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Abstract. This paper presents results of theoretical and rerpatal investigation of the
welding arc in Gas Tungsten Arc welding (GTAW) aBds Metal Arc Welding (GMAW)
processes. A theoretical model consisting in siamgbus resolution of the set of conservation
equations for mass, momentum, energy and currdmty©law and Maxwell equation is used
to predict temperatures and current density digtioln in argon welding arcs. A current density
profile had to be assumed over the surface of dtleode as a boundary condition in order to
make the theoretical calculations possible. In@tary GTAW procesghis assumption leads
to fair agreement with experimental results repbrie literature with maximum arc
temperatures of ~ 21000 K. In contrast to the GTpMtess, in GMAW process, the electrode
is consumable and non-thermionic, and a realistiendary condition of the current density is
lacking. For establishing this crucial boundary dition which is the current density in the
anode melting electrode, an original method is psdtu enable the current density to be
determined experimentally. High-speed camera (3@@@es/sec) is used to get geometrical
dimensions of the welding wire used as anode. dta &area of the melting anode covered by
the arc plasma being determined, the current deasthe anode surface can be calculated. For
a 330 A arc, the current density at the meltingdansurface is found to be okB0’ A.m™? for a

1.2 mm diameter welding electrode.
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1. Introduction

In arc welding, an electric arc is burning betwadworkpiece” and an auxiliary electrode:

- For gas metal arc welding (GMAW) process the karyi electrode is welding wire, which is
usually the anode (reverse polarity). Heat transten the arc and Ohm’s heating in the wire
melt its tip forming droplets, transferred throubk arc to the workpiece used as a cathode.

- For gas tungsten arc welding (GTAW) process, wloekpiece, which is usually the anode
(straight polarity), locally melts due to heat ster from the arc, forming a weld pool.

Thermal behaviour of welding arcs and their elatgsocan have significant effects on the subsequent
weld quality and production rate. Hence, it is tise to have a theoretical method which can ptedic
the properties of both electrodes and arc plasnfanasions of the arc operating conditions.

The behaviour of an arc is governed by a coupléafsphysical laws, i.e., Ohm’s Law, Maxwell's
equations and conservation equations of mass, ntomemnergy and electrical charge [1, 2]. The
modelling of arc welding processes has been regpdayea number of researchers [2-16]. Most early
numerical models have treated either only the &smpa [2-7]or only the weld pool [8-14]. For the
arc plasma, a plane surface of the solid anodébkas set to be a bottom boundary for the electric
potential and temperature which are given as thudi@ary conditions. The tungsten cathode has been
assumed to be at a uniform temperature as a boucdadition and the current density distribution
on the cathode has been also given as another &guedndition to the calculations of the arc
plasma. For calculations of the weld pool, therdigtions of heat flux and current density to be
specified at the anode surface have been reqterk recent models have combined the arc plasma
and the weld pool for stationary welding [15, 18]t the calculations of the arc plasma and the weld
pool were made separately, without interaction ketwthe plasma and the weld pool. The first
completely unified models of the gas tungsten agcewfor arcs with solid anodes made of copper
cooled by water [17, 18]. The unified models gieenperatures and current densities in the whole
region of the arc, i.e. for the tungsten catholde,arc plasma and the anode. These basic models and
procedures were extended to include melting ofatede, with inclusion of convective effects in the
molten anode, for predicting the GTAW propertie8][JA unified electrode-arc weld-pool treatment,
including effects of depression of the weld-poaface due to the arc pressure, has been presented b
Haidar [19]. Generally, it is assumed that the @asma at atmospheric pressure is a fluid [2-7, 15-
17]. The magnetohydrodynamic (MHD) approximatiorhisir includes force terms due to the
magnetic field in the momentum equations, solvespi@ssure, temperature, velocity and electric
potential through the four conservation equatiohgnass, momentum, energy and current. If we
assume rotational symmetry around the arc axis,sifstem can be represented by cylindrical
coordinates.

Compared with the GTAW arc plasma, modelling of B®MMAW has been far less addressed.
Relatively few researchers have attempted to coenthia various aspects of the physical modelling in
order to determine the overall behaviour of the GMArrocess. In these previous papers, the anode
melting rate has not been considered and dropkate heen simply represented either by truncated
ellipsoids or by truncated spheres. This is onlynaication of trends rather than the actual betavi

of droplets formation, since a number of sever $ifinptions and assumptions have been introduced
[24, 31]. Hence it is desirable to develop a GMAWdal that takes the properties of the welding arc,
the melting anode as well as the droplet formaitibm consideration.

In the first part of this paper, solutions of thenservation equations in the magnetohydrodynamic
(MHD) approximation are presented in stationaryestar GTAW process with argon shielding gas at
atmospheric pressure. Detailed calculations aregpted for 100 A, 200 A and 300 A arcs in argon at
atmospheric pressure. In the second part of tipempaarticular attention to the molten weldingewir

of Gas Metal Arc Welding (GMAW) process is made forther GMAW model. The GTAW arc

model is adapted to represent the GMAW arc, takibgaccount the change of polarity, to calculate
the arc column temperatures by assuming a realistient density distribution on the anode spot
which is determined experimentally. An original mad is proposed in this second part of this paper



to determine the shape and the dimensions of thkem@node by using high-speed camera
(3000 images/sec). Geometrical dimensions of antr2molten welding wire are markedly presented
for a 330 A arc. It is worth mentioning that currelensity in GMAW higher than 1\.m? seems to

be not justified for welding current less than 280To the best of our knowledge, it is for the firs
time the molten electrode dimensions are thoroughsented. The boundaries of the wire anode
region change with time, depending upon the shépleodroplet and the melting rate of the anode.
Contour detection of arc images, obtained by hjgges video camera, is performed to represent
these geometrical boundary conditions which arekef importance for further semi-empirical
GMAW model.

2. Theory

Figure 1 shows the computational domain used inGMAW process. The presence of an electric
field between the cathode (a tungsten rod) anditioele (metal workpiece) causes the passage of an
electric current through the ionized plasma regibime interaction of the arc current with its own
magnetic field leads, in arc regimes of variablesesrsection, to the phenomena of induced plasma
jets. The cathode region of a free-burning arcef@mple, acts as an electromagnetic pump drawing
gas from the surroundings and ejecting it towamdahode in the form of a jet. Due to the electrical
resistance of the plasma, the energy producedéigutrent keeps the plasma in the ionized state and
provides the heating mechanism for the welding @sec For modelling this complex welding arc,
some assumptions must be made:

1. The arc is axially symmetric so that the equetican be written in two-dimensional

cylindrical coordinates.

2. The plasma is in local thermodynamic equilibrillthE).

3. The arc is in the steady state and the flowarsnar.

4. The plasma is optically thin.

Cathode ‘ F E

10 mm

Anode | B C

10 mm

Figure 1. Arc-electrode domain.

2.1. Governing equations

Based on these assumptions, the conservation egsaoverning the arc region may be expressed in
cylindrical coordinates as follow [2, 24]:
- Current continuity equation in terms of elecpmential:

0%V :i(ca—vj +:—Li(cra—vj =0 (1)
0z\ 0z ror or

wheregis the electrical conductivity; andthe electrical potential.

- The current density is given by:



V \Y4
J = —ca— and J, = —ca— (2)
or 0z
whereJ; andJ, are the radial current density and the axial curdensity, respectively.

Since the current distribution is axisymmetrhee self-induced magnetic field is given by the
following relation from Ampere’s law:

r
=Fo[30de 3)
r 0
whereg, = 4x107 H.m* is the permeability of free space.

The Lorenz force components are given as:

F =-ByJ, and F, =-BgJ, (4)
whereF, is the radial component aifidis the axial component

Mass conservation:
10 0
——(rpv) +—(pu)=0 (5)
ror 0z

wherepis the gas density; andandv are the axial and radial velocities, respectively.

Radial momentum equation:

2
d(pu) . 1o(rpv )+a(puv):_@_sz (2r —)
ot roor 0z or ror (6)
Vv

av
(L= +u=)-2u—
(u ar) 3

and axial momentum equation:

opv) , 1o(Pv) , Apu) _ 0P . 2
o r or 0z 0z @)

whereP is the pressurgyis the dynamic viscosity; arglis the gravitational acceleration.

Energy equation:

oT , OT\_ 0 (,0T) 19(, 0oT), E+JF
pC | U—+V— |=—| K— kKr— |+ —=—-
Loz or) 0z\ oz rar or o

(8)

5k oT oT

3,5 +3 2 |-
( 0z farj >

whereT is the temperaturegs is the radiation heat loss, is the specific heat at constant
pressurek is the thermal conductivitykgs is the Boltzmann constant; aeds the electronic
charge.

The energy equation contains, from left to rigip convection terms, two conduction terms,
the joule-heating term, an additional term thatrespnts the transport of electron enthalpy



due to the drift of the electrons and the radiatezmS:.

2.2. Boundary conditions

The calculation domains and the boundary conditioeed in this analysis are specified with
reference to Figure 1 in Table 1. The calculatiomdin foru, v andT is chosen as the area ABCD.
Therefore, the domain fdr is chosen as the smaller area ABCD, since thet dsamdary condition
for V along the line FA is unknown.

Table 1.Boundary Conditions

AB BC CE EF FA DA

v _ - e v _ .
\Y; 5 =0 v=C_ R Equation (9)
u or 0 u=0 or 0 or 0 u=0
\ v=0 v=0 N_g v=0 v=0

or

aT Tew=2200 K 1000 K 3000 K

- :0 EXp!
T o 20, 21, 26) 000KI22l 1576171 12,6, 17]

Due to symmetry, only a half of the flow domain wamnsidered for the calculation. Along the
centreline AB, symmetry conditions are used, zezloaities are specified along the solid boundaries
BC and FA.

Along the far field boundary CE, zero radial gradgfor all variables are specified unless for the
temperature, which is set to 1000 K [22]. A consilectrical potential is specified along the anode
surface BC because the anode is assumed to befectpeonductor relative to the plasma.
Experimental data of Bloch-Bolten and Eagar [20] &ieslaket al. [21] showed that the maximum
surface temperature for steel weld pool is appraxéty 500 K below the boiling temperature. In this
study, therefore, we set a constant temperatur2200 K at the cathode surface as suggested by
Tanaka and Lowke [26].

Along the boundary EF, the temperature is takenl@®0 K [2, 6, 17] and the radial velocity
component is neglected. At the cathode surfacetfi@temperature is assumed to be 3000 K [2, 6, 5,
17] except at the point where the current emerges the cathode. The cathode spot itself cannot be
easily modelled because of non-LTE effects. Thaar# sheath is typically 0.1 mm wide, and in this
region, electrons are heated from 3000 K to 210(Q8,K2, 30]. Since our model describes only the
positive column, we do not take into account catheteath effects, and thus we assume that the
temperature of the cathode spot is 21000 K [2pBEfl currents. As the cathode spot radius depends
on the current, its values are taken from experitalemeasurements: we set te= 0.6 mm,

rn = 0.51 mmy, = 0.45 mm for arc currents of 300 A, 200 A and RO@spectively2, 5, 30].

The most critical boundary condition in this modwjl is the current density distribution along the
line DA. For this region, the current density defna boundary condition f&f. The profile of the
current density is formulated following the repmgtsgion of Hsuet al [2] and Kovityaet al [5]. It is
assumed to be of the form:

J. =J,exphr) (9a)
whereb is a constant and the maximum current density is
I
J=— 9%
° 2mr? (96)

The constanb is determined from:



RC
| =2=n I J.expbr)rdr (20)
0

whereR. is the cut-off radius of the arc alobd\. R is taken as 3 mif2] for the evaluation dlf. This
choice, however, is not critical because of thelaesl exponential decay of the current density én th
radial direction.

The material properties of the plasma (density,stammt pressure specific heat, viscosity, electrical
and thermal conductivities) have been taken froendture [31].

3. Numerical method

The method of representing the conservation equaisthe finite control volume method formulated
for rectangular grid system. The partial differahgquations (1) to (8) are solved iteratively bg t
SIMPLEC numerical procedure as originated by Patafik] and used thereafter in several wfitk

27, 31, 35]. To prevent instabilities, we have uspdind method of evaluating the convective terms
on the left-hand sides of equations (6)-(8). Itnecessary to use relaxation parameter to avoid
numerical instabilities. With a relaxation parameté ~ 0.8, convergence is generally achieved in
~ 300 iterations.

Actually the electrical potential and the curreenslity calculated by this method, equations (1, 2),
have to be adjusted so that the calculated iniehsiequation (12), can be matched with the imposed
intensity of the current. The intensity of the current, on one or more sections of the arc, can be
calculated by:

C_ 1 &y
I-nZJ' J.s (12)

wherene is the number of plan anfj is the sectional surface of the plan
We define a constan€, which represents the ratio of the imposed curiaténsity over the
calculated current:

C, =— (13)

Then the electrical potential and the current dgrtsin be adjusted by:

V =C,\V’ and J=C,J (14)
4. Results

Results are presented for 100 A, 200 A and 30004 ar argon with a tungsten cathode of 3.2 mm
diameter and electrode spacind-of 10 mm at atmospheric pressure.

In the arc region, the plasma was assumed to heca thermodynamic equilibrium (LTE), even if
departure from LTE can occur in the region immealiasurrounding the cathode. Departure from
LTE results from a combination of the large temp@e gradients and the magnetohydrodynamic
properties occurring in the region close to theaathode attachment region. If the electrodes fare a
temperatures below their melting point, the temppees of regions adjacent to the electrodes age les
than 4000 K and the equilibrium electron densitg atectrical conductivity are near zero. However,
it is believed by many investigators that in praeti non-equilibrium effects such as thermionic
emission and ambipolar diffusion can make thesmnsghighly conducting [29, 19, 24]. This region
is divided into two subzones [29, 37]: the ioniaatzone and the space charge zone. The former is
used to account for the generation of ions andtreles and extends over a distance of around
0.0075 cm. The latter extents over a distance atprivto a Debye lengthp = 10° cm, and is used

for explaining the sheath formation. Thus, veryseldo the cathode, the usual continuum approach is
no longer valid. In our calculation both the cathognd the anode zone are neglected, this is



supported by the fact that the influence of diffunsprocesses in the main plasma is small. Besides,
comparison with the experimental results indicalted an optimum mesh size could be used so that,
for approximate calculations, non-equilibrium sisatear the electrodes can be neglected. L@ivke
al. [27, 29] reported in their modeling of a singlenperature argon plasma that neglecting sheath
region has little effect on the validity of the wés if the mesh size is small enough, and thatlsma
mesh sizes cause an increase in the error becdusignificant diffusion effects. In the present
calculation, a uniform mesh was used in the whalenain of calculation, this mesh size being
0.05 mm in both the axial and the radial directidnsour case, this value represents the lower cell
size to prevent instabilities. However, this megte svas carefully chosen to represent physical
process. Here, we are limited to cases in whiclveation dominates over diffusion processes, which
is usually valid for most parts of the arc.

12 T T T T T T T T 100,
of ™

Argon, 1 atm gl ® Argon, 1 atm

Electrical potential (V)
Current density (A/mm2)

Axial distance (mm) Axial distance (mm)

Figure 2. Electrical potential and axial current densityrag the arc axis in a GTAW process.

Figure 2 shows the centreline distribution of tHectical potential and the current density. The
calculated total arc voltage is 12.5 V for an a@r2@0 A. The corresponding measured value is around
13.1V [23, 25]. The value calculated by Lowdteal [27] is 12.7 V. The comparison indicates that
effects in the cathode sheath of ohmic heatingianation due to the electric field, which were
omitted for the present investigation, were smidile current density is very high near the cathgge t
but decreases rapidly with increasing distance ftbm cathode. A steep gradient of electrical
potential near the cathode tip results in the lagtrent density, which generates a strong magnetic
force , and thus, resulting in high arc construttieading to a strong plasma flow. Thus, the cold
neutral atoms injected into the arc due to thisaffcaused the cathode zone to be in no LTE dtate.
has been found that in this cold zamén. = is less than 0.5 [19], wherg is the electron number
density in the cathode region andl’™™ is the equilibrium electron number density. Aclyait is well
known that the sheath-voltage drop is lower fordowlectron number densities in the plasma. In
contrast, the high electron number densities ashisath edge would result in a higher sheath veltag
drop [19, 24, 37]. As a result, magnetohydrodynamadlels based on LTE assumption may lead to
an overestimation of both the temperature anddta voltage drop. In our treatment LTE is assumed
throughout the arc plasma, resulting in high etectnumber densities&n,-"7) which may lead to
overestimation of a sheath voltage. For 200 A tlue total voltage derived from calculation difféxs
about 4.5 V, which is almost the sum of the cathae the anode drop voltage. Htwl. [37] found

the voltage drop in ionization zone of around 4.9*uet al. [22] found the sum of the cathode and
anode fall voltage drop of about 8.7 V. Lowdteal. [29] calculated the effect of back diffusion of
electrons to the cathode and found that the shedtage is increased from 1.5 to 3V and the total
arc voltage is correspondingly increased by 1.5&hsonnenet al. [28] estimated that the sum of the
cathode and anode voltage is around 2.6 V. Thesdifference between calculated and measured arc



voltage can be explained by the fact that our datmns do not account for both the cathode and the
anode regions.

The calculated isotherms are shown in Figures33 fthe temperature shows a rapid increase in front
of the cathode due to ohmic heating, and as thespreads (decrease of the current density) the
temperature drops to values bellow 11000 K closethte anode. As expected, the highest
temperatures, from 21000 K down to 19000 K, ocalcl®se to the cathode tip for all considered
currents as we can see in Figures 3(a) to 5(aulResre to some extent dependent on the cathode
temperature as showed in figures 3(b) to 5(b). eliglathode temperatures influence the calculations,
because the hot cathode tends to broaden the wholeolumn and reduces current densities within
the arc. At the centre line of the arc and closéhéoanode and the cathode the arc presents aineost
same temperatures for all currents as it can be seé&igure 6. However, in the column arc the
temperatures differ by ~ 1000 K when current changg 100 A. The arc behaviour is mainly
controlled by the welding current: all calculateatal temperatures, voltage drop and axial current
density increase when increasing current. The prediisotherms are in agreement with previous
calculations [2, 5, 25]. The discrepancy value e tathode region is tentatively ascribed to
departures from LTE and sheath effects in this zone
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Figure 3. Predicted isotherms of a 100 A arc, 10 mm longrgon(GTAW process P = 1 atm)
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Figure 4. Predicted isotherms of a 200 A arc, 10 mm longrgon(GTAW process P = 1 atm)
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Figure 6. Predicted temperatures in arc axis for a 10 mrg bog in argofiGTAW process P = 1 atm)

It was mentioned above that the thermal behavibthedeGTAW arc is dominated by the current arc,

and thus by the current density. Spot radius amgtda@rc attachment area is of key importance to
determine the current density. As showed in se@idhwas necessary to specify the current density
profile on the cathode as a boundary conditionrdento make the theoretical calculations possible.
We showed that the Gaussian distribution of theerurdensity for thermionically emitting cathodes

leads to a good prediction of arc properties. Intiaxst of the GTAW process, the cathode is non-
thermionic in GMAW process. The physics of the odth fall region and the thermal balance at a
non-thermionic cathode are not very well understand thus the current density cannot be easily
modeled. In the following sections, experimentaldeloof the anode electrode in GMAW process,

electrode positive, is determined for high arc eors, and experimental method of determining
current density for a melting electrode is thordugiresented.

5. Experimental electrode model in Gas Metal Arc Wieling (GMAW) process

In GMAW process, low-voltage electric arc plasmanigintained between a workpiece and a wire
electrode, both of which are melted by the arc.pBrof molten metal detach from the wire electrode
in various modes such as globular, repelled globpl®jected spray, streaming and rotating transfer



In contrast with the GTAW process, GMAW processusially used in reverse polarity i.e. the
welding wire electrode is connected to the posipade (anode). Actually, the arc configuration is
more stable in the reverse polarity (positive witegdn in the direct polarity (negative wire) aswhd

in figure 7.

. (+)
(@) GMAW in reverse polarity (b) GMAW in direct jawmity
Figure 7. Arc attachment to the melting welding electrade,330 A, in Argon

In Zielinskaet al. [32] work, a high-speed camera (157 images/seg)oean used to investigate the
metal transfer and the arc plasma shape in GMAV¢ga® It has been found that the arc plasma in
GMAW process is composed of two zones. A brightezonthe center has form of a cone which is
surrounded by a peripheral zone of much smalleghtmess. Photography of the gas metal arc
welding process [323hows that the anode spot varies markedly withecbfit welding currents. At
low welding currents, the anode spot is attachethéobottom of the pendant drop on the end of the
electrode. At high welding currents, the anode spahore diffuse and grows noticeably in size. At
sufficiently high currents (for example, above Z8With 1.2 mm diameter steel electrode) the anode
spot fills the drop and begins to climb the cylicdt side walls of the electrodes. Since most ef th
heat carried to the anode is carried by the weldungent, the current in the anode spot causes the
cylindrical side walls of the electrode to melt.eTénd of the electrode forms a tapered geometry. Bu
detailed about the tapered electrode are not gleastinct. In this second part, we extend theiearl
treatment of Zielinskaet al. [32] by improving the optical layout and by usiagfaster camera
(3000 images/sec). Geometric properties of the ingeltvelding electrode for GMAW process,
electrode positive operating in spray mode, arectighly determined so that the current density in
the anode is experimentally quantified. Thereafteis experimental current density is used as a
boundary condition at the anode surface in conjanatith the theoretical arc model described in the
first part of this paper.

5. 1 Experiment procedure

The most important welding parameter in GMAW pracedgluencing the droplet formation and the
molten electrode is current intensity at its suefathe current density drives the dynamic evolutibn
the drop and also depends on the instantaneous difafhe drop. The shape profiles of drops
detaching from a GMAW electrode can be measuredh fimages of the electrode. However
measuring the surface-current emission densitygalbese profiles requires special treatment since a
more precise description of where the current egsefgppm the electrode and how the current density
is distributed over the drop is lacking. Even thowignificant brightness about the drop is observed
under certain conditions, this brightness is marénaicator of the arc temperature and composition



than it is of the envelope of current flow. The @asma was observed through a narrow band
interference filter which transmits at 469.2 nm elangth (3 nm spectral bandwidth). The system
setup and the equipment specifications are dethijetielinskaet al. [32].

The filter cited above is of key importance sinceliminates spectral lines which depend on bogh th
temperature and the electronic density thereby ¢mdycontinuum of the plasma arc can be seen
through. Since the continuum depends mainly onstiware of the electronic density and hence on
current density, the current-carrying region néer anode cannot be extended substantially beyond
the arc boundary suggested by the envelope oftioegk. In addition, a diode laser is used to oleserv
the metal-transfer process. The melting wire igmiihated with a H-C3830/40-F4 diode laser and the
camera is fitted with an interferential filter cesd on the laser wavelength. Then most of the light
emitted by the plasma is cut and only the lasédrt Irgflected by the melting wire is recorded. The
laser source, which is not focused, has a powe80dlV and a wavelength of 838 nm. Successive
images were assembled in figure 8 to illustrate detachment of drops from the electrode. The
electrode geometric parameters were measured frenmiages analysis and averaged.

The images recorded in this experiment are of lmeadlate gas metal arc welding operated in
constant current mode (330 A), that is, the weldingrent was controlled independently and the
welding voltage was regulated about a set pointvasying the wire feed speed. In all of the
experiments, the electrode was 1.2 mm diameted sdte (AWS A5.17) shielded with argon, fed at

9 m.mn' through a 21.8 mm diameter gas nozzle. A coppetach tube was mounted flush with the
bottom of the gas nozzle and the gas nozzle waasyal®0 mm above the base plate. The base plate is
not visible in all of the images and, using thecetede diameter as a reference, the geometric
characteristics of both the arc and the meltingtedele can be measured directly from the images.
The images were recorded with a high-speed videtesy at 3000 images per second using the
optical technique described in [32], thus the tlméveen images was 388.

5.2 Results and discussion

The collection of well-specified, clear images praed here illustrates the condition of a steel
GMAW electrode shielded with argon gas operatingcatstant current of 330 A. The images
obtained when the arc plasma is illuminated byléiser light are presented in Figure 8. In the other
hand, the area of where the current emerges idylaaserved in figure 9.

i . - v .
Figure 8. The tapering of the welding wire electrode at higtiding current, in GMAW process.
(Constant currerit= 330 A andv = 32 V, reverse polarity; Electrode diameter: hi®;

shielded gas: Argon. Image interval = 383 Filter: 838.0 nm).

From the successive pictures shown in figures 8%k can see that in GMAW shielded with argon
gas, and at high current, the arc is stable, tbéeagth can be considered invariable, and furtbeem

small droplets formed from a tapered electrode.hSaidapered electrode tip geometry, which is
shown schematically on Figure 10, does not devatdpw welding currents. The tapered tip creates a
smaller diameter for attachment of the droplethi® ¢lectrode by surface tension forces. This would
produces smaller droplets than would be preserthénabsence of taper formation. There are a



number of consequences of this taper formation. K34] has shown that the melting rate of the
electrode is controlled by heat transfer acrosditjuéd-solid boundary between the drop and thésol
electrode. Since the taper reduces the area ofbthimdary, taper formation reduces the rate of
melting of the electrode.

Tmm

Imm

Figure 9. Successive pictures of plasma arc in GMAW process.
(Constant currerit= 330 A andv = 32 V, reverse polarity; Electrode diameter: rha;
shielded gas: Argon. Image interval = 383 Filter: 469.2 nm).

Thus the discrepancy of the calculated temperatiroes the MHD model in GMAW process as
compared with the experimental data [33] may belagned by examining the validity of the
assumptions made in the calculation of the caledl&mperatures from the MHD model. One of the
most important assumptions is that the electrodmulghremain cylindrical and maintain its full
diameter at the point where the drop is formedhd geometrical dimensions of the electrode are
changed either by surface melting or by deformatibe calculated temperatures will be affected
[33]. In figures 8, 9 and 10, we can see that thengetry of the drop holding neck is significantly
changed due to formation of a taper at the eleettigod The tapering of the electrode occurs because
the anode spot reaches this surface of the electeodl generates condensation heating on the
cylindrical surface of the electrode.

Solid wire
6 Imm

Taperd neck

(Cone)
Arc attachment zone

Liquid column
(Cylinder)

Droplet

1
w
Distance above the cathode (mm)

Radial distance (mm) Radial distance (mm)

Figure 10.Droplet formation at the tapered electrode anebade attachment.
(Constant currerit= 330 A andv = 32 V, reverse polarity; Electrode diameter: rhia;
shielded gas: Argon. a/ Filter: 838.0 nm, b/ Filt&69.2 nm).



When enough heat is generated on the surfaceutfees will melt and the liquid metal will be swept
downward by either the gravitational force andfoe plasma drag force. When this melting and
sweeping action occurs over a significant lengttcyinder, a taper will develop at the end of the
electrode, as it is shown in figure 10. Thus, tesuaption of cylindrical electrode which maintains
its full diameter at the point where the drop igtied is not justified.

The experimental electrode welding model that weppse in GMAW process consists of two parts:
solid and liquid, as shown in figure 11. The sqgialt is the welding wire of 1.2 mm diameter. The
liquid part, which is the tapered electrode, cassis three zones as it is shown in figures 10 Hhd
The neck of the taper, which has conical form,fid.d1 mm length, and the small diameter of the
cone is about 0.36 mm. The liquid column has cyload form of 0.36 mm diameter and 2.54 mm
length. At the end of this liquid column, the dreipvith a spherical shape of 0.56 mm diameter is
formed. Details of area calculation of these tlreees are presented in table 2. As it can be seen i
figures 8, 9 and 10, the arc doesn't attach tothiéyneck of the tapered electrode. Only one sikth
the surface of the tapered neck z&és considered to be attached by the arc, letditace be>;,
2,=16S as shown in table 2. In addition, the droplet tether a truncated spherical surfake
than a spherical surfac®. Thus, the total area from which the welding catremerges is:
St =21+ S+ 25

1.2 mm

1.41 mm

2.54 mm oy
0.56 mm

@

Figure 11. A schematic description of the proposed meltintfdimg electrode model
used as an anode (reverse polarity) in GMAW pracess
(Constant currert= 330 A andv = 32 V, reverse polarity; Electrode diameter: hi®; shielded gas: Argon).

Table 2. Area of the three zones of the melting electrode
21: the taper neck S: the liquid column 23 droplet

Area (Cone) (Cylinder) (Truncated sphere)
Area of the melting anode zone 55, g 3 2.87 +0.01 0.93 +0.01
covered by the arc plasma (fm
Total area (mmA) 6.18 + 0.01

Finally, the welding electrode steel of 1.2 mm dében, in GMAW process shielded with argon gas,



flowed by a 330 A welding current, has an arc-anattachment area of 6.18 rirand hence the
current density is of 8L0" A.m2.

Following the experimental model of the melting-deopresented above, the current density is
determined rather than be specified as an arbitanglition as commonly assumed in literature. In
the following section, the MHD model in conjunctiaith the experimental current density is used to
predict temperature distribution in GMAW arc.

5. 3 Arc column calculations

In GMAW, both the cathode and the anode are mditgdhe arc. Hence, the cathode is non-
thermionic and the cathode region is under higsgree due to the impinging plasma jet. The physics
of the cathode-fall region and the thermal balamtea non-thermionic cathode are not well
understood. Therefore, we have chosen to use dasitréatment of the energy source term at the
cathode boundary as used in GTAW [38]. For GMAWission of electrons from the cathode might
be due to thermo-field emission and there may beoitant space charge effects in front of the
cathode surface [19, 24]. Thereby, except for tireenit density that flows through the anode sutface
the cathode potential and the anode temperaturéheabther boundary conditions are the same one
that those described in section 2.2. Thus, we sgtifarm current density, of 5x10" A.m? on the
anode surface, defined by the input current divibgdthe area of cross section of the anode, as
mentioned above, whereas the potential is setrtmatethe workpiece used as the cathode. The value
of the anode temperature determined experimeritalBMAW is lacking, while the calculated values
show a high disparity (see for example [24], [36§ 443]); but anyway it is not really necessary for
the calculation. Nevertheless it is required toeham estimation of the plasma temperature justrunde
the wire: in a first time, we have taken the vabieabout 21000 K obtained by Haidar in similar
conditions [24], which may seem high considering tklatively low current densities. Figure 12a
shows a large arc column, which is due to the ddfattachment mode. It is seen that the trendseof t
isotherms are in fair agreement with spectroscamasurement [33], but the maximum temperature
differs noticeably. This is due to the fact that thetal vapors are omitted in this study. Gleites.

[39] showed that metal-vapor contamination to theeleads to an increase in the energy loss by the
radiation, especially at lower temperatures. Zgdaet al. [33] and Valenskt al. [42] have shown
that not only the maximum temperature is less #0300 K but this maximum temperature is located
away from the arc axe as well, which suggest tesgace of metal vapors in the plasma particularly
near the cathode and the anode regions.
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Figure 12.Predicted isotherms of a 330 A arc, 10 mm longrgon
(GMAW process in reverse polaritp-= 1 atm -J, = 510" A.m? on the anode surface)

Predicted isotherms of a 330 A arc, 10 mm longgoa for this value are shown in Figure 12b. It can
be seen that for lower temperatures the arc spraaidess than for higher temperatures like inrégu
12a which is in agreement with arcs obtained batinetly low current densities. It should be noted
that changing the current density results in a temperature on the axis of the arc column, which
seems to have been observed in the some experimemtes that exist in the literature [32, 42].
Nevertheless, it is difficult to exactly comparetwihese experimental data, because they areuiffic
to perform on the axis due to the passage of liquédal droplets, and the authors generally dismiss
the central zone of the plasma.
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Figure 13. GMAW arc. Arc-attachment
(Constant currerit= 330 A andv = 32 V, reverse polarity; Electrode diameter: hi®;
shielded gas: Argon. Filter: 469.2 nm).



In the other hand, Dunn et al. [40] showed thatnesmall amounts of iron vapors increase the
electrical conductivity at low temperatures of botdium and argon gases, which can significantly
affect the arc configuration and current densistrithution and, consequently, the energy inpuhto t
workpiece. Razafinimanana af. [41] reported that an increase in electrical cotiglitg, resulting
from the presence of metal vapors, leads to anresxpa of the conduction channel of an electric
current. Figure 13 shows arc configuration for GMAWébcess, electrode positive, operating in spray
mode. It can be seen that even if the cathodenisnathermionic electrode, the arc spreads over a
large surface of the cathode, which could be erplthiby the presence of metal vapors as introduced
above. However, here, our purpose is to deterntieetriends of the isotherms versus the current
density assumed at the anode. The arc-anode agathmegion spreads over a large area of the
melting anode, resulting in a current density 818 A.m?, which is ten times smaller than those
proposed by Haidaat al [24] and Huet al [35-36]. In their work, they considered that theatity of

the current flows through the narrow neck of theptet, consequently, a high welding current that
flows through a small surface, results in an ouereged current density and hence a narrow arc
column.
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Figure 14.Predicted isotherms of a 330 A arc, 10 mm longrgon
(GMAW process in reverse polarity?-= 1 atm —T = 15000 K under the wire [33, 42])

In figurel4, we show results for calculations parfed using smaller arc-anode attachment for a
temperature fixed to 15000 K under the wire [33, #2r the arc attachment to the anode limited to
an area ofS+5; = 2.87+0.93 = 3.8 mMm which represents 61% of the total area of theotiffe
surface attachment (6.18 Mmthe corresponding current density would be al®@10” A.m?,
which represents an increase in current densi§4&6 compared with the case of full attachment. If
the arc attach only on the droplef; € 0.93 mm), which represents 15% of the total area of the
effective surface attachment, the current densiylds be about 3.58.0° A.m?, which is ten times
higher than our new current density. Figure 14 wshdsotherms corresponding to these surface
attachments. It can be seen clearly that littléeser attachment results in a narrow arc.

We showed in the section above that the currentggadrom a large area of the melting anode, thus,
it is worth mentioning that current density in GMANigher than 10A.m? seems to be not justified
for welding current less than 330 A.

For further improvement of quality control in GMAWrocess, plasma temperature has to be

estimated rather in situ. This could be done bywgighe proposed welding electrode model in
conjunction with the automatic determination of deometrical electrode parameters. The counter



detection, shown in the right hand side of figure $eems to be a powerful method for the
instantaneous determination of such geometricglesha

Figure 15. Automatic determination of the geometric electrpdaperties in GMAW process
(reverse polarity), by using contour detection tegbe.

6. Conclusion

A numerical model of a free-burning arc in atmosphpressure argon plasma has been developed to
analyze a stationary Gas Tungsten Arc welding (G)AWbcess. Solutions of the conservation
equations with appropriate boundary conditions haeeen obtained for atmospheric pressure argon
arcs in a current range from 100 A to 300 A andtetele gap of 10 mm. Both the temperatures and
the current density are extremely sensitive to dheent density boundary condition close to the
cathode. The predicted arc temperature and cudemgity distributions are in good agreement with
the measurements in the literature. The discrepanoear the cathode and anode regions may be due
to arc-electrode interactions.

The model developed has been extended to Gas MetalVelding (GMAW) process. In GMAW
process, the electrodes have to be included asvigrentities, so it will be interesting to introduc
realistic boundary conditions for the current dgnii the anode. We showed in the second section of
this work that the current density boundary caniledse obtained if the shape of the welding
electrode used as an anode is known. High-speedraaf8000 images/sec) was used to get
geometrical dimensions of this melting anode, agdubing specific narrow interference filters
(469.2 nm, 838.0 nm) we managed to observe thel+tnatesfer process and how the current density
is distributed over the drop. Thus, the total acdawhere the current emerges was thoroughly
determined in the case of mild steel consumablgrelde (AWS A5.17) of 1.2 mm diameter shielded
by argon gas, and flowed by a 330 A current. Wwisth mentioning that current density in GMAW
higher than 10A.m? seems to be not justified for welding current lésan 330 A. It's hoped that
melting electrode model presented here will progdalance of authors attempting to develop more
complete models of the GMAW melting process.
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