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An Experimental Study of the Dependence on
the Current Intensity of the Erosion of Thoriated
Tungsten Cathodes in Plasma Arcs

Eduardo Casado, Vicente Colomer, Rafael Sicilia, and Encarnacién Mufioz-Serrano

Abstract—The erosion occurring in thoriated tungsten cathodes not fix a priori the temperature distribution on the cathode and
used in transferred plasma torches operating with current inten-  took into account the Joule heating of the cathode.
S't'esd r«’%rljlglngtLrogn 30 to 210 tA has ge?“ e.XpeJ'g‘ema”y 'Uvesttr']' In the latter study, it was found that a critical value of the cur-
getod, e cathiod ecskon e as determined by MEZSuIS 1 ot ntensity exists fo which the ffetme of the thorated ung-
was explored by scanning electron microscope and energy disper- Sten cathode has a minimum value. Since that lifetime is essen-
sive X-ray spectrometer. It has been discovered that a critical cur- tially tied to cathode erosion, this result suggests that in thoriated
rent intensity, Icr ~ 50 A, exists for which the cathode erosion tungsten cathodes, the cathode erosion will be maximum for a
rate becomes maximum. certain critical value of the current intensity. The experimental
Index Terms—Arc plasma, cathode erosion, thoriated tungsten, corroboration of this prediction motivated the present paper. To
W-ThO. cathode. the best of our knowledge, although thoriated tungsten cathodes
have been the subject of intense experimental investigation in
I. INTRODUCTION .recgnt years [13]—[18], no fax_perimental data supporting or re-
S ) _ ~Jecting the mentioned prediction has been reported.
ATHODE erosion is still a problem hindering the wide- | [13], an experimental study of the influence of the cathode
spread application of thermal plasmas in industry [1]-[3yeometry and of the plasma-forming gas composition on ero-
This problemiis of particularimportance in thermionic-emissiogion of the thoriated tungsten cathodes was carried out, but at a
cathodes due to the high temperatures attained on their spot$dAstant current intensity of 200 A.
order to reduce the working temperature, ithas become commorrhe factors affecting erosion in thoriated tungsten cathodes
to use binary thermionic cathodes, which combines the high fiyave been experimentally studied by Zhou and Heberlein [14],
sion point of the base refractory material with the low worf15] by means of spectrometry, pyrometry, high-speed photog-
function of the dopant. The most commonly employed cathodﬁﬁ)hy' scanning electron microscope (SEM), and energy disper-
of this type are thoriated tungsten cathodes. However, the eggze X-ray spectrometer (EDX). They determined the electron
sion problem in these cathodes continues to be a basic quesidfiperature and electron number density in the cathode region
which has been intensively investigated in recentyears.  for cyrrent intensities ranging from 80 to 200 A. They also mea-
Presently, cathode erosion has been theoretically studiedddyeq the temperature distribution on the cathode for current in-
various researchers using models based on the balance of engig¥ities between 100 and 300 A. Nevertheless, they did not re-
flux and charged particles between the spot and the near-cathggg data on the dependency of erosion on current intensity. The
region [4]-[8]. In the case of thoriated tungsten cathodes, it ieasurements of cathode mass loss reported by them were made
necessary to take into account in the models that the cathqgg, 5 single current intensity of 200 A.
work function depends on the degree of spot coverage by therne performances of thoriated tungsten cathodes and tung-
thorium atoms [9], which is determined by the processes of degen cathodes doped with other rare-earth elements were com-
orption and adsorption of thorium on the spot and by the diffysreq in [16] on the basis of their surface temperatures, but a
sion of thorium from the inside of the cathode to its surface [1Q}gnstant arc current of 200 A was used for arcing. Although sur-
The influence of these processes on the lifetime of the cathggge temperature profiles for thoriated tungsten cathodes with
was studied by Nemchinsky [11] assuming a linear distributiqRyious arc currents were presented in [17], no relation with the
of temperature on the cathode, and more generally by Casgdghode erosion rate was established. In [18], a novel tungsten
and Colomer [12], who developed a numerical model that digithode activated with nanoscale thoria was investigated, but no
data on the erosion rate was reported.
In the present paper, the dependence of the erosion rate of
. . . _ thoriated tungsten cathodes on the current intensity of the arc is
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Fig. 2. Cathodes after arcing with a mixture of argon and hydrogen (cathode
Fig. 1. Schematic diagram of the plasma torch used. at top of the photograph) or with pure argon (cathode at bottom of the
photograph) as the plasma-forming gas. A ring-shaped layer of oxide at
12 mm from cathode’s tip can be seen in the latter cathode. The EDX analysis
Il. EXPERIMENTAL PROCEDURES indicated the following atomic composition at a point on this layer: 34.34% O,
0.24% Th, 20.18% W, and 45.24% C. Off the layer the composition is: 25.45%

Cylindrical cathodes of thoriated tungsten (2 wt% O,0.32% Th, 24.15% W, and 50.08% C at a point closer to the tip, and 22.88%

ThOg) with a flat tip and a diameter of 2.4 mm were used o I"10.51% Th, 17_.64% W, and 58.97% C at a point further away from‘the tip.
e EDX analysis of the lateral surface of the cathode used with a mixture of

a dc transferred torch (model TIG-350 DC-P) at atmospheHgon and hydrogen gave the following atomic composition: 2.89% O, 1.74%

pressure. Cathodes with a flat tip are commonly used witt, 86.88% W, and 8.49% C.

this type of torch in industrial applications. To reproduce as

similarly as possible the industrial condition of the torch’s useyith a boiling point of 2273 K [19]. The formation of a tungsten

we have kept the cathodes with a flat tip, which is the shapaide layer was also observed in [17], where it was found that

they have commercially. This does not affect the stability @ small contamination of the plasma-forming gas with oxygen

the arc, which was totally stable in the range of current that ve&rongly influenced the cathode performance. The formation of

used. the oxide layer in our experiments was highly undesirable as

The working conditions of the arc were the normal ones usécdould distort the erosion measurements that we made on the
in industrial applications, with plasma gas being injected béasis of variation of cathode mass.
tween the protective ceramic nozzle and the cathode, and theBince the layer of oxide formed in this way had to mainly
activating the arc between the cathode and a graphite anodediiginate upon the deactivation of the arc, when the cathode is
uated in front (see Fig. 1). All of this is done in the open air. Weft stillincandescent in the presence of the atmospheric oxygen,
chose a graphite anode because of its refractory properties. Theplasma-forming gas flow was maintained for 5 min once the
graphite anode does not need cooling, which permits us to wanic was turned off. In this way, the cathode was protected by an
with a very simple experimental setup. argon shroud until it was cool enough.

Different current intensities were used for the arc, sweepingIn spite of this precaution, as the arcing took place in the open
the current interval from 30 to 210 A. The cathode-anode diair the atmospheric oxygen could still contaminate the argon
tance was always finely adjusted so that the voltage of the amed reach the cathode surface during arcing. To avoid this, we
was 22 V in all cases. For each one of the current intensitieéroduced hydrogen into the plasma-forming gas, hoping that
used, the cathode was weighed before and after arcing ontla@ strong reducing character of hydrogen would prevent the
electronic balance (COBOS TR104) with a precision of 0.1 mgontaminating oxygen from reacting with the cathode surface
In this way, the cathode mass loss was determined, which, aldogroduce the undesirable oxide layer.
with the value of the current intensity and the arcing time, per- For this reason, a mixture of argon (99.9995% pure) with a
mitted the calculation of the cathode erosion rate, defined as &% volume of hydrogen and a flux of 20 L/min was used as
ratio between the loss in mass and the total charge that pagsledma-forming gas. With this plasma-forming gas and main-
through the cathode. taining the gas flow for 5 min after shutting off the arc, no

The cathode surface before and after arcing was exploredfbymation of the oxide ring was observed (see Fig. 2) and the
SEM and EDX, with which a study of the erosion effects thaheasurements of the cathode’s weight loss were reproducible
complement the mass loss measurement was done. without any significant dispersion. This guarantees the relia-

Initially the plasma-forming gas used was pure argon. Onbdity of the erosion measurements that are shown in the fol-
the arc was interrupted, the cathode remained at a very high téowing section, which are also supported by the SEM examina-
perature immersed in the air. After arcing, a dark ring-shapédns of the cathode surface.
layer was observed in the cathode far away from the cathodeOn the other hand, the mixture of argon with a 2% of hy-
tip. The EDX analysis of this layer showed it to have a higbrogen is an industrially important plasma-forming gas, due to
oxygen content which indicated the formation of oxide on thiae fact that the addition of hydrogen to argon permits reaching
cathode surface (see Fig. 2), probably the brown oxide; WQ@igher temperatures in the arc [20].
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Fig. 3. Erosion dependence on arc current intensity for different arcing timggthOdeS for each current intensity. The arcing time was 10 min.

Curve A corresponds to 5 min arcing, while curve B corresponds to 10 min

arcing. . ", . .
9 current intensities. It is, therefore, assured that the maximum

erosion found is related to the cathode functioning in the arc
lll. RESULTS and not to the state of the cathode’s surface before beginning

The dependence of the erosion rate with the current intendiif arc-
of the arc for different arcing times is shown in Fig. 3. To take Atlow current intensities (up to 80 A), the erosion values re-
the measurements, a separate cathode was used for each cRgféed in Fig. 4 are less than those shown on the B curve in
Each one of these two cathodes was operated successivelfi@t 3, which also correspond to an arcing time of 10 min. This
the current intensities corresponding to the experimental poitisiue to the fact that in the measurements of this latter curve,
shown in the graph. The erosion rate for each current intensiypingle cathode was used and thus, the cathode surface was al-
was determined by the procedure indicated in the previous s&@ady eroded by the previous use of the cathode. On these eroded
tion. The uncertainty in the measurements is shown by the erfsffaces, with craters and projections, intense fields occur that
bars on the experimental points in the figures. This uncertaintydguse a greater erosion than on the smooth surfaces of the new
determined by the precision of the instruments used. The valg@hodes. On the other hand, at high current intensities, the ero-
obtained on repeating the measurements for a given current $iieh rate values shown in Fig. 4 and on the B curve in Fig. 2 are

not show a significant dispersion of the measured erosion valgénilar, because high current intensities quickly provoke a great
It can be seen in Fig. 3 that at a critical current intensi§rosion on the cathode surface, and the difference between an

Icr = 50 A a maximum is reached in the erosion rate, whichitially new cathode surface and an already worn surface loses
becomes about a factor of 10 greater than the erosion ratdnagortance.
high current intensities/( 2 140 A). As shown in the figure,  In Figs. 5-7, electron microscope images are shown of the tip
the value ofl~g is the same for the two curves. cross-sections after arcing of three cathodes used to obtain the
The results for the erosion rate shown in Fig. 4 were obtainedrve of Fig. 4. These cathodes operated at current intensities
using a new cathode for each current intensity. In this way, it wag50, 80, and 170 A, respectively, for 10 min. On them can be
guaranteed that for each current intensity, the cathode surfaeen the typical sponge-form structures caused by the processes
was in similar conditions at the beginning of the cathode’s workf fusion, evaporation, and redeposition of cathode material that
since the cathode had not previously been used. Erosion wasur on the cathode surface during its working time. The EDX
measured after 10 min of arcing at the corresponding curremalysis of these cathodes revealed the total absence of thorium
intensity. on the spot zones of the cathode, in agreement with the results
In Fig. 4, it is seen again that a maximum of the erosion rateported in [14]. It should be pointed out that on cathodes oper-
appears at the critical intensity of 50 A, with a value of the er@ted at 80 and 170 A, zones of the surface that remain unaltered,
sion rate several times greater than that corresponding to higith the same morphological structure of a new cathode, appear
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(b) (b)

Fig. 5. SEM photos of cathode surface after arcing with an arc current of 5@. 6. SEM photos of cathode surface after arcing with an arc current of 80 A
A for 10 min. (a) Surface of the cathode tip cross-section; (b) detail of bottofar 10 min. (a) Surface of the cathode tip cross-section; (b) detail of upper right
zone of the cathode tip surface. zone of the cathode tip surface.

|%tdbacks the measurements made of cathode mass loss that

hel I fth h -sectionin Fig. 6(A . . X
[the lower left zone of the cathode cross-sectionin Fig. 6( )a|nd|cate a4 maximum erosion rate at 50 A.

the left side of the cathode cross-section in Fig. 7(A)].

A total electric charge of 30 kC passed through the cathode
of Fig. 5 during arcing, since this cathode worked at the
critical current intensitylcr = 50 for 10 min. It is interesting  In thoriated tungsten cathodes, the value of the work function
to compare its surface with the surfaces of other cathod#spends on the degree of spot coverage by thorium atoms. If the
through which the same amount of coulombs passed, lmaverage is null, the value of the work function coincides with
which were operated at current intensities different frigg.  that of tungsten and very high temperatures are reached on the
To make this comparison, two new cathodes were taken. Cspot. If the coverage is maximum, the work function coincides
of them was operated for 375 s at an intensity of 80 A anith that of thorium and the cathode keeps working at relatively
the other for 1000 s at an intensity of 30 A, so that a chardmwv temperatures, less than the tungsten melting temperature.
of 30 kC passed through both cathodes. In Fig. 8, electronThe degree of spot coverage by thorium atoms is the result
microscope images of the surfaces of these cathodes afikthe balance between the arrival of thorium atoms to the spot
arcing are shown. Once again, zones of the cathode surfagaliffusion through the cathode bulk and the net evaporation of
that have not been altered by arcing appear. On the erodledrium atoms on the spot. This latter includes the processes of
regions of these cathodes, the morphological alterations of #gneaporation of thorium atoms and of the readsorption of a frac-
surface are similar to the alterations of the cathode surfacetion of the evaporated atoms due to their ionization and return to
Fig. 5. However, the worn area on the surface of the cathodés surface of the cathode under the action of the electric field
in Fig. 8 is less than the worn area of the cathode in Fig. 6n the cathode zone. The diffusion of thorium is strongly influ-
which operated at the critical current intensity. Although nenced by the temperature profile in the cathode, which depends
quantitative conclusions can be drawn from this observatiamm the arc current intensity [17].

IV. DISCUSSION
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(b)
Fig. 7. SEM photos of cathode surface after arcing with an arc current of 1@%
S

(b)

8. SEM photos of the surfaces of two cathodes through each of which have
sed 30 kC. (a) Cathode tip cross-section of cathode used for 1000 seconds
with an arc current of 30 A; (b) cathode tip cross-section of cathode used for
375 seconds with an arc current of 80 A.

At low current intensities, a low erosion in the cathode is ex-
pected. As the current increases, the spot temperature tendsetm Unfortunately, our measurement were unreliable, since a
increase for the thermionic emission must supply the requirgteat dispersion of erosion rate values appeared for every cur-
extra electrons. The raising of the spot temperature favors tieait intensity. The same difficulty with pure tungsten cathodes
desorption of the thorium atoms which increases the workingas encountered in [15]. There, the problem was attributed to
function of the cathode. This process tends to augment etbe influence of turbulent pressure fluctuations on the ejection
sion as the current intensity increases. However, the increa$¢iquid metal droplets, which is the major erosion mechanism
in current intensity also provokes a greater Joule heating in tinepure tungsten cathodes.
cathode bulk. Therefore, the temperature distribution inside theOne possibility that should be discussed is whether the results
cathode becomes more favorable for diffusion and the flux afe show in Figs. 3 and 4 were due to the effect of erosion on
thorium to the spot is increased. This process tends to diminisie cathode edges. Since we used cylindrical cathodes with a flat
the working function. Therefore, both the spot temperature atig, we had cathodes with sharp edges at the cathode end. If, at
the cathode erosion also tend to diminish. The overall effdotv current densities, the spotis located on the cathode’s edges,
of this two opposite processes might explain the existenceaifnormally high erosion could be obtained for these currents
the critical current that we have experimentally found for whictlue to the sharp edge on the spot area. At high current densities,
cathode erosion is maximum. the spot could cover a greater area of the cathode’s transversal

To determine the influence of the diffusion and desorption skction with which there would not be localized erosion at the
thorium in erosion, it is interesting to compare the experimentstharp edges. The anomalous increase in erosion at low current
results we obtained with similar erosion measurements madaritensities could provoke a peak in the erosion curve.
pure tungsten cathodes. We attempted to measure the erosioro investigate the influence of the sharp edge of the cathodes
rate in pure tungsten cathodes for various arc current intensi-our results, we have taken erosion measurements in a cathode

A. (a) Surface of the cathode tip cross-section; (b) detail of central zone of
cathode tip surface.
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Fig. 9. Erosion dependence on arc current intensity in a cathode with rounc @
edges. The arcing time was 5 min.
0.05 | .
whose edges were rounded before arcing, thus eliminating
sharp edges. The results obtained are shown in Fig. 9. As car i ]
seen, the curve of erosion as a function of the current intens
is similar to that obtained using flat tip cathodes. This indicat 0.00 - .
that the existence of a maximum in erosion for a critical curre NS Y ST S ISP SOTIU R
intensity is not originated by the presence of sharp edges on 30 50 70 90 110 130
cathode’s tip. I (A)

Since we used graphite anodes, we should discuss the possi-
bility of cathode contamination by carbon atoms and the inflig. 10. Erosion dependence on arc current intensity in an arc with iron anode.
ence that it may have on our results. The EDX analysis of tfige arcing time was 5 min.
tip of all cathodes used shows the total absence of carbon on all

points of the transversal section of the cathode tip. This ocCiisum. For greater values of current intensity, the erosion rate
both in the cathodes used once to obtain the experimental poiiss, tending to a constant value at high current intensities.
inFig. 4, as well as in those used repeatedly to obtain the experathough the concrete value 6§ » depends on the arc char-
imental points in Fig. 3. On the other hand, the EDX analysis gfteristics (type of cathode, geometry of torch used, value of
the lateral surface of a new cathode showed the following atomyjgs fluy, etc.), it has been shown that the valud@# under

composition: 3.22% oxygen, 1.87% thorium, 88.32% tungstegnatever concrete working conditions are used, can be experi-
and 6.58% carbon. The percentage of carbon on the lateral §4entally determined in a simple way.

face of another cathode after use in the arc with the mixtureThe determination of thé- value is important from a prac-

of argon and hydrogen as plasma-forming gas was 8.49% (%28 point of view to avoid operation of the arc with current in-

Fig. 2). This percentage of carbon is only slightly greater thagnsities that produce a maximum of cathode erosion and, con-
that of a new cathode. Since the contamination of carbon atoggyuently, shorten the useful lifetime of the cathode.

on the lateral surface of the cathodes that we used was little and
since no contamination at all appeared on the active zones of the
cathodes that we used, we conclude that the results obtained are
related to the working of the thoriated tungsten cathodes and Notre authors wish to thank the services of the Electron Mi-
to a possible contamination of them. croscopy Unit of Cordoba University, Cordoba, Spain.
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