Journal of Physics D: g‘::; PURPOSE-LED
Applied Physics *»i# PUBLISHING

PAPER « OPEN ACCESS You may also like

- Helium plasma irradiation on single crystal

Numerical and experimental investigation of tungsten and undersized atom doped
tungsten alloys

thermal regimes of thermionic cathodes of arc Shin Kajita, Naoaki Yoshida, Noriyasi

Ohno et al.

plasma tO rCheS - The cataphoretic emitter effect exhibited in
high intensity discharge lamp electrodes
Juergen Mentel

To cite this article: M D Cunha et al 2023 J. Phys. D: Appl. Phys. 56 395204

- Development of tungsten fibre-reinforced

tungsten composites towards their use in
DEMO-—potassium doped tungsten wire
J Riesch, Y Han, J Almanstétter et al.

View the article online for updates and enhancements.

) The Electrochemical Society

E)
Advancing solid state & electrochemical science & technology SC’en ce +

#& . Technology +
248th = Y%/U!

ECS Meeting a3
N

Chicago, IL / |
October 12-16, 2025 _‘.

Hilton Chicago Abstract submission

‘ deadline extended:
April 11, 2025
SUBMIT NOW

LOCCUCCOCOCCCCCKC

This content was downloaded from IP address 193.136.232.254 on 01/04/2025 at 14:43



https://doi.org/10.1088/1361-6463/ace063
/article/10.1088/0031-8949/89/02/025602
/article/10.1088/0031-8949/89/02/025602
/article/10.1088/0031-8949/89/02/025602
/article/10.1088/1361-6463/aa9c8e
/article/10.1088/1361-6463/aa9c8e
/article/10.1088/0031-8949/T167/1/014006
/article/10.1088/0031-8949/T167/1/014006
/article/10.1088/0031-8949/T167/1/014006
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstStXcwCURHWNZpD7Rr0iQ8R25vXdSRvSCacsE8pbk0nSw3R6ZQyhoASKWho4tJNDoGB5fhu4smkrxKR_5PB2jyXc6zJ65Y-ab0a7x0mcGoE4qjpY2FHVVnTnV99Abc6RgHFVLv0BV2Ac0IVVvx1irIk443N_LFBrve-L_E7Q8v2Yr-gwyRtSES_2NHms6Q5rQbwMkesJxLWevTzXzHkxT_C_C65amm86yR1gOs3Ds5S_PV0llmXNazFjvFl_21uWdwLTIJYicoa1MqSu3wcaDgR2xLox_-vt22b2c0QsRH2SLLMiaPybEydO0J9EnoQRgPfExwA6niux9osLlYBnoWVIbOMFGTN7w3m2gYBjS5IA&sig=Cg0ArKJSzDInDyupIB_U&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/248/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_248_abstract_extension%26utm_id%3DIOP%2B248%2BAbstract%2BExtension

OPEN ACCESS

10P Publishing Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 56 (2023) 395204 (14pp) https://doi.org/10.1088/1361-6463/ace063

Numerical and experimental
investigation of thermal regimes of
thermionic cathodes of arc plasma
torches

M D Cunha'>*@®, M A Sargsyan’®, M Kh Gadzhiev®©®, D V Tereshonok’
and M S Benilov'?

! Departamento de Fisica, Faculdade de Ciéncias Exatas e da Engenharia, Universidade da Madeira,
Largo do Municipio, 9000 Funchal, Portugal

2 Instituto de Plasmas e Fusio Nuclear, Instituto Superior Técnico, Universidade de Lisboa, 1049-001
Lisboa, Portugal

3 Joint Institute for High Temperatures of the Russian Academy of Sciences—Izhorskaya st. 13 Bd.2,
Moscow 125412, Russia

E-mail: mario@uma.pt

Received 3 March 2023, revised 27 May 2023
Accepted for publication 21 June 2023
Published 4 July 2023
CrossMark
Abstract

The modelling method based on decoupling the simulation of the cathodic part of the arc (the
cathode and the near-cathode non-equilibrium plasma layer) from the simulation of the arc on
the whole has been extended to cathodes of arc plasma torches, consisting of an insert with a
conical tip, made of pure or doped tungsten, and a surrounding water-cooled copper holder. The
method was validated by comparison with the experiment, performed on a 200 A DC arc in
atmospheric-pressure argon. Standard work function of polycrystalline tungsten of 4.54 eV was
used for modelling of pure-tungsten insert and a good agreement with the experiment was found
with respect to both the insert tip shape and the temperature distribution in the tip, recorded in
the stable operation mode. There are no unambiguous data on the work function for arc
cathodes made of doped tungsten, although in sifu measurements of the effective work function
of cathodes of high-pressure arc discharges provide useful hints. On the other hand, the
experiments reported in this work show that the tip temperatures of inserts made of tungsten
doped with 1.5% of thorium, or lanthanum, or yttrium, recorded during the stable-mode
operation at the arc current of 200 A, vary in a rather narrow range 3100-3200 K. This suggests
that the work functions of doped tungsten inserts, operated in the stable mode, are close to each
other as well. Indeed, the results of modelling with the same value of the work function of 3 eV
give a reasonably good agreement with the experiment in all three cases.
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1. Introduction

Adequate description of the interaction of high-pressure arcs
with their electrodes remains a crucial issue to the develop-
ment of predictive models of devices with high-pressure arc
discharges; e.g. reviews [1-6]. In particular, an analysis of
methods of modelling of the physics of interaction of high-
pressure arc plasmas with thermionic cathodes is given in
[6]. In many situations, current transport to cathodes of high-
pressure arc discharges is governed primarily by processes in
a thin near-cathode non-equilibrium plasma layer where devi-
ations from local thermodynamic equilibrium occur, and is vir-
tually unaffected by processes in the arc bulk; e.g. discussion
in [6, section 3.3.1]. This allows one to decouple the simula-
tion of the cathodic part of the arc (the cathode and the non-
equilibrium layer) from the simulation of the arc on the whole
and thus to develop a simple self-consistent approach to mod-
elling of cathodic part of high-pressure arc discharges. This
approach combines a one-dimensional description of current
transport across the non-equilibrium layer and a multidimen-
sional description of heat propagation and current flow inside
the cathode. To date, this approach has undergone detailed
experimental validation for thermionic rod cathodes of low-
current arc discharges, used in particular in high-intensity dis-
charge lamps (which operate at currents of no more than a
few amps). One can specifically mention works of Mentel and
coworkers in particular, [7]; further references can be found in
[6].

Many industrial arc devices operate at much higher cur-
rents, several hundred amps or more. Cathodes of such devices
are usually of complex shape with different parts made
from materials with very different thermal conductivities. An
example is the cathodes of high-current arc plasma torches
(e.g. [8]), which often consist of a conical-tipped insert made
of a thermionic material such as pure or doped tungsten, sur-
rounded by a water-cooled copper holder.

One can hope that the modelling approach described above
may be extended to such situations. Of course, it is desirable
that such extension be accompanied by experimental verific-
ation. This topic is addressed in this contribution. A numer-
ical and experimental study of cathode attachments of a 200 A
DC arc in atmospheric-pressure argon is reported. Cathodes
consisting of cylindrical inserts with conical tips, made of
pure tungsten or tungsten doped with thorium, or yttrium,
or lanthanum, surrounded by a massive water-cooled copper
holder, are investigated. The computed temperature distribu-
tions closely resemble those observed in the experiment.

The outline of the paper is as follows. The experimental
setup is described in section 2. The numerical model is
described in section 3. Numerical and experimental results on
the temperature distributions along the tips of inserts made

of different materials are given and discussed in section 4.
Concluding remarks are given in section 5.

2. Experiments

A fresh cathode unit as it is manufactured is illustrated by
figure 1. It has a cylindrical lateral surface DE and a con-
ical tip EG, and consists of an insert GHIF surrounded by a
water-cooled copper holder ABCDEFIH. Inserts were made
from different materials: pure tungsten (W), or tungsten doped
with 1.5% of thorium (Wry), or tungsten doped with 1.5%
of yttrium (Wy), or tungsten doped with 1.5% of lanthanum
(WL,). The experiments were conducted on a direct current
plasma torch, which consists of three modules: the cath-
ode unit, a copper anode with an expanding channel, and a
nozzle part between the cathode and the anode. The torch is
described in detail elsewhere [9—11]; here we only note that
the nozzle is equipped with viewing windows, which allow
monitoring the state of the cathode during the operation of the
torch.

Optical measurements were conducted through custom-
designed viewing windows integrated into the nozzle. A clear
image was projected from one of these windows using a
Helios 40-2 lens onto the sensor of a high-speed, monochrome
Phantom-Miro M110 camera. In contrast, from the other win-
dow, the arc image was cast (employing a quartz lens with
a 220 mm focal length) onto the entry slit of a AvaSpec 2048
spectrometes, responsible for observing plasma flow emission.
While operating the plasma torch at a current of 200 A and an
argon flow rate of 1.5 gs™!, the arc length is between 1 and
1.5 cm with a 2 mm diameter.

High-speed camera Phantom Miro M110 (capable of up to
100000 framess~—') was used to record the cathode surface
temperature, which was determined through video images cap-
tured by the same high-speed camera. Prior to use, the cam-
era was calibrated against a reference radiation source (tung-
sten lamp) with a known brightness temperature, allowing it
to be converted into a high-speed micropyrometer through the
incorporation of an interference filter, featuring a 590 nm pass-
band (the wave length at which there were no emission lines
of plasma present) [12]. In this context, the emissivity for the
solid phase of tungsten was set as 0.48 and for liquid phase
(when present) was set as 0.40, as suggested by [13, 14].

The plasma in the near-cathode region was also mon-
itored using an Avaspec 2048 spectrometer to ensure that
no unexpected anomalies occurred within the plasma stream,
which could inadvertently damage the cathodes in an uninten-
ded manner. Additionally, the spectrometer was employed to
observe the average plasma temperature in proximity to the
cathode surface.
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Figure 1. Schematic of a fresh cathode unit.

As far as the arc-cathode interaction is concerned, the cycle
of arc operation can be divided into three stages. The initiation
stage, which lasts for about 100 ms after the arcs ignition, is
characterized by the ejection of microparticles and/or droplets
by the cathode surface. The ejection of the microparticles can
result in visible irregularities of the tip shape. An appreciable
cathode erosion occurs during this stage due to the ejection of
microparticles and/or droplets.

A stable arc burning mode occurs during the second stage,
where the cathodic arc attachment is steady and the cathode
either does not loose mass at all or looses it relatively slowly
without noticeable ejection of microparticles or droplets. This
stage can last up to several hours until the torch is switched
off. The last one is the shutdown stage, which occurs when the
power supply is switched off, provided that the power supply
circuit includes a significant inductance, and is characterized
by a rapid motion of the arc attachment over the cathode.

Inserts made of thoriated or lanthanated tungsten stay in the
solid phase during all stages of the burning of the arc, which
is a consequence of a reduction in the work function of doped
tungsten. During the initiation stage, the arc attachment moves
over the cathode surface in an irregular way and the loss of
mass occurs due to the ejection of microparticles. There are
visible irregularities on the cathode tips.

If the insert is made of pure tungsten, its tip is in a molten
state throughout all stages of the arc burning. During the initi-
ation stage, droplets are formed and ejected; a process which
causes a significant erosion and is described in some detail in
[15]. There is a fast change of shape of the cathode tip dur-
ing the initial stage due to the droplet ejection and the motion
of the molten metal in the cathode, and a much more slower
variation of the tip shape at the beginning of the stable mode
stage.

Inserts made of yttrated tungsten switch between solid and
liquid phases at the tip during the initiation stage. Similarly

to the cases of lanthanated- and thoriated-tungsten tips, the
erosion occurs due to the microparticle ejection during the ini-
tial stage. During the stable operation stage, the cathode sur-
face stays mainly in the solid phase, with occasional (for a few
milliseconds in a second) shifts to the liquid phase.

All experimental data reported in this work have been
acquired during the stable mode of arc burning.

3. Numerical model

3.1 Pure tungsten inserts

The approach to modelling of the cathodic part of high-
pressure discharges, based on neglecting the effect of pro-
cesses in the arc bulk over the cathodic part, or, in other
words, on decoupling the simulation of the cathodic part of
the arc from the simulation of the arc on the whole, has been
developed quite some time ago and is well documented; e.g.
[6, section 3.3.1] and references therein. The model used in
this work is developed along the lines [16] and is described in
this section.

3.1.1. Differential equations.  One needs to determine distri-
butions of the temperature 7" and the electrostatic potential ¢
in the cathode unit, i.e. in the tungsten insert and the copper
water-cooled holder. According to both experiment and sim-
ulations, the insert is partially molten and the holder is in the
solid state. The distributions of the temperature 7" and poten-
tial o are governed by the heat conduction equation, written
with account of the heat transport by the convective motion of
the molten tungsten and the Joule heat generation, and by the
current continuity equation combined with Ohm’s law,

or
pcpE—&-pcpv-VT:V-(/-@VT)—FU(V@)Z, ()

V- (0Vy) =0. )

Here p, ¢,, K, and o are, respectively, the mass density, the
specific heat, the thermal and electrical conductivities of tung-
sten or copper, and v is the velocity of the melt motion. p, ¢,
k, and o, being material properties, are considered as known
functions of the local temperature 7', which have to be spe-
cified separately for the insert and the holder. The velocity v
is an unknown quantity that is set to zero inside the holder and
must be calculated inside the insert, and inside the solid part of
the insert it must vanish. Since the time of relaxation of space
charge inside metals is extremely small (of the order of 10~!7
s for tungsten and 10~'8 s for copper), the transient term in
equation (2) is not included.

The equations (1) and (2) are solved inside the entire cath-
ode unit, including the molten and solid parts of the insert and
the holder. The account of the latent heat of melting of tung-
sten is introduced along the same lines as is done in simulation
of metal casting [17].

The motion of the molten tungsten is described by the con-
tinuity and Navier—Stokes equations for incompressible fluid,
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V-v=0, (3
0
pg‘; +p(v-V)v=V. {—PI-HA (VV+ (VV)T)}
—oVp x B, 4)

where p is the pressure in the melt, I is the identity tensor, y is
the viscosity of the melt (a known function of the temperature
T), and B is the (self-induced) magnetic field. Note that the
last term on the right-hand side of equation (4) represents the
Lorentz force. The mass density of molten tungsten does not
vary appreciably under conditions of this work (it decreases by
about 7% as the temperature increases from 3700 K to 4300
K), which justifies the use of the approximation of incompress-
ible fluid.

The equations (3) and (4) are solved inside the insert,
including the molten and solid parts, but not in the holder. The
enthalpy-porosity method [18, 19] is used for modelling the
solid-liquid phase transition. Note that it is in principle pos-
sible to include also the holder in the calculation domain, how-
ever, this would be unwarranted since copper in the holder
is never molten and this would only cause an unnecessary
increase in the RAM requirements and the computation time.

The COMSOL Multiphysics® software is used in this
work. The moving mesh functionality of the COMSOL
Multiphysics® was used to explicitly track the changes in the
shape of the molten tungsten surface.

3.1.2. Boundary conditions. The equations (1)-(4) are
solved under the assumption of axial symmetry in the cyl-
indrical coordinates r,z shown in figure 1. The boundary of
the computation domain is similar to the one depicted by the
line ABCDEGA in figure 1 except that the shape of the tip of
the insert in the modelling is not the one of a fresh cathode,
shown in figure 1: after the insert starts being melted, the posi-
tion of its surface is no longer known and has to be computed.

The boundary conditions are as follows. The part of the sur-
face of the copper holder which is in contact with the water
cooling system (line ABC in figure 1) and the base of the holder
(CD) are maintained at a fixed temperature 7. and the electro-
static potential here is set equal to zero:

ABCD: T=T, ¢ =0. (®)]
Note that the modelling reported in this work refers to 7, =
300K.

The lateral and front surfaces of the holder (DE and EF)
and the front surface of the insert (F'G) are in contact with the
plasma or the cold gas and exchange energy with it. It is nat-
ural to expect, and is confirmed by the modelling, that the most
of the arc current is collected by the insert. However, the pos-
sibility of current collection by the holder should not be ruled
out right away. Therefore, the same boundary conditions are
applied at all points of the lateral and front surfaces of the cath-
ode unit:

or

dp .
K%*qa a.

DEG - =].
Uan J

(6)

Here n is a direction locally orthogonal to the cathode surface
and directed outside the cathode and ¢ and j are densities of
energy flux and electric current coming from the plasma to the
cathode surface. g is represented as g = g, — q,, where g, is
the density of energy flux delivered to the cathode surface by
the plasma particles and ¢, is the density of losses of energy
by the cathode surface through radiation.

In the framework of the decoupling approach used in this
work, the effect of processes in the arc bulk over the cath-
odic part of the arc is neglected and the densities of energy
flux and electric current at the cathode surface, g, and j, are
assumed to be governed by processes in a thin near-cathode
non-equilibrium layer. In the modelling of this work, these
quantities are treated as known functions of T, the local tem-
perature of the cathode surface and U is the voltage drop
across the near-cathode layer: g, = g, (T\,U), j =j(Ty,U).
U is assumed to be the same at all points of the arc attach-
ment however varies over time. These functions have to be spe-
cified separately for the insert surface and the holder surface. A
model of the near-cathode non-equilibrium plasma layer needs
to be used in order to determine these functions, as discussed
below.

Forces due to the surface tension and the pressure exerted
by the plasma on the insert surface are introduced as bound-
ary conditions for the Navier—Stokes equations at the surface
of the insert, FG. The force due to surface tension is evalu-
ated in the usual way, in terms of the curvature of the molten
metal surface and the surface tension of the cathode material.
The pressure p;,; exerted over the cathode surface by the near-
cathode plasma is estimated as [16]

Ppl = Pamb + €0E% /2, (7

where ¢ is the permittivity of free space, pamp is the ambient
pressure and E), is the electric field at the cathode surface. p,mp
was set equal to latm in the modelling reported in this work.
E,, is treated as a known function, E,, = E,, (T,,, U), which is
evaluated from the model of the near-cathode non-equilibrium
plasma layer jointly with the functions g, = g, (T, U), j =
j (T, U). Note that the term p,n in equation (7) represents
the pressure exerted by the bulk plasma over the near-cathode
layer, which equals the ambient pressure. The second term on
the rhs describes the integral electrostatic force, applied by the
electric field per unit area of the near-cathode layer.

On the cathode axis GA, the usual boundary conditions of
axial symmetry apply. The no-slip boundary condition for the
velocity is applied at the surface of contact of the insert and
the holder, FIH.

3.1.3. Initial conditions.  Both the insert and the copper
holder are cold at the initial instant # =0:

t=0: T=T, v=0. ®)

In principle, the model being used is capable of describing

the plasma-cathode interaction at all stages of the arc burn-

ing, including the initiation stage; in particular, the droplet

detachment can be simulated similarly to how it is done in
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the modelling of the cathode spot formation in the vacuum
arcs [20-24]. However, the simulation of detachment of a large
amount of droplets is a computationally heavy task, which is
not attempted in this work. The experimental value of erosion
is used instead: the tip shape at =0 is assumed to be not a
sharp cone shown in figure 1, but rather a truncated cone with
a volume equal to the volume of the eroded tip taken from the
experiment.

3.1.4. Specifying the power supply.  The simplest way to
specify the power supply is to specify the variation of the near-
cathode voltage drop as a function of time, U = U(z). After a
solution has been found for a given 7 and the temperature distri-
bution in the cathode unit and at the surface at this ¢ is known,
the distribution of current density over the surface for this ¢ is
evaluated in terms of the U value and the computed surface
temperature distribution. Integrating the current density over
the surface, one finds the arc current / value corresponding to
t being considered.

Thus, if the power supply is specified in terms of the near-
cathode voltage drop U (1), then, after the problem (1)—(8) has
been solved for the time interval desired, one will know, in
particular, the variation of the arc current /() over this time
interval. On the other hand, if the modelling is aimed at sim-
ulating a particular experiment, it is more natural to specify
the power supply in terms of the variation of the arc current
I(1): at each time, the value of U is adjusted in a way that the
arc current takes a prescribed value. Then the variation of the
near-cathode voltage U () will be a computation result jointly
with the temperature and potential distributions T'(r,z;7) and
o (r,z;1).

In this work, the arc current time variation /(¢) was spe-
cified. It was implemented with the use of the ‘Global equation
node’ option of commercial finite element software COMSOL
Multiphysics®. Note that this option allows one to directly spe-
cify the discharge current without the need to introduce an
equation of external electric circuit. The arc current I (¢) was
switched from O to 200 A with a characteristic time of 1ns,
after which it was maintained constant and simulations pro-
gressed until a stationary solution has been attained, which
includes a stationary temperature distribution in the whole
cathode unit, a stationary form of the insert tip, and a stationary
melt velocity field.

3.1.5. Densities of energy flux and electric current to the cath-
ode surface.  The density of energy flux delivered to the
cathode surface by the plasma particles, g, (7, U), the dens-
ity of electric current coming from the plasma to the cath-
ode surface, j(T,,, U), and the electric field at the cathode sur-
face, E,, = E,, (T,,, U), were evaluated by means of the model
of non-equilibrium plasma layers at thermionic arc cathodes,
summarized in [25], supplemented with an account of the sec-
ondary electron emission current. The plasma-producing gas
in the near-cathode layer was assumed to be pure argon; the
effect of metal vapor emitted by the cathode was not taken
into account since the temperatures of the insert and holder
surfaces in the experimental conditions were well below the

boiling points of, respectively, tungsten and copper. Note that
the electron temperature in the near-cathode layer is very high
and the plasma is fully ionized, therefore the presence of a
small number of metal atoms with a low ionization potential
does not change appreciably the electrical and thermal con-
ductivities of the plasma in the near-cathode layer [25].

The model [25] is designed to simulate the current transfer
to hot arc cathodes, where the most of the current is transported
to the cathode surface by thermionic electron emission from
the surface. An account of the mechanism of current transfer to
cold arc cathodes is needed to start the modelling from a cath-
ode at room temperature. The numerical modelling [26] has
shown that, after a very brief (of the order of 0.1 us) period of
arcing time, when the displacement current is the dominating
mechanism, the ion current comes into play and remains the
dominating mechanism until the cathode is sufficiently hot for
thermionic electron emission. The supply of ionization energy
into the near-cathode region, which is necessary for the gener-
ation of the ion current, is provided by the work of the sheath
electric field on secondary electrons, emitted by the cathode
surface due to ion impact. The effect of other potential mech-
anisms (field to thermo-field emission, enhancement of elec-
tric field by micro-nonuniformities on the cathode surface efc)
is weak. In [27-29] this conclusion was supported by specially
designed experiments.

Therefore, in order to develop a model suitable for multidi-
mensional simulations of both hot and cold cathodes of high-
current arc discharges, the secondary electron emission was
introduced into the model of non-equilibrium plasma layers on
thermionic arc cathodes, summarized in [25]. It will be shown
that this modification achieves the goal and makes it possible
to start the modelling from a cold cathode.

As an example, the densities of the energy flux and elec-
tric current from the atmospheric-pressure argon plasma to the
surface of tungsten cathode, as well as the electric field at the
cathode surface, given by the model of this work, are shown in
figure 2. The solid lines have been computed with the second-
ary electron emission coefficient equal to 0.1; the dashed lines
have been computed without account of secondary electron
emission. One can see that there is a bell-shaped dependence
of g, on T,. Without discussing this dependence in detail (e.g.
[30]), we only note that the bell shape stems from a compet-
ition between the heating of the cathode surface by the ions
coming from the plasma and the electron emission cooling.
The electric field is sufficiently strong to produce an appre-
ciable Schottky correction, in the range 0.3-0.6 eV. The effect
of secondary electron emission is very weak for U = 15 and 50
V but is appreciable for U =150 V in the range 7,, < 3000 K.

The density of losses of energy by the cathode sur-
face through radiation, ¢, (7,), was evaluated in terms of
temperature-dependent hemispherical total emissivity & (T5,).

3.1.6. Material properties of the cathode material. The
material properties of the cathode material used in the numer-
ical modelling were as follows. The temperature-dependent
mass density p(T), specific heat c,(T), thermal conductivity
k(T), viscosity and surface tension of pure tungsten were taken
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Figure 2. Computed characteristics of near-cathode plasma layer vs local cathode surface temperature for different values of the
near-cathode voltage drop. Solid/dashed: calculations with and without account of secondary electron emission. Atmospheric-pressure
argon plasma, tungsten cathode. (a), (b): Densities of energy flux and electric current to the cathode surface. (c): Electric field at the surface.

from [31]. The mass density, specific heat, and thermal con-
ductivity of copper were taken from [32—34], respectively. The
electrical conductivity o (T) of tungsten and copper was eval-
uated in terms of the thermal conductivity « (7) with the use
of the Wiedemann—Franz law.

The data from [35] were used for temperature-dependent
hemispherical total emissivity of tungsten. Data on the total
emissivity of copper are scarce and the reported values are
scattered when compared as seen in figure 3. In this work, a
linear fit

£=22x10"°T,/K+0.013 9)

was used.

3.2. Inserts made of doped tungsten

As indicated in section 2, inserts made of doped tungsten stay
in the solid phase during all stages of the burning of the arc

(in the case of lanthanated and thoriated tungsten), or dur-
ing the most part of the stable operation stage (yttrated tung-
sten). Hence, there is no need in taking into account the melt-
ing of the tip material and the motion of the melt. Therefore,
equations (3) and (4) with the corresponding boundary condi-
tions are not solved in the modelling of cathodes with inserts
made of doped tungsten.

Since the cathode tip shape is not computed as a part of
the modelling in the framework of such approach, in contrast
to the approach used for the modelling of the cathode with a
pure-tungsten insert, the cathode tip shape in the stable mode
has to be taken from the experiment. The microscopic images
of the cathodes taken after the end of the experiment were
used and irregularities of the tip shape in the images, such
as deviations from the axial symmetry, were neglected. As an
example, the microscopic images for inserts made of Wy, and
Wy are shown in figure 4 jointly with the boundaries of the
calculation domain in the numerical modelling.
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Figure 3. Experimental data and a proposed linear fit for the temperature-dependent hemispherical total emissivity of copper. Points:
experimental data from [46] (1), [47] (2), [48] (3), and [49] (4). Line: the proposed linear fit, equation (9). Courtesy of Dr Helena Kaufmann.

Figure 4. Microscopic images of the cathode tips after the end of the experiment. The blue lines show boundaries of the calculation domain
in the numerical modelling. (a): the insert made of Wy,. (b): the insert made of Wy.

The material properties of pure tungsten, listed in the pre-
vious section, were used also for the doped tungsten.

3.3. Parameters governing electron emission

Important parameters governing values of the densities of the
energy flux and the electric current coming from the plasma
to the surface of a hot cathode, which need to be specified as
input parameters for the model of near-cathode plasma layers
used in this work, are the electronic work function of the cath-
ode material, As, the Richardson constant (the pre-exponential
factor in the Richardson—Schottky formula), A, and the sec-
ondary electron emission coefficient.

The Richardson constant is usually considered to be equal
to the theoretical value Agy, = 1.20 x 10° Am~2K 2 except in

early works; e.g. [36] p 6 and [37] p 135. This value is used
in this work for all materials, unless otherwise specified. The
secondary electron emission coefficient for all materials is set
equal to 0.1.

The work function of cold surfaces of pure metals in
vacuum varies depending on the state of the surface, includ-
ing its crystalline structure, on the surface temperature, and on
the residual gas and its pressure; e.g. [37] section 3 and [38]
and references therein. In the case of thermionic cathodes of
arc discharges, the variation of the work function can be expec-
ted to be much smaller due to melting or, if no melting occurs,
due to high surface temperatures and the conditioning effect
exerted on the cathode surface by high ion fluxes. Therefore,
the standard work function of the polycrystalline metal sur-
face is usually used in the modelling of undoped arc cathodes.
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There is virtually no ambiguity in the literature regarding the
work function of polycrystalline tungsten: the value of 4.54 eV
is recommended in the dedicated reference book [36], values
in the range (4.5540.04) eV are recommended as the most
probable in the review [37], and the value of 4.55 eV is cited
in the general reference book [39]. In the modelling reported
in this work for the W insert, the value Ay = 4.54 eV is used.
Values of the work function for polycrystalline copper recom-
mended in [36, 37] are 4.40 and (4.51 +0.07) eV, respect-
ively; the former value is used in this work.

For doped cathodes, the situation is much more complic-
ated, in particular, due to the diffusion of the doping atoms in
the cathode body. Therefore, there is little chance that values
of the work function of cold doped metal surfaces available in
the literature are applicable to arc cathodes. On the other hand,
there are in situ measurements of effective work function of
cathodes of high-pressure arc discharges [40, 41], performed
by means of a technique based on the photoelectric effect and
involving short laser pulses of different wavelengths focused
on the cathode tip. Experiments [40] were performed in high-
intensity discharge (HID) lamps. Values for the arc current are
not provided, however it is known that HID lamps operate at
currents of the order of one or few amps, which is consistent
with the range (1-10) A mentioned in [40]. The effective work
functions of (4.5+0.1) eV and (3.7+0.1) eV were found
for, respectively, W and Wy, cathodes, if current transfer to
the cathode occurred in the diffuse mode. The effective work
functions measured in the spot mode were lower by 0.9 eV
and 0.6 eV, respectively. This reduction in the effective work
function was attributed to the Schottky effect occurring in the
spot mode, i.e. it was assumed that the above values of 0.9 eV
and 0.6 eV represent the Schottky correction in the spot mode
for W and Wy, cathodes, respectively, while the Schottky cor-
rection in the diffuse mode is negligible.

Experiments [41] were performed on a free-burning
atmospheric-pressure argon arc for the arc currents of 100 A
and 200 A. Current transfer to the cathode occurred in the dif-
fuse mode. Values of the effective work function found for
cathodes made of W, Wry,, and Wy, at the arc current of 200 A
were, respectively, 4.6, 2.8, and 3.0 eV. Effective work func-
tions obtained for 100 A were lower by 1.7, 0.2, and 1.0 eV,
respectively. This reduction of the effective work function was
attributed to the Schottky effect, as in [40], i.e. it was assumed
that the above values of 1.7, 0.2, and 1.0 eV represent the
Schottky correction for the arc current of 100 A for W, Wy,
and Wi, cathodes, respectively, while the Schottky correction
for the arc current of 200 A is negligible.

It is of interest to compare the above variations of the
Schottky correction with values predicted by modelling. As
an example, let us consider the measurements reported in [41]
for pure W tips. The tip temperature 7, measured in [41]
was 4062 and 4560 K for the arc current of 100 and 200
A, respectively. Near-cathode voltage drop is not given, but
is typically around 15V in high-current arc discharges; one
can make estimates for the range from 10 and 50V to be on
the safe side. Using the free on-line tool for evaluation of
parameters of non-equilibrium near-cathode plasma layer in

high-pressure arc plasmas [42], one finds that the Schottky
correction varies in this voltage range between 0.23 and 0.35
eV for T,, = 4062 K and between 0.26 and 0.31 eV for T,, =
4560 K. It follows that the reduction of the effective work
function between 200 A and 100 A, estimated theoretically in
terms of the measured tip temperature, does not exceed 0.09
eV. This is by a factor of 20 lower than the reduction deduced
in [41]. Note that the code implemented in the tool [42] rep-
resents a module of a model of plasma-cathode interaction
summarized in [25], which has gone through a detailed exper-
imental validation for thermionic rod cathodes of low-current
arc discharges; e.g. references in [6]. Of course, there is still
no guarantee that this code adequately describes the experi-
mental conditions [41], however, the Schottky correction val-
ues for thermionic arc cathodes obtained by other authors are
also about 0.3 eV (e.g. [43]). It should be recognized that the
variations in the Schottky correction for pure W arc cathodes
deduced in [40, 41] cannot be explained theoretically, hence
the results of [40, 41] should be used with caution until this
point has been clarified.

Another attempt to derive the work function of thoriated-
tungsten arc cathodes was undertaken in [43]. The mean cur-
rent density in the cathode arc attachment was estimated in
terms of the arc current and the surface temperature distri-
bution derived from one-colour pyrometry measurements and
morphological and atomic composition analyses of the cath-
ode tips after arcing. The ion contribution to the current dens-
ity was evaluated from analysis of the energy balance in the
ionization zone of the near-cathode layer. The effective work
function determined in this way was added by the estim-
ated Schottky correction, which was almost constant in the
range of spot temperatures of interest and approximately equal
to 0.38 eV. The work function determined in this way with
the Richardson constant Ay, equal to 1.20 x 10° Am—2K 2
increased from 3.2 to 4.0 eV as the cathode tip temperature
increased from 2900 to 3700 K. The dependence of the work
function on the cathode tip temperature was attributed to the
variations of the thorium coverage on the cathode surface.
These results are interesting and potentially useful, although
it is unclear that they can be transferred to other experimental
conditions: the thorium coverage on the surface of thoriated-
tungsten cathodes of high-current arcs is likely to depend
not only on the surface temperature but also on the arc cur-
rent, which affects the ion bombardment; and the relationship
between the temperature of the cathode tip and the arc current
depends on the design of the cathode and therefore varies from
one experiment to another. Note that while the cathode tip tem-
perature at the arc current of 200 A was about 3700 K in the
experimental conditions [43], in the experiments of this work
the thoriated-tungsten insert temperature for the arc current of
200 A was around 3200 K as discussed in the next section.

Thus, there are no unambiguous data on the work func-
tion for arc cathodes made of doped tungsten, although in situ
measurements of the effective work function of the cathodes
of high-pressure arc discharges reported in [40, 41] and the
investigation of effective work function of thoriated-tungsten
arc cathodes reported in [43] provide some useful indications.
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Therefore, in this work, simulations were performed for vari-
ous values of the work function. The specific values used for
each simulation are indicated in the next section.

4. Results and discussion

Experimental results chosen for validation of the numerical
modelling refer to four different cathodes of atmospheric-
pressure argon arcs, operating at the current of 200 A. The
inserts of the cathodes were made of four different materi-
als: pure tungsten, lanthanated tungsten, thoriated tungsten,
and tungsten doped with yttrium. The geometrical parameters
of the fresh cathodes were as follows. GH the insert length
(figure 1) was the same for all the four cathodes: GH =8
mm. The geometrical parameters of the copper holder were
the same as well: GO =35 mm, OC=5 mm, CD =3 mm,
CB =15 mm, oo = 60°. The insert radius HI and the half-apex
angle 6 are indicated in table 1.

Temperature distributions of the cathode tip surface, recor-
ded during the stable mode of operation of cathodes with
different inserts at the arc current of 200 A are shown in
figures 5(d), 6(a), 7(a) and 8(a). Note that in the case of the
insert made of pure tungsten, where the tip of the insert is
melted, it was observed in the experiments that the maximum
temperature occurs not at the tip of the insert: a spot was
observed moving along the cathode surface at about the same
distance from the tip. This feature is a manifestation of 3D
effects in the motion of the molten metal and is left beyond
the scope of this work.

The computed evolution of the shape of the tip of the pure
tungsten insert and of the temperature distribution in the tip is
shown in figures 5(a)—(c). The evolution of the near-cathode
voltage drop is shown in figure 9. During the first approx-
imately 300 ms, the whole cathode surface is relatively cold
and the electron emission from the cathode is mostly due to
the argon ion bombardment, as is the case for conventional
glow discharges. The near-cathode voltage drop U is virtu-
ally constant at 165 V. Over time, the cathode surface heats
up uniformly. At 295 ms, the tip temperature is around 2100
K (figure 5(a)). A thermal instability develops around this
time and an arc spot appears on the insert tip with the sur-
face temperature in the spot exceeding 4000 K (figure 5(b)).
The near-cathode voltage drop collapses to values below 20V.
The tip shape starts changing due to the motion of the molten
metal. The stationary regime is achieved at r ~ 1 s (figure 5(c)).
The computed maximum tip temperature for t =1 s is given
in table 2 and approximately equals 4304 K. Also shown in
table 2 are experimental values measured in the stable mode.
As seen from table 2, the above-mentioned computed max-
imum steady-state temperature of the pure-tungsten insert is
close to the maximum temperature measured in the stable
mode, which is approximately 4200 K.

There is a small peculiarity (a cusp) in the computed cath-
ode shape shown in figure 5(c) in the vicinity of the liquid/solid
interface (we remind that the melting temperature of tungsten
is 3695 K). No such peculiarity is seen in the experimental
image in figure 5(d). A potential reason of this difference is

Table 1. Geometrical parameters of inserts.

Insert material HI (mm) 0(°)
\%% 2 30
Wi 25 30
Wy 2.5 30
WLa 2 35

1.5 —

0.5 —

x10°
5

0.5 -

Figure 5. The cathode tip shape and the temperature distribution in
the tip. (a)—(c): Modelling, =295 ms (a), 331 ms (b), 1 s (¢). (d):
Experiment, stable mode (Reproduced from [15]. [Copyright ©
2020 EPLA]. All rights reserved.). The spatial dimensions are in
millimetres and the temperature bars in kelvin, also in the following
figures. Temperature bars for frames (b) and (c) are the same as for
frame (d).

the disregard of deformations of solid tungsten at temperat-
ures slightly below the melting temperature in the numerical
model. Apart from this difference, there is a good agreement
between the modelling and the experiment.

It is seen from table 2 that the maximum temperatures
measured in the stable mode on all inserts made of doped
tungsten are rather close to each other. This suggests that the
work functions of doped tungsten inserts, operated in the stable
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Figure 7. Distribution of temperature along the surface of the cathode tip. The insert made of Wy. (a): Experiment. (b): Modelling.

mode, are close to each other as well. Results of modelling
with the same value A= 3.0 eV are shown in figures 6(b),
7(b) and 8(b) and in table 2. Note that this value of the work
function is in the spirit of previous works: it was reported for
the lanthanated-tungsten arc cathode at the arc current of 200
A in [41] and is not very different from the value of 3.2 eV
reported for thoriated-tungsten arc cathode at 7, = 2900 K in
[43].

In the case of the insert made of thoriated tungsten
(figure 6), the cathode tip was always in the solid phase. The
tip of the cathode becomes significantly deformed during the

initiation stage and the maximum temperature of the cath-
ode tip in the stable mode is about 3200 K. The computed
temperature distribution of the tip for this case presents a
maximum value of 3086 K. There is a reasonably good agree-
ment between the modelling and the experiment. For compar-
ison, the modelling has been performed also with thermionic
emission parameters for thoriated tungsten given in reference
books: A =2.63 eV, Aeyy = 3 X 10* Am—2K 2, for example,
these values are cited for thoriated tungsten on p. 297 of the
reference book [36] and for tungsten with adsorbed electro-
positive layer of thorium on p 18-2 of the reference book [44].
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Figure 8. Distribution of temperature along the surface of the cathode tip. The insert made of Wy,. (a): Experiment (Reproduced from [9].
[Copyright © 2015 EPLA]. All rights reserved.). The distortion of the image is due to the residual plasma glow. (b): Modelling.
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Figure 9. Evolution of the near-cathode voltage drop for the
tungsten insert. Atmospheric-pressure argon plasma.

The computed maximum temperature is given in table 2 and
is close to 4000 K, thus being substantially higher than the
measured value. This is a clear indication that values of the
work function of cold doped metal surfaces available in the

literature may have little relevance for arc cathodes. Also per-
formed was the modelling with the work function of 2.8 eV,
reported for thoriated-tungsten cathode and the arc current of
200 A in the paper [41]. The computed maximum temperat-
ure is given in table 2 and is by about 300 K lower than the
measured value.

In the case of the insert doped with yttrium (figure 7), the
cathode material was mainly in the solid phase, but there were
liquid droplets forming at its surface during the initiation stage.
The maximum temperature of the tip measured in the stable
mode is about 3200 K. The computed temperature distribution
of the cathode tip for this case presents a maximum value of
about 3115 K. There is a good agreement between measured
and computed temperature distributions in this case. For com-
parison, also shown in table 2 are values of the maximum tem-
perature computed with thermionic emission parameters for
tungsten with adsorbed electropositive layer of yttrium taken
from [44] and for tungsten doped with 1% of La;O3 and 1%
of Y, O3 from [45]. The computed maximum temperatures are
by, respectively, 500 and 400 K lower than the measured value.

In the case of the insert made of lanthanated tungsten
(figure 8), the cathode material was never in the liquid phase
during arc operation and its shape is virtually preserved. The
maximum temperature of the tip of the cathode when in the
stable mode of operation was recorded to be roughly 3100
K. The computed temperature distribution of the cathode tip
for this case presents a maximum value of about 3160 K,
in a good agreement with the measured value. For compar-
ison, also shown in table 2 are the value of the maximum
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Table 2. Measured and computed maximum temperatures of inserts made of different materials and the work function Ay and the

Richardson constant Aem used in the modelling.

The maximum

The maximum

Insert material measured temperature (K) Ar (eV) Aem (Am™2K7?) Reference computed temperature (K)
w 4200 454 1.2 x 10° [36] 4304
3.0 1.2 x 10° See text 3086
Wrn 3200 2.63 3.0 x 10* [36, 44] 3927
2.8 1.2 x 10° [41] 2909
3.0 1.2 x 10% See text 3115
Wy 3200 2.7 7.0 x 10* [44] 2710
3.71 6.9 x 10’ [45] 2809
3.0 1.2 x 10° See text 3164
Wia 3100 271 8.0 x 10* [44] 3753
3.30 9.9 x 10° [45] 2917
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Figure 10. Distribution of temperature along the front surfaces of
the insert and the copper holder for different insert materials.
Dashed lines indicate the position of the point of contact of the
insert and the copper holder (point F in figure 1). (1): pure tungsten
insert. (2): Wra. (3): Wrp. (4): Wy.

temperature computed with thermionic emission parameters
for tungsten with adsorbed electropositive layer of lanthanum,
taken from [44], and the value computed with thermionic
emission parameters for tungsten doped with 1% of La,0s3,
taken from [45]. The former value is significantly higher that
the measured one, and the latter is about 200 K lower.
Distributions of the temperature along the front surfaces of
the insert and the copper holder, computed for different insert
materials, are shown in figure 10. In this figure, d is the dis-
tance from the centre of the tip of the cathode measured along
the generatrix (line GFE in figure 1). One can see that the tem-
perature decreases very fast along the surface of the insert. The
distribution of temperature along the line of contact between
the insert and the copper holder (line /F in figure 1) is shown

Figure 11. Distribution of temperature along the line of contact
between insert and copper holder for different insert materials. (1):
Pure tungsten insert. (2): Wia. (3): Wrp. (4): Wy.

in figure 11. Note that z=27 mm corresponds to the bottom
of the insert (point / in figure 1). The temperature varies from
approximately 390 K at the point / to 640 K at the point F for
the insert made of pure tungsten, from 335 K to 430 K for the
insert made of lanthanated tungsten, and from 340 K to 410 K
for the inserts made of tungsten doped with thorium or yttrium.
In all the cases, the temperature of copper is well below the
melting point (we remind that the melting point of copper is
1358 K). This can be seen as an indication of a proper design
of the cathode unit.

5. Concluding remarks

The modelling method based on decoupling the simulation of
the cathodic part of the arc (the cathode and the near-cathode
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non-equilibrium plasma layer) from the simulation of the arc
on the whole has been extended to cathodes of arc plasma
torches, consisting of an insert with a conical tip, made of
pure or doped tungsten, and a surrounding water-cooled cop-
per holder. The method was validated by comparison with the
experiment, performed on a 200 A DC arc in atmospheric-
pressure argon.

Standard work function of polycrystalline tungsten of 4.54
eV was used for modelling of pure-tungsten insert and a good
agreement with the experiment was found with respect to both
the insert tip shape and the temperature distribution in the tip,
recorded in the stable operation mode.

There are no unambiguous data on the work function for
arc cathodes made of doped tungsten, although in situ meas-
urements of the effective work function of cathodes of high-
pressure arc discharges reported in [40, 41] and the investig-
ation of the effective work function of thoriated-tungsten arc
cathodes reported in [43] provide some useful indications. On
the other hand, the experiments of this work show that the tip
temperatures of inserts made of tungsten doped with 1.5% of
thorium, or lanthanum, or yttrium, recorded during the stable-
mode operation at the arc current of 200 A, vary in a rather
narrow range 3100-3200 K. This suggests that the work func-
tions of doped tungsten inserts, operated in the stable mode,
are close to each other as well. Indeed, results of modelling
with the same value of the work function of 3.0 eV give a reas-
onably good agreement with the experiment in all the three
cases. Note that this value is in the spirit of previous works;
for example, the work functions of 2.8 and 3.0 eV were repor-
ted in [41] for tungsten cathodes doped with 2% of ThO, and
La, 03, respectively, operated at the arc current of 200 A. It is
interesting to note that the tip temperatures of ThO; and La; O3
cathodes reported in [41] were 3723 and 3481 K, respectively;
while being higher than the values of 3100-3200 K recorded
in this work (which is unsurprising given different designs of
the cathodes), these values are still not too different from each
other.
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