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Abstract

Currently used approaches for the modeling of the heat input in gas metal arc (GMA) welding process simulation usually assume
an axisymmetrical Gaussian distribution of heat flux in the cathode region. However, as in GMA welding, cathodic electron
emission of non-refractory metals is involved; the attachment region consists of multiple highly mobile cathode spots, which
have a highly concentrated current density, which cannot be explained solely by thermionic emission, as is present in refractory
cathodes. In this work, a novel concept is presented to determine the distribution of the cathode spots, allowing to determine the
distribution of heat flux and current density, to serve as boundary conditions in a magneto-hydrodynamic weld pool simulation.
While the concept does not yet deliver a fully convergent solution, a model lies at its core, which takes into account the
experimentally determined high current density and provides a relationship between the cathode surface temperature, the
generated heat flux, and the current density. By applying a stochastic cellular automaton method, the weighted random walk
of the movement of the cathode spots is simulated, according to a probability determined by the potentially released heat flux.
Averaging over time gives a spatially resolved distribution of heat flux and current density.

Keywords GMAW - Cathode - Modeling - Heat flux - Current density - Cellular automaton

Nomenclature Aetr Effective work function (eV)
Gion Heat flux due to ion bombardment (W/m?) AA Lowering of the work function (eV)
Gebd Heat flux due to back diffused electrons (W/m?) €0 Vacuum permittivity (s*A%m™ kg)
Gevap Heat flux due to evaporation (W/m?) me Electron mass (kg)
Geond Heat flux due to heat conduction (W/m?) h Planck constant (kg m*s™")
Grad Heat flux due to radiation (W/m?) Jem Electric current density by thermionic emission
qcs Heat flux at the cathode spot (W/m?) (A/m?)
dspean  Cathode sheath thickness (m) Jion Electric current density by ion flux (A/m?)
Up Cathode voltage drop (V) Jebd Electric current density by back-diffused electrons
Ty Heavy particle temperature (K) (A/m?)
Ty Cathode surface temperature (K) Jcs Total electric current density in cathode spot (A/m?)
kg Boltzmann constant (J/K) Pyap Pressure of vaporized cathode material (Pa)
e Elementary charge (C) Paim Atmospheric pressure (Pa)
Eion Ionization energy for iron (eV) Ty Boiling temperature of iron (K)
A Work function for iron (eV) Hqp Molar heat of vaporization of iron (J/mol)
Recommended for publication by Study Group 212 - The Physics of R Gas constant (J mol K l)
Welding Z Nuclear charge (—)
Miron Molar mass of iron (kg mol )

>< M. Simon My Atomic mass of iron (kg)

simon@isf.rwth-aachen.de eo Stefan-Boltzmann constant (J/(s m? K*))

P(x,y)  Probability for cathode spot at location (x, y) (—)

' Welding and Joining Institute, RWTH Aachen University, Pontstr. k Geometrical factor for Gaussian (—)

49, 52062 Aachen, Germany (xo, vo)  Position of the torch (m, m)
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7y Radius of Gauss in x direction (m)

ry Radius of Gauss in y direction (m)

(x, ») Position on cathode surface (m, m)

Ax Grid step (m)

At Time step (s)

Ves Speed of cathode spot (m/s)

1 Total current (A)

Jaiagonat ~ Weighing factor for diagonal spot movement (—)

Weighing factor for horizontal and vertical spot
movement (—)
( x ¢ s , Location of a cathode spot center

fstrai ght

Yes)

AT Local temperature gain due to cathode spot (K)

H, Amount of energy deposited by a cathode spot lo-
cally (J)

a Thermal diffusivity (m?/s)

K Thermal conductivity (W m 'K ")

p Density (kg m )

G, Heat capacity (J kg 'K ™)

T, Fixed temperature assumed for thermo-physical

material properties (K)

q0 Fixed heat flux (W/m?)

Atyea  Time step for non-linear calculation of local
cathode-spot energy deposition (s)

1 Introduction

The gas metal arc welding (GMAW) process is widely used
in the industry for manufacturing metallic constructions. To
develop a better understanding about the process as well as to
predict the welding results in advance, the method of com-
puter simulation is increasingly used. The present work is
concerned with the area of process simulation as defined in
[1], where among other results, the shape of the weld pool, as
well as the temperature distribution in the weld pool as well
as in the workpiece, is of primary interest. To calculate the
accurate shape and size of the weld pool, according to the
welding process parameters, a wide range of phenomena need
to be accounted for. The phenomena include the resistance in
the cables and the wire electrode, the droplet formation and
detachment, the arc including anode and cathode boundary
layers, the melt pool including convective and conductive
heat transfer, melting and solidification enthalpies, and heat
conduction within the workpiece. The conditions at the cath-
ode boundary layer pose a very sensitive boundary condition
to the magneto-hydrodynamic calculation of the weld pool
and as they present the main driving forces together with
the effects of the heated, molten droplets. In current works
e.g [2, 3], the cathodic heat flux due to the arc is usually
treated as a fixed Gaussian density function, Cf. Fig. 1 as
originally presented by [4]; the present work proposes a
new concept for its description.
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2 Problem statement

It has been shown that under certain circumstances, the ca-
thodic attachment region in an arc discharge can consist of
multiple highly mobile cathode spots (CS) [5], whose exact
dynamics has remained a mystery and whose properties have
so far evaded a reliable fundamental description as their
spatio-temporal dimensions are too small to allow for more
accurate analysis. However, it is observed that in the absence
of an external magnetic field, the spots seem to follow a quasi-
stochastic random walk [6]. Therefore, the assumption of a
Gaussian distribution can be considered a fair first approach.
However, in [7] where the cathode spots have been observed
under welding conditions, it is already apparent that the dis-
tribution of the cathode spots is concentrated not at the center
ofthe weld pool, where it is the hottest, but rather ring-shaped,
with a void at the center. The body of work to describe the
cathode spots theoretically is quite extensive; however, most
works concern conditions in vacuum arcs [8, 9, e.g.]. Others
are concerned with refractory cathodes like tungsten, where
the main part of the current is transported by thermionically
emitted electrons [10, 11, e.g.]. One theory that was proposed
in [12] assumes electron avalanches arising from very high
local electric fields due to extreme protrusions on the metal
surface. However, on a smooth surface of a liquid melt pool,
such protrusions are highly unlikely. In [13], a probabilistic
system of cathode spot attachment was already investigated.
There is also a theoretical model proposed by the same author
for arc cathode attachment [14], which attributes the high ob-
served current densities to ion-enhanced thermo-field emis-
sion (Murphy-Good).

In this work, the authors present a concept which is based
on the hypothesis that the existence probability of the CS is
strongly dependent on evaporation and therefore the heat
flux distribution should be coupled to the resulting surface
temperature field of the weld pool. In order to achieve a
physical coupling, a two-component model has been devel-
oped, one for the description of the elementary cathode spot
and another one to simulate their movement and distribution
on the melted and partially overheated weld pool surface.
The simplified model of the elementary CS is based on de-
scriptions of the cathode layer of several authors while as-
suming non-linear ionization processes, which are treated as
a black box. This allows to match the current density to the
empirically observed high current densities on volatile ma-
terials, which cannot be explained by thermionic emission,
as is the case in refractory materials like tungsten.
Additionally, it assumes a strong damping effect to the
ion-current density, due to evaporation pressure. The model
of the CS distribution assigns the potential heat flux of the
CS according to the surface temperature to the probability
and therefore yields a new distribution for CS, and therefore
also heat flux and current density.
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Fig. 1 Gaussian distribution of
heat flux for P=1.358 [kW]
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3 Model of elementary cathode spot

To gain knowledge of the properties of CS, as well as its
conditions of existence, the following model was developed.
The main phenomena which were considered to contribute to
the net heat flux are the following: heat gains by ion bombard-
ment ¢;,, and back diffused electrons ¢.,q and heat losses by
thermionic emission g, evaporation geyap, heat conduction g-
cond> and radiation ¢,q. In order to calculate these, the current
densities of thermionic electrons, ions, and back-diffused elec-
trons need to be known.

qcs = Yeond = Gion T 9ebd ™ Devap dem™ 9rad (1)

The external parameters for the model were dspearn =
10°® [m] and Up, = 10 [V], and the thickness of the cathode
sheath and the voltage drop are according to [10]. The heavy
particle temperature T7j, is assumed to equal the surface tem-
perature of the wall T, due to thermalization with evaporated
atoms.

Th=Ty (2)
The electron temperature in the plasma is assumed to fol-

low from the energy kinetic energy that the electrons gain after
the emission from the cathode surface, while losing some

energy in a single ionization process. It is therefore estimated
as

(e x Up + kg X Tw—e X Eion)
3/2><k]3

T, = 3)
with kg as the Boltzmann constant, e as the electron charge,
and Ej,, = 7.9 [eV] ionization energy of iron vapor.

The effective work function was taken as

At = A-AA (4)
with A = 4.5 [eV] being the work function for iron and

ex U D
M= |———— 5
4meodsheatn ( )
the lowering of the work function [15], with £, as the vacuum
permittivity.
The thermionic electron current density is calculated ac-
cording to the Richardson-Schottky relation [16]

drkeme
h3

(6)

]em:e

i)

T2 -
w X exp< kol

with m, as the electron mass, 4 as the Planck constant. The
ion-current density is calculated as
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p2 1.6

P . _ " vap 7

Jion = | Jem X &XP| =55 (7)
atm

The exponent of 1.6 is chosen to match the total current
density found by Mesyats [17] of jes = 1 — 3 x 10" [A/m?],
with P, as the pressure of vaporized material (Eq. (8) taken
from [18]), P, as the atmospheric pressure, 7y, = 3134 [K] as
the boiling temperature of iron, H,, = 347 % 10? [J/mol] as the
molar heat of vaporization of iron, and R as the gas constant.

-H 1 1
Pyap = Pam % exp{ Yap ( )] (8)

R \Tw Ty
Assuming that to generate the ion-current density, atoms
are ionized, therefore giving rise to an electron current density
of the same magnitude, the thermionic electron emission cur-
rent density as well as ion-current density can be taken to be a
measure for the electron density. The electrons are assumed to

be scattered in collisions, but forced back by the electric field;
therefore, the back-diffused current density is estimated as

. . . elU
Jebd = (Jem +]ion)/z X exp <_ kTD> (9)

The total current density is therefore given as
jCS :jion_jebd+jem (10)

The corresponding heat fluxes are given as

j: ZT.
Qion = Jion [kB (2Th + _ZTW> +
e 2
+7ZeUp + +Eion—ZAcx :| (1 1)
. T
N]“’_Ign |:k37€ + eUD + Eion_Aeﬁ‘:l

following [10], with Z = 1, considering only the first ioniza-
tion for simplification.

Gara = P22, + Acn) (12)

according to [10].

9em :Jejm(ZkTW +Aeff) (13)

according to [10].
Gevap = JvapHvap/Miron (14)

following [15], with M;,, the molar mass of iron and

g 1/2
vap — P a 1
J P (27’(’1{3 TW> vap ( 5)

the flux of evaporated particles in diffusive mode according to
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[19].
Grad = EO—T?V (16)

according to [20], with eo = 5.670367 x 10°® [J/(s x m* x K*)]
as the Stefan-Boltzmann constant.

The proposed model states a relationship between the sur-
face temperature and the expected heat flux as well as the
current density in case of a cathode spot, see Figs. 2 and 3.

4 Model of cathode spot distribution

The distributions for heat flux and current density are calcu-
lated by a Monte Carlo scheme, assuming an initial tempera-
ture field 7o, (x, ¥) (Fig. 4) of the front part of a fully devel-
oped weld pool surface, a new distribution of CS is selected by
sampling locations of single CS without replacement accord-
ing to a probability P(x, y). The probability at each location is
chosen to be directly proportional to the possibly generated
heat flux, convoluted with a super-Gauss function to take into
account the influence of distance of the anode tip to the cath-
ode, favoring a spot close to the center below the torch (x¢, vo),
with 7, =3 x 10 °[m], 7, =3 x 107 [m], xo=3 x 10~ [m], and
Yo=0x 1073 [m]. Here, k= 3/(r,ry) is a geometrical parameter,
which influences the spreading, similar to a standard devia-
tion.

Pas(,5) = ges(Tu,)) x & (0 +00))) (1)

o Pabs(xay)
Plx.y) = fPabs(x,y)dxdy (18)

The choice of the proportionality of the probability to the
possibly generated heat flux arises from the reasoning that for

x10'2
10 2
Heat Flux to cathode des [W*m™]
= = = Boiling temperature [K]
— 8 i
Ry
xE 1
E 6 1
[4)] 1
O
o 1
X 1
= 47 -
8 [
T 1
27 |
1
1
0 . 1 1
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Temperature [K]

Fig. 2 Dependence of heat flux on surface temperature
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Fig. 3 Dependence of heat flux and current density on surface
temperature in logarithmic scale

a higher possibly generated heat flux, there should be a larger
potential energy available locally. For the non-stable non-
equilibrium state to relax to the state of the lowest potential
energy, the largest release of energy, i.e., the release of the
highest heat flux, is assumed to be most favorable following a
least action principle.

The grid size is chosen according to the assumed diameter
of the CS of Ax =5 [um], i.e., a CS spot area of 25 x
107" [m?] and the time step is chosen as Az =5 x 10°® [s]
following [5, 14], giving an approximate speed of the CS of
ves = 10% [m/s]. The current density jcs and the heat flux gcs
will be calculated according to the cathode surface tempera-
ture and applied at the location of the occurring CS.

Initially, a number of CS is generated on the grid, until the
total current surpasses a fixed value / = 180 [A]. If the total
current is higher than the fixed value of /, the number of CS
will be reduced in the next time step, picking according to the

Temperature [K]

3
3000
2500
2000
) 1500
] 1000
0 2 4 6

Y [mm]
- o - N

N

500

X [mm]
Fig. 4 Initial temperature field

inverse probability inherent to each CS, until the total current
falls below the fixed value again, etc.

If the spot is not removed, it will move around the grid in
the next time step in random direction, only taking into ac-
count the probability at its adjacent fields, which is convoluted
with a small Gaussian again to take into account the longer
distance to diagonal grid cells fgiagonat = 0.0751, foiraight =
0.1238.

At each location where a spot resides (xcs, ycs), the local
temperature modification of the surface is treated in a very
simplified way. A local temperature gain A7(x, y, f) is added
to the surface temperature field 7.,(x, y) according to a strong-
ly simplifying assumption of transient heat transfer of a point
explosion in a homogenous semi-infinite solid.

_ Ho(@)
ATy 1) = (47rat)3/2pCp
cop(-el02e0) )

where H, is the amount of energy, o = kpC, [m?/s] as the
thermal diffusivity, x as the thermal conductivity, p as the
density, and C, as the heat capacity, taken from [21], not
taking into account the actual local temperature, but assuming
a fixed temperature of 7,, = 2450 [K] everywhere.

For the calculation of Hy, also strong simplifications were
applied. To save calculation time, a fixed heat flux of gy =
10" [W/m?], following from the maximum heat flux (see Fig.
2) which is also the most probable heat flux due to the choice
of (17), was assumed to act for the duration Az. However,
substantial energy losses due to evaporation were calculated
according to Eq. (8), Eq. (14), and Eq. (15) with 7'=2450 [K]
+ AT(x, y, tioeal) and substracted at a local time step of Afjgea =
1077 [s], until the center of AT(x, y, fioear) reached 10 [K], after
themax = 777 X At.

fort < At:

Ho(t) = I(goAx*)dt

for 1> At :

HO(I) = HO(AI)_Iqevap(T)sztO.Zdt

(20)

The factor £°2 was added to approximate the spreading of
the area of the overheated surface and was chosen as the max-
imum value that would still allow a numerically stable solu-
tion; however, this value would depend on the used time step.
The amount of energy lost due to this additional evaporation
accounts for approximately 20% of the input energy gAY A,
where Ax” is the area of the CS and At is the considered time
step. The final changes remained in
Ty (x,3) = Tow(x,¥) + AT (X, ¥, trymax)- In spatial direction,
the additional temperature distribution A7{(x, y, ) was limited
to 29-Ax in x-direction and 29-Ay in y-direction, which was
considered sufficient to account for the spreading of the local
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temperature profile until the maximum time #y,.max. After
each time step, the new probabilities from Eq. (17) and Eq.
(18) were calculated according to the new T,,(x, y).

A schematic of the algorithm is presented in Fig. 5.

5 Results

The combined model yields several statements about the sim-
ulated cathodic arc attachment in GMAW.

After a calculation time of ~76 [h] 10° iterations have been
processed; therefore, a simulation time of 5 x 10> [s] has been
calculated. The total average current was / = 181.3 [A]. The
total electrical power was P =1 x Up = 1.813 [kW]; from that a
total of Pheq = 1.358 [kKW] has been transferred to the cathode,
not accounting for the 20% losses from Eq. (20).

Figure 6 presents the evolution of the probability distribution.
The CS will locally heat up the surface to a maximum temper-
ature, thereby modifying the probability distribution, until it
becomes very unlikely for a CS to settle there; then, the highest

probability for a CS is in between the very hot region and the
cold region, following the relationship shown in Fig. 2. Since
the coarse heat transfer model does not effectively distribute the
heat, the area with “intermediate” temperatures (between max-
imum and minimum temperatures, i.e., ~ 3000[K]) becomes
very narrow and highly concentrated, giving rise to a very thin
line. It should be noted that in the bottom picture of Fig. 6, the
light blue shading in the area towards the right side (i.e., towards
the back of the weld pool) represents a probability that is two
orders of magnitude lower than the probability on the pink line.
This results in the CS mostly gathering on the pink line, as
becomes also apparent from Figs. 7 and 8.
The resulting heat flux distribution was calculated as

Zf‘ t(o)mlqcs(x »,t)

ttotal

(21)

is presented in Figure 7, with £, as the total simulated time.
The welding direction is from right to left. It becomes apparent
that a sickle shape of the heat flux distribution is present with
an emphasis towards the melting front. As the movement of

Fig.5. Schematic workflow of the 4 2\
algorithm Temperature
field T (x,y)
Probability . E;”;}T;ZP’
Point field P(x' y) q(T) ’
; g J
explosion i
transient heat
statement Pick CS and Eclesn:ne;c:ZIrY
move CS (T ’
i _J Y,
Location of CS
(x, )
Elementary Elementary
CS model; CS model;
q(T) J(T)
Heat flux EZ::?:;
q(x,y)
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Probability distribution
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Fig. 6 Resulting probability distribution, for time 5x 1072, 5x 107",
5 [ms]. The isolines of the liquidus and boiling temperature of the
initial temperature distribution are overlaid

the torch has not been taken into account, an arrow was placed
in the figures (lower left) to indicate the movement of the plate
according to time-scale and grid resolution, assuming a
welding speed of 80 [cm/min]. The distance traveled by the
torch after 5 [ms] equals d = 6.67 X 10~*[m].

As the distribution reflects the locations of the CS, the
distribution of the current density in Fig. 8 follows the distri-
bution of the heat flux (calculated just as Eq. (21)), however

Heat Flux [Wlmz]
3 ; : 10°
2 L
il 108
=
E Or
>_
At 107
2t
|
-3 0"
3 10°
2 L
1t 108
€
E 0f
>-
-1} 107
2
|
-3 10°
0 2 4 6
3 10°
0000e-03 [s]
2t : |
i 108
=
E Of
>-
A} 107
-2t
0 2 4 6

X [mm]

Fig.7 Resulting heat flux distribution, for time 5 x 1072, 5 x 10", 5 [ms].
The isolines of the liquidus and boiling temperature of the initial
temperature distribution are overlaid as well as an indication for the
distance traveled by the torch in the lower left corner

with values about one order of magnitude lower, as expected
from the model (Fig. 3).

As the heat transfer model is still over-simplified and as
no movement of the torch towards colder areas is taken into
account, the distributions do not converge but expand
infinitely.

@ Springer



1612

Weld World (2020) 64:1605-1614

Current density distribution [Almz]
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Fig. 8 Resulting current density distribution, for time 5 % 102,5%x10°",
5 [ms]. The isolines of the liquidus and boiling temperature of the initial
temperature distribution are overlaid

6 Discussion

The proposed concept allows to calculate a new distribution of
cathodic heat flux (Figs. 7 and 9) and current density to re-
place the widely used Gaussian approximation (Fig. 1), taking
into account physically in-depth models of cathodic processes
and evaporation. It is possible to extend the model to derive
from it also a distribution of the arc pressure. However, several
drawbacks need to be addressed.

@ Springer

The concept cannot be considered complete, and one of the
main reasons for this is that the solution does not converge.
This is due to the lack of a thorough treatment of the heat
transfer. However, given a proper model for the heat transfer,
it is expected to receive principally similar results, i.e., a peak
of the probability of the cathode spots at temperature between
the maximum temperature of the weld pool and the cold tem-
perature of the unaffected workpiece. This follows from the
relation displayed in Fig. 2 and the assumption of the highest
probability of the CS at the location of the highest possible
heat flux.

As the understanding of elementary cathode spots in atmo-
spheric conditions is still quite limited, the actual processes of
ionic current generation are so far still treated as a black box
and calibrated to match empirical values and the presence of
oxides is not taken into account either. Also, the model of
evaporation should be updated, for example, with a model
for rapid vaporization by Knight [22]. As the chosen values
from literature for CS area and current per spot could be dif-
ferent for different conditions, the absolute values, presented
here, cannot be considered reliable. Also, the occurrence of
temperatures at the weld pool surface beyond boiling temper-
ature is not realistic. However, any relation of the heat flux and
current density on the surface temperature for an arc cathode
which is dominated by ion transfer will have a maximum heat
flux or current density at temperatures below the maximum
temperature. As the heating will always occur in such way as
to heat until the maximum temperature, the highest probability
for a cathode spot will always occur between the hottest point
at the center and the cool area outside of the weld pool. This
mechanism would explain the observations of the cathode
spot distribution in [7], where they seem to avoid the hot
center.

The heat transfer statement is obviously extremely simpli-
fied as it takes into account only an analytical expression of
thermal point explosions in an isothermal, semi-infinite half
space, with a fixed heat flux and an additional heat loss by
evaporation, at each cathode spot location. However, these
flaws are not critical and can be overcome, even if they would
greatly slow down the calculation. Another more difficult is-
sue is the fact that, although the temperature is modified lo-
cally during the presence of a cathode spot, this influence on
the resulting values of heat flux and current density from the
elementary cathode spot model is not being accounted for.
This issue concerns deeply the dynamic nature of the cathode
spot and is not addressed by the current approach. However,
for a first approach, to study the tendencies of the proposed
concept, the assumptions are sufficient to allow showing the
feasibility of such model.

Another under-determined parameter is the Gauss function,
which is convoluted with the hypothetical heat flux to give the
probability in Eq. (17). In reality, the distance between the
torch and the workpiece is complicated, as the arc pressure
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Fig. 9 Smoothed, resulting heat
flux distribution, for time 5 [ms]
as an interpolated 3D surface

x107
15

suppresses the liquid surface, which is also varying due to the
droplet-transfer process. Also, the whole magneto-
hydrodynamic statement of the arc plasma has been neglected
as well. However, it is assumed that the displayed tendencies
of the distribution might be modified but not suppressed.
Additionally, it can be followed from the new distribution,
that since the electric field within the arc column is mostly
axisymmetric, a strong change of the field lines must occur in
the cathode region, giving rise to a very strongly differentiat-
ing Lorentz force, which could have a very strong impact on
the weld pool hydrodynamics. Also, for a complete hydrody-
namic model of the weld pool, the effect of droplets, which
carry their own heat and represent their own kind of volumet-
ric heat source, has to be taken into account.

7 Conclusion

In this work, the hypothesis that the cathode area in GMAW is
highly dependent on evaporation has been investigated and a
novel concept for the calculation of the distribution of heat
flux and current density has been proposed. Here, the highest
probability for the CS is not at the location with the highest
temperature of the weld pool surface, and so the maximum of
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the resulting calculated heat flux distribution is located much
further in front of the hottest area of the weld pool surface.
Despite the obvious drawbacks, the proposed concept repre-
sents an incremental improvement over the widely used as-
sumption of a purely Gaussian heat-flux distribution, and its
effect should be investigated in the frame of a hydrodynamic
weld pool calculation.
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