Weld World (2016) 60:821-835
DOI 10.1007/s40194-016-0319-7

@ CrossMark

RESEARCH PAPER

A review of cathode-arc coupling modeling in GTAW

Alireza Javidi Shirvan' - Isabelle Choquet'

Received: 30 September 2015 / Accepted: 19 February 2016 /Published online: 21 March 2016

© International Institute of Welding 2016

Abstract Material properties of welds are strongly influenced
by the thermal history, including the thermo-fluid and electro-
magnetic phenomena in the weld pool and the arc heat source.
A necessary condition for arc heat source models to be pre-
dictive is to include the plasma column, the cathode, and the
cathode layer providing their thermal and electric coupling.
Different cathode layer models based on significantly different
physical assumptions are being used. This paper summarizes
today’s state of the art of cathode layer modeling of refractory
cathodes used in GTAW at atmospheric pressure. The funda-
mentals of the cathode layer and its physics are addressed. The
main modeling approaches, namely (i) the diffusion approach,
(ii) the partial LTE approach, and (iii) the hydrodynamic ap-
proach are discussed and compared. The most relevant publi-
cations are systematically categorized with regard to the re-
spective physical phenomena addressed. Results and process
understanding gained with these models are summarized.
Finally, some open questions are underlined.
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1 Introduction

Despite the very long application of electric arc welding
in the industry and the almost continuous development
of this process, there is still need for deeper process
understanding and predictive simulation models.
Predictive simulation models should establish the link
between the welding process parameters that are con-
trolled in the factory and the resultant material proper-
ties of the welded product, such as the microstructure
and residual stresses. The material properties of a weld
are strongly influenced by the thermal history. Thanks
to several decades of research, it is now recognized that
the thermal history is closely coupled to the thermo-
fluid and electromagnetic phenomena occurring in both
the weld pool and the arc heat source [1]. A necessary
condition for arc heat source models to be predictive is
to include the plasma column, the cathode, the anode,
and their respective coupling. This coupling allows cal-
culation of the temperature and current density distribu-
tions on the cathode and anode surfaces rather than
prescribing them, e.g., through the extrapolation of
spectroscopic measurements in the plasma column. It
has a critical influence on the thermal and electrical
fields within the arc, and thus on the heat transfer to
the base metal.

In electric arcs, the central part of the plasma column can be
at local thermal equilibrium (LTE), e.g., for a gas tungsten arc
with argon gas. Its colder edges however usually deviate from
LTE [2, 3]. In contrast to the plasma column, the cathode and
anode layers always present several severe non-equilibria in-
cluding deviations from thermal, ionization, and charge equi-
librium. These non-equilibria extend over regions that differ in
terms of physics, modeling scales, and thicknesses, depending
on the combinations of process parameters such as the
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shielding gas (e.g., mono or diatomic for instance), the pres-
sure, or the electric current [4-9].

Cathode and anode layers have been investigated since the
early 1900s. Several reviews already exist; the first one was
done by Ecker [10]. Among the more recent is the review
proposed by Franklin [5] on the plasma sheath boundary re-
gion and the evolution over time of its understanding and
modeling, by Benilov [4] on the cathode layer modeling,
and by Heberlein et al. [8] and Shkol’nik [9] on the anode
layer modeling. Anode and cathode layer modeling is impor-
tant for several domains of applications, e.g., high-intensity
discharge (HID) lamps, electric arc welding, arc furnaces,
plasma torches, and electrical switches. To our knowledge,
the first application of a 2D coupled arc-cathode simulation
model including the cathode layer was done by Delalondre
[11] for a pure tungsten cathode with a 60° conical tip, cur-
rents of 100, 200, and 300 A and arc lengths of 10 and 20 mm.
These configurations were rather similar to gas tungsten arc
welding (GTAW) although the arc length was significantly
longer, and the cathode material was pure tungsten rather than
a tungsten alloy. The application of a 2D coupled arc-cathode
model including the cathode layer for the simulation of a typ-
ical GTAW configuration is more recent; e.g., Zhu et al. [12]
simulated a 5-mm long arc, coupled with a thoriated tungsten
cathode (with typical conical tip) and an electric current of
200 A. Since then, several authors have investigated thermal
and electric arc-cathode coupling applied to GTAW.
Nevertheless, this problem is still open. There is as yet no
consensus in the welding community on the modeling of the
arc-cathode coupling. Different models based on significantly
different physical assumptions are being used.

The aim of this paper is to summarize today’s state of the
art of cathode layer modeling of refractory cathodes as used in
GTAW at atmospheric pressure, when considering the whole
cathode arc system. The paper is divided into three main sec-
tions. In Sect. 2, the fundamentals of the cathode layer and its
physics are addressed. The main approaches used,
namely the diffusion approach, the partial LTE ap-
proach, and the hydrodynamic approach are then
discussed and compared in Sect. 3. The most relevant publi-
cations are systematically categorized with regard to the re-
spective physical phenomena addressed. Some results and
process understanding gained with these models are summa-
rized in Sect. 4. Finally, some open questions are underlined in
conclusion.

2 Physics of the cathode layer in GTAW
at atmospheric pressure
The physics of the cathode layer and the electron emission at the

cathode surface are tightly coupled. Three important electron
emission processes are the thermionic, the thermo-field, and the
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field emission; see Fig. 1 (right-hand side). Thermionic emission
is dominant at high cathode surface temperature. Thermo-field
emission is thermionic emission enhanced by the lowering of the
surface potential barrier induced by the presence of a space
charge layer (or sheath) in front of the cathode. It is associated
with low to moderate cathode surface electric field strength. Field
emission prevails at high cathode surface electric field strength
and low cathode surface temperature.

For refractory material, the cathode melting and vaporiza-
tion rates are low and in practice usually ignored; field emis-
sion is also negligible [13]. For the refractory cathodes used in
GTAW applications, the electron emission is usually modeled
based on the Richardson-Dushman equation for thermionic
emission, supplemented with a correction for the so-called
Schottky effect. This effect expresses the influence of the
cathode surface electric field on the electron emission [13]
and allows extending the thermionic emission model toward
thermo-field emission. Other laws were also developed for
modeling the electron current density produced by thermo-
field emission [13, 14]. The domain of validity of the
Richardson-Dushman-Schottky thermo-field emission law
was investigated for a tungsten cathode by He [15] and his
results were reported by Vacquié [13].

The Richardson-Dushman-Schottky emission model in-
volves two variables, namely the temperature and the electric
field strength at the cathode surface (which are among the
unknowns of the cathode layer problem), and two dependent
parameters. The first parameter 4z =AzA4, is the Richardson
constant, where A, denotes a universal constant while Az is a
material-specific factor. The second parameter is the work
function ¢. It can be defined as the minimum energy that must
be given to a valence electron moving freely inside the metal
to be liberated from the metal surface. With this minimum
energy, the electron has no kinetic energy for moving further
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Fig. 1 Schematic energy level diagram of a cathode (/eff) and main
electron emission processes (right)
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away from the surface. Also, in this definition of the work
function, the valence electron occupies the highest energy
level (when the system is in its ground state), which is the
Fermi level of energy £ An electron escaping with a mini-
mum energy causes a negative charge just outside the metal
surface. In turn, a positive charge just inside the metal surface
is formed. This causes a sheet of dipoles at the metal surface,
implying repulsive force acting upon the electrons as they try
to escape from the metal surface. This repulsive force at the
surface forms a potential barrier of energy called the energy
vacuum level (E,,.). The minimum energy for valence elec-
trons to escape the metal and overcome the surface potential
barrier is thus ¢ = E,,,. — E¢(see Fig. 1). This energy is the work
function. If, in addition, a layer of positive ions builds up
outside the metal surface on the top of the dipole layer, as in
the sheath or space charge layer of a cathode layer in GTAW, it
facilitates the electron emission by lowering the surface po-
tential barrier.

The set of parameters Az and ¢ is generally determined via
experimental measurements fitted to an a priori expression of
the emission law [16—19]. Several authors studied thoriated
tungsten for example and observed that its work function ¢
varies with the arc current, and thus with the material temper-
ature. This phenomena was observed at low current (from 2.5
to 12.5 A for HID lamps [19]) as well as at higher current
(100 and 200 A [16], and from 30 to 200 A [17], [18] for
configurations similar to GTAW). As further explained by
Aillero Marin [17] for instance, this variation is due to the
temperature dependence of the diffusion, the evaporation,
and the re-deposition of thorium atoms. When modeling the
cathode-arc coupling, the choice made for Az and ¢ is known
to have a significant influence on the temperature field calcu-
lated in the arc [20].

Another emission process taking place at the cathode sur-
face is the secondary electron emission induced by highly
energetic ions as they collide with the cathode. A review on
the models and data for modeling this emission process in the
presence of an argon gas was performed by Phelps and
Petrovié¢ [21]. These authors underline that the secondary elec-
tron emission depends on both the material and the conditions
at the metal surface (e.g., impurities, oxidation). They also
observed that for thoriated tungsten, the secondary emission
coefficient is not a constant; it can change with the surface
temperature. They estimate that for Ar” ions with energy rang-
ing between 10 and 600 eV and a surface temperature of
2000 K on a clean surface, the secondary emission coefficient
could be set to 0.1. Phelps and Petrovi¢ recommend that it
should not exceed this value. Applying this data to the model-
ing of a tungsten cathode layer in the presence of argon
shielding gas, Cayla [20] showed that the secondary electron
emission dominates the thermo-field emission (Richardsson-
Dushman-Schottky model) when the temperature of the plas-
ma electrons in front of the cathode is up to about 7500 K for a

plasma temperature of 10,000 K. Cayla’s calculations [20]
indicate that this electron temperature corresponds to a cath-
ode surface temperature up to about 2900 K. Gonzales et al.’s
[22] cathode layer calculations also show that for tungsten
cathode, argon gas and current densities lower than
5x10° A m > (which is quite low compared with standard
values of current density in GTAW), the value of the second-
ary emission coefficient has a significant influence on the
cathode sheath drop voltage, the heat flux to the cathode,
and the surface temperature of the cathode.

Electron emission at the cathode surface as well as ion
recombination give rise to charge, ionization, and thermal
non-equilibrium phenomena in the cathode layer. Each of
these phenomena is associated with a specific characteristic
length. The Debye length A, is the scale over which the ions
are screened by the electrons. The smallest mean free path A,
is the distance travelled by a charged particle before colliding
with a similar or dissimilar charged particle [23]. The recom-
bination length ), is the scale at which the recombination and
ionization rate is of the same order as the rate of variation of
electron and ion density due to ambipolar diffusion. Finally,
the electron energy relaxation length A, represents the length
over which electrons dissipate the energy they gain from the
electric field while colliding with heavy particles (i.e., neutrals
and ions). A gas commonly used in GTAW is argon. These
characteristic lengths were evaluated by Benilov and Marotta
for an argon plasma with a number density of about 10** m >
and temperatures of the order of 10,000 K [23]. These authors
obtain a Debye length of the order of 10® m, the smallest
mean free path ). of the order of 10”7 m, a recombination
length ), of the order of 107> m, and an electron energy re-
laxation length ), of the order of 10~* m [23]. This last length
is large due to the poor efficiency of energy exchange during
collisions of particles with disparate masses. These orders of
magnitude lead to

AD KA €\ < A

Based on this ordering, sub-regions of the cathode layer can
be distinguished, each being defined by a specific scale and its
related dominant physics. Notice that for an Ar plasma at much
larger temperature or for a diatomic plasma (e.g., N, plasma in
[23]), this ordering may change to A\p < A\, € A, € A.. In the
vicinity of the emitting region of a cathode surface, a molecular
plasma is indeed characterized by a high dissociation degree.

According to the above ordering, the first sub-layer on the
surface has a thickness of the order of the Debye length and is
located in 0<x<\p as indicated in Fig. 2. It is assumed that
the cathode surface is located in x= 0 and the x-axis oriented
toward the plasma column. As x<)\p, local charge neutrality
is not satisfied in this region, while it is satisfied further away
from the surface. This first sub-layer is called the space charge
layer, or the sheath, depending on the authors. For pressure (as
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Fig. 2 Schematic diagram of sub-regions of a cathode layer in GTAW
(the distances from the cathode surface are not at scale)

considered here) that is close to atmospheric pressure, the
sheath thickness Ax=~\p is much smaller than the smallest
mean free path (A.). The number of collisions in the sheath
is then quite low (and in practice usually assumed to be neg-
ligible) so that local thermodynamic equilibrium cannot be
defined. Therefore, the continuum approach is not valid and
this sub-layer is modeled at the kinetic scale (usually
collisionless kinetic). It implies also that diffusion cannot be
the leading order phenomena in the very close vicinity of the
cathode surface. The charged particles are then assumed to be
freely accelerated by the electric field. This description was
hypothetical and controversial within the frame of atmospher-
ic and high pressure electric arcs until being rather recently
confirmed by experimental observations (see Sect. 2.1).
Notice that ionization and recombination are also negligible
in the sheath, but ion recombination can occur at the cathode
surface (at x=0).

The second sub-layer from the surface is the Knudsen layer
(see Fig. 2). Its thickness is of the order of the smallest mean
free path A.. The collision frequency in the Knudsen layer is
thus too low to reach any partial local thermal equilibrium
(LTE). It implies that this sub-layer is kinetic, contrary to the
regions located further away from the surface for which a
continuum approach (more specifically a hydrodynamic limit)
is valid.

The third sub-layer from the cathode surface has a thick-
ness of the order of the recombination length ). Local ioni-
zation equilibrium is thus not satisfied in this sub-layer (ioni-
zation dominates over recombination, see Fig. 2), while it is
satisfied further away from the cathode surface. This third
sub-layer is called the ionization layer or the pre-sheath, de-
pending on the authors. It is locally charge neutral (as Ap < \,),
and although the collision frequencies are large enough to
justify a continuum approach, thermal equilibrium is only
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partial since A\, < A.. In the thermal non-equilibrium region,
the electron temperature 7, is larger than the heavy particle
temperature 7. In general, the thermal non-equilibrium region
does not coincide with the pre-sheath. For monoatomic spe-
cies, such as argon at about 10,000 K, the ordering A\« A\,
indicates that LTE should be reached outside the pre-sheath
(so within the plasma column) [23]. On the contrary for di-
atomic species (such as N, discussed in [23]), LTE should be
established within the pre-sheath since then A\, < \,.

The role of these different sub-layers is now further
detailed.

2.1 Cathode sheath (or space charge layer)

This thin region in contact with the cathode surface can be
formed under the specific conditions given in Sect. 2.2. It
makes the transition between metallic and gaseous conduction
and is mainly made of positive ions attracted by the negative
charges forming the surface potential barrier on the cathode
surface. Its existence was difficult to confirm experimentally
within the frame of atmospheric and high pressure arcs due to
the extreme conditions that hinder direct observations. The
confirmation was provided via indirect observation by
Dabringhausen et al. [24], Luhmann et al. [25], Nandelstadt
et al. [26], Lichtenberg et al. [27], as well as in more recent
studies [28], [29]. The experimental data provided by these
authors are also very useful for testing the models.

The sheath plays an important role in the cathode layer
function [13]:

— It forms a potential barrier that enhances electron emis-
sion by lowering the cathode surface potential barrier.

— It accelerates the emitted electrons, pushing them further
away from the cathode surface (toward the pre-sheath or
ionization layer) and provides them with sufficient kinetic
energy to promote impact ionization as they reach the pre-
sheath, and thus sustain the discharge.

— It accelerates the ions generated in the pre-sheath toward
the cathode. These ions heat up the cathode to thermionic
emission temperature by transferring their kinetic energy
to the cathode while colliding with the cathode wall.
Among these ions, the most highly energetic may also
promote secondary emission.

— It forms a potential barrier that reduces the back diffusion
of the electrons from the pre-sheath toward the cathode.

The charge fluxes taking place in the sheath are thus the
flux of electrons emitted from the cathode surface by therm-
ionic or thermo-field emission and by secondary emission,
and also the flux of ions and back diffused electrons toward
the cathode. The heat transfer to/from the cathode surface
because of these charge fluxes thus include the following:
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—  The heat lost by thermionic or thermo-field emission, by
secondary emission, and

—  The heat gain with the ions and back diffusion electrons
crossing the sheath and reaching the cathode surface.

These charge and heat fluxes depend on the cathode sur-
face temperature, the electron and ion temperature at the
sheath/pre-sheath interface, the plasma composition at the
sheath/pre-sheath interface, and the potential fall across the
sheath [4, 20, 30].

2.2 Knudsen layer

The Knudsen layer is the transition layer allowing a smooth
matching between the charged and almost collision-free
sheath and the quasi-neutral and partial LTE pre-sheath.
Without this layer, the sheath/pre-sheath interface would pres-
ent a singularity [31, 32]. Ion losses due to recombination at
the cathode surface indeed lead to a distortion of the ion dis-
tribution. As a result, the ion velocity at the sheath/pre-sheath
interface needs to be larger than a critical threshold (called
Bohm velocity) to be able to form the sheath [32]. The thermal
velocity of the ions within the partial LTE pre-sheath cannot
reach this critical value. The role of the Knudsen layer, which
is kinetic and dominated by electric field acceleration rather
than collisions (although collisional), is to accelerate the ions
up to the Bohm velocity.

2.3 Cathode pre-sheath (or ionization layer)

The cathode pre-sheath is the region where charged species
are produced by ionization, sustaining the electrical discharge.
For pressures close to atmospheric pressure, it is usually as-
sumed that impact ionization is the dominant ionization pro-
cess [13]. The ionization energy is mainly provided by the
impacting electron if the electron density is not too low. It
can also result from the collision of a heavy particle (atom or
ion) in an excited electronic state with an electron (as in the
cold arc fringes). In that second case, both impinging particles
contribute to providing the ionization energy. As sketched in
Fig. 2, the ionization can occur when an electron, emitted from
the cathode surface and accelerated through the sheath, col-
lides with a gas atom or an ion in the pre-sheath. It results in
two free electrons and a positively charged ion, providing a
flux of ions and of back-diffusion electrons toward the sheath,
as well as an electron flux toward the plasma. The steep gra-
dients of particle densities present in this layer lead to particle
diffusion. The thermal non-equilibrium leads to a decoupling
of the electrical conductivity and the heavy particle tempera-
ture. Important physical characteristics of this layer are thus
diffusion, thermal non-equilibrium (partial LTE), and ioniza-
tion non-equilibrium (i.e., partial local chemical equilibrium
or partial LCE), and these phenomena are concomitant.

3 Cathode layer models for electric arc
at atmospheric pressure

The above listed cathode layer sub-regions are defined by
specific scales and specific physics. The cathode layer prob-
lem can thus be formulated as a boundary layer problem in-
cluding several one-dimensional sub-layers linked through a
suited coupling procedure [5, 32]. The boundary layer formu-
lation is however based on the assumption that a sub-layer can
be assumed one-dimensional if its thickness is small enough
compared to the characteristic length of the geometry studied.
This characteristic length could be the radius of the cathode
tip. The boundary layer formulation is widely used for model-
ing the cathode sheath layer of high-intensity discharge lamps.
The radius of cathode tips used in GTAW is usually smaller
than for HID lamps and can be of the order of \,. (the thickness
of the ionization layer).

Cathode layer models for electric arcs at atmospheric pres-
sure can be organized in three groups, classified according to
their approach for modeling the pre-sheath (or ionization lay-
er): (1) the diffusion approach, (2) the partial LTE approach,
and (3) the hydrodynamic approach. The models representa-
tive of these approaches are categorized in Table 1 with regard
to the respective physical phenomena addressed. The main
characteristic of these approaches are now summarized.

3.1 The diffusion approach

The diffusion approach was introduced by Lee et al. [33],
without accounting for the arc-flow interaction, and by
Morrow and Lowke [34], taking into account the arc coupling.
It aims at providing a smooth transition of the electron current
density from the cathode to the plasma column. The diffusion
approach assumes that charge diffusion in the pre-sheath (or
ionization layer) is the dominant cathode layer phenomena
promoting arc-cathode coupling. With regard to the physics
described in Sect. 2, the simplifications resulting from this
assumption are as follows. The thermal non-equilibrium in
the pre-sheath is assumed to be negligible compared to the
non-equilibrium of charge densities. The pre-sheath is thus
modeled assuming LTE (and thermal diffusion is neglected).
The influence of the sheath (or space charge layer) and of the
Knudsen layer is assumed to be negligible. The energy
transported by the ion flux to heat the cathode surface and
promote electron emission is then related to the thermal ve-
locity in the pre-sheath rather than the Bohm velocity provid-
ed by the Knudsen layer. As the sheath is neglected, the elec-
tron emission is purely thermionic and it cannot be field en-
hanced. Also, the electrons and ions cannot be accelerated by
the sheath fall voltage in order to convey energy from the
electric field to the thermal plasma. Nevertheless, the diffusion
approach models this energy transfer.
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Table 1  Categorization of cathode layer models (atmospheric thermal plasma)
Main properties of cathode layer model Appl. Some other properties
S Kn PS ¢.n ¢ ¢pa Po Plasma x

Diffusion approach

Morrow, Lowke (1993) [34] - - D R - - - [LTE - GTA

Haidar (1999) [38] - - D R - - 2T - GTA

Sansonnens et al. (2000) [37] - - D R - + — [LTE - GTA

Lowke and Tanaka (2006) [43] - - — R - - - [LTE - GTA large cells to neglect non-eq.

densities

Partial-LTE approach

Zhou et al. (1994) [50] + - 2T RS - + + LTE' Richley, Tuma 'as boundary condition

Coulombe (1997) [52] + HB 2T RS - + ' LTE? Richley, Tuma 'fixed cathodic fall voltage
2as boundary condition

Cayla (2008) [20] B HB 2T RS + + + [LTE van de Sanden HID

Javidi et al. (2014) [55] B HB 2T RS + + + LTE van de Sanden HID GTA

Hydrodynamic approach

Hsu, Pfender (1983) [63] + - H' RS - + + LTE* Potapov GTA* 'expe. cathodic fall voltage as
%boundary condition

Delalondre (1990) [11] + - H' RS - + 2T Potapov GTA* lestimated cathodic fall voltage

Benilov (1995) [23]-(2008)[4] B HB H RS - + 2T n, and T, function HID GTA*

Wendelstorf (2000) [71] + HB H RS - + ' oar n. and T, function GTA 'simplified to McKeown formula

Schmitz, Riemann (2001)[31] B CB H RS + + + LTE' T, function’ 'as boundary condition
2yan de Sanden type

Baeva et al. (2012) [76] B HB H RS - + + 2Tx T, function HID GTA* 'with plasma column

S sheath modeled with voltage fall estimate (if +) or with collisionless Boltzmann equation (if B), Kn Knudsen layer modeled with collisional Boltzmann
equation (CB) or a Heaviside type function combined with Bohm criterion (HB), PS pre-sheath modeled with the diffusion (D) or partial LTE (2T) or
hydrodynamic approach (H), ¢,,, thermionic electron emission with Richardson-Dushman law (R) or field enhanced thermionic emission with
Richardson-Dushman law and Schottky correction (RS), ¢, secondary electron emission modeled (if +), Po electric field at the cathode surface
calculated solving Poisson equation (if +), Plasma plasma column model (same abbreviations as for PS), x ionization model, Appl. application to

HID lamp (HID), to GTA (GTA), or similar (GTA*)

This approach provides a non-equilibrium composition of
the cathode layer based on ambipolar diffusion induced by
the ion flux toward the cathode. It results in an electron density
larger than the LTE density in the cathode vicinity, and thus
promotes current flow via diffusion. Electrons and ions are thus
accelerated by a potential fall induced by the ambipolar diffu-
sion. However, as this ambipolar potential fall is low, the elec-
trons cannot be accelerated up to a kinetic energy large enough
to ionize the media and self-sustain the discharge (as described
in Sect. 2). The discharge is instead sustained by the diffusion-
promoted current flow and the resultant Joule heating.

To be applied, this approach requires knowledge of the
electron density distribution. This distribution is calculated
solving a diffusion equation accounting for charge production
(ionization) and uses the cathode surface temperature as a
boundary condition. This last one is known from the energy
conservation equation, setting the total energy flux on the
cathode surface as a boundary condition. The total energy flux
includes the energy removed from the cathode surface while
electrons are emitted and the energy gained by ion
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recombination at the cathode surface. Back diffusion electrons
are neglected. The emitted electron flux is obtained from
Richardson’s law while the incoming ion flux is known from
the ion current density.

The model proposed by Morrow and Lowke [34] was fur-
ther developed over time (e.g., [12, 35-37]). In the original
model [34], the ion current density is calculated implicitly. In
the more recent development of Sansonnens et al. [37], the ion
current density is changed to an explicit expression in order to
satisfy conservation of the total particle flux density. The elec-
trical conductivity is defined with an ambipolar diffusion term
in [37] rather than with the cathode surface electric field in
[34]. Sansonnens et al. underlined that for thoriated tungsten
(and not for pure tungsten), distinct work functions should be
used for modeling the thermionic electron flux and the therm-
ionic electron energy flux from the cathode surface, in order to
allow sufficient cooling of the cathode. They recommend
using the work function of thoriated tungsten for the former
and the work function of pure tungsten for the latter to obtain
more accurate results [37].
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Other modifications have been made, for example, to sig-
nificantly reduce the computational time [36] and to introduce
partial thermal equilibrium [38]. This model has been applied
to several studies by e.g. Tanaka et al. [39], Ushio et al. [40],
Lowke et al. [41], and Fiissel et al. [42].

An alternative version of this approach called the “LTE-
diffusion approximation” was developed by Lowke and
Tanaka [43]. It allows rapid calculations avoiding solving
the continuity equation for the electron density. As it implies,
the physics of the pre-sheath is also neglected, as it does not
aim at gaining insight into the cathode plasma coupling. This
approximation is made using a mesh size in front of the cath-
ode surface large enough to allow neglecting the region of
non-equilibrium densities. Lowke and Tanaka emphasize that
the choice of mesh size on the plasma side at the cathode
surface is critical to reproduce realistic temperature fields in
the arc. Today, the LTE-diffusion approximation seems to be
the most popular for simulating the heat source in GTAW (see
e.g., [2, 44-48)).

3.2 The partial LTE approach

The partial LTE approach is almost the opposite of the diffu-
sion approach. It considers the thermal non-equilibrium (par-
tial LTE) and large gradients in both temperature and electric
field in front of the cathode, but it ignores diffusion. It also
takes into account the sheath, the calculation of the plasma
composition at the sheath/pre-sheath interface thanks to a
two-temperature composition model, and it includes the elec-
tron back diffusion. Several variants were developed by Zhou
etal. [50, 51], Coulombe and Meunier [52, 53] (notice that the
latter was applied in a different context, namely non-refractory
cathodes), and more recently, by Cayla [20, 22, 54] and Javidi
[30, 55].

Zhou et al. neglect the Knudsen layer and assume that the
energy transported by the ion flux to heat the cathode surface
is related to the thermal velocity in the pre-sheath. In contrast,
Coulombe and Meunier, Cayla, and Javidi take into account
Bohm’s criterion (as proposed by Benilov, see next section)
and thus the ion acceleration provided by the Knudsen layer.

For Coulombe and Meunier, the cathode sheath potential
fall Uy is an input parameter set based on experimental evalu-
ations. Conversely, for Zhou et al., Cayla, and Javidi, the
potential fall Uj is an output of their model. The sheath model
aims at calculating locally U; and the cathode surface temper-
ature. This model is made of two equations, namely the energy
conservation and the current density conservation at the cath-
ode surface. To be solved, this system needs to be supplement-
ed with data for expressing the boundary conditions. These
data are the total local current density and the plasma compo-
sition as well as the electron and heavy particle temperatures at
the sheath/pre-sheath interface. Most of the authors assume
that the ion (or heavy particle) temperature at the sheath/pre-

sheath interface is equal to the cathode surface temperature
since the sheath is almost collisionless.

The plasma composition as well as the electron temperature
at the sheath/pre-sheath interface is provided by the pre-sheath
model. At this level, Zhou et al. proceed differently from
Cayla and Javidi. Zhou et al. calculate the plasma composition
based on the approach of Richley and Tuma [56]. They deter-
mine the electron temperature applying Steenbeck’s minimi-
zation principle [57]. Notice that it has been shown since then
that Steenbeck’s minimization principle should not be consid-
ered as a corollary of the principle of minimum entropy pro-
duction [58].

Cayla [20] showed that the input parameters used by
Benilov [4] for the cathode layer model, namely the cathode
fall voltage and cathode surface temperature, could be re-
placed by the current density. The current density is indeed
more convenient for coupling the cathode, cathode layer, and
plasma column. The pre-sheath model of Cayla and Javidi is
based on conservation principles: energy conservation, charge
conservation, nucleus conservation, and detailed balance for
each type of ionization/recombination involved. To close this
system, relations linking the direct and reverse reaction rates
are needed for each ionization/recombination reaction in-
volved. They use the van de Sanden formulation [59] of the
Saha law since it is consistent with their LTE assumption for
the plasma column, and it satisfies the second law of thermo-
dynamics [60]. The resultant system of equations describing
their pre-sheath model includes energy conservation, electric
neutrality, Dalton’s law, and a set of three Saha laws for deter-
mining the Ar atoms and Ar+, Ar2+, and Ar3+ ion densities
[20, 30]. The systems of equations modeling the sheath and
the pre-sheath are non-linear and can be solved numerically
using an iterative procedure.

The cathode layer models differ also in other modeling
aspects. For instance, Cayla and Javidi take into account sec-
ondary emission while most of the other authors do not (see
column ‘¢, in Table 1).

The partial LTE approach was first applied to study the
cathode sheath alone (assuming conditions in the cathode
and plasma column). To our knowledge, the cathode layer
models of Zhou et al. and Coulombe and Meunier have not
been applied to the coupling of cathode and arc for studying
GTAW. However, several applications of the model by Zhou
et al. to other domains such as HID lamps can be found. The
more recent cathode layer model by Cayla and Javidi are
coupled with the cathode and plasma column. They have been
applied to HID lamps in [20, 22, 55].

3.3 The hydrodynamic approach
The hydrodynamic approach is the most complete with re-

spect to the cathode layer physics. It is based on a hydrody-
namic description of the pre-sheath and thus includes both
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thermal non-equilibria and species diffusion. The partial LTE
approach can be seen as a simplified version of the hydrody-
namic approach. In contrast, the diffusion approach is quite
different in essence. The diffusion limit is a standard technique
in continuum fluid mechanics for studying boundary layer
problems. Diffusion (also called drift-diffusion) and hydrody-
namic limits can be derived from the same set of Boltzmann
kinetic equations but with a different scaling in time ¢, while
maintaining the same scaling in space x. Using an appropriate
scaling of the small parameter ¢ (e.g., in plasma physics, € is
the ratio of electron to heavy particle mass), the diffusion
approximation and the hydrodynamic limit can respectively
be derived by letting the small parameter ¢ tend to zero [61,
62]. The diffusion scaling is €: ¢ — &%, x —ex, while the
hydrodynamic scaling is € : ¢ — ¢, x — ex. In such a scaling,
t represents the typical time for an information to be
transported over a distance x. A consequence of the diffusion
scaling is to move the collisional operator for impact ioniza-
tion at a higher order (in terms of ¢) in the rescaled kinetic
model, and thus make it vanish when going to the macroscop-
ic limit [61]. This operator is the source of the ionization non-
equilibrium characteristic of the pre-sheath. These approaches
are valid if a sufficiently large number of collisions between
electrons and collisions between heavy particles take place to
allow passing to the macroscopic limit for both light and
heavy species. This condition is verified in the ionization layer
since the characteristic mean free paths of neutrals, ions, and
electrons are lower than )\, but not in the closer vicinity of the
wall (i.e. in the sheath).

Several variants of the hydrodynamic approach were intro-
duced and further improved by Hsu and Pfender [63],
Delalondre [11, 64], Benilov [4, 6, 7, 23, 25, 65-70],
Wendelstorf [71-73], Schmitz and Riemann [31, 74], and
Baeva [3, 70, 75-78] for modeling the pre-sheath. The exten-
sive contribution of Benilov to the development of a self-
consistent cathode layer model was partly used by several
other authors including Wendelstorf and Baeva (also Cayla
and Javidi). All these variants consider field-enhanced therm-
ionic emission and thus the cathode sheath. All consider at
least three types of current densities: thermionic emission,
back-diffusion electrons, and positive ions. However, they
differ in many other aspects.

In the models by Hsu and Pfender, and by Delalondre, the
sheath is considered but not modeled and the Knudsen layer is
not considered. The ion velocity at the sheath/pre-sheath in-
terface is assumed to be the thermal velocity. In other words,
Bohm’s criterion is not satisfied. The cathode sheath potential
fall Uy is set as an input parameter. In contrast, the model
proposed by Schmitz and Riemann is the most detailed for
describing the Knudsen layer. This is indeed the only one
modeling this region with a collisional Boltzmann equation.
The Knudsen layer model developed by Benilov is an analytic
model with an ion distribution function at the sheath/pre-
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sheath interface given by a Heaviside function bounded to
verify Bohm’s criterion. An advantage is its much lower com-
putational cost compared to a full kinetic approach.
Nandelstadt et al. [26] showed that the results of the detailed
Knudsen layer model of Schmitz and Riemann are close to the
results obtained with Benilov’s simplified model. The sheath
models of Benilov, Wendelstorf, and Baeva are very similar to
the description given in Sect. 3.2 for Cayla’s and Javidi’s
sheath model. However, slightly different coefficients can be
found from author to author in the formulations of the conser-
vation equations. These differences are not detailed here.

Important differences between the models belonging to the
hydrodynamic approach concern the modeling of the pre-
sheath. The energy conservation equations for electrons and
heavy species can differ, as well as the species taken into
account in the Ar-plasma which is investigated by all the au-
thors. Benilov and Baeva seem to neglect the ions Ar*" when
calculating the Ar-plasma composition and the thermodynam-
ic and transport properties. On the contrary, Delalondre and
Wendelstorf take into account Ar**. Delalondre showed that
Ar*" has a very significant influence on properties such as the
specific heat for plasma temperatures above 11,000 K in [11].
In a more general way, the thermodynamic and transport co-
efficients are in several cases based on different methods. Rat
et al. [79] showed that some methods can lead to significant
discrepancies in the results. Besides, some of the studies are
based on Devoto’s diffusion model. It is now known that this
model does not satisfy mass conservation [79].

Another example of important difference lies in the reac-
tion processes and the closure relations linking the direct and
reverse reaction rates. Schmitz and Riemann model impact
ionization (and its reverse recombination) assuming that all
the ionization energy is provided by the impacting electron.
Their closure relation is similar to van de Sanden formulation
of the Saha law. This type of ionization is considered to be
dominant in hot regions where the electron density is large
enough. In colder regions, a significant part of the ionization
energy may need to be provided by the particle to be ionized.
Conversely, Hsu and Pfender, Delalondre, and Wendelstorf
consider only the ionization reactions with incident heavy
particles in an excited electronic state. The closure relations
used by Hsu and Pfender and Delalondre are given by
Potapov generalization of the Saha law [80]. Van de Sanden
[59] showed that Potapov formulation is not thermodynami-
cally correct. This can also be motivated based on kinetic
theory [60]: Potapov formulation does not satisfy the entropy
inequality (second law of thermodynamics). A consequence
for models violating the entropy inequality is that they can
lead to unphysical solutions. A clear illustration can be seen
in the context of rarefied gas dynamics in [81]. Benilov con-
siders reactions covering both electron impact ionization/
recombination (similar to Schmitz and Riemann) and the de-
cay of excited states due to radiation emission. As a result, the
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reaction rates depend on temperature and on the electron den-
sity. It implies that the resultant closure relation is not a Saha
law. Baeva uses the most complete set of reactions. It includes
the two previous types of impact ionization, also impact ion-
ization between two heavy particles, and radiative recombina-
tion [75].

The models describing the plasma column can also differ.
In the models by Delalondre, Wendelstorf, and Benilov (the
one coupled with the arc), the plasma is in partial LTE and at
chemical equilibrium. In the model developed by Baeva, the
plasma core is in partial LTE and also in partial LCE. It implies
that for the former models, the pre-sheath is part of the cathode
layer, while for Baeva, the pre-sheath is modeled with the
plasma column rather than as a boundary sub-layer. In other
words, the pre-sheath is not simplified to a one-dimensional
approximation in that latter case.

Due to the above mentioned differences, the plasma model
of Baeva taken in the limit of chemical equilibrium may not
relax toward the plasma column model of Benilov for instance
(when considered independently of the cathode layer model).
Similarly, the plasma column model of Benilov taken in the
limit of thermal equilibrium may not relax toward the plasma
model of Cayla (again when considered independently of the
cathode layer model).

The models proposed by Hsu and Pfender, Schmitz and
Riemann, as well as the first developments by Benilov, were
applied to the study of the cathode layer alone. The more
recent studies by Benilov, as well as the models of
Delalondre, Wendelstorf, and Baeva, couple cathode, cathode
layer, and plasma column and were applied to HID lamps and
GTAW, as indicated in the column ‘Appl.” (Applications) in
Table 1.

4 Results provided by cathode layer models coupled
with cathode and plasma column

The previous section and Table 1 illustrate the diversity of
models used for simulating GTAW when accounting for the
cathode layer coupling. Most of these models have been tested
by comparison with experimental results. Very recently, mod-
el comparisons have also been conducted. Finally, parts of
these models have been applied to parametric studies in order
to gain a deeper understanding of the cathode layer coupling
process. Some of these results are now summarized.

4.1 Comparative studies

Most of the models representative of the diffusion, the partial
LTE, and the hydrodynamic approach have been tested by
comparison with experimental data, as indicated in Table 2.
It is clear from this table that the models belonging to distinct
approaches are seldom tested with the same experimental

Categorization of experimental data used to test the cathode layer models (argon gas)

Table 2

Maecker [89]  Mitrofanov [90] Baeva [75]  Uhrlandt et al. [78]

Coudert [88]

Wienecke [84]  Haidar [85, 86]  Dabrighausen.[28]  Hsu [87]

Haddad [83]

Diftusion approach
Zhu et al. [12]

Va

Zhu et al. [35]

T; Uy T,

]:l

Lowke et al. [36]

P

Sansonnens et al. [37]

Partial LTE approach

Cayla [20]

U,; T,

Hydrodynamic approach

Delalondre [11]

T; U,

Li and Benilov [68]
Benilov et al. [69]

Baeva et al. [70], [77]

Baeva et al. [75]

T; U,

T, arc temperature measurement, U, arc voltage measurement, 7,, cathode wall temperature measurement

Uhrlandt et al. [78]

Baeva [3]
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data. This would have been very convenient for comparing the
cathode layer models, although other differences may compli-
cate the task. For instance, the models based on the diffusion
approach often neglect the radial component of the current
density when calculating the magnetic field, while the models
based on the partial-LTE and the hydrodynamic approach do
not. This additional difference could also have an influence on
the fields in the arc, as underlined in [82].

The cathode layer models based on the diffusion approach of
Morrow and Lowke [34] are applied (in [12, 35-37]) to a GTAW
configuration studied experimentally by Haddad and Farmer
[83]. The related process parameters are given in Table 3. In
the first application (see [12]), discrepancies between calculated
and measured arc temperature are observed, mainly in the anode
vicinity. In the more recent applications made with an improved
model, very good agreement is observed [37].

The maximum plasma velocity calculated in [12] (about
500 m/s) is also compared with the experimental measure-
ments of Wienecke [84]. The calculation results overestimate
the experimental measurements by about 200 m/s. However,
this comparison should be taken with caution since the pro-
cess parameters were different. For instance the cathode used
for the experiment was made of another material (graphite).

The same configuration is studied in [36] varying the cur-
rent from 50 to 400 A, the cathode tip angle (16° and 60°), and
the cathode material (pure tungsten and thoriated tungsten).
The experimental measurements of Haidar and Farmer [84,
85] are used in [37] for testing calculation results: the maxi-
mum arc temperature, the overall arc voltage, and the cathode
tip temperature. For both pure and thoriated tungsten elec-
trodes, calculated and measured arc temperatures are in good
agreement for the 60° tip angle and the high current range.
Discrepancies are observed with the 16° tip angle, also at high

current (200 A). The calculated arc voltage underestimates the
measured voltage by about 2 V; the authors assume that this
difference could correspond to the cathode fall voltage
neglected by their model.

The self-consistent cathode layer model coupled with an
LTE plasma column (LTE-CL model) by Cayla is applied in
[20] to an HID lamp studied experimentally by
Dabringhausen et al. [28]. The cathode has a flat tip, and the
argon pressure (0.26 MPa) is not atmospheric, contrary to all
the other test cases. The calculated cathode fall voltage and
energy absorbed by the cathode are in good agreement with
the experimental measurements. The calculated surface tem-
perature overestimates the experimentally measured tempera-
ture by about 250 K; this result is considered to be within the
limits of experimental error [20].

The cathode layer model based on the hydrodynamic ap-
proach of Delalondre is applied to a GTAW configuration in
[11]. The calculations are done prescribing the cathode sheath
voltage and the size of the arc attachment based on experimental
observations since this model is not yet self-consistent, contrary
to the more recent models developed by Benilov, Cayla, and
Baeva. The plasma temperature fields obtained at 200 and
300 A are in good agreement with the experimental measure-
ments of Hsu et al. [87]. Comparisons are also made for the three
following sets of electrical current and anode to cathode distance:
275 A, 27.3 mm; 280 A, 50.6 mm; and 287 A, 23.1 mm with the
arc temperature and total arc voltage measured by Coudert and
Grimaud [88]. A good qualitative agreement is observed.

The self-consistent cathode layer model developed by
Benilov coupled with a partial LTE plasma column model
(2T-CL model) is tested with the experimental measurements
of Maecker [89] in [68]. The test case corresponds to a cylindrical
column of a wall-stabilized dc arc in argon at atmospheric

Table 3  Categorization of experimental data used to test the cathode layer models

Appl. Mat. d (mm) L (mm) 1(A) Other
Diffusion approach
Zhu et al. [12, 35, 37] GTA Thw 32 60° 5 200
Lowke et al. [36] GTA Thw 32 16°, 60° 5 50 ... 400
Partial LTE approach
Cayla [20] HID /4 1 180° 20 15...5 0.26 MPa
Partial LTE approach
Hsu and Pfender [63] /4 180° 200 No plasma coupling
Delalondre [11] GTA" w 60° 10 275 ... 287
Delalondre [11] GTA* /4 10 40°, 60° 23 ...50 275 ...287
Li and Benilov [68] HID /4 2 180° 10 10 ... 60
Benilov et al. [69] GT4* w 2 10 20 ... 200 Hemispherical
Baeva et al. [70], [77] GT4* w 2 10 20 ... 200 Hemispherical
Baeva et al. [75] GTA4* LaW 2 8 200 Hemispherical

Appl. application, Mat. cathode material, d cathode diameter, © cathode tip angle, L distance between electrodes, / current
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pressure. The deviation between calculated and experimental
results is less than 6 % for a current varying from 10 to 60 A
[68]. A comparison using the more recent arc voltage measure-
ments of Mitrofanov and Shkol’nik [90] covering the higher
currents used in GTAW is made in [69]. The calculated arc volt-
age U, and the measured voltage are observed to vary similarly
with the current (20 to 200 A). U,,,.. is defined here as the sum of
the calculated plasma column voltage and the calculated cathode
fall voltage Uy along the symmetry axis. Very good agreement is
again obtained at low current. At higher current, U, overesti-
mates the experimental arc voltage up to about 2 V (at 175 A).
The calculated cathode fall voltage is a minimum at high current
(about 10 Vat 200 A). The minimum Uj is however much larger
than the cathode layer voltage of about 2 V evaluated with the
diffusion approach.

These configurations are also used in [68, 69] to compare
the self-consistent 2T-CL model with a simplified model: LTE
arc without cathode layer. This simplified model requires
boundary conditions on the cathode surface set using the cal-
culation results of the self-consistent 2T-CL model. The tem-
perature (also in the LTE plasma core) and arc voltage calcu-
lated with the two models are significantly different. The cal-
culations show that the LTE model overestimates the resis-
tance in the plasma bulk and in the cathode vicinity. This
overestimation seems to somehow compensate the lack of
cathode fall voltage in the LTE model.

Calculation results obtained with the more recent model of
Baeva (cathode sheath model with thermal and chemical non-
equilibrium plasma column, or 2TC-CL model) are also com-
pared in [75] with experimental measurements and with an
LTE model (with no cathode layer, and a uniform cathode
surface temperature imposed at 3500 K). The comparison
confirms the earlier observation made by Li and Benilov
[68] and Benilov et al. [69]. The cathode voltage drop obtain-
ed with the 2TC-CL model is about 9.5 V. This is the value at
the cathode tip (as in [68, 69]) and not an effective voltage as
in Cayla [20]). The arc voltage (13 V) calculated with the LTE
model significantly overestimates the one calculated with the
2TC-CL model (8.5 V). The experimental voltage is closer to
the non-equilibrium result (18 V) than to the LTE arc voltage.
Conversely, spectroscopic measurements show that the 2TC-
CL model underestimates the measured temperature while the
LTE model leads to a better agreement.

The 2TC-CL model is compared with the 2T-CL model
developed by Benilov (its original implementation with ther-
mal non-equilibrium and chemical equilibrium plasma col-
umn) in [70] and with the LTE-CL model developed by
Cayla (a new implementation of it) in [77].

For a current lower than 100 A the 2T-CL model is closer to
the experimental results of Mitrofanov and Shkol’nik [90]
than the 2TC-CL model. In contrast, for currents from
100 A and above, the results of the 2TC-CL model are close
to the experimental results while the 2T-CL and the LTE-CL

model overestimate these results (up to 14 % when the dis-
crepancy is the largest). The LTE-CL model produces (as ex-
pected due to the LTE assumption in the plasma fringes) a
more constricted arc than the 2TC-CL model. A similar trend
is observed with the 2T-CL model. These discrepancies could
have several causes since the models compared differ in sev-
eral aspects that can either be related to the modeling (see
Sect. 3.3) or to constraints imposed by the computational soft-
ware used (see [70]). A cathode layer model with the sheath
and the pre-sheath described as a boundary sub-layer (as de-
scribed by Benilov, Cayla, and Javidi) or simply the sheath (as
described by Baeva) is indeed a complex boundary condition
and its implementation requires having sufficient access to the
source code of the computational software.

These comparisons seem to indicate that when applied to
GTAW, the diffusion approach provides good predictions of
the arc temperature while the arc voltage is underestimated,
and on the contrary, the hydrodynamic approach provides
good predictions of the arc voltage while the arc temperature
is underestimated.

4.2 Parametric studies and cathode layer process
understanding

Several of the models listed in Table 1 have also been applied
to do parametric studies in order to gain a deeper understand-
ing of the cathode layer coupling process. Some of these re-
sults are now recalled.

The effect of back diffusion of electrons to the cathode for a
200-A arc is studied in [36] by Lowke et al. They observe that
the total arc voltage is increased by 1.5 V (and infer that the
sheath voltage is then increased from 1.5 to 3 V) when ac-
counting for electron back diffusion.

The influence of thermal non-equilibrium and diffusion in the
pre-sheath is investigated in [63] by Hsu and Pfender. They apply
their cathode layer model (hydrodynamic approach) to a 200-A
free-burning argon arc and a thoriated tungsten cathode. The
plasma column is included through boundary conditions set
based on former studies (plasma temperature of 21,000 K for
instance). As the authors use the diffusion approach, they observe
a large deviation of the electron density calculated in the cathode
vicinity compared to an LTE density. In [63], this deviation is
mainly explained by ionization (rather than diffusion). It is com-
bined with a very high generation of ions. The calculation results
show large thermal non-equilibria across the cathode layer, with
an electron temperature larger than the ion temperature. These
deviations from LTE are associated with a cathode sheath voltage
drop of about 4.5 V (thus larger than the ambipolar sheath volt-
age provided by the diffusion approach). The region presenting
thermal equilibria (about 9 10 m thick) is also slightly more
extended than the region in ionization non-equilibrium (about
7.5x107° m thick). In the cathode vicinity, it is observed that
the fluxes of charged particles are mainly driven by the sheath
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voltage drop in the cathode vicinity. Thermal diffusion becomes
important further away. For electrons, the potential gradient on
the one hand and the density and temperature gradients on the
other hand push the electrons toward opposite directions (respec-
tively away and toward the cathode). Concerning the ions, all
these gradients push them toward the cathode. Hsu and Pfender
also observed that the ions generated in the pre-sheath and accel-
erated toward the cathode by the sheath voltage lead to a rela-
tively high ion current (about 18 % of the total current) close to
the cathode.

Delalondre [11] applied her coupled cathode plasma model
activating different parts step by step in order to investigate the
significance of some physical phenomena. In one of these
numerical tests, the sheath is omitted and replaced by a simple
boundary condition on the electron density. It is observed that
this simplification does not allow reproduction of the strong
variation in electron density and in electric field in the vicinity
of'the cathode wall which is characteristic of the cathode layer.

The influence of the ionization non-equilibrium in the pre-
sheath is also studied in [11]. It is observed that a pre-sheath
modeled assuming ionization equilibrium leads to a pre-
sheath electron temperature significantly larger than the heavy
particle temperature but almost uniform, and it does not allow
reproduction of the electron density gradient characteristic of
the pre-sheath.

The influence of the electron enthalpy transport is also
investigated in [11]. It is observed that although this transport
has little influence on most of the arc temperature (it contrib-
utes to a rise of about 5 %), it plays a non-negligible role in the
vicinity of the cathode tip as well as along the arc axis (regions
characterized by high current density and large temperature
gradient).

Cayla notes in [20] (page 75) that models for three-body
recombination coefficient (useful for determining the plasma
composition in the pre-sheath) can vary by up to four orders of
magnitude depending on the underlying theory, e.g., Benilov
[91] and Hinnov and Hirschberg [92]. It is observed that this
coefficient has a significant influence on the current density
and the cathode fall voltage due to its influence on the ion
density at the sheath/pre-sheath interface. The current density
calculated with the three-body recombination coefficient of
[91] is an order of magnitude lower than with the coefficient
of[92], which is in turn an order of magnitude lower than with
van de Sanden formulation of the Saha law.

The influence of the thickness used in the LTE-CL calcu-
lations for describing the pre-sheath is studied in [20] (chapter
5) for a tungsten cathode and an argon gas (HID configura-
tion). Two different conditions are studied: a uniform pre-
sheath thickness of 200 um (as often retained for HID lamp
simulations) and 500 pum. It is observed that the thickness of
the pre-sheath has a significant influence on the electron tem-
perature at the sheath/pre-sheath interface, thus on the charge
density in the pre-sheath, on the plasma temperature, on the
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electrical conductivity (in this case, a two-temperature model),
on the extent of the conducting region at the cathode surface
and finally on the fields within the arc (not only in the cathode
vicinity). In practice this thickness may also be expected to
vary locally along the cathode surface if the cathode surface
temperature is not uniform.

The influence of the emitted current density on the cathode
fall voltage is also investigated in [20]. The cathode fall volt-
age increases when the ratio of emitted to total current density
decreases, in order to accelerate sufficiently the emitted elec-
trons to promote ionization in the pre-sheath and compensate
the decrease in emitted electrons with an increased number of
charge carriers. The cathode fall voltage is observed to be
significantly influenced by the thermal boundary condition
on the top of the cathode and by the secondary emission
coefficient.

A study of the influence of the extent of the arc attachment
is performed in [70] by Beava et al. considering two cases:
free and restricted attachment. It is observed, as earlier by
Cayla [20] that the size of the arc attachment has a significant
influence on the plasma temperature field. It can reach up to
4000 K difference 1 mm away from the cathode tip in the test
cases investigated in [70]. It is concluded that a restricted
attachment provides a better agreement with experimental
measurements.

5 Conclusions

A large diversity of models coupling cathode, cathode layer,
and plasma column has been developed during the past
35 years. They can be organized in three groups based on
the approach used for modeling the pre-sheath or ionization
layer: (i) the diffusion approach, (ii) the partial LTE approach,
and (iii) the hydrodynamic approach. The ordering from (i) to
(ii1) is associated with an increasing consideration of the phys-
ics taking place in the cathode layer. Hopefully, most of these
models should be represented in this review.

Several of these models have been applied to the study of
GTAW. The variety of models and the modeling results ob-
tained up to now show that this field is still under develop-
ment. The review of the existing results indicates that the
diffusion approach seems to be more accurate for evaluating
the temperature fields in the plasma column while the hydro-
dynamic approach is more accurate for predicting the arc volt-
age. Plasma temperature and arc voltage belong to the very
few quantities accessible from experimental measurements. It
is known for instance that the heat transferred to the base
metal, which is of great interest for welding applications, is
not restricted to the heat flux due to temperature gradients. The
heat flux due to current density can also be significant.
However, the current density distribution in the arc is seldom
discussed when applying a cathode layer model coupled with
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the plasma column, most probably due to the lack of experi-
mental data. Measurements of the velocity field in the arc and
pressure force on the base metal [42] would be useful, as they
would provide (although indirectly, via the magnetic pinch
force) information on the current density distribution.

The diffusion approach seems thus to be more accurate for
evaluating the temperature fields in the plasma core. However,
its applications have been on a rather restricted number of
cathode geometries. It was observed in [36] that a very small
cathode tip angle does not lead to results as satisfactory as the
standard 60° cathode tip angle. A more extended investigation
of the influence of the process parameters on the ability of
models to reproduce experimental results would be interesting
too, without restriction on the model used.

Although the hydrodynamic approach is the most complete
for describing the physics of the cathode layer, it seems to
underestimate the temperature in the plasma column.
According to [70], it is necessary to restrict the arc attachment
area in order to reproduce a plasma temperature in good agree-
ment with the experimental observations. The comparisons
between models belonging to the partial LTE approach and
the hydrodynamic approach recently developed by Baeva and
co-workers might help to understand the cause of the extended
arc attachment. However, the existing models differ in too
many aspects (see Sect. 3.3) to draw clear conclusions. It
would be interesting to know whether these different models
(such as the plasma model with partial LTE and chemical non-
LCE and the model with partial LTE and equilibrium ioniza-
tion) can relax toward the same equilibrium (e.g., at ionization
equilibrium). Physical phenomena such as metal vaporization
at the cathode surface are usually neglected. It is known that a
very small amount of metal ions in a plasma can significantly
change the electrical conductivity. However, it is not yet
known whether the small amount of metal vapor present in
the cathode vicinity could be sufficient to influence the arc
attachment.

Finally, the main issue may be the need for experimental
data allowing further validation of the models. However, ex-
perimental observation is a challenge due to the high temper-
atures combined with the very small size of the cathode layer.
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