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NOT ICE : The proj e c t  that i s  the subj e c t  o f  thi s  report was approved by 
the Governing Board o f  the Nat ional Re s e arch Counc i l , who s e  members are 
drawn from the counc ils o f  the Nat ional Ac ademy o f  Sc ienc e s ,  the Nat i onal 
Academy of Engineer ing , and the Ins t i tute of Me dic ine . The members of the 
commit tee respons ible for the repor t  were cho s en for their spec i al 
c ompetences and w i th regard for appropr i a te balance . 

The report has been reviewed by a group o ther than the autho r s  acc ord ing 
to procedures approved by a Repor t  Revi ew Comm i ttee cons i s ting of members 
of the Nat ional Ac ademy o f  Sc i ences , the Nat ional Academy o f  Eng ineer ing, 
and the Ins titute of Medicine . 

The National Research Council was e s tablished by the Nat i onal Academy o f  
Sc iences in 1916 to assoc i ate the broad commun i ty o f  science and 
technelogy with the Academy's purpo ses of furthering knowledge and o f  
adv i s ing the federal government . The Council operates i n  ac c o rdance with 
general p o l i cie s determined by the Academy under the autho r i ty o f  i t s  
congres sional charter o f  186 3 , which e s tab lished the Academy a s  a private, 
nonpro fit , sel f-governing membership corporat ion . The Counc i l  has become 
the p r inc ipal operating agency of both the Nat i onal Ac ademy of Sc ienc e s  
and the National Academy o f  Enginee ring i n  the conduc t o f  the ir services 
to the government , the pub l ic , and the s c ient i f i c  and engineer ing 
commun i ties . It is adminis tered j o intly by bo th Ac ademies and the 
Ins t i tute o f  Medicine . The Nat ional Academy of Engineer ing and the 
Ins titute of Medic ine were es tab l i shed in 19 64 and 1970 , respe c t ively, 
under the charter of the Nat i onal Academy of Sc iences . 

Th i s  s tudy by the Nat ional Materials Advisory Board was conducted unde r 
Contrac t Number MDA 903 - 86 -K- 0220  w i th the Depar tment o f  Defense and the 
National Ae ronau t i c s  and Space Admin i s tration . 

Thi s  report i s  for sale by the De fens e Technical Info rma t ion Center, 
Cameron Stat i on , Alexandria, Virginia 2 2 312 . 

Pr inted in the Uni ted State s o f  Ame r ic a . 

i i  
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ABSTRACT 

Automatic welding processes are being used more and more in 
manufacturing , and this  has led to an increased requirement for close control 
o f  the process .  The obj ectives of welding control and the prob l ems invo lved 
with such control are addressed . Because welding is  such a complicated 
process ,  control s trategies are needed to close the gap between what is 
des ired by industry and what is practiced . Some of the variables in the 
process include the base material , j oint preparation , controllab ility of the 
automated system , cons istency of consumables ,  and welding environment . The 
importance of understanding the bas ic processes - - arc phys ics , heat and fluid 
flow , sol idification , and proces s  disturbances , etc . - - is emphas ized . The 
s tate of the art in welding process  modeling and the feas ibility and need for 
adaptive control are described . At present , empirically derived mode ls for 
some processes have been developed , and , if further understanding of the 
complex interactions can be achieved and verified , systems based on fully 
integrated computer- aided design and manufacturing and adaptive contro l s  can 
be achieved . Such a welding process  s imulation could permit the des ign 
engineer to know in advance the interaction of weldment preparation , fixture 
des ign ,  distortion , and mechanical properties and thus do a much better j ob 
of optimiz ing the entire process . 

i i i  
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Chapter 1 

INTRODUCTION , CONCLUSIONS , AND RECOMMENDATIONS 

Welding is  today the mos t  commonly used method of j oining components 
in the fabrication of complex s tructures . If the s tructure is to perform 
satisfactorily , the integri ty of the welded j oints must be as good as the 
materials being j oined . Because weld quality is such an important factor , 
a National Materials Advisory Board Committee on Welding Control s  was 
asked to identify the variables in welding processes to ascertain where 
exis t ing control technology must be better unders tood and improved to 
ensure the necessary uniformity and reproducib ility of s tructural welds . 

When the properties of a metal vary widely due to heat - to -heat 
variations , a severe penalty is imposed on the des ign of a s tructure . 
S imilarly , variab i l i ty in weld quality will degrade the serviceab i l i ty of 
the s tructure , even though the average quality is  high . In traditional 
practice , a skilled manual welder can compensate for many of these 
variations and can thereby control weld quality .  However , in response  to 
the need for productivity and quali ty improvement , the trend in 
manufacturing is away from manual welding and s trongly toward 
automatically controlled welding processes . Thus , in the absence of 
skil led manual welders , new means for sens ing welding process  variables 
mus t be found , and various forms of control of the automated process  mus t 
be implemented . 

This  s tudy examines the nature of variables in automatic welding and 
the prospects for their closer control . The problem is not merely one of 
optimiz ing discrete variables; a sys tems concept will be necessary if 
subs tantial progress  is to be made . For that reason , sens ing and feedback 
become important factors in the control of welding processes , and these 
are emphas ized in this s tudy . The b ibl iography following Chapter 3 
provides extens ive coverage of developments in the field . 

1 
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TABLE 1 Sc i ent i f i c  D i s c ipline s Encompas sed by Welding 

Chemis try 

Chemical reac t ions 
Thermodynamics 
Kine tic s 
Elec trochemis try 

Alloy compo s i tion 
Dilution 
Slag - me tal reac tions 

Phys ics, Me tallurgy , 
and Mate rials Sc ience 

Phys ical prope r t i e s  
Ele c tr ical proper t i e s  
P lasmas 
Heat and mas s transport 

Fluid flow 
Heat flow 

Solid and liquid phase 
diffus ion 

Crys tal ( atomic ) s truc ture 
D i slocat ions 
Vac ancie s  

Phase trans formations 
Gas-liquid 
Liquid-sol i d  
So l id-solid 

So l idificat ion 
Grain nuc leat ion 
Gra in growth 

SOURCE; National Material s  Advisory Board, 1982 . 

Mechanics 

Mechanical propert i e s  
Stat i c s  
Dynamics 
Frac ture mechanics 
Re s idual s tre s s e s  
D i s tor tion 
Res traint 

Struc tural design , 
j i gs , and fixtures 

We lding encompas ses many s c ienti fic d i s c ip l ine s. I t  invo lve s a 
comp lex interplay o f  solid, l i quid, gas eous, and pl asma-s tate phenomena : 
the s e  are categor ized in Tab l e  1 .  Contributing to the complex i ty o f  
welding proce s s e s  is the fac t that a l arge number o f  the s e  phenomena take 
place simul taneous ly in relat ively small volume s ( 0 . 1  to 10 mm3) , ove r 
short dis tanc e s  (1 to 20  mm), and frequently over short time per iods 
( none quilibrium ) .  

I t  can be seen that weld ing is extremely complex, and thus the control 
problem is s evere . Many d i fferent welding proces ses are utilized in 
indus try, each with its own unique s e t  o f  variable s .  No t only are the 
variable s nume rous, but also models for given proce s s e s  are incomple te 
bec aus e of limits on present knowledge, although models for at leas t the 
more widely prac tic e d  proces ses are in various s tage s of deve lopment . 

CONCLUSIONS 

The c ommit tee finds the fo llowing : 

1. There is sub s tantial opportun i ty in trans forming we l ding 
techno logy in indus try from an experience-based technolo gy to a 
s c ienc e - based technology . Fundamental work needs to be done in the 
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3 
thermophys ical and kinetic properties of gases and metal alloys in both 
the l iquid and solid s tate . Lack of such data is  severely l imiting 
advanced analys is . Model ing plays an important role in the bas ic analyses 
of the various processes discussed in this  report . Models of separate 
effects , including arc phys ics , heat and fluid flow , solidification , and 
solid- s tate transformations , need to be integrated into fully descriptive 
process models . Exis ting two - dimens ional models need to be extended to 
three dimens ions to represent mos t  realistic welding conditions . 

2 .  Historic research on bas ic welding technology has generated data 
of l imited utility in advancing to control - oriented research and 
development . Fundamental research targeted at generating control- oriented 
data bases needs to be supported . Such research should provide phys ical 
model verification by experimental data , extendable to various base 
materials , electrical parameters , consumables , gases , and flux materials . 
A common approach is  needed so that data can be trans ferred to models; 
this  approach should include process identification , model formats , 
experimental procedures ,  numerical procedures , and welding system 
spec ifications . Model procedures should promote the implementation of 
"what - if" analyses for welding sys tems implementation . 

3 .  The application of adaptive controls is  in its infancy in the 
field of welding . Although a few systems are in commercial use , there is  
widespread agreement that they are l imited to special s ituations and lack 
generic understanding and appl icability . A greater understanding of 
control s trategies and theory is needed as a part of welding research . 

4 .  The development of solid- s tate technology has opened the door to 
new control techniques and_integrated sensor devices that show promise for 
higher levels of control of the process .  

5 .  Improved productivity and quality of welded structures will depend 
on cultural or ins titutional and procedural changes in the industry as 
well as on applying technological control theory . Concepts of des ign for 
producibility ,  the application of group technology ,  and data bases for 
optimal welding des igns need to be developed and widely publicized . It 
must be recognized that more sophisticated control and reduct ion of 
skilled labor in the manufacturing process  will require higher levels  of  
des ign engineering and process planning . 

6 .  Prewelding process ing control is  important to the total 
manufac turing sys tem . Although adaptive control can accommodate 
in-process  changes ,  it should not be cons idered a means of totally 
el iminating appropriate engineering practices and procedures , which should 
always cons ider preparation of the workpieces as part of the total 
process . Improved j oint des ign ,  fixturing , fit - up ,  etc . , can reduce the 
burden on the control system . 
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RECOMMENDATIONS 

1 .  Research in welding should not be l imited to the traditional 
metallurgical and mechanical properties of weldments , as has often been 
the case in the pas t . Welding controls should be cons idered a research 
topic , and output should focus on the results of interdisciplinary team 
efforts . 

2 .  Generic research should be supported on the principles and 
procedures for implementing flexible welding work cells . The generic 
intelligent fixture is a goal of many discipl ines in advanced 
manufacturing sys tems , and the welding indus try is no exception . I t  may 
be poss ible to find new relationships between transduced signals  in the 
fixturing and res idual s tress  and dis tortion . This area of investigation 
should include computer - aided tooling des ign and manufacture . 

3 .  Research should be conducted on interpreting the output of readily 
available sensors in terms of welding process variables and in terms of 
the ul timate weld quality and fitness  of purpose .  

4 .  New ideas for real - time sens ing of weld process variables should 
be pursued . For example , there is a need for voltage - drop measurements 
that are independent of contact tube design ,  for temperature measurements 
near the weld pool surface , and for rel iable information on pool 
sol idification . 

5 .  Sens ing and model research should not be pursued in isolation . 
They mus t  be integrated to achieve des ired results in the production 
sys tem . 

6. Welding process control research work is appropriate for funding 
by both miss ion- oriented and bas ic research governmental ins titutions . 
Because of the sys tems nature of welding processes and controls ,  it is 
important that there be some national coordination directed toward 
relating the different research activities in agencies , univers ities , and 
centers . Effort should not be channeled to any one group , but rather 
innovation and creativity in the application of the welding sc iences 
should be encouraged across a broad front , including NSF and other 
government agenc ies . A closer tie between the welding research community 
and academia is needed so that the educational role of welding research 
appl ication and process technology is transmitted to engineering 
educat ion . 

REFERENCE 

National Mater ials Advisory Board . 1982 . Advanced Joining Technology . 
Report NMAB - 387 . Washington , D . C . : National Academy Press . 
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Chapter 2 

ANATOMY OF WELDING CONTROLS 

WELDING CONTROL OBJECTIVES 

The appl ication of controls to welding processes has a bas ic goal of 
regulating the operation so as to maintain acceptable qual ity at leas t 
cos t .  Rapid depos i tion is the key to economy , while qual ity can involve 
mechanical properties , low distortion , and appearance . 

In the broadest sense , the subj ect of welding controls mus t deal with 
many prewelding conditions , some of which are institutional and some 
technical . Prewelding conditions involve such functions as des ign , 
procurement , facilities , training , planning; and sequenc ing , and these 
mus t be cons idered prior to address ing the subj ect of welding process 
controls . Pos twelding conditions , such as heat treatment effects , 
phys ical properties , dis tortion , res idual s tresses , and quality ,  also have 
to be cons idered . The ins titutional problems are related primarily to the 
segregation or boxing of functions into categories such as des ign and 
manufacturing rather than aiming for an integrated smooth- flowing process 
from des ign through final manufacture . Technical problems often seem 
eas ier to resolve than the ins titutional problems . Although this report 
focuses on the technical issues , ins titutional issues are identified where 
the ir influence is s ignificant . 

The welding process can be defined as " a  j o ining process that produces 
coalescence of materials by heating them to the welding temperature , with 
or without the appl ication of pressure or by the appl ication of pressure 
alone , and with or without the use of filler metal " (American Welding 
Soc iety , 1984) . Welding can be clas s i fied as a multi - input , multi - output 
process . That is , there are several variables that can be manipulated to 
affect the outcome of the process , and there are many variables that can 
be cons idered as outputs of the process that has taken place . The 
variables of ul timate importance are those that relate to the mechanical 
properties of the finished j oint . These are the variables that es tablish 
the welding process quality .  Unfortunately , these variables are available 
for inspection only after the process has been completed . No technology 

5 
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6 
exists to directly measure the mechanical properties of  a j oint during the 
ac tual welding process so that the information can be used in direct 
control of  the process i tself  to guarantee final j oint properties . What 
is poss ible us ing currently available technology ( to various degrees of  
success ) is to  uti l ize sensed quantities from which the quality of the 
j o ining process can be inferred . This is achieved by thoroughly 
understanding the phys ical nature of all aspects of the process , 
e s tabl ishing suffic ient numbers of sensors to acquire information about 
the process , and then establishing control laws and s trategies to effect  
the des ired results . In  many welding appl icat ions , preprocess ing of  the 
mater ials ( i . e . , preheat ing , material control , impuri ty control , geometry 
control , etc . ) plays a maj or role in the success of the process 
implementation . Thus , welding generally involves a number of subprocesses 
or auxiliary controls ( i . e . , robot or machine pos i tioning devices , etc . ) 
that are essential to the overall process util ization .  The concepts be ing 
advanced can be visualized with the aid of Figure 1 .  Control s trategies 
that are widely used in process control and that are applicable to the 
we lding process involve feedback , feedforward , and adaptive princ iples . *  
They can b e  incorporated i n  the scheme of Figure 1 in a number of ways but 
have found l imited production use in welding processes because of a lack 
of understanding of the process or an inab i l i ty to sense important 
var iables . 

The control obj ective can be viewed as providing regulation of the 
process to maintain a high - qual ity weld in the presence of numerous 
dis turbances that are imposed on the process .  Control does not 
necessarily eliminate error , but e ffective control should improve 
uniformi ty and hold errors to within tolerable levels established for 
acceptable reliable quality . Dis turbances that may affect the sys tem can 
take many forms , depending on the process : 

• Changes in base materials , including compos ition ,  surface 
condi tion , dimens ions , and preproces s ing his tory . 

• Jo int preparation , including location on workpiece , geometry , 
dimens ions , tack geometry , edge condition , fit-up ,  and back-up . 

• Workpiece location , pos ition , clamping , and temperature , and the 
nature of heat s inks . 

• Machine accuracy and controllab i l i ty in automation sys tems . 

• The nature and cons is tency of the consumables , including gas 
compos ition and flow; electrode compos ition and geometry ; filler 
mater ial s ize , composi tion ,  surface condition , and geometry; and 
flux composition and preparation . 

*In a feedforward sys tem , the maj or components of load are sensed and used 
to calculate the value of  the manipulated variable required to maintain 
control at the set  po int . Feedforward control is  one form of closed- loop 
control . The aim of feedforward control action is to reduce the effect 
of  dis turbances on the measured value by reduc ing the s ize of the 
dis turbance itself be fore it  enters the process .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

C o n t r o l  o f  W e l d i n g  P r o c e s s e s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 9 2
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• Ambient condi tions , including temperature , humidity , pressure , 
and air movement . 

The importance of the various disturbances depends on the process and 
the application , and various levels of control may be necessary to achieve 
des ired results . Understanding process sens itivity to the dis turbances is  
paramount . The underlying target of applying higher levels of control in 
we lding is to better regulate the process to achieve the qual i ty 
obj ective . Two broad categories of control can aid in achieving this  
obj ective . Firs t , the development of new sens ing devices can provide 
better and new feedback s ignals that more rel iably or accurately describe 
the process result . These can aid in more effective implementation of 
class ical feedback control concepts as well as in the addition of new 
control loops in numerous places in the overall control scheme . Second , 
the utilization of advanced control s trategies ,  including a range of 
adaptive control princ iples , optimal control philosophies ,  nonl inear 
control techniques , and programmed logical decis ion sys tems that tes t  
agains t alternatives , can provide a higher level o f  control intell igence. 
However , to utilize any of these effectively requires depth of 
unders tanding of the process and mathematical models  of the process  with 
which to work . 

The performance of any control sys tem is potentially degraded by the 
presence of dead - time or transportation lag , the time that it takes to 
make , assess , and transmit  information about an output variable . In the 
case of weld qual ity ,  ultrasonic inspection is widely used to de tec t  flaws 
in a j oint . This inspection technique is generally a postprocessed 
s ignal , and cons iderable time e lapses before the information gathered can 
be utilized for control of the process . At bes t , the information can be 
useful on a part - to- part bas is , as it  is too late to alter the welding 
process on the part be ing inspected . However , with dedicated hardware , 
ultrasonic test ing can and is be ing used in a real - time mode to measure 
penetration for adaptive control . Because the welding process  involves 
liquid material and sol idi fication processes , the dynamics of the process 
variables cover a wide range of time perspectives . Parts of the process 
are slow , taking minutes to es tabl ish the final results ( i . e . , the 
sol idification and cooling in the proces s ) . Other aspects of the control 
are fas t ,  with millisecond responses , such as the bandwidths associated 
with machinery pos ition control , voltage control , and wire feed control 
sys tems in the welding equipment . 

Examples of implementation of the philosophies advanced are appearing 
from the laboratory and are finding their way into industry for some 
we lding processes . This report presents areas for research that can 
cap i talize on opportunities , particularly in mil itary systems . 

FAULTS AFFECTING QUALITY AND PRODUCTIVITY 

Imperfections in welded j oints affect the ultimate fitness  for purpose 
of the j oints and thus directly determine quality .  If repair or reworking 
is required to assure quality ,  or if scrap results , then they directly 
affect produc tivity . The reduction of weld imperfections through the use 
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9 
of real - time control is a long- term obj ective . However ,  practices , 
procedures ,  and a wide range of institutional requirements are all 
important factors and in some instances predominate . 

Imperfections can have their origin in metallurgical , geometrical , 
proces s , and procedural causes . For example , metallurgically caused 
imperfections include hot cracks , cold or delayed cracks , microfissures , 
micros tructure alteration of heat - affected zone (HAZ) , or weld metal and 
HAZ segregation . Geometrical causes include poor fit - up ,  mismatch , 
undercut and cavity , overlap , excess ive reinforcement , concavity and 
convexity , and the nature of the weld dressing .  Faults in the weld 
process and procedures can result in a lack of fus ion , incomplete 
penetration , s lag inclus ions , poros ity ,  bum- through , entrapped weld 
spatter , insert ring lack of fus ion , backing ring lack of penetration , 
tungsten inclus ions in gas - tungsten- arc welds , copper inclus ions , oxide 
films , and surface irregularities . A goal of research in the welding 
field should be to identify these defects that are caused by faults and to 
relate them to disturbances so that they can be controlled , thus the 
greates t  potential for increases in quality and productivity . Additional 
work is  needed to better define what is actually allowable in a structure 
( i . e . , number and s ize of defects ) to better define fitness for purpose . 

WELDING FABRICATION SYSTEMS CONCEPTS 

The American Welding Society has categorized welding processes and 
standardized nomenclatures as shown in Figure 2 .  There is indeed a great 
variety in the nature and the application of the various welding 
processes . These primary processes constitute the j oining action that 
occurs at the point where actual welding takes place to form spec ific weld 
bonds . Actual primary processes are varied in nature , as noted in 
Figure 2 ,  but they have three phys ical s imilarities in common: They are 
composed of subprocesses involving the application of energy , the 
formation of a bond , and the thermal and mechanical relaxation of the 
affected materials . The phenomena that take place during welding are 
interactive in that the final result depends on the way in which each 
elemental subprocess affects the other . The most  common welding process 
is fus ion welding , which includes arc welding , res is tance welding , gas 
welding , electron beam welding , laser welding , and others . 

Figure 3 shows how the primary welding processes relate to a welding 
manufacturing system . The figure constitutes a more detailed dep iction of 
the interactions outl ined in Figure 1 .  I t  should be readily apparent that 
obtaining quality and productivity in welded elements is an ins titutional 
as well  as a technical problem . Automation of the process requires 
tooling and equipment , formalized procedures ,  and reliable process ing of 
materials in preparation for welding . Feedback control , adaptive control ,  
and other control techniques can reduce the sens itivity of the actual 
welding process to deviations in any of the contributing elements . 
However ,  none of these developments in technology will alleviate the 
requirements for approaching a welding problem as a fabrication system in 
which all of the technology is properly and rel iably applied and in which 
all of the organizational elements have been appropriately addressed . 
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12  

AUTOMATION MATRIX 

The levels to which process automation has been applied to welding 
machine and process equipment , and the forecas t application , are shown in 
Table 2 .  The welding appl ication system has been divided into elements 
that include the heat source , filler source , travel rate , manipulation , 
pos ition control , guidance of the depos ition process , fus ion zone , and 
final weld quality . The level of process automation is  described as 
e i ther manual , semiautomatic , machine , automatic , or adaptive . Note that 
the control of the fus ion zone in a welding proces s  is  controlled 
automatically only in an adaptive control mode . At this point in t ime the 
resis tance welding process and the electron beam welding process have been 
the most  advanced in terms of the application of controls and defect 
detec tion . It  is not visual ized for the immediate future that even 
adaptive control can automate the final qual ity as measured by the actual 
j oint mechanical properties .  To achieve this level will  require further 
sensor technology development and perhaps integration into a knowledge­
based system . Automation through the adaptive control level in any of the 
widely used processes can s ignificantly reduce welding sens itivity to 
dis turbances . 

TABLE 2 Automation Matrix: Level of Control and Mechanizat ion 

Level of Process Automation 
Elements 
Controlled 

Heat source 
Filler source 
Travel rate 
Pos ition 
Guidance 
Fus ion zone 
Qual ity 

Manual 

Person 
Person 
Person 
Person 
Person 
Person 
Person 

Time frame for f 
application of 
automation in 1 

. arc processes 

Semi -
Automatic Machine 

Machine Machine 
Machine Machine 
Person Machine 
Person Machine 
Person Person 
Person Person 
Person Person 

198 5  
1 9 9 0  

2000 

Electron beam 65  l!ercent mechani�ed b� 1985 

Automatic 

Machine 
Machine 
Machine 
Machine 
Machine 
Person 
Person 

Adaptive 
Control 

Machine 
Machine 
Machine 
Machine 
Machine 
Machine 
Person 

Note: Based on definitions in Standard Welding Terms and Definitions , 
American Welding Society , 1984 . 

REFERENCE 

American Welding Society . 1984 . 
Definitions . Miami , Florida : 

Standard Welding Terms and 
American Welding Society , Inc . 

J 
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Chapter 3 
WELDING CONTROL PROBLEMS , CHALLENGES , AND OPPORTUNITIES 

The Department of Defense , particularly the Navy and the Army , uses 
welding (primarily arc welding) as a preferred fabrication method for 
j oining a wide variety of materials for various combat and noncombat 
vehicles . It  is estimated that the Navy will spend more than $1 bill ion 
for welding HY- 80/100 steels in the next 10 years . At present , welding is 
highly labor - intens ive and costly because low productivity , high 
qual ity - assurance (QA) cost , and relatively high ( 5  percent ) rej ection 
rates require expens ive reworking ( at 5 times the cost of initial 
fabrication) . Weld control research is necessary for reducing costs 
through better productivity , quality , and repeatability and the ability to 
rely on statistical quality control to reduce the man-hours required . In 
addition , demographic factors , such as employing personnel in the harmful 
work area (near the welding arc ) , the decreas ing birth rate and available 
manpower pool , and the fact that fewer people des ire to be welders , has 
decreased the number of welding personnel . A maj or shipbuilder reportedly 
loses 50 percent of its qualified welders each year . These personnel mus t 
be replaced , with associated training expense . This trend in personnel 
dictates that welding operations be less labor - intens ive and highly 
automated .  Finally , high-performance materials such as HY - 100 and HY- 130 
steel , armor steels , rapid solidification proces sed (RSP)  alloys , metal 
matrix compos ites (MMC ) , and perhaps ceramics will require much closer 
control of  the welding process than was required in the past , and perhaps 
closer control than can be expected from a manual welder . 

Increased j oint reliability is critical in the development of  present 
and future sys tems in the Army inventory . Current military thrus ts in 
me tal j oining are in the areas of weldability studies , j oining process 
developments , and the development of adaptive controls for welding and 
thermal cutting processes . Continued development of these areas will be 
necessary for new materials such as aluminum and s teel armors , metal 
matrix compos ites , rapidly solidified aluminum alloys , lightwe ight 
aluminum - l ithium alloys , and ceramic -metal combinations to be used in the 
manufacture of defense material . 

13 
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Metal j o ining technology in the Air Force is directed at application 
of the existing welding and j oining technology to the repair and 
fabrication of advanced engine materials and e lectronic components . 
Included is the development of automated facilities for repair of shrouded 
turb ine blades . Improved confidence in the quality and reliability of 
welded cons truction could extend the application of welding in aircraft 
structures .  

In shipbuilding , there are two maj or areas for improved weld 
productivity : the use of work cells , and the util ization of adaptive 
welding systems for hull and s tructures welding . Both areas require a 
minimum of man-machine intervention , and both areas require some degree of 
adaptive control . They also require s ignificant attention to many 
preprocess funct ions in order to accurately define an effective process 
control system . 

The work cell concept for flexible manufacturing of parts for assembly 
into hulls requires the application of group technology , the 
standardization of parts , intens ive production planning , and sequenc ing of 
material flow . The welding controls and processes must be flexible to  
handle parts of various geometries . The welding controls mus t also be 
adaptive in the sense that they must find and follow the j oint , must 
change process parameters as a function of j oint variation , and must 
locate and pos ition beads in multiple -pass welds . 

In the fabrication and erection of hulls and s tructures ,  a fully 
adaptive welding sys tem is  required . This system should have a means of 
locating the j oint as well  as the guidance of the arc along the j oint . It  
also should be able to adapt to irregularities within the j oint . Compared 
to optical methods , it seems that the present through - the - arc control 
sys tems offer the advantage of requiring fewer p ieces of ancillary 
equipment , such as lenses , lights , and cameras , and also permit submerged 
arc welding . The advent of integrated c ircuit optical sensors presents 
new opportunities that could be the bas is for important future research . 
However , the through- the - arc systems need additional development , 
including better understanding of the trans fer function within the arc 
( i . e . , the vol t - ampere relationship between the arc and j oint s idewalls)  
and the characteristic of the arc - over - the - l iquid metal . I t  is  believed 
that , by es tablishing these and other trans fer functions , control 
algori thms could be developed for an effective shipyard- type adaptive 
control sys tem . 

UNDERSTANDING THE BAS IC PROCESS ES 

A special group of the arc welding processes cons ists of those where in 
weld metal crosses the arc . This group includes shielded metal arc 
welding , gas -metal - arc welding , flux cored arc welding , and submerged arc 
welding . A second category includes arc welding processes where the weld 
metal does not cross the arc . The arc is used as a heat source to melt 
the filler metal and the base metal . These processes are gas - tungsten- arc 
welding , plasma arc welding , and cutting . Another group of processes 
inc ludes the spec ial ized arc processes such as stud welding and electrogas 
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welding . Electros lag welding is not an arc welding process  but may be 
included s ince it  utilizes the same bas ic equipment that is used for 
several other arc welding processes . The processes where the metal 
crosses the arc are all s imilar and are controlled in a s imilar manner . 
The processes where the metal does not cross the arc are all s imilar , but 
the control systems are different from those of the first group . 

All of the arc welding processes can be analyzed with respect to the 
"method of applying . "  This relates to the level of mechanization and 
control . Several of  the arc welding processes have , to date , only been 
applied as a manual process , whereas others have been applied as 
semiautomatic , machine , automatic , and various levels of advanced control . 

Gas - Tungsten- Arc Welding 

Gas - tungsten- arc (GTA) welding is probably the mos t  amenable to 
control of the various arc welding processes . As a result , 
s tate - of- the - art control of GTA welding tends to lead other arc welding 
processes , even though there are many parameters requiring independent 
control . 

There are several reasons why GTA welding is more suited to control , 
whether manual or automatic . The arc operates from a nonconsumable 
tungsten electrode , which produces a much more uniform and stable heat 
source than consumable electrode arcs . Filler wire is added separately to 
the GTA process and is thus independent , in terms of rate , pos ition ,  and 
orientation , from the arc . The process behaves in a s imilar manner over a 
wide range of heat , power , or energy inputs ( from a few tens of  watts to 
tens of kilowatts ) .  The GTA process does not produce s ignificant spatter , 
smoke , or fume and thus presents a relatively clean environment . The 
uniformity and cleanl iness of the heat source make it  preferred for the 
welding of mos t  advanced materials ,  which are adversely affected by even 
s l ight contamination during welding . Because of the nature of the GTA 
process , it  finds application in precis ion and high- qual ity welding 
applications . In these appl ications , more attention is routinely paid to 
j o int preparation , part cleaning , maintenance of equipment , the following 
of weld procedures , and pos twelding inspection . For these reasons , GTA 
welding often finds appl ication in aerospace , electronic , nuclear , and 
other "high- technology" areas . Technology and the cost of  higher levels 
of control are often more acceptable in these industries . On the other 
hand , GTA welding does not find appl ication in many of the more 
traditional areas of welding because metal depos ition rates are quite low 
compared to consumable electrode welding . 

There are difficulties with the manual and automatic control of GTA 
welding . There is often a greater level of skill , dexterity , and manual 
control assoc iated with prec is ion GTA welding . A part of this may be 
identified with the frequent need for full -penetration welds to adhere to 
stringent s tandards . Welds are often small ,  and part and weld geometries 
may be more complex . Also , quality requirements may be extremely high , 
and the volume of welding very low . A chronic problem with automatic 
control of GTA welding is the common use of radio frequency (RF) for arc 
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16 
starting and/or s tabil ization , which produces severe interference with 
sophisticated electronic control c ircuits and systems . This has been a 
particular problem relative to the appl ication of robots to GTA welding . 

The control of GTA welding , as for the control of any process , 
involves the recognition and control of the variables of the process . In 
manually controlled welding , control is related to the training , skill , 
and experience of the welder , combined with the accumulation of procedures 
and practices . The recognition and control of the variables is often very 
qual itative and intuitive . Automatic control requires a much more 
quantitative identification of the process  variables and the ir 
interrelationships . In this regard , it  is useful to cons ider the welding 
process in a more formal representation , including a discus s ion of the 
process and its inputs and outputs . 

The primary process in GTA fus ion welding is the action that occurs in 
and around the po int of welding ( the weld pool ) . I t  does  not include any 
of the process equipment , which can be ident ified with surrounding 
subprocesses . The primary process does include the electrode tip , the 
arc , the filler wire tip , and the affected base me tal . 

It  is pos s ible to cons ider inputs and outputs of  the primary process . 
This is useful for a more sys tematic cons ideration of methods of control . 
Inputs may be divided into main and dis turbing inputs . Outputs may be 
divided into intermediate and final outputs . The final outputs are those 
var iables that are ul timately to be controlled . Main inputs are those 
variables that can be adj us ted by the process intelligence , in real time , 
to affect the final outputs . Tables 3 through 6 summar ize variables in 
the several categories . They also include indications of the need for , 
me thods of , types of , and viabil ity of suitable controls . 

S tate - of- the - art GTA process control primarily res ides in the 
accurate , repeatable , and precise control of main inputs . Welding power 
source controls , and as soc iated control of  peripheral equipment , are the 
most  advanced of any arc welding processes . Also , s ignificant advances 
have occurred in the development of  real - time , process feedback controls 
( s o - called adaptive welding controls ) ;  however , on the whole , the 
pract ical use of such controls ha� been l imited . 

Power sources for GTA welding have typically been the mos t  accurate , 
precise , and electronically advanced of all types of arc welding power 
sources; they are also typically the most expens ive . Modern GTA power 
sources  are highly cons tant current , with electronic feedback controls on 
the weld current or pulsed arc sources . Earl ier GTA power sources 
ut il ized magnet ic amplifier controls . Modern technology power sources 
ut il ize semiconductor - controlled rectifier and trans istor - type controls . 
Switching trans istor - type power sources at present offer the highest level 
of controllability and speed . 

GTA power sources also provide the best capability for sequential 
control and programming of the process main inputs . This includes control 
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TABLE 3 Main Inputs (inputs controllable at time and po int of welding) 

Heat source 

Current 
Arc length 

Motion 

Weld travel speed 
Travel speed oscillation 
Cross - seam oscillation rate , amplitude , and dwell 
Filler wire feed rate 
Filler wire feed oscillation rate and amplitude 

Torch pos ition and orientation 

Torch pos ition relative to j oint ( transverse)  
Torch angle relative to  travel 
Work angle relative to torch 

Filler wire pos ition and orientation 

Filler wire angle relative to work plane 
Filler wire angle relative to travel 
Filler wire height above work 
Filler wire entry pos ition to arc/weld pool 
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TABLE 4 Disturbing Inputs ( inputs not at present controllable and subj ect to 
variation at time and point of welding) 

Heat source 

Electrode type and compos ition 
Electrode t ip geometry 
Current ( sometimes ) 
Current waveform variations* 
Pulsed waveform parameters* 
Shielding gas 
Magnetic fields 

Gas shielding ( torch and back-up )  

Torch gas mixture 
Torch gas flow rate 
Torch gas contamination 
Torch gas flow (uniformity/ 

turbulence ) 
Same as above for back-up gas 
Back- up gas coverage , distr i ­

bution ,  and uniformity 

Filler material 

Wire diameter 
Wire compos ition (maj or) 
Wire composition (minor) 
Wire surface condition 

( contamination) 
Wire pos ition and orientation 

relative to arc and weld pool 

Workpiece 

Workp iece pos ition and 
orientation 

Tack locations and s ize 
Workp iece temperature 
Welding current flow and 

distribution 
Thermal distortion 

*Depends on process . 

Fixturing and tooling 

Clamping pos itions 
Clamping force 
Thermal contact 
Electrical contact 
Back- up 
Fixture temperature 

Base material 

Composition (maj or)  
Composition (minor)  
Process ing history 
Mechanical and phys ical properties 
Dimens ions 
Surface condition and preparation 

Jo int preparation 

Joint location relative to 
workp iece 

Joint geometry and dimens ions 
Joint surface condit ion 
Tack geometry 
Back-up 
Joint pos ition 

Environmental 

Air temperature 
Air pressure 
Humidity 
Air movement 
Time of day 
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TABLE 5 Final Outputs (ultimate measurable results of the solidified weld) * 

Weld location relative to j oint 

Weld geometry 

Weld bead width 
Weld bead depth 
Weld bead area 
Weld bead cross - sectional shape 
Weld bead surface reinforcement 
Penetration 
Underbead s ize 
HAZ s ize 

Mechanical and metallurgical properties 

Tens ile s trength 
Ductility 
Hardness 
Toughness  
Metallurgical structure 
Res idual stress 

Surface condition 

Oxidation 
Slag coverage 
Weld bead texture 

Gross defects 

Porosity 
Inclus ions 
Lack of fus ion 
Lack of penetration 
Cracks 
Voids 

*In the laboratory , one can measure distortion now with moire interferometry , 
with the pos s ibility of determining res idual stress . 
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TABLE 6 Intermediate Outputs ( outputs that can be observed or measured 
in real time as the proces s  proceeds ) 

Power 

Current 
Voltage 

Spacial ( relative ) 

Pos ition and orientation of electrode relative to workpiece 
Po int of heating relative to j oint 
Heating and melting distribution relative to heat source and j o int 
Motion of weld pool 
Filler wire location and orientation relative to arc and melt (weld 

poo l )  
Filler wire trans fer location 

Geometry 

Weld pool s ize and shape 
Weld pool surface convexity or concavity 
Penetration ( from backs ide ) *  
Filler drop s ize 

Thermal 

Temperature distribution around weld 
Heating and cool ing rates 
Solidification rates 

Emiss ion 

Light 
Sound 
Chemical 
Spatter 

*Top s ide measurements can be made with ultrasonics . 
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of gas pre - and post - purge , arc s tarting and s topping sequences ,  upslope 
and downslope of welding current , programmable variation of weld current 
during welding , and coordination of wire feeding . Much of this capabil ity 
has been developed for the particular application to automatic GTA p ipe 
welding . Such open- loop sequential controls can be used very effectively 
in pipe welding because of the highly repeatable conditions that prevail . 
These  systems still require continuous manual monitoring for real - time 
adj ustment ( i . e . , feedback) control of main inputs . Monitoring is  
primarily of disturbing inputs associated with the location and shape of 
the weld pool . 

GTA power sources have p ioneered the concept of pulsed welding . In 
pulsed welding , the weld current is  pulsed to a high level from a low 
level . Rates of puls ing are usually in the range of 1 to 10 times per 
second . Wire feeding and weld travel may also be synchronized with 
current puls ing . Puls ing provides another " dimens ion" of process main 
inputs ( that of temporal variation) . The primary advantages of pulsed GTA 
welding are debatable ; however , it is claimed to provide better 
penetration and more controllable solidification characteristics . The 
former can be related to the high current pulse ; the latter to the 
trans ient , pulse - to - pulse solidification mechanism ( the idea of  
overlapping spot welds ) . 

One of the mos t  successful process  feedback controls in welding is  the 
automatic voltage control (AVC ) . These controls cons ist of sens ing the 
intermediate proces s  output of voltage for the purpose of controll ing the 
length of the welding arc . Arc length needs to be controlled to maintain 
constant power input and distribution and arc stability . Such controls 
are found on mos t  mechanized and robotic GTA welding sys tems . 

Manual controls are still extens ively relied on in GTA welding to 
maintain the des ired weld pos ition and geometry . Control is  via 
observation of intermediate outputs relating to pool position and s ize . 

The automatic controls that have been pursued for the most  part are 
j oint trackers and penetration controls ( full -penetration , primarily) . 
Increased impetus for such controls has resulted from the des ire to apply 
robots to GTA applications . The application of robots to GTA welding is 
particularly troublesome because of the dimens ional precis ion required and 
the need to control penetration . Generic approaches do not exist for 
either control at the moment , although much development work is in 
progress . The use of vis ion technologies is at present the mos t  active 
area of investigation . Such systems must be developed before fully 
automated GTA welding will become a reality . 

Gas -Metal -A;c Weldin& 

The gas -metal - arc (GMA) welding process belongs to a larger class of  
processes known as consumable electrode welding . An uncoated , 
gas - shielded , continuous wire is  fed into the arc . A shielding gas 
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protects the arc and weld pool from the atmosphere . The nature in which 
the wire melts and transfers to the weld pool is an important 
characteristic of the process .  

There are three commonly accepted , distinct modes of metal trans fer in 
GMA welding . These are referred to as short - circuiting transfer , globular 
trans fer , and spray transfer . In addition , a fourth transfer mode , 
denoted " drop spray" or sometimes " streaming spray , " is  mentioned in the 
welding l iterature . 

GMA welding used for heavy weldments in steel 1/4 in . and thicker has 
different constraints compared to high - production GMA welding of items in 
the transportation , automotive , and appliance industries , for example . In 
GMA welding of parts for the automotive industry , which is usually in 
steel ranging from 0 . 04 to 0 . 16 in . thick , welding speeds are generally 
well above 50 in . per minute in order to achieve the necessary high 
production rates . In the past , qual ity levels on such weldments have 
addres sed fitness - for - service aspects only . Recently , however , in · 

addition to fitness  for service , the esthetics of the weld depos it , such 
as no spatter or bum- through , have also been called for on the product . 
Because mass - produced parts for automotive use are made by metal stamp ing 
and forming , these formed parts are s imilar but never exactly the same . 
Thus parts can have a variety of differences that cause changes in the 
weld j oint fit - up .  Gaps and other forming distortions can and do affect 
the ultimate qual ity of the product . 

Welding controls should be researched and des igned to adaptively 
accommodate the manufacturing nuances assoc iated with stamped and formed 
high-volume parts . Synergic pulse arc welding power supplies for GMA 
welding are becoming more readily available . It appears that synergic 
pulse arc welding provides a means by which one can tailor the exact 
amount of energy and filler metal required to make a proper high - qual ity 
weld . A real - time seam- tracking device that also provides welding 
parameter adj us tments for weld j oint characteristics and dimens ions is  
required . Combining the synergic GMAW process  with the real - time seam 
tracker describes a primitive adaptive control sys tem for production 
welding . 

If  and when a bas ic adaptive control system is developed , it should be 
further enhanced by information that predicts part distortions caused by 
the heat of the welding process and clamping fixtures . S tock thicknesses , 
part shape , and material properties appropriately modeled could , in 
comb ination with an adaptively controlled synergic pulsed GMA welding 
sys tem , be used to predict and control weld locations , sequences , width , 
and length . 

In addition to the control elements to achieve individual welds , one 
needs to have real - time monitoring of all parameters and equipment 
operating characteris tics . Such a control system should continuously 
monitor all functions of the welding cell and process . The reporting 
sys tem should only report exceptions to expected preprogrammed values 
and/or predictions that preventive maintenance needs to be performed on a 
spec ific device or apparatus . Diagnostic measures for the welding 
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cell and proces s  are also required . Once the adaptive control philosophy 
and maintenance assessment procedures have been developed for a complete 
welding cell , a strategy needs to be developed to interrelate multiple 
cells . 

Cons iderable advancement has been made in recent years in GMA welding 
control systems that can track the weld j oint and control the welding 
parameters as required to adj ust for changing j oint configurations . 
Bas ically , three types of systems have been developed :  ( 1 )  tactile 
sens ing guidance systems that provide geometrical control and flexible 
programming , ( 2) vis ion systems that view the weld j oint j ust  in advance 
of the arc or look down directly on the weld pool and make modifications 
to the welding system to accommodate the change , and ( 3 )  through - the - arc 
systems that use changes in arc length during oscillation across  the j o int 
as they affect arc voltages and/or current to modify the system 
parameters . 

Cell systems have been developed and reduced to practice industrially 
over the pas t 11 years . One system compares the amperage change as the 
arc shortens approaching the j oint s idewall on each s ide of the weld j o int 
as the arc oscillates across the j oint . The system translates the 
oscillator pivot point left or right to balance the left and right current 
changes .  

An alternative system uses through- the - arc sens ing as a means of 
deriving weld pool surface topography as well as arc pos itioning 
information (used to fine - tune a base - line robot program) from the voltage 
and current relationships that exist during the welding process . As an 
arc is moved laterally across a welding j oint , changes in the impedance of 
the plasma column occur as the arc length is varied in relationship to the 
electrical contact tip . This impedance change is  reflected in the voltage 
and current waveforms that are produced as a result of the welding arc . 
This makes it pos s ible to generate an equivalent model of the welding pool 
by monitoring the voltage and current waveforms produced by the welding 
arc in relation to the linear pos ition in the welding j oint . As the arc 
is displaced into a s idewall , the impedance will be decreased , resulting 
in an increase in the instantaneous welding current and a decrease in the 
instantaneous welding voltage . The current will show an immediate 
increase as the welding arc moves into the s idewall , and the welding 
voltage will decrease at the same point . By evaluating the change in both 
voltage and current as a function of time and pos ition ,  it  is poss ible to 
determine actual s idewall excursions . 

If  the change in voltage and current are multiplied together , the 
result is a relationship that reflects power . If  the power relationship 
is integrated with respect to distance and lateral velocity , a s ignal can 
be derived to detect pos itional changes that have occurred during the 
lateral osc illation of the welding arc , thus providing a means of 
determining actual s idewall locations . 
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TABLE 7 S tatus of  Research in GTA and GMA Welding Process Characterization 

Top i c  Theoretical or Modeling S tatus 

GTA Weldin& Arc Properties ( Neutral sheath ) 

Temper atur a distribution 

Electr i c a l  conductivity 

Thermal conductivity 

Viacoa ity 

Gas den s i ty 

First-principle finite-difference modal inc ludina forced 
shield a•• flow 

First-princ iple modalina of conductivity us ina electron 
collision cross sections for sinal•- and two-component 
plaamas 

First-princ iple Chapman-Ensko& modalina of thermal 
conductivity usina electron collis ion cross sections for 
s inal•- and two-component plaamas 

First-princ iple modalina of viscosity of one- and two­
component llllixturas 

First-princ iple modalina of pressure ua in& ideal aas 
cons iderations 

GTA Weldin& Plaama Characteristics ( electrically conductina cor a )  

Temperatura distribution 

Electric fi e ld distribution 

Axial and radial currant 
distribution 

Axial and radial aas flow 
veloc ities 

Haanatic fields 

Pressure 

First-princ ipal finite-difference modalina includin& forced 
shield flow 

ApproxU8atad usina either finite element or finite di fferen c e  

methods ; only 2-dimans ional c alculations 

ApproxU8atad us ina electric field calculated values , plasma 

conductivity , and temperatura profi les ; most modal results for 

s inale-aas constituents ; calculations restricted to 2 
dimensions 

Finite element and finite difference computations that solve 
-•• , -twa , and anarl)' equations ; most codas are 
2-dimanaional 

Direct c alculations us ina maanatic parmability and arc currant 

Asswaad constant in axistina calculations 

GTA Weldin& Beat Input Distribution to Work Piece 

Stationary arc-copper 

Hovin& heat source-molten pool 

GTA Weldin& Pool Surface 
Geometry 

Semi-quantitativa at bast 

No currant models 

Vortex theory (HIT ) , thermal expansion , arc force ( plasma 
j et ) ; all quantitative 
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Experimental Status or Model 
Verification 

Heasur-t based on siqle Ia I line caapared 
with continuwa 

Probe measur•mts have yielded scae 
verification near mode for siqle­
caaponmt plasmas 

No known verification 

No known verification 

Boloarapbic interfercaetric .ad Schlieren 
measur-ts have determined density contours 

Tw-llne JHthod usina Ia I .ad II 

None to date ; estimates have bam made usiq 
probes 

Predicted values have not bam eztms ively 
compared to actual arc currmts ; •- early 
probe mea•ur-ts ; a 11mited emouDt of 
hydroam B beta line with JHasur-ts 

Laser-Doppler velociiHter .ad interfercaetric 
measur-ts of flow velocity .ad flow �cs 

No known verification 

None 

Beat input distribution has been JHasured for a 
wide r.nae of variables for a straiaht-polarity 
arc to a copper mode 

No known ezperimmtal data 

No known verification 

25  

Needs 

temperature JHasur-ts near or at electrode 
surfaces ; model needs refin-t to include more 
realistic boundary conditions 

Electron collision cross sections for a wide range of 
atcxa , siqle- .ad multiple charaed ions 

S.a as electrical conductivity 

S.a as electrical conductivity 

�oved analytical methods for interpretation of 
holoarapbic interfercaetry and Schlieren data ; batter 
correlation between measur.wt methods 

temperature near or at electrode surfac es ; model needs 
refin-t to inc lude more realistic boundary 
condl tiona 

3-diiHDsional c alculations required for moving heat 
aource 

!xtmsive caaparison with experimentally determined 
dlatributiona ; davelopamts of 3-dimenaional 
calculation• 

Davelopaent of 3-dimma ional and turbulmt flow models 

Bone 

Rona 

Well developed, quantitative model 

Both experimeotal data .ad quantitative work 

Both experimmtal data and qu.ntitative models 
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TABLE 7 S tatus of Research in GTA and GMA Welding Process Characterization 

Topic Theoretical or Modeling Status 

GTA Weldin& Baaa Metal Beat Flow and Fluid Flow 

Weld pool shape and base metal 
iaotherma via heat flow 

F luid flow in weld pool 

Weld pool surface 

GTA and GHA Weldin& Bead and BAZ 
Hi croatructura and Hacroatructura 

GTA and GHA Walding Procaaa Control 

Penetration control modal 

Penetration control aana ina 

Seam track ing and joint 
location 

GTA and GHA Waldina In-Process 
Inspection 

Finite element and finite diffar.aca modale aziat for GTA 
waldina 

Simple Z-dim.aa ional numeri c al modale aziat for GTA welding 

Z-dim.aa ional finite-element method modal vaporisation 
takina into account for GTA waldina 

Simple analyti c al modal aziata 

Simplified analyti cal and numeric al modale aziat for GTA 
waldina , nona for GHA waldina 

Several pot.atial techniques aziat using optical ,  
ultrasonic , infrared fi lter radiometry , an d  voltage aena in& 

( Sea azparim.atal atatua ) 

Limited ability to detect weld pool and bead aaomatry and 
defects aziata uaina ultrasonic tachnolo&Y and aianal 
procaaaina 

Nota : A complete physical understanding of GHA waldina area , either theoretical or azparim.atal , baa 
not bean developed . Notable azcaptiona to this are several wire maltina modale that have parti al 
azparimantal confirmation . A critical need ia development of the heat input distribution , inc ludina 
the fi ller metal component , to the workpiece . 
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( continued) 

Experimental Status or Model 
Verification 

ROIIIlnal qre-t. bet.ween .oclela eaAI 
uper�t.al at low .,.WD& apaada ; poor 
aar•-t. at. blah .,.WD& apaada 

Ltmit.ed or DO varlflcat.lon of modela 

Ro known ezpar�t.al varlflcat.lon 

Ltml ted davelopMDt. 

Proceaa charact.erlaet.lon la .,.11 developed ; 
ltmited or no d-t.ret.lon of control 
c apabi lity 

D-at.ret.ad for ltmlt.ad caadlt.lona eaAI 
a-t.rlea 

Several t.ectmlquea alat. for t.racklq .,.ld 
torch with reapact. to the .,.ld joint 

Ability to ldent.lf1 .,.ld bead defect• end .,.ld 
pool end bead a-try bu been d-at.ret.ad 
UDder laboratory caadlt.lona 

27  

Needs 

1-d�lonal .avlq beat aource finite-element method 
.oclel incorporat.lq vaporisation , condenaation , 
radiation , cODYect.lon , conduction , aurfac e oxidation , 
pl .... J et end cover aaa ahear forcea , Lorentz , 
buoJency , aurface tenaion forc ea , and aolidification 
••ar•aat.lon 

tbermopbyalcal propertlea data baae 

Adequate data baae of material thermophya ical and 
kinetic propertlea ; at.ruct.ure development model needs 
to be lnt.earat.ad with heat flow-flui d  flow model : 
correlation with mechanic al propert.iea needed 

D_.t.rat.lon of proceaa control model in real time 
for both GtA eaAI GHA .,.ldiq 

Torch-aide , noncont.act. direct or indirect senaiq of 
penetration and/or aidewall fuaion in GTA and GHA 
-ldlq 

Tectmlque for t.rackiq weld pool with respect to weld 
joint end pravloua fill paaaea ; loq- raqe technique 
for t.racklq joint location 

!xtenaiva algnal proceaaiq and transducer signal 
coupllq development. 
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This adaptive - like feedback- controlled welding system uses the 
increase in power - product profiles as the arc approaches the sidewall to 
control the maximum excurs ion of the welding arc into the s idewall .  The 
sys tem integrates the power-product relationship from a point beyond weld 
centerl ine until the integrator reaches a predetermined integration 
value . Upon reaching this value , the integrator stops the osc illator , 
computes the current dis tance from the oppos ite s idewall , and determines 
the actual welding width . By dividing the welding width in half , the 
centerline pos ition is determined . By knowing the width of the welding 
j o int and the changes that occur in this width during the welding 
operation , the control can then perform adaptive modifications to the 
welding procedures .  

One of  the important factors governing mechanical properties of  
depos i ted weld metal is  the actual heat input applied during welding . It  
is  important to maintain a heat input range to  ensure proper metallurgical 
properties . A control system has been developed that monitors both 
voltage , current , and travel speed to calculate the actual heat input . To 
maintain a des ired heat input , the system must control the contact 
tube - to - work distance , travel speed , welding voltage , and wire feed rates . 

Another important feature to be considered during welding is  the fill 
he ight . Fill he ight is a function of j o int width , wire feed velocity , 
recovery effic iency , and travel speed . The weld control system should 
maintain a constant fill height relationship as the welding j oint varies 
in width . 

By us ing an adaptive - feedback control welding system such as 
through- the - arc sens ing , it may be pos s ible to obtain more cons istent 
metallurgical properties in some appl ications . I t  is  also feas ible to 
obtain proper s idewall fus ion for varying j oint openings and to maintain 
proper fill -height relationships for each success ive pas s . Under the 
proper conditions , this technology has proved to be a maj or step forward 
in providing adaptive control . However , as with the GTA welding process ,  
much research needs to be done to extend applications and to provide more 
bas ic unders tanding of the processes . 

Table 7 summarizes the s tatus of research and needs assoc iated with 
GTA and GMA welding processes as observed by the committee . 

Submer&ed-Arc Weldin& 

The submerged- arc process is a consumable - electrode welding process 
that util izes a granular mineral type of flux to cover the arc and l iquid 
metal . The flux protects the arc from the environment , visually obscures 
the arc , and performs certain metallurgical functions . The flux is  
usually fed to  the arc zone from hoppers or from pre s s urized units . The 
rate of flow mus t be coordinated with the arc travel speed to ensure a 
proper , uniform flux burden over the weld pool . 
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The fluxes are formulated to react with the l iquid metal , providing 
such reactions as deoxidation , alloying , and bead shape control . The flux 
also contains constituents to help in initiating and s tabiliz ing the arc 
and to permit welding at very high currents - - either AC or DC or 
combinations of AC and DC arcs . 

Other than the util ization of fluxes , the submerged- arc process  is 
s imilar to other automatic consumable electrode welding processes . I t  
uses AC o r  DC o r  both AC and DC power suppl ies , filler material feeding 
equipment , and process control systems . Power suppl ies may be e i ther 
s ingle or multiple AC transformers or special tapped transformers for 
multiple e lectrode operations ; DC power supplies , both cons tant - current 
and cons tant potential , can be used , either s ingly , in multiples , or in 
combination with AC trans formers . 

Filler metals used may be in the form of wire or s trip or combinations 
of the two . Filler metal feeding can be a cons tant - feed- rate sys tem , 
usually containing an internal feedback c ircuit to regulate the feed speed 
around a preset value . The cons tant - feed sys tem is usually used with 
cons tant - potential power suppl ies  and small - diameter wires . However , for 
larger diameter wires and s trip , the most common sys tem is one utiliz ing 
constant - current power supplies and a voltage - regulated feed sys tem . 

The proces s  control uni ts perform such functions as initiating pr imary 
power , s tarting and regulating filler metal feed , the s tarting and control 
of arc travel , and the control of  flux feeding . 

Postweld cleaning is performed by vacuum removal of  the fused and 
unfused flux and then separat ing and reus ing the unfused flux . Some 
appl ications permit the automatic recycl ing of the flux , whereas others 
use manual means for recycl ing . 

Submerged- arc welding finds wide use in heavy fabrication indus tries 
such as shipbuilding , pressure vessels , pipel ine manufacture , and 
earth-moving equipment . The attractiveness is  in the economics , s ince the 
process  is commonly used at currents in excess of 1000 amperes per wire 
and in appl ication of three or four electrodes . Under these condit ions 
weld metal deposition rates of 30 to 100 pounds per hour can be achieved . 

At present , there is no known case of  ful ly adaptive control sys tems 
(beyond seam- tracking) having been applied to the submerged arc proces s .  
The maj or factors that affect the process are these : 

• Stability of primary power 
• Trans ient response of the power supply 
• Control of arc length (vol tage ) 
• S tab i l i ty of  the travel speed 
• Contact tip - to -work distance 
• Flux burden over the me lt  
• Cons is tency of  flux mesh s ize 
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• Elec trode spacing i n  mul tiple - arc operations 
• Joint , wire , and flux c leanlines s  
• Joint fit - up consis tency 
• Bead p lacement in mul tiple - pas s welds 
• Wire and flux chemis try variations 
• Wire sur face condition and s traightne s s  

P l asma We l ding 

Energy source s for p lasma welding are generally the s ame as tho s e  used 
for GMA and GTA we lding . Therefore , the s ame advantages and dis advantage s 
o f  the magnetic , semic onduc tor - contro l led rec tifier , transis tor , and 
i nverter - type supp lies app ly to p lasma . Pl asma does have the ab i l i ty to 
c ontro l wire feed rates independent o f  the energy sourc e . 

There are two· ways o f  operating a p lasma torch : keyho l e  mode ( p lasma 
keyho le wel ding , or PKW) and fil l  mode . I n  PKW , contro l o f  the gas f l ow 
and pre s sure is critical because the keyho le geome try is rather sens i t ive 
to these parameters .  Likewise , the PKW proces s is s ensitive to changes in 
j o int geometry because o f  changes in keyho le . Thus , accurately prep ared 
weld j oints are re quired for accep tab le wel d  performance . Geometry and 
position are important bec ause , as the mas s of mo l ten me tal is increased 
in at temp t s  to we l d  thicker sec tions , gravity tends to pul l the mo l ten 
metal out of the we l d  zone , thus providing an upper limit on material 
thi ckness using s ta te - o f - the - ar t  torches . Thicker sec tions will be 
feasib le if the p l asma could be confine d to a narrow beam such as is 
ach ieve d in elec tron beam wel ding . 

I f  th i ck sec tions ( greater than 1 in . )  are to be welded using p l asma , 
then a gro oved j o int geometry mus t  be used for the fir s t  pas s , fo l lowed by 
f i l l - mo de pas ses . Having to resort to fil l  pas ses can sub s tantia l ly 
reduce the ec onomi c  benefits o f  the p lasma proc e s s . 

Regarding sensors for adap tive contro l , at present there are none tha t  
are used with the p lasma proce s s . Th e  prob lem here is that the parameters 
( such as cur rent , speed , gas pre s sure , and flow rate mismatch) that affec t 
the p l asma keyho le , for examp le , are no t unders tood theo re tical ly but are 
handled by experimental iteration ( many tes ts ) . There is no under lying 
unders tanding to use as a basis to c ontro l the we l ding operation . A key 
elemen t in unders tanding is model ing o f  keyho le metal flow . 

There has been c onsiderab le research ac tivity in p l asma wel ding ove r 
the past 1 5  years . However , mo s t  o f  this work was aimed at develop ing the 
p lasma proces s i t sel f and no t at developing adap tive we l d  c ontro l s . From 
the po int of view of res earch nee ds , the mo s t  p r e s s ing areas woul d appear 
to be (1 )  improved unders tanding of the wel d  proces s itsel f , ( 2 )  
i dentific a tion and development o f  sensors that c an b e  used t o  control the 
welding operat ion , and ( 3 )  improved design of a p lasma torch to al low 
narrow but deep welds to be fabricated . 
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Hilb· Enercx- Beam Processes And Resistance W.ldin& 
The two high - energy-beam welding processes (electron beam and laser ) , 

in common with res i stance welding , provide low- los s , quas i - adiabatic 
melting when the input parameters are properly adj usted . This one 
circumstance , · however , is the only obvious characteristic shared by both 
resistance and high- energy-beam welding processes . 

Resistance weldin& 
Resistance welding , patented by Elihu Thompson in 1877 , gained wide 

utilization for j oining sheet -metal components in such diverse indus tries 
as aerospace , household appliances , and automobile and truck manufacture . 
The attractiveness  of the process is that it is rapid , and it  continues to 
be the least expens ive method for j oining sheet metal components . 

The assurance that every weld meets a predetermined quality s tandard 
has been a continuing problem . Prior to World War II , this  had been dealt 
with by the use of skilled machine operators and/or over-welding . 
Statis tical quality control measures were introduced during the war to 
compensate for the loss of experienced technicians . All these methods , 
with varying emphas is , continue to be employed today . 

Resistance welding is a dynamic process . There are two main 
inputs - -welding current and electrode force . The latter is converted to 
pressure (a  compress ive load) through the medium of the contact area of  
the water - cooled copper alloy electrodes against an incremental portion of 
the outer surfaces of the workpiece . For welding in conformance to 
mil itary specifications , the contacting face of each electrode is machined 
to a spherical radius . Although electrode face geometry may be cons idered 
a main input , the fact is that the original geometry gradually changes in 
an unpredictable fashion as the high- speed repetitive spot-welding 
operation proceeds in the manufacturing environment . Electrode face 
geometry , therefore , becomes one of the many manufacturing variables 
( dis turbing inputs )  that must be compensated for by adaptive control . 

To produce a high- quality spot weld , a localized finite volume of the 
workpiece that is  clamped between the electrodes mus t be very rap idly 
heated so that the temperature at the common interface of this local 
volume quickly reaches the melting temperature . For example , when spot 
welding two thicknesses of 0 . 036 - in . - thick Rene 41 alloy , melting 
temperature is achieved in three cycles , or 0 . 05 second . This represents 
a rate of temperature rise at the common interface of approximately 
50 , 000°F per second ! 

During this 0 . 05 second of extremely rapid heating , the local volume 
through which the welding current flows is always in the solid state . 
Thus , all the energy dissipated by the current flow is  converted to heat . 
A relatively small fraction of the heat so generated is lost by conduction 
into the water- cooled electrodes and into the surrounding mass of  the 
workpiece . The energy input mus t be fast enough so that only relatively 
negligible losses occur while the temperature rises . This is the crit ical 
portion of the process .  If a temperature equil ibrium is allowed to occur 
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at even 2400°F (Rene 41 alloy has a melting temperature of 2500°F) , 
melting temperature will never be reached , even if the welding current 
were sus tained for hours . The result would be a " stick" or "dud" weld , 
with l ittle or no useful mechanical s trength . 

I f  i t  were possible to examine both surfaces at the common interface 
of the clamped volume at the instant that the current has been flowing for 
0 . 05 second , there would be clear evidence that the welding current is 
flowing through a c ircular cross section . Near the periphery ( and often 
in the exact center) of this  outl ined circle , there would be very 
local ized randomly distributed s i tes where tiny spots of melting had 
begun . I f ,  at the same time , one could examine the oppos ing surfaces in 
contact with the electrodes , it would be apparent that the diameter of the 
elec trode indentation is very nearly equal to the diameter of the area 
carrying the welding current at the common interface . 

As the process proceeds beyond 0 . 05 second , a s ignificant portion of 
the energy fed into the local volume provides the heat of fus ion , caus ing 
the tiny s i tes of localized melting to grow , merge , and finally form the 
characteristic spot weld nugget .  Again , the energy input mus t be 
sufficiently high for nugge t growth to be sus tained until the required 
diameter and penetration are obtained . 

In the example given , if  the rate of energy input that exis ted at the 
0 . 05 - second mark is sus tained , the nugget will continue to grow . At 0 . 2  
second , the nugget will be on the order of  0 . 190 in . in diameter and 0 . 043  
in . in  thickness . At  this po int , the welding current should be  
terminated ,  the l iquid nugget allowed to  solidify , the hot solid compacted 
to el iminate shrinkage vo ids , and the cool ing rate controlled if 
necessary . 

In 1951 , the first  quantity that could be measured throughout the 
progress of a s ingle spot weld was identified and demons trated (Roberts , 
195 5 ) . In the words of the originator , " The total quanti ty of heat 
developed in a workp iece during the formation of a spot weld is a function 
of the work res is tance . A knowledge of the variations of this parameter 
during the formation of the weld is therefore of interes t and importance . "  

The parameter in question was termed " instantaneous res istance , "  which 
was defined as the ratio of the instantaneous value of the appl ied voltage 
to the current pass ing through a purely res istive conductor at the same 
ins tant in time . 

This original work recognized the difficulty in measuring the voltage 
developed across the " load of the welder" ( the vol tage drop across the 
upper and lower electrodes , which includes the weld current path through 
the workp iece plus the electrode -workpiece contact res istances ) .  This 
difficulty was ingeniously c ircumvented in a manner suitable for 
fundamental invest igation , and curves showing the instantaneous resis tance 
variation with time while spot-welding aluminum , 18 - 8  s tainless s teel , and 
low- carbon s teel were presented . 
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Each material investigated exhibited a s ignificantly different shape 
of the curve of instantaneous res istance versus time . I t  was concluded 
that the resistance of a workpiece was not constant during the formation 
of a weld , and its variation modulates the welding current waveform to a 
degree dependent on the electrical characteristics of both the workpiece 
and the welding machine . 

Subsequent investigators have verified the characteris tic changes in 
instantaneous resistance due to the passage of the welding current for a 
variety of engineering materials . Figure 4 shows the variation in 
instantaneous res istance with time for spot welds in four different 
materials . The curve for a high- temperature alloy , such as Inco 718 , 
Hastalloy X ,  or Rene 41 , would be s imilar to that shown for stainless 
steel but shifted upward because the instantaneous res i stance values are 
higher . 

The relationship between instantaneous res istance and many dis turbing 
inputs has been investigated under controlled conditions . For the process 
variables examined , it  was cons idered that only a change in either 
electrode force , edge distance , or electrode tip diameter is l ikely to 
cause a significant alteration in the slope of the instantaneous 
resistance curve for a given material . Finally , methods to automatically 
measure instantaneous res is tance in the manufacturing environment were 
developed . 

A second measurable quantity carrying information concerning real - t ime 
res istance spot-welding process performance was identified and 
demonstrated during 1954 ( Farrell , 1954) . The discovery of this parameter 
arose from the observation that the reciprocating upper electrode of a 
well - designed spot welder would move upward , against the clamping force , 
during each welding cycle . I t  was reasoned that this  upward movement was 
caused initially by thermal expans ion as the l imited volume of metal 
clamped between the electrodes was driven to melting temperature early in 
the welding cycle , and then by the volumetric expans ion due to the change 
in s tate while the local melting occurred .  A sens itive device to 
continuously measure the upper electrode movement during the welding cyc le 
was designed , built , and tested , and the hypothesis  was confirmed . 

The expans ion parameter is  a particularly sensitive measure of 
temperature rise because of the phys ical conditions that prevail from the 
initiation of current flow until the onset of melting . The welding 
current heats a finite cyl indrical element of an infinitely larger mas s . 

The cros s - sectional area of this finite element carrying the welding 
current at any instant until the onset of melting is approximately equal 
to the electrical contact area ; its length is equal to the total thickness 
of the pile - up .  The heating rate of this cyl indrical element is  extremely 
rap id .  In the example given , a two - thickness ply of 0 . 036  + 0 . 036 - in .  
high- temperature alloy will be driven from room temperature to a peak of 
2500°F at the common interface in three cycles , or 0 . 05 second . 

When the military spec ification edge distance is  respected , the 
stiffnes s  of the material in the plane of the sheets is  extremely high . 
If the welding machine is  properly des igned , so that friction , excess ive 
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FIGURE 4 Variations in instantaneous res is tance with time for various 
materials (Towey and Andrews , 1968 ) . 
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inertial mass of the reciprocating member , and res istance to motion by the 
current- carrying shunts are not s ignificant quantities in total , nearly 
the entire volumetric thermal expansion wil l  occur along the axis of the 
cylinder and therefore will increment the reciprocating electrode upward , 
providing a sens itive and convenient transducer for measuring avera1e 
temperature rise (average temperature because the extremely rapid heating 
rate causes relatively steep temperature gradients to exist both radially 
and axially) . 

The expansion measurement , given a suitably des igned res istance 
welding machine , is therefore a function of temperature rise until melting 
begins and of weld nugget diameter during the latter portion of the 
welding cycle . The negative expansion after the weld is completed is a 
measure of weld nugget solidification , compaction , and cooling rate . By 
means of the latter condition , these phenomena may be matched to the 
metallurgical and thermal characteristics of the alloy being welded . 

However , if the weld is placed too close to the edge of one or both of 
the sheets , the narrow edge l igament will yield when temperature rise 
weakens i t  enough so that thermal expansion in the horizontal direction 
requires less work than would be required to move the reciprocating 
electrode upward against the constant welding force . Under these 
circums tances , the expans ion parameter is not a meaningful transducer of  
temperature rise . In addition , the expans ion parameter is affected by 
changes in the value of the electrode force during the welding current 
flow period . 

Investigators have found that the rate of change and/or the peak value 
of either of these measurable parameters can give useful information 
concerning the dynamic performance of the process . Consequently , various 
organizations have packaged systems incorporating measurement and 
clas s ification of one of these parameters as a quality-monitoring device . 
Later , more ambitious systems , utilizing feedback and real - time adj us tment 
of  the welding current based on one or the other measurement , were 
marketed . Unfortunately , none of these relatively s imple control sys tems 
was able to cope successfully with all the manufacturing variables 
encountered in the production environment . Therefore , human surveillance , 
des tructive and nondes tructive testing , and s tatistical qual ity control 
methods continue to be relied on by manufacturers who must meet military 
specifications or equivalent quality s tandards . 

Recently , impelled by a management decis ion to automate the 
fabrication of sheet-metal assembl ies for j et engines , one manufacturer 
constructed an analytical model of the res istance spot-welding process .  
The model was formulated to s imultaneously investigate mechanical , 
electrical , and thermal parameters and their interaction .  This model both 
unified and extended much of the previous analytical work , which first 
appeared as early as 1958 . Building on the fundamental knowledge gained 
from the model , an industrial group developed a closed- loop adaptive 
control termed " SWAC" ( spot -welding adaptive control) .  Interestingly 
enough , this system util izes both the instantaneous res is tance and the 
expans ion measurements .  
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Spo t - roll , spot , seam , and proj ection welding constitute the group of 
res is tance welding processes in which the required heat at  the j oints to 
be welded is generated by the res istance offered through the workparts to 
the relatively short time flow of low-voltage , high- dens ity electric 
current (American Welding Society , 1958) . The process  is extremely 
rap id .  As a consequence , it has proved difficult to measure the 
s ignificant parameters so as to define a control s trategy . S imple 
controls are not adequate to cope with problems such as material or 
surface variations . 

Electron and L&ser Beam Weldin& 

The pos s ibility of welding in a vacuum by means of a beam of energetic 
electrons was first demons trated in 1956 by Stohr at the Commissariat A 
l ' Energie Atomique . At that time , the technology of the electron beam 
energy source already possessed a solid foundation . The pioneering work 
of Child on electron emiss ion was accomplished in 1911  and of Langmuir on 
electron beam formation in 1913 . At the time of Stohr ' s  achievement , the 
electron beam was already be ing used for melting metals where high purity 
was required . Consequently , reliable precisely controlled welding 
equipment evolved rapidly as the equipment des igners learned from the 
practice of the process .  

In contras t ,  laser welding technology did not have the advantage of 
extens ive development of  the fundamental apparatus prior to i ts 
application as a welding energy source . I t  was 1960 before Maiman 
achieved the firs t operating laser - - a  low-power ruby rod type exc ited by a 
hel ical flash lamp . The firs t indus trial C02 laser was buil t  in 
1966 . 

S ince it  was clear that the laser beam can also be concentrated to 
produce a high- energy - dens ity heat source , it was ultimately placed in 
competition with electron beam welding . The perce ived advantage of the 
laser was i ts potential for producing high depth - to -width- ratio welds in 
atmosphere , as opposed to the vacuum environment required by the electron 
beam process .  By necessity ,  the maj or effort has been directed toward the 
development of increas ingly more powerful energy sources ,  with a 
relatively low level of process technology maturation as a result . 

The maj or welding applications for multikilowatt laser welding are 
found in the automotive industry . Here , the flexibility and ability of 
the beam to travel through atmosphere without s ignificant dispers ion 
s impl ifies automation and results in high productivity . Many appl ications 
are identi fied where complex geometries are reduced to s imple - to ­
manufacture components that are j oined together without distortion by the 
narrow laser weld . Very frequently , the total welded area is orders of  
magnitude larger than required to  carry the maximum imposed service load . 
El iminating the pumpdown time required for electron beam welding results 
in increased throughput and comparable or lower capital costs for 
appl ications requiring up to about 5 kW of laser power . 

For full - penetration welding up to a thicknes s  of perhaps 0 . 200 in . , 
there is a close s imilarity in electron beam and laser welding . 
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For high - quality welding , electron beam welding has an edge for some 
applications because of the beneficial metallurgical effects of the vacuum 
environment . However ,  the application of gas environments has narrowed 
the gap . 

For many difficul t - to -weld materials and tapered or variable - section­
thickness j oints , the ability to focus and deflect the electron beam in 
various patterns by the appl ication of electromagnetic fields and the 
rapid rate at which beam power can be changed by bias control represent 
unique advantages for electron beam welding , given the present s tate of  
the art . 

There is a cons iderable body of experience with deep - penetration 
welding utilizing the electron beam . This experience has shown , for 
example , that the shape of the weld transverse cross section is a critical 
parameter when developing a procedure to produce a defect - free weld in a 
given alloy . If  the cross section has essentially parallel s ides , the 
probability is high that weld metal voids or sol idification cracking are 
not present . On the other hand , if the weld is wide at the top , necks 
down at some lower level , widens and then narrows again at the root ( l ike 
an ups ide - down Coca- Cola bottle ) , shrinkage voids and/or solidification 
cracking can be expected . A simpler geometry- -wide top tapering to a 
narrow s tem toward the root ( shaped l ike a wine glass without its 
base) - - is prone to solidification cracking and root porosity ,  espec ially 
when welding many of the more complex alloys . 

Electron beam des igners have learned to reduce the beam divergence to 
a minimum when des igning electron guns for heavy section welding . Process 
engineers have learned to place the focal plane of the electron beam below 
the midplane of the work thickness in order to obtain favorable weld 
geometry .  These techniques , often in combination with beam oscillation , 
allow the development of procedures to produce deep - penetrating welds in 
plate thicknesses up to at least 5 in . without internal defects . 

Electron beam and laser energy sources can both generate sufficiently 
high power dens ity to produce deep penetrating welds in the keyhole mode . 
Nevertheless , there are s ignificant differenes in welding capability for 
the two systems . These differences are the result of several 
circumstances . Firs t , electron beam welding is conducted in a vacuum . 
The plasma generated by the interaction of the energetic electrons in the 
beam and the metal vapors produced by the beam tunneling through the 
thickness  of the workpiece expand so rapidly in the vacuum environment 
that they do not interfere with the transmiss ion of energy from the 
incident beam to the workpiece . On the other hand , laser welding is 
practiced in the atmosphere The plasma plume is relatively local ized and 
thus absorbs energy from the incident beam , reduc ing the fraction 
transferred to the work . Progress is being made in methods to e ffectively 
disburse the plasma and thus reduce the severity of this  problem , but 
still  more effective methods need to be developed . 

The second circums tance is related to the phys ical nature of  the 
photon beam , as compared with the electron beam , and to the maturity of 
apparatus development . Electron beams for welding are accelerated by 
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potential gradients between 60 and 150 kV At 60 kV , the electrons in the 
beam exhibit an equivalent wavelength of 4 . 86 x 10 - • pm ,  whereas 
the C02 laser produces a beam of 10 . 6  �m . Thus , electron beams 
achieve the spec ific power necessary for deep penetration welding with 
small aperture angles , while relatively large angles are required for the 
beam produced by the high -power cross - flow C02 laser . 

The relatively large convergence angle of the laser beam introduces 
difficulties in developing procedures that produce essentially 
s traight - s ided welds free of  defec ts in heavier thicknesses . The focal 
plane of currently available high - power lasers must be pos itioned on or 
very close to the surface of the workpiece in order to attain deep 
penetration welding . Therefore , weld cros s - sectional geometry is s trongly 
influenced by the beam convergence angle , which in turn determines the 
nature of the multiple reflections within the cavity . As a consequence , 
increas ing welding speed becomes the principal means for improving weld 
geometry . It appears that , if  the advantages of laser welding are to be 
extended to weldments of increas ing thickness , the brightness  of the 
source must be improved .  

Finally , the spatial distribution o f  power in the beam produced by 
high - power lasers of current technology is not radially symmetrical . Such 
asymmetry is not acceptable in contour welding . 

Thus , if  the experience in app lying electron beams for welding is 
relevant , the welding range of  the laser will be extended by the 
introduction of devices producing a beam of shorter wavelength . The 
high -power " EXIMER" laser currently under development is an indication of 
what the future may hold in store . 

Electron beam and laser welding offer numerous challenges for future 
research . Increas ing the tolerance to fit - up , understanding metallurgical 
impl ications , and optimizing the util ization of energy are examples . The 
interaction of these high- energy - dens ity beams with the metal of  the 
workpiece produces free electrons , positive and negative ions , plasma , 
photons , and x - rays . Furthermore , some fraction of the incident beam 
passes completely through the cavity produced during deep penetration 
welding . I t  has already been shown that the penetration achieved in 
elec tron beam welding can be controlled by measuring the through current 
and maintaining it at a constant value by feedback control . It is 
probable that the particles and/or radiation produced by the beam­
workpiece interaction carry information that can be exploited to  achieve 
completely adaptive control . 

SENSORS FOR IMPORTANT PROCESS VARIABLES 

In reviewing the various welding processes , it becomes clear that 
sens ing important process variables is a key ingredient to future progress  
in  welding controls development . The following are some areas for 
investigation : 
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1 .  Smart integrated instrumentation that integrates sensor outputs 
and the process model into conventional sens ing devices to provide direct 
output of welding process variables . 

2 .  Low- cost process vers ions of infrared sensors , including 
emiss ivity information . 

3 .  A means of measuring the voltage drop across the arc voltage 
directly , independent of contact tube design ,  which would provide an 
independent measure of true arc voltage . 

4 .  Real - time nondes tructive testing to provide timely information for 
quality control . This would be particularly useful for mult i - pass 
welding . 

5 .  Real - time sensors for sensing pool geometry and for guidance . 
Research should include ultrasonic , optical , eddy current , infrared , 
x- ray ,  and acoustic emission methods . 

6 .  Ultrasonic sensor research , including geometry , guidance , phase 
changes and boundaries , res idual s tress , and cooling rates . There are 
fundamental problems to be solved , such as the effects of temperature , 
s ignal process ing , sound propagation path , and sorting . 

7 .  High - energy -beam proces s  sensors to track formation and explos ion 
of plasma in atmosphere for lasers and in vacuum for electron beam 
processes and to measure beam power spatial distribution and aperature 
angle . 

8 .  Sensors for centerline defects , for fit - up ,  and for gap control . 

9 .  The measurement and tracking geometry of square butt j oints . 

Weld bead morphology , location , and microstructure must be controlled 
within prescribed l imits for satisfactory welds . Although still in 
development , sensors and controls exis t  for seam tracking , i . e . , weld bead 
location control . There are no real - time systems that will sense and 
control weld bead morphology . However , bas ic research has shown that 
ultrasonic transducers have s trong potential for sens ing bead shape as 
well as defects . Direct sens ing and control of microstructure are 
probably far in the future . However , indirect control should be poss ible 
if models of solidification dependence on alloy chemis try and energy input 
are well understood . 

PROCESS MODELING 

To properly understand the process of welding , all of the diverse 
phys ical processes involved must be analyzed and quantified . This then 
allows prediction of welding outcome from process inputs , evaluation of 
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the e ffect  of  weldment des ign changes , and process innovation . Such 
analys is  must , therefore , cons ider the plasma phys ics , pool fluid dynamics 
and electromechanics , sys tem heat transfer , and metallurgical e ffects of 
welding . Welding research for the pas t 80 years has addressed many of 
these issues , and modern numerical techniques are allowing specific 
solutions to be reached . However , the problems of uncertain material 
properties and boundary conditions , and the s impl ifications necessary 
because of the complex geometries involved ,  have kept such models removed 
from the role of  prec ise process  outcome prediction ( i . e . , open- loop 
control ) .  

However , with the limited goal of real - time closed- loop control of  the 
welding process , a more restricted and s implified modeling paradigm can be 
followed . In this  methodology ,  here referred to as " control model ing , "  
the bas ic assumption is  that closed- loop process  regulation will be the 
context of  the model appl ication . This being the case , the requirements 
of the model shift from s trict phys ical fidelity at a microscopic level to 
macroscopic accuracy over the range of interest . While this  sounds l ike 
the definition of a class ical engineering empirical model , there are some 
important differences .  

S ince all existing control theory requires a l inear , lumped parameter 
description of the process  to be controlled , there is an immediate 
res triction on the form of mathematical description of  the process .  
However ,  the phys ics of welding is  fundamentally a nonl inear , dis tributed 
parameter sys tem , so the model ing dichotomy is clear . At leas t two 
cho ices exis t :  ( 1 )  ignore the phys ics and construct a l inear input - output 
relationship for the process  that correctly predicts the outcome of 
certain exper iments ( i . e . , the s trictly emp irical approach) or 
(2 ) cons truct a l inear lumped parameter model based on a s implified 
phys ical description of the proces s  that also correctly predicts the 
outcome of a proces s .  The important dis tinction here is that the latter 
approach can be extrapolated to a wider range of  operation and even to 
diverse processes with a predictable result . This is because the phys ical 
bas is for the model provides the bas ic causality or input - output 
relationships for the proces s .  

This  grounding in the bas ic phys ical mechanism can be achieved in 
several different ways . A class ical engineering analys is  approach is the 
most  straightforward and often leads to a complex but comprehens ive 
description of the process . But this area of  welding has so far proved 
too difficult and complex for such a complete model . However , the 
technique mentioned can be used even if several parts of the complete 
model are lacking in detail but are unders tood in general . For example , 
if  the effect of  current puls ing is  known to increase the circulation in 
the weld pool , thereby influenc ing the heat transfer and in turn the weld 
pene tration , but the exact mechanism is  unknown , this  information is still 
sufficient to cons truct a control model of the process .  

In modeling the welding process  it  is  important to recognize that , for 
a given process and alloy sys tem , it is necessary to experimentally sort 
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out relationships between processes and materials that will guide model 
development . Also , process models should be developed that can be solved 
for either process parameters (process  control ) or for weld properties 
(computer- aided des ign) . Models must be confirmed experimentally and the 
experiment-model cycle iterated as necessary . In addition , changes in 
welding processes and alloy systems having different melting and 
solidification characteristics will require new or revised models . 

When control of welding processes is cons idered , it  soon becomes 
evident that the control system must respond to conditions that are 
determined by the myriad processes that precede the actual welding step . 
Taken to its source , all of these processes respond to the demands of the 
bas ic weldment des ign .  This suggests that , while the influence of  
real - time sens ing and computer control of the process is being s tudied , 
the impact of a fully integrated des ign and manufacturing sys tem for 
welding should also be s tudied . Such a system for welding has the 
obj ective of presenting the maximum amount of accurate manufacturing 
information to a des igner so that explicit , well - founded des ign decis ions 
can be made . The fact that the actual process of welding will be 
automated allows the model ing and design s imulation of this step to be 
more accurate than if  the models had to capture the individual skills of 
accomplished welders . However , it  does require that the manipulation 
hardware necessitated by automation be accounted for in the des ign .  This 
concept was exemplified earlier in Figures 1 and 3 .  

Following the typical mold of computer - aided manufacturing , the system 
that is envis ioned would work from the geometry data base provided by the 
des igner and then apply a series of analyses to assess the qual ity of the 
des ign and the manufacturability of the parts . However ,  because of  the 
complex interaction of the various s tages of weldment preparation and the 
sens itivity of the mechanics of the final part to the way in which it is 
processed , a fully integrated des ign and manufacturing system for welding 
must do much more in the way of analys is and s imulation than the typ ical 
CAD/CAM system for machined parts . 

For example , in the weldment preparation i t  is necessary to spec ify a 
geometry for the edge to be welded . In addition to various machined 
configurations ( i . e . , square butt , "V" or "J " grooves ) , which can be 
rather eas ily quantified , there is  the class of  weldments that use 
flame - cut edges . Here the effectiveness of the des ign is coupled to the 
attainable quali ty of the bas ic edge preparation method . I f  the des ign 
system can assess the ultimate qual ity of the weld when given a specified 
preparation method , the des igner can then more accurately j udge the des ign 
options . 

Coupled to j oint preparation geometry is  the total j oint geometry or 
fit - up that is  also a s trong function of the shape of the bas ic 
components .  I f  it is  a bas ically flat part , then it is the flatness of 
the s tock material and the qual ity of the fixturing that is of importance 
to fit -up .  Anticipated thickness variations can also be critical for 
assess ing the ultimate part qual ity . I f  the weldment components are to be 
formed before welding , then it is l ikewise necessary to know how well  they 
will be formed and what type of fixturing will be necessary . 
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The fixturing , which is typ ically des igned at the time of manufacture , 
should also be integrated into the des ign package . (This is  an excellent 
example of where a des igner can extend his or her influence into the 
manufacturing realm , thereby avoiding costly ups tream errors . )  By 
providing the analytical tools in a des ign context , the fixturing can be 
specified to provide appropriate j oint s tability ,  heat s inking , and torch 
manipulation with appropriate clearance . Clearly , if  the fixturing cannot 
be des igned , it  is an indication that the part itself may need redes ign .  
Here the real power o f  the CAD/CAM system becomes evident , s ince such a 
discovery can be eas ily accommodated at the design phase . On the other 
hand , if the need for redes ign is not uncovered until the part is in 
manufacturing , the cos t of  redesign can be staggering . 

All of this manufacturing information to be presented to the des igner 
can be thought of as welding process  s imulation . This would be a 
comprehens ive s imulation in that it  would include all of the coupled 
effec ts involved in the process : weldment preparation , fixture des ign ,  
thermal analys is  ( e . g . , for dis tortion analys i s ) , and finally a mechanical 
and metallurgical analys is  of the s imulated welded part to as sess expected 
tens ile s trength , toughness , and fatigue s trength . By including all of 
these cons iderations in a s imulation , the des igner becomes aware of all of 
the ramifications of des ign choices and can truly optimize the des ign .  

However , the fidelity o f  manufacturing s imulations , particularly those 
for welding , will always be less than perfect .  Thus it  would be necessary 
to provide a means for updating the analytical sect ions of the sys tem and 
the assoc iated data bases by feeding back information from the actual 
manufacturing processes . This is quite often the best way to provide 
information as to expected qual ity or process - property effects . I t  also 
keeps the des igner in contact with real ity . 

The development of such a system will require a s trong analytical 
effort in process phys ics . The real goal is to accurately capture the 
phys ical processes in welding in a form that will be useful to a 
des igner . This actually charts a road somewhat between the analytical 
needs for bas ic process  understanding and models for process control . 
S ince the s imulations are used to present accurate information about 
existing s i tuations , they need not have the ability to allow s tudy of 
process variations , but they mus t capture the unknown effects of unique 
combinations of des ign options . Clearly the bas is for s imulations will be 
in the fundamental studies of welding and allied processes , but the 
successful researchers will be those who can correctly assess the needs of  
the . s imulation and the e ffic iency of its implementation versus the 
dependence on complete , intricate phys ical detail . 

There is also a s ignificant indirect benefit of  such a comprehens ive 
sys tem that goes well beyond those s tated here . I f  a s ingle person ( the 
" designer" ) can have rap id access to complete welding des ign and 
manufacturing information , and it is presented in the form of s imulated 
part manufacturing and testing , then the educational value alone makes 
such a sys tem worthwhile . The excess ive fragmentation of engineering 
effort and the resulting lack of experience in most  engineers is an area 
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where computer -based analys is and s imulation must have its mos t  
s ignificant impact . By placing a l l  o f  the consequences of a design choice 
before the individual making those choices , and by incorporating actual 
manufacturing data in the system , the experience and ins ight of the 
designer will rapidly accumulate . 

In regard to welding process control , the impact of a CAD/CAM system 
for welding is great . In the s implest case , the welding process  will be 
eas ier to execute and the need to accommodate uncertainties will be 
reduced because of superior , comprehens ive weldment and weld process ing 
des ign .  In addition , the critical areas of a particular weld can be 
identified and called to the attention of the control system so  that 
disturbances can be "previewed . "  The information from the sensors used in 
the control sys tems and the control actions taken to maintain a good weld 
can also be the primary source of updating information to a CAD/CAM 
sys tem , and this , too , may affect how the control sys tem is cons tructed . 
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