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Abstract A recent review pointed out that the existing
models for gas tungsten arc coupling the electrode (a cath-
ode) and the plasma are not yet complete enough. Their
strength is to predict with good accuracy either the elec-
tric potential or the temperature field in the region delimited
by the electrode and the workpiece. Their weakness is their
poor ability to predict with good accuracy these two fields
at once. However, both of these fields are important since
they govern the heat flux to the workpiece through current
density and temperature gradient. New developments have
been made since then. They mainly concern the approaches
addressing the electrode sheath (or space charge layer) that
suffered from an underestimation of the arc temperature.
These new developments are summarized and discussed,
the modelling assumptions are examined, and important
modelling issues that remain unexplored are underlined.

Keywords (ITW Thesaurus) Refractory cathode -
Cathode surface state - Cathode boundary layer - Plasma
column - Modelling assumptions

1 Introduction

Simulation models for electric arc welding heat sources
are useful for, e.g., gaining deeper process understanding,
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doing parametric studies and selecting process windows,
providing the local heat input distribution necessary to pre-
dict weld material properties, or supporting the development
of online process control models. Important outputs they
can provide are in particular the heat fluxes from the elec-
tric arc (or plasma column) to the workpiece. These heat
fluxes are known to be mainly transferred by the current
density and the temperature gradients [1]. They include sev-
eral components, as illustrated by the calculations of Baeva
[2] reproduced in Fig. 1. Their prediction necessitates an
accurate calculation of the electric potential and the temper-
ature fields in the plasma column; these fields are in turn
greatly conditioned by the plasma boundary conditions at
the anode surface, and in first place at the cathode surface.
The recent developments made to improve the mod-
elling of the plasma boundary conditions in gas tungsten
arc (GTA) mainly concern the cathode plasma interface and
approaches addressing the sheath (or space charge layer).
The effect of the anode sheath and its potential drop is
generally neglected when simulating GTA, e.g., [3]. On
the contrary, for simulation models applied to free burn-
ing arc in argon, the sheath voltage drop can be set based
on experimental measurements, e.g., to 3.5 V in [4]. Most
of the available anode sheath voltage drop measurements
were indeed done with free burning arcs or high intensity
discharge lamps [5-7]. The available measurements show
that the anode sheath voltage drop is lower than the cath-
ode sheath voltage drop, and of same order of magnitude
[5]. The shorter cathode to anode distance characteristic of
GTA reduces the accessibility to diagnostic and makes the
experimental measurements very difficult to carry out. At
the anode surface of a high intensity electric arc the anode
sheath can either be electropositive or electronegative. It
was observed to be electropositive in argon free burning arc
at current higher than 50 A [5], whereas an electronegative
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Fig. 1 Temperature (T) along the anode, heat flux to the anode (g,)
and its components from: plasma heavy particles (q,’l’]i,), plasma elec-

trons (qf,f,), ion recombination (Ji’;j(Eivn — A)) and counter diffusing
electrons (je,A/e) for a 200 A GTA; 5 mm arc length, water-cooled
copper anode. From Baeva [2]

anode sheath was obtained in the presence of helium shield-
ing gas [8]. Based on this knowledge, the anode sheath
models for high intensity electric arcs use to assume an elec-
tronegative sheath when operated with argon shielding gas,
as in e.g. [2]. For other types of shielding gases, and in
the presence of metal vapor, measurements are rare so that
the type of charge carrier dominating the sheath might also
need to be predicted by a model, as further developed in
[9]. Very recently, Baeva [2] did evaluate the electronegative
sheath voltage drop in an argon GTA with a current of 100—
200 A and an electrode gap of 5-10 mm. The calculations
were done applying a non-equilibrium plasma model self-
consistently coupled with a sheath model. The modulus of
the anode sheath voltage drop, which was evaluated to be of
0.1-0.2 'V, was concluded to be negligible compared to the
cathode sheath voltage drop. The electric potential was also
solved in the plasma core and the pre-sheath accounting for
the diffusion current component in the Ohm law. It showed
a negative anode voltage drop of about 3 V in the pre-sheath
[2], while the anode drop was previously attributed to the
sheath.

Concerning the plasma boundary conditions at the inter-
face with refractory cathodes, several modelling approaches
have been developed. They were recently reviewed within
the frame of GTA welding applications [10]. A problem
with these approaches was their poor ability to predict both
the electric potential and the temperature field in good
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agreement with experimental measurements [10]. In partic-
ular, approaches accounting for a self-consistent modelling
of the cathode sheath are known to predict sheath volt-
age drop and plasma column voltage in good agreement
with experimental data over a broad range of current inten-
sity spanning from high intensity discharge lamps to free
burning arcs [10, 11]. However, an underestimation of the
arc temperature was observed by Baeva et al. [12] apply-
ing a model that takes into account thermal and chemical
non-equilibrium in the plasma column (model hereinafter
referred to as the original fully non-equilibrium (FNE)
model). The cathode boundary layer was made of the cath-
ode sheath and the effect of the Knudsen layer was also
taken into account. Using a FNE-plasma model the cathode
sheath is treated as a boundary layer while the pre-sheath
is combined with the plasma column. The underestimation
of the arc temperature went hand in hand with an overes-
timation of the arc attachment area [13]. Restricting this
area allowed reducing the temperature discrepancy in the
plasma column, but the drawback was the introduction of
an adjustable parameter. In fact, the model of [13] does
not verify current continuity and energy conservation at the
cathode/plasma interface. Recently, the model was signif-
icantly improved to match current continuity and energy
conservation of the plasma column with the cathode [14].
For this a complete diffusion treatment of particle fluxes,
and a generalized Ohm’s law were used. These improve-
ments lead to a focusing of the arc and thus an increase of
the calculated plasma column temperature (without using an
adjustable parameter) [14, 15].

The novel FNE-model [14] was also recently compared
to two other numerical approaches describing in different
ways the cathode layer coupling cathode and plasma col-
umn. The first one is the unified approach developed by
Almeida et al. [16]. It is free from any a priori introduction
of a boundary layer and consists in a single set of equations
valid throughout the cathode layer and the plasma column.
Due to its high computational requirements, this model
was applied in one-space dimension. The second numeri-
cal approach combines cathode layer and plasma column.
The plasma column is then modeled with a two-temperature
plasma (2T-plasma) model assuming chemical equilibrium
(another possible alternative is a local thermal equilibrium
or LTE-plasma [11]). The cathode layer is, as in [14], made
of a space-charge layer (or sheath), a Knudsen layer, and an
ionization layer (or pre-sheath). But the ionization layer is
treated as part of the cathode boundary since it cannot be
described by a plasma column that assumes chemical equi-
librium. These approaches were compared two by two by
Benilov et al. [11] computing free burning arc test cases
in one-space dimension and two-space dimension (with an
hemispherical cathode). At atmospheric pressure and for a
current density larger than about 5 x 10’ A m~? the three
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approaches provide calculation results in good agreement
since the introduction of a cathode boundary layer and its
sub-division in up to three sub-layers is valid in the context
of free burning arc [11]. This current density range covers
the conditions usually met in GTA applications. However,
the electrode geometry is also an important parameter to
consider; it is usually much sharper for GTA than for free
burning arc.

The novel FNE-model was recently applied by Baeva [2]
to a GTA test case with argon shielding gas. The calcula-
tion results were compared to experimental measurements
of voltage and electron temperature for an inter-electrode
gap of 8 mm. The tungsten cathode was doped with lan-
thana, and the current set to 200 A. The calculated cathode
sheath voltage drop was 5 V. The total voltage was defined
as the sum of the cathode body, the cathode space-charge
sheath, and the arc column voltage. Its calculated value of
14.03 V is in good agreement with the measured arc voltage
of 14 V (at the arc current of 201.4 A; see [17]). The com-
parison of the electron temperature calculated in the arc to
emission spectroscopy measurements was made along the
radial direction at 1 and 4 mm below the cathode tip. These
results, reproduced in Fig. 2, show that thermal equilib-
rium is reached in the plasma core; thermal non-equilibrium
observed in the arc periphery increases with the distance
to the arc axis. The electron temperature, 7,, calculated
with the novel FNE-model (denoted “sc” in the figure) is
almost everywhere in very good agreement with the mea-
surements. It lies within the experimental error bars except
in the cathode tip vicinity where the calculations overesti-
mate the measurements by about 2000 K on the arc axis
at 1 mm below the tip. The comparison for tungsten cath-
ode doped with thoria is not done; it is well known that this
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Fig. 2 Temperatures of electrons and heavy particles from FNE mod-
els with self-consistent (sc), restricted (r), and free (f) arc attachment in
comparison with experimental data along radial lineouts a 1 mm and b
4 mm away from the cathode tip. Arc current 200 A, arc length 8 mm.
From Baeva [2]

dopant is no longer used in manufacturing because of its
radioactivity. However it is still of interest for model testing
since it has long been studied and is the most documented
tungsten cathode dopant [18].

Other recent developments were conducted by Pekker
and Hussary [19] and Pekker and Murphy [20] to improve
the plasma boundary condition at the interface with a
cathode (and an anode). These authors consider a two tem-
perature plasma [19, 20], and introduce the metal vapor in
the sheath model [20]. Their model is intended to address
a broader range of applications than GTA, like the model
by Benilov [21, 22]. The approach of Benilov is based
on the two-scale description of the cathode layer analyzed
by Riemann [23] doing a rigorous kinetic theory of the
plasma-sheath transition. The approach of Pekker and Hus-
sary is based on the one-scale description of the cathode
layer developed by Godyak and Sternberg [24]. These two
approaches differ in several aspects, as underlined in [19].
Four differences are of relevance for GTA at pressure close
to atmospheric pressure.

1. Ion collisions in the sheath are assumed (a) negligible
in [20-22] and (b) not negligible in [19].

2. The contribution of the thermionic electron number
density to the cathode surface electric field is assumed
(a) negligible in [21, 22] and (b) not negligible in
[19, 20].

3. (a) The cathode layer is made of one sub-layer that is the
space-charge sheath [19, 20], and (b) the cathode layer
is made of two sub-layers that are the space-charge
sheath and the ionization layer; these two sub-layers
are matched smoothly through the Bohm criterion
(Knudsen layer) [21, 22].

4. The contribution of the ion temperature to the Bohm
velocity and to the energy balance in the sheath is
assumed (a) negligible in [19, 20] and (b) not negligible
in [21, 22].

The models proposed by Pekker et al. were applied to one
dimensional test cases in [19, 20]; to our knowledge they
have not yet been applied to GTA. The cathode sheath and
Knudsen layer model by Benilov and Marotta were applied
to GTA in, e.g., [2, 25]. Thus, the simplified alternatives of
3) and 4) have not been used within the frame of GTA, and
their validity has not been investigated yet in this context.
The different assumptions made in (1) and (2) are discussed
thereafter.

On the other hand, GTA studies were recently conducted
with a simple LTE-plasma column model dividing the cath-
ode layer in three sub-layers [25, 26]. It implies that the
deviations from thermal and chemical equilibrium are both
localized in a cathode sub-layer (the ionization layer). The
model is also self-consistent and based on fundamental
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physical principles, e.g., charge and energy conservation. It
involves the cathode sheath and the Knudsen layer model
of Benilov and Marotta [21, 22], and a cathode pre-sheath
model mainly based on the developments by Cayla et al.
[27, 28]. This cathode layer model is suited to a local res-
olution of the sheath along the cathode surface, i.e., the
sheath properties are not assumed uniform in space [10].
The model (see Appendix A) was applied to compute a 200
A and stationary argon arc produced by a thoriated tungsten
electrode, with a conical tip of angle 60°, on a water cooled
workpiece. The electrode to workpiece distance was 5 mm.
This test case, which is described in further details in
Appendix B, was retained since measurements of both the
cathode surface temperature and the electron temperature in
the arc were available [29, 30], while temperature prediction
was the weakness of the modelling approach. Calculation
results are plotted in Figs. 3 and 4. Figure 3 compares
the calculated cathode surface temperature with the exper-
imental measurements of Haidar and Farmer [30]. At the
tip end (located at distance zero in Fig. 3) the calculated
cathode surface temperature underestimates the experimen-
tal measurements, while towards the tip shoulder at about
2 x 1073m it overestimates the measurements. The maxi-
mum discrepancy is then of the order of 400 K. Figure 4
compares the plasma temperature calculated along the arc
symmetry axis with the electron temperature measurements
of Haddad and Farmer [29]. It can be seen that the under-
estimation of the plasma temperature is significantly pro-
nounced; it reaches almost 8 000 K at a distance z =
1073 mm below the cathode tip end. A natural set of ques-
tions is then: why do these calculations underestimate to a
large extend the GTA arc temperature measured experimen-
tally? Which modelling assumption is justified and which
one should be questioned?

The modelling assumptions are listed and critically
examined for the three following regions: the solid cathode
(Section 2), the cathode layer (Section 3), and the thermal
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Fig. 3 Temperature along the cathode surface as function of the
distance from the tip center. (—): calculation results, and (e): experi-
mental measurements of Haidar and Farmer [30] at 200 A
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Fig. 4 Temperature along the arc axis as function of the distance
from the tip center. (—): calculated LTE-plasma temperature, and (e):
electron temperature measured by Haddad and Farmer [29] at 200 A

plasma (Section 4). The paper is structured starting from the
LTE-model [25, 26] used above to exemplify the problem
(Figs. 3 and 4). Numerical results are presented in the sequel
to illustrate the effect of some modelling assumptions. Mod-
elling assumptions specific to the FNE-approach by Baeva
etal. [11, 14], and to the approach developed by Pekker at al.
[19, 20], are also addressed. Finally, important modelling
issues that remain unexplored are discussed in conclusion.

For clarity and completeness the model used to do the
computations is given in Appendix A, while the numeri-
cal test case is defined in Appendix B. In this model, the
temperature distribution in the cathode is self-consistently
calculated, while the surface temperature of the anode is not
calculated; it is assumed to be given by a boundary con-
dition for water-cooled anode (further details are provided
in Appendix B, Table 3). For the GTA test case calculated
with a FNE-approach by Baeva [2], a water-cooled anode
with negligible vaporization and melting was also assumed
but the anode temperature was calculated (see Fig. 1). The
water-cooled anode condition is useful to perform spectro-
scopic measurements and test the models. When moving
from the laboratory to the workshop, the condition at the
anode is very different. The anode spot temperature can in
practice be very high, which may lead to significant evap-
oration of the anode material and change the arc dynamics
[31]. This issue is not addressed here.

2 Cathode-modelling assumptions

When considering the cathode sheath, the cathode model
(cathode surface included) uses to be based on the following
assumptions, as in [12] and [14]:

(A0)
(Ala)

Joule heating in the cathode body can be significant,
radiative heating of the cathode surface is negligible
compared to radiative cooling,

(A2) secondary electron emission is negligible,
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(A3a) electron emission can be modeled by the Richard-
son Dushman emission law supplemented with
Schottky correction,

the cathode is homogeneous with a uniform physi-
cal state.

(Ada)

Assumption (AO) can be verified since GTA welding appli-
cations cover a wide current range. At low current, Joule
heat generation in the cathode body is known to be neg-
ligible. Above some current threshold 7* this heat source
term is important to model since it has an effect on e.g.
the cathode surface temperature, as shown by Benilov and
Cunha [32]. These authors modeled cylindrical tungsten
cathodes in argon plasma for various configurations, and
current ranging from 1 to 500 A. From their results, it can be
seen that the current threshold 7* depends on several param-
eters such as the electrode radius R (varied from 0.3 to 1.0
mm in [32]) and the tip geometry (hemispherical, or flat in
[32]). For the set of configurations studied in [32] the cur-
rent threshold /* was observed to vary from 26 A (when R =
0.3 mm) to 274 A (when R = 1.0 mm). It should be noticed
that parameters other than R (such as the argon pressure and
the inter-electrode distance) were simultaneously varied in
[32], and to our knowledge the exact dependence of I* is
not established yet. Thus, apart from few specific configu-
rations and process parameters, the value of /™ is generally
not know. A systematic modelling of Joule heat generation
in the cathode body (as done in, e.g., [2, 25], and in Eq. 7
of Appendix A) allows covering the wide range of
GTA welding applications without needing to know
whether the process current is below or above the current
threshold 7*.

The radiation heat flux emitted locally by the cath-
ode surface is generally expressed using the gray body
model. The radiation heat flux reaching the cathode surface
includes radiation from the plasma column and from the
surrounding surfaces, in particular the anode surface. The
radiation from the anode surface that reaches the cathode tip
was evaluated in [25] for a water cooled copper anode. It is
several orders of magnitude lower than the radiation from
the plasma column, and thus negligible. The incident radi-
ation heat flux reaching the cathode surface while emitted
from the plasma column can be calculated using the view
factor method, as in [25].

The fraction of incident radiation that is locally reflected
by the cathode surface is usually ignored. Reflection mod-
elling is a difficult issue that would need knowing, e.g.,
the local fraction of diffuse and specular reflection. The
reflected heat has no direct effect on a standard GTA cath-
ode surface (due to convexity); however, it could have an
effect on the plasma temperature. This effect, which should
be globally small compared to other plasma source terms
such as Joule heating, still needs to be quantified locally.

The fraction of incident radiation that is locally absorbed
by the cathode is governed by the surface absorptivity.
Larrabee [33] measured the emissivity of incandescent tung-
sten as function of both the wavelength and the temperature
for surface temperatures ranging from 1600 to 2400 K.
Applying Kirchhoff’s law of radiation, the emissivity deter-
mined in [33] leads to an absorptivity ranging from 0.41 to
0.485 [25]. Nomerovannaya et al. [34] measured the absorp-
tivity of tungsten monocrystals over a broader range of
wavelengths. For the range corresponding to incandescent
tungsten, their results show an absorptivity of about 0.5.
Thus, the emissivity of incandescent tungsten is not negligi-
ble, and assumption (A la) might be questioned. The effect
of cathode surface heating by plasma radiation was investi-
gated in [25]. The radiation heat fluxes calculated along the
cathode surface assuming that
(Alb) radiative heating of the cathode surface is not neg-
ligible compared to radiative cooling,

are plotted in Fig. 5 for a tungsten absorptivity set to 0.5 (i.e.
pure tungsten [33, 34]). These results show that the radiative
heating and cooling of the cathode surface are of same order
of magnitude; assumption (A1b) thus prevails in this case.
The electrodes used in GTA welding are commonly made
of tungsten activated with a few percent in weight rare earth
oxide for stability purpose and to facilitate arc ignition [35].
The presence of rare earth oxide might modify the emissiv-
ity of doped tungsten compared to pure tungsten. This issue
is poorly documented. There is thus a need for new experi-
mental investigations to determine the effect of the presence
of rare earth oxide on the surface emissivity (or absorptivity)
of tungsten.

Assuming (A 1b) rather than (Ala) has a consequence on
the computational time, which is larger with (Alb) since
the view factor method is computationally demanding. A
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Fig.5 (——, - - -) absorbed and emitted heat flux (qfft‘}, gy, along
the cathode surface as functions of the distance from the tip center.

Non-homogeneous cathode model, assumption (A 1b)
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second consequence concerns the cathode and the arc prop-
erties. It was shown in [25] that if the cathode layer is
modeled only over the electrically conducting part of the
cathode surface, using assumption (Ala) rather than (A1b)
has only little effect on the cathode surface properties and on
the arc properties. The reason is the low value of emitted and
absorbed radiative heat fluxes compared to other heat fluxes
transported by, e.g., electrons and ions, in the central part
of arc attachment area (see Section 3.1). At the transition
region between electrically conducting and non-conducting
cathode surface, radiative emission and absorption are not
negligible compared to the other heat fluxes. Assumptions
(A1Db) could thus have an effect on the size of the arc attach-
ment, and in turn on the cathode and the arc properties. To
our knowledge, computations assuming (A1b) while mod-
elling the cathode layer all over the cathode surface have not
yet been made. Further investigations are thus needed.

It is known that for a tungsten cathode secondary electron
emission is not negligible compared to electron emission
when the current density is, in absolute value, less than
5 x IOGA/m2 [27, 28]. This threshold value can be met
for high intensity discharge lamp applications. However, it
is expected to be below the current density range of GTA.
It was checked in [26] that for the GTA test cases inves-
tigated experimentally in [29, 30] with a W-2%wt ThO,
cathode, secondary emission is negligible compared to elec-
tron emission, so that assumption (A2) is satisfied. It should
be noticed that, for computational purposes, secondary elec-
tron emission might however be convenient to consider. It
was observed to provide numerical stability when initializ-
ing GTA calculations from a low current (5 A) and ramping
up to the operating GTA current [26].

The Richardson Dushman emission law supplemented
with Schottky correction is known to be valid for thermionic
emission and field enhanced thermionic (or thermofield)
emission in the presence of a small cathode surface electric
field. There is little information available about how small
the surface electric field should be to apply Schottky correc-
tion within its domain of validity. The answer depends on
several parameters, e.g., the material work function and the
surface temperature. An inappropriate emission law would
have an effect on the temperature fields computed at the
cathode surface and in the plasma column. He [36, 37] did
delimit, as function of the surface electric field, emission
zones in which modelling assumptions hold. However, this
was made for conditions that differ from usual GTA con-
ditions (a cathode surface temperature of 1000 K and pure
tungsten). Besides, Coulombe and Meunier [38] did ques-
tion the validity of Schottky correction for a material work
function of 2,6 eV (which is close to the work function of
some rare earth oxides). These authors did show that in that
case the Richardson Dushman emission law supplemented
with Schottky correction can deviate from the Murphy Good
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emission law. The Murphy Good emission law is known
to encompass the Richardson Dushman emission law and
to be valid over a broader range of cathode surface elec-
tric field. A drawback is the much larger computational
time it requires [26]. The effect of electron emission law
was investigated in [26] replacing (A3a) with the following
assumption:

(A3b) electron emission should be modeled by the Mur-
phy Good emission law.

It was checked in [26] that for the GTA test cases inves-
tigated experimentally by Haddad and Farmer [29] and
Haidar and Farmer [30] with thoria electron emitters,
the Richardson Dushman emission law supplemented with
Schottky correction is still used within its domain of valid-
ity. It does not deviate from the Murphy Good emission law.
Assumption (A3a) is thus verified.

For a newly made GTA electrode, it can be assumed that
the activator islands (few percent in weight) are almost uni-
formly distributed throughout the volume of the tungsten
matrix. The electrode can then be described at the macro-
scopic scale by a single physical state (called here state I),
and assumption (A4a) is satisfied. In the physical state (1),
the rare earth electron emitters are thus scattered over the
cathode surface. For W-2%wt ThO», they occupy a surface
fraction of the order of 5%, as evaluated by Yamamoto
et al. [39]. In this state the electron emitters are believed
to be the low work function activator islands rather than
the large work function tungsten matrix. It implies that in
state (I) only a small fraction of the electrode surface might
contribute to electron emission.

When a GTA electrode interacts with an electric arc,
the cathode temperature can locally reach the melting tem-
perature of the rare earth activator; this temperature is
below the melting temperature of the tungsten matrix (see
Table 1). The melted activators then diffuse along the tung-
sten grain boundaries, towards the cathode surface, due
to the temperature gradients. This phenomenon, discov-
ered by Langmuir with tungsten filaments [44], was further
investigated via studies on e.g. electrode erosion [18, 35,
45-47]. It is known that the rare earth oxides do not all
behave in the same way during their diffusion. Thoria
does not react chemically with the tungsten matrix, while
the other rare earth oxides do [18]. The type of chemi-
cal reactions taking place and how these reactions control
the diffusion process leading to the formation of a new
physical state (II) on the cathode surface is very poorly
documented. It would be useful to know if the diffusion pro-
cess is controlled by the melting of the rare earth oxide,
or by its chemical reaction(s) with the tungsten matrix. A
better knowledge about the processes involved in the for-
mation of the physical state (II) would allow modeling this
phenomenon.
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original
physical state

physical state
resulting from arcing

Fig. 6 W-2%wtThO; electrode after arcing

When the new physical state (II) is formed, as a result of
the cathode interaction with the arc, the assumption (A4a)
is no longer valid all over the cathode surface, in particular
at the cathode tip (see Fig. 6). In the physical state (II), the
rare earth electron emitters form an almost uniform layer
over the surface. The presence of more than one physical
state results in a local change of the cathode ability to emit
electrons. The emission law then depends on both the local
cathode surface temperature and the local physical state.
The local physical state is thus expected to have an effect on
the arc attachment and the temperature fields at the cathode
surface and in the plasma column.

For some operating conditions (depending on, e.g., cur-
rent intensity, process duration, shielding gas, etc.), the
cathode surface temperature might also reach the vaporiza-
tion temperature of the electron emitters constituting the
surface layer in state (II). Then, more than two physical
states can be formed, as further developed in, e.g., [25, 35].

The cathode models used up to recently for GTA assume
(A4a). They define the flux of emitted electrons taking into
account the local cathode surface temperature and neglect-
ing the local physical state. Javidi Shirvan et al. [25, 26]
did extend the modelling of the flux of emitted electrons to
take into account, at a first level, the local physical state of
the cathode surface (assumption (A4b)). This development
is based on the following physical criteria and limitations:

(A4b.1) The cathode temperature is assumed to remain
below the vaporization temperature, T, of the
rare earth electron emitters diffused to the sur-
face (so a maximum number of two states can be
present).

The percentage in weight of activator in the tung-
sten matrix in physical state (I), which uses to be
of the order of 1 to 2% in weight, is small enough
to assume in a first approximation that electron
emission is negligible in the physical state (I)
compared to the physical state (II).

Physical state (IT) starts where the characteristic
temperature, 75, controlling the diffusion process
is reached. The surface of this region is supposed
to be fully covered by a layer of rare earth emitter
as a result of diffusion. In other words, in physical

(Adb.2)

(A4b.3)

Fig. 7 Temperature field calculated in the cathode; assumption (A4b)
and LTE-plasma approach

state (II), electron emission can take place from
any part of the cathode surface, and the work
function for electron emission is the work func-
tion of the diffused rare earth emitter constituting
the surface layer.

The temperature calculated in the cathode domain for the
test case of Appendix B and doing assumption (A4b) is plot-
ted in Fig. 7. In this test case, the activator is thoria, thus
T; = Tu(ThOy) and T = T,(ThOy). Thoria properties
used for the computations are given in Table 1. It can be
checked in Fig. 7 that the maximum cathode surface tem-
perature (3543 K) is everywhere lower than the vaporization
temperature of the activator (4670 K), implying that the
modelling assumption (A4b.1) is apparently satisfied. The
cathode surface temperature calculated with the assumption
(Ada) and (A4b) are plotted in Fig. 8. The experimental
measurements of Haidar and Farmer [30] are also reported
in this figure. It can be seen that assumption (A4b), which
takes into account a first effect of the arc on the physical
state of the cathode, leads to calculation results in better
agreement with the experimental measurements than (A4a).

However, assumption (A4b) still makes several simplifi-
cations; their validity needs also to be further explored. For
instance it has not yet been checked whether the role played
by electron emission in the physical state (I) is actually
negligible as assumed in (A4b.2). Vaporization of the cath-
ode surface in physical state (II) can also take place while
maintaining the surface layer of rare earth electron emit-
ters, as long as depletion by vaporization can be balanced

Table 1 Properties of thermionic cathode emitters [35, 40—43]

ARAG[A-m™2- K721 ¢leV] T,IKl T,IK]
W 8 x 10° 45 3653 6203
ThO, 3 x 104 2.6 3323 4670
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Fig. 8 Temperature along the cathode surface as a function of the dis-
tance from the tip center: experimental measurements by Haidar and
Farmer [30] (e), and calculation results with the LTE-plasma approach

by diffusion from the cathode bulk [26]. The criterion of
local vapor pressure, which is not considered in assump-
tion (A4b.1), is also important to explore. It would require
modelling the effect of the metal vapor, first of all on the
cathode layer. Metal vapor emitted from the cathode is
expected to have an effect on the energy transfer through
the cathode layer, on the arc attachment and on the temper-
ature and current density fields. A first model accounting
for the effect of metal vapor on the cathode sheath was
introduced by Pekker and Murphy [20]. It was applied to
pure tungsten cathode (and to a copper anode) consider-
ing a l-dimensional thermal plasma. Vaporized tungsten
was observed to have little effect on the cathode sheath
(contrary to copper in the anode sheath). The effect of the
rare earth oxides constituting the cathode surface layer in
physical state (IT) on the cathode sheath remains to be inves-
tigated. Also, after some operating time more physical states
are known to be formed [18, 35, 45—47]. Their modelling
has not been addressed yet. Finally, a fundamental prob-
lem is the incomplete knowledge concerning the diffusion
mechanisms of cathode activators. The diffusion mecha-
nisms cause the local modifications of the cathode physical
state during arcing, and their characteristic thresholds are
important parameters for modelling. The model parameters
characterizing cathode physical state transitions are well
documented for thorium dioxide since this material has been
studied for a long time [18]. But nowadays, new legisla-
tions force the use of thorium-free cathode, and the diffusion
mechanisms of rare earth metal oxides other than thorium
are still poorly known.

3 Cathode layer-modelling assumptions

The cathode layer model is used to set the boundary con-
ditions coupling cathode and plasma column, as further
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detailed in [26] for a LTE-plasma and in [14] for a FNE-
plasma. For this, it has to provide locally along the surface
the following data: the cathode surface temperature, the
cathode sheath voltage drop and the electron temperature
at the plasma-sheath boundary. Based on the generalized
Bohm criterion for sheath formation developed by Rie-
mann [23], the cathode layer includes the three sub-layers
sketched in Fig. 9: the cathode sheath, the Knudsen layer
and the cathode pre-sheath (i.e., the ionization layer). When
assuming a plasma column in chemical equilibrium (either
LTE- or 2T-plasma), these three sub-layers are included in
the cathode boundary layer model, as in [10, 26]. When
assuming a plasma column in chemical non-equilibrium
(FNE-plasma), the cathode boundary layer model reduces
to the cathode sheath and the Knudsen layer since the pre-
sheath is combined with the plasma column, as in [2, 14].
To model the cathode layer, it is usually assumed that

(AS5)
(A6)

the cathode sheath approach is valid;

each sub-layer of the cathode boundary layer can be
modelled as a boundary layer;

the thickness of the cathode boundary layer is uni-
form along the cathode surface.

(A7)

Assumption (AS5) requires first that ionization is negli-
gible in the sheath, and second that the electrons are in
equilibrium with the electric field [24]. Consider the first
requirement. The thickness of the sub-layer is of the order of
the Debye length (Ap ~ 10~8m) for the cathode sheath, of
the smallest collisional mean free path (A, &~ 10~7m) for the
Knudsen layer, and the recombination length (A, ~ 10™m)
for the cathode pre-sheath [10]. The values in bracket were
obtained by Benilov and Marotta for an argon plasma with
a number density of about 10> m~3 and temperature of the
order of 10000 K [21]. It corresponds to the order of mag-
nitude of the temperature calculated in the cathode sheath
vicinity with the test case of Appendix B (7T, &~ 12000K
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Fig. 9 Sketch of sub-regions in a GTA cathode layer [10]
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and 7, ~ 3500K, see Figs. 8 and 10 at the cathode tip).
For the GTA test case calculated in [2] with the novel FNE-
approach, the temperatures obtained in the cathode sheath
vicinity (on the arc symmetry axis) are 7, ~ 18000K and
T, ~ 3000K, leading to Ap ~ 10~ 7m and A, ~ 10 m.
As, in each case, A\p << A, the first requirement is ver-
ified. The second requirement is satisfied if the fraction of
back-diffusion electrons entering the sheath is very small.
Referring to Eq. 17 in Appendix this condition is veri-
ﬁedifexp(—{eUsLKkafm)><<< 1. This quantity was
evaluated along the cathode surface for the GTA test case
described in Appendix B with assumption (A4b). Figure 10
shows the calculation results plotted in the arc attachment
region. It can be seen that the second requirement for apply-
ing a sheath approach is also satisfied. However, this check
is only partial. As these calculations were done using simply
a LTE-plasma model for the plasma column, the criterion
could not be calculated all over the cathode surface. Using
a 2T- or a FNE-plasma model the validity of the condition
exp (—(eU )/ (kpTF S/S)) << 1 could also be checked on
the cathode surface outside the arc attachment region.

If, as for free burning arcs, the arc attachment radius
Fare = 1073m is used to define a characteristic length, then
Ar << Fgre. It implies that assumption (A6) is verified,
as checked for free burning arcs in [11]. For GTA applica-
tions, the cathode tip end radius is one order of magnitude
less than the arc attachment radius, ry;, ~ 10~ 4m. If Frip 18
used to define the characteristic length, then A, < ry;p and
assumption (A6) should still be satisfied. But this has not
been checked yet. The problem might be more complex for
GTA since the conditions cannot be assumed uniform along
the cathode surface. This point is further developed below
when discussing assumption (A7).
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Fig. 10 Cathode sheath voltage drop, U*, electron temperature at the
pre-sheath boundary on the sheath side, 7, P s ¥ and criterion for validity
of the one-scale cathode layer approach calculated as functions of the
distance from the cathode tip center

For a FNE-plasma approach, the plasma column is in
thermal and chemical non-equilibrium; the modelling of the
pre-sheath is then included in the (3-dimensional) plasma
column rather than the (1- or O-dimensional) cathode bound-
ary layer. In this case the cathode boundary sub-layers are
only the sheath and the Knudsen layer, and assumption (A7)
is clearly satisfied. The cathode boundary layer is then mod-
elled as a O-dimensional interface (see [2, 14]). For a LTE-
as well as a 2T-plasma model the cathode boundary layer
includes sheath, Knudsen layer and also pre-sheath. The
thickness of the cathode boundary layer is then mainly gov-
erned by the thickness of the pre-sheath. This thickness can
be evaluated with the ionization length calculated for an
atmospheric-pressure argon plasma in [48] as a function of
the electron 7, and heavy particle temperatures 7;,. These
temperatures were calculated at the ionization layer bound-
ary on the sheath side in [26] for the GTA test case of
Appendix B and the assumption (A4b). At the cathode tip
end it gives T, = 11850 K and 7, =3543 K, and at a dis-
tance of 1 mm from the tip 7, = 8100 K and 7} =3050 K.
According to Fig. 2 in [48], the ionization length is 95 um
and 300 pm, respectively. Then, the thickness of the ioniza-
tion layer is not uniform along the electrically conducting
part of the cathode surface. When applied to a GTA prob-
lem, assumption (A7) is thus a simplification. The effect of
this simplification on the calculation results for GTA is still
an open question.

3.1 Cathode sheath (or space charge layer)

This first sub-layer on the cathode surface is locally elec-
trically charged. The charge fluxes taking place in the
sheath, see Fig. 11, are the flux of electrons emitted from
the cathode surface by thermionic or thermo-field emission
Yem and to a lesser extent by secondary emission @y,
and also the flux of ions ¢; and back diffused electrons
©pq- The cathode layer forms a potential barrier of voltage

eIe.ctr.on cathode surface
emlislon recombination
£ Pba Pi ‘US
. Pem & Psem #n )
%]
= e / .
= ion flux
back X A‘r -
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electron | pre-sheath
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Fig. 11 Sketch of the particle fluxes in the cathode sheath: emitted
electrons (¢, ), secondary emitted electrons (@se, ), ions (¢;), back-
diffusion electrons (¢34 ), and recombined atoms (¢,)
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drop U® that enhances electron emission, accelerates the
emitted electrons and the incoming ions, and decelerates
the back diffusing electrons. The number of collisions is
small since Ap < X.; this sub-layer is thus at the transi-
tion between being collisional and collisionless [49], and
a continuum approach does not apply. The cathode sheath
model combined with either a LTE-plasma in [25, 26],
or a FNE-plasma in [11-14], is based on the following
assumptions:

(A8)
(A9)

the cathode sheath is collisionless,

the emitted electrons are at thermal equilibrium
with the cathode surface,

all the ions reaching the cathode surface are
recombined,

the recombined ions are at thermal equilibrium with
the cathode surface,

the space charge of emitted electrons is negligible
when calculating the cathode surface electric field,
the temperature of the back diffusion electrons is
constant across the sheath and is equal to the elec-
tron temperature at the sheath/pre-sheath interface,
the nearly isotropic distribution functions of the
back diffusion electrons in the sheath can be
approximated by a Maxwellian.

(A10)
(A11)
(A12)

(A13)

(A14)

The validity of assumption (AS8) was investigated by
Benilov [49] and by Pekker and Hussary [19]. It can be
seen in [19] that the ion collisional factor in the sheath
decreases when the current density increases. For the cur-
rent density range specific of GTA, this collisional factor
is about 2 or less [19]. The cathode sheath of GTA is thus
weakly collisional for ions. Benilov [49] did study the heat-
ing of refractory cathodes by high-pressure arc plasmas
using both collisionless and collisional sheath models. It can
be observed in [49] that at pressure close to the atmospheric
pressure the results obtained assuming collisionless or colli-
sional sheath show very little difference. Thus, although the
cathode sheath of GTA is not strictly collisionless for ions,
assumption (A8) can be made.

Assumption (A9) seems to be natural. Concerning
assumption (A10), if a small fraction of ions colliding with
the cathode surface does not recombine, it is not clear how to
evaluate it. Assumption (A10) is thus accepted until further
knowledge is acquired.

Concerning assumption (A11), the ions colliding with the
cathode surface transfer part of their kinetic and thermal
energy to the surface. If their residence time for recombi-
nation on the surface is sufficient they can fully thermalize
with the surface. It might however happen that a small frac-
tion of the recombined ions thermalize only partially with
the cathode surface if the residence time is too short, but
again it is not clear how to evaluate it.

@ Springer

The space charge of emitted electrons uses to be
neglected when calculating the cathode surface electric field
of GTA, e.g [2, 25]. This assumption was shown by Benilov
[22] to be valid for high intensity discharge lamp, and
recently questioned by Pekker and Hussary [19]. Figure 12
compares the sheath number density of ions, back-diffusion
electrons, and thermionic and secondary emitted electrons
calculated with the GTA test case of Appendix B. It can
be seen that, at any location within the arc attachment
area, the number of emitted electrons (thermionic and sec-
ondary) represents about 1% of the number of electrons in
the sheath. It is thus justified to neglect the emitted electrons
present in the sheath when calculating the cathode surface
electric field. The generalization of this result to the over-
all cathode surface is straightforward. Assumption (A12) is
thus satisfied.

Assumption (A13) is related to assumption (A8): an elec-
trically charged and collisionless cathode sheath has an
effect on the drift velocity of charged particles (due to the
acceleration by the sheath drop voltage U®) and no effect
on the thermal velocity (due to the quasi absence of colli-
sion). Assumption (A14) is thus satisfied as a consequence
of assumption (AS5).

The cathode layer model consists in solving locally the
energy conservation and the current density continuity at
the cathode surface in order to determine the local cath-
ode surface temperature, T and the local cathode sheath
voltage drop U* (see Fig. 10). For the GTA test case inves-
tigated in this study, the calculation results obtained on the
arc axis lead to the cathode sheath voltage drop U* = 5.4V.
Also, the ionization layer (or pre-sheath) voltage drop is
U' = 0.3V, and the total voltage (defined as the sum of the

-

o
N
w

7

Sheath number densities [m 3]
> o o
© S P
5
3

N
o
T
i
i
i
i
i
i
f
/7

-
o
[N
o]
T
L

Distance [1 1 m]
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calculated in the sheath as functions of the distance from the cathode
tip center



Weld World (2018) 62:177-196

187

cathode body, the cathode sheath and pre-sheath, and the arc
column voltage) is 13.4 V. This calculated arc voltage (that
does not account for the anode sheath voltage) is close to the
experimental measurement of 12.5-13 V reported by Haidar
in [50]. The different heat fluxes are illustrated in Fig. 13.
The arc attachment area corresponds to distances ranging
from 0 to about 0.8 x 1073 m. It can be seen in Fig. 13
(right) that, in the central part of the arc attachment area,
radiative emission and absorption are both negligible com-
pared to the heat fluxes transferred by ions, and by emitted
and back diffusion electrons.

3.2 Knudsen layer

This layer accelerates the ions up to the Bohm velocity,
which is the critical threshold to form the negatively charged
cathode sheath [23]. It is kinetic and collisional. It should
thus be modeled with Boltzmann-Fokker-Planck equations
(with collisional operators), as done by Schmitz and Rie-
mann [51]. However the computational time would then be
too excessive for GTA applications. In both the LTE-plasma
column approach of [25, 26] and the FNE-plasma column
approach of [11, 14] the Knudsen layer is modeled in a
simplified way, as proposed by Benilov [22], assuming that
(A15) the component normal to the cathode wall of the
ion distribution function can be approximated by
an Heaviside distribution function defined based on
Bohm velocity.

Nandelstidt et al. [52] showed that the results obtained
with a detailed modelling of the Knudsen layer (as done by
Schmitz and Riemann [51]) are close to the results obtained
with Benilov’s simplified model. It implies that assumption
(A15) is justified.

Fig. 13 Heat fluxes at the
cathode surface due to emitted
electrons (g ), secondary
emitted electrons (gsen ), i0ns
(gi), back-diffusion electrons

cathode ...

chund

3.3 Ionization layer (as cathode pre-sheath, or part
of a FNE-plasma)

The third sub-layer from the cathode surface is the region
where charged species are produced by ionization, sustain-
ing the electrical discharge. Important characteristics of this
layer are diffusion, thermal non-equilibrium, and ionization
non-equilibrium which is mainly due to charge diffusion
[48]. Its modelling is different if the plasma column is in
LTE or in FNE. For a LTE-plasma column (as well as for
a 2T-plasma) a specific model is required for the ioniza-
tion layer [25, 26]. For a FNE-plasma the ionization layer
is modelled as the plasma. In any case one more closure
relation needs to be established to determine the electron
temperature at the sheath boundary on the plasma side.
In the LTE-plasma approach [25, 26], this closure relation
is the energy conservation equation through the ioniza-
tion layer; it involves the heat fluxes and the electric work
sketched in Fig. 14. The heat transfers to/from the cath-
ode pre-sheath include the heat gain through the thermionic
or thermo-field electrons, to lesser extent the secondary
emitted electrons, the heat loss with the ions and back dif-
fusion electrons moving away towards the sheath, and the
heat loss with the electrons moving towards the plasma col-
umn. Electric work is also gained by the charged particles
as they move through the pre-sheath potential drop U’. In
the FNE-plasma approach [11-14], the closure relation is
instead the electron energy conservation through the sheath;
it involves the heat fluxes and the electric work sketched
in Fig. 15.

The ionization layer model of [25, 26] is based on the
following main assumptions:

(A16)
(A17)

real gas effect can be neglected,
radiative ionization (photoionization) is negligible,
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Fig. 14 Sketch of the heat fluxes through the pre-sheath boundaries
due to emitted electrons (g ), secondary emitted electrons (gsem),
ions (g;), back-diffusion electrons (g4 ), recombined atoms (g, ), elec-
tron flux towards the LTE-plasma (g, ), and work done by the electric
field (we;)

pre-sheath

... LTE-plasma

(A18) the ionization energy is provided by the impacting
electrons,
the direct and reverse ionization reaction rates are

assumed to obey a Saha law.

(A19)

The assumptions (A16)—-(A17) are justified since the pres-
sure is of the order of the atmospheric pressure. Here, assump-
tion (A16) simply implies that each plasma component
(molecule, atom, ion) is thermally perfect and thus obeys the
ideal equation of state. Assumptions (A16)—(A17) were also
made in the FNE-plasma approach [2, 11-14] (see [53]).

The reverse reaction to photoionization, namely radia-
tive recombination, was included in the original FNE-
plasma model [53]. The recombination rate was calculated
from recombination cross sections assuming local ther-
modynamic and Saha equilibrium; see Katsonis [54]. As
any FNE-approach combines the ionization layer with the
plasma column, it implies that radiative recombination was
also modeled in the ionization layer. It was shown in [53]
that below the cathode tip, at equidistance with the anode,
the reaction rate of radiative recombination is one order of

o

©

o]

=

©

8 |
e dba . Us
= dem Wel

wv

©

€

@ |

2|

2 Ge,pl

e

|

z

Fig. 15 Sketch of the electron heat fluxes through the sheath bound-
aries due to emitted electrons (g, ), back-diffusion electrons (gpq),
electron flux from the FNE-plasma (g, ,/), and work done by the
electric field (w?;)
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magnitude less than the reaction rate of impact ionization.
It seems thus reasonable to extrapolate that in the ioniza-
tion layer radiative recombination could be negligible. In the
novel FNE-plasma model [2, 11-14], the energy loss due to
volumetric radiation was taken into account in the ionization
layer. This was made including the free-free, free-bound and
4p-4s line radiation, and expressing these radiation losses
as a function of the electron and atom number densities
according to Beulens et al. [55]. The GTA calculation results
presented in [2, 14], show that the local radiation losses in
the cathode vicinity lead to negligible heat fluxes compared
to the other heat fluxes to the cathode. Radiative recombi-
nation was not taken into account in the ionization layer
model (with LTE-plasma) of [25, 26]. Moreover, the energy
loss due to volumetric radiation was only modeled in the
LTE-plasma column, and not in the ionization layer.

For argon in a thermal plasma, and in regions with large
enough electron number density, electron impact ionization,
Ar+e~ = Art +2e~, and impact ionization from excited
states, Ar + e~ = Ar* + e~ = ArT 4 2¢7, are the main
processes of ion production and recombination [56]. While
the former reaction represents the main ionization channel
at high electron temperature, the latter is important in the
low electron temperature range (7, < 10000K) [57]. For
GTA simulation purpose, these reactions need to be mod-
elled at the macroscopic scale, based on the reaction rates.
More than hundred years of experimental and theoretical
studies were conducted for developing impact ionization
reaction rates. Important advances were made studying ther-
mal plasma in the field of re-entry flow for spacecraft and
planetary probes, and to analyze astrophysical and labora-
tory plasmas; see [58, 59], and references therein. It did
result in the development of several models of reaction rates,
which were reviewed by Schmidt et al. [60] in the particu-
lar case of argon ionization. The ionization energy is mainly
provided by the impacting electron if the electron number
density is not too low. This condition is satisfied in the
part of the ionization layer located in the arc attachment
area. Assumption (A18) was made in both the LTE-plasma
approach [25, 26] and the FNE-plasma approach [11-14],
so that the reaction rates related to impact ionizations and
their reverse recombination are solely function of the elec-
tron temperature. In [25, 26] impact ionization is modeled in
the ionization layer using reaction rates calculated from par-
tition functions. Ionization reactions resulting in multiple-
charge ions (Ar2+, Ar3+) are also included. The GTA cal-
culation results show that in the ionization layer, the number
density of Ar** is very small (less than 10'8 m—3), and Ar3+
does not form [26]. Multiple-charge ions could thus be
neglected in the ionization layer. The calculation results also
show that at the ionization layer boundary on the sheath side
(in the arc attachment region) the electron number density is
of the order of 102* m—3 [26], and the electron temperature
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T, > 10000K (see Fig. 10). Impact ionization from
excited states was not included in the ionization layer of this
model.

In the FNE-plasma model (original [53], and novel [2,
11-14]), impact ionization from the four lowest 4s-excited
states of argon atoms Ar* are also included. The resultant
set of reactions was modeled using global reaction rates
according to a concept developed by Hinnov and Hirschberg
[61]. It assumes that above some threshold level (or bot-
tleneck level) the electrons are in equilibrium with the
free electrons, and the threshold can vary as a function of
the electron temperature [2]. It should be noticed that the
excitation of argon atoms in collisions with argon atoms,
Ar + Ar = Ar* + Ar, was also included in [53], as well
as a model extended to the 2p10-2p5, 2p4-2p3, 2p2 and 2pl
excited levels of Ar*. The effect of the number of excited
levels was investigated with the original FNE-approach and
a free-burning argon arc at 200 A (cathode to anode dis-
tance of 8 mm) [53]. The calculation results show that the
extended model leads to a lower electron temperature (by
about 2500K) at the cathode tip than the model restricted
to the lowest 4s-excited states. Besides, the differences are
observed to be negligible in the plasma core (in the thermal
equilibrium region).

The assumption (A18) might be questioned at the transi-
tion region between electrically emitting and non-emitting
cathode surface and in the non-emitting region where the
electron density is expected to be low. At low electron den-
sity part of the ionization energy might indeed be provided
by internal energy states of heavy particles that are not at
equilibrium with the free electrons. To cover a range going
from low to high electron number density, the reaction rates
should depend on the so-called excitation temperature, or
the effective temperature [62], which depends on both the
electron and heavy particle temperature. But this raises a
difficulty concerning the choice of appropriate expression
for the excitation temperature, as further developed in [62].
To our knowledge, this problem is still open.

Assumption (A19) is most probably oversimplified. It
is indeed known that impact ionization is not at equilib-
rium in the ionization layer. The ionization layer model
based on assumptions (A16)-(A19) was developed by Cayla
[27] and applied to an HID lamp studied experimentally by
Dabringhausen et al. [63]. The calculated cathode fall volt-
age and the energy absorbed by the cathode were in good
agreement with the experimental measurements. The cal-
culated surface temperature was overestimating the experi-
mentally measured temperature by about 250 K; this result
was considered to be within the limits of experimental
error [27]. Comparisons with experimental measurements
for a 100 A and 200 A argon GTA test case were made in
[25]. When considering the inhomogeneous cathode surface
physical state (assumption (A4b)) the calculation results

show a good agreement with the cathode surface temper-
ature measurements of Haidar and Farmer [30], and the
plasma electron temperature measurements of Haddad and
Farmer [29]. Nevertheless, it would be desirable to inves-
tigate further the validity of this assumption. A pre-sheath
model taking into account ionization non-equilibrium was
developed by Benilov [48] prior to the model based on the
simplified assumptions (A19). To be easily applied to GTA
(with non-uniform voltage drop along the cathode surface),
this model would need to be reformulated in order to use the
current density as input parameter. To our knowledge, this
has not yet been done.

4 Plasma column-modelling assumptions

The thermal fluid model used for the LTE-plasma column
[25, 26] assumes:

(A20) a Newtonian fluid,

(A21) a thermally expansible and mechanically incom-
pressible fluid,

(A22) alaminar flow,

(A23) a net volumetric radiation density whose calcula-
tion can be decoupled from the calculation of the
temperature field,

(A24) a one-fluid model in local chemical equilibrium,
and

(A25) in local thermal equilibrium.

The assumptions (A20)—(A21) are known to be satisfied
since the fluid is a plasma, and standard GTA operating con-
ditions correspond to a small Mach number. Concerning the
assumption (A22), GTA welding nozzles are designed to
ensure a laminar flow regime in the interior of the torch.
The standard process windows recommended for operation
are also designed to maintain a laminar flow in the arc
plasma jet. However, at the arc plasma edge, the mixing of
the shielding gas with the surrounding atmosphere can be
turbulent depending on, e.g., the value of the gas flow rate,
the torch tilt, the welding speed. The effect of the gas flow
rate was visualized by Schnick et al. [64] operating a 100 A
GTA torch with Ar50/He50 shielding gas. At 10 1/min, the
mixing was observed to be laminar, while at 20 I/min the
transition to turbulent mixing in the arc periphery was estab-
lished. However, turbulent rather than laminar mixing in the
arc fringes is not expected to result in a significant effect in
the plasma core and in the cathode vicinity.

The assumption (A23) is weaker than the more common
assumption of optically thin plasma. The radiation from a
GTA is not optically thin at all wavelengths since some of
the wavelengths are absorbed within the radiating volume.
This self-absorption phenomenon was shown to be impor-
tant for some shielding gases, e.g., Ar-He [65] and very
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important for metal vapor [31, 66]. It can be accounted for
in the net emission coefficients using appropriate methods
decoupling the calculation of the net volumetric radiation
density from the calculation of the temperature field. An
example is the integral method of partial characteristics
(IMPC) developed by Sevastyanenko and Bakken [67]. The
method developed by Lowke et al. [68, 69] (with radia-
tion from an homogeneous isothermal sphere of pre-defined
effective radius) seems to be the most commonly used [62,
65, 66]. The FNE-plasma column model of [11, 14] is also
based on the assumptions (A20)—-(A23).

The simplifying assumptions (A24)—(A25) are made in
the LTE-plasma model developed by Javidi Shirvan et al.
[25, 26]. These assumptions are known to be valid in the
high temperature plasma core. They are inappropriate in the
colder plasma regions where the temperature goes below
some threshold (about 12 500K for an argon plasma [70]).
It is well known that for GTA the colder plasma regions
are in the cathode (and anode) vicinity and at the plasma
fringes. Deviation from thermal equilibrium in the cathode
vicinity is not neglected in [25, 26] since it is modeled in
the ionization layer (see Section 3.3); however, it might
extend beyound the ionization layer. Deviation from chemi-
cal equilibrium in the ionization layer was discussed above.
Deviation from both thermal and chemical equilibrium is
neglected in the plasma fringes. The simplifying assump-
tions (A24)—(A25) were not used in the FNE-plasma models
developed by Baeva et al. [12, 14]. The comparisons made
by Benilov et al. [11] showed that deviation from chemical
equilibrium in the plasma fringes has a negligible effect on
the plasma column temperature. It is assumed that similar
conclusions should hold for deviation from chemical equi-
librium in the plasma fringes. This point is completed later
on in this section.

The electromagnetic part of the model is derived from the
set of Maxwell equations supplemented with a generalized
Ohm’s law [71] doing the following assumptions:

(A26) the Debye length Ap is much smaller than the char-
acteristic length of the welding arc so that local
electro-neutrality is verified,

the characteristic time and length of the weld-
ing arc allow neglecting the displacement current
compared to the current density,

the Larmor frequency is much smaller than the
average collision frequency of electrons, implying
that the Hall current is negligible,

the magnetic Reynolds number is much smaller
than unity, implying that the induction current is
negligible, and

the diffusion and thermodiffusion currents due to
electrons are negligible compared with the drift
current.

(A27)

(A28)

(A29)

(A30)
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Fig. 16 Temperature field calculated in the plasma with assumption
(A4b) and the LTE-approach

The assumptions (A26)—(A30) are known to be verified
in the LTE-plasma column [71]. It should be noticed that
assumption (A30) is not satisfied in the ionization layer,
contrary to (A26)—(A29). Assumption (A30) is not used
in the novel FNE-plasma model developed by Baeva et al.
[14]. Diffusion and thermodiffusion currents are indeed
important to perform a consistent energy and current density
coupling between plasma column and cathode layer when
the ionization layer is modeled as part of the plasma column.

The temperature calculated in the plasma column using
the LTE-plasma approach with assumption (A4b) is plotted
in Fig. 16 (test case of Appendix B). The plasma tem-
perature calculated with the assumption (A4a) and (A4b),
corresponding respectively to the homogeneous and non-
homogeneous cathode surface, are plotted in Figs. 17
and 18. The experimental measurements of the electron tem-
perature made by Haddad and Farmer [29] are also reported
in these figures. In Fig. 17, the plot is done along the arc
axis, and in Fig. 18 it is along the radial direction at vari-
ous distances below the cathode tip. It can be seen that the
local physical state of the thoriated tungsten cathode has
a significant effect on the calculated plasma temperature
field. The calculation results obtained accounting for the
non-homogeneity of this physical state agree better with

30
Assumption (A4b)
(non-homogeneous cathode)
25
g Assumption (A4da)
: 20 (homogeneous cathode)
[ X
15 ekl
10 ‘
0 1 2 3 4 5

Fig. 17 Temperature along the arc axis as a function of the distance
from the tip center: electron temperature measured by Haddad and
Farmer [29] (o), and calculated LTE-plasma temperature
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the experimental measurements. In other words, the non-
uniformity of the surface distribution in rare earth electron
emitters, which is induced by the arc-cathode interaction, is
important to consider (i.e., assumption (A4b)).

It is however observed in Fig. 18 (top and center) that
the calculated temperature deviates from the experimental
measurements when the plasma temperature is less than
about 12 500 K. Below this temperature deviation from local
thermal equilibrium becomes important, as underlined by,
e.g., Haidar [30]. Extending the plasma model from local
thermal equilibrium (LTE) to two-temperatures (2T) would
enlarge the model validity to a wider part of the plasma
column, and to the upper part of the cathode surroundings
(in the cathode region too cold to emit electrons). In this

Assumption (A4b)
/ (non-homogeneous cathode)

Assumption (Ada) .
(homogeneous cathode)

Assumption (A4a)
5 (homogeneous cathode)

0 5 10 15
r[10° m]
20
g Assumption (A4b)
< 15 / (non-homogeneous cathode)
v‘? .........................
!;: o] v E
Assumption (A4a)
5 E (homogeneous cathode)
0 5 10 15
r 107 m]

Fig. 18 Temperature along the radial direction: electron temperature
measured by Haddad and Farmer [29] (e), and calculated LTE-plasma
temperature. Top: at z = 1.25 mm, Center: at z = 2.5 mm, and
Bottom: at z = 3.75 mm from the tip center

last region, the LTE-approach is too approximate to allow
coupling the plasma column to the ionization layer model.
A 2T-approach would be more appropriate. However, a 2T-
approach is not expected to provide as accurate results as a
FNE-approach in the arc fringes. On the other hand, the arc
fringes should contribute little to the arc properties, and a
2T-approach might have the advantage of a lower computa-
tional time than a FNE-approach since it involves a lower
number of conservation equations to be solved in the plasma
domain. This still need to be investigated quantitatively.

One important aspect when extending a LTE approach to
a two-temperature approach (either 2T or FNE) is the way
the conservation equation for the total energy is distributed
into an energy conservation equation for electrons and one
for heavy particles. Various distributions were developed
and are still being used. Freton et al. [72] studied sev-
eral of them. These authors focused on distributions such
that the conservation equation for the total energy has the
same expression in both the LTE and the 2T approach (this
basic requirement is not satisfied by all the developed mod-
els). They did show that these different distributions are
not equivalent and can lead to non-physical results. Freton
et al. also derived a new one from a system of Botzmann
equations [72]. These authors analyzed systematically this
problem and found possible causes related to the distri-
bution of thermal conductivity and ionization energy. The
reactive thermal conductivity due to ionization reactions
should be assigned to the electron thermal conductivity [72,
73]. The ionization energy should be accounted for in the
electron rather than the heavy particle energy conservation
[72]. It can be seen in [14] that the FNE model satisfies this
condition.

5 Conclusion

Several recent developments in the field of gas tungsten arc
modeling including the physics of the cathode layer were
summarized and discussed. Hopefully most of the mod-
elling assumptions were examined. Part of the modelling
assumptions could be justified, while the remaining part
is believed to be oversimplified. Part of the oversimplified
assumptions are believed to have little effect on the main
arc properties. Among the oversimplified assumptions that
could have an effect on arc properties of importance for
welding applications, e.g., the heat fluxes to the workpiece,
main issues that remain unexplored concern

— The effect of plasma radiation absorbed by the cath-
ode surface when accounting for the cathode layer all
over the cathode surface, i.e., over both the electrically
conducting and the electrically non-conducting part of
the cathode surface.
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— Within the frame of a LTE or 2T-plasma approach,
the effect of the non-uniformity of the ionization layer
thickness.

—  Within the frame of a LTE or 2T-plasma approach, the
reformulation of the ionization layer model developed
by Benilov [48] in order to use the current density as
input parameter; the study of its effect on GTA com-
pared to the simpler (in terms of physical assumptions)
ionization layer model developed by Cayla [27].

— The effect of different models rather recently developed
[60] for the reaction rates of impact ionization, includ-
ing ionization from excited states, and their reverse
recombination reactions.

—  The effect of activator vaporization, first on the cathode
layer and the plasma column, and next on the formation
of new physical states on the cathode surface (see e.g.
[25, 35]).

—  The understanding of the diffusion mechanisms of rare
earth metal oxides other than thorium.
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Appendix A: Model

The thermo-fluid model in the LTE-plasma column is given by

3 p+ V- (pit) =0, (D
3 (pit) +V - (pi ® u)

- >\T 2 - e 3
=V |u (w + (Vi) ) — WD =VP+]xB, @)

14
V. <K—Vh)
Cp

B} S Skpjh
+i4-VP+j-E—Sua+V- , (3)
ZeCp

3 (ph) + V - (puh) =

where p = p(T?) denotes the plasma density, # the
velocity, P the pressure, & the specific enthalpy, T7 the
temperature, u = w(7T?) the viscosity, I the identity ten-
sor, and B the magnetic field. k” = «P(T?) is the thermal

@ Springer

conductivity, Syqq = Syqq(T?) the radiation heat loss [74],

and C, = C,(T?) the specific heat at constant pressure.

The thermodynamic and transport properties are linearly

interpolated from tabulated data derived by Rat et al. [75].
The electromagnetic model is given by

V-(cVV) =0, 4

AA = nooVV, )

where V is the electric potential, o the electric conductivity,
A the magnetic potential, and p, the permeability of free
space. o is set to oP(TP)in the thermal plasma. The current
density ] the magnetic field B and the electric field E are
derived according to

and j=oE. (6)

B=VxA, E=-VV,

The cathode body temperature 7°¢ is governed by
% (p°CpT) =V - (K°VT) + j - E, @)

where ,0” denotes the density, C, =C,(T°) the specific heat,
and «¢ = k¢(T¢) the thermal conductivity of the cathode
material. The current density ] and the electric field E in the
cathode are given by Eqgs. 4 and 6, replacing the electric con-
ductivity o with the cathode electric conductivity o(T¢).
Equation 5 is also solved in the cathode core to set the bound-
ary conditions for A in the plasma at the cathode surface.
The cathode layer model is made of two sets of equations.
The first set provides the plasma composition in the ionization
layer. It is made of three Saha equations (I = 1, 2, 3) [76],
supplemented with Dalton’s law and local charge neutrality

3
nE 0BT Qamy TS
- 5 3
ﬁi/iz D+ O pr a0+ (TP) hy
E; pra-n+—AE;
X exp (—#) ®)
kpT,
P= ZnZA/L ko TP 4+ nl ey TP, ©)
3
niyt = ol (10)
=1
nis/ ... is the the number density of the ion Ar!™T at the pre-

sheath boundary on the sheath edge. n’" s/s Z?:l I nP%

Arl+
and n’7 s Zl: 1 n? Ar , . are respectively the electron num-
ber density and total ion number density at the pre-sheath

boundary on the sheath side. Q,,+ denotes the internal
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partition function of the heavy particle Ar!*. The online
toolbox of the National Institute of Standard and Technol-
ogy [77] is employed to retrieve the data needed to tabulate
the internal partition function for argon atom and ions. e
is the electron elementary charge, m, the electron mass,
kp the Boltzmann constant, and /), the Planck constant.

E; = 213:1 nﬁsr/ . E; 4,1+ is the average ionization energy,
where E; 4,1+ denotes the ionization energy of Ar (=DF 4
e — Arlt 4+ 2e. AE; = le?/(4me,Ap) is the lowering
of the ionization energy, where [ = 1,2,3 and ¢, is the
permittivity of free space [78, 79]. The electron and ion
number densities at the pre-sheath boundary on the plasma
side are obtained in a similar way replacing in Eqs. 8—10 the
temperatures by the plasma temperature.

The second set of equations includes the current con-
tinuity at the cathode surface, the energy balance at the
cathode surface, and the energy conservation in the cathode
pre-sheath. It reads

JP = e(Z@i + Pem + Gsem — Pba), (11)

Geond = qi + qbd + qraabds — 4em — 4sem — qu’d —qn, (12)

ps/p
(@em + @sem) [ZkTC/V + el + AT (m (n;s/s ) - 3'2)}
e
" neps/p
= @pq | eU* + kTP (1In 5 |12 (13)
Ne

pslp
+oi |:2le.’”/S+ E; + ZkT" (3.7 ~0.51In ("ep = ))} :
o

gcond denotes the conduction heat flux in the cathode, Z =
n?h /n? % is the average ion charge. The electron emission
flux from the cathode surface is given by the Richardson-
Dushman law

ARAV(T)? Pepy
Pem = f exp (_kac/s> >

(14)

where T¢/* is the cathode surface temperature. e = € —
A¢ is the effective work function, ¢ the work function (in
eV), and A¢ the Schottky correction (in J). A is a material
specific factor (see Table 1), and Ag = 4nmek§e/h?, the
Richardson constant. The Schottky correction is written as

A¢ = \/(e3 E%)/(4me,). The electric field at the cathode
surface [21] is given by

Ec/s —

2nPS/S v — 3 1
: m; % — vy — gvlz — ZkyTI
€o Vi

eU?
1—- R —— 15
< exp( T ))] (15)

where v = \/(UB + v,-)2 + 2e¢ZUS /m;, and m; is the ion

mass. The ion thermal velocity is v; = /kp Tl.p S5 /m;, and

ky (T;’S/S + ZTfS/S> Imi [22].

the Bohm velocity vp =
The ion flux reads [22]
@ =n"Fvp. (16)

The flux of back-diffusion electrons is [22]
ps/s s
ng " Ve elU
bd = exp| — . (17)
N2 ( kTS sks )

with the electron thermal velocity v, = 1/ kp T? o5 /M.

The radiation heat flux absorbed by the cathode surface
is qfabj = aqﬁgg where the absorptivity « is set to 0.5 for
incandescent tungsten [33, 34]. The incident plasma radia-
tion heat flux reaching the cathode surface is approximated

using the view factor method [80-82],

‘ S
q;;glzfv " cosy dV, (18)

nrij

where r;; represents the distance between the differential
area i of the cathode surface and each differential volume
j of the plasma, and ¢ the view factor angle between the

elements i and j. The radiation heat flux emitted locally by
the cathode surface is expressed using the gray body model

aimy = qim(T%) = e o5 (TF)*, (19)
| B
inlet
HO [c D |

| @ |
ge}

| _8 AN

= 4
5]

I nozzle

|

outlet

anode

Fig. 19 Schematic sketch of the computational domain, and cathode
tip detail (top right)
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Table 2 Boundary conditions for the cathode region. n is the local
unit vector normal to the boundary and outwards. A¢, A” are at the cell
centers of the cathode and plasma boundary cells, respectively

AB BC CH

T 0,T¢=q"7/k(T) 9, T =0 TS,
Vo o,V =—jFlec(T) 8,V =0 WV = —jin/o (T},
A 0.5(A°+AP) 0.5(A°+AP) 9,A=0

where o; is the Stefan-Boltzmann constant, and ¢ the
cathode material emissivity. For tungsten the temperature
dependent emissivity can be written as € = e(T%) =
—0.0266+1.8197x 1047 —2.1946 x 10~3(T %)%, where
the local cathode surface temperature 7 is in Kelvin [83].
This expression is known to be in good agreement with
experimental measurements for a temperature range from
400 to 3600 K [83].

The ion and the electron back diffusion heat fluxes
towards the cathode surface are respectively [22]

1 i}
qi =i (Zk;, " + EZkb TP 4 7eUS +E; — Z%-f) (20)

and
Gva = 90 (B + 2 TI™ ). @

The electron emission heat flux from the cathode surface is
given by [22]

dem = Pem (d’eﬁ“" ZkaC/S) . (22)

The model is further detailed in [25, 26]. The numerical
procedure is described in [26]. The model was implemented
in the open source computational fluid dynamic software
OpenFOAM®.

Appendix B: Test case

The 200 A GTA test case was set to compare the calculation
results to the experimental measurements of [29, 30]. The
shielding gas is argon at P, = 1.01 x 10° Pa, and the
cathode material is W-2%wt ThO,. The water cooled copper
anode is reduced to a boundary condition. A schematic view

of the computational domain is illustrated in Fig. 19. The
domain dimensions are (HG) = (GF) = 15 mm, (AG) =
5 mm, (AH) = 10 mm, (HC) = 3.2 mm, (HD) = 5 mm.
The nozzle wall (DE) has a vertical section of 5 mm and an
horizontal section of 6.8 mm. The conical tip has an angle
of 60°; it is truncated at the tip radius 0.2 mm (at A). The tip
edges located in A’ and B are smooth with a radii of 0.174
mm and 0.746 mm, respectively.

The computational domain is discretized with an unstruc-
tured mesh, except at the cathode-plasma interface where
a structured mesh with hexahedral cells is used. The first
row of cells on the cathode surface (in the plasma domain)
has a uniform size along the direction normal to the cathode
surface (A7). This size is set to 200 um to contain the cath-
ode layer whose thickness is evaluated using the ionization
length at the cathode tip end [48].

The boundary conditions applied in the cathode and the
plasma arc regions are given in Tables 2 and 3. The argon
gas enters the plasma domain with the volume flow rate
Vlﬁ = 10 L/min, and the inlet temperature Tlﬁ = 300 K,
through the nozzle inlet (CD) of total cross-sectional area
A{;. The electrons enter the top cross-sectional area Af, of
the cathode, which is at temperature Tlfl = 1000 K, with the
uniform current density j5, = I/A7, .

The boundary conditions for V and T at the cathode tip
(AB) are divided into two parts, a part with arc attachment
and a part without arc attachment. The boundary conditions
in Tables 2 and 3 represent the part with arc attachment.
For the part without arc attachment a zero gradient electric
potential is set for both the cathode and the plasma region.
Further details about the coupling boundary conditions can
be found in [26].
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