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Abstract
The lifetime of tungsten cathodes used in plasma spray torches is limited by processes leading
to a loss of cathode material. It was reported in the literature that the mechanism of their erosion
is the evaporation. A model of the ionization layer of a cathode is developed to study the
diffusive transport of evaporated tungsten atoms and tungsten ions produced due to ionization
by electron impact in a background argon plasma. It is shown that the Stefan–Maxwell
equations do not reduce to Fick law as one could expect for the transport of diluted species,
which is due to significant diffusion velocities of argon ions. The ionization of tungsten atoms
occurs in a distance of a few micrometers from the cathode surface and leads to a strong sink,
which increases the net flux of tungsten atoms far beyond that obtained in absence of tungsten
ions. This shows that the tungsten ions are driven by the electric field towards the cathode
resulting in no net diffusive flux and no removal of tungsten species from the ionization layer
even if convection is accounted for. A possible mechanism of removal is found by extending the
model to comprise an anode. The extended model resolves the inter-electrode region and
provides the plasma parameters for a current density corresponding to the value at the center of
the cathode under typical arc currents of 600A and 800A. The presence of the anode causes a
reversal of the electric field on the anode side, which pulls the ions away from the ionization
layer of the cathode. The net flux of tungsten ions can be further fortified by convection. This
model allows one to evaluate the loss of cathode material under realistic operating conditions in
a quantitative agreement with measured values.

Keywords: plasma spray torch, erosion, tungsten cathode, ionization layer, evaporation,
field reversal, convection
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1. Introduction

The lifetime of the cathode in plasma spray torches is limited
by the process of erosion. The evaporation of atoms has been
considered as the major mechanism of erosion of refractory
cathodes applied in free-burning arcs under normal operation
conditions [1]. The cathodes used in plasma spray torches typ-
ically include doping materials (e.g. ThO2, LaO2, CeO2) that
lower the work function of the material and allow electron
emission at temperatures below that in case of pure tungsten.
The evaporation of the additives can lead to a local lack of
additives followed by an increase of the temperature, which
in turn results in an increase of the evaporation [2, 3]. On the
other hand, the evaporated atoms can undergo backscattering
in the background plasma and return to the cathode [4]. Evap-
orated atoms can become ionized and return as ions to the cath-
ode [1]. These processes, therefore, reduce the flux of evapor-
ated atoms (Jvap) compared to the value given by the Langmuir
equation

Jvap =
pv√

2πmwkBTc
, (1)

where pv, mw and Tc denote the equilibrium vapour pressure,
the particle mass of the cathode material, and the temperat-
ure at the cathode surface, respectively. kB is the Boltzmann
constant.

Considerations of evaporated metal atoms have been pre-
viously reported. Nemchinsky [1] proposed a model to estim-
ate the fraction of evaporated atoms not returning to the cath-
ode (the escape factor) in a free-burning arc. According to this
model, the tungsten atoms are instantly ionized and diffuse in
a quasi-neutral plasma, in which the temperatures of electrons
and heavy particles are equal. This implies that the evaporated
atoms reach the core of the arc plasma being in the state of a
local thermodynamic equilibrium.

The net flux of vapor from a solid surface in an ambient
gas was analyzed by Benilov et al [4] with account of backs-
cattering of the vaporized atoms. It was shown that if the equi-
librium vapor pressure is lower than the ambient pressure, the
removal of the vapor from the surface is due to diffusion into
the bulk of the gas. As a consequence, the net flux of the vapor
from the surface is much smaller than the Langmuir value. If
the equilibrium vapor pressure exceeds the ambient pressure,
a flow of the vapor from the surface appears and the net flux is
comparable to the Langmuir value.

In contrast to [1], Ortega et al [5] consider the diffusion
of tungsten atoms and ions in the non-equilibrium ionization
layer of an arc plasma in argon at atmospheric pressure, where
constant but different values of the temperatures of electrons
and heavy particles (argon atoms and ions) are assumed. The
argon plasma was the background, in which the diffusion of
tungsten atoms and ions was considered. The particle densities
of the background were determined according to the model of
the ionization layer proposed by Almeida et al [6]. The model
by Ortega et al was primarily focused on the behaviour of the
evaporated cathode material and did not provide any estimate
concerning the cathode erosion. This is probably related to the

boundary condition set for tungsten atoms, which imposes a
net flux of tungsten atoms tending to zero.

In this work, the question of evaluation of the net flux of
metal vapor from the cathode into a high-pressure arc, or, equi-
valently, of the mass loss of thermionic cathodes is revisited
with the use of numerical modelling. The transport of tung-
sten atoms and ions in an atmospheric-pressure argon plasma
is considered as a typical example. The conclusion of the work
[4] that the removal of the vapor from the surface is due to
diffusion into the bulk of the gas and, therefore, the erosion
rate is much smaller than the Langmuir value, is confirmed.
Moreover, it is shown that the steady-state cathode erosion
rate is zero if the computation domain includes only the near-
cathode region bordering the equilibrium arc column, and non-
zero erosion rate is obtained if the plasma region near an
absorbing anode is included in the calculation domain. This
result has a clear physical meaning: the steady-state cathode
erosion rate is affected by the process of removal of tung-
sten from the arc occurring at an absorbing anode (or, in other
cases, at absorbing walls), even if this process occurs far away
from the cathode.

The paper is organized as follows. Experimental findings
concerning the operation of the torch are given in section 2.
The modelling of the transport of tungsten atoms and ions
in the ionization layer on the cathode side is presented in
section 3. In section 4, the transport of tungsten atoms and ions
is treated in the framework of the unifiedmicroarc model. Res-
ults are given and discussed in section 5. Final remarks and
conclusions are summarized in section 6. Cross section data
and rate coefficients, data needed to compute binary diffusion
coefficients as well as some details on the equations are given
in the appendix.

2. Experimental findings

The commercial device Oerlikon Metco F4MB-XL [7] has
been considered in studies related to deposition applications
[8]. The torch arrangement (figure 1) includes a cathode
(WL10) by Plansee made of lantanated tungsten [9] attached
to a copper holder. The cylindrical part of the cathode has a
radius of 4.9mm. The conical tip has a length of 10.6mm and
it is rounded with a radius of 2mm. A cylindrically symmetric
nozzle serves as anode. The torch is typically operated in pure
argon, and mixtures of argon with hydrogen or nitrogen with
flow rates between 40 and 80NLPM and direct electric current
of several hundred amperes.

The cathode is eroding during the operation. Its tip is
exposed to temperatures above 3000K, which are needed for
the emission of electrons and the sustainment of the arc dis-
charge. Figure 2 shows images in side and frontal views of a
fresh cathode and the same cathode after 6 and 12 h of oper-
ation. Evaporation of cathode material occurs and the mass
of the cathode is reduced. Figure 3 shows that the loss of
mass amounts to several milligrams after 6 and 12 h of oper-
ation at a current of 600A. At a current of 800A and 6 h of
operation the mass loss is more than 10mg. While the rate
of mass loss is almost constant at the current value of 600A,
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Figure 1. Schematics of the torch head.

Figure 2. Images of the cathode before and after operation of 6 and
12 h.

Figure 3. The mass change of the cathode during operation for arc
currents of 600A and 800A.

it tends to increase at the current value of 800A so that the
mass loss becomes about 36mg after 12 h of operation. In
average, a mass loss of respectively (0.7–0.8)mg at 600A and
(2.2–3.1)mg at 800A per 1 h of operation is measured.

3. Transport of tungsten species in the ionization
layer of the cathode

In the previous work [8], a model of the cathode and its bound-
ary layer has been considered as a part of the combined model
of the plasma spray torch. The temperatures of the electrons
and the heavy particles in the argon plasma have been obtained
along with the distribution of the normal current density and
the surface temperature of the cathode. The species’ temper-
atures have the meaning of average temperatures in the ioniz-
ation layer of the cathode, which is spatially unresolved.

In the present work, a one-dimensional model of the ion-
ization layer is employed to obtain the number densities of
the argon species for given species temperatures and electric
current density. The argon plasma is then the background,
in which tungsten atoms are released from the cathode and
undergo ionization. A sketch to the formulation of the model
is given in figure 4.

3.1. Model of the ionization layer

Themodel of the ionization layer of the cathode is based on the
description in [6]. It is one-dimensional in direction perpen-
dicular to the cathode surface due to the small thickness of the
near-cathode region. The origin of the x-axis (x = 0) is on the
cathode wall asymptotically setting the thickness of the space
charge sheath to zero. In the ionization layer, a quasi-neutral
plasma at constant pressure (1 atm) is considered that con-
tains electrons, atoms and singly charged ions of argon. The
heavy particles (atoms and ions) are characterized by a com-
mon temperature (Th), while the electrons are characterized
by a temperature Te. Th and Te are assumed constant across
the layer. The contribution of multiply charged ions becomes
important for temperatures beyond about 25 000K [6], which
is not reached under typical operating conditions of the plasma
spray torch (see figure 5(c) below and the results from themag-
netohydrodynamic model in [8]). Convective transport is ini-
tially neglected but can be included for the sake of the study as
shown below. Electron impact ionization of argon atoms and
recombination in three-body collisions with an electron as the
third body are taken into account. The rates of production and
loss of charged particles are unequal due to the diffusive and
drift transport to the cathode surface. The length L of the layer
is chosen large enough so that the values of number densities
of electrons and ions obey ionization equilibrium.

The equation of species’ conservation is written as

d
dx

(Jk) = ωk, (2)

where Jk = nkvk is the flux density of species of kind ‘k’ with
number densities nk and mean velocities vk, and a net rate
of production ωk. The corresponding rates are related to each
other, i.e.

ωi = ωe =−ωa = Kinane −Krnin
2
e , (3)

with Ki and Kr being the rate coefficients for ionization and
recombination, respectively. In equation (3), the indices i,e,
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Figure 4. A sketch to the model formulation.

and a refer to ions, electrons, and atoms, respectively. It fol-
lows from equations (2) and (3) that

d
dx

(Ji + Ja) = 0, (4)

d
dx

(Ji − Je) = 0. (5)

From the conservation of nuclei equation (4), it follows
Ji + Ja = const. Since there is no accumulation or release of
argon nuclei on the electrode boundary, the constant value
is equal to zero everywhere, i.e. Ji + Ja = 0. The density
of electric current is expressed as j/e= Ji − Je = J so that
equation (5) represents the equation of current continuity.

The transport of plasma species for the case of constant
temperature and pressure may be written as [10]

− kBTk
dnk
dx

+ eZknkE−
∑
l=i,e,a

nknlkBTklCkl

nDkl
(vk − vl) = 0,

(6)

where Dkl are the binary diffusion coefficients (see appendix
below), Tkl are the reduced temperatures, Zk take values of 0
(k= a), 1 (k= i), and−1 (k= e),E is the electric field strength,
Ckl are correction factors, n=

∑
k nk is the total number dens-

ity. Further relations follow from the assumption of quasi-
neutrality ne = ni and the Dalton law for the total pressure
p= (na + ni)kBTh + nekBTe, which is a given parameter.

Writing down the equations for ions and electrons accord-
ing to equation (6) and summing them up, one gets an equation
for ni.

dni
dx

=− Th
Th +Te

(na + ni)

[
Cia
nDia

+
Te
Th

Cea
nDea

]
Ji

+ na
Te

Th +Te

Cea

nDea

j
e
. (7)

Expressing now Ji from equation (7) and replacing it in
equation (2), the equation becomes

d
dx

(
−cdni

dx
+ γ

)
= f, (8)

where −c= 1/A, γ =−B/A with A and B denoting respect-
ively themultiplier and the last term in equation (7), and f= ωi.

A dimensionless number density is introduced as n̂i =
ni/nSi , where n

S
i is the equilibrium value. The boundary condi-

tions to the equation for n̂i are set as

n̂i =

{
0, for x= 0

1, for x= L
. (9)

The equation is solved for given values of the total pressure p,
temperatures of heavy particles, Th, and electrons, Te, and the
current density j. The electron number density ne equals ni due
to the condition of quasi-neutrality and is then also obtained.

The strength of the electric field E is expressed in terms of
dni
dx , Ji, and ni as follows

E=
kBTh
eni

dni
dx

+(na + ni)
kBThCia

eninDia
Ji +

kBTeCie

enDie
. (10)

3.2. Transport of tungsten atoms and ions in the model of the
ionization layer

The argon plasma in the ionization layer is considered as a
background into which the tungsten atoms are released from
the cathode. The tungsten particles are assumed to not influ-
ence the properties of the background plasma since their num-
ber density is expected to be much lower than that of the argon
species. Ionization and recombination processes leading to a
production and a loss of tungsten ions are taken into account.
The rate of net production of tungsten ions, ωwi, and the rate
of loss of tungsten atoms, ωwa, are related by the equation

ωwi =−ωwa = Kiwnenwa −Krwn
2
enwi, (11)

whereKiw is the rate coefficient for electron impact ionization,
Krw is the rate coefficient for the backward reaction of recom-
bination, and nwa and nwi are respectively the number densities
of tungsten atoms and ions. The notations ‘wa’ and ‘wi’ used
here and below stand for tungsten atoms and tungsten ions,
respectively.

The transport equations of tungsten atoms and ions diffus-
ing in the mixture of electrons, argon atoms and argon ions
are written based on equation (6) considering binary diffusion
coefficients of tungsten species with the species of the back-
ground plasma. The derivation is similar to that for ni given in
appendix. Binary terms including tungsten atoms and ions are
dropped.

Details on cross sections, rate coefficients and binary
diffusion coefficients are given in appendix. Dimensionless
number densities of tungsten atoms n̂wa and ions n̂wi are
introduced similarly as it was done in the case of argon ions.
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Figure 5. Computed values of the temperature Tc (a), the current
density j (b), and the electron temperature Te (c) on the cathode
surface in the combined model of the plasma torch [8].

Appropriate boundary conditions to the transport equations
of the tungsten atoms and ions are needed. At x=L, the ‘zero
gradient’ boundary conditions dn̂wa

dx = 0 and dn̂wi
dx = 0 are adop-

ted. At x= 0, the absorbing boundary condition for the tung-
sten ions n̂wi = 0 is used.

The boundary condition for the tungsten atoms needs par-
ticular attention. It can be derived implying the so called ‘two-
stream approximation’ [4, 11–14]. In this approximation, the
densities of particle fluxes moving from the boundary (J+wa)
and to the boundary (J−wa) are determined. The net flux density
is given as

Jwa = J+wa − J−wa. (12)

In general, J+wa contains emitted and reflected particles, i.e.

J+wa = Jvap + rJ−wa, (13)

with r denoting the reflection coefficient, and Jvap representing
the density of the flux of evaporated tungsten atoms. Provided
that r and Jvap are known, J−wa has to be expressed in terms
of hydrodynamic parameters. One approximation [14] is to
assume that the distribution of tungsten atoms is isotropic and
Maxwellian so that

J−wa = nwaVth/4, (14)

where Vth =
√
8kBTh/(πmw) is the average thermal velocity

of tungsten atoms. This leads to a boundary condition relating
the flux and the number density (the Robin type)

Jwa +(1− r)nwa
Vth

4
= Jvap. (15)

Another form of the boundary condition can be derived
assuming a ‘half-Maxwellian’ distribution and relating the
fluxes J+wa and J

−
wa to the corresponding number densities n+wa

and n−wa as [4]

J+,−
wa = n+,−

wa
Vth

2
. (16)

The total density at x= 0 is then expressed as

nwa =
2

Vth
(J+wa + J−wa). (17)

Equations (12) and (17) yield

J+wa = (
1
2
nwaVth + Jwa)/2,

J−wa = (
1
2
nwaVth − Jwa)/2. (18)

One replaces equations (18) into (13) to obtain the relation
between the density of particle flux and number density of
tungsten atoms at x= 0

Jwa +
1− r
1+ r

nwa
Vth

2
=

2
1+ r

Jvap. (19)

Equation (19) provides another Robin type boundary condi-
tion to the equation for nwa. In the case reflection is not taken
into account (r= 0), it takes the form:

Jwa + nwa
Vth

2
= 2Jvap. (20)

5



J. Phys. D: Appl. Phys. 55 (2022) 365202 M Baeva et al

The conditions (15) and (20) have been known for a long
time, e.g. equation (38) of [12], equation (2.1.12) of [15],
equation (11) of [4], and equation (9) of [13]. A recent work by
Benilov et al [14] discusses limiting cases, where the boundary
condition (19) can lead to physically unrealistic results, e.g.
when practically all released particles (electrons) are driven
to the plasma and do not return to the cathode. Under the
conditions in the present work, a physically unrealistic res-
ults may occur when Jwa reaches values larger than nwaVth/2
(see equation (18)) so that J−wa (non-negative by definition)
becomes negative. This can be the case of a strong sink of tung-
sten atoms near the cathode, e.g. due to ionization. The res-
ults presented below are obtained with equation (15) serving
as a boundary condition at x = 0 for the equation concern-
ing the transport of tungsten atoms and zero reflection (r = 0).
The inapplicability of equation (20) in its form given by
equation (19) as leading to physically unrealistic results is also
demonstrated, which represents a new result for neutral atoms
so far.

4. Transport of tungsten atoms and ions in the
unified microarc model

Tungsten atoms and ions are included in the microarc plasma
model and their transport occurs under conditions that are self-
consistently computed for a given electric current density. The
general features of the model of the microarc in atmospheric
pressure argon are described in previous works (see e.g. [16]).
The microarc model is adopted in the present work to account
for the ionization and recombination of argon atoms and ions
in the same way as this is done in the model of the ionization
layer in section 3.1. This means that a singly charged atomic
ion is considered with account for direct and stepwise ioniza-
tion. The rate coefficients for ionization and recombination are
the same as in the model of the ionization layer. In contrast
to the model in section 3.1, the temperatures on the cathode
Tc, the electron temperature Te, and the temperature of heavy
species Th (argon atoms and ions) are not given input paramet-
ers but they are computed by solving the equations of energy
conservation of the electrons and heavy species and the heat
transfer in the tungsten cathode [16]. In the energy conserva-
tion equations, the same data for binary diffusion coefficients
is used as in section 3.1. The electric field is obtained by solv-
ing the Poisson equation. Solid parts with a length of 10mm
are considered on both sides of the plasma region, which has
a length of 1mm. The model provides the number densities of
argon species and electrons, their temperatures, and the elec-
tric field in the plasma region. If the temperature of the cathode
is high enough, tungsten atoms are evaporated and released
from the cathode. These atoms undergo ionization and recom-
bination in collisions with electrons. The rate coefficients for
these processes are the same as in section 3.1.

The boundary condition for argon ions on the electrodes are
expressed in terms of fluxes [16]. The boundary conditions for
tungsten species on the cathode are the same as in section 3.1.
In particular, the boundary condition for tungsten atoms is
given by equation (15) on the cathode. Absorbing boundary

Table 1. Parameters at the center of the cathode for arc currents of
400, 600, and 800A.

Current Tc, Th Te j
A K K 108 Am−2

400 3473 20 342 1.50
600 3426 18 046 1.08
800 3402 16 981 0.89

conditions are applied for tungsten atoms on the anode, and
for tungsten ions on both the cathode and the anode. The tem-
perature on the cathode end not in contact with the plasma is
fixed at 300K. For the sake of simplicity and since evaporation
from the anode is not of interest in this work, its temperature
is kept at 1000K.

5. Results and discussion

The transport of tungsten species in a background plasma in
argon at atmospheric pressure is characterized by the models
of the ionization layer and the model of the microarc plasma.
The data that supports the results of this study are openly avail-
able in INPTDAT [17].

The studies carried out with the background plasma from
the model of the ionization layer employ as input paramet-
ers findings obtained in the framework of the model combin-
ing the non-equilibrium boundary layer of the cathode and the
equilibrium plasma in the plasma spray torch that were pre-
viously published [8]. These parameters as given in figure 5
show the distributions of (a) the temperature (Tc) and (b) the
normal current density (j) on the cathode surface as well as
(c) the electron temperature (Te) for values of the electric cur-
rent of 400A, 600A, and 800A along the distance s, which is
measured from the center of the cathode tip towards the cath-
ode base. In [8], the boundary layer of the cathode is assumed
to be very thin and is unresolved. In the model of the ion-
ization layer (section 3.1), therefore, Te represents an aver-
age value of the electron temperature, and the temperature of
heavy species is constant and assumed equal to the cathode
temperature, i.e. Th = Tc. Notice the changes of the profiles of
Tc, j, and Te. With the increase of the total current at which the
plasma torch is operated, the values at the center of the cathode
(s= 0) decrease and the profiles become broader. This indic-
ates a spreading of the arc attachment area with the increase
of the arc current. While at a current of 400A, 98.5% of the
electric current is collected in the area closed by s= 2mm, it is
92.7% at 600A and 82.3% at 800A.Nevertheless, themain arc
attachment can be attributed to the rounded part of the cathode
tip (see figure 2), where Tc (Th), Te and j do not deviate sig-
nificantly from their values at the center of the cathode. These
values are listed in table 1.

Figure 6 shows the computed number densities of neut-
ral and charged particles in the ionization layer of the back-
ground plasma for input values of Th, j, and Te in table 1.
Since the Th-values lie within 70K, the differences of na and
ni (ne) result from the more significant difference in the values
of Te (see figure 5). The increase of ni (ne) and the decrease
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Figure 6. Number densities of neutral and charged species in the
ionization layer of argon plasma at atmospheric pressure.

Figure 7. Ionization length for an argon plasma at atmospheric
pressure.

of na occur at the shortest distance x in the case of an elec-
tric current of 400A for which the electron temperature is the
highest. The number densities of charged particles approach
the values nSi corresponding to the ionization equilibrium at a
distance of approximately 10−4 m. Notice that the ionization
length shown in figure 7 as being computed after [18] amounts
to (5–20)×10−6 m for Th between 3000 and 4000 K and Te
between 16 000 and 20 000K.

The number densities of tungsten particles along the dis-
tance x obtained with input parameters from table 1 are shown
in figure 8. The equation for tungsten atoms is solved without
and with account for a production of tungsten ions. The results
for nwa are marked as lines 1–3 and 4–6, respectively. Lines
7–9 represent the number density of tungsten ions nwi for the
three values of arc current. Notice the scales on the right-hand-
side for lines 1–3 and on the left-hand-side for lines 4–9.

The number density nwa is highest for the arc current
of 400A (line 1) and lowest for the arc current of 800A

Figure 8. Number densities of tungsten atoms nwa (1–6) and ions
nwi (7–9) along the distance x. Results for nwa are obtained without
(1–3) and with account of ionization (4–6) for electric currents of
400A (1, 4, 7), 600A (2, 5, 8), and 800A (3, 6, 9).

(line 3). This results correlate with values of the cathode tem-
perature Tc being the highest for 400A and the lowest for
800A. The equilibrium pressure pv in equation (1) is strongly
increasing with the temperature and overrules the temperat-
ure dependent denominator. Remarkably, the number density
nwa in all cases is vanishing towards the end of the ionization
layer.

It was shown in [4] that in the case the equilibrium vapour
pressure pv is lower than the pressure of the undisturbed ambi-
ent gas and at large times, the number density of evaporated
particles into a constant background of neutrals is constant
(figure 2 in [4], line 6). That means that the net flux from
the evaporating surface tends to zero. This result was obtained
employing the Fick law in the time-dependent 1D equation of
conservation of evaporated particles (equation (5) in [4]). We
also obtain this result employing the Stefan–Maxwell equation
(6) describing the diffusive transport of tungsten atoms into
a homogeneous background of neutrals. The number density
nwa at the the cathode surface (x= 0) tends then to the value
4Jvap/Vth as it follows from equations (15) and (20) when Jwa
tends to zero.

In the presence of a plasma background, the Stefan–
Maxwell equation (6) written for nwa does not reduce to the
Fick law. According to equation (6), the diffusive velocity of
tungsten atoms would be proportional to the gradient of their
number density (Fick law) provided that the diffusive velocit-
ies of the argon atoms and ions were negligible. However, the
significant sink of argon atoms due to their ionization leads to
an appreciable diffusive flux, and the argon ions are driven by
the strong electric field in the ionization layer (equation (10))
so that their diffusive velocity becomes very significant. The
flux of tungsten atoms due to the density gradient is almost
compensated by the flux caused by the argon ions. The fric-
tion between tungsten and argon atoms and between tungsten
atoms and electrons are of minor importance. The fact that the
Stefan–Maxwell equation does not conform to the Fick law in
the case of diffusive transport of diluted particles has not been
previously reported and is a new result.
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The number density nwa is reduced in the case of account for
ionization/recombination processes between tungsten species
and electrons. Notice that the case of no ionization considered
here is an abstraction, which indicates the conditions estab-
lished due to the backscattering of neutral tungsten atoms. In
this case as discussed above, the net flux Jwa tends to zero and
the number density nwa amounts to 4Jvap/Vth. Due to the ion-
ization, however, the net flux Jwa increases in absolute value
and the number density nwa decreases to fulfil equation (15).
The value of nwa at the cathode depends not only on the sur-
face temperature of the cathode but also on the processes in
the ionization layer.

The number density of tungsten ions nwi reaches a max-
imum at a distance x between approximately (1–2)×10−6 m
depending on the input parameters. The ionization occurs at
a shorter distance at a current of 400A (line 7), for which
the electron temperature and number density are the highest.
Notice that the nwa and nwi curves cross each other slightly
beyond the positions of maximum nwi values. The nwa curves
are vanishing at shorter distances than those of nwi. Beyond the
crossing point, the decrease of nwa is steeper so that for x∼
3×10−6 m the ion number density nwi significantly exceeds
the atom number density nwa. This means that the tungsten
atoms become almost fully ionized at a distance of a few
micrometers. However, the results further show that the num-
ber density of tungsten ions is also vanishing towards the edge
of the ionization layer and there is no net flux of tungsten ions
towards the equilibrium plasma. The ions are driven by the
strong electric field in the ionization layer towards the cath-
ode. As a result of these processes, there is no net flux of tung-
sten species leaving the ionization layer that can provide an
estimate of the erosion rate of the cathode.

Before proceeding with the evaluation of the results of the
transport of tungsten species within the framework of the uni-
fied microarc model (section 4), we briefly turn to the discus-
sion on the boundary conditions given by equations (15) and
(20). Figure 9 presents the values of Jwa along the distance x
obtained for input parameters (Th, j, and Te) from table 1. The
values of the flux of evaporated tungsten atoms Jvap computed
after equation (1) are shown as solid bars. The Jvap value is
highest at electric current of 400A, for which the central value
of the temperature on the cathode surface Tc is highest (see
also figure 5). While the results obtained with equation (15)
show values of Jwa towards the cathode lower than the corres-
ponding Jvap value, those obtained when equation (20) is used,
exceed the limiting Jvap value. Such results cannot be seen as
physically realistic. Their origin is in the strength of the term
describing the loss of tungsten atoms due to the net production
of tungsten ions (equation (11)). A reduction of the ionization
coefficient, e.g. by excluding the channel for stepwise ioniza-
tion (see the appendix section), shows values below the limit-
ing Jvap value. If ionization is not considered, both boundary
conditions (15) and (20) deliver identical results. Therefore,
we can conclude that the presence of the strong sink close
to the cathode restricts the applicability of equation (20) as a
boundary condition to the transport equation for neutral atoms
released from the cathode surface. Although this issuewas pre-
viously reported for electrons emitted from the cathode (see

Figure 9. The density of net fluxes Jwa of particles obtained with
input data from table 1 and boundary conditions given by
equation (15) (solid lines) and by equation (20) (dashed lines). The
Jvap values are indicated by markers on the left axis.

e.g. [14]), it is a new result for neutral atoms released from the
cathode.

Thus, a description of the transport of tungsten species
within only the ionization layer of atmospheric pressure argon
plasma cannot provide the mechanism of removal of the spe-
cies from the edge of the ionization layer. The evaporated
tungsten atoms are almost fully ionized in a distance of a few
micrometers from the cathode. The ions are driven back to
the cathode by the electric filed. Flow velocities of several
100m s−1 within a distance of 0.5mm from the center of the
cathode have been predicted by the combinedmodel [8]. How-
ever, even if convection is taken into account (e.g. by intro-
ducing the material derivative d/dt= v ·∇ into the station-
ary species equations), the net flux of tungsten ions tends to
vanish.

Figure 10 shows the computed parameters of the microarc
plasma in atmospheric pressure argon at a current density of
108 Am−2 along the distance x between the cathode (x = 0)
and the anode (x= 1mm): (a) the temperatures of electrons
(Te) and heavy particles (Th); (b) the number densities of argon
atoms (na) and ions (ni), and electrons (ne); (c) the modulus of
the electric field. In contrast to the above considerations, the
regions of space charge adjacent to the electrodes are resolved.
In the log-scales of figures 10(a) and(b) the spatial extent of
the cathode space charge sheath is well pronounced. While
Te does not vary that much and remains about 20 000K for
x <10−4 m, Th progressively increases starting with a value
of about 4400K on the cathode surface until it approaches Te.
The electric field (figure 10(c)) undergoes a reversal in the
vicinity of the anode. A reversal of the electric field in the
vicinity of the anode has been previously reported for arcs in
atmospheric pressure argon and a length of several millimeters
[19, 20] as well as in microarcs [16]. The accepted under-
standing is that the field reversal limits the electron flux to the
anode in order to ensure that current continuity is preserved
[21].
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Figure 10. Parameters of the microarc plasma in atmospheric
pressure argon at a current density of 108 Am−2.

The distributions of the number densities of tungsten atoms
and ions along the distance x are shown in figure 11. Simil-
arly to the results with the model of the ionization layer dis-
cussed above, tungsten atoms released from the cathode are
ionized within a distance of a few micrometers. Towards the

Figure 11. Number densities of tungsten atoms and ions at a current
density of 108 Am−2.

end of the ionization layer and the region of thermal equilib-
rium (Te =Th), the number density nwi is decreasing to van-
ish at the anode. Notice that although the current density of
108 Am−2 is close to the values in table 1, the temperature on
the cathode from the microarc model is higher and leads to
a higher nwa value. An adjustment of the temperature e.g. by
changing the length of the cathode or by a setting of another
value of the temperature at the cathode end, which is not in
contact with the plasma, was not done.We are chasing a mech-
anism of removal of cathode material rather than providing a
full agreement with experimental data.

In addition, the effect of convection is studied. Figure 12
shows results obtained without convection (v= 0) and a flow
velocity of 100 and 200m s−1. These values of the convect-
ive velocity should be considered as average values. In real-
ity, the flow velocity would be zero at the cathode and would
increase along the distance x to become again zero at the
anode. Notice that depending on the working conditions in
the plasma spray torch, the axial fluid velocity predicted by
means of the magneto-hydrodynamic model in [8] can reach
values of several 100m s−1 within a distance of 0.5mm from
the center of the cathode. The values of 100 and 200m s−1 are
used in order to indicate the role of the convection. The field
reversal (figure 12(a)) occurs closer to the anode when con-
vection is accounted for. A reversal of the diffusive velocity of
tungsten ions (vwi = Jwi/nwi) is obtained even without account
of convection (figure 12(b)). This reversal occurs at a distance
of about 2×10−5 m, i.e. it is shifted with respect to the field
reversal. An almost constant net density of particle flux of
tungsten ions (figure 12(b)) is directed towards the anode as a
result of the increasing diffusive velocity (figure 12(b)) and the
decreasing number density of tungsten ions (figure 11). The
reversal of the diffusive velocity is shifted closer to the anode
if convection is accounted for. The larger the convective velo-
city the closer to the anode are the positions of the field and
velocity reversals. The convection gives rise to the increase of
the net density of particle flux of tungsten ions.
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Figure 12. Effect of the convection on the electric field (a), the
diffusive velocity (b) and density of particle flux (c) at a current
density of 108 Am−2.

The positive net density flux of tungsten ions (Jwi) towards
the anode indicates that the field reversal provides a mechan-
ism of removal of tungsten species although the anode can
be seen as staying far away from the ionization layer of the

cathode. Under conditions with temperature of the cathode
below the boiling point, the transport of tungsten species is
dominated by diffusion. The absorbing boundary condition
provided by the anode is important to the diffusion into the
plasma bulk. The flux Jwi allows us to estimate the mass loss
of the cathode under the given conditions. Let us consider the
area of a circle with a radius of 1mm like the extent of the
attachment area with a current density of about 108 Am−2

for arc currents of 600 and 800A in figure 5(b). Then, the
erosion rate is computed as the product of the area, the mass
of the tungsten ions mw, and the flux Jwi. With the values of
Jwi of respectively 2 × 1019, 7 × 1020, and 5 × 1021 m−2s−1

(see figure 12(c) for the cases 0, 100, and 200m s−1, respect-
ively), the erosion rate amounts to 1.9 × 10−8, 6.7 × 10−7,
and 4.8 × 106 g s−1. The mass loss of the cathode for one hour
would amount to respectively, 0.07, 2.4, and 17.3mg. In par-
ticular, the value of 2.4mg corresponding to the case of an
average convective velocity of 100m s−1 matches the exper-
imental values of (0.7–0.8)mg at 600A and (2.2–3.1)mg at
800A that are reported in section 2.

In the model of the ionization layer, the values of Te,
Th = Tc, and j are used as input parameters. These values are
obtained in the model of the plasma spray torch [8], in which
the equilibrium plasma is coupled to the non-equilibrium
boundary layer of the cathode. The latter is one-dimensional
in direction perpendicular to the cathode surface, i.e. the one-
dimensional model is applied to every grid node of the two-
dimensional cathode surface. The values of Te, Th = Tc, and j
(shown in figure 5) are obtained for a given total current (the
integral of j over the cathode surface). The one-dimensional
model of the ionization layer considered in the present work
can be and it has been applied to every grid node on the cathode
surface. The results corresponding to the center of the cathode
have been only shown. However, no removal of tungsten spe-
cies toward the plasma bulk has been obtained in all parametric
studies. The one-dimensional model of the microarc computes
the plasma parameters and the temperature on the cathode
for a given value of the current density [16]. This feature is,
however, of no relevance with respect to the mechanism of
removal. The important difference between the two models is
the presence of the anode in the model of microarc. The anode
provides a sink of tungsten species and a reversal of the electric
field, which enables that tungsten ions can be driven towards
the anode and not all tungsten ions return to the cathode.

The transport of tungsten species considered with the
model of the microarc argon plasma provides a mechanism
of removal of tungsten ions from the ionization layer of the
cathode towards the equilibrium plasma. This mechanism is
fortified by a flow convection. It should be noticed that the
one-dimensional model of themicroarc was employed in order
to indicate a probable mechanism of removal of tungsten spe-
cies beyond the edge of the ionization layer of the cathode.
The one-dimensional consideration implies a spatial variation
of the plasma parameters in the direction x only. A two-
dimensional description with the account for the shape of
the cathode and magneto-hydrodynamic effects could affect
the transport of tungsten species due to the spatial variation
of the electric current density, the plasma parameters and
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the electrode temperature. Apparently, the one-dimensional
consideration of the microarc plasma differs from the realistic
structure of the arc in the plasma spray torch. Nevertheless,
it shows that the evaluation of the cathode erosion cannot be
done by a model considering only the ionization layer, and
indicates values of a mass loss of the cathode that are in a reas-
onable agreement with experimental findings. The question
arises how themass loss can be evaluated inmulti-dimensional
models based on the assumption of thermodynamic equilib-
rium in the arc plasma, where a reversal of the electric field
does not usually occur. Non-equilibrium arc models, in which
the ionization layers of the electrodes are resolved [20], should
be capable of predicting the erosion rate of tungsten cathodes
at the expense of higher computational efforts.

6. Conclusion

Experiments have indicated a mass loss of cathode mater-
ial of about (0.7–0.8)mg at 600A and (2.2–3.1)mg at 800A
per 1 h of operation of a plasma spray torch Oerlikon Metco
F4MB-XL in atmopsheric pressure argon. These values are
much lower than those obtained with the use of the Langmuir
formula. The transport of tungsten atoms released from the
cathode due to evaporation has been studied in relation to the
evaluation of the erosion rate. The transport of tungsten spe-
cies has been studied by means of two models. The results can
be summarized as follows.

First, vaporization of a tungsten cathode separated from an
equilibrium plasma by a non-equilibrium near-cathode layer
was considered. Solutions have been obtained with input para-
meters known from a self-consistent modelling of the plasma
spray torch reported previously. It has been shown that the
tungsten atoms undergo an almost fully ionization in the back-
ground argon plasma within a distance of a few micrometers
from the cathode. The number density of tungsten atoms van-
ishes due to the full ionization. This behaviour differs from
that in a homogeneous neutral gas, it indicates that the Stefan–
Maxwell equation cannot always be reduced to the Fick law,
and represents a result never reported before for neutral atoms
released from the cathode. The tungsten ions are driven back
to the cathode by the electric field, which results in a vanishing
net flux of tungsten species towards the plasma. Thus, a treat-
ment of vaporization of a tungsten cathode separated from an
equilibrium plasma by a non-equilibrium near-cathode layer
does not provide a mechanism of removal of tungsten from
the near-cathode region and hence of cathode erosion, even if
a convective transport is taken into account. In other words,
the cathode erosion is governed by processes not only in the
near-cathode region but, mostly, in the arc bulk; a conclusion
potentially important for practice.

The results obtained further show that a strong sink of tung-
sten atoms appears near the cathode surface due to the ion-
ization of the evaporated atoms. In the case of no ionization
sink, the gradient of the number density of tungsten atoms is
small, and the net density of particle flux is small. The ioniz-
ation sink causes an increase of the absolute value of the net
density of particle flux of tungsten atoms of about two orders

of magnitude compared with the values obtained without the
account of ionization. This effect has given rise to study the
appropriateness of the boundary condition for tungsten atoms
on the cathode. It has been shown that under the circum-
stances of the physical problem the boundary condition given
by equation (15) is preferable over that in equation (20) since
it avoids the increase of the density of net particle flux bey-
ond the limiting value of the Langmuir formula. This is a new
result as far as atoms are concerned.

Second, a unified model of microarcs has been employed,
which resolves the entire region with a length of 1mm separ-
ating the cathode and the anode. In this model, the temperat-
ures of the cathode, heavy particles and electrons are computed
along with the number densities of the plasma constituents for
the current density of 108 Am−2, which corresponds to the
value at the center of the cathode for operation with arc cur-
rent of 600 and 800A. Like in the model of the ionization layer
only, the evaporated tungsten atoms become almost fully ion-
ized within a distance of a few micrometers from the cathode.
However, the presence of the anode provides a mechanism of
removal of tungsten ions from the ionization layer of the cath-
ode. This mechanism is attributed to the reversal of the electric
field. The net flux of tungsten ions is then directed to the anode
and is fortified by convection. Estimates of the mass loss of the
cathode show values that are in a reasonable agreement with
the experimental findings.
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Appendix

Cross section data and rate coefficients

According to [22], the rate coefficients for ionization of argon
and tungsten atoms are computed accounting for direct and
stepwise ionization channels, i.e Ki in equation (3) and Kiw in
equation (11) are computed as

Ki,iw = Kdi,iw +Ksi,iw. (21)
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The rate coefficients for direct ionization Kd are computed
using the cross section for ionization of the ground state of
the corresponding atom and assuming a Maxwellian velocity
distribution function of the electrons in the ionization layer.
For argon, the measured cross section by Rapp and Englander-
Golden [23] is used. A summary of available cross section data
can be found in [24, 25]. For tungsten, experimental data is not
available so that computed data by Deutsch et al [26] is used.

The rate coefficients for stepwise ionization Ks are com-
puted applying the modified diffusion approximation (MDA)
[22]. According to the MDA, the ionization occurs as a res-
ult of the diffusion of bound electrons in the energy space of
atomic levels. An energy level, at which the electron is at most,
is considered as a bottleneck. For argon, this level is an effect-
ive level at an energy of 11.64 eV comprising the 4s levels of
argon [27]. For tungsten, the effective level with an energy of
3.51 eV accounts for the levels 6p(7P◦, 5P◦) [27]. The par-
tition function of the corresponding ion as dependent on the
electron temperature is taken into account.

Binary diffusion coefficients

The binary diffusion coefficients are defined as [28]

Dkl =
3π
16

√
2kBTkl
πmkl

1

nQ̄(1,1)
kl

, (22)

where Tkl and mkl denote respectively the reduced temperat-
ure and the reduced mass for species of type k and l given as
Tkl =

mkTl+mlTk
mk+ml

andmkl =
mkml
mk+ml

, and Q̄(1,1)
kl represent energy-

averaged cross sections for momentum transfer.
For atom-atom interactions, Q̄(1,1)

kl are generally expressed
as [28]

Q̄(1,1)
kl ≡ πσ2

kl Ω
(i,j)∗
kl . (23)

Here, σkl is the distance between the centers of the two atoms
and Ω

(i,j)∗
kl is the reduced Ω-integral. The parameters of the

Lennard–Jones (12, 6) potentials [29] and empirical equations
for the reduced Ω-integrals [30] are used to compute Q̄(1,1)

kl .
Atom-ion interactions Ar–Ar+ and W–W+ are governed

by charge transfer cross sections [31] σcx = σ0[1 − a ln
(1/ε(eV))]2 with parameters σ0 equal to 4.8 × 10−19 m2 for
argon and 17 × 10−19 m2 for tungsten, and parameters a equal
to 0.14 for argon and 0.1 for tungsten. The energy-averaged
cross section is taken as twice the charge transfer cross section.

Atom-ion interactions W–Ar+ and Ar–W+ are governed
by polarization interactions [32] with polarizability values of
68a30 for tungsten and 11.08a30 for argon [33] (a0 is the Bohr
radius). The correction factors Ckl in equation (6) are set to
one for atom-ion interactions.

Electron-atom collisions are accounted with the cross
sections for momentum transfer [34, 35]. The evaluation of the
correction coefficients Cae and Cwe follows the that in [36].

The ion-electron interactions are described following [28]
so that

Q̄(1,1)
ie = 2π

(
e2

4πε0

)2
1

2(kBTe)2
ln(4z20 + 1)

4
, (24)

where e is the elementary charge, ε0 is the dielectric permittiv-
ity of free space, z0 = 2kBTe( e2

4πε0
)−1λD and λD is the Debay

length. The ion–ion interactions are treated in the same way.
The correction coefficients are set to 0.5076.

Transformation of the transport species equations

For tungsten atoms, one can write the equation

dnwa
dx

=−
(
na

Cwa,a

nDwa,a
+ ni

Cwa,i

nDwa,i
+ ne

Te
Th

Cwa,e

nDwa,e

)
Jwa

+ nwa

(
Te
Th

Cwa,e

nDwa,e
+

Cwa,i

nDwa,i
− Cwa,a

nDwa,a

)
Ji

− nwa
Te
Th

Cwa,e

nDwa,e
j/e. (25)

The density flux of tungsten atoms can be expressed as

Jwa = − 1
dw

dnwa
dx

+
nwa
dw

[
gwJi −

Te
Th

Cwa,e

nDwa,e
j/e

]
, (26)

where

dw = ni
Cwa,i

nDwa,i
+ na

Cwa,a

nDwa,a
+ ne

Te
Th

Cwa,e

nDwa,e
,

and

gw =
Cwa,i

nDwa,i
− Cwa,a

nDwa,a
+
Te
Th

Cwa,e

nDwa,e
.

Jwa can be replaced in equation (2) to obtain an equation
similar to equation (7). The procedure to obtain the equation
for nwi follows that for nwa.
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