g a t i o n  t h e  momentum was 



Figure 3.7 Posit ion of Array With Rcopect to  Arc. 



determined from measurements over  a  range of magnetic f i e l d  and s e p a r a t i o n  
d i s t ance .  A t y p i c a l  set o f  r e s u l t s  a r e  shown i n  Fig. 3.8 where t h e  
d e f l e c t i o n  o f  a n  a r c  c a r r y i n g  100 amperes i s  p l o t t e d  a s  a  f u n c t i o n  of magnetic 
f i e l d  s t r e n g t h  f o r  s e v e r a l  s e p a r a t i o n  d i s t a n c e s .  The magnetic f i e l d  s t r e n g t h  
was l i m i t e d  t o  10 Gauss t o  keep t h e  d e f l e c t i o n  low and keep t h e  d i s t o r t i o n  of 
t h e  arc  t o  a minimum. 'he s c a t t e r  of  t h e  r e s u l t s  from t h e  many redundant 
measurements was t y p i c a l l y  10%. 

The v a r i a t i o n  of momentum f l u x  w i t h  c u r r e n t  f o r  a  t o r c h  w i t h  a  t i p  angle  
o f  32.8' is  shown i n  Fig. 3.9. For comparison, t h e  f o r c e  from t h e  r a d i a l  
p r e s s u r e  d i s t r i b u t i o n  i s  shown and can be s een  t o  be approximately a  f a c t o r  of 
3 .lower, a t  least  for t h e  t i p  a n g l e  of t h e s e  experiments.  The e f f e c t i v e  
expansion r a t i o ,  K2/K1, i s  approximately 4.5. l'be v a r i a t i o n  of momenLum f l u x  
w i t h  t i p  a n g l e  was a l s o  measured. The r e s u l t s  f o r  a n  a r c  c u r r e n t  of 100 amps 
a r e  d i sp l ayed  i n  Fig. 3.10 and show t h e  expected t r end  of i nc reased  
momentum a t  s h a r p e r  angles .  The r e s u l t s  f o r  ang le s  from 32 t o  60 degrees  a r e  
c o n s i s t e n t  w i t h  t h e  s imple  theory developed e a r l i e r  and i n d i c a t e  a  cathode 
c u r r e n t  d e n s i t y  of -100 ~/mrn'. For t h e  l a r g e r  a n g l e s  t h e  momentum drops 
f a s t e r  t h a n  t h e  s imple  model p r e d i c t s  i n d i c a t i n g  t h a t  e i t h e r  t h e  cathode 
c u r r e n t  d e n s i t y  i s  dec reas ing  o r  t h a t  some f l u i d  mechanical e f f e c t s  have 
become important .  

3.3.2 T rans i en t  Arc C h a r a c t e r i s t i c s  

The response  of vo l t age  and r a d i a t i o n  emiss ion  i d t e n s i t y  from t h e  a r c  t o  
a  r a p i d  i n c r e a s e  and t o  a  r a p i d  d e c r e a s e  i n  a r c  c u r r e n t  has  a l s o  been 
measured. The expec ted  r e s u l t  was t h a t  t h e  emission i n t e n s i t y  would f i r s t  
i n c r e a s e  i n  response  t o  t h e  exces s  J o u l e  d i s s i p a t i o n  and then ,  a s  t h e  f l u i d  
was r ep l aced  by f l u i d  which had t r a n s m i t t e d  through t h e  t i p  r eg ion  a f t e r  t h e  
c u r r e n t  change, t h e  emission i n t e n s i t y  would a g a i n  change. S ince  t h e  j e t  
v e l o c i t y  dec reases  w i t h  r a d i u s ,  i t  was expected t h a t  t h e  second p a r t  of the  . 
response  would a r r i v e  l a t e r  f o r  t h e  r eg ions  f a r t h e r  from t h e  c e n t e r l i n e .  A t  
t h e  c e n t e r l i n e  t h e  propagat ion speed should be e q u a l  t o  t h e  c e n t e r l i n e  
v e l o c i t y  which f o r  a n  a r c  c u r r e n t  of 100 amps should be about  100 t o  150 m/sec 
[3.10j In  c o n t r a s t ,  t h e  measured response  of t h e  emission i n t e n s i t y  t o  a  rap id  
i n c r e a s e  i n  c u r r e n t  showed a  de l ay  c o n s i s t e n t  w i t h  a  speed of about  50 n / s e c  
a t  a  c u r r e n t  of 100  ampc and t h a t  the de lay  was n o t  a  f u n c t i o n  of d i s t a n c e  
from t h e  a r c  c e n t e r l i n e .  These r e s u l t s  a r e  shown i n  Fig. 3.11a and 3.11b. 
Since  t h e  measured response was similar t o  t h e  obse rva t ions  of hydrodynamic 
s t a r t i n g  je ts ,  t h e  model d i s cus sed  e a r l i e r  was developed t o  g ive  an  
approximate speed  of t h e  vortex.  The p r e d i c t e d  propagat ion v e l o c i t y  by t h a t  
model was i n  rough agreement w i t h  t h e  measured speed. Fu r the r ,  t h e  f l a t  
d i s t r i b u t i o n  i s  c o n s i s t e n t  w i t h  t h e  v o r t e x  propagat ion.  

3.4 Summary and App l i ca t i on  t o  Welding Cont ro l  

The r e s u l t s  p r e sen t ed  above c l e a r l y  show t h e  need t o  cons ide r  
hydrodynamic e f f e c t s  when modeling t h e  s t eady  and unsteady behavior  of welding 
a r c s .  A non- in t rus ive  technique  t o  measure t h e  momentum of t h e  plasma jet  has 
been developed and implemented. The arc e x e r t s  f o r c e  on t h e  p l a t e  bo th  from 
t h e  convent iona l  p inch  p re s su re ,  bu t  a l s o  from t h e  t u r n i n g  of t h e  n e t  momentum 
a p p l i e d  t o  t h e  g a s  from t h e  expansion of t h e  c u r r e n t  channel  i n  t h e  v i c i n i t y  
o f  t h e  t i p .  For t h e  p re sen t  experiments ,  t h e  c o n t r i b u t i o n  t o  t h e  force from 
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Figure 3.8 Arc Displacement as a Function of Magnetic Field. 
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Figure 3.9  Flux of Momentum as a Function of Current. 



Figure 3.10 Predicted and Measured Variation of Plasma Jet 
Momentum with  T i p  Angle for An ~ r c  Current 0f 
100 Amps. 
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t h e  momentum was -2 t i m e s  t h a t  from t h e  pinch pressure.  The sou rce  and 
numer ica l  va lue  of  t h e  s t i f f n e s s  of t h e  a r c  t o  d e f l e c t i o n  by e x t e r n a l  magnetic 
f i e l d s  ( o r  by e x t e r n a l  f l u i d  f lows)  i s  expla ined  i n  terms of t h e  momentum f l u x  
o f  t h e  plasma jet.  When t h e  arc w a s - s u b j e c t e d  t o  a near  s t e p  i n c r e a s e  i n  a r c  
c u r r e n t ,  a v o r t e x  s t r u c t u r e  was found t o  propagate  from t h e  t i p ;  f o r  long 
a r c s ,  t h e  propaga t ion  of  t h e  v o r t e x  i s  t h e  l i m i t i n g  f a c t o r  i n  reaching  t h e  new 
s teady-s tate. 

While some c o n d i t i o n s  of t h e  p re sen t  work were d i f f e r e n t  from a c t u a l  
welding c o n d i t i o n s  ( t h e  a r c  w a s  l onge r ,  t h e  p l ana r  geometry somewhat 
u n r e a l i s t i c ) ,  t h e  p r e s e n t  work can be used t o  make some comments on t h e  
welding p roces s ,  i n  p a r t i c u l a r  upon ways t o  e f f e c t  c o n t r o l  of t h e  weld 
geometry. To t h e  e x t e n t  t h a t  t h e  plasma je t  f o r c e  c o n t r o l s  t h e  motion of t h e  
weld pool ,  modulation of t h e  plasma j e t  momentum can e f f e c t  changes i n  t h e  
weld geometry. In p a r t i c u l a r ,  t h e  plasma je t  momentum v a r i e s  a s  

f o r  modest f r equenc i e s  of o s c i l l a t i o n .  In c o n t r a s t ,  t h e  hea t  i npu t  a t  t he  
anode v a r i e s  c l o s e l y  t o  

q - <I> 
. s i n c e  t h e  e l e c t r o n  f a l l  a t  t h e  anode i s  no t  a  s t r o n g  f u n c t i o n  of cu r r en t .  

Therefore ,  c u r r e n t  p u l s i n g  a t  speeds h ighe r  t han  t h e  puddle thermal  t i m e  
c o n s t a n t  may r e s u l t  i n  i n c r e a s e d  weld p e n e t r a t i o n  f o r  a  f i x e d  weld pool width.  
S i n c e  weld geometry c o n t r o l  i s  one important  a s p e c t  of main ta in ing  high weld 
q u a l i t y ,  t h e  a b i l i t y  t o  s e p a r a t e l y  c o n t r o l  width and p e n e t r a t i o n  i s  extremely 
i m p o r t a n t .  



4. Weld Geomet r v  Contro 1 

4.1. I n t roduc t ion  and Backnround 

Three major de te rminants  o f  weld q u a l i t y  a r e :  weld pool geometry, 
m e t a l l u r g i c a l  p r o p e r t i e s  of  t h e  weld meta l ,  and hea t  e f f e c t  on t h e  base 
meta l .  Although a  complete in-process c o n t r o l  system would account f o r  a l l  
t h r e e ,  our  e f f o r t s  i n  t h i s  r e s e a r c h  p r o j e c t  have concent ra ted  on weld 
geometry, s i n c e  t h i s  i s  t h e  primary i n d i c a t o r  o f  i n t e g r i t y .  

I n  t h e  molten s t a t e ,  weld geometry can be  def ined  by t h e  maximum width 
and p e n e t r a t i o n  of  t h e  puddle a t  any i n s t a n t ,  and it i s  t h e s e  dimensions t h a t  
we wish t o  p l a c e  under  a c t i v e  c o n t r o l .  By having closed-loop geometry 
c o n t r o l ,  t h e  r e s u l t i n g  welding device  w i l l  produce welds of  a  c o n s i s t e n t  
geometry t h a t  can be v a r i e d  t o  s u i t  t h e  welding cond i t i ons  and, most 
impor tan t ly ,  t h i s  cons i s t ency  w i l l  be maintained d e s p i t e  v a r i a t i o n s  i n  t h e  
welding environment. C l e a r l y ,  any automated welding device  must have t h e s e  
p r o p e r t i e s  t o  produce welds s u c c e s s f u l l y  without  superv is ion .  

Th i s  i s  w e l l  i l l u s t r a t e d  by t h e  example o f  autogenous GTA r o o t  pass  
welds on p i p e ,  where complete mel t ing  of  t h e  r o o t  i s  requi red .  The major 
problems a r e  incomplete me l t i ng ,  which r e s u l t s  i n  unfused meta l  and a  crack 
i n i t i a t i o n  p o i n t ,  o r  burn though, where molten me ta l  m a t e r i a l  de taches  from 
t h e  weldment and l eaves  a  ho l e  i n  t h e  weld. Act ive  geometry c o n t r o l  app l i ed  
here  would e l i m i n a t e  t h e s e  problems by commanding t h e  welding device  t o  melt  
on ly  enough m a t e r i a l  t o  completely f u s e  t h e  j o i n t  without  r i s k i n g  a  burn 
through,  and then  t o  main ta in  a  s p e c i f i e d  backbead width.  

The f i r s t  s t e p  toward developing a  f u l l  p e n e t r a t i o n  geometry c o n t r o l  
system i s  t o  examine t h e  phys i ca l  phenomena t h a t  can be exp lo i t ed  t o  r e l a t e  
t h e  weld geometry t o  measurable parameters .  Katz [4.1] has  i n v e s t i g a t e d  a  
method t o  sense  t h e  e x t e n t  of  p e n e t r a t i o n  and even t h e  puddle shape,  i n  
rea l - t ime  us ing  u l t r a s o n i c  pu l se  echo techniques .  The technique i s  based on 
t h e  f a c t  t h a t  t h e  m a t e r i a l  d e n s i t y  and t h e  m a t e r i a l s  a b i l i t y  t o  s u s t a i n  shear  
i s  changed a t  t h e  me ta l - l i qu id  i n t e r f a c e .  It has  been shown exper imenta l ly  
t h a t  t h e  u l t r a s o n i c  r e f l e c t i o n s  can be r e l a t e d  t o  t h e  s i z e  of  t h e  puddle i n  a  
s t a t i o n a r y  rod- l ike  geometry where t h e  puddle i s  made i n  one end of  t h e  rod 
and t h e  u l t r a sound  t r ansduce r  i s  a t  t h e  o t h e r  end. However, t h e  g o a l  of  two 
dimensional  shape measurement has  n o t  ye t  been reached.  

Vroman and Brandt 14.21 used a  l i n e  scan camera t o  measure t h e  width of 
t h e  t o p  s i d e  of  a  weld t o  a l low closed-loop r e g u l a t i o n  of  t h a t  v a r i a b l e .  The 
width t o  depth  r a t i o  of  a  weld remains n e a r l y  cons t an t  under f i x e d  welding 
c o n d i t i o n s ,  a s  long a s  t h e  puddle p e n e t r a t i o n  i s  smal l  compared t o  t h e  
t h i cknes s  of  t h e  workpiece. Under t h e s e  c o n d i t i o n s ,  c o n t r o l l i n g  t h e  t o p  weld 
width r e s u l t s  i n  a  r e g u l a t e d  p e n e t r a t i o n .  However, Vroman and Brandt 
experienced c o n t r o l l e r  problems a s s o c i a t e d  w i th  pure de l ays  in t roduced  by 
t h e i r  measurement technique  and t h e  t r u e  promise of  t h i s  approach remains t o  
be r e a l i z e d .  Th i s  problem has been r e c e n t l y  reso lved  by t h e  on-electrode 
a x i s  measurement technique  developed by Richardson e t  a l .  14.31 

Another approach involved sens ing  t h e  back bead r a d i a t i o n .  Nomura e t  
a l .  (4.41 measured t h e  i n f r a r e d  r a d i a t i o n  from t h e  back s i d e  of  t h e  weld f o r  
p a r t i a l  p e n e t r a t i o n  submerged-arc welding,  and succeeded i n  r e g u l a t i n g  t h e  
i n t c n s i t y  of  t h i s  r a d i a t i o n  by varying t h e  c u r r e n t .  However, p e n e t r a t i o n  and 



back s i d e  thermal  r a d i a t i o n  a r e  no t  simply r e l a t e d ,  and o t h e r  f a c t o r s  such a s  
weldment t h i c k n e s s  and p rehea t  can d r a s t i c a l l y  change t h i s  r e l a t i o n s h i p  a s  
was shown i n  t h e i r  r e s u l t s .  

Garlow i4.51 has used a  s i n g l e  p h o t o t r a n s i s t o r  t o  d i r e c t l y  sense  t h e  
back bead width o f  f u l l  p e n e t r a t i o n  welds by measuring t h e  amount o f  v i s i b l e  
l i g h t  r a d i a t e d  from t h e  l i q u i d  su r f ace .  S ince  t h i s  is a  s i n g l e  v a r i a b l e  
ana log  measurement, t h e  bandwidth problems a s soc i a t ed  wi th  scanned a r r a y s  a r e  
avoided. Also,  t h i s  measurement method appears  t o  be  i n s e n s i t i v e  t o  m a t e r i a l  
t h i c k n e s s  and p rehea t ,  bu t  it i s  s e n s i t i v e  t o  t h e  e m i s s i v i t y  o f  t h e  m a t e r i a l s  
be ing  jo ined .  D e t a i l s  o f  t h i s  work a r e  i nc lude  l a t e r  i n  t h i s  Sec t ion .  

4.2. The Puddle Imvedance Techniaue 

I n  t h i s  work we developed a  method f o r  sens ing  t h e  e x t e n t  o f  f u l l  
p e n e t r a t i o n  t h a t  d i d  n o t  r e q u i r e  acces s  t o  t h e  back s i d e  o f  t h e  weldment. The 
method t a k e s  advantage o f  t h e  changes i n  mechanical behavior  of  t h e  weld 
puddle  t h a t  occur  when t h e  t r a n s i t i o n  from p a r t i a l  t o  f u l l  p e n e t r a t i o n  t a k e s  
p l ace .  

A s  f u l l  p e n e t r a t i o n  i s  reached,  t h e r e  i s  no longer  any s o l i d  m a t e r i a l  t o  
suppor t  t h e  puddle and t h e  weight o f  t h e  puddle i s  supported most ly  by 
s u r f a c e  t ens ion .  A s  t h e  puddle moves v e r t i c a l l y  t h e  angle  of  t h e s e  f o r c e s  
changes provid ing  a  posit ion-dependent v e r t i c a l  f o r c e ,  t h a t  i s ,  a  s p r i n g  ( s e e  
F ig .  4 .1) .  The r e s u l t i n g  mechanical impedance of  t h i s  system determines t h e  
response  o f  t h e  puddle  t o  p e r i o d i c  f o r c e s ,  and can be c h a r a t e r i z e d  by t h e  
n a t u r a l  f requency and damping r a t i o  of t h e  puddle mass-surface t e n s i o n  
system. Th i s  n a t u r a l  f requency w i l l  be  shown t o  be r e l a t e d  t o  t h e  s i z e  of  
t h e  puddle ,  and can be  used t o  i n d i r e c t l y  sense  t h e  back bead width.  

The proposed measurement technique  based on t h e  impedance of  t h e  puddle 
i nvo lves  e x c i t i n g  t h e  puddle  w i t h  a  v e r t i c a l  f o r c e  ( o r i g i n a t i n g ,  f o r  example, 
from t h e  t o r c h  plasma j e t  momentum), measuring t h e  puddle motion, and then  
c a l c u l a t i n g  and r e g u l a t i n g  t h e  n a t u r a l  frequency. Once e x c i t e d ,  t h e  v e r t i c a l  
p o s i t i o n  o f  t h e  t o p  s u r f a c e  o f  t h e  weld must be measured. An a t t r a c t i v e  
method t o  do so  u s e s  t h e  f a c t  t h a t  t h e  puddle motion changes t h e  a r c  l eng th ,  
which i n  t u r n  changes t h e  a r c  p o t e n t i a l .  Consequently,  a r c  v o l t a g e  
measurement i s  s u f f i c i e n t  and no a d d i t i o n a l  ins t rumenta t ion  i s  needed. 
However, i n t e r p r e t i n g  t h e  a r c  vo l t age  i s  very  d i f f i c u l t ,  s i n c e  t h e r e  a r e  many 
o t h e r  f a c t o r s  i n f luenc ing  t h i s  p o t e n t i a l ,  and t h i s  d i f f i c u l t y  sugges t s  t h a t  
o t h e r  methods of measuring puddle motion from t h e  puddle s u r f a c e  may need t o  
be  s t u d i e d .  I n  t h e  work desc r ibed  below both  t h e  a r c  p o t e n t i a l  method and a  
l a s e r  shadowing technique  were used t o  measure puddle motion. Only t h e  
l a t t e r  gave unequivocal  r e s u l t s  and t h i s  t echnique  i s  not  p r a c t i c a l  f o r  
on- l ine  u s e  s i n c e  it r e q u i r e s  acces s  t o  t h e  backs ide  o f  t h e  weld. However, 
we have had some encouraging pre l iminary  r e s u l t s  u s ing  t h e  a r c  p o t e n t i a l  and 
w i t h  a d d i t i o n a l  e f f o r t  a  p r a c t i c a l  system us ing  only  t h e  a r c  p o t e n t i a l  should 
be  achieved.  The work desc r ibed  below r e p r e s e n t s  a  v a l i d a t i o n  o f  t h e  b a s i c  
puddle  impedance concepts  upon which t h e  f i n a l  system development w i l l  be  
based. 
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4.2.1. T h e o r e t i c a l  Cons idera t ions  

A t h e o r e t i c a l  a n a l y s i s  o f  t h e  puddle motion f o r  t h e  s i m p l i f i e d  ca se  of  a  
s t a t i o n a r y  puddle having c y l i n d r i c a l  shape was done us ing  a  lumped parameter 
approach (Zacksenhouse and Hardt [4 .6]) .  The assumed c y l i n d r i c a l  shape i s  
somewhat s i m i l a r  t o  t h e  a c t u a l  shape o f  a  s t a t i o n a r y  puddle a t  e x t e n s i v e  f u l l  
p e n e t r a t i o n .  T h i s  shape ,  however, does no t  a c c u r a t e l y  d e s c r i b e  e i t h e r  a  
s t a t i o n a r y  puddle a t  p a r t i a l  o r  s l i g h t l y  f u l l  p e n e t r a t i o n  ( t h e  l a t t e r  being 
de f ined  a s  t h e  c a s e  when t h e  back bead r a d i u s  i s  smal l  compared t o  t h e  t o p  
bead r a d i u s ) ,  o r  t h e  puddle  shape under a  moving to rch .  

The n a t u r a l  f requency o f  t h e  puddle s u r f a c e  motion was found t o  be 

where N i s  t h e  s u r f a c e  t e n s i o n s e t h e  l i q u i d  meta l  d e n s i t y ,  h  t h e  he igh t  of  t h e  
puddle-cyl inder ,  R i s  t h e  r a d i u s  o f  t h e  c y l i n d e r  and b,, t h e  f i r s t  z e ro  ~f J 
( z ) ,  t h e  Besse l  f u n c t i o n  of  t h e  f i r s t  kind and o rde r  zero.  It can . thus be 
seen  t h a t  t h e  n a t u r a l  f requency w i l l  va ry  i n v e r s e l y  wi th  t h e  puddle r a d i u s  and 
a s  t h e  squa re  r o o t  o f  t h e  m a t e r i a l  p rope r ty  d e s c r i p t o r  NIP. 

The expected n a t u r a l  f r  quenci  s can be c a l c u l a t e d  from t h e  above % 5 equa t ion  us ing  p =  7.8 x  10- kg/mm, N = 1 N/m, g  = 9.8 m / s ,  boo= 2.4, and h 
= 2.5mm ( t h e  p l a t e  t h i c k n e s s  used i n  t h e  experiments) .  It was found t h a t  w, 
i s  40 Hz f o r  R = 3mm ( t y p i c a l  f o r  cont inuous welds) and 20.4 Hz f o r  R d m m  
( t y p i c a l  f o r  a  s t a t i o n a r y  weld) .  

In  a  lumped parameter approach t h e  puddle i s  modelled a s  a  mas's-spring 
system; hence, a second o r d e r  t r a n s f e r  func t ion  r e l a t i n g  output  motion t o  
i npu t  f o r c e  can be  def ined .  I n  t h e  frequency domain such a  system can be 
i d e n t i f i e d  by a  -40db per decade r o l l - o f f  l i n e  on a log magnitude-log 
frequency p l o t .  

4.2.2. Puddle E x c i t a t i o n  

To measure a  mechanical impedance t h e  system has t o  be e x c i t e d  and i t s  
r e a c t i o n  measured and eva lua t ed .  A s  d i scussed  i n  t h e  prev ious  Sec t ion ,  t h e  
p r e s s u r e  t h e  a r c  e x e r t s  on t h e  puddle i s  p r o p o r t i o n a l  t o  t h e  square  of  t h e  
c u r r e n t .  Thus by adding a  s i n u s o i d a l  AC component t o  t h e  normal DC c u r r e n t  
l e v e l ,  t h e  puddle can be  e x c i t e d  a t  any d e s i r e d  frequency. However, because 
o f  t h e  non-l inear  r e l a t i o n s h i p  between plasma f o r c e  and t o r c h  c u r r e n t  ( a s  
d e l i n e a t e d  i n  Sec t ion  3)  t h e  AC component should be small compared t o  t h e  
D.C. component o f  t h e  c u r r e n t ,  p r e f e r a b l y  l e s s  than  lo%,  t o  ach ieve  t h e  
l i n e a r  c h a r a c t e r i s t i c s  necessary  f o r  t h e  frequency response tes t .  

4.2.3. Steady vs .  Continuous Case 

The model developed above was f o r  a s t a t i o n a r y  puddle w i th  a  c y l i n d r i c a l  
shape.  The a c t u a l  shape of  t h e  puddle i n  a  cont inuous weld is d i f f e r e n t .  
Furthermore t h e  torch-puddle topology is d i f f e r e n t ,  and dur ing  a  cont inuous 
weld t h e  t o r c h  is  no t  n e c e s s a r i l y  d i r e c t l y  above t h e  f u l l  p e n e t r a t i o n  reg ion .  
A s  a  r e s u l t ,  t h e  motion r e s u l t i n g  from t h e  a r c  f o r c e  may no t  be  p a r a l l e l  t a  
t h e  t o r c h  and may i n s t e a d  have some i n c l i n a t i o n .  



The experiments  d e t a i l e d  next  i n v e s t i g a t e  t h e  puddle impedance concept 
us ing  a  s t a t i o n a r y  puddle. Apart from t h e  fundamental d i f f e r e n c e s  between a  
s t a t i o n a r y  and a  cont inuous weld, t h e r e  are some p r a c t i c a l  c o n s i d e r a t i o n s  
t h a t  involve  t h e  eva lua t ion  of  t h e  experiments .  With a  s t a t i o n a r y  t o r c h  t h e  
l e v e l  of  t h e  DC c u r r e n t  used i s  much lower than t h e  one used dur ing  a  
cont inuous weld. With cont inuous welds t h e  c u r r e n t  l e v e l  i s  determined by 
t h e  r equ i r ed  hea t  input  per  l ength  of weld, which 'is i n v e r s e l y  r e l a t e d  t o  t h e  
t o r c h  v e l o c i t y ,  t h e r e f o r e  h igh  t o r c h - v e l o c i t i e s  r e q u i r e  l a r g e  DC c u r r e n t s  and 
v i c e  ve r sa .  On t h e  o t h e r  handswith a  s t a t i o n a r y  puddle t h e  hea t  input  should 
be such t h a t  f u l l  p e n e t r a t i o n  can be he ld  long enough (about 5%minutes ) t o  
t a k e  d a t a .  The s t a t i o n a r y  experiments  desc r ibed  he re  were performed on 2.5mm 
(O.lin) t h i c k  s t e e l  a t  about 60A DC (us ing  a  3/3P1diameter  30" t i p  ang le  
tungs ten  e l e c t r o d e ) .  On t h e  same kind o f  p l a t e s ,  cont inuous welds a r e  made 
wi th  about 125A DC ( a t  3 in/min)  and h igher  c u r r e n t s  a r e  common a t  h igher  
t o r c h  v e l o c i t i e s .  The low l e v e l  of  t h e  c u r r e n t  has two important 
consequences: F i r s t ,  t h e  r e s u l t i n g  a rc - force  i s  much lower. Second, a t  low 
c u r r e n t  t h e  vo l tage-cur ren t  r e l a t i o n s h i p  f o r  t h e  a r c  i s  q u i t e  non- l inear ,  and 
t h i s  n o n - l i n e a r i t y  a f f e c t s  t h e  a t t empt s  t o  i n t e r p r e t  t h e  a rc -vol tage  i n  o r d e r  
t o  d e t e c t  t h e  puddle motion. 

On t h e  o t h e r  hand, a  s t a t i o n a r y  weld i s  much l a r g e r  i n  d iameter  than a  
cont inuous one. A t y p i c a l  diameter  of  a  s t a t i o n a r y  puddle i s  12mm, whi1e .a  
t y p i c a l  width o f  a  cont inuous weld i s  6mm. This  d i f f e r e n c e  coupled wi th  t h e  . 

shape d i f f e r e n c e  w i l l  a f f e c t  t h e  va lue  of  t h e  n a t u r a l  frequency (probably 
h igher  f o r  a  cont inuous weld, s i n c e  t h e  puddle s i z e ,  hence t h e  mass, i s  
s m a l l e r ) ,  and t h e  magnitude of t h e  motion under t h e  same f o r c e  (h ighe r  f o r  
s t a t i o n a r y  puddle ,  s i n c e  t h e  sp r ing  cons t an t  i s  s l i g h l y  sma l l e r  f o r  a  l a r g e r  
puddle) .  Never the less ,  t h e  s t a t i o n a r y  pool  experiments  r ep re sen t  an 
important  f i r s t  s t e p  i n  developing t h e  u l t i m a t e  c o n t r o l  system. 

4.2.4. Experiments 

The purpose of t h e s e  experiments was t o  perform a frequency response 
t e s t  on a  f u l l y  pene t r a t ed  weld puddle t o  i d e n t i f y  t h e  n a t u r a l  f requency of 
t h e  puddle motion. The equipment used inc luded  a  custom b u i l t  s o l i d - s t a t e  
c u r r e n t  r e g u l a t o r  wi th  a  0  - 50 kHz bandwidth ( f o r  d e t a i l s  s e e  Sec t ion  51, a  
water  cooled GTA t o r c h ,  an FM t a p e  r eco rde r  f o r  record ing  ouput d a t a ,  and an 
Hewlett  - Packard 5423A S t r u c t u r a l  Dynamics Analyzer ,  which was used t o  
compute t h e  frequency spectrum information.  I n  t h e s e  experiments  t h e  a r c  
p r e s s u r e  was used a s  t h e  f o r c e  i n p u t ,  and i n i t i a l l y  t h e  puddle motion 
measurement technique  was based on shadowing a  l a s e r  beam by t h e  back s i d e  of 
t h e  depressed  puddle.  

I n  t h i s  measurement technique ,  a  Ne/He l a s e r  beam i s  expanded through 
two l e n s e s  t o  a  1 cm diameter  beam. A f t e r  pass ing  beneath t h e  puddle t h e  
beam i s  concent ra ted  ( th rough a  l e n s  and a  l a s e r  f i l t e r  ) i n t o  a  photodiode 
(HP PIN Photodiode model 5082-4220 1. See Fig.  4.2 f o r  a  schematic  of  t h e  
measurement system. A s  f u l l  p e n e t r a t i o n  i s  reached t h e  puddle is  depressed  
and b locks  p a r t  o f  t h e  l a s e r  beam. I n  response  t o  a  vary ing  f o r c e  t h e  puddle 
moves up and down according t o  i t s  dynamic c h a r a c t e r i s t i c s ,  c r e a t i n g  a  shadow 
i n  t h e  beam. The l a s e r  beam i s  then  d e t e c t e d  by t h e  photodiode and i t s  
output  v a r i e s  according t o  t h e  puddle motion. 

I n i t i a l l y ,  t h e  f requency of  a  60A (peak t o  peak) s i n u s o i d a l  component on 
a  62A DC c u r r e n t  was v a r i e d  i n  s t e p s  from 4Hz t o  35Hz, and t h e  photodiode 
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v o l t a g e  was recorded on a  char t - recorder .  The r e s u l t i n g  photodiode vo l t age  
(which was s i n u s o i d a l  and of t h e  same frequency a s  t h e  input  1, increased  i n  
ampli tude u n t i l  about 14Hz, beyond which t h e  ou tput  r a p i d l y  dropped o f f .  
(Phase ang le  was no t  measured.) This  behaviour sugges ts  t h e  e x i s t e n c e  of  a  
reasonance n e a r  14Hz and i n d i c a t e s  t h a t  t h e  puddle a c t s  l i k e  an underdamped 
dynamic system. 

To permit a  more exac t  de te rmina t ion  of  t h e  puddle t r a n s f e r  func t ion  a  
broadband c u r r e n t  c o n t r o l  s i g n a l  was cons t ruc t ed .  I n  a l l  c a s e s  t h e  amplitude 
of  t h e  AC component i n  t h e  c u r r e n t  i s  kept  a t  about 10% of  t h e  DC l e v e l  ( i . e .  
12A peak-to-peak when t h e  DC .current  i s  60A). I n  t h i s  way l i n e a r i t y  of  t h e  
cu r r en t - fo rce  r e l a t i o n s h i p  can be  assumed. 

During t h e  experiments bo th  t h e  photodiode v o l t a g e  ou tput  and t h e  
c u r r e n t  measurement s i g n a l  were passed through f i r s t  o r d e r  low pass  f i l t e r s  
a t  200 Hz. be fo re  being recorded and t h e  c u r r e n t  s i g n a l  (der ived  from t h e  
v o l t a g e  drop  a c r o s s  a  r e s i s t o r  i n  s e r i e s  wi th  t h e  welding t o r c h )  was 
ampl i f ied  by a  f a c t o r  of 100. The recorded d a t a  were then  used a s  input  t o  
t h e  HP S t r u c t u r a l  Dynamics Analyzer and t h e  frequency domain information was 
ob ta ined .  

Typica l  r e s u l t s  f o r  t h e  t r a n s f e r  func t ion  between t h e  c u r r e n t  input  and 
t h e  photodiode v o l t a g e  ou tput  a r e  shown i n  Fig.  4.3. Each t r a n s f e r  func t ion  

- -- was computed from d a t a  taken dur ing  t h e  same experiment (same puddle) ,  a t  
d i f f e r e n t  t imes  a f t e r  t h e  i n i t i a t i o n  of  t h e  a r c ,  and t h e  p l o t s  a r e  arranged 
i n  ch rono log ica l  o rde r .  The e lapsed  t imes a f t e r  a r c  i n i t i a t i o n  f o r  F ig .  
4.3a, b ,  c ,  and d  a r e  0,1.3,  2.3, and 3.4 minutes  r e s p e c t i v e l y .  A peak a t  "*' 

around 15-20Hz, and a  -4Odbldecade r o l l - o f f  a r e  apparent  i n  most of  t h e  
graphs .  The puddle grows s lowly wi th  t ime ,  and according t o  Eqn 4.1 t h e  
n a t u r a l  f requency i s  expected t o  become sma l l e r .  This  phenomenon i s  
demonstrated by t h e  r e s u l t s  s i n c e  t h e  magnitude peak c l e a r l y  s h i f t s  t o  t h e  
l e f t  w i th  t ime. 

Fig.  4.4 r e p r e s e n t s  r e s u l t s  from a  second puddle produced i n  a s i m i l a r  
experiment.  There i s  a  c l e a r  peak i n  t h e  ampli tude a t  18  Hz, and t h i s  peak 
i s  about 5.0 db. h igher  than  t h e  low frequency response.  This  corresponds 
t o  a  damping r a t i o  of about 0.3 and t h e  n a t u r a l  frequency can be  c a l c u l a t e d  
from W r  wn (1-s2) .  With wr=18Hz t h i s  r e s u l t s  i n  wn=18.9Hz. Comparing wi th  
t h e  numerical  example given above f o r  R=6mm t h e r e  i s  a  good agreement between 
t h i s  experimental  va lue ,  18.9Hz, and t h e  p red i c t ed  va lue  ( f o r  R=6mm and 
k=b,,/R) a t  20.4 Hz. A -40db l i n e  i s  shown i n  F ig .  4.4 t o  be a  good match 
t o  t h e  r o l l - o f f  a f t e r  t h e  l8Hz peak. Th i s  i s  i n  agreement wi th  t h e  expected 
second o r d e r  system behavior .  

From t h e s e  r e s u l t s  i t  can be  concluded t h a t  t h e  laser-based experimental  
. technique i s  capable  of d e t e c t i n g  t h e  puddle motion and t h a t  t h e r e  i s  good 
agreement between t h e  exper imenta l  r e s u l t s  and t h e  model of  t h e  puddle 
dynamics. 

4.2.5. Discuss ion  

With t h e  e x i s t e n c e  o f  t h e  puddle resonance confirmed i t  i s  p o s s i b l e  t o  
a t t a c k  the ,p rob lem of  dev i s ing  a  p r a c t i c a l  means f o r  d e t e c t i n g  puddle motion. 
Th i s  was at tempted he re  by us ing  t h e  same cond i t i ons  a s  l i s t e d  above, but  i n  
a d d i t i o n  t o  rcoord ing  t h e  photodiod.e nut .put ,  t h e  a rc  p o t e n t i a l  was a l s o  
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recorded.  To improve t h e  a rc - length  change r e l a t e d  s i g n a l  t o  n o i s e  r a t i o  t h e  
v o l t a g e  change r e s u l t i n g  from t h e  c u r r e n t  change (assuming a  l i n e a r  V-I 
curve)  was sub t r ac t ed  from t h e  measured a r c  vo l t age .  

With t h i s  procedure it was p o s s i b l e  t o  g e t  frequency s p e c t r a  from t h e  
a r c  v o l t a g e  t h a t  suggested t h e  second o r d e r  c h a r a c t e r i s t i c  d e t e c t e d  e a r l i e r ,  
however, t h e s e  r e s u l t s  were no t  c o n s i s t e n t .  The major problem was. t h e  f a c t  
t h a t  t h e  DC a r c  c u r r e n t  had t o  be  maintained a t  a  low l e v e l  because of  t h e  
s t a t i o n a r y  puddle geometry and t h i s  n e c e s s a r i l y  keeps t h e  a r c  f o r c e  low. 
Furthermore, t h e  a r c  vo l tage-cur ren t  r e l a t i o n s h i p  a t  low DC c u r r e n t s  i s  
h igh ly  non- l inear ,  which makes i n t e r p r e t a t i o n  of  t h e  v o l t a g e  measurement more 
d i f f i c u l t .  It i s  expected t h a t  wi th  t h e  h igher  c u r r e n t  t y p i c a l  o f  moving 
t o r c h  welding t h a t  t h e  r e s u l t i n g  a rc - length  r e l a t e d  v o l t a g e  v a r i a t i o n s  w i l l  
g i v e  more c o n s i s t e n t  f requency response d a t a .  (For more d e t a i l s  on t h e  
a rc -vol tage  measurement prnhl.em s e e  ~ a c k s e ~ k o u s e  f4.7 1.  ) 

4.2.6. I m ~ l i c a t i o n s  f o r  Cont ro l  System Design 

The weld puddle s i z e  measurement method deve lopedhere  i s  intended f o r  
u s e  i n  a  rea l - t ime  feedback r e g u l a t o r .  Accordingly,  t h e  f e a s i b i l i t y  o f  such 
an a p p l i c a t i o n  must be  addressed.  S ince  t h e  proposed measurement technique  
involves  i d e n t i f y i n g  low frequency resonances,  t h e  t ime r equ i r ed  f o r  such a  
measurement w i l l  be  long r e l a t i v e  t o  t h e  d e s i r e d  response t ime of t h e  system. 
Th i s  p r e s e n t s  t h e  c l a s s i c a l  problem of  l a r g e  measurement de l ays  i n  t h e  
feedback path.  

To i n v e s t i g a t e  t h e  e f f e c t  on a  weld puddle f requency ( s i z e )  r e g u l a t o r ,  a  
d i s c r e t e  c o n t r o l l e r  was designed based upon a  f i r s t  o rde r  model f o r  t h e  
weldment mel t ing  dynamics and us ing  a  p ropor t i ona l  p l u s  i n t e g r a l  (PI) c o n t r o l  

- s t r a t e g y .  The frequency measurement was modelled a s  a  de l ay  o f  n  t ime s t e p s  
of t h e  c o n t r o l l e r  where n  i s  governed by t h e  r equ i r ed  r e s o l u t i o n  of  t h e  
frequency measurement. For a  f requency r e s o l u t i o n  of  1 Hz, a  p l a n t  t ime 
cons t an t  of 1 sec .  ( a s  r epo r t ed  by Garlow (4.51) and a  sample t ime of 0.1 
s e c . ,  t h e  P I  c o n t r o l l e r  was designed us ing  Z-plane r o o t  locus  techniques .  

The feedback measurement de l ay  caused most des igns  t o  be marg ina l ly  
s t a b l e ,  but  one i n  which t h e  c o n t r o l l e r  ze ro  cance l l ed  t h e  p l a n t  po l e  gave 
accep tab l e  performance. The d i s tu rbance  response of t h i s  des ign  f o r  a  va lue  
of t h e  c o n t r o l l e r  ga in  t h a t  gave t h e  s m a l l e s t  s e t t l i n g  t ime i s  shown i n  F ig .  
4.5. Th i s  i l l u s t r a t e s  a 5% s e t t l i n g  t ime of  30T o r  3 seconds. For a puddle 
l eng th  of approximately 6mm t h i s  s e t t l i n g  t ime sugges t s  a  maximum v e l o c i t y  
change o f  6mm/3sec o r  about 6 in lmin ,  which i s  a  reasonable  v e l o c i t y  f o r  
t h i c k  s e c t i o n  GTAW. Therefore ,  f o r  a  f i r s t  o r d e r  performance eva lua t ion  we 
can conclude t h a t  t h e  t o r c h  w i l l  no t  overrun t h e  weld pool  dur ing  t h e  . 

d i s tu rbance  s e t t l i n g  t ime.  

1t' must be  noted t h a t  t h e  po le  c a n c e l l a t i o n  des ign  w i l l  have some seve re  
l i m i t a t i o n s  when app l i ed  t o  t h e  r e a l  system, s i n c e  t h e  p l a n t  po l e  i s  a  h igh ly  
v a r i a b l e  parameter.  Consequently t h i s  problem i s  an i d e a l  cand ida t e  f o r  
parameter  adap t ive  c o n t r o l .  

4.2.7. Conclusions 

A technique  f o r  measuring t h e  s i z e  of  a  ' f u l l y  pene t r a t ed  weld puddle has 
been presen ted .  It r e q u i r e s  t h a t  t h e  frequency o f  o s c i l l a t i o n  of  t h e  
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puddle-surface t ens ion  system be  i d e n t i f i e d  i n  rea l - t ime  and then r egu la t ed  
! us ing  t h e  t o r c h  v e l o c i t y  a s  t h e  c o n t r o l  i npu t .  The b a s i c  a b i l i t y  t o  e x c i t e  
! '  and d e t e c t  t h e  puddle n a t u r a l  frequency has  been demonstrated,  however, t h i s  

has  on ly  been done f o r  t h e  ca se  o f  a  s t a t i o n a r y  weld puddle.  I t  remains t o  
I be seen i f  s i m i l a r  r e s u l t s  occur  when a  moving t o r c h  i s  used. Also,  t h e  

e s s e n t i a l  r e l a t i o n s h i p  between n a t u r a l  frequency and puddle s i z e  has  ye t  t o  
be examined exper imenta l ly .  

Pre l iminary  c o n t r o l l e r  de s igns  based on rea l - t ime  FFT i d e n t i f i c a t i o n  of 
t h e  puddle n a t u r a l  f requency i n d i c a t e  t h a t  s a t i s f a c t o r y  response can be 
ob ta ined  d e s p i t e  t h e  long time de l ays  involved i n  t h e  sampling-transformation 
p roces s ,  but  t h e  u s e  of  adap t ive  c o n t r o l  schemes may be  necessary.  

4.3. A Simple P e n e t r a t i o n  Coneral System 

A s  a  more immediate c o n t r o l  s i g n a l  w e  have been i n v e s t i g a t i n g  t h e  use  of 
t h e  s t eady  s t a t e  puddle depress ion  t h a t  r e s u l t s  when f u l l  p e n e t r a t i o n  occurs .  
By measuring t h i s  s t eady  s t a t e  puddle depress ion  when welding h o r i z o n t a l l y ,  
we have been a b l e  t o  e f f e c t  a  rudimentary c losed  loop c o n t r o l l e r  f o r  
main ta in ing  a  f u l l  p e n e t r a t i o n  weld. The puddle depress ion  upon complete 
mel t ing  i s  measured by looking f o r  an i n c r e a s e  i n  a r c  v o l t a g e  (under 
cond i t i ons  of  cons t an t  c u r r e n t  and cons tan t  e l e c t r o t r o d e  workpiece 
s e p a r a t i o n ) .  Th i s  v o l t a g e  i n c r e a s e  i s  a  r e s u l t  of  an o v e r a l l  a r c  column 
length  i n c r e a s e  caused by t h e  puddle depress ion .  I n  s imple experiments  w i th  
s t a t i o n a r y  puddle c r e a t e d  by a  TIG t o r c h ,  a s  t h e  puddle goes from p a r t i a l  t o  
f u l l  p e n e t r a t i o n ,  t h e  a r c  v o l t a g e  can be seen t o  i n c r e a s e  r a p i d l y  by n e a r l y  
0.5 v o l t s .  

A p e n e t r a t i o n  c o n t r o l  system was devised t o  e x p l o i t  t h i s  s i g n a l ,  and i s  
i l l u s t r a t e d  s chema t i ca l l y  i n  Fig.  4.6. This  "bang-bang" c o n t r o l l e r  w i l l  
r e g u l a t e  t o  an average f u l l  p e n e t r a t i o n  weld by cont inuous ly  decreas ing  o r  
i nc reas ing  t h e  l o c a l  hea t  f l u x  according t o  whether o r  no t  f u l l  p e n e t r a t i o n  
i s  de t ec t ed .  A s  shown i n  t h e  f i g u r e ,  t h e  feedback sensed i s  t h e  a r c  v o l t a g e ,  
and when a  c e r t a i n  t h r e sho ld  i s  exceeded, f u l l  p e n e t r a t i o n  i s  assumed. I n  
response t o  f u l l  p e n e t r a t i o n ,  t h e  hea t  input  i s  reduced u n t i l  t h e  v o l t a g e  
goes below t h e  t h r e sho ld .  A t  t h a t  t ime t h e  hea t  i npu t  i s  aga in  i nc reased .  
By always seeking t h e  f u l l  p e n e t r a t i o n  t r a n s i t i o n ,  t h e  adap t ive  q u a l i t i e s  of 
t h e  c o n t r o l l e r  a r e  r e a l i z e d  s i n c e  any change i n  t h e  welding c o n d i t i o n s ,  such 
a s  t h i c k n e s s  o r  hea t  conduc t iv i t y ,  w i l l  be r e f l e c t e d  i n  a  change i n  t h e  po in t  
of  f u l l  p e n e t r a t i o n .  Th i s  change w i l l  be t r acked  by t h e  c o n t r o l l e r  thereby  
main ta in ing  f u l l  p e n e t r a t i o n  d e s p i t e  t h e  d i s tu rbance .  With t h i s  admi t t ed ly  
s imple c o n t r o l  scheme, t h e  weld depth  w i l l  be forced  t o  o s c i l l a t e  about f u l l  
p e n e t r a t i o n ,  but  t h e  ampli tude of  t h e  o s c i l l a t i o n  may be  minimized by proper  
s e l e c t i o n  of  c o n t r o l l e r  parameters .  

A pre l iminary  experiment wi th  t h i s  c o n t r o l  scheme has been performed and 
t h e  r e s u l t s  fo l l ow  c l o s e l y  t h e  p red i c t ed  performance of  Fig.  4.6. I n  t h i s  
experiment t h e  t o r c h  v o l t a g e  was sensed by a  microcomputer, f i l t e r e d  t o  
remove unwanted e l e c t r i c a l  n o i s e ,  and then compared t o  a  t h r e sho ld  v o l t a g e  
(which was determined au toma t i ca l l y ,  r i g h t  a f t e r  t o r c h  s t a r t -up ) .  The r e s u l t  
of  t h e  comparison ( i . e .  above o r  below t h r e s h o l d )  caused t h e  computer t o  
command a  t o r c h  v e l o c i t y  i nc rease  o r  decrease  (which was e f f e c t i v e l y  a  hea t  
i npu t  dec rease  o r  i nc rease ) .  
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Figure 4.6 An On-Off Penetration Control Scheme. 



A t y p i c a l  r e s u l t  i s  shown i n  F ig .  4.7, where t h e  expected changes i n  
a r c  v o l t a g e  a r e  seen d r i v i n g  t h e  t o r c h  v e l o c i t y  i n  an o s c i l l a t o r y  f a sh ion .  
The r e s u l t i n g  weldment showed p e r i o d i c  f u l l  t o  p a r t i a l  p e n e t r a t i o n  a s  
expected.  The o s c i l l a t i o n  i s  more s eve re  than  d e s i r e d ,  because a f t e r  f u l l  
p e n e t r a t i o n  has  been ob ta ined ,  t h e  e f f e c t i v e  hea t  input  must be s i g n i f i c a n t l y  
decreased  be fo re  f u l l  p e n e t r a t i o n  i e  l o s t .  Never the less ,  some degree  of 
c o n t r o l  of  p e n e t r a t i o n  has  been achieved without  t h e  need f o r  any s p e c i f i c  
sensors .  

I n  summary, we a r e  explor ing  two methods of f u l l  p e n e t r a t i o n  s e n s i n g ,  
and have demonstrated t h e  u se  of  t h e  s t eady  s t a t e  puddle depress ion  
measurement i n  a  closed-loop p e n e t r a t i o n  c o n t r o l  experiment.  The r e s u l t s  
v e r i f y  t h e  u t i l i t y  of  t h i s  measurement f o r  c o n t r o l  but  a l s o  po in t  t o  t h e  need 
f o r  f u r t h e r  ref inement  i n  bo th  t h e  measurement technique  (e.g.  t o  provide 
a n t  i a i p o t o r y  information about f u l l  p e n c t r a t  i on )  and i h  the coliLrol 
a lgor i thms  t o  be used wi th  t h i s  measurement. We expect  t h e s e  re f inements  
develop from both  b a s i c  s t u d i e s  o f  a r c  phys ics  and arc-puddle i n t e r a c t i o n .  

4.4. Real Time c o n t r o l  of  Backbead Width 

I n  an e f f o r t  t o  examine t h e  dynamics and c o n t r o l  problem a s s o c i a t e d  wi th  
closed-loop c o n t r o l  of f u l l  p e n e t r a t i o n  welds,  we have conducted an 
i n v e s t i g a t i o n  based upon d i r e c t  backs ide  measurement of  backbead width.  I n  
doing s o  t h e  dynamics of weld pool mel t ing  and c o n t r o l l e r  performance have 
been cons idered ,  and a c t u a l  computer c o n t r o l l e d  welding t e s t s  have been 
performed. - 
4.4.1. The Sensor 

A s  mentioned e a r l i e r ,  a  u s e f u l  t echnique  f o r  measuring t h e  width of t h e  
back bead i s  d i r e c t  o p t i c a l  sens ing .  Th i s  can involve  a  v i s i b l e  imaging 
system, a  thermal  imaging system o r  a  s imple l i g h t  i n t e n s i t y  measurement. We 
have i n i t i a l l y  pursued t h e  l a t t e r  s i n c e  it provides  adequate  measurements f o r  
c o n t r o l  experiments ,  and i s  t h e  s imp le s t  method. 

The a c t u a l  measurement i s  t h e  i n t e n s i t y  of  v i s i b l e  l i g h t  emi t ted  by t h e  
back bead,  and t h e  device  used i s  shown i n  F ig .  4.8. The key f e a t u r e s  a r e  
t h e  narrow " s l o t "  t r a n s v e r s e  t h e  weld t h a t  con f ines  t h e  view of  t h e  s enso r  t o  
a  t h i n  t r a n s v e r s e  s e c t i o n  of t h e  back bead. I n  t h i s  way t h e  l i g h t  rece ived  
comes from a  w e l l  def ined  p o r t i o n  of t h e  back bead, and a s  t h e  width of t h e  
bead i n c r e a s e s ,  t h e  amount of  l i g h t  pass ing  through t h e  s l o t  should i n c r e a s e ,  
r e g a r d l e s s  of changes i n  o t h e r  dimensions of  t h e  bead. However, t h e  
i n t e n s i t y  of  r a d i a t i o n  rece ived  w i l l  depend no t  on ly  on t h e  viewing a r e a ,  but  
a l s o  on t h e  tempera ture  of t h e  bead. I n  o r d e r  t o  provide  a  s imple ou tput  
from t h e  p h o t o t r a n s i s t o r  t h a t  i s  r e c e i v i n g  t h e  r a d i a t i o n ,  i t  i s  d e s i r a b l e  t o  
e l i m i n a t e  t h e  temperature  e f f e c t s .  Although t h i s  cannot be  completely 
accomplished. i t  can be  shown ( s e e  Garlow [4.51) t h a t  by e l i m i n a t i n g  t h e  
i n f r a r e d  p o r t i o n  of  t h e  r a d i a t i o n  by t h e  u se  o f  o p t i c a l  f i l t e r s ,  combined 
wi th  t h e  l i m i t e d  s p e c t r a l  response of t h e  p h o t o t r a n s i s t o r ,  g r e a t l y  minimizes 
t h e  temperature  e f f e c t s .  A s  a  r e s u l t  t h e  lower temperature  a r e a s  t h a t  a r e  i n  
view ( t h e  unmelted weldment) do not  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  ou tpu t .  
However, r e l i a b l e  o p e r a t i o n  s t i l l  r e q u i r e s t h a t  t h e  tempera ture  d i s t r i b u t i o n  
of t h e  weld pool  be  c o n s t a n t ,  which i s  q u i t e  o f t e n  n o t  t r u e .  A s  a  r e s u l t ,  
t h i s  sensor  r e q u i r e s  f requent  c a l i b r a t i o n ,  and does i n j e c t  e r r o r s  depending 
upon t h e  a i a c  of t h e  v e l d ,  thc t o r c h  t r a v e l  speed ,  and the  prehea t  o f  t h e  
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Figure 4.8  The Optical  Back Bead w i d t h  Sensor 
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Figure 4 . 9  Block Diagram f o r  a Back Bead Width Regulator 



Figure 4 .10  Weld Pool Heat Transfer Model 



weldment. I n  add i t ion ,  t h e  presence of impur i t ies  on t h e  su r face  of the  
molten back bead c r e a t e s  a random f l u c t u a t i o n  i n  t h e  l i g h t  output .  This i s  
r e f l e c t e d  i n  a n o i s e  l e v e l  on the  pho to t rans i s to r  output t h a t  a t  present  
l i m i t s  t h e  performance of t h e  con t ro l  system. Despite these  drawbacks, 
however, t h e  s i m p l i c i t y  of  t h e  sensor and i t s  output make i t  highly use fu l  
f o r  c o n t r o l  s t u d i e s ,  which w i l l  be described below. 

4.4.2. The Control Svstem 

Given a simple analog sensor f o r  back bead width, a width regula t ing  
c o n t r o l  system can be designed. Such a con t ro l  system i s  shown i n  Fig. 4.9. 
However, before  t h e  c o n t r o l  system can be designed, a model of t h e  dynamics 
of t h e  process must be defined.  To t h i s  end a simple model of melting 
dynamic8 was developed t o  r e l a t e  t h e  to rch  heat  input t o  the  r e s u l t i n g  
back bead width. 

I n  a s e r i e s  of t e s t s  where to rch  speed was changed i n  a stepwise 
fashion,  t h e  back bead width was always obs'erved t o  monotonically approach i ts  
new value ,  and a f i r s t  order  l i n e a r  response was suggested. With t h a t  form 
i n  mind t h e  following model was constructed.  

Consider the  pool geometry and r e s u l t i n g  heat balance shown i n  Fig. 
4.10. Assuming t h a t  a l l  heat  l o s t  from the  pool i s  by conduction t o  the  
s o l i d  weldment, t h e  heat  balance takes  the  form 

where Qin i s  the  n e t  heat  input  t o  the  pool,  Qcond is  the  heat conducted 
through t h e  weldment, and P ,  cp and dV/dt a r e  the  dens i ty ,  s p e c i f i c . h e a t  and 
r a t e  of  change of volume of t h e  pool repect ive ly .  This i n d i c a t e s ,  a s  
expected, t h a t  i f  Q i n  and Qcond a re . equa1  the  pool w i l l  be s t a t i o n a r y  i n  
s i z e ,  and otherwise w i l l  change i n  voiume according t o  t h e  d i f fe rence  between 
t h e  heat  r a t e s .  Thus f o r  a given heat input  Qin .  changes i n  t h e  conducted 
heat  w i l l  determine t h e  dynamics of the  weld pool dimension. 

For t h e  idea l i zed  c y l i n d r i c a l  geometry of Fig. 4.10, t h e  heat  conducted 
from t h e  pool can be roughly approximated by considering t h e  temperature 
g rad ien t  across  t h e  s o l i d  l iqu id  i n t e r f a c e ,  and t h e  conduction a rea  
ava i l ab le .  Thus we can devise  t h e  pool r ad ius  dependent conduction term: 

Where k i s  t h e  thermal conduct iv i ty  if t h e  weldment, t h e  second 'term i s  the  
r ad ius  dependent heat  t r a n s f e r  a rea  and dT/dr represents  a l o c a l  temperature 
g rad ien t .  

I f  we now express t h e  pool volume i n  terms of t h e  th ickness  ( t )  and t h e  
c y l i n d r i c a l  pool r ad ius  ( r ) ,  and s u b s t i t u t e  Eqn 4.3, we g e t  t h e  des i red  
r e l a t i o n s h i p  between heat  input  and pool width (o r  radius) :  



where C( .) is  a  non-l inear  capac i t ance  and G( .I  is  a  non-l inear  conductance. 
Qin i s  t h e  n e t  t o r c h  power = TIE I;  torch e f f i c i e n c y ,  E i s  t h e  a r c  
p o t e n t i a l  and I i s  t h e  welding c u r r e n t .  

Thus t h e  model i n d i c a t e s  a  non-l inear  f i r s t  o r d e r  r e l a t i o n s h i p  between 
hea t  input  and pool r a d i u s .  I f  w e  assume f o r  t h e  moment t h a t  C and G a r e  
c o n s t a n t ,  and t a k e  t h e  Laplace t ransform of  Eqn 4.4, we can g e t  a  t r a n s f e r  
func t ion  r e l a t i n g  t h e  input  t o  t h e  ou tpu t :  

Bodiuo K - = 

Q i n  t s  + 1 

where K= 1 / G and i s  a  g a i n  term; and T = C / G ,  and i s  t h e  system time 
cons t an t .  

Notice  t h a t  t h e  t o r c h  speed does n o t  e x p l i c i t l y  appear  i n  t h i s  equa t ion .  
t h e  major impact of  v e l o c i t y  i s  on t h e  "net" temperature  g r a d i e n t  d r i v i n g  t h e  -. 
conduction away from t h e  pool .  According t o  t h i s  model t h e  width i s  a f f e c t e d  
by t h e  t o r c h  speed no t  by v i r t u e  of  t h e  term Qin , but  by a  change i n  t h e  
conduc t iv i t y  parameter.  Th i s  i n d i c a t e s  t h a t  c o n t r o l  u s ing  t o r c h  speed w i l l  be 
i n h e r e n t l y  n o n - l i n e a r a s  opposed t o  u s ing  t h e  c u r r e n t .  I f  we make an 
approximation t h a t  t h e  conduc t iv i t y  (G) i s  d i r e c t l y  p ropor t i ona l  t o  t h e  t o r c h  
speed ( v ) ,  then  t h e  response of t h e  width ( r )  t o  speed changes can be 
i n t e r p r e t e d .  S ince  t h e  conduc t iv i t y  term i s  t h e  zero  o r d e r  parameter i n  t h e  
b a s i c  d i f f e r e n t i a l  equa t ion ,  changes i n  K w i l l  have two e f f e c t s :  1 )  t h e  
s t eady  s t a t e  va lue  of  t h e  width w i l l  change even f o r  a  f i x e d  va lue  of  Qin, 
and 2)  t h e  t ime cons tan t  of t h e  response = C / G  w i l l  change. Therefore  wi th  
t h e  t o r c h  v o l t a g e  and c u r r e n t  f i x e d ,  changes i n  v  w i l l  cause an a p p a r e n t l y  
l i n e a r  response  from t h e  system, except  t h a t  t h e  t ime cons t an t  o f  t h e  
response w i l l  depend upon t h e  magnitude of t h e  change i n  k .  

To develop a  l i n e a r  t r a n s f e r  func t ion  f o r  c o n t r o l  purposes  where t o r c h  
speed r a t h e r  than  c u r r e n t  i s  t h e  c o n t r o l  i n p u t ,  it  can be  shown (4.81 t h a t  
t h e  same f i r s r  order form given above i s  a p p r o p r i a t e  provided t h e  input  
q u a n t i t y  i s  l / v  r a t h e r  than v. Given t h i s  b a s i c  c o n t r o l  model it i s  
necessary  t o  exper imenta l ly  i d e n t i f y  va lues  f o r  t h e  g a i n  (K) and t h e  t ime 
cons t an t  ( 7 ) .  

The exper imenta l  procedure f o r  determining K was t o  c r e a t e  a  f u l l  
p e n e t r a t i o n  weld u s ing  a  TIG t o r c h  t r a v e l l i n g  a t  cons t an t  speed,  and then  
measure t h e  r e s u l t i n g  s t eady - s t a t e  back bead width.  A s  expected t h i s  g a i n  was 
no t  c o n s t a n t ,  but  showed a  s t r o n g  dependence upon t h e  anount o f  p r e h e a t ,  
which d i r e c t l y  a f f e c t s  t h e  g r a d i e n t  d ~ / d r .  From Eqn 4.5 w e  expec t  t o  have a  
h ighe r  va lue  f o r  K a s  t h e  prehea t  i n c r e a s e s ,  and t h i s  was observed i n  t h e  
experiments .  Also ,  a s  t h e  t h i c k n e s s  ( t )  dec reases ,  we a l s o  expec t  t h e  ga in  K 
t o  i n c r e a s e ,  which was aga in  born ou t  by experiment.  F i n a l l y ,  when us ing  l / v  
a s  t h e  c o n t r o l  i npu t  q u a n t i t y ,  changes i n  c u r r e n t  now appear d i r e c t l y  a s  
changes i n  t h e  system g a i n .  



Determining t h e  t i m e  cons t an t  involved changing t h e  t o r c h  speed i n  a  
s t epwise  f a sh ion  and e v a l u a t i n g  t h e  r e s u l t i n g  width response. Th i s  can be 
done by looking a t  t h e  i n i t i a l  s l o p e  o f  t h e  response ,  determining t h e  t ime t o  
r each  63X o f  s t e a d y - s t a t e ,  o r  by f i t t i n g  an exponent ia l  response curve t o  t h e  
d a t a .  The l a t t e r  proved t h e  most r e l i a b l e ,  and was chosen f o r  t h e s e  tests. 
The r e s u l t s  i n d i c a t e  t h a t  t h e  t i m e  cons t an t  i s  indeed a  func t ion  of  t h e  pool 
r a d i u s  and o f  t h e  p r e h e a t ,  however, t h e  s t r e n g t h  of  t h a t  e f f e c t  i s  n o t  a s  
s t r o n g  a s  t h e  model may have implied.  ( D e t a i l s  of t h e s e  experiments  a r e  
conta ined  i n  Weinert [4.8].) 

4.4.3. Con t ro l  System Design 

I n  o r d e r  t o  des ign  a  l i n e a r  r e g u l a t o r  f o r  t h i s  system, a  cons t an t  
parametermodel  must be  assumed. From a  c o n t r o l  system des ign  pe r spec t ive  
t h e  above model a s s i g n s  f i r s t  o r d e r  dynamics t o  t h e  p roces s ,  however, t h e  
parameters  of  t h i s  model, K and T a r e  non-constant ,  t hus  a  cons t an t  paramter 
c o n t r o l  system can be expected t o  y i e l d  v a r i a b l e  performance. Parameter 
a d a p t i v e  c o n t r o l  can be  a p p l i e d  t o  remove t h i s  v a r i a t i o n ,  and a  p re l imina ry  
s t u d y  o f  t h i s  n a t u r e  has  been conducted by Re i f f  [4 .9] ,  however, on ly  
c o n s t a n t  parameter  c o n t r o l  system r e s u l t s  w i l l  be d i s cus sed  here .  

Given a  nominal v a l u e  of  T = 1 second f o r  11 gauge carbon s t e e l  welded 
a t  100 amps. and 1 5  v o l t s ,  a  r e g u l a t o r  des ign  s tudy  was performed. It was 
dec ided  t h a t  a  p ropor t i ona l -  i n t e g r a l  c o n t r o l l e r  des ign  was most s u i t a b l e  
s i n c e ,  f o r  a  f i r s t  o r d e r  p roces s ,  i t  provides  zero  s t eady  s t a t e  e r r o r  and 
a l l ows  t h e  r o o t s  o f  t h e  system t o  be  a r b i t r a r i l y  s p e c i f i e d .  Using nominal 
v a l u e s  of  K a s  determined by experiment ,  a  P I  c o n t r o l  system was designed and 
implemented on a  computer c o n t r o l l e d  welding system. This  system i s  shown i n  
F ig .  4.11 and a l lows  t h e  computer t o  input  t h e  width sensor  v o l t a g e ,  o p e r a t e  
on t h i s  w i t h  t h e  c o n t r o l  program, and output  t h e  app rop r i a t e  t a b l e  v e l o c i t y  
command. The t a b l e  speed i s  then  c o n t r o l l e d  by a  DC se rvo  system of  h igh  
accuracy  and bandwidth. 

The c o n t r o l l e r  was eva lu t ed  i n  two Way@: frequency response and s t e p  
response .  I n  t h e  former,  a  s i n u s o i d a l l y  vary ing  command width was input  t o  
t h e  c o n t r o l l e r ,  and t h e  response  o f  t h e  width recorded.  The r e s u l t s  a r e  
shown i n  F ig .  4.12, and they  i n d i c a t e  t h a t  t h e  system responds a s  expec ted ,  
i . e .  a  second o r d e r  c h a r a c t e r i s t i c ,  i n d i c a t e d  by t h e  -40 dB/dec s l o p e  
beyond t h e  n a t u r a l  f requency of  t h e  system. Th i s  confirms t h e  b a s i c  
assumption t h a t  t h e  me l t i ng  dynamics can be desc r ibed  by a  f i r s t  o r d e r  model. 

The nex t  s e t  o f  t e s t s  involved i s s u i n g  a  s t e p  change i n  t h e  d e s i r e d  
wid th  o f  t h e  r e g u l a t o r  and examining t h e  r e s u l t i n g  response.  From Fig.  4.12 
w e  expec t  t h a t  t h e  response  w i l l  involve  an overshoot  w i th  qu ick  s e t t l i n g  t o  
t h e  d e s i r e d  f i n a l  va lue .  The r e s u l t s  o f  such a t e s t  are shown i n  F ig .  4.13a, 
where i t  can be seen  t h a t  t h e  expected t r a n s i e n t  was indeed observed. 
However, a s  t h e  amount of  p rehea t  i nc reased ,  and t h e  command va lue  of  width 
was changed, t h e  n a t u r e  o f  t h e  response ,  a l s o  changed a s  i s  shown i n  Fig.  
4.13b. t o  a prehea t  1 0 0 " ~ .  Note t h e  change i n  overshoot  and s e t t l i n g  t i m e  
of  t h i s  response.  Th i s  i n d i c a t e s  t h a t  t h e  procese model 
pa rame te r s ( spec i f i ca1 ly  t h e  g a i n  and t i m e  cons t an t )  a r e  indeed vary ing  a s  
p r e d i c t e d  by t h e  model and open-loop tests. 

Th i s  s tudy  i n d i c a t e s  t h a t  when a  c o n t r o l  loop i s  c losed  about  t h e  bead 
wid th ,  non- l inear  dynamics a r e  encountered which w i l l  t end  t o  make c o n t r o l  
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system response i n c o n s i s t e n t .  This  has been demonstrated by experiments.  
However, d e s p i t e  t h i s  u n c e r t a i n t y ,  good s t eady  s t a t e  width r e g u l a t i o n  can be 
achieved.  The o n l y  p e n a l t y  i s  t h a t  speed of  response t o  unknown d i s tu rbances  
w i l l  have t o  be compromised t o  i n s u r e  smooth response over  a  wide ope ra t i ng  
range  of  t h e  processes .  

The r e s u l t s  o f  t h i s  c o n t r o l l e r  des ign  a r e  a l s o  d i r e c t l y  a p p l i c a b l e  t o  
any c o n t r o l  system f o r  back bead width.  A s  p r a c t i c a l  t o p s i d e  sens ing  methods 
a r e  developed,  such  a s  t h a t  de sc r ibed  i n  Sec t ion  4.1, f i n a l  c o n t r o l  system 
des ign  can proceed d i r e c t l y  based upon t h e  c o n t r o l  model and confirming 
experiments  desc r ibed  he re .  



5. Weld Puddle Geometry 

Within t h e  contex t  of c o n t r o l  of  weld geometry i t  is  important  t o  
understand and develop computa t iona l ly  s imple models t o  p r e d i c t  t h e  puddle 
s i z e .  The weld puddle geometry is  a f f e c t e d  by a  v a r i e t y  of parameters  
i n c l u d i n g  t h e  geometry, t h e  thermal  i n p u t  and t h e  f l u i d  motion i n t e r i o r  t o  t h e  
puddle. The g e n e r a l  s i t u a t i o n  i s  shown echemat ica l ly  i n  Fig. 5.1. The 
importance of t h e  geometry and t h e  h e a t  i npu t  i s  easy  t o  understand,  a l though 
i t  i s  n o t  n e c e s s a r i l y  t r i v i a l  t o  determine t h e  a c t u a l  puddle s i z e  from f i r s t  
p r i n c i p l e s .  S t i r r i n g  t ype  f l u i d  motion i n  t h e  puddle can be caused by s e v e r a l  
p o s s i b l e  phenomena i n c l u d i n g  a )  d e n s i t y  g r a d i e n t s  caused by temperature  
g r a d i e n t s ,  b) s h e a r  and normal f o r c e s  e x e r t e d  on t h e  puddle s u r f a c e  by t h e  
plasma f low,  c )  s u r f a c e  t e n s i o n  f o r c e s  r e s u l t i n g  from t h e  nonuniform s u r f a c e  
tempera ture ,  and d )  e l ec t romagne t i c  s t i r r i n g  f o r c e s  caused by expansion of t h e  
c u r r e n t  from t h e  e l e c t r o d e  s p o t  s i z e  t o  t h e  a r e a  a v a i l a b l e  f o r  c u r r e n t  
conduct ion o u t  of t h e  s o l i d .  E l abo ra t e  numerical  c a l c u l a t i o n s  have been 
performed f o r  some cond i t i ons  r e l a t e d  t o  GTAW, but  while  t h e s e  a r e  important  
i n  unders tanding  t h e  phenomena, t hey  a r e  i n a p p r o p r i a t e  f o r  c o n t r o l  purposes.  
The r e s u l t s  of measurements and a n a l y s i s  i n d i c a t e  t h e  complsxi ty  of t h e  
problem and i n d i c a t e  t h a t  d i f f e r e n t  phenomena dominate under d i f f e r e n t  
cond i t i ons .  I n  our work w e  i n i t i a t e d  p r e d i c t i v e  o r  c o r r e l a t i v e  models f o r  
puddle  shape. For t h e s e  s t u d i e s  a  s t a t i o n a r y  puddle c o n f i g u r a t i o n  was chosen, 
and exper imenta l  and a n a l y t i c a l  work was performed. The a n a l y t i c a l  model was 
used t o  deduce t h e  n a t u r e  of f l u i d  motion i n  t h e  puddle which was r equ i r ed  t o  
r e s u l t  i n  t h e  measured shape. The r e s u l t s  underscored t h e  complexity of t he  
puddle  motion and provided some i n s i g h t  i n t o  development of t h e  c o n t r o l  l e v e l  
mode 1s. 

5.1 Experimental Measurements - 
The b a s i c  s e t - u p  used a  s t a t i o n a r y  welding t o r c h  i n  conjunc t ion  wi th  a  

s t a t i o n a r y  work p iece  of a  c i r c u l a r  s l a b  of  s t e e l  cooled by a  water-cooled 
copper  r i n g ,  a s  shown schema t i ca l l y  i n  Fig. 5.2. The t o r c h  c h a r a c t e r i s t i c s  
(vo l t age  and c u r r e n t )  and t h e  h e a t  t r a n s f e r r e d  t o  t h e  water  c o o l a n t  were 
measured. The puddle t o p  width was measured from t h e  p ro j ec t ed  image of t h e  
puddle  s u r f a c e  on a  s c r e e n  and t h e  puddle depth  measured i n d i r e c t l y  by 
monitor ing t h c  rcar-f ncc tcmpcroturc  w i t h  n Pt-Pt 13% ,Rh thermocouple. In 
. add i t i on ,  f o r  a l i m i t e d  set  of t o r c h  cond i t i ons  t h e  tes t  p i e c e  was removed, 
c u t ,  po l i shed  and e t ched  w i t h  a  5% Nytol s o l u t i o n  t o  show t h e  f u s i o n  l i n e .  

P l a t e s  of 1/5" and 3/8" t h i c k n e s s  were machined i n t o  d i s k s  t o  y i e l d  
a s p e c t  r a t i o s  ( r a d i u s  t o  t h i cknes s )  of 1 t o  1, 2  t o  1 and 3 t o  1. For t h e  
i n i t i a l  experiments  a  s t anda rd  welding power supply (Ai rc romat ic  Welding 
Machine Model CV-450) was used and t h e  c u r r e n t  was set  t o  a  cons t an t  va lue  f o r  
e a c h  d a t a  po in t .  Experiments w i t h  c o n t r o l l e d  c u r r e n t  pu l s ing  can  be done, but 
have n o t  been completed a t  t h i s  t i m e .  A 1/8" d iameter  2% t h o r i a t e d  t ungs t en  
e l e c t r o d e  was used and was s h i e l d e d  by a  22 c f h  flow of argon ( p u r i t y  99.99%) 
passed through a 2304-0074 nozzle .  

The v a r i a t i o n  of r e a r  f a c e ,  c e n t e r l i n e  temperature  i s  presen ted  i n  Fig. 
5.3 and shows t h e  temperature  i n c r e a s i n g  roughly l i n e a r l y  w i t h  power 
d i g s i p c t e d  i n  t h e  a r c ,  With t he  excep t ion  of t h e  s m a l l e s t  d iameter  p l a t e ,  t h e  
r e a r  face temperature  was h ighe r  f o r  a t h i n  p l a t e  w i th  a  p a r t i c u l a r  a s p e c t  
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Figure 5.1 Schematic View of Weld Puddle. 



Figure 5.2  Sketch of Work Piece Holder 
and Cooling Piece. 
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Figure 5 .3  Back Temperature as a Function of  the 
Weld Torch Power ( V I ) .  



r a t i o ,  t han  f o r  a  t h i c k  p l a t e  a t  t h e  same a s p e c t  r a t i o .  If t h e  a r c  e f f i c i e n c y  
were cons t an t ,  t h i s  would i n d i c a t e  t h a t  a  change i n  t h e  e x t e n t  of s t i r r i n g  
accompanies t h e  change i n  s i z e .  Ihe v a r i a t i o n  of puddle d iameter  a t  t h e  t o r ch  
s u r f a c e  w i th  a r c  power i s  shown i n  Fig. 5.4. For t h e  l a r g e r  d iameter  p l a t e s  
t h e r e  is  l i t t l e  d i f f e r e n c e  betveen t h e  puddle width a t  a p a r t i c u l a r  power. 
The anomalous r e s u l t s  ob ta ined  a t  t h e  1 t o  1  a s p e c t  r a t i o  may have been caused 
by t h e  " l i p "  ( s e e  Fig. 5.2) suppor t ing  t h e  s teel  d i s k ,  which i n  t h e  case  of 
t h e  1/4" d iameter  c a s e  was a  s u b s t a n t i a l  f r a c t i o n  of t h e  d i s k  diameter .  

The puddle shape was measured by t h e  e t c h i n g  technique f o r  3/8" t h i c k  
d i s k s  w i t h  a s p e c t  r a t i o s  of 1:1, 1:2, 1:3 and 1:4. The r e s u l t s  a r e  presen ted  
i n  Table  5.1 and i n d i c a t e  t h a t  t h e  r a t i o  of puddle depth  t o  puddle h a l f  
d iameter  i n c r e a s e s  w i t h  d i s k  a spec t  r a t i o .  ' In a l l  c a s e s  t h e  weld pool  was 
l a r g e r  i n  r a d i u s  t han  i t  was deep. 

While n o t  ex t ens ive ,  t h e s e  r e s u l t s  r ep re sen t  d a t a  t h a t  can be used t o  
deduce some of t h e  c h a r a c t e r i s t i c s  of t h e  i n t e r i o r  flow. 

5.2 Ana ly t i ca l  Modeling 

Many i n t e r p r e ' t a t i o n s  and a n a l y t i c a l ' m o d e l s  a r e  based on a  s t r ic t  hea t  
conduct ion s i t u a t i o n  as r ep re sen t ed  t r a d i t i o n a l l y  by t h e  Rosenthal theory.  
Measurements and ana lyses  have c l e a r l y  s h w n  t h a t  f l u i d  motion i s  an important  
f a c t o r  i n  de te rmin ing  t h e  pool shape. Rather  t han  determining t h e  f l u i d  flow 
from f i r s t  p r i n c i p l e s ;  i n  t h i s  p re l iminary  work w e  developed a  model which, 
f o r  an  assumed c i r c u l a t i o n  i n  t h e  weld pool  and hea t  i n p u t ,  would c a l c u l a t e  
t h e  weld pool  geometry. In p r a c t i c e ,  we used t h i s  model i n  t h e . i n v e r s e ;  t h a t  
i s  we used t h e  measured h e a t  i n p u t  and weld . poo l  shape t o  determine t h e  sense  
and s t r e n g t h  of t h e  weld pool  puddle motion. 

The s o l u e i o n  i s  d iv ided  i n t o  two s e c t i o n s :  conduction i n  t h e  s o l i d  
m a t e r i a l  and conduct ion/convect ion i n  t h e  weld puddle. The conduction 
s o l u t i o n  i s  e f f e c t e d  by convent iona l  f i n i t e  d i f f e r e n c e  techniques  and the  weld 
puddle  s o l u t i o n  by a  s i m p l i f i e d  h e a t  exchanger t ype  s o l u t i o n .  The two 
s o l u t i o n s  a r e  coupled and so lved  i t e r a t i v e l y  f o r  t h e  weld pool motion. A t  . 
presen t  a  two-dimensional c a r t e s i a n  s o l u t i o n  i s  used t o  approximate t h e  
two-dimensional c y l i n d r i c a l  symmetric s i t u a t i o n .  

Conduction Solu t ion .  Symmetry a l lows  r educ t ion  t o  t h e  ha l f  width geometry 
shown i n  Fig. 5.5. The o u t e r  f a c e  i n  con tac t  w i t h  t h e  cooled copper r i n g  i s  
assumed t o  be a t  t h e  coo lan t  temperature  of 290 K. The lower s u r f a c e  i s  
assumed t o  r a d i a t e  as a  g rey  body w i t h  a  s p e c i f i e d  e m i s s i v i t y .  To determine 
t h e  s e n s i t i v i t y  t o  r a d i a t i v e  l o s s e s ,  c a se s  have been run wi th  an e m i s s i v i t y  
ranging  from 0 t o  1. The weld pool  i s  approximated a s  a  r e c t a n g u l a r  shape and 
t h e  temperature  taken  a s  t h e  me l t i ng  p o i n t  of s t e e l  i.e., - 1620 K. The 
d i f f e r e n c e  equa t ions  were w r i t t e n  and t h e  r e s u l t i n g  ma t r ix  i n v e r t e d  t o  f i n d  
t h e  node temperatures .  The t o t a l  h e a t  r a t e  i n t o  t h e  bottom f a c e  ( l abe l ed  B i n  
Fig. 5.5) and t h e  s i d e  ( l a b e l e d  A i n  Fig. 5.5) were t hen  computed from t h e  
node temperatures .  These h e a t  f l u x e s  were then  used t o  determine t h e  f l u i d  
f low i n  t h e  weld pool. 



I I I 1 L I I 1 

1000 2000 30CO 4000 5000 6000 7000 
V1 (Wat ts )  

Figure 5.4 Puddle Width as a Function of 
Weld Torch Power (VI). 



Table 5.1 - Results of Puddle Shape Measurements 

Ratio of Workpiece ~hickness to Radius 

Puddle Depth mm 

Half Puddle Width mm 

Aspect Ratio Depth/Half Width 

Arc Power kw 



Weld Pool ~Aodel. The weld pool  is  considered a s  a  hea t  exchanger type  flow 
where t h e  pool  m a t e r i a l  i s  hea ted  i n  t h e  reg ion  nea r  t h e  a r c  spo t  and then  
coo led  a s  i t  pas se s  t h e  pool  boundary.  he-situation f o r  t h e  c a s e  where t he  
f l u i d  f low is downward from t h e  a r c  s p o t  is  shown i n  Fig. 5.5; t h i s  is  t h e  
expec t ed  s i t u a t i o n  i f  t h e  self- induced e l e c t r o l n a g n e t i c  f o r c e s  i n  t h e  weld 
p o o l  dominate over  g r a v i t y ,  s u r f a c e  t e n s i o n  and plasma jet  s u r f a c e  fo rces .  By 
s p e c i f y i n g  t h e  c r i c u l a t i o n  r a t e  of t h e  f l u i d  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  
f o r  t h e  f low t o  t h e  s u r f a c e s  can  be computed. Then, i f  t h e  maximum f l u i d  
tempera ture  i s  assumed t o  be e q u a l  t o  t h e  b o i l i n g  temperature  of t h e  m a t e r i a l ,  
t h e  hea t  r a t e  t o  t h e  s i d e  and bottom w a l l s  can be computed. The c i r c u l a t i o n  
r a t e  i s  v a r i e d  u n t i l  t h e s e  va lues  a g r e e  w i t h  t h e  va lues  r equ i r ed  by t h e  
conduct ion  s o l u t i o n .  D e t a i l s  of t h e  technique are descr ibed  i n  Reference 5.1. 

The i n f l u e n c e  of c i r c u l a t i o n  on t h e  pool  shape i s  shown i n  Fig. 5.6 
where t h e  poo l  dep th  and h a l f  width a r e  p l o t t e d  a s  a  func t ion  of t h e  average 
f l u i d  v e l o c i t y .  In  t h i s  case t h e  f l u i d  f low i s  down from t h e  a r c  s p o t  toward 
t h e  bottom su r f ace .  A s  expec ted ,  t h e  s t a g n a t i o n  type  flow a g a i n s t  t h e  bottom 
s u r f a c e  i n c r e a s e s  t h e  h e a t  t r a n s f e r  toward t h e  bottom and r e s u l t s  i n  deeper  
weld pools .  The model a l s o  i n d i c a t e s  t h a t  s i g n i f i c a n t  v a r i a t i o n  i n  puddle 
a s p e c t  r a t i o s  a r e  ach ieved  a t  average  speeds of t h e  o rde r  of 1 cm/sec.. 

gecommendations. The r e s u l t s  ob t a ined  a r e  q u i t e  pre l iminary  and no t  
ex tensrTe .  Nonetheless ,  t h e  i n d i c a t i o n s  a r e  t h a t  t h e  b a s i c  approach i s  
reasonable .  We expec t  t o  cont inue  t h e s e  experimental  e f f o r t s ,  concent ra t ing  
on  t h e  e f f e c t s  of c u r r e n t  pu l s ing  on pool shape. 
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Figure 5 . 5  Sketch of Geometry and Boundary Conditions 
Used f o r  Numerical Solution.  
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6. ~ r c  Curren t  Regulator  

Cont ro l  of  t h e  s t a t i c  and dynamic c u r r e n t  l e v e l  t o  t h e  welding a r c  i s  a  
necessary  p a r t  of a  closed-loop c o n t r o l l e d  welding system. In a d d i t i o n ,  
a c c u r a t e  c o n t r o l  i s  e s p e c i a l l y  necessary  when d e t a i l e d  s c i e n t i f i c  experiments 
such  as those  desc r ibed  i n  t h e  prev ious  s e c t i o n s  a r e  performed. Af t e r  
examinat ion of t h e  a v a i l a b l e  power source  c o n t r o l l e r  concepts ,  a  power 
t r a n s i s t o r  r e g u l a t o r  was chosen t o  c o n t r o l  t h e  ou tput  of a  convent iona l  
three-phase r e c t i f i e d  welding supply. This  approach is  t o  be c o n t r a s t e d  wi th  
o t h e r  s o l i d  s t a t e  power supply  r e g u l a t o r s  based on SCK's, S p e c i f i c a t i o n s  were 
w r i t t e n  f o r  t h e  device  and a sub-contract  awarded t o  Alexander Kusko, Inc. 
A f t e r  i n s t a l l a t i o n  i n  t h e  l a b o r a t o r y ,  mod i f i ca t i ons  were made ( i n  c o n s u l t a t i o n  
w i t h  t h e  personnel  from Kusko) t o  ach ieve  a f a s t e r  t ime response. This 
s e c t i o n  d e s c r i b e s  b r i e f l y  t h e  des ign  and o p e r a t i o n  of t h e  c o n t r o l l e r .  Fur ther  
d e t a i l s  a r e  p re sen t ed  i n  Reference 6.1. 

6.1 h s i c s  of Operat ion 

The b a s i c  f u n c t i o n  of t h e  c u r r e n t  r e g u l a t o r  i s  t o  c o n t r o l  t h e  c u r r e n t  
through t h e  a r c .  This  is  accomplished by connect ing a  t r a n s i s t o r  bank i n  
s e r i e s  w i t h  t h e  arc and w i t h  t h e  power supply and then  c o n t r o l l i n g  t h e  vo l tage  
drop  a c r o s s  t h e  t r a n s i s t o r  bank. A s i m p l i f i e d  schemat ic  i s  shown i n  Fig. 6.1. 
Another way t o  cons ide r  t h e  c i r c u i t  i s  t o  view t h e  t r a n s i s t o r  a s  a  c u r r e n t  
a m p l i f i e r .  The c u r r e n t  t o  t h e  base of t h e  t r a n s i s t o r ( s )  i s  ampl i f i ed  and 
forms t h e  main c u r r e n t  t o  t h e  arc .  In t h i s  way t h e  problem of c o n t r o l l i n g  t h e  
main welding c u r r e n t  i s  reduced t o  c o n t r o l l i n g  t h e  much lower magnitude base 
c u r r e n t .  A feedback c u r r e n t  c o n t r o l l e r  i s  used t o  c o n t r o l  t h e  base cu r r en t  t o  
t h e  r e f e r e n c e  value. The a c t u a l  c u r r e n t  through t h e  a r c ,  a s  measured by a  
c u r r e n t  shunt  i n  t h e  c u r r e n t  c o n t r o l l e r ,  i s  compared wi th  t h e  r e f e r ence  
s i g n a l ,  and t h e  base c u r r e n t  a d j u s t e d  accord ingly .  The r e f e r ence  sSgnal i s  
provided e i t h e r  by a  t e n  t u r n  po ten t iometer  o r  from a  remote analog inpu t .  
The remote i n p u t  i s  s u i t a b l e  e i t h e r  f o r  a  f u n c t i o n  gene ra to r  o r  f o r  t h e  A I D  
o u t p u t  of a  computer. 

6.2 Choice of T r a n s i s t o r  and Cont ro l  C i r c u i t  Conf igura t ion  - 
The power ou tpu t  s t a g e  of t h e  c u r r e n t  r e g u l a t o r  used 96 model 2N6258 

t r a n s i s t o r s  i n  p a r a l l e l .  A schemat ic  of  t h e  t r a n s i s t o r  power supply  is  shown 
i n  Fig. 6.2. Mult ip le  t r a n s i s t o r s  were used r a t h e r  t han  a  s i n g l e  t r a n s i s t o r  
r a t e d  a t  t h e  f u l l  power b e c a u s e . i t  was f e l t  t h a t  t h i s  approach would ach ieve  
t h e  b e s t  f requency response. A l so , t he  s m a l l e r  t r a n s i s t o r s  were advantageous 
i n  t h a t  t h e i r  d e l i v e r y  time was s h o r t e r ,  t h e  p o t e n t i a l  f o r  c o s t l y  damage was 
less, and i t  was e a s i e r  t o  reject t h e  power d i s s i p a t e d  i n  t h e  sma l l e r  
t r a n s i s t o r s .  A second c u r r e n t  a m p l i f i e r  s t a g e  was a l s o  cons t ruc t ed  u s i n g  t h e  
model 246258 t r a n s i s t o r s  and i s  l a b e l e d  T2 i n  t h e  f i g u r e .  A f i n a l  s t a g e  (T3) 
connec t s  t o  t h e  ou tpu t  of t h e  c o n t r o l  c i r c u i t .  The t r a n s i s t o r  bank is  r a t e d  a t  
60 V maximum and 300 A cont inuous  cu r r en t .  

One i n p u t  t o  t h e  c o n t r o l l e r  c i r c u i t  i s  from t h e  c u r r e n t  shunt  which has  
a n  ou tpu t  of 100 mV a t  t h e  f u l l  c u r r e n t  of  300 A; t h e  second i n p u t  is  t h e  
r e f e r e n c e  s i g n a l  f o r  which 10 V i s  t o  correspond t o  t h e  f u l l  c u r r e n t  of 300 A. 
A block diagram 1s ahown i n  Fig. 6.3. These s i g n a l s  a r e  s c a l e d  t o  0 t o  1  
v o l i s  f i i l l  s c a l e  s i g n a l s  by p r e c i s i o n  m u l t  iply-by-ten and divide-by-ten 
c i r c u i t s  r e s p e c t i v e l y .  The two 0 t o  1 V s i g n a l s  a r e  s u b t r a c t e d  t o  form an 
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e r r o r  s i g n a l  which i s  m u l t i p l i e d  by 100 i n  two succes s ive  multiply-by-ten 
a m p l i f i e r  c i r c u i t s .  Th i s  s i g n a l  Is then  ampl i f i ed  by a  vo l t age  fo l lowing  
c i r c u i t  and f i n a l l y  by t h e  base c u r r e n t  s e n t  t o  t h e  f i r s t  s t a g e  of t r a n s i s t o r  
a m p l i f i e r s  (T3). 

As de l ive red ,  t h e  r e g u l a t o r  used a s t anda rd  model LM 741 OPAlW f o r  a l l  
s t a g e s  of a m p l i f i e r s  of t h e  c o n t r o l  c i r c u i t .  Since t h e  gain-bandwidth product 
o f  t h e  LM 741 i s  1 MHz, each  of t h e  l a t t e r  g a i n  s t a g e s  was l i m i t e d  t o  a  g a i n  
o f  10. This  r e s u l t s  i n  a  r e g u l a t o r  maximum bandwidth of about  100 kliz, such 
t h a t  a  feedback bandwidth of 20 kHz could be achieved. The experiments  
s tudy ing  plasma j e t  t r a n s i e n t s  r equ i r ed  f a s t e r  response,  s o  t h e  c o n t r o l l e r  was 
modified. The OPAMPS i n  t h e  l a s t  two vo l t age  g a i n  s t a g e s  were rep laced  by 
model 318 OPAMPS which have a  h ighe r  gain-bandwidth product  and a  h ighe r  s l e w  
r a t e .  These a m p l i f i e r s  a r e  more prone t o  i n s t a b i l i t i e s  than t h e  LM 741 0PA:WS 
and a  f requency compensation c i r c u i t  was used t o  a d j u s t  t h e  s t e p  response of 
t h e  r egu la to r .  In  a d d i t i o n ,  an o f f s e t  adjustment  was provided t o  e s t a b l i s h  
t h e  z e r o  l e v e l .  With t h e  f a s t e r  a m p l i f i e r s ,  r i s e  times of 15 s e c  were 
ob t a ined  f o r  a s t e p  v a r i a t i o n  i n  arc c u r r e n t  of 60 A. This  was s a t i s f a c t o r y  
f o r  t h e  a r c  s t u d i e s .  

6.3 Kegulator  P r o t e c t i o n  C i r c u i t r y  

Water cooled hea t  s i n k s  were provided t o  coo l  t h e  t r a n s i s t o r s  i n  t h e  main - bank and t h e  a d d i t i o n a l  g a i n  s t age .  Each device  i s  expected t o  o p e r a t e  a t  a  
maximum power d i s s i p a t i o n  of 100 W y i e l d i n g  a  t o t a l  d i s s i p a t i o n  of 9600 W. 
&ach hea t s ink  has a  thermal  swi t ch  which i s  p a r t  of t h e  p r o t e c t i o n  c i r c u i t r y .  
A water  f low of about  5  GEW was normally provided t o  t h e  r egu la to r .  

A p r o t e c t i o n  c i r c u i t  au toma t i ca l l y  d i s a b l e s  t h e  power ou tpu t  c i r c u i t  i .e.  
reduces t h e  ou tput  vo l t age  t o  0 V,  when one of t h e  two cond i t i ons  occur: 

1 )  l o s s  of water  p r e s s u r e  i n  t h e  coo l ing  system; o r  

2) t h e  temperature  of any of t h e  h e a t  s i n k s  rises t o  a  dangerous l e v e l .  

The p r o t e c t i o n  i s  achieved by s h o r t i n g  t h e  ou tput  from t r a n s i s t o r  T3 through 
t h e  a p p r o p r i a t e  switches.  Switch PS i s  c lo sed  i f  t h e  water  supply p re s su re  
i s  t o o  low, and swi t ches  T i  through T10 a r e  c losed  i f  t h e  temperature  of t h e  
p a r t i c u l a r  h e a t  s i n k  rises above a  dangerous l e v e l .  

The p r o t e c t i o n  c i r c u i t  a l s o  ho lds  t h e  power ou tpu t  c i r c u i t  d i s ab l ed  f o r  a  
pe r iod  of 1  second fo l lowing  t h e  t u r n i n g  on of t h e  r e c t i f i e d  power supply 
input .  This  d e l a y  pe r iod  i s  used t o  charge a  c a p a c i t o r  bank i n  t h e  c u r r e n t  
r e g u l a t o r  t o  t h e  p o t e n t i a l  of t h e  dc  i n p u t  bus vo l t age ,  t hus  avoid ing  t h e  high 
c u r r e n t  su rge  which would r e s u l t  from p l ac ing  t h e  uncharged c a p a c i t o r  bank 
d i r e c t l y  on to  t h e  i n p u t  bus. The p r o t e c t i o n  i s  achieved by ope ra t i on  of 
r e l a y s  K1, K2 and K3. When t h e  power supply is  turned  on swi t ch  K1 is  
immediately c lo sed ,  t hus  a l lowing  t h e  i n p u t  c a p a c i t o r  t o  charge through t h e  
d e l a y  c i r c u i t  R2-C2 charges.  U n t i l  r e l a y  K 2  is  a c t i v a t e d  swi t ch  K2B i s  
c lo sed ,  t h e  o u t p u t  from t r a n s i s t o r  T3 shor ted  and t h e  c u r r e n t  r e g u l a t o r  i s  
d isab led .  When r e l a y  K2 i s  c losed  ( a f t e r  about  1 second) swi t ch  K2B i s  opened 
and swi t ch  K3 s h o r t s  o u t  t h e  2  r e s i s t o r ;  t h e  r e g u l a t o r  i s  f u l l y  a c t i v a t e d .  
Th i s  d e l a y  pe r iod  a l s o  a l l ows  t h e  15 V power supply used by t h e  r e g u l a t o r  



c i r c u i t  t o  s t a b i l i z e ,  such  t h a t  t h e  r e g u l a t o r  i s  o p e r a t i o n a l  when t h e  power 
o u t p u t  c i r c u i t  is enabled. The low power supply i n  t h e  r e g u l a t o r  f l o a t s  wi th  
t h e  nega t ive  t e rmina l  of  t h e  welder;  s i n c e  t h e  p o s i t i v e  (workpiece) te rmina l  
i s  u s u a l l y  provided,  t h e  power supply c i r c u i t  changes p o t e n t i a l  when the  main 
r e c t i f i e d  power supply  is  a c t i v a t e d .  

A radio-frequency arc s t a r t i n g  p r o t e c t i o n  c i r c u i t  was a l s o  provided wi th  
t h e  r egu la to r .  Although i t  was l a t e r  found t h a t  t h e  s tandard  p r o t e c t i o n  
c i r c u i t  provided as p a r t  of t h e  a r c  starter was more than  adequate  t o  p r o t e c t  
t h e  t r a n s i s t o r  c u r r e n t  r e g u l a t o r ,  t h e  custom p r o t e c t i o n  c i r c u i t  was u s e f u l  i n  
t h a t  i t  by-passed t h e  c o i l  of  t h e  a r c  s t a r t e r  and thereby e l imina t ed  t h e  
i nduc t ance  of  t h e  starter from t h e  arc c i r c u i t .  
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Appendix A 

Welding Fab r i ca t i on  a s  a Cont ro l  System 

In  t h i s  r e sea rch  program, e f f o r t s  were made t o  develop techniques  f o r  
closed-loop c o n t r o l  of a r c  welding. Although c o n t r o l  of t h e  welding 
o p e r a t i o n  i s  t h e  most important  a s p e c t  of t h e  au tomat ic  c o n t r o l  of welding; i t  
i s  perhaps worth cons ide r ing  t h e  e n t i r e  welding f a b r i c a t i o n  as a  c o n t r o l  
system. Fig. A 1  schemat ica l ly  shows welding f a b r i c a t i o n  a s  a  c o n t r o l  system. 
The welding f a b r i c a t i o n  as commercially exe rc i s ed  today can be regarded a s  a  
pre-programmed open-loop c o n t r o l  system, s i n c e  no e x p l i c i t  in-process c o n t r o l  
i s  performed du r ing  t h e  welding ope ra t i on ,  a s  expla ined  below: 

( 1 )  In manual a r c  welding, t h e  ope ra to r  performs a  c e r t a i n  
deg ree  of in-process c o n t r o l  by watching t h e  weld pool  
and manipula t ing  t h e  welding t o r c h  o r  t h e  e l ec t rode .  
However, t h e r e  is no way t o  v e r i f y  t h a t  t h e  o p e r a t o r  
h a s  performed proper  manipulat ions.  

( 2 )  In au tomat ic  arc welding, machines c u r r e n t l y  on t h e  
market have no adap t ive  c o n t r o l  c a p a b i l i t i e s .  Optimum 
welding c o n d i t i o n s  t hus  p r e s e l e c t e d a r e  used i n  a c t u a l  
cons t ruc t ion .  Once welding h a s  commenced, welding 
c o n d i t i o n s  (welding c u r r e n t ,  a r c  vo l t age ,  t r a v e l  speed)  
a r e  normally kep t  unchanged even though t h e r e  a r e  some 
v a r i a t i o n s  i n  t h e  j o i n t  geometry such a s  t h e  r o o t  gap. 

In  o r d e r  t o  o b t a i n  r e l i a b l e  welds under t h e s e  cond i t i ons ,  many e f f o r t s  
a r e  c u r r e n t l y  made i n  p re -qua l i f i ca t i on .  They inc lude  q u a l i f i c a t i o n s  of j o i n t  
de s ign ,  welding procedure t e s t s ,  q u a l i f i c a t i o n  of welders ,  e t c .  The b a s i c  
philosophy behind these p r e  qualifica~lone is es m k e  c e r t a i n  t h a t  d e s i g n s ,  
m a t e r i a l s ,  p roces se s ,  and o p e r a t o r s  a r e  w e l l  q u a l i f i e d  f o r  t h e  job. Of course  
t h e s e  p r e - q u a l i f i c a t i o n s  a r e  performed i n  many a c t i v i t i e s .  In  a v i a t i o n ,  f o r  
example, a i r c r a f t  is  c e r t i f i e d ,  a i r p o r t  f a c i l i t i e s  a r e  c e r t i f i e d ,  and p i l o t s  
a r e  c e r t i f i e d .  t h a t  i s  unique i n  welding f a b r i c a t i o n ,  however, i s  t h a t  no 

I s y s t e m a t i c  c o n t r o l  i s  exe rc i s ed  du r ing  t h e  a c t u a l  welding ope ra t i on ,  which i s  
t h e  most c r i t i c a l  p a r t  of welding f a b r i c a t i o n .  

A f t e r  welding i s  completed, sometimes even s e v e r a l  days l a t e r ,  welds a r e  
inspec ted .  The i n s p e c t i o n s  i nc lude  v i s u a l  i n s p e c t i o n  a s  w e l l  a s  more sophis-  
t i c a t e d  non-des t ruc t ive  techniques i nc lud ing  radiography,  u l t r a s o n i c  t e s t s ,  
magnet ic  p a r t i c l e  tests, etc. The problem h e r e  i s  t h a t  even t h e s e  i n s p e c t i o n s  
a r e  judged s u b j e c t i v e l y  by in spec to r s .  For example, t h e r e  i s  no e x a c t ,  
uniform manner of i n t e r p r e t i n g  X-ray f i l m s  of welds. I f  no i r r e g u l a r i t i e s  a r e  
found du r ing  t h e  non-destruct ive i n s p e c t i o n s ,  t h e  weld i s  assumed t o  be 
s a t i s f a c t o r y .  On t h e  o t h e r  hand, i f  i r r e g u l a r i t i e s  a r e  found, t h e  weld i s  
s e n t  back f o r  r e p a i r .  A f t e r  t h e  r e p a i r  i s  done, t h e  weld i s  normally 
i n s p e c t e d  again.  S ince  t h e  s t r u c t u r e  i s  in spec t ed  a f t e r  welding and r e p a i r s  
a r e  made i f  neces sa ry ,  a  c e r t a i n  degree of closed-loop c o n t r o l  i s  c u r r e n t l y  
e x e r c i s e d  du r ing  t h e  welding f a b r i c a t i o n .  

I n  t h e  days  of welding f a b r i c a t i o n ,  u n t i l  around t h e  19501s, many welded 
s t r u c t u r e s  were s e n t  f o r  s e r v i c e  wi thout  s u f f i c i e n t  i n spec t ions .  During t h e  
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l a s t  30 yea r s ,  v a r i o u s  new N D I  t echniques  have been developed, and welds have 
been s u b j e c t e d  t o  i n c r e a s i n g  numbers of i n spec t ions .  A t  t h e  same t i m e ,  t h e  
demand f o r  t h e  r e l i a b i l i t y  of welded s t r u c t u r e s  has  become i n c r e a s i n g l y  
s t r i n g e n t .  Thus, t h e  fo l l owing  have r e s u l t e d  over  t h e  years :  

(1) In o r d e r  t o  improve t h e  r e l i a b i l i t y  of welded s t r u c t u r e s  
wi thout  e x e r c i s i n g  in-process  c o n t r o l ,  t h e  requirements  
f o r  p r e - q u a l i f i c a t i o n  have become i n c r e a s i n g l y  e x a c t i n g  
and  complex. 

(2)  The percentage of r e p a i r  work h a s  i nc reased  r e s u l t i n g  
i n  a l a r g e  i n c r e a s e  i n  f a b r i c a t i o n  cos t .  

Th i s  e x p l a i n s  why t h e  M.I.T. r e s e a r c h  on t h e  fundamentals of in-process 
c o n t r o l  of welding i s  s o  important .  

The primary o b j e c t i v e  of t h e  in-process  c o n t r o l  of  t h e  welding ope ra t i on  
i s  t o  produce weld meta l s  f r e e  from d e f e c t s .  This  i s  t h e  most c r i t i c a l  p a r t  
o f  welding f a b r i c a t i o n .  However, i n  t h e  c o n s t r u c t i o n  of a c t u a l  s t r u c t u r e s  
such  a s  s h i p s ,  p r e s s u r e  v e s s e l s ,  e t c . ,  eng inee r s  must c o n t r o l  t h e s e  o t h e r  
p r o p e r t i e s  a s  w e l l :  

(1) M e t a l l u r g i c a l  p r o p e r t i e s  of t h e  weld meta l  and t h e  
hea t - a f f ec t ed  zone must be c o n t r o l l e d  s o  t h a t  t h e  
welded s t r u c t u r e  performs s a t i s f a c t o r i l y  i n  s e r v i c e s ,  
and 

(2 )  Residual  s t r e s s e s  and d i s t o r t i o n  must be c o n t r o l l e d  s o  
t h a t  exces s ive  amounts o f . r e s i d u a 1  stresses and 
d i s t o r t i o n  a r e  avoided. 

The c o n t r o l  of t h e s e  p r o p e r t i e s  may be c a l l e d  t h e  "outer-loop" c o n t r o l ,  
wh i l e  t h e  c o n t r o l  of t h e  weld meta l  product ions may be c a l l e d  t h e  "inner-loop" 
con t ro l .  Although t h e  major emphasis of t h e  c u r r e n t  M.I.T. r e sea rch  has  been 
p laced  on t h e  "inner-loop" c o n t r o l ,  which i s  t h e  most c r i t i c a l  p a r t  of welding 
automation,  we b e l i e v e  t h a t  i t  i s  important  t o  expand t h e  scope of f u t u r e  
r e s e a r c h  t o  cover  some s u b j e c t s  r e l a t e d  t o  t h e  "outer-loop" con t ro l .  As an 
example o t  what can be done on t h e  "outer-loop" c o n t r o l ,  a b r i e f  d e s c r i p t i o n  
about  t h e . c o n t r o 1  of hydrogen-induced c r ack ing  i s  g iven  below. 

Con t ro l  of  Hydrogen-Induced Cracking of High-Strength S t e e l  Weldments 

The prevent ion  of hydrogen-induced c r ack ing  i s  a n  impor tan t  t e c h n i c a l  
problem i n  welding h igh-s t rength  steels. It has  been proven t h a t  hydrogen- 
induced c r ack ing  occu r s  when t h e  fo l l owing  cond i t i ons  a r e  met: 

(1) The m a t e r i a l  used i s  i n s e n s i t i v e  t o  hydrogen-induced cracking.  

(2 )  A s u f f i c i e n t  amount of a tomic o r  d i f f u s a b l e  hydrogen exists 
i n  t h e  weldment. 

(3)  A s u f f i c i e n t  amount of t e n s i l e  stress exists. 



It i s  a l s o  w e l l  e s t a b l i s h e d  t h a t  t h e  c r ack ing  i s  a delayed phenomenon. In  
o t h e r  words, a c e r t a i n  amount of t i m e ,  a s  long  a s  a week under c e r t a i n  
c o n d i t i o n s ,  i s  r e q u i r e d  b e f o r e  c r ack ing  occurs.  Consequently, t h e  fo l lowing  
procedures  are commonly used today f o r  p revent ing  hydrogen-induced cracking:  

( a )  Use base and weld meta l  w i t h  m a t e r i a l s  n o t  s e n s i t i v e  t o  
hydrogen-induced cracking.  Severa l  i n v e s t i g a t o r s  have 
proposed formulas  f o r  e s t i m a t i n g  t h e  s e n s i t i v i t y  of a . 
m a t e r i a l  t o  hydrogen-induced c r ack ing  [1 ,2] .  For 
example, t h e  carbon e q u i v a l e n t  (CE) i s  commonly u s e d ' t o  

' e s t i m a t e  t h e  s e n s i t i v i t y  of  s t ee l  f o r  hydrogen-induced 
c rack ing .  A common formula: 

When CE by t h e  above formula exceeds 0.40, underbead 
c r a c k i n g  can  occur.  Other i n v e e t i g a t o r o  have also 
proposed va r ious  formulas  f o r  e s t i m a t i n g  hydrogen- 
induced c r ack ing  s e n s i t i v i t y  of  d i f f e r e n t  steels [2] .  

( b )  Use welding processes  which produce only a low amount 
o f  hydrogen. For example, use  g a s  meta l  a r c  welding 
p roces s  u s i n g  a rgon  s h i e l d i n g  g a s ,  o r  use  low-hydrogen 
t y p e  e l e c t r o d e s .  

The b a s i c  phi losophy used today i s  t o  prevent  c rack ing  by s e l e c t i n g  
p rope r  combination of parameters  be fo re  welding. No a t tempt  is  made t o  
prevent  t h e  c r ack ing  by c o n t r o l l i n g  what happens dur ing  welding. Since 
hydrogen-induced c r ack ing  Is a de layed  phenomenon, w e  simply wa i t  long enough 
b e f o r e  i n s p e c t i n g  t h e  weld. A common p r a c t i c e  employed b y v a r i o u s  agenc i e s  
including the U.S. Navy, i s  t o  wai t  one week. This procedure c e r t a i n l y  slowo 
down t h e  welding f a b r i c a t i o n .  When d e f e c t s  a r e  found afCer t h i s  one week 
d e l a y ,  t h e  s t r u c t u r e  i s  completely c o l d  and a l l  welding equipment has  been 
moved t o  a n o t h e r  l oca t ion .  Therefore ,  t h e  e n t i r e  process  of p r ehea t ing ,  
weld ing  and s o  on must be r e a c t i v a t e d  f o r  welding r e p a i r .  

M.I.T. r e s e a r c h e r s  b e l i e v e  t h a t  more e f f i c i e n t  c o n t r o l  t echniques  can be 
developed by s tudy ing  what goes  on du r ing  and a f t e r  welding. Through y e a r s  of 
r e s e a r c h  on t h e  mechanisms of hydrogen-induced c rack ing ,  we know t h a t  t h e  
major f a c t o r s  t h a t  cause  hydrogen-induced c r ack ing  are: (1) t h e  stress l e v e l ,  
( 2 )  hydrogen l e v e l ,  (3) temperature ,  and (4)  t i m e .  'The f i r s t  f a c t o r s  have 
complex d i s t r i b u t i o n s  i n  a weldmenr and they  change w l L l ~  t i m e .  Moreover, 
hydrogen c r ack ing  occu r s  on ly  under c e r t a i n  combinations of t h e  above 
parameters .  

As an  example, Fig, A2 shows exper imenta l  r e s u l t s  on HT80 s teel  us ing  
t h e  r i g i d  r e s t r a i n t  c r ack ing  (RKC) test. HT80 steel is a Jayaneee 
h igh-s t rength  steel  w i t h  a minimum u l t i m a t e  t e n s i l e  s t r e n g t h  of 80 Kg/mm2 
(113.800 p s i ) .  F u r t h e r  d e t a i l s  of  t h e  RRC test may be found i n  Chapter 14 of - - 
a book by Masubuchi e n t i t l e d  Analys i s  of Welded s t r u c t u r e s  (11. The degree of 
r e s t r a i n t  of a j o i n t  i s  expressed  i n  t h e  terms of t h e  r e s t r a i n t  length.  A 
b u t t  j o i n t  w i th -a  s h o r t e r  r e s t r a i n t  l e n g t h  i s  more h igh ly  r e s t r a i n e d .  



Figure A2 Development of Restraint Stress During Cooling 
and Cracking i n  the RRC Test. 
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. 
When a j o i n t  i s  more h i g h l y  r e s t r a i n e d ,  h igher  s t r e s s e s  a r e  produced i n  a 

s h o r t e r  t i m e  c aus ing  hydrogen-induced cracking.  It is i n t e r e s t i n g  t o  no t e  
t h a t  i t  t a k e s  a cons ide rab ly  long  time, around 20 t o  200 minutes  depending 

1 

upon t h e  degree  of r e s t r a i n t ,  a f t e r  welding is  completed be fo re  r e a c t i o n  
s t r e s s e s  are f u l l y  deveoped. When t h e  r e a c t i o n  s t r e s s e s  a r e  below a c e r t a i n  
l e v e l ,  c r ack ing  does  n o t  occur  even a f t e r  a long period. This  i s  why a- weld 
i s  in spec t ed  even one week a f t e r  welding i s  completed. Although t h e  border 
l i n e  between c r ack ing  and non-cracking i s  shown by one curve i n  Fig. 2, i t  , 

v a r i e s  depending upon t h e  l e v e l  of  hydrogen and m a t e r i a l  p rope r t i e s .  

The r e s u l t s  shown i n  Fig. 2 s t r o n g l y  sugges t  t h a t  i t  is  p o s s i b l e  t o  
deve lop  a t echn ique  f o r  p r even t ing  hydrogen delayed c rack ing  by c o n t r o l l i n g  
what happens du r ing  welding. For example, when a weldment is heated proper ly  
t o  d i f f u s e  hydrogen away, t h e  c r i t i c a l  s t r e s s  f o r  c rack ing  can be r a i s e d  s o  
t h a t  t h e  t ime-reac t ion  s t r e s s  r e l a t i o n s h i p  is  maintained below t h e  c r i t i c a l  
l e v e l .  In o t h e r  words, hydrogen-delayed c r ack ing  can  be avoided by gu id ine  
t h e  t ime-stress-hydrogen r e l a t i o n s h i p  of a weld through a " sa fe  co r r ido r "  
d u r i n g  and a f t e r  welding. 

E f f o r t s  are c u r r e n t l y  being made i n  ano the r  r e sea rch  program a t  M.Z.T. t o  
f u r t h e r  v e r i f y  t h i s  i d e a  of  c o n t r o l l i n g  and prevent ing  hydrogen-induced 
c r a c k i n g  i n  h igh-s t rength  s t e e l  weldments. We b e l i e v e  t h a t  var ious  systems 
can  be developed t o  perform t h e  "outer-loop" c o n t r o l  of s u b j e c t s  involved i n  
welding i n c l u d i n g  t h e  m e t a l l u r g i c a l  p rope r , t i e s  of t h e  hea t -a f fec ted  zone, 
r e s i d u a l  stresses and d i s t o r t i o n ,  etc. 
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