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ABSTRACf 

The ercsion of copper electrodes in a conceratric cylinder geometry with magnetically 

driven arcs was studied at steady state for currents up ta 250 A in a variety of gases 

and gas mixtures, magnetic field strengths and gas tlow rates. The efft~cts of arc 

velocity, gas composition, current density and heat transfer to the cathode on erosion 

rates were t!xamined. 

The arc velocity varied with the magne tic field strength and arc current accordingly 

ta a newly devel0ped equation, V a Bo'~ IO,SéI, when the cathode surface was slightly 

contaminated with C, Cl, 0 QI N. The c'Jmposition of the surfaces was found using 

Auger and ESCA spectroscopy. A surface drag force, a new force opposing to the 

arc motion was proposed. In the case of clean and heavily contaminatell surfaces 

(contaminant layers thicker than 10 microns), the surface drag becomes the major 

force opposing the arc movement. Work function measurements showed that surfaœ 

drag incIeased as electron emission became more difficult. 

A novel teclh,ique was developed to determine the current dIstribution of the arc foot 

on the electrodes. A correlation between the arc foot current density and erosion 

rate was proposed. The effects of the surface composition, magne tic field and arc 

velocity on the arc current distribution \'>Iere also examined. 

A conceptual model was developed for electrode erosion; the model was supported 

by experimental rt'sults and by the results of simulations using macroscopic and 

microscopie heat transfer models. 
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RéSumé 

Cette étude porte sur l'érosion d'électrodes en cuivre de géométrie cylindrique par 

un arc soufflé par un champ magnétique; les conditions d'opération sont stables pour 

des courants d'arc allant jusqu'à 250 A et une gamme de valeurs de champ 

magnétique et de débit gazeux da ns differents gaz et mélanges gazeux. Les effets sur 

le taux d'érosion de la vitesse de i'arc, de la composition du gaz, de la densité du 

courant et du transfert de chaleur u la cathode ont été examinés. 

Quand l'électrode est légerement cOI'\'raminée avec C, Cl, 0 ou N la vitesse de l'arc 

varie avec les valeurs du champ m2l,~nétique et du courant d'arc selon une loi 

déterminée au cours de ce travail: V Ct' B060 1°56. La composition de la surface a été 

déterminée en utilisant la spectroscGvie Auger et ESCA. Pour expliquer le 

mouvement de l'arc il a fallu introdUIre jI'existence d'une "force de friction" de l'arc 

sur la surface de l'électrode. Dans le cas dé surface propre ou fortement cOlltaminée 

la force de friction controle le mouvement de l'arc; des mesures de potentiel 

d'extraction ont montré que dans ce cas le potentiel est également plus élevé, 

Une nouvelle technique a été mise au point pour la détermination de la distribution 

du courant d'arc a la surface de l'electrode. Une corrélation entre la densité de 

courant et la taux d'érosion a été établie. Les effets de la composition de la surface, 

des valeurs du champ magnétique et de la vitesse de l'arc sur la distribution du 

courant ont été déterminés. 

Un modele conceptuel de l'erosion d'electrode en présence d'un arc a été proposé; 

ce mode le est supporté par les résultats expérimentaux et par les résultats de 

simulations basées sur des modeles macroscopique et microscopique de transfert de 

chaleur. 

. 
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1. INTRODUCfION 

1) GENERALITIES 

London Begilllzing of the celllwy. Samrday moming ... 
Watson is reading Ilze newspaper, drillking his favourite Ica, sitting 011 his favourite chair 
atthe office of his best friend, Sherlock Holmes ... 
Watson raises his eyes from the news for a moment and looks at Holmes ... He seems to 
be ill olle of those "lhÏlzkillg periods': when no one can possibly talk to him. His eyes are 
cJosed, /lis Izallds clasped on Izis lap, his pipe in his moU/h, and showing lZO signs of 
beillg alive ... Watson recLlI/s how mail y limes he has seen Holmes in this position. Il Ilas 
certainly been an exciting 15 years silIce he met Holmes for the first lime ... Watson tlzinks 
about ail tire advelltures, mysteries and excitemelll of Ihose years.. He wouldn'I change 
Ihem for anyllzing in the wor/d ... 
And suddell/y, as Watson is lost in his tJwughts, the door bell rings. Ho/mes opens Iris 
eyes, but doesll't move. Two minutes la ter, Miss Campbell, the good lady who has been 
working for Ho/mes sin ce, weil, silice Watson can remember, brings a parcel to Ho/mes. 
• It 's for YOLl, Mr. Holmes. The messenger didn't wait for an answer. Actually, he seemed 
quite anxious to leave ... 
Sire /rands to Holmes a small parcel, the size of a book, wrapped ill a dark browl1 paper. 
Holmes Iwlds the parcel for some time, /te seems to be intrigued with somethillg ... 
• Holmes, for God' stlke, aren't yOLl. goil1g to open tire parcel? 
· Oh, l'm sony Watsoll, 1 was just thinking ... This wrappillg paper hasl1't been sold for 
al least 25 years; I kllow it becaLtse my mother used to wrap old bread with this kind of 
paper. Tlrey stopped makillg l/lis type of paper years ago; it seems il was too heavy and 
expellsive. And then suddenly we receive a parcel with lhis paper... It is very odd ... BUI 
JOu are riglzt, let's open the parcel! 
Holmes carefully ltIzwraps the parcel. Imide it he filZds a small book, a killd of IlOte 
bOvk, the type you find ill a labora/ory, and a letter ... 
Holmes reads the leller. After t"ree minUles, he drops it 011 the floor and his face is 
pale... WalSOIl CalZ'1 imagine whot is happening. 
- Ho/mes, are you ail riglll? Wlzat does the letter say? Holmes, are you Iistening ID me? 
Ho/mes?? 
- Fm fine Watson, l'm fille .. It is just that Ihis is so Ïlzcredible! Here, see for yourself! 
Holmes picks tlp Ilze letter and gives il 10 Iris friend while he Izimself starts to read tlze 
llOle book .. 
WalSOIl reads tlze letter ... 
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It is addressed ta Holmes. A certain ciemist, Dr. Bergman, was doing researcll 011 a Ilew 
form of matter, almost pure energy, he ealled il ''plasma''. He I)elieved that il could solve 
ail the problems of the ehemieal industries, from manufaclUring la dumping byproducts 
in the rivers.. The only problem was with the equipment ta generate the plasma; il 
wouldn't last long enough... 11lere was a problem with some sort of elee/rodes. Dr. 
Bergman had some ideas how to solve the problem, but he didn'I have enough rime to 
test his theories. He was dyillg ... It seems he was poisoned in his lab, he /zad jusi few 
day:,' left ... He Izad heard about tlze almosl magicallogic of Holmes and Ize decided to 
selld his personal notes ta him, hoping that with his logic Holmes cOllld find the solutioll 
for tlze problem. Dr. Bergmall was afraid that his discoveries cOllld drop ;"10 Ihe wrollg 
/wnds, to people that wOllld lise it for their own benefil and Ilot Ihe wlrole of mallkbzd ... 
His ollly hope llOW was Holmes ... 
Watson call'I believe what Ize read. He tUntS 10 Holmes, wlro seems to be completely 
absorbed by the notes. 
- Ho/mes, Ilris call't be serious! YOll are not a scientisl,' he slwuldn 't have sem Ilris to 
yOll.. We have la give tlris ta someone at the Royal Institute and ... 
Watsoll reaUzes tlrat his friend call1lOt hear Izim. He is reading lire Ilotes, Ire seems 
hypllolized by tire book. 
After almost 2 hOlIrs in the most complete silence except for tlze noise of Holmes luming 
the pages of tlze Ilote book, and durblg whic" Walsoll keeps reading and rereading t/ze 
letter, Holmes suddenly says: 
- Watson, are you still readillg tlze letter! 
Watsoll suprised willz tlze suddell question, lakes few seconds to recover. 
- 1 still cannot believe in this w/zole storyJ Holmes ... But 1 can see from Ilze expression 
011 your face Ihat you are Ilot laking Iltis 100 seriou.s ... 
- Au contraire, mon ami, au contraire! Tizis is most excitblg! We cOlinot waste one sillgle 
momelU more! We /zave ta start immedially titis projeet; afler ail, the fale of many 
people could be depending 011 LiS ... Tizis is it, Watsoll, Ilze ultimate work, Ilze Electrode 
Erosion Joumey! 
And saying t"is, Holmes moves towards Iris bookslzelves. Watsoll is in complete slwck 
with ail tllis and call1lOt evell close his moutlt ... 

Coming back ta 1989, 

2) THE IMPORTANCE OF ELECTRODE EROSION IN PLASMA TORCHES 

The application of thermal plasma technology ta industrial processes is becoming a 

reality. Plasmas are starting to have an important role in the production of new 
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mate rials, in the destruction of toxic wastes, and in the development of safer and 

more efficient processes. 

One of the remaining problems inhibiting the further industrial application of plasmas 

is related ta the plasma generator or plasma torcha Short el~(;trode Iifetimes, 

unreliable torch performance and lack of flexibility in torch operation are ail directIy 

or indirectJy due ta Jack of fundamental knowledge on the raIe of the electrodes in 

the plasma generating process. 

This work is aimed at understanding the phenomena governing electrode erosion at 

copper cathodes. It is hoped that with this fundamental understanding, erosion rates 

can be decreased, increasing the electrode lifetime, and more flexibility in torch 

operation can be achieved. 

3) UNRESOLVED PROBLEMS 

The role of the electrodes in generating plasma has fascinated many researchers for 

the pa st 50 years. Many electrode studies have been conducted, enlarging 

tremendous]y our understanding in this area. However, many questions have been 

raised in lhese studies, and unsatisfactory answers are a reality. Most of the data in 

the literature unfortunate]y cannot be extrapolated ta different systems or operating 

conditions. The importance of more than 20 different parameters on the electrode 

phenomena has been suggested but little support has been found for most of these 

suggestions. A more fundamental understanding of electrode phenomena has also 

been delayed by the lack of appropriate instruments ta analyse both the plasma and 

the electrode surface in the older studies. Finally sorne of the findings and techniques 

could not be used at an industrial level as weIl. 
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This work was an attempt to partially resolve sorne of the problems rnentioned 

above. The work was developed in both experirnental and theoretical manners. Both 

these two different approaches were llsed during the research. The need for reliabk 

data in one hand, and the analysis of these data in the light of weil established 

theories on the other hand, directed the research towards its goals. Diagnostic 

techniques had to be developed along the work in arder to obtain more information 

on the electrode phenomena. 

4) ORGANIZATION OF THE THESIS 

Chapter II describes the equjpment and experimental procedures. Chapter III is 

concerned with the fundamental study of the ~rc (and plasma) movement. The 

electrode surface is then examined as a function of chemistry and opernting 

conditions in Chapter IV. The development of a new probe and its use to meusure 

linear current density at the electrode surface are described in Chapter V. Charter 

VI then uses the information of Chapters III to V to formulate a general conceptual 

model for electrode erosion in plasma torches and uses it to explain the erosion rate 

measurement resulb. Chapter VII, on the heat transfer analysis, is purely theoretical 

in nature and develops two heat transfer models of the electrode and electrode 

surface to examine mme of the hypotheses and predictions of the erosion mode!. 

Chapter VIII is the sumrnary of the conclusions made within the thesis and 

recommends the direction of future work in electrode phenomena. 

An extensive literature review was conducted du ring this research; this has been 

incorporated directly into the appropriate chapters sa that relevant resuIts from the 

literature can be immediatly compared ta the present work. A Iist of the 

nomenclature used is given at the end of thesis. 
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II. EQUIPMENT - EXPERIMENTAL PROCEDURES 

1) INTRODUCfION 

Watson is tired. He seems to be at point of collapsing; sweat cames out [rom every pore 
of his body, Iris legs refuse to move any further ... He decides ta stop for a while ta catch 
Izis breath. He's been canyin~ the copper rad for almost half an hour IIOW ... He still has 
auotlter 10 nûnutes wztil Ize reaches his destination. He wonders more and more why 
Ho/mes wou/d ask Izim ID pick up tlzis rod at tlze Atica & Sons Copper Refitzery and take 
il to Holmes'office. Watsoll is very tired, bUlltis curiosity is stronger t/zan himself and he 
bends slow/y, lifts the rod and starts walkitzg again... Fifteen minutes Ialer he is at 
Holmes' dcor, .ringing the beU ... He hears strange and loud noises coming from upstair.:.. 
He waits for one minute, rings the bell again, and decides to try the door ... To his 
surprise, tire door is wllocked and Watson forgetting lhe weighl of the rod nlShes upstairs. 
He opens the office's door and sllOcked with what he sees, drops the rod 011 the floor ... 
Ho/mes, in the middle of tlte room, jumps at tlte sound of the heavy metal hitting the 
groLllzd .. 
- Watsoll! Good Lord, ü's you! YOLt almost killed me! 
. Holmes, what are you doing? Are you ail right? 
- Of course J'm ail right, Watsoll, what's the problem with you? 
- But Holmes, you look, you look ... awful! 
Holmes looks at himself and realizes what his friends meaus ... He is covered by dust, and 
his Izmzds are black; Ize bleeds from small CUlS along Izis anns; Izis clotlzes are almost 
totally tore apart ... 
- Oh, don't wony about my apperance, Watson! J've jllSt beell working in our erosioll 
project. And [ see that you brought tlze copper. .. Good, good, we will be starting il1 less 
than a week. .. 
. Startbzg what Holmes? 
- The experimellts, of course... Come, come here Waatson, [ wallt to slzow you 
somethbzg ... 
And grabbing Watson 's ann, Holmes pulls Izis friend ID tlze camer of the office. Ife 
wlcovers a slzeet, and reveals a small metal vessel connected ID cil sorts of tubes and 
pipes ... 
- This is our test chamber, Watson! [t's perfect for our experimerlls! Witlz tlze copper you 
brought, we are goillg ID make tlze electrodes and then everytlzing is ready!! 
- Holmes, titis certainly looks impressive, but [ still don 't LlIlderstand wlzy you .. 
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• Weil, my dear friend, let's first take a look at the copper and then l'il explain what 1 
have in milld ... 

And coming back to this work ... 

A) Chapter Guideline 

The equipment used for the experimental part of this work is described in this 

Chapter. The description covers the test chamber, the electrodes and the auxiliary 

equiprnent. The Chapter ends with the description of the experimental procedures. 

2) TEST CHAMBER 

A chamber used for the first part of the erosion studies (Szente (1» was modified 

for this work. A schematic diagram of the modified chamber is shown in Figure 2.1; 

a more detailed diagram of the electrode arrangement is given in Figure 2.2. In these 

figures the external electrode is indicated as the cathode. The electrode geometry 

simula tes a tubular plasma torch. The chamber is gas tight and during the 

experiments the pressure inside the chamber is always kept slightly above one 

atmosphere (1.1 atm) to assure the gas purity inside the vessel. The chamber is made 

of stainless steel and other nonmagnetic materials. The walls of the cham ber and the 

electrodes were water cooled. The dimensions of the chamber were chosen in order 

ta have fully developed flow in the electrode region; the dimensions are indicated 

in Figures 2.1 and 2.2. 
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Figure 2.2 - Detailed diagram of the electrode arrangement 
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The external electrode was designed ta be easily removed. The erosion analyses 

(weight loss, electron microscopy, current density probe, etc) were always done on 

this external electrode. Both electrodes were electrically insulated from the chamber; 

in this way the polarity of the electrodes could be inverted easily and therefore 

anodic and cathodic studies could be conducted. The electrodes .vere water cooled 

through separate water lines and thermocouples were installed in these Iines to allow 

he~t balances to be carried out in the electrodes. The dectrodes in this work were 

made of electrolytic copper, with a minimum purity of 99.95% (major contaminants 

are oxygen, silver and sulfur). 

An external coil concentrÏc ta the chamber generated a magnetic field transverse ta 

the electric arc. The interaction of this magne tic field with the electric arc forced the 

lutter ta rotate within the annulus formed by the two electrodes. The magnetic field 

is essentially uniform within the interelectrode space. 

3) AUXILIAR y EQUIPMENT 

A) Rotameters 

Rotameters were installeè in the gas and water lines to control anù measure the gas 

and water flow rates. The mixture of contaminant and main gases was accomplishcd 

weIl before the chamber in order ta assure a weil mixed gas. The total tlow rate was 

20 I/min for the experiments (except for few experiments where the intluence of the 

gas flow rate on the erosion phenomena was examined). The gases used in these 

experiments were industrial grnde (minimum purity of 99.98%) and compari~ons were 

also made using ultra pure gases (purity higher than 99.999%). The compositions of 

the gases can be found in Szente (1) . 
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B) Rectifiers 

Two separate rectifiers were used to generate the D.C. current for the electric arc 

and for the coiI. A Thermal Dynamics rectifier, model IDC lA40 was used for the 

arc. The maximum power output of this rectifier is 75 kW; the open voltage circuit 

is 320 V. A Syntron rectifier, model P 0063 was used for the coil. It had a maximum 

output voltage of 40 V, corresponding to a current of 130 A in the coii. The electric 

arc was initiated using a Miller HF 250-1 model high frequency unit connected in 

series with the rectifier. 

C) Arc Velocity Measurement 

The arc velocity was measl'red using an optical fiber probe installed inside the 

reactor perpendicular ta the arc motion (see Figure 2.1). Each time the arc passed 

below the probe, light was conducted through the fiber to a photodiode connected 

to an electronic circuit; the electrical signal was filtered and displayed on an 

oscilloscope. The arc velocity at the external electrode was calculated from the 

frequency of rotation and the dimensions of the cathode. The arc velocity mentioned 

throughout the thesis refers always to the velocity calculated at the external electrode. 

D) Probe Connections 

The connections for the current density probe (the probe is described in Chapter V) 

were installed in the bottom flange as indicated in Figure 2.1. They were teflon 

insulated coaxial connections. For the current density experiments the external 

electrode was grounded to avoij secondary currents into the probe signal. 

E) Arc CurrentNoltage Measurements 
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E) Arc CurrentNoltage Measurements 

The arc current was monitored during the experiments using a shunt connected in 

series with the cathode power hne. The :.ire voltage was measured between the 

cathode and anode power lines approximately one meter away from the cathode and 

anode (the resistance of the power lines is less than 0.1 ohm/meter). A special shunt 

(short-circuit coa}(ial cable) was used for the current fluctuation measurements and 

is discussed in Chapter III. 

4) EXPERIMENTAL PROCEDURES 

Before an experiment the electrodes were cleaned using CCI4 and dilute nitric acid 

(see also Chapter IV for more details) and rinsed with distilled water. The electrodes 

were weighed (for erosion rate measurements) using a digital scale with a precision 

of 0.0001 g. The erosion rates reported in this work were obtained considering the 

difference in weight of the electrodes before and after the experiments (and after 

c1eaning the electrodes again after the experiments, to remove any contaminant layer 

that was formed du ring the experiment). The error involved in the weighting 

procedure was less than 1%. The units of erosion rate are I-'g/c. The weight loss, 

measured in j,Lg, is a function of the duration time of an experiment and the current 

used in the experiment. The product of the duration time (in seconds) and cllrrent 

(in amperes) gives C (Coulomb). 

After installing the test electrode, the chamber was evacuated to a pressure of 

approximately 0.001 Torr for 5 minutes. The chamber was then purged with argon 

(or helium) for 5 minutes. The electric arc was initiated in argon, helium or mixtures 

of these inert gases with polyatomic gases (see Chapter IV). The pressure inside the 
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chamber was kept at 1.1 atm throughout the experiment. 

The arc current used in these experiments varied between 80 and ZSO A; most 

experiments were conducted at 100 A. The arc voltage was a function of the plasma 

gas used, as weil as the operating conditions (see Chapters III and IV). Individual 

experiments lasted up ta 4 hours; steady state was always reached much before the 

end of an experiment. 

REFERENCE 

1) Szente, R.N.; " Cathode Erosion in Magnetically Rotated Arcs", Master Thesis, 
Chemical Engineering Department., McGiIl Univ., Montreal, 1986. 
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III. ARC MOVEMENT 

1) INTRODUCTION 

- But my dear Ho/mes, why should we sludy the movement of lhe electric arc? 
Ho/mes, /ost ill his thoughts, takes some lime to rea/ize lhat Watson was ta/king to lzim. 
- 1 am sorry, Watsoll, but what were you saying ? 
- Ho/mes, / was jusl wondering why we have to examine this "arc movement" if what we 
really wallt to do is to find what causes the elee/rode erosioll .. 
- But that is precise/y what we are doing, Watson! See if you do not agree with my logic ... 
[lUllitive/y, il is easy to visualize lltat t/te more lime the eleetrie arc spends over the same 
regioll of the eleetrodes, the more that region will Itave ils tempera/ure increased and 
consequelll/y, more material will be volatilized and the higher will be the erosiol1 rate. 
But lZOW, if we cali decrease the residence time of the arc over the same spot, the heat 
will be much beller dissipated, sinee the area covered by the arc will be mueh larger ... 
• That is fasCÎnalùzg, Ho/mes... Sa, how do we slart? 
• Weil, dear frielld, the first thùzg is 10 decide about the metlJod we are going to use la 
move the arc. Theil we have ta tlzbzk about the diagnostics, /lzen lzow ta compare our 
resulls with the theoretical alles, t/tell we slwuld ... 

We leave our friends at this point ... 

A) Chanter Guideline 

In this chapter the fundamentals of the arc movement are examined. The forces 

moving the arc forward, the Lorentz force, and resisting the arc movement, the 

aerodynamic drag force, are presented. Experimental results from the literature are 

shown to be in disagreement with the previously proposed equilibrium between those 

two forces. A modification in the aerodynamic force is then proposed and a new 

force, the surface drag force, is introduced. Experimental results from this work show 

very good agreement with the new the ory. The arc movement is then analyzed for 

different plasma gases using high speed photography and cine-photography. The 

ft 
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effect of surface contamination is highlighted and arc current tluctuations obtained 

d.uring an experiment prove ta be a valuable diagnostic tool for arc studies. The 

Chapter ends with a summary of the most important findings of this part of the work. 

B) Chai ce of Equipment 

There are different ways of moving the electric arc in plasma torches; the two most 

common use either a gas vortex or an external magne tic field. Industrial torches 

normally use a combination of the two. 

The gas vortex methad is based on tangential injection of gas between the electrodes 

(tubular geometry). The vortex forces the electric arc and surrounding plasma ta 

rotate within the tubes. The magne tic methad uses a magnetic field perpendicular ta 

the electric arc in arder to move the arc and the surrounding plasma. 

It was decided to use the magnetic field because it is more flexible in operation. The 

use of the gas vortex ta change the arc velacity also requires changes in the g~s tlaw 

rate or injection velacity. This affects not anly the arc velocity but other operating 

conditions as weil. 

The magnetic field profile for this chamber was obtained previously (Szente (1»); it 

is very uniform in the area where the arc strikes, varying by less than 2 % from the 

axis of the chamber (which coincides \Vith the axis of the magne tic field) ta the inside 

wall of the cathode. The magnetic lines are thus considered to be parallel to the axi~ 

of the chamber in this central part of the reactor. The caIculated values of the 

magnetic field agree extremely weil with the experimental ones (Szente (1». It is 

therefore assumed that the magnetic field strength, 8. is uniform and weil determined 

in the experiments. 
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,As mentioned previously (Chapter II), the mean arc velocity was measured 

throughout the experiments using a light probe. The values obtained using this probe 

were periodically checked using two other independent methods (high ;,peed film and 

magnetic probe). 

2) LORENTZ FORCE 

The magne tic field created by the coiI located outside the reactor interacts with the 

electric arc and plasma, resulting in the movement of the arc and surrounding 

plasma. The theoretical aspects of this interaction are as follows: 

- the equation of motion for charged particles in electric/magnetic fields is given by 

where 

.. ---m dv7dt = e (E + v x B) 

m = particle mass 

V- = particle velocity 

t = time 

e = particle charge -E = external electric field -B = external magne tic field 

3.1 

--In the case of these experiments, the electric field E will accelerate the partic1e ~ 

(electron) from the cathode to the anode. The electron will therefore have a velocity - ---v in the same direction as E, which is perpendicular to B. Therefore v x B =lvl.IBI - -in a direction perpendicular to both E and B. Figure 3.1 iIlustrates this. Furthermore 

it is possible to consider the electric arc as a current-carrying conductor. Equation 3.1 
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becomes for an element dl of the conductor (Reitz and Milford (2»: 

--dF, = N A dl e (v x B) 3.2 

where 

F, = Lorentz force 

N = charge carriers per unit volume 

A = cross sectional area of the conductor 

Since N A e v = l, where 1 = arc current, it is possible to integrate eq. 3.2 

to obtain 

3.3 

-where d = total length of the conductor in the direction of E 

-Therefore there will be a force F, (Lorentz force) moving the electric arc / plasma - -in the direction perpendicular to both Band E. 

3) AERODYNAMIC DRAG FORCE 

The electric arc plus the plasma surrounding it form a region in the space where 

tempe ratures are in excess of 5 000 K, reaching values as higb as 20 000 K. The 

viscosity of the gas (plasma) IS therefore extremely high and the whole region can be 

considered ta be a rigid body (Roman and Myers (3); Fisher and Uhlenbush (4». 

This seems ta be a valid assumption for Reynolds number, Re, greater than 10 

(Malghan and Benenson (5», as it is the case in the experiments in this work (Re 

> 1 000). The Re is defined in tbis and in the other works as: 

Re = (VelD p) / J.' 



where Vel = arc velocity (relative ta the cathode) 

D = arc column diameter 

p = gas density (in front of the arc) 

~ = gas viscosity (in front of the arc) 
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Whenever a fluid moves relative ta a rigid boundary, it exerts a dynamic force on the 

boundary. The component of this force in the opposite direction of the relative flow 

is called drag (Daily and Harleman (6)). The drag force is given by : 

where Fd = aerodynamic drag force 

Cd = drag coefficient 

D = arc diameter 

d = arc length 

p = gas density 

Vel = arc velocity 

3.4 

4) BALANCE BETWEEN LORENTZ AND AERODYNAMIC FORCES 

The summation of forces acting on the arc should be equal ta zero for an arc moving 

at constant velocity, i.e., 

I: forces = 0 
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if the other terms are independent of Velo This relation has been proposed by 

different authors (Kopainsky and Schade (7); Alferov et al (8); Guile and Naylor (9)); 

in the next section, these equations are examined in more detail. 

5) RESULTS FROM THE LITERATURE 

The results shown in Figure 3.2 are for the variation of the arc velocity with the 

magne tic field. They include different electrode materials, geometries and arc 

currents. These conditions are described in Table 3.1. Since the results involve a large 

range of arc current (100 - 850 A), the arc velocities presented in Figure 3.2 were 

normalized for comparison using eq. 3.6b, i.e., 

VeI = Velo (100/10)0.5 

where Vel = arc velocity narmalized ta 100 A 

Velo) = arc veIocity at a current 10 

3.6c 

It can be seen in Figure 3.2 that the arc velocity did not show the expected variation 

with the magnetic field given by equation 3.6a. Most of the data could be correlated 

in the form of Vel Q B07, although the large scatter of the data makes Lhis value 

questionable. 

e 
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Secker and 
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Guile and 
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TABLB 3.1 

Operating Conditions for Data in Figure 3.2 
(Air plasmas were used in aIl cases) 

l 

(A) 

500 

200 

200 

Gap 
(mm) 

3.2 

12.7 

8.0 

Material Geometry 

Copper Rail Elec. 

Brass Rail Elec. 

Copper Cone. Cyl. 

Sharakovskii (13) 850 5.0 Copper Conc. Cyl. 

Winsor (14) 109 3.0 Copper Rail Elec. 
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Yas'ko (15) and Guile and Naylor (9) used dimensional analysis to determine the 

dependence of the arc velocity on arc current and magnetic fieid. After examining 

a large amount of data, Guile and Naylor proposed a relationship in the form of 

Vel Q BMI0,4 with a reported scatter of ± 50 %; Yas'ko proposed Vel Q B0,5510,45 with 

scatter of ± 35 % . 

It was decided at this point to further investigate this problem of the dependence of 

arc velocity on magnt:tic field and arc current. This is presented in the next section. 

6) MODIFICATION OF THE AERODYNAMIC DRAG FORCE COMPONENT 

Ta develop equation 3.5 and the corresponding relations 3.6a and 3.6b it was 

assumed by the other researchers that the other terms in the drag force side of the 

equation were inde pendent of the arc velocity. It will be shown here that this is not 

the case. 

The term corresponding to the length of the arc in the direction perpendicular to the 

arc movement, d, is obviously constant for ail VeI, since this is a geometric factor, 

depenèing only on the gap between the electrodes (the plane of the arc motion is - -characterized by the vectors E and F - see Figure 3.1). 

The drag coefficier.t Cd is a function of Re for rigid cylinders. However it can be 

assumed constant for cylinders in cross flow at Re between 1 000 and 100 000 (Perry 

and Chilton (16». In ail the experiments in this work, the Re was between these two 

limit values. Kopainsky and Schade (7) also calculated Cd for a similar system and 

found that Cd was constant. 

• 
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The diameter of the arc, D, is not inde pendent of the arc velocity. It ~as been 

observed by different authors (Roman and Myers (3), Malghan and Benensnn (5), 

Benenson and Baker (17» that with zero arc velocity (or for stationary arcs, with no 

moving gas) the cross section of the arc column is circular. For increasing arc 

velocities (or increasing gas velocities for stationary arcs) the cross section of the arc 

column becomes an ellipse, with the major axis pcrpendicular to the direction of arc 

motion. Using the Roman and Myers (3) data, it was possible to establish the 

following relation for changes in D with arc velocity: 

3.7 

where the ~ubscript 0 refers to any reference condition. 

In the case of continuous operation between concentrÏc electrodes, the gas density 

in front of the moving arc is affected by the previous arc passage at the same space 

region, i.e., the arc burns in its own tail. This has been observed by Kopainsky and 

Schade (7). Using their data the gas density can be correlated with the arc velocity 

as follows (a similar correlation was also proposed by Sharakhovskii (13»; 

P = Po (VeIJVel)o.s 3.8 

where the subscript 0 refers to any reference condition. 

These are the changes to be incorporated into equation 3.5 when the arc current is 

kept constant and just the magne tic field is varied. If the arc current is also varie d, 

another correction should be incIuded, since the arc diarneter D increases for 

increasing currents. Lowke (18) studied the variation of arc diameter with arc current 

for stationary arcs, obtaining for the range of 1 < 1 < 10 000 A, 

. 

• 



24 

3.9 

where the subscript 0 refers ta any reference condition 

7) ADDITION OF SURFACE DRAG FORCE 

U P ta this point, the arc velocity was analyzed by cons ide ring the forces acting on the 

arc column. There is another force affecting the arc movement; this force is related 

ta the electrodes, and as it will be seen, specifically ta the cathode surface. This 

force, which will henceforth be called the "surface drag force", is a function of the 

electronic state of the cathode surface, being independent of the magnetic field 

strength and arc current. This subject will be extensively covered in the following 

sections and in the next Chapters. 

Incorporating ail these considerations ta equation 3.5 we have for steady state (i.e., 

for an arc moving at constant velocity); 

~ forces = 0 

8 1 d + 0.5 Cd d D(f(I,Vel)) p(f(Vel)) VeP + S = 0 3.10 

where S = surfdce drag force 

and the other terms as defined before 

And from equation 3.10, 

Vel ct 8 062 

Vel ct 1°56 

3.11a 

3.11b 
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8) EXPERIMENTAL RESULTS • ARC VELOCITY 

A) External Magnetic Field 

Experiments were performed using different plasma gases. The magne tic field was 

varied fram 10 to 1 700 Gauss (0.001 ta 0.17 T) and the arc velocity was measured 

using the optical probe. The arc velocities are shawn as a function of the magnetic 

field strength in Figure 3.3. The exact composition of the plasma gases is discussed 

in the next Chapter. The following points can be raised from these results: 

a) Scatter of data 

The scatter in the four sets of data (N2, He+O.4%CO, He+0.4%N2, Ar+O.3%CO) 

is very small for th~ whole range of magne tic field strength used. The Unes in Figure 

3.3 were abtained using linear regression of log Vel vs log B; the equations and 

respective tinear regression coefficients (r) are: 

He+O.4%CO 

He+0.4%Nz 

N! 
Ar+0.3%CO 

Vel ct Bo.lIO\ 

Vel ct a0.599 

Vel ct BOllO) 

Vel ct 8°6110 

r = 0.999 

r = 0.999 

r = 0.997 

r = 0.999 

The relation found for the four Hnes, Vel ct 80.60 compares very weil witll equation 

3.11a developed in the 1ast section. 



26 

il -8 
~ 

i 10 

e 
a: 

I~--~----~------~----~~------~----~ 6 la 100 Icm 
Magwtlc Field Strangth CG) 

Figure 3.3 - Arc velocity vs magnetic field 
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b) Different arc velocities 

The differences among the four lin es must be explained in more detail. These 

differences are discussed below, where two gases were compared at each time. Since 

the arc currents were different for the experiments (due ta limitations of the power 

supply), the results were "normalized" ta 100 A using equation 3.11b. The results of 

the normalization are presented in Figure 3.4. 

Vel' = Vel (1/100)0.56 3.12 

where Vel is the velocity for arc current I. 

Vel' is the arc velocity plotted in Figure 3.4. 

i) Ar+O.3%CO and He+O.4%CO 

For reasons which will become clearer in the next section, it was necessary ta 

contaminate Ar and He \Vith small amounts (less than 1% in volume; see next 

Chapter) of CO (or sorne other contaminant; see next section) in order ta have the 

arc moving according to equation 3.11a. The CO minimized the effect of the surface 

drag term for these two gases (this is discussed throughout the thesis). 

To explain the differences in arc velocity at the sa me B, it is necessary to concentrate 

just on the aerodynamic drag force of equation 3.10. In this equation, Cd is 

considered constant and the same for both. The density of the gas in front of the arc, 

p in equation 3.10, has been corrected for changes in the arc velocity but not for 

density differences due ta different atomic masses. Since the level of contamination 

(CO) of the inert gases is small, the densities can safely be assumed ta be the values 

for the pure inert gases. Thus PHe / PAr : 4 / 40 and using equation 3.8, the arc 

velocities become: 
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Figure 3.4 - Arc velocity vs magnetic field 

Current normalized CUIVes 
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3.12 

where Vel" is the corrected Vel 

The corrections bring the two curves to within 8 % of each other as shawn in Figure 

3.5. This small difference can be due to different plasma temperatures; this is better 

explained when He+0.4%N2 and N2 curves are compared. 

The diameter of the arc column for the two gases was considered in the above 

analysis ta be the same for bath gases. The diameter of the arc transverse ta the 

direction of the arc movement has never been accurately measured, but it should 

not be very different. 

ii) He+O.4%CO and He+O.4%~ 

Small amounts of CO and N2 (less than 1% in volume in both cases) were added to 

helium in arder to have the arc moving according to equation 3.11a. No correction 

of gas density for different atomic masst!s is necessary, since the main gas is helium 

in both cases. The differences in these arc velocities can be understood when the 

surface drag term is t!xamined. There is sorne evidence that the electron emission 

characteristics of the surface when CO is used as the contaminant are better than 

when Nl is used (see section 9 and 10 in this Chapter and also work function 

measurements in Chapter IV). This would cause a higher value for the surface drag 

force for He+O.4%Nz than for He+O.4%CO, although a quantification of this terrn 

is not possible at the present stage. This higher surface drag was also verified when 

Ar instt!ad of He was used as the main gas. 

ft 
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iii) He+O.4%N, and N2 

In this case it is necessary ta consider the difference in densities of the two main 

gases (He and Nz). Using the same relation as before, 

3.13 

results in the curve Nz corrected shown in Figure 3.6. 

This density correction was insufficie.nt ta bring the two curves together and sa other 

aspects should be investigated. It is likely that the surface drag in both case',; was 

similar (see next Chapter) and therefore this term cannat be the cause of the 

difference in the two curves. 

Two possible causes can explain the differences in the two curves: cr) different plasma 

gas temperature and Q) different arc column diameter. 

cr) The different plasma gas temperature would cause different gas densities, changing 

the ove ra Il aerodynamic drag force. Temperatures of the gas in the region in which 

the arc travels are extremely difficult to obtain, since this region is not hot enough 

for spectroscopie analysis and a thermocouple or probe inserted in this region would 

tremendously affect the arc movement. Circumstantial evidence suggests that He and 

Nz do in fact have different temperatures: the outiet gas temperature for Nz is much 

higher than for He and the ceramic protecting the anode melted in the Nz 

experiments. AIso Johnson et al (19) found higher temperatures for Nz plasmas than 

for He. The higher N! ternperature can therefore explain the apparently faster arcs 

for N:, since the aerodynamic drag would be smal1er (Iower gas density). 

ft 
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Figure 3.6 - Arc velocity vs magnetic field. Density correction. 

Results for He+0.4%N2 and N2 
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9) There is also sorne evidence that the dia me ter of the arc for polyatomic gases is 

smaller than for inert gases. This is caused by the larger energy needed to main tain 

an arc using polyatomic gases (dissociation energy plus ionization potential of the 

atoms) than for inert gases (ionization potential of the atoms only). Johnson et al 

(19) showed phctographs illustrating the sm aller arc column for nitrogen th an for 

helium. It is however extremely difficult ta estima te the arc diameter using optical 

measurements since the visua} arc diameter does not necessarily reflect the 

aerodynamic drag diameter. 

In conclusion, although no direct measurement is possible to verify which of the 

above expIa nations is the correct one, bath suggest that the aerodynamic drag force 

for nitrogen arcs is smaller than for hetium arcs for the sa me operating conditions 

and after correcting for the effect of diffcrent intrinsic gas densities. Similar analyses 

can be made for Ar+0.3%CO and He+O.4%CO. The 8 % difference in their arc 

velocities after correcting for the different atomic weight could be explained by a 

higher gas temperature for Ar than for He. This seems to be the case, although the 

temperature difference here is much smaller than that for N~ and He (Johnson et al 

(19»). 

B) Arc Current 

Since the variation of the arc current in the experiments in this work was small (100-

140 A) due to limitations of the power supply, it was not possible ta check equation 

3.11b, i.e., 

Vel a lo.S6 

However a comparison was made between our results and those of different authors 

working at the same conditions of plasma gas, magnetic field strength and geometry. 

The results are presented in Table 3.2; the arc velocities were "corrected" for 100 A 
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using equation 3.11b for 100 A, i.e., 

Vel'= Vel ( 100/1 )o.S6 3.14 

The magne tic field strength was 1 000 G and the geometry was the same for ail the 

results. 

Author 

This work 

Harry (12) 

Sharakovskii (13) 

TABLE 3.2 

Arc Velocities for Different Arc Currents 

(air plasmas were used in ail cases) 

Arc Current Arc Veloce 
(A) (mis) 

100 60 

200 86 

850 170 

Arc VeloCe correc. 
(mis) 

60 

58 

52 

The arc velocities corrected using equation 3.llb are reasonably close. The value uf 

Sharakhovskii is lower th an expected; this may be due to the higher gas flow rates 

he used. This would give a lower temperature and thus a higher gas density 

(Shaboltas and Yas'ko (20». It is concluded that equation 3.11b can be used safely 

within at least the range 100-850 A. 

1 

1 
1 , 
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C) Self Magnetic Field 

One last point should be considered before leaving this section; this is the effect of 

the a) arc self-magnetic field and the b) magnetic field generated by the passage of 

current in the electrodes. These fields cou Id, in principle, affect the arc velocity. 

a) Using the Arnpere's circuital law, the arc self magnetic field was calculated ta be 

50 Gauss; however in this case it produces no net force affecting the arc movement. 

This field is important only for the "pinch effectIf and the formation of "kinks" in the 

arc column (Bittencourt (21». 

b) The magnetic field generated in the electrodes is very difficult to calculate due ta 

the geometry used; it should also be very sma)) because the current is collected 

symmetrically from the catho~e as explained by Secker and GuiIe (10». 

Two simple experimt=ntal tests were performed ta examine the :mpurtance of this 

field on the arc movement. Firstly the direction of the magnetic field was inverted by 

reversing the current in the coiI, forcing the arc to move in the reverse direction. 

Since the magnetic field generated by the current in the electrodes is always in the 

same difectioil, a difference in the arc velocity between the two experiments would 

indicate the presence of an e!ectrode magnetic field. The arc velocity was identical 

in both experiments, for magnetic fields higher than 15 G. The minimum magne tic 

field used in these experiments was 10 G due to limitations in the coil power supply. 

A 10 % difference between the arc velocities in the two experiments was detected 

when a magne tic field of 10 G was used. The use of equation 3.11a ta explain this 

difference would result in an "electrode" magnetic field of approximately 1 G. 
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In the second test, the external magnetic field was eut off when using contaminated 

Ar: with small amounts cf CO. The arc still moved with a velocity of 1.5 rn/s. Using 

equation 3.11a, this gives a magne tic field strength of 1.5 G, confirming the previous 

value. Since this value was very small, it did not significatively influence the arc 

movement, especially for magnetic fields higher than 10 G. 

9) ARC MOVEMENT • SURFACE DRAG 

It was shown in the last section that changing the plasma gas from air (used by other 

researchers) ta N z (or Ar and He contaminated with small amounts of polyatomic 

gases) produced much less scatter of arc velocity data, allowing a better 

understanding of the aerodynamic drag force. In this section, it is proposed that the 

reasons for this are related to the surface drag. 

Firstly it is necessary to understand how the arc moves. In the case where an external 

magnetic field is applied, the arc column interacts with this magnetic field, 

"producing" the Lorentz force, equation 3.3. However, it has been suggested by sorne 

authors that the electrode arc attachment movement cou Id control the overall arc 

movement (Secker and Guile (10)); this was more extensively studied for vacuum arcs 

(see for example Rakhovskii (22) and Sherman et al (23)). The control of the arc 

movement by the arc attachment on the cathode is referred to in this work as surface 

drag by analogy with the aerodynamic drag experienced by the arc moving in the gas. 

The surface drag is related to the local capacity of the cathode to emit electrons. 

Overall the macroscopic arc movement and the surface drag can be understood as: 

- the arc column moves from one discrete arc attachment to another on the cathode, 

depending on favourable voltage drop and cathode electron emission characteristics, 
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i.e., the arc wiIl move to the nert site if the combined voltage drop due to the arc 

column and electrodes are less than those at the present site. The column voltage is 

increased by the stretching of the arc by the magnetic field (Lorentz force applied 

to the arc column) so that at sorne point, the arc is forced to move to a new site. 

Thus the ease with which a cathode emits electrons affects the speed at which the 

arc can move and an apparent "surface drag" increases for increasingly difficult 

electron emission. These ideas were extensively examined in this study. In reality the 

arc attachment is made of a finite number of microscopie arc cathode spots; this is 

the microscopie view of the arc movement and it is discussed in Chapter VI. 

When pure Ar and He were used as the plasma gases, the arc velocity was almost 

independent of the magnetic field (Ar) or showed a step function decrease at a 

threshold magnetic field (He) as shown in Figures 3.7a and 3.7b respectively. These 

behaviors cannat be explained by the effect of the aerodynamic drag force alone. 

When the inert gases were contaminated with polyatomic gases (CO, N~, etc), the 

changes of the arc "Ielocity with magnetic field could be predicted by equation 3.lIb. 

The conclusion \Vas that for pure inert gases, the ~t.lfface drag was high (poor 

eIectron emission) and that it "controlled" the overall arc movement; when the gases 

were contaminated, tht surface drag decreased (ease of electron emission) and th~ 

arc velocity was "controlled" by the aerodynamic drag. Cheng and Xie (24) showed 

experimental results consistent \Vith these explanations. The changes in the values of 

surface drag with different contaminants and the concentration of these contaminants 

will be covered in the next Chapter, Surface Analysis. 
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The addition of contaminants, for example CO in He, caused changes in the arc 

velocity as weIl as in the arc voltage. These changes can be explained as follows: 

electron emission from a clean copper surface is difficult and thus surface drag 

"retards" the movement (Iow velocity). The magnetic field stretch es the arc, increasing 

its length and thus its voltage. When the electrode surface is contaminated (using 

contaminated inert gases or polyatornic gases - see next Chapter), electron emission 

is er,sier, allowing faster movement of the arc root (giving higher velocities) and Jess 

stretching (Iower voltages). 

Values for arc velocity and arc voltage are presented in Table 3.3 for pure Ar and 

He as weil for both gases contaminated with different poJyatomic gases. The gas flow 

rate for ail experiments was 20 Jiters per minute and the magnetic field strength was 

1 000 G. The concentrations of the polyatomic gases in the inert gases are less than 

1 % in volume. 

It can be seen from this Table that the addition of O2 and Nz produced smaller 

changes in arc velocity than CO, CH4, H2S and Ch. This suggests that the surface 

drag is highest for pure inert gases, intermediate with Nz and Oz as contaminants, and 

lowest for the rest of the contaminants listed above. The reasons for the different 

behaviors depending on the contaminant used and correlations with the electron 

emissivity of the surface are discussed further in the next Chapter. 

. 
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TABLE 3.3 

Arc Current, Velocity and Voltage for Different Plasma Gases 

GAS 

Ar 

Ar+0.3%Nz 

Ar+0.04%02 

Ar+0.3%CO 

Ar+0.3%C1 2 

Ar+0.3%CH4 

Ar+0.3%HzS 

He 

He+0.4%Nz 

He+0.04%02 

He+0.4%CO 

He+0.3%Clz 

ARC CURRENT 
(A) 

100 

100 

100 

140 

140 

140 

140 

110 

110 

110 

110 

110 

ARC VELOCITY 
(mis) 

2 

33 

37 

75 

75 

75 

70 

20 

180 

190 

240 

230 

ARC VOLTAGE 
(V) , 

44 

37 

32 

22 

22 

22 

23 

105 

52 

50 

46 

48 

'1 

1 
J, 
1 
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An electronic camera (IMACON) was used ta take photographs of the arc during the 

different operating conditions. Figures 3.8a and b show tracings of high speed 

photographs of the arc when He was contaminated with N2 and for pure He. Figures 

3.9a and b show the tracings for Ar+O.3%CO and pure Ar respectively. 

It can be seen from these figUifs that the arc is much shorter for the contaminated 

gases (less "magnetic stretching"), explaining the )ower voltage. It a]so can be seen 

that the arc attachment at the cathode lags behind the arc column for the pure inert 

gases. This confirms the idea that surface drag is caused by the condition of the 

cathode surface. It will be shawn in Chapter VI that the ease of electron emission 

also influences the cathode erosion rates. 

The above discussion has been Iimited ta experimental conditions where the degree 

of contamination was small, resulting in a "thin" contaminant layer on the cathode 

surface. Guile et al (25,26), Poeffel (27) and also Cheng et al (28) suggested that the 

thickness of the contaminating layer could affect the electron emission. This subject 

will also be examined in Chapter IV, but for now it will only be shawn that "thick" 

layers also affect the arc movement. The definition of a "thick" layer is somewhat 

arbitrary, and varies for each author. In general, ::t layer more than 10 ",m in 

thickness is considered ta be "thick". 

Figure 3.10 shows the variations in arc velocity for increasing concentrations of CO 

in Ar (similar results were obtained with C12) for constant magne tic field (1 000 G) 

and similar arc currents (140 for Ar contaminated with less than 1 % of CO, 100 A 

for concentrations of CO above 1 % and for pure Ar). For concentrations up ta 1 

%. the arc velocity increases \Vith increasing contaminant concentration. Around 4 %, 

there is a suùùen drop in arc velocity and after this, the arc velocity increases for 

higher concentrations of CO. 

R 
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These changes can be explained as fol1ows: for pure Ar, the surface drag is highest. 

When Jess than 1 % CO is added ta Ar, the surface drag reduces dramatically, and 

the arc ve)ocity is "controlJed" by the aerodynamic drag (Figure 3.3). Around 3-4 %, 

the surfaee drag increases til a value between a "clean" and "slightly" contaminated 

surface, decreasing the overaJl velocity. When the surface of the electrodes was 

visually examined after the e~1>eriments, no visible layer was l'ound on the copper 

surface for less than 1 % CO. A "thick" layer was found for 4 % CO and above. For 

concentrations of CO above 4 %, the increase in the arc velocity with increasing 

concentrations of CO is probably due ta changes in the arc co)umn characteristics 

(density, temperature, arc diameter) rather than on the surface. These changes can 

be explained by the aerodynamic drag terme Similar changes in arc ve)ocity for 

increasing concentrations of the contaminant were aJso obseIVed with nitrogen as the 

contaminant. 

It is now possible to understand the scatter of data for arc velocity versus magnetic 

field fcund in the Iiterature when air was used as the plasma gas. Air will oxidize the 

copper (or brass) cathode surface, forming films thm have different thicknesses 

depending on the duration of the experiments (sorne of the reported experiments 

were very short « 1 s) or in the case of rail electrodes, not continuo us ), on the arc 

power (surface temperature) and on the gas flow rate (surface tempe rature, gas 

mixing). Therefore, it is likely that for sorne operating conditions, the layers had 

different thicknesses, giving different values of surface drag force, generating the arc 

velocity scattcr. Experiments with pure dry air also generated a higher scatter of the 

arc velocity in this work than when low levels of contaminants (including dry air) 

were added to the inert gases. The use of smnll amounts of contaminants produced 

a more uniform layer (minimum thickness) resulting in more uniform surface drag 

and arc velocity. 
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10) HIGH SPEED MOVIES 

The arc movement and arc characteristics for different plasma gases and operating 

conditions were also studied using a high speed movie camera. The experimental set 

up was similar to that for the IMACON. An important difference was that instead 

of having water flowing from the top to the bottom of the central anode, this 

electrode was redesigned to incorporate an internai circulation of water, as shown in 

a schema tic diagram in Figure 3.11. This allowed the full view of the arc to be 

photographed, avoiding the obstruction caused by the lower eooling channel. 

Calibration tests showed that the new arrangement caused no changes in the arc 

velocity, voltage, erosi')n rate or heat transfered to the electrodes. 

The filming was done at 5 000 frames/second, calibrated by a fiber opties/oscilloscope 

arrangement and the exposure time per frame was 80 ~s. Table 3.4 summarizes the 

operating conditions used for the filming. 

A characteristic tracing of the arc for each experiment is shown in Figure 3.12. A 

A) qualitative description of the films, followed by B) qualitative analysis and C) 

quantitative analysis, is presented in the following pages. 
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Figure 3.12 - Characteristic tracings of high speed filming 

a) Argon b) Ar+0.3%CO c) Ar+0.3%N2 d) Helium (1 000 G) 

e) Helium (100 G) t) He+O.4%Nz g) Nitrogen 
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TABLE 3.4 

Arc Operating Conditions for High Speed Hovies 

GAS MAG. FIELD ARC CURRENT ARC VELOCITY ARC VOLTAGE 
(G) (A) (mIs) (V) 

Ar 1000 100 2-4 44 

Ar+0.3%CO 10 140 4 20 

Ar+0.3%N2 150 100 6 32 

He 1000 110 20 105 

He 100 110 20 60 

He+0.4%Nz 50 110 30 45 

N2 200 100 30 55 

( 

• 
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A) Qualitative Description 

a) Ar 

The arc is long, extending for almost 30 degrees (360 degrees covers the whole 

picture); the arc cathode root lags behind the arc. The arc movement is 'Jerky", the 

arc staying in a fixed position for one or more frames. The attachment of the arc at 

the cathode produces a much brighter spot than at the anode. Just one cathode spot 

is visible, although there seem to be multiple anode attachments. 

b) Ar+O.3%CO 

The arc is very short, occupying less than 5 degrees. The arc column is perpendicular 

ta both electrodes; the arc cathode root does not lag behind the arc column. The arc 

movement is very "smooth", with minimal variations of rotational speed. The plasma 

seems to be slightly more constricted at the cathode than at the anode, but no bright 

cathode spot is noted. 

c) Ar+O.3%N, 

The arc column is essentially perpendicular to both electrodes, occupying around 3 

degrees. The arc movemel1t is extremely jerky; the arc is sometimes stationary, staying 

in the same location for one or many frames. The arc splits inta two or up to four 

parts for a short time (typically for l to 6 frames); although the overaH arc 

movement is forward (Lorentz dir'.!ction), the separate parts occasionally move in a 

retrograde direction. 

d) He (1 000 G) 

The arc is extremely long, extending for about 150 degrees. The arc cathode root 

always lags behind the arc. The movement is jerky, although due ta the high velocity 

it is not possible to see the arc stationary (the arc always moved between frames). 
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The arc attachment at the cathode is much brighter than at the anode. 

e) He (100 G) 

The arc is much shorter th an at 1 000 0, extending for appraximately 40 degrees, 

although the arc movement is still jerky. The cathode root still lags behind the arc 

column, but less th an for 1 000 G. 

t) He+O.4%N, 

The arc is short, occupying less than 5 degrees. The arc movement is smoother than 

for pure He. Multiple cathode raots are sometimes detected, as is the splitting of the 

arc coJumn. 

g) ~ 

For this short arc, extending for about 5 degrees, multiple cathode roots can 

sometimes be seen. The arc column also seems to be split sometimes. The arc 

movement is similar than for He+O.4%Nz• 

B) Qualitative Analvsis 

a) Ar and Ar+O.3%CO 

The easy electron emission of the surface when Ar contaminated with CO was used, 

generated a rnuch shorter arc (Iess stretching), with the arc cathode root moving with 

the arc column and not lagging behind it. Thp, movement of the arc is smooth 

(aerodynamic control), in contrast to the behavior of the pure gas, where the surface 

drag is the controlling mechanism for the arc movement. The latter generates a jerky 

movement where the arc stays at the sarne position for sorne tirne and then rnoves 

to a new spot. The bright spot at the cathode for the pure inert gas indicates a 

higher tempe rature region, which is probably a reflection of the higher current density 
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at this region (see Chapter V). 

b) Ar+O.3%N2 

The cathode root does not lag behind the arc column for two reasons: firstly, the 

electron emission is better due to the contamination of the inert gas and secondly, 

the magne tic field is very weak, and so does not stretch the arc. Although the 

nitrogen contamination caused a decrease in the surface drag when compared to pure 

Ar, it is not as effective as CO, as demonstrated by the jerky arc movement. When 

the arc splits, the two (or more) arc columns tend to move in opposite directions; the 

repulsive force could be due to the change in pressure caused by the compression 

of the gas by the ion tlow (Emtage (29». Since the external magne tic field is weak, 

one of the split arc columns may move in the opposite direction of the arc 

movement, Le., retrograde motion. 

c) He (1 000 G) and He (100 G) 

The two arcs had the same overall velocity with different magne tic fields; this was 

shown in Figure 3.7b. This behavior was unique of helium and is discussed in Chapter 

VI. The arc was shorter for the smaller magnetic field because in this case, the 

Lorentz force was smaller, causing less stretching of the arc. 

d) He+O.4%N, 

The arc movement was smoother than for pure helium due to the decrease in the 

surface drag. In ail cases when N~ was used, either as the contaminant or as the main 

plasma gas, the arc column split and multiple cathode mots were observed. This is 

probably related to the cathode surface modifications caused by this gas, and is 

discussed in the next Chapter. 
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e) ~ 

The arc movement was similar ta that for He contaminated with nitrogen, showing 

that for nitrogen, after the "minimum level of contamination" is achieved, the surface 

drag is independent of concentration. 

C) Quantitative Analysis - Histograms 

The film was analyzed frame by frame for each rotation of the arc. In doing sa, it 

was possible ta measure how much the arc attachment on the cathode moved from 

one frame ta another. After one complete rotatien, a histogram of the arc movement 

was created; this hi~togram is a plot of how many times (events) the arc attachm~nt 

"jumped" a certain distance. The histograms are presented in pairs, for easy 

comparison. The resuJts from the histograms are correlated with the erosion rates of 

the cathode in Chapter VI. 

a) Ar and Ar+O.3%CO 

Figure 3.13 compares the histograms for pure Ar and Ar contaminated with CO. ':'he 

Ar tl10t is an average of 5 rotations, with an average arc velocity of 3.5 mis and the 

Ar+O.3%CO plot is an average of 4 different rotations, with an arc velocity of 4 mis. 

ft can be seen from Figure 3.13 that the jumping distribution for Ar is much broader 

thnn for Ar+O.3%CO. The arc moved much more smoothly and uniformly with the 

contaminated Ar; these differences will be retlected in the instantaneous arc voltage 

(see next section) and on the erosion rate. It will be shown that the residence time 

of the arc in a certain area can be related ta the erosion rate (Chapter VI). 

It ~hould be noted here that the distance travelled by the arc between frames does 

not necessarily give the residence time of the arc at a certain area, since the arc 

ft 
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could have moved to an intermediate position between frames; however for events 

of jump 0 (zero distance) this represents the minimum residence time of the arc in 

that particular position. 

For the sake of comparison between the experiments, a "matching number" is 

defined. This number is a reflection of how many events two experiments had in 

common. Consider Ar and Ar+O.3%CO; around 100 jumps for Ar+0.3%CO and 120 

jumps for Ar were measured per revolution. Of these 120 jumps for Ar, 20 jumps 

over ail tht! distribution could be "matched" by corresponding Ar+0.3%CO jumps. 

For this case, the matching number is 18 ± 2 % depending on whether the pure 

or contaminated Ar was used as a basis (20/120 or 20/100); this is a low matching 

number. As it will be seen in the next histograms, this number allowed easy 

comparisons between the results. A high matching number means similar arc 

behaviors. 

b) Ar and Ar+O.3%N. 

The histograms for Ar and Ar+O.3%Nz are compared in Figure 3.14. For the 

contaminated Ar, the histogram is an average of 4 different rotations, with an arc 

velocity of 6 rn/s. The two histograms show a very broad and similar distribution of 

"jumping distances". A reasonable interpretation is that although the surface drag was 

lowered by the contamination, the Lorentz force is small (low magne tic field) for the 

contaminated gas and these two effects balance each other. The matching number 

in this case is 59 ± 3 % . 

The number of events ~vith 'Jumping distance" equal to zero is much larger for 

Ar+0.3%N~ than for Ar. The temporal distribution of the zero jumping distances are 

shown in Figure 3.15 for the two gases and it may be noted that the arc in 



.... o 

CAr 

Dlat.a1ca Travallad Batwaan Franaa (rnn) 

Figure 3.14 - Histograms from the high speed filming 

Results for argon and Ar+O.3%Nz 

S6 



! 

J ... 
0 
L. 

1 

2D------------------------------------------~ 

10 

o 

• Ar+%N. 

CAr 

Figure 3.15 . Residence time of the arc attachment at the cathode 

Jumping distance zero - results for argon and Ar+O.3%Nz 

ft 

57 

) , 
1 

J 

~ , 



58 

Ar+0.3%N! stays at a single spot for larger periods. This will have a direct impa~t 

on the erosian rates (Chapter VI). 

It can be seen from Figures 3.13 and 3.14 that although the ove ra Il arc velocity in tht: 

three cases was similar, the arc movement was quite distinct for each experiment. 

Therefore any attempt ta carrelate arc velocity with erosion rates should also take 

inta account the way the arc moves. 

c) He (1 000 G) and He(lOO G) 

The histograms for these two cases are shown in Figure 3.16. The results are 

averages of 4 (1 000 G) and 3 (100 G) revolutions. The ove ra Il arc velocity was tht: 

sa me for both. It may be seen that with a lawer magnetic field (Iawer Lorentz force), 

the jumping distance distribution is broader. The matching number for these two 

histograms is 36 ± 2 %. 

d) He+O.4%N, and N, 

The histograms for these cases are presented in Figure 3.17. With similar an: 

velocities and magnetic field strength, the distribution of jumps is similar for bath 

cases, with a matching number of 64 ± 3 % (the highest number of ail the 

experiments). This again canfirms th~ idea that small amounts of N~ in the gas affect 

the surface a!: much as with 100 % pure N~. 

11) ARC CURRENT AND VOLTAGE FLUcrUATIONS 

A) Description 

The arc current fluctuations can be an useful diagnostic tool for the arc movement. 

In order ta measure these fluctuations a methad was developed; it is descnhed below. 
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A coaxial cable was used as a shunt after its impedance had been calibrated; the use 

of this type of a shunt is to minimize inductive effects. The shunt was connected in 

series with the cathode and the voltage drop across the shunt displayed on an 

oscilloscope. In this way it was possible to follow the short time duration arc current 

fluctuations. The power supply used for the arc bas a power output control, i.e., it 

is possible to adjust the total power output but not the current or voltage individually. 

An increase in the arc length (stretching of the arc column) results in an inerease in 

the arc voltage and this decreases the arc current for constant power output. 

Therefore for a certain power output, any arc eurrent tluctuation was due to an arc 

voltage tluetuation; monitoring the arc current fluctuations is thus equivalent to 

monitoring the arc voltage tluctuations. The time constant of the measuring circuit 

was calculated and experimentally verified to be approximately 10 ns. The figures 

shown in the next pages are tracings of the photographs of the oscilloscope screen; 

the operating conditions were the same as the ones described in Table 3.3. In these 

figures, 1 mV is equivalent ta an arc current fluctuation of approximately 10 A. 

(positive current fluctuation in down direction). 

B) Results 

a) Ar 

Figure 3.18 shows the current fluctuations for Ar. It can be seen that the current 

continuously shows sm ail amplitude variations and in addition tbere are approximately 

25 large peaks in the are current per revolution. 

The large tluttuations (peaks) can be understood if one examines the way the arc 

moves. This is as follows: for pure argon, the arc movement is normally uniform, with 

a long arc column as shawn in Figure 3.12. From time ta time, the cathode arc 
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attachment "jumps" to a position where the arc voltage is smaller; this represents a 

short arc column. The arc attachment at the cathode stays at that particular position 

but meanwhile the arc column is being forced ta move due to the magnetic field. 

This results in the stretching of the arc, increasing the overall voltage. When the 

voltage reaches around 44 V, the cathode arc attachment moves again, and the arc 

returns to its "normal" velocity and voltage. The peaks in arc current correspond ta 

minima in arc voltage. 

These peaks are correlated with the histograms developed in the last section. It can 

be seen from the histograms that there were around 20 jumps at value zero in 

average per revolution for Ar (Figure 3.13). These events indicate that the cathode 

arc attachment remained at a certain place for sorne time. The average number of 

arc current peaks for Ar running at 4 mis was 25, similar to the number found with 

the high speed film. These peaks in current had a time duration between 100 and 

200 JjS. The residence time of the arc in a event of jump zero is 1/5 000 s or 200 p'S 

for the high speed films, showing the simiJarities of the two methods. 

The small arc current fluctuation seen continuously can be understood as "normal" 

arc motion, i.e., the arc mayes ta a new spot when the combined arc voltage and 

ett!ctron emission characteristics of the new spot are more favourable than those of 

the old spot. In this way, small arc current fluctuations should be expected, especially 

when the surface drag force is important. 

b) Ar+O.3%CO and Ar+0.3%Cl, 

The arc current shows no tluctuations for Ar contaminated with smaU amounts of 

either CO or Ch, being constant at the value of 140 A as shown in Figure 3.19. This 
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is a reflection of the electron ernission characteristics of the surface, Le., the arc does 

not have to be stretched much to move to the next cathode spot, and therefore, no 

arc current fluctuation is generated. This situation was also seen in the high speed 

film and in the overall arc velocity (aerodynamic control). In reality the arc 'Jumps" 

continuously; but aver very small distances, the resulting current fluctuations are very 

smalt. 

c) Ar+O.3%N, 

In the case of Ar contaminated with nitrogen, the arc current showed sorne 

tluctuations during the experiment, as shown in Figure 3.20. No large peaks 

characteristic of pure Ar were detected, but the fluctuations were larger than for CO 

(or Ch) contamination. 

This again is a reflectian of the state of the surface or surface drag, Le., the arc 

would be less stretched than for pure Ar but more than for CO contamination. These 

findings are consistent with the previously presented results for arc velocity, voltage 

and movement using different techniques. 

d) Ar + > 4% CO (or Cl,) 

It was shown in Figure 3.10 that the arc velocity decreased suddenly when more th an 

3-4 % CO was introduced in the Ar stream. It was suggested that a "thick" film was 

formed on the copper surface and that this increased the surface drag. The arc 

current tluctuations for Ar contaminated with more than 4 % CO is shawn in Figure 

3.21. Similar results were obtained substituting CO for Cb. 

The presence of peaks again suggests the idea of a more difficult arc movement 

(diftïcult electron emission or higher surface drag). The same kind of current 

tluctuations were found when pure CO was used and the same expIa nations can be 



66 

10 PI ~a 1 mV l 
~ 

- - -~ -
r--' 

Figure 3.20 - Arc current fluctuations tracing for Ar+O.3%N2 -



67 

-

10 P ua 1 mV l 
~ 

~ # ~ J rw ~~ M ~ ~ j'4 

1 ~ 
" 1 ~ V 17 V 

V l~ 
\ 

Figure 3.21 - Arc current fluctuations tracing for Ar+ >4%CO 



( 68 

applied for that case. Again these findings are consistent with a11 thf; results presented 

previously. 

e) ~ 

Figure 3.22a t~hows the arc current fluctuations when pure N2 was used at B = 1 000 

G. There are small peaks, similar to Ar+0.3%N2• This is another indication that : 

i) njtrogen reduces the surface drag, but the electroI1 emission is not as good as for 

CO contamination (less than 1%) and ii) despite the fact that pure N2 was used, the 

resuIts are similar ta those using less th an 1 % of nitrogen in Ar. The latter suggests 

a saturation limit of nitrogen in copper. 

The arc current fluctuations for pure N2 for a magne tic field of 400 Gare shown in 

Figure 3.22b. The peaks decreased in size and number, indicating that the arc was 

stretched less when moving from one site on the cathode ta another at the lower 

value of magnetic field. 

t) He 

The arc current fluctuations for He at B = 1 000 G are shawn in Figure 3.23a. It can 

he seen that there are many peaks in the arc current. The sa me analysis applied for 

pure Ar can he extended ta helium to expIain the presence of the peaks. 

The residence time of the arc at a spot is between 30 and 50 jJS. Since the time 

between two consecutive frames in the high speed film is 200 p,S, it can he easily 

understood why no immobility (jump zero) was found for He. 

Figures 3.23b and 3.23c dis play the arc current fluctuations for pure helium at B = 
700 Gand B = 400 G respectively. The number of peaks first decrease (700 G) and 

then disappear (B =400 G). This indicates a "smoother" arc movement. The arc 
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velocity for pure helium decreases with increasing magnetic field above 500 G as 

shown in Figure 3.7b. The arc movement is thus more difficult afte;- 500 G, causing 

the peaks in the arc current. The singular arc movement fOI helium is discussed in 

Chapter VI. 

g) He (contaminated with .0" N" Cl" CO) 

In the case of O~ and N2 contamination in He, the arc c1,rrent showed v~~ry small 

fluctuations and for CO or Clz, no fluctuations were noted. The same explanations 

that were appHed for Ar contaminated with these polyatomic gases can be used here. 

12) CONCLUSIONS 

In this Chapter, many of the fundamentals of the arc velocity and arc movement 

were discussed. It was seen that the previously proposed explanations for the arc 

movement are not valid and a new interpretation, based on our experimental results 

and theoretical analysis, was presented. The experimental results included arc velocity, 

arc voltage, high speed photography, arc current fluctuations. A summary of the most 

important tïfldings of this part of the work is presented below. 

a) The arc follows an aerodynamic type of equilibrium with the Lorentz force (for 

magnetically driven nrcs) when the surface drag force is not important. 

b) The relation between the arc velocity and the magne tic field strength is proposed 

to be Vel Q B°toO. This relation was verified for different plasma gases (Ar and He 

contaminated with CO and N~ and for pure N2) and magnetic field strength (10 < 

B < 1 700 G). 
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c) The relation between the arc velocity and arc current is proposed ta be Vel a I05b. 

This relation was verified for air as the plasma gas and in the range of arc current 

100 < 1 < 850 A. 

ct) The existence of a new force affer,ting the arc movement, the surface drag force, 

was proposed. This force is re!ated to ~ ~e electron emission characteristics of the 

surface; more difficult it is for electrons to leave the cathode surface, higher is the 

surface drag force. 

e) The contamination of Ar and He with IJ'oiyatomic gases decreaseù the surface 

drag, allowing the arc to follow the aerodyna;r,nic type of equilibrium. Without thest! 

contaminants or with an excess of them, the ~iurface drag force is the major force 

opposing the arc rnovement. 

f) The magnitude of the surface drag is as folICA'IIS: highest for pure Ar and He; 

intermediate for Ar and He contaminated with « 1 % Nz and O2, for Ar or He 

contaminated with > 4 % CO or Ch and for pure CO or air; smallest for Ar and He 

contaminated with < 1 % CO, CH4, Clz. 

g) The high scatter of the data for arc velocity vs magnetic field reported in the 

literature is probably due to th~ use of air as the plasma gas as weil as the use of 

different operating conditions between experirnents. 

h) High speed photographs and films showed the presence of long arcs for pure Ar 

and He and short arcs for these gases contaminated with polyatomic gases. The arc 

cathode attachment was seen ta be lagging behind the arc column for the pure inert 

gases. From the films it was possible to estimate the maximum residence time for 

the arc in a same spot. 
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i) Differences in arc movement between pure and contaminated Ar (or He) could 

be quantified using the histograrns from the high speed films. The arc movement is 

more uniform and smooth for contaminated Ar and He than for pure inert gases. 

j) Arc current fluchlations were used as a diagnostic tool for the arc movement. 

confirming the fjndings of arc vel0city and high speed film for different plasma gases. 

The residence time of lhe arc in a sa me spot was found ta coincide with the values 

found with the high speed films. The arc current fluctuations followed the same trenù 

as for the surface drag, Le., higher the surface drag, higher the arc current 

fluctuations. Th~ use of the arc fluctuations is thus proposed here ta be used as a 

simple diagnostic tool for analysis of the behavior of the arc. 

k) Nitrogen was found to affect the arc movement independently of its concentration 

in the range 0.3 to JOO %. CO or Clz below 4 % in volume in Ar or He enhanceù 

the arc movement; above 4 % the arc movement became more difficult. These 

findings were confirmed by different diagnostic tools (arc velocity, arc movement, high 

speed f;lm, arc current fluctuations). 
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IV. SURFACE ANAL YSIS 

1) INTRODUCfION 

Watson has beell sitting 011 his favourite green velvet chair in Holmes' office for more 
tlzan an /zour; he seems dislurbed. And he seems more disturbed wlzen he looks at 
Ho/mes, who Jzas beell, surprisillgly, dusting the office ... 
- Ho/mes, [or God's sake, what are you doing cleanÏ1zg the office? You just presemed 
some of tlze most astonislzing results ail the behavior of the electric arc, which 1 must 
say 1 do Ilot follow very weil, and now.';Vu you .. you just nm up and down with that 
tlzat .. stupid clo/Iz, duslillg off everytlzir.g ... Aren 't you at least a Liule cOllcemed about the 
conclusions yOLt reaclled??? 
Holmes stops, looks at tlze face of the good Doc/or and goes back ta wlzat he was dOÎ1zg 
before, cleaning tlze office ... And Watson decides ta go back to what he was doing, i.e., 
geuing dislllrbed and fmstrated ... 
After ano/Izer Izour, wlzen WalSall is almost asleep at the chair, Holmes suddenly jumps 
ill tlze air and says: 
- WO/SOIl, my dear fellow, wlza/ are yOLt doing sitting there? We have a lOI la do ... 
WatSOIl, recoverillg fram the sudden agitation in the office, could just say, 
- Wlza/ do we have to do, Holmes? 
- Watsoll, wlzere Izave you beell ill the past days? Didn't you see wlzat we accomplished?? 
We so/ved Ilze prob/em of tlze arc movemem!!! 
- But but bw Ho/mes, 1 do IlOt see ... 
- JValsoll, stop mumb/ing mail, and listell. Wlzy do you think 1 was dus/ùzg off tlze 
11Ouse? DOIl 't tell me yOLt tlzillk 1 became cOl1cemed about the aspect of the office! 
- 1 don'l kIlOW, Ho/mes, yOli seemed sa involved in cleaning tlzat.. 
- Tlzat's exact/y ft, Watsoll! Don 'f yOLt see? Everythillg matches! The dust, the arc 
movemelll. everytlzùzg! The game is afoot! 
Watsoll looks even more disturbed alld Ho/mes decided to explain what was ill his mil1d .. 
- Listell Watsoll. the contamination of tlze gas affects the arc movemellt, right? 
- Riglu, Ho/mes. 
- BLU il is IlOt cize gas! Il is tlze surface of the cathode! Thal explaùls everyllzing: Now be 
(/ good frielld, and try to find olle of your best magnifier lenses, no, better titan tltat, lel's 
go (0 your office and examine tlze cathodes wtder the microscope! 
- But Ho/mes, wJzat are you tryùzg to see?? 
- The dUSl, WalSall, tlze dust! What is happening with you? Come, come, .. 
Aild Ho/mes witlz saille cathodes in one hand and pushing a confused DoClor with tlze 
o/Izer ann. nlslzes Glvay [roln his office ... 
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Coming back to this work ... 

A) Chapter Guideline 

In this Chapter the contamination of the cathode surface is discussed. It is first shown 

that the addition of polyatomic gases into inert gases or the use of certain polyatomic 

gases contaminates the cathode surface. The surfaces were analyzed using Auger and 

ESCA instruments in order to measure the level and composltllm ot the 

contamination on the electrode surfaces. The Ideas proposed in the last Chapter 

about electron emission, surface drag and surface contammation are analyzed hcre. 

Work function of the surfaces were measured using a Kelvin probe and the results 

indicate the importance of the surface contammation for electron emls~lon. The 

cathode surfaces were also analyzed us mg a SEM ta determine the sUite ot melting 

of the surfaces as weil as the thickness and composition of the layer~ tormed on the 

surface. The most important finding<; of thlS work are summarized at the end of the 

Chapter. 

B) Why Contamination? 

It was shawn in the last Chapter that contammated inert gdses had hlgher an.: 

veloci~ies than the pure inert gases. Contaminating with polyatomic gases or using the 

polyatomic gases alone affected in general the arc movement, the arc voltage anù thè 

cathode erosion rates. 

Sorne researchers (Achtert et al (1), Farral et al (2), Athwal et al (3), Doan and 

Thome (4), Niedermann et al (5), Porto et al (6» have suggested that contaminations 
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on the cathode surface could be very important for the electron ernission 

characteristics of the surface. These works were done in vacuum conditions, for field 

emission and vacuum arcs. In this Chapter the electrode surfaces will be examined 

for contamination using different techniques, in an attempt ta explain sorne of the 

results presented in the last Chapter. The first consideration ta be examined is the 

gas/surface contamination. 

2) GAS CONTAMINATION - SURFACE CONTAMINATION 

Contamination of the plasma gas can greatly affect the properties of the plasma 

especially if the contamination contains metal vapours (Chemicat and Andanson (7); 

Xi et al (8)). However in the present experiments, the plasma properties (voltage, 

heat losses) were the ones characteristic of the pure inert gas (Ar or He) as long as 

the contamination level of the polyatomic gases were less than 1 %. This was seen 

when the arc voltage for Ar contaminated with different polyatomic gases (CI2, CO, 

CH.) was compared; although the contaminant gases have different properties, the 

overall arc voltage and arc velocity were the same for Ar wÎth these different 

contaminants. 

However the contamination of the inert gases caused large variations in the arc 

velocities (increased), arc voltage (decreased) and in the arc movement (more 

uniform) when compared with the experiments using pure inert gases. As suggested 

before, this indicates a surface effect. 

In the experiments with pure Ar and He, the arc voltage and velocity initially 

changed with time before reaching a steady state. Figures 4.1a and 4.1b show the arc 

voltage and arc velocity variations for Ar and He at the beginnir.g of the experiments. 

• 
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It can be seen that, for Ar, the initial transient time was around 30 seconds; it was 

mu ch higher in the case of He, Le., around 15 minutes. These differences in time will 

be explained later in this Chapter, but for now it is important to understand that 

something was different at the beginning of the experimet\ts. Since the gases were the 

same throughout the experiments, the conclusion is that the surface of the electrodes, 

although cleaned before each experirnent with HNOJ and CCI4, contained sorne sort 

of contamination, which disappeared during the experiment. 

Another indication of this surface contamination was found in experiments in which 

the addition of the contaminant gas in the inert gases, for instance Nz in He, was 

stopped aftef the arc reached its steady state operation. In these cases, as it will he:: 

seen in the next sections, it took almost 15 Clinutes for the arc to operate again with 

the characteristics of pure He. A simplified calculation of the gas residence time 

inside the chamber is shown below. 

Assuming the worst case, perfect mixing (in reality the flow pattern is close to a plug 

flow) inside the reactor, a mass balance would give: 

where rnHe = mass (heliurn, for example) inside the chamber 

t = time 

Q = volumetric flow rate 

C = concentration 

and the subscripts in and out are for inlet and outlet 

Equation 4.1 can be written in a differential form as 

4.1 



4.2 

where VI is the volume of the cham ber 

The solution of equation 4.2 is, 

COUI(t) = C,n (1 - exp (- Q t / VI)) 4.3 

In our case, Q = 20 I/min and \î = 2.5 l, which substituted in 4.3 gives : 

Coon = 0.982 C1n after 30 s 

Cout = 0.9998 c'n after 1 min 
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This means that after 1 minute of any gas inlet change, the gas leaving the chamber 

has 99.98% of the concentration of the gas entering the chamber. Therefore, it is not 

possible that the gas composition can be the only cause for the changes in the arc 

velocity and voltage, sin ce these changes lasted for much longer tlmes. 

It has been mentioned that the amount of contamination (polyatomic gases) added 

to the inert gases was very small, normally less than 1 % in volume. The necessary 

flow rate of the contaminant gas for these experiments was determined hy increasing 

its value from zero until both constant arc velocity and a minimum voltage were 

observed. Increases in the contaminant gas concentration beyond this level resulteu 

in st~ady state voltages which increased with contaminant concentration. The values 

of the necessary contaminating gases concentrations are given in Table 4.1. 

The contaminant concentration required for lhe minimum voltage was always slightly 

higher for helium than argon. Since tr.e diffusivity of the contaminants in helium is 
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four times that of the contaminants in argon, the reasons for the differences in the 

cffectiveness of contaminants must lie on the surface. This is probably related ta the 

temperature of the surface, or current density, as discussed in the next Chapter. 

TABLE 4.1 

Gas Contamination Concentration 

Contaminant 

CO 

3) AUGER AND ESCA 

Ar 
(ppm) 

3000 

400 

3000 

3000 

He 
(ppm) 

4000 

500 

4000 

4000 

(t was seen in the last section that the electrode surfaces were probably contaminated 

and this caused the variations observed in the arc velocity, voltage, movement, and 

erosion rates (Chapter VI). In order ta determine the level and composition of the 

contaminants on the surface of the cathodes, an Auger electron spectroscope and an 

ESCA instrument (Electron Spectroscopy for Chemical Ana~ysis) were used. A short 

description of the instruments is given below. 

Excellent reviews have been published on Auger electron spectroscopy (Lea (9), 

Chang (10)). This method of analysis consists of bombarding the surface with an 
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electron beam in order to promote the cmission of secondary electrons. These 

secondary electrons have very defined energy which de pends only on the material 

being analyzed (for a certain beam power); in this way, elements and even 

compounds can be uniquely identified. The depth of analyses normally involves the 

first 5 monolayers, which is less than other surface analysis methods (SEM, UPS). 

An argon ion gun is normally used with the Auger analyses. Tais gun emits argon 

ions which sputter the surface, removing layers and allowing the analysis of regions 

deep into the surface. This is called a Composition Det'th ?rofile; examples will be 

given in the next section. A1though it is possible to use AES ta identify compounds. 

the method is more suitable for elemental analyses; the compounds are normally 

determined using an ESCA (Electron Spectroscopy for Chemical Analysis) instrument, 

which has the drawback of not being as sensitive for certain elements as AES. 

ESCA uses an X ray tube as the source of radiation. The photon hits the surface of 

the sample, ionizing an electronic shell and an electron is ejected from the surface. 

This electron will be energy analyzed and an element (or compound) can be 

identified (Prutton (15». 

Tests were conducted to determine which electrode was important for the observed 

changes in the arc velocity and voltage, sin ce in principle either electrode could be 

the cause of these char.ges. The tests consisted of running contaminated inert gases, 

stopping the arc, substituting one of the electrodes for a new one, and continuing the 

arc operation with pure inert gas. The results showed that only the cathode caused 

the changes, confirming the previous ideas of electron emission/surface drag, since the 

cathode is responsible for the emission of the electrons ta maintain the arc. 
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4) AES - ESCA RESUL TS 

The results obtained using an AES instrument are presented in the next pages. The 

graphs are plots of elemental concentration versus the depth into the surface, i.e., the 

plots represent the composition depth profiles. The sampI es for AES, ESCA and l,'ter 

SEM (Scanning Electron Microscope) analyses were cut at low speed from the 

cathodes using a non-Iubricated saw; both heating of the cathodes and their 

contamination were avoided. Analyses were always carried out far from the cut 

surfaces. 

A) Experiments With Pure Ar and He 

When pure inert gases (Ar or He) were used as the plasma gases, no contamination 

could be added to the surfaces coming from the gases (see the composition of the 

gases, Chapter II). Therefore, any contamination found on the cathodes had its origin 

prior ta the experiment or after the experiment (during the preparation of the 

sample for the Auger chamber). Figure 4.2 shows carbon contamination depth 

profiles fûf the foJJowing conditions: 

- prior to the experiments, c1eaning with HN03 only 

- prior to the experiments, cleaning with HN03 and CCI" 

- after 30 seconds operation wÎth Ar 

- aCter 5 minutes operation with He 

The cathodes used in the arc experiments were c1eaned with HN03 and CCl4 before 

the experiments. 
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The first curve shows severe contamination with carbon; this is for the cleaning with 

only HNOJ• The use of carbon tetrachloride reduces the level of contamination 

significantly, suggesting that the carbon may have come from the lubricant used in 

machining the cathodes. 

It was previously shown (Figure 4.1) that the transient time for Ar was 30 seconds, 

after which the arc reached a steady state. For He, this transient time was around 

15 minutes. It can be seen in Figure 4.2 that if the arc operates at relatively short 

times, the amount of carbon on the surface is reduced quite drastically. This shows 

that: a) the arc is very effective in removing contamination from the surface (see also 

Achtert et al (1)); b) the cathode is contaminated with carbon at the beginning of the 

experiments, even after the cleaning. The carbon causes a decrease in the surface 

drag (high arc velocity, low voltage) as suggested before (see also next sections); c) 

experiments which rely on short term (Hitchcock et al (11), (12» or discontinuous 

experiments with multiple strikings (Poeffel (13» may not be indicative of steady 

state conditions due ta initial surface contamination. 

The surface contamination of carbon (10-15 %) for bath Ar (30 sec) and He (5 min) 

can be understood as being due to the reaction of atmospheric COz with the copper 

(Schreurs et al (14» after the cathode is removed from the reactor. The residual 

values of 1-2% of carbon even deep within the surface are probably indicative of 

inefficient c1eaning by the argon gun or a background level of carbon in the Auger 

system. 

ESCA analysis of a pure copper standard (99.999 %) also showed carbon 
• 

contamination of 12 % at the first layers, reducing ta 1 % after 300 A. Replacement 

of the standard helium gas used in the plasma experiments by helium 99.995 % pure 

(high grade purity) gave identical results. 
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The level of contamination of oxygen for both newand used cathodes (with Ar or 

He) was also determined using AES. The results are shown in Figure 4.3. The upper 

surface contamination was of the order of 10-15 % decreasing to about 1-2 % after 
• 

500 A. The surface contamination is primarily due to the unavoidable surface 

oxidation of the sarnple during transport from the test chamber to the analysis 

system. The background level, probably due to the Auger system used, agrees weIl 

with results published by Porto et al (6). 

Figure 4.4a and b shows the concentration profiles for chlorine for three different 

operating conditions, i.e., one new cathode cleaned with HNO) and CCl4 and two 

cathodes after the c1eaning operated for 1 min and 5 min in pure Ar. It can be seen . 
from these figures that for the unused cathode there is CI in the tirst 100 A; after 

• 
operating 1 min in Ar, the amount of Cl increased and extended ta up 1 500 A. The 

Cl essentially disappeared after 5 minutes operation. 

This can be understood as Cl surface segregation; the bulk copper contains minute 

amounts of Cl, due to either contamination during the processing of the copper or 

during the machining of the cathodes. Heating up the surface with the plasma made 

the Cl migrate ta the surface; this situation corresponds ta the 1 min Ar run. If the 

experiment lasts long enough, the Cl contamination will be removed and a depletion 

of Cl will take place, as shawn for 5 min Ar run. This Cl enrichment of the surface 

is similar to the surface migration of sulfur from the bulk ta the surface of a heated 

copper sample (Harris (16), Hofmann and Erlewein (17), Lloyd et al (18). 

Figure 4.5 shows Cl concentration profile, for an experiment with pure He. This time 

the comparison is between two regions of the sa me cathode, i.e., at the center of the 

cathode where the arc runs most of the time and at a region closer ta the edge of 

the cathode, where the arc seldom runs. It can be seen that the ideas proposed for 
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Ar are confir!l1ed for He, Le., in the region where the arc does not run and 

consequently do es not remove material, the Cl is enriched at the surface (this region 

is heated up by radiation from the arc and by convection from the plasma). At the 

center, because of the removal of copper, there is a depIetion of Cl. An enrichment 

of sulfur similar to the chlorine was also observed at the surface of the cathode, 

aIthough in smaller quantities. 

B) Experiments With Ar+O.3%N, and He+O.4%N, 

The advantage of using N2 as the polyatomic contaminant in the inert gases is that 

N~ is not adsorbed and does not react with copper at room temperatures (Heskett 

et al (19)). Therefore any nitrogen found at the surface of the electrodes must come 

du ring the operation of the arc. This can confirm the idea of surface contamination 

caused by the gas contamination as suggested before. The results shawn below are 

for Ar and He contaminated with 3 000 amd 4 000 ppm of N~ respectively; the 

experiments lasted for more than 30 min. 

The concentrations of the other contaminants (C, O~, CIz, S) were first analyzed 

before analyzing for nitrogen. The results were compared with pure Ar and He 

experiments. 

Figure 4.6 shows the carbon concentration profiles for experiments with pure Ar and 

He and for both contaminated with nitrogen. It can be seen that the amount of 

carbon is approximately the same for ail experiments; thus the addition of nitrogen 

produces no changes in the amount of carbon detected on the surface of the cathode. 

Similar observations were made for oxygen, chlorine and sulfur contaminatlOn. 
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Figure 4.7 shows the nitrogen concentration profiles in the cathode after steady state 

operation in Ar and He contaminated with nitrogen. Analyses of fresh electrodes or 

electrodes with pure Ar and He arcs showed no detectable surface nitrogen. It can 

be seen that the operation of an arc using nitrogen containing gases contamina tes the 

electrode surface with nitrogen. The single fact that nitrogen was found on the 

cathode surface corrobora tes the suggestions previously made that the surface 

contamination could lead to an easier arc movement (Iower surface drag); it will be 

seen later in the Chapter that the contamination indeed affects the electron emission 

characteristics of the surface. 

The maximum nitrogen concentration based on the measurements of ail species is 

about 4 % and is approximately the same for both contaminated Ar and He plasma 

gases. These levels of contamination were also measured using an ESCA system. The 

actual level of nitrogen concentrations at the surface during the arc operation is 

expected to be high-er since when analyzed, the electrode surfaces are unavoidably 

contaminated by carbon and oxygen picked up from the atmosphere. If the values of 

carbon and oxygen were subtracted, the nitrogen concentration at the surface during 

arc operation would be 6-7%. 

Since nitrogen cannat diffuse into solid copper at appreciable rates, there are two 

possible explanations for the presence of nitrogen in the cathode: a) ionic 

bombardment or b) diffusion through Iiquid copper. Zomorrodian et al (20) studied 

the range distribution of ionic nitrogen in copper. From this work, and also from the 

work of Ziegler et al (21) and Roth (22) it is possible to estimate the energy required . 
ta implanting nitrogen ions in copper ta a depth of 500 A. This energy would be of 

the arder of 50 ke V, which is far too high for our experiments. The nitrogen ions in 

this work experience, at the most, a cathode fall acceleration which is around la eV. 
o 

Therefore it is likely that the copper is melted ta a depth of about 1 000 A during 
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the passage of the arc (for these experiments) and that positive nitrogen ions, 

attracted ta the cathode (negative potential), diffuse into the Iiquid copper pool. 

Once the nitrogen is incorporated into the copper cathode, it can react with the hot 

so1id copper (after the passage of the arc, the surface solidifies very quickly - see 

Chapter VII). The simple f~t.:t that nitrogen was found at the surface is an indication 

of a nitrogen compound. although there is the possibility of a physical bond between 

nitrogen and copper (physisorption). ESCA analyses were performed ta verify the 

existence of copper nitrogen compounds by checking for chemical shifts for nitrogen 

in the energy distribution curve. In arder ta do that, the nitrogen energy level for 

copper have ta be compared ta the nitrogen energy level for another metal, since 

ESCA cannat detect free nitrogen. The binding energy for BN is 397.9 eV (first 

orbital of nitrogen) and a binding energy of 398.2 eV was found for the nitrogen in 

the surface of the cathode. This smaH difference between these energy levels suggests 

the formation of a nitrogen compound at the surface. The compound is likely ta be 

Cu3N, as suggested by Porto et al (6) and Heskett et al (19). 

It was previously suggested that increases in nitrogen in the gas beyond the levels 

used in these experiments (less than 1 %) resulted in increases of arc voltage which 

were attributed ta changes in the arc column rather than at the electrode surface. An 

ESCA analysis of a cathode operated in rmre nitrogen gave nitrogen concentrations 

very similar ta those found for Ar and He slightly contaminated with N2• This 

suggests that the electronic surface changes are essentially comp\ete after even slight 

levels of contamination of an inert gas by nitrogen. Further macroscopic changes in 

arc characteristics are thus due to changes in the arc column. 

Samples of cathodes were also analyzed after only 5 minutes of operation with N2 

contaminated Ar and He; these again were identical ta the 30 minutes exposure 
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times showing that after the arc characteristics have reached steady state, the surface 

composition remains constant. 

The analysis of the surface for Ar+0.3%N2 in a region towards the edge of the 

cathode showed lower concentration of Nz, between 2-3 %. It is possible ta couclude 

from this result that the arc, although it runs most of the time at the center of the 

cathode, also moves along the surface of the cathode. 

The actual depth of nitrogen penetration into the cathode surface must be further 

evaluated. The measured depth of contamination could be higher than the true value 

during an experiment. This may be due to the pllshing of contaminants into the metal 

by the sputtering process (Briggs & Seah (23)). A brief analysis indicates a possible 

depth error of the arder of 15-20 %, which would give a maximum penetration depth 
o 0 

of the order of 600 A (instead of 750 A as shawn in Figure 4.7). 

C) Ar+O.3%N. and He+O,4%N. - Kinetics of Contaminant Removal 

It was decided ta examine the kinetics of nitrogen removal from cathodes which had 

been operated to ste~dy state in nitrogen contaminated Ar and He. The experiments 

consisted of running in the contaminated gases for long times (> 30 min) and then 

stopping the addition of nitrogen, without stopping the arc. The changes in the arc 

characteristics and electrode surface were then examined as a function of time. 

The zero minute curve of Figure 4.8 shows the steady state nitrogen concentration 

profile for experiments \Vith He contaminated with njtrogen running for more than 

30 minutes. The one and five minute curves indicate that the arc was running in pure 

helium for 1 and 5 minutes after the addition of nitrogen was stopped. 
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After one minute no great change is noticed in th~ !'5trogen profile. During this time 

the arc velocity dropped from 180 ta 140 mis ancY the arc voltage increased from 5Z 

to 65 V. After 5 min the level of contamination is much sm aller, the arc velocity 

decreased to 90 mIs and the voltage increased ta 85 V. The increased voltage and 

reduced velocity are an indication of increased surface drag on the arc and 

subsequent stretching of the arc as discussed in Chapter III. After 15 min the arc 

showed the operating characteristics of pure He and the surface did not contain any 

nitrogen. 

Figure 4.9 shows the change of arc velocity and nitrogen concentration at the surface 

with time. It can be seen that there is a direct correlation between them. Since the 

gas residence time in the chamb(!! was calculated to be of the arder of 30 seconds, 

the long time to return to the arc characteristics of pure He can only be explained 

through the surface contamination; this is the last evidence needed ta confirm the 

surface contamination/drag/arc velocity/arc voltage relationship proposed in Chapter 

III. 

Figure 4.10 gives the nitrogen removal kinetics in argon; it is shown that the removal 

of nitrogen is much faster for argon than for helium. After one minute the arc 

velocity decreased from 30 ta 9 mis while the voltage increased from 38 to 43 V; the 

surface concentration of nitrogen fell by a factor of two. After 3 minutes of operation 

the arc showed aIl the operating characteristics of pure argon and the surface showed 

only traces of N2• The differences for Ar and He removal kinetics can be understood 

when their erosion rates are compared. 

The erosion rate for Ar+0.3%N2 is 3 J,'g/C (see Chapter VI) and that for He+O.4%Nz 

is 0.6 JJg!C. Multiplying these values of erosion by the arc current and the time that 

it took for the arc to remove the nitrogen contamination, it is possible ta obtain: 
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For Ar, material removed = 0.054 g 

For He, material removed = 0.059 g 
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This calculation is just an approximation, since the erosion rates change with the time 

of operation, being lowest for the contaminated surfaces ard highest for the clean 

surfaces. Nevertheless this calculation indicates that the rate of nitrogen removal is 

related ta the overall erosion rate of the arcs. This again confirms the idea of surface 

contamination, i.e., once the contaminated layer is removed, the arc opera tes as in 

the pure inert gas. This also explains the initial changes in arc velocity/voltagc when 

operating with pure inert gases, since the native layer of conta minants must first be 

removed. It also explains why pure Ar reached a steady state faster than pure He. 

_ÂU1other interesting observation about the "artificial" carbon contamination of the 

surface using CO (or CH4) added ta the inert gas is that it produced similar arc 

characteristics as at the beginning of the experiments with pure Ar and He when 

"native" carbon contamination is present. This indicates that the important thing here 

is the carbon and not its source; it al 50 has implications on the electron emission 

mechanism as it is discussed in Chapter VI. 

The transie nt times after contamination for bath inert gases are presented in Tablt:! 

4.2 below. The same inverse relatianship between removal time and erosion rates can 
• 

be seen in this Table. Because the arc removes approximately 60 Ns of the cathode 

(in the case of pure He, erosion rate = 1 pg/C), it should in 5 minutes have cleaned 

aIl the surface of nitrogen. The fact that nitrogen remains after 5 minutes can be 

explained by a migration inta the surface due to wear (Roth (22)). 

i 
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TABLE 4.2 

Transient Times for Removal of Contamination 

Contamination 

Ar 

Nz 

He CO 

Ch 

5) WORK FUNCfJON 

Time for Removal 
(after stopping addition) 

(seconds) 

180 

900 

900 

900 

900 

900 
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Erosion Rate 
(for contam. gas) 

(J.LglC) 

3.0 

0.4 

0.5 

0.6 

0.6 

0.6 

The contamination of the cathode surface was shown to produce changes in the arc 

velocity/voltage. Another method to determine changes in the electronic state of the 

surface due to contamination is by examining the work function of the surface. In 

simple words the work function is the energy required by an electron from the 

highest occupied energy level in the metal (Fermi levei) to escape from the surface. 

A simple analysis will show the effect of contamination on the work function. The 

work function of a polycristalline surface may be defined as (Knapp (24)): 

qJ = e - >./e 4.3 



-
where rp = work function 

~ = mean electrostatic potential across the metal surface 

~ = the bulk chemical potential of the electrons 

Equation 4.3 has been derived by Lang and Kahn (25); ~ depends on the surface 

condition, Le., it depends on the presence of atoms or molecules adsorbed on the 

surface (Knapp (24), Riviere (26)). Thus any contamination of the surface results in 

changes in the work functioH caused by changes in the mean electrost,!tic patentia!. 

The contamination of a surface has been studied by analyzing changes in the work 

function by different researchers (see for example Abon et al (27), Jacobi et al (28), 

Taylor et al (29)). 

The most common methods to determine the work function are field emission. diode 

and capacitor methods. In this work, the use of the capacitor method was chosen for 

its simplicity and versatility. The method consists of a vibrating plate hrought intn 

close proximity of the sample in arder to create a capacitor between the plate and 

the surface of the sample. The plate vibrates at a fixed frequency, varying the 

capacitance in the system, and generates an ac current if electrically connected to an 

external circuit. This potential in the external circuit is a standard for the work 

function. The plate is knnwn as the Kelvin pro!1e for work function measurements 

(Besoche and Berger (30), Binder et al (31». 

The samples were prepared following the sa me procedure as for the Auger and 

ESCA analysis. The results obtained are presented in Table 4.3 below. 
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TABLE 4.3 

Work Function Measurements 

Gas 

Ar 

He 

Ar+0.3%N2 

Ar+0.3%CO 

Ar+l0%Ch 

Arp 

(eV) 

0.00 

0.00 

- 0.18 

- 0.70 

+ 1.00 
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The value, Arp, in Table 4.3 is the difference between the work function of the sampk 

and a c1ean copper standard. The surfaces were sputtered prior to the measurements 
o 

to a depth of 30-50 A to remove the oxide (carbon) layer that normally is formed 

during the sam pIe preparation (see last section). 

It can be seen that neither .\r nor He gave any variation nf the work function of 

cleun copper as expected, since the inert gases should not form any compound with 

copper and any physisorbed molecule would be removed at ambient temperature in 

the high vacuum conditions of the analysis chamber (10-9 atm). 

The surface contaminated with nitrogen did show a decrease in the work function; 

the value found of - 0.18 eV corresponds weIl with studies conducted by Burkstrand 

et al (32) for variations of the work function of copper with implanted ionic nitrogen. 
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They also found that indeasing the partial pressure of nitrogen in the chamher III 

order to increase the amount of nitrogen adsorbed in the copper ùld not change 

further the work function. This finding is similar ta what was obsePled in this work, 

where further increase in the amount of nitrogen in Ar or He did not change the 

characteristics of the surface. 

The addition of CO in Ar formed a carbon layer on the top of the cathode surface. 

The change in the work function was larger, - 0.7 eV. This large change in the work 

function corroborates the results presented before, where CO caused larger changes 

in the arc velocity/voltage than did nitrogen. A decrease in the work funct\(ln 

indicates that the electrons can leave the surface more easily (Iess enerb'Y necessary 

for removing the electron from the surface), decreasing the surface drag as 

mentioned before. Abon et al ", ~7) showed results for changes in the work function 

of platinum (111 face) for carbon deposits; in their case, the Arp was around - (J.Cl 

eV, a. value close to what was found here. 

A "thick" layer due to chlorine contamination (Ar+ > iO%Ch) produced an increase 

in the work function of approximately 1 eV. Chlorine is known to form thick films 

on copper (van Veen et al (33)) and likely to increase the work functlon due to the 

formation of negative aipoles with copper (Riviere (26)). As mentioned hefore, tht! 

arc movement was affected by the thickness of the film, being more erratic and with 

lower arc velocities for thick films. The work function results corrohoratt! those 

finding~ 
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6) SEM 

Scanning electron microscopes (SEM) have beell employed in cathode phenomena 

studies by Many researchers (Daalder (34), Juttner (35), Fu (36», specially for 

current density measurements (see next Chapter), although almost aH of these works 

were restricted to vacuum arcs or single arc passages. The SEM was employed here 

to study the variation of the surface topography (and even composition) when 

different plasma gases were used. 

A) Helium 

Figure 4.11a shows the center of the cathode for an experiment using pure He; the 

experiment lasted for 30 minutes. No information about cathode spot size can he 

retrieved from this picture because of the multiple passages of the arc (the arc moves 

at 200 rotations per second for He). Melted copper is found in the picture, 

comparable ta what Kimblin (37) found for vacuum arcs. This could indicate similar 

mechanisms for vacuum and atmospheric arcs as is discussed in Chapter VI. 

Moving from the center of the cathode towards the edge, the heavily melted copper 

region changes to areas where the surface seems to have suffered less melting, as 

shown in Figure 4.11b. This fact can be understood as an indication that the arc 

strikes more often at the center of the cathode than at the edges; this is expected 

because of the proximity of the anode to the center of the cathode. Figure 4.12a 

shows a part of the cathode very close ta the edge. There is no sign that the arc has 

moved on this region; the surface is as before the experiment as iIlustrated in Figure 

4. 12b. The marks on the surface were caused during the machining of the cathodes. 



108 
. , 
:;
1.11: 
, j 

a 
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Figure 4.11 - SEM photograph of a cathode after an experiment using helium 

a) center b) intermediate region between center and edge 
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( 
Figure 4.12 - SEM photograph of a cathode 

a) after an experiment with helium - edge of the cathode; b) prior ta the experiment 
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B) Ar+0.3%N. 

The center of the cathode for experiments with Ar+0.3%N2 also showed heavy 

melting as se en in Figure 4.13a. Even the area towards the edge of the cathode 

(Figure 4.13b), shows heavy melting, indicating that the arc also ran in this region; 

this was not the case with he1ium. This corrQborate~ the AES results which indicated 

the presence of nitrogen even in regions not at the center of the cathodes. 

C) Ar+0.3%CO 

Figure 4.14a shows the center of the cathode for experiments with argon con~ 

taminated with 3 000 ppm of CO. Irregularly spaced "islands" are present on the 

surface. The copper surface does not seem ta have been heavily melted, as shawn 

in Figure 4.14b. The islands were further analyzed in Figure 4.15a. Using the back 

scattering facility of the SEM, the islands were identified as being made of carbon, 

while the surrounding surface was just copper. The difference in the brightness of the 

photograph indicates different elements and the same light colour was found for pure 

He cathodes; this can be seen in Figure 4.15b. It is likely that the islands are just 

clusters of carbon particles, caused by an excess of CO injection (more than the arc 

can remove). It \Vas mentioned before that the arc moves l'aster and more uniformlj 

for Ar contaminated with small amounts of CO and the fact that the coppeT is less 

melted supports this. Tht carbon islands are not responsible for the easy arc 

movement, since the arc moves the same way when the formation of the islands is 

avoided (careful addition of CO in argon to have always the minimum amount). The 

isJands are also very "thick" (> 10 ",m thick) which would cause difficulties in the arc 

movement (see next section). 
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a 

b 
i' 

Figure 4.13 - SEM photograph of a cathode after an experiment using Ar+O.3%Nz 

a) center b) edge 

p 
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Figure 4.14 - SEM photograph of a cathode after an experiment using Ar+O.3%CO 

a) center b) center - higher magnification 
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a 

b 

Figure 4.15 - SEM photograph of a cathode after an experiment using Ar+O.3%CO 

a) carbon island b) back scattering photograph of similar region 
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D) Ar+10%CO 

Figure 4.16a shows the center of the cathode in an experiment with argon 

contaminated with more than 10 % CO. The carbon islands seen before can not be 

found in this experiment; the surface looks very uniform. A closer examination of the 

center of the cathode reveals a thiek film (approximate thickness 10 ~m) formed at 

the surface. The cracks in the film can be seen in Figure 4.16b. The film is formed 

by small particles with an approximate diameter of 0.4 ~m. These particles were 

identified as carbon partides as discussed below. 

Moving from the center towards the edge of the cathode, the film becomes 

discontinuous, as shawn in Figure 4.17a. Back scatter analysis shows that the film is 

made of carbon, dark region in Figure 4.17b, with a copper ba::e appearing lighter 

in the figure. The presence of the thick film for concentrations of CO above 1 % in 

Ar has been suggested before (Chapter III); since the arc stays at the center of the 

cathode most of the time, the CO would de compose and carbon particles deposit 

around this region, forming the film. Less particles would reach the edge of the 

cathode, ma king the film discontinuous there. The thick film affected the arc 

movement as expiained before has a direct effeet on the cathode curTent density and 

erosion rate (next Chapters). 

7) CONCLUSIONS 

In this Chapter it was shown that the contamination of the cathode surface can 

indeed explain the results obtained in the last Chapter when polyatomic gases or inert 

gases contaminated with polyatomic gases were used as the plasma gases. A summary 

of the principal results and conclusions obtained in this work is presented below. 
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FIgure 4.16 - SEM photograph of a cathode after an experiment using Ar+ lO%CO 

a) center b) center - higher magnification 
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Figure 4.17 - SEM photograph of a cathode aCter an experiment using Ar+ lO%-CO 

a) edge b) back scattering photograph of similar region 
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a) It was shown using Auger and ESCA spectroscopy that contamination of the inert 

ga~es (Ar and He) with polyatomic gases contaminates the surface of the cathode. 

b) The changes in the arc velocity and arc voltage caused by contamination of the 

inert gases are due ta cathode surface contamination rather th an changes in the 

plasma gas. 

c) Cleaning the cathode surface with HN03 and CCI. did not remove the carbon 

contamination prior to the experiments but the use of the arc is quite effective for 

the removal of any contaminating layer. The changes in the arc characteristics for 

Ar and He at the beginning of the experiment are due to this carbon contamination. 

This suggests that the results for arc velocity and erosion rate for short term 

experiments previously reported in the literature were probably obtained during 

conditions that are not reproducible and therefore resulting in the scatter in the data. 

d) Chlorine was found in the outer regions of the cathode which were less eroded 

than the center; chlorine was also found in short term experiments. Bath facts point 

to a segregation of chlorine from the bulk towards the surface due ta temperature 

gradients. 

e) Nitrogen was found at the surface of the cathode when it was used as the 

contaminant for the inert gases or as the pure plasma gas. The presence of nitrogen 
• 

ta depths between 500 and 1 000 A suggests that the cathode surface was melted to 

this depth. 

t) The oxygen found at the surface of the cathode is independent of the plasma gas 

used and is probably due ta the exposure of the sample after the experiment ta 

atmospheric air. 
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g) Arcs running in helium remove the contamination layer more slowly than arcs in 

argon; since removal is by volatilization, this is an indication that the surface for 

argon arcs is hotter than for helium. 

h) Surface analysis at the cathode indicated that copper contaminated with nitrogen 

has a lower work function than pure copper; carbon contaminated copper has an 

even lower work function for low levels of contamination; thick films of chlorine 

formed on the cathode surface increase the work function. These results corroboratc 

the ide as of arc movement/surface drag! electron emission discussed in the lallt 

Chapter. 

i) SEM photographs showed melted regions at the center of the cathode for He and 

Ar+O.3%N2• For the latter the region close to the edge of the cathode also showed 

signs of melting; the melting indicates that the arc moved along these regions. Argon 

contaminated with 3 000 ppm of carbon monoxide showed less copper melting; 

carbon islands were found on the surface. The islands are likely to be caused by an 

excess addition of carbon monoxide ta argon. Argon contaminated with 10 % carbon 

monoxide shov'ed a thick carbon film (la l'm) at the center of the cathode; the filrn 

becomes discontinuous towards the edge of the cathode where the arc spent less 

time. 
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V. CURRENT DENSITY 

1) INTRODUCfrON 

· Weil, 1 have to admit Holmes, 1 am getting exdted about this "arc". It seems that you 
were riglrt agaill; tire game was afool... The arc mystery is finally solved. Holmes, are 
you listening to me? 
· Yes, Watson, 1 am listening, but 1 am afraid 1 have to disagree with you... 1 don '1 

know wlzal, but 1 have tlze feellng that we are forgetting something... It can 't be that 
simple, Watson, it just can 't. There is something that we are missing, but 1 can't think 
of wlzat ... 
· Holmes, it seems yOLl calZllot relax, even if 1 prove to you that Moriarty is in jail... Not 
tllm he is, but Holmes, let's just have a cup of tea 10 celebra te this big achievement, and 
forget about everytlring else! 
And as Watson talks, he starts clealling tlte table and making faces towards Holmes ta 

remind Irim 10 make the tea... Fifleen minutes later, tlzey are enjoyùlg the tea and 
Watsoll keeps talking, alld talking and talking ... 
• Holmes, 1 don't know wlzat yOlI. put in tlris tea, but it certainly tastes different .. Did you 
try tlzose old Izerbs that we got from India some lime ago? 
· No, Watson, 1 just added sorne millt leaves and a bit of syntp ... 1 /tope it does not 
faste too bad ... 
· Of course Ilot, Ho/mes, 1 kbzd of like il. It jusl have a differem, Izow call 1 say, 
cOllsistency. It is like if ils dellsity is different and .. 
· TllOt's il Watson!! You fOlmd the answer!!! 
Ho/mes almost dropping Izis cup on the floor nls/zes ta his desk and start writing ... 
· Ho/mes, wlrat lzappelZed? What did 1 find? 
· Tite missillg factor, Watson, you just fOlmd tlze missillg factor. We measured a lot of 
Ihings of Ihe arc, but we forgot one of Ihe mos/ important parame/ers, my dear friend. 
We forgot Ihe arc density!!! 
• Tite what Holmes? 
· Tire arc dellsity!! Tlzùzk Watson, tlrink. If the arcs have differenl sizes, the heat over a 
certain area will be differe11l. We must find Ihe arc density! 
· But lzow cali we meaSLlre such a Ilzing as the arc density Holmes? 
· rlrat's exactly the problem ... How?? 1 thùzk 1 have the answer for thal. We are going to 
11eed some wire 10 make a coi!. Theil we Ileed .... 

Coming back to the thesis ... 
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A) Chapter Guideline 

In this Chapter the (;L1rrent density of the arc attachment is discussed. The current 

density is a very important parameter in erosion studies. Three techniques are 

normally employed for the measurement of the current density; it is shawn thé'. these 

methods could not be applied in this work and therefore a new I.echnique was 

developed. Mter describing the new method, current density result~ are given for 

different plasma gases and operating conditions. It is shown that the current density 

can be very different depending on the operating conditions and plasma gases. 

B) Why Current Density? 

There are two significant classes of heat sources on the cathode surface: an external 

one, caused by particle impact on the surface and an internaI one, called Joule 

heating, due ta the passage of the electric current in the volume of the cathode (it 

is discussed in Chapter VII that the heati!1~ of the cathode by radiation and 

convection has too Iowa nux ta be important in erosion). Bath sources are related 

ta the area of attachment of the arc œl the surface of the cathode. The size and 

sl,ape of the arc attachment on the electrodes is thus very important in electrode 

erosion studies. The arc attachment dimension is also an important paramtter to 

understand the mechanism of electron emission of the cathode, as discussed in the 

next Chapter. 

Three types of techniques are commonly used to determine the arc attachment and 

the current density; they are based on A) optical measurements of the arc root 

during an experiment or on B) the examination of erosion tracks after an 

expt!riment or on C) the voltage induced in a probe in a split electrode. The most 

important features of each technique are examined in the next section. 
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2) DESCRIPTION OF THE PREVIOUS METHODS 

A) Optical Technique 

This method employs high speed photography to determine the dimensions of the 

bright plasma near the cathode (or anode). This bright region is identified as being 

the arc attachment. The main problems with this technique are: a) identification of 

the plasma cloud in front of the cathode with the arc attachment b) temporal and 

spatial resolution of the instruments due ta the small size and lifetime of the cathode 

spot. Rakhovskii (1,2) reported values for the current density in the ran3e of lQ4 - UV 

Ncm2 for copper cathodes in vacuum; similar results were found by Smith et al (3). 

B) Erosion Tracks 

This technique is based on the marks left on the surface of the cathode after the 

passage of the arc. The dimensions of the craters are supposed to be the dimensions 

of the arc attachment. The researchers normally used a scanning electron microscope 

for the analysis. The main problems with this method are: a) identification of the 

craters (tracks) with the cathode spot (it has been suggested that the craters can be 

formed as a consequence of the action of the cathode plasma on the cathode surface 

or other effects (Haptzche et al (4) and Gabovich et al (5»; b) determination of how 

many spots are active at the same time, ta estimate the CUITent flowing per spot; c) 

the one-shot nature of the method, needing a near new surface which is impractical 

in any indus trial plasma application; d) the conditions of the surface are not 

necessarily the same in each experiment (thickness of contaminating layers) which 

make it hard to compare results. 
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The technique has been employed by many researchers (Sanger et al (6), Juttner (7), 

Djakov et al (8), Guile (9), Daalder (10)) and the current density obtained is in the 

range 101 - lOS Ncm2• 

The problem with the methods presented above is that they are indirect methods, i.e., 

both are based on measurements of physical parameters that have to be then 

correlated to the current density of the arc attachment. Also both methods are almost 

impossible to use in industrial plasma torches. 

C) Voltage Induced in a Probe 

The novel technique developed to measure the size of the arc attachment at the 

electrodes is based on a method previously used by Drouet et al (11) for current 

distribution on the electrode surface for intermittent experiments. Their method is 

described below. 

A cylindrical cavity is made below the electrude surface as shown schematically in 

Figure 5.1. A narrow sHt runs from the cavity to the electrode surface. The arc is 

driven by an external magne tic field; as the arc passes across the sHt, the arc current 

on the left of the slit decreases while that on the right increases. The changes in the 

current generate a variation in the magne tic field within the cavity. A small coil 

located inside the cavity picks up this variation, the whole system acting like n 

transformer. 

The voltage signal from the coiI can be displayed on an oscilloscope, where the signal 

is directly discretized or stored for Iater discretization. The signal can be transformed 

into a linear current distribution in the direction of the arc movement using equation 

5.1 and 5.2 (the detailed derivation of these equations can be found in Beaudet (12». 
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Figure 5.1 - Schematic representalion of the slit current density probe 
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where 1 = arc current 

t = time 

dl/dt = J" v. 

dl/dt = V(t)/M 
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5.1 

5.2 

J. = linear current distribution of the arc attachment in the direction x of the 

arc movement 

J. = l Jr,y dy (the lirnits of l are y1 and y2, arc size in the y direction) 

J .. y = current density of the arc attachment 

v. = arc velocity (x direction) 

V(t) = signal (voltage) from the coit 

M = mutual inductance (cavity-coil) 

Equation 5.3 can be obtained from 5.1 and 5.1; 

J" = V(t) 1 (v"M) 5.3 

It can be seen from equation 5.2 that the technique requires the system to be 

cdibrated to obtain M. The determination of M can be do ne by injecting a high 

frequency current from a pulse generator across the slit; the current is forced to 

circulate around the cavity and the signal obtained from the coil can be used to 

de termine the variation of the impedance cavity-coil (Z) with frequency. If the 

transfer impedance Z is linearly depende_nt of the frequency, the irnpedance is 

inductive and therefore: 

Z =wM 5.4 
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where Z = transfer impedance (cavity-coil) 

w = frequency 

M = mutual inductance (cavity-coiI) 
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In arder ta determine the linear current distribution using the above technique the 

cathode (cylindrical geometry) was eut in half after a cavity of 1 mm diameter had 

been made 0.1 mm below the cathode surface (cathode wall thickness is 2.5 mm). A 

space of 0.01 mm was machined from the surface ta the cavity of each side of the 

cathoae in order ta have a slit of 0.02 mm when the two parts were reunited. A 

copper ring was made ta hold the two halves together and ta guarantee the electrical 

contact between the parts. The cathode is shawn schematically in Figure 5.2a. A 400 

turn coiI was made of very fine insulated copper wlre and the impedance of the 

system for different frequencies was measured; this is shown in Figure 5.3a. 

It can be seen from this figure that the impedance did not vary Iinearly with 

frequency (slope of the line is 0.87), indicating that the transfer impedance was not 

pl1rely inductive, i.e., the two halves did not have good electrical contact. In arder ta 

correct this, part of the ring above the slit and part of the external cathode wall at 

the sarne location was rernoved and solder was poured in this "hale". This is 

illustrated in Figure 5.2b. 

The impedance obtained in this arrangement is shawn in Figure 5.3b and now is 

Iinearly dependent on the frequency (slope of the line is 0.99); the phase angle of the 

injected current and the signal from the coiI is 90 degrees for the whole range of 

frequencies, as it should be for pure inductive impedance. The mutual impedance 

obtained from the calibration is 5.2 x 10-9 Henry. 
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'. Figure 5.2 - Schema tic representation of the cylindrical cathode 

a) with copper ring b) with copper ring and solder 
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Experiments were condw'ted with different plasma gases and operating conditions, 

It was noted that even with the fastest arcs and lowest erosion rates (high magne tic 

field and contaminated surfaces) the sHt was partially destroyed after 1 s of operation. 

Copper bridges were formed, connecting the two sides of the ~lit and invalidating the 

calibration obtained for the system. A different method had ta be developed. The 

technique described in the next pages provides a direct measurement of the arc 

attachment at the electrode surface for industrial plasma torches. 

3) NOVEL TECHNIQUE 

A) Description 

The major innovation of the new technique is the complete removal of the slit ta 

avoid the melting problem and the formation of the copper bridges. The system now 

is formed just by the cavity and the insulated coi1 inside it. As a result the probe can 

now be used for long periods of time. 

The presence of the arc in the vicinity of the cavity still induces a voltage in the coiI. 

The problem of this technique is that the direct calibration of the system is no longer 

possible. This problem was solved using Fourier analysis and is described below. 

B) Fourier Analysis 

A generic system can be characterized by its frequency response, which is also 

referred ta as the transfer function of the system. The transfer function can be 

determined by acquiring x(t) and the corresponding y(t) of the system, where x(t) 

represents the input and y(t) the output signal. Thp signais x(t) and y(t) can then be 

l 
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transformed into the frequency domain using Fourier transformation. "Dividing" Y(w) 

by X(w) (frequency domain representation for y(t) and x(t) respectively) one obtains 

H(w) which is the transfer function of the system (Ramirez (13)). 

The system without the s]jt can be calibrated by considering an "imaginary" system 

as follows: the input x(t) of this system is the coiI signal obtained using the system 

with the sHt for a certain set of operating conditions; the output y(t) is the signal 

obtained with the system without a sUt for the same operating conditions. The 

transfer function of this "imaginary" system H(w) is generated using Fourier 

transformations. This transfer function can then be used with any signal obtained 

l'rom the no sHt system to synthesize the signal which wou Id have been produced 

using the slit system, i.e., 

5.5 

and transforming back into time, 

5.6 

where H(w) = transfer function 

YI = Fourier transformation of YI 

YI = signal obtained from the no sHt system for any cJndition 

XI = signal calibrated with the transfer function 

XI = Fourier transformation of XI 

Fourier l = anti-transfùrmation of Fourier 

The signal XI is the signal from the no slit system after calibration (it would had been 

obtained with the sUt system if this latter was able ta stand Jong'!r experiments). 
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C) Calibration of the No Slit System 

A cylindrical cavity was made with the same dimensions and located at the same 

depth into the ~athode as for the slit system. The same coil was used for both 

systems. 

The signal obtained from the sHt system is shown in Figure 5.4a. The signal was 

obtained using pure helium as the plasma gas; the operating conditions are 

summarized in Table 5.1 below. 

Plasma Gas 

He 

TABLE 5.1 

Operating Conditions for Signal from the System With SHt 

Arc Velocity 
(mis) 

160 

Arc Current 
(A) 

110 

Time 
(s) 

0.5 

B 
(G) 

1000 

The time in the Table refers to when the signal was obtained, Le., the signal was 

obtained approximately 0.5 s after the experiment had started. 

The reasons for the high arc velocity in pure helium are related to the contamination 

of the cathode prior to the experiment as explained in the last Chapters. The major 

contaminant is carbon as mentioned before. 
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Pure helium was also used as the plasma gas for the no slit system at the same 

operating conditions as for the slit system. Signais were obtained during the l'irst 5 

seconds of the experiments. The arc velocity was approximately 150 mis. The slightly 

different arc velocity when compared with the sHt system signal is probably due tu 

different contamination leve of carbon (and also oxygen) which cannat be exactly 

controlled. Since the signal obtained with those different arc velocltles cou Id he 

slightly different, it was decided ta use helium contaminated with 4 000 ppm of CO 

and adjust the magnetic field in order to obtain exactly 160 mis (the surface 

conditions have been shawn in Chapter lU and IV to be similar for He+O,4%CO and 

pure He with carbon contamiuation prior to the expenment). The signal u~ing 

contaminated He at 160 mIs is indeed very similar to the one obt:lined wlth pur~ He 

at 150 mis for the no slit system and it is shown in Figure 5.4b. 

The transfer function WflS obtained using the signais shown in Figure 5.4a as the 

input and in Figure 5.4b as the output. This was done using the Fast FourIt!r 

Transform algorithm (FIT). A signal obtained using pure CO at 95 mis and 100 A 

is shawn as an example in Figure 5.5. This signal is the one obtained directly l'rom 

the no slit system. Also shawn in Figure 5.5 is the sa me signal after bt::ing calibrateu 

with the transfer function. 

The validity of the calibrated signal can be checked by integrating the signal (voltage 

vs time). The integral divided by M (established before) should be equal to the total 

arc current (measured independently using a shunt in series with the cathode) as 

shown in equation 5.2. The error after integration and campa ring with the known arc 

current is less tban 2 %, indicating that the method 15 valid and can in fact be u!>t!ù 

to estimate the linear current distribution at the arc foot in the direction of the arc 

motion. 

< 
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Figure 5.5 - Signal obtained from the no slit system using CO at 95 mIs 

Before and after calibration with the transfer function 
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The linear current distribution at the arc foot on the electrode surface in the 

direction of the arc movement can be obtained from the calibrated signal and using 

equation 5.3. This was done for different operating conditions and plasma gases; the 

results are shown in the next section. It should be noted here that although the 

technique is suitable for measurements of the arc foot it has insufficient resolution 

for measurements on cathode (or anode) micros pots. For the latter a different 

method has been employed for short experiments (Drouet et al (16». 

4) RESULTS 

The Iinear current distribution was obtained for different operating conditions and 

plasma gases. Ali the results were obtained with the same cathode and coil and are 

shown after being calibrated and transformed using equation 5.3. 

A) Pure Ar and Ar+0.3%CO 

The Iinear current t:iistributions for Ar and Ar contaminated with 3 000 ppm of CO 

are displayed in Figure 5.6. The operating conditions were as follows: 

TABLE 5.2 

Operating Conditions for Figure 5.6 

Gas Current Velocity B Voltage Erosion Rate 
(A) (mIs) (G) (V) (liglC) 

(steady sta te) 

Ar 95 8 1000 40 13.5 

Ar+0.3%CO 140 9 100 21 0.5 
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The current distribution for pure Ar was obtained approximately 20 seconds after the 

beginning of the experiment. It represents a transient condition since steady state 

operation with pure argon is achieved only after about 30 seconds, when the entire 

contaminant layer found on the cathode prior to the experiment has been removed 

as it ha!> been Jiscussed in CL .. pter IV. The value for Ar+O.3%CO was obtained at 

steady state. 

It can he seen that the arc attachment is more constricted for Ar, even with the 

higher magnetic field (see next section). The magne tic field was reduced for 

Ar+0.3%CO to obtain similar arc velocities for the sake of comparison. The more 

constricted attachment results in higher surface temperature and higher erosion rates. 

It is also interesting to observe the lack of symmetry of the current distribution; the 

current is more concentrated in the "front" of the arc attachment. This has been 

observed by other researchers (Beaudet (12), Anders et al (15»; the asymmetry 

increases for higher magne tic fields (arc velocities). 

The change in the current distribution from c1ean to contaminated surfaces is 

probably a reflection of the work function and electron emissivity of the surface; 

when the surface is contarninated with carbon, the work function decreases, increasing 

the electron emissivity of the surface (Chapter IV). This will allow a larger area of 

the surface to emit electrons simultaneously, increasing the size of the arc attachrnent. 

The current density can be estimated assuming a cylindrical distribution (to caIculate 

the current density it would be necessary to know also the current distribution in the 

direction transverse to the arc motion); the maximum current density for the 

operating conditions shown in Table 5.2 is 1 x 104 Ncm2 for Ar and around 2 x 103 

Ncm2 for ~·+().3%CO. These values are comparable to the results obtained by 
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Beaudet (12) at the anode using the slit system for intermittent experiments. The 

results are also similar to the ones Îound using the optical method (Rakovskii (2» 

and by Kucherov et al (14». It should be noted here that there are evidences 

(Kucherov et al (14» that th~ current density increa~es with arc current. 

B) Ar+0.3%CO and He+0.4%CO 

The magnetic field was varied between 1 000 Gand 10 G for Ar and He 

contaminated with 3 000 and 4 000 ppm of CO respectively. The linear current 

distribution for different arc velocities (different magnetic fields) are shown in Figure 

5.7a-d for Ar+0.3%CO and in Figure 5.8a-c for He+O.4%CO. The arc current was 

140 A for the experiments with Ar+O.3%CO and 110 A for He+O.4%CO. The peak 

in the linear current distribution varied from 2.5 x lQ4 Nm at 75 mis to 5.1 x 10' Nm 

at 4 mis for Ar+0.3%CO. At the same time, the maximum dimension of the arc 

attachment changed from 17 ta Jess than 10 mm. The changes for He+O,4%CO 

were: peak Iinear current, 1.1 to 3.7 X 104 Nm and maximum dimension, 32 to 9 mm, 

for 230 and 44 mis respectively. 

It is hard to separate the effect of the magnetic field on the arc attachrnent 

distribution from that of the arc velocity, since the two are closely coupled. One 

possible way of examining this question is given below. 

The "minimum equivalent arc diameter" is given in Table 5.3 for Ar+0.3%CO and 

He+O.4%CO for different operating conditions. The minimum equivalent diameter 

is found assuming cylindrical symmetry of the attachment and assuming the value of 

the peak current density for over the entire area of the attachment. 
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1 = are eurrent 

J = current density (peak eurrent distribution) 
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5.7 

The minimum equivalent diameter is different for Ar+0.3%CO and He +O.4%CO for 

similar arc velocities (44-43 and 75-70 mis). It is aImost the same for similar magnetic 

fields (160-120 and 30-60 G), although the same conclusion does not apply for high 

values of magnetic fields (1 000 G). Therefore it seems that the magne tic field 

(Lorentz force) is the important parameter to be examined for arc attachment. at 

least for magnetic fields below 200 G. This is further diseussed in the next section. 

TABLE 5.3 

Minimum Equivalent Diameter for Ar+O.3%CO and He+O.4%CO 

Gas 

Ar+O.3%CO 

Ar+0.3%CO 

Ar+O.3%CO 

Ar+0.3%CO 

He+0.4%CO 

He+O.4%CO 

He+O.4%CO 

Magnetic Field 
(G) 

1000 

370 

160 

30 

1000 

120 

60 

Arc Velocity 
(mis) 

75 

43 

26 

9 

230 

70 

44 

Min. Equiv. Diam. 
(mm) 

2.7 

2.6 

2.4 

2.1 

3.4 

2.3 

2.0 
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C) Pure Helium 

It was seen in Chapter III that arcs in pure helium had an unique behavior. The arc 

velacity seems ta fallaw the aerodynamic drag model for values of magne tic field up 

ta 500 G (arc velocity 95 mis). If the magnetic field is increased beyond this value, 

the arc velocity decreases, reaching 20 mis for 1 000 G. 

The linear current distribution for pure He is shawn in Figure 5.9 for magnetic fields 

at 1 000 Gand 120 G, at similar arc velocities (23 and 30 mis) ami at the same arc 

current (110 A). Although the arc velocity is slightly higher for 120 G than for 1 000 

G, the former has the highest peak in the linear current distribution, as weil the mast 

constricted attachment. This corroborates the idea that the magne tic field is a more 

important parameter than the arc velocity for the current distribution. These 

differences in current distribution can explain sorne ot the findings of the erosion 

rates for pure He; this subject is explored in the next Chapter. 

D) Pure CO 

It has been shawn that the arc velacity decreases if the concentration of CO in Ar 

or He goes abave 4% in volume. lt will be seen in the next Chapter that the erosion 

rate increases at the same time. It was seen that these changes are assaciated with 

the formation of a "thick" carbon layer on the cathode surface. 

The linear current distribution for pure CO is shown in Figure 5.10. The arc current 

was 95 A and the magnetic field 1 000 G for this experiment. It can be seen that the 

current distribution is more constricted for CO than for Ar or He contaminated with 

3 000 ppm of CO, for He contaminated with 4 000 ppm of N2 or for pure nitrogen 

at the same operating conditions. The peak in the linear current is also the second 
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highest (Ar is the highest) for those operating conditions. The high value for current 

density suggests a high value for the erosion rate, as observed. 

E) N, and He+O.4%N, 

The effect of reducing the magnetic field (and therefore the arc velocity) on the 

linear current distribution for plJre Nz is shown in Figure 5.11a and 5.llb. The same 

trend is followed, i.e., the arc attachment constricts as the mqgnetic field is reduced. 

This can a)so be seen in Figure 5.12a-c for He contaminated Wlt!l 4 000 ppm of Nz 

at different magnetic fields and the sa me arc current (110 A). 

The injection of N2 was stopped and the arc slowly removed the Nz contamination 

on the cathode surface as explained in Chapter IV. The linear distribution 2 minutes 

after stopping the nitrogen injection in helium is shawn in Figure 5.13. The current 

distribution for He+O.4%Nz at the same magnetic field strength (800 G) is also 

shown in Figure 5.13 for the sake of comparison. It can be seen from these figures 

that the arc attachment started ta constrict after the addition of nitrogen in hclium 

was stopped; the current distribution was eventually the same as for pure helium 15 

minutes after th\.! nitrogen addition was stopped. 

F) Anode 

The linear distribution for the arc attachment on the anode was obtained by inverting 

the polarity of the electrodes. These experiments could not last long because of the 

erosion at the cathode, now the center electrode. The result shown in Figure 5.14 

was obtained using pure Ar 10 seconds after the beginning of the experiment. The 

magnetic field was 1 000 G and the arc was still moving quickly because of the 



... 

..;.. ,.. 
~ 

.... 
0 -w 

~ -
J 
4tI 

~ 
L. a 
1 -~ 

4 

3 

2 

Vel - 100 ml. 

B- 1000 B 

1 - 100 R 

1& 20 

4~----------------------------------------

3 

2 

Vel - 21 Ift/e 

a - 70 B 

1 - 110 A 

o~------~~------~--~~--~--------~ o la 
DleU:lnca (111ft) 

1& 

Figure 5.11 - Linear current distribution for pure nitrogen 

a) 100 mis; 1 000 G b) 21 mis; 100 G 

i 

149 

a 

b 



( 3 
150 

" 
~ 
~ 

0 
.... 
:JI 2 .... 

J 
.... 
~ Vel - 180 mie a a 
~ 8-8OOG 

~ 
.J 

6 10 16 20 26 
Olata"lCe (rnn) 

3 
,.. 

~ 
~o ... 

'3 2 

~ ... 
~ 
L. 

b a Val - 130 ml. 
L. 

~ B-"OOG 

..J 

1) ID 15 20 26 
CletCl'1Ce (/l'1li) 

3 

" 
~ 
~ 

0 
.... 
~ 

2 

~ 
.... 
~ 
a Val - es m/a C 
L.. 

~ B -:~ G 

J 

(~ a 
0 6 10 16 20 26 

Oletc:nce (rnn) 

Figure 5.12 - Linear current distribution for He+O.4%N2 

a) 180 mIs; 800 G b) 130 mIs; 480 G c) 65 mIs; 120 G 



...J 

2~--------------------------------------

1 

.' , \ , 
:" Vel - 120 mie 
: ,,-.;. 2 mlrut. after etopplng N. , , , , 

l , 
1 1 , 

Hri%Na 

, , , , , , , , , , , 
1 
1 

Ive 1 - ISO aVe 

-----

6 10 16 20 26 
DlaUnca (nm) 

151 

Figure 5.13 - Linear current distribution for He+0.4%N2 and He (2 minutes after 

stopping the addition of nitrogen) at similar magne tic fields 
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electrade contamination at the beginning of an experiment as discussed before. The 

anode attachment is less canstricted than that for the cathode (Figure 5.6); this will 

result in lawer erosion rates for the anode as discussed in the next Chapter. 

G) Summary 

The linear current distributions obtained for different plasma gases and operating 

conditions are summarized in Table 5.4. The equivalent diameter was calculated 

according to the procedure described before. 

H) Cathode Spot - Signal Splitting 

It was mentioned before that the technique was suit able for measurements on the arc 

foot attachment but not for the cathode (anode) microspots. However it was observed 

that for sorne operating conditions the signal was made of individual contributions. 

This is i1lustrated in Figure 5.15 for Ar+O.3%CO at 4 mIs (B = 10 G). This division 

of the I;:~!'!~I was seen only for Ar and He contaminated with CO and to a smaller 

extent for He contaminated with N2 and pure nitrogen and always at low magne tic 

fields (but not necessarily low velocities, since the splitting was observed for 

He + O.4%CO at 30 mIs). lt seems that there are around 50 individual contributions 

to the arc for Ar+0.3%CO. 

A possible interpretation of the splitting of the signal is that it represents the 

individual spots which make up the arc attachment. These spots are more dispersed 

for low magnetic fields and cantaminated surfaces and once the arc passes over the 

cavity, each one of the spots will originate a signal. The formation of these spots is 

further discussed in the next Chapter. 
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'l'ABLE 5." 

Summary of Results Obtained with the No Slit System 

Gas 

Ar 

Ar+O.3%CO 

Ar+0.3%CO 

Ar+0.3%CO 

Ar+0.3%CO 

Ar+0.3%CO 

He 

He+0.4%CO 

He+0.4%CO 

He+O.4%CO 

He 

CO 

N2 

N2 

He+O.4%N2 

He+O.4%N2 

Anode 

B 
(G) 

1000 

1000 

370 

160 

30 

10 

1000 

1000 

120 

60 

120 

1000 

1000 

100 

800 

120 

1000 

l 
(A) 

90 

140 

140 

140 

140 

140 

110 

110 

110 

110 

110 

95 

100 

110 

110 

110 

120 

Vel 
(m/s) 

8 

75 

43 

26 

9 

4 

23 

230 

70 

44 

30 

90 

100 

21 

180 

65 

27 

Peak 
(X104 A/m) 

7.5 

2.5 

2.7 

3.1 

4.2 

5.1 

3.3 

1.2 

2.6 

3.6 

4.7 

3.0 

2.2 

3.2 

1.1 

2.2 

3.3 

Max. Dim. Deq 
(mm) (mm) 

2.5 1.2 

17.0 2.7 

15.5 2.6 

12.5 2.4 

10.0 2.1 

9.5 1.9 

8.5 2.1 

32.0 3.4 

13.0 2.3 

8.5 2.0 

6.5 1.7 

12.0 2.0 

14.5 2.4 

12.0 2.1 

27.0 3.6 

17.0 2.6 

8.0 2.2 
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Figure 5.15 - Signal for Ar+0.3%CO at 4 mis and 10 G - splitting of the signal 
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5) CONCLUSIONS 

In this Chapter a novel technique ta measure the linear current distribution of the 

arc attachment at the anode or cathode of a moving arc was described. A summary 

of the most relevant conclusions and results obtained in this work is given below. 

a) The technique is capable of measurements for experiments of long duration and 

different operating conditions and plasma gases, which are prerequisites for the 

application of the technique in industrial plasma torches. The results are reproducible 

and have an estimated error of less than 5 % (the integral of the linear current 

distribution curves are compared with the arc current values obtained using a shunt). 

b) The peak of the Iinear current distribution compares weIl with results previously 

published by other researchers. Assuming cylindrical symmetry the current density is 

estimated to be in the range l(V - 104 Ncm2 at the cathode depending on the gas 

mixture and arc velocity. 

c) Pure argon has the highest peak value of linear current distribution, and the most 

constricted arc foot attachment. Pure helium has an equivalent diameter almost twice 

as large as for pure argon. 

d) Lower peak current distnbution values were found for Ar and He contaminated 

with CO or Nz than for the pure inert gases. The arc attachment constricts as the 

magnetic field is decreased (arc velocity decreases aIso) for Ar+O.3%CO, 

He+O.4%CO, Nz and He + O.4%Nz• The results suggest that the magne tic field 

strength is more important for the current distribution th an the arc velocity. 
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e) The linear current distributions for pure He at similar arc velocities but with 

different magnetic fields al 50 suggests the importance of the magnetic field strength. 

The arc attachment showed a constriction for lower magnetic fields. 

f) Pure carbon monoxide seems ta have a more constricted attachment than for the 

other plasma gases (except for argon) at the same operating conditions. 

g) The arc attachment decreased in size when the addition of nitrogen in helium was 

stopped. This was expected since pure He has a more constricted attachment and 

supports sorne of the ide as of surface contamination presented before. 

h) It was possible to measure the arc attachment on the anode surface for pure 

,ü gon; the attachment is larger than for the cathode for similar operating conditions. 

i) The splitting of the signal for Ar and He contaminated with 3 000 and 4 000 ppm 

of CO, He+0.4%N2 and pure nitrogen for low magnetic fields suggests that the arc 

attachment is made of many individual current emitting sites. 

i 
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VI. EROSION ANAL YSIS 

1) INTRODUcrION 

[t was rainillg hard. For the past week, Watsoll hadn 't heard from Ho/mes and decided 
ta check if everytlzing was riglzt witlz .'lis o/d friend ... He wa/ked quick/y, tryillg ta IlOt gel 
comp/etety soaked ... 
A b/ock from Ho/mes' house Walson staned ta hear music from a vio/in; Ize guessed il 
/zad 10 be co'ning from tlze second floor of that house that he knew so weil. After ail, 
it !zad been a/most 15 years I/OH' sillce Ize staned ta be comp/etely amazcd al that ho use, 
that second floor, that office, but main/y at the inhabitalll of tlte office, his good frientJ 
Holmes ... 
Watsoll stopped at the door of the house and knocked ... and knocked .... After a/most five 
nûm.ues, tired of waitillg a1ld starting ta get desperate with ail that raill, Ize staned 
sllOWillg: 
- Ho/mes!! Open tlze door!!! Holmes'??!!! Open the Dooooooonr!! 
Suddellly Holmes came to the willdow: 
- Who is tlzere? 
- [r's me Holmes, Watsoll. Please open the door! 
- WatSOIl, what are yOEl dOÈng sla1!ding up there? Come im'ide al ail ce, mail! Ymt call 
catch a cold stayùlg in lire raill!! 
Alld c!OSÙlg tlze wil!dow, Holmes ill a fraction of a second is opening the door and 
welcomblg Watsoll ... 
- Weil weil well, WaISOIl, just tlze man l Ileeded .. 
- Ho/mes, wlzy did yOll take so lung to open the door?? [have beel! Itere kllockùlg at the 
door for a/mas! 10 minltfes!! 
- Oh, l'm sony WatSOIl. 1 WllS tlzinkùzg about sometlrbzg . and 1 glless 1 didll'( hear 
yOll .. Bw come, come, 1 have exciting news to tell yOll ... 
Alld sayùzg tlzis, Ho/mes /1l11S upstairs, followed by ail imrigued and c/zil/ed Watsoll ... 
Watsoll a"nost dropped Izis coat ail tlle flcor as Ize ellfered in Ho/mes' office. He almosl 
cou/dn 't believe in Izis eyes. His voiee was still trembling wlzell he fillll'~Y mallaged to 
speak: 
• Ho/mes, wlzat happelled? Who did this?? 
Ho/mes lOok sOlne/ime ta llIzderstalld l'l'/zat his friend was saying ... 
- Oh, tlzis? Ho/mes poilltillg ta tlzt! room ... - Don't won)', Watson, iI's ail nglzt. [ did il . 
. Bw Ho/mes, ~i-hat is ail tllis about? Wlw! Izappened Izere? 
Watsoll still couldll" believe ill the mess (lI the room ... Papers spread ail over the place, 



161 

cathodes, hwzdreds of them mixed with pieces of cookies, bread laying 011 the floor; ail 
books removed from tlze slzeJves and piled up on the chairs, table, Wilh lumdreds of 
papers and that gigalZtic black machine in tlze middle of the room ... 
• Watson, c1ean a chair alld sit down. Don '1 pay altenlÏon to tlze office. As you can see 
1 have beell working here for Ihe paSI few days ... Put lislen, dear [riend, becallse 1 have 
good news ... l tllillk 1 fOLt1ld the answers!! 
· Tizal is in credible Holmes! Congratulations!! 1 /azew you could do il!! But Holmes, the 
allswers for what?? 
Watsoll finally finds a chair not completely full and sits 011 the edge ... 
• Watson, Watsoll, my good friend, what answers?? 11le answers for t/Je electrode erosion 
of cuurse!!! Il was ill frolll of Ollr nose allthiJ lime! So elemelllary, my dear Watsoll. 
Sometimes 1 wOllder if 1 am :osillg my skills ... But that doesl1 't matter IlOW ... Watsoll, are 
you ready for this? 
• Of course, Holmes! Please tell me now before you forget il! 
• Don't wony, Watsoll, tlzat wOllldl!'t lIappen... Besides 1 wrole my cOllclusions 
somewlzere ... 
Holmes walks lhrough the books and papers umil he gelS close ta Ihe table and picks 
up sorne notes ... 
• Ah, here they are!! My cone/usions! Weil, tlle whole idea ~ very simple ... 1 started 
sllSpectbzg the effect of tlze arc velocity and IlIen ...... 

Weil, it is time to come back to this story ... 

A) Chapter Guideline 

The erosion of the electrodes is discussed in this Chc1pter. This chapter contains ail 

the cathode erosion results ootained in this work using different plasma gases and 

operating conditions. A simple conceptual model for the cathode erosion is proposed, 

based on results from this work and that previously reported by other researchers. 

The erosion results are analyzed according to the model and good agreement is 

found between the model and the experimental results. The erosion of the anode as 

weIl as the singular behavior of the arc movement in pure helium are discussed at 

the end of the Chapter. 
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B) Cathode Erosion Results in the Literature 

Erosion phenomena for copper cathodes opcrating at atmospheric pressure still 

remain a puzzle, with many contradictory results reported in the Iiterature. Sorne of 

the factors suggested as important for erosion tates are: arc velocity, water cooling 

rate for the cathode, magnetic field strength, thickness of the contamir ::lr.L films on 

the cathode surface, duration of the experiment, plasma gases used, purity of the 

copper, etc. Sorne of these factors seem rather questionable and it can be safely said 

that no theory or model can explain all the results reported. 

The majority of the cathode erosion results presented in the literature were obtained 

for low pressure l'Jnditionli, i.e., "vacuum" arcs. It has been suggested (Kimblin (1), 

Guile(2)) that the fundamentals of atmospheric arcs and vacuum arcs are the same; 

therefore sorne of the results from this work are compared with vacuum arc results 

whenever data are not available for atmospheric arcs. 

2) RESULTS 

The units for erosion rate, iJg/C and how the erosion results were obtained were 

described in Chapter Il. It was mentioned in Chapter III that the results from this 

work using air as the plasma gas for rnagnetically moving arcs were similar to results 

published previously by other researchers. These cathode erasion rates for air are 

shawn in Table 6.1 for sirnilar operating conditions and cathode geometry; they 

indicate that no systernatic errar was made in this work. These are practically the 

only results that can be compared directly with the literature. 

ft 
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TABLE 6.1 

Copper Cathode Erosion Results Using Air at Atmospheric Conditions 

Author 

This work 

Harry (3) 

Guile (4) 

Erosion Rate 
(~glC) 

1.5 

1.6 

1.4 

Arc Current 
(A) 

100 

200 

100 

Arc Velocity 
(mis) 

60 

86 

60 

163 

The results obtained for the erosion rates of the electrodes for different plasma gases 

and operating conditions are shown in Table 6.2 . The errors associated with the 

results are less than: 10% for erosion rates, 5% for arc velocities, 0.1% for magne tic 

fields, 5% for arc voltage, 2% for arc current, 10% for power input for the cathode 

and anode. The results were obtained for steady state operation (arc voltage, velocity) 

and comprise experimellts lasting a minimum of 5 minutes for pure argon up to 4 

hours in other gases. The symbols used in Table 6.2 are defined after the Table. 
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TABLE 6.2 

Erosion Results and Operating Conditions for this Work 

Gas E Vel Vol 
(p.g/C) (rn/si (V) 

Ar 13.5 2 44 

Ar 8.0 4 44 

Ar 7.0 5 45 

Ar 6.5 6.2 45 

Ar 6.1 6.8 46 

Ar 4.7 10.5 48 

Ar 25.0 2 34 

Ar 50.0 2 33 

He 1.0 20 110 

He 3.5 20 54 

He 6.1 10 48 

He 0.6 95 58 

CO 4.2 100 80 

Ar+0.3%CO 0.4 75 22 

Ar+0.3%CO 0.7 40 21 

Ar+0.3%CO 0.5 10 17 

Ar+0.3%CO 0.4 5 17 

Ar+4%CO 1.5 32 46 

Ar+10%CO 1.6 34 61 

Ar+20tCO 1.7 44 65 

• 

B 
(G) 

1000 

1000 

1000 

1000 

1000 

1000 

260 

200 

1000 

60 

26 

500 

1000 

1000 

300 

50 

12 

1000 

1000 

1000 

l 
CA) 

100 

100 

100 

100 

100 

100 

100 

100 

110 

110 

110 

110 

100 

140 

140 

140 

140 

l'JO 

100 

100 

Pc 
(%) 

83 

83 

83 

83 

83 

83 

80 

78 

82 

73 

57 

57 

60 

48 

50 

55 

55 

68 

68 

70 

Pa GFR 
(%) (l/m) 

15 20 

15 10 

15 7 

15 5 

15 3 

15 0.2 

15 20 

15 20 

16 20 

26 20 

42 20 

30 20 

30 20 

40 20 

43 20 

44 20 

44 20 

30 20 

30 20 

29 20 
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TABLE 6.2 

(continuation) 

Gas E Vel Vol B l Pc Pa GFR 
(p.g/C) (mis) CV) (G) (A) (%) (%) (l/m) 

Ar+50%CO 2.7 65 75 1000 100 67 30 20 

He+0.4%CO 0.5 230 ~7 1000 110 64 36 20 

He+0.4%CO 1.4 155 44 470 110 55 45 20 

He+0.4%CO 1.88 100 40 260 110 57 43 20 

He+0.4%CO 1.8 70 38 130 110 58 42 20 

He+0.4%CO 1.5 43 35 58 110 57 42 20 

He+0.4%CO 1.3 24 34 26 110 59 40 20 

N2 1.7 100 85 1000 100 65 28 20 

N2 1.4 115 81 1000 1ÙO 65 32 10 

N2 1.1 120 78 1000 100 70 30 0.2 

N2 1.0 125 101 1440 100 60 27 20 

Nz 1.0 135 102 1575 100 60 28 20 

N2 9.0 15 49 50 100 51 46 20 

N2 7.1 30 51 130 100 50 45 20 

N2 -.6 50 55 270 100 51 45 20 

N2 4.5 62 60 395 100 50 45 20 

Nz 3.4 70 68 525 100 55 43 20 

N2 3.0 80 72 660 100 55 43 20 

Nz 2.6 92 77 790 100 59 39 20 

N2 6.1 38 48 130 100 53 44 10 

H2 4.0 47 47 130 100 54 44 0.2 

0 Ar+0.3%Nz 3.0 34 38 1000 100 69 31 20 
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TABLE 6.2 

( continuation) 

Gas E Vel Vol B l Pc Pa GFF 
( 1-'g/C) (mis) (V) (G) (A) (%) (t) (l/m) 

Ar+0.3%N2 27.3 6 :30 53 100 70 30 20 

He+0.3%N2 0.6 1'.'30 52 1000 110 64 36 20 

He+0.3'1iN2 1.2 10.0 40 260 110 53 47 20 

He+0.3%N2 0.6 50 35 87 110 53 47 20 

He+0.3%N2 0.5 20 33 24 110 53 47 20 

Ar+0.04%Oz 2.0 35 34 1000 100 88 12 20 

Ar+0.3%HzS 1.5 63 22 1000 100 20 

Ar+25%He 9.4 3.5 49 1000 100 74 26 20 

Ar+50%I1e 6.6 6 58 1000 100 75 25 20 

Ar+75%He 2.4 18 71 1000 100 73 26 20 

Ar+0.3%Clz 0.4 70 22 1000 100 50 40 20 

Ar+0.3%CH4 0.5 70 22 1000 100 49 40 20 

Ar 13.5 2.8 45 1000 200 83 15 20 

Ar 13.6 3.0 46 1000 250 85 15 20 

E .- erosion rate 

Vel = arc velocity 

Vol = arc voltage 

l = arc current 

B = magnetic field strength 

Pc = power input to the cathode in percent age 

Pa = power input to the anode in percentage 

(~ 
GFR = gas flow rate 

ft 
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3) CONCEPTUAL CATHODE EROSION MODEL 

A simple conceptual model was developed to explain and analyze the results for 

cathode erosion rate. The justifications for the model ale presented after its 

description. 

A) Model 

The erosion of copper cathodes is a physical phenomenon, depending on the 

temperature of the cathode surface within the arc attachmeilt region. The arc 

attachment is made 0f individual contributions, the cathode spots. The cathode spots 

can be grvuped closer together 0r at greater spacing according to the external 

magnetic field strength and surface conditions. The erosion rate reaches a minimum 

value when the spots are further apart. The erosion rate is also affected by the:: 

residence time of the arc attachment over the same region of the cathode surface. 

B) Applicability and Phvsical Evidences for the Model 

a) Erosion of cORper cathodes 

This work was focused on copper cathod\!s. Although sorne of the results can be 

applied to other materials (brass, for example), this has to be do ne with care, since 

differences exist for refractory mate rials (tungsten, carbon). More details are given 

at the end of the chapter. 
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b) Erosion is a physical phenomenon: ie depends on surface temperature 

When the reaction of the plasma gas with the cathode surface is not severe, the 

removal cf material from the cathode is due to volatilization of copper. Ejection of 

par~icles is also possible due ta the "explosion" of the surface on localized areas due 

to extreme temperatures. The highest temperature of the surface is found where the 

arc attaches and it lasts until the arc attachment moves ta another region. A 

description of the heat sources of the arc attachment as weB as the temperature field 

of the .'lthode surface are di::cussed in the next Chapter. 

c) Arc attachment is made of cathode spots 

The electric arc constricts in the vicinity of the cathode forming the arc attachment. 

This has been observed for different cathode materials (mercury (Kesaev (5)), 

tungsten and carbon (Herring and Nichais (6)), copper and brass (Harris (7») and 

operating conditions. 

The arc attachment at the cathode is made of individual cells or cathode spots. This 

has been suggested for vacuum arcs (Kesaev (5), Harris (7), Miterrauer (8), Kislink 

(9), Emtage (10)) as weil as for atmospheric arcs (Drouet and Gruber (11)). These 

researchers calculated that each cell would be able ta carry currents between 0.5 and 

3 A, have a dimension between 0.1 and 1 ~m and a Iifetime between 0.1 and 1 ~s. 

The existence of these cells has been disputed by Daalder (12) and Djakov and 

Holmes (13). 

ln this work splitting of the cathode attachment was observed for low magnetic fields 

and contaminated surfaces. The results obtained l'rom the current density probe 

indicate the existence of ::.tpproximately 50 spots which means an average current of 

. 
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2-3 A per spot for a 140 A arc. The maximum dimension of each spot is around 20 

#lm, with a minimum equivalent diameter of approximately 4 JJm (estimated using the 

procedure presented in last Chapter). 

d) Groupjng of cathode spots 

i) Magnetic field 

It has been reported that an external magnetic field aligns the cathode spots in the 

direction of the magnetic field lines, decreasing the spread of the spots (Emtage (14), 

Fang( 15), Juttner (16), Drouet (17». 

Splitting of the cathode arc attachment was observed in this work using the current 

density probe for 10w magne tic fields. No splitting could be seen when high magnetic 

fields were used (the range for low and high magnetic fields are discussed later in 

this Chapter). This can be understood as an alignment of the spots in the direction 

parallel ta the magne tic lines for high magne tic fie Ids as shawn in Figure 6.1 (set! 

"Effect of magnetic field on spot distribution" later in the Chapter). In this case, since 

the probe is aise parallel ta the magne tic field, the signal generated from the plobe 

should indicate one single spot for the attachment as observed. When the magnetic 

field is reduced, the spots are spread over the arc attachment and when the latter 

passes over the probe, the presence of individual spots could be detected. 

ii) Surface contamination 

The contamination of the cathode surface seems to affect the behavior of the arc 

attachment. It has been observed fpf vacuum arcs with copper cathodes contaminated 

with oxides that the erosion tracks left after the passage of the arc, i.e., the craters, 

were very small in diameter and spread over a larger area when compared to the 

craters produced by the arc on clean copper surfaces (Hantzsche (18), Rakhovsky 

1 
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(19), Achtert (20)). The sa me ohservations were reported by Porto et al (21) for 

copper cathodes when Nz was added in increasing alTlounts for low pressure arcs. ln 

this work the spreading of the cathode "pots (or splitting of the arc attachment) was 

seen for Ar and He contaminated with 3 000 ppm of CO and to a lesser degree 

for He contaminated with 3 000 ppm of Nz• It was shown in Chapte. IV that the 

contamination of the inert gases with polyatomic gases resulted in contamination of 

the cathode surface. 

e) Minimum erosion rate for isolated spots 

Hitchcock and Guile (22) reparted a minimum erosion rate for copper cathodes of 

the order of 0.3 pg/C using air at atmospheric pressure. 

A minimum erosion rate of around 0.4 IJ/C was found in this work for Ar and He 

contaminated with CO at high magne tic fields as weil as for Ar+0.3%CO and 

He+O.4%N! at low magnetic fields. Slightly Jower values, around 0.3 piC, were founù 

for very short time experiments (10 s experiments). Therefore it seems that for the 

whole range of operating conditions (0 < B < 1 530 G, 80 < 1 < 150 A, different 

plasma gases) there was a minimum value for the erosion rate of !he cathode which 

compares weil with the value fovnù by Hitchcock and Guile. In ail these cases the 

minimum value was found for contaminated surfaces, where the spots are further 

apart. 

f) Residence time of the arc attachment 

It has been suggested that decreasing the residence time of the arc attachment over 

the same region of the cathode reduces the erosion rate for vacuum (Daalder (23)) 

and atmospheric arcs (Harry 24)). 
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~l 'he reduction of the arc velocity resulted in higher erosion rates in our experiments 

(with the exception of low magnetic field for Ar+O.3%CO, ne+O.4%CO and 

He+0.4%N2 -see analysis of the results). The erosion rate for arcs running at the 

same overal1 velocity but with different residence time distributions were as follows: 

higher erosion rates were found for arcs having the higher number of "short distance 

jumps", i.e., higher residence time of the arc attachment. 

C) Understanding the Madel 

Erosion is caused by localized heat that cannat be dissipated either by conduction 

through the cathode or radiation and convection from the cathode surface. In arder 

to keep the balance of energy, material volatilizes from the cathode surface rcsulting 

in the eroslon of the electrode. The IGcalized heat is due ta the constricted zone of 

the electric arc on the cathode SUl face, the arc attachment (and this further divided 

in cathode spots). The arc attachment was discussed in the last chapters; what follows 

is a discussion of the microstructure of the arc attachment, the cathode spots. 

The temperature of the suriace under the cathode spots is the highest on the surface 

and the temperature decreases rapidly around the spot. If the spots are spread over 

a "large" regior. of the surface the temperature field of one spot does not interfere 

significatively with that of other spot') and therefare the material between spots does 

not volatilize. When the spots are grouped close together, the region between them 

is also very hot and material leaves from the region around the spots as weB as 

under them. 

Therefore for the same power input, the cathode erosion rate will be higher if the 

cathode spots are i!1 close proximity. This implies that if the spots can be created far 

apart and on regions which are cold (because there has not been a spot there 

ft 
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recently) the erosion rate will reach a minimum, due to the volatilization of material 

just under the cathode spots. The spots have a short lifetime and can, in principle, 

be formed anywhere on the cathode surface. However the spots are formed 

preferentially where the electrons can leave the surface easily. The electron emission 

is a function of the temperature of the surface, the electric field above the surface 

and the work function of the surface. Higher temperature, hlgher electrical field and 

lower work function facilitate the electron emission. 

Places with localized high electric fields wou Id be microprotrusions; sorne researchers 

have suggested the existence of these regions (Hantzsche et al (25), Juttner (16)). 

However Noer et al (26) refutes this suggestion and Cox (27) using a SEM with a 

resolution of 0.06 I1m was not able to detect protrusions. It seems that the necessity 

of the microprotrusions for the electron emission is at least question able. 

Assuming a homogeneous electric field above the surface, the cathode spots will be 

forr.led where the temperature is higher and/or the work function is lower. It was 

shown in Chapter IV that contamination on the copper surface can decrease the 

work function of the surface. The micro-movement of the arc or the formation ot 

the spots can be understood as follows: 

- the spot stays at a certain position until conditions for the formation of a new one 

exist. It has been suggested (Leycuras (28)) that the plasma cloud formed above the 

cathode spot can reduce the effective work function of the region. Therefore a new 

spot will be fonned preferentially on regions below the plasma cloud if the other 

conditions of the region are the same. This means that in the case of magnetically 

driven arcs at atmospheric pressure the new spots will be formed in the direction ot 

the arc movement, since the plasma and electric arc are under the intluence of the 

Lorentz force and therefore will he pulled in the direction of the arc movement. The 
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surface may be clean or contaminated. In the first case, the spots will be formed 

close to each other because this is the region where the temperature is high enough 

for electron emission(work function is "high"). In the case of contaminated surfaces, 

the work function is reduced and the formation of spots can occur in places further 

from the old spots. In fact in the immediate vicinity of existing spots will be hot and 

part of the contamination layer will have been volatilized, forcing the new spots to 

be further away. The difference in behavior of the spots determines the different 

erosion rates, because in the case of clean surfaces the material between spots will 

also volatilize increasing the erosion rate. 

The influence of the external magnetic field on erosion is examined next. It has two 

opposing effects; a higher magnetic field increases the arc velocity reducing its 

residence time, but at the sa me time serves to reduce the distance between the spots 

by aligning them in the direction of the magnetic field which enhances the erosion. 

These effects are further examined below. 

0') Effect of rnagnetic field on arc residence time 

This has been discussed in Chapter III, and only the most relevant aspects are 

summarized here. The Lorentz force due to the external magnetic field moves the 

arc column. If for sorne reason the arc attachment stays longer in one region of the 

cathode surface the arc will be stretched until the attachment moves to a new 

location due to more favourable conditions. This happens for every gas and cathode 

surface condition; the difference is that for contaminated surfaces where the work 

function is low, the arc attachrnent moves to a new location with sm aller "effort", 

while for c1ean surfaces the arc attachment movement is more difficult. The longer 

the residence time of the attachment, the higher the erosion rate. 

ft 
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Q) Effect of magnetic field on spot distribution 

The second effeet of the magnetic field is to align the cathode spots in the direction 

of the magne tic Iines. Law magnetie fields allow the formation of new cathode spots 

in any direction and therefore the spread of the spots is larger, reducing the trosion 

rates at the same arc velocity. 

An apparent paradox of the effeet of the magnetic field on the arc attachment 

dimension must be explained here. In Chapter V it was shawn that a decrease in 

magnetic field strength resulted in a more constricted attaehment which at first seems 

to eontradict the above discussion. The explanation is that the current distribution 

probe measures the attachment dimension in the direction of motion of the arc, i.e., 

perpendicular to the magnetic field, white the alignment of the spots is parallel to the 

magne tic field. The constriction observed in Chapter V as the magnetic field was 

deereased was thus sim ply because the arc and plasma cloud and then the arc 

attachment were stretched Jess in the direction of arc motion. At lower magnetic 

fields « 250 G) the stretching becomes of minor importance and then further 

reductions of field strength would result in a spread of the arc in ail directions. 

A final point to be addressed concerns the mobility of the cathode spots. If indeed 

electron emission is easiest at the highest surface temperatures the cathode spot 

should stay at that location indefinitely. However, this is not the case and possible 

expIa nations for this faet are described below. 

i) Although the temperature is high at the cathoc'~ spot, material has been volatilized 

from that location, "cleaning" the surface of contamination, i.e., increasing the work 

function. A nearby spot, at lower temperature but lower work function or higher 

electric field might be more favourable for electron emission (also if the plasma cloud 
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is above this region, it decreases the effective work function). Once the new spot 

starts ta emit electrons, the temperature rises at this new location and more electrons 

are emitted from this new spot, eventually extinguishing the oid spot. 

ii) The electrical conductivity of copper decreases with increasing tempe ratures (IGttel 

(39» increasing the resistance for electron flow ta existing cathode spots. 

iii) For magnetically driven arcs, it is very hard for the attachment to stay at a certain 

position. The arc column is being stretched and either the arc attachment moves or 

the arc is extinguished. 

In summary, if the cathode spots can be formed in extremely short times, over a 

large region, the erosion reaches its minimum value. Although in principle the spots 

can be created so fast that no erosion is detected, in reality the spots exist for a short 

time but enough to volatilize sorne material from the cathode. Any condition that 

makes the spots to remain longer time at the same region (high work function, low 

arc velocity) increases the erosion rates. 

4) QUALITATIVE ANALYSIS OF EROSION RATES 

The results shown in Table 6.2 were analyzed using the concepts developed for the 

model in the last section. 8ased on this model, the cathode erosion rate, which 

depends on the heat flux ta the electrode, can be understood as a function of: 

E = f (a, Da, Spi) 6.1 

where E = erosion rate 

a = residence time of the arc attachment 
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D. = arc attachment diameter 

SpI = distance between spots (splitting) 

The effect of these parameters on the erosion results is qualitatively diseussed for the 

different plasma gases and operating conditions; sorne quantitative analysis is done 

in the next chapter. 

A) Residence Time (Arc Velocity) and Arc Attachment Splitting 

a) Nitrogen 

It is possible to change the arc velocity by changing the magnetic field strength or the 

gas flow rate (reducing the gas flow results in higher gas tempe rature in the arc path 

giving lower density and lower aerodynamic drag). Figure 6.2 shows the variation of 

erosion rate with arc veloeity for pure nitrogen arcs. The change in the arc velocity 

was due to the magne tic field. The erosion rate seems to be inversely proportional 

to the arc velocity, 

E Q INel 6.2 

The same data are now plotted in a log-log seale in Figure 6.3, The erosion rates for 

two new gas flow rates (10 and 0.2 l/min) at two discrete magnetic field strengths of 

1 000 and 130 G have also been plotted in Figure 6 .. 3. The results seem to indicate 

a change in the slope of erosion rate vs arc velocity. 
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For arc velocities between 125 and 50 mIs (for 20 l/min gas flow rate) the erosion 

rate is given by: 

E CI INeJ2 6.3 

The erosion rate seems to be a weaker function of arc velocity below 50 mIs. At a 

nitrogen tlow rate of 20 l!min, an arc velocity of 50 mIs is achieved with a magnetic 

field of the arder of 25fl G. The decrease in the gas flow rate resulted in higher arc 

velocity and lower erosion rates. The following interpretation of the results is 

proposed: 

- For magnetic fields higher than 250 G, the cathode spots are aligned and closely 

spaced due to the magnetic field. The erosion rate increases very quickly with arc 

velocity for lower arc velocities. However decreasing the magnetic fie.ld to values 

lower than 250 G allowed the spots to separate from each other, causing a weaker 

dependence of erosion rate on arc velocity. The division of the arc attachment was 

obs~rved with the current denl\ity probe for nitrogen far magnetic fields lower than 

200 G (Chapter V). 

The lower gas flow rate results are consistent with these ideas. At a field of 250 G 

(gas flow rate of 20 lfmin) the arc velocity was 50 mis and the erosion rate 5.6 J.'g/C 

while for a field of 130 G (gas tlow rate of 0.2 l!min) the arc velocity was 47 mIs and 

the erosion rate was 4.0 J.'g/c. Thus even for a lower velocity, the erosion rate was 

29 % lower at the lower magnetic field. To verify that it was the magnetic field and 

not the gas tlow rate, which was producing the changes in erosion rate, the gas tlow 

rate was reduced farm 20 to 0.2 l!rnin at a magnetic field of 1 000 G. It is evident 

from Figure 6.3 that these high magne tic field results are in good agreement with the 

results using higher gas flow rates. 
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The inverse proportionality of the erosion rate with arc velocity in the velocity range 

15-130 mis thus seems to be due to a combination of the effects of lower residence 

time and arc splitting. 

b) He+O.4%CO, He+O.4%N, and Ar+O.3%CO 

The magnetic field was varied in order to obtain different arc velocities for Ar and 

He contaminated with 3 000 and 4 000 ppm of CO respectively and He contaminated 

with 3 000 ppm of nitrogen; an increase in magnetic fjeld strength always gave an 

increase in arc velocity (see Chapter III). The erosion rates obtained for the different 

plasma gases and arc velocities are plotted in Figure 6.4. For the three mixtures of 

gases the erosion rate first increased and then decreased as the arc velocity was 

continuously decreased. The transition from an increase to a decrease in the erosion 

rate for decreasing arc velocities occurred at a magnetic field strength of around 250 

G, for all three gas combinations. This can be seen in Figure 6.5, where the erosion 

rates obtained for different magnetic fields for these three gases are plotted. 

The same reasoning given above for pure Nz arcs can be used here to explain this 

apparently anomalous behavior. As shown in Chapter V, the arc attachment splils 

for low magnetic fields and 50 the negative effect of increased residence time at low 

velocities is counteracted by the positive effect of a more widely spaced cathode 

spots. 

Therefore it seems that for N2., He+O.4%CO, He+O.4%Nz, Ar+0.3%CO and possibly 

for other polyatomic gases (Ch, CH4, etc) the erosion rate increases when the 

magne tic field is decreased from 1 OOC G (or more) to around 250 G; thereafter the 

erosion rate increases more: slowly with reduced velocities (N2) or even decrease 

(He+O.4%CO, He+O.4%N~, Ar+0.3%CO). 
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In pure argon the arc velocity did not change as the magne tic field strength was 

increased from 200 to 1 000 G although the erosion rate changed from 50 ~g/C to 

13.5 JJglC respectively (see C) Residence Time); below 200 G the arc was unstable. 

The arc velocity could be increased by redudng the gas Dow rate which again 

redured the gas density and aerodynamic drag on the arc. The arc velocity increased 

from 2 to 10.5 mIs as the gas flow rate was decreased from 20 to 0.2 1/min. This 

relatively high sensitivity of velocity to gas flow rate was observed bccause the axial 

velocity of the gas within the electrode was relatively large (1 mIs at 20 l/min) 

compared to the arc velocity around the circumference of the cathode (2 mis). 

The erosion r:ttes in pure argon obtained at different gas flow rates are plotted in 

Figure 6.6. The data can be correlated by: 

E Q 1Nel°e> 6.4 

showing that the erosion rates in argon are a weaker function of arc velocity than 

those of nitrogen. The difference3 in the arc velocity ranges for the two gases makes 

any further comparison difficult. For argon the relative velocity changes greatly (by 

a factor of five but the absolu te change in velocity is small while for nitrogen the 

relative change is small (factor of 1.2) but the absolute change is great (20 :n/s). The 

theoretical variation of electrode surface temperature distribution with arc velocity 

is modelled in the next chapter. 

B) Current Density 

ft 
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a) Ar and He 

Pure argon and pure helium at the same magnetic field (1 000 G) had different 

erosion rates (13.5 JJg!C and 1 pg/C for Ar and He respectively) but they also had 

diffecent arc velocities (2 mis and 20 mis for Ar and He respectively). Therefore no 

direct comparison is possible. However, assuming that the results from reducing the 

gas flow rate for Ar can be extrapolated ta 20 mis, from Figure 6.6 it can be se en 

that the erosion rate would be around 3 pg/C for pure Ar at 20 mis. Bath Ar and 

He produce the same kind of clean surface and therefore similar surface drag forces 

and residence time distributions (for similar arc velocities). 

The higher erosion rate of argon compared ta helium might thus be an indication of 

higher current density for argon; this is indeed what was observed in Chapter V. If 

the minimum equivalent arc diameters measured in Chapter V (Deq = 1.2 mm for 

Ar and 2.1 mm for He) are correlated with the above erosion rates we have: 

6.5 

which gives approximately n = - 2 or that the erosion rate is inversely proportional 

to thp square of the arc diameter or proportion al ta the mean current density, Le.; 

E Q: J 

b) He+O.4%CO and He+O.4%N, 

6.6 

The current denslty ]s also the main reason for the different erosion rates observed 

hetween He contaminated with 4 000 ppm of CO and He contaminated with 4 000 

ppm of N~ for low magnetic fields (Figure 6.3). The values for minimum equivalent 

diameter presented in Chapter V were interpolated for 100 mis; the erosion rates 
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obtained for these two mixtures of gases at 100 mis are given below. Correlating the 

erosion rates with the minimum equivalent diameter at 100 mIs we ob tain: 

1.881 1.2 = (3 1 2.55 )" 

which gives n = - 2.6. This number is reasonably close to the value obtailled for pure 

Ar and He (n = - 2); differences in the residence time distribution, for example, 

could alter the values of the erosion rate enough to cause differences in the value of 

n. 

c) Ar+He 

Helium was added in increasing amounts to argon. The magnetic field was always at 

1 000 G and the arc current 100 A for ail experiments (except the arc current for 

pure helium, kept at 110 A). The results for these experiments are given in Table 

6.2; the erosion rates and arc velocities are summarized in Table 6.3 below. It can 

be seen that the arc velocity increases from 2 mIs (pure Ar) to 18 mis (25 % Ar) for 

the same operating conditions (gas tlow rate, arc current and magnetic field). The 

increase in the arc velocity is caused by the change in the gas density (lowér for 

helium) and arc characteristics (higher power for helium resulting eventually in hlgher 

gas temperature in the arc path). The erosion rates for argon-helium mixtures are 

similar to the values obtained for pure argon at the sa me arc velocities (for pure 

argon the different values of arc velocities were obtained using different gas tlow 

rates) up to around 50 % helium in argon. At higher concentrations of helium and 

for similar arc velocities, the erosion rate values are intermediate between the values 

obtained for pure helium and tor pure argon. 
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These results can be understood when the current densities are examined. Helium 

arcs have )ower current densities at the cathode surface than argon arcs. Therefore 

as the concentration of helium in argon is increased beyond 50 %, the current density 

is smaller than for pure argon; for similar arc velocities, the mixture has lower 

erosion rates than pure argon. For high concentrations of helium, the current density 

keeps decreasing but eventually is always larger than for pure helium, since argon is 

still present. Therefore for similar arc velocities, the erosion rate for the mixture is 

higher than for pure helium, but lower than for pure argon as observed. 

TABLE 6.3 

Erosion Rates and Arc Velocities for Argon and Helium Mixtures 

Gas 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar+25%He 

Ar+SO%He 

Ar+75%He 

He 

Arc Velocity 
(mis) 

2.0 

4.0 

6.2 

10.5 

20.0 

3.5 

5.5 

18.0 

20.0 

* extrapolated from Figure 6.4 

ft 

Erosion Rate 
(iJglC) 

13.5 

8.0 

6.6 

4.7 

3.0· 

9.8 

7.0 

2.4 

1.0 
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C) Residence Time 

a) Argon 

The erosion rate for pure argon increased with decreasing magne tic field although 

the overall arc velocity was the same, as shown in Table 6.2. The reasons for this 

high increase in the erosion rate (13.5 IJg/C to 50 IJg/C for 1 000 Gand 200 G 

respectively) are related to the residence time of the attachment over the same 

region and secondarily to the increase in the current density for lower values of 

magnetic field strength (for the range of magnetic field strength used in these 

experiments, the arc attachment probably did not change significantiy; also the 

surface is clean with pure Ar). The lower magne tic field resulted in a broader 

distribution of jumps for pure heliulT1 and Ar+O.3%Nz (Chapter III) with a higher 

number of jumps zero (zero distance). The longer the arc attachment stays at a 

certain position, the higher the surface temperature around that region and the 

higher the erosion rate. 

b) Ar and Ar+O.3%N, 

The erosion rate for Ar+O.3%Nz was higher than for pure Ar (27.3 I1g/C and 13.5 

I1g/C for Ar+0.3%N2 and Ar respectively) even though the argon arc had a lower arc 

velocity (2 mis for Ar and 6 mis for Ar+O.3%N2). The current density was not 

measured for Ar+0,3%N2, but it was probably lower than for pure argon (for 

Ar+O.3%CO the current density was lower than for pure argon and the current 

densities for contaminated He were lower than pure He). Therefore the explanation 

for the higher erosion rate for Ar+O.3%N2 must be the residence time distribution. 

Indeed the residence time distributions for Ar+O.3%N2 showed far more occurrence 

of a stationary arc than did those of Ar (Chapter III). This is probably due to the 
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lower magnetic field used for Ar+0.3%N2 (53 G) than for pure Ar (1 000 G) in 

order to have similar arc velocities. 

D) Residence Time and Current Density 

a) Helium 

The erosion rate for pure helium at the same arc velocity (20 mis) but different 

magne tic field strength (1 000 Gand 100 G) is higher for the Iower magnetic field 

(3.0 p,g/C and 1.0 p,g!C for 100 Gand 1 000 G respectively). It was seen in Chapter 

V that the minimum equivalent arc diameter is smaller for the lower magnetic field 

(1.7 mm and 2.1 mm for 100 Gand 1 000 G respectively). In this case the splitting 

of the arc attachment was not observed, since the surface was clean. AIthough 

equation 6.6 was obtained for just two cases (Ar - He and He+O.4%CO -

He+O.4%N!) it might be used for a first analysis of the effect of the arc attachment 

current density (equivalent minimum diameter) on the erosion rate: 

E]oo 1 Eu.X) cr (2.1/1.7)2 = 1.5 

The current density alone cannat explain the differences in the erosion rates. 

However the residence time distribution was also different for the two magne tic 

fields; the distribution is broader for the low magne tic field, with a larger number of 

short jumps th,ln for high magnetic field (Chapter III). This would result in a higher 

erosion rate for 100 G. Therefore bath factors, current density and residence time 

distribution have to be considered for the erosion rates of pure helium at different 

magnetic fields. 

ft 



191 

b) Ar+0.3%CO and CO 

The erosion rates for argon contaminated with 3 000 ppm of CO and pure CO are 

quite different (0.4 Jjg/C for Ar+%CO and 4.2 pg/C for CO) for similar arc velocity 

(75 mIs for Ar+0.3%CO and 100 mIs for CO) at 1 000 G. It was shown in Chapter 

III that if more than 2-3% of CO is added to argon, the arc velocity decreases, and 

the arc movement becomes jerky, increasing the residence time of the arc attachment. 

The current density for both gases at the operating conditions described above are 

also different; the minimum equivalent diameter for Ar+0.3%CO is 2.7 mm and for 

CO is 2.0 mm. Applying the same rational as before, equation 6.6 would give : 

EAr+%co 1 ErcD a (2.0/2.7r = 0.5 

Therefore the differences in the current density and in the residence time have to be 

taken into account when the erosion rate of these two gases is compared. The effeet 

of the different arc velocities (75 to 100 mIs) on the erosion rates was nut considered 

in the above discussion; since the arc velocity for pure CO is higher than for 

Ar+0.3%CO, the erosion rate for the former should be even higher at similar arc 

velocities, validating more the effect of the current density and residence time 

distribution on erosion rate. 

E) Residence Time. Current Density and Arc Attachment Splitting 

Pure argon and argon contaminated with 3 000 ppm of CO for the same arc velocity 

(4 mIs) had different erosion rates (8.0 Jjg/C and 0.4 Jjg/C for Ar and Ar+0.3%CO 

respectively). The magne tic field strengths werp. different for these experiments, 1 000 

G for Ar and 10 G for Ar+0.3%CO. Three factors have ta be considered here for 

the comparison of the erosion rates: residence time, current density and arc 
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attachment splitting. Argon has a broad residence time distribution (Chapter III), with 

sorne stationary arc periods, white Ar+O.3%CO has a very narrow residence time 

distribution and no stationary arcs. The current density is higher for Ar than for 

Ar+O.3%CO (Chapter V); the minimum equivalent diameter are 1.2 mm for Ar and 

1.9 mm for Ar+%CO at the steady state operating conditions specified above . And 

finally it was shown in the last chapter that at )ow magnetic field Ar+0.3%CO gives 

widely spread spots; this is not the case for Ar at the magnetic field strength used 

in these experiments. AIl three factors point to a higher erosion rate for pure Ar 

than for Ar+O.3%CO as observed but it is not possible at this stage to separate their 

contributions. 

5) OTHER ASPECfS OF CATHODE EROSION 

A) Power Input to the Cathode 

The power input ta the cathode was measured calorimetrically. Table 6.2 shows that 

no direct relationship exists between this power input and erosion rate. This is 

because the main contribution to the power input is due to radiation from the arc 

and its flux is too dilute to cause erosion. The greatest part of the arc radiant energy 

goes to the cathode simply because of the geometry used here (when the polarity of 

the electrodes was inverted, the percentage of the total power going to the electrodes 

changed from 75 - 25 % for the cathode and anode respectively to 40 - 60 % for the 

cathode and anode respectively). 

B) Cathode Spots - Similarities With Vacuum Arcs 

Il has been suggested by different authors (Rakhovsky (25); Beilis et al (29» that 

there are two types of cathode spots for vacuum arcs: type l, explosive spots, 

ft i 
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transient quick-moving with high current density; type Il, quasi-stationary, slow moving 

with low current density. The same authors suggC'':!.;:d that type 1 occurs for 

contaminated surfaces and the type II on clean surfaces. These models were 

developed to explain the different erosion rates and crater sizes between oxide 

contaminated and clean surfaces; contaminated surfaces gave lower erosion rates and 

small crater sizes th an clean surfaces. Theoretical aspects of the electron emission 

were considered to support each type of cathode spot. Hantzsche (30,31) and 

Mitterauer and Till (32) studied the cathode spot based on numerical calculations and 

concluded that only an essentially nonstationary explosive nature of the cathode spot 

existed. 

No attempt was made, in this research, ta establish a theory for the formation of the 

cathode spots. However sorne similarities can be found among the results from this 

work and the ones repon.::d for vacuum arcs. It has been mentioned before that the 

phenomena related ta vacuum arcs are essentially similar to atmospheric arcs. The 

different erosion rates (higher for vacuum arcs) could be explained due to a 

redeposition of volatilized material on the cathode surface for increasing pressures 

(Meunier and Drouet (33)). The decrease in the crater size for increasing nitrogen 

pressure (from 10-6 to 100 Torr) has been suggested to be due ta nitrogen 

contamination of the copper (Porto et al (21)). 

It has been shawn throughollt the thesis that for low magnetic fields, contaminated 

surfaces produced a large separation of the cathode spots, while for clean surfaces 

the spots rernain aggregated even for low magne tic fields. It therefore seems possible 

that the two types of cathode spots presented above are just a. reflection of the 

higher work functioll ror clean surfaces; if the surface is contaminated, the spots 

would be formed far apart, decreasing the erosion rate and the crater size. For cie an 

surfaces the spots will stay close together, sin ce the temperature of the region must 
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be high enough to compensate for the high work function in respect of electron 

emission. The explosive nature of the cathode spot suggested by other authors (Type 

1) implies a minimum erosion rate; material volatilizes just from regions below the 

spots. The minimum erosion rate in this work was found for contaminated surfaces 

and widely spaced spots. 

C) Electron Emission 

The electron emission for copper cathodes is believed to be controlled by the 

Thermo-Field mechanism (TF emission). This mechanism of electron emission uses 

the concepts developed originally by Fowler-Nordheim (34) with the concepts for 

thermionic emission expressed by the Richardson t.:quation with the modified Schottky 

effect (Herring and Nichais (6)). The general equation describing the TF emission 

was first described by Murphy and Good (35); many modifications ta this original 

work have been suggested, one of the most recent by Hantzsche (36). The correct 

formulation of the TF mechanism is still question able, but the general relationship 

is 

je = f (T, E, cp) 

where je = electron emission current density 

T = surface temperature 

E = electric field above the surface 

cp = work function of the surface 

6.7 

Higher temperature and electric field but lower work function results in higher 

current density. U nfortunately lack of agreement on bath the functional form and the 

numerical parameters of equation 6.7 allow the prediction of current densities from 

101 to 1014 Nm~. The knowledge of the correct form of the electron emission 

. 
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mechanism and of the values of the parameters are necessary for any theoretkal 

study of cathode erosion, since the lifetime of the cathode spot, the spot mobility, the 

energy input per spot, the size of the cathode spot, are ail related to the electron 

emission characteristics of the cathode. 

D) Anode Erosion Rate 

The erosion rate for the anode was measured using helium as the plasma gas. The 

polarity of the electrodes was inverted in order to have the anode as the te~t 

electrode. The lime duration of the experiment was only 4 minutes hecause the now 

smaller cathode, showed severe erosion. No weight loss was detected in the anode, 

indicating that the erosion rate for the anode was at the most 0.1 x lOb g/C (the 

precision of the scale used was better th an 0.001 g). The low erosion rate for the 

anode was also seen indirectly du ring the cathode erosion experiments because the 

central electrode (anode for these cathode erosion experiments) coulù he useù tor 

at Jeast 50 bours for different plasma gases. The lower erosion for the anoùe is 

probably due to the lower current density when compared with the cathode, as shawn 

in the last Cbapter. The anode also does not present anode spots for currents lower 

than 1 000 A (Cobine (37» and therefore the heat is dissipated over the entire arc 

attachment. 

E) Arc Movement in Pure Helium 

The arc velocity for pure He showed the peculiar and unique variation with magnetic 

field given in Chapter III. The arc seems to follow a type of aerodynamic equilibrium, 

with an increase of the arc velocity with magnetic field atcording to equation 3.l1a 

up to approximately 500 G, when the velocity is 95 rn/s. The arc velocity then 

decreases for further increases in the magne tic field, reaching 20 mis for 1 000 G. 
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Another interesting characteristic is that if the arc is running at 95 mis for 500 G 

and the magnetic field strength is increased ta 1 000 G, the arc velocity stays at 95-

100 mis for sorne time and then starts to decrease reaching 20 mis after 2-3 minutes. 

The magne tic field strength can not be directly responsible for the decrease in the 

arc velocity because it takes sorne time for the arc velocity ta decrease from 95 to 

20 mIs after the magnetic field is at 1 000 G. One possible reason for this odd 

behavior of helium that can also explain why the same behavior was not seem for 

argon deals with the arc column length. In Table 6.4 the variation of arc velocity and 

arc voltage with magnetic field is given. 

It can be seen that the arc voltage increased much more between 520 and 780 G 

than between any other two values. This transition is where the arc velocity suddenly 

decreased for higher magnetic fields. The arc becomes very long above 520 G; this 

was seen using high speed photography and in the arc voltage. Pure heliurn had by 

far the longest arc column of ail plasma gases. Therefore it is possible that the 

surface in front of the arc attachment is hotter for this long arc than for short arcs, 

since during more time this region was exposed directly ta the radiation from the arc. 

Although, in principle, hotter surfaces emit electrons better, and therefore would 

make the arc movement easier, they may also result in the volatilization of minute 

impurities or melting of surface irregularities which would make the electron emission 

easier. A decrease in the arc velocity by 50 % was reported for aluminum cathodes 

when these were heated from 300 K to 770 K (Nurnberg et al (38)). Thus the lower 

arc velocity for helium for higher magnetic fields may be a reflection of the high 

surface temperature caused by the longer arc column. Since the arc column for argon 

is much shorter than for helium, no changes in the surface temperature associated 

with the length of the arc is noticed for pure argon when the magne tic field is varied. 

The sa me ratioHal can be used for the other plasma gases (instead of argon). 

ft 



197 

'l'ABLE 6.4 

Arc Velocity and Voltage for Different 
Magnetic Finld strengths in He 

Magnetic Field 
(G) 

1000 

900 

780 

520 

440 

390 

260 

180 

130 

104 

78 

52 

26 

12 

Arc Velocity 
(mis) 

20 

28 

40 

95 

90 

85 

70 

60 

52 

45 

38 

28 

15 

10 

Arc Voltage 
(V) 

110 

108 

105 

60 

54 

53 

48 

44 

40 

39 

38 

36 

35 

34 
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6) CONCLUSIONS 

In this chapter a conceptual model of cathode erosion was developed and the erosion 

rate data were analyzed using the model as a guideline. The principal findings and 

ide as discussed are summarized below. 

a) In the conceptual model, the arc attachment is made of individual contributions, 

the cathode spots. These can be grouped together if the magnetic field is high and 

the surface is c1ean. Longer residence time of the attachment on a local surface, 

more closely spaced cathode spots and higher current densities ail re~ult in higher 

erosion rate. 

b) It is proposed that there is a minimum erosion rate for copper cathodes caused 

by the erosion of material immediately below the cathode spots. The minimum 

erosion rate is in the range 0.1-0.3 pg/c. 

c) Experimental evidence was given for the model from this and other works. These 

included: the existence of cathode spots, the alignment of spots with magnetic field, 

the effect of surface contamination on arc movement and erosion results. the effect 

of higher residence time of the arc attachment on erosion rates. 

d) Cathode erosion rate were presented for: Pure Ar, He, N2, CO, air, and mixtures 

of Ar and He with N2, O2• Ch. CO, CH4, H~; the magnetic field was varied between 

10 and 1 500 G, the gas flow rate between 0.2 and 20 l/m, and the arc current 

between 100 and 140 A. The anode erosion rate was always much less than the 

cathode, even when the polarity of the eIectrodes was inverted. 

-
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e) The erosion rate seems to be directly related to current density of the arc 

at~achment at the cathode. This was verified comparing experiments between pure 

Ar and He and He contaminated with CO and N2• The erosion is also inversely 

proportion al to the arc velocity for N 2 arcs, but is less sensitive to changes in the arc 

,,·:!locity for low velocities in argon. The splitting of the arc attachment considerably 

reduces the erosion rates for similar arc velocities (N2) and is responsible for a 

decrease in the erosion rate for low arc velocities in Ar+0.3%CO, He+O.4%CO and 

He+0.4%N2• 

f) The residence time of the arc attachment was particularly important for pure argon 

experiments with similar arc velocities but different magne tic fields. Important 

differences between arc velocity (Vel) and arc attachment residence time for erosion 

rates were shown. Higher residencc times increased the erosion rate. This was also 

seen comparing Ar+0.3%N2 and Ar at similar arc velucities. 

g) Argon contaminated with 3 000 ppm of CO had a much lower erosion rate than 

pure CO for similar arc velocities and magnetic field. The reasons given for this are 

higher residence time and current density for CO arcs. 

h) The reduction in the erosion rate when 3 000 ppm of CO were added to argon 

for similar arc velocities are attributed to a combination of a decreased residence 

time of the arc attachrnent, a decreased current density and a spreading of the 

cathode spots. 

i) In the apparatus used, the total power input to the cathode is higher than for the 

anode but does not have a direct relation with the erosion rates. The heat is mainly 

caused by radiation from the arc. When the polarity of the electrodes was inverted, 

thr percentage of the heat going to the anode was higher than for the cathode. 
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j) The peculiar arc movement behavior of helium appears ta be a result of higher 

surface temperatures in the region in front of th~ arc attachment caused oy an 

unusually long arc column. 
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VII. HEAT TRANSFER ANAL YSIS 

1) INTRODUCfION 

Watson has been waiting in front of the bakery for 15 minutes. He is trying 10 avoid 
thùzking about the pastries on the window ... He slarts 10 wonder where Holmes was. The 
message thal he received seemed so urgent ... Holmes was in a huny to do something 
importa III and he Ileeded Ize/p, and Watson was pleased that Holmes /zad asked him to 
Ize/p ... "Be there at 9 pm" was wriuen ill the note ... And this is the place, 42 Elm St., in 
{roIU of Ashcrof's bakery. And 110W it is already ha/[ past nine, but wltere is Ho/mes?? 
Walsoll suddell/y sees a mail carrying (l big, black box. A/tlzouglz tlze man was a/most 
100 meters away, Watsoll knew that the man was Ho/mes ... 
- Ho/mes, is lhat you? Walson shows as Ize walks in Izis direction. 
- Sshhhlzh, Watsoll, dOIl 't shout! Come here and he/p me! Ho/pres stops and pLUS tlze 
Izeavy box 011 the floor ... 
- For God's sake, Ho/mes, tlzis is tlze box tlzat was in your office, a week ago! 
- Very good, WlIfSOl1, very good ... 
- But Ho/mes, wlzat are you doing with il in tlze middle of tlze Iliglu, in the middle of the 
city?? 
- We are takùzg it to a matlzematiciall, Watsoll! 
- We? 
- Oh, yes, 1 forgot. 1 was wondering, Watsoll, if you could Ize/p me carrying tlze box ... 
- Of course l'llhe/p you, Holmes, but why didll't you call for a cab? 
- Weil, this a long story, Watson, but Norbert was afraid someone wou/d know about the 
box, and try ta stea/ it... 
- Bw Holmes, what ès ill tlze box anyway? And who is Norbert? 
- Not ilr tlze box, but wlzat is tlze box! 1 will tell you 011 tlze way ... Now, p/ease, lift Ilzis 
side alld 1 will take care of the other sède ... 
And sayùzg Ilzis, Ho/mes lifts olle side and few seconds later, a curious Watsoll is Ize/pùzg 
Izim ta carry tlze box. After five millutes wa/king with the box in tlze most complete 
silence, WatSOIl wlzispers: 
- Ho/mes, arell Jt you going ta tell me what is ail this about?? 
- Oh, l'm sarry Watson ... 1 was tlzinkillg about somethillg else and ... Bw anyway ... tlzis 
Izeav)' box we are carryillg is going to solve t/te erosion problem!! 
- But Izow, Ho/mes? 
- Tize box, my dear friend, is tlze most in credible machine ever created by mankbzd ... It 
is a compLUer!! 
- A wlza! Ho/mes? 
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- A computer. An abbreviation for a machine which can solve arithmetic operations 
extremely fast!! 
- Bw how is it going to help us in the cathode problem? Whyare we taking it to this 
Norbert? 
- Weil, Norbert is the mathematician who had the concept of the machine; someone that 
1 kllow bui/t il and we are taking it to Norbert, since he is the oniy man who can 
operate it ... About the cathode problem, weill had few ideas in the past days and 1 think 
we call simulate the theory with equations, and the computer will solve these equations ... 
But don Jt wony, Watsoll, it .~ounds more difficult than in reality il is ... Oh, weil, here we 
are. Let's put the box 011 the floor and see if hp. is in ... 
Watsoll witlz great relief puts the box on the floor and see Holmes going towards a house 
20 meters away. A minute later, Holmes cornes back and Watson notices a great 
excitemellt on his friend 's eyes ... 
- Let's take the box inside the house, Watson, Albert is waiting ... 
Two minutes la ter, Watson sees himself in the middle of an office even more messy than 
Holmes' ... And in the middle of the room, an young fellow stands smiling .... 
- Dr. Walsoll, it is a pleasure to meet you. My na me is Norbert Wiener ... 

And returning to this thesis ... 

A) Chapter Guideline 

This Chapter con tains the heat transfer analysis for the electrode erosion studies. 

Firstly a brief description of the heat sources is given; then an ideal heat transfer 

study for electrode erosion is desc;ribed. Two different approaches were used to solve 

a simplified version of the ideal heat transfer model: the first examines the 

macroscopic view of the arc attachment while the second examines the microscopie 

view, i.e., the cathode spots. The two methods are described in sorne detail and 

results from the simulations are given. The most important conclusions are 

summarized at the end of the Chapter. It should be emphasized here that no 

extensive pararnetric study was conducted in this part of the work; this Chapter is 

rather an examination, using heat transfer analysis of sorne of the ide as of erosion 

phenomena suggested in the past Chapters. 

ft 
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B) Heat Source and !....osses 

It was previously suggested that the erosion of the cathode is due to the volatilization 

of the electrode surface caused by high temperature. The electric arc is the source 

of energy that produces the high tempe rature in the region close to the surface. The 

arc generates heat directly or indirectly in four different ways: radiation, convection 

(from the plasma), Joule heating and ion bombardment. The radiation and convection 

terms affect a large area; although they can account for a large amount of energy 

deposited on the cathode they are too diffuse to cause erosion of the electrode and 

can in general be neglected for erosion studies (Pock (1), Hantzsche (2), Miterrauer 

and Till (3». The Joule heating and ion bombardment are therefore the main heat 

sources for the erosion of the electrodes; they are related to the cathode spot and 

a short description of each one follows. 

a) Joule heating 

The flow of electrons in a metal generates heat. This is known as Joule or resistive 

heating and can be expressed by: 

7.1 

where Qj = Joule heating 

je = electron current density 

'1 = electrical resistivity of the metal 

Joule heating can become an important source of heat if the current is constricted 

in a small volume as it is the case for cathode spot, since the local current density 

is very high in this case. It has been suggested (Daalder (4» that the Joule heating 
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is the main heat source for electrode erosion. It is emphasized here that the value 

of the current density at the cathode spot is not, in general, easy to estimate (see 

Current Density Chapter) and that the electrical resistivity of the material changes 

with tempe rature and with the state of the material (solid or liquid). Therefore the 

computation of the Joule heating term can be very difficult and the values obtained 

questionable. 

b) Ion bombardment 

Positive ions are accelerated towards the cathode and eventually they traÎlsfer their 

kinetic energy to the cathode when they hit its surface; this produces heat and 

represents the ion bombardment heat source. 

A "sheath" is formed above the surface of the cathode due to the presence of 

positive ions, creating a high voltage drop region known as the space charge zone; 

this voltage drop, the cathode faH, is responsible for the acceleration of the ions 

towards the cathode. The space charge region is characterized by the Mackeown (5) 

and Langmuir (3) equations, for the electric field at the surface and the thickness of 

the spa ce charge region respectively. The energy transfered by the ions into the 

cathode can be estimated by: 

where Q, = ion bombardment heating 

j. = positive ion current density 

Uc = cathode falI voltage 

E, = ionization potential 

({) = work function 

7.2 
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The ion bombardment term is a surface heat source (in comparison the Joule heating 

term is a volume heat source). Juttner (6) and Hantzsche (2) estimated that this term 

is the dominant heat source for the erosion of the electrodes. The calculation of the 

ion bombardment heat term contains uncertainties in the cathode fall value as weIl 

as in the accommodation coefficient of the ions on the surface and in the ionic 

current density. As with the Joule heating term, predictions of the value of the ion 

impact heating are questionable. 

c) Heat los ses 

The cathode loses heat by radiation (surface of the electrode), convection (gas), 

conduction (through the metal) and evaporation of electrode mate rial. The most 

important term here by far is the cooling by conduction through the metal (Daalder 

(4». The erosion of the electrode is indeed caused by the inability ta dissipate the 

localized heating caused by a short and intense heat source (the cathode spot). 

2. IDEAL HEAT TRANS FER STUDY 

A conceptual model for the erosion of the cathode was presented in Chapter VI. The 

model comprises the arc attachment, the cathode spot, the current density, the 

residence time of the arc attachment and cathode spot splitting. To simulate thls 

erosion model the heat transfer at the cathode should be modeled as outlined below: 

1) Heat transfer (inc1uding phase changes) should be modeled in a three dimensional 

cylindrical geometry to simulate a plasma with cylindrical electrodes. 

2) The heat source is the arc attachment made up of individual cathode spots. 



(~ 
3) Stochastic creation of cathode spots of known size and lifetime should be 

simulated. 
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4) The spatial distribution of cathode spots according to the effects of magnetic field 

and contamination should be simulated. 

5) The effect of the macros copie arc attachment size, velocity and residence time on 

the cathode should be simulated. 

6) The characteristics of the heat sources (Joule heating and ion bombardment) 

should be known. 

This ideal study would be extremely difficult to carry out since there is great 

uncertainty in ail of the following: 

1) Quantity and distribution of heat generated by Joule heating and ion 

bombardment. 

2) Dimensions of both the arc attachment (macroscopic) and the cathode spots 

( microscopie). 

3) Number and distribution of cathode spots in time and space. 

4) Cathode spot lifetime. 

5) Process of spot creation. 

6) Pressure ab ove the cathode spot (for evaporation computations). 

In addition to the above uncertainties, there are some intrinsic mathematical 

difficulties due to the extremely short time scale of cathode spots and to the moving 

boundary conditions (Stefan problem) because of the melting and volatilization of 

material. Therefore Many simplifications had to be made in the modelling of the heat 

transfer involved in the erosion process. Two approaches were used and are 

described in the next pages. The first one (macros copie model) simula tes the 

cylindrical geometry and the moving heat source (arc moving at a certain veloeity); 

ft 
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the second approach (microscopie model) simulates the cathode spot(s) fixed on the 

cathode with finite lifetime(s). 

3. THREE DIMENSIONAL CYLINDRICAL GEOMETRY 

The approach chosen here consists of simulating the concentric cylindrical geometry 

of the electrodes used in the experimental part of this work and a moving heat 

source (arc attachment moving on the cathode surface). The heat transfer problem 

was reduced to solving the heat conduction equation in cylindrical coordinates. The 

geometry used for the simulation is shown in Figure 7.1. The objective of this study 

was to predict the temperature profile in the cathode for different arc velocities, arc 

attachment diameters, power input to the cathode and cathode wall thicknesses. 

Therefore a moving heat source on the surface of the cylindrical cathode could be 

simulated. The model was developed by Mostaghimi and Munz (7); the following 

sirnplifying assumptions were made: 

a) AlI heat input ta the cathode was grouped into a surface source. 

b) No melting or volatilization occurs at the cathode. 

c) The heat lasses were due ta transient conduction through the metal and convection 

ta the gas above the cathode. 

d) The heat input is assumed ta be uniformly distributed over the arc attachment, 

i.e., no individua) cathode spots were considered. 

e) The arc attachment moves over the cathode circumference at a constant velocity. 

1) Thermal properties are assumed constant over the whole range of temperature. 
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The resulting heat conduction equation for the cathode cou!d then be expressed in 

fixed cylindrical coordinates. This coordinate system was then transformed into one 

that travels tangentially with the arc. The resulting equation to b~ solved is time 

independent, since the tempe rature field stays constant for an observer travelling with 

the arc. The derivation of this equation, following the original model, is described in 

the Appendi>. A. The mathematical model is described by the following equation: 

lIr a(r 8f1lar)/ar + l/r1. (a 2f118e 2) + a~/8z1. + a 8f1lae = 0 

The change in coordinate system is as follows: 

'IR 't' 'IR r = ri, (J = 8 - Wr , Z = Z 1 

where 'indicates the fixed cylindrical coordinates 

r = radial coordinate 

4l = nondimensional tempe rature , fi = (T·To) k 1 (q RI) 

T = cathode temperature 

To = surrounding gas temperature 

k = thermal conductivity 

q = heat flux input (W 1m2) 

R,= cathode internaI radius 

9 = theta coordinate 

Z = z coordinate 

a = Vel RI k / (p Cp) 

Vel = arc velocity 

p = density 

Cp = thermal capacity 

b=hR,/k 

7.3 



h = heat transfer coefficient on the insid~ cathode surface 

Wr = radial frequency, Vell RI 

with the following boundary conditions: 

aif!/ar = 1 

aif!/ar = b if! 

aif!/a~ = 0 

ifI = iflo 

if! 1 8 = ifI 18+2rr 

aifl/afJ 18 = aifl/afJ 18+211 

r= 1, fJ =0, z=O 

r=l, fJ,..O, z 

z= ± URI (L is the cathode length in z direction) 

r= RoIR, 

r, z 

r, z 
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To solve this equation a control volume approach was chosen and the finite 

difference equations were solved iteratively by the use of a Tri-Diagonal Matrix 

Algorithm. A FORTRAN program was originally written by Mostaghimi and Munz 

(7) and small modifications to this program were made in the present study (adapting 

the program to the main frame system and changes in the grid system used). The 

simulations were made on the McGill University main frame system. There is no 

analytical solution for this problem in this geometry; solutions for selective problems 

of moving heat sources can be found in Carslaw and Jaeger (8). 

4) PARAMETERS FOR THE 3D APPROACH 

The input parameters for the simulations using the three dimension cylindrical 

geometry approach were: arc velocity, input power to the cathode, arc attachment 

diameter, cathode wall thickness. AIso the copper thermal conductivity, inside gas 

temperature (for conv~ctivc cooling), outer cathode wall temperature, heat transfer 

coefficient (for the gas) and cathode dimensions must be specified. The values for 
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these physical parameters were as follows for aIl the simulations: 

Thermal conductivity 

Thermal diffusivity 

Gas temperature 

Outside cathode wall 

Heat transfer coefficient 

Cathode internaI radius 

Cathode length in z direction 

- 385 W /mK (assumed constant) 

- 0.0001 mIls 

- 293 K 

- 293 K 

- 38.5 W/m2K 

- 1.65 cm 

- 1 cm 
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A non-uniform grid density was used; the grid spacing is very dense in the vicinity of 

the arc attachment and decreases with increasing distance from the arc attachment. 

A short description of the grid system used is given in the Appendix B. The gr id 

density was tested and modified extensively until the results were grid inde pendent. 

5) RESULTS FOR THE 3D APPROACH 

A) Comparison with the Literature 

The results from this simulation were first compared with a study conducted by Baliga 

et al (9). They considered the problem of heat transfer to the anode in a semi 

infinite disk of a given thickness. A constant heat flux over the disk simulates the arc; 

cylindrical coordinates were used in their study. Their results can be compared with 

the ones obtained in this simulation when the arc velocity is zero. Copper was used 

for both studies. Table 7.1 compares the heat flux required to produce melting in 

each of the simulations. 
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TABLE 7.1 

Comparison Between Results from this Simulation and the Literature 

Reference Thermal Input heat flux Radius of Wall 
conductivity required for melting arc attach. thickness 

(W/mK) (xlOS W/m2) (mm) (mm) 

Baliga 417.3 - 64.4 l/J 1.75 3.3 2.5 

This work 385 1.80 3.3 2.5 

y, = T/lOOO 

Il can be seen that for similar geometries the results compare well, considering that 

smalI differences in the required heat flux cao be due ta the different thermal 

conductivity values used in the two works (constant in this work and temperature 

dependent in the other work). No temperature profile is given in Baliga et al's work 

to compare with the one obtained in this study. It can be concIuded from this analysis 

that no systematic error was made in this study. The results still depend on 

assumptions which must be further discussed. 

B) Heat Flux Input 

Appropriate values for the heat tlux ta the cathode due ta Joule heating and ion 

bombardment had ta be estimated for the simulations. It was decided to use two 

values of power input as extreme cases, WO and 1 000 W. These values were based 

on the calculations of Prock (1), who computed theoretical values for net power input 

ta the cathodes. For molybdenum cathodes the. total power input was approximately 
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700 W for 100 A arcs (without considering radiation). Daalder (4,10) also obtained 

~xperimental results indicating that up to 30 % of the total arc power is lost by 

conduction in the cathode. In the present study much of the energy tlowing ta the 

cathode cornes from radiation (see the values of power to the cathode in Table 6.:!). 

This radiation energy causes no erosion because it is dissipated over a large are a of 

the cathode. Therefore for the simulation studies the amount of power that causes 

erosion (localized heat) is necessarily sm aller than the total power going to the 

cathode. For short arcs (for example, Ar+0.3%CO at low magnetie fields) the 

ladiation effect was minimized; there 30 % of the total power going to the arc wOlild 

represent approximately 800 W (see Table 6.2). Therefore the range 100 to 1 000 W 

covers the probable amount of energy going ta the cathode due to the Joule heating 

and ion bombardment. 

C) Arc Velocity - Results and Discussion 

Cathode tempe rature profiles were obtained for different arc velocities, while keeping 

ail other parameters constant at: 1 000 W for the input power, 1 mm for the arc 

attachment diameter (this value is based on the results obtained with the Clirrent 

density probe, Chapter V) and 2.5 mm for the thickness of the cathode wall (this is 

the value for the cathodes used in the experimental work). 

The maximum tempe rature reached (center of the attachment at the surface of the 

cathode) for the different arc velocities is shown in Figure 7.2. Two dimensional 

plots of the temperature profile are given for two arc velocities, 0 and 2 rn/s, in 

Figure 7.3a and 7.3b respeetively. The contour eurves shown in the two dimensional 

plots were not very smooth due to the graphies routine used. 
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Figure 7.2 - Maximum temperature of the cathode (center of the arc attachment) 

Power = 1 000 W; Arc attach. diameter = 1 mm; Wall thickness = 2.5 mm 
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Figure 7.3 - Two dimensional cathode temperature 

Power = 1 000 W; Arc attach. diameter = 1 mm 

a) Arc velocity = 0 mIs 

In this figure the the ta coordinate (angular coordinate) is 

ploted as distance from the arc attachment center in mm 
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It can be seen from Figure 7.2 that the maximum temperature of the surface shows 

an exponential decrease with arc velocity. The cathode erosion rate is a function ot 

the cathode tempe rature, since the erosion is caused by the volatilization of material. 

The temperature results suggest that the cathode erosion rate should initially be li 

strong function of the arc velocity but that at high velocities it should change tittle 

with arc velocity. This was observed experimentally in this work (see for example 

Figure 6.1, erosion rate vs arc velocity for pure nitrogen arcs; Szente et al (12)). 

However it can also be seen from Figure 7.2 that the temperature was not lugh 

enough to have material volatilized, i.e., no erosion of the cathode would have 

occurred even for stationary arcs (0 mis). 

The low tempe ratures found in these simulations indicate that the parameters lIseù 

did not represent the erosion phenomena. The power deposited at the cathode ùue 

to Joule heating and ion bombard!llent is Iikely to be less than the 1 000 W useù in 

the se simulations; therefore the incorrect parameter is probably the diameter of the 

arc attachment, i.e., the power density. It was expected t"lt 1 mm reprcsents an 

upper limit for the arc attachment; but as also explained in Chapter VI, the arc 

attachment is probably made of individual contributions, the cathode spots. It is 

possible that the overall arc attachment diameter is of the order of 1 mm, with much 

smaller multiple cathode spots. The power density would then he much higher for the 

cathode spots and local temperatures could exceed the boiling point for copper. ThiS 

is further discussed in the next section. 
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Figure 7.3 shows that the temperature decreases dramatically from the surface to 

inside the cathode. The high temperature is located in the first 10 #-,m from the 

surface. An indirectly confirmation of this high temperature at the first layers of the 

cathode was suggested in Chapter IV, when the nitrogen contamination profiles were 

discussed. 

Another point to be noted here is the asymmetI)' of the temperature field in the 9 

direction. The temper~ture profile is symmetrical for stationary arcs, but become 

asymmetrical for arr. velocities up to 10 mis with higher temperatures at regions 

upstream of the cathode for an observer travelling with the arc. Beyond 10 mis the 

tempe rature field be:-omes increasingly symmetrical for higher arc velocities. This can 

be seen in Figure 7.3a and b for 0 and 2 mIs arc velocity respectively. The asymmetry 

of the temperature field is found for moving heat sources over a slab (Carslaw and 

Jaeger (8) page 270). Fa': high arc velocities the temperature field becomes almost 

symmetrical again because for increasing values of a (see equation 7.3), the term a 

d~/d8 becomes domir,ant and therefore: 

v2 ~ + a a~1 a 9 = 0 7.4 

a a~/a8 = 0 7.5 

a~/a 9 = 0, Le., ~ becomes symmetrical in 9 

The sa me conclusions regarding the effect of arc velocity on the cathode temperature 

field may be reached as the power input is decreased from 1 000 W ta 100 W. The 

difference is that for the lower power input, lower temperatures are obtained. The 

maximum tempe ratures are approximately 10 times smaller for 100 W than for 1 000 

W. As an illustration, the maximum temperature obtained for two different arc 

. 
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velocities (2 and 10 mis) and three different power input (1 000, 500 and 100 W) are 

shown in Figure 7.4. 

D) Arc Attachment Diameter - Results and Discussion 

Temperature profiles were obtained for different arc attachment diameters keeping 

the other parameters constant. The maximum temperatures obtained using 1 000 W 

as the power input, 2 mis as the arc velocity, 2.5 mm cathode wall thickness and arc 

attachment diameter varying from 0.01 to 2 mm are shawn in Figure 7.5. The two 

dimension plot of one condition (0.1 mm arc attachment diameter) is shawn as an 

mllstration in Figure 7.6. 

It can be seen in Figure 7.5 that the maximum surface temperature reaches extremely 

high values. These temperature values have no physical meaning, they are shown here 

just ta illustrate the changes of temperature with arc diameter (the high temperatures 

Cdn be found if ionic particIes are considered, i.e, it has been observed experimentally 

that ions can be ejected from the surface of the cathode at velocities of the order of 

104 rn/s, which represents temperatures of the order of lOS K). The model predicts 

these high tempe ratures because no melting or volatilization of material is considered. 

The results indicate that a small crror in evaluating the arc attachment diameter 

could result in a large variation in the cathode temperature. They also indicate that 

_ the power density and not the power is the key parameter for erosion studies. 

E) Wall Thickness - Results and Discussion 

Temperature profiles were also obtained for different cathode wall thickness 

maintaining the other parameters constant. The input power was kept at 1 000 W, 
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Figure 7.5 - Maximum cathode temperature for different arc attachment diameters 

Power = 1 000 W; Vel = 2 mIs; Wall thickness = 2.5 mm 
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the arc attachment diameter was 1 mm and the arc velocity was 2 rn/s. The maximum 

temperature for the range 1.5 mm to 10 mm wall thickness is shown in Figure 7.7. 

It can be se en from Figure 7.7 that the temperature field is insensitive to wall 

thickness. This indicates that no bene fit is obtained if the cathode wall thickness is 

reduced (in an attempt for better cooling); this is because basically ail the 

temperature gradient happens in a very thin layer at the top of the cathode (less than 

100 ~m). Wall thicknesses smaller than 1 mm would give short lifetime even at low 

erosion rates and would not posses the necessary structural strength. 

F) Erosion Rate - Results and Discussion 

Once the temperature profile is obtained it i5 possible to estimate the volume of the 

cathode that can in principle be removed. This is do ne by considering the region 

which has tempe ratures above 2 300 0 C (boiling point of copper at atmosphem: 

conditions). This region represents an upper limit for the erosion since no melting or 

volatilization was considered in the simulations; if the latent heat for both melting 

and volatilization was taken into account the tempe ratures would be lower. The 

region above 2 300 Oc was estimated in the following way: 

- it was assumed that the tempe rature field was symmetrical for (J and z, i.e., the 

region that had temperatures above 2 300 Oc was calculated just in one direction, z. 

- the boiling region was further suppose to have a triangular shape, as shown 

schematically in Figure 7.8. This is because the heat source is a flat disk and not a 

point (in this last case the temperature field would approximate a semi circle). The 

triangular shape was verified examining the temperature profiles. 
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Figure 7.7 - Maximum temperature of the cathode for different wall thicknesses 

Power = 1 000 W; Vel = 2 mIs; Arc attach. diameter = 1 mm 
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- the area defined by this triangle was t11en multiplied by the arc velocity in arder ta 

determined the erosion rate (in other -"'ords, this represents the volume that would 

be volatilized during a ullit time). 

The erosion rate results for difierent arc attachment diameters are shawn in Table 

7.2 for three different power inputs, 100, 500 and 1 000 W at two different arc 

velocities, 2 and 10 rn/s. The cathode wall thickness was 2.5 mm for aIl. The arc 

diameter values in Table 7.2 for each power input represent the maximum arc 
• 

diameter for which the tempe rature field showed values above 2 300 C. 

As expected the ecosion rate increases for smaller arc diameters and decreases with 

higher arc velocities. The actual values are at least two orders of magnitude higher 

than the experimental results found in this work. Possible explanations for this 

discrepancy are: 

- no melting or volatilization latent heats were considered. The error involved in this 

simplification can be evaluated considering the values for the latent and sensible heat 

for copper (Perry (11)). They are: 

sensible heat ft 

heat of fusion ft 

heat of volatilization ft 

5.44 + 0.001462 T cal/deg mol 

3110 cal/mol 

72810 cal/mol 

The latent heat for volatilization is la;,-ger than the sensible heat (considering the 

temperature variation from solid at room temperature ta boiHng point). A substantial 

overestimation of the volume volatilized oceurs; the error can be as high as five 

times. 

ft 
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TABLE 7.2 

Erosion Rates for the 3D simulations 

Power Arc Diameter Ale Velocity Erosion Rate 
(W) (mm) (mjs) (x 102 /J9jC) 

1000 0.2 2 0.8 

1000 0.2 10 0.5 

1000 0.1 2 1.5 

1000 0.1 10 0.8 

1000 0.05 2 2.4 

1000 0.05 10 1.4 

1000 0.02 2 4.0 

1000 0.02 10 3.8 

1000 0.01 2 4.8 

1000 0.01 10 4.5 

500 0.1 2 0.7 

500 0.1 10 0.6 

500 0.05 2 1.1 

500 0.05 10 0.8 

500 0.02 2 2.4 

500 0.02 10 2.3 

500 0.01 10 2.8 

100 0.01 2 0.8 

100 0.01 10 0.4 
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- The approximation of the true temperature profile by the triangular one used is 

expected ta give errors of not more than 100%. 

- Because a variable density grid had to be used for mathematical stability and 

limitations on computational time, the interpolation of grid points far from the 
• 

surface to locate the 2 300 C isotherm introduces considerable error. 

G) Ove ra Il Discussion of the 3D Simulation Results - Summ8ly 

The results from the simulation of the macroscopic heat transfer problem considering 

the three dimensional cylindrical geometry with a moving heat source helped to 

understand sorne of the findings of the experimental work and ideas developed in the 

past Chapters. The effect of the arc velocity on the erosion rate discussed in Chapter 

VI was simulated here and the results compare qualitatively very well. The simulation 

results also emphasize the importance of determining the arc attachment dia me ter 

correctly, since for the sa me power input, the surface tempe rature and temperatu:e 

distribution are a strong function of arc attachment diameter. The results also 

indicate that since the large temperature gradient happens at the very top of the 

surface of the cathode, no benefit is obtained if the wall thickness of the cathode is 

reduced from 10 to 1 mm. The model could not predict correctly the erosion rate~ 

when compared with the experimental results for reasons already exposed. The results 

from these simulations indicate that it is not possible ta have a large amount of heat 

(1 000 W) going into a small arc attachment diameter « lOOl'm). 

. 
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6) TWO DIMENSIONAL GEOMETRY - FIXED HEAT SOURCE 

The second approach used to simulate the erosion phenomena was to consider a two 

dimensional cylindrical geometry with a f1xed heat source. This approach was chosen 

in order to study the cathode temperature profile by considering a cathode spot with 

a finite lifetime. The possibility of multiple cathode spots and the grouping of the 

spots was also possible in this study. The heat transfer problem was reduced to 

solving the heat conduction equation in two dimensions in cylindrical coordinates with 

a heat source. The heat source simulates the cathode spot. The following simplifying 

assumptions were made: 

a) No melting or volatilization were considered. This again could result in 

temperatures above the boiling point of copper. 

b) Two dimensional cylindrical coordinates (r,z) were used; the coordinates are shawn 

schematically in Figure 7.9. 

c) A volumetrie generation term, with a radius rand depth z was used to simula te 

the Joule heating (volumetrie) and ionic bombardment. The heat source had a 

finite lifetime, after which the power input was zero. 

d) The only mechanism for heat losses is conduction through the cathode. 

The following two dimensional cylindrical heat transfer equation had to be solved 

with the appropriate boundary conditions: 

a(k r aT/ar)/ar + a(k r aT/az)/ar + qr = p Cp r aT/at 7.6 
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Boundary conditions: 

aT/ar = 0 

aT/ar = 0 

T = 300 K 

aT/az = 0 

where k = thermal conductivity 

p = density 

r = radial coordinate 

z = z coordinate 

T = temperature 

t = time 

q = heat generation term 

r=O 

r = R 

z=O 

z = L... , r>ri 

q = qo for t < ti, r < ri, z < (L - zi) 

Cp= heat capacity 

L... = cathode wall thickness 

ri = cathode spot radius (heat source radius) 

zi = cathode spot depth (heat source depth) 

ti = cathode spot Iifetime 

qo = power input (W 1m3
) 
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The two dimensional partial differential equation was solved using a commercial 

package available on the McGiIl University main frame computer. The program is 

called PROTRAN and uses finite element method (Galerkien method) to solve 

partial differential equations. The partial differential equation must be reformated to 

use the program. The reformated equation used in this simulation is given in the 

Appendix C. The gr id mesh lJsed was very dense in the vicinity of the cathode spot 
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and decreased as it moved away from the spot. The grid system used is described in 

the Appendix O. 

7) PARAMETERS FOR THE 20 APPROACH 

The input parameters for the 20 simulations were: power input, cathode spot 

dimensions (radius and depth), cathode spot lifetime, and the dimensions of the 

cathode. The following physical constant values were used for ail simulations: 

- copper thermal conductivity - 385 W /mK 

- copper heat capacity - 385 J/kgK 

- copper density - 8933 kg/m3 

The program was tested with simple cases (superficial heat source with semi infinite 

cartesian coordinates at steady state) and the results compared extremely well with 

analytical solutions. 

8) RESUL TS FOR THE 2 D MODEL 

A) Comparison With The 3 D Approach And Cathode Spot Lifetime 

The evolution of the cathode maximum temperature (top of the cathode surface at 

the center of the cathode spot) with cathode spot lifetime is shown in Figure 7.10. 

The total power input was 1 000 W, the cathode spot diameter 1 mm and the 

dime..lsions of the cathode were radius 5 cm and thickness 2.5 mm. The heat input 
• 

was considered to be generated in the top 1 000 A of the cathode; dividing the 

ft 
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Power = 1 000 W; spot diameter = 1 mm; cathode radius = 5 cm 
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total input power of the generation term by the product of the cathode spot area and 

the depth, gives the power input density (volumetrie heat source) needed for the 

simulations. 

It can be seen that the increase in the temperature is extremely fast; less than 0.1 ms 

after the heat pulse started, the temperature already was 60 % of its "steady state" 

value at 100 ms (in reality the steady state value was determined by eliminating the 

time dependent term from equation 7.6 and solving the remaining partial differential 

equation). The results obtained with this simulation compare very weil at the sa me 

conditions with the results obtained with the 3D simulation discussed in the la st 

sections (maximum temperature for 3D simulation was 1 660 • C at 0 mIs arc velocity 

(steady state); maximum temperature for the 2D simulation was 1 550 0 C (steady 

state». 

The power input for the remaining 2D simulations was fixed at 20 W. This value was 

determined as a maximum value for the input power of a single cathode spot, 

considering that 1 000 W was the maximum input power for the arc attachment and 

that 50 cathode spots could exist simultaneously (based on results from the current 

density probe). This value should only be considered as a rough estimation of the 

power input per single cathode spot and not as an accu rate value. The objective of 

these 2D simulations was similar to the 3D simulations, i.e., to examine the influence 

of sorne parameters on the temperature field and erosion rates and not to determine 

absolute and final values of the temperature of the cathode and its erosion rate. 

The final maximum cathode temperature is reached much faster with low power (20 

W) than with high power (1 000 W). After approximately 0.001 ms the temperature 

at the center of the cathode spot at the cathode top surface was already at 90 % of 

its value at steady state. 

ft 
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B) Cathode Spot Diameter - Results and Discussion 

Two different cathode spot diameters were used in these simulations, 10 l'm and 1 

l'm. These values were chosen based on the results from the current density probe 

(Chapter V) and previously published results by other researchers. The maximum 

cathode temperature for a 1 ms cathode spot lifetime and the two cathode spot 

diameters are shawn in Table 7.3. A two dimensional plot of the temperature field 

for the 1 l'm diameter is shawn in Figure 7.11. 

It can be seen from the se results that the power density has a most important 

influence on the temperature of the cathode as discussed in the 3D simulations. 

Power 
(W) 

20 

20 

TABLE 7.3 

Cathode Maximum Temperature for Different Cathode Spot Diameter 

Cathode Spot Diameter 
(l'm) 

1 

10 

Cathode radius 
(cm) 

5 

5 

Max. Temperature 
CC) 

3500 

490 
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Figure 7.11 - Cathode temperature profile for the 1 pm cathode spot dia me ter 

Power = 20 W; cathode radius = 5 cm; spot lifetime = 1 ms 
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C) Multiple Spots - Results and Discussion 

In arder ta simulate the influence of one spot temperature field on the next spot 

(grouping of the cathode spots as suggested in Chapters V and VI), the cathode 

radius was reduced. The insulating boundary of the cathode simula tes the second 

cathode spot temperature field; a smaller cathode radius simulates cathode spots 

closer from each other. 

Three cathode radii were used: 5 cm (representing the isolated or single cathode 

spot; this was the radius used in the other simulations), 10 D. and 1.5 D •. The 10 D. 

and 1.5 D. cathode radius simulates a cathode spot separated at a distance of 10 D. 

and 1.5 D. from another spot (D. is the cathode spot diameter) respectively. 

Two values for cathode spot diameter D. were used, 10 ~m and 1 ~m. The cathode 

radii used in these simulations are shawn in Table 7.4. The maximum cathode 

temperature results for the three cathode radii, two different cathode spot diameters 

and different cathode spot lifetime are shawn in Figure 7.12. 
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TABLE 7.4 

Cathode Radii Used to Simulate Multiple Cat~ùde Spots 

Cathode Spot Diameter D. Distance Between Spots Cathode Radius 
(",m) ( simulated) (",m) 

10 isolated 50000 

1 isolated 50000 

10 10 D. 100 

1 10'0. 10 

10 1.5 D. 15 

l 1.5 D. 1.5 

The dramatic effect of the grouping of cathode spots can he seen from these results. 

The influence of the grouping of the cathode spots due to magnetic field and surface 

contamination on erosion rates was suggested in Chapter VI; those ideas are 

confirmed in these simulations. Therefore not only is the power density very 

important, but so is the geometric distribution of the spots in the arc attachment. 

These results also suggest that the formation of new cathode spots are much easier 

in the vicinities of the cathode spot « than 100 D. away) than far apart, due ta the 

high temperatures of these regions. 

D) Cathode Erosion - Results and Discussion 

The qualitative analysis of the temperature field for erosion estimation is divided in 

two parts; first, for cathode spots with a diameter of 10 ",m and then for cathode 

spots of l ",m diameter. 
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a) Cathode spot diameter - 10 «m 

The temperature profiles indicate that there is no erosion of the cathode 

(temperatures below the boiling point of copper) for a cathode spot 10 ~m diameter 

for cathode radius greater than 100 ~m and any duration of cathode spot lifetime. 

For a cathode radius of 100 ~m, volatilization of materia! can occur for cathode spot 

Iifedmes greater than 0.1 ms. Up ta 1 ms, the first 10 ~m of material reaches the 

copper boiling point in the vicimties of the cathode spot, as shawn in Figure 7.13. 

If the cathode radius is reduced to 15 ~m, erosion occurs for the first 10 ~m after 

cathode spot Iifetimes greater than 0.001 ms. As the cathode spot Iifetime is 

increased, the vaporization isotherm penetrates deeper. 

b) Cathode spot diameter - 1 «m 

When the cathode spot diameter is 1 ~m, the erosion of the cathode starts even for 

a large cathode radius (5 cm). For 5 cm cathodes, the erosion reaches 1 000 A if the 

cathode spot iifetime is greater than 0.001 ms as can be seen in Figure 7.14. For a 

cathode radius of 10 ~m, temperatures higher than the copper boiIing point are found . 
up ta 10 000 A into the cathode, for cathode spot lifetimes greater than 0.001 ms. 

As the cathode spot lifetime IS increased, the vaporization isotherm penetrates deeper 

still. If the cathode radius is reduced ta 1.5 l'm, the electrode reaches the boiling 

point temperature immediately (the minimum cathode spot lifetime that could be 

simulated was 0.00001 ms, below which the calculations start to not converge) ta 

depths greater than 1 ~m. 

ft 
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Figure 7.13 - Cathode temperature profile 

Cathode radius = 100 I1m; spot diameter == 10 IJm; spot lifetime = 1 ms 
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Cathode radius = 5 cm; cathode spot diameter = 1 J'm; spot lifetime = 0.001 ms 

. 



-

246 

E) Overall Discussion of the 2 D Simulation Results - Summary 

The temperature profiles obtained WÎth the 2 0 approach compare well with the 

results obtained with the 3 0 approach at similar conditions. One of the most 

important conclusions from these 2 D simulations was the effect of proximity of 

cathode spots; when the spots are close to each other (simulated Nith the reduction 

of the cathode radius) the temperature of the cathode increases dramatically in the 

vicinity of the cathode spot. This has been suggested in the Chapter VI. The effect 

of cathode spot diameter and cathode spot Jifetime was also examined. It should be 

pointed here that as with the 3 D approach, the 2 0 simulations were do ne to study 

the effect of certain parameters and no attempt was made to determine the correct 

values of power input, cathode spot Iifetime or to generate the experimental erosion 

rates. However the resu)ts indicate that even with extremely short cathode spot 

lifetimes it is possible to have cathode erosion, as long as the spots are grouped 

together. The results from the simulations indicate also that liule or no erosion 

should occur if the cathode spot is large at a power input of 20 W per cathode spot 

for spots that are widely spaced. These results corroborate the ide a suggested in the 

last Chapter of a minimum erosion rate caused by the individual cathode spots; the 

erosion rate in this case should be small. 

9) CONCLUSIONS 

In this Chapter two different approaches for the simulation of the erosion 

phenomena were examined. These studies aimed to determine the importance of 

different parameters on the erosion of the cathode. Temperature profiles were 

obtained for different operating cor:~:~:nns; the most important findings are 

summarized below. 



(~ 

-

247 

A) 3 0 Approach- Macroscopic Model 

a) Temperature profiles for the cathode were obtained using a three dimensional 

cylindrical coordinates and a moving heat source simulating the cathode arrangement 

and the arc attachment 00 the cathode respectively. The temperature of the cathode 

surface decreases with increasing arc velocities, this being more important for arc 

velocities between 0 and 20 rn/s. The higher temperature zone is restricted to the 

very top of the surface « 10 IJm), confirmiog the results and suggestions presented 

aloog the thesis. 

b) The arc attachment diameter has an important dfect 00 the temperature profiles; 

the significant increase in the temperature field with decreasing arc diameter indicates 

that the power density is a more important parameter than the power itself. 

c) There is Iittle influence of the cathode wall thickness 00 the cathode temperature 

profiles in the range 1 - 10 mm thick. 

d) However the erosion rates obtained from the simulations did not compare weil 

with the experimental values reported in other Chapters. Reasons for these 

differences were discussed. It was concluded that the arc aUachment can not be much 

smaller than 100 pm if 1 000 W is deposited at the arc attadlment region. Also if the 

arc attachment is larger than 1 mm, no erosion would occur even for 1 000 W. 

B) 2 0 Approach- Microscopie Madel 

a) Temperature profiles for the cathode were obtained using 2 D cylindrical geometry 

(assuming angular symmetry) and a fixed heat source (simulating the cathode spot). 

The results from these simulations comp~r~ very weil with the temperatures obtained 
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using the 3 D model at similar operating conditions. 

b) The maximum temperature of the cathode increases extremely quickly with 

cathode spot lifetime for 1 000 ·W. For low powers (simulating the cathode spot), 20 

W, the maximum temperature is reached in a very short time of the cathode spot 

lifetime (less than 0.001 ms). The results also showed a restricted zone in the v\cinity 

of the cathode spot at the topmost surface where the high temperatures can be 

found. 

c) The diameter of the arc attachment was varied between 10 and 1 ~m; the rt:Slllt~ 

confirmed the importance of the power densit) for erosion studies (more constricteù 

arc attachments result in much higher temperatures). 

d) The grouping of the cathode spots was simulated using different cathode radii (the 

walls were insulated for radius greater than the cathode radius). The results fmm 

these simulations show a dramatic effect of cathode spot grollpmg on the 

temperature field and cathode erosion rates; it is possible to have no erosion for 

isolated spots and a large eros\on for cathode spots 100 ~m further spart for 

othelWise same operating conditions. This confirms the results and ideas formulateù 

in the past Chapters on the importance of cathode spot grouping for ermion 

phennmena. The results also indicate that the indiviùual cathoùe spots, carrying small 

power (20 W), can indeed cause erosion; the eroslon rates in these sItuations are 

smaU, confirming the idea of an unavoidable minimum erosion rate presented In the 

previous Chapter. 
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VIII. CONCLUSIONS 

1. CONCLUSIONS 

What follows is a summary of the almost 50 conclusions presented at the end of each 

Chapter of the thesis. Mter this summary, recommcndations for future work and 

contributions to knowledge are presented. 

a) Steady state, reliable erosion measurements were made for copper cathodes under 

a wide variety of operating conditions for Ar, He, N2, CO, Ch, H~, CH4, O2, and 

mixtures of these gases. For seJected experiments the arc current was varied between 

100 and 250 A. The magnetic field strength used to move the arc was varied between 

10 and 1 700 G. The gas flow rate was varied between 0.2 and 20 l/min although 

most experiments used the highest flow rate. The operating pressure was fixed at 1.1 

atm. 

b) Studies of the arc movement for a magnetically rotated arc showed the Lorentz 

force, which pulls the arc forward, is opposed by aerodynamic drag and a newly 

proposed force called the surface drag force. When the latter was sma)), the arc 

velocity could be predicted using a newly proposed relation~hip between arc velocity, 

magnetic tïeld and arc current for different plasma gases. The relationship, 

V Q B06 1°56
, which is based on the bath theoretical considerations and experimental 

results from this thesis and the Iiterature is valid for at Jeast the ranges 10 < B < 

1 700 Gand 100 < 1 < 850 A. 

c) The surface drag force is related to the electron emission characteristics of the 

cathode surface and increases as electron emission becomes more difficult. It could 
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be reduced by adding less than one per cent (by volume) of polyatomic gases (e.g. 

CO, Clz, Nt, CH., Oz) into the inert gases Ar or He. The creation of a contaminant 

layer on the cathode surface facilitates the emission of electrons. If the layer becomes 

thick (> 10 microns), as is the case for the addition of more than 2-3 % of CO, the 

surface drag once more increases and becomes the major force opposing the arc 

motion. The thickness of carbon layers formed by CO addition were measured using 

a scanning electron microscop~. 

d) The relationship between cathode surface contamination and arc movement was 

confirmed by examining the arc motion (by high speed filming and current fluctuation 

measurements) and the surface depth concentration profiles by using Auger and 

ESCA spectroscopy. Work function measurements with a Kdvin probe proved that 

electron emission was easier for slightly contaminated surfaces than for clean surfaces 

or those covered by a thick contaminant layer. 

e) The equivalence of results obtained from the high speed filming technique and the 

measurement of arc current fluctuations was confirmed by examining histograms of 

arc jump distance and residence time at a point. This shows that the latter technique, 

which is much easier and cheaper than filming, can be used for arc movement 

studies. 

1) It was found that chemical cleaning (nitric .1cid and carbon tetrachloride) is 

insufficient ta remove the carbon/oxygen layers which form naturally on the 

electrodes; this makes the validity of erosion experiments made under transie nt 

conditions questionable. The arc is quite effective in cleaning the cathode and it was 

shown that the time required ta reach steady operation in inert gases is directly 

related to the time required to remove the contaminant layer. This was shown by 

Auger and ESCA analyses and confirmed by using nitrogen as a tracer. The presence 
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of nitrogen ta a depth of up ta 1 000 A suggests that the cathode surface was melted 

ta this depth. 

g) A new technique was developed and used to measure linear current distributions 

of arcs on the electrode surface; the technique is suitable for applications in indus trial 

torches. 

h) The current distribution on the cathode surface is primarily a function of the 

plasma gas, arc current and magnetic field. A more constricted attachment was found 

under higher erosion rate operating conditions. Under certain conditions, the current 

distribution probe was able to resolve the presence of individual contributions to the 

arc which may be due ta individua} cathode spots. 

i) A simple conceptual model was developed for cathode erosion. The erosion rate 

is a function of the arc attachment residence time on the cathode surface, the current 

density, and the distance between cathode spots. Higher residence times, higher 

current densities, and more closely spaced spots ail lead to higher erosion rates. It 

appears that a minimum erosion rate of approximately 0.1 JJg/C caused by the 

unavoidable evaporation of material below the cathode spots should be achievable. 

The grouping of cathode spots is due ta higher local work function of the cathode 

and is strongly influenced by the presence of contaminants and the effect of the 

magnetic field used ta move the arc. 

j) Cathode eros!on is fundamentally a physical problem (in the absence of direct 

chemical attack) and can, in princip le, be simulated by an appropriate heat transfer 

model. Two models were used in this work; the macroscopic model simulated the 

movement of the arc over the cathode surface while the microscopie model simulated 

the time-varying behavior of the individual cathode spots and their spacings. Bath 
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models gave temperature distributions within the cathode and were used to estima te 

erosion rates. 

k) Sorne experimental results could be explained using the simple heat transfer 

models. In particular, the following were observed: reduction of the cathode 

temperature (and thus erosion rate) for low arc residence times; the restriction of the 

high temperature zone to within about 1 micron of the cathode surface; reduction of 

erosion rate for larger attachments (lower current densities); dramatic increase in 

erosion rate for closely spaced spots. 

2. RECOMMENDATIONS FOR FUTURE WORK 

Sorne important areas for future research are: 

- Different cathode mate rials should be tested. 

- The arc should be driven by a gas vortex and the results cornpared with purely 

magnetically driven force. 

- The work should be extended in ail directions; different plasma gases, h.gher and 

lower arc currents, higher magnetic fields, more fundamental analysis of the current 

distribution on the electrode surface. A more complete study should be conducted 

on the determination of the work function due to the contamination of the cathode; 

this can be achieved through the use of controlled ion implantation. 

- The heat transfer models must be improved to relax sorne of the assurnptions 

made; most important are melting/volatilization assurnptions. Aiso the heat 
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transferred to the cathode by the arc attachment (Joule heating and ion 

bombardment) must be determined in future worles . 

• A more complex and quantitative erosion model must inc1ude the electron emjssion 

characteristics of the cathode surface; the arc movement should be directly correlated 

with the cathode surface contamination (or electron emission) and then the erosion 

rates cou Id be predicted more precisely. 

3. CONTRIBUTIONS TO KNOWLEDGE 

a) A new formulation for the balance between Lorentz force and aerodynamic drag 

was proposed. A new force, the surface drag was identified. 

b) A correlation between surface drag and electron emission of the cathode was 

proposed. 

c) The effect of a slightly contaminated cathode ~urface on arc velocity, arc voltage 

and cathode erosion rates was shown. 

d) It was demonstrated that high speed filming is an equivalent diagnostic tool to arc 

current fluctuations for arc movement analysis. 

e) A new technique was developed for current distributions of the arc foot on the 

surface of the electrodes: 

t) The effect of surface contamination and magnetic field on the arc foot current 

distribution was shawn. A relationship between cathode erosion rate and arc foot 
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current density was proposed. 

g) Simple heat transfer analyses, which allowed the examination of the effect of arc 

velocity, current density and spacing among cathode spots on cathode erosion were 

carried out. 

- Watson, could you please gel me those books over there? 
Ho/mes has sat in front of that desk in his office for almost 3 weeks. He Irardly eals or 
does anytlrbzg else except writing, reading and thinking ... He often COllglrs, bw he refuses 
ta take alZy medicine. WatSOlZ is concemed about his friend's !realth, bm Ire a/so kllows 
he slzou/dll 't disturb Holmes... Walson sees now a good chance 10 lalk ta Holmes ... 
• Here tlrey are, Ho/mes. So, Irow is your writÙlg goillg? Is Ilrere somer/rillg that 1 CalI do 
ta Izelp? 
• Olr, Ilzallk you Watson. If everyl/rbzg goes weil, in IWo hours we slzould be ptl1tÎlzg tlze 
final remarks in tlzis erosioll project. 1 klloW 1 Izaven 't beell 100 great of a company 
recemly, bull hope you ullderstand tlzat 1 /rad no clzoice, .. 
- ft's ail right, Holmes. 1 am just worried about you, you don '1 seem 100 welLBut if you 
say you 're fine, thal'S enough for me ... 
• Tlzallk you again Walson ... Thallk yOLt for being my friend, for ail lizose years ... 
And sayillg tlzis, Holmes goes back ta the writùzg, JUS! ÙlIemlptùlg from time ta time to 
conslllt somcllzillg from Ihe books. And WatSOIl, happy for seeillg his friend ill a more 
frielldly mood, moves to Izis favourite clzair and slarts readillg tlze paper ... 
And a couple of hours later, Holmes filial/y drops tlze pell and breathes deep/y. He tlIms 
to Watsoll. 
• Weil, dear frielld, il is ail dalle. We can llOW tlzillk about some vacations!! 
• That's falllastic, Holmes! But wlzat are you goillg to do with your IlOtes now? Are you 
going to publislz them? 
• 1 don 't thillk any editor wou.ld be ;,lIerested in them, Watson No, we calZllot publish 
Ihem but at the sarne time Ive have ta tell the world about Ilzis project. As Dr. Bergman 
suspected, it real/y call be of great importance for everyone ... 1 don 't know Watsoll, 1 
suspecl /Izal it will take sorne lime for people ta ullderstalld /Ize wllO/e idea of the pruject. 
Perlzaps al Ihe end of Ilze ce1lfwy, 80 years frum llOW, someone will find tlzese Iwles and 
if Ize wzderslands tlze importance of tlzis work, Ize will l'Y to pub/ish Ilzem... Perlzaps 
evell in Ihe form of Cl scielllific work, a tlzesis maybe. 1 don '1 llOW, Watson, l'm /00 ured 
ta tlzink clearly... Wlzy don't 1 make some lea alld we discllss wlzele 'e {Ire goillg to 
spelld tlze Ilext few days? 
And Holmes closes Izis flotes, stands tip, smi/es 10 Izis friend and goes to Ilze lâ/chen. 
Watson fol/ows Izim, bLll stops in front of tlze dp.sk. He looks a f Ho/mes' IlOtes anrllizillks 
to himself "I Izope someday someOlle will be abLe to use tlris work ... Il And giving a lasl 
look at tire title writlell Oll /Ize caver of tlze IlOtes, Ize wonders wlzy Ho/mes chose il to 
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be "Erosion of Plasma Tord, Electrodes"... And then letting his curiosity fade away, 
Watson moves to the direction of the kitchen, from wltrre he can already smells mim 
tea... . 
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A) Three dimensional model 

Fundamental heat transfer conduction equation: 

v2 T = l/a aT/at' 

where vz. = Laplacien operator 

T = temperature 

a = thermal diffusivity 

t' = time 

Writing the equation in cylindrical coordinates, 

1/r' a (r'aT/ar')/ar' + 1/r'2 a2'f/a0 2 + a2'f/az'2 = lia aT/at' 

with the foUowing boundaries and initial conditions, 

- k aT/ar' = q 

h (T-Tco) 

aT/az' = 0 

T = To 

Till' = T 11I'+2Ir 

aT/aole'= 8T/ao lll '+2r' 

Til' = T Il.+2I! .... 

r' = R" 0' = wrt', z'= 0 

, R' t" r = " 0 = Wr , Z 

z' = ± L 

r' = Ro 

r', z', t' 

r', z', t' 

r', 0', z' 
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where r', Z', e' = cylindrical coordinates 

k = thermal diffusivity 

q = heat flux 

h = heat transfer coefficient 

Wr = radial frequency, VeIIR, 

To = external cathode ternperature 

T CIl = gas temperature 
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The fixed cylindrical coordinates are transformed into a system that travels 

tangentially with the arc. The two $ystems are then related; 

r = r'IR, 

o = 0' - wrt' 

Z = z'/R, 

t = t' 

and defining a non-dimensional temperature, 

~ = (T - T .. ) k 1 qR, 

equation 1 bec ornes 

lIr aCr a~/ar)lar + I/r2 a2~/ao2 + a2cfJlaz2 = R,2/a a~/at - CVel R, la) a~/ao 2 

The time term in equation 2 can be canceled because the temperature field stays 

constant for an observer travelling with the arc. Equation 2 is reduced ta: 

3 

with the boundary conditions, 



8lb/ar = 1 

blb 

a4J/az = 0 

lb = lbo 

~ 19 == ~19+br 
8lb/aO 18 == alb/aO /9+br 

where a = Vel Ri / cr 

b = h Ri / k 

r == 1, 8 = 0, z = 0 

r == 1, 8 = 0, z 

z == ± LlRi 

r == RJR, 

r, Z 

T, Z 

lbo = (To - T ID )/ (q RI k) 

B) Grid system for the 3D model 
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The grid system used in the 3D model was chosen ta be very dense in the vicinities 

of the arc attachment. It is exponential (decrea5~ng from the center of the attachment 

outwards) for the z and 0 directions and inverselly proportional ta the square of the 

grid number in the r direction (thickness of the cathode). In these simulations it was 

used a 16 grid spacing in the z and 9 directions and a 20 grid spacing in the r 

direction. This results on a first grid poirt located at 0.2 mm in the z and 9 direction 

and 0.01 mm in the r direction for an arc attachment of 1 mm diameter. 

C) Two dimensional mode1 

The conduction heat equation in cylindrical coordinates was written as follows (for 

angular symmetry): 

a(k r aT/ar)/ar + a(k r aT/az)/az + qr = p Cp r aT/at 4 
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with boundary conditions as defined before in the thcsis. The general equation that 

the PROTRAN program salves can be written as: 

aA(x,y,UK,Uy,U,t)/ax + aB(x,y,U.,U)'JU,t)/ay + F(x,y,U.,U)'JU,t) = C(x,y,U,t) aU/at 5 

where x, y = coordinates 

t = time 

Ua = aU/ax 

Uy = aU/ay 

U = solution (vector) 

A, B, F, C = supplied functions (possibly vector'i) 

In order to use the PROTRAN program, the folowing ,substitutions were made 

(comparing equations 4 and 5). 

r=x 

z=y 

T=U 

A = k r aT/ar = k x a U/ax 

B = k r aT/az = k x aU/ay 

C = pep r = 0 Cp x 

F=qr=qx 

D) Grid system for the 2D mode} 

The gr id system for the 2D model was chosen ta be very dense in the vicinities of 

the cathode spot. For both directions, rand z, the grid density varies inverselly with 

the square of the distance; this results in a very compact grid at the cathode spot, 

becoming less dense as moved away from the it. For a cathode spot of 1 micron 
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diameter, the first grid point is locatted al the surface (z = 0), with r = 0.1 micron. 
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--------------------------------------------------------

NOMENCLATURE 

A = cross sectional area of the conductor 
-... 
B = external magnetic field 

B = magnetic field strength 

C = concentration 

Cd = drag coefficient 

Cp = thermal capa city 

D = arc column diameter 

D. = arc attachment diameter 

D. = cathode spot diameter 

Deq = minimum equivalent diameter 

E = erosion ratt 
...... 
E = external electrical field 

E, = ionization potential 

Fd = aerodynamic drag force 

FI = Lorentz force 

Fourier' = an ti-transformation of Fourier 

GFR = gas flow rate 

H(w) = transfer function 

1 = arc current 

J = current density (peak current distribution) 

J. = linear current distribution of the arc attachment in the X' 

direction 

Jay = current density of the arc attachemnt 

L = cathode length in z direction 

Lw = cathode wall thickness 
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M = mutual inductance (cavity-coil) 

N = charge carriers per unit volume 

Pa = power input to the anode in percentage 

Pc = power input ta the cathode in percentage 

Q = volumetrie flow rate 

Q, = ion bombaruhtent heating 

QJ = Joule heating 

Re = Reynolds number 

R, = cathode internaI radius 

S = surface drag force 

Spi = distance between spots (splitting) 

T = surface tempe rature 

Uc = cathode fall voltage 

V(t) = signal (voltage) from the coil 

Vel = arc velocity 

VI = volume of the chamber 

Vol = arc voltage 

XI = Fourier transformation of XI 

YI = Fourier transform~tion of YI 

Z = transfer impedance (cavity-coil) 

a = Vel R. / (p Cp) 

b=hR./k 

d = arc length 

e = partic1e charge 

h = heat transfer coefficient on the inside cathode surface 

j. = eJectron emission current density 

j + = positive ion currem density 
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.,., ... 
k = thermal conductivity 

rn = particle mass 

ffiHe = mass (helium) inside the cham ber 

q = heat fluy. input 

qo = power input 

r = radial coordiante 

ri = cathoJe spot radius 

t = time 

~ = particle velocity 

v, = arc velocity (x direction) 

w = frequency 

Wr = radi~'1 frequency, Vel IR, 

XI = signal calibrated with the transfer function 

YI = signal obtaÏlled from the no slit system for any condition 

z = z coordinate 

zi = cathode spot àep[h 

p = gas density 

JJ = gas viscosity 

rp = work function 

~ = mean r.Iectrostatic potential across the metal surface 

.\ = bulk chemical potential of the electrons 

(1 = residence time of the arc attachment 

fi = electrical resistivity of the metal 

~ ::: nondimensional temperature 

6 = theta coordinate 
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