PLASMA-MATERIAL INTERACTION
AND ELECTRODE DEGRADATION
IN HIGH VOLTAGE IGNITION DISCHARGES

DISSERTATION

zur Erlangung des Grades
des Doktors der Ingenieurwissenschaften
der Naturwissenschaftlich-Technischen Fakult&t 111
Chemie, Pharmazie, Bio- und Werkstoffwissenschaften
der Universitat des Saarlandes

von

NICOLAS JEANVOINE

Saarbriicken

2009



Tag des Kolloquiums:
Dekan:

Berichterstatter:

Prof. Dr.-Ing. Stefan Diebels
Prof. Dr.-Ing. Frank Mucklich

Prof. Dr.-Ing. Frank Berger



Plasma seems to have the kinds of properties
one would like for life. It’s somewhat like
liquid water - unpredictable and thus able to
behave in an enormously complex fashion. It
could probably carry as much information as
DNA does. It has at least the potential for
organizing itself in interesting ways.

Freeman John Dyson






Contents

Contents
F 0L g Lo SRS Xi
KUFZEASSUNG ..ttt bbbt Xii
Symbols and ADDIEVIAtIONS..........ccvciiiieie e Xiii
1 Introduction 1
2 Theoretical Background 5
2.1 Ignition Discharge CharaCteriStiCS .........ccuviiieiieriesieseese e 5
2.1.1 BreakaOoWn PRASE........cccccuieririreeiieeieie s 6
2.1.2 Breakdown t0 Arc TranSitioN .......ccocveeeeirniiiceeessceee s 13
2.1.3 Arc and GIOW DISCharges ........cccoceiiiiiiiiiiiiiise e 14
2.2 CatNOOE PrOCESSES.....cvieueiiieesieeiesie st eiesieesteete e steete e sreestesneesaeeneeaneesseeneesneensens 18
2.2.1 CAtNOUE LAY ..o 18
2.2.2 Arc Discharge and Cathode SPOt.........cccoovviviiiiiiiciiccceeccccceee e, 20
2.3 Energy Balance in Ignition DiSCharges..........cccviveiieieiie i 25
2.3.1 Energy Transferred t0 the Plasma..........ccccoviiinriinieree s 25
2.3.2 Energy Balance at the Cathode SPOt ... 27
2.3.3 Energy Balance at the Cathode in Glow Discharges..........ccccccoevviiiriiiricisnenan, 30
2.4 EroSion MEChANISMS........oiiiiieiiie et 30
2.4.1 PArtiCle EJECHION ....ooviieiiii et 30
2.4.2 VAPOTIZALION ..ottt 32
2.4.3 SPULTEIING ...ttt b bbbt es et ee 33
2.4.4 Oxide Layer REMOVAL...........ccccoiviiiiiiiccee e 34
2.4.5 Plasma AsSisted OXIdation ... 35
3 Experimental 37
3.1 Generation Of IgNItIoN DISCRAIJES .........oiiiiiiiiiie e 37
3.1.1 Pressure ChambE ...t 37
3.1.2 IgNIION SYSTEM.....oiviiiiiiieiiciiee s 38
3.1.3 OsCilloSCOPE MEASUIEMENTS ...t 39



Contents

3.2 Preparation of Multilayered EI€CtrOdes.........cccocvevveveiiesi e 40
3.3 Electrode Surface CharaCterization ..........oooooeeeeeoee oo 40
3.3.1 White Light INterferometry. ... 40
3.3.2 FIB/SEM Dual Beam TeChNIQUES .........cccvcviveieiereeeieecceeeeeeee s 42
4 Ignition Discharge Mode Analysis 45
4.1 Determination of the Arc and Glow Phase Fractions .........cccceeeveeeeeeeoceeeeeeeeeee. 45
.11 INEFOQUCTION ...ttt ettt et e et et et e et et e eae et eeteseeeeeeeeeanas 45
4.1.2 MeaSUIEMENT IMEBTNOUS ... ..ottt ettt et e et e st e et e e et e eeeeseeeseeesneas 46
4.2 RESUILS N0 DISCUSSION .eveeeeeeeeeeeeeeee et ee et ee e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeennnens 49
4.2.1 AIC FraCtion RESUILS ......ooue oottt ettt ettt ee e e e e 49
4.2.2 Plasma-Assisted Oxidation of Ag Cathode in Al ..., 51
4.2.3 The ArC t0 GIOW THaNSITION ... .oeieee ettt et ettt e e e et e st e st e eeeeeeeeeseeeseesneas 54
4.3 SUMMATY <ottt ettt et e s be et e e he e et e e sae e et e e ebeeenbeenreeenbeeareeas 58
5 Microstructure Characterization of Craters 61
B.1 State Of ThE ANt e 61
5.2 Monitoring the Depth of Microstructure Modification .............cccocvevviienieenvsiennn, 63
B.2.1 BUIK BIECIIOTES ...t ettt ettt eee e e e aaen 63
5.2.2 Immiscible Multilayer SYStEM .........ccccovviiiiiiiieceeeece e, 64
5.2.3 Miscible MUltHAyer SYSIEMS .......c.coiiiiiiceree s 65
5.2.4 Comparison between Craters on Bulk and Multilayered Electrodes ................. 70
5.3 Microstructure of Craters Produced at Different Pressures........cccocoveeeeeeeeeeeeen. 73
5.3.1 SUIface CharaCteriZatiON .......ccueeeeeeeeee ettt ettt ee e ee e e eee e 73
5.3.2 Crater Cross SECtion ANAIYSIS ...t 74
5.3.3 Determination of the Molten POol VOIUME ......o.oovee it 76
5.3.4 3D Reconstruction of the Molten POOL...........coooeoeeeeeee e, 77
5.3.5 CroSS SECLION EBSD ..ottt 79
B4 DIUSCUSSION....ceeee s et e e e e ettt e e et e e e ettt et e e e e e ea et eeeeeeee e e neeeens 82
5.4.1 Low and High Pressure Craters.........ccoovviiiiiiiiissssseeeeveeeeees e 82
5.4.2 Crater FOrmation MECRANISIMS .......veeieee ettt eeee e 83
5.4.3 Displaced MoIten VOIUME .......cooiii e 86

Vi



Contents

5.5 SUMIMAIY ..ttt e et e e e nbb e e e nbb e e e beeeabeee s 87
6 Thermal Analysis of the Crater Formation 91
6.1 ANAIYLICAl MOUEIS ......cviieie e 92
6.1.1 Heat Conduction in a Semi-Infinite EICtrode ..., 92
6.1.2 Semi-ContinUOUS POINE SOUICE ......cccviiiiririeisieisssiesee e 93
6.1.3 Semi-ContinUOUS DiSK SOUICE ..........ccevvrniiiiceeceeee s 94
6.2 FEM Thermal SIMUIALION .......cooiiiiiiiiice e 97
6.2.1 Description of the Physical MOdel............cccooiiiiiiiies 98
6.2.2 Geometry and Boundary CONGITIONS ..........coveueririniniienreeeese s 103
6.2.3 SIMUIALION PrOCEAUIE ..o 104
6.2.4 RESUIES IN BUIK Pl......ocviiiiicceee s 105
6.2.5 Results in PUYNI MUITHAYET ..o 113
IR I D oW 1] o] o USSR 117
6.3.1 Comparison of the Results with Others WOrks............cccocovvniiinnnniinnnn, 117
6.3.2 Comparison with Arc Craters in Electrical Contacts ............cccceeevvvvvririireieinae, 119
6.3.3 Current-Time Characteristic of the Ignition Discharge .........cccccoovvvvivvririnnnn, 120
6.3.4 Correlation between the Discharge Characteristic and the Crater Formation. 121
6.3.5 Effects of the Inductive Arc DISCharge ... 122
6.3.6 Correlation with Cathode WA ...........ccccovviiirenreee s 124
(ORS00 T LR 126
7 Conclusions and Outlook 129
References 135
Appendices 146
A Refractory and Non-Refractory Cathodes............ccoovviviiiiienencieneeee 146
B  Fitting of the Electron Emission Current DenSity ..........ccoovvvrenenencnencneeieen, 147
C Influence of the Simulated Region SIze..........ccccceeiiiiiiiiiecccec e 148
D Determination of Ui @nd Eg.......c.vovviiiiiiiiiiiiiiic ettt 149
E  Properties of Platinum Cathodes............ccooiveieiiieiieiiie e 150

vii






Acknowledgments

Acknowledgments

| would like to express my gratitude to all the persons who supported my work and

encouraged me during this Ph.D. thesis:

o Prof. Dr. Frank Micklich (Saarland University) for the opportunity to work under his
supervision in a very interesting research field, his scientific support and personal
advice which greatly contributed to the completion of this work;

o Prof. Dr. Frank Berger (TU llmenau) for the acceptance of the co-refereeing of this

thesis and the interesting discussions about electric arcs;

o All the industrial and academic partners of the project “Elektroerosion” Nr. 03X3500H
supported by the German Federal Ministry of Education and Research (BMBF) for the
efficient collaboration and the interesting discussions: Dr. Jirgen Oberle, Simone Baus,
Dr. Jochen Rager (Robert Bosch GmbH), Dr. Andreas Kratzschmar (Siemens AG),
Prof. Dr. David Lupton, Dr. Tanja Eckardt (W.C. Heraeus GmbH), Dr. Bernd Kempf
(Umicore AG & Co. KG), Prof. Dr. Frank Berger, Meik Sacher, Dr. Diego Gonzalez
(TU Illmenau), Matthias Ommer, Dr. Ulrich Klotz, Dr. Jérg Fischer-Buhner
(Forschungsinstitut fir Edelmetalle und Metallchemie), Dr. Thomas Lampke (TU
Chemnitz);

o Dr. Flavio Soldera for his continuous support, his constructive suggestions, and for the

proofreading and important comments about this thesis;

o Dr. Christian Holzapfel for his help and useful suggestions concerning the

microstructure analysis using FIB, SEM and TEM;

o Meik Sacher (TU llmenau) for the numerous and valuable discussions about cathode

spots and his help with the simulation;

o My colleagues of the research group “Elektroerosion” for their continuous support and
fruitful discussions: Christian Selzner, Kim Trinh, Sebastian Suarez, and Dimitrij
Ladutkin;

o The students that | supervised and who contributed to different aspects of this work:
Laure Thomas (EEIGM), Ghizlane Bamoulid (EEIGM), David Mcintosh (Oregon
University), Robert Jonsson (EEIGM), Hyo Jeong Moon (AMASE), Aurélien Riquier
(Mines de Douai), and Lluis Yedra i Cardona (EEIGM);



Acknowledgments

Paula Souza for the proofreading and accurate reviewing of the manuscript;

All my colleagues and friends of the chair of Functional Materials for the friendly

working atmosphere and their support through all these years;

The German Academic Exchange Program (DAAD) for the scholarship granted to me
during the period October 2004 - July 2005;

My parents Marie-Claude and Alain, my brother Thomas, “mi vida” Mariela, my
family, and my friends for their unconditional love, encouragement and faith in me

during all these years.



Abstract

Abstract

Erosion of material caused by electrical discharges takes place in many technical
applications. Particularly, in spark plugs, the durability is mainly determined by the electrode
erosion caused by ignition discharges. A better understanding of the wear mechanisms will
help in developing new electrode materials with enhanced resistance against spark erosion.

In this work, different aspects of the complex interaction between the plasma of the
ignition discharge and the electrode are investigated based on experimental observations and

simulations.

The discharge mode behavior is quantitatively analyzed with regard to the arc and glow
phase fractions for different electrode materials and conditions of pressure and gas. The
influence of these parameters on the discharge is discussed. This work especially focuses on
the formation of microscopic erosion craters on the electrode surface. Their morphology and
microstructure are characterized by means of FIB/SEM dual beam techniques. The depth of
modifications and the extent of the molten region are determined. To complete these
experimental observations, thermal analysis of the crater formation is performed using
analytical models and FEM simulations. Characteristic values of time, power density and
current involved in the crater formation are estimated. These values are related to the
electrical characteristic of the spark, and the effects of the discharge phases on the electrode

surface degradation are discussed.
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Kurzfassung

Kurzfassung

Die Erosion von Materialien, die von einer elektrischen Entladung hervorgerufen wird,
tritt in zahlreichen technischen Anwendungen auf. Auch die Lebensdauer einer Ziindkerze
wird durch die von den Zindentladungen verursachte Erosion an Elektrodenmaterialien
mafgeblich bestimmt. Ein besseres Verstandnis der VerschleiBmechanismen ist von groRer
Bedeutung, um mafRgeschneiderte Werkstoffe mit verbessertem Funkenerosionsverhalten zu

entwickeln.

In dieser Arbeit werden verschiedene Aspekte der komplexen Wechselwirkung
zwischen dem Plasma der Ziindentladung und der Elektrode anhand von experimentellen

Beobachtungen und Simulationen erforscht.

Das Entladungsverhalten (Bogen- und Glimmanteil) wird fur verschiedene
Elektrodenwerkstoffe, Gas-, und Druckbedingungen quantitativ untersucht. Die Morphologie
und Mikrostruktur von Erosionskratern werden mit Hilfe von FIB/REM Dual-Beam-
Techniken charakterisiert. Die mikrostrukturellen Veranderungen des Materials unterhalb der
Oberflache und insbesondere der SchmelzbadgroRe werden bestimmt. Zur Erganzung der
experimentellen Beobachtungen, wird eine thermische Analyse der Kraterbildung mittels
analytischen Modellen und FEM-Simulationen durchgefiihrt. Charakteristische Werte des
Kraterbildungsprozesses wie z.B. die  Warmezufuhr, der Strom, und die
Wechselwirkungsdauer werden bestimmt und in Bezug auf die verschiedenen Phasen der

Zundentladung diskutiert.
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CHAPTER 1

Introduction

Self-sustaining electrical discharges take place in many technical applications. The
understanding of the interaction between the plasma of the discharge and the electrode has
always been of special interest, motivated by the desire to develop plasma systems with better
performances. A common phenomenon occurring in these systems over time is the erosion of
the electrode caused by the discharges, also called electro- or plasma-erosion. In some cases,
electrode erosion is desired and a better understanding of the wear mechanisms would help in
reaching better performances. One can take as examples the electrical discharge machining
(EDM) process where an electric arc is used as a cutting tool for machining hard metals, the
arc welding process where the arc is used to melt the metals and join two work pieces, or
vacuum arc deposition techniques such as cathodic arc deposition where an electric arc is

used to vaporize material from a cathode target.

In many other cases, however, electrode erosion is a major problem limiting the
performances and lifetime of devices and restraining the choice of material. In high intensity
discharge (HID) lamps, the electric arc can cause strong erosion of the tungsten electrodes and
deposition of the electrode material on the lamp walls (blackening) with catastrophic
consequences for lamp efficacy. In switching devices, from small relays and switches to large
circuit breakers, the presence of an arc allows a smooth transition from the circuit current to
zero current and thus limits overvoltages. However, this arc can lead to the erosion of the
contact material, welding of the contacts and irreversibly critical changes of the contact

surface.

In spark plugs, the high voltage creates an electrical discharge or spark between the
spark plug electrodes, which ignites the compressed air-fuel mixture. The consequence of
these discharges is the erosion of the electrodes, also called spark erosion, which leads to
widening of the electrode gap and limits the lifetime of the spark plug. Nowadays, nickel-
based and platinum electrodes allow reaching a service life of 60 000 km and 100 000 km,
respectively. A better understanding of the wear mechanisms will help in developing new
electrode materials with still enhanced resistance against spark erosion.
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This work aims to provide new insight into the complex plasma-electrode interaction
processes in the particular case of ignition discharges, with the final objective to better
describe electrode wear mechanisms. Since anode effects are believed to be less critical with
regard to erosion, this work will exclusively focus on cathode effects. The investigation of
parameters influencing the discharge behavior and the identification of the phases creating
surface modifications are the main focus of this study. For this purpose, a large part of the
work will be dedicated to the experimental characterization and the simulation of crater

formation caused by the impact of single discharges on the electrode surface.

In Chapter 2, background information about the physics of the ignition discharge and
the cathode processes is given. The energy balance and physical model used later for the

thermal analysis of crater formation are presented, as well as some spark erosion mechanisms.

Chapter 3 presents the experimental set-up used for the generation and analysis of
ignition discharges and the different characterization techniques employed for the analysis of

the sparked electrode surfaces.

In Chapter 4, a method allowing quantitative and statistical analysis of the ignition
discharge characteristic is presented. The arc and glow fractions are determined for different
electrode materials and conditions of pressure and gas. The results are discussed regarding

surface morphology and arc-to-glow transition current.

Chapter 5 focuses on the microstructure characterization of craters caused by single
ignition discharges using different FIB/SEM dual beam techniques. Multilayered electrode
systems are introduced in order to monitor the extent of the molten zone. Crater morphology
and molten volume are investigated for different external pressures and related with phases of
the discharge. The mechanisms of crater formation and the displacement of molten material

are also discussed.

In Chapter 6, the thermal effect of the spark on the electrode, leading to crater
formation, is first analyzed using analytical models. In order to consider the most important
phenomena taking place at the cathode surface, a FEM simulation is developed. The results of
the simulation are compared with the experimental data obtained in Chapter 5, permitting to
determine relevant parameters of crater formation, such as time of interaction and power
density. These results are carefully analyzed and the effects of the ignition discharge phases

on the electrode surface degradation are discussed.
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Chapter 7 summarizes the most important conclusions drawn from this work and gives
some recommendations for further studies in the field of material erosion caused by electrical

discharge.

Appendices A to E give some details about the physical model, procedure, and material

properties used for the FEM simulation presented in Chapter 6.
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CHAPTER 2

Theoretical Background

This chapter presents background information about the ignition discharge and its
interaction with electrodes. Section 2.1 provides a survey of the characteristics and physics of
the phases of ignition discharge. Cathode processes such as mechanisms permitting the
emission of electrons and the cathode spot theory needed to describe arc-cathode interaction
are presented in section 2.2. In section 2.3, the energy balance of the ignition discharge is
discussed and the basis of the physical model developed for the thermal analysis presented in
Chapter 6 is presented. Finally, in section 2.4, a review is made of the mechanisms describing
the erosion caused by electrical discharges on electrodes.

2.1 Ignition Discharge Characteristics

The ignition discharge, or ignition spark, is a gas discharge occurring at moderate or
high pressures between two static electrodes. Different physical processes occur during the
ignition discharge. These processes aim to supply enough charge carriers in order to maintain
the discharge. They depend on the electrical characteristics of the ignition circuit as well as on
the conditions between the electrodes, and they determine the modes taken by the discharge.
A detailed description of the spark ignition process can be found in the works of Maly [1-3],
Herden [4] and Albrecht [5, 6].

The ignition discharge is composed of several phases: the breakdown, the arc discharge
and the glow discharge (Figure 2.1). During breakdown, a conductive plasma is formed via
electron multiplication across the electrode gap. The voltage applied between the electrodes
drops from its initial value (several kV) to very low values (~100 V). In this time, the
capacitive and inductive components of the spark plug are discharged. Breakdown is followed
by the instationary arc discharge, which exists for roughly 1 ps. During this phase, the
capacities of the high-voltage cable and the coil discharge their energy. The third and last
phase corresponds to the discharge of energy stored in the ignition coil and can last a couple
of milliseconds. This phase will always take the form of a glow discharge. At high pressures
and currents above 100 mA, however, an arc discharge can be sustained up to some hundreds

of microseconds. In an intermediate current range (50-100 mA), rapid transitions occur
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between arc and glow regimes. Once the conditions for a self-sustained discharge are no
longer fulfilled, the spark breaks away and the voltage is damped to zero [7]. The following
section will go into the physics of the breakdown, arc and glow phases composing the ignition

discharge investigated in this work.

U A

1% SR—

breakdown
(a couple of ns)

instationary arc discharge
(~us)

arc-glow transitions

/\

glow discharge
(1to 3 ms)

arc discharge
(a couple of 100 us)

»
t

Figure 2.1 Schematic voltage-time characteristic of an ignition discharge. The initial breakdown is
followed by a short instationary arc discharge. At high pressures, an arc discharge follows, which
finally transforms into a stable glow discharge.

2.1.1 Breakdown Phase

Initially, the gas volume within the electrode gap represents a perfect insulator. The
electric breakdown can thus be defined as the transformation of a non-conducting medium
into a conductor. The basic primary element of the breakdown process is the electron
avalanche. An avalanche begins with a small number of electrons, which appear randomly
and accidentally due to ionizing radiations (cosmic rays, UV-light). When a strong enough
electric field is applied, the electrons can gain energy and are accelerated towards the anode.
The accelerated electrons may ionize the gas molecules by collisions generating additional
electrons and ions. The number of electrons and ions increases rapidly. However, as the
electrons are absorbed by the anode, additional processes are required to generate enough new
starting electrons near or at the cathode. This is accomplished by photons emitted from
excited ions, since the impinging electrons not only ionize the gas molecules but excite a

multitude of electronic levels as well. As long as the ionizing processes produce less electrons
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than required for rendering the discharge self-sustained, this phase is called pre-breakdown.
The time of formation of the breakdown depends on gas composition, pressure and field
configuration, and may vary from 10 to several seconds, although it is usually between 10®
and 10* s [8]. Depending on these parameters, two mechanisms have been developed to
explain the formation of breakdown: the Townsend or avalanche multiplication mechanism
(section 2.1.1.1) for breakdown at low pressures and the streamer mechanism (section 2.1.1.3)
for breakdown in relatively large gaps with atmospheric to high pressures.

2.1.1.1 Townsend Mechanism

The evolution of the Townsend breakdown is best thought as the multiplication of
avalanches (Figure 2.2). A starting electron leaving the cathode picks up energy in the applied
electric field. Having reached energy somewhat greater than the ionization potential of the
gas, the electron ionizes a molecule, thereby losing its energy. The result is the production of
two slow electrons. These are again accelerated in the field and ionize two more molecules,
thereby producing four electrons, and so forth. The electronic current reaching the anode i is

enhanced by a factor exp(«d) in comparison with the current of electrons leaving the cathode

io:

i =ip-exp(a;d) (2.1)

where ¢; is the Townsend ionization coefficient and d is the electrode gap. The ionization
coefficient ¢ corresponds to the number of ionization events produced by an electron in a
1 cm path along the field. In steady state discharge, the total cathode current also equals i, and
consists of the electron current iy and the current of ions generated in the ionization processes
and pulled by the field to the cathode, io[exp(id)-1]. As voltage increases further, secondary
processes come into play, i.e. the creation of electrons by particles produced as a result of the
primary electron impact ionization processes. Secondary processes affect the amplification
more strongly if they produce electron emission from the cathode. An emitted electron covers
the entire path from cathode to anode and therefore produces more ionization than an electron

born halfway. Taking secondary emission into account, the discharge current is given by [9]:

i = ig - exp(a;d)/{1 — ylexp(a;d) — 1]} (2.2)
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where y is the effective secondary emission coefficient for the cathode. The breakdown
voltage depends therefore on the cathode material as it is observed experimentally. The
secondary emission may be caused by positive ions, photons and metastable atoms produced
in the gas as a result of ionization and excitation of gas atoms by electrons. One electron
emitted by the cathode produces exp(ed)-1 ions which, hitting the cathode, knock out
electrons each (in the case of electron emission induced by positive ions). The criterion

proposed by Townsend [10, 11] for initiating a self-sustaining discharge is given by:

vlexp(a;d) —1] =1 or a;d =In(1/y+ 1) (2.3)

The velocity of the avalanche depends on electric field, gas and pressure, and is
generally about 10" cm/s [12]. For low p-d values (<200 Torr-cm), the formative time of
breakdown corresponds to the travel time of an ion to cross the electrode gap. The breakdown
mechanism formulated by Townsend explains a great number of observations and provides a
satisfactory quantitative fit for experimental data. It gives a consistent interpretation of

Paschen’s dependence of the breakdown voltage on p-d.

anode (+)
positive ions 2nd avalanche aiisciric
photons field
E
ionizing
radiation G()@
\
starting starting
o electron electron y
cathode (-)

Figure 2.2 Representation of the breakdown mechanism based on the multiplication of avalanches
according to Townsend. Electrons accelerated in the electric field ionize molecules, producing
electron avalanches. Via secondary emission processes induced by positive ions or photons, new
electrons are emitted from the cathode (adapted from [13]).
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2.1.1.2 Paschen Law

The breakdown voltage U, and the corresponding breakdown field E, depend on the
gas, the material of the cathode, the pressure p and the gap width d. At constant temperature,

the ionization coefficient can be approximated by:

a;=A-p-exp(=B-p/Ep) (2.4)
where A and B are experimentally determined constants of the gas. Substituting equation (2.4)
in the Townsend equation (2.3) we obtain that the breakdown voltage depends only on the
product of pd:

B -pd

A-pd (2.5)
In <_1n(1 +—1/y>)

This equation is known as Paschen’s law [14] and permits to calculate U, in a

Ub=Eb'd=

satisfactory agreement with experiments. It is valid in the pd range at which the Townsend
breakdown mechanism dominates, i.e., at p-d < 200 Torr-cm. The experimental curves Up(pd)
are called Paschen curves and are plotted in Figure 2.3 for various gases. These curves present
a minimum. At low p-d values, few gas molecules are available and the possibility of collision
is limited. Hence, a very strong field is required to achieve the necessary amplification. High
pd values result from high pressure and/or large electrode gap; a large electrode gap d
reduces the electric field, while high pressure p decreases the mean free path of the electrons

and lowers their acceleration. In both cases, the ionization coefficient decreases.
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Figure 2.3 Breakdown voltages as a function of p-d (Paschen curves) for various gases over a wide
range of pd values [8].
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2.1.1.3 Concept of Streamers

At high p-d and high overvoltages, the breakdown develops much faster than predicted
by the multiplication of avalanches described by Townsend. Secondary electron emission due
to ion impact can be ignored because the duration of breakdown is insufficient for ions to
cross the gap. The current-conducting channel is formed in the time of flight of an electron
from the cathode to the anode, or even faster. There is not enough time for the repetition of
avalanches through cathode emission. The independence of the breakdown voltage from the
cathode material, under these conditions, is evidence against the participation of cathode
processes in the breakdown mechanisms. Therefore, the Townsend mechanism is no longer

suitable at high p-d and high overvoltages.

Meek, Loeb and Raether [12, 15, 16] developed the fundamentals of a new theory of
spark breakdown. This theory is based on the growth of a thin ionized channel (streamer)
between the electrodes. The streamer follows the positively charged trail left by the intensive
primary avalanche. Electrons of numerous secondary avalanches are pulled into the trail by
the field. These avalanches are initiated by new electrons created by photons close to this trail.
Photons are emitted by atoms that the primary and secondary avalanches have excited.

In an avalanche with high amplification exp(aix), considerable space charges are
generated due to the difference between drift velocities of electrons and ions in the field.
Space charges form a sort of dipole: all the electrons are at the head of the avalanche while
most of the positive ions remain behind. Because of their larger mass, ions and excited atoms
remain practically fixed during the time of flight of the avalanche to the anode. Space charges
produce their own electric field £, that adds up vectorially with the external electric field Eq,
and distorts it in the vicinity of the avalanche. The fields £’ and E, in front of the avalanche
head combine to give a field E stronger than Eg, while the resulting field inside the avalanche
is weaker than Eq because £’ and E, are in opposite directions (Figure 2.4). The field also
develops a radial component and the diameter of the negative avalanche head grows with the
distance due to diffusion processes. The increase of the electric field in front of the avalanche
enhances the ionization process and the emission of photons. New starting electrons are

created, which generate numerous secondary avalanches.
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Figure 2.4 Electric fields in a gap
Eol l o containing an avalanche with space
charges. For the avalanche to transform
into a streamer, the space charge field E’
must be on the order of the external field
Eo.

Eo+E’
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For an avalanche to transform into a streamer, the space-charged field £’ must increase

to a level on the order of the applied field Eo. This criterion can take the form:

E' = eR%exp[a;(Ey)x] = E, (2.6)

where « is the ionization coefficient, x is the distance from the cathode to the anode and R is
the avalanche head radius. We obtain the Meek breakdown conditions, where d is the

electrode gap and n. is the critical number of electrons:

a;(Ey)d =18-20, n, = exp(a;d) ~ 10%-10°cm™ (2.7)

If gaps are not too wide and overvoltages are not too high, the transformation occurs
when the avalanche reaches the anode. The streamer is now initiated at the anode surface, in
the region of maximum space charge, and propagates to the cathode. Such streamers are
known as cathode-directed or positive (Figure 2.5 left). In wide gaps and at high overvoltages,
the number of charges in the primary avalanche increases more rapidly and the avalanche
transforms into a streamer before it reaches the anode. In this case, the streamer grows
towards both electrodes. However, if the streamer is formed not far from the cathode, it
mostly grows towards the anode and the streamer is said to be anode-directed or negative
(Figure 2.5 right).

For cathode-directed streamers, electrons produced by photons initiate secondary

avalanches, which are pulled into the trail due to the direction of the resulting field.
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Secondary-avalanche electrons intermix with primary-avalanche ions and form a quasi-neutral
plasma. Secondary-avalanche ions enhance the positive charge at the cathode end of the
streamer, attracting the electrons of the next generation of secondary avalanches, and so forth
(Figure 2.5 left). For an anode-directed streamer, the electrons drift in the same direction as
the front of the plasma streamer. Secondary avalanches are produced in the front of the
negatively charged streamer head facing the anode. The front electrons of the head, moving
rapidly in the strong total field £ '+Eo, join the ionic trails of the secondary avalanches and
form the streamer (Figure 2.5 right).

anode (+) anode (+)
ti>tz |+ - +
-+
+ "+ >
L’j\ -+ - -
e @fr’ =
-+ + +
%Q I ﬁ ; -
- + = -
+ + - -
+. + + "+
w Ylt‘ -+ -
b -
Q\ T+
p % t1 + -ttt
cathode (-) cathode (-)

Figure 2.5 Cathode directed streamer (left) and anode directed streamer (right) at two consecutive
moments with photoemission and secondary avalanches in front of the streamer head (adapted from

[8D.

The growth velocity of the streamer increases as its length and the applied external field
increase. The measured velocities are about 10° cm/s, while the drift velocities in the external
field are about 10’ cm/s. The streamer channel diameter is comparable with the avalanche
head diameter at the stage of maximal expansion, i.e. 10%-10" cm [8]. The transition from
Townsend to streamer mechanism is smooth and occurs in a range of p-d between 200 and
4000 Torr-cm. In the case of the discharge of an ignition coil with high overvoltages, the
ionization coefficient is greater. Therefore, the transition may happen at much lower values of
pd and the streamer mechanism is assumed to dominate in most cases of ignition discharges

in spark plugs [13] as well as in our experiments.
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2.1.1.4 Breakdown parameters

As soon as the streamer is formed between the electrodes, typically with currents in
excess of 10 mA, there is no inherent current-limiting process in the gap. The current rises
rapidly to values of more than 100 A until any further increase becomes limited by the
impedance of the discharge and the external circuit close to the gap. At this stage, the voltage
drops within few nanoseconds to very low values (~100 V). During the breakdown, the
charge carrier density in the conductive channel increases to values of ~10™ e/cm™ and the
plasma can reach temperatures up to 60 000 K. Due to the extremely rapid temperature
increase, the pressure in the plasma rises almost instantaneously to several hundreds of bars.
The plasma, initially with a diameter <50 um, expands at supersonic speeds and cools down.
Because these processes are very fast, the cathode cannot absorb heat from the plasma via
conduction, and therefore remains cold [1]. The end of the breakdown may be taken as the
time when the ignition voltage drops below 10 % of its initial value [13]. If a sufficiently high
current flow is provided, it may also correspond to the point at which a hot spot is formed on

the cathode surface and the discharge turns into an arc.

2.1.2 Breakdown to Arc Transition

The easiest way to initiate an arc is to connect the electrodes to a suitable power supply
capable of providing sufficiently high current, bring the electrodes into contact and then
separate them. At the point of contact, the temperature may reach the melting point T, of the
metal. Because the contact spot has melted and the electrodes continue to part, a molten metal
bridge is formed between them. As the bridge is drawn further it becomes unstable and will
rupture and vaporize, releasing metal vapor into the electrode gap. If the temperature of the
cathode region is close to the boiling point, thermal ionization will take place in the hot metal
gas. The arc will form immediately in the region of the initial molten metal bridge [17].

In spark plugs, however, there is a static gap between the electrodes, and the arc
discharge must be preceded by a breakdown. In this case, the power supply and the external
circuit must allow the sustainment of the arc discharge. When breakdown occurs and the
instationary arc starts, currents are in excess of 100 A and are only limited by the external

electrical impedance of the ignition circuit [1].

For discharges in gases at sub-atmospheric pressures and low overvoltages, the
breakdown-to-arc transition takes place via one or more transient glow phases. According to

Kekez [18], a first diffuse glow discharge forms and tends to expand to cover the whole
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electrode surface. Then, the glow contracts and a transition to a second filamentary glow
occurs, leading to the formation of the cathode spot. The voltage collapse begins with the
second filamentary phase. Chalmers reported similar observations of the formation of a high
current transient glow discharge in nitrogen at low overvoltages. In this case, the condition for
the transition from a transient glow to an arc is that a certain quantity of energy is dissipated
in the gap during the glow phase [19]. The duration of this transient glow is strongly
dependent upon the circuit resistance, and decreases as the gas pressure in the gap increases
[20].

At high overvoltages or pressures above atmospheric pressure, the critical charge carrier
number in the initial avalanche, of approximately 10, is reached in a mid-gap position and the
breakdown develops like a streamer, as described in section 2.1.1.3. In this case, no transient
glow discharge takes place and the only visible manifestation of breakdown is the formation
of a filamentary discharge. The arrival of the streamer at the cathode surface does not lead
directly to arc discharge. A further arc-forming stage in the evolution of the breakdown has to
take place before the applied voltage collapses to arc level [21]. The general evolution in air at
atmospheric pressures consists of the following sequence: primary streamer, secondary
streamer, and transient arc [22]. The time between the impact of the primary streamer and the
arc formation depends on the discharge current and pressure. When the pressure increases up
to 10 bar, like in spark plugs, the duration of the transition decreases to a few nanoseconds
[23].

2.1.3 Arc and Glow Discharges

2.1.3.1 Voltage-Current Characteristic

Any real circuit with a discharge gap has a resistance which sets an absolute limit for
the current achievable at a given electromotive force from the power supply. In an ignition
circuit, this limit can be set by the resistance of the high-voltage cable, the plug connector or
the spark plug. As the current largely determines the type of discharge, the resistance will
influence the discharge mode after breakdown. The type of discharge can be approximately
read from the voltage-current characteristic plotted in Figure 2.6. After breakdown, the
current is sustained by the same avalanche mechanism as in the Townsend breakdown (point
D), except that a smaller voltage is required to maintain the necessary ionization. This steady
discharge is characterized by a relatively constant voltage drop, a cold cathode and a number
of luminous zones. Hence, it is called glow discharge (point E). The glowing region is also
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characterized by a fairly constant current density, i.e., as the current increases, the cross-
sectional area of the glow increases. When the current increases to the point where electron
emission originates from the entire cathode area, further increase in current leads to higher
current density. This leads to Joule heating of the cathode, with further increase in electron
emission, and the corresponding regime is called abnormal glow (point F). Intense cathode
heating and the consequent increase in electron emission finally allows the discharge to be
sustained at lower voltages and when i~1 A, the glow discharge transforms into an arc (point
G). The arc region is characterized by low voltage and high current together with a highly
luminous discharge (point H). This followed the voltage-current curve as the current gradually
increases. However, in ignition discharges, and for sufficiently high applied voltage, the
discharge can set in its corresponding discharge mode immediately after the breakdown [8].
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2.1.3.2 Arc Discharge Plasma

The arc discharge is characterized by large currents, i~1-10° A, and high cathode
current densities, J~10%-10" A/cm?, depending on the cathode material and arc mode. The
burning voltage of an arc is low (~50 V in air at 1 bar with a 1 mm gap) and the cathode
potential fall is on the order of the ionization potential of the cathode atoms, i.e., 10 to 20 V.
The cathode fall is required to maintain electron emission from hot cathode spots (10-30 pm
in diameter with T up to the boiling point of the cathode material) via thermionic, field or
thermo-field emission. A more detailed review of the different cathode phenomena and

electron emission mechanisms can be read in sections 2.2.1 and 2.2.2.

At atmospheric pressure or above, the arc column plasma is typically in local

thermodynamic equilibrium (LTE) and T, (electron temperature)=T; (ion temperature)=Tg (gas
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temperature) [17]. The density of electrons n. equals the density of ions n; and amounts to
~10"" e/cm®. For low-current arcs (i~5 A), the temperature is between 6000 and 7000 K,
which corresponds to the values reported for the arc phase of ignition discharges [2, 24]. For
high-current arcs (i~1000 A), the temperature can reach up to 20 000 K. The energy of the arc
is given by the current flowing in the arc column multiplied by the voltage drop (i.e. Joule
heating) and is balanced by radial thermal losses and radiation [25]. The energy transfer from
the plasma center to its surface occurs by heat conduction and mass diffusion. These
processes become more inefficient the larger the column radius grows and determine the

Gaussian shape of the temperature profile (Figure 2.7).

2.1.3.3 Glow Discharge Plasma

The glow discharge is one of the most studied and widely applied types of gas
discharge. The name “glow discharge” comes from the presence of successive dark and bright
luminous layers in the cathode region [26]. The interelectrode space of the glow discharge is
an example of weakly ionized nonequilibrium plasma sustained by an electric field. Typical
currents are i~10*-10" A and the current densities are low, J~1-10 A/cm?. In normal glow
discharge, current density in the region near the cathode is relatively constant, which implies
that the cross-sectional area is proportional to the current [27]. Glow discharge is usually
achieved at low pressures (few Torrs). However, it can also be produced at atmospheric
pressures as long as the current density remains below the threshold for glow-to-arc transition
(section 2.1.3.4). For constant currents, the current density in normal glow discharge increases
with the square of the pressure, J~p? [28, 29]. At low pressures, appreciable parts of the
cathode surface are covered by the plasma. High pressures tend to compress this area and

favor, therefore, the transition to the arc regime.

As the current is low, the field strength in the gap region is on the order of 10° V/cm.
The total burning voltage at 1 bar with a 1 mm gap amounts to 500 V. The plasma voltage
increases with increasing pressure. The steady-state values for electron density and kernel
temperature are 2x10* cm™ and 3000 K, respectively [1]. The energy transport mechanisms
from the kernel to the plasma surface are the same as for the arc, and the plasma presents a
Gaussian temperature profile (Figure 2.7). The erosion rates associated with the glow regime

are low and are mainly caused by sputtering (section 2.4.3).
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5000 Figure 2.7 Radial temperature profiles T,
rf/x Ta and Tg for breakdown, arc and glow
discharge plasmas respectively, in air at

4000 1

300 K and a 1 mm gap. Due to different
power levels, final profiles will be reached
at different time intervals. The breakdown
profile is shown at the time of ceasing
pressure expansion. rg, ra, re: plasma radii
for an assumed flame temperature of
2000 K [1].
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2.1.3.4 Glow Instabilities and Glow-to-Arc Transition

The threshold for the glow-to-arc transition can be reached by either increasing the
current at constant pressure or increasing the pressure at constant current. For ignition sparks
at atmospheric pressures, the threshold current is in the range of 100 mA. In this current
range, rapid transitions occur between the arc and the glow regimes due to instabilities. For a
given current density, the time constant for these instabilities decreases with increasing
pressure and can be a few nanoseconds at atmospheric pressures [29]. The origins of the
instabilities that could lead to glow-to-arc transition have been widely investigated. Early
investigations focused on conditions at the electrodes such as cathode material and chemical
processes at the cathode [30, 31]. Boyle [32] established field emission as the cause of the
transition from a glow to an arc and concluded that small differences in the work function or
in the surface roughness will have a large effect on the stability of the glow at high pressures.
It became later evident that processes in the plasma could also affect this transition. These
processes can be grouped into two types: electronic and thermal instabilities [27]. Thermal
instability is the perturbing mechanism for glow discharges at elevated pressures and
sufficiently high currents in atomic and molecular gases. It results in discharge contraction,
and in the formation of currents filaments in which the degree of ionization and the gas
temperature are much higher than in an ordinary glow discharge. The transition from a diffuse
to a contracted glow discharge leading to the formation of filaments is sometimes referred to
as arcing. Filament characteristics, such as the electron temperature and the electron density,

lie between those of the nonequilibrium plasma of diffuse glow discharges and the
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equilibrium plasma of arc discharges [8]. Transitions between glow and arc phases are an
important phenomenon occurring in ignition discharges and will be discussed at the end of
Chapter 4.

2.2 Cathode Processes

The surfaces of the electrodes separate two completely different conducting media from
each other. The charge carriers, mainly the electrons, have to cross these boundaries.
However, the electric potentials of the electrons are of a different level: near the Fermi level
in the conduction band of the metallic electrode on the one hand, and near the vacuum
potential of the gas/plasma on the other hand. This difference, in the simplest case, is
characterized by the work function ¢ of the material. The main difficulty encountered by any
gas discharge is to overcome this potential drop. The situation is different at the anode and at
the cathode. The anode simply collects the electrons carrying the current from the discharge
plasma. As long as the current densities are not too high, the anode is a passive electrode and
the occurring processes are relatively simple. The situation is more complicated at the
cathode, where electrons have to be extracted from the cathode surface. The emission of
electrons at the cathode surface is realized by a system of space charge layers generated by
the discharge itself, and involving many interconnected physical processes in a self-sustaining
way. In this section, a review of the cathode processes occurring during the arc and glow
discharges is made.

2.2.1 Cathode Layer

The potential drop of arc and glow discharges between two separated electrodes can be
divided into three regions: cathode region, plasma column, and anode region (Figure 2.8). The
potential fall in the anode region U, forms to control the influx of electrons to the anode in
accordance with the discharge current. The plasma column is an electrically neutral plasma
(ne=n;) in local thermodynamic equilibrium (LTE) for the arc discharge (T.=T;) and in non-
thermodynamic equilibrium for the glow discharge (T>T;). The function of the cathode layer
is to create the conditions for the self-sustainment of the current. The value of the cathode fall
U, is different in glow and arc discharges due to the different types of electron emission
resulting in different ratios of electronic and ionic currents at the cathode.
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Figure 2.8 Schematic representation of the voltage in the inter-electrode space with potential falls U,
and U, in the cathode and anode regions, respectively.

The emission of electrons at the cathode of a glow discharge is ensured by secondary
emission due to the ionic flux (individual process). This is a strictly linear emission process,
in which the emission current is proportional to the impacting flux of ions. Secondary
emission produces only »~103-10"" electron per ion, so that the fraction of electronic current
at the cathode is 7 /(1+7)~103-10"". Several generations of electrons must be produced in the
cathode layer in order to raise this fraction to unity. This multiplication of electrons requires
strong fields and it results in a cathode fall of hundreds of volts. For a normal glow discharge,
the cathode fall U; and the cathode layer thickness values are close to Upi, and (pd)min for the
breakdown of a plane gap discharge in the same gas and for the same cathode material. The
lowest possible voltage fall is connected with a current density enabling optimum output of

these electron generation processes [8].

The emission of electrons at the cathode of an arc discharge is produced by thermionic
or thermo-field emission. This method of extracting electrons not by knocking them out
individually, but by heating the surface (collective process) is more efficient than the
secondary emission. Thermionic electron emission provides s~70-90 % of the total current,
and ions carry 10-30 % of this current to the cathode. No additional generation is required and
the cathode fall is much lower than for a glow, i.e., 10-20 V. This high efficiency, however,
can be achieved only with high current density which sufficiently heats the cathode surface.
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The arc cathode region is composed of a cathode sheath and an ionization zone or pre-
sheath (Figure 2.9) [33-37]. The cathode sheath is collisionless and its charge is positive. In
the cathode sheath, the ions generated by ionization in the pre-sheath are accelerated towards
the cathode. The thickness of the cathode sheath is smaller than any collision mean free path,
i.e.,, ~0.01 um [38]. This layer consumes a considerable fraction of the cathode potential fall.
The pre-sheath or ionization layer is a quasi-neutral plasma, which provides charged species
by ionization of the vaporized atoms. The ionization of neutrals is mostly assumed by the

electrons emitted from the cathode.
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2.2.2 Arc Discharge and Cathode Spot

2.2.2.1 Electron Emission

The emission of electrons from the cathode is governed by the surface temperature T,
the surface electric field Es, and the presence of ions in the cathode region [39]. When the
emission is only due to the temperature effect and the surface electric field is low, the
emission is said to be thermionic and the electron current density Jr can be predicted by the

Richardson-Dushman equation:
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where ¢ is the work function of the cathode material. High surface electric fields induce a

reduction of the work function, allowing easier thermal emission of the electrons. This effect
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is known as the Schottky effect [40]. The work function ¢ in equation (2.8) should be replaced

by the modified work function ¢

e3E;
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The Richardson-Dushman formula with the modified work function is commonly called the
field-enhanced thermionic equation. Prediction of the emission current with this equation is
sufficiently accurate for refractory cathodes like tungsten, which are known to be thermionic
emitters. However, the field-enhanced thermionic equation leads to a large underestimation of
the current density for cold cathodes like Cu or Ag. This equation is therefore suitable for the
prediction of the emission current of refractory cathodes with moderate surface electric field
strengths Es<10® VV/m [41, 42]. In the case of electron emission by a pure electric field effect,

the current density is given by the Fowler-Nordheim equation for field emission [43].

The combined action of thermionic and field emission is the most effective emission
process and can lead to an increase by a factor of more than 500 compared with the sum of the
two single effects [44]. This non-linear enhancement of the emission is necessary to fulfill the
existence conditions of electric arcs with cold cathodes such as copper or silver. The
combined thermal and field effect is called the thermo-field (TF) emission [45]. According to
Murphy and Good [46], the thermo-field emission current density Jr¢ is related to the surface

temperature Ts, the surface electric field Es and the work function of the material ¢ by:

Jre = | D@ W) N, T, )aw (2.10
-W,

where -W, is the effective potential of electrons inside the metal surface (-W,~10 eV),
D(Es,W) is the electron tunneling probability across the potential barrier at the surface, and
N(W,Ts,¢) is the Fermi-Dirac energy distribution function of electrons moving towards the
surface. An example of the thermo-field current density calculated with the Murphy and Good
formalism as a function of temperature and electric field is shown in Figure 2.10 for a work
function ¢=4,5 eV. This value of the work function corresponds approximately to pure
tungsten (@4v=4,54 eV) and pure copper (¢c,=4,45 eV) surfaces. Due to the complexity of the
equation, the prediction of the thermo-field current densities implies the use of numerical
methods. Approximation formulae of the Murphy and Good formalism exist in the literature

but their use is restricted to defined ranges of temperature and electric field, and is only given
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for some cathode materials [47, 48]. The Murphy and Good equation is assumed to be the

most accurate for the prediction of the electron emission current of cold cathodes [42].

Figure 2.10 Logarithm of the thermo-
field emission current density predicted
by the Murphy and Good equation for
¢=4,5 eV. The TF current density tends
to become independent from the electric
field for small fields (thermionic
emission) and independent from the
temperature for large fields (field
emission) [42].
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2.2.2.2 Basic Cathode Spot Mechanisms

Considering the different electron emission processes, cathodes of high pressure arcs
can be classified as thermionic (hot cathodes) or non-thermionic (cold cathodes). Thermionic
cathodes are made of high melting point materials such as W or Ir, and can sustain the high
temperatures needed for thermionic emission without considerable melting or evaporation.
The cathode arc root can be contracted (spot mode) or diffused and the current density is
J~107-10% A/m? [49-52]. Non-thermionic cathodes made of non-refractory materials such as
Cu or Ag cannot sustain high temperatures and they are expected to emit electrons in the
thermo-field regime. The cathode spot processes associated with this last regime are presented
in more detail here. These mechanisms will be mentioned later in Chapter 6 for the

elaboration of the FEM simulation as well as for the discussion of the results.

The arc cathode spot must provide a sufficient yield of thermo-field electrons.
Therefore, both the temperature and the electric field at the surface of the spot must be high
enough. These conditions are achieved by the discharge itself, leading to the contraction of
the arc spot until sufficient emission occurs. The cathode spot is heated by the impact of
accelerated ions, which deliver their kinetic, thermal and recombination energy. lons flowing
toward the cathode also generate a strong electric field at the cathode surface because of their
space charge. The calculation of the electric field requires solving the Poisson equation in the
cathode sheath. A first analytical expression for the surface electric field Es was originally

developed by Mackeown [53] considering the ions and the emitted electrons:
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E.* =1757.10°/U, (J;V1845- M —J,) (2.11)

where U is the cathode potential fall, M is the atomic weight of the positive ion, and J; and Je
are the ion and electron current densities, respectively. Different extended expressions of the

Mackeown equation are proposed in the literature [37, 47, 54-58].

The ion flow towards the cathode produces both high temperatures and strong electric
fields at the cathode spot surface. Thus, it provides the necessary conditions for sufficient
high-yield electron emission and for the existence of the arc [44]. Since ions are generated by
the ionization of neutrals in the cathode pre-sheath, the self-sustaining operation of an arc
requires a sufficiently intense evaporation of cathode material. The presence of a dense
metallic vapor in the cathode region will have the effect of maintaining an intense ion
bombardment, which, in turn, allows high ion and electron current densities. The flux density
of evaporated atoms /7, can be estimated by means of the Langmuir formula:

Py

S A
[ = . _ A |
" 2mm, kg T, with Py T, +B+C-log(Ts) (2.12)

where my, is the particle mass and py is the equilibrium vapor pressure of the cathode material.

The constants A, B and C are found in tables (Appendix E).

High local vapor pressures in the cathode region are necessary for the self-sustainment
of arcs on cold cathodes not only in vacuum [59], but also at atmospheric pressures [49].
Coulombe [37, 60] reported theoretical values of metallic pressure up to 50 atm to achieve the
transfer of current densities of ~10 A/m? on copper cathodes. According to many authors [61-
63], the basic operating mechanisms of arc cathode spots in vacuum and in gaseous media are
similar and can be described by the same unique model. This can be explained by the fact
that, if the local metallic pressure is higher than the external pressure, the internal structure of
the cathode spot is not disturbed by the surrounding ambient gas. Moreover, as most metal
vapors have lower ionization potentials than nitrogen, oxygen or other gases, any metal vapor
in the cathode region will be preferentially ionized. Like in vacuum, the returning ions in high

pressure arcs come from the cathode and not from the ambient gas.

The abovementioned cathode spot mechanisms describe a stationary phenomenon. In
order to complete this model, new concepts were introduced such as, among others, the

thermal runaway and the explosive emission [44, 64-67].
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2.2.2.3 Crater Formation

Craters are post-mortem visible traces of the intense interaction between the plasma and
the cathode surface occurring at the cathode spot. The craters are formed by (1) intense
heating of the surface up to the boiling point, mainly caused by ion bombardment, (2)
formation of a thin molten layer at the surface, and (3) formation of a depression due to the
high plasma pressure acting on the surface (~1 GPa [44]), which pushes the liquid metal
outwards to the crater rim, where it cools and solidifies. A simple form for the ion pressure

Pion acting on the crater surface is given by:

ZUle-
Pion :]i Zl-e

where J; is the ion current density, U, is the cathode fall, m; is the mass of the positive ion, and
Z; is the mean ion charge (=1). Hantzche [55], Prock [68, 69] and Juttner [70], among others,

(2.13)

have treated the crater formation mechanisms in detail.

The in-situ observation of cathode spots is complicated and requires measurement
techniques with high temporal and spatial resolutions [71, 72]. Moreover, the cathode spot is
surrounded by a plasma emitting light, which prevents the direct visualization of the spot and
the accurate determination of its dimensions, especially in an ambient gas. This is the reason
why the arc cathode roots observed in-situ with photographic techniques are much larger than
the craters left on the surface [73]. Craters show the extent of the power and current transfer
region on the cathode and it is generally assumed that the size of the crater corresponds to the
size of the cathode spot. Therefore, the investigation of the crater region can provide very
useful information about arc-cathode interaction. Combined with the measurement of the
current, the size of the crater can yield information about the mean current density at the
cathode spot.

Craters are typical features of the arc attachment on non-refractory cathodes due to the
important contraction of the arc foot. Indeed, the trace left by the arc on a refractory cathode
is rather a gross melting of the surface without depression zones [74]. Arc attachment on non-
refractory cathodes consists of one or several cathode spots. At room temperature, the mean
crater diameter remains nearly constant at values of 5-10 um [75-77]. The independence of
the individual crater size on the arc current can be explained by spot division [78]. As a
consequence, erosion structures >10 um can be explained by the action of a multitude of spots
rather than by a single one. Cathode spot lifetimes reported in the literature differ by orders of

magnitude with values ranging from some nanoseconds to some microseconds [79, 80]. The
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current densities in a spot on non-refractory cathodes such as Ag, Au, and Cu are reported to
range from 10" to 10" A/m? [49, 79, 81].

2.3 Energy Balance in Ignition Discharges

2.3.1 Energy Transferred to the Plasma

The purpose of the ignition discharge is to initiate the combustion of the air/fuel mixture
by delivering its energy to the gas/plasma at the right moment. However, only a small fraction
of the electrical energy is actually transferred to the plasma. A large part of the energy is lost
in the electrodes. This unwanted energy does not contribute to the ignition of the mixture and
reduces the efficiency of the ignition spark. Moreover, it leads to heating and degradation of
the electrodes. The reason why the total electrical energy cannot be transferred to the plasma
is that the electrode processes necessary for the sustainment of the discharge require energy.
At the cathode, ions gain energy through acceleration in the strong electric field of the
cathode layer. This energy will heat the cathode surface in order to supply the emission of
electrons. However, a large fraction of heat is lost through conduction into the bulk of the
cathode. Electrons absorbed at the anode also transfer their energy via recombination and heat

the anode.

The ignition energy efficiency can be defined as the fraction of electrical energy
deposited in the gas/plasma. This value is important for the characterization of the ignition
system but also for the comprehension of the plasma-electrode interaction and electrode
degradation mechanisms. Ignition energy efficiency values based on calorimetric
measurements are reported in the literature [82, 83]. The electrical energy can be easily
determined from the electrical parameters of the circuit coupled with the oscilloscopic
measurement of the voltage and current curves. The thermal energy deposited in the plasma
can be determined from measurements of the transient pressure rise following the discharge in
a closed chamber (constant volume). The energy transfer efficiency is found to be different
for each phase of the discharge [82]. The energy transferred to the plasma is plotted as a

function of the electrical energy for the different phases of the discharge in Figure 2.11.

2.3.1.1 Breakdown Phase

During breakdown, the energy stored in the plug capacitor is discharged within a few
nanoseconds. The electrical energy of the breakdown phase Ey is given by:
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Ep, U? (2.14)

ZEP

where C, is the plug capacitance and Uy is the breakdown voltage. The breakdown phase
shows the higher efficiency of the three phases with approximately 90 % of the electrical
energy transferred to the plasma. The high efficiency of the breakdown is due to the very
short time (~ns) in which the energy is released in the inter-electrode space. Therefore,
cooling processes at the electrodes cannot take place. However, the efficiency decreases as the
stored energy increases (Figure 2.11). This is likely caused by the presence of a succeeding
arc phase if the energy stored in the capacitor cannot be discharged completely during the
breakdown phase.

2.3.1.2 Arc and Glow Phases

The arc and glow phases correspond to the discharge of the energy stored in the ignition
coil. Using the voltage and current curves of the discharge, the corresponding electrical

energies E, and Eg can be calculated:

E, = f ug (6) - ig (6) dt (2.15)

a

E, = Jt uy (£) - iy (t) dt (2.16)

g
where t,, tg, Ua, Up, and iy, iy are the duration, the burning voltage and the current of the arc and
glow phases, respectively. The energy transfer efficiencies of arc and glow discharges are low
in comparison with those of the breakdown phase due to the formation of cathode and anode
layers and the heating of the electrodes. The efficiency of the arc discharge ranges from 50 %
for electrodes having a small diameter (&=0.1 mm) to 10 % for electrodes having a large
diameter (J=2.5 mm). The cathode material also plays a role and materials having a low
boiling point increase the ignition efficiency of the discharge. The glow phase shows
efficiencies somewhat lower, between 30 and 10 %, likely due to higher cathode falls. As
with the arc phase, the glow efficiency decreases as the electrode diameter increases. Teets
[83] investigated the efficiency of glow discharges at different pressures and gap lengths. His
results are comparable with those of Saggau [82] for the glow discharge. He showed that the
energy transferred to the plasma increases when the gas pressure and the gap length increase.

Since losses via radiation are negligible [5], the fraction of energy not transferred to the
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plasma is entirely lost in the electrodes, and it is admitted that 2/3 goes to the cathode and 1/3
to the anode [84].
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2.3.2 Energy Balance at the Cathode Spot

In this section, the basis of the physical model used for the FEM thermal simulation in
Chapter 6 is established. The different physical mechanisms taking place at the cathode spot
can be classified into heating and cooling mechanisms.

2.3.2.1 Heating Mechanisms

The principal contribution to cathode surface heating is the bombardment of returning
ions. Each ion impacting the surface liberates an effective energy equal to the sum of: its
thermal energy, corresponding to the plasma ion temperature Tj; its kinetic energy, gained in
the cathode fall potential Ug; its neutralization energy, from the recombination with electrons
from the metal; and its condensation energy, which is equal to the evaporation energy. The
assumption that all ions condense is not always made and some authors consider that all ions

are backscattered after neutralization [37, 85]. The corresponding heat flux P; is given by:

P=]U (2.17)

where J; is the ion current density, and Uj is the effective energy of each ion described above.
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Not only ions but also neutral atoms and electrons return to the cathode. Returning

atoms contribute to cathode heating by Py, from their thermal and condensation energy:

Pon = Ly (Wey + 2kpT,) (2.18)

where 7, is the flux density of returning neutrals, We, is the evaporation energy and T, is the
plasma temperature. Since only a small fraction of vaporized atoms return to the cathode, the
power density of returning neutrals P,, is usually negligible in comparison with ionic
bombardment [47].

Though the cathode is at a lower potential than the plasma, some electrons can return to
the cathode because of the high plasma temperature. Upon impact with the cathode surface,
back-diffusing electrons liberate the sum of their condensation energy and initial enthalpy
giving rise to the heat flux Ppge:

SkyT,
Pyrge = Jpde <¢'+ zBe > (2.19)

where Jyge is the back-diffusing electron density, ¢’ is the modified work function and Te is
the plasma electron temperature. According to Rossignol [86], the power density associated
with back-diffusion electrons Ppge is two orders of magnitude lower than the ionic

bombardment P; and can then be neglected.

Radiations emitted from the plasma are absorbed at the surface. The radiation power of
the plasma P, can be estimated by the Stefan law:

P

> = oT4 (2.20)

where o is the Stefan-Boltzmann constant. The radiation power of the plasma is considered to

be negligible in comparison with other heating terms [47, 86, 87].

The heating terms mentioned in the above paragraphs are surface terms. Additionally,
the electric current flow in cathode bulk can result in Joule heating, which is a volume source.

The equivalent power density P; can be evaluated by [47]:

k'l*a
p ="

> (2.21)

O¢l
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where J is the current density, a is the spot radius, o is the electrical conductivity and &’ is a
constant in the range of 0.5-0.8. Many authors [69, 85, 88, 89] consider that Joule heating is

negligible in comparison with ionic bombardment.

2.3.2.2 Cooling Mechanisms

The thermo-field emission of electrons from the cathode spot surface is coupled with a
cooling effect (so-called Nottingham effect) because the electrons are promoted outside the
potential barrier of the metal surface by taking their energy from the lattice. The net energy
exchange of each electron leaving the surface with the cathode is called the Nottingham
potential [90]. Using the fitting formula proposed by Paulini et al. [48], the power density
associated with electron emission P, can be predicted by:

P, = ]; (¢ + 2kpT,) (2.22)

where the emitted electron current density J. equals Jre (equation 2.10), ¢’ is the modified
work function and T is the spot surface temperature. Note that for very high surface electric
fields (Es>10" V/m) and low temperatures (Ts<2700 K), the Nottingham effect may result in
a heating effect [37].

The power loss density due to the vaporization of atoms Py, is given by:

Poap = L, (Wey + 2kpTy) (2.23)

where 77, is the flux density of vaporized atoms (equation 2.12), W, is the evaporation energy

and Ts is the surface temperature.

A further loss of energy is caused by radiation of the cathode spot. Like plasma
radiation, the power loss by spot radiation Py is given by the Stefan law assuming blackbody

radiation;

P, =0T} (2.24)

The power associated with spot radiations is usually negligible in comparison with the other
cooling terms [47, 86, 87].
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The remaining heat flux brought to the cathode surface is dissipated in the cathode bulk
by heat conduction. This power Pejecirode 1S partially consumed to heat the cathode bulk and to
melt the surface, forming a shallow pool of liquid metal.

Assuming that the surface is in energetic equilibrium, the power balance at the surface

of the cathode spot is given by the relation:

Pi = Pe + Pvap + Pelectrode (225)

2.3.3 Energy Balance at the Cathode in Glow Discharges

During glow discharge, energy is delivered to the cathode in the form of bombarding
ions and energetic neutrals. Since the degree of ionization in the glow discharge plasma is
low, the most abundant species are neutrals. Experimental and theoretical investigations of
heat transfer mechanisms reported that ~80 % of total glow discharge power is supplied to the
cathode and causes its heating [91, 92]. The cathode flux of fast neutrals is likely to be
significantly greater than that of ions. Therefore, the main contribution to cathode heating is

brought by fast neutrals and not ions [91, 93].

2.4 Erosion Mechanisms

The interaction of electrical discharges with the surface of electrodes leads to material
degradation. For the development of new electrode materials with enhanced durability, the
understanding of the erosion processes is crucial. Since the phases of ignition discharge
involve different physical phenomena, the erosion processes taking place during arc discharge
may differ from those of glow discharge. In the following section, a review is made of the
most important theories developed to explain the erosion caused by electrical discharges.
Mechanisms like particle ejection, vaporization and oxide layer removal apply to the highly
energetic cathode arc root while sputtering applies more to the glow discharge. Plasma
assisted oxidation of the surface can occur during both arc and glow phases.

2.4.1 Particle Ejection

Under the heat from ion bombardment, the cathode surface melts and forms a thin layer

of molten metal. A considerable part of the liquid metal is transported to the crater rims,
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whereas a small part is ejected in the form of droplets. Gray et al. [94] proposed a model to
explain the formation and ejection of droplets (Figure 2.12). During the discharge, a force due
to the ion bombardment acts on the surface of the molten pool (equation 2.13). This force is
balanced by a recoil force directed outward from the cathode bulk. Following the abrupt
cessation of the ionic force at the extinction of the arc discharge, the recoil force is only
balanced by the surface tension of the liquid metal, which acts against the displacement of the
liquid. If the opposing surface tension force is smaller than the recoil force, a droplet will
form and be ejected. Experimental evidence of this effect can be observed in [77]. As
discussed by Gray et al [94], the liquid ejection induced by the pressure release upon arc
extinction is less than 1 % of the entire liquid volume. According to Wang et al. [95], the
ejection of particles is related with the flow behavior of the liquid in the molten pool during
the ion bombardment, which is determined by the Reynolds number Re. If Re<1, the flow is
laminar, while if Re>1, the flow will be turbulent and splashing will occur. For both
mechanisms, high surface tension and high viscosity will reduce the ejection of molten
droplets. The increase of the effective viscosity of molten metal can be achieved by
incorporating high melting point particles in the electrode material (e.g. Ag/MeO contact

materials).

Droplets can be investigated by collection on plates or by laser imaging techniques that
allow in-situ observation. The size of the droplets varies from 0.1 um up to about 100 um
[80]. However, most of the droplets observed around ignition discharge craters are <1 pum
[96]. The velocity of the droplets may reach several 100 m/s [97, 98]. This high velocity

indicates fast surface processes and supports the idea of short formation times for craters [69].

The melting of the surface coupled with the ejection of particles was found to be the
most suitable mechanism to explain the loss of material in craters caused by single ignition
discharge experiments [99]. This mechanism is supported by the observation of metal droplets
around the craters. However, the particle ejection model is no longer appropriate to describe
the wear of electrodes in endurance tests [100]. The absence of this effect in endurance tests
can be explained by the re-deposition of most of the ejected particles on the electrode surface,

resulting in no net loss of material.



32 2 - Theoretical Background

ion beam

ionic force recoil force ejected droplet

surface tension force

Figure 2.12 Schematic representation of the particle ejection model according to Gray et al. [94].
Following arc extinction, the recoil force is balanced by the surface tension force. If the recoil force is
greater than the surface tension force, a droplet will be ejected.

2.4.2 Vaporization

Vaporization of cathode material is an important phenomenon contributing to the self-
sustainment of arc discharges on cold cathodes (section 2.2.2.2). The flux of emitted atoms 77,
in equation 2.12 corresponds to the maximum rate of vaporization occurring in a cathode spot,
since the re-deposition of returning ions or back-diffusing neutrals is not taken into account. A
lower limit for material vaporization is determined by assuming that all the returning ions re-
condense on the surface. In vacuum arcs, the arc spot plasma is not as confined to the cathode
surface when compared to atmospheric arcs. Therefore, a considerably lower fraction of ions
re-condense on the cathode surface, leading to higher erosion rates. According to Benilov et
al. [101], the effect of vaporization on the energy balance of the cathode spot and on the net
erosion rate is determined by the ratio of equilibrium vapor pressure p, (equation 2.12) to
ambient pressure p. If p,/p is smaller than unity, the net flux of vapor is much smaller than the
emitted flux from the surface. If p,/p exceeds approximately 4.5, vaporization occurs as in
vacuum and the net flux of vapor is about 80 % of the emitted flux, while 20 % is reflected
back to the surface. Theoretical predictions of the erosion rate of copper are of the order of
20-60 pg-C™ [102], which are comparable with those determined experimentally (4-50 pg-C*

[103]). An overview of the arc erosion rates of different cathode materials is given in [80].

Llewelyn-Jones [104] considered evaporation from the cathode spot area as the
dominating erosion mechanism caused by sparks. His model is based on the energy balance
on the surface of the electrode at its boiling point. Considering the energy required to heat the
material to its boiling point and the energy lost via radiation and conduction, he proposed the

following equation to calculate the volume of eroded material Ve:
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_aUj — bTy — ck(T, —T)

T, (2:26)
ple, (T, —T) + 213

where Ty, is the boiling point, k is the thermal conductivity, p is the density, ¢, is the specific

heat capacity and M is the molecular weight. The constants a, b and ¢ can be adjusted
depending on electrode material, spot size and spark duration. Although the equation was
initially developed considering that the heat input is provided by the breakdown phase
(breakdown voltage Uy, in the numerator), it can also be adapted for the arc phase by adjusting
the constant a. Chemical attacks such as oxidation and energy lost by electron emission are

not taken into account in the Llewelyn-Jones equation.

2.4.3 Sputtering

Sputtering of atoms from the surface is one possible mechanism responsible for
electrode erosion. The sputtering is caused by the mixture of accelerated ions and fast atoms
bombarding the cathode surface [105]. If, following bombardment, collisional backscattering
in the surface layers of the electrode is sufficiently energetic, atoms can overcome their
binding energy and are then ejected from the surface. The average number of atoms lost per
bombarding particle is called the “primary sputter yield” and is dependent on bombardment
energy, masses and types of incident and target species. The primary sputter yield Y can be

derived from the sputtering theory developed by Sigmund [106]:

y = 3“5 4M1M2 E”
~4m? (My + M,)? U

(2.27)

where o is a factor function of M;/M,, M; and M, are the masses of target and incident
particles respectively, E” is the bombarding energy and Us is the surface binding energy

usually equated to the heat of sublimation.

Osamura et al. [107] and Hiro et al. [108] considered that sputtering contributes to
electrode wear during the inductive part of the discharge, i.e., arc and glow phases, while the
wear caused during the capacitive discharge, i.e., instationary arc phase, can be explained by
melting and splashing of material. Therefore, the use of material with high melting point and
high atomic mass will reduce the spark erosion rate. According to Nishio et al. [109],
sputtering of atoms under the glow discharge is the principle spark erosion mechanism and
particle ejection can be excluded. In the presence of oxygen, the bombardment of oxygen ions

can lead to the oxidation of the cathode surface which increases the erosion rate. Augis et al.



34 2 - Theoretical Background

[110], however, suggested that sputtering occurring under the glow phase produces only a

slight degradation of the surface layer, and does not contribute significantly to electrode wear.

2.4.4 Oxide Layer Removal

Guile and Hitchcock [111-113] investigated the erosion caused by arcs on non-
refractory cathodes covered with oxide films. For an oxide film thickness from 25 nm to
350 nm, the damage caused by the arc was an area stripped of oxide. The depth of the stripped
area was found to be equal to the oxide layer thickness. The erosion was thought to come
from sub-pm craters, which had originally contained current-carrying filaments (~10 mA)
formed through the oxide. These filaments were supposed to become molten as a result of
Joule heating and the molten oxide was explosively ejected from the cathode, resulting in
material erosion. Dimoff et al. [114] performed a theoretical analysis of the heating of
oxidized cathode surfaces by arcs. They showed that the melting of the surface can occur 10
to 100 times faster and for much lower current densities than on clean metallic surfaces.
Therefore, the resistance of a cathode surface to arc erosion is thought to be greatly altered by
the presence of an oxide layer.

Soldera [115, 116] investigated the craters produced by single ignition discharges on the
surface of pre-oxidized Ni and RuAl cathodes, having a thickness up to 14 um. The depth of
the craters was found to increase linearly with the oxide thickness, while the crater depth is
always larger than the oxide thickness. Therefore, the discharge must destroy the oxide scale
until the plasma reaches the metallic substrate. The destruction of the oxide scale was
attributed to the combination of partial discharges (see [13]) and Joule heating in the oxide

film.

Goering [117] tested the erosion resistance of several electrode materials in engines. His
study led to the proposal that oxide layer removal rather than metal removal is the primary
erosion mechanism for spark plug electrodes. This mechanism may be applied to materials
that form insulating layers such as oxides or sulfides. In the absence of a protective layer, the
erosion occurs by metal removal and the erosion rates are much lower. Rager [100] concluded
also that the wear of nickel electrodes in air is caused by oxide layer removal. He proposed an
equation to predict the erosion rate as a function of electrode surface temperature, electrode
radius and sparking frequency.
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2.45 Plasma Assisted Oxidation

Recently, Rager [24, 100] investigated the spark erosion behavior of several materials in
air and nitrogen. Since no significant loss of material was observed in nitrogen, he concluded
that oxidation is the dominating effect in electrode wear. Erosion mechanisms operating
analogously in air and nitrogen, such as particle ejection, sputtering and vaporization, were
excluded as dominant mechanisms. In the case of a noble metal like Pt, which does not form
an oxide layer at high temperatures, the oxide layer removal mechanism cannot be applied.
According to Rager, the erosion of Pt electrodes occurs through oxidation in the hot cathode
spot during the arc discharge. The presence of oxygen radicals and ions in the plasma greatly
enhances the oxidation reaction in comparison to molecular oxygen [118]. Since PtO; is not
stable, oxide molecules constantly escape from the spot surface in gaseous form. A part is
back-reflected and re-deposited as Pt elsewhere on the surface, resulting in the formation of
oriented structures. The other part is ionized in the plasma and contributes to the net erosion

of the electrode.
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CHAPTER 3

Experimental

3.1 Generation of Ignition Discharges

3.1.1 Pressure Chamber

The ignition discharges are produced in a windowed pressure chamber made of brass.

The experimental set-up is shown in Figure 3.1.
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system

pressure chamber

(1-10 bar)
\ —— L modified spark plug

gas inlet —p —p gas outlet
counter electrode

/ (anode)
7,

Figure 3.1 Schematic representation of the pressure chamber set-up used for the generation of
ignition discharges.

sample holder — electrode gap

sample
(cathode)

The chamber is connected to gas bottles, which permit to work under various
atmospheres such as synthetic air or nitrogen. The chamber pressure can be set from 1 to
10 bar absolute with pressure reducing regulators and is monitored by a manometer fixed on
the chamber. Using a digital video microscope positioned perpendicularly to the electrodes,
the gap can be set precisely between 0 and 3 mm without contacting the electrodes. In this
work, the electrode gap is constant and equal to 1 mm. The sample consists of a cylindrical
piece with a diameter of 3 mm, which is grounded and set as cathode. The counter electrode
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(anode) is made of a commercially available spark plug without internal resistor, where the
ground electrode was removed and a Pt-pin (2=0.8 mm) was attached to the top of the center
electrode. Due to the different geometries of the cathode and the anode, the electrode gap is

said to be point-to-plane.

3.1.2 Ignition System

The ignition system used in this work, as well as commercial ignition systems, may be

described by the equivalent circuit presented in Figure 3.2.

u(t)
—L__ f —
_
R1 I2 Rec
Rz
T i1 Re
Cc Ce
L4 L2 — —
— 12V
EG
clock
10..180 Hz
high voltage
power supply cable
+ ignition coil + spark plug
clock generator
plug connector

Figure 3.2 Equivalent circuit of the ignition system used for the generation of sparks. Ry, R,: primary
and secondary side coil resistances; Lj, L,: primary and secondary side coil inductances; Cc: coil
capacity; Rpc: resistance of the high voltage cable and the plug connector; Cp: spark plug capacity;
Rp: spark plug resistance; EG: electrode gap; iy, i,: primary and secondary side currents; u(t): ignition
discharge voltage.

The ignition coil operates as both an energy storage device and a transformer, changing
the 12 V low voltage of the DC power supply into the high voltage needed to generate the
spark (20-30 kV). The frequency of the ignition impulse is produced by a transistor on the
primary side operating as a simple contact breaker. The clock frequency can be varied
between 10 and 180 Hz. When the primary side is closed, the energy of the power supply
flows in the primary winding of the coil and is then stored in a magnetic field. The energy

stored on the primary side (Epzl/z-Ll-ilz) can be controlled by both the voltage of the power
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supply and the loading time of the coil (0-10 ms). Once the primary side is open, a voltage is
induced on the secondary side according to Lenz’s law. The resulting energy first loads the
secondary side capacitances Cc and Cp. As a result, the voltage across the electrode gap

increases until the ignition voltage is reached and the spark fires.

3.1.3 Oscilloscope Measurements

Voltage and current on the secondary side are measured with a LeCroy™ WaveRunner®
6100A digital oscilloscope with a bandwidth of 1 GHz. The voltage u(t) is measured using
two high voltage probes: one in the range of 5-25 kV for visualizing the ignition voltage
(LeCroy™ PPE20kV with 1:1000 attenuation and 100 MHz bandwidth) and one in the range
of 100-1000 V for visualizing the arc and glow voltages (Tektronik P6015A with 1:1000
attenuation and 75 MHz bandwidth). The secondary side current i, is measured with a current
probe (LeCroy™ CPO031 with 100 MHz bandwidth). The voltage- and current-time curves
permit to gain useful information about the discharge such as ignition voltage, and duration
and energy of the different phases. Typical voltage and current signals measured with the
oscilloscope are shown in Figure 3.3.
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Figure 3.3 Voltage u(t) and current i(t) versus time curves of an ignition discharge measured with the
oscilloscope.
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3.2 Preparation of Multilayered Electrodes

The multilayered electrodes consist of bi-metallic multilayered surfaces deposited on
silver rod substrates. The silver rods used as substrates have a diameter of 3 mm and a length
of ~8 mm. The upper end of the substrates is polished with diamond and silicate suspensions
down to 0.04 um. The deposition of the multilayer is achieved by physical vapor deposition
(PVD) in an Ar-ion gun facility (Roth & Rau, UniLab) under an Ar atmosphere of
4x10* mbar. The thickness of the layers is monitored in-situ during the deposition by a
microbalance (Tectra, MTM-10) and verified later by FIB/SEM measurements. The

configuration of the three multilayer systems used in this work is summarized in Table 3.1.

Table 3.1 Configuration of the multilayer systems used in this work.

Multilayer total

Multilayer system Layer thickness thickness surface layer
Ag/Ni 160 nm 1.6 um Ag
Ni/Cu 100 nm 2 um Ni
Pt/Ni 100 nm 1.5 um Pt

3.3 Electrode Surface Characterization

The characterization of the craters produced on the surface of the electrodes is based on
both quantitative topographic measurements using white light interferometry (WLI), and

microstructure and chemical analysis using FIB/SEM dual beam techniques.

3.3.1 White Light Interferometry

The surface of the craters is measured using a Zygo NewView 200 3D Image Surface
Structure Analyser equipped with a Mirau interferometric objective (Figure 3.4a). The
operating principle of this instrument is based on white light interferometry. Interference
patterns of light and dark lines are produced through the interference of a reference beam and
a specimen beam with a path difference. The beams are produced by a white light source
(tungsten halogen lamp) which is split within the objective lens. The reference beam focuses
onto an inner reference plane and the specimen beam onto the specimen surface. After

reflection, the two beams are superimposed in the interferometer and there, by a process of
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constructive and destructive interferences, produce the interference pattern. Interferograms for
each of the image points or pixels of the surface are generated simultaneously by accurate
vertical scanning of the sample surface achieved by a piezo (PZT), while interference
intensity patterns are collected using a CCD camera. The data acquired in this way consists of
an array of interferograms, one for each pixel, representing the variation in intensity as a
function of scan position. The interferograms are processed by frequency-domain analysis
(FDA) generating a quantitative three-dimensional image of the surface constructed from the
height data and corresponding image plane coordinates [119]. The maximal vertical resolution
which can be achieved is 0.3 nm, while the lateral resolution varies between 0.64 and

11.8 um, depending on the objective lens used [120].

The craters were measured at high magnification (800X) with a corresponding lateral
resolution of approximately 1 um. WLI measurements provide quantitative information about
crater topography of the such as height, depth and roughness. By defining the crater area as
test mask and the surrounding unmodified area as reference mask, two volume fractions can
be delimited: the volume below the reference surface defined as volume down (Vgown) and the
volume above the reference surface defined as volume up (Vyp) (Figure 3.4b). Volume down
and volume up correspond to the volume of the crater depression and the crater rim,
respectively, and provide an estimation of the volume of material displaced during crater
formation. The difference between Vgoun and Vy, is the actual volume of material lost due to

particle ejection or vaporization [121].
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Figure 3.4 a) Representation of the optical system of a white light interferometer with a Mirau
objective lens. b) Determination of the crater rim (V,,) and crater depression (Vgoun) Volumes.
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3.3.2 FIB/SEM Dual Beam Techniques

Site specific microstructure and chemical characterization of ignition discharge craters
and eroded surfaces were carried out using a FEI Strata DB 235 FIB/SEM dual beam

workstation.

3.3.2.1 Dual Beam System

The FIB/SEM dual beam incorporates both a focused ion beam (FIB) column and a
field emission scanning electron microscope (SEM) column in a single system. The FIB
instrument is very similar to a SEM and consists of a liquid metal ion source (Ga*) and an ion
column made up of lenses and apertures. The ion source is operated at an emission current of
2.2 PYA. Typical accelerating voltages range from 5 to 30 kV. A set of apertures of various
diameters permits to set the ion beam current from a few pA to 20 nA. Low ion currents are
generally used for imaging or fine polishing of cross sections, whereas large ion currents are
employed for the milling of large domains.

Figure 3.5 Geometrical configuration of the dual beam. The sample is tilted at 52° for milling
operations so that the sample surface is normal to the ion beam. The electron and ion beams coincide,
which simultaneously enables both precise ion milling of the region of interest and high resolution
electron imaging of the cross section.

The configuration of the system employed is a vertical electron column with an ion
column tilted at 52° from the vertical (Figure 3.5). To enable ion milling and electron imaging
of the same region, the dual beams have a coincident point where the two beams intersect
with the region of interest on the sample. This position is achieved when the sample is set on

the “eucentric” height, i.e., for the system used, when the distance between the sample surface
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and the electron lens is 5 mm. The advantage of this configuration is that sample tilt is not
required between milling and imaging steps, resulting in less time-consuming operations and
enhanced precision. A large overview of FIB/SEM systems and their applications can be
found in the books of Giannuzzi and Stevie [122] and Orloff et al. [123].

3.3.2.2 Site Specific Cross-Sectioning

The sample is tilted to 52° from the horizontal so that the sample surface is
perpendicular to the ion beam, and set at the eucentric height (Figure 3.6a). A band of Pt is
deposited in-situ over the region of interest (e.g. the center of the crater) by ion beam induced
deposition (IBID) via the decomposition of a Pt precursor gas (Figure 3.6b). The Pt band
protects the surface against ion beam damaging during the following milling steps, provides a
sharp cross section edge and helps in reducing the so-called curtaining effect (development of
stripes on the surface of the cross section [122]). A large trench is first milled with a high ion
beam current of 20 nA (Figure 3.6¢). The cross section is further polished in two or three
steps with decreasing ion beam currents from 7000 pA to 1000 pA, until a sufficiently smooth

surface for imaging is achieved (Figure 3.6d).

Figure 3.6 FIB cross-sectioning steps for a crater. (a) The sample is tilted and positioned at the
eucentric height. (b) Deposition of a protective Pt band. (c) lon milling and polishing (ion view). (d)
Polished crater cross section ready for SEM imaging.
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3.3.2.3 TEM foil preparation and STEM/TEM investigation

In order to prepare a TEM foil, two trenches are milled on both sides of the region of
interest. The specimen is thinned down to 1 um with gradually reducing ion beam currents.
After reaching this thickness, the sample is back-tilted to 7° and the foil is partially cut free
with a U-shaped pattern, still connected to the substrate via two thin branches at the top. For
in-situ lift-out, a “Kleindieck MM3A” micromanipulator is inserted into the chamber. The tip
of the micromanipulator is slowly lowered until it contacts the specimen. The specimen and
the tip are welded by Pt deposition using the electron beam. When specimen and tip are fixed
together, the specimen is cut free from the substrate. The specimen, now only fixed to the tip
of the micromanipulator, is lifted out and moved to a pre-cut Cu TEM grid where it is fixed
again by Pt deposition. Once fixed on the Cu grid, the specimen is finally thinned with ions

down to a thickness of approximately 100 nm.

A STEM detector (Scanning Transmission Electron Microscopy) in the dual beam
workstation permits a first observation of the TEM foil in bright and dark field with
accelerating voltages <30 kV. Further TEM investigations are carried out with a JEOL 200
CX instrument at an operating voltage of 200 kV. Imaging of the microstructure, selected area
diffraction and EDX analysis (Oxford Isis system) can be performed.
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CHAPTER 4

Ignition Discharge Mode Analysis

In this chapter, a quantitative analysis of the arc and glow modes composing the ignition
discharge is preformed. The goal is to understand how parameters such as pressure, cathode
material and atmosphere can modify the behavior of the discharge. In a first part, a brief
description of typical voltage-time curves is made and different measurement methods able to
analyze these curves are evaluated with respect to their reliability and convenience. Results of
arc fraction measurements are presented in a second part for four different cathode materials
(Ag, Cu, Ni, Pt) and for discharges produced in air and nitrogen at external pressures ranging
from 1 to 10 bar. Reaction of the sparked surface under certain conditions and influence of
pressure, cathode material and atmosphere on the discharge characteristic are discussed. A

summary of the more important results is proposed at the end of this chapter.

4.1 Determination of the Arc and Glow Phase Fractions

4.1.1 Introduction

The electrical discharges occurring in technical application fields can be classified
either as arc or glow discharges. Arc discharges take place in arc vacuum interrupters, circuit
breakers, arc welding and electro discharge machining, while glow discharges are used,
amongst others, for the treatment of surfaces in the microelectronic industry (cleaning,
etching, deposition) or in spectroscopy analysis. The ignition discharge has the particularity to
possess both types of discharges, which differ by two different electron emission mechanisms
from the cathode (section 2.1.3). The transition from arc to glow mode is characterized by an
abrupt rise in the voltage of ~200 V, which corresponds approximately to the difference in the
cathode fall voltage between arc and glow. This permits the identification of the different
modes by means of the voltage-time curve registered with the oscilloscope (Figure 3.3).
Because of the stochastic nature of the ignition discharge, numerous discharges must be
collected and analyzed for a reliable determination of the arc and glow fractions for a given
electrode material, gas and pressure conditions. However, the numerous arc-to-glow and

glow-to-arc transitions, oscillations and irregularities present in the voltage-time curve render
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this task non trivial. Figure 4.1 shows four voltage-time curves collected under the same
conditions and presenting different behaviors. In Figure 4.1a the arc-to-glow transition is
characterized by a unique voltage drop at t=500 ps and both arc and glow phases can be
clearly distinguished. In Figure 4.1b the first transition occurs approximately at t=400 ps but
multiple transitions take place during ~200 us and the stable glow mode is finally achieved
after 600 ps. In Figure 4.1c the transitions occur during a period of time of more than 1 ms.
Finally, in Figure 4.1d, the curve is almost exclusively composed of transitions between the
two modes and the determination of arc and glow fractions is difficult. A method able to

analyze quantitatively such voltage-time curves is needed.
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Figure 4.1 Four voltage-time curves registered in the same conditions and presenting different
behaviors.

4.1.2 Measurement Methods

4.1.2.1 Time at Level Function

The oscilloscope possesses numerous functions permitting an automatic analysis of
registered curves. The function “time@level” gives the time associated to a defined voltage
level and is, for our task, particularly interesting. By choosing an appropriate voltage level
situated between the arc and glow voltages (e.g. 500 V), this function will give the time at
which the first transition occurs. The same function permits to determine total discharge

duration by measuring the time between breakdown (t=0) and the rightmost voltage rise
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associated with the extinction of the discharge. The ratio of the first transition time to the
discharge duration gives the fraction of arc. This method works very well for discharge curves
like in Figure 4.1a where only one arc-to-glow transition takes place. However, in cases like
in Figures 4.1b-d, the “time@level” function will detect the first transition but it will not be
able to consider the following changes, leading to an underestimation of the arc fraction.
Moreover, this method requires setting a unique voltage value for the arc-to-glow transition.
Because the arc and glow voltages slightly increase with time during the discharge, the
transition voltage varies depending on whether the change of mode occurs at the beginning or
at the end of the discharge. For these reasons, the “time@level” function proved not to be

suitable for the precise determination of the arc and glow fractions of ignition discharges.

4.1.2.2 Eye Inspection

A straightforward method consists in visually analyzing the discharges. As opposed to
the “time@level” function, the inspector is able to consider the oscillations of the curve and
can estimate the more appropriate time for the arc-to-glow transition. However, this method
suffers two major drawbacks. First, eye inspection is very time consuming, which limits the
number of discharges examined and reduces the statistical significance of the measurement.
Secondly, the method implies a large part of subjectivity from the inspector, resulting in no

reliable results.

4.1.2.3 Persistence Method

The persistence method is based on a special function of the oscilloscope called
“Analog Persistence”. This function establishes a color-coded frequency view of the voltage-
curve of numerous discharges. Figure 4.2 shows the persistence view of 1, 10, 100 and 500
cumulative discharges. Highly repetitive points in the voltage-time curves appear red while
rarely repetitive points are purple. As the arc and glow phases are characterized by defined
voltage levels, two red branches appear in the persistence view when the number of

discharges increases, revealing a kind of mean voltage-time curve.
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Figure 4.2 Persistence views of 1, 10, 100 and 500 cumulative discharges revealing the mean arc and
glow phases (red branches).

The persistence curve provides a proper visualization of numerous cumulative
discharges but it does not permit to determine the arc and glow fractions. To analyze the
outcome of the persistence curve, an additional function package called “Jitter and Timing
Analysis Package” (JTA2) including the function “persistence histogram” is needed.
Persistence histogram provides a frequency vs. voltage histogram of the persistence curve in a
defined voltage range. In Figure 4.3, the histogram of a voltage-time persistence curve is
shown. Two peaks corresponding to the points at the arc and glow voltages can be clearly
distinguished. Since the burning voltage of each mode is not constant during the whole
discharge, the peaks, especially that of the glow, are not discrete but have a certain broadness.
The number of points is counted in defined voltage intervals using the function “total
population”. The ratio between the population of the arc (voltage range V, to V) and the total

population (voltage range V, to V) gives the arc fraction.

Contrary to the “time@level” and “eye inspection” methods, the persistence method
does not determine the time when the arc-to-glow transition occurs but rather analyzes the
voltage-time curve on the basis of the characteristic arc and glow voltage levels. This method
permits a reliable and precise determination of the arc fraction value of many discharges,

regardless of the presence of transitions and irregularities in the curves.
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Figure 4.3 Persistence view of 500 discharges (top) and its corresponding frequency histogram
(down) showing the distribution of the points of the voltage-time curves as a function of the voltage.
By integrating the persistence histogram between the corresponding voltage levels, the arc and glow
fractions can be precisely determined.

4.2 Results and Discussion

421 Arc Fraction Results

The arc fraction is determined for Ag, Cu, Ni and Pt electrodes at room temperature, in
synthetic air and nitrogen for pressures ranging from 1 to 10 bar (absolute). For a given
electrode material, a first set of measurements is performed in air by a stepwise increase of the
pressure from 1 to 10 bar. For each pressure step, 500 discharges are collected and analyzed.
After this, a second set of measurements is performed but this time under nitrogen. The
procedure is repeated six times alternating the atmosphere (three times under air, three times
under nitrogen). The discharges are produced at the lowest spark frequency achievable with
our ignition system of 10 Hz. The low frequency aims to minimize electrode heating caused

by spark repetition.

Figure 4.4 shows the arc fraction as a function of the pressure for Ag, Cu, Ni and Pt

electrodes in air and nitrogen. Each point is the mean value of three measurements (3x500
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discharges) while the scatter bar represents the standard deviation. For all electrodes under

both air and nitrogen atmospheres, the arc fraction always increases with the pressure.

However, the pressure at which the arc phase occurs and the maximal arc fraction reached at

high pressure strongly depend on the electrode material and the atmosphere. For the Ag

cathode in air, the arc fraction is already significant at 2 bar and grows rapidly to reach 70 %

at 10 bar. In nitrogen, the arc phase first appears at a pressure of 5 bar and reaches 40 % at 10

bar. For the Cu cathode, the arc phase first increases at a pressure of 5 bar and reaches 55 %

and 22 % at high pressure in nitrogen and air, respectively. In the case of Ni, the arc fraction

becomes significant at 6 bar and amounts to 23 % and 8 % at 10 bar. Finally, the Pt cathode

shows the lower arc fraction values with 5 % in air and 11 % in nitrogen. It is also interesting

to note that the discharges at high pressures present more arc fraction in nitrogen than in air,

except for Ag which shows the opposite behavior.
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4.2.2 Plasma-Assisted Oxidation of Ag Cathode in Air

4.2.2.1 Surface Characterization

For Cu, Ni and Pt cathodes, the sparked area of the cathode surface is covered by
numerous craters and no obvious difference is observed between air and nitrogen. In the case
of Ag, however, two different morphologies are obtained on the surface, depending on
whether the discharges are produced in air or nitrogen. Figure 4.5 shows the surface of a Ag
electrode after approximately 1000 discharges produced in nitrogen (left) and in air (right) at
7 bar. Similar to the others metals, the sparked area of Ag in nitrogen is covered by small
craters and the repetition of the spark produces nothing more than the superposition of craters
with diameters varying from 2 to 10 um. In air, however, craters cannot be observed and the

sparked area is covered with a dark layer which is partially stripped off in some regions.

Figure 4.5 SEM images of the sparked area of a Ag cathode after 1000 discharges at 7 bar in
nitrogen (left) and air (right).

Figure 4.6 shows the secondary electron image (SE) and the corresponding O and Ag
element mapping (EDX) of the surface after 1000 discharges in air. This mapping indicates
clearly that the dark layer contains more oxygen than the regions where the layer is stripped
off. Therefore, it suggests that an oxide layer grows on the surface of the Ag cathode during
the sparks. Two oxides, Ag,O and AgO, can form upon the oxidation of silver. The sparked
region of the surface exhibits a brownish color which is generally associated with Ag0,
while the dark gray color is associated with AgO [124, 125]. Furthermore, AgO is an unstable
oxide which decomposes into Ag,O over 100°C. Therefore, it is likely that Ag,O rather than

AgO forms on the surface.
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Figure 4.6 Element mapping (EDX) of the sparked area of Ag after 1000 discharges in air at 7 bar.
The dark layer corresponds exactly to the regions where O is detected, indicating that an oxide film
grows at the surface during sparking.

The stripped areas consist of several eroded circular areas having a size in the range of
5-10 um which corresponds well to the size of arc cathode roots. This can be seen clearly in
the SE image of Figure 4.6 as well as in Figure 4.7a-b. Therefore, it is very likely that the
damage of the oxide film is caused by the displacement of the arc cathode root at the surface.
The step between the stripped area and the oxide layer measured at the border of the sparked
zone was found to be ~400 nm (Figure 4.7c). This value approximately indicates the thickness
of the oxide film grown during the 1000 discharges produced at 7 bar. The surface of the
sparked area is also covered with numerous molten oxide particles that have been ejected. The

size of these particles is in the range of 1-2 pm.

Figure 4.7 SEM images of stripped areas observed on Ag (1000 discharges, air, 7 bar). a-b) The
stripped areas consist of several circular spots each having a diameter in the range of 5-10 pm. c) The
step between the stripped area and the surrounding film was found to be ~400 nm.

4.2.2.2 Oxidation and Erosion Mechanisms

Ag is not oxidized by O, at ambient or slightly elevated temperatures and pressures.
Instead O, is adsorbed dissociatively to form surface and bulk dissolved O atoms [126]. The
dissociative adsorption of O, is not sufficient to cause oxidation. However, it is well known

that ozone (O3) and dissociated or ionized species in oxygen plasma are of a highly oxidizing
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nature [127]. Both O3 and oxygen plasma (O, O") are currently used as powerful reagent for
the synthesis of metastable silver oxides (Ag.O, AgO) [126, 128]. The glow plasma of the
ignition discharge in air contains highly reactive species like O*. Therefore, under the
repetition of the sparks, a silver oxide film can grow on the cathode surface. The oxide film
does not grow over the whole cathode area (& 3 mm) but is limited to an area which
corresponds to the place occupied by the glow plasma (~& 1 mm). Therefore, it is clear that
the formation of the oxide film is not due to any temperature elevation at the surface but
rather to the glow discharge plasma. The brownish color of the oxidized area, the low thermal
stability of AgO and the fact that Ag oxidized preferentially to Ag,O in oxygen microwave
plasma [128] suggest that Ag,O is formed rather than AgO. Step size measurements between
stripped areas and the growth film at the edge of the sparked zone permit to estimate that the
repetition of 1000 discharges can produce an oxide film with a thickness on the order of
400 nm.

The arcing of clean metallic surfaces causes the formation of craters with molten rims,
as observed for Ag in nitrogen and for the other metals. This is also the case when the oxide
film is very thin (5-10 nm) [94, 111]. However, when a thick oxide film is present on the
surface, the arc erosion processes differ completely. Hitchcock and Guile [113] investigated
the arc erosion of pre-oxidized Cu cathodes. For oxide thicknesses of 25 nm or greater, they
found that the damage caused by the arc was not a crater but an area stripped of oxide. The
stripped areas produced by 4.5 and 40 A arcs on Cu cathodes covered with 225 and 275 nm
oxide films that they observed, present great similarities with the stripped areas on Ag
cathodes sparked in air observed in this work. In both cases, melting of the underlying metal
in the stripped area does not occur, the stripped areas have a circular shape, and ejected
molten oxide globules are observed. These similarities confirm that the stripped oxide areas
observed in air are caused by the arc phase of the ignition discharge. Furthermore, semi-
quantitative observations of the sparked regions produced at different pressures indicate that

the total stripped area increases when the pressure and the arc fraction are greater.

The emission of electrons from cathodes coated with a thick oxide film is expected to
occur via the formation of multiple conducting filaments through the oxide film [129]. This
so-called electroforming process was found to occur in electric fields across the film between
10" and 10® VV/m [130]. Filament currents are about 10 mA and the filament lifetimes are in
the range of 1 to 100 ns [113]. Because of the high electrical resistivity of oxides compared to
metals, Joule heating becomes predominant, resulting in the rapid melting of the filament

[114] and the explosive ejection of molten oxide particles. The low thermal stability of Ag,O
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(450-500°C [131]) promotes the melting and ejection process which explains the high density
of ejected molten particles observed at the surface. Electroformed filaments through oxide
films are known to be efficient thermionic emitters and a number of theories have been
proposed for the emission mechanism [129]. As the current in the filament rapidly rises to a
value at which joule heating causes the filament to be ruptured, material is ejected and a new
emission site is found. The arc prefers to run over places where electron emission is easiest.
Therefore, instead of forming craters as in non-oxidized cathodes, the arc will run over the
oxidized surface, leaving a path of adjacent circular stripped areas. This explains the fact that
no craters are observed on the surface as well as the large arc fraction measured in discharges

produced in air.

The erosion associated with the stripping mode is expected to be almost equal to the
volume of the stripped regions left by the arc [111, 132] and results in the ejection of globular
oxide particles. Even if the arc phase causes the destruction of the oxide film, the erosion rate
is actually determined by the thickness of film grown on the surface during the glow phase of
the discharge. As a relatively thick oxide layer (~400 nm) is observed after only 1000
discharges, an important erosion rate can be expected. This is consistent with the great
electrode wear value of 40 pm®spark reported for Ag electrodes tested in air at low
temperature [24]. As Ag,0O is not stable at high temperatures, it is likely that this erosion
model based on the plasma-assisted oxidation of Ag and the stripping of the oxide film, does

not occur in engines.

4.2.3 The Arc to Glow Transition

The presence of two phases during the inductive part of the ignition discharge can be
seen as a competition between arc and glow modes, both associated with different electron
emission mechanisms at the cathode surface. The discharge will always adopt the more
appropriate and effective mode to permit the current to flow. Therefore, it is clear that the
current value plays a decisive role in the mode taken by the discharge. Conventional voltage-
current characteristics, like that shown in Figure 2.6, predict the arc-to-glow transition to take
place at a current of ~1 A. However, others parameters like the pressure, the gas and the

cathode material can affect this transition current value.
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4.2.3.1 Influence of the Pressure

Arc fraction results displayed in Figure 4.4 clearly indicate that the arc fraction grows
when the pressure increases, regardless of the electrode material and the gas used (air or
nitrogen). The current of the ignition discharge, at least for its inductive part, is determined by
the coil and is independent of the external pressure at which the sparks are produced. This
means that the arc-to-glow transition current must change when the pressure is varied. Figure
4.8 shows the mean transition current calculated on the basis of the arc fraction results and
considering that the discharge current decreases linearly with time from its initial value of
100 mA set by the coil to zero. As the pressure increases, the arc-to-glow transition current
decreases and the arc phase can thus last for longer times. This effect is particularly obvious
in nitrogen, while in air, the low arc fraction values for Ni and Pt (<10 %) do not permit a
reliable determination of the transition current. Because of its singular behavior discussed

previously, the transition current in the case of Ag in air is not shown.
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Figure 4.8 Mean arc-to-glow transition current as a function of the external pressure in nitrogen (left)
and air (right) for Ag, Cu, Ni and Pt electrodes.

The influence of the pressure on the arc-to-glow current transition can be discussed on
the basis of the large difference of current density associated with each mode. Indeed, the arc
phase is characterized by current densities on the order of 108-10° A/m? corresponding to arc
cathode roots of 1-10 um which are visible post-mortem as craters. The current density at the
cathode of the glow discharge is 4-5 orders of magnitude lower with values around 10*
10° A/m?. As a consequence, the arc-to-glow transition is accompanied by a great expansion
of the cathode root from some pum to some 100 um. As the discharge current decreases with
time, the cathode root of the arc is able to contract in order to maintain a sufficiently high
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current density to fulfill the conditions of temperature and electric field at the surface
necessary for thermo-field emission of electrons. However, as the current becomes too low,
the secondary emission of electrons becomes more efficient than the thermo-field emission
and the discharge transforms into a glow. When the discharge is produced at low pressure, i.e.
1 bar, the glow plasma can expand in order to occupy a large cross-sectional area and reach a
sufficiently low current density. The glow discharge is then said to be normal, that is, the
cross-sectional area of the discharge near the cathode is proportional to the current, while the

current density remains constant.

At high pressure, the higher species density in the gas permits the arc to contract and to
maintain the required high current density even with low current values. As a consequence,
the current at which the discharge transforms from an arc into a glow is lower and the arc can
burn longer. This explains why the arc fraction and the time of the first arc-to-glow transition
increase when the pressure increases. However, as the discharge tries to adopt a glow form, its
free expansion is limited by the ambient pressure, increasing the current density at the cathode
surface. When the current density is too high (10°-10° A/m?), the glow discharge is said to be
abnormal (section FG of the voltage-current characteristic in Figure 2.6). Such abnormal
glows are usually obtained when the entire cathode has been covered with the discharge, so
that any further increase of the current inevitably increases the current density. In our case, the
cathode exhibits sufficient area (& 3 mm) but the high ambient pressure reduces the effective
area that can be occupied by the discharge. The high current density of the abnormal glow
discharge also results in the intense heating of the cathode leading to the transition back to the
arc mode. This happens locally at places where the electric field is higher or the work function
is lower (pins, scratches, impurities, etc). The development of instabilities and the transition
back to the arc mode occur when a current density threshold is reached. As the current density
increases with the square of the pressure [27], the current at which this threshold is reached
decreases rapidly when the pressure increases, leading to higher arc fractions at high pressure.
Since the transitions take place over a certain current range, many changes between the arc
and glow modes occur as it is observed in the voltage-time curves (Figure 4.1b-c). As the

current further decreases, the discharge always ends up taking a glow form.

4.2.3.2 Influence of Gas and Material

The results show that the material and the gas also influence the behavior of the
discharge. The basic operating mechanisms in the hot spot of the arc discharge are assumed to
be the same in vacuum and in gas [61-63]. Therefore, it is unlikely that the nature of the
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ambient gas (air or nitrogen) strongly affects the behavior of the arc phase. During the glow
discharge, however, the species bombarding the cathode surface (ions, radical, and molecules)
come exclusively from the gas. Thus, the glow phase is expected to be more influenced by the
gas than the arc phase. Results show that the arc fraction at high pressures is lower in air than
in nitrogen, except for Ag which exhibits strong oxidation of the surface. The cathode fall
voltages of a normal glow discharge with Cu, Ni and Pt are 370 V, 226 V and 277 V in air
and 208 V, 197 V and 216 V in nitrogen, respectively [133, 134]. As the cathode fall voltages
are higher in air than in nitrogen, the accelerated ions can reach higher kinetic energies and
secondary electron emission yield at the surface is increased. Higher current densities can thus
be sustained, which promotes the glow mode and shifts the arc-to-glow transition to higher
current values. In addition, it is also possible that a thin oxide film (~nm) is formed when
sparking in air, which increases the secondary electron emission yield of the surface. Finally,
the nature of the gas can have an impact on electronic and thermal instability phenomena

occurring in the plasma of the glow discharge [27].

The influence of the material on the ignition discharge characteristic is complicated
since it can affect both the arc and glow phases composing the ignition discharge. In the case
of the arc discharge, thermal properties such as the melting and boiling points are relevant
while in the case of the glow discharge, the secondary emission coefficient of the surface is
important. Nevertheless, the results show that a lower melting (or boiling) point seems to have
a positive influence on the existence of the arc phase. In nitrogen, materials with low melting
point like Ag and Cu (961°C and 1084°C, respectively) show higher arc fractions at high
pressure (40-50 %) than materials with a higher melting point like Ni and Pt (1455°C and
1768°C, respectively) with arc fraction values lower than 20 %. The lower the melting and
boiling points, the more easily the conditions of high temperature and high electric field
required for thermo-field emission are fulfilled. However, it is important to keep in mind that
the complexity of the cathode spot processes may probably involve other properties related to
electron emission and vaporization of the cathode material. A better understanding of the
influence of the material on the discharge mode characteristic would require investigating

more metals in a controlled atmosphere preventing any oxidation phenomena.
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4.3 Summary

Contrary to most electrical discharges occurring in technical applications, the ignition
discharge is composed of two different phases: the arc and the glow discharges. As each mode
is associated with a specific burning voltage, the occurrence of these phases can be recognized
on the voltage-time characteristics registered by means of the oscilloscope. However, a
quantitative and reliable analysis of the discharge mode is not straightforward due to the
numerous transitions and irregularities occurring in the voltage-time curve. A method based
on the cumulative persistence measurement of numerous discharges is developed in order to
achieve this task. Using this method, the arc fraction of ignition discharges produced on Ag,
Cu, Ni, and Pt cathodes is investigated as a function of the pressure in air and nitrogen. The
results show that parameters like the pressure, the gas and the cathode material can influence

the discharge modes.

The Ag cathode sparked in air presents a singular behavior due to the strong oxidation
of its surface. The oxidation and erosion process of Ag results from the combined action of
both the arc and glow phases. The reactive oxygen species present in the glow plasma such as
0 and O, and the repetition of the sparks leads to the formation of a metastable Ag,O thick
oxide film on the surface (Figure 4.9a). Electron emission occurs via current-carrying
filaments formed through the oxide (Figure 4.9b). As these filaments become molten as a
result of Joule heating, molten oxide particles are explosively ejected from the surface (Figure
4.9¢). The arc cathode root then moves to a new emitting site where this process is repeated,
leaving circular areas stripped of oxide on the surface. The efficient electron emission of the
current filaments formed through the oxide film and the oxide decomposition promote the arc
mode, resulting in ignition discharges exhibiting high arc fractions. The erosion associated
with the stripping mode is equal to the volume of stripped oxide and is expected to be much
higher than when craters with molten rims are formed on metallic surfaces. The erosion rate is
mainly determined by the large-scale oxidation taking place at the surface during the glow
phase of the discharge.
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Figure 4.9 Schematic representation of the oxidation-erosion process at the surface of Ag cathodes
sparked in air. a) Oxidation of the surface in the highly reactive plasma of the glow discharge.
b) Formation of current-carrying filaments through the film at the arc cathode root. c) Explosive
rupture of the filaments leaving oxide stripped areas and displacement of the arc root to a new
emitting site.

The external pressure at which the discharges are produced has a large influence on the
spark behavior. The fraction of arc always grows when the pressure is increased, irrespective
of the cathode material and the nature of the gas (air or nitrogen). As the current of the
inductive part of the discharge is independent of the external pressure, this effect can only be
attributed to a decrease of the mean arc-to-glow transition current with the pressure (Figure
4.8). The transition from the arc to the glow mode is associated with a reduction of the
cathode current density by many orders of magnitude, resulting in a great expansion of the
discharge cathode root. At low pressure, the glow discharge plasma can expand and occupy
enough area of the cathode, so that currents on the order of 100 mA can be sustained by the
glow. In these conditions, the discharge adopts the glow form almost immediately after the
breakdown. As the ambient pressure is increased, the arc cathode root can contract, which
shifts the arc-to-glow transition to lower current values and enhances the fraction of arc in the
discharge. Moreover, as the current becomes too low and the discharge tries to adopt a glow
form, the surrounding high pressure confines the glow plasma and raises the current density at
the cathode surface (abnormal glow discharge). This leads to instabilities and several
transitions between the glow and arc modes occur. These transitions can be unambiguously
recognized in the voltage-time curve of the discharges as shown in Figure 4.1b-d. In
summary, the higher arc fraction at high pressures is a result of both the enhanced stability of
the arc phase which leads to a later first arc-to-glow transition, and the instability of the glow
phase which leads to numerous transitions back to the arc.

Discharges produced in nitrogen show higher arc fractions than discharges produced in

air, except for silver where a thick oxide layer is formed on the surface. The higher glow
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cathode fall voltages in air compared to nitrogen, which may promote secondary electron
emission from the cathode, are a possible explanation for this effect. However, instabilities
occurring in the glow discharge plasma itself cannot be excluded to explain the difference
between both atmospheres. Finally, even if a proper relationship between the arc fraction and
one or more material properties could not be found, the results show that materials with low
melting/boiling point like Ag and Cu tend to exhibit higher arc fractions than materials with
higher melting/boiling point like Ni and Pt.
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CHAPTER 5

Microstructure Characterization of Craters

This chapter will focus on the microstructure characterization of craters created on the
surface of cathodes by single ignition discharges. The goal of this study is to gain information
about the crater formation process through the precise observation and analysis of the
microstructure at and below the surface. In the first part, a non exhaustive review is presented
of different studies dealing with the analysis of electrical discharge craters. In the second part,
cross sections are performed in craters by means of focused ion beam (FIB). For monitoring
the depth of the modification, a solution consisting in the production of craters in multilayered
electrodes is introduced. Observations of cross sections are presented for craters on Ag/Ni,
Ni/Cu and Pt/Ni multilayered surfaces and the different regions observed below the surface
are discussed. Finally, the morphology and microstructure of craters in Pt/Ni electrodes are
investigated for discharges produced at different external pressures ranging between 1 and
10 bar. For this analysis, FIB cross-sectioning, FIB tomography and EBSD are applied. For
the first time, the volume of the crater molten pool is experimentally determined and the re-
solidification microstructure is observed. These results are analyzed with regard to the

different discharge phases, and crater formation mechanisms are discussed.

5.1 State of The Art

Since in-situ investigations of cathode spots are very difficult, many authors have
performed postmortem studies of the craters produced by discharges on the cathode surface.
Craters are the trace left by cathode spots on the surface and show the extent of the region of
intense interaction between the plasma and the cathode. When combined with other
parameters such as current and discharge duration, its size can yield information on erosion
rate, spot residence time, and mean current density when dividing the discharge current by the
observed crater area. For these reasons, arc discharge craters have been widely investigated in
fields such as vacuum arc interrupters, contact materials, electrical discharge machining

(EDM), and spark plug electrode applications.

Investigations of arc erosion craters produced in vacuum were carried out by Daalder
[75, 76, 135], Juttner [77], Hantzsche [136], and Puchkarev [78] for cathode metals such as
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Cu, Mo and W. They measured the mean size and the number of craters as a function of the
current in order to determine current densities and mean lifetime of cathode spots. Coulombe
[37] investigated the surface morphology of Cu and Ti cathodes exposed to high pressure
electric arcs in order to identify the arc attachment mode and estimate the size of the arc

attachment points.

Wang [95, 137], Chang [138], and Hsu [139], among many other authors, investigated
the arc erosion behavior of silver based composites for electrical contact applications. For this
purpose, the shape and size of static-gap, single-spark craters were analyzed using SEM and
profilometry techniques. Greene [140] studied the production of single craters on several
metals under conditions similar to those in EDM. Crater morphology and surface texture
were analyzed by means of SEM while the crater volumes were measured by a profilometer
imaging technique. EDX-analyses were performed in dissimilar electrode pairs in order to
obtain information on the cathode-to-anode and anode-to-cathode material transport during a
discharge. The large size of the craters (~100 um) permitted cross sections to be performed in
the craters in order to estimate the thickness of the heat-affected zone.

Craters produced by single, high-pressure ignition discharges on the surface of spark
plug electrodes were investigated for different materials. Lasagni [99] studied single spark
craters caused on pure metal samples in order to correlate the crater size and volume with
electrode material properties. Soldera [115, 116] investigated ignition craters produced on
RuAl multiphase materials and pre-oxidized Ni-alloys. Similar single discharge studies were
performed by Jeanvoine [141, 142] in Ag/MeO and AgNi composite contact materials, and by
Rager [143] in Pt/MeO composite electrodes. All these investigations of ignition craters were
based on both crater surface morphology analysis using SEM and precise crater topography
and volume measurements by means of WLI. Furthermore, Soldera [144] performed TEM
investigations in a crater produced in a bulk Pt cathode. The TEM foil was prepared using a
focused ion beam (FIB). Voids were observed in the crater rim and the new re-solidified
grains in the molten layer were found to grow epitaxially from the grains beneath. However,

no molten and re-solidified area could be clearly identified.
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5.2 Monitoring the Depth of Microstructure Modification

As presented in the preceding non-exhaustive review, most of the investigations carried
out in single-discharge craters are limited to surface characterization. For a better
understanding of crater formation, however, it will be of particular interest to be able to
investigate the microstructure modifications below the crater surface. The main experimental
difficulty here lies in the small size of the craters, which rarely exceed 30 um in diameter. The
application of conventional metallographic preparation methods turns out to be very difficult
or even impossible when trying to achieve cross sections across single selected craters. Using
FIB/SEM dual beam techniques, both precise cross sectioning and high resolution analyses

are possible.

5.2.1 Bulk Electrodes

The SEM pictures in Figure 5.1 show crater cross sections in bulk Pt (a-b) and Ag (c-d)
cathodes. These craters were produced at an absolute pressure of 10 bar in synthetic air. The
grains can be clearly seen via electron channeling contrast. This contrast refers to the
dependence of secondary electron yield on crystal orientation with respect to the incident
electron beam [145]. However, the molten and re-solidified region cannot be distinguished
from the unmodified one, very likely due to the epitaxial growth of the new grains that do not
differ from the original grains.

For monitoring the depth of the microstructure modification induced by the discharge,
one solution consists in producing craters on multilayered surfaces. This approach combining
FIB cross sectioning and mapping of the damaged region in multilayers has already been
employed for the investigations of nanoindentation craters [146, 147]. In the case of discharge
craters, however, the modification in the layers is caused by the melting of the surface under
the heat of the discharge and not by plastic deformations induced by the indenter. For
simplifying the analysis of the modified region, the bi-metallic multilayer systems used in this
work consist of simple binary alloy systems showing either complete immiscibility (Ag/Ni) or
complete miscibility (Ni/Cu, Pt/Ni).



64 5 - Microstructure Characterization of Craters

Figure 5.1 Cross sections of craters produced in pure Pt (a-b) and pure Ag (c-d) cathodes. The grains
are revealed via electron channeling contrast; however, the molten region cannot be distinguished
from the unchanged region.

5.2.2 Immiscible Multilayer System

The Ag-Ni phase diagram has a simple form: there are no intermediate phases and the
elements have an almost complete insolubility in both solid and liquid states [148]. Figure 5.2
shows the cross section of a crater produced in a Ag/Ni multilayered electrode (10 bar,
synthetic air). Except in the crater itself, the multilayered film remains intact after the spark,
i.e., there is no delamination at any of the interfaces. For this crater, no Pt protective layer was
deposited before the FIB milling steps, resulting in a weak curtaining effect [122] and a
slightly damaged cross section edge especially in the depression center. Since the polished
cross section presents no topography, the emission contrast in the SEM image is a material
contrast, also called Z-contrast, due to the fact that the yield of both secondary and
backscattered electrons increases with atomic number. As a result, Ag from the layers and the

substrate appears brighter than Ni.

Only two layers remain unchanged in the crater depression, which corresponds to a
depth of ~1.3 um below the original surface. In the vicinity of the depression edge (<1 pm),
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the Ag and Ni layers show slight expansion due to melting. Furthermore, a pronounced
deformation of the layers is observed, particularly obvious in Ni films (arrow). The layers are
partially broken and re-aligned parallel to the crater edge. This deformation, occurring very
likely in liquid state, can be attributed to a strong pressure acting on the surface and pushing

the molten material outwards to the crater centre.

Because the layers do not intermix even in the liquid state, the Ag/Ni multilayer system
seems to be suitable to observe molten material displacement in crater and how individual
layers are deformed under the action of the pressure. However, no new intermediate phases
form and the molten layers do not differ strongly from the intact layers. As a result, it is

difficult to determine the depth of the molten region with this system.

Figure 5.2 Crater cross section in a Ag/Ni multilayered surface. Pronounced deformations are
observed in Ni layers (dark) in the vicinity of the depression (arrow), indicating how the molten
material is pushed outwards to the crater rim.

5.2.3 Miscible Multilayer Systems

5.2.3.1 Ni/Cu Multilayer System

The first miscible multilayer system used is Cu-Ni. The Cu-Ni system is especially
noted for the complete liquid and solid solubility of its two components, and is termed a
binary isomorphous alloy. When the liquid Cu-Ni alloy solidifies at equilibrium, it forms a
homogeneous substitutional solid solution.

The left SEM micrograph in Figure 5.3 shows the overall cross section of a crater
produced on the Ni/Cu multilayer system (5 bar, synthetic air). The crater presents a flat
undulated molten surface without a deep depression, as it is usually observed in craters on
bulk Ni electrodes. The right SEM micrograph in Figure 5.3 shows a magnification of the
cross section in the center of the crater (black frame). The light layer at the top of the cross
section is the Pt protective band, and the bottom region is the Ag substrate. Two distinct

regions can be identified in the multilayer assembly. The lower one, close to the Ag substrate,
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is still composed of unmodified individual Cu and Ni layers. Since the atomic number of both
elements is very close, 28 for Ni and 29 for Cu, the contrast between the layers is low. In the
surface region, directly beneath the Pt band, the multilayer structure has disappeared and a
coarse grained structure is observed. The formation of this region results from the melting of
the top layers under the heat of the discharge. The pressure of the plasma acting on the molten
surface causes convective mixing, and substantial diffusion in the liquid state can occur,
effectively mixing both metals. Since the Ni/Cu system is completely miscible a Cu-Ni solid
solution phase is formed upon re-solidification as confirmed later by EDX analysis. The
contrast between the coarse grained, resolidified Cu-Ni phase and the unmodified layers
allows delimiting the molten region. By observing this boundary along the whole crater cross
section, the extent of the molten pool can be estimated. If one examines the cross section
carefully, a third region situated between the unmodified layers and the Cu-Ni solid solution
region can be observed. In this zone, the layers are still present but they show some
deformation. This third region will be further discussed later in this section.
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Figure 5.3 Crater cross section in a Ni/Cu multilayer. The contrast between the fine grains of the
unmodified Ni and Cu layers and the coarse grains of the Cu-Ni solid solution permits the monitoring
of the molten region.

Figure 5.4 shows a TEM image of the cross section in a crater. In addition, selected area
diffraction patterns are shown where an individual diffraction pattern comes from an area of
approximately 200 nm in diameter (as indicated by the circles on the figure). In the lower
region (A), the layers have not been modified. The ring diffraction pattern in Figure 5.4 A
indicates that the grains in this region are small (~5-10 nm). The fine grained structure of the
layers results from the low deposition rate technique employed for their fabrication. The
diffraction pattern in the upper region shows discrete points from the reflection of a few large
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grains (Figure 5.4 B). These large grains are resulting from the melting and mixing of the Cu

and Ni layers followed by the re-solidification into a coarse grained Cu-Ni solid solution.
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Figure 5.4 TEM image (bright field) and selected area diffraction patterns of the Cu/Ni multilayer
sample at two different depths below the crater surface. The unmodified region (A) is very fine
grained (“as-sputtered” texture). The upper molten region (B) is composed of large grains resulting
from melting and re-solidification.

Figure 5.5 shows an EDX mapping of a TEM foil prepared in the center of the crater. In
comparison with EDX analysis on a bulk sample, a much higher resolution can be achieved
since the depth of interaction between the electrons and the material is reduced to the
thickness of the specimen [149] (~100 nm). The distribution of selected elements is plotted

with different colors: green for Ag, purple for Pt, red for Cu and yellow for Ni.

Three regions can be clearly distinguished. In the upper region (1) both Cu and Ni
elements are mixed together confirming the melting and the formation of a Cu-Ni solid
solution upon cooling. Because the solidification is assumed to occur far from equilibrium
conditions, a nonuniform alloy with grains showing a cored structure can be expected [150].
However, despite the high resolution of the present EDX analysis, segregation and gradient
composition inside the grains cannot be revealed. In the lower region (3) the layers remains as
deposited and present neither melting nor mixing. In the intermediate region (2) the copper
layers show variations of their thickness due to the expansion that takes place upon melting.
Ni layers, however, show a constant thickness (no melting) but present some deformations
due to the stress induced by the melting and expansion of the surrounding Cu layers. Using
these three regions, the maximal temperature in the crater can be monitored as a function of

the depth: In region (1) the temperature is higher than the melting point of Ni (T>1455°C). In
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region (2) the temperature may lay between the melting points of Ni and Cu
(1084°C<T<1455°C). In region (3), the temperature remains below the melting point of Cu
(T<1084°C). Knowing the thickness of these regions, the temperature gradient in the crater

depth can be estimated to be on the order of 700 K/um.

Ag Cu Pt
Figure 5.5 High resolution cross-sectional chemical analysis in a crater produced on the Ni/Cu
multilayer system. The EDX element mapping reveals the melting of the layers as function of depth.

Three regions delimited by dashed lines can be observed permitting the estimation of the
temperature gradient below the crater surface.

5.2.3.2 Pt/Ni Multilayer System

The second miscible multilayer system used for monitoring the depth of melting is
Pt/Ni. The Pt-Ni phase diagram is characterized by the existence of a face centered cubic (fcc)
solid solution over the whole concentration range at temperatures above 620°C. At
intermediate temperatures, the disordered solid solution transforms via first-order transitions
into ordered NisPt(L1,), NiPt(L1p), and NiPt3(L1,) phases, depending on the concentration
[148].

The SEM image in Figure 5.6 shows the cross section of the center of a crater in the
Pt/Ni multilayer system. This crater was produced in air at an absolute pressure of 6 bar. In
contrast to the previous Ni/Cu multilayer system, Pt and Ni layers show an important contrast
(Z-contrast) that permits to distinguish them clearly. The Pt layers (Z=78) appear bright while

the Ni layers (Z=29) are dark. A contrast can also be observed between the Pt from the
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protective band (in the plane of the cross section) and the Pt from the multilayer. This can be
explained by the fact that the Pt protective band is contaminated with Ga from the ion beam
and C from the precursor gas, while the sputter deposited Pt layers have much higher purity.
Grain refinement of the Ag substrate surface can be observed resulting from the mechanical
polishing of the substrate prior to the layer deposition by PVD. This points out that the
substrate remains solid during the melting of the multilayered surface.

The 6-7 bottom layers remain unchanged during the formation of the crater. Below the
crater surface, a region of mixing is observed. Like for the Ni/Cu multilayer system, the
formation of this region is caused by the mixing of the molten top layers and the re-
solidification in a Pt-Ni solid solution. As this region is composed of both Pt and Ni, it
presents an intermediate contrast between that of the Pt layers and of the Ni layers. The
different gray levels between the layers and the solid solution permit to clearly distinguish the
molten zone from the unmodified regions. For a liquid having a composition close to PtsoNisg
(stoichiometry of the multilayer), the phase diagram predicts the formation of a solid solution,
which transforms into a NiPt ordered phase at temperatures below 620°C. This
transformation, however, takes place in equilibrium condition, i.e., for slow cooling rates.
FEM simulations of the temperature in a crater produced by the arc phase reported cooling
rates on the order of ~10 K/s [151]. Therefore, it is very likely that the solid solution phase is
rapidly quenched, preventing the formation of any ordered phases by diffusion.

Pores are sometimes observed in the molten zone of craters produced in Pt/Ni
multilayers. Careful examination shows that these pores originate from the molten Ni layers.
It is likely that the pores are resulting from the entrapment and inclusion of argon atoms in the
nickel layers during the PVD process. Upon melting of the layers, desorption might occur
with the formation of gas bubbles now visible as pores. This hypothesis is supported by the
fact that argon inclusion was already reported in ion beam sputter-deposited gold layers

realized at an argon pressure even slightly lower than in our case [152].
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Figure 5.6 Cross section in the center of a crater produced on the Pt/Ni multilayer system. The
melting and mixing of the upper layers results in the formation of a Pt-Ni solid solution, which can
be clearly distinguished from the unmodified bottom layers, permitting the monitoring of the molten
zone.

5.2.4 Comparison between Craters on Bulk and Multilayered Electrodes

The multilayer systems aim to act as markers in order to monitor modifications in the
depth of the crater and determine the extent of the molten zone. As discussed in section 5.2.1,
this cannot be achieved in bulk electrodes. It is important, however, that the multilayered
cathode does not modify the behavior of the discharge in comparison with that of pure metal
cathodes. Otherwise, the information gained in multilayers could not be used for the case of
bulk electrodes as in real spark plug electrodes. The analysis of the voltage-time curves has no
statistical significance for single-spark experiments because the number of discharges
produced is too low. A straightforward comparison consists in analyzing, qualitatively and
quantitatively, the craters produced on both bulk and multilayered electrodes.

Figure 5.7 shows the surface morphology of craters generated on bulk Ag, Pt, Ni
electrodes (left) and Ag/Ni, Pt/Ni, Ni/Cu multilayered electrodes (right). It is interesting to
note that the craters produced on bulk electrodes are similar in shape and size to those
produced on multilayered electrodes when the surface layer is made of the same metal. For
both bulk Ag and Ag/Ni, the craters consist of several small depressions having a diameter of
~5 pum. Craters in bulk Pt and Pt/Ni consist of fewer depressions having a slightly larger
diameter ranging between 5 and 10 pm. The edge of the craters is clearly marked by a rim of
molten material. Some pores are observed on the surface of the crater produced on the Pt/Ni
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electrode, which are not observed on bulk Pt electrode. In bulk Ni as in Ni/Cu, the craters
show a typical, smooth, undulated molten surface having a large diameter of ~30 pm.
Contrary to Ag and Pt, these craters do not exhibit depressions.

It is also interesting to compare the topography of the craters, determined by WLI
measurements. For this purpose, one can use the peak-to-valley value, which corresponds to
the distance between the highest point (peak) and the lowest point (valley) within the crater

0.69

area. Craters on bulk Pt have a peak-to-valley value of 2.63™°° um, close to that measured on

Pt/Ni of 2.49"%% pm. On bulk Ni and Ni/Cu, however, craters are shallower and the peak-to-

valley value is of 1.55% pm and 1.36*%%

um, respectively. These results demonstrate that
not only the morphology but also the size and depth are similar between craters generated on
bulk electrodes and craters produced on multilayered electrodes. For multilayers, the type of

crater is determined by the metal used on the surface layer.
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bulk multilayer

Figure 5.7 SEM images of craters produced on bulk Ag, Pt, Ni electrodes (left) and Ag/Ni, Pt/Ni,
Ni/Cu multilayered electrodes (the image of the crater in bulk Ni is taken from [116]).
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5.3 Microstructure of Craters Produced at Different Pressures

The influence of external pressure on crater formation is investigated in Pt/Ni

multilayered cathodes for absolute pressures ranging from 1 to 10 bar in synthetic air.

5.3.1 Surface Characterization

The craters produced at external pressures of 1 and 4 bar present a smooth undulated
molten surface with a central protrusion as shown in Figure 5.8a. The diameter of these
craters rarely exceeds 10 um. When the discharges are generated at pressures of 7 and 10 bar,
the craters show a shape typical for cathode spot craters. They consist of one or several central
depressions surrounded by a rim of molten material (Figure 5.8b). The formation of a

depression and the flow of molten material outwards from the crater center will be discussed

later in this chapter. The total diameter of these craters lies between 10 um and 20 pm.

Figure 5.8 a) SEM image of a crater produced at an external pressure of 1 bar and showing a smooth
undulated molten surface; b) SEM image of a crater produced at an external pressure of 10 bar and
presenting a typical crater shape with a central depression surrounded by a rim of molten material.

Using WLI, the topography of the craters can be accurately measured and different
surface parameters can be determined. The root-mean-square (rms) roughness is a good
discriminator to quantitatively distinguish the two distinct morphologies of craters
(Figure 5.9). The rms roughness is the average of the measured height deviations z taken
within the crater area S and measured from the mean linear surface. The smooth craters
created by discharges at 1 and 4 bar have roughness values between 50 and 100 nm, whereas

at 7 and 10 bar, the craters show much higher roughness values in the range of 200 nm.
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Figure 5.9 Crater rms roughness as a function of external pressure revealing the two types of crater
morphologies. At low pressures (1 and 4 bar) craters are relatively smooth with low roughness values,
whereas at elevated pressures (7 and 10 bar) craters show a higher topography with larger roughness
values.

5.3.2 Crater Cross Section Analysis

In order to analyze the region below the surface, site specific cross sections were
performed in craters using the FIB/SEM dual beam workstation as previously described in
3.4.2.3.

Figure 5.10 shows SEM images of a FIB cross section performed in the center of a crater
produced at 1 bar. In the craters produced at low pressure (1 and 4 bar) the depth of
modification does not exceed the 4-5 top layers. The deformation and expansion of the layers
are evidence of melting. However, no mixing occurs and the Pt layers can still be clearly
distinguished from the Ni layers. Nevertheless, if one examines Figure 5.10b carefully, it
appears that the upper layers near the Pt protective strip are more diffuse than those near the
Ag substrate. This observation suggests that there is some interdiffusion going on at the
interface of the melted layers.
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Figure 5.10 FIB cross section in a crater produced at 1 bar; a) overall view of crater cross section; b)
crater protrusion with deformation of the upper Ni (dark) and Pt (light) layers due to melting.

Figure 5.11 shows SEM images of a FIB cross section performed in the center of a
crater produced at 7 bar. In the craters caused by discharges at higher external pressures (7
and 10 bar), the melting zone extends to greater depths (~1 um). In addition, a region of Pt-Ni
solid-solution, having a contrast between those of Pt and Ni, can be clearly observed. The
contour of the Pt-Ni solid solution delimits the extent of the molten pool. This region results
from the complete intermixing of the molten Pt and Ni layers below the surface. This suggests
that turbulent mixing is taking place in the molten pool probably due to the high pressure
acting on the molten surface. This pressure is also responsible for the displacement of material
and the formation of crater depressions and rims. The presence of pores in the molten pool is

likely due to the desorption of argon, as mentioned previously in 5.2.3.2.

" T Molten pool
PtNi solid solution contour

\

Figure 5.11 FIB cross section in a crater produced at 7 bar: a) overall view of the crater cross section;
b) in the crater depression where the Pt/Ni layers below the surface have partially melted and mixed,
forming a Pt-Ni solid solution. The limit between the Pt-Ni solid solution and the unmodified layers
shows the contour of the molten pool (dashed line).
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5.3.3 Determination of the Molten Pool Volume

Modifications of the multilayer assembly due to deformation or mixing of the layers permit
to monitor the extent of the molten pool. Since the FIB cross sections are performed in the
center of the craters, we consider that the exposed melting radius and melting depths are
maximal. Assuming the shape of the molten pool as a spherical cap, the volume of molten
material Vi, in the craters can be estimated by:

T
v, = i (312 +22) (5.1)

where z, and r, are the experimentally measured molten depth and molten radius,
respectively. The molten volumes calculated with equation (5.1) are displayed in Figure 5.12
as a function of the pressure. At 1 and 4 bar, the volume of the molten pools is approximately
50 um°, whereas at 7 and 10 bar, it lies between 200 and 250 pm?®. Like with the crater
roughness (Figure 5.9), two types of craters are revealed: low pressure craters with small
amounts of molten material (~50 um®) and high pressure craters with molten pool volumes in
the range of 200-250 pm?,
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Figure 5.12 Estimated volumes of the crater molten pool as a function of the pressure. The volumes
are calculated assuming the shape of the molten pool as a spherical cap, where z, and r,, are the
measured molten depth and molten radius, respectively.
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5.3.4 3D Reconstruction of the Molten Pool

A more precise determination of the molten volume consists in performing a 3D
reconstruction of the crater molten pool using FIB nanotomography. This was realized in a
crater produced at 6 bar and having the same shape and size than the craters produced at 7 and
10 bar (Figure 5.8b), i.e., high pressure craters. Serial cross sectioning was performed by FIB
using the slice and view program of the dual beam workstation. This program automatically
performs a series of regularly spaced cuts and collects electron images of each of these slices.
Similar to single cross-sectioning, mentioned in 3.3.2.2, a Pt protective film of the dimensions
of the slicing area was deposited in-situ using the ion beam. For this reconstruction, 200 slices
with a thickness of 100 nm were milled through the crater. The serial sectioning was
performed using a 500 pA ion current and SEM pictures of each cross section were collected

automatically. A schematic representation of the procedure is shown in Figure 5.13a. In this

figure, for clarity, only 4 slices out of 200 are shown.

Figure 5.13 a) Stack of four out of 200 SEM images through the crater, obtained during the serial
cross-sectioning procedure. b) 3D volume rendering: the x-y plane is a collected SEM image while
the x-z and y-z planes are reconstructed by the software via interpolation.

The image processing and 3D reconstruction was performed with the commercial
software Amira 5. Since the sample is tilted with respect to the electron beam, the cross
section planes are systematically shifted vertically from slice to slice. Therefore, the slices
have to be re-aligned in order to account for the aforementioned projection displacement and
for any image-drift. After this step, a 3D rendering of the volume can be performed and
planes can be reconstructed in arbitrary directions as shown in Figure 5.13b for x-z and y-z

planes.
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The three dimensional rendering is revealed to provide a proper visualization of the true
microstructure below the surface. In particular, the reconstruction of horizontal x-z planes
(also called coronal views) at different depths provides a clear picture of the extent of the
molten zone. Figure 5.14 shows reconstructed horizontal x-z planes at different distances
relative to the original surface: +420 nm, 0 (original surface), -420 nm and -840 nm,
respectively. In the first picture (+420 nm) the crown of molten material forming the crater
walls with the presence of pores can be clearly observed. The dark region corresponds to the
intersection between the horizontal plane and the Pt protective layer deposited on the surface.
At the original surface level (0), the first Pt layer (wide bright band) and the first Ni layer
(dark region on the bottom left corner) can be seen. As the depth of the cut plane increases,
the area of the crater region decreases. In the last picture (-840 nm) only the two deeper

depressions of the crater can still be visualized.

Figure 5.14 Reconstructed horizontal planes at different depths relative to the surface providing a
clear picture of the extent of the crater as a function of depth.

For further quantitative analysis, the molten pool of the crater was reconstructed by
volume segmentation. This procedure consists in defining a volume either by suitable chosen
gray levels or by eye inspection and manual segmentation of the micrographs. In the present
case, the insufficient contrast between the molten material and the layers does not permit
automatic segmentation. Thus, the segmentation was performed manually by highlighting the
area of the molten region in each slice. After this step, the surface of the segmented volume is

generated via triangulation and the molten pool can be visualized in 3D (Figure 5.15).
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The resolution of the 3D image is determined by the size of the voxels (voxel=“3D
pixel”), in our case, 33 nm, 42 nm and 100 nm in the X, y, and z axes, respectively. Note that
the resolution in the z-axis corresponds to the slice thickness, i.e., 100 nm. Knowing the voxel
size, the volume of the segmented molten pool can be calculated. The molten volume was
found to be 208 um? including all pores, which is comparable with the estimations based on
the FIB cross sections for craters produced at 7 and 10 bar (Figure 5.12). This also validates

the assumption of the shape of the molten pool as a spherical cap.

Figure 5.15 3D reconstruction of the crater by means of FIB nanotomography. The surface of the
molten pool can be visualized together with one slice of the serial cross section. The volume of the
reconstructed molten pool was found to be 208 pm®.

5.3.5 Cross Section EBSD

For further characterization of the microstructure, electron backscatter diffraction
(EBSD) was performed in a crater produced at 10 bar. EBSD analyses are usually performed
on surfaces, where the sample is tilted to 70°. However, in the present case, the measurement
had to be performed in a cross section perpendicular to the sample surface. In this position, a
direct EBSD measurement is not possible because the remaining sample shields the EBSD
detector from the backscattered electrons being emitted from the cross section. To avoid this
geometrical problem, one alternative proposed by Holzapfel [153] consists in cutting and
transferring the volume of interest to the edge of the sample. This procedure is essentially
similar to lift-out TEM foil preparation, except that the volume here is much thicker (~2 pm)
than a usual TEM foil (<100 nm). The volume containing the center part of the crater is cut
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free by FIB milling (Figure 5.16a) and fixed on the tip on the micromanipulator by Pt
deposition to be transferred to the edge of the sample (Figure 5.16b). Once positioned
correctly, it is fixed by Pt deposition and the cross-section is further polished using low
current ion beams (Figure 5.16c). Figure 5.16d shows the ion-polished cross section at the end
of the preparation step. lon polishing is an important advantage of FIB compared to other
techniques, which permits the in-situ preparation of good quality surfaces for EBSD with only
minor deformation, even in surfaces composed of materials having different hardness [154].

J

|

)

Figure 5.16 EBSD preparation steps in a crater; a) The center part of the crater is cut free on both
sides. The dashed line shows the original contour of the crater; b) The foil is lifted out with the
micromanipulator; c) The foil is positioned on the edge of the electrode where it is fixed by platinum
deposition and polished with ions; d) Polished crater cross section providing the required surface
quality for EBSD.

The results of the EBSD measurement are summarized in Figure 5.17. Figure 5.17a
shows the SEM image of half of the crater cross section, whereas Figures 5.17b and 5.17c are

the corresponding image quality map (iq) and the [001] inverse pole figure (ipf).
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The image quality is low in the unmodified bottom layers (dark points in the iq map)
due to the small size of the grains (<50 nm) resulting from the PVD process. The image
quality, however, is lower in the Ni layers than in the Pt layers. This might be due to the
aforementioned incorporation of argon in the Ni layers during the PVD process, which leads
to lattice imperfection and decreases the image quality. In the Ag substrate as well as in the
melted/re-solidified region, image quality is higher and a reliable measurement of grain
orientation is possible (bright points in the iqg map).

The ipf provides a color-coded map of the orientation of the grains (Figure 5.17¢). The
normal direction of the ipf is normal to the electrode surface and the phase used for indexing
the EBSD patterns is Pt, which has the same fcc (face centered cubic) structure as Ni. Thus Pt,
Ni and the Pt-Ni solid solution can all be indexed correctly with this same phase. Note that the
goal here is not to differentiate the phases but only to get information about the orientation of
the grains. The grains in the molten pool (Pt-Ni) are elongated in the direction normal to the
surface and have re-crystallized into a columnar form. The length of the grains corresponds
approximately to the thickness of the molten zone and thus increases from the crater center to
the crater rim.

The orientation analysis of the molten and re-solidified region is plotted in the form of
{111} and {220} pole figures in Figure 5.17d. Even if only a few grains contribute to the pole
figures, a <111> texture is clearly revealed. This indicates that the grains grow preferentially
with their {111} planes parallel to the surface rather than the {100} planes, which is more
usual for solidified fcc metals [155]. The formation of a <111> texture can be explained under
planar growth conditions [156], that is, under directional solidification and, for alloys, under
high temperature gradients [157]. According to the plot of temperature gradient versus
solidification rate and solidification morphology shown in [158], plane front solidification
occurs for temperature gradients higher than 1000 K/um. This value is on the same order of
magnitude as the temperature gradient determined experimentally in the Ni/Cu multilayer
system of ~700 K/um. It is also well in accordance with values estimated roughly as follows.
Assuming that the surface is at the boiling point of Pt (T, '=4100 K) and knowing that the

melting depth is approximately 1 pm (T=Ty"'=

2045 K at z=1 um), the temperature gradient in
the molten pool can be estimated to be ~2000 K/um. As the molten pool cools down, the arc
is extinguished and the heat can only be dissipated by conduction in the bulk. This results in
high temperature gradients directed normally to the surface and in the formation of elongated

grains with a <111> orientation.
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Figure 5.17 EBSD in the cross section of a crater produced at 10 bar: (a) SEM image of the cross
section (5 kV accelerating voltage); (b) image quality map (iq); (c) [001] inverse pole figure (ipf) map
where the morphology and orientation of the grains in the molten pool can be seen (normal direction is
normal to the electrode surface); (d) {111} and {220} pole figures of the re-solidified grains showing
a <111> texture.

5.4 Discussion

5.4.1 Low and High Pressure Craters

The microstructural investigations in Pt/Ni cathodes have revealed that two types of
craters are formed depending on the external pressure at which the discharges are produced.

These craters might be caused by two different parts of the ignition discharge.

In low pressure conditions (1-4 bar), the discharge causes superficial melting of the

cathode surface with molten volumes around 50 um?®. However, no depressions are formed at
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the crater center and in the case of multilayers, no mixing of the molten layers occurs. These
observations indicate that no severe pressure is acting on the molten surface during crater
formation. The arc fraction measurements presented in Chapter 4 as well as a previous study
[96] have shown that, at low pressures, the initial breakdown is immediately followed by the
glow discharge. Although the energy of the glow discharge is relatively high (30-50 mJ), the
discharge takes place over a large area (~mm?) and a large time scale (~ms), leading to a low
power input density in the range of 10° W/m?, which is not sufficient to cause the melting of
the surface (see section 6.1.3 in the next chapter). Therefore, the smooth craters observed at
the cathode surface when discharges are produced at low pressure can only be attributed to the

energy dissipated in the breakdown phase.

The craters left at the surface by discharges generated at higher external pressures
(6-10 bar) present deep central depressions and greater molten volumes in the range of
200-250 um?. Furthermore, a turbulent mixing of the molten Pt and Ni layers takes place,
suggesting that a pressure is acting on the surface during the melting stage. These craters
present great similarities, in shape and size, to cathode spot craters that are caused by vacuum
or atmospheric arcs. A detailed phenomenological description of this type of crater is made in
[80]. The formation of these craters can thus be attributed to an arc occurring either during the
capacitive discharge or the inductive discharge. However, the fact that the external pressure
does not influence the initial current of the inductive discharge (~100 mA), and that similar
arc craters reported in the literature are usually produced by currents in excess of 1 A, suggest
that the craters are likely formed during the short capacitive discharge which immediately
follows the breakdown, when high currents must be sustained. The influence of the external
pressure on the current of the capacitive discharge and the formation of the craters will be
discussed in detail in section 6.3.3. The similarity of our craters to arc cathode spot craters
also justifies the use of the cathode spot model for the thermal simulation presented in the

next chapter.

5.4.2 Crater Formation Mechanisms

The craters observed at elevated pressures result from both intensive heating and high
pressure acting simultaneously at the surface. The pressure acting on the molten surface
accelerates and pushes the liquid metal outwards, resulting in the formation of crater
depressions and rims. Furthermore, in the case of multilayered surfaces, the formation of a

solid solution indicates that convection-induced mixing is occurring in the molten layers.
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The driving forces for fluid flow in a molten pool include different mechanisms such as
plasma (or ion) pressure [44, 47], electromagnetic (or Lorentz) force and surface tension
gradient [159-162]. The impinging ions produce a pressure normal to the surface of the
molten pool, whereas the Lorentz force and the surface tension gradient generate a shear
stress directed outward on and in the molten pool and cause the liquid metal to flow from the
center to the edge of the pool. The three mechanisms are represented schematically in Figure
5.18. The Lorentz force is caused by the interaction between the current path in the molten
pool and the magnetic field B it generates. The electric current lines are penetrating the
cathode (negative electrode) resulting in a radial Lorentz force directed outward. The radial
flow of liquid metal caused by electromagnetic forces is also known as pinch effect. The
surface tension shear stress is caused by the temperature gradient within the pool surface. The
surface tension of a liquid metal » decreases with increasing temperature T, namely ou/0T <0
(in the absence of surface active agents [163]). The warmer liquid with a lower surface
tension at the center of the pool is pulled outward by the cooler liquid metal with a higher
surface tension at the edge of the pool, resulting in an outward shear stress. Surface tension

driven flow is also called thermocapillarity flow or Marangoni flow.
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Figure 5.18 Schematic representation of the ion bombardment pressure pi.n (blue), the electromagnetic
shear stress 7 (green) and the surface tension gradient induced shear stress zy (red) acting on the
molten pool surface.

A quantitative comparison is made between the ion pressure pion and the shear stresses
7. and 7y induced by the Lorentz force and the surface tension gradient, respectively. The ion
pressure and the Lorentz force are calculated for currents of 1, 10 and 100 A, corresponding
to current values at the beginning of the discharge, when craters are expected to be produced.

The ion pressure is calculated using equation (2.13), assuming constant current density and an
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electronic current fraction of 50 % within the cathode spot surface. The cathode fall of Pt is
taken to be 16 V [80].

The radial Lorentz force per volume unit is given as

F,=]xB (5.2)

where J is the current density normal to the surface and B is the magnetic field it generates.

For a constant current density J the magnetic field B is [164]:

].uOrm
2

to [™
B = —f Jrdr = (5.3)
T Jo

where 4 is the vacuum permeability and ry, is the radius of the molten pool. The shear stress
caused by the electromagnetic force can thus be estimated as:
]Z#Orrrzl (54)

2
The shear stress caused by the surface tension gradient on the molten pool surface

T :]rmB =

(Marangoni effect) is given by:

_ ('))/l _ 6)/l % oT
[ T
At high temperatures, the temperature coefficient ox/0T of a binary alloy is a weighted

(5.5)

average of the temperature coefficients of the two components [165]. Since the temperature
coefficients of Pt and Ni are close (-0.307 and -0.33 mN-m™ [166], respectively), the
Marangoni effect in the Pt-Ni solid solution is likely to be the same as that in pure Pt. The
radial temperature gradient oT/or is assumed to be constant. The temperatures at the center
and at the edge of the pool are assumed to be equal to the boiling and melting points,

respectively. For Pt, the Marangoni shear stress can thus be expressed as follows:

2056
Ty = 0.307 - 1073 x —— (5.6)

Tm

Figure 5.19 shows the ion pressure pion (full lines) and the shear stresses 7 (dash lines)
and oy (dash-dot line) induced by the Lorentz force and the surface tension gradient,
respectively, for a molten pool having a radius between 5 and 10 um. For a given current, the
ion pressure is 2-4 orders of magnitude greater than the electromagnetic shear stress with
values in the range of 10" to 10™° Pa. This is still true if higher electronic current fractions of
80-90 % are considered. The shear stress caused by the Marangoni effect is relatively low
with values on the order of 10° Pa. Hence, the ion bombardment (or plasma pressure) is
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proposed to be the principal mechanism causing the displacement of liquid metal in the

molten pool and the formation of the crater depression and rim.
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Figure 5.19 Comparison between the plasma pressure pion, the shear stress caused by the Lorentz force
7, and the shear stress caused by the tension surface gradient 7y as functions of the molten pool
radius.

5.4.3 Displaced Molten Volume

WLI measurements permit to determine precisely the topography of the craters (section
3.3.1). By defining appropriate reference and test masks, the volume of the crater depression
(Vaown) and of the crater rim (V) can be determined (Figure 3.4b) [121]. In the absence of
severe ejection of liquid particles and vaporization (section 6.2.4.4), a large part of the molten
material pushed outward from the crater center re-solidifies at the edge of the crater, forming
the crater rim. Therefore, the volume of the crater rim should be equal to or slightly lower
than that of the crater depression. Figure 5.20 shows the V,, and Vgoun Values as a function of
the estimated molten pool volume for several craters (section 5.3.3). In some cases, Vy, IS
higher than Vgown. This error may be due to the overestimation of V,, because of the
impossibility for the WLI technique to detect the presence of covered voids at the edge of the
crater. Both volume fractions, however, provide an estimation of the amount of molten
material being displaced during crater formation. Comparing these volumes with the
estimated molten pool volume, one can estimate that 20 to 40 % of the molten material is

actually displaced under the pressure of the plasma from the crater center to the crater rim.
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The remaining molten part may also be displaced but it re-solidifies at the bottom of the
crater. Assuming that this ratio remains more or less the same for pure Pt as well as for other
metals, the simple determination of Vy, and Vgown using WLI could provide a rough but

realistic estimation of the molten material volume in the craters.
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Figure 5.20 Measured V, and Vgoun as a function of V,,,. Between 20 and 40 % of the molten material
is pushed outward from the crater center to the crater rim, where it re-solidifies.

5.5 Summary

The microstructure is a unique and authentic monitor of the material experience in the
crater region. Through its analysis, new insight into the crater formation process could be
gained. However, this could not be fully achieved so far due to the lack of characterization
techniques permitting the analysis of such small features. The novel FIB/SEM dual beam
techniques developed in this work prove to be particularly suited for the microstructure

characterization of craters caused by electrical discharges on the surface of electrodes.

In craters produced on bulk metallic electrodes, no severe microstructure modification is
observed, so the molten pool cannot be distinguished from the unmodified material. To solve
this problem, discharges were produced on electrodes covered with thick multilayered films
and craters were analyzed. Three different multilayer systems were tested: Ag/Ni, Ni/Cu and

Pt/Ni. The Ag/Ni system permits to monitor the displacement of molten material in the crater



88 5 - Microstructure Characterization of Craters

via the deformation of the layers. However, as both elements are immiscible, the molten pool
cannot be clearly seen. The Ni/Cu system is miscible and the molten and mixed layers re-
solidify into a coarse grained Ni-Cu solid solution as it was demonstrated by TEM and high
resolution EDX analyses. This enables the monitoring of the molten region as well as the
estimation of the temperature gradient in the crater. The Pt/Ni system is also miscible and
proves thus to be appropriate for monitoring the molten zone. Moreover, the higher Z-contrast
between Pt and Ni permits to clearly distinguish the unmodified layers from the molten region
in comparison with the Ni/Cu system. For all systems, the Ag substrate below the craters does
not show evidence of melting. It is also important to point out that craters produced on
multilayered electrodes are similar, in shape and size, to craters produced on bulk electrodes
and that these features are determined by the material present at the surface (top layer).

The Pt/Ni system was used to investigate the influence of the external pressure on crater
morphology and molten pool volume. The craters formed in this system are thus comparable
to those observed in pure Pt electrode. At low pressure (<4 bar), the discharge produces only a
smooth melting of the surface with molten volumes in the range of 50 um?, and it seems that
no pressure is acting on the molten surface. The formation of these craters is attributed to the
breakdown phase of the ignition discharge. At high pressure (>6 bar), craters consist of one or
more depressions surrounded by a rim of molten material and intermixing of the molten layers
occurs. The molten volume of these craters was determined, by means of FIB cross section
observations and FIB nanotomography, to be around 200-250 pm?®. Orientation analysis of the
re-solidified grains realized by EBSD indicates that cooling and re-solidification of the molten
pool take place under high temperature gradients (>10° K/m) normal to the surface. The
displacement of molten material and the mixing of molten layers are proposed to be due to the
ion or plasma pressure acting on the surface rather than to electromagnetic or surface tension
gradient forces. Comparison between the molten pool volume and the depression and rim
volumes shows that between 20 and 40 % of the molten material is displaced under the
plasma pressure from the center to the edge of the crater. The craters produced at high
pressure are very similar to arc cathode craters, so that their formation can be attributed to the
arc phase (capacitive and/or inductive) of the discharge. Characteristic features of the low and

high pressure craters are summarized in Table 5.1.
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Table 5.1 Features of low and high pressure craters

external pressure < 4 bar > 6 bar
crater morphology smooth undulated surface depression and rim
rms surface roughness 50-100 nm ~200 nm
molten depth 0.4-0.5 pm ~1um
molten volume ~50 pm® 200-250 pm?®
molten layer reaction no mixing turbulent mixing

crater type breakdown crater arc crater
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CHAPTER 6

Thermal Analysis of the Crater Formation

The microstructure characterization presented in Chapter 5 has provided new insight
into the microstructure modifications occurring at the cathode surface during crater formation.
Using the combination of multilayered electrodes and FIB techniques, very useful data such
as the molten depth and volume could be gained. This chapter aims to analyze these
experimental data in order to determine some characteristic features of the crater formation
process which are still not well known, such as the time and the power input in the cathode.
The goal is to provide a reliable estimation of these values by modeling the thermal behavior
of a cathode subjected to a constant heat flux of different durations.

In the first part, the melting caused by the spark is analyzed using analytical models
such as the semi-continuous point and disk sources. Although numerous assumptions have to
be made, the preliminary study with analytical models provides a first insight into the
temperature distribution in the electrode and sheds light on how the thermal boundary
conditions, the heat pulse duration and the thermal properties of the material can affect the
melting of the electrode surface. The second part focuses on the crater formation process in Pt
cathodes. A FEM thermal simulation is developed based on the cathode spot models existing
in the literature, including phenomena such as ion bombardment, heat conduction, melting,
vaporization and electron emission. For simulating the heat of the discharge, cathodes are
subjected to various power input densities during time intervals of 0.1, 1 and 10 ps. Results
such as the spot surface temperature, the molten depth and volume, the emitted current, and
the energy loss distribution are presented and analyzed. Simulations are also performed in
Pt/Ni multilayered cathodes for a better comparison with experimental results. Finally, the
results of the simulation are related with the current-time characteristics of ignition discharges
produced at different pressures. The effects caused by the capacitive and inductive parts of the

discharge on the cathode surface as well as the wear process are discussed.
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6.1 Analytical Models

6.1.1 Heat Conduction in a Semi-Infinite Electrode

The heating caused by a spark on the electrode surface can be reduced to a heat
conduction problem in a semi-infinite electrode subjected to a heat source. Three heat source
geometries can be considered: the point source, the disk source and a Gaussian source (Figure
6.1). The quantity of heat Qo can be deposited on the surface either instantaneously or over a
finite time interval at a constant rate. In this second case, the source is called semi-continuous.
Wang et al. presented a comprehensive review of these different models [167]. Because the
energy is deposited within an infinitely short time, the instantaneous source overestimates the
maximal temperatures reached in the electrode and reduces the influence of the thermal
conductivity. Although the calculations are more complex, the semi-continuous source is
more realistic when representing the behavior of the spark. Therefore, the semi-continuous
models will be preferred for this study.

Qo

Sy

a)

Figure 6.1 Schematic representation of the geometry of the different heat sources: a) point source, b)
disk source (radius=a), ¢) Gaussian source.

The properties of the electrode material: the specific heat capacity c,, the density p, and
the thermal conductivity k are assumed to be isotropic and constant, i.e., independent of the
temperature. The heart of the heat conduction problem is the heat diffusion equation:
_lor

a ot
where o = k/p ¢, is the thermal diffusivity of the material.

V2T (6.1)

Heat conduction problems become very complicated when a part of the electrode melts
because of the presence of two phases (solid and liquid) with a moving boundary (liquid/solid

interface). Due to the complexity of this kind of problems, numerical calculations are required
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to obtain the temperature distribution in the electrode. Therefore, in the present thermal
analysis, we consider no phase change (no melting, no boiling). The entire heat input is
assumed to be transferred into the electrode and there is no loss through radiation and

convection at the surface.

6.1.2 Semi-Continuous Point Source

The temperature in a semi-infinite electrode subjected to a semi-continuous point source

can be expressed in spherical coordinates (r=z) as [168]:

toex( —r? )
Q f P\aat=0)) ., (6.2)
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T(T, t) = TO +

where Ty is the initial temperature (=25°C), to is the pulse duration and <ty is a dummy
variable for the integration. Equation (7.2) was solved using the mathematics software
Maple 8. Figure 6.2 shows the temperature distribution T(r,z,t) in a Ni electrode at three
different times after a pulse of heat Qy=10 pJ and a duration to=1ps. At t=1.05 ps (50 ns after
the end of the pulse), the temperature at r=0 reaches very high values (~7000°C). Although
melting is not considered (latent heat of melting is zero), the liquid/solid interface is shown
via the isotherm line T=T, (black line). The depth/radius of the melting zone exceeds 6 pum.
At t=1.2 ps, the temperature has decreased below 2500°C and the melting zone is slightly
smaller (~5 um). At t=1.5 ps, the temperature has dropped below the melting point of Ni and

the whole electrode is resolidified.
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Figure 6.2 Temperature distribution in a semi-infinite electrode subjected to a semi-continuous point
source (Qo=10 WJ, t;=1 us) at three different times. The isotherm line T=T,, (solid line) symbolizes the
liquid/solid interface.

From Figure 6.2, it appears that the point heat source predicts a hemispherical molten

pool with the melting depth equal to the melting radius. However, it is known from the
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observations of crater cross sections presented in Chapter 5 that the molten pools are
shallower. They present a spherical cap shape whereas their melting radius (rp,~10 pm) is
much larger than their melting depth (z»,~1 pum). Therefore, a widely distributed heat source
like the disk or the Gaussian source should be considered to better predict the shape of the
molten pool. The Gaussian source is generally used to simulate the heat of a laser beam
transferred to a surface [169]. There is however no indication to believe that this shape is also
suitable in the case of an electric arc or a spark [151]. Actually, the cathode spot corresponds
to an active current transfer region, where electrons are emitted only if sufficient heating of
the surface is achieved (section 2.2.2.2). At the place where this condition is not fulfilled, no
current and no heat transfer will take place. For a Gaussian source, heat is spread widely and,
far from the center, the required high temperature may not be reached. It is therefore generally
assumed that the current and power densities are constant over the crater radius. Hence, we
believe that the disk source is more appropriate than the Gaussian source to represent the heat

input of the spark.

6.1.3 Semi-Continuous Disk Source

In this case, a semi-infinite electrode subjected to a semi-continuous disk source is
considered. A constant heat flux qo is deposited on a circular area of radius a=10 pum (~crater

radius) over a period of time to:

Qo

=—— 6.3
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In cylindrical coordinates, the temperature in the semi-infinite electrode can be expressed as
[168]:
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where Jo and J; are the Bessel functions of the first kind of order 0 and 1, respectively, and ¢’

Fit—t) = e~ (=t )22 1 ()], (Aa) dA (6.5)

and A are integration variables. It would require numerical calculation to obtain the
temperature in the electrode. At r=0, i.e., along the z-axis, the integral of equation (6.5) can be

simplified:
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f e~ (= [ A, (Aa) dA = . (6.6)
0
Because phase changes are not considered in the present model, we calculate the power

density Pn required for heating the center of the disk only up to the melting point, i.e., to
reach the temperature T, at the position r=0, z=0. Using equations (7.3)-(7.6), the melting

power density is given as:

_ (T — To)pcy, (ma)'/?
[’ Gt —t)dt'

(6.7)

where

1— e—a2/4a(t—t’)
Gt—t)= (6.8)
Vi—r

Equations (6.7) and (6.8) were solved using Maple 8. Figure 6.3 shows the melting power

density Pp, as a function of the pulse duration t, for various metals employed as contact or
electrode materials. This kind of representation - power density vs. interaction time - is well-
known in the field of laser processing of materials [169]. For the selected metals and for pulse
durations between 10 ns and 1 ms, the melting power densities range from 10%° to 10* W/m?
and they increase as the pulse duration becomes shorter. This result is quite obvious and
means that when the melting point has to be reached within a shorter time, higher power is
required. For longer pulses (to>10 us), however, Py, remains more or less constant. It is
interesting to see that, in spite of lower melting points, a higher power density is required to
heat Ag and Cu up to their melting point, than for Pt and Ni. A material like Ir, having high
melting point (T,=2446°C) and moderate thermal conductivity (k=147 W/m-K) has a higher
Pm than that of Cu and Ni for short pulse durations (to<1 us). Between 1 and 10 us, however,
the curves intersect and it becomes easier to melt Ir than Cu and Ag, which both have
relatively low melting points (T»,=1084 and 962°C, respectively) but very high thermal
conductivities (k=401 and 429 W/m-K, respectively). The same comment applies to the case
of Al compared to Ni and Pt. Therefore, it is clear that the melting point and the thermal
conductivity have more or less influence on the melting susceptibility of the electrode

depending on the time scale.
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Figure 6.3 Melting power density as a function of the pulse duration for various metals currently
employed in electrode or electrical contact applications.

For a better visualization of this effect, the melting power density Py, is calculated for
four “virtual” materials combining extremely high/low melting points with extremely
high/low thermal conductivities (Figure 6.4). The high/low thermal conductivities are 500 and
10 W/m-K, respectively, while the high/low melting points are 4000°C and 200°C,
respectively. These values are not completely unrealistic and are close to those encountered
for some metals. The density and the specific heat capacity are taken to be those of Pt for the
four materials. It is obvious that the material combining both the high melting point and the
high thermal conductivity presents the greater melting power density. Likewise, the material
with both low T, and low k shows the lower Py, values. The two intermediate cases, namely
the material with low k and high T, and the material with high k and low T, are more
interesting. For a short heat pulse (to<1 us), the material with the high melting point prevails
over the one with the high conductivity. As the pulse becomes longer (to>10 ps), the material
with the high conductivity becomes more difficult to melt than the one with the high melting
point. Like in the cases of Ir with Cu or Ag, and Al with Pt or Ni (Figure 6.3) the transition
occurs for a to situated between 1 and 10 ps. These results indicate that there are two possible
strategies to prevent melting depending on the duration of the heat pulse t;. An electrode with
high melting point is favorable when ty<1 us, whereas it would be better to have an electrode

with high thermal conductivity when t>10 ps.
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Figure 6.4 Melting power density as a function of the pulse duration for four “virtual”
materials; high k=500 W/m-K; low k=10 W/m-K; high T»=4000 °C; low T,=200 °C

Moreover, the results point out that the pulse duration has a strong influence on the
value of the melting power density. In other words, the same temperature at the surface of the
electrode (or the same melting depth) can be reached by different power input densities
depending on the time of interaction between the spark and the electrode. Similarly, the same
power input can lead to completely different effects on the electrode surface (slight heating,
melting, boiling) depending on the pulse duration. Therefore, a reliable determination of the
power input involved in the crater formation will require to know, at least approximately, the
time of formation of the crater.

6.2 FEM Thermal Simulation

The previous thermal analysis focused on analytical solutions for heat conduction
problems in a semi-infinite electrode. For solving these problems without carrying out
numerical calculations, numerous assumptions were made (no phase change, constant
properties, etc.). The results of the analytical models pointed out how thermal properties such
as melting point and thermal conductivity can affect the melting behavior of the electrode and
how it is important to know the time of formation of the crater in order to estimate the
corresponding power input. For a better description of crater formation, however, melting,

vaporization as well as electron emission on the electrode surface should be considered.
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The melting and vaporization of an electrode heated by a flux is a Stefan-like problem
with moving boundaries [170]. This kind of thermal problem can be solved using an enthalpy
method combined with Kirchhoff and coordinate transformations as demonstrated by Hunter
[171]. Rossignol [172] and Abbaboui [173] employed this method in order to predict
characteristic information related to the liquid and vapor formation for various materials

submitted to different heat fluxes.

In this part, a thermal simulation by finite elements method (FEM) is developed
considering melting, heat conduction, vaporization and electron emission at the surface. The
simulation aims to determine the temperature distribution in the electrode, the extent of

molten and vaporized material and the energy balance at the surface during crater formation.

6.2.1 Description of the Physical Model

The physical model used to simulate crater formation is based on the modeling of
cathode spot phenomena in vacuum [57]. The arc cathode region has been studied with
stationary or dynamic models by numerous authors such as, among others, Coulombe [37,
102], Rossignol [86], Zhou [35], Rethfeld [33], He [174], Mitterauer [88], Klein [85], and
Messaad [175]. Most of these studies consider the entire cathode region divided into three
zones: the first zone is the cathode surface itself where heating, vaporization and electron
emission take place; the second zone is the cathode sheath where emitted electrons are
accelerated towards the ionization zone and positive ions are accelerated towards the cathode;

the third zone is the ionization zone where vaporized atoms are ionized by electrons.

Our model includes the relevant features reported in the aforementioned works.
However, it is limited to the bulk and the surface of the cathode. Phenomena occurring in the
cathode sheath and in the ionization zone are not considered. The cathode surface is assumed
to be heated exclusively by ion bombardment whereas electron emission, vaporization,

melting and conduction into the bulk are the cooling mechanisms (Figure 6.5).
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Figure 6.5 Schematic representation of the cathode spot model used in the thermal simulation. Je, J;
and 77, are the electron current, ion current and neutral flux densities, respectively. Pe, P; and Py, are
the corresponding electron emission, ion and vaporization power densities. Pejecroge COrresponds to the
power lost in the electrode via conduction and melting.

6.2.1.1 Heat Conduction and Melting

Heat conduction into the electrode and solid-liquid phase transition are considered in the
heat diffusion equation:

oT
V-(k-VT)+q5L=p-cpE (6.9)

where K is the thermal conductivity, ¢, is the specific heat capacity, and p is the density. These

properties are all temperature dependent in the simulation. The term g, is the power per unit

of volume involved in the solid-liquid phase transition, and can be defined by [151]:

T—T,

0 [05erfe( AT, )] (6.10)
ot

where Ly, is the latent heat of melting, erfc is the complementary error function, Ty, is the

dsp = Lyp

melting temperature and AT, is a small temperature interval to smooth the solid-liquid
transition (AT, was selected to be 10 K). Note that when the temperature increases (solid-
liquid transition), gg; is negative and heat is consumed, whereas when the temperature

decreases (liquid-solid transition), gs; is positive and heat is produced.

6.2.1.2 Vaporization

The flux density of vaporized atoms 7, is calculated using the Langmuir formula. It is
related to the equilibrium vapor pressure of the material p, as shown in equation (2.12). The
values of the constants A, B and C are taken from [176]. The power density associated with
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the vaporization of atoms is calculated using equation (2.23). The vaporized atom flux and the
corresponding power density are calculated as a function of the surface temperature T for the
case of platinum (Figure 6.6). It is assumed that the liquid metal surface is in equilibrium with
its vapor. Therefore, the cathode surface temperature under the spot is related to the metallic

plasma pressure via the equilibrium vapor pressure Ts=Ts(py).
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Figure 6.6 Vaporized atom flux 7 and corresponding vaporization power density P4, as functions of
the surface temperature T; for the case of Pt.

6.2.1.3 Electron Emission

Cathodes are either classified as thermionic or non-thermionic electron emitters.
Thermionic cathodes (or hot cathodes) are made of refractory materials such as tungsten and
can sustain the high temperatures needed for thermionic emission. The electron emission
current of hot cathodes can be accurately predicted by the Richardson-Dushman equation
(2.8) with the Schottky correction (2.9). Non-thermionic cathodes (or cold cathodes), made of
non-refractory materials such as Cu or Ag cannot sustain such high temperatures. The
electron emission mechanism of cold cathodes is expected to be thermo-field, i.e., electrons
are emitted under the combined action of high surface temperatures Ts and high surface field
strengths Es. The thermo-field current is best predicted by the Murphy and Good equation
(2.10). Since Pt can be classified as a cold cathode (see Appendix A), the electron emission

current must be calculated using the Murphy and Good formalism.

The treatment of this equation is very complex and requires multiple numerical

integrations that cannot be performed directly in the simulation. Therefore, an approximation
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is necessary. The Murphy and Good equation was solved numerically® in the case of Pt for

temperatures ranging from 2000 to 5000 K and for electric field strengths ranging from 10° to
10" V/m (Figure 6.7).
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Figure 6.7 Thermo-field current density calculated with the Murphy and Good equation as a function
of the temperature and surface electric field strength for Pt (¢=5.65 eV).

Because the simulations are performed under constant values of ion power density, the
ion current and the electric field strength are constant and the electron current density can be
expressed as a function of the surface temperature J¢(Ts). The function log(Je(Ts)) is then fitted
with a polynomial function of order n=3 for each value of Es and introduced in the simulation
(Figure 6.8). The polynomial constants Aq, B;, B, and B are displayed in Appendix B. The
mean deviation from the exact results calculated with the Murphy and Good equation is found
to be less than 0.5 % in the temperature and electric field strength ranges considered.
Knowing the electron emission current density Je, the associated cooling power density Pe,

also known as Nottingham cooling, can be calculated using equation (2.22).

! The author greatly acknowledges Dipl.-Ing Meik Sacher, Lehrstuhl fir elektrische Geréte und Anlage, TU
IImenau for the numerical calculation of the Murphy and Good equation for Pt.
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Figure 6.8 Fitting of log(Je(Ts)) with polynomial functions of order n=3 for E values between 10° and
10" V/m.

6.2.1.4 lon Bombardment

lon bombardment is the only heating contribution in the present model because other
heating mechanisms such as back-diffused electrons, returning atoms, radiation and Joule
heating can be neglected (section 2.3.2.1). The ion power density P; is the product of the ion
current density Ji by the mean energy delivered by each ion impacting the cathode U; as
described in equation (2.17). The mean ion energy is composed of the thermal, kinetic,
neutralization and condensation energies, and it can be written as:
et
where U, is the cathode fall, E; is the neutralization (or ionization) energy reduced by the

U; +U.+E—¢ +W,, (6.11)

modified work function ¢’ (equation (2.9)), W, is the condensation (or vaporization) energy,
T; and T, are the ion and electron temperatures at the cathode sheath edge. According to
Coulombe [37], the ion temperature can be assumed constant and equal to the cathode surface
temperature. Thus, in our model we take Ti=T, '=4100 K. The electron temperature is
assumed to be higher than the ion temperature and set to be T.=8000 K according to the
ignition discharge plasma temperature reported in [24]. Note that the two first terms of
equation (6.11) are small compared to the other terms so that the assumptions made for T; and

T. do not strongly affect the value of U;.
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6.2.1.5 Surface Electric Field

The electric field strength at the cathode surface Es is related to the ion current density J;

via the Mackeown equation (2.11). In our model, we use the equation form proposed in [88]:

1/4
. 8'Zi'mi']i2'Uc (612)
Es = e- ek '

where m; is the ion mass and Z; is the mean ion charge assumed to be equal to 1 (single
ionization).
6.2.2 Geometry and Boundary Conditions

The simulation is performed in cylindrical coordinates (r, z). The geometry of the

electrode and the boundary conditions are schematically shown in Figure 6.9.

Pi-Pe-Pvap
r r=L
M
r=a
T=300 K
Zy
z=-L
T=300 K

Figure 6.9 Schematic representations of the geometry and boundary conditions of the simulation with
a=10 pm and L=100 pm.

The radius and height of the simulated electrode are defined as being equal to L. The
temperature at the side (r=L) and at the bottom (z=-L) of the electrode is maintained constant
at the initial temperature T=300 K. This fixed temperature can strongly affect the results when
L becomes smaller than 30-50 um. Here, we choose L large enough (L=100 pum) to guarantee
that the size of the electrode does not induce errors in the calculation of the temperature
(Appendix C). The power balance at the cathode surface is given by the ion power density P;
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reduced by the electron emission and vaporization power densities P and Py, over a disk of
radius a=10 pm, which corresponds to the maximal crater size observed experimentally. The
pulse of heat is deposited during the time to. The remaining part of the surface is assumed to

be adiabatic. The boundary conditions can be summarized as follows:

T|r=L = T|z=—L =300 K

aT
B E 0<r<a - Pi - Pe (TS) - Pvap (Ts)
z=0
aT B
B E a<r<L o
z=0

6.2.3 Simulation Procedure

The simulations are carried out in a transient regime for given (P, to) couples in the case
of a Pt cathode. According to the previous analytical results (Figure 6.3), the ion power
densities P; are chosen between 10'° and 10™ W/m?. The time of interaction or pulse duration
to is taken to be 0.1, 1 and 10 ps. For a given value of P;, the mean ion energy U; and the
surface electric field strength Es are calculated. Since Uj is related to E via the modified work
function ¢’ in equation (6.11), and Es is related to U; via the ion current density J;i in the
Mackeown equation (6.12), both parameters are coupled and must be determined
simultaneously. We compute the values of U; and Es using an iterative process (Appendix D).
Figure 6.10 shows the values of U; and E; as a function of P; for Pt** ions. Knowing the value
of Es, the modified work function ¢’ as well as the constants Ao, Bi, B, and Bs of the

polynomial function used to predict the electron emission current density can be determined.

Finally, all the parameters mentioned above are introduced in the FEM simulation
together with the material properties of the cathode (Appendix E). The simulation is
performed with the finite element software FlexPDE 5. The software solves the partial
differential equation (6.9) and calculates the field of temperature in the electrode as a function
of the time T=f(r,z,t). Furthermore, parameters derived from the temperature field such as
melting depth/radius, vaporization rate, electron emission current and energy balance are

determined.
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Figure 6.10 Mean ion energy U; and surface electric field E, as a function of P; for the case of Pt**
ions.

6.2.4 Results in Bulk Pt

6.2.4.1 Spot Temperature

Figure 6.11 shows the spot temperature Tsyot as @ function of the ion power density P;
for different pulse durations t,=10, 1 and 0.1 ps. The spot temperature is defined as the mean

temperature over the spot surface at the end of the pulse, i.e., at time t=to:

1
Tspot = Wf T(r, 0, to) -dS (6.13)

S
where S is the area of the spot. As it was pointed out previously with the help of analytical

models, the power input density required to reach a certain temperature increases as the pulse
duration becomes shorter. This is the reason why the curves are shifted to the right as tp
decreases. For example, the ion power density necessary to reach a spot temperature of
4000 K is approximately 4x10* and 7x10% W/m? for t,=10 and 1 ps, respectively, while it
amounts to 18x10% W/m? for t,=0.1 ps. For all pulse durations, the spot temperature first
increases rapidly before reaching a maximal value of ~5000 K at high ion power densities,
likely due to the important cooling at the surface. The exact contribution of the different
cooling mechanisms will be discussed at the end of this section.
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Figure 6.11 Spot temperature T, as a function of ion power density P; for t,=10, 1 and 0.1 ps.

6.2.4.2 Molten Depth and Molten Volume

Because the same ion power density can lead to completely different surface
temperatures depending on the time of interaction considered, the melting depth and volume
are not plotted as a function of P; but as a function of the spot temperature (Figure 6.12).
Hence, the effect of the different pulse durations on the melting behavior of the cathode
surface can be better compared. The molten pool of the crater is assumed to present a
spherical cap shape and the molten volume Vy, is calculated using equation (5.1) based on the
simulated molten depth z, and molten radius rp,. The results show that for a given spot
temperature, the longer the pulse duration is, the larger the associated molten depth/volume

Y2 \ith the time of

becomes. This is due to the increase of the thermal diffusion length (2 c-to)
interaction to, where « is the thermal diffusivity coefficient. In other words, for a short pulse,
diffusion is low and the heat is highly concentrated on the surface, while for a long pulse the
heat penetrates deeper into the bulk, leading to a larger amount of molten material. The gray
stripe in Figure 6.12 symbolizes the values of molten depths (~1 pum) and volumes (200-
250 um®) determined experimentally in craters produced at high pressures (section 5.3). The
corresponding surface spot temperature differs strongly depending on the pulse duration. For
t,=10 and 1 ps, the corresponding Tspot lie around 2000 K and 2500 K, respectively, whereas

for tp=0.1 ps it is much higher, in the range of 4500 K.
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Figure 6.12 Molten depth z,, (left axis) and molten volume V,, (right axis) as a function of T, for
t;=10, 1 and 0.1 ps. The gray stripe represents the experimental data of z,, (~1 um) and V,, (~200-
250 um?).

6.2.4.3 Electronic Current Fraction

The electronic current fraction s is defined as the ratio of electronic to total current

densities at the cathode surface:

e e

ST T A

where J; remains constant through the relationship with the ion power density (J;=Pi/U;) and

(6.14)

Je is the mean electron current density over the spot at time t=ty,. Figure 6.13 shows the
evolution of s as a function of the spot temperature for the three pulse durations. The electron
emission becomes significant from a spot temperature of ~3000 K and increases to reach 70-
80 % of the total current for T,:=5000 K. The slight difference between the three curves is
due to the different temperature distributions within the spot surface. Indeed, the temperature
within the spot is more homogeneous for a short pulse because heat diffusion is less important
than for a long pulse. Since the electron emission current is not linear with the temperature,
for a same spot temperature, the electron current density is slightly higher for t,=0.1 us than

for tp=10 or 1 ps.

The formation of an arc discharge is possible only if a sufficient flux of emitted
electrons can be achieved. For non-refractory cathodes like Pt, these electrons are emitted in

the thermo-field regime under the combined action of high surface temperatures and electric
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fields achieved mainly by ion bombardment. Once emitted from the cathode surface, the
electrons are accelerated through the cathode sheath without collisions to the ionization zone,
where inelastic collisions with vaporized atoms occur, resulting in the production of ions. The
maximum Kinetic energy taken by the electrons in the cathode sheath corresponds to the
cathode fall voltage and is therefore around 10-20 eV. For this energy range, only single-
ionization can take place upon electron impact [177]. Therefore, the flux of ions produced by
the ionization of vaporized atoms cannot be higher than the electron flux that generates it.
Consequently, a restraining criterion for the existence of an arc discharge and the formation of
a cathode spot crater is that J.>J; or s>0.5. According to the results of the simulation, this

condition is fulfilled for a spot temperature equal to or higher than 4500 K.
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Figure 6.13 Electronic current fraction s=J./(J.+J;) at the cathode surface as a function of the spot
temperature for t,=10, 1 and 0.1 ps. The line s=0.5 corresponds to J.=J;.

It is now possible to compare the theoretical criterion Tsp>4500 K with the molten
depths and volumes shown in Figure 6.12 to evaluate the most probable duration of crater
formation. The melting depth/volume and ion power density corresponding to the criterion
Tspot24500 K are summarized in Table 6.1 for the different pulse durations. The best
agreement with the experimental molten depth/volume (~1 um/200-250 pm?®) is obtained for
pulse duration t,=0.1 ps. Longer times of interaction between the arc and the cathode surface

such as for t,=10 and 1 ps would lead to much larger molten zones and consequently deeper
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craters, which are not observed experimentally. Therefore, we estimate the time of formation
of the crater to be on the order of 0.1 us, whereas the ion power density responsible for the

strong heating of the surface must be higher than 2x10™ W/m?.

Table 6.1 Molten depth z,,, volume V, and ion power density P; corresponding to the
condition Tp,>4500 K for different pulse durations.

tp=10 ps to=1 us tp=0.1 ps
Zm [um] >7 >3.5 >1
Vi [um?] >1500 >600 >200
Pi [W/m?] >5x10% >8x 10" >2x10M

6.2.4.4 Comparison between Molten and Vaporized Volumes

Figure 6.14 shows the melting volume V;, and the volume of vaporized material Vyap as
functions of ion power density, assuming a crater formation time of 0.1 ps. The experimental
molten volume values (200-250 pm?®) are reached for P; values on the order of 4x10* W/m?.
As the ion power input density is further increased, the simulated molten pool volume does
not rise due to the important electron emission cooling at the surface, which limits the melting
depth. Larger melting volumes can therefore be obtained only if greater spot radii are

considered (a>10 pm).

The vaporized volume is defined as the quantity of atoms emitted from the surface

within the spot area S during the time to:

Vi =f an .dS - dt (6.15)
S to

This volume corresponds to the maximum vaporization rate when re-condensed ions
and back-reflected atoms are not taken into account. The volume of vaporized material
represents less than 0.5 % of the molten volume and must be on the order of 1 pm?® for the
craters observed. The net flux of atoms, contributing to the erosion, is about 80 % of the
emitted flux in vacuum [101]. However, as the discharges are produced at pressures of several
bars, the cathode spot plasma should be confined close to the surface and high atom back-
reflection and ion re-condensation are expected. Consequently, the net volume of vaporized
atoms is much smaller than the volume emitted from the surface. Therefore, under high

ambient pressures as in our case, vaporization does not contribute to the net erosion of the
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electrode, which is in accordance with the conclusion drawn from experimental investigations

of the electrode wear under different atmospheres [100].
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Figure 6.14 Melting volume V,, (left axis) and vaporized volume V.4, (right axis) as a function of the

ion power density for t;= 0.1 ps. The volume of vaporized material represents less than 0.5 % of the
molten volume.

6.2.4.5 Total Current

The total current, defined as the sum of the electronic and ionic currents, is shown in
Figure 6.15 as a function of the ion power density for various spot radii ranging between 5
and 10 um, and for t,=0.1 ps. These radii correspond to typical crater radii observed
experimentally on bulk Pt or multilayered Pt/Ni electrodes. Two regions can be distinguished
in this diagram. At low ion power densities (Pi<1.5x10' W/m?) the electron emission current
is negligible due to the low spot temperature (<3500 K). In this range, the current is only
carried by ions, which is unrealistic because the criterion Je>J; is not fulfilled. At ion power
densities higher than 2x10™ W/m?, the electron emission current becomes significant (Je~J; )
and the total current grows rapidly as ion power density and spot surface temperature
increase. For the value of P; previously estimated to be on the order of 4x10' W/m?, the total

current varies in the range from 5 to 25 A, depending on the spot radius considered.
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Figure 6.15 Total current as a function of the ion power density for spot radii varying between 5 and

10 pm.

6.2.4.6 Energy Loss Distribution

In this section, the contribution of the different cooling mechanisms is presented. Total

heat losses by vaporization Eyap and by electron emission cooling E. at the cathode surface are

given by:
Epap =f fpvap -dS - dt (6.16)
S to
E, =J JPe-dS-dt (6.17)
S to

where Py and P are given by equations (2.23) and (2.22), respectively. The heat dissipated
through melting Ey, is determined by:
Tm
E,=V, f pc, dT + Ly, (6.18)
300 K
where Vp, is the volume of molten material calculated with equation (5.1) and the term in
brackets corresponds to the energy required to heat up to the melting point and melt a unit of
volume of material. The heat lost in conduction Econg is defined as the difference between the

heat input delivered by the ions E;j,n and the sum of the other cooling contributions:
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Econd = Eion - (Evap + Ee + Em) (619)

The heat loss distribution is shown in Figure 6.16 as a function of the ion power density
for pulses of 10 ps and 0.1 ps. The maximum values of ion power density in both diagrams
correspond to a spot surface temperature of ~5000 K. Conduction into the bulk is the
predominant cooling mechanism. It is the only heat loss mechanism at low power densities
and its proportion decreases to ~40-50 % at high ion power densities, depending on the pulse
duration. The proportion of heat dissipated in the melting phase transition is 5 % and 15 % of
the total energy for t,=10 and 0.1 ps, respectively. Although molten volumes V., are larger for
to=10 us than for t,=0.1 us (Figure 6.12), melting shows a higher cooling contribution in the
case of a short pulse because diffusion phenomena are less important and the loss through
conduction is lower. The sum of the conduction and the melting contributions, corresponding
to the heat lost in the cathode bulk, is the same for both pulse durations and represents ~55 %

of the total energy at high ion power densities.

The emission of electrons is the second most important cooling mechanism after
conduction. Because high surface temperatures are required to emit electrons, the associated
Nottingham cooling becomes efficient only at Pi=3x10*° and 2x10™ W/m? for t,=10 and 0.1
ps, respectively, and its contribution grows rapidly to reach ~40 % at high ion power
densities. This is the reason why the spot temperature and the melting depth/volume cannot
rise indefinitely but reach limit values when P; is further increased (Figures 6.11 and 6.14).
The important electron emission cooling is promoted by both the elevated temperatures and
the high electric field strengths at the surface. Finally, the heat distribution diagrams show
that vaporization plays a minor role compared to the other cooling mechanisms. It represents
less than 4 % and 0.5 % of the total heat loss for to=10 and 0.1 s, respectively. The negligible
effect of vaporization on the energy balance is likely due to the high boiling point of Pt.
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Figure 6.16 Distribution of the heat lost in conduction, melting, electron emission and vaporization as
a function of the ion power density for times of interaction t,=10 and 0.1 ps.

6.2.5 Results in Pt/Ni Multilayer

The experimental values of molten depth and molten volume presented in section 5.3
have been obtained from craters produced in multilayer systems made of a Pt/Ni multilayered
surface on a Ag substrate. The simulation results presented in the previous section, however,

have been obtained for a bulk Pt cathode. Both were compared in order to determine
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characteristic information related to the crater formation. In this section, simulations are
performed in a multilayered electrode in order to verify that the simulation results obtained in
bulk Pt can be correctly compared to the experimental results.

6.2.5.1 Pt/Ni Multilayered Electrode Properties

The multilayered electrode is defined by two regions: the substrate with the properties
of pure Ag and the multilayered surface. The properties of the surface, with respect to electron
emission and vaporization, are assumed to be the same as those of the bulk Pt cathode because
the surface of the Pt/Ni multilayer assembly consists of a pure Pt layer. The bulk properties of
the multilayer such as the density, the specific heat capacity, the thermal conductivity and the

latent heat of melting/mixing are determined. Because the density and the specific heat

Pt/Ni Pt/Ni

capacity are scalars, for a multilayer composite, o and ¢,” " are given by the thickness-

weighted average also called rule of mixture:

th Z dPt + pNi Z dNi

pPt/NE = SRR (6.20)
PUNE _ ¢t Xd™ +¢)t yd (6.21)
p - Y dPt + Y dMi '

where =d™ and £d"' are the total thicknesses of the Pt and Ni layers equal to 800 and 700 nm,

respectively.

For a multilayer, the conductivities parallel and normal to the layers are different. The
conductivity parallel to the layers is given by summing the conductivities of each layer. As
the effective thickness of the interfaces (~1 nm) is much smaller than the thickness of the
layers (100 nm), their contribution can be neglected. Thus, the conductivity parallel to the

krPt/NI

layers can be described using the rule of mixture as follows [178]:

th/Ni _ th Z dPt + kNi Z dNi
r Z drt + 2 dNi
The conductivity normal to the layers k,”"™ is obtained by summing the thermal resistances of

(6.22)

the layers and the interfaces as follows [178]:

Z dPt + Z dNi Z dPt Z dNi
1 PE/N = TPt + N

V4

+ NPy (6.23)

where n is the number of interfaces (n=15) and pi is the thermal resistance of the interface.
Interfacial thermal resistance values of metallic layers are all reported to range between 107
and 10™° m2.K-W™ in the literature [178-180]. Thus, we take pin=5x10"° m*K-W™ as a mean

value. The density, specific heat capacity and conductivities of the multilayer are calculated as
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a function of the temperature based on the temperature-dependent properties of each pure

metal.

During mixing of two elements, a heat of mixing AHnix is released corresponding to the
enthalpy difference between the final mixed state and the initial unmixed state [181]. This
heat of mixing can be calculated using the semi-empirical model of Miedema [182]. For an
immiscible pair, AHpmix is positive (endothermic mixing), whereas for a miscible pair like
Pt/Ni, AHpnix 1s negative (exothermic mixing). For Pt/Ni (50/50) we use the value
AHnix=-53.84 J/g reported in [183]. AHnix is added to the positive latent heat of melting L, in
equation (6.10), thus reducing the heat consumed upon melting. As both metals have to be
melted for mixing and because T >Tn", we assume Tr'* as the melting temperature for the

multilayer.

6.2.5.2 Spot Temperature and Melting Depth

In Figure 6.17, the spot temperature and melting depth computed in the bulk Pt cathode
and in the Pt/Ni multilayered cathode are displayed as functions of the ion power density for
the pulse durations t,=0.1 and 1 ps. For t,=0.1 ps, the spot temperature in the multilayered
cathode follows the spot temperature in the bulk cathode quite exactly. As a consequence, the
parameters related to this temperature, such as the electron emission current and the
vaporization rate, remain the same. However, the melting depth reached in the bulk cathode is
slightly higher than that reached in the multilayered cathode. For to=1 s, the spot temperature
and the melting depth are much larger in the bulk cathode than in the multilayered cathode for
a given ion power density. These large differences are due to the thermal properties, not of the
multilayer assembly itself, but rather of the silver substrate. Since Pt and Ni have similar
thermal conductivities of 71.6 and 90.7 W/m-K at 300 K, respectively, the conductivity of the
multilayer does not differ strongly from that of pure platinum. The Ag substrate, however,
presents a much higher thermal conductivity (429 W/m-K at 300 K). Therefore, the heat
dissipated through conduction is more important, resulting in lower temperatures and
shallower molten pools compared to the bulk Pt cathode. As shown in the results, the
influence of the Ag substrate depends on the pulse duration. The thermal diffusion length
(2crtg)? in Pt for to=1 ps is 7.1 um whereas the multilayer thickness is 1.5 um. Thus the
substrate plays an important role in the heat conduction and the results differ strongly between
bulk Pt and multilayered electrode. For t,=0.1 us, the thermal diffusion length is 2.2 um,
which corresponds approximately to the thickness of the multilayer assembly. Because the

heat is mainly concentrated in the multilayer, the substrate has only a weak influence on the
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thermal balance and the results in the bulk Pt cathode are comparable to those in the

multilayered cathode.
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Figure 6.17 Comparison of the spot temperature and melting depth in bulk Pt cathode (full line) and in
Pt/Ni multilayered cathode (broken line) for t,=0.1 and 1 ps.

The simulation in the multilayered cathode provides useful information related to the
time of formation of the crater. For t,=1 ps, the Ag substrate, having a lower melting point
than Pt and Ni, starts to melt at P;j=6x10'° W/m? whereas the molten depth in the multilayer is
lower than 0.8 um and the spot temperature is only 2600 K. The melting of the substrate is

caused by the low temperature gradient below the surface due to the relatively long pulse
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duration. For t,=0.1 s, the temperature gradient value is higher and no melting of the Ag
substrate occurs. The influence of the pulse duration on the temperature gradient and the
melting of the substrate is represented schematically in Figure 6.18. Grain refinement caused
by the mechanical polishing of the Ag substrate prior to the multilayer deposition can still be
observed below the craters (Figure 5.6). Upon melting and re-solidification, larger and
elongated grains would be observed at the substrate surface [144]. This demonstrates that the
Ag substrate does not melt during crater formation. Therefore, times of crater formation equal

or in excess of 1 ps can be definitely excluded.

T T T,

Y

to=0.1 ps

Pt/Ni
multilayer

1.5 um

Ag substrate

o /

Figure 6.18 Schematic representation of the influence of t, on the temperature gradient below the
surface (to simplify matters, temperature gradients are assumed to be constant). For t,=0.1 s and to=1
s, the same melting depth z,, is reached in the multilayer. However, the smaller thermal gradient in
the case of to=1 ps leads to melting of the Ag substrate.

6.3 Discussion

6.3.1 Comparison of the Results with Others Works

The FEM thermal simulation presented in the previous chapter permitted to estimate the
time of formation of the craters and the surface power input density to be on the order of
0.1 ps and 4x10*" W/m?, respectively. There are many papers dealing with these parameters

for vacuum or atmospheric arcs. Here we make a comparison of our results with others works.
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The spot lifetime constants reported in the literature can differ by several orders of
magnitude. However, the differences are more due to the definition rather than the phenomena
itself. Optical observation of spots on Mo and Cu showed luminosity fluctuations with
intervals of 20-100 ns [184]. Another work based on the occurrence of discernable spot
changes as a function of the time interval yielded a most probable value of 10-20 ns [72]. The
method of division of the discharge duration by the number of craters left by the arc on W at
room temperature resulted in an estimation of the spot lifetimes <70 ns [78]. Evaluation of the
chaotic spot motion deduced for Cu arcs of 10-100 A lead to values of 5 to 40 ns [77].
Reduction of the discharge duration until only one crater is formed yielded to values of 3-5 ns
for Cu and Mo [136]. Juttner [185] reported that formation and rearrangement of spot
fragments (<10 pum) take place in less than 20 ns. Finally, measured droplet velocities of
several 100 m/s indicate that the liquid surface metal must be rapidly displaced [97, 98]. The
liquid will cover a distance of 10 um corresponding to a usual crater in less than 100 ns. In
spite of the large scatter of the values reported in the literature and the different methods used
to determine them, it can be deduced that the most probable spot residence time during which
the crater is formed must lie between 10 and 100 ns. This value is well in accordance with the

value that we proposed.

As in the case of spot lifetime, there are great differences in the values of the power
surface density at the cathode reported in the literature. Rossignol et al. [86] proposed for a
Cu cathode a surface power density on the order of 10 W/m? Salihou et al. [186]
experimentally determined the power surface density for low current arcs (<5 A) in Ag and
Cu cathodes to be 3x10* to 5x10™ W/m?. Abbaoui et al. [173] studied the behavior of Cu,
Ag and Ni cathodes subjected during 100 ns to power densities ranging between 1x10™ and
5x10™ W/m?. Messaad et al. [175] estimated the ion power density heating a Cu cathode to
lie between 2x10™ and 5x10' W/m? for currents raging from 5 to 50 A. Coulombe and
Meunier [60] deduced in the case of Cu values of heat input to the cathode spot surface in the
range of 1x10™ to 6x10™ W/m?. In a recent study, Testé et al. [187] estimated the surface
power density for a Cu cathode to be 6x10° to 7x10° W/m?. The difference of two or three
orders of magnitude between these results may be explained by the different time and space
scales used for the description of the arc-electrode interaction [188]. Indeed, in the case of an
electric arc of several 100 A, there are a great number of successive spots. If one considers the
heating caused by a single spot or fragment with a characteristic time <100 ns, the power
density is very high (10"-10" W/m?). However, the heating of a set of spots could be

equivalent to a unique macroscopic heat source (diameter larger than 100 pm) lasting for
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several 10 ps. In this case, the power surface density is much lower (10°-10%° W/m?). In our
simulation, we consider the formation of a single crater and the value that we proposed of

4x10™ W/m? is well in the range of the values reported for single spot or fragment.

6.3.2 Comparison with Arc Craters in Electrical Contacts

The craters discussed in this thesis are exclusively caused by ignition discharges
between two static electrodes. Similar craters can also be obtained when separating two
contacts in an electrical circuit. Figure 6.19 shows a crater produced by a single break
operation in an automotive relay with an arc current of 16 A and pure Pt as cathode material
[189]. Contrary to ignition discharges, the voltage and current vs. time curves of such break
operation discharges permit to clearly determine the arc lifetime, that is, the time during
which craters are formed. In the case of pure Pt cathodes, the arc lifetime was ~20 ps. The
craters are greater than those caused by ignition discharges with total diameters between 80
and 100 um. Severe molten material ejection is also observed (Figure 6.19a). Similar to
ignition discharge craters, electrical contact arc craters are actually composed of several
overlapped depressions (Figure 6.19b). This indicates that the arc cathode root has a high
mobility and that each single spot is probably formed within a time shorter than 1 ps.
Although the discharges are not completely comparable, the large surface degradation caused
by a 16 A arc within a time of ~20 us suggests that the smaller ignition discharge craters
discussed in this work must be produced within much shorter times. This comparison with arc
craters in electrical contacts further supports the estimation of a crater formation time lower

than 1 ps.

Figure 6.19 a) Large crater produced on a Pt cathode by a single break operation in a relay (16 A,
20 ps). b) Magnification of the crater center showing the superposition of numerous spots.
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6.3.3 Current-Time Characteristic of the Ignition Discharge

While the voltage is mainly determined by the physical processes taking place at the
cathode surface and in the plasma, the current is given by the components of the ignition

system. The current-time characteristic can be described using an exponential decay function:

t

i(t)=ip-et (6.24)
where i is the initial current and zis the time constant of the discharge. For a capacitor =R-C
and for a coil 7z=L/R. Figure 6.20 shows the current-time characteristic calculated for
discharges produced at pressures of 10 and 1 bar with the corresponding breakdown voltages
Up=25 kV and Uy=5 kV. Each curve is obtained by adding the current-time characteristics of
breakdown, capacitive and inductive discharges. Like in our experiments, the spark plug has
no internal resistor (Rp=0) and the spark resistance also known as Toepler’s resistance [13] is
estimated to be ~100 Q [1]. According to our measurements, the resistance of the high voltage
cable and the plug connector is Rpc=1.5 kQ (see equivalent circuit in Figure 3.2). The spark
plug and coil capacities are Cp=12 pF and Cc=50 pF, respectively. The coil provides an initial
current of 100 mA, whereas its inductance and resistance are L,=20 H and R,=10 kQ,

respectively.

The first phase of the ignition discharge, the breakdown, is very short (<10 ns). During
this phase, the energy stored in the spark plug capacitance is discharged. The peak of current
is determined by the ignition voltage Uy, and the resistance of the spark. At p=1 bar, this peak
is about 50 A, while at p=10 bar it rises to a value of 250 A. This phase is followed by a short
capacitive discharge lasting for roughly 1 ps. During this time, the coil capacity discharges its
energy through the resistance of the high voltage cable and the plug connector (also called
radio interference damping resistor). At high pressure, the initial current for this phase is
~15 A and currents in excess of 1 A last for over 0.2 ps. At low pressure, the initial current is
only ~3 A and it drops below 1 A within less than 0.1 ps. Finally, the coil discharges its
energy and the current decreases from its initial value of ~100 mA to zero within a couple of
milliseconds. Because of the low current values, the inductive discharge will mostly take the

form of a glow discharge.
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Figure 6.20 Comparison of the current-time characteristic between ignition discharges produced at
p=10 bar (U,=25 kV) and at p=1 bar (U,=5 kV).

6.3.4 Correlation between the Discharge Characteristic and the Crater

Formation

The results of the thermal simulation presented in section 6.2.4 indicate that single
ignition craters are formed within a time of 0.1 us associated with currents in the range from 5
to 25 A. According to the current-time characteristic presented in Figure 6.20, these time and
current values correspond well with the capacitive arc discharge that immediately follows the
breakdown. Therefore we believe that this phase, also referred to as instationary arc
discharge, is responsible for the formation of the craters produced at high pressure on the
surface of Pt (and also Pt/Ni multilayered) cathodes. At high pressures and assuming that the
arc-to-glow transition occurs for currents between 1 and 0.1 A, the arc can last up to several
100 ns. This duration results in the formation of several successive spots that are visible as
overlapping craters. As the current decreases with time, the radius of the spots decreases in
order to maintain the required current density to sustain the arc and the smaller craters overlap
the larger ones. This phenomenon is observed on bulk Pt as well as Pt/Ni multilayered
cathodes (Figure 6.21).
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Figure 6.21 SEM images of craters produced at p=10 bar on a) bulk Pt and b) Pt/Ni multilayered
cathode. Several craters are overlapped, indicating the existence of successive cathode spots.

When the discharges are produced at a low pressure (p=1 bar), the capacitive discharge
begins with lower currents of ~3 A, which is, according to the results of our simulation, not
sufficient to produce craters with a radius of 5-10 um. In these conditions, only small
depressions (~1-2 pum) can sometimes be observed as reported by Soldera et al. [96] in pure
Pt and shown in Figure 5.8a in the case of the Pt/Ni multilayered cathode. Furthermore, low
pressures promote the transition to the glow discharge by permitting the plasma to more easily
extend compared to discharges produced at high pressures (section 4.2.3). Both the low initial
capacitive current (<3 A) and the higher arc-to-glow transition current make the existence of
an arc more difficult. Therefore, it is expected that the breakdown will be immediately
followed by the glow discharge at low pressure. The breakdown generates only a smooth
melting of the surface resulting in the flat craters, also called “low pressure craters” in
Chapter 5. At high pressure, the flat crater caused by the breakdown exists, but it is covered

by the depressions produced by the following arc as can be seen in Figure 6.21b.

6.3.5 Effects of the Inductive Arc Discharge

The inductive discharge of the ignition coil is associated with currents lower than
100 mA. According to the voltage-current characteristic of discharges, the arc-to-glow
transition occurs at currents ~1 A [8, 13, 17]. Therefore, the inductive discharge of the coil
should theoretically always adopt a pure glow form. However, the discharge mode analysis
presented in Chapter 4 has shown that, in the case of Pt, the arc fraction can reach ~5 % in air
at high pressure, which corresponds to a mean arc time of several tens of microseconds. This
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indicates that the inductive discharge, in spite of low current values <100 mA, can briefly take

the form of an arc before changing into a glow, thus leaving marks on the surface.

The curves in Figure 6.22 show the evolution of the cathode spot radius a with time
during the capacitive and inductive phases of the discharge. This radius is calculated as

follows:

o j(1 —5)-i(t) - U, 6.25)
P, -

where s is the electronic current fraction, i(t) is the discharge current, U; is the mean heat
delivered by each ion impinging on the cathode surface and is taken to be 28 V (Figure 6.10),
and P; is the ion power density required to reach a given electronic current fraction. For
example, for s=0.5, the spot temperature must reach 4500 K and P; must then be equal to
2x10™ W/m? (Table 6.1). As the electronic fraction increases, the total power delivered by
ions to the cathode decreases (numerator of the square root term). In addition, higher spot
temperatures must be reached (Figure 6.13) and the required ion power density P; increases
(Figure 6.11), resulting in the contraction of the spot. The curves in Figure 6.22 show that the
capacitive (or instationary) arc discharge is able to produce craters having a radius of 8-
11 um, and that this radius decreases to 1-2 um within the first microsecond. As discussed in
section 6.2.4.3, the existence of an arc requires s>0.5. For s=0.5, the inductive discharge can
cause the formation of craters with a radius lower than 2 um. If one assumes that 80 % of the
current is carried by electrons, which is a more realistic value for an arc [8], the inductive arc
crater radius becomes lower than 1 um. Therefore, the arc phase taking place at the beginning
of the inductive discharge cannot produce the large craters (5-10 um) discussed in this
chapter. However, it is likely that the inductive arc generates the numerous sub-pum craters
observed on the cathode surface in the vicinity of the main large crater. These sub-um craters
are typically aligned along residual scratches produced during the polishing procedure (Figure
6.23). Soldera et al. [96] proposed that the severe plastic deformation in these scratches can
decrease the work function of the material, promoting electron emission [190]. The
topography of the scratches may also enhance the electric field strength at the surface, locally

concentrating the lines of current.
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Figure 6.22 Evolution of the cathode spot radius with time during the capacitive and the inductive arc
phases of the discharge for electronic current fractions between 0.5 and 0.8.

Figure 6.23 Sub-um craters produced by the arc phase of the inductive discharge along residual
polishing scratches.

6.3.6 Correlation with Cathode Wear

Figure 6.24 shows the experimental values of the wear of platinum cathodes as a
function of the breakdown voltage determined in endurance tests at a constant pressure of
7 bar and reported by Rager [24]. The wear is found to be linear with the breakdown voltage
Uy, and is composed of an inductive part (independent of Uy,) and a capacitive part (dependent
on Up). According to the model proposed by Rager, the erosion mechanism of platinum
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cathodes relies on the local oxidation of Pt on the cathode spot surface (section 2.4.5). As a
consequence, the erosion is directly related to the formation of craters on the surface.
Although the capacitive or instationary arc discharge lasts for short times (~us) compared to
the inductive arc discharge (10-100 ps), its large contribution to cathode wear confirms that
the large craters are formed during the capacitive arc discharge and not during the inductive
discharge. The breakdown-voltage-independent erosion caused by the inductive discharge
may result either from the formation of sub-pm craters, as discussed above, or from the

sputtering of Pt atoms during the glow discharge (section 2.4.3).

On the right axis, the charge of the capacitive discharge Q is shown as a function of the

breakdown voltage. It is given by:

Q= f i(t)-dt =U, - C (6.26)

Like the wear, the charge of the capacitive discharge is linear with the breakdown voltage.
Thus, the mean erosion rate of the capacitive discharge can be determined and is found to be
E.=92 pg-C™. This value is well in accordance with the experimental and theoretical arc
erosion rates reported for various metals in the literature and which vary typically from 10 to
300 pg-C™ ([80] and references therein). The arc erosion of materials such as Cu and Ag
involves vaporization and ejection of liquid [102]. In the case of Pt, however, the erosion
relies on the plasma-assisted oxidation on the spot surface, which implies that oxygen
molecules, radicals or ions are present in the cathode surface region. The cathode spot model
for non-refractory cathodes states that the internal structure of the spot is not disturbed by the
surrounding ambient gas if the local metallic vapor pressure is higher than the external
pressure [62]. The local metallic vapor pressure is related to the surface temperature via the
equilibrium vapor pressure p,(Ts). At the required minimum spot temperature Ts=4500 K,
the metallic vapor pressure is ~3 bar whereas at Ts,:=5000 K, it is ~12 bar. Therefore, in the
case of ignition discharges produced at high pressures in air (6-10 bar), the metallic vapor
pressure is more or less equal to the operating external pressure and oxygen of the ambient
gas may be present in the cathode spot plasma. Although oxygen has a higher first ionization
energy than Pt (Ei°=13.62 eV, E;"'=9.0 eV [191]), oxygen ions O" can form and react with the
cathode spot surface, resulting in the formation of volatile PtO, and finally in the loss of
material. The modeling of the oxidation induced erosion requires knowing the fraction of O*
reaching the surface. For this purpose, phenomena taking place in the cathode sheath and in
the ionization zone should be considered, which is beyond the scope of the present simulation.
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Figure 6.24 Wear of Pt cathodes (left axis) determined in endurance tests [24] and charge of the
capacitive discharge Q (right axis) as a function of the breakdown voltage. The arc erosion rate is
found to be 92 pg-C™.

6.4 Summary

The local thermal effect of the ignition discharge on the electrode surface is first
analyzed using analytical models. The use of analytical models implies assuming that the
material properties are constant and that no phase transitions occur (no boiling, no melting).
The semi-continuous point and disk source models are employed to determine the temperature
distribution in the electrode. The point source model is found to be unsuitable for our problem
since it predicts a hemispherical molten pool, where molten depth and molten radius are
equal. The disk source is believed to be more appropriate to represent the heat input of the
spark/arc and it predicts a more realistic molten pool shape. This model is used to determine
the power density required to reach the melting point of the surface as a function of the heat
pulse duration. The analysis is performed with a disk radius of 10 um (~crater radius) for
different metals. The results show that the time of interaction between the heat source and the
electrode has a large influence on the melting behavior of the surface and that shorter heat
pulses result in higher melting power densities. Moreover, the results point out that the
melting susceptibility of the electrode is mainly determined by its melting temperature for

pulses shorter than 1 us, and by its thermal conductivity for pulses longer than 10 ps.
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For a better analysis of the temperature distribution and power density at Pt cathode
craters, a FEM simulation is developed. The simulation is based on cathode spot models of
vacuum and atmospheric arcs reported in the literature. It includes the most relevant
phenomena such as ion bombardment (heating mechanism), heat conduction into the bulk,
melting, vaporization, and electron emission (cooling mechanisms). In comparison with
numerical models of other works, special attention is paid to the correct description of the
cathode bulk with, for example, temperature dependent material properties. The surface of the
cathode is subjected to different ion power densities ranging between 10'° and 10%* W/m? for
durations equal to 0.1, 1 and 10 ps over a disk of 10 um radius. By comparing the results of
the simulation with experimental molten depth/volume values presented in Chapter 5, and by
considering the theoretical criterion Je>J; at the cathode spot surface, the following

characteristic values of the crater formation process can be determined:

e spot temperature Tspo>4500 K

e time of formation tp~0.1 s

e ion power density Pi~4x10" W/m?
e current ~5-25 A (radius 5-10 pm)

e vaporized volume ~1 um?

For a better comparison with experimental results, simulations are also performed in a
multilayered electrode. For a pulse duration of 0.1 ps, the results (temperature, melting depth)
are comparable with those obtained in bulk Pt. For this short time, the thermal diffusion
length is roughly equal to the multilayer thickness, and the highly conductive Ag substrate
does not strongly influence the temperature distribution in the crater region compared to the
bulk case. For a pulse duration of 1 us, the thermal diffusion length is higher (~7 um) and the
results are strongly modified by the conductivity of the Ag substrate. Moreover, the smaller
temperature gradient in the case of a pulse of 1 us leads to the melting of the Ag substrate for
relatively low surface temperatures. As the melting of the substrate is not observed

experimentally, it confirms that the time of formation of the crater must be lower than 1 ps.

The time and power input density values determined with the help of the simulation are
found to be in good agreement with values reported in other works dealing with the modeling
of cathode spots. A comparison with larger Pt craters produced in another way in relays also
suggests that each single crater must be formed within less than 1 ps. The results are
compared with the current-time characteristic of an ignition discharge, permitting to identify

the short capacitive arc discharge following the breakdown as the most probable phase
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responsible for the production of the large craters (5-10 um) observed in Pt. The sub-pum
craters are caused by the arc sometimes taking place at the beginning of the inductive
discharge. The hypothesis that the craters are caused by the capacitive arc discharge is
supported by the correlation between cathode wear and breakdown voltage reported in a
previous work. The corresponding calculated erosion rate of 92 ug-C™ lies well in the range

of the cathode erosion rate values reported in the literature.
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CHAPTER 7/

Conclusions and Outlook

The development of new high performance materials for electrode and electrical contact
devices requires a better understanding of the complex degradation mechanisms caused by the
electrical discharge plasma on the surface of materials. This can be in particular achieved
through the precise characterization of the material microstructure and its local modification.
In the present study, the interaction of high voltage ignition discharges with the surface of
electrodes was experimentally and theoretically investigated. The most important features
drawn from this work are summarized in this section. A more detailed summary of the results

can be found at the end of Chapters 4, 5 and 6.

The ignition discharge, contrary to many other discharge types in technical applications,
is composed of two distinct phases: the arc and glow modes. Each mode is associated with
different plasma parameters and electron emission mechanisms from the cathode, and
resulting in different effects on the surface. Chapter 4 aimed to present a quantitative analysis
of the ignition discharge modes for different cathode materials, pressures, and atmospheres.
Such analysis is important, since it permits to correlate the discharge mode behavior with the
modifications observed on the surface, or the macroscopic wear of the electrode measured via

other techniques.

e A method based on oscilloscopic measurements was developed in order to determine the
arc and glow phase fractions of ignition discharges. Numerous discharges can be
integrated and automatically analyzed, irrespective of the irregularities of the curves, thus
providing highly reliable statistical values. This method is presently used in other works
to investigate the evolution of the discharge mode with time in endurance tests.

e The arc fraction of ignition discharges was measured for pressures ranging between 1 and
10 bar, in air and nitrogen, and for Ag, Cu, Ni and Pt electrodes. The arc fraction
increases as the pressure increases, irrespective of the cathode material or gas used. This
IS mainly due to the fact that the glow discharge is not stable at high pressure, which

leads to transitions back to the arc mode.
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The arc fraction at high pressure is found to be higher in nitrogen than in air for all metals
except Ag. This effect is likely due to higher cathode fall voltage of the glow discharge in
air than in nitrogen, which increases the secondary electron emission coefficient and
promotes the glow phase.

Ag sparked in air presents a singular behavior because it forms a thick Ag,O layer. The
oxidation of the surface is caused by the highly reactive plasma of the glow discharge.
The oxide layer is locally stripped off by the arc cathode root and ejected as molten
particles. This mechanism has a stabilizing effect on the arc mode.

The arc fraction at high pressure tends to be higher for low melting point cathodes (Ag,
Cu) than for high melting point cathodes (Ni, Pt). The lower the melting (or boiling) point
of the cathode, the more easily TF electron emission can be achieved, which promotes the
arc phase.

The ignition discharge causes the formation of erosion craters on the cathode surface.

Chapter 5 focused on the characterization of the local microstructural modifications in the

crater region such as melting, material displacement and re-solidification.

FIB/SEM dual beam techniques reveal to be ideally suited for the investigation of small
features such as craters caused by electrical discharges. For the first time, FIB-
nanotomography and cross section EBSD of such craters have been carried out, allowing
a quantitative characterization of their microstructure. The novel techniques presented in
this work permit to assess the microstructural nature of the material degradation not only
of electro-erosion craters, but also of surface morphologies created in others ways.

The investigation of craters produced in bulk metallic electrodes (Ag, Pt) does not permit
to distinguish the molten region. This problem was successfully solved by producing
craters on multilayered electrodes, where the molten region remains irreversibly modified
after re-solidification. Craters produced in bulk and in multilayered electrodes were found
to be similar in morphology and size.

The immiscible Ag/Ni multilayer system permits to observe clearly the displacement of
molten material but it is not appropriate for monitoring the extent of the molten pool. The
miscible Ni/Cu and Pt/Ni multilayer systems permit to monitor the molten pool via the
formation of a solid solution region. This last system was used to investigate the

microstructure of craters produced at different pressures



7 - Conclusions and Outlook 131

e At low pressure (<4 bar), the discharge produces only a smooth melting of the surface
with molten volumes in the range of 50 pm?®. The formation of these craters is attributed
to the breakdown phase of the ignition discharge.

e At high pressure (>6 bar), the discharge produces a crater consisting of one or several
depressions surrounded by a rim of molten material. The molten pool volume was
determined by means of FIB cross sections and FIB-nanotomography to be around 200-
250 um?. These arc craters are likely caused by the capacitive part of the discharge.

e EBSD analysis revealed that the cooling and re-solidification of the molten pool occurs
under high temperature gradients (>10° K/m) directed normal to the surface.

e Between 20 and 40 % of the molten material is displaced from the crater center to the rim

under the ion pressure acting on the surface.

Crater formation on the electrode surface results from the intense and local heating
mainly caused by ion bombardment. In Chapter 6, the thermal behavior of a cathode subjected
to heat fluxes of different durations was analyzed using analytical methods and FEM

simulations.

e Local heating due to a spark or an arc can be treated as a heat conduction problem in a
semi-infinite electrode submitted to a heat flux over a point, disk or Gaussian source. The
semi-continuous disk source model is found to be the most realistic regarding the shape
of the molten pool that it predicts.

e The critical melting power density is determined using this last model for different
materials. The melting power density increases as the pulse becomes shorter and its
values range between 10'° and 10" W/m? The melting susceptibility of the material is
mainly determined by its melting temperature for pulses shorter than 1 ps and by its
thermal conductivity for pulses longer than 10 ps.

e A FEM simulation of the temperature distribution and power density at platinum cathode
craters is developed based on the modeling of cathode spots in vacuum and high pressure
arcs. The simulation includes phenomena such as ion bombardment, heat conduction into
the bulk, melting, vaporization, and electron emission.

e By comparing the simulation results with experimental data, characteristic values of the
crater formation process are determined. Among other parameters, the time of formation
and the heating ion power density are estimated to be on the order of 0.1 us and

4x10" W/m?, respectively.
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e Heat conduction, electron emission, and melting are the more important cooling
mechanisms while vaporization has a negligible effect.

e Simulations performed in multilayered electrodes similar to those used experimentally
confirm that the time of formation of the craters must be shorter than 1 ps.

e The time and power density determined in this work are found to be well in accordance
with data reported in the literature for arc cathode spots.

e Comparison with the current-time characteristic of the discharge suggests that the craters
are created by the capacitive arc discharge following the breakdown. The inductive arc
discharge is believed to produce sub-pm craters.

e The decisive role of the capacitive discharge in crater formation is supported by the

breakdown-voltage-dependent wear of Pt electrodes reported in a previous study.

Outlook

This work aimed to provide a better understanding of plasma-cathode interaction and
electrode surface modifications in the particular case of ignition discharges in spark plugs. In
contrast to most studies in the field of material degradation caused by electrical discharges,
this work tried to combine experimental data based on microstructural characterization of the
electrode material with theoretical results obtained via the use of physical models and thermal
simulations. It provides new insights into certain aspects of the interaction between ignition
discharges and electrodes and, in particular, into the formation of erosion craters. However,
further efforts are needed to relate material properties and characteristics of the electrical
discharge to the effective wear of the electrode. In the following list, some experimental and

theoretical developments are suggested for future studies:

e The size and lifetime of the spots formed on the electrode surface are important
parameters for the development of new models. Direct observation of these spots with a
high speed camera having both high temporal and high spatial resolutions should permit
to better determine (or confirm) these features. However, a major difficulty here lies in
the strong radiation of the plasma column which leads to an overestimation of the spot
size even in vacuum arcs [73].

e Spectroscopic investigations of the discharge plasma hold the promise of assessing
important parameters such as electron density or plasma temperatures, which can be very
useful for further simulations. In particular, the time-resolved evolution of the cathode

atom density in the plasma should permit to better identify which phase of the discharge
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causes the most net erosion. However, this technique cannot be applied in all atmospheres
due to the possible superposition of the intensity lines of electrode and gas atoms.

The results of this work pointed out that the capacitive discharge (~us) following the
breakdown is relevant for crater formation and, as a consequence, for the electrode
erosion. The oscilloscope set-up used in this work is well adapted for measuring the arc
and glow phases of the inductive discharge. However, the low bandwidth of the voltage
and current probes does not permit a reliable measurement of the capacitive part of the
discharge. This could be improved by using, for example, a Pearson current monitor or an
ammeter shunt for measuring the capacitive current. The galvanic isolation of the
oscilloscope using an isolation transformer as well as potential measuring points closer to
the electrode gap would also improve the reliability of the discharge voltage diagnostic.
The simulation presented in this work considers a constant flux of ions toward the
cathode surface. For a more realistic simulation of arc-cathode interaction, the ion flux
should be related to the electron and atom emission from the surface. This would imply
considering three regions: the cathode and its surface like in the present simulation, the
cathode sheath (collisionless), and the pre-sheath (or ionization zone). Such models are
usually treated with a stationary approach. However, the assumption that it is a stationary
phenomenon on a smooth surface is contrary to the experimental facts (superposition of
craters). Therefore, future simulations in this field should also attempt to take into
account time dependent phenomena like formation/destruction of protrusions and

explosive evaporation.
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146 Appendices

A. Refractory and Non-Refractory Cathodes

The distinction between refractory and non-refractory cathodes can be made by
calculating the ratio of the flux of vaporized atoms 7, (Langmuir equation (2.12)) to the flux
of thermionically emitted electrons Ji/e (Richardson-Dushman equation (2.8)) [37]. The
lower the ratio e/;/Jr is, the higher is the ability of the cathode to operate in the thermionic
range. Figure A shows this ratio as a function of the cathode surface temperature for Cu
(typical non-refractory), W (typical refractory) and Pt. According to this figure, Pt can be
classified as a non-refractory material. Hence, Pt cathodes are expected to operate in the
thermo-field range and the electron emission must be evaluated by the Murphy and Good

equation (2.10).
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Figure A Ratio of the flux of vaporized atoms 7, to the flux of thermionically emitted electrons J/e as
a function of the surface temperature for Cu, Pt and W, representing the ability of a cathode material to
operate in the thermionic range.



Appendices 147

B. Fitting of the Electron Emission Current Density

Figure B shows the constants Ao, B1, B2, and B3 of the polynomial functions used to fit
the logarithm of the electron emission current density J. calculated with the help of the
Murphy and Good equation (2.10). These constants were determined for integer values of the
surface electric field strengths Es ranging between 1x10° and 10x10° VV/m (square symbols).
For non-integer values of Es, the constants were determined via linear interpolation (straight

lines).
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Figure B Constants Ay, B1, B, and Bs as a function of the surface electric field E;. For non-integer
values of Eg, the constants are determined via linear interpolation.
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C. Influence of the Simulated Region Size

Figure C shows the temperature Tpax at the position (0,0) as a function of the length of
the simulated region L in an electrode subjected to an ion power density Pi=4x10™ W/m?
during the time t,=10 ps. For L<30 um, the temperature Tnax IS strongly affected by the size
of the region. This is due to the boundary condition T=300 K which is close to the region of
interest and “forces” the temperature to remain low. For L>50 pum, the boundary condition no
longer affects the temperature which converges to a constant value. Tpax IS Shown here as an
example, and all the results derived from the temperature distribution (melting depth, electron
emission current, vaporization rate, etc) show the same behavior. For the simulation, we take
L=100 pm. Another possibility will consist in assuming adiabatic boundaries. In this case,
however, one can expect that overly small regions will lead to overestimated temperatures by

preventing heat dissipation.

4400 -
4200{ . j
< 4000 | y
£ 3800- '
3600
3400-
3200

temperature T

t,=10 ps
P=4x10"" W/m" |

2800 I I | ! | I | |
0O 25 &0 75 100 125 150 175 20

L [um]

3000

Figure C Temperature T« at position (0,0) as a function of the length of the simulated region L for an
ion power density P;=4x10"® W/m? and a pulse duration t,=10 ps.
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D. Determination of U; and Eg

The mean ion energy U; and the surface electric field strength Es are coupled via the
Mackeown equation (6.12) and equation (6.11). Therefore, both equations have to be solved
simultaneously. In Figure D, the functions E=f(U;) and Uj=g(E;) are plotted on the same
diagram for P;=10"® W/m?. The single solution corresponds to the intersection of these two
curves. An iterative process is used to find the solution. An arbitrary value of U; is chosen, for
example 29 eV, and the corresponding value of Es is calculated using the equation Es=f(U;).
Using the equation Ui=g(Es), the new value of U; is determined. The process is repeated until
the correct solution is obtained. Since the curves are almost perpendicular the results converge

very rapidly. Only three iteration steps are required to obtain the solution with a precision of

three digits.
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Figure D Determination of U; and E,. The functions Es=f(U;) (Mackeown equation (6.12)) and
Ui=g(E,) (equation (6.11)) are plotted together for P;=10'° W/m? The solution, i.e., the intersection of
both curves, is found using an iterative process.
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E. Properties of Platinum Cathodes

Table E Physical and thermodynamical properties of Pt used in the simulation

Properties Values Ref

Melting temperature Tm [K] 2041 [191]
Boiling temperature Tp [K] 4098 [191]
Latent heat of melting Ln [J/g] 113.65 [191]
Latent heat of vaporization W, [J/g] 2405 [191]
TS iy ST
Thermal conductivity ki [W/m.K] 53 [192]
(liquid)

Specific heat capacity Cps [3/9.K] 0.02146x(5.8 + 0.00128xT) [191]
(solid)

Specific heat capacity ot [3/9.K] 0.178 [176]
(liquid)

Density (solid) o [g/m?] 21.5x10° [191]
Density (liquid) o [g/m?] [19 - 0.0029x(T-Tp)]x10° [191]
Vapor pressure (solid) log pus -29200/T + 13.24 - 0.855xlog(T) [176]

[mmHg]
Vapor pressure (liquid) log py -28500/T + 14.30 - 1.26xlog(T) [176]
[mmHg]

Atomic mass m, [kg] 3.23938x10" % [191]
Cathode drop voltage Uc [V] 16 [80]
Work function ¢[eV] 5.65 [191]
First ionization potential Ei[eV] 9 [191]

The temperature T is given in K



