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ABSTRACT. This article addresses regu- 
lation of the thermal field generated dur- 
ing arc welding, as the cause of solidifi- 
cation, heat-affected zone and cooling 
rate related metallurgical transformations 
affecting the final microstructure and me- 
chanical properties of various welded 
materials. This temperature field is de- 
scribed by a dynamic real-time process 
model, consisting of an analytical com- 
posite conduction expression for the 
solid region, and a lumped-state, double- 
stream circulation model in the weld 
pool, integrated with a Gaussian heat 
input and calibrated experimentally 
through butt joint GMAW tests on plain 
steel plates. This model serves as the 
basis of an in-process thermal control 
system employing feedback of part sur- 
face temperatures measured by infrared 
pyrometry, and real-time identification of 
the model parameters with a multivari- 
able adaptive control strategy. Multiple 
heat inputs and continuous power distri- 
butions are implemented by a single 
time-multiplexed torch, scanning the 
weld surface to ensure independent, de- 
coupled control of several thermal char- 
acteristics. Their regulation is experi- 
mentally obtained in longitudinal GTAW 
of stainless steel pipes, despite the pres- 
ence of several geometrical, thermal and 
process condition disturbances of arc 
welding. 

Introduction 

Since the first historical reference to 
forge welding of the Greek hero 
Achilleus's armor by the smith of the 
Olympian gods, Hephaistos, in the Iliad 
of  Homer (11th century BC, Ref. 1), the 
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welding literature has witnessed several 
important developments and improve- 
ments in the mechanical properties of the 
weld joints. In arc welding, most research 
efforts have primarily addressed the im- 
portance of the weld bead geometry on 
the useful cross-sectional area and thus 
the loading capacity of the joint (Refs. 2, 
3). A second quality attribute of the weld, 
its residual stress and distortion state, has 
been related to stress concentration at 
critical points of the weld morphology 
(reinforcement and root undercuts, rip- 
ples, craters, cracks) that may lead to 
fracture under low applied load, or de- 
formation instabilities such as buckling 
(Ref. 4). Last, the weld microstructure has 
been studied in connection to the local 
material properties and the homogeneity 
and isotropy of their distribution, as well 
as the presence of phases and structures 
providing initiation sites for brittle or 
ductile fracture, fatigue fracture, stress 
corrosion cracking, etc. (Refs. 5, 6). 
These failure modes are particularly cru- 
cial for welds, since the propagation of a 
crack across a weld bead cannot be ar- 
rested as conveniently as in a riveted or 
bonded joint. 
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Regarding this final weld structure 
and material properties, the metallurgical 
transformations taking place during the 
process, and the resulting distribution of 
material phases can be generally classi- 
fied as follows: 

1) Solidif ication Structures and De- 
fects. These are developed upon local 
cooling of the molten material below the 
solidus isotherm Tm, i.e., upon crossing 
the solidification front of the weld pool. 
Microgeometrical defects consist of 
porosity, inclusions, unfused areas and 
shrinkage cracks, while microstructural 
faults include columnar dendritic struc- 
tures, nonuniform grain size, segregated 
areas and undesirable phases in the weld 
bead. Composition and structure 
changes because of dilution of the base 
metal with filler metal may also occur in 
welding with a consumable electrode 
(e.g., gas metal arc welding, GMAW) 
(Ref. 7). 

2) Equilibrium Structures in the Heat- 
Affected Zone (HAZ). These thermody- 
namically stable structures are devel- 
oped by metallurgical transformations in 
certain materials, as they are cooled 
below a HAZ isotherm temperature T h. 
They form mechanically weak recovery, 
recrystallization or coarse-grain zones, 
as well as areas of undesirable phases, 
such as the overaging zone of precipita- 
tion-hardened aluminum alloys, or even 
regions contaminated from the welding 
environment or the diluted pool. In all 
cases, the nucleation of equilibrium 
structures R (in kg) is thermally activated 
and described by Arrhenius's equation 
(Ref. 5): 

,, ( O 

where r is a transformation rate factor (in 
kg/s), Q is the activation energy per par- 
ticle (J), k the Boltzmann constan, 1: is a 
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Table 1 - -  Thermal Microstructural Transformations Observed in Various Welded Materials 

Material Weld Bead Heat-Affected Zone 

Low-carbon steels (mild): C<0.25% General solidification defects Grain growth, low ductility 

Medium-carbon steels 
(C:0.25-0.50% 

High-carbon steels C>0.5% 

Free-machining steels S>0.05%, 
P>0.04% 

Low-alloy steels 
Mo + Cr + Ni + Mn 
+ Si + Cu + 
T + V + Cb<3% 

Medium-alloy steels all. elements 
3-10% 

Mart. stainless steels Cr < 16%, 
C:0.35-0.6% 

Ferritic stainless steels Cr > 16%, 
C:0.12-0.2% 

Austenitic stainless st. Cr > 12%, 
Ni, low C 

Austenitic Hadfield st. Mn: 
10-14%, Ni, C: 0.75-1.50% 

Nickel & alloys Monel (Cu), Inconel 
(Cr), Hastelloys (Mo) 

Copper (tough pitch, O-free, 
P-deoxidized) 

Brasses (red 5c-20% Zn, yellow 
20-45% Zn, Pb) 

Bronzes (Si: 1-4%, P: 0.1-0.35%, 
Sn:3.5-11% Ni:10-30%, 
A1:5-10%) 

Aluminum & alloys w. Mn, Mg 
(series 1,3,5) 

Age-hardened H.S. AI alloys (series 
2,4,6,7) 

Magnesium & alloys w. AI, Mn, Zn 

Titanium & alloys a: pure, w. AI, 
O, N, C;/~: w. Fe, Cr, Mo, Mn, 
V, Sn;a+~ 

Solidification defects, dilution of 
melt 

Solidification defects, 
H-embrittiement 

Porosity from H2S entrapment 

Dissolved gases, dilution of melt 

Grain growth, recrystallization 

Recrystallization, recovery 

Embrittlement from hot shortness 

Sensitization, hot shortness (esp. 
annealed, w. Cu, S) 

Solid. defects, dilution el. 
oxidation, moisture 

As above, H-embrittlement 

Columnar structure, dilution, 
oxidation 

As above 

Sensitization, grain growth, hot 
shortness 

Dominant sensitization 

Sensitization, grain growth, 
~-phase 

Domin. sensitization, C-phase 
formation 

Dilution in the melt, oxidation from Austen. grain growth transient 
air 

Gas porosity, dilution in the pool 

Dendrites, gas pores, dilution esp. 
w. Ag, Sn 

As above 

Dendritic structure (except 
AI-bronzes), oxidation from air 

Dilution in the pool, oxidation 
effects 

As above 

Dilution in the pool, oxidation 
from air 

Brittle intermetallics, solution 
strengthening freezing 
segregation 

martensite 
Inconel sensitization, sulfidation at 

650°C 
Grain growth, oxidation, hot 

shortness 
Grain growth, hot short, 

volatilization 
Hot shortness (ex. AI) grain growth 

Grain growth of AI & annealed 
alloys 

Overaging of e-phase, corrosion 
cracking 

Grain growth, stress corrosion 
cracking 

Oxidation, grain growth of 
a-phase, contamination and 
reactivity at 650°C, 

Cooling Rate 

Occasional hard bainite, 
microsegreg, integran. 
martensite, fine pearlite 

Martensite formation 

Martensite formation 

Occasional martensite 

Martensite formation 

Martensite formation 

Martensite, brittle inter, nets, 
thermal cracking 

Thermal cracks, 470°C embr, 
C-supersaturation 

Thermal cracks, C-supersaturation, 
~-ferrite 

Cracking, pearlite w/Ni, transient 
martensite at 260°C 

Pronounced thermal cracking 

Cracking tendency 

Cracking tendency, esp. of hot 
short brasses 

Cracking of hot short bronzes, 
surface undercuts of AI-bronzes 

Occasional cracking tendency 

As above 

Cracking w. hot shortness; 
formation of a-phase 

Grain size of ~-~ phase, 
dispersion-coherency & 
hardening, stabilization of ~', 
noneq, brittle str. 

dummy time integration variable, and T 
the time-dependent local temperature of 
the material (K). 

3) Nonequilibrium Structures Related 
to the Cooling Rate Tcr = aT~St. These are 
generated by ki netically favored transfor- 
mations upon rapid cooling below a crit- 
ical temperature -['c. Classical examples 
include the martensitic transformation of 
hardenable steels and the thermal crack- 
ing or structural embrittlement zones of 
highly alloyed steels and hot short met- 
als. The condition for the formation of 
such nonequilibrium structures, 

T ( t )  = _< To(t) 
is based on a critical temperature tran- 
sient Tc(t) of the continuous time-trans- 
formation (CTT) diagram of the welded 
material (Ref. 5). 

Table 1 illustrates these three types of 
microstructural transformations and the 
associated weld deficiencies for a wide 
range of common welded metals. The 

importance of their influence on the me- 
chanical properties of the joints is best 
demonstrated by the volume of related 
welding research, which addresses off- 
line control of the material structure. In 
industrial practice, though, real-t ime 
control of the weld microstructure during 
the process is required to cope with vari- 
able or uncertain welding conditions 
(disturbances), such as the arc efficiency, 
and to eliminate costly overdesign of the 
joint, nondestructive material testing and 
remedial postprocessing procedures, 
such as remelting, postheating, vibratory 
stress relieving, etc. However, the devel- 
opment of such in-process feedback con- 
trollers, that would detect the weld mi- 
crostructure and modify the process 
conditions to regulate the weld material 
properties, is hindered by the unavail- 
ability of specialized real-time structure 
sensors and dynamic models, on which 
the control ler design must be based. 
Moreover, additional difficulties for feed- 

back control are introduced by the large 
time delays between these transient fea- 
tures during the process and the final 
ones in the weld joint. 

As a result, the few research efforts in 
this direction have focused on regulation 
of a few distinct microstructural charac- 
teristics, such as the HAZ width or the 
centerline cooling rate (Refs. 8-10). For 
example, Ref. 9 presents an ad hoc em- 
pirical model of GMAW on mild steel 
plates and attempts to control HAZ and 
cooling rate related temperatures by 
modulating a longitudinal reciprocation 
of the torch. However, this thermal con- 
trol design is dedicated to a specific 
welding process, part geometry and ma- 
terial and torch motion pattern, and thus 
is of limited applicability. 

The objective of this study is to estab- 
lish a general and systematic methodol- 
ogy for simultaneous feedback control of 
several thermal features in various arc 
welding configurations, which deter- 
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mine the qual i ty characteristics of the 
material structure of the joint. Since all 
three types of such features were shown 
to depend deterministically on the tran- 
sient temperature field developed during 
welding,  real-t ime dynamic thermal 
modeling and noncontact infrared sens- 
ing wi l l  be designed for this purpose. Fi- 
nally, a multiple heat source arrangement 
wi l l  be introduced to decouple the regu- 
lation of the material microstructure and 
properties. In this configuration, multiple 
localized heat inputs are implemented 
by a single t ime-mul t ip lexed torch, 
which is rapidly guided periodically to 
the respective weld positions, whi le its 
power is adjusted so as to provide the de- 
sired concentrated heating effects. Al- 
though a preset transverse oscillation of 
the heat source (weaving) has been com- 
monly practiced in automated arc weld- 
ing, in-process control of the motion and 
power of the torch by infrared tempera- 
ture feedback wi l l  be demonstrated as 
the basis for thermal regulation during 
welding. 

Thermal Modeling of Weld Structure 

In the welding bibliography, tempera- 
ture field models may be distinguished 
to: 1) provide physical insights, but with 
assumptions l imit ing their appl icabi l i ty 
(analytical models); 2) ensure f lexibi l i ty 

WELD 

10. 

5. 

~o. 

-]0. 

-1~5 

BEAO CR~SS SECTION 

g 
g 
b,1 

-3.5 O. 3.5 10.5 -10.5 -3.5 O. 3.5 

Y (mm) Y (mm) 

10.5 

Fig. I - -  Weld bead cross-section [or  exper imental  cal ibrat ion o f  the mode l  (- - - : cal ibrated 
~ode l ;  : recal ibrated model): 

of conditions, at the expense of compu- 
tational eff iciency (numerical models); 
and 3) fit well  static experimental data at 
rather narrow process condit ion ranges 
(empirical models). 

The intended use of a thermal model 
as a design basis for microstructure con- 
trol requires a dynamic process descrip- 
tion, executable at real-time speed, with 
good f lex ib i l i ty  in the weld ing condi-  
tions. Table 2 summarizes most repre- 
sentative research efforts in the direction 
of analyt ical thermal weld model ing 

(Refs. 11-29). It can be clearly seen that 
no single exist ing analyt ical model is 
based on assumptions applying to all in- 
dustrial arc welding situations. Thus, a 
new comprehensive thermal model is 
devised below, to combine the dynamic 
insight of analytical modeling to the flex- 
ibil i ty of numerical simulation, and the 
experimental f idel i ty  of empir ical  ex- 
pressions. This mixed model consists of 
separate but integrated descriptions of 
the solid region, governed by composite 
conduct ion from an ideal source pair, 

Table 2 - -  Analytical Thermal Models in the Welding Literature 

Geometry of 
Researcher Ref. Year joint & source 

Roberts 11 1923 2D pl/line srce 
Rosenthal 12/13 1941 2D, 3D, 2.5D point 
Rykalin 14 1951 & line src 

Wells 15 1952 2D pl/line srce 
consumable el. 

Roberts 16 1954 2D-finite plate 

Grosh 17 1956 1D, 2D, 3D 
Trabant concentrated sr. 
Carslaw 18 1959 2D, 3D, strips 
Jaeger point/line/plane 
Adams 19 1958 2D, 3D, 2.5D plates 
Jhaveri 20 1962 
Barry 21 1963 2D, 3D, 2.5D 
Myers 22 1967 2D, 3D, 2.5D 1D 

(electrode) 
Kazimirov 23 1973 2D plate 

Kopersak 24 1973 3D pool geom. 

Malmuth 25 1974 3D GTAW 

Nedoseka 26 1977 2.5 D plate 

Nunes 27 1983 mainly 2D 

Willgoss 28 1984 spray GMAW 
electrode (1D) 

Tsai 29 1988 Gaussian sourc. 

Special 
Materials Heat Transfer Conditions 

homogen-isotropic diffusion eq. gen. diffusion 
no temp. variation conduction no heat limited exper. 

no phase losses verification 
transform 

same as above conduction matl. isotherm width, gap, 
deposition filling, ripple 

same as above same as above num. verification 
cooling rate 

linear temp. depend, negligible heat losses experimental 
no latent effects verification 

no temp. variation heat losses by classical conduction 
latent heat effects convection monograph 

no temp. variation surf. convection & peak T, cooling rate, 
radiation centerline T 

average temp. dep. dim. anal. charts average T, n 
no temp. variation conduction + surf. peak T, cool. rates 

convection isotherms, T-prof. 
temp. dependence conduction + surf. experimental 

constant ~x convecton verification 
Cpsolid = cpliquid conduction in the average pool 

latent heat effects melt temperatures 
latent heat of fusion var. efficiency cond. pool size, IR pyr. dry 

to fixtures calorim, for n 
temp. dependence convection & volumetric T 

radiation losses distribution 
to temp. variation phase changes pool dipoles, quadrpls 

circulation empir, calibration 
AI & mild steel latent thermal equil. Joule find I, f, stickout 

heat effects heating from V, R, length 
no temp. variation conduction calibration of n, 
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and the weld pool, characterized by 
lumped state balances of a double- 
stream circulation pattern. 

Solid Area 

The temperature field developed 
through isotropic thermal conduction in 
the solid region by a Gaussian heat 
source, including concentrated point, 
line, surface and spatial power distribu- 
tions from the arc in all analytical mod- 
els of Table 2, yields isotherms of ellip- 
soidal cross-section. Thus, to obtain the 
familiar, general dished-in weld pool 
prof i le  (Tm isotherm), with the lateral ex- 
tensions and penetration finger as in the 
GMAW weld of Fig. 1, the combination 
of two such elliptical fields, generated by 
a pair of hypothetical Gaussian heat dis- 
tributions on the weld surface and the 
centerplane of Fig. 2, is proposed in this 
model. The centerplane component of 
this heat source pair describes the arc 
heat transfer in the depth direction, 
through the deceleration of energy carri- 
ers (electrons, ions, etc.), possible elec- 
tromagnetic stirring, Joule heating, etc. 
The power densities of the source pair for 
a torch power Q in the (x,y,z) coordinate 
system are characterized by the partial 
efficiencies and distribution radii (nl,(~ 1) 
and (n2,c~ 2) as follows (Ref. 30): 

( 

q2(x,z )= n2 Q I x 2 + z 2 expL--r -  J 
(1) 

By proper adjustment of the source pair 
p a r a m e t e r s  (ni,(Ji), a variety of realistic 
isotherm and weld bead cross-section 
shapes can be generated by the compos- 
ite temperature field, which, for temper- 
ature-independent material properties, 

T 

;/  
/ 

m I " v l ~ a  : ~  

m2,v2 ,T2 

, f  
Q 

(n,o) Tx  
,q 

Tz 

/ 
/ 

results from the linear superposition of 
the respective fields for each source com- 
p o n e n t -  Fig. 2. For symmetric butt joint 
welding of insulated plates of finite thick- 
ness, an expression for the composite 
temperature field is derived by the 
method of images (Ref. 18): 

T(x,y,z ; t )= To + 

k:_.L T(x,z,+2kO,y ;n2,cr2, t) J 

where 

T(x,y ,z ;n,o ' , t )  = 
1 

exp L (x +vT)2+Y24az + 2~  dt 

(2) 
where T o is the preheat temperature, D 
the plate thickness, Q and v the torch- 
power and velocity, n and d the pair effi- 
ciency and distribution radius, p, c and (z 
the material density, heat capacity and 
thermal diffusivity. This calculation 
needs to be performed only at certain dis- 
tinct material points traveling with the 
torch, such as T x, Ty and T z in Fig. 2, ad- 
joining to the location of critical center- 
line cooling rate, maximum HAZ width 
and bead penetration, respectively. 

Weld Pool 

In the molten region, the experimen- 
tal evidence (Refs. 31-35) in the general 
case suggests that in each half of the 
pool, the fluid motion of the melt consists 
of two flow streams with an opposite 
sense of circulation (i.e., longitudinal 
v o r t i c i t y -  Fig. 3): the lateral stream 1, 

driven by surface tension and jet shear ef- 
fects sideways and backward, to con- 
verge finally down, and the joint pene- 
tration stream 2, driven by external arc 
momentum downward and back, to di- 
verge finally upward. Both streams origi- 
nate at the fusion front of the pool or the 
surface distribution area of the externally 
added material, and eventually terminate 
at the solidification front at the back of 
the pool. As for the occasionally ob- 
served single-stream circulation in the 
melt, it can be considered as a degener- 
ate case of the above formulation, in 
which one stream dominates and ab- 
sorbs the other. 

Also, the conservativeness of the ther- 
mal and flow fields in the pool requires 
that the weld geometry characteristics 
(width w, depth d, height h) be primarily 
dependent on the local temperature and 
velocity distribution, while remote ther- 
mal and flow conditions have an indirect 
effect through the local ones. Thus, the 
bead width is determined by the lumped, 
scalar characteristics (states) of the lateral 
stream 1, i.e., its total mass m 1, average 
velocity v 1 and equivalent temperature 
T1, while the penetration is defined by 
the respective states m 2, v 2, and T 2 o f  
stream 2. These scalar quantities enter 
the local, lumped energy balances deter- 
mining the rates of change of the pool 
width w and depth d, while the height h 
is computed through a mass balance of 
the molten reinforcement: 

width w - -  local energy balance in y : 

Omy(wl= ,(v, l-Qy(ry) (3) 

depth d--local energy balance in z: 
Qmz(d)=C~2(v2'T2)-qsz(Tz) (4-) 
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height h -  local mass balance of 
reinforcement : 
mr(rnl +m2,h)=me -mrx(Tx) 

(5) 
where for the heat Q and mass m rates, 
the first subscript m = latent heat or mass 
fused, s = conducted heat to the solid, I 
= heat convected and conducted in the 
melt, e = external torch transfer, and the 
second subscript indicates direction or 
flow stream. For the two streams, the 
rates of change for their lumped states 
(mi,vi,T i) are determined by one-dimen- 
sional balances of mass, momentum and 
energy, respectively as follows: 

mass balances (continuity): 
mi = mmi(w'd'h)+mei +m12 (6) 

momentum balances (Navier -Stokes) 
J,(v,)=  Fk,+Fo, +J,2 

(7) 

energy balances : Ei(Ti)= 

(8) 
where m, J and E are the rates of change 
for mass, momentum and energy. These 
balances provide for heat transfer to the 
solid region and to the environment (sub- 
script a), latent fusion-solidification ef- 
fects (m), external transfer from the torch 
(e) and state exchange between the 
streams (12). In the Navier-Stokes equa- 
tions, the partial equivalent forces 7_,Fki 
acting on each stream include the natural 
convection (buoyancy) forces, inert gas 
jet shear, surface tension (Marangoni), 
electromagnetic (Lorentz) and viscous 
friction forces to the solid interface. Ana- 
lytical expressions for these terms are de- 
rived in Ref. 30. 

Computational Integration and 
Experimental Calibration 

The boundary conditions on the pool 
surface include heat, momentum and 
possibly mass transfer from the torch, 
when a consumable electrode is used 
(e.g., in GMAW). The distribution q(x,y) 
of these torch effects, as well as the terms 
in the balances above, are partitioned to 
the two streams according to the ad- 
justable position r of the torch relative to 
the boundary surface between the 
streams - -  Fig. 3. This boundary is de- 
termined by the pool geometry (w,d,h) 
and the stream volumes (i.e., ml, m2) , 
and defines the partial efficiencies n 1, n 2 
in Equation 1: 

( r )  = n - ( r )  (91 

where n and o are the total efficiency and 

Torch Q2' motion QI-~,.?3 
pattern~ ~ .  

e ~  ~ . . . .  T~ Cooling 

Centerlin - H A Z  width 
e e - i - ~ ~ ~ ~ l S i d  lin TY l N~~Whl 
Solidus Tm Weld Temperature HAZ~ isotherm 
isotherm pool outputs Tb 

Fig. 4 - -  Heat inputs and temperature outputs of the time-shared welding gun configuration:!: 

distribution radius of the torch. This dis- 
tribution can be modified as necessary 
for eccentric locations of the torch, mul- 
tiple sources, etc. The torch description 
is integrated to the solid conduction and 
pool flow model through an iterative 
computation algorithm, coded in a non- 
linear dynamic simulation language and 
executed at real-time speed by ordinary 
microcomputer hardware, as follows: 

1 ) For a given set of the source pair pa- 
rameters (nl,aT), (n2, 02) in the solid area, 
the conduction field yields the heat 
fluxes Qs at the pool interface in the en- 
ergy balance (Equations 3, 4, 8). 

2) The balances of the molten pool 
(Equations 6-8) determine the states of 
the two streams and the weld bead geom- 
etry (Equations 3-5). 

3) The temperatures Ty and T z are de- 
termined by interpolation of the solidus 
isotherm T m through locations w and d. 

4) The composite conduction rela- 
tionships (Equation 2) for temperatures Ty 
and T z yield the partial efficiencies of the 
source pair (n 1, n2). 

5) The distribution radii o 1 , o 2 of this 
pair are determined by off-line calibra- 
tion experiments or real-time identifica- 
tion through measurement of T x, Ty, and 
T z • 

This last iteration step requires exper- 
imental calibration of the torch parame- 
ters (n, a 1 , o 2) of the model before its ex- 
ecution. These parameters are selected 
so that the model prediction of the weld 
bead geometry matches the experimen- 
tal weld bead shape at the nominal op- 
eration point of the process. The experi- 
mental tests were carried out on a 
computer-controlled welding setup, con- 
sisting of a multiprocess CC/CV power 
source rated at 400 A, a roll feeder of 

ER70S-6 consumable wire (0.89 mm di- 
ameter), a water-cooled GMAW welding 
gun (400 A), an inert gas (Ar-2%O 2) sup- 
ply at a flow rate of 23.6 L/min (11.1 
ff3/h), and a servo-driven x-y positioning 
table supporting the weldment. The tests 
consisted of bead-on-plate GMAW on 
orthogonal mild steel plates, 12.7 mm 
(0.5 in.) thick, in which the nominal con- 
ditions were defined at an arc voltage of 
30 V, welding gun velocity of 6 mm/s 
(14.2 in./min) and wire feed rate of 254 
mm/s (600 in./min). The resulting weld 
beads were sectioned, polished (600 
grit), etched in a HCI-HNO 3 solution and 
pictured under magnification (3X). Thus 
in Fig. 1, the predicted bead cross-sec- 
tion of the model (dashed line) is fitted to 
the average weld bead profile along the 
experimental GMAW bead at the nomi- 
nal conditions. The calibration can also 
be slightly readjusted to obtain a better 
match of the particular bead section of 
the figure by the model (solid line). Fur- 
ther information on the hybrid welding 
model is detailed in Ref. 30. 

Multitorch Control of Material Structure 

The dynamic thermal model of arc 
welding established above provides a 
reference basis for the design of control 
systems of the temperature field devel- 
oped during the process. Since the even- 
tual intention is to regulate the final mi- 
crostructure and material properties of 
the weld, these features must first be as- 
sociated with the predicted temperatures 
of the model - -  Fig. 4. 

Solidification structures in the weld 
bead. The adverse effects of solid ification 
faults on the mechanical properties of the 
joint must usually be collectively con- 
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trolled by minimizing the weld bead 
cross-section, without reducing the use- 
ful loaded joint area. To ensure full pen- 
etration of the joint, the bead depth d, 
which is difficult to sense in-process, 
must be controlled to cover the entire 
plate thickness D. Equivalently, the read- 
ily measurable maximum backbead tem- 
perature T z must be regulated to a set- 
point at least equal to the solidus 
temperature Trn. 

Equilibrium structures in the heat-af- 
fected zone. The width of the HAZ 
isotherm T h must be controlled within an 

allowed value w h. Alternatively, the peak 
temperature Ty at distance w h from the 
weld centerline can be regulated to tem- 
perature T h. This method is preferable 
since Ty can be sensed by a single spot 
temperature measurement, and its de- 
pendence on the torch conditions is 
more nearly linear than that of w h. 

Nonequilibrium structures related to 
the cooling rate. The maximum cooling 
rate Tcr at a critical temperature T c ap- 
pears on a centerline location x. If the 
temperature of this material point is mea- 
sured again and found to be T x after one 
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hared welding. 

sampling period 5, the temperature drop: 

~T~=T~-T~ = j ' : fJ~)  d~ 
(10) 

gives an integrated, less noisy measure of 
the cooling rate (i.e., Tcr = aT/at=ATx/5), 
and needs only a single subsequent spot 
temperature measurement T x at point x 
and time 5. 

Thus, the material structure can be 
controlled by the regulation of spot tem- 
peratures T x, Ty, T z (outputs) at carefully 
chosen locations, to specific temperature 
setpoints. However, Equation 2 indicates 
that the only general manipulatable 
process conditions (inputs) available for 
this purpose are the torch power Q and 
velocity v, and in certain processes the 
thermal distribution c~ (e.g., through the 
arc length) and wire feed rate f of the con- 
sumable GMAW electrode. Except for 
the heat input Q, it can be seen in Equa- 
tion 2 that the effect of the other torch 
conditions on the thermal field is clearly 
nonlinear. Moreover, in materials with 
multiple metallurgical transformations, 
the arc welding process does not provide 
a commensurate number of modulatable 
inputs to control the thermal outputs. 

In the literature, multiple independent 
heat sources have been proposed to re- 
shape the temperature field in analogous 
welding situations. In Ref. 36, a sec- 
ondary torch following the primary one 
along the weld centerline was intro- 
duced to implement an in-process 
postheating cycle. In Ref. 37, a split- 
beam laser source was used for preheat- 
ing, and in Ref. 38, two lateral oxyfuel 
torches were employed to mitigate resid- 
ual stress and distortion effects. A similar 
multiple heat input arrangement for reg- 
ulation of several microstructural weld- 
ing outputs is shown in Fig. 4. Note that 
the torches are positioned so as to exert 
preferential (decoupled) thermal effects 
on certain temperature locations, which 
greatly improves the control system per- 
formance. 

Since such multiheat source configu- 
rations introduce the cost and complex- 
ity of multiple independent power sup- 
plies, as well as potential interference 
among the arcs. A single heat source can 
be multiplexed in time (time-shared) be- 
tween multiple heat input locations. This 
is done by a rapid repetitive cycling mo- 
tion pattern of the arc on the weld sur- 
face, so as to mimic the effect of multiple 
torches. In Fig. 4, a coordinated recipro- 
cation of the part in the y-direction and 
of the torch in the x-direction, together 
with a modulation of its power Q can im- 
plement the action of the individual 
torches and provide the heat inputs Q1, 
Q2, Q3 needed for decoupled regulation 
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of the output temperatures T x, T., T z. 
These can be measured periodically in- 
process by a noncontact infrared pyrom- 
eter and used as thermal feedback to the 
microstructure controller system. 

Experimental Implementation 

This time-shared multitorch configu- 
ration for material structure control is ap- 
plied to longitudinal gas tungsten arc 
welding (GTAW) of open cylindrical 
shells - -  Fig. 5. The same laboratory 
setup was used as for the calibration ex- 
periments above, with the GMA welding 
gun/wire feeder replaced by an air- 
cooled GTAW torch (300 A). The experi- 
ments consisted of bead-on-plate longi- 
tudinal welding of a stainless steel (304) 
slotted pipe, with diameter of 50•8 mm (2 
in.) and a thickness D = 3.125 mm (0.12 
in.). The torch voltage was V = 12 V, the 
longitudinal velocity v = 2 mm/s (4.7 
in./min), and the inert gas flow rate 0.4 
L/s (0.2 ft3/h). For this stainless steel, the 
weld bead section must be controlled 
through the backbead temperature T z to 
avoid an extensive columnar solidifica- 
tion structure, dilution of the bead com- 
position due to segregation in undesir- 
able phase areas of the Maurer diagram, 
and possible oxidation of regions not 
reachable by the inert gas flow (e.g., back 
bead). The HAZ must also be regulated 
via the peak temperature Ty to avoid sen- 
sitization, i.e., formation of Cr4C at the 
grain boundaries and depletion of the ad- 
jacent areas from Cr, as well as secondary 
nucleation of brittle o-phase. Regarding 
cooling rate related phenomena, thermal 
cracking is usually not critical and thus 
control of the centerline temperature 
drop AT x need not be implemented. 
Thus, the temperatures Ty and T z must be 
regulated to set points related to the HAZ 
T h and solidus T m isotherms, respec- 
tively, and selected as Ty d = 1260°C 
(2300%) at w h = 5 mm, and Tzd = 1241 °C 
(2266°F). The necessary lumped heat in- 
puts Q1 and Q2 are time-multiplexed by 
modulating both the single GTAW torch 
power Q and velocity v as a function of 
its transverse position Y relative to the 
part, thus yielding a continuous circum- 
ferential heat distribution q on the (x,y) 
p l a n e -  Fig. 5: 

fL n.Q(V) 
q(x,y) = Jo v(y)z.2n'o "2 

x2 + ( y - Y )  2 ~ 
exp 20.2 JdY 

(11) 
where L = +3 mm is the distance and 1: = 
0.25 s the transition time between Q1 
and Q2. The modulated rotation of the 
part needed to implement the double- 
torch arrangement is undertaken by a 

servo-driven rotor stage (LPS 214) 
mounted on the x-y positioning table of 
the setup. This cyclic motion of the part 
also enables the periodic measurement 
of the temperatures Ty and Tz, respec- 
tively, on the external and internal sur- 
face of the weld (observed by its reflec- 
tion on the opposite surface through the 
pipe slot), by a single-spot infrared py- 
rometer (OS 441) every 8 = 1 s. A stan- 
dard microcomputer system handles the 
thermal data acquisition from the py- 
rometer by an internal multipurpose 
input/output board (NI-Lab NB), as well 
as the actuation of the rotor servo-system 
and the multiprocess power supply, as 
shown in Fig. 6. 

The thermal control system, imple- 
mented by the computer software is de- 
signed on the basis of the composite 
model developed above, with the dou- 
ble-torch heat distribution (Equation 11) 
in place of Equation 9. The linearized de- 
pendence of the individually manipu- 
lated heat inputs Q1, Q2 on the tempera- 
ture outputs Ty, T z is assessed by small 
perturbation (sensitivity) analysis of this 
model, and as suggested by Equation 2, 
it can be expressed in the form of ordi- 
nary differential equations (ODEs): 

rij yi(t )+ Yi(t ) = Kijuj(t ) 
where yi(t ) = Ty, T z 
a n d u j ( t ) = ~ ,  Q2 (12) 

where Kij and 1; i are the gains and time 
constants of the f rst-order transfer func- 
tions. These dynamic parameters, which 
depend on the joint geometry and mate- 
rial, the initial temperature and boundary 

thermal conditions, as well as the process 
variables, can be identified in the neigh- 
borhood of the nominal welding condi- 
tions from computational and experi- 
mental step response tests (Ref. 30), and 
are collected in Table 3. 

Note that the small values of the gain 
Kz2 relative to Ky 2 indicate a rather weak 
influence of the heat input Q2 on the 
bead penetration, and its decoupled ef- 
fect on the HAZ width, as expected. The 
variation ranges of the dynamic parame- 
ters in Table 3 for test steps of various 
sizes in the heat inputs Q1 and Q2, are at- 
tributed to the welding process nonlin- 
earity, as described by the model. More- 
over, the thermal drift of the material 
properties, as the workpiece is heated 
during welding, results in a nonstationary 
(time-varying) process. Additionally, the 
variation ranges of Table 3 reflect several 
disturbances of the welding geometry, 
environmental conditions and process 
characteristics, such as changes of the 
torch efficiency or distribution• This 
modeling uncertainty requires real-time 
identification of the dynamic parameters, 
as well as in-process adaptation of the 
control unit to the adjustments of the 
model. The feedback control system 
adopted in Fig. 6 is based on a multivari- 
able adaptive algorithm (Refs. 39, 40) 
employing continuous measurement of 
the heat inputs and temperature outputs, 
to estimate the welding parameters and 
update the reference model of the con- 
troller, that modulates the double-torch 
heat distribution. Thus, the material 
structure and properties of the weld are 
regulated through the temperature field 
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to the desired setpoints (Tyd,Tzd) despite 
the presence of process disturbances. 

The performance of this welding con- 
trol system was tested by experiment and 
by simulation in rejecting geometrical, 
thermal and process condition distur- 
bances. Figure 7 shows the time re- 
sponses of the temperature outputs Ty, T z 
and heat inputs Q1, Q2 when the torch at 
t = 0 crosses the boundary between two 
mechanically connected, but thermally 
insulated sections of the pipe, with the 
second section preheated to about T O = 
100°C by previous welding. Figure 8 il- 
lustrates a similar behavior of the system 
inputs and outputs, when the longitudi- 
nal speed of the torch v is suddenly in- 
creased to v = 3 mm/s at t = 0. Last, Fig. 
9 presents analogous thermal transients 
when the torch encounters at t = 0 a step 
reduction of the wall thickness to D' = 2 
mm, milled on the inside surface of the 
p ipe- -  Fig. 1 0. In all three cases, and de- 
spite the initial deviations of the temper- 
atures Ty and T z from the desired set- 
points Ty d and Tzd, especially after the 
geometrical and torch velocity distur- 
bance, the thermal and thus, the mi- 
crostructural outputs are eventually re- 
stored to the nominal values and the 
effects of the disturbances are completely 
rejected. The duration of the transients is 
currently limited by the speed of the 
time-shared welding arrangement and 
the infrared sensor. Also, the simulated 
model responses match well the experi- 
mental transients, although the devia- 
tions between the steady-state values of 
the heat inputs necessary for rejecting the 
disturbances, indicate minor static mod- 
eling imperfections. Despite these ef- 
fects, the thermal regulation objective is 
satisfied in all cases. 

C o n c l u s i o n  

In the previous discussion, it has been 
explained that simultaneous thermal 
control of multiple material structures 
and properties of the weld require multi- 
ple-source configurations, implemented 
by a single time-multiplexed heat source, 
and arranged so as to exert decoupled in- 
fluences on the weld features. However, 
such an arrangement of a finite number 
of localized heat inputs allows indepen- 
dent regulation of an equal number of 
thermal outputs, in limited ranges of 
specified set-points (Ref. 40). To relax this 
restriction and to maximize the control 
authority over the entire distributed mi- 
crostructure field of the weld, the time- 
shared torch idea is generalized to a con- 
tinuous heat distribution on the full 
accessible part surface, with indepen- 
dently modulated intensity at each indi- 
vidual location. Also, temperature mea- 
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surements on the entire weld surface are 
needed for in-process estimation of the 
internal material structure and proper- 
ties. Thus, a distributed-parameter for- 
mulation must be adopted for process 
modeling and closed-loop control of the 
material structure and property distribu- 
tion in the weld. 

Figure 11 illustrates this distributed 
weld ing technique in peripheral GTA 
welding of thick cyl indrical shells and 
pipes. The heat input distribution on the 
weld surface is implemented by continu- 
ous fast rotation of the part and by coor- 
dinated transverse (i.e., axial) motion of 
the torch and the pyrometer by separate 
translational servo-systems. This modu- 
lated deflect ion of the arc provides a 
rapid scanning motion pattern along cir- 
cumferential trajectories (X(t),Y(t)) at var- 
ious offsets Y(X) from the weld centerline, 
whi le a synchronized modulation of the 
torch power Q(t) yields the desired heat 
distribution q(X, Y, t). The infrared sensor 
also scans the temperature field T(x, y, t) 
across the external and internal surface, 
on the full or through the hol low alter- 
nating segments 1 and 2 of the test pipe. 
A thermal control system to regulate the 

topside Ty(x) and bottomside Tz(x) 
temperature profiles, by modulating 
the arc power Q(X) and path Y(X), is 
currently under construction, based 
on a distr ibuted version of the 
process model. 

In summary, this research rep- 
resents one stage toward the codifi- 
cation and automation of the expe- 
rience and skills of the ancient 
smiths and modern welders, in ob- 
taining sound material structures 
and properties in weld joints. Ther- 
mal model ing of these features, 
through a real-time, lumped dy- 
namic description of the welding 

temperature field, and their adaptive 
feedback control through in-process 
thermal sensing and a time-shared multi- 
torch weld ing configuration, represent 
the major steps to this goal. This ap- 
proach ensures real-time identif ication 
and in-process regulation of the welding 
process, despite the presence of unex- 
pected disturbances in the weld geome- 
try, thermal effects and process condi- 
tions. The technique is direct ly 
applicable to various weld arrangements 
(flat, cylindrical), part materials (mild and 
stainless steels) and weld ing methods 
wi th or w i thout  material transfer 
(GMAW, GTAW). In all these industrially 
important applications, the benefits of in- 
process microstructure control on the 
static and dynamic strength of the joint, 
fracture toughness, corrosion and oxida- 
tion resistance, as well  as optimization of 
other related weld quality and produc- 
t ivity measures, are currently under ex- 
perimental investigation. 
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experimental methodology is applied and how a factor of 2 improvement in the stress intensification factor can be 
made with extra care in the weld detail. 

Publication of this document was sponsored by the Committee on Piping and Nozzles of the Pressure Vessel Re- 
search Council.. 

The price of WRC Bulletin 392 (June 1994)is $40 per copy plus $5 postage and handling for U.S. and Canada, 
and $10 for overseas. Orders should be sent with payment to Welding Research Council, 345 E. 47th St., Room 
1301, New York, NY 10017; (212) 705-7956; FAX (212) 371-9622. 
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