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ABSTRACT
A simple formula is proposed for cold electrodes erosion calculation. The formula

is based on the thermophysical model of erosion but modified to Arrhenius-Guile
relationship form.

INTRODUCTION

Hitherto the methods of erosion calculations have been developed mainly for ther-
moionic cathodes, which operate under fixed arc attachments {1-2]. Anodes, and,
for high power plasmatrons also, cathodes are manufactured from copper and are
capable to operate only with fast moving arc attachments. Processes on its surface
have unstationary character and are very various by nature {3-5]. It was shown
by Guile et all, that the main role for copper cathode erosion play not complex
physical, chemical or electrochemical processes in its oxide overlayer, but rather
the trivial process of copper substrate fusion. Guile noted that a correlation ex-
ists between the logarithm of mass erosion and the specific heat of fusion for pure
electrodes materials but not for their oxides. Guile et all proposed the using of
Arrhenius-form relationship for calculations of mass erosion intensity [3]:

dm/dr = Aexp — (AG./kNT), (1)

where A is the “rate factor”, AG. is the activation energy of the erosion reaction of
copper (which is close to the activation energy of interatomic bond loosening, i.e.
fusion), k is the Boltzmann’s constant, N is the Avogadro’s number and 7" is the
cathode surface temperature. This gives serious justification for the application of
the thermophysical model to cold electrode erosion investigations.

THEORETICAL

The thermophysical model is based on the substitution of the real arc spot by
a moving surface heat source [6-8]. A round form heat source is assumed with
equal heat flux density within its area. Then the heat source flux density may be
expressed as ¢ = jU, where j - arc spot current density and U - near electrode
voltage drop. The maximum time of electrode surface point heat exposure may be
expressed as Tmax = d/v, where v - source displacement velocity, which is assumed
constant and d - its diameter. For copper cathode the typical value of Fo number
Fo = aTpay/d* < 1. Due to this the solution of the one-dimensional problem for
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semi-infinite body may be applied for the calculation of electrode surface heating
within the heat source (under q = const) [6-8]:

T(z,7) = To + QA—q\/Eierfc (2\;&) . (2)

The time of surface heating to the fusion temperature may be expressed from
(2) as:

To = [(TI—T)/\/q]zﬂ"/Lla, (3)
where T', T are the initial and the fusion cathode temperature, respectively, A is the
thermal conductivity and a is the thermal diffusivity of copper. During the time of
7o the heat source travels the distance Iy = vrg. If [y < d, a fusion zone arises within
the heat source area. This zone is located at the distanse l, from its front edge (see
scheme on Fig. 2). The dimensions of the fusion zone may be characterized by the
parameter f = lo/d. If f > 1, the fusion zone doesn’t exist generally, if lo/d =0, the
area of fusion zone is maximal. Developing of the fusion zone causes arizing of the
difference between entered and removed electrode heat fluxes, because part of heat
is spent on melting and overheating of liquid metal over the fusion temperature. So
we take the hypothesis that the intensity of erosion may be expressed as function
of this heat fluxes difference, which we’ll name “erosion heat”. The limited volume
of this paper is inhibitory to give detailed description of the mathematical aspects
of the mentioned problem. So we are giving only final theoretical expression for the
value of heat erosion as function of melted zone dimensions and other parameters:

Qu = %{IU (arcsin § — £5) - 28 { 2 (]5.)0'75 @ -1) [ V)~ 1 az
-IU [;— (\/J—‘ /01 V(2) = f dz - Alv(Z)arctan%dz) +f]}}(4)

where 8 = /1 — f2, v(2) = /1 = 22(1 — f?) and z = z/7j/I(1 — f?). Now ero-

sion may be expressed as g = Q.r/hesI, where he; is the effective erosion enthalpy,
which characterizes the consumption of energy for electrode material transforming
from solid state to plasma one in the arc spot. If we calculate Q., and measure g,
it is possible to obtain the value of ;. But if thermophysical model and Guile-
Arrhenius one have the same theoretical background, it should be possible to reduce
the more universal but complicated relationships of thermophysical model to better
for practice form (1). This paper is devoted to the search of such a possibility.

EXPERIMENTAL AND RESULTS

For erosion calculations it is necessary to know, in agreement with (4), the next
main parameters: j - arc spot current density (or arc spot radius), U - near-electrode
voltage drop, I - current, v - arc velocity and T - electrode surface temperature.
The last three (I,v,T ) were measured in the same experiments, which were carried
out for erosion investigations. For defining of the first two, a special experiment
was made. The measurement of near-electrode voltage drop immediately in a fast

1596



moving eletric arc is very difficult, that’s why volt-equivalent of arc spot heat flux
U = @,/I was applied in this work. Here @, is the heat flux, which is introduced
into the electrode body through arc spot area. A coaxial installation with magnetic
arc deflection was used for obtaining Q, (Fig. 1). Both electrodes of the installation
were equipped with the copper rings separated one from another by thin spacers
(near 0.5 mm), made by heat and electric insulating material. Electric current was
fed only to one ring for each electrode (pos. 1 on Fig.1). At a small width of the
ring it is possible to assume, that entering heat flux into the ring due to convection
and radiation is proportional of its being heated surface area, but heat flux entered
through the arc spot doesn’t depend on ring surface area. This allows to extract the
arc spot heat flux from the integral one. To ensure that the arc spot heat flux was
dominant, rings of a small width (3-5 mm) and small interelectrode gaps (1.5-3 mm)
were used. Every ring was supplied with a thermocouple, and heat flux was then
obtained from the record of ring heating curve (unstationary method). This method
was also used with some modification, which consisted in measuring of heat fluxes
to three adjacent rings, with only one of these current-fed. This method allowed
to obtain dependence of anode and cathode volt-equivalents on magnetic field and
gas pressure (volt-equivalents grow with increasing of the last two ones). Due to
the lack of space we are not giving here the tables of results. The cathode volt-
equivalent value for the experimental conditions will be taken in the calculations as
equal to ~ 6.5 V.

The same experimental installation (see Fig. 1) was applied to estimate the
effective heat diameter of arc spot. For this goal a thermocouple was placed near
inner being heated surface of outer electrode (at the distance ~ 1 mm). The
ring dimensions and durations of experiments were chosen so to obtain the regular
heat conduction regime. For regular regime a linear temperature-time dependence
takes place, if heat flux is constant. As it is seen from Fig. 2, such experimental
dependence is linear really in a wide range of temperatures. After electrode being
heated to a certain temperature, this linearity is violated, so that derivative dT'/dr
is being decreased gradually with the temperature growth. That evidenced on
the decreasing of heat flux into the electrode. The most probable reason for such
decreasing may be the onset of surface fusion within the arc spot. Proceeding
with such assumption, it is possible to obtain the relationship for the estimation
of effective heat diameter of arc spot, using the above presented expressions for

Tmax, AT, 70 and U :
4 vt \'\°
SN NI T 5

™ ((T, —T)ZW) (%)

where T' - temperature of ring inner surface, which corresponds to the moment of
dT/dr decreasing (marked by arrows on Fig. 2).

A similar installation, but equipped with water-cooled electrodes, was applied
for cathode erosion investigations. The width of water-cooled ring was 5 mm.
Besides erosion, the arc velocity, electrode temperature and current were measured.
The experimental results are presented on Fig. 3 for the range of arc velocities
48-270 m/s and cathode temperatures 380-1070 K. It is seen, that erosion intensity
is growing fast beginning from some critical value of current, which depends on
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electrode diameter (see points enclosed in frames). If we suppose, that the reason
of abrupt increasing of erosion at critical current value is the fusion onset in arc
spot, it is possible also to estimate the arc spot heat diameter and current density
in accordance with (5). Such estimations were made for points in frames on Fig.
3. Due to limitations of paper volume the table of results are not being given
here, but they are rather close to the ones obtained by unstationary method. For
further calculations the mean value of current density 1.3 x 10° A/cm? in cathode
spot was applied. Calculations in accordance with previous formula gave values
f 21 (Qe = 0) for the points, where erosion was almost constant with current
(¢ =3—-4x10"°kg/C approximately). For regimes where f < 1, Q., > 0, it
is possible to calculate the erosion, using a modification of the above presented
expression,

g=g’+Qer/hejI~ (6)

The results of experiments were processed in the form: gez = f(g), where
gew is the experimentally measured erosion. The best matching is obtained with
hey = 66 x 10° J/kg, ¢’ = 4 x 10~° kg/C. Then the numerical analysis of ther-
mophysical model in Guile-Arrhenius relationship coordinates (1) was carried out
(dm/dC instead of dm/dr was used, where C is the amount of electrical charge
passed through the electric arc spot). The results are presented on Fig. 4. We see
a series of curves, originated from the same initial point, coordinates of which are
the fusion temperature of copper and some initial value of specific erosion, which
is equal ~ 1077 kg/C. This value is in agreement for the maximal erosion level for
vacuum cathode spot [11]. The curves differ one from another only by the param-
eter s = \/T/v, which is proportional to the d/v ratio. If we replace these curves
with direct lines originating from the same initial point, it is possible to get a simple
expression for thermophysical model in Guile-Arrhenius relationship form:

g=goexp—K(3J+a—b) (%' ) (7)

We have obtained the best correlation (7) with experimental data for a = 0.6
and b~ 04, (K = 2.65, go = 8 x 10~8 kg/C). A comparison of the experimental
data generalizations in accordance with (7) and (1) is presented on Figs. 5 and 6
for the experimental points, for which Q., > 0 and, in this case, the thermophysical
model is valid. All points were divided into four groups in accordance with the range
of parameter s and marked on this figures. The separation of points acording to s
value is clearly seen on Fig. 5. This causes decreasing of correlation coefficient in
comparison with Fig. 6. As for erosion calculations for the regimes where @, = 0,
it is possible to take g’ ~ 3 —4 x 107° kg/C for cathodes made by technical copper,
which was used in our experiments.

DI ION
If we include into the correlation the points with Qer = 0 (especially points for

low currents), the difference of correlation coefficients between (1) and (7) formulae
decreases. It is possible, that the relationship (1) is related to regimes, where
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@er = 0 (Guile’s and Szente’s [3-5] experiments were made at currents =~ 100
A), but (7) - to ones, where )., > 0. It should not exclude the possibility of
two erosion mode occurrence, as two kinds of cathode spots occur (“thermal” and
“explosive”, or first and second kind spots [10,11]). Unfortunately, many authors
are not giving all parameters (I, v,T’), which is necessary for thermophysical model
applying. Besides, cathode materials are also different in many works, and it is very
difficult to compare all results presented.
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Fig.1: Scheme of experimental instal-
lation. 1 - current-fed rings.
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Fig. 3: Experimental data on copper
cathode erosion. Cathode diameter
50 mm, points in circles 90 mm.
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Fig. 5: Experimental points accor-
ding (1). Symbols see Fig. 3. Dotted
lines: formulae (4,6).
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Fig. 2: Electrodes heating records
and scheme of surface heat source.
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Fig. 4: Formulae (4,6) in Guile-

Arrhenius coordinates.

EROSION, (kg/C)

104
Param  Value
A 8.01x10° La
8 265

R =-0,92374 . N=66

05 10
((1/(s+0.6))-0.4)(T/T)-1

Fig. 6: Experimental data according
(7). Symbols see Fig. 3.





