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Abstract 
The erosion of copper cathodes having different microstructures ranging from hundreds 

of nm to tens of um were studied in both pulsed vacuum arcs and continuous running 

magnetically rotated atmospheric pressure arcs. Cathodes having different grain sizes 

were formed by various thermal spray and heat treatment methods namely, high-velocity 

oxygen fuel (HVOF) method, atmospheric pressure plasma spraying (PS), vacuum 

plasma spraying (VPS), cold spraying (CS) and annealing techniques. 

The coatings produced were characterized for their chemical composition, oxide content, 

microstructure, porosity and thermal conductivity. Arc velocity and erosion 

measurements were performed on these cathodes. The results show that, the cathodes 

having smaller grain sizes show higher arc velocities and hence give lower erosion rates. 

Annealed HVOF, CS coatings and as-sprayed VPS coatings which had grains sizes from 

4 to 0.9 nm gave up to 60% higher arc velocities and up to 70% lower erosion rates than 

Cu cathodes having grains sizes from 20 to 23 um. 

As sprayed HVOF and CS coatings spalled severely due to their poor coating adhesion 

strength, as well as low electrical and thermal conductivities. However annealing these 

coatings in inert atmosphere improved their properties and reduced spalling. Annealing 

conditions, which gave minimum or no spalling of the coatings, were determined. The 

effect of coating initial thickness on erosion rates was also determined. 

Microstructural analysis of the coated cathodes after erosion experiments show that the 

initial grain size of the coatings remain intact even after erosion experiments. 

ix 



Resume 

L'erosion creee par deux types d'arcs, pulses sous vide et continus en rotation controle 

magnetiquement a pression atmospherique, sur des cathodes de cuivre dont la 

microstructure variait de quelques centaines de nanometres jusqu'a quelques dizaines de 

micrometres fut etudiee. Les variations dans les tailles de grain des cathodes furent 

produites par differents types de pulverisations thermiques et de traitements thermiques 

comme par exemple la methode de projection HVOF (high-velocity oxygen fuel), la 

pulverisation par plasma sous vide (VPS) et a pression atmospherique (PS), la 

pulverisation a froid (CS) et le recuit thermique. 

Les parametres des differents revetements comme leur composition chimique, leur taux 

d'oxygene, leur microstructure, leur porosite et leur conductivite thermique furent 

caracterises. La vitesse des arcs et le taux d'erosion furent mesures sur ces cathodes. Les 

resultats montrent que pour les cathodes avec une taille de grain plus petite, la vitesse des 

arcs est plus grande et done le taux d'erosion plus petit. Les revetements HOVF et CS 

recuits de meme que les revetements VPS sans post-traitement ont des tailles de grain 

variant de 4 a 0,9 u.m et donnent des vitesses d'arcs jusqu'a 60% plus grandes et jusqu'a 

70% moins d'erosion comparativement aux cathodes de cuivre avec des tailles de grain 

de 20 a 23 u.m. 

A l'oppose, les revetements HVOF et CS sans post-traitement sont severement denudes 

suite l'exposition aux arcs a cause de la faible force d'adhesion du revetement et de la 

faiblesse de leurs conductivity electrique et thermique. Par contre, en recuisant ces 

couches sous atmosphere inerte, leurs proprietes s'ameliorent et le denudement est reduit. 

Nous avons aussi determine les conditions necessaires de recuit pour obtenir un minimum 

ou une absence de denudement du revetement. L'effet de l'epaisseur initiale de la couche 

sur le taux d'erosion a aussi ete determine. 

L'analyse de la microstructure des cathodes avec revetement apres erosion montre que la 

taille initiale des grains demeure intacte meme apres l'erosion. 
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Chapter 1 Introduction 

1.1 Problem definition and project scope 

Thermal plasma technology has proven to be integral in the development of new 

materials, surface and waste treatments [1]. Some current research in this field is focused 

on design and development of plasma torches/reactors with long electrode lifetimes and 

reproducible working conditions. Cathode erosion still limits the application of plasma 

technology to processes relying on torches with cold cathodes in tubular geometry. This 

erosion leads to relatively short operating life times of the cathode which in turn increases 

the operating costs of these processes via electrode cost and the cost of process down 

time to replace electrodes. Cathode erosion also contaminates the process stream by 

erosion products. Thus extensive research is dedicated to understanding and control 

cathode erosion. 

Among the many factors which effect cathode erosion, arc residence time on the cathode 

(or arc velocity) and heat removal from the cathode are very important [2]. Higher arc 

velocities imply lower arc residence time, less melting and vaporization of the cathode 

material and hence lower erosion rates. Better cooling of the cathode also prevents 

excessive melting and vaporization of the cathode material. Arc velocity is in turn 

affected by the external magnetic field used to rotate the arc, the presence or absence of 

an oxidizing plasma gas, the O content and the microstructure of the cathode [2-10]. 

From anecdotal and some experimental evidence on cathode erosion, it has been 

hypothesized that cathode microstructure influences arc velocity and erosion rate [6-12]. 

To date no systematic study of cathode microstructure on arc velocity and erosion rate 

has been carried out. This study is the primary focus of this thesis. 

In addition to high thermal and electrical conductivity of copper and its alloys, their ready 

availability, cheap material cost and ease of characterization make them very common 

cathode material. In this work, pure copper was chosen as the cathode material. 

1 



1.2 Thesis objectives 

The overall objective of this thesis is to quantify the effect of microstructure on arc 

velocity and erosion rate of copper cathodes in atmospheric pressure and vacuum arc 

systems. Specifically, the following objectives were formulated 

1. To modify existing apparatus and develop appropriate data logging and analysis 

tools to facilitate the erosion and velocity measurements required. 

2. To form copper cathodes having different grain sizes ranging from nano meters to 

micro meters by thermal spray, cold spray and heat treatment techniques. To 

characterize these cathodes for their microstructure and thermal properties both 

before and after exposure to the arcs. 

3. To conduct erosion studies on these cathodes using inert and reactive plasma 

gases. 

1.3 Thesis outline 

This thesis is a manuscript-based thesis and is divided into 12 chapters. Each journal 

article constitutes a chapter. Chapters 4 through 8 cover the experimental work on 

quantifying the effect of microstructure on arc velocities and erosion rate. Chapter 9 

reports on additional experimental work conducted for better understanding of the 

magnetically rotated atmospheric pressure plasma arcs. Chapter 10 discusses the 

applications of erosion by-products. 

Due to the nature of a manuscript-based thesis, care has been taken to minimize repetition 

and facilitate a fluent reading. At the beginning of each chapter a brief chapter 

introduction (before the "Abstract") is given before the manuscript is presented. Each 

chapter will have its pertaining literature review, introduction and references related to 

the subject discussed. In addition to the literature review presented in each chapter, a 

concise literature review (Chapter 3) has been added to introduce the reader to cathode 

erosion, arc velocity and factors affecting them. Literature review chapter is aimed at 

giving a clear understanding of the project and to fill the unavoidable gaps left by the 

compressed writing style necessary in manuscripts. Further, the integrity of the articles 
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has been preserved as much as possible and they are presented in full in their respective 

chapters. The thesis requirements established by McGill University mandate that a 

separate literature review chapter (Chapter 3) must be included, even in the case of 

manuscript-based thesis. Therefore, some overlap should be expected between the 

contents of Chapter 3 and the individual article introductions in Chapters 4 through 10. 

The references contained in each manuscript are listed in numerical format at the end of 

each chapter and any other references used in this thesis are listed in brackets and 

numerically cited at the end of each chapter under "References". Finally, the 

experimental techniques and methodologies used in this work are described in each 

chapter as needed. 

Chapter 1: Introduction 

This chapter includes a thesis introduction, a definition of the scope of the thesis and a 

statement of objectives. The thesis outline is described. 

Chapter 2: Contributions of authors 

A description of the work carried out by the authors of the manuscripts is stated. 

Chapter 3: Literature review 

The literature review is divided into three major parts. First, a brief introduction on 

electric discharges, vacuum plasma and atmospheric pressure plasmas and their 

applications are given. Second, the arc-electrode phenomena are discussed without 

detailed mathematics. Cathode erosion is defined. In third and last section, factors 

affecting arc velocity are discussed in brief. A very brief discussion is given only on 

factors which are directly related to this work. 

Chapter 4: Erosion of annealed and hard drawn Cu cathodes in continuous running 

atmospheric pressure magnetically rotated arcs 

The experimental setup and the experimental procedure used to measure arc velocity and 

arc erosion in a continuous running atmospheric pressure, magnetically rotated arc 
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system is described. The arc erosion rates and arc velocity results for both hard drawn 

and annealed Cu tubes having grain sizes in tens of micrometers range are presented. The 

microstructural analysis of the hard drawn and annealed cathodes before and after erosion 

is presented. In this set of experiments, the external electrode was used as the cathode. 

Chapter 5: Erosion of Cu cathodes with different surface roughness and surface 

pattern in pulsed vacuum arcs 

Though surface roughness is not exactly microstructure, it is closely related. Hence the 

effect of surface roughness was studied in this chapter. Methods to form cathodes with 

different surface roughness and patterns are presented along with characterization of 

surface roughness using surface profilometer and scanning electron microscope. The 

vacuum erosion behavior of these cathodes is presented along with the analysis of the arc 

trace left on these cathodes. The results obtained are correlated to the nature of arc 

movement. 

Chapter 6: Erosion of nanostructured Cu coatings in pulsed vacuum arcs 

Characterization of the powders used to make thermal spray coatings is presented. The 

atmospheric pressure plasma spray (PS) and high velocity oxygen fuel (HVOF) 

techniques used to obtain nanostructured coatings are described. Characterization of the 

coatings formed by these two techniques for grain size, grain orientation, coating porosity 

and thermal conductivity are presented. The pulsed vacuum arc setup and experimental 

procedure used to obtain vacuum arc velocity and erosion rates of these coatings are 

described. The results obtained are compared with erosion rates of massive Cu with 

relatively large grain sizes. Crater size analysis on arc traces formed on nanostructured 

coatings is also presented. Microstructural changes of the coatings after erosion are given. 

Chapter 7: Erosion of nanostructured Cu coatings in continuous running 

atmospheric pressure magnetically rotated arcs 

Arc velocity and arc erosion rates of pure massive Cu cathodes having grains in the range 

of tens of micrometers in central cathode geometry are presented. Similar results are also 

presented for as-sprayed HVOF sprayed cathodes, vacuum plasma sprayed and annealed 
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HVOF coated cathodes having grain sizes ranging from hundreds of nano meters to a few 

micrometers. Effect of initial coating thickness on erosion rate is presented. The results 

obtained are compared with massive Cu cathodes. Microstructural changes of the 

coatings after erosion are given. In this set of experiments, the internal electrode was used 

as the cathode. 

Chapter 8: Erosion of cold sprayed Cu coatings in continuous running atmospheric 

pressure magnetically rotated arcs 

Characterization of the powders used to make cold spray coatings is presented. Cold 

spray technique used to obtain coatings having grains of a few micrometer size but free 

from oxide content are described. Characterization of the cold spray coatings for grain 

size, O content and coating porosity are presented. Arc velocity and arc erosion rates of 

these cold sprayed cathodes in their as-sprayed state and annealed state are presented. 

The results obtained are compared with massive Cu. Microstructural changes of the 

coatings after erosion are given. In this set of experiments, the internal electrode was used 

as the cathode. 

Chapter 9: Observation of atmospheric pressure arc 

High temporal and high spatial resolution charge coupled device (CCD) and 

complementary metal-oxide-semiconductor (CMOS) camera pictures of the atmospheric 

arc at different external magnetic field are presented. The arc root attachment and arc 

displacement results are presented. A correlation between arc rotational velocity and arc 

voltage is presented. In this set of experiments, the external electrode was used as the 

cathode. 

Chapter 10: Carbon nanotubes as nanoparticle collector 

Use of carbon nano tubes to collect and study nano particles formed as a by product in 

the continuous arc system is presented. Different applications of the carbon nano tubes 

having nano particles dispersed on them are presented. In this set of experiments, the 

external electrode was used as the cathode. 
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Chapter 11: Conclusions and original contributions 

This chapter summarizes the major contributions enumerated in this study and states the 

original contributions of this thesis. 

Chapter 12: Future work and recommendations. 

Finally, the recommendations for future research endeavors are discussed. 
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Chapter 2 Contributions of authors 

This chapter describes the author's contributions to the manuscripts that are incorporated 

in the thesis. All manuscripts report experimental work, manuscripts 4 through 8 are on 

quantifying the effect of microstructure on erosion behavior of copper cathodes. Chapters 

9 and 10 are work related to atmospheric pressure plasma arcs. Chapters 5 and 6 are on 

pulsed vacuum arcs whereas the rest of the chapters are on continuous running 

atmospheric pressure magnetically rotated arcs. Except for chapter 8, I planned and 

carried out the all the experimental work and wrote the first draft of all papers. I 

contributed to modifications as the work evolved. 

1 Rao, L and Munz, R. J. Arc velocity and erosion studies on annealed and hard drawn 

copper cylinders in magnetically rotated atmospheric pressure arcs. Journal of 

Physics D: Applied Physics (submitted) (Chapter 4) 

2 Rao, L and Munz, R. J. Effect of surface roughness on erosion rates of pure copper 

coupons in pulsed vacuum arc system Journal of Physics D: Applied Physics 

(accepted) (Chapter 5) 

3 Rao, L., Munz, R. J. and Meunier, J-L. Vacuum arc velocity and erosion rate 

measurements on nanostructured plasma and HVOF spray coatings. Journal of 

Physics D: Applied Physics, 40 (14) , 4192-4201 (2007) (Chapter 6) 

4 Rao, L and Munz, R. J. Effect of cathode microstructure on arc velocity and erosion 

rate of cold cathodes in magnetically rotated atmospheric pressure arcs. Journal of 

Physics D: Applied Physics (submitted) (Chapter 7) 

I planned and carried out the experimental and analytical work shown in all of the above 

articles. I am also the first author of all of these articles. 
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5 D'Sa K., Rao, L and Munz, R. J. Effect of cathode microstructure on arc velocity and 

erosion rate of cold-sprayed copper cathodes in magnetically rotated atmospheric 

pressure arcs. Journal of Thermal Spray Technology (submitted) (Chapter 8) 

I came up with the idea and experimental design to test cold sprayed coatings. I guided 

and assisted the summer student (Keith D'sa) with the experimental part of the work. I 

corrected/edited the manuscript written by Keith. I am the second author of the article. 

6 Rao, L., Munz, R. J. and Coulombe, S. Observation of atmospheric pressure arc on a 

cold cathode. Applied Physics Letters (accepted) (Chapter 9) 

I planned and carried out the experimental and analytical work shown in this above 

article. I am also the first author of this article. 

7 Rao, L., Reddy N.K., Coulombe, S., Meunier, J-L., and Munz, R. J. Carbon 

nanotubes as nanoparticles collector. Journal of Nanoparticle Research, 9 (4) , 689-

695 (2007) (Chapter 10) 

I came up with idea of using carbon nano tubes as nanoparticles collector. I used carbon 

nanotubes grown by my colleague Reddy N.K, and carried out the experimental and 

analytical work shown in this article. I am also the first author of this article. 
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Chapter 3 Literature review 

3.1 Electric arc discharges, vacuum arcs and atmospheric pressure arcs 

A direct current (DC) electric arc is a self-sustaining discharge of electric current 

between two electrodes, the cathode and anode, maintained at different electrical 

potentials, in a conducting medium (electrode vapor or ionized gas). For vacuum arcs, 

electrode vapor necessarily serves as a conducting medium, whereas an ionized gas 

conducts electric current in atmospheric pressure arcs. Arc discharges have high current 

density and hence can support large currents at relatively low voltage drops. 

In addition to their use in vacuum arc deposition of hard coatings and re-melting of 

metals, vacuum arcs are mainly used in circuit breakers [1-3]. High power electrical 

systems use vacuum circuit breakers as their chief safety device. Under operation, these 

vacuum switches must be able to withstand currents ranging from a few amps to several 

100 kA of current between their contacts for over a few hundred microseconds. This is 

achieved by a vacuum arc discharge between these contacts [1]. The most common 

geometry of these contacts are rectangular coupons and circular discs. 

Hollow anode 

— i -

Arc 

Cooling water 

Gas 
injection 

Magnet 

^ 

/w&?m*m 
Torch exit 

Hollow cathode 

Figure 3.1 Schematic representation of an industrial DC plasma torch 
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Atmospheric pressure arcs are mainly used in plasma torches. Plasma torches are devices 

that generate a directed flow of electrically conducting gas (or plasma) from their nozzle. 

Figure 3.1 shows a schematic representation of an industrial DC plasma torch using 

tubular electrodes. The plasma torch consists of two electrodes, the cathode and the 

anode, maintained at different electrical potentials. When a sufficient potential difference 

is applied between these two electrodes, the otherwise non conducting medium between 

the electrodes starts to conduct electric current and forms an electric arc between the 

electrodes. This arc is rotated either magnetically or by a swirling gas flow or a 

combination of both. These torches are most commonly used as arc heaters to heat gases 

up to 5000 K [3]. The gas which is injected tangentially between the electrodes flows out 

of the torch nozzle as an electrically conducting gas. 

Although a variety of materials are used as electrodes, copper, micro alloyed copper, 

tungsten and zirconium inserts are the most common materials. The geometry of plasma 

torches can vary greatly, but one common form is the tubular cathode, where the 

electrodes are heavily water cooled metallic circular cylinders. In this case, copper is the 

most common material used. 

The work described in this thesis was carried out on a pulsed vacuum arc setup using 

rectangular coupons and also on a magnetically rotated atmospheric pressure arc setup 

using water cooled tubular cathodes. The electrode material used was copper. Copper 

cathodes having different microstructures were formed and tested for their erosion 

behavior. 

3.2 The electrode-arc phenomena 

3.2.1 The anode and cathode 

The immediate vicinity of the two electrodes, the anode and the cathode is where the 

transition from gaseous conduction in the arc column, to metallic conduction in the 

electrode occurs [4]. 
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The anode is essentially an electron receiver; therefore, solely electrons carry a current at 

an anode's surface. The anode is a passive electrode which does not play a critical role 

for maintenance of an arc; essentially it preserves current continuity [4] 

The processes occurring at the cathode are more complex and play a vital role for self-

sustenance of an arc. Unlike the anode, three current carrying mechanisms occur at the 

cathode surface 

• Emission of electrons from the cathode surface 

• Acceleration of positive ions towards the cathode surface 

• Retro-diffusion of plasma-electrons towards the cathode surface 

The details are discussed below. 

3.2.2 Electron emission from cathode 

Emission of electrons from the cathode is a critical factor governing the self-sustenance 

of an arc. Among many identified mechanisms supporting electron emission from a 

metal, thermionic, field and thermo-field mechanisms of electron emission are the 

dominant modes of electron emission. 

Thermionic emission is a mechanism of electron emission, from the surface of the 

material, governed by the material's temperature. The electrons in a metal are trapped in 

the potential well; they can escape from the metal surface provided they absorb enough 

thermal energy to overcome this potential barrier [5]. This energy, also known as work 

function of the material, is the minimum quantity of energy an electron must absorb to 

escape from the metal surface. Thermionic emission from an arc cathode only becomes 

dominant mechanism at very high temperature (>3500 K) [4]. This mechanism of 

electron emission is normally seen on refractory cathodes such as thoriated tungsten and 

carbon cathodes. 

Field emission is a mechanism of electron emission, whereby electrons are drawn out of a 

material's surface by electrostatic forces [5]. Very high electric fields of- 10 V/m, in the 

vicinity to the surface are required for field emission to become a significant mode of 
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electron emission. In addition to the above two modes of electron emission, due to high 

temperatures and intense electric fields prevailing in the near-cathode region, thermionic 

and field emission occur simultaneously. This mode is referred to as "thermo-field" 

emission. Low melting point cathodes such as those of copper operate primarily by field 

or thermo-field emission modes. 

3.2.3 Cathode phenomena and cathode erosion 

Processes occurring at the cathode region play a vital role for the self-maintenance of an 

arc. The cathode region is composed of the cathode surface, and an exceeding thin layer 

of gas and cathode vapor in front of it [6]. This thin layer of gas can be further divided 

into two zones; the pre-sheath or ionization zone and the cathode sheath zone as shown in 

figure 3.2. Significant gradients of voltage, particle number density and temperature exist 

in these zones and are shown in figure 3.3 

Under steady operation of the arc, the cathode emits the electron by thermionic, field 

and/or thermo-field emission modes. The emitted electrons pass through the cathode 

sheath without collision; however, in the pre-sheath, they collide with the filling gas 

atoms and electrode vapors [7]. This causes ionization of the filling gas leading to the 

release of more electrons and the formation of positive ions. 

Arc Column 
(LTE plasma) 

Ionization Zone 
(presheath) 

Cathode \ Cathode 
Sheath i 

I0:- 103Debye lengths few Debye 
lengths 

Figure 3.2 General representation of arc attachment at cathode [7] 
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Figure 3.3 Gradients of voltage, particle number density and temperature in cathode region [7] 

Radial diffusion of charged particles from the hot core of the arc column, to the relatively 

cold fringe of the column occurs and plays a role in current transfer. The positive ions 

produced in the pre-sheath are accelerated across the cathode sheath, under the influence 

of the voltage drop therein (see figure 3.3) and bombard the negatively charged cathode 

surface. 

It is mainly this ion-cathode bombardment phenomenon that is responsible for the 

maintenance of high cathode surface temperatures, and thus ensures emission of electrons 

and production of cathode vapor. 

Furthermore, since the mass of ions are many orders of magnitude greater than that of 

electrons, ions accelerate across the cathode sheath much slower than the electrons which 
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are accelerating in the opposite direction [4]. Consequently, there exists a net positive 

charge, called the space charge, in the cathode sheath. 

This space charge creates a high local electric field and provides conditions for field 

emission [4]. In summary, we see that the bombarding ions create two important 

conditions: 1) maintenance of high cathode surface temperature and 2) formation of high 

surface electric field. The ion bombardment gives rise to two different effects, namely, 

thermionic emission and field emission. 

Electron emission (thermionic, field or thermo-field), provides the electrons that ionize 

the gas and cathode vapor in the pre-sheath. The resulting ions and electrons serve to 

preserve current transfer between the electrodes and to compensate for radial diffusion 

losses. 

In addition to creating a self-sustaining arc condition, ion bombardment leads to intense 

heating of the cathode. This intense heating results in melting and vaporization of the 

cathode material either as metal vapor or as liquid metal droplets. This loss of material 

from a cathode sustaining an electric arc [7] is cathode erosion. Typically, cathode 

erosion rates are expressed as the mass of the cathode lost per unit charge flowing 

through the cathode, namely micro grams per coulomb [u-g/C]. 

Severe cathode erosion is a problem in the industrial application of plasma technology. 

Efforts to understand and minimize cathode erosion are numerous. Many factors affect 

cathode erosion and a brief discussion of these factors is presented here. 

3.3 Factors affecting cathode erosion 

Cathode erosion is affected by many different factors which act simultaneously. The 

following factors have all been reported to influence the cathode erosion rate: the arc 

residence time (or arc velocity) on the cathode, the cooling intensity of the cathode, 

plasma gas, its chemistry and flow rate, operating conditions such as arc current, arcing 

time and operating pressure, the cathode chemistry especially the O content for Cu 
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cathodes, surface roughness, microstructure and purity of the cathode and the size of the 

inter electrode gap [8-28]. 

3.3.1 Arc velocity and cooling intensity of the cathode 

With inert plasma gases, among the above factors, arc velocity and heat removal from the 

cathode affect the erosion most [9]. Higher arc velocities imply lower arc residence time, 

less melting and vaporization of the cathode material and hence lower erosion rates. 

Better cooling of the cathode also prevents excessive melting and vaporization of the 

cathode material. 

Arc velocity is in turn affected by external magnetic field used to rotate the arc [8], the 

plasma gas chemistry and flow rate [9-11], the O content of the cathode [12], the cathode 

surface roughness, purity and microstructure [13-28]. 

3.3.2 External magnetic field 

The arc striking between the electrodes can be rotated either using a swirling gas or by an 

external magnetic field (B-field) or a combination of both. Depending on the operating 

pressure of the plasma system, the external B-field can cause either retrograde motion (in 

vacuum arcs) or arc movement in the Amperian direction (motion governed by the I x B 

force; in atmospheric pressure arcs). Increasing the B-field causes two effects: 1) the arc 

velocity increases [8] and 2) the arc attachment points (also called cathode spots) become 

aligned in the direction of the B-field lines and hence the arc becomes constricted [29]. 

Higher velocity reduces erosion while cathode spot alignment increases erosion due to 

increased local heating of the cathode. The competition between the two is known to 

decide the erosion rate [12]. 

3.3.3 Plasma gas chemistry, flow rate and its interaction with cathode 

Plasma gas and its chemistry effects arc velocity significantly [12, 31] for Cu cathodes. 

Low concentrations (<1%) of polyatomic gases such as N2, CO, CI2, CH4, H2S, NH3 and 

O2 in Ar and He are known to influence arc velocity significantly [12]. These poly atomic 
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gases change the surface chemistry and work function of the cathode material which 

leads to lower current densities and a broad distribution of cathode spots. 

The presence of oxidizing atmosphere either in the plasma gas or low concentrations of O 

content in the cathode material, specifically for Cu, is also known to bring the same 

effect. These conditions promote easier electron emission allowing rapid movement of 

the cathode spots (giving higher velocities) and less arc stretching across the electrodes 

[12, 31, 32]. A higher concentration of O on the other hand develops a thick oxide layer 

leading to high joule heating and increased erosion. 

Gas flow rates also affect arc velocities by the changing the gas density in the regions 

close to arc Higher gas flow rate causes higher cooling of the gas and hence increases the 

density of the gas through which the arc passes. This leads to a lower arc velocity [30]. 

3.3.5 Cathode surface roughness and microstructure 

The surface properties such as surface micro-protrusion, roughness, impurity inclusions 

and microstructure of the cathode including, the grain size, second phase, changes in 

solute concentration and defect structure are known to significantly effect break-down 

voltage and dielectric strength of the electrode system [20-25]. 

Although the effect of surface roughness on the erosion of cathodes is mentioned [23, 33-

36] only a handful of studies are available in the literature. Surface irregularities, like 

scratches on the cathode, are known to affect the movement of the vacuum arc [35]. The 

arc velocity is known to be a strong function of the direction of the surface roughness. 

Having scratches in the direction of the spot motion is known to give 2-3 times higher arc 

velocities relative to perpendicular surface scratches [17, 18, 20]. 

Some preliminary work on nanostructured CuCr cathodes, report on higher arc velocities 

and lower erosion rates [25-28]. But, a systematic study of the effect of cathodes surface 

roughness and microstructure on cathode erosion rate is not available and is the subject of 

this work. 
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Chapter 4 Arc velocity and erosion studies on annealed and hard 
drawn copper cylinders in magnetically rotated 
atmospheric pressure arcs 

This chapter presents the effect of microstructure on erosion behavior of hard drawn and 

annealed pure Cu cathodes. The experimental setup and experimental procedure for 

continuous running magnetically rotated atmospheric pressure arc experiments are 

described. Pre and post erosion microstructural analysis of the cathodes are presented. 

Although the differences in grain size of these two kinds of cathodes were small, the 

results confirmed the effect of grain size on erosion behavior of the cathodes. 

Abstract 

From anecdotal and some experimental evidence on cathode electrode erosion, it has 

been hypothesized that the microstructure of the cathodes influences arc velocity and arc 

erosion rate. In this paper we present atmospheric pressure erosion measurements on hard 

drawn and annealed copper cathodes having different grain sizes. Hard drawn cathodes 

had elongated grains (average grain size of 6 and 20 \im in the direction perpendicular 

and parallel to drawing directions respectively) whereas Cu cathodes annealed at 500 C, 

had equi-axed grains with an average grain size of 21 um. All erosion measurements 

were performed at a constant power setting of 6 kW (40 V and 150 A), external magnetic 

field of 0.05 T and argon gas flow rate of 23 slpm. The erosion rates measured indicate 

that hard drawn electrodes which have smaller grains give 16 % lower erosion rates 

relative to annealed electrodes. Microstructural analysis of the arc trace show grain 

relaxation and grain growth on hard drawn electrodes only. 
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4.1 Introduction 
Industrial applications of plasma technology range from circuit breakers to waste water 

treatment and from material processing to nano technology [1]. Current research is 

focused on development of plasma systems with long electrode lifetimes and 

reproducible working conditions [2]. Control of electrode erosion in plasma torches 

remains a major challenge for researchers. Particularly for plasma torches using Cu 

electrodes in tubular geometry, cathode erosion is far greater than anode erosion [3]. 

Although many factors affect cathode erosion, arc residence time (or arc velocity) and 

heat removal from the cathode have a very major effect [3]. Higher arc velocities imply 

lower arc residence time, less melting and vaporization of the cathode material and hence 

lower erosion rates. Better cooling of the cathode also prevents excessive melting and 

vaporization of the cathode material [3]. Arc velocity is in turn affected by the external 

magnetic field used to rotate the arc [4], the presence or absence of an oxidizing plasma 

gas [3], the O content in the cathode and also the microstructure of the cathode [3,5-7]. 

Earlier research has shown that, cathodes having smaller grain size promote higher arc 

velocities [6]. Although a few published works studies the effect of the cathode's 

microstructure on the rate of erosion [7, 8], this has received little attention. 

In this paper we report on the arc velocity and erosion behavior of hard drawn and 

annealed Cu cathodes having two different grain sizes. It is hypothesized that, hard drawn 

cathodes which have elongated small grains in the direction of the drawing (and of the 

arc motion) give lower erosion rates when compared to annealed electrodes which have 

equi-axed larger grains. In addition, pre and post erosion microstructural analyses were 

performed for both hard drawn and annealed cathodes. 
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4.2 Materials and methods 

4.2.1 Heat treatment 

Hard drawn copper tubes (99.9% pure Cu) obtained from Wolverine Tubes Inc. were 

used as cathodes either in their as purchased state or after annealing them in an inert 

atmosphere. Annealing was carried out in a nitrogen atmosphere at 500 °C for 8 hrs. 

Chemical composition of both the as-purchased Cu tubes and annealed Cu tubes were 

determined by inductively coupled plasma mass spectroscopy (ICP). 

For microscopic analysis, both hard drawn and annealed Cu tubes were cut using a 

Struers 'Secotom-10' universal precision cut off machine and vacuum mounted in cold 

setting resin. The mounted specimens were wet ground using SiC papers #800, 1200 and 

4000 under running tap water. The ground samples were the polished using 3 \im and 

0.04 |im silica suspensions. The polished samples were etched with a FeCl3 etchant (2.5 g 

of FeCl3 + 10 ml of HC1 + 50 ml of ethanol) for 5 seconds. The etched specimens were 

examined under optical microscope to determine their microstructure. 

4.2.2 Experimental setup 

The erosion test chamber used in this work is shown in figure 4.1. It was a water-cooled 

gas tight enclosure which housed two electrically isolated electrodes from its chamber. 

The setup was able to operate at either polarity. For this work, the central electrode was 

used as the anode and annular test electrode was the cathode. The central anode had a 

raised portion to localize the arc as shown in figure 4.1b. The minimum distance between 

the electrodes was 4 mm. Figure 4.1c shows the end on view of the electrode assembly. 

A water-cooled solenoid around the test chamber was used to apply an axial magnetic 

field B of 0.05 T, to rotate the arc. The solenoid consisted of 150 m of 6.35 mm outer 

diameter copper tubing in seven layers of 29 turns each. The layers were separated by 1-

mm-thick Mylar sheet and individual turns were insulated with electrical tape. The axis 

of the solenoid coincided with the central axis of the reactor. All parts of the test chamber 

were made of non magnetic material. Experimental measurements showed that the axial 
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magnetic field strengths created by the solenoid varied less than 3% radially and 5% 

axially within the test cathode. 

Cooling water in Cooling water out 

Gas out 

Cooling water out 

Reactor chamber 

Cathode holder 

C) 

Optical detector-* 

a) 

Figure 4.1 a) Schematic of the experimental setup; b) Raised portion of the electrode assembly c) 
Picture of the electrodes assembly; end on view 

An optical detector as shown in figure 4.1a was used to capture the arc rotation 

frequency. The optical detector consisted of a photodiode and a collimating lens 

assembly which had a narrow field of view of 3 mm. The optical detector assembly was 

aligned to view the arc between the electrodes and gave a positive voltage output when 

the arc passed in its narrow field of view. This optical voltage output along with the arc 

current and arc voltage waveforms were recorded simultaneously onto a computer using 

Lab VIEW at 10 kHz sampling rate. The arc rotational frequency was calculated from the 

recorded optical voltage data using windowed fast Fourier transform analysis. The arc 

current data were used to calculate the total electric charge transfer between the 

electrodes. 
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Figure 4.2 Voltage output from the optical detector 

Two separate rectifiers were used to power the arc and the magnetic coil. The arc was 

powered by a welding power supply (maximum power and current of 78 kW and 500 A, 

respectively) while the solenoid was powered by an 18 kW rectifier (60 V and 300 A). 

The arc was ignited using a Miller HF 250-1 high-frequency trigger pulse. An average 

power of 6 kW (40 V and 150 A) was maintained throughout the experiments. 

Experiments were conducted using ultrahigh purity (UHP; 99.99% pure) argon as plasma 

forming gas, which circulated from the lower end of the reactor to the top end at a flow 

rate of 23 SLPM under atmospheric pressure. Gas and water flow rates were monitored 

and controlled with calibrated rotameters. 

4.2.3 Experimental procedure 

At the start of each experiment, the test cathode was cleaned in 5% dilute nitric acid to 

remove native copper oxide layer. The cleaned electrode was dried using a hair drier and 

wiped clean with soft cloth. The cleaned electrode was allowed to sit in air for 10 minutes 

to form a uniform native oxide layer on the cathode. The cathode was then weighed to 

±1><10~4 g accuracy using a digital balance and was installed into the test chamber. The 
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test chamber was flushed with ~100 chamber volumes of Ultra High Purity (UHP) argon 

flowing at 23 slpm. The arc was ignited and the test cathode was eroded until a steady arc 

rotation velocity was reached. Figure 4.2 gives an example of the optical signal captured 

using the optical detector. 

After the experiment, the cathode was removed from the reactor, cleaned with dilute 

nitric acid, and dried before recording its final weight. The erosion rate values in grams 

per coulomb were calculated by dividing the weight difference of the cathode before and 

after the arcing, by the total electric charge Q = / I dt passing through the cathode. The 

arc rotational frequency was calculated from the recorded optical voltage data using 

windowed fast Fourier transform analysis. Each erosion experiment lasted between 180 

to 240 s. A total of six cathodes (viz., three hard drawn and three annealed) were eroded 

and the average and standard deviations were calculated. 

4.3 Results and discussion 

4.3.1 Characterization of cathodes pre erosion 

Figure 4.3 shows the cross sectional optical microscope pictures of the hard drawn and 

annealed cathodes before erosion. Figures 4.3a and 4.3b are images of the hard drawn 

cathode perpendicular and parallel to the drawing direction respectively. Similar pictures 

taken for annealed cathodes are shown in figures 4.3c and 4.3d. 

We can see from figure 4.3a and 4.3b, that hard drawn cathodes have elongated grains in 

the direction of drawing (along its length). The elongated grains had an average length of 

20 ± 2 um in the direction of drawing whereas their average width was only 6 ± 1 urn. 

Figures 4.3c and 4.3d are cross sectional images of an annealed cathode in the 

perpendicular and parallel drawing direction respectively. Here we see that the grains in 

both directions appear equi-axed indicating grain growth and recrystallisation due to 

annealing. The equi-axed grains had an average size of 21 ±2 (im. 
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Hence, the arc which is set up to run perpendicular to the drawing direction (shown by 

arrows in figure 4.3) would see small grains on hard drawn cathodes compared to 

annealed cathodes. 

c) d) 
Figure 4.3 Optical microscope pictures of cathodes before erosion; cross sectional view; a) hard 
drawn electrode perpendicular to drawing direction; b) hard drawn electrode parallel to drawing 
direction; c) annealed electrode perpendicular to drawing direction; d) annealed electrode parallel to 
drawing direction; for all inset picture dimension bar length = 40 urn. 

4.3.2 Arc erosion and velocity measurements 

Three hard drawn and three annealed electrodes were eroded under identical 

experimental conditions to find erosion rates. The results obtained are given in table 4.1 

along with the mean and standard deviations. We can see from table 4.1 that, the erosion 

rates on hard drawn electrodes which had lower grain sizes had an erosion rate of 30.70 ± 

1.26 ng/C whereas annealed electrodes which had larger grains showed an erosion rate of 

36.64 ± 2.71 ng/C. Statistical analysis on the erosion values showed that with a 95% 
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confidence level, the erosion values for hard drawn cathodes was lower than that of 

annealed cathodes. 

Figure 4.4 shows typical arc rotation velocity results for both electrode types. We can see 

from figure 4 that both the electrodes have two velocity regimes. A high velocity regime 

(50-70 m/s), for the first 50 to 80 s of the experiment, followed by a low velocity regime 

(2 -3 m/s), for the rest of the experiment. The high velocity regime was attributed to the 

movement of the arc on the native oxide layer present on the cathodes and the slow 

regime was due to the arc moving on pure Cu, free from the oxide layer. This layer was 

removed during the initial erosion between 50 to 80 s of the experiment [3]. 
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Figure 4.4 Arc velocities on hard drawn and annealed cathodes 

Table 4.1 Erosion rate results 

Electrode type 

Hard drawn 

Annealed 

Erosion rate [ug/C] 

1 

32.09 

39.76 

2 

29.60 

35.26 

3 

30.31 

34.92 

Average 

30.70 

36.64 

Std. dev 

1.26 

2.71 

29 



Figure 4.5 Arc trace on the cathode 

4.3.3 Characterization of cathodes after erosion 

Figure 4.5 shows a picture of typical arc trace on the cathode after an erosion experiment. 

Microstructural specimens were taken from the arc trace and were analyzed for possible 

microstructural changes. The results obtained are shown in figure 4.6. 

Figures 4.6a and 4.6b show an optical microscope image of the arc trace left on hard 

drawn electrode perpendicular and parallel to the drawing direction respectively. Small 

columnar grains can be clearly seen from figure 4.6a indicating melting and rapid 

solidification. From figure 4.6b, we see that the initial elongated grains (shown in figure 

4.3b) have relaxed to form equi-axed grains. Grain relaxation is attributed to the heating 

of the cathode under the arc. 
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Figure 4.6 Optical microscope pictures of the cathode on the arc trace; cross sectional view; a) hard 
drawn electrode perpendicular to drawing direction; b) hard drawn electrode parallel to drawing 
direction; c) annealed electrode perpendicular to drawing direction; d) annealed electrode parallel to 
drawing direction; for all inset picture dimension bar length = 40 fim 

Figures 4.6c and 4.6d show an optical microscope image of the arc trace left on an 

annealed electrode perpendicular and parallel to the drawing direction respectively. 

Again, small columnar grains can be seen in figure 4.6c, which is an optical microscope 

image of the arc trace taken perpendicular to the drawing direction. In figure 4.6d, unlike 

hard drawn cathodes, no grain growth or grain relaxation was observed. It was concluded 

that the grains in the annealed cathodes had reached their maximum size during annealing 

itself and additional heating of the cathode under the arc did not cause any changes in the 

grain size of the fully annealed cathode. 
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4.4 Conclusions 

We conclude that, the grain size of the cathodes affects arc erosion rates. Hard drawn 

electrodes having smaller (6 ± 1 urn) grain sizes perpendicular to the motion of the arc 

showed 16% lower erosion rates compared to electrodes with larger (21 ± 2 urn) grain 

sizes. 

Grain relaxation and grain growth in the arc trace region were clearly observed on hard 

drawn cathodes whereas no such effect was observed on fully annealed cathodes. Small 

columnar grains were noticed on the arc traces for both hard drawn and annealed 

cathodes. 
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Chapter 5 Effect of surface roughness on erosion rates of pure 
copper coupons in pulsed vacuum arc system 

This chapter describes the effect of surface roughness and surface pattern on erosion 

behavior of pure Cu cathodes in a pulsed vacuum arc setup. Preparation of pure Cu 

cathodes having different surface roughness and pattern is described. The experimental 

setup used to test for erosion is explained in brief here. The erosion rates are given and 

the arc traces are analyzed for crater size and arc movement. 

Though surface roughness is different from grain size, it is related to the microstructure 

of the cathode. The results indicate that, reducing the initial surface roughness reduces 

erosion rates of pure Cu cathodes in vacuum arcs. Effect of roughness on erosion 

behavior in atmospheric pressure arcs is presented in chapter 7. 

Abstract 

Vacuum arc erosion measurements were performed on copper cathodes having different 

surface roughness and surface patterns in 10"5 Torr vacuum (1.3324 m Pa), in an external 

magnetic field of 0.04 T. Different surface patterns and surface roughness were created 

by grit blasting with alumina grits (G-cathodes) and grinding with silicon carbide emery 

paper (E-cathodes). The erosion rates of these cathodes were obtained by measuring the 

weight loss of the electrode after igniting as many as 135 arc pulses, each of which was 

500 |xs long at an arc current of 125 A. The erosion rates measured indicate that erosion 

rates decrease with decreasing roughness levels. Results obtained indicate that both 

surface roughness and surface patterns affect the erosion rate. Having patterns 

perpendicular to the direction of arc motion gives lower erosion rates than having 

patterns parallel to arc movement. Isotropic surfaces give lower erosion rates than 

patterned surfaces at the same roughness. 

Keywords: Surface roughness, surface pattern, cold cathode erosion, vacuum arcs 
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5.1 Introduction 

High power electrical systems use vacuum circuit breakers as their chief safety device. 

Under operation, these vacuum switches must be able to withstand currents ranging from 

a few amps to several 100 kA of current between their contacts for over a few 100 

microseconds. This is achieved by a vacuum arc between these contacts. Erosion of 

contacts in these safety switches determines their life [1]. Erosion of these contacts has 

been a subject of study for the past 50 years and it is well known that the negative contact 

(cathode) erodes faster than the positive contact [2-4]. Researchers have shown that many 

factors such as geometry of the cathode, operating vacuum, inter electrode gap, plasma 

forming gas, surface chemistry and electrode microstructure meaning the grain size affect 

the nature and extent of cathode erosion [5-12]. It was observed in 1942 by Cobine and 

Callagher [13] that surface irregularities, like scratches, affect the movement of the 

vacuum arc on the cathode. Although many researchers mention the effect of surface 

roughness [14-16] on the erosion of cathodes only a hand full of systematic studies are 

available in the literature. Daalder [16] in his meticulous study of the effect of surface 

roughness on erosion of copper cathodes, only reports on the effect of roughness on the 

size and movement of the cathode spots formed and not the erosion rate itself. Daalder 

and Vos [17] have shown that the arc voltages have different values on cathodes of 

different roughness. Y.H Fu [18-20], studying the effect of surface roughness in the 

presence of an external magnetic field (B field), has reported that the cathode spot 

retrograde arc velocity is a strong function of the direction of the surface roughness. She 

has reported that when the grinding is in the direction of the spot motion imposed by the 

external B field, the arc velocities are several times higher relative to a perpendicular 

ground surface. She has observed that the arc voltage on rough surfaces was higher than 

the smooth surfaces in the presence of an external B field. But again she does not report 

on any erosion rate measurement which is a chief parameter in calculating the life time of 

a contact in vacuum circuit breakers. 

In this paper, we report on the effect of surface roughness on the erosion rates of pure 

copper cathodes measured at 10"5 Torr vacuum (1.3324 m Pa). Different surface 

roughness levels were created by grinding with three different sizes of silicon carbide 
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emery papers and also by grit blasting the surface with two different sizes of alumina 

grits. Regular surface patterns were created by the emery method whereas grit blasting 

yielded isotropic rough surfaces. The different cathodes formed were characterized for 

their roughness levels using a surface profilometer and vacuum erosion rates on these 

cathodes were measured. Arc craters formed on these cathodes were analyzed using a 

field effect scanning electron microscope (Hitachi-4700). The results obtained were 

compared to the literature values of smooth pure Cu. The details are presented below. 

5.2 Materials and experimental methods 

Electronic grade oxygen free high electrical conductivity pure copper (99.99 wt %) was 

used in this study. As purchased machine finished copper bars were cut into rectangular 

strips of 60 mm x 12 mm * 3 mm and used as cathodes for erosion experiments. 

Different surface patterns and surface roughnesses were created on these copper strips 

using two methods viz., grit blasting (further referred as G) and grinding with emery 

paper (further referred as E). Two different sizes of alumina grit viz., 190 \im and 708 

jxm were blasted with nitrogen at 45 psig, to create an isotropic surface roughness and 

pattern. Three different sizes of silicon carbide emery paper viz., 35 urn grit size, 95 urn 

and 190 urn grit size, were used to obtain a unidirectional surface pattern. Unidirectional 

surface patterns were created both parallel and perpendicular to the length of the copper 

strip. The surface roughness created was measured using a surface profilometer (DekTak) 

and the Ra values were calculated. Just before using them for erosion studies these 

copper strips were carefully cleaned by ultrasound with acetone as the cleaning medium 

dried with a soft cloth and immediately installed into a vacuum chamber. The schematic 

diagram of the experimental setup used for this study is shown in figure 5.1 and the 

details of the experimental setup are given elsewhere [21]. In essence, it consisted of a 

vacuum chamber, a power supply unit and a pulsed laser system. Vacuum chamber held 

the rectangular strip cathode mounted parallel to a rectangular Cu anode (50mm x 10mm 

x 3mm). Before the start of each experiment, the electrodes were placed in the chamber 

maintaining an inter-electrode gap of 5mm and the chamber was pumped down to 10" 

Torr using a mechanical pump. At this vacuum, the reactor was filled with ultra high 
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purity argon and then pumped to 10"5 Torr by a mechanical and an oil diffusion pump 

connected in series. A permanent U shaped magnet (B field = 0.04 T) was positioned 

behind the cathode to move the arc in the retrograde direction, parallel to the length of the 

copper strip. Capacitors in the arc power supply unit were charged to an open circuit 

voltage of 200 V. A pulsed arc was initiated on the cathode by a 1000 ns pulse of 10.6 

[im infrared laser radiation from a 1.2 kW Diamond™ K-500 CO2 laser system, supplied 

by Coherent technologies. A thyristor based electrical switching circuit was used to 

control a 500 us arc duration over which, a constant current of 125 A was maintained. 

This square current pulse was measured using an externally triggered HP-54503A digital 

oscilloscope. To determine the erosion rate, as many as 135 arc pulses, each 500 us long 

with a current of 125 A, were run on the cathode. These pulses were run at a rate of 3-4 

pulses per minute. The erosion rate values in grams per coulomb were measured by 

weighing the cathode before and after the arcing, using a digital balance (accuracy ± 

lxlO"4 gm) and then dividing the weight difference by the total electric charge Q = \ldt, 

passing through the cathode. For each surface pattern and roughness, erosion rates were 

measured on three individual cathodes. An average of these three measured values was 

calculated and reported as average erosion rate. 

5.3 Results and discussion 

5.3.1 Surface roughness characterization 

The cathodes prepared were characterized for their roughness, Ra values, using a surface 

profilometer (DekTak). Table 5.1 gives a summary of the surface patterns and the Ra 

values for each kind of cathode used. Each kind of cathode was scanned for a length of 

0.5 cm in the soft touch mode and the Ra values were computed with inbuilt software. 

Two individual measurements were made on each kind of cathode and the standard 

deviations computed are reported as error in table 5.1. On surfaces prepared by emery 

paper (E-cathodes), which had unidirectional patterns, the surface was only scanned 

perpendicular to the direction of the pattern created whereas on surfaces prepared by grit 
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Figure 5.1 Schematic diagram of the experimental setup A = anode; BW = beryllium window; C = 
cathode and M = permanent magnet. 

blasting (G-cathodes), surface was scanned in both parallel and perpendicular directions. 

We see that the Ra values increase with the grit size used. For G-cathodes, the Ra values 

were similar in both parallel and perpendicular directions showing that the roughness 

created was isotropic. On E-cathodes, at a particular emery grit size, both parallel 

patterned and perpendicular patterned cathodes had similar Ra values. Thus the only 

difference between the two kinds of E-cathodes prepared from the same emery paper is 

the surface pattern. 

Figure 5.2 shows a plot of Ra vs. grit size used. We see that the Ra value of E-190 

cathodes is slightly lower than that of G-190 cathodes although the grit size used in both 

the cases were same. 

38 



Table 5.1 Summary of the cathodes studied. 

Name 

E-36-llel 

E-36-ular 

E-95-llel 

E-95-ular 

E-190-llel 

E-190-ular 

G-190 

G-708 

Preparation 

method 

Grinding with 

emery 

Grinding with 

emery 

Grinding with 

emery 

Grinding with 

emery 

Grinding with 

emery 

Grinding with 

emery 

Grit blasting 

Grit blasting 

Grit 

size 

36 

36 

95 

95 

190 

190 

190 

708 

Roughness Ra [fim] 

0.86 ±0.1 

0.66 ±0.1 

1.70 ±0.1 

1.48 ±0.1 

2.67 ± 0.3 

2.64 ±0.1 

3.31 ±0.1 

(Direction parallel) 

3.31 ±0.1 

(Direction perpendicular ) 

7.32 ±0.1 

(Direction parallel) 

7.42 ±0.1 

(Direction perpendicular) 

Pattern type 

III 

III 

III 

Parallel to 

sample length 

Perpendicular 

to sample 

length 

Parallel to 

sample length 

Perpendicular 

to sample 

length 

Parallel to 

sample length 

Perpendicular 

to sample 

length 

Isotropic 

Isotropic 
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Figure 5.3 shows the scanning electron microscope (SEM) pictures for each kind of 

cathode used. For E-cathodes, only cathodes having parallel patterns are shown here 

since the SEM pictures of the surfaces with perpendicular patterns had similar features. 

Figure 5.3a, b and c are SEM pictures of E-cathodes prepared from grit size 36 urn, 95 

(im and 190 urn respectively. We can see the unidirectional ridges on the surface which 

are mostly parallel to one another. Individual ridges have many sharp projections. 

Comparing figure 5.3a through 5.3c we can clearly see that, as the grit size is increased, 

the width of the ridge formed is also increased and so is the separation between the 

individual ridges. Figure 5.3d and 5.3e are the SEM images of the G-cathode formed 

after grit blasting with 190 urn and 708 ^m alumina grits respectively. On these cathodes 

no directional features are noticeable, which corroborates the isotropic Ra values 

measured. The cathode formed from 708 um grit has larger irregular features (shown by 

the dotted circle) when compared to the features observed on the cathodes formed from 

190 um alumina grits. 
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Figure 5.3 a) SEM images of E-36-IIel cathodes; b) SEM images of E-95-Hel cathodes; c) SEM images 
E-195-llel cathodes; d) SEM images of G-190 cathode, dotted circle shows the individual features 
present on the cathode; e) SEM images of G-708 cathode, dotted circle shows the individual features 
present on the cathode. 
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5.3.2 Arc erosion measurements 

Table 5.2 summarizes the erosion rates reported in the literature for pure massive Cu. For 

arcs of 100 to 125 A, in 10"6 Torr vacuum, an erosion rate of the order of 100 u.g/C, is 

generally agreed upon [4]. In all the references cited in table 5.2, the authors do not report 

on any special surface roughness preparation or measurement and hence we consider that 

the cathodes tested had machine finished surfaces (formed after cold rolling). 

Figure 5.4 shows the erosion rates and the Ra values measured on the cathodes tested in 

this study. The error bars reported in figure 5.4 are the standard deviations of the values 

obtained from three separate measurements. To maintain identical conditions, a constant 

arc current of 125 A for a duration of 500 [is was maintained for each pulse and a total of 

135 arc pulses were run on each cathode to calculate the erosion rate. To account for the 

loss of material due to the 1000 ns laser pulse, which was used to initiate the arc, the 

weight loss of the cathode was determined under identical experimental conditions, by 

imposing 135 laser pulses on the machine finished pure Cu with no arcs. This weight 

loss, which was ~ 15% of the total weight loss, was removed before calculating the 

erosion rates. 

In figure 5.4, for both E-cathodes and G-cathodes tested, we see that the erosion rate 

decreases with the Ra values. In the group of E-cathodes, E-36 um cathodes have the 

lowest Ra value of 0.86 um and also have the lowest erosion rate of 30 (J.g/C. Similarly in 

the G-cathodes group, G-190 urn cathodes have the lowest Ra value of 3.30 \xm and gave 

an erosion rate of 33 (ig/C. 
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Table 5.2 Erosion rates of pure massive Cu reported in the literature. 

1 

2 

3 

4 

Reference 

Plyutto et, al. [22] 

Kimblin et., al. [23] 

Boxman R.L. [4] 

(page 233-234) 

Meunier J. L. et., al. [24] 

Arc Current 

(A) 

120 

80 

125 

<300 

Vacuum level 

(Torr) 

1 x 10"6 

1 x io~b 

1 x 10"5 

1 x 10"6 

Erosion rate 

0*g/c) 
130 

115 

90 

70-80 

140 
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Figure 5.4 Erosion rate and roughness levels of cathodes prepared by emery paper and grit blasted 
cathodes. 
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5.3.2.1 Comparison between parallel and perpendicular patterns on E-cathodes 

In figure 5.4, for any particular grit used, we see that the average erosion rate (average of 

three individual measurements) of cathodes having perpendicular patterns is lower than 

the average erosion rate of cathodes with parallel patterns. Although, error bars for both 

E-95 urn cathodes and E-36 \im cathodes overlap, we clearly see that E-190-ular 

cathodes have an average erosion rate of 45 (xg/C whereas E-190-llel cathodes have an 

erosion rate of 106 |xg/C. This trend can be explained by analyzing the arc traces formed 

on these cathodes and is discussed in detail below. 

Figure 5.5 shows the images of the arc trace left on the cathodes after 135 arc pulses. For 

all the cases, multiple arcs were initiated at different vertical positions on the cathode by 

moving it vertically. Once the arc was ignited, a permanent U-shaped magnet moved the 

arc down in the retrograde direction as shown by an arrow in figure 5.5. Figures 5.5a and 

5.5b are SEM images of the arc trace on E-190-ular surface and E-190-llel surface 

respectively. From figure 5.5, we can clearly see that arc trace formed on cathode with 

perpendicular patterns is wider compared to the arc trace formed on cathodes with 

parallel pattern. The arc trace formed on parallel patterns is made up of individual arc 

traces either separate and/or overlapping on one another which are very narrow compared 

to their perpendicular pattern counterpart. From detailed analysis of the arc trace under an 

optical microscope, we noticed that, on both parallel and perpendicular patterned 

cathodes, the arc trace clearly follows the surface patterns created. Similar to what we 

observe, researchers have reported earlier in the literature that the vacuum arcs tend to 

follow the surface scratches [1, 13-16, 19 and 20]. That is, vacuum arcs which are 

composed of many individual current carrying micro/macro-attachment points (cathode 

spots), move by successive initiation and extinction of cathode spots. It is well 

documented that new cathode spots always initiate along a surface scratch, if present [13-

16, 19 and 20]. So, on E-cathodes with perpendicular patterns, the natural tendency of the 

arc is to move sideways on the cathode, but the B field created by the permanent magnet 

pushes the arc downwards. Due to the combined effect of these two, the arc attachment 

on the surface becomes wider, resulting in a wider arc trace relative to the arc trace 
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Figure 5.5 a) arc trace formed on E-190-ular cathode; the brighter region between the dotted lines is 
the arc trace; b) arc trace formed on E-190-llel cathode; the brighter region between the dotted lines 
is the arc trace. The solid arrow shows the direction of arc movement. 

formed on E-cathodes with parallel patterns. On E-cathodes with parallel patterns, the B 

field force is in the same direction as the surface pattern which also happens to be the 

natural direction of arc movement. Hence on E-cathodes with parallel patterns, the final 

arc trace is narrow. 

If one were to analyze the arc motion at the micro level, the arc once ignited on a surface 

with perpendicular patterns, would start on a particular ridge (say ith ridge) and tend to 

move sideways. That is new cathode spots would be created one next to the other along 

the ith ridge. Now due to the B field force, the cathode spot would jump from ith ridge to 

(i+l),h ridge, which is right below the i,h ridge, and then start to move sideways on this 

(i+l)th ridge. Further, it would jump down again to (i+2)nd ridge and so on. If the above 

argument were true, then the SEM observations of the arc trace should reveal macro 

craters formed only along the ridges. Figure 5.6 shows the SEM pictures of the arc trace 

formed on E-190-ular pattern. Figure 5.6a through 5.6d shows the successive images 

increasing magnification of the arc craters formed (the magnified section is shown by a 

rectangle as we proceed from image to image). We can clearly see that the macro craters 

are only present along the scratches and that the regions between the ridges are free from 
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arc craters. These pictures support the above argument. Similar results were seen on both 

E-95-ular and E-36-ular cathodes. 

Extending the above argument, if the average distance between the /^and (i+l)th ridge is 

increased, then the arc has to jump a larger vertical distance as it moves down the 

cathode. This should result in a higher residence time of the arc on the i,h ridge before 

jumping onto the (i+l)th ridge. It is well documented in the literature that the erosion of 

cathodes is a heat transfer problem. Higher arc residence time on the cathode results in 

higher erosion rates [25]. As shown in figure 5.3, when we move from E-36-ular 

cathodes to E-190-ular cathodes, in addition to increasing the roughness level, we are 

also increasing the average separation between the unidirectional ridges formed. Thus, 

one would expect higher erosion rates on E-190-ular cathodes than on E-36-ular 

cathodes. The erosion rates results reported in figure 5.4 support this argument. 

b) a) 

Figure 5.6 a) through d) shows the SEM images of the arc craters formed on E-190-ular cathode. 
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Analyzing the arc motion on the cathodes with parallel patterns, the arc once ignited 

would move along a particular ridge and the cathode spots would line up one below the 

other. This should result in multiple overlapping craters and also result in increased local 

heating of the cathode. Figure 5.7 shows the SEM pictures of the arc trace formed on E-

190-llel pattern. Figure 5.7a through 5.7d show the successive images of the arc craters 

formed. We can clearly see from these images is that the arc craters are lined up one 

below the other. Larger overlapping craters are clearly visible in figure 5.7d. Due to the 

combined effect of increased local heating and formation of multiple arc craters one 

above the other, the E-190-llel cathode gives higher erosion rate in comparison with its 

counterpart E-190-ular. On E-190-ular cathodes, the arc craters are more distantly spaced 

as is seen in figure 5.6 and this result in better heat dissipation on the cathode surface 

giving lower erosion rates. Similar crater formations were observed on E-95-llel and E-

36-llel cathodes. 

c) d) 
Figure 5.7 a) through d) shows the SEM images of the arc craters formed on E-190-Ilel cathode. 
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We notice from figure 5.4, between E-95 urn and E-36 urn cathodes, though there is a 

significant reduction in the roughness levels, there is only a slight reduction in the erosion 

rates. The erosion error bars on all these cathodes overlap showing a plateau effect in the 

erosion rate with roughness level. This result is attributed again to the nature of arc 

attachment and the surface patterns. If the dimensions of the surface pattern start to 

become comparable to the size of the macro craters formed, then the original surface 

roughness and pattern created would be destroyed in the first few passages of the arc. 

This would result in a constant roughness irrespective of the original roughness 

level/pattern. Figure 5.8 shows the SEM images on E-95-ular and E-36-llel cathodes. 

Here we can see that the arc craters formed have destroyed the initial pattern in spite of 

the fact that both the grit size used and pattern formed were different. Hence the overall 

erosion rate measured on these cathodes would be the same irrespective of their initial 

roughness level. 

In pulsed vacuum arc experiments, arc velocity is generally calculated by dividing the 

length of the arc trace with the pulse duration [18-21]. Fu et. al., [18-20] working on 

similar studies as ours, observe higher arc velocities on cathodes having parallel patterns. 

Generally, higher arc velocities result in a lower residence time of the arc, and lower 

erosion rates. As shown in figure 5.4, the parallel patterned cathodes have higher erosion 

rates which are counterintuitive. Although the arc velocities on the parallel patterned 

cathodes may be higher, the overall erosion rates are also higher due to the formation of 

over lapping craters and increased local heating. 
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Figure 5.8 a) SEM image of arc trace formed on E-95-uIar cathode; b) SEM image of arc trace 
formed on E-36-llel cathode. 
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Figure 5.9 Erosion rate vs. grit size used. Notice the linear trend lines added on both E-ular and G 
cathodes have similar slopes. 

5.3.2.2 Erosion rates on G-cathodes and comparison with E-cathodes 

Figure 5.9 shows a plot of erosion rate vs. grit size used. From figures 5.2 and 5.9, we can 

see that the erosion rates of G cathodes also show a similar trend with roughness as E 

cathodes. That is, the erosion rate increases with the Ra. G-708 um cathodes which have 

49 



an Ra value of 7.32 urn gives an erosion rate of 90 ug/C whereas G-190 urn cathodes 

which have an Ra value of 3.31 um gives an erosion rate of 33 ug/C. The reason for this 

trend is again explainable by the surface features present on the cathodes as shown in 

figure 5.3d and 5.3e. G-708 urn cathodes having larger surface features give higher 

erosion rates when compared to G-190 urn cathodes which have smaller surface features. 

From figure 5.9, we can see that the G-190 urn cathodes have Ra value of 3.31 um which 

is slightly greater than the Ra value of 2.67 um for E-190 um cathodes. As shown in 

table 5.1, the grit size used to prepare both G-190 um and E-190 urn cathodes was 190 

Um. G-190 cathodes, which have an isotropic pattern give lower erosion rates when 

compared to E-190 cathodes which have a unidirectional pattern. We see from figure 5.4 

that the average erosion rates of G-190 um cathodes is 33 ± 2 ug/C whereas the average 

erosion rate of E-190-ular cathodes is 49 ± 9 ug/C. Also, we can see from the added trend 

lines, that the slopes for both E-ular and G cathodes are similar. However, the erosion 

rates do not scale with the Ra values for E and G cathodes. G-708 um cathodes which 

have the highest Ra value of 7.42 um has an average erosion rate of 90 ug/C whereas E-

190-llel cathodes which has Ra value of 2.67 um, also has average erosion rate of 108 

ug/C. The reason for this behavior is not known at this point, but is probably due to the 

arc motion on isotropic roughness. 

Figure 5.10 shows the SEM images of the arc craters formed on G-190 um and G-708 

um cathodes. The arc craters formed on G-190 um cathodes are smaller in dimension (~2 

microns) relative to the arc craters formed on G-708 um cathodes (~3 to 4 microns). 

Similar to earlier reports in the literature, formation of large craters is consistent with 

higher erosion rates [26]. 
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O d) 
Figure 5.10 a) and b) are SEM images of the arc craters formed on G-190 cathodes; c) and d) are the 
SEM images of the arc craters formed on G-708 cathodes. 

5.4 Conclusions 

We conclude that: 

• For both E and G cathodes tested, vacuum erosion rates reduce with reducing 

surface roughness levels. 

• Both surface roughness and surface patterns affect the erosion rates. Having 

surface patterns perpendicular to the direction of arc motion results in lower 

erosion rates. Cathodes with perpendicular patterns gives lower erosion rates due 

to a wider arc attachment. This results in reduced local heating and better heat 

dissipation on the cathode surface. 
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• Erosion rates depend chiefly on the nature of arc attachment and arc movement on 

the cathode. At any roughness level, having regular patterns in the direction of arc 

movement, results in overlapping craters and higher erosion rates. Isotropic 

surfaces promote random motion and hence give lower erosion rates. 
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Chapter 6 Vacuum arc velocity and erosion rate measurements on 
nanostructured plasma and HVOF spray coatings 

This chapter presents the erosion behavior of pure Cu coatings which have nanostructure 

grain distribution prepared from thermal spray methods. The powders and the thermal 

spray methods used to produce nanostructured coatings are described along with the 

characterization of the coatings produced. Pulsed vacuum arc setup and the erosion 

results are presented. Microstructural analysis of the arc trace and the coatings after the 

erosion experiments are presented. 

The results indicate that the nanostructured coatings have up to 50% lower erosion rates 

compared to massive Cu having relatively large grain size. Spalling of the coating under 

the vacuum arc contributed to higher erosion rates for one of the coatings tested. These 

coatings produced by atmospheric pressure thermal spray techniques in air have intersplat 

oxide content along with their nanostructured grains. Hence the results cannot isolate 

effect of microstructure alone on the erosion behavior. This issue of oxide content is 

addressed in chapter 7 and 8. 

Abstract 

Arc velocity and erosion rate measurements were performed on nanostructured pure Cu 

cathodes in 10"5 torr vacuum (1.3324 mPa), in an external magnetic field of 0.04 T. Five 

different kinds of nanostructured cathodes were produced by spraying pure Cu powders 

of three different sizes, on Cu coupons by atmospheric pressure plasma spraying and high 

velocity oxygen fuel spraying techniques. The erosion rates of these electrodes were 

obtained by measuring the weight loss of the electrode after igniting as many as 135 arc 

pulses, each of which was 500 |as long at an arc current of 125 A. The arc erosion values 

measured on three kinds of nanostructured coatings were 50% lower than the 

conventional pure massive Cu cathodes. Microscopic analyses of the arc traces on these 

nanostructured coatings show that the craters formed on these coatings were smaller than 

those formed on conventional Cu (<1 micron in diameter compared to 7-12 microns 
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diameter on conventional Cu). It was concluded that nanostructured cathodes had lower 

erosion rates than conventional pure Cu cathodes. 

6.1 Introduction 

Vacuum arcs have been extensively studied over the past twenty five years for their many 

applications including high-current vacuum switching, vacuum arc deposition of hard 

coatings, vacuum arc degassing and re-melting of metals [1, 2]. Erosion of cathodes in 

vacuum arc devices severely limits their useful operation time. Intensive experimental 

and theoretical studies of vacuum arcs have revealed that many parameters such as 

magnetic field strength, geometry of the cathode, inter electrode gap, operating vacuum, 

plasma forming gas, arc current, surface chemistry and electrode microstructure affect the 

nature and extent of cathode erosion [3-8]. Researchers have shown that the surface 

properties such as surface micro-protrusion, roughness, impurity inclusions and 

microstructure of the cathode, meaning the grain size, second phase or particles, features 

like solute concentration and defect structure significantly effect break-down voltage and 

dielectric strength [9-14]. Wang et al., [15-17] working with nanostructured CuCr alloy 

cathodes and Cu6oZr2sTii2 cathodes have observed that the erosion rate on these 

electrodes were lower than conventional electrodes (4%-20% less than pure Cu). They 

have reported that the arc attachment points on these electrodes moved significantly 

faster and covered most of the surface of the cathode. 

In this paper, we report on the erosion values, arc velocities and on the arc craters formed 

on nanostructured Cu cathodes. Nanostructured cathodes were prepared by atmospheric 

pressure plasma spraying and high velocity oxygen fuel spraying of pure Cu powders 

onto Cu substrates. The coatings formed were characterized for their grain size, porosity, 

thermal conductivity and oxide content. At the micro-scale, the coatings formed appeared 

as the stacking of well flattened lamellae and the grains inside each lamella were 

submicron sized, ranging from 100 nm to 300nm. Vacuum arc erosion and arc velocity 

values were determined and the arc craters formed on these electrodes were analyzed 

using a field emission scanning electron microscope, FE-SEM (Hitachi-4700). The 

results obtained were compared to the literature values for pure massive Cu. The results 
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obtained from the work leads us to conclude that coatings having similar grain sizes show 

similar erosion values. The details are presented below. 

6.2 Materials and experimental methods 

Three different commercially available Cu powders viz., Metco-55 (99.99% pure; further 

referred as M-55), Diamalloy-1007 (99.99% pure; further referred as D-1007) and Cerac-

1133 (99.9% Cu and 0.1%Te; further referred as C-1133) were used as spray powders. 

The morphology and size distribution of the powders were determined by scanning 

electron microscopy (SEM) and Mastersizer-2000 respectively. Distilled water was used 

as dispersant in the Mastersizer for size distribution analysis. Energy dispersive 

spectroscopy (EDS) and inductively coupled plasma mass spectroscopy (ICP) techniques 

were used to determine the chemical composition of the powders. 

The characterized powders were sprayed using atmospheric pressure plasma spraying 

(PS) and high velocity oxygen fuel spraying (HVOF) methods. All the three powders 

were sprayed by PS whereas only M-55 and D-1007 powders were used for HVOF 

spraying. The particle size of the C-1133 powder was so small that the particles melted 

and agglomerated when injected internally in either plasma or HVOF torch nozzle. 

Plasma spraying by injecting into the plasma plume external to the torch nozzle was 

possible whereas C-1133 was excluded for the HVOF spray technique. Powders for all 

other coatings were injected into the torch nozzle. The spray conditions used for the two 

methods are summarized in table 6.1. During spraying, the substrate was cooled by jets of 

cold nitrogen and the temperature of the substrate was measured using a pyrometer. Two 

different substrates viz., square copper plates (60mm x 60mm x 2.5mm) and square 

aluminum plates (35mm x 35mm x 3mm) were used. Both the substrates were grit 

blasted with 800 micron alumina grits just before coating and had a surface roughness Ra 

= 8.58 microns. The coated copper plates were further cut and used as specimens for 

microscopic analysis and also as electrodes for arc velocity and arc erosion 

measurements. The coatings formed on aluminum substrates were separated from the 

substrate by dissolving the aluminum in 40% KOH solution, to obtain free-standing 
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specimens for thermal diffusivity measurements by the laser flash method as explained in 

[18]. Thermal diffusivity values were converted to thermal conductivity by considering 

the properties of pure Cu (p = 8900 kg/m3, Cp = 386 J/kg K, K = 398 W/m K). 

Table 6.1 Spray conditions 

Parameters 

Spray 

distance 

Transverse 

speed 

System 

settings 

Plasma spraying 

3 inches (76.2 mm) 

24 inches per sec (0.61 m/s) 

Propellant gas: Ar 388.89 kPa, 298 K, 

58.0 1pm 

Carrier gas: Ar 241.32 kPa, 298 K, 

5.0 1pm 

Arc current (I) :700 A 

Power (Vxl): 21 kW 

Nozzle diameter : 0.3125 inch (7.9375 

mm) 

HVOF spraying 

14 inches (355.6 mm) 

30 inches per sec (0.76 m/s) 

Kerosene (K) : 0.28 1pm 

Oxygen (O2): 967 1pm 

Stochiometry 02: K: 5.64:1 (wt 

%) 

Combustion pressure: 58.05 kPa 

For microscopic analysis, the coatings on Cu substrates were cut using Struers 'Secotom-

10', a universal precision cut off machine and vacuum mounted in cold setting resin. The 

mounted specimens were wet ground using SiC paper #800, 1200 and 4000 under 

running tap water. The ground samples were polished using 3 microns and 0.04 microns 

silica suspensions. The polished samples were etched by a FeCl3 etchant (2.5g of FeCb + 

10ml of HC1 + 50ml of ethanol) for 5 seconds. The etched coatings were examined under 

optical microscope and SEM to determine their microstructure. To determine the porosity 

of the coatings, as many as 10 SEM pictures of polished coatings (prior to etching) were 

taken at regular intervals on each of the coatings and the porosity of individual pictures 

was measured by an image analysis technique. An average of these numbers were 

calculated and reported as porosity with a standard deviation of ± 5%. 
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The coatings formed on Cu plates were cut into rectangular strips of 60mm x 12 mm to 

use as cathodes in a pulsed arc chamber. The schematic diagram of the experimental 

setup used for this study is shown in figure 6.1. It consisted of a vacuum chamber, a 

power supply unit and a pulsed laser system. Vacuum chamber was an eight port cross of 

23 cm diameter, which held the rectangular strip cathode mounted parallel to a 

rectangular Cu anode (50mm x 10mm x 3mm). Before the start of each experiment, the 

electrodes were placed in the chamber, maintaining an inter-electrode gap of 5 mm and 

the chamber was pumped down to 10"2 Torr using a mechanical pump. At this vacuum, 

the reactor was filled with ultra high purity argon and then pumped to 10"5 Torr by a 

mechanical and an oil diffusion pump connected in series. A permanent U shaped magnet 

(B field = 0.04 T) was positioned behind the cathode to move the arc in the retrograde 

direction. Capacitors in the arc power supply unit were charged to an open circuit 

voltage of 200 V. A pulsed arc was initiated on the cathode by a 1000 ns pulse of 10.6 

|im infrared laser radiation from a 1.2 kW Diamond™ K-500 CO2 laser system, supplied 

by Coherent technologies. A thyristor based electrical switching circuit was used to 

control a 500 JUS arc duration over which, a constant current of 125 A was maintained. 

This square current pulse was measured using an externally triggered HP-54503A digital 

oscilloscope. The moving arc left a clear arc trace on the cathode and the velocity of the 

moving arc was measured by dividing the length of the arc trace with the arc duration 

time (500 |us). To determine the erosion rate, as many as 135 arc pulses, each 500 \is long 

with a current of 125 A, were run on the cathode. These pulses were run at a rate of 3-4 

pulses per minute. The erosion rate values in grams per coulomb were measured by 

weighing the cathode before and after the arcing, using a digital balance (accuracy ± 

lxlO"4 grams) and then dividing the weight difference by the total electric charge Q = J / 

dt, passing through the cathode. For each coating, erosion rates and the arc velocities 

were measured on three individual electrodes. An average of these measured values was 

recorded and reported as erosion rate and arc velocity. 
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CCD camera 

Figure 6.1 Schematic diagram of the experimental setup. A = Anode; BW = Beryllium Window; 
C= Cathode and M=Permanent Magnet. 

6.3 Results and discussion 

6.3.1 Characterization of powders 

Figure 6.2 shows SEM pictures and particle size distribution results of individual 

powders. For all the three powders, the size distribution was lognormal. The parameters 

of the lognormal distribution for individual powders are given in table 6.2. In figure 6.2a, 

a SEM image of C-l 133 shows that the C-l 133 particles were irregular in shape. Higher 

magnification images of the individual particle (inset of figure 6.2a) revealed them as 

agglomerates with interconnected pores. For C-l 133, the size distribution analysis results 

in figure 6.2b, shows a size range between 0.6 to 60 microns with a maximum at 22 

microns. Similar pictures, figure 6.2c, 6.2d and 6.2e, 6.2f were taken for D-1007 and M-

55 respectively. These results lead us to conclude that, most of D-1007 and M-55 

particles were spheroids though a few irregular shaped particles were also present. Higher 

magnification images of these particles (not shown here) revealed that the surface of D-

1007 particles appeared porous with no interconnection whereas, images of M-55 

revealed that they had no pores on the surface. The size range of D-1007 particles was 

between 30 to 100 microns with a maximum at 60 microns, as shown in figure 6.2d. The 
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size range of M-55 particles was between 28 to 110 microns with a maximum at 70 

microns, as shown in figure 6.2e. The volume weighted mean of C-l 133, D-1007 and M-

55 particles were 22.8, 83.4 and 102 microns respectively. 

Table 6.2 Summary of powder characterization 

Powder 

C-l133 

D-1007 

M-55 

Ha 

18 

53 

58 

<7b 

0.46 

0.24 

0.31 

Vol. 

wtd.mean 

(fim) 

23.92 

83.38 

101.69 

d(0.5)c 

(fim) 

22.06 

59.34 

43.46 

d(0.1)d 

(jun) 

11.82 

42.73 

71.13 

d(0.9)e 

(jim) 

39.03 

86.68 

126.65 

ICP -MS 

(wt/wt%) 

0.1% Te 

Pure Cu 

Pure Cu 

Morphology 

Irregular-

Agglomerates 

Spheroidal 

Spheroidal 

i the mass median size. 
b the natural logarithm of the dispersion indicator. 
c particle size at 50% of the distribution. 
d particle size at 10% of the distribution. 
e particle size at 90% of the distribution. 

Both EDS and ICP analyses were carried out on each powder in order to determine the 

chemical compositions. Figure 6.3a gives the energy dispersive spectrum of C-l 133 

particles, wherein Cu, O and C peaks can be seen. The oxygen peak was attributed to the 

surface oxidation of Cu and the C peak to carbon contamination. Back scattered electron 

(BSE) image of a C-l 133 sample showed one particle of higher atomic number and a 

spot analysis identified it as Te. Figure 6.3b is the EDS result of the Te particle. Cu peaks 

in figure 6.3b were attributed to the peaks from surrounding Cu particles and C peaks to 

the carbon contamination. EDS is essentially a surface analysis technique. So a small 

amount of surface contamination gives high apparent concentrations of the contaminants 

(O or C in this case). ICP is a bulk analysis and is more reliable. ICP analysis of these 

powders shows that, C-l 133 contains 0.1% (wt/wt %) of Te as contamination. Whereas, 

D-1007 and M-55 were pure Cu powders with no contaminants present in them. EDS 

62 



analysis of D-1007 and M-55 revealed only Cu, O and C peaks similar to figure 6.3a and 

hence are not reported here. All the above results are summarized in table 6.2. 
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Figure 6.2 a) Morphology of C-1133 ; inset is an image of individual particle; b) size distribution of 
C-1133; c) morphology of D-1007; inset is an image of individual particle; d) size distribution of D-
1007; e) morphology of M-55; inset is an image of an individual particle; f) size distribution of M-55. 
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Figure 6.3 a) Energy dispersive spectrum of C-1133; b) Spot analysis result of Te particle 

6.3.2 Characterization of coatings 

a) Plasma sprayed coatings: Figure 6.4 shows the etched cross sectional low and high 

magnification images of the plasma sprayed coatings. The coatings were 85% to 93% 

dense and heavy deformation of the particles from their initially shape was clearly seen 

from these images. In figure 6.4, grain boundaries and inter-splat boundaries appear dark 

because of preferential etching. All the coatings appear as stacking of well flattened 

lamellae with nearly even thickness, which is a characteristic of PS coatings [19]. In all 

the three cases, the particle-particle interface and the particle-substrate interfaces were 

clearly visible. In each case, a well deformed particle was elongated to 375 to 430% from 
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its original diameter and reduced to 4 to 6% from its original thickness. High 

magnification images, figure 6.4b, 6.4d and 6.4f and their insets, show the fine columnar 

grains in an individual splat. As C-1133 was the smallest particle with a mean size of 

23.9 urn, the grains formed in this coating were also the smallest, less than 100 nm in 

width. The grains formed from D-1007 and M-55 were 100 to 300 nm thick. These 

columnar grains were perpendicular to the lamellar direction and were oriented parallel to 

one another. This proved that, all the three types of particles were sufficiently melted 

during the spraying process and were cooled at a very rapid rate of 107 to 108 K/s[19, 20]. 

Table 6.3 gives the mean temperature of the coating during spraying, the thickness of 

each coating, the grain size obtained for each powder along with the porosity and the 

thermal conductivity values. For erosion measurements, the coatings formed were used as 

sprayed with out polishing and had a surface roughness Ra = 17.5 microns. 

Very low magnification images (not shown here) show that, C-1133 had zero non-

flattened particles, D-1007 had 2-3 non flattened particles in an optical microscope image 

of 100 microns dimension bar and M-55 had about 7-8 particles in a similar image. This 

trend was attributed to the difference in the initial particle diameter which was highest for 

M-55 and lowest for C-l 133. EDS analysis of the coatings showed an oxygen content of 

2.1 at% for all the coatings. 

Table 6.3 Summary of plasma sprayed coating characterization. 

Powder 

C-1133 

D-1007 

M-55 

Mean 

temperature 

during coating 

(degC) 

130 

110 

110 

Thickness 

(microns) 

368 

355 

337 

Grain size 

(nm) 

<100-200 

100-300 

100-300 

Porosity 

(%) 

7 

15 

11 

Thermal 

conductivity 

(W/m K) 

62 

96 

93 
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Porosity calculations imply that the coating density varied from 85%, for D-1007 to 93%, 

for C-l 133. M-55 had a coating density of 89%. This trend in porosity can be explained 

by the presence of non-flattened particles present in the coatings. Thermal conductivity 

values indicate that both D-1007 and M-55 coatings had similar values, whereas C-l 133, 

which was externally injected during spraying, had lower values. 

b) HVOF sprayed coatings: Figure 6.5 shows the etched cross sectional low and high 

magnification pictures of HVOF sprayed coatings. Both D-1007 and M-55 coatings 

showed very little porosity, due to high velocity achieved in HVOF technique [21, 22]. In 

flight surface oxidation of the particles was evident from the dark intersplat regions seen 

in a back scattered electron (BSE) image of the coatings (not shown here). EDS analysis 

showed an oxygen content of 2.2 at%. High magnification images of the splats revealed 

that the splats had columnar grains with their width ranging from 100 to 300 nm. This 

confirms that all the particles were sufficiently melted during spraying and were cooled at 

a very high cooling rate. For both D-1007 and M-55, the particle-substrate interface was 

clearly visible, whereas the particle-particle interface was hard to find in unetched 

coatings. The coatings appeared as stacking of potatoes with very small inter-particle 

pores. Table 6.4 summarizes the properties of the coatings. Both D-1007 and M-55 

coatings were more than 98% dense and the thermal conductivity values were higher than 

those of plasma sprayed coatings. A noticeable difference in the HVOF coatings 

compared to the PS coatings was the orientation of the columnar grains. Unlike PS 

coatings which had well oriented grains in one direction (parallel to direction of 

spraying), columnar grains formed on HVOF coatings were oriented in different 

directions. 

In summary, five different coatings were produced starting from three different powders 

using two different techniques. Four out of five coatings (D-1007-PS, M-55-PS, D-1007-

HVOF and M-55-HVOF) had similar grain sizes ranging from 100 to 300 nm thick and 

one coating (C-l 133-PS) had grains smaller than 100 nm. The PS coatings were 85% to 

93% dense whereas HVOF coatings were 98% dense. The thermal conductivity values of 

PS coatings were three times lower in comparison with HVOF coatings. The trend in 
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thermal conductivity values followed the trend in porosity and both the coatings had 

oxygen content of ~2 at%. 

•*»JU 
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McGill 5.0kV 14.0mm xS.OOk SEIU 

e) f) 
Figure 6.4 SEM images of the plasma sprayed coatings; a, b) low and high magnification pictures 
of C-1133; c, d) low and high magnification pictures of D-1007; e) and f) low and high 
magnification pictures of M-55. 
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Powder 

Table 6.4 Summary of HVOF sprayed coating characterization. 

D-1007 

M-55 

Thickness 

(microns) 

409 

Mean 

temperature 

during coating 

(deg C) 

351 

125 

125 

Porosity 

(%) 

1.2 

1.8 

Thermal 

conductivity 

(W/m K) 

302 

236 

Grain size 

(nm) 

100-300 

100-300 

F ! g " r
i
e A 5 SfM ™ages of the HVOF sprayed coatings; a, b) low and high magnification pictures 

oi O-1U07; c) and d) low and high magnification pictures of M-55. 
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6.3.3 Arc velocity and arc erosion results 

Table 6.5 summarizes the erosion rates reported in the literature for pure massive Cu. For 

arcs of 100 to 125 A, in 10"6 torr vacuum, an erosion rate of the order of 100 ug/C, is 

generally agreed upon [5 and references therein]. 

Figure 6.6 shows the erosion rates and the arc velocity results measured on the coated 

electrodes. The error bars reported in figure 6.6 are the standard deviations of the values 

obtained from three separate measurements. To maintain identical conditions, a constant 

arc current of 125 A for a duration of 500 us was maintained for each pulse and a total of 

135 arc pulses were run on each of the coated electrodes to calculate the erosion rates. To 

account for the loss of material due to the 1000 ns laser pulse, which was used to initiate 

the arc, the weight loss of the coatings was determined under identical experimental 

conditions, by imposing 135 laser pulses on the coatings with no arcs. This weight loss, 

which was - 1 1 % of the total weight loss, was removed before calculating the erosion 

rates. 

Table 6.5 Erosion rates of pure massive Cu reported in the literature. 

1 

2 

3 

4 

Reference 

Plyutto et, al. [23] 

Kimblin et., al. [24] 

Boxman R.L. [4] 

(page 233-234) 

Meunier J. L. et., al. [5] 

Arc Current 

(A) 

120 

80 

125 

<300 

Vacuum level 

(Torr) 

1 x 10"6 

1 x I0"b 

1 x 10"5 

1 x 10"6 

Erosion rate 

« C ) 

130 

115 

90 

70-80 

Comparison of plasma sprayed coatings: Except for C-1133 coatings, the other two 

coatings have erosion values significantly less than that of pure Cu. Coatings D-1007 and 

M-55 had erosion rates of 51 ug/C and 48 ug/C respectively. The higher erosion rate of 

C-1133 coating is explained by the physical loss of particles from the coating due to 

thermal shock. SEM observations of the arc traces formed on C-l 133 electrodes revealed 

that the coating was spalled in the arced region due to the removal of individual particles 

and this left holes on the surface. Figure 6.7 is an SEM image of the arc trace on C-l 133 
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coating after an erosion experiment. Arrows 1, 2 and 3 in figure 6.7 point to the regions 

of spalled coatings. Detailed observation of these regions indicated that the particles at 

these sites were dislodged and left behind a hole on the surface. This spalling of coatings 

was attributed to the thermal shocks produced during arcing. The spalling of coatings was 

observed only on the C-1133 coating which was formed by external injection. This 

indicates poor adhesion of the particles and is consistent with lower thermal conductivity 

values as shown in Table 6.3. Hence the weight loss for C-l 133 coatings was both by 

erosion due to arcing and also by spalling of the coating. 

140 

eg 
O 

S E 

u c 

II 
Ul 

20 

Vacuum erosion of coatings 

E3 Erosion in |j g/C 

• Arc Velocity m/s 

§ 

I I 

EH 

1 
I 
i 

I 
1 
1 
-I 

I-

1 

C-1133-PS M-55-PS D-1007-HVOFS M-55-HVOF S Pure massive Cu 

Powder-Spray method 

Figure 6.6 Erosion rate of coatings (PS: Plasma sprayed coatings and HVOF S: High velocity 
oxygen fuel sprayed coatings). 

The arc velocity measured on D-1007 was 22.3 m/s and on M-55 it was 31.2 m/s, 

indicating that the arc moved more easily on M-55 than on D-1007 coatings. In spite of 

these differences in arc velocity the erosion values on both the coatings were similar with 

overlapping error bars. 
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Comparison of HVOF sprayed coatings: From figure 6.6, we see that, the arc velocity on 

D-1007 was 16.0 m/s whereas on M-55 it was 12.6 m/s, and the erosion rates on D-1007 

and M-55 were 48 u.g/C and 72 ng/C respectively. For these coatings increased velocity 

was correlated with reduced erosion rates. 

Figure 6.7 Arc trace formed on C-1133, the region showed between dashed lines was the arc 
trace; arrows 1,2 and 3 show the holes formed on the coated electrode in the arced region due to 
dislodging of the coated splats. 

Effect of arc velocity on erosion rate: It is well understood and reported in the literature 

that, increased arc velocities result in lower erosion rates. The arc velocities measured in 

our case were based on the arc trace length of the first arc only, whereas the erosion value 

was based on 135 arc pulses. Multiple arcing under vacuum conditions would remove the 

native oxide layer and also form overlapping arc craters. These changes in the surface 

chemistry and the surface roughness during multiple arcing, could lead to changes in the 

arc velocity as arcing proceeded. The arc velocity measured using the length of the first 

arc trace might thus not be valid for all the arcs. This could explain the apparently 

contradicting erosion rate-arc velocity results of plasma sprayed and HVOF coatings. 
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Effect of thermal conductivity on erosion rate: Erosion is a heat transfer problem and is 

expected to increase with poor heat removal from the electrode surface. One would 

expect that coatings with lower thermal conductivity such as PS coatings would yield 

higher erosion rates than HVOF coatings having higher thermal conductivity values. 

However, the erosion rates of both HVOF and PS coatings were similar for the D-1007 

coatings though a slightly higher value was seen for HVOF sprayed M-55 coating. This 

observation leads us to conclude that, in our case the difference in thermal conductivity 

of the coatings was not influencing the erosion rate. This is because the experiments were 

transient and a time delay of 15-20 s between individual pulses was sufficient for uniform 

heat dissipation in the cathode. 

Effect of micro structure and oxide content on erosion rate: All the five coatings had 

nanostructured grains and an oxide content of ~2 at%. All coatings except C-1133-PS, 

showed lower erosion values than pure massive Cu. Three of them (D-1007-PS, M-55-PS 

and D-1007-HVOF) showed erosion rates 50% lower than pure massive Cu. In spite of 

having the finest microstructure, the C-l 133 coatings had the highest erosion rate due to 

spalling. The oxide content was common for all the coatings and hence the individual 

effect of oxide content and/or microstructure is a subject for further study. 

The orientation of the microstructure appeared to have no effect; PS coatings had aligned 

columnar grains which were oriented perpendicular to the lamellar direction as shown in 

figure 6.4. On the other hand, HVOF coatings had grains oriented in all directions and 

there was no particular order/direction of orientation as shown in figure 6.5. In spite of 

this difference in grain orientation, the erosion values for the both cases were similar. 

6.3.4 Characterization of eroded coatings 

Figures 6.8a and 6.8b shows an optical microscope image of the arc trace and a SEM 

image of an individual crater formed on massive Cu. Individual arc craters which were 

well isolated from one another can be seen in figure 6.8a. Figure 6.8b is a higher 

magnification image of an isolated crater, which shows overlapping micro craters inside 
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an individual crater. The arc trace appeared discontinuous to naked eye observation. 

These findings are consistent with the findings from Daalder [8]. 

A macroscopic observation of a single arc trace on the coated electrodes appeared 

continuous as shown in figure 6.8c. Figure 6.8d shows the arc traces formed on a coated 

cathode after 135 arc pulses. The final arc trace on figure 6.8d appears longer than the 

first arc trace in figure 6.8c, because the cathode had to be moved vertically to ignite 

multiple arcs. A microscopic observation of the final arc trace also showed overlapping 

craters. For all the coated electrodes, these craters were smaller than those formed on 

massive Cu. This is further discussed below. 

a) b) 

c) d) 
Figure 6.8 a) Optical microscope image of arc trace on a pure massive Cu; b) SEM image of the 
individual arc crater on a pure massive Cu showing overlapping craters c) typical arc trace 
formed on a coated coupon (width =12 mm) after a single arc of 500 us long; d) arc trace formed 
after 135 arc pulses each of 500 us long. 
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Figure 6.9 shows SEM images of the arc trace and arc craters formed on D-1007 coated 

electrode after 135 arc pulses. The total erosion constituted only a small fraction of the 

coating thickness. The brighter region seen between the dashed lines in figure 6.9a, 

which is an SE+BSE image, is the arc trace. Daalder [25], reported that, for pure Cu, a 

single arc discharge of 1=127 A, divided into two discharges after a few mm of travel. He 

also reported that, the most probable crater diameter on these traces was between 7 nm 

and 12 um with a narrow distribution. As seen in figure 6.9b and c, the craters formed on 

D-1007 had very small diameters with diameters of about 1-2 urn. Craters formed on 

other coatings were also similar in size. The formation of smaller crater sizes is consistent 

with lower erosion values. 

Etched cross sections of the eroded coatings did not show any change in the 

microstructure of the coatings. The nano metric grain size distribution found in the initial 

coatings were retained on the arced regions of the coating. 

6.4 Conclusions 

The coatings produced by PS and HVOF spray methods had nano structured grain 

distribution. The individual particles used to make the coatings were completely melted 

and were surface oxidized during their flight. The oxygen content of the coatings was of 

the order of 2 at%. Though different powders were used in two different spraying 

techniques, the final coatings produced had similar grain size distribution. The grain size 

formed in the coatings ranged from 100 nm to 300 nm in width. These coatings when 

used as cathodes for vacuum arcs show lower erosion rates than pure massive Cu. The 

erosion rates on some of these electrodes were 50% lower than that of pure massive Cu 

reported under identical conditions. 

Even after passing as many as 135 arc pulses, each 500 |_is long, the nanostructure of the 

coatings remained intact. The craters formed on the coated electrodes were significantly 

smaller than those formed on pure massive Cu. This is consistent with the lower erosion 

rates. 
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b) c) 
Figure 6.9 a) Arc trace formed on D-1007 coating; the region showed between dashed lines was 
the arc trace; b) and c) show the arc craters formed. 

The reasons for lower erosion rates may be nanostructure of the coatings or the presence 

of oxide layer on individual lamellas or a combination of both. Further experiments are in 

progress to isolate the effect of microstructure alone. Cold spraying of these powders is 

being pursued as an alternative way of forming the coatings free from oxide content. 
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Chapter 7 Effect of cathode microstructure on arc velocity and erosion 
rate of cold cathodes in magnetically rotated atmospheric 
pressure arcs 

This chapter presents the effect of microstructure on erosion behavior of HVOF sprayed 

and vacuum plasma sprayed (VPS) Cu coatings in atmospheric pressure arc setup. The 

preparation and characterization of coatings are presented. Erosion rates of massive Cu in 

central cathode geometry are presented. The non effect of initial surface roughness on 

erosion rates is presented. The effect of annealing on microstructural properties, porosity 

and erosion behavior of the prepared coatings having grains ranging from a few hundred 

nanometers to a few micrometers are presented. The effect of initial coating thickness on 

erosion rates is presented. Erosion results in both inert and oxidizing gas atmosphere are 

presented. 

Coated cathodes having smaller grains (0.9 to 3 um) showed higher arc velocities and 

lower erosion rates compared to massive Cu cathodes with relatively large grain sizes (20 

to 23 ^m). Due to poor thermal transport properties, as-sprayed HVOF coatings severely 

spalled and resulted in higher erosion rates. However, annealing improved the thermal 

transport properties of the coatings, which reduced spalling and erosion rates. The VPS 

coatings which were free from intersplat oxide content isolated the effect of 

microstructure alone and confirmed that having smaller grains give higher velocities and 

lower erosion rates. Results prove a clear effect of microstructure on the erosion behavior 

of copper cathodes. 

Abstract 

Atmospheric pressure arc velocity and arc erosion measurements were performed on 

thermal sprayed copper cathodes having grain size distributions from submicron to a few 

microns in a continuous running arc system. Ultra high purity (UHP), 99.99% pure, argon 

and a mixture of UHP argon with 10% (v/v) extra dry air were used as plasma forming 

gases. An external magnetic field of 0.10 T was used to rotate the arc which was operated 
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at a constant power setting of 6 kW (150 A and 40 V). Cathodes having different 

microstructure were formed using high-velocity oxygen fuel (HVOF) spraying, vacuum 

plasma spraying (VPS) and annealing methods. HVOF sprayed cathodes were tested for 

arc erosion and arc velocity in their as-sprayed state and also after annealing them at 300 

and 600 °C for 1 and 8 hr durations in an inert argon atmosphere. VPS sprayed coatings 

were tested as-sprayed. The effect of initial coating thickness on erosion rates was 

investigated. Annealing HVOF coatings at 600 °C for 8 hrs, produced near equi-axed 

grains 2 to 3 urn average size. These coatings gave 60% higher steady state arc velocities 

and up to 68% lower erosion rates compared to massive copper cathodes having 20 to 23 

\im average grain size. VPS coatings having 0.9 to 1.5 um average grain size gave up to 

70% lower erosion rates when compared to massive copper cathodes. The results show a 

clear effect of cathode microstructure on arc velocity and on arc erosion rates. 

7.1 Introduction 

Cathode erosion still limits the application of plasma technology to processes which rely 

on torches with cold cathode in tubular geometry. Cathode erosion increases the 

operating cost of these processes via the cost of replacement cathodes, the cost of process 

down time to electrode replacement, and also by contaminating the process stream with 

erosion products. 

Cathode erosion is a highly complex phenomenon which depends not only on arc 

residence time and heat removal from the cathode but, also on many other parameters [1]. 

Previous studies have shown that many factors such as the external magnetic field (B 

field) used to rotate the arc [2], the plasma gas, its chemistry and its flow rate [3-5], the 

electrode chemistry [6], the inter-electrode gap [7] and the operating conditions of the 

plasma torch such as the cooling water flow rate, the operating current and voltage [8-10] 

affect erosion rates. Specifically for Cu cathodes, the presence of O in the cathode and/or 

the presence of a certain amount of an oxidizing gas are known to reduce cathode erosion 

significantly [1, 6]. In addition to the above mentioned factors, cathode microstructure is 

also known to affect arc erosion rates [11-13]. Researchers have shown that the surface 

properties such as surface micro-protrusions, roughness, impurity inclusions and 
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microstructure of the cathode (grain size, second phase or particles, features like solute 

concentration and defect structure) significantly affect the break-down voltage and 

dielectric strength [14-19]. Wang et al., [20-22] working with nanostructured CuCr alloy 

cathodes and Cu6oZr2sTii2 cathodes, observed that the erosion rates on these electrodes 

were lower compared to conventional cathodes (4%-20% less than massive Cu). They 

reported that the arc attachment points on nanostructured cathodes moved significantly 

faster and covered most of the cathode surface. 

Cathodes having different microstructures with their grains ranging from hundreds of nm to a few 

um can be produced by thermal spray techniques in combination with heat treatment methods. 

Specifically, high velocity oxygen fuel (HVOF) technique can give Cu cathodes having a 

nanostructured grain distribution [13]. Spraying Cu powder on Cu substrates using the HVOF 

technique can give 98% dense coated cathodes. These coatings generally have lower thermal 

conductivity than pure Cu [13, 23 and 24]. Since arc erosion of cathodes is chiefly a heat transfer 

problem, having a porous coating of lower thermal conductivity will not help reduce erosion 

rates. However, annealing HVOF sprayed coatings is known to improve the thermal conductivity, 

electrical conductivity and adhesion strength of the coatings [23]. Hence, annealed HVOF 

coatings may give reduced erosion rates. 

In addition to having nanostructured grain distribution, HVOF coated Cu cathodes have intersplat 

oxygen contents of ~2 at%. In our earlier studies, using HVOF coatings as vacuum arc cathodes, 

we have shown that these coated cathodes give 50% lower erosion rates than massive Cu (further 

referred as M-Cu ) [13]. The reduced erosion rates may have been due to the nanostructured 

grains or due to the presence of intersplat oxygen or a combination effect. Thus HVOF coatings 

cannot isolate the effect of microstructure alone on the erosion rate and studying the effect of 

microstructure alone is of fundamental interest. Vacuum plasma spray coatings (VPS) can also 

produce nanostructured coatings but with zero or very minimal oxygen content and hence can 

isolate the effect of microstructure from the effect of oxygen content. 

The main objective of this work was to study the effect of microstructure alone on the erosion 

behavior of copper cathodes. Also the work aims at identifying a better cathode having low 

erosion rates. In this paper, we present on arc velocity and arc erosion studies of annealed and as-

sprayed HVOF coatings which have nanostructured grain distribution and intersplat oxygen 
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content. Annealing time, temperature and initial thickness of the coating were studied as 

parameters affecting erosion rates of HVOF coatings. VPS coatings which have only 

nanostructured grain sizes but zero or minimal oxygen content were studied to isolate the effect 

of microstructure. For VPS coatings, only the coating initial thickness was studied as a parameter. 

Erosion studies were conducted both in an inert atmosphere and in oxidizing atmosphere. The 

details are presented below. 

7.2 Materials and experimental methods 

Commercially available Cu powder viz., Metco-55 (99.99% pure; further referred as M-

55), was used as spray powder. The morphology and size distribution of M-55 was 

determined by scanning electron microscopy (SEM) and Mastersizer-2000 respectively. 

Distilled water was used as dispersant in the Mastersizer for size distribution analysis. 

Energy dispersive spectroscopy (EDS) and inductively coupled plasma mass 

spectroscopy (ICP) techniques were used to determine the chemical composition of M-

55. 

M-55 was sprayed using HVOF and VPS methods. The spray conditions used are 

summarized in table 7.1. During HVOF spraying, the substrate was cooled by jets of cold 

nitrogen and the temperature of the substrate was monitored not to exceed 200 °C, using a 

pyrometer. Three different substrates viz., square copper plates (60mm x 60mm x 

2.5mm), square aluminum plates (35mm x 35mm x 3mm) and hollow copper cylinders 

(25 mm outer diameter, 65 mm length) were used for HVOF spraying. Only solid copper 

rods (25 mm outer diameter, 305 mm length) were used as substrates for VPS. All the 

substrates were grit blasted with 800 |*m alumina grits, just before coating and had a 

surface roughness Ra of 8.58 um. For erosion studies, coatings having three different 

thickness ranges viz., 100-150 |im, 350-400 um and 800-850 \im were produced with 

both the HVOF and VPS methods. 

The coated copper plates were further cut and used as specimens for microscopic 

analysis. The coatings formed on aluminum substrates were separated from the substrate 

by dissolving the aluminum in 40% KOH solution, to obtain free-standing specimens for 

83 



thermal diffusivity measurements by the laser flash method as explained in [25]. Thermal 

diffusivity values were converted to thermal conductivity by considering the properties of 

pure Cu (p = 8900 kg/m3, Cp = 386 J/kg K, k = 398 W/m K). 

VPS coated solid copper rods were cut and machined into hollow cylinders (65 mm 

length, 25 mm outer diameter and 3 mm wall thickness), to use as cathodes for arc 

erosion and arc velocity measurements. Great care was taken to avoid any contamination 

of the coatings during machining. EDS analysis of the machined cathodes revealed only 

0 and Cu peaks. The oxygen peak was attributed to the surface oxidation of Cu. No other 

high molecular weight elements were detected in the EDS analysis. This confirmed that 

no high molecular weight metal contaminants were added to the VPS coating during 

machine and the coating was essentially pure Cu. 

The HVOF coated hollow cylinders and copper plates were annealed in an argon 

atmosphere in a tubular furnace. A full factorial two temperature (viz., 300 °C and 600 

°C), two annealing times (viz., 1 hr and 8 hrs) experimental design was chosen for 

annealing. Before starting the annealing procedure, the specimens were placed inside the 

tubular furnace and the furnace was flushed with -90 furnace volumes of 99.99% pure 

argon gas flowing at 3 slpm. After purging, the heating was started maintaining the argon 

flow rate to reach the desired annealing temperature. It took less than 10 minutes to reach 

the desired annealing temperature. The specimens were held at this temperature for either 

1 hr or 8 hrs. Then the heating was stopped and the specimens were allowed to cool down 

to room temperature inside the furnace, while still maintaining the argon flow. Annealed 

hollow cylinders were used as cathodes for erosion studies whereas Cu plates were used 

for microscopic analysis. 

For microscopic analysis, the coatings on Cu substrates (i.e., copper plates in the case of 

HVOF coatings and copper rods in the case of VPS coatings) were cut using a Struers 

'Secotom-10' universal precision cut off machine and vacuum mounted in cold setting 

resin. The mounted specimens were wet ground using SiC paper #800, 1200 and 4000 

under running tap water. The ground samples were the polished using 3 urn and 0.04 \im 
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silica suspensions. The polished samples were etched with a FeC^ etchant (2.5 g of FeCl? 

+ 10 ml of HC1 + 50 ml of ethanol) for 5 seconds. The etched coatings were examined 

under optical microscope and SEM to determine their microstructure. To determine the 

porosity of the coatings, as many as 10 SEM pictures of polished coatings (prior to 

etching) were taken at regular intervals on each of the coatings and the porosity of 

individual pictures was measured by an image analysis technique. An average of these 

numbers were calculated and reported as porosity with a standard deviation of ± 5%. 

Table 7.1 Spray conditions. 

Parameters 

Spray 

distance 

Transverse 

speed 

System 

settings 

HVOF spraying 

14 inches (355.6 mm) 

30 inches per sec (0.76 m/s) 

Kerosene (K): 0.28 1pm 

Oxygen (02) : 967 1pm 

Stochiometry 02: K: 5.64:1 (wt 

%) 

Combustion pressure: 58.05 

kPa 

Vacuum plasma spraying 

11.8 inches (300 mm) 

Arc current (I) :700 A 

Primary gas : Ar: 40 1pm 

Secondary gas: H2: 5 1pm 

Operating pressure: 100 bar 

The externally coated hollow copper cylinders were used as cathodes in a continuous arc 

chamber. The schematic diagram of the experimental setup used for this study is shown 

in figure 7.1; details are presented elsewhere [3]. Figure 7.1a shows the setup which uses 

a concentric electrode geometry whereby the water-cooled cathode is on the centerline 

while the water-cooled sleeve anode surrounds it, thus defining a minimum annular gap 

of 4 mm. Figure 7.1b shows the dimensions of the electrode assembly. A water-cooled 

solenoid which surrounds the electrode assembly was used to apply an axial magnetic 

field B of 0.10 T, to rotate the arc. The axial magnetic field strengths varied less than 3% 

radially and 5% axially within the test cathode. The arc was ignited by a high-frequency 

trigger pulse and powered by a welding power supply (maximum power and current of 
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78 kW and 500 A, respectively). An average power of 6 kW (40 V and 150 A) was 

maintained throughout the experiments. Experiments were conducted either using 

ultrahigh purity (UHP; 99.99% pure) argon or a mixture of UHP argon with 10% (v/v) 

extra dry air (moisture < 2 ppm) as plasma forming gas, which circulated from the lower 

end of the reactor to the top end at a flow rate of 23 SLPM under atmospheric pressure. 

The coated hollow cylinders, which had a surface roughness Ra of 18 urn, were used as-

sprayed without giving any special surface finish or polishing. The cathode was weighed 

(accuracy ± 5 x 10"4 grams) and was installed in the reactor. The cathode was eroded at a 

constant power setting for a fixed time anywhere between two to ten minutes depending 

on the planned length of the experiment. An optical detector as shown in figure 7.1a was 

used to capture the arc rotation frequency. The optical detector consisted of a photodiode 

and a collimating lens assembly which had a narrow field of view of 3 mm. The optical 

detector assembly, fixed at the bottom of the rector, was aligned to view the arc between 

the electrodes and gave a positive voltage output when the arc passed in its narrow field 

of view. This optical voltage output along with the arc current and arc voltage waveforms 

were recorded simultaneously onto a computer using LabVIEW at 10 kHz sampling rate. 

After the experiment, the cathode was removed from the reactor and completely dried of 

cooling water before recording its final weight. The erosion rate values in grams per 

coulomb were calculated by dividing the weight difference of the cathode before and 

after the arcing, by the total electric charge Q = \ I dt passing through the cathode. The 

arc rotational frequency was calculated from the recorded optical voltage data using 

windowed fast Fourier transform analysis. For each kind of coating, a minimum of two 

and a maximum of three individual experiments were performed and an average erosion 

rate was determined and reported here as the average erosion rate along with its standard 

deviation . 

7.3 Results and discussion 

7.3.1 Characterization of powders 

Detailed characterization of M-55 is presented elsewhere [13]. The M-55 powders were 

mostly spheroids with a few irregular shaped particles. The size distribution of M-55 
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particles was log normal ranging between 28 to 110 um with a maximum at 70 um. The 

volume weighted mean size of M-55 particles was 102 urn. EDS and ICP analysis of the 

particles revealed them to be 99.99% pure copper particles with no detectable 

contaminants. 

Y-M 

Cooling water in ! Cooling water out 

Cooling water out 

Reactor chamber 

Anode holder 

Optical detector—w 

a) 

Figure 7.1 a) Schematic of the experimental setup; b) dimensions of the electrode. 

7.3.2 Characterization of coatings before erosion 

7.3.2.1 Characterization of as-sprayed HVOF coatings 

Figure 7.2a shows an SEM picture of etched HVOF as-sprayed coating (further referred 

as H-as-sprayed). A detailed description of H-as-sprayed coating is given elsewhere [13]. 
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As expected of HVOF coatings [26, 27], H-as-sprayed coating had nanostructured 

columnar grains with their width ranging from 100 to 300 nm. The coating was 98% 

dense and had a thermal conductivity k = 236 W/m K (k of M-Cu = 367 W/m K). In 

flight surface oxidation of the particles was evident from the dark intersplat regions seen 

in a back scattered electron (BSE) image of the coatings (not shown here). EDS analysis 

showed an oxygen content of 2.2 at%. The properties of as-sprayed HVOF coating are 

summarized in table 7.2. 

7.3.2.2 Characterization of annealed HVOF coatings 

Figures 7.2b and 7.2c, SEM pictures of HVOF coatings annealed at 300 °C for 1 and 8 

hrs respectively (further referred to as H-300-1 and H-300-8 coatings respectively). We 

observe some grain growth relative to as-sprayed coatings shown in figure 7.2a. The well 

defined columnar grains, which were present in the as-sprayed coating, have started to 

grow in their width and to shrink in their length. The grains in these coatings were still 

columnar in shape with their widths still in the nanometer range varying between 500 and 

700 nm. Figures 7.2c and 7.2d shows the SEM pictures of HVOF coatings annealed at 

600 °C for 1 and 8 hrs respectively (further referred as H-600-1 and H-600-8 coatings 

respectively). Here we see a clear grain growth and microstructural changes. In both H-

600-1 and H-600-8 coatings, the grains are no longer columnar. The well defined 

nanometric columnar grains which were present in the as-sprayed coatings have grown in 

their width and shrunk in their lengths yielding near equi-axed grains. The grains in H-

600-1 coatings were similar to H-600-8 coatings. Table 7.2 summaries the grain size and 

shape of all the coatings. Our observations corroborate the findings of [23]. 

All the annealed HVOF coatings were also 98% dense. Attempts were made to determine 

the thermal diffusivity by the laser flash method as described in [25]. We were only able 

to measure the thermal diffusivity of the HVOF-as-sprayed coatings, which is presented 

in table 7.2 after converting into thermal conductivity values using M-Cu properties. For 

annealed coatings, the thermal diffusivity signal was 'saturating' i.e., the .signal reached 

its peak at a time scale which we were unable to resolve. This indicates a very high 

thermal conductivity. 
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Table 7.2 Properties of the coatings. 
Coating 

H-as-sprayed 

H-300-1 

H-300-8 

H-600-1 

H-600-8 

V-as-sprayed 

Fully annealed M-Cu 

Grain 

size 

[um] 

0.1 to 0.3 

05 to 0.7 

0.5 to 0.7 

2.0 to 3 

2.0 to 3 

0.9 to 1.5 

20 to 23 

Grain shape 

Well defined 

columnar 

Columnar 

Columnar 

Near equi-axed 

Near equi-axed 

Near equi-axed 

Equi-axed 

Porosity 

[%] 

2% 

2% 

2% 

2% 

2% 

<1% 

0% 

Thermal 

conductivity 

[W/mKJ 

236 

>236 

>236 

>236 

>236 

-

367 

7.3.2.3 Characterization of as-sprayed VPS coatings 

Low magnification SEM images (not shown here), show that the VPS-as-sprayed 

coatings (further referred as V-as-sprayed) were >99% dense. Heavy deformation of the 

particles from their initially shape was clearly evident. The coatings appeared as stacking 

of well flattened lamellae with nearly even thickness. A well deformed single splat of the 

V-as-sprayed coating is shown in figure 7.2f, which is an SEM picture after etching. The 

fine details seen in figure 7.2f are the grain boundaries. Comparing figure 7.2e and 7.2f, 

we conclude that the grain shapes of the V-as-sprayed coatings appear recrystallised 

similar to H-600-8 coatings. The grain sizes of the V-as-sprayed coating ranged from 0.9 

to 1.5 urn and the properties of the VPS coatings is summarized in table 7.2. 

7.3.3 Arc velocity and erosion results 

7.3.3.1 Arc velocity and erosion of central massive Cu cathodes in argon atmosphere 

It was only possible to coat the outside of a hollow Cu cylinder. These coated hollow 

cylinders which were used as central cathodes had a surface roughness of 18.58 urn. 

Earlier arc erosion studies of Cu from our group [1] were for external cathode geometry 

and the cathodes used had machine finished surface roughness, Ra =0.06 urn. We have 
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shown that, in vacuum arcs, the surface roughness of the cathodes affects their erosion 

rates [28]. It would be expected that the erosion behavior of machine finished external 

cathode would be different from that of the central cathode reported here because, the 

cooling intensity for central cathode was different, the Cu used in this study had a slightly 

different composition, the geometry of the cathode-anode combination was different and 

also the surface roughness was different. Thus, it was important to carry out erosion 

experiments with the central cathode geometry using uncoated massive Cu cathodes 

(further referred as M-Cu). These results could be used as a base line to compare with the 

arc velocity and erosion rates of various coatings. Central M-Cu cathodes were eroded for 

two, four, six and eight minutes of arcing time and the arc velocity and overall arc 

erosion rates were measured. All but one of the cathodes had a normally machined 

surface with a roughness Ra of 0.06 urn. One test cathode was grit blasted with 708 urn 

alumina grits and had a roughness Ra of 8.58 urn. 

Typical average arc velocities on central M-Cu, for different arcing times is shown in 

figure 7.3. We see that for all cases arc velocity has two regimes, a first regime in which 

the arc velocity is high (starts at 50 m/s and is reducing) for the first 120 to 180 s of the 

experiment followed by a second regime in which the arc velocity is low (6.6 ± 0.6 m/s) 

for the rest of the experiment. The initial fast velocity regime is due to the presence of a 

thin layer of native oxide on the cathode which reduces its work function and allows 

higher arc rotational velocities [6]. This thin native oxide layer is completely eroded in 

the first 120 to 180 s of the experiment, leaving behind a pure Cu surface for further 

erosion. 

Figure 7.3 also shows the effect of cathode surface roughness on the arc velocity on a 

central cathode for a four minute experiment. A comparison of the arc velocity curves for 

four minute machine finished and four minute rougher cathode shows that the rougher 

cathode had higher initial arc velocities but that both cathodes reached approximately the 

same steady state velocity after 130 s. 
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One would expect that, the erosion rate, which is primarily a function of heat removal 

and arc residence time on the cathode, should be lower when the arc velocities are higher 

and vice versa. Figure 7.4 shows the overall erosion rates (E0) of central M-Cu for 

different arcing times. We see from that the E0 values are low for both two and four 

minutes of arcing time and high for six and eight minutes of arcing time. These E0 results 

agree very well with the arc velocity argument presented above. 
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Figure 7.3 Arc rotational velocity of M-Cu for different arcing time. All cathodes except 4 min rough 
one had machine finished surfaces, Ra = 0.06 jun; 4 min rough cathode was grit blasted, Ra = 8.58 
|um. 

Figure 7.4 also shows the E0 values of machine finished M-Cu and grit blasted M-Cu. 

The E0 values for both the cathodes were similar and hence it was concluded that the arc 

erosion rates was independent of the initial surface roughness of the cathode. 

The E0 reported in figure 7.4 was computed by dividing the overall weight loss of the 

cathode (Am0) by the total electric charge transferred (Q0= JI dt). That is, 
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~o ,f 

fldt 
0 

Where, I is the arc current and tf is the total arcing time. But, the Am0 itself is a 

combination of two individual weight losses. One, a low weight loss (Amn) during the 

first 120 to 180 s of arcing, where the arc is running faster on a native oxide layer. 

Second a high weight loss (Amc) for the rest of the experiment, where the arc is running 

slower on a pure Cu surface. The arc velocity on native oxide layer is unsteady and is 

reducing with time whereas the arc velocity on pure Cu is steady with time. 

Mathematically, 

Am0 = Am„ + Amc 7.2 

The true erosion rate of M-Cu (Ec) is the erosion of pure Cu occurring during the second 

steady regime where the arc is running on a pure Cu surface but not on a native oxide 

layer. To obtain Ec, mass of the native oxide lost (Amn), occurring during the first 

unsteady regime, needs to be subtracted from Am0 reported in figure 7.4. So, rearranging 

equation 7.2 in terms of erosion rates and charge transfer we get 

tSmc = Am0 - Amn 7.3 
if tr t„ 

Ec x Jldt = E0 x Jldt - En x Jldt 7.4 
t„ 0 0 

Where tn is the time for which the arc was running on native oxide layer. Knowing I from 

the recorded arc current data and tn from the arc velocity results, Ec was computed 

according to equation 7.4 and was 47 ± 5 ng/C. 

Researchers from our group working on external M-Cu have reported an erosion rate of 

13.5 ± 1 \ig/C [1], whereas we report here an erosion rate of 47 ± 5 (xg/C. As mentioned 

earlier, the reasons for higher erosion rates reported here are: the cooling intensity of the 

cathode, the chemical composition of the copper used and the anode-cathode geometry. 

The earlier reports were for external cathode geometry and the cathode used was 

electrolytic tough pitch copper (99.9% pure) which had ppm levels of silver, iron and 
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oxygen contamination [29]. The external cathode (39 mm outer diameter) had 105% 

higher surface area for heat removal compared to the present case of central cathode. The 

cooling water flow rate for the external cathode was 5 1pm whereas the cooling water 

flow rate for the central cathode was 2 1pm. Hence the cooling intensity of the central 

cathode was lower than that of external cathode. It is also known that ppm levels of silver 

and oxygen contaminants present in the cathode reduces the work function of the cathode 

and gives higher arc velocities [6]. The cathode used in our case was 99.99% pure 

oxygen free high conductivity copper, with no detectable contaminants. Due to the 

combination of these factors, the erosion rates of central M-Cu cathodes were ~3.3 times 

higher than that of external M-Cu. 

In conclusion, the average true erosion rate of central M-Cu cathodes in argon 

atmosphere was 47 ± 5 ug/C and was independent of initial surface roughness. 
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Figure 7.4 Overall erosion rate, Eo of M-Cu for different arcing time. AH cathodes except 4 min 
rough one had machine finished surfaces, Ra = 0.06 fim; 4 min rough cathode was grit blasted, Ra : 

8.58 um. Notice that 4 min rough cathode had same Eo as that of 4 min machine finished. 
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7.3.3.2 Arc velocity and erosion of central M-Cu cathodes in an oxidizing atmosphere. 

Erosion experiments of M-Cu were also performed in central cathode geometry using an 

oxidizing atmosphere. A mixture of UHP argon and 10% (v/v) extra dry air (< 2 ppm 

moisture) was used as the plasma forming gas. The purpose of these experiments was to 

find the effect of microstructure alone by making the oxidizing atmosphere common for 

both M-Cu and coated cathodes. The erosion of M-Cu cathodes in an oxidizing 

atmosphere will be used as a base line to compare with the erosion of a coated cathode 

also in an oxidizing atmosphere. For these experiments, the arc was started using UHP 

argon and then was switched to a mixture of UHP argon and air after 50 s of operation. 

The switching of gases took less than 20 s and the total length of the experiment was 6 

minutes. 

Before calculating the erosion values, the mass build on M-Cu due to oxidation in the 

presence of O was removed by using the dilute nitric acid treatment [1]. This weight gain 

was 2% of the total weight loss of the cathode. 

Figure 7.5 shows typical arc velocities for M-Cu in an oxidizing atmosphere. The arc 

velocity on M-Cu started at 55 m/s and reduced in the 50 s while the plasma gas was 

UHP argon similar to arc velocities shown in figure 7.3. Between 50 and 70 s, the arc 

velocity increases to 60 m/s as the plasma gas becomes oxidizing. Beyond 70 s, the arc 

velocity for M-Cu remains high and steady at 60 m/s till the end of experiment. The high 

velocity seen for M-Cu in an oxidizing atmosphere is attributed to the copper oxide 

formed on the cathode. 

Figure 7.6 shows the E0 values for M-Cu in an oxidizing atmosphere, which is 8.76 ± 

0.61 ng/C This E0 value is similar to the 2 min E0 value reported in figure 7.4 for M-Cu 

in UHP argon atmosphere (E0 = 8.99 ± 1.07 ^ig/C). These results clearly show that the 

presence of copper oxide, whether from the native oxide layer or an oxidizing 

atmosphere, causes high velocity and gives a low erosion rate. 
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Figure 7.5 Arc velocities of M-Cu and V-as-sprayed cathode in an oxidizing atmosphere. 

16 

14 

12 

o> 
3 
? 
2 
c 
o 
o 

10 

8 

6 
til 

rh 

V-as-sprayed M-Cu 

Cathode 

Figure 7.6 Overall erosion rate, Eo of M-Cu and V-as-sprayed cathode after six minutes of arcing 
time. 
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7.3.3.3 Arc velocity and erosion of H-as-sprayed coatings in argon 

Figure 7.7 shows the typical arc velocity results for H-as-sprayed coating for a four 

minute arcing experiment. The arcing was stopped after four minutes due to the spalling 

of the coating. We see from figure 7.7 that, unlike M-Cu, the arc velocity on H-as-

sprayed coatings has only one fast regime during first four minutes of arcing and the arc 

velocity oscillates between 35 and 20 m/s. H-as-sprayed coatings differ from M-Cu 

cathodes in two ways. The grain size of H-as-sprayed coatings is 100-300 nm whereas 

the grain size of M-Cu is 20-23 um. In addition, H-as-sprayed coatings have an oxygen 

content of ~2 at% [13]. Whereas M-Cu is oxygen free. The high velocity observed on H-

as-sprayed coating could have been due to nanostructured grains or the oxygen content or 

both. H-as-sprayed coatings cannot isolate the effect of grain size alone. 

One would expect that the E0 values for H-as-sprayed coatings to be lower than M-Cu 

because of their higher arc velocities. Figure 7.8 shows the E0 values of H-as-sprayed 

cathodes after four minute arcing. From figure 7.8, we see that the E0 values of H-as-

sprayed coatings were 39 ± 6 ug/C. These E0 values cannot be corrected for arcing on the 

oxide layer because, unlike M-Cu, the oxide layer for H-as-sprayed coatings is not 

present as a separate layer, but is present at all inter-splat boundaries throughout the 

coating. Figure 7.9 shows a picture of the H-as-sprayed cathode before and after an 

erosion experiment. Severe spalling of the cathode can be clearly seen in figure 7.9. High 

erosion rates seen on H-as-sprayed coatings were attributed to this high spalling of the 

coating. 

The presence of inter-splat oxide layer at the boundaries of individual splats was believed 

to cause high spalling of H-as-sprayed cathodes. The inter-spat oxide has higher electrical 

resistivity than pure Cu [23]. We hypothesis that, when H-as-sprayed coatings were used 

as current carrying electrodes, the intersplat oxide layers cause local heating and hence 

reduce the coating adhesion strength leading to heavy spalling of the coating. Further 

efforts were made to improve the coating adhesive strength. 
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a) b) 

Figure 7.9 Pictures of HVOF cathodes a) before erosion; b) H-as-sprayed after erosion Notice heavy 
spalling of the cathode. 

7.3.3.4 Arc velocity and erosion of annealed HVOF coatings in argon 

Annealing of the HVOF coatings is known to improve their adhesive strength as well as 

their thermal and electrical transport properties [23]. To test the effect of annealing on the 

erosion behavior, HVOF coatings were annealed at 300 and 600 °C for both 1 and 8 hrs. 

Figure 7.8 also shows the E0 values of all annealed coatings after four minutes of arcing. 

All coatings except H-600-8 coatings spalled after four minutes of arcing. This spalling is 

a catastrophic phenomenon. Once it starts, it increases rapidly leading to high E0 values. 

H-600-8 coatings gave a low erosion rate of 21.5 ± 5 \ig/C and were intact at the end of 

four minutes arcing. Hence only H-600-8 coatings were further investigated. 

Effect of coating initial thickness on erosion behavior of H-600-8 coatings: Because H-

600-8 coatings were intact after four minutes of arcing, it was thought that the initial 

thickness of the coating would also affect the overall erosion rate. Six cathodes having 

different initial thickness (viz., two in the 100-150 urn range, two in the 350-400 urn 

range and two in the 800-850 urn range) were formed and annealed at 600 °C for 8 hrs in 

argon atmosphere. These coatings were eroded in UHP argon for different time lengths 

between six to ten minutes. 
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Typical arc velocity results for all three coating thickness range tested are shown in figure 

7,10. We see from figure 7.10 that, except for 100-150 \xm thick coatings, the general 

velocity trend for H-600-8 coatings was similar to that of M-Cu coatings. However, the 

absolute arc velocity values on H-600-8 coatings were higher than those of M-Cu. 

For the 112 urn thick coating, visual inspection of the cathode after the erosion 

experiment showed that the coating was completely eroded. After completely eroding the 

coating, the arc had started to erode the substrate which was M-Cu. The arc velocity 

results for 112 urn thick coatings, shown in figure 7.10, corroborate this result. The arc 

velocity for 112 urn thick coating was high (55 m/s and reducing) in the first 300 s of 

operation because it was running on the coating. After 300 s of arcing all the coating was 

eroded and the arc started to run on M-Cu and hence the arc velocities drop to a low 

value of 6.6 ± 0.6 m/s. 

Arc velocity results of annealed HVOF coatings suggest that these coatings behave 

similar to that of M-Cu. The arc velocity, shown in figure 7.10, for both 350 ujm thick 

coatings and 850 \im thick coating had an initial unsteady fast regime for the first 150 s 

of arcing followed by a steady slow regime for the rest of the experiment. This is similar 

to the velocity trend of M-Cu except that the steady state velocity of H-600-8 coatings 

was about 12 ± 1.2 m/s whereas that of M-Cu was 6.6 ± 0.6 m/s. Again, the higher steady 

state velocity observed on H-600-8 coatings, would have been due to smaller grains or 

due to the oxygen content or both. 

As the arc velocities for H-600-8 coatings were higher than M-Cu, one would expect 

lower E0 values for H-600-8 coatings relative to M-Cu. Figure 7.11 shows the E0 values 

for all the six H-600-8 coatings tested. We see that the E0 values were all lower than M-

Cu as expected. All but 100-150 \im thick coatings were intact after arcing. Among three 

coating thickness ranges tested, the E0 values for 100-150 \im thick coatings were the 

highest (23 ± 1 ug/C), This agreed very well with the arc velocity results and the final 

state of the coating after erosion. This E0 value for a 100-150 |im thick coating was a 
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combination of erosion on coatings and on M-Cu. Hence 100-150 um thick coating show 

higher E0 values. 
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Figure 7.10 Arc rotational velocities for H-600-8 cathodes with different initial thickness. Notice for 
112 urn thick cathode, after 300 s, the arc velocity has the same values as M-Cu. 

From figure 7.11 we see that the cathodes which had 350-400 \im thick coatings gave 

lower E0 values compared to the cathodes which had coatings in 800-850 um thickness 

range. Erosion rate, which is a chief function of heat removal from the cathode, is 

expected to be affected by the initial thickness of the coating. If one were to visualize 

coating as a resistance layer to heat removal, then having a thicker coating should result 

in poorer heat removal and hence higher erosion rates. The results shown in figure 7.11, 

agree with this argument. 

In summary, we conclude that 300-350 um thick H-600-8 coatings are a better cathode 

giving 3.5 times lower E0 than M-Cu. The low E0 values are attributed to the annealing of 

HVOF coatings. Gartner et al [23] have shown that annealing of HVOF sprayed Cu 
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coatings causes shperoidization of inter-splat oxide layer. They have demonstrated that 

during annealing of HVOF sprayed Cu coatings, the copper oxide layer present along the 

boundaries of an individual splat would precipitate, group together and appear as spheres 

of copper oxide. Also, they report increased electrical conductivity, thermal conductivity 

and metallic bonding between the spray splats due to annealing [23]. Hence, annealing 

HVOF coatings resulted in a coating with near equi axed grains in 2 to 3 um range, with 

spheres of oxide distributed in them. We believe that, the reduced grain size caused 

higher arc velocities and shperoidization of the oxide layer resulted in reduced spalling. 

Due to a combination of these two factors annealed H-600-8 coatings gave lower erosion 

rates than M-Cu. 
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Figure 7.11 Overall erosion rate, Eo vs. initial coating thickness of H-600-8 coatings. 
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7.3.3.5 Arc velocity and erosion of VPS-as-sprayed cathodes in argon atmosphere 

Erosion experiments were also conducted for VPS coatings. Cathodes prepared were 

having coatings in three different thickness ranges (viz., 100-150 um, 350-400 \im and 

800-850 u,m) and were eroded for six or more minutes. VPS coatings differed from 

HVOF coatings in two ways. The average grain size of the VPS coatings was 0.9 to 1.5 

102 



um whereas that of HVOF coatings was 2 to 3 um. VPS coatings are known to have zero 

or minimal oxygen content [30] whereas HVOF coatings had ~2 at% oxygen. 

Figure 7.7 also shows the typical arc velocity results for V-as-sprayed coatings. We can 

see from figure 7.7 that, unlike M-Cu and similar to H-as-sprayed coatings, the arc 

rotation velocity of VPS coatings show only one fast regime for most of the experiment. 

On VPS coatings, the arc velocity which started off around 52 m/s remains high for most 

of the experiment and appears to decay only in the last 30 s of the experiment. VPS 

coatings differed from M-Cu only in their grain sizes. Hence the reason for the high 

velocity was attributed to the difference in the microstructure of the cathode. These 

results show a clear effect of microstructure on arc velocity. 

Due to its high velocity, one would expect a low E0 values for VPS coatings. The E0 

values for VPS coatings as a function of their initial thickness is shown in figure 7.12. 

The E0 values obtained for all the VPS cathodes tested were lower than M-Cu. This result 

is in total agreement with the arc velocity results shown in figure 7.7. All VPS coatings 

were intact after erosion experiment and very little or no spalling of the coating was 

observed. Figure 7.13 shows a picture of the VPS cathode before and after an erosion 

experiment. We see that the highest erosion rate obtained for the VPS coatings was 17 ± 

2 ng/C, which is 2.2 times lower than that of M-Cu. 

From figure 7.12, we see that lowest erosion rates were obtained for 100-150 urn thick 

coatings. The erosion rates for both 350-400 urn thick coatings and 800-850 \im thick 

coatings were similar with overlapping error bars. This result suggests that, having a very 

thin coating gives the low erosion rates. Increasing the coating thickness beyond 350 (xm 

does not seem to affect the overall erosion rates. For VPS coatings, we see an increase in 

erosion rates when coating thickness is increased from 150 to 400 urn whereas for HVOF 

coatings, we see an increase in erosion rates when the coating thickness was increased 

from 400 to 850 urn. 
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7.3.3.6 Arc velocity and erosion of VPS-as-sprayed cathodes in an oxidizing atmosphere 

VPS cathodes were eroded in an oxidizing atmosphere (UHP argon and 10% v/v extra 

dry air, < 2 ppm moisture) and the results obtained were compared with M-Cu cathodes 

also eroded in an oxidizing atmosphere. This isolates the effect of microstructure by 

eliminating any effect of oxide. The results obtained are presented below. 

Figure 7.5 also shows typical arc velocities on V-as-sprayed coatings in an oxidizing 

environment. For first 50 s of arcing, while the plasma forming gas was only UHP argon, 

the arc velocity on V-as-sprayed cathode started at 50 m/s and was steady. Under similar 

conditions, M-Cu showed a reducing unsteady behavior as shown in figure 7.5. The high 

steady velocity on V-as-sprayed coatings is attributed to the lower grain size of VPS 

coatings. 
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a) b) 
Figure 7.13 Picture of the VPS coated cathodes a) before erosion; b) after erosion. 

Between 50 to 70 s, the arc velocity on V-as-sprayed coatings increased to 110 m/s due to 

the change in plasma gas to an oxidizing atmosphere.. Beyond 70 s, this arc velocity 

remains high and steady at 52 m/s until the end of experiment. The momentarily high 

velocity seen during the gas change interval may be due to a combination of the smaller 

grains of VPS coating and formation of copper oxide. We believe that, during this 20 s 

time interval, copper oxide formation is in its transient state and the layer formed is very 

thin. The combination of this thin oxide layer and the smaller grains of the VPS coating 

favors these very high velocity of 110 m/s. Beyond 70 s, an appreciable layer of copper 

oxide has formed and the grain size effect no longer influences the arc velocity. The 

results indicate that once a thick layer of copper oxide is formed, the arc velocity 

becomes independent of the grain size and hence reach a steady value of 50 m/s similar to 

M-Cu. Similar observations are reported by Szente et al [1, 3] 

Figure 7.6 also shows the E0 values for V-as-sprayed cathodes in an oxidizing 

atmosphere, which is 9.64 ±2.16 jig/C. This is similar to the E0 value of M-Cu. Except 

for the first 70 s of experiment, the arc velocities on both M-Cu and V-as-sprayed 
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cathodes were steady and high. Hence we see lower erosion rates for both of these 

cathodes. 

7.3.4 Characterization of eroded coatings 

Only the cathodes which gave low erosion rates than M-Cu i.e., H-600-8 coatings and 

VPS coatings were analyzed to check for microstructural changes. In both the coatings, 

the SEM analysis of the coatings after erosion experiments showed no microstructural 

changes in the bulk of the coatings. Both of these coatings had similar grain size 

distributions as the one shown in figure 7.2 and hence are not reported here. Only a thin 

layer in the outmost splats, which came in direct contact with the arc showed indication 

of melting and rapid solidification as shown in figure 7.14. This indicates that the initial 

grain size distribution was preserved even after six to ten minutes of arcing. 

Figure 7.14 SEM image of the V-as-sprayed coating after erosion; inset shows high magnification 
picture. Notice signs of melting and rapid solidification in the highlighted region. 

7.4 Conclusions 

In this work we have studied the effect of microstructure on the arc velocity and erosion 

rate of copper electrodes in a magnetically driven atmospheric pressure arc system. It has 

been shown that finer microstructure, in the submicron to nanometer range results in 

higher arc velocities and lower erosion rates. 
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In argon, VPS coatings which were free of intersplat oxide layers and had 0.9 to 1.5 fxm 

grains gave highest arc rotational velocities (up to 60 m/s) and -60% lower erosion rates 

relative to bulk Cu cathodes. VPS coatings which were free from intersplat oxide layer 

isolate the effect of microstructure alone on the arc velocity and arc erosion rates of 

copper cathodes. In the case of the VPS coatings, increasing the initial thickness from 

100-150 urn to 350-400 urn also increased the erosion rates from 9 ± 2 \ig/C to 17 ± 2 

(ig/C. Beyond 400 urn the coatings initial thickness did not effect the overall erosion rate. 

Spalling of the cathodes was the main reason for the higher erosion rates in the case of 

HVOF coatings. Annealing the HVOF coatings, increased the electrical and thermal 

transport properties as well as metallic bonding of the coating. Annealing caused 

spheroidization of intersplat oxide layer which reduced the spalling of the coating and 

hence reduced the erosion rates. The initial thickness of the HVOF coatings also affected 

the overall erosion rates. H-600-8 coatings which had an initial thickness in the range of 

350-400 |xm gave 68% lower erosion rates than bulk Cu. 

Experiments conducted with an oxidizing atmosphere could not show a definitive effect 

of microstructure alone due to formation of copper oxide on both the coated and un-

coated cathodes. The arc velocity on both coated and un-coated cathodes were high in the 

oxidizing atmosphere. However, a small effect of microstructure was seen during a 

transient period of gas switching. The erosion rates on both types of cathodes were 

similar with overlapping error bars. 
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Chapter 8 Effect of cathode microstructure on arc velocity and erosion 
rate of cold-sprayed copper cathodes in magnetically 
rotated atmospheric pressure arcs 

This chapter presents the erosion behavior of cold sprayed Cu coatings in atmospheric 

pressure arc setup. The characterization of the powder and the method used to produce 

cold sprayed coatings is presented along with coating characterization. Erosion rates of 

these coatings in their as-sprayed and annealed state are presented. 

Results presented in this chapter corroborate the results presented in chapter 7. Cold 

sprayed coatings had grains in the micrometer range and were free from the oxide 

content. These coatings gave higher velocities showing a clear effect of microstructure. 

However due to poor thermal properties as-sprayed coatings severely spalled under the 

arc and resulted in higher erosion rates. Annealing improved the thermal properties and 

reduced spalling which lead to lower erosion rates. 

Abstract 

Atmospheric pressure arc velocity and erosion measurements were performed on cold-

sprayed cathodes in a continuously running arc system. Ultra-high purity (UHP), 99.99% 

pure, argon was used as plasma forming gas. An external magnetic field of 0.10 T was 

used to rotate the arc, which was operated at a constant power of 6 kW (40 V and 150 A). 

Cathodes having microstructures with different grain sizes, ranging from 1.12 urn to 3.06 

urn, were produced using cold spraying (CS) and annealing methods. CS cathodes were 

tested for arc velocity and erosion in their as-sprayed state and also after annealing them 

at 300 and 600 °C for 1 and 8 hr durations in an inert argon atmosphere. Annealing CS 

coatings at 600 °C for 1 hr, produced near equi-axed grains of 2.29 urn average size. 

These coatings gave 60% higher steady state arc velocities and up to 50% lower erosion 

rates than massive copper cathodes having 20 to 23 |im average grain size. The results 

show a clear effect of cathode microstructure on arc velocity and on arc erosion rates. 
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8.1 Introduction 

Thermal plasma technology plays an important role in materials processing and waste 

treatment [1]. Plasma-torches using cold cathodes in tubular geometry are used for high-

power applications such as melting, cutting and spraying [2]. Erosion of electrodes limits 

the application of these torches into many industries. The erosion of electrodes results in 

their short lifetimes and frequent replacement, thereby increasing the operating cost of a 

plasma system. Previous studies on cold cathode plasma-torches have shown that the 

degree of erosion of the cathode is far greater than that of the anode [1, 3]. Thus, much 

importance has been placed on finding methods to reduce cathode erosion. 

Cathode erosion is a complex process affected by many operating parameters, such as the 

magnetic field strength used to rotate the arc, plasma gas chemistry, arc current and 

voltage as well as characteristics of the electrodes, such as the electrode chemistry, 

geometry and the cathode microstructure [3-6]. Researchers have shown an effect of 

cathode microstructure on arc attachment, movement and on its erosion rates [7]. Wang 

et al., working with nanostructured CuCr alloy cathodes and Cu6oZr28Tii2 cathodes, 

observed that the erosion rates on these electrodes were lower compared to conventional 

cathodes (4%-20% less than massive Cu) [7]. 

An earlier study in our group has shown that, for vacuum arcs, nano-structured cathodes 

produced by atmospheric pressure plasma spraying (PS) and high velocity oxy-fuel 

(HVOF) spraying give lower erosion rates than massive copper cathodes with relatively 

large grain sizes [6]. In addition to their nano-structured grains, electrodes produced by 

PS and HVOF methods have inter-splat oxygen content of ~2 at%. It is known that the 

presence of oxygen in the cathode reduces its erosion rate [8]. Hence, the low degree of 

erosion reported by Rao et al. may be due to the nanostructure of the coatings and/or the 

oxide content of the coated cathode [6]. Isolating the effect of microstructure from the 

oxide content and studying its effect on arc erosion is of fundamental interest. Cold 

spraying (CS) can produce oxide-free coatings having grain sizes in the micro-scale 

rather than nano-metric range [9]. Hence, cold-sprayed cathodes are ideal for isolating the 
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effect of microstructure only on erosion behaviour. 

Rao has shown that cathodes with small grain sizes have higher arc velocities and hence, 

low erosion rates [6, 10]. Therefore, cold-sprayed coatings having smaller grain sizes 

than massive copper cathodes are expected to have higher arc velocities and, possibly, 

lower erosion rates than massive copper. However, due to weak inter-splat bonding and 

substrate-coating bonding, CS as-sprayed coatings have lower electrical and thermal 

conductivities than pure copper [11]. As erosion of cathodes is primarily controlled by 

heat removal from the cathode, having a low thermal conductivity coating may not 

reduce erosion. However, heat treatment of CS coatings is known to improve the 

electrical and thermal transport properties as well as the metallic bonding of the coating 

[11]. Wen-Ya Li et. al have shown that, for CS copper coatings sprayed on Cu substrates, 

annealing enhances adhesion of the coating to its substrate as well as metallic bonding 

between the splats [11]. 

In this paper, we report on the effect of microstructure on the arc erosion behaviour of 

copper cathodes. CS copper coatings having submicron to a few micron grain sizes in 

their as-sprayed and annealed state were tested for arc erosion behaviour. The results 

obtained were compared with massive copper (M-Cu), having 20-23 urn grain size. 

Erosion behaviour was characterized by the erosion rates, arc rotation velocities and 

morphology of eroded cathodes. 

8.2 Materials and experimental methods 

8.2.1 Characterization of powders 

Amperit 190 (gas-atomized, 99.99% pure copper powder, oxygen content 500 ppm max; 

further referred to as A-190) was used as the spray powder for cold-spraying. The 

morphology of the powder was studied using field emission scanning electron 

microscopy (SEM), whereas the particle size distribution was determined using the 

Mastersizer-2000 particle size analyzer (PSA) with distilled water as the dispersant. 

Energy dispersive spectroscopy (EDS) and inductively coupled plasma mass 
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spectroscopy (ICP) were used to determine the chemical composition of A-190. 

8.2.2 Preparation of cathodes 

Two different substrates viz., square copper plates (60mm x 60mm x 2.5mm), and 

oxygen-free, high conductivity, 99.99% pure copper hollow cylinders (25 mm outer 

diameter, 65 mm length) were used for CS spraying. All the substrates were grit blasted 

with 708 urn alumina grits, just before coating and had a surface roughness Ra of 8.58 

urn. The spraying process was carried out with the Kinetics 3000 cold-spray gun (Cold 

Gas Technology Gmbh), at a chamber pressure of 32 bar and 500 °C. 

The CS coated hollow cylinders and copper plates were annealed in an argon atmosphere 

in a tubular furnace. A full factorial two temperature (viz., 300 °C and 600 °C), two 

annealing times (viz., 1 hr and 8 hrs) experimental design was chosen for annealing. 

Before starting the annealing procedure, the specimens were placed inside the tubular 

furnace and the furnace was flushed with -90 furnace volumes of 99.99% pure argon gas 

flowing at 3 slpm. After purging, the heating was started, maintaining the argon flow rate 

to reach the desired annealing temperature. It took less than 10 minutes to reach the 

desired annealing temperature. The specimens were held at this temperature for either 1 

hr or 8 hrs. Then the heating was stopped and the specimens were allowed to cool to 

room temperature inside the furnace, while still maintaining the argon flow. Annealed 

cylinders were used as cathodes for erosion studies whereas Cu plates were used for 

microscopic analysis. 

For microscopic analysis, the coatings on Cu plates were cut using a Struers 'Secotom-

10' universal precision cut off machine and vacuum mounted in cold setting resin. The 

mounted specimens were wet ground using SiC paper #800, 1200 and 4000 under 

running tap water. The ground samples were the polished using 3 um and 0.04 urn silica 

suspensions. The polished samples were etched with a FeCl3 etchant (2.5 g of FeCU + 10 

ml of HC1 + 50 ml of ethanol) for 5 seconds. The etched coatings were examined under 

optical microscope and SEM to determine their microstructure. To determine the porosity 
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of the coatings, as many as 10 SEM pictures of polished coatings (prior to etching) were 

taken at regular intervals on each of the coatings and the porosity of individual pictures 

was measured by an image analysis technique. An average of these numbers were 

calculated and reported as porosity with a standard deviation of ± 5% of the average. 

SEM pictures of etched coatings were used to calculate grain sizes. An average and 

standard deviation of the grain size measurements taken from multiple SEM pictures of a 

given coating was calculated and are reported here. 

8.2.3 Erosion setup and procedure 

Figure 8.1 is a schematic diagram of the erosion apparatus. Figure 8.1a shows an 

overview of the setup while figure 8.1b gives the electrode dimensions. It was only 

practical to coat hollow cylinders externally, so the water cooled coated hollow cylinder 

was used as the cathode, surrounded by a sleeve anode, with a minimum annular gap of 4 

mm. Both electrodes were water-cooled. A water-cooled solenoid around the electrode 

assembly was used to apply an axial magnetic field of 0.10 T, to rotate the arc. The axial 

magnetic field strength varied less than 3% radially and 5% axially within the test 

cathode. The arc was ignited by a high-frequency trigger pulse and powered by a welding 

power supply (maximum power and current of 78 kW and 500 A, respectively). An 

average power of 6 kW (40 V and 150 A) was maintained throughout the experiment. 

Experiments were conducted using ultrahigh purity (99.99% pure) argon as the plasma 

forming gas, which circulated from the lower end of the reactor to the top end at a flow 

rate of 23 slpm, under atmospheric pressure. 

The cathode was weighed, to an accuracy of ± 5*10"4 g, and installed in the reactor. An 

optical detector as shown in figure 8.1a was used to capture the arc rotation frequency. It 

consisted of a photodiode and a collimating lens assembly having a narrow field of view 

of 3 mm. The optical detector assembly was aligned to view the arc between the 

electrodes and gave a positive voltage output when the arc passed its field of view. This 

optical voltage output, the arc current and arc voltage waveforms were recorded 

simultaneously onto a computer using Lab VIEW, at 10 kHz sampling rate. After the 
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erosion experiment, the cathode was removed from the reactor and dried of cooling water 

completely before recording its final weight. The erosion rate values in grams per 

coulomb were calculated by dividing the weight difference of the cathode before and 

after arcing by the total electric charge, Q = Jl dt, passing through the cathode. The arc 

rotation frequency was calculated from the recorded optical voltage data using windowed 

fast Fourier transform analysis. For each type of cathode, two individual experiments 

were performed and an average erosion rate and standard deviation were determined and 

reported. 
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Figure 8.1 Schematic diagrams of a) the continuous-arc reactor and b) the electrode setup 

8.3 Results and Discussion 

8.3.1 Characterization of powders 

Figure 8.2a shows an SEM image A-190. The main picture shows the morphology of the 

powder and the inset shows an individual particle. We see that, most particles were 

spheroids and only a few appeared as agglomerates. The energy dispersive spectrum, 

shown in figure 8.2b, revealed only peaks for Cu and O. The oxygen peak was attributed 
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to surface oxidation of copper. The particle size distribution, shown in figure 8.2c, was 

log normal ranging between 7 to 50 urn, with a peak at 20 urn.. ICP analysis of the 

powder revealed it to be 99.99% pure copper, with no detectable contaminants. 
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Figure 8.2 Characterization of A-190 particles - a) Morphology and an individual particle (inset), 
b) energy dispersive spectrum and c) particle size distribution 

H U H 

• i 

McGill S.OkV 12.3mro x600 SE(U) 

a) 

Figure 8.3 SEM images of as-sprayed coatings a) Un-etched cross-section ; b) etched cross-
section. 
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8.3.2 Characterization of as-sprayed coatings 

Porosity and grain size: Figure 8.3a shows an SEM image of an un-etched cross-section 

of CS as-sprayed coatings. We see that the CS-as-sprayed coating was dense and had a 

coating porosity of <1%. After etching, the inter-splat boundaries and the grain 

boundaries were visible as shown in figure 8.3b. Grain size measurement of CS-as-

sprayed coatings showed that the average grains of CS-as-sprayed coatings were 1.17 ± 

0.26 um. Average grain sizes of as-sprayed coatings are shown in figure 8.4. 

35 _ _ „ _ _ 

3 1 1 

2.5 1 

¥ 1 
jt 2 • 
u 

'Si 

•I 1.5 
W T 

1 J f l I I 

0.5 

0 -* ' ' ' ' ' ' ' -* ' *- ' ' ' ' 

As-sprayed A300-1 A300-8 A600-1 A-600-8 

Coating type 

Figure 8.4 Average grain size measurements for as-sprayed and annealed coatings 

Oxygen content: To check the O content in the coating, EDS spot analysis was performed 

on CS coatings, by holding the electron beam at a single spot on the inter-splat boundary. 

The result obtained was compared with a similar analysis on HVOF coatings and is 

shown in figure 8.5. We see that, both CS and HVOF coatings had carbon, copper and 

oxygen peaks. The carbon peak was attributed to carbon contamination within 

microscope and the O peak to the native oxide layer present on the Cu powder used to 

make the coatings. A closer look at the oxygen peak, shown in the inset of figure 8.5, 

reveals that, CS coatings had a small oxygen peak compared to HVOF coatings, which 
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had ~2 at% of O. This small O peak was in agreement with the O content quoted by the 

manufacturer, which was 500 ppm max. Low oxide content is typical of CS coatings 

since the CS coatings were formed without melting of the copper particles. 
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Figure 8.5 EDS spot analyses of HVOF and CS coatings showing Carbon, Oxygen and Copper 
peaks. Notice the higher oxygen peak for HVOF coatings than CS coatings (inset). 

8.3.3 Characterization of annealed coatings 

Figure 8.6 shows an SEM image of an un-etched CS coating annealed at 300 °C for 1 

hour (referred to as A-300-1). Similar images were taken of A-300-8, A-600-1 and A-

600-8, all showing a dense coating with porosities of <1 %. Based on these results, it was 

concluded that heat treatment did not increase the porosity of cold-sprayed coatings. 

Figures 8.7a to 8.7d are SEM images of etched A-300-1, A-300-8, A-600-1 and A-600-8, 

coatings respectively. Average grain-size measurements taken from similar images are 

reported in figure 8.4. We can see a clear effect of annealing at high temperatures on the 

micro-structure of these coatings. Figures 8.4 and 8.7 show that annealing at 300 °C does 

not promote grain growth through diffusion. Hence, the grain sizes reported for as-
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sprayed, A-300-1 and A-300-8 coatings are similar (1.17 ± 0.26 urn, 1.11 ± 0.14 urn and 

1.17 ± 0.20 urn, respectively). Annealing at 600 °C, however, induces significant grain 

growth. We also see that coatings annealed for 8 hours had grains which were 33% larger 

than those annealed for 1 hour only. 

"* "311 
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Figure 8.6 Un-etched cross-section of an A-300-1 coating. 

Average grain sizes for A-600-1 and A-600-8 coatings were 2.29 ± 0.21 um and 3.06 ± 

0.21 um, respectively. As shown in figure 8.7, the grains formed on all the coatings were 

equi-axed. Figure 8.4 summarizes the average grain measurement of all the coatings. 

Among all the coatings formed, A-600-8 coatings had the largest grains; measuring 3.06 

± 0.21 urn Our observations are similar to the findings of Wen-Ya Li et al [11]. 

8.3.4 Arc velocity and erosion results 

8.3.4.1 Arc velocity and erosion results for central M-Cu cathodes 

Since the central cathode geometry was used for cold-sprayed cathodes, it was necessary 

to obtain erosion results for M-Cu in a similar setup. These results could be used as a 

base line to compare with the arc velocity and erosion rates of CS coatings. The full 

details of the erosion measurement on central M-Cu are presented elsewhere [12]. The 

erosion rate of M-Cu cathodes in argon atmosphere for an arc time of 6 minutes is 47 ± 5 

tig/C. 
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c ) _ _ 

Figure 8.7 SEM Images of annealed coatings a) A-300-1, b) A-300-8, c) A-600-1 and d) A-600-8 c 

8.3.4.2 Arc velocity and erosion results of as-sprayed and annealed CS cathodes 

Figure 8.8 shows typical arc velocities of as-sprayed cathodes after four minutes of 

arcing. Arcing was stopped after four minutes due to spalling of the coating. We see from 

figure 8.8 that, unlike M-Cu, the arc velocity on as-sprayed coatings has only one 

unsteady regime where it oscillates between 45 and 10 m/s. For M-Cu, the arc rotation 

velocity starts off at 55 m/s but eventually drops below 6.6 ± 0.6 m/s after 200 s of 

arcing. Figure 8.9 shows an eroded, as-sprayed cathode. Severe spalling of the coating is 

evident from figure 8.9. This spalling, which is catastrophic in nature, is believed to be 

the reason for the unsteady velocities seen on as-sprayed coatings. Although the mean arc 

velocities on as-sprayed coatings were higher than that of M-Cu, we cannot draw any 

conclusion on the effect of microstructure on arc velocity and erosion rates, due to severe 

spalling of the coating. The erosion rates for as-sprayed coatings, after four minutes of 

arcing, are shown in figure 8.10. Severe spalling was the reason for higher erosion values 
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on these CS-as-sprayed cathodes. Hence, further efforts were made to reduce spalling of 

the coatings by annealing. 

10 ywiw 

-:— CS-as-sprayed 
• CS-A-600-1 

— M-Cu 

Oi 
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Time fs| 
Figure 8.8 Arc velocity vs. arcing time. 

a) b) c) 
Figure 8.9 Pictures of the cathode after erosion a) M-Cu, b) as-sprayed and c) A-600-1 cathodes. 
Notice the severe spalling of the as-sprayed cathode. Both M-Cu and A-600-1 cathodes remained 
intact after erosion. 
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Figure 8.10Average erosion rates for coated and M-Cu cathodes. 

a) b) 
Figure 8.11 Pictures of the cathode before erosion a) As-sprayed and b) A-600-8 cathodes before 
erosion. Notice the swelling of the coating after annealing at 600 °C for 8 hours. 
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To test the effect of annealing, CS coatings were annealed at 300 and 600 C for 1 hr and 

8 hr duration. Annealing at 600 °C for 8 hrs caused swelling of the coating and blister 

formation on the cathodes, as shown in figure 8.11. We believe that gases trapped in the 

pores of the coating caused blistering upon annealing. Blistering was only observed for 

A-600-8 case. 

Figure 8.12 shows the annealed cathodes after 4 min of arcing. As can be seen from 

figure 8.12, all coatings except A-600-1 coatings spalled. Figure 8.10 shows the erosion 

rates of annealed cathodes. Again, high erosion rates were due to severe spalling of the 

coatings. The results suggest that annealing at 300 °C for both 1 and 8 hr do not reduce 

spalling. Annealing at 600 °C for 8 hrs caused blistering of the coating, thereby 

increasing the contact resistance between the coating and substrate. This leads to higher 

erosion rates. However, cathodes annealed at 600 °C for 1 hr show low spalling. Hence 

these coatings were arced for a length of six minutes. 

Figure 8.8 shows typical arc velocity results for A-600-1 coatings. The arc velocity for A-

600-1 cathodes had one fast steady regime (arc velocity of ~ 43 m/s), unlike M-Cu. A-

600-1 cathodes (average grain size of 2.29 urn) differed from M-Cu cathodes (average 

grain size of 21.5 \im) only in their grain sizes. Hence, the high arc velocity was 

attributed to the difference in the microstructure of the cathode. These results show a 

clear effect of microstructure on arc velocity. As a result of a high arc velocity, A-600-1 

cathodes had lower erosion rates than M-Cu. These erosion results are presented in figure 

8.13. For an arc time of 6 minutes, the average erosion rate for A-600-1 cathodes was 

21.92 ± 5.38 fXg/C, which is 35% lower than that of M-Cu. 

From figures 8.4 and 8.8, it is clear that even though A-600-1 cathodes had larger grain 

sizes than as-sprayed cathodes, they had higher arc velocities. This contradicts the 

argument that small grain sizes result in high arc velocities. However, on paying close 

attention to figure 8.8, one can observe large fluctuations in the arc velocity for as-

sprayed cathodes, from 10 m/s to levels reported for A-600-1 cathodes. This leads us to 

believe that as-sprayed cathodes do have high arc rotation velocities, which cannot be 
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reached due to spalling of the coating (shown in figure 8.12). The heat treatment applied 

to A-600-1 cathodes improved inter-splat and coating-substrate adhesion and hence, 

prevented spalling and maintained high arc velocities. 

Figure 8.12 Pictures of the cathode after erosion a) As-sprayed, b) A-300-1, c) A-300-8 and d) A-
600-1. Notice the spalling on all cathodes except A-600-1. 
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Figure 8.13Average erosion rates for M-Cu and A-600-1 cathodes. 
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Figure 8.14 Etched cross-section of an eroded, as-sprayed coating. The highlighted area shows an 
arced region. 

8.3.5 Characterization of eroded cathodes 

SEM analysis of cold-sprayed cathodes showed no changes in grain sizes in the bulk of 

the coatings. Hence, the same grain sizes as those given in figure 8.4 were measured for 

eroded cathodes as well. However, only a thin layer in the outmost splats, which came in 

direct contact with the arc showed smaller grains, indicating melting and rapid 

solidification. Figure 8.14 shows an outmost splat of an eroded A-600-1 coating. This 

region contains smaller grains than bulk of the coating. Since the bulk of the coating was 

unaffected by arcing, it was concluded that the initial microstructure was preserved even 

after erosion experiments. 

8.4 Conclusions 

Cold-sprayed cathodes were tested in a continuous arc chamber to study the effect of 

microstructure on erosion. The analysis of the coatings formed show that CS cathodes 

had insignificant oxide content and hence, could be used to isolate the effect of 

microstructure on erosion. Arc velocities on CS-as-sprayed coatings were fluctuating and 

spalling is believed to be the reason for such fluctuations in arc velocity. CS cathodes 
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annealed at 600 C for 1 hr gave low erosion rates due to their improved transport 

properties and metallic bonding. These cathodes which had smaller grains than M-Cu 

gave higher arc velocities and lower erosion rates. 

The results show a clear effect of cathode microstructure on erosion behaviour of cold 

cathodes. We conclude that the microstructure of the cathode affects the arc rotation 

velocity in a magnetically driven atmospheric pressure arc system. Having grain size 

distribution in the submicron and/or nanometric range results in higher arc velocities and 

hence gives lower erosion rates. 
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Chapter 9 Observation of atmospheric pressure arc on cold cathode 

In this chapter the arc attachment and rotational behavior of atmospheric pressure arcs on 

copper cathodes is presented. High temporal and high spatial resolution high speed 

camera pictures show how arc root attachment changes with arcing time. The clear 

evidence of arc root alignment with B-field can be seen from the high speed movies. The 

arc rotational velocity and the arc voltage data are correlated. 

Abstract 

Pictures of the atmospheric pressure arc between two concentric copper electrodes at 

different external magnetic fields (B-field) were taken using a charge-coupled device 

camera (CCD-C) and a complementary metal-oxide-semiconductor camera (CMOS-C). 

Pictures reveal, splitting of the arc column into a column with multiple arc roots (i.e. 

cathode spots), repulsion of cathode spots due to their self-induced B-fields, and grouping 

of cathode spots under the influence of B-field. Power frequency spectra analysis of the 

voltage fluctuations was also performed. 
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9.1 Introduction 

The cathode region is the most active and complex part of an electric arc. Efforts to 

understand arc root attachment and movement on the cathode have been extensive [1-7]. 

Cathode spots (an ensemble of a hot surface zone with maximum luminosity and a dense 

plasma cloud [8]) constitute the attachment points of the arc on cathodes [1]. These spots 

are small, 50-100 urn diameter, and rapidly moving entities (surface diffusivity of the 

order of 10"3 m2/s) with smaller internal fragments. Cathode spot movement is known to 

be two folded: the extinction of the spot followed by the ignition of a next one at a 

neighboring location [1]. The dying spot contributes to the formation of the next one 

through the establishment of plasma forming conditions near the cathode surface favoring 

electron emission and thus, the ignition of a next spot. Their displacement dynamic 

depends strongly on the cathode material and microstructure, the presence or absence of 

surface contaminants, the intensity of the applied external magnetic field (B-field) and 

their mutual influence caused by self-induced magnetic fields. 

A considerable amount of optical observations on vacuum arcs [1,2] are available in the 

literature. High spatial and/or temporal resolution optical observations of high pressure 

arcs are scarce due its high luminosity [1]. Under high pressure conditions, the mode of 

arc attachment on the cathode depends heavily on the arc current, cathode material and 

geometry. Refractory cathodes such as tungsten exhibit two modes of arc attachment: 

diffuse and constricted, depending on the cathode's ability to maintain thermionic 

emission conditions over large surface areas or not. On non-refractory cathodes such as 

iron and copper, the arc attachment is always constricted, independent of the cathode 

thermal design, and is argued to be similar to vacumm arcs [8]. On non-refractory 

cathodes, the conditions inside a cathode spot must favor a strong thermo-field emission 

[9,10] required from the cathode which melts and vaporizes at modest temperatures. 

Unlike vacuum arcs, in high pressure arcs the nature and movement (dynamics) of a 

cathode spot are strongly influenced by the ambient gas, since at a certain distance from 

the spot center, the metal vapor plasma expansion is hindered [1]. In spite of these 

differences, it is argued that the internal pressure of a vacuum arc spot exceeds the 
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atmospheric pressure and the basic spot processes such as evaporation and current 

transfer remain unchanged under high pressure conditions [1]. 

The motivations for this work were :(i) to collect reliable data on the shape and dynamics 

of an atmospheric pressure arc moving on a copper cathode under the influence of B-field 

using high-speed cameras;(ii) to provide evidence for the theories used to explain the 

atmospheric pressure arc cathode spot dynamics, which are mainly drawn from vacuum 

arcs observations. 

9.2 Experimental methods 

Figures 9.1a and 9.1b show a schematic drawing of the setup and an end on picture of the 

electrodes assembly, whose detailed description is given elsewhere [11]. Concentric 

electrode geometry with a water-cooled Cu anode centered within a water-cooled sleeve 

Cu cathode was used. The anode has a raised portion, shown in Fig. 9.1c, to localize the 

arc. A current adjustable solenoid was used to obtain different axial B-field in the inter-

electrode gap, to force arc rotation in the Amperian direction [11]. The arc was ignited by 

a high frequency trigger and was powered by a welding power supply. An average power 

of 4.4 kW (40 V and 110 A) was maintained throughout the experiments. Argon (99.99% 

pure) was circulated from the lower to the top end of the reactor at a flow rate of 23 slpm 

under atmospheric pressure. 

Just before an experiment, the cathode was cleaned with 5% dilute nitric acid to remove 

the native oxide layer and was immediately installed into the reactor. Pictures of the arc 

were taken using a DIACAM-PRO CCD-C and a PCO-1200 HS CMOS-C, both supplied 

by Optikon Corporation. The CCD-C was used at 10 frames per second (fps) with an 

exposure time of 10 ns while the CMOS-C was used at 1250 fps with an exposure time of 

l(js. The CCD-C pictures were taken under a 0.05 T B-field, while the CMOS-C pictures 

were taken at 0.01, 0.05, 0.10 and 0.15 T. An unused cathode was used for each B-field 

setting and two sets of pictures were taken for each cathode. The first set was taken 

within the first 10-20 s of arc ignition, when the arc was rotating quickly due to the 
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Figure 9.1 a) Schematic of the experimental setup, b) Picture of the electrodes assembly taken with 
the CCD-C; end on view, c) Raised portion of the electrode assembly 

presence of the thin native oxide layer [12, 13], The second set was taken -150 s after arc 

ignition (referred later as steady state arc condition), when the arc was moving slowly on 

the cleaned Cu surface, which had lost its native oxide layer due to erosion. From each 

set of CMOS-C pictures, the rotational arc velocities were calculated. The arc voltage and 

current waveforms were recorded at 10 kHz sampling rate and analyzed. 

9.3 Results and discussion 

Figure 9.2 shows CCD-C pictures of the arc taken with 10 ns exposure time at 10 fps. 

The direction of arc rotation was clockwise. The time when the picture was taken, 

rounded to the first decimal place, is shown in the inset. An analysis of the pictures 

suggests that, at ignition when the cathode is at room temperature, the arc starts off as a 

thin discharge of spoke-like shape as shown in Fig. 9.2a. With arcing time, the arc starts 

to expand both in length and thickness as shown in Fig. 9.2b and the arc attachment at the 

cathode covers a large surface area by stretching in the Amperian direction. We 

hypothesize that, with arcing time, the local temperature of the cathode increases and this 

local heating facilitates attachment over a larger surface area of the cathode surface. The 
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stretching in the Amperian direction, confirms that the magnetic force acting on the arc 

column overcomes the local displacement forces which lead to a retrograde motion under 

vacuum [2]. With increasing time, the single root attachment splits into several 

attachment points or arc roots, as evidenced with Fig. 9.2c-e. Siemroth et al [7] reported 

that, for vacuum arcs on pure Cu cathodes, the mean lifetime of the cathode sub-spots is 

about 3 (as. Since the CCD-C pictures were taken with an exposure time of 10 ns, we 

believe that the bright spots appearing clearly in Fig. 9.2c-e are individual arc roots, and 

not the images of the single arc root moving in a time interval of 10 ns. This phenomena 

of splitting of a single arc column into a column with many roots (arc splitting) is 

reported earlier for vacuum arcs [1,3-8] and has been extended to high pressure arcs [14] 

without direct experimental evidence. Here, we report experimental evidence for arc 

splitting for high pressure arcs. 

Figure 9.2 a) to e) CCD-C pictures of the arc; end on view. Exposure time =10 ns. Inset shows time of 
picture. The direction of arc rotation is clockwise. 
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Figure 9.3 shows a set of typical pictures of the arc taken with the CMOS-C at different 

B-field values under steady state operating conditions of the arc. Figs. 9.3a-d correspond 

to B-field values of 0.01, 0.05, 0.10 and 0.15 T, respectively. At lower B-field values, the 

arc is expanded into a fat column, whereas at higher B-field values the arc is constricted 

and appears more spoke-like. From the pictures we believe that, at higher B-field values, 

the arc roots align in the direction of the B-field (in the z direction) and hence, the arc 

appears as a spoke-like discharge when viewed end on. This is similar to the observations 

made by Drouet [15], who has shown alignment of vacuum arc cathode spots along the 

B-field. Also from Fig. 9.3, we can see that the arc splitting is more apparent at lower B-

fields than at higher B-fields. 

It is proven with vacuum arcs that the cathode macro-spots comprise of micro-spots and 

that these sub-spots repel each other due to their self-induced B-fields. Sherman et al [6] 

showed that when a high-current vacuum arc is ignited, the numerous cathode spots, 

originally created over a small area of the cathode surface, move radially outwards. We 

observed a similar behavior with the high-pressure arc system. Figures 9.4a-c shows a 

series of pictures taken by the CMOS-C at 0.01 T B-field. We see that the arc column, 

which started to split into a column with many arc roots (Fig. 9.4a), has displaced into a 

next attachment (Fig. 9.4b), with the arc roots clearly separated. The two successive 

pictures of Fig. 9.4b and 9.4c show that the arc roots move away from one another and 

appear to repel one another. We conclude that, a fat arc column with single arc root splits 

into a column with many arc roots while moving from one attachment site to the next. 

During subsequent re-attachments, these multiple arc roots repel one another and attach 

as an arc with separated roots i.e., the newly ignited macro-spot has arc roots that are 

more spread apart than the previous one. 
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Figure 9.3 a) to e) Typical CMOS-C pictures of the arc under steady state operating conditions; end 
on view, exposure time = 1 us. Inset shows B-field The direction of arc rotation is clockwise. 

Figure 9.4 a) to e) A series of CMOS-C pictures; 1250 fps, 1 us exposure time; end on view. B-field = 
0.01T. Notice the separation of the arc roots from a) to c). The direction of arc rotation is clockwise. 

All experiments were conducted at constant power setting and the arc voltage, further 

referred to as V, and the arc current, further referred to as I, were recorded. For all cases, 
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the mean arc voltage and arc current were constant. The mean arc voltage varied 

dominantly with the arc rotational velocity. In contrast to a slow moving arc (arc velocity 

-2 m/s) which is sustained at a relatively low mean arc voltage (-40 V), a fast moving 

arc (arc velocity -12 m/s), operated at a higher mean arc voltage (-65 V). This increase 

in the mean arc voltage at higher arc velocities is attributed to the higher convective heat 

losses of the arc plasma. 

The fast Fourier transforms (FFT) of both the V and I signals were computed and the 

frequency power spectra (FPS) was obtained. For all B-field cases, the FPS for the 

current signal showed a unique characteristic frequency component at 331 Hz proving 

that the 331 Hz is a characteristic of the power supply but not of the arc itself. Figure 9.5a 

and 9.5b shows the normalized I and V signals and the FPS of the V signal for 0.15T B-

field. Except for B=0.01 T, similar single dominant frequency characteristics were seen 

for all other cases. From Fig. 9.5b an FPS plot at 0.15T, shows a dominant discrete 

frequency at 42 Hz, in addition to other weak high frequency components. FPS data for 

B=0.01T,.when plotted on a log-log scale (Fig. 9.5c), showed a -1/f2 characteristic, 

implying Brownian motion [16,17] Such frequency signature is known as a characteristic 

of the scaling limit of the random walk dynamics. It is concluded that, in the absence of 

an external B-field or at low B-field conditions, such as 0.01 T, the cathode spots are left 

to their inherent displacement characteristics, which are brownian in nature [1]. At higher 

B-field values, a direction and speed are imposed on the arc movement. CMOS-C 

pictures corroborate the above conclusion. 

For the B = 0.15, 0.10 and 0.05T experiments, the mean arc rotational frequencies 

calculated by visual observation of the CMOS-C pictures correlate well with the 

dominant frequencies obtained from the FPS results. These results are tabulated in Table 

9.1. 
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Figure 9.5 a) Normalized I and V data, B = 0.15 T; b) FPS of the V signal, B = 0.15 T; c) FPS of the 
V signal in log-log scale, B = 0.01 T. 

Table 9.1 Arc rotational frequency at different B-field. 

B-field 

(T) 

0.15 

0.10 

0.05 

Mean frequency of arc rotation from visual 

observation of CMOS-C pictures (Hz) 

41.6-35.6 

124.8-84.1 

20.8-20.1 

Dominant frequency 

from the FPS of the V 

signal (Hz) 

41.0 

96.0 

22.0 
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9.4 Conclusions 

We conclude that: (i) the high-pressure arc column which starts off like a thin spoke-like 

object with a single arc attachment point on the cathode expands into a fat arc column of 

irregular shape covering a larger surface area on the cathode as the cathode temperature 

increases. With arcing time, the single arc column splits into an arc with multiple arc 

roots at the cathode, which co-exist simultaneously and repel each other during their 

subsequent re-attachment; (ii) the arc root repulsion is more apparent at lower B-field 

values. As the magnitude of the B-field increases, the arc attachment area on the cathode 

becomes smaller;(iii) at low B-field values, the arc displacement dynamics tends to return 

to its brownian motion, which is a limiting step of the random walk with 1/f2 dependency 

in the FPS. At higher B values, the arc spot displacements become directed, with a FPS 

showing an unique arc stretching (i.e. arc spot jumping) frequency. 
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Chapter 10 Carbon nanotubes as nanoparticles collector 

This chapter presents applications for nano particles produced in the continuous running 

atmospheric pressure arc setup. Experimental setup and procedure for growing of carbon 

nanotubes (CNT) using thermal chemical vapor deposition is presented. A method to use 

these CNT to capture and characterize nanoparticles is presented. Possible applications of 

nanoparticles dispersed on CNTs are discussed. 

Abstract 

This communication reports on a new method for the collection of nanoparticles using 

carbon nanotubes (CNT) as collecting surfaces, by which the problem of agglomeration 

of nanoparticles can be circumvented. CNT (10 to 50 nm in diameter, 1 to 10 um in 

length) grown by thermal CVD at 923 K in a 7 v/v% C2H2 in N2 mixture on electroless 

nickel-plated copper transmission electron microscopy (TEM) grids and Monel coupons. 

These samples were then placed downstream of an arc plasma reactor to collect 

individual copper nanoparticles (5-30 nm in diameter). It was observed that the Cu 

nanoparticles preferentially adhere onto CNT and that the macro-particles (diameter > 1 

urn), a usual co-product obtained with metal nanoparticles in the arc plasma synthesis, 

are not collected. Cu-Ni nanoparticles, a catalyst for CNT growth, were deposited on 

CNT to grow multibranched CNT. CNT-embedded thin films were produced by re-

melting the deposited nanoparticles. 
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10.1 Introduction 

The design and development of nanosized components have required the synthesis of 

nanoparticulate materials (i.e., nanoparticles) having physical, chemical and biological 

properties tailor made to specific applications. Critical to the technological advances in 

the production and use of nanoparticles is the development of efficient collection 

methods enabling the study of individual nanoparticles and agglomerates, particle 

morphology and chemical composition by high-resolution transmission electron 

microscopy (TEM) and/or scanning electron microscopy (SEM) coupled with micro-

analyzers and atomic force microscopy [Saltiel et. al., 2000]. 

It is a common laboratory practice to use thin metallic mesh/grids, also known as 

transmission electron microscopy grids (TEM grids), to collect nanoparticles 

[Malyavantham et. al., 2004]. In this approach, a TEM grid is exposed to a stream of 

nanoparticles and some of the nanoparticles adhere to it. In the case where the 

nanoparticles are electrically-charged (ex. electrostatic precipitation), a bias is applied to 

the TEM grid to enhance the collection efficiency. Though these collection approaches 

work, the collection efficiency is very low. Furthermore, because of their high surface 

energy, nanoparticles tend to agglomerate on the grid making it impossible to analyze 

individual nanoparticles. Even at very high resolution, it is very cumbersome to 

distinguish if a particle is thin and dish-like or has a 3-D structure [Saltiel et. al., 2000]. 

In addition to the above difficulties, the substrate itself (i.e., the TEM grid), hinders 

elemental chemical analyses such as EDS and XPS, and characteristic peaks of the grid 

material cannot be avoided in the final EDS spectra. 

With their high aspect ratio, high surface area and unique structural, chemical and 

physical properties, carbon nanotubes (CNT) find applications in molecular electronics 

and logic circuits, as electrode materials, chemical sensors and catalyst supports 

(Frackowiak et al., 1999; Barisci et al., 2000; Claye et al., 2000; Kong et al., 2000; Odom 

et al., 2000; An et al., 2001; Bachtold et al., 2001; Guo & Li., 2004). In this work, we 
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exploit the surface properties of CNT and metal nanoparticles and propose an efficient 

method of collecting nanoparticles suspended in a gaseous stream. 

10.2 Experimental methods 

CNT were grown on nickel-coated TEM copper grids of 300 mesh and on Monel 

coupons (65% Ni, 35% Cu). The electroless coating technique was used to coat the Ni 

catalyst on the Cu TEM grids. An all Chloride, alkaline bath having the composition 

given in Table 10.1 was used as the coating solution. 

Table 10.1 Electroless coating solution composition [Parthasaradhy N. V., 1989] 

Nickel chloride 

Sodium hypophosphite 

Sodium citrate 

Ammonium chloride 

Water 

pH 

Temperature 

Ammonium hydroxide 

45 g 

11 g 

100 g 

50 g 

1L 

8.5 to 9.0 

363 to 373 K 

Buffer to increase the pH 

TEM grids made of pure Copper, were cleaned with acetone in an ultrasonic bath for 20 

min and they were further activated by dipping in a solution of 0.1 g/L Pd and 1 mL 37% 

HC1 before electroless deposition. The electroless coating solution as per Table 10.1 was 

prepared in a 100 mL glass beaker, heated to 368 K on a hot plate and stirred 

continuously by a magnetic stirrer. The electroless plating was done for different times 

(30 to 120 sec). The Ni-coated Cu TEM grids and as-received Monel coupons (1 cm x 1 

cm x 0.8 mm) were used as substrates to grow CNT in a tubular furnace by thermal 

chemical vapor deposition at 923 K. A mixture of 7 v/v% C2H2 in N2 was used as the 

carbon source. A detailed description of the experimental procedure is given elsewhere 

[ReddyN.K. etal.,2006]. 
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Copper nanoparticles were produced in an arc evaporation/condensation process whereby 

the copper cathode of an atmospheric pressure magnetically-driven DC arc is thermally 

eroded. A detailed description of the plasma reactor is given elsewhere [Szente et al.]. In 

essence, a dense cloud of metallic vapors is formed at the arc attachment points on the 

copper cathode (ie. the cathode spots) and rapidly cooled by a stream of inert gas (argon) 

forcing supersaturation of the metal vapors, and subsequent formation of metal 

nanoparticles. Figure 10.1 shows a schematic drawing of the arc plasma-based 

nanoparticle synthesis reactor. The reactor uses a concentric electrode geometry whereby 

the water-cooled anode is along the centerline while the water-cooled sleeve cathode 

surrounds it, thus defining an annular gap of 4 mm. A water-cooled magnet which 

surrounds the electrodes assembly is used to apply an axial magnetic field (0.05 T), 

forcing the arc into rotation. The DC arc is ignited by a high-frequency trigger pulse and 

powered by a welding power supply (maximum power and current of 20 kW and 500 A, 

respectively). An average power of 4.4 kW (40 V and 110 A) was maintained throughout 

the experiments. Ultrahigh purity (99.99% pure) argon circulated from the lower end of 

the reactor to the top end at a flow rate of 23 SLPM under atmospheric pressure. The 

nanoparticles produced from the erosion of the cathode are carried away by the flowing 

gas and deposit on the water-cooled reactor walls and on the TEM grids or Monel 

coupons placed downstream, as shown in Fig. 10.1. Nanoparticles were also collected on 

bare TEM grids for comparison. The plasma reactor was run for 5-6 mins. 

The morphology and size of the nanoparticles were characterized by a JEOL JEM- 2011 

a transmission electron microscope (TEM) operating at 200 kV and also by Hitachi F-

4700 field-effect scanning electron microscope (FESEM), operating in the secondary 

electron (SE), backscattered electron (BSE) and scanning transmission electron (STEM) 

modes. Energy Dispersive Spectra (EDS) of the individual particles adhered to the CNT 

were collected and the elemental composition analyzed. 
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10.3 Results and Discussion 

Figure 10.2a shows a SE image of CNT grown on a Ni-coated TEM grid before the 

collection of the Cu nanoparticles. From the SE images taken at different locations on the 

TEM grid we noticed that the growth of CNT is well distributed on the grid (images not 

shown). The CNT growth onto the metallic mesh extends into the voids between the 

mesh lines. As CNT grow into the voids of the mesh, the nanoparticles adhere onto CNT. 

Figure 10.1 Schematic of the magnetically driven arc system. 

Figures 10.2b and 10.2c show SE images of copper nanoparticles collected under 

identical conditions on a bare TEM grid and a TEM grid covered with CNT, respectively. 

Figures 10.2d and 10.2e are STEM and BSE images of nanoparticles collected on CNT, 

respectively. Figure 10.2f is a high magnification image of nanoparticles deposited on 

CNT grown on a Monel substrate. Comparing Fig. 10.2b and 10.2c, it is clear that more 

nanoparticles are collected on the CNT-covered TEM grids as compared to the bare ones. 

CNT-covered TEM grids have a larger surface area of collection and also, the surface 

forces acting between the CNT and the metal nanoparticle aid towards the increased 
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nanoparticle collection. Due to this combined effect of higher surface area and surface 

forces, the collection of nanoparticles on CNT-covered TEM grids increases drastically. 

As CNT are grown in the voids of the mesh, the imaging of metal nanoparticles under 

high resolution in different modes (including STEM) and at different angles becomes 

possible (i.e., it is easy to tilt the specimen and image the nanoparticles at different 

angles). Figure 10.2d is one such image of nanoparticles obtained in the STEM mode. On 

a bare TEM grid the nanoparticles sit on the mesh, masking half or more of their surface 

area from analysis and making the 3-D structure determination difficult. Nanoparticles 

adhered onto CNT have a much reduced surface area of contact with the collecting 

surface in comparison with uncovered TEM grids. Hence imaging the nanoparticles at 

different angles gives more information on its 3-D structure. 

In addition to using CNT-covered TEM grids as nanoparticle collectors, CNT grown on 

Monel coupons were also used to collect nanoparticles (Fig. 10.2f). From Fig. 10.2f, it 

can be seen that individual nanoparticles are well-distributed along the length of the CNT 

grown on Monel coupons. Some other researchers refer to this structure as decorated 

carbon nanotubes [Chen J. et. al., 2006] and self-assemblies of nanoparticles [Shi J. et al., 

2006]. 

Figure 10.3a and 10.3b are the TEM images of the nanoparticles collected on CNT 

covered TEM grid. From fig 10.3a we see nanoparticles distributed on CNT. Fig 10.3b is 

a higher magnification image of the same in which individual nano particles (size ranging 

from 5 to 20 nm) adhered on to CNT can be seen. 

Figure 10.4 is an EDS spectrum of nanoparticles deposited on a CNT-covered TEM grid. 

Characteristic peaks of carbon, oxygen and copper are seen in the EDS spectrum. This 

confirms the presence of Cu material deposited onto the CNT. Copper, when reduced to 

the nano-size, readily forms a copper oxide upon exposure to air thus justifying the 

oxygen peak. It should be noted that in the analysis of this deposit, we have observed less 

counts per second of X-rays being generated/received by the detector as compared to a 
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regular EDS analysis (i.e., the dead time of the detector was only 10% instead of being 

30%, which is normal for the bulk solid surface). This is attributed to very small 

interaction volume of the electron beam with the suspended nanoparticles. Because of the 

low dead time, only qualitative analysis of the particles is possible. 

Figure 10.2 a) CNT grown on Ni-coated Cu TEM grid before nanoparticle deposition; b) Cu 
nanoparticles on bare TEM grid; c) Cu nanoparticles on CNT grown on Ni-coated Cu TEM grid; d) 
STEM image of nanoparticles on CNT; e) Compositional contrast of nanoparticles; f) High 
magnification image of nanoparticles on CNT grown on Monel substrate. 
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b) 

Figure 10.3 a) TEM image of nanoparticles collected on CNT covered TEM grid; b) higher 
magnification TEM image, showing individual nanoparticles adhered on to the surface of CNT. 

Figure 10.4 EDS spectrum of Cu/Copper oxide nanoparticles on CNTs. 

The deposition of nanoparticles onto CNT has many potential applications [Male K.B., et 

al., 2004]. Depending on the choice of cathode material and plasma gas used with the arc 

plasma-based nanoparticle synthesis system, nanoparticles of different chemical 

compositions can be synthesized and deposited onto the CNT. For example, if a Cu-Ni 
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alloy is used as the cathode material with an inert gas, Cu-Ni nanoparticles can be 

deposited onto CNT. Such nanoparticles could then be used as catalyst to grow second 

generation CNT, branching out from the original ones. Figure 10.4 shows a SE image of 

one such CNT-based structure. The Cu-Ni nanoparticles deposited on the first generation 

CNT were used as catalysts to grow the second generation of CNT. The new CNT grow 

on the previous generation CNT, producing a multibranched 3-D structure. Three 

important planes have been identified on Fig 10.5: plane 'A' is the Monel substrate itself; 

plane 'B', which is more distant from the surface than plane 'A' hosts the first generation 

CNT onto which Cu-Ni nanoparticles were deposited. Even further from the surface is 

plane ' C , where we can recognize second generation CNT which grew onto the first 

generation CNT, thus creating the multibranched CNT-based structure. The fact that no 

nanoparticles are attached to those CNT confirms that they are from the second 

generation. 

Figure 10.5 Multibranched CNT. Plane A: the Monel substrate; Plane B: the first generation CNT 
decorated with Cu-Ni nanoparticles; Plane C: the second generation CNT grown on first generation 
CNT creating a 3-D structure of multibranched CNT. 
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a) b) 
Figure 10.6 a) CNT embedded in a porous matrix of copper/copper-oxide film. Notice clusters of 
nanoparticles which melted and coalesced to form a porous matrix, b) CNT visible inside the porous 
matrix. 

If a sufficient amount of nanoparticles are collected on the CNT grown on the metal 

catalyst substrate, it is then possible to coat these CNT with nanoparticles and embed 

them in a thin film of metal/metal-oxide, by further heat-treating the deposited 

nanoparticles. One such experiment was conducted in which a considerable amount of 

copper/copper-oxide nanoparticles were deposited on CNT grown on Monel substrate, 

and further heated to 923 K in a tubular furnace for 45 minutes under N2 atmosphere. We 

have observed that the deposited copper/copper-oxide nanoparticles melt at 923 K, which 

is well below the melting temperature of pure (bulk) copper and copper oxide (1357.8 K 

and 1508-1599 K, respectively). For Cu-0 system no eutectic below 1508 K has been 

reported in literature. Upon melting, a film containing embedded CNT is produced. 

Figures 10.6a and 10.6b present SE images of such film. From Fig. 10.6a we observe that 

the film formed is quite porous. Fig. 10.6b clearly reveals the CNT embedded into the 

film. A profilometric analysis of the film surface using a DEKTAK3 profilometer 

revealed that the film has a mean thickness of 6 urn. 
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10.4 Conclusions 

From the results presented in this communication, it can be concluded that CNT grown 

on metal substrates can be used as efficient metal nanoparticles collector, thus facilitating 

their morphological and chemical analyses. The growth of CNT by thermal CVD on Ni-

coated Cu TEM grids and Monel coupons is a fairly simple and cheap process, requiring 

modest equipments. Furthermore, different metal catalyst nanoparticles can be deposited 

onto CNT for various applications, including the growth of multibranched CNT creating 

3-D structures. CNT can also be embedded into metal matrix to form nanocomposite thin 

films. 
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Chpter 11 Conclusions 

This chapter summarizes the conclusions from this study. All the thesis objectives were 

achieved. 

The most relevant conclusions in this study are the following: 

11.1 Vacuum arc experiments-conclusions 

1 Both surface roughness and surface patterns affect the erosion rates. Reducing 

surface roughness reduce erosion rates. Cathodes with perpendicular patterns 

give lower erosion rates due to a broader arc attachment. This results in 

reduced local heating and better heat dissipation on the cathode surface. 

2 Erosion rates depend chiefly on the nature of arc attachment and arc 

movement on the cathode. At any roughness level, having regular patterns in 

the direction of arc movement, results in overlapping craters and higher 

erosion rates. Isotropic surfaces promote random motion and hence give lower 

erosion rates. 

3 Nanostructured coatings produced by plasma spraying (PS) and high velocity 

oxygen fuel spraying (HVOF) methods have 100 to 300 nm grain sizes and ~2 

atomic % intersplat oxygen content. These coatings give up to 50% lower 

erosion rates relative to massive Cu having relatively larger grains. Coatings 

preserve their initial nanostructure even after passing as many as 135 arc 

pulses, each of which was 500 us long at an arc current of 125 A 

11.2 Atmospheric arc experiments-conclusions 

1 Hard drawn electrodes having smaller grain sizes (6 ± 1 nm ) in the direction 

perpendicular to the direction of drawing and arc motion showed 16% lower 
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erosion rates than fully annealed electrodes with equi-axed grains (21 ± 2 

um). The results demonstrate an effect of grain size on erosion rate. 

2 HVOF coatings and cold sprayed coatings in their as-sprayed state with 

average grain sizes of 300 nm and 1.12 um respectively, showed higher arc 

velocities due to their reduced grain sizes. Although the velocities were 

higher, the erosion rates were also higher due to severe spalling of the 

coatings. These coatings spalled as their electrical and thermal conductivity 

were lower than massive Cu. 

3 Annealing these coatings is known to increase the coating strength as well as 

their electrical and thermal conductivities. Even though these properties come 

at the expense of some grain growth, annealed HVOF and CS coatings having 

2-4 um grains gave up to 60% higher steady state arc velocities and up to 68% 

lower erosion rates compared to massive copper cathodes having 20 to 23 um 

average grain size. 

4 Vacuum plasma spray (VPS) coatings having 0.9 to 1.5 um average grain size 

gave up to 60% higher arc velocities and up to 70% lower erosion rates when 

compared to massive copper cathodes. 

5 VPS coatings and cold sprayed coatings were free from oxygen content and 

hence clearly isolated the effect of microstructure alone. Both of these 

coatings had smaller grains and showed lower erosion rates than massive Cu. 

6 The initial microstructure of the coatings remained intact after erosion 

experiments. 

11.3 Peripheral work-conclusions 

1. High temporal and spatial resolution pictures of the atmospheric pressure 

magnetically rotated arcs reveal, splitting of the arc column into a column 
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with multiple arc roots (i.e., cathode spots), repulsion of cathode spots due to 

their self-induced B-fields and grouping of cathode spots under the influence 

of external B-field. 

2. Carbon nanotubes grown on metal substrates are efficient metal nano-particle 

collectors. In addition to nano particle collection, carbon nanotubes also 

facilitate morphological and chemical analyses of nanoparticles. 

11.4 Original contributions 

The most relevant original contributions in this study are listed below: 

The most relevant original contributions in this study are listed below: 

• Quantitative and qualitative correlation of cathode microstructure, surface 

roughness/pattern with vacuum and atmospheric pressure arc velocities, and 

arc erosion rates. 

Characterization of thermal and cold spray coatings for their thermal 

properties and grain size measurements pre/post erosion experiments. 

Developing a better understanding of the atmospheric pressure arc, its 

attachment and arc movement, on copper cathodes using high speed, high 

resolution cameras. 

Development of new technique to characterize nanoparticles using nanotubes. 
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Chpter 12 Future work and recommendations 

The following two future works are proposed: 

12.1 Erosion studies on VPS coatings-experimental work 

VPS coatings showed up to 60 % higher arc velocities and 70 % lower erosion rates and 

remained intact even after 10 minutes of arcing at a 6 kW power setting. These results 

were obtained for a B-field setting of 0.10T, and a gas flow rate of 23 slpm. More 

experiments should be performed on coatings with the following conditions to further 

determine their erosion behavior 

• Keeping all conditions constant, the B-field can be varied from 0.01 T to 0.15 T 

• Keeping all conditions constant, the arc current can be varied from 50 A to 250 A 

• Run erosion experiment for longer time periods (> 10 minutes) with constant 

operating conditions. 

Developing and testing internally sprayed coatings would be more useful from an 

industrial point of view. Raymor industries (located at 3765 La Verendrye, Boisbriand, 

Quebec, J7H 1R8, Canada, and Phone: 1-450-434-1004) produce VPS coatings. 

It is proposed to capture high speed and high resolution images of the arc running on VPS 

coatings using the CCD camera available with Dr. Meunier and CMOS camera available 

with Dr. Servio. These images would reveal precise information on arc attachment and 

arc movement on cathodes having smaller grain sizes. 

12.2 Erosion studies on cathodes formed from nano powders-experimental 

work 

To further understand the effect of microstructure on arc velocity and arc erosion, it is 

proposed to conduct erosion studies on cathodes formed from nano powders. These 

cathodes would be formed entirely using nano powders and is expected to have better 

thermal and electrical properties. 
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Dr. M. Brochu of the Department of Mining and Materials Engineering Mcgill has 

expertise on forming solid rods and coupons starting from nanopowders using the 

explosive bonding technique. He has also facilities for cryogenic milling. It is 

hypothesized that cathodes formed by explosion forming methods starting from cryo-

milled pure copper powders having nanometric grains give lower erosion rates because of 

enhanced arc velocities. 
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