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Ef [K] Electric field at the cathode surface
m
Eion [eV] lonization energy
Eion [eV] First ionization energy
gJ [ﬂ] Gravitational acceleration from [MOK17]
SZ
y [-1 Ratio of specific heats
Tyap 1 Rate of vaporization as used in [COU97]
[z
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h [J-s] Planck constant
h /] Enthalpy from [MOK17]
H [L Heat of vaporization
mol
Hygp L] Condensation enthalpy
mol
I [A] Total current
j A Current density
Gz
7 A Current density vector in [MOK17]
[z
Jaif fuse A ] Estimated current density for diffuse arc
m? attachment
Je [i] Current density due to back-diffused electrons
m? in [BEN95]
Jem [i Current density of field-enhanced thermionic
m? or thermo-field emission
Jem [i Current density due to field-enhanced
m? thermionically emitted Electrons in [BEN95]
Jem [i Current density due to thermo-field emission in
m? [COU97]
-i(d) [i lon current density in diffusion approach in
m? [BEN15]
]-i(f) [i] lon current density in multi-fluid approach in
m? [BEN15]
Ji A Current density due to ion flux in [BEN95]
[z
Jion [i Current density due to ions in [COU97]
mZ
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Jion [i] Current density due to ions
mZ
Jspot [i] Current density in the cathode spot
mZ
Jrot Pmax) [i Total current density at maximal vaporization
m? pressure in [COU97]
Jtotal [ A : Total current density
mZ
Jem [i Particle flux of thermionically emitted electrons
m? in [BEN95]
Ji [i lon particle flux in [BEN95]
mZ
Jvap [L Flux of evaporated atoms in [BEN93]
m2s
Jvap [ k_g Evaporated mass flux
m2s
kg [L] Boltzmann constant
K
Kionization m_6 lonization rate as used in [BEN95]
S
Krecombination m_6 Recombination rate as used in [BEN95]
S
Ipebye [m] Debye length
Lion [m] Length scale of ionization collisions
liherm [m] Length scale of electron energy relaxation
A [ w ] Thermal conductivity from [MOK17]
m-K
Ap [m] Debye-length in [BEN15]
Aia [m] Mean free path for collisions between ions an
neutrals in [BEN15]
Ay [m] Length of electron energy relaxation




List of symbols

XVII

Avap [m] Length of thermal influence of the metal vapor
o kg-m Magnetic vacuum permeability, also in
s?- 421 iMok17]
Mg, kg Molar mass of iron
mol
m [k_g] Mass rate
S
Mpe kgl Atomic mass of iron
me [kg] Electron mass
Mion [kg] lon mass
ny 1 Metal vapor particle density in the plasma bulk
G
Ny [i Argon particle density
m3
Npe 1 Iron vapor particle density
[3]
N 1 Electron particle density
(3]
n; 1 Particle density of ions in [BEN15]
(3]
Nion [i] lon particle density
m3
Nions [i] lon particle density
m3
Nplasma,bulk [i] Particle density in the plasma bulk
m3
Myap [i] Density due to the saturated vapor pressure
m3
Ny [L] Avogadro constant
mol
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N, 1 Loschmidt number
b
v [Pas] Viscosity
w -] lonization degree in [BEN95]
p [Pa] Pressure, also in [MOK17]
Pamb [Pa] Ambient pressure
Patm [Pa] Atmospheric pressure
Pvap [Pa] Saturated vapor pressure
P (W] Heat power
@ V] Potential in [BEN15]
q w Heat flux
[z
Geond w Heat flux carried into the cathode
[z
Qaiffuse w Estimated heat flux for diffuse arc attachment
m2
Qem w Heat flux due to electron emission
m2
Qevap w Heat flux due to evaporation
m?
Gion w Heat flux due to ions
m2
Grmax w Maximum heat flux
m2
Grad w Heat flux due to radiation
m2
Qrotal w Net heat flux
m2
Ti [m] Radius of the cathode spot in [BEN95]
Ths [mm] Radius of the heat source
Ten -] Ratio of cooling/heating in [BEN95]
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Taroplet [m] Radius of the droplet
Tei [-] Ratio of the energies delivered by the plasma
electrons and by the ions in [BEN95]
R kg -m? Ideal gas constant
s?2-mol-K
p kg Mass density from [MOK17]
53
Diron kg Mass density of iron
54
Pk kg Mass density at the edge of the Knudsen layer
5]
Pwire kg Mass density of the wire
5]
Saropletu kg Momentum source by droplets from [MOK17]
' mzsz]
Saropleth [(w1] Enthalpy source by droplets from [MOK17]
o [ﬁ] Electrical conductivity from [MOK17]
m
T [K] Temperature from [MOK17]
Ty [K] Heavy particle temperature
Tomb [K] Ambient temperature
Thoiting,copper [K] Boiling temperature of copper
Thoiting,iron [K] Boiling temperature of iron
Taroplet [K] Temperature of the droplet
T, [K] Electron temperature
Te. [K] Characteristic electron temperature in the
near-cathode layer in [BEN95]
T; [K] lon temperature
Tion [K] lon temperature in [COU97]
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Ty [K] Temperature at the edge of the Knudsen layer
Trmax [K] Maximum temperature
Tonin [K] Minimum temperature
Tpiasma,butk [K] Temperature of the plasma bulk
Tpiasmajiocal [K] Local plasma temperature of the near-cathode
plasma
Tpiasma [K] Plasma temperature
Trefs Pref [K], [Pa] Temperature and pressure in reference state
for CFD simulation
Tsmax(q > 0) [K] The maximum cathode surface temperature
where the heat flux is still positive
T [K] Cathode surface temperature
Ts(Gmax) [K] The cathode surface temperature where the
heat flux is at maximum
Tyap [K] Temperature of the vapor
Twmax(q [K] The maximum cathode surface temperature
>0) where the heat flux is still positive
Tw [K] Cathode surface temperature as used in
[BEN95] and [BEN15] and [ALM13]
T (@max) [K] The cathode surface temperature where the
heat flux is at maximum
t [s] Time from [MOK17]
tg/s [s] Measure for cooling time from 800°C to 500°C,
as used in welding to determine formation of
microstructure
VBohm [ﬂ] Bohm velocity
N
Ve m Electron velocity
<]




List of symbols

XXI

Vion [ﬁ] lon velocity
S
Vield [1 Welding velocity
min
Vyire [i Wire feed velocity
min
XY, 2 m], [m], [m oordinates in the simulation domain
y [m],[m],[m] Coordinates in the simulation d i
Xo [m] X-coordinate of center of the arc
Yo [m] Y-coordinate of center of the arc
u [E] Flow velocity from [MOK17]
S
Uy [ﬂ] Bulk flow velocity at the edge of the Knudsen
s layer
U V] Cathode layer voltage drop in [BEN95]
Up V] Cathode voltage drop
U, |4 node voltage drop
@ 14| Anod Itage d
V. V] Cathode voltage drop in [COU97]
Zre [-] Partition function of iron atoms
Zrpes [-] Partition function of singly ionized iron ions
Z [-1 Charge number of ions
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VI Abstract

In gas metal arc welding (GMAW) process simulation, it is desired to predict the energy
transferred to the process as well as the weld pool geometry. For this reason, the
coupling of the arc to the welded material is of high interest, both at the cathode and
anode. Although there exists a substantial body of work on the coupling of the arc to
the cathode, the present models cannot be applied in the conditions of GMAW welding,
as they give unphysical results. In particular, the current models usually result in very
high cathode surface temperatures, i.e. above boiling temperature of the metals. After
relevant experiments are presented and discussed, it is concluded that the current
state of the art does not reflect the observations and that therefore a new approach
needs to be developed. Furthermore, a dialectic argument is developed, namely that
the coupling of the arc to the cathode in diffuse attachment of GMAW must be strongly
determined by evaporation. The argument concludes that the current transfer is mainly
carried by metal ions that are evaporated from the cathode surface and ionized in the
near cathode plasma, and that this current transfer must be limited to below boiling
temperature. The core hypothesis is that this limit results from a decrease of the
ionization degree, due to cooling of the near cathode plasma by the cold metal vapor.
Based on this argument, a mathematical model for the Evaporation-Determined Arc-
Cathode Coupling (EDACC), is introduced in detail. The properties of the model are
then analyzed by applying it to a simplified computational fluid dynamics (CFD) weld
pool simulation and it shows that the model is in line with the observed cathode surface
temperatures below boiling. Finally, also an outlook is given on possible applications
of this new understanding of the arc-cathode coupling, as well as a discussion of open

questions and current limitations of the model.
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Kurzfassung

Bei der Prozesssimulation des Metall-Schutzgasschweil3ens ist es das Ziel, die auf
den Prozess Ubertragene Energie sowie die SchweilRbadgeometrie vorherzusagen.
Aus diesem Grund ist die Kopplung des Lichtbogens an den geschweiften Werkstoff
sowohl an der Kathode als auch an der Anode von herausragendem Interesse. Obwohl
es einen umfangreichen Bestand an Arbeiten zur Kopplung des Lichtbogens an die
Kathode gibt, kdnnen die vorliegenden Modelle unter den Bedingungen des MSG-
Schweiflens nicht angewendet werden, da sie unphysikalische Ergebnisse liefern.
Insbesondere flhren die aktuellen Modelle in der Regel zu sehr hohen
Kathodenoberflachentemperaturen, d.h. oberhalb der Siedetemperatur der Metalle.
Nachdem einschlagige Experimente vorgestellt und diskutiert wurden wird deutlich,
dass der derzeitige Stand der Technik mit den Beobachtungen nicht in Einklang zu
bringen ist und daher ein neuer Ansatz entwickelt werden muss. Weiterhin wird ein
dialektisches Argument entwickelt, namlich, dass die Kopplung des Lichtbogens an die
Kathode unter den Bedingungen  von  diffuser  Anbindung beim
Metallschutzgasschweilen, als stark verdampfungsabhingig aufgefasst werden
muss. Das Ergebnis dieser Argumentation ist die Schlussfolgerung, dass die
Stromibertragung hauptsachlich von Metallionen getragen wird, die von der
Kathodenoberflache verdampft und im kathodennahen Plasma ionisiert werden, und
dass diese Stromibertragung unterhalb des Siedepunkts begrenzt sein muss. Als
Kernhypothese wird dann vorgeschlagen, dass diese Begrenzung durch eine
Abnahme des lonisationsgrades infolge der Abkihlung des kathodennahen Plasmas
durch den kalten Metalldampf erfolgt. Auf dieser Argumentation aufbauend wird ein
mathematisches Modell fiir die verdampfungsbestimmte Kopplung von Lichtbogen und
Kathode (EDACC) eingehend vorgestellt. Die Eigenschaften des Modells werden dann
in der Anwendung auf eine vereinfachte CFD-Schwei3badsimulation analysiert, und
es zeigt sich, dass das Modell die beobachteten Kathodenoberflachentemperaturen
unterhalb des Siedepunkts reproduziert. SchlieRlich werden noch ein Ausblick auf
mdgliche Anwendungen dieses neu gewonnenen Verstandnisses Uber die Lichtbogen-
Kathoden-Kopplung gegeben, sowie offene Fragen und gegenwartige Begrenzungen
des Modells diskutiert.
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"Truth is much too complicated to allow anything but approximations”

- John von Neumann, 1947





