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Thunder is good, thunder is impressive,
but it is lightning that does the work
- Mark Twain -

IV

TABLE OF CONTENTS
SUMMARY

VIII

ZUSAMMENFASSUNG

XI

LIST OF FUNDAMENTAL CONSTANTS

XV

INTRODUCTION

1

INTRODUCTION ................................................................................................................... 2
1.1

SCIENTIFIC MOTIVATION ........................................................................................ 3

1.2

STATE OF THE ART .................................................................................................. 4

1.3

INDUSTRIAL MOTIVATION ...................................................................................... 5

1.4

AIM OF THE THESIS ................................................................................................. 6

1.5

THESIS OUTLINE ..................................................................................................... 6

REFERENCES ...................................................................................................................... 9

LITERATURE AND THEORY

11

2.1

ELECTRICAL POWER TRANSMISSION FUNDAMENTALS.......................................... 12

2.2

TRANSIENT RECOVERY VOLTAGE ......................................................................... 13

2.2.1

General Concept ....................................................................................................................... 13

2.2.2

Reignition and Restrike ............................................................................................................ 13

2.3

ELECTRIC DISCHARGES ......................................................................................... 15

2.3.1

Townsend Discharge, Dielectric Breakdown and Glow Discharge ......................................... 17

2.3.2

Arc Discharge .......................................................................................................................... 23

2.4

ARC-INDUCED MATERIALS DEGRADATION – ARC EROSION ................................. 26

2.4.1

Thermo-electrical Considerations ............................................................................................ 27

2.4.2

Mechanical Considerations ...................................................................................................... 28

2.4.3

Arc Erosion Morphology – Crater Formation .......................................................................... 28

2.4.4

Arcing Contact Materials Selection ......................................................................................... 30

2.4.5

Effect of Microstructure and Composition on Arc Erosion in W-Cu....................................... 35

2.5

DIRECTIONAL FREEZE-CASTING OF METALLIC FOAMS ......................................... 36

2.5.1

Slurry Formation ...................................................................................................................... 37

2.5.2

Controlled Solidification .......................................................................................................... 38

2.5.3

Sublimation of the Solvent ....................................................................................................... 39

2.5.4

Reduction and Sintering of the Ceramic Foam ........................................................................ 40

2.5.5

Critical Factors and Limits in Freeze-casting........................................................................... 42

REFERENCES .................................................................................................................... 44

V

FREEZE-CASTING OF TUNGSTEN FOAMS

53

ABSTRACT ........................................................................................................................ 54
3.1

INTRODUCTION ..................................................................................................... 54

3.2

SYNTHESIS OF TUNGSTEN FOAMS ......................................................................... 56

3.2.1

Slurry Preparation .................................................................................................................... 56

3.2.2

Freeze-casting and Freeze-drying ............................................................................................ 57

3.2.3

Reduction and Sintering ........................................................................................................... 58

3.2.4

Characterization ....................................................................................................................... 58

3.3

RESULTS ............................................................................................................... 59

3.3.1

Synthesis .................................................................................................................................. 59

3.3.2

Open Porosity, Linear Shrinkage and Wall Thickness ............................................................. 64

3.3.3

Effect of Nickel and Sintering Temperature on Densification ................................................. 65

3.3.4

Mechanical Properties .............................................................................................................. 67

3.4

DISCUSSION .......................................................................................................... 68

3.4.1

Foam Morphology.................................................................................................................... 68

3.4.2

Effect of Nickel on Sintering Behavior and Foam Microstructure .......................................... 70

3.4.3

Mechanical Properties .............................................................................................................. 73

3.4.4

Engineering Applications ......................................................................................................... 74

3.5

CONCLUSIONS ....................................................................................................... 75

REFERENCES .................................................................................................................... 76

ANISOTROPIC TUNGSTEN-COPPER COMPOSITES USING
FREEZE-CAST TUNGSTEN FOAMS

81

ABSTRACT ........................................................................................................................ 82
4.1

INTRODUCTION ..................................................................................................... 82

4.2

EXPERIMENTAL PROCEDURES ............................................................................... 83

4.2.1

Composite Synthesis ................................................................................................................ 83

4.2.2

Characterization ....................................................................................................................... 84

4.3

RESULTS ............................................................................................................... 86

4.3.1

Composite Architecture ........................................................................................................... 86

4.3.2

Mechanical Properties .............................................................................................................. 89

4.3.3

Electrical Properties ................................................................................................................. 92

4.4

DISCUSSION .......................................................................................................... 94

4.4.1

Melt-infiltration, Composite Architecture and Structural Wavelength .................................... 94

4.4.2

Mechanical Properties .............................................................................................................. 95

4.4.3

Electrical Resistivity and Transient Behavior .......................................................................... 98

VI

4.5

CONCLUSIONS ....................................................................................................... 99

REFERENCES .................................................................................................................. 101

TOWARDS A MULTIPHYSICS FINITE ELEMENT MODEL FOR
ARC EROSION SIMULATION

105

ABSTRACT ...................................................................................................................... 106
5.1

INTRODUCTION ................................................................................................... 106

5.2

EROSION ESTIMATION MODEL BASED ON ARC POWER DENSITY........................ 108

5.2.1

Phase Transitions and Temperature Dependent Materials Properties .................................... 109

5.2.2

Electric Field Estimation and Arc Power Deposition............................................................. 111

5.2.3

Temperature Profile and Phase Distribution .......................................................................... 112

5.2.4

Discussion of Limits and Simplifications .............................................................................. 114

5.3

MAGNETO HYDRODYNAMIC MODEL OF ARC EXTINCTION ................................. 115

5.3.1

Geometry and Mesh Characteristics of the Model ................................................................. 115

5.3.2

Initial Solution of Compressible Turbulent Gas Flow ........................................................... 117

5.3.3

Coupling Maxwell’s Equation ............................................................................................... 119

5.3.4

Velocity Field ......................................................................................................................... 122

5.3.5

Temperature Profile ............................................................................................................... 124

5.3.6

Discussion and Limits of the Model ...................................................................................... 125

REFERENCES .................................................................................................................. 127

CONCLUSIONS AND OUTLOOK

129

6.1

CONCLUSIONS ..................................................................................................... 130

6.2

OUTLOOK ............................................................................................................ 135

6.2.1

Freeze-casting of Refractory Metals ...................................................................................... 135

6.2.2

Melt-infiltration...................................................................................................................... 136

6.2.3

Freeze-casting of Nanocrystalline Tungsten .......................................................................... 137

6.2.4

Arc Erosion Experiments and Modeling ................................................................................ 137

REFERENCES .................................................................................................................. 139

DECLARATION

140

ACKNOWLEDGMENTS

142

VII

Summary
Whenever two electrical contacts are separated an electric arc will form. This is a physical
necessity which cannot be avoided by any scientific or engineering approach. As a result of
this arcing, the material involved will take damage due to ion bombardment and the introduced
heating combined with the Joule heating from the very high local current densities. The
material melts, displaces, is sputtered and evaporates in the process. This effect of material
removal by arcing is called arc erosion. Different materials show varying sensitivity to arc
erosion. As a general rule of thumb, the higher the melting point and the better the electrical
and thermal conductivity of a material are, the higher is the arc erosion resistance of that
material. The damage in these materials used for electrical contacts, called contact materials,
is increased with the power level used in the electrical circuit that is switched. In house-hold
electricity networks the damage remains therefore small and easy to manage. In the power
transmission grid all around the globe the network voltages are steadily increasing, imposing
ever growing challenges to protective equipment such as circuit breakers, which are used to
switch off and on high voltage transmission lines in fault case such as short circuits or
overvoltages. Even the strongest materials used in state of the art arcing contacts comprising
of an interpenetrating tungsten-copper network composite are hitting their application limits.
New materials and design possibilities for contact applications at the highest power levels are
therefore called for. This work comprises the identification and thorough characterization of
new interpenetrating tungsten-copper composites with an anisotropic structure by directional,
aqueous freeze-casting for such contact applications.
Aqueous freeze-casting is a process used in the ceramic industry to produce ceramic foams
with a defined degree of porosity by dispersing a ceramic precursor in water, freezing the
water/ceramic slurry, freeze-drying the solid body to remove the ice phase and finally sintering
the resulting porous green body. The pore architecture as a result is a direct replica of the ice
phase since during ice solidification the ceramic particles are rejected by the growing ice
dendrites and are collected in the interdendritic space. By the application of a temperature
gradient, the water solidifies in lamellar sheets along the temperature gradient due to preferred
crystallographic growth directions. By the introduction of a temperature gradient during
freezing and through applying a chemical reduction step by the use of pure hydrogen gas prior
sintering, anisotropic metallic tungsten foams with dense foam walls were created from
tungsten trioxide slurries. The challenges to overcome during synthesis were the high density
inherent to tungsten and the extreme melting point, making the particles prone to sedimentation
VIII

during slurry formation and freezing as well as making sintering of the tungsten green bodies
difficult. The first problem was solved by using tungsten oxide nanoparticles reducing the
sedimentation velocity significantly due to reduced density and lower particle size, both
defining the sedimentation speed. As pressure assisted sintering methods that are standard to
achieve densely sintered tungsten in powder metallurgy are not applicable as they would
destroy the foam structure, a new concept was introduced and added to the directional freezecasting method to improve sintering. Co-freeze-casting and co-reducing a second ceramic
constituent, nickel oxide, at very low mass fraction of 0.51 wt.% increased the sinter ability of
tungsten by orders of magnitude. This results in dense tungsten foam walls at 1400 °C, while
not adversely affecting the open porosity of the entire foam. The solid fraction in the initial
slurry as well as the freezing temperature were identified to determine the final foam porosity
and wall thickness yielding a tool for the full control over the foam composition and
microstructure.
In a second step these tungsten foams were melt-infiltrated by molten copper to yield
tungsten-copper composites. Copper wets the tungsten walls successfully as the added nickel
sintering additive also increases wettability. Anisotropic, interpenetrating tungsten-copper
composites are created, since the open porosity and the tungsten cell walls are fully
interpenetrating by the formation of tungsten wall bridges during ice solidification and because
of the copper filling the open porosity upon melt-infiltration. As the copper mimics the open
porosity that in turn is a direct replica of the ice phase, the solidification conditions of the water
during freezing directly define the tungsten-copper composite architecture. By adjusting the
solidification parameters slurry solid fraction and freeze-casting temperature, any composition
and tungsten/copper structural wavelength can be introduced, rendering full control over the
final composite. Due to its directionality, the tungsten-copper composite exhibits decreased
electrical resistivity than their counterparts synthesized by traditional powder metallurgy –
even at increased tungsten content. Additionally, the new composites show a similar
mechanical performance under compressive loading as their powder metallurgical counterparts
improving the overall properties. Introducing the directionality into the composites increases
the design possibilities for next generation arcing contacts.
Predicting arc erosion is a topic of ongoing scientific and industrial research. Conducting
arcing experiments at extreme conditions in the hundreds of kilo-volts and kilo-ampere range
is very difficult and cost intensive. Numerical modeling of the arcing process and its resulting
arc erosion in the arcing contacts is therefore of high interest. In the last part of this work, two
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numerical models are presented to investigate arc erosion. In a first model, laboratory arcing
experiment data on thin film geometries are successfully used to establish a model based on
arc power density to calculate the transient evolution of the temperature profile within the
tungsten-copper thin film electrode including phase transitions and temperature dependent
materials properties. The predicted area of eroded thin film is compared to the laboratory
experiments yielding good agreement. In the second model, a magneto hydrodynamic
calculation of a real gas sulfur hexafluoride arc during the arc extinction phase is conducted in
a simplified, 2-D axial symmetric circuit breaker assembly. The compressible Navier-Stokes
equations were solved using a k-ε turbulence model and the temperature within the arc was
calculated due to electromagnetic heating. Both models can be used for future more in-depth
numerical analysis to predict the temperatures in a breaker assembly and in the arcing contacts.
To conclude, anisotropic tungsten foams are created by the freeze-casting method using
water as solvent and a temperature gradient. By melt-infiltration with liquid copper these foams
are transformed into tungsten-copper composites exhibiting the identical anisotropic
architecture as the initial foams. Compared to composites fabricated via traditional powder
metallurgy, the freeze-cast composites show lower electrical resistivity at comparable
mechanical strength due to the introduced directionality. The composite architecture and
composition are controlled by the freezing conditions during foam formation offering full
control over the final composite structure making these composites interesting candidates for
future contact applications.
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Zusammenfassung
Wann immer zwei Elektroden voneinander getrennt werden, wird aus physikalischen
Gründen ein elektrischer Lichtbogen entstehen. Dies kann durch keinen wissenschaftlichen
oder ingenieur-technischen Ansatz vermieden werden. Als Folge dieses Lichtbogens wird das
involvierte Material durch Bombardierung mit Ionen und der daraus folgende Erhitzung in
Kombination mit der Joule‘schen Erwärmung von lokalisierten, sehr hohen Stromdichten
geschädigt. Das Material schmilzt auf, verformt sich, wird abgetragen und verdampft. Dieser
Effekt des Materialabtrags wird Lichtbogenerosion genannt. Verschiedene Materialien zeigen
unterschiedliche Anfälligkeit gegen Lichtbogenerosion. Als eine Faustregel gilt, dass ein
höherer Schmelzpunkt und bessere elektrische sowie thermische Leitfähigkeit eines Materials
den Widerstand gegen Lichtbogenerosion erhöhen. Der Schaden in den Materialien, welche
für elektrische Kontakte verwendet werden, auch Kontaktwerkstoffe genannt, nimmt mit
erhöhter Leistung des elektrischen Schaltkreises, welcher geschalten werden muss, zu.
Elektrische Netze im Haushalt haben niedrige Leistungen, die Schäden sind eher gering und
können gut gehandhabt werden. In Hochspannungsübertragungsnetzen überall auf der Welt
werden die Netzwerkspannungen stetig erhöht, was immer grössere Herausforderungen an
Schutzausrüstungen wie Leistungsschalter stellt. Diese Leistungsschalter müssen den Strom
zuverlässig schalten wenn Kurzschlüsse oder Überspannungen im Netz entstehen. Auch die
stärksten

Werkstoffe

in

der

Form

von

interpenetrierenden

Wolfram-Kupfer

Verbundwerkstoffen erreichen dabei ihre Grenzen. Neue Materialien und Design
Möglichkeiten für Kontaktanwendungen bei höchsten Leistungen müssen daher erschlossen
werden. Diese Arbeit beinhaltet die Erforschung und fundierte Charakterisierung eines neuen
interpenetrierenden Wolfram-Kupfer Verbundwerkstoffes mit einer anisotropen Struktur durch
das direktionale, wässerige Gefrierguss Verfahren.
Dieses Verfahren wird ursprünglich in der Keramikindustrie verwendet um poröse
keramische Schäume mit einer definierten Porosität herzustellen. Dabei wird ein keramisches
Ausganspulver in Wasser dispergiert, die Wasser/Keramik Suspension gefroren, der
Festkörper gefriergetrocknet um das Eis zu sublimieren und schliesslich der resultierende
Grünkörper gesintert. Die Porenarchitektur wird dabei ein direktes Replikat der Eis Phase, weil
die keramischen Partikel während der Erstarrung des Eises von der Erstarrungsfront in den
Raum zwischen die wachsenden Eisdendriten gedrückt werden. Durch das Anbringen eines
Temperaturgradienten gefriert das Wasser aufgrund des bevorzugten Wachstums entlang
gewisser kristallographischer Richtungen in lamellaren Schichten in Richtung des Gradienten.
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Durch das Nutzen dieses Temperaturgradienten während des Gefrierens und durch das
Einbringen einer chemischen Reduktion mittels Wasserstoffgases vor dem Sintern werden
anisotrope Wolframschäume mit dichten Schaumwänden von Wolframoxidsuspensionen
hergestellt. Die Schwierigkeiten, die während der Synthese überwunden werden müssen, sind
die hohe Dichte und der extrem hohe Schmelzpunkt von Wolfram. Die Partikel neigen zur
Sedimentation in der Suspension und das Sintern des Grünkörpers wird schwierig gestaltet.
Das erste Problem wird durch das Verwenden von Wolframoxid Nanopartikeln gelöst, da diese
eine

geringere

Dichte

und

kleinste

Partikelgrösse

aufweisen,

was

die

Sedimentationsgeschwindigkeit deutlich reduziert. Da Druck unterstützte Methoden, wie sie in
der traditionellen Pulvermetallurgie verwendet werden, um Wolfram dicht zu sintern, nicht
angewendet werden können, weil sie die Schäume zerstören würden, wird ein neues Konzept
zum direktionalen Gefrierguss Verfahren zugefügt. Co-gefriergiessen und co-reduzieren einer
zweiten keramischen Komponente, Nickeloxid, bei einem sehr kleinen Gewichtsanteil von
0.51 Gew.-%, führt zu einer Erhöhung der Sinterfähigkeit von Wolfram um ein paar
Grössenordnungen. Dies resultiert in dichten Wolframschaumwänden schon bei 1400 °C, ohne
dabei die offene Porosität des Schaumes nachteilig zu beeinflussen. Der Anteil an Festphase in
der Suspension sowie die Gefriertemperatur sind als Hauptursache identifiziert, welche die
finale Schaumporosität und die Wandstärke definieren. Dies erlaubt die vollständige Kontrolle
der Schaumzusammensetzung und seines Gefüges.
In einem zweiten Schritt werden diese Wolframschäume mit flüssigem Kupfer
schmelzinfiltriert um Wolfram-Kupfer Verbundwerkstoffe herzustellen. Kupfer benetzt die
Wolframphase erfolgreich, weil das zugefügte Nickel auch die Benetzung erleichtert.
Anisotrope, interpenetrierende Wolfram-Kupfer Verbundwerkstoffe entstehen, weil die offene
Porosität und die Wolframwände durch das Ausbilden von Wolframbrücken zwischen den
Wänden während des Erstarrungsprozesses komplett interpenetrierend sind und das Kupfer
schliesslich die Poren während der Schmelzinfiltration füllt. Da das Kupfer die Porenstruktur
imitiert, welche selber ein Replikat der Eisphase ist, wird die Wolfram-Kupfer
Verbundwerkstoffarchitektur durch die Erstarrungsbedingungen des Wassers während des
Gefrierens bestimmt. Durch Justierung der Erstarrungsparameter „Festkörperanteil in der
Suspension“

und

„Gefriergusstemperatur“

können

jegliche

Zusammensetzung

und

Wolfram/Kupfer Strukturwellenlänge eingebracht werden, was eine komplette Kontrolle über
den finalen Verbundwerkstoff ermöglicht. Wegen der Direktionalität verfügt der WolframKupfer Verbund sogar bei erhöhtem Wolframanteil über einen niedrigeren spezifischen
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elektrischen Widerstand als vergleichbare, durch traditionelle Pulvermetallurige hergestellte
Verbunde. Zusätzlich zeigen die neuen Verbunde ähnliche mechanische Eigenschaften unter
Belastung in Kompression wie die pulvermetallurgischen Verbundwerkstoffe, was die
ganzheitlichen Eigenschaften verbessert. Das Einbringen der direktionalen Struktur in die
Verbundwerkstoffe erhöht daher die Designmöglichkeiten für Lichtbogen Kontakte der
nächsten Generation.
Lichtbogenerosion vorherzusagen ist ein Feld von andauernder wissenschaftlicher und
industrieller Forschung. Die Durchführung von Lichtbogenexperimenten bei extremen
Bedingungen im Bereich hunderter Kilovolts und Kiloamperes ist sehr schwierig und teuer,
weshalb numerische Modellierung des Lichtbogenvorgangs und der daraus resultierenden
Lichtbogenerosion sehr interessant sind. Im letzten Teil dieser Arbeit werden zwei numerische
Modelle präsentiert um die Lichtbogenerosion zu erforschen. Im ersten Modell werden Daten
von Lichtbogenexperimenten auf Dünnfilmen im Labormassstab erfolgreich verwendet, um
ein Modell zu entwickeln, welches basierend auf der Leistungsdichte des Lichtbogens die
zeitlich

abhängige

Dünnfilmelektrode

Entstehung
unter

der

Temperaturverteilung

Berücksichtigung

der

in

der

Wolfram-Kupfer

Temperaturabhängigkeit

der

Materialeigenschaften berechnet. Die vorhergesagte Fläche der Lichtbogenerosion zeigt dabei
eine gute Übereinstimmung mit den effektiven Resultaten des Laborexperimentes. Im zweiten
Modell wird eine magneto-hydrodynamische Berechnung eines realen Schwefelhexafluorid
Lichtbogens während des Löschvorganges in einer vereinfachten, 2-D axialsymmetrischen
Leistungsschalteranordnung durchgeführt. Die kompressiblen Navier-Stokes Gleichungen
werden dabei um ein k-ε Turbulenzmodell erweitert und gelöst, um die Temperaturverteilung
im Lichtbogen basierend auf der elektromagnetischen Erwärmung zu berechnen. Beide
Modelle können nun in Zukunft für detailliertere numerische Analysen verwendet werden, um
die Temperatur in einem Leistungsschalter und seinen Lichtbogenkontakten vorherzusagen.
Zusammenfassend werden mit der Gefriergussmethode unter Verwendung von Wasser als
Lösungsmittel und mittels eines Temperaturgradienten anisotrope Wolframschäume
hergestellt. Durch die Schmelzinfiltration mit flüssigem Kupfer können diese Schäume in
Wolfram-Kupfer Verbundwerkstoffe transformiert werden, welche dieselbe anisotrope
Architektur aufweisen wie die Schäume. Im Vergleich zu Verbundwerkstoffen, die mittels
traditioneller Pulvermetallurgie hergestellt werden, zeigen die gefriergegossenen Verbunde
aufgrund der Direktionalität einen tieferen spezifischen elektrischen Widerstand bei
vergleichbarer

mechanischer

Festigkeit.

Die

XIII

Verbundwerkstoffarchitektur

und

die

Zusammensetzung werden über die Gefrierbedingungen während der Schaumsynthese
kontrolliert, was eine vollständige Kontrolle über die finale Verbundwerkstoffstruktur
ermöglicht und diese Verbunde zu interessanten Kandidaten für zukünftige Anwendungen in
elektrischen Kontakten macht.
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Chapter I

Introduction

Introduction
Over the ages electricity has become an anonymous companion in our daily life. We
unconsciously switch on and off all kinds of electrical devices. Only when there is a blackout,
no matter how short or long, we realize again and not without awe, how dependent we are on
electrical power. Furthermore, electric energy resources are not limitless. Of course, electrical
power can be produced by various means; by burning fossil fuels1, 2, harvesting solar2, 3 or wind
energy1, 2, nuclear fission2 or making use of many other sources like geothermal or biomass
energy2. But wherever this electricity is created, it is rarely used at the same geographical
location. It usually has to be transmitted over many kilometers from the production site to the
end-user, who needs it to cook, to watch television or to switch on the lights or the computer
to read this thesis.
Transmitting electrical power is not an entirely new technology, but since the first
transmission lines were created more than 125 years ago4, the complexity of today’s networks
and the power transmitted each day has increased extensively5. As this power demand all
around the globe is steadily increasing and the ecological concerns such as global warming and
thus greenhouse gas emission imposes a more important key role in today’s power production
and transmission, power production companies and transmission grid operators tend to increase
the nominal voltage level significantly in order to reduce the losses on the transmission grid.
Depending on grid size, transmission voltage used and network quality the losses by
transmission and distribution in industrial countries amount to 7 – 15 % of the power output
and is therefore a significant factor6.
Similarly to switching on and off lights at home, transmission lines are switched on and off
regularly; is it due to maintenance, load redistribution or in the more severe cases, to switch off
a faulty line in order to protect sensitive material from overvoltages or flash-overs. These
switching operations are performed by circuit breakers. At the heart of those devices lie the
arcing contacts. Those contacts are the very last parts to be separated in the power grid, hence
breaking the current. They are also the very last parts to connect the line again after
maintenance or fault correction, called making the current. In both operations inevitably an
electrical arc will form, since the dielectric material, being air, oil or sulfur hexafluoride (SF6),
will not be able to withstand the sudden increase in electrical potential upon separation of the
two electrodes (break operation) or upon approaching of two electrodes (make operation) with
different potential levels7. This arc will lead to material degradation at the arcing contact, called

2

Chapter I

Scientific Motivation

arc erosion, and is the lifetime determining factor in circuit breakers. Higher resistance against
arc erosion means longer service life and higher reliability8.

1.1 Scientific Motivation
Finding solutions to increase the arc erosion resistance of contact materials is not only an
industrial goal but presents several scientifically interesting aspects. The very high
temperatures during high load fault currents (> 60 kA) at the high- (HV)a, extra-high- (EHV)
and ultra-high-voltage (UHV) levels impose severe thermal and mechanical stresses on the
material used for arcing contacts; state of the art being a tungsten-copper metal-metalcomposite (W-Cu MMC). Finding a new synthesis method to control the microstructure of the
W-Cu composite to achieve arcing contacts with controlled and tunable microstructure is of
paramount interest. A suitable method was identified to be directional freeze-casting of
aqueous ceramic slurries with subsequent reduction and sintering step, as it has been applied
to some metal systems already but has not been tried on refractory metals yet. As an added
benefit, aqueous freeze-casting is an environmental friendly synthesis method since chemical
additives are reduced to a minimum and water acts as a solvent. Furthermore the sintering of
tungsten needs high pressures at high temperatures (> 1600 °C). High pressures are out of the
question, since this would destroy the foam architecture of the freeze-cast tungsten foams. In
industrial applications platinum group metals as well as iron, cobalt and nickel are used to
activate sintering at lower temperatures9. All this leads to several scientific questions related to
the formation of new composites to be addressed in this thesis:


What is the influence of the sintering aid on foam architecture and microstructure and
what is the mechanism involved?



What is the relation between solid fraction in the initial slurry on foam porosity and
final composition of the W-Cu composites? How can it be used to control the
composite microstructure?



What is the influence of structural wavelength and composite composition on the
temperature dependence of electrical resistivity and does an optimal configuration
exist where Joule heating in the Cu and heat dissipation into the tungsten skeleton is
optimized?

a

High-voltage, extra-high-voltage and ultra-high-voltage refer to the voltage levels above 150 kV, 300 kV and
800 kV respectively and are used accordingly throughout this thesis.
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How does the foam microstructure relate to the applied temperature gradient during
freezing and what is the underlying mechanism?

Beside this experimental related part, an interesting aspect is the prediction of arc erosion
resistance by numerical modeling based on laboratory results.

1.2 State of the Art
W-Cu is the composite of choice in the HV, EHV and UHV range combining the high arc
erosion resistance of tungsten10, 11, due to its high melting point of 3’695 K12-15, with the
excellent thermal and electrical conductivity of copper13, 14. Additionally the high strength of
tungsten13, 15 increases the mechanical strength of the composite while the high ductility of
copper renders the composites a reasonable plasticity and facilitates the machining of
tungsten16.
In a first step porous tungsten is fabricated via the powder metallurgical route. Ni-doped
tungsten powder is used and compacted using cold (CIP) or hot isostatic pressing (HIP) and
sintered to yield the desired green density, which is usually 60 – 70 %. Subsequent pressureless
melt-infiltration with Cu at temperatures in the range of 1300 – 1400 °C leads to the final WCu composite17, 18.
The exact design of commercially available arcing contacts differs from producer to
producer, involving electrodynamic consideration about field strength, tip effect and desired
arc spot location. On the other hand axial symmetry is generally the underlying geometry of
choice with one part being cylindrical in shape (the pin) and the counterpart contact resembling
a tulip-like geometry, therefore called henceforth tulip (Figure 1).
Other materials systems at in circuit breaker assemblies are restricted to copper-chromium
(Cu-Cr) and tungsten carbide-silver (WC-Ag) contact materials. Cu-Cr is predominately used
in vacuum circuit breakers in the medium voltage range (< 150 kV) as it has a higher electrical
conductivity than W-Cu but suffers more from arc erosion, since the tungsten is more arc
erosion resistant due to its high melting point than chromium. WC-Ag composites exhibit a
smaller specific density than comparable W-Cu contacts and have similar mechanical
properties but the erosion behavior is more pronounced and the electrical conductivity is
smaller despite the use of silver10. Therefore at the high energies involved at the HV-level and
above the W-Cu is the contact material of choice since a high arc erosion resistance is needed
above all other properties. At lower voltages this becomes less important and engineering
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considerations concerning density play a higher role and Cu-Cr and WC-Ag, which have a
higher arc erosion resistance than Cu-Cr contacts, find their application10, 11.

Figure 1

Photograph of standard W-Cu arcing contacts with silver coating used in industrial circuit breakers
in the high-voltage range. The cylindrical arcing pin (bottom) fits into the hollow center of the contact
tulip (top) in the closed configuration under normal operation conditions and disengage upon current
breaking. Photograph from reference19.

1.3 Industrial Motivation
For industry it is of outmost importance to design circuit breakers which can reliably operate
at the UHV levels. As a matter of fact today’s state of the art circuit breakers’ design is rather
old compared to other transmission grid devices such as cables, lines and transformers. Because
a circuit breaker is a very crucial component of the transmission grid due to its purpose to
protect the grid in a fault case, industry has ever been very reluctant to introduce fundamental
changes in the devices. A failure of a circuit breaker could have dramatic effects on the power
transmission grid of a country leading to blackouts of whole landscapes. UHV circuit breaker
tests needed to experimentally investigate new designs on the other hand are very expensive
and difficult to set up. Multiphysics modeling by finite elements could solve this issue and help
the industry to not only intensify their knowledge of the mechanisms governing arc erosion but
also in the same step help reduce the weight of the, for safety reasons, oversized W-Cu MMCs
used as arcing contacts. This would reduce equipment weight, facilitate the part production and
in the end safe money.
5
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Furthermore, overcoming the inherent limitations over microstructure control of the state of
the art powder metallurgical approach by making use of the directional freeze-casting method
opens new design possibilities concerning microstructure and composite architecture.
Applying these changes might lead to a new generation arcing contact system by introducing
anisotropic composite properties and therefore tailoring the arcing contact individually for each
voltage level by adapting microstructure and architecture.
Arc erosion has been shown to be less pronounced the smaller the grain size and the smaller
the structural wavelength of the composite20, 21. Making use of the freeze-casting method, much
smaller grain size and wavelengths are achievable due to the fact, that non-pyrophoric tungsten
oxide nanoparticle are used compared to the highly pyrophoric metallic tungsten powder that
is standard in traditional powder metallurgy. Reducing thus arc erosion by minimizing grain
sizes and structural wavelength is another object of high interest for the industry.

1.4 Aim of the Thesis
Addressing the problems formulated in the scientific motivation is a key object of this thesis.
Forming tungsten foams with dense cell walls at relatively low homologous temperatures
(TH ≈ 0.4) by applying the freeze-casting technique to tungsten trioxide, adapting several
process steps, such as reduction, and sintering behavior by introducing the new concept of cocasting a sintering additive in form of NiO is a major thesis aim. The subsequent meltinfiltration of such foams shall yield the desired W-Cu composites exhibiting different
composite properties compared to the state of the art powder metallurgical composites without
changing the chemical composition.
Gaining a fundamental understanding of the influence of the main synthesis parameters on
the foam microstructure and pore morphology is of particular interest, allowing to predict the
final foam and therefore the final composite microstructure a priori to the synthesis and hence
enabling the synthesis of tailored, anisotropic W-Cu composites.
Another project is the establishing of a multiphysics numerical modeling approach using the
finite element method (FEM) for arc erosion, in particular the heat generation and input by the
arc into the arcing contacts and is dedicated a small chapter.

1.5 Thesis Outline
In this paragraph the outline of the thesis is presented, providing the interested reader with
an overview and a short description of each chapter. In parallel, Chapter I is concluded in which
the core research field, scientific and industrial motivation for the research conducted as well
6

Chapter I

Thesis Outline

as state of the art solutions were presented. Furthermore the key thesis aims are formulated in
Chapter I and the thesis is outlined.
Chapter II comprises the necessary literature background and provides non-exhaustive
theory fundamental physical principles, with special focus on basic plasma physics, arc erosion
and freeze-casting, which is used in the following chapters.
Chapter III discusses the structure, synthesis and mechanical properties of tungsten foams
synthesized using aqueous, directional freeze-casting. It addresses some of the key scientific
problems presented in the scientific motivation and explains the procedure to acquire tungsten
foams with anisotropic foam architecture needed as precursor material for the final anisotropic
W-Cu composite. It is inherently consistent, providing its own introduction with the necessary
literature background, results, discussion and conclusion. Chapter III is based upon the
following publication published in Journal of Materials Research:

A. Röthlisberger, S. Häberli, R. Spolenak and D. C. Dunand, Synthesis, Structure and
Mechanical Properties of Ice-Templated Tungsten Foams, Journal of Materials Research,
31(06), 753 (2016)

In Chapter IV the formation of the final W-Cu composite based on the tungsten foams
presented in Chapter III is revealed. Mechanical and electrical characterization was performed
on the synthesized W-Cu composites by freeze-casting and compared to the state of the art
composite produced industrially using the powder metallurgical route. Advanced analysis
techniques including X-ray tomography highlight the successful fabrication of anisotropic
interpenetrating W-Cu composites. The results presented in this chapter are in preparation for
publication.
Chapter V demonstrates a possible numerical approach of approximating temperatures and
phase transitions of arcing contacts during arcing as well as providing a magneto hydrodynamic
model for the modeling of arc extinction by a circuit breaker. Parts of this chapter were
presented at the 18th Plansee Seminar 2013, in Reutte, Austria and published in the respective
conference proceeding as:

A. Röthlisberger, F. T. N. Vüllers, C. Kowanda, F. E. H. Müller, M. Diener and R. Spolenak,
Towards a Multiphysics Finite Element Model for Arc Erosion Simulation, 18th Plansee
Seminar Conference Proceedings, (2013).
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In Chapter VI the thesis content is summarized, reflected and final conclusions brought into
context with the initial scientific and industrial motivation. The thesis is concluded with a short
outlook addressing all unresolved questions.
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Chapter II

Electrical Power Transmission Fundamentals

In order to understand the operating conditions and thus the requirements for the contact
material as well as the physical parameters during arcing, a certain understanding of today’s
power grid installations is required. This chapter provides a fundamental understanding before
the plasma physics basics are reviewed and the formation of and regimes in electric discharges
in gaseous media are revealed. The mechanisms leading to arc erosion will be summarized and
key materials properties identified before the freeze-casting method is addressed in detail. In
most parts of this chapter third party results and literature is presented and referenced
accordingly before the original work of this thesis is presented in the subsequent chapters.

2.1 Electrical Power Transmission Fundamentals
Today’s power transmission grids all around the world are symmetrical three phase power
systems, i.e. three phases, commonly denoted as R, S and T, carry the same sinusoidal
alternating current (AC) over cables or overhead lines. Direct current (DC) connections exist
mainly as submarine cables or as cables on very long lines (> 1000 km) and are not within the
scope of this project, because no change in sign does occur and therefore the current does not
pass zero by itself. It has to be forced to zero in order to extinguish arcs and consequently
different circuit breaker designs are used.
The voltage and currents in AC networks are phase shifted with respect to each other by an
angle of 120°. Therefore a distinction between phase voltage and phase-to-phase voltage has
to be made. The phase voltage corresponds to the potential difference between a single-phase
(e.g. R-phase) and the neutral point, usually the ground. In contrast, the phase-to-phase voltage
is the voltage difference between two arbitrary phases (e.g. R- and S-phase). The relations
between phase, phase-to-phase and peak voltage are summarized in Eq. 2-1 – Eq. 2-3. When
speaking about voltage and current in AC networks it is important to understand that always
the root mean square (RMS) value of the amplitude is meant because this RMS-value
corresponds to the DC-equivalent value. The nominal or system voltage refers always to the
phase-to-phase voltage1.
In Switzerland the highest nominal voltage used is 380 kV. Therefore peak voltages are a
factor √2 times higher than the system voltages. Additionally the voltage may vary by 10 %
during normal operation conditions leading in Switzerland nowadays to allowed peak phaseto-phase voltages of approximately 591 kV and phase voltage values of approximately 341 kV.
In comparison to other nations this maximum voltage level is rather moderate. Nominal
voltages of 400 kV (UK), 765 kV (USA) up to 1000 kV (China) are used in other countries.
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̂ ∙ 𝑐𝑜𝑠(𝜔𝑡)
𝑢(𝑡) = 𝑈

Eq. 2-1

̂ = √2 ∙ 𝑈
𝑈

Eq. 2-2

𝑈𝑝𝑝 = √3 ∙ 𝑈𝑃

Eq. 2-3

The switching operations are usually conducted in a substation. Each phase has at least one
circuit breaker depending on the importance of the transmission line; therefore a circuit breaker
under normal operation condition is initially subjected to the phase voltage. When interrupters
such as circuit breakers are initiating (make operation) or interrupting (break operation) current
flow, a physical necessity to the abrupt negation of current flow is a voltage transient
superimposing the system voltage2.

2.2 Transient Recovery Voltage
2.2.1

General Concept

Every switching operation gives rise to transients in the circuit. Depending on the switching
operation these transients result in different voltages across the circuit breaker. This resulting
voltage is called the transient recovery voltage (TRV) and can have a damaging effect on
transformers or rotating machinery connected to the circuit as it can lead to failure of the circuit
breaker. TRVs are therefore to be withstood by the circuit breaker in order to protect sensitive
equipment. Furthermore the recovery voltage is strongly dependent on network characteristics,
type of fault, fault location with respect to the circuit breaker and is therefore not an universal
physical quantity but can assume various forms depending on the mentioned conditions2. From
triangular over hyperbolic to sinusoidal shape everything is possible and exact calculations of
the TRV have to be conducted for each case. For the scope of this work, it is sufficient to
understand, that transient voltages arise and that circuit breakers have to withstand not only the
nominal phase-voltage of a system but the TRV which can be several times higher than the
system voltage3-5.
2.2.2 Reignition and Restrike
To illustrate the operation conditions of a common SF6 circuit breaker a thought experiment
is conducted here: In case of a short circuit, e.g. a tree falling into the overhead line and creating
a short circuit between a phase and ground, the circuit breaker of the respective phase trips
open. An arc establishes and a substantial short circuit current continues to flow, typically up
to several tens of kA depending on system load. When the current passes zero the arc
extinguishes by itself. Since in case of a short circuit the circuit is only affected by its
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inductance, the current is completely reactive6. Therefore the voltage is phase shifted by 90°
with respect to the current and at its peak at current interruption. The TRV will reach in this
case twice the phase voltage. This level is not reached instantaneously but after a very short
time (µs-range)6 as illustrated in (Figure 2).

Figure 2

Schematic of a voltage vs. time diagram during a short circuit situation. A fault current (red) is
flowing and as it crosses zero the successful interruption is performed by the circuit breaker. The
transient recovery voltage is established due to the induced transient by the interruption and within
a very short time frame up to twice the system voltage (dotted line). The TRV oscillates around the
system voltage until inherent dampening by the systems induction leads to the TRV and system voltage
being equal. Schematic inspired by A. Greenwood6.

In this context the rate of rise of the recovery voltage (rrrv) is a very important parameter in
switching technology as it determines the severity of the transient. It depends on the natural
frequency 𝜔0 of the circuit, which is determined by Eq. 2-4. If the product LC is very small
then the natural frequency will be high.
𝜔0 = 2𝜋𝑓0 =

1
√𝐿𝐶

Eq. 2-4

After the arc is extinguished, the dielectric needs a certain time to restore its dielectric
strength. In gas insulated switchgears (GIS) as they are used in HV, EHV and UHV power
grids it corresponds mainly to the cooling down of the switching gas being sulfur hexafluoride.
If the dielectric strength is not restored fast enough for the circuit breaker to withstand the TRV
reignition will occur7. A special case of the reignition is the restrike. Reignition and restrike
14

Chapter II

Electric Discharges

follow the same physical mechanism but are differentiated according to their moment of
occurrence. If the event of a second dielectric breakdown occurs sooner than a half-cycle after
current interruption (t < 10 ms in a 50 Hz network) the event is called reignition. If the event
happens after a half cycle after current interruption (t ≥ 10 ms) then it is called restrike and has
more serious effects on the TRV in case of capacitive load switching and represents an
abnormal operation condition3, 8. Restrikes and in particular multiple restrikes are undesired
events as they can lead to extremely high values for the TRV in the case of capacitive load
switching, e.g. when a capacitor bank for regulation purposes or an unloaded line is switched
off from the power grid. As a result the circuit breaker is possibly not able to interrupt the
current, leading to the destruction of sensible devices due to overvoltage or flashovers
somewhere else in the circuit. In severe cases fires and explosions are not uncommon. It is
therefore very important that the circuit breaker can reach a sufficient clearing distance in the
given timeframe in order to avoid restrikes.
Restrikes or in general the inability of a circuit breaker to successfully extinguish the arc
during break operation can have many underlying reasons. From a materials science point of
view materials damage due to arc erosion and welding of the contacts are the main research
interests.

2.3 Electric Discharges
An electric discharge is characterized by the evolution of an electrical conducting channel
through an initially non-conductive media. This dielectric media can be solid, liquid or gaseous.
In this work only gaseous discharges are considered. Several discharge regimes can be
identified depending on their U-I characteristics9-11 (Figure 3). These regimes are often just
referred to as dark, glow and arc discharge9-11 with the further distinctions of Townsend
discharge, normal and abnormal glow as well as non-thermal and thermal arc. Key physical
quantities such as arcing current, cathode fall voltage as well as the general electron emission
mechanisms differ significantly from one discharge regime to another. In the following a DC
discharge is considered to explain the different regimes and transitions, before at the end of
this section the thermal arc discharge is covered. Since in AC-systems electric arcs in circuit
breakers are established and extinguished within a half cycle (< 10 ms), no polarity change is
necessary to be investigated and the DC-theory can be applied. Furthermore only in the radio
frequency (MHz) regime when the polarity is changed in the same time-span as the arc duration
the arc systems differs strongly from DC-theory10, 12.
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Discharge phenomena and their distinction according to their voltage-current characteristics. First
background ionization occurs yielding a very small leakage current across the gap. At sufficiently
high voltages a Townsend discharge will form leading eventually to dielectric breakdown. Depending
on the current a glow discharge can form. It can transition into an arc discharge at sufficiently high
currents, characterized by a voltage drop across the gap due to the formation of a highly conductive
plasma channel. At high enough currents, the arc discharge becomes thermal and thermionic field
emission will be the dominant emission mechanism. Coloring indicative of light emission and cathode
temperatures.

In applications and engineering considerations the voltage level is used as a limit for
dielectric breakdown, since its magnitude is rather trivial to derive. However as this chapter
will demonstrate, it is the electric field distribution that is acting on the electrons and ions and
therefore influencing their trajectories and ultimately defining whether a gas will breakdown
and if an arc discharge will occur. The voltage and the electric field are of course not
independent but firmly linked via the Maxwell equations. Nevertheless, the electric field is
strongly depending on the actual spatial distribution of charges and therefore not easily
accessible or directly measurable in applications. This leads sometimes to a confusing mix of
the voltage in form of the breakdown voltage, the electric field by the dielectric strength of
materials and the actual electrical field in a gas to describe the same mechanisms or discharge
events.
A homogenous electrical field is directly proportional to the voltage. For more complex
cases that occur in reality in electric arcs, it is not straightforward to link the applied voltage to
the electrical field without the use of computational methods. Already for a tip-plate electrode
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configuration the homogeneity is not given anymore and much higher electrical fields are
achieved than in a plate-plate configuration at the same applied voltage and gap distance. The
author therefore suggests the reader to keep in mind, that the description of the processes
involved in an electrical discharge are unambiguously described by the electric field alone.
Therefore wherever voltages are used to describe such an event, a homogenous field or another
simplification within the context of an application or an engineering problem is applied.
2.3.1 Townsend Discharge, Dielectric Breakdown and Glow Discharge
A voltage across an electrode gap creates a force that acts on the charge carriers
proportionally to the electric field strength (Eq. 2-5). The electric field E can be understood as
the gradient of the electric potential field Φ and of the change in magnetic vector potential A
with time (Eq. 2-6) that is in turn related to the magnetic field strength B (Eq. 2-7)a.
𝑭=𝑧∙𝑒∙𝑬
𝑬 = −𝛻𝛷 −

𝜕𝑨
𝜕𝑡

𝛻𝑥𝑨=𝑩
𝜕𝑩
𝜕𝑡
𝛿
𝛻∙𝑬=
𝜖0

𝛻𝑥𝑬=−

Eq. 2-5
Eq. 2-6
Eq. 2-7
Eq. 2-8
Eq. 2-9

The electric field E is a strong function of the electrode configuration, because, according
to Gauss’ Law (Eq. 2-9), the electric field can be written in terms of the continuous charge
distribution δ, that is dependent on geometry, e.g. tip effect. These relations are summarized in
Eq. 2-5– Eq. 2-9.
From Eq. 2-5 it is concluded, that electrons and negatively charged ions are accelerated
against the electric field whilst positive ions are accelerated along the electric field lines.
Therefore positive ions will migrate towards the negative pole (cathode) as electrons and
negative ions will travel towards the positive pole (anode). Due to their higher mass, ions move
with a much lower velocity than electrons. Therefore electrons are more easily accelerated in
the electric field and increase their kinetic energy and thus their temperature more rapidly
compared to the heavier ions11.

a

Henceforth bold characters in equations refer to vector quantities.
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Figure 4

Schematic of the inelastic elementary processes of a) ionization, b) excitation and c) dissociative
attachment.

Electrons transmit energy via collisions to all other plasma components leading mainly to
ionization, excitation and dissociation. According to Eq. 2-6, a high potential gradient, i.e.
small gap distance and high voltage potential across the gap, leads to high electric field
strengths. The higher the electric field strength the higher the energy gained by the electrons
between two collisions. Depending on electron energy and neutral molecule or atom in the gas
mainly three inelastic collision processes will occur (Figure 4):
a) Ionization of a neutral atom leading to a multiplication of electrons
b) Excitation of the neutral atom
c) Dissociative attachment and formation of a negative molecule
The energy needed for excitation of a molecule or atom is considerably lower than the
ionization energy or the electron affinity. Table 1 shows ionization energies and electron
affinities for different gases. Gases with a high electron affinity such as SF6, O2 or TiCl4
strongly attract electrons. Therefore in electronegative gases the concentration of negative ions
can be significantly higher than the electron concentration13.
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Ionization energies and electron affinities for different elements and molecules13-16.

specie

Ionization energy IE [eV]

Electron affinity EA [eV]

SF6

16.2

1.5

TiCl4

11.7

1.6

O2

12.2

1.5

Ar

15.8

-11.5

H2

15.4

0.75

N2

15.6

n.a.

Increasing the voltage between the electrodes high enough will lead to a net ionization. The
ionization process (Figure 4a) leads to a chain reaction with an exponential growth of electrons
in the gap, forming an electron avalanche. Electron attachment to electronegative molecules
such as SF6 or recombination with positively ionized species is counteracting the avalanche
formation leading to generally higher dielectric strength. In this regime (Figure 3), called
Townsend dark discharge, the current increases exponentially due to the exponential growth of
free electrons in the discharge gap until the dielectric breakdown is reached at the transition
between Townsend and glow discharge. The dielectric breakdown is characterized by the
addition of secondary electrons to the Townsend discharge by ion impact onto the negative
electrode with a certain probability dependent on electrode material and gas9, 11. The voltage
needed to create the dielectric breakdown is a function of the product of partial gas pressure p
and electrode distance d and differs for different gases and electrode shapes. Paschen’s law
(Eq. 2-10) demonstrates the relationship between breakdown voltage UB and Paschenparameter pd.
Figure 5 shows Paschen curves for various gases. All curves have according to Eq. 2-10 a
minimum corresponding to the easiest breakdown condition. The increase in breakdown
voltage on the right hand branch of the Paschen curve, i.e. higher gas pressure and/or larger
gap distances, is related to the increase in collisions per unit length.
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𝐵𝑝𝑑

𝑈𝐵 =

𝐴
ln(𝑝𝑑) + ln (
1 )
ln (1 + 𝛾 )

Eq. 2-10

𝑠𝑒

with:
𝐴

first constant [m-1·Pa-1]

𝐵

second constant [V·m-1·Pa-1]

𝛾𝑠𝑒

coefficient of secondary electron emission, typically (0.02 – 0.3)9 [-]

The larger the pressure, the lower the electron mean free path. Electrons need to achieve a
high enough energy between collisions to successfully ionize a molecule in order to sustain the
avalanche formation. Therefore at higher pressures, higher electric field strengths are required
to ensure ionization. The same reasoning is applicable for larger gap distances at constant
pressure: the larger the gap, the weaker is the gradient in voltage across the gap and
consequently smaller electric field strengths arise within the gap. Higher voltages are therefore
required to achieve the same field strength within the gap.

Figure 5

Paschen curves for different gases. Taken with permission of Springer from Y. P. Raizer: Gas
Discharge Physics17.

The increase in the breakdown voltage with decreasing similarity parameter pd is explained
as follows: Reducing the pressure further than the optimum pd configuration, will deplete the
gap from molecules, increasing the mean free path of the electrons to be higher, than the gap
distance. Analogously decreasing the gap distance at constant pressure will render the gap
distance to be smaller than the electron mean free path. Therefore insufficient numbers of
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collision will occur to sustain an electron avalanche. The electric field has to be increased to
maximize ionization effects in order to retain a sufficient number of electrons to sustain the
electron avalanche, i.e. increased numbers of first generation free electrons are generated.
After dielectric breakdown, characterized by the through secondary electron emission selfsustained Townsend dark discharge, a discontinuous voltage drop will occur accompanied by
a current increase. Due to the increased current density the external electric field gets disturbed
by the spatial charge distribution within the discharge, which results in the formation of a
cathode layer. For a simple one-dimensional case this transition can be described by using the
one-dimensional Maxwell equation (Eq. 2-11). Due to the low mobility of ions µ+ the number
density of ions in the discharge n+ is much higher than the number density of electrons ne
(Eq. 2-12). Solving the differential equation using the boundary conditions leads to the electric
field distribution as function of distance in the discharge gap (Eq. 2-13), highlighting the nonuniform nature of the electric field (Figure 6).
𝑑𝐸
1
= 𝑒(𝑛+ − 𝑛𝑒 )
𝑑𝑥 𝜖0

Eq. 2-11

assuming:
𝑛+ =

𝑗
≫ 𝑛𝑒
𝜇+ 𝑒𝐸

Eq. 2-12

and using the boundary conditions:
𝐸(𝑥 = 0) = 𝐸𝑐 ,

𝐸(𝑥 = 𝑑) = 0

leads to:
𝐸(𝑥) = 𝐸𝑐 √1 −
with:

𝑥
𝑑

Eq. 2-13

𝜇+ 𝜖0 𝐸𝑐2
𝑑=
2𝑗

At the point d the electric field becomes zero. This distance is found far beyond the discharge
gap d0 for the Townsend dark discharge; however as the current density increases, the value
of d decreases. As soon as d = d0 the maximum current density for the Townsend discharge is
reached and the formation of the cathode layer with thickness d is initiated (Figure 6, blue
line).
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Figure 6

Electric Discharges

Electric field distortion and transition from Townsend dark discharge (black) to glow discharge (red)
with intermediate states (green) and beginning of glow transition (blue) upon current density increase
associated with the formation of a cathode layer for x < d. In reality the electric field does not drop
to zero in the glow discharge (red line) but remains small in the positive column before increasing
again in the anode layer, corresponding to the anode fall. Adapted from A. A. Fridman and L. A.
Kennedy18.

With the formation of the cathode layer the regime of the glow discharge is reached
(Figure 3). In contrast to the dark discharge the electron energy and number densities have
increased sufficiently to generate visible light emission due to electron excitation collisions
(Figure 4b), hence the name glow discharge. The electron temperature remains moderate and
no cathode heating is observed during normal glow discharge.
According to the Engel-Steenbeck model19, the decrease of electrical field strength in the
cathode layer results in a voltage drop across the cathode layer Vc as electric field and voltage
are linked directly by Eq. 2-14. This drop in voltage is called the cathode fall.
𝑑

𝑉𝑐 = ∫ 𝐸(𝑥)𝑑𝑥

Eq. 2-14

0

Positively charged ions in the discharge gap are repelled by the positive anode. Their
concentration at the positive electrode surface equals zero promoting the formation of a
negatively charge zone in the vicinity of the positive electrode, called anode layer. Analogous
considerations and assumptions will lead to the increase in electric field strength near the anode
and to a voltage drop VA, called anode fall. The region of low electric field and high ion number
density between the cathode and anode layer is called “positive column”. These regimes are
schematically depicted in Figure 6, red line, where the actual electric field strength does not
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reach zero, but remains nearly constant over the positive column distance and increases again
in the anode layer.
A peculiarity of the normal glow discharge is that the current density remains constant18, 20.
The cathode spot area, i.e. the contact of plasma and cathode, enlarges as the current increases
to accommodate constant current densities. The plasma has only little contact to the electrodes
in the normal glow mode, which changes during transition to the abnormal glow discharge as
the current increases. As soon as the plasma is in contact with full cathode surface, the current
density will rise again as no cathode spot growth is possible and the abnormal glow regime is
reached. The increased current density leads to the heating of the cathode, which will
eventually cause the transition from the abnormal glow to the arc discharge.
2.3.2 Arc Discharge
The arc discharge regime is divided into the non-thermal (also non-equilibrium) and thermal
(also quasi-equilibrium) arc discharge (Figure 3). The electric arc is a subclass of the thermal
arc discharge exhibiting a self-sustained discharge with low voltage drop (~10 V) and very
high currents (tens of kA). Although low pressure arcs are possible and observed in vacuum
circuit breakers21, the commonly observed arc discharge occurs in open air at atmospheric
pressure, e.g. lightning. In SF6 insulated circuit breakers, the pressure is increased to 6 – 10 bar
in order to enhance the dielectric strength of the gas according to Paschen’s law. The dielectric
properties of SF6 and SF6 gas mixtures as function of temperature and pressure have been
investigated thoroughly22-24.
The mechanism of electron emission at the cathode can differ significantly in the arc
discharge. Sufficient heating of the cathode, usually realized by extreme currents from external
supply out of the power grid in a fault situation, leads to thermionic emission of electrons. The
increased kinetic energy of the electrons due to the high temperature within the cathode is
sufficient to overcome the work function and thus electrons are freed from the cathode and
ejected into the discharge. The thermionic emission of electrons can be calculated either by the
Richardson-Dushman equation25-27 (Eq. 2-15) or by the Sommerfeld formula12 (Eq. 2-17)
describing the saturation current density. As electrons are emitted they primarily stay in the
cathode vicinity, impeding further electron emission due to a negative space charge build-up.
A high electric field however will pull the electrons out into the discharge. This equilibrium of
negative space charge build-up and reduction by the electric field limits the current emitted12.
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𝑗𝑡ℎ𝑒𝑟𝑚𝑖𝑜𝑛𝑖𝑐,𝑅𝐷 = 𝐴𝑇 2 𝑒

−

𝑊
𝑘𝐵 𝑇

Eq. 2-15

with:
𝐴

Richardson constant [A·m-2·K-2]

𝑇

absolute temperature [K]

𝑊

work function of the electrode [eV]

𝑘𝐵

Boltzmann constant [eV·K-1]

The Richardson constant A can furthermore be defined as:
4𝜋𝑚𝑒 𝑒𝑘𝐵2
𝐴=
= 1.202 ∙ 106 A ∙ m−2 ∙ K −2
ℏ3

Eq. 2-16

The Sommerfeld formula introduces an empirical coefficient R for the reflection of electrons
from the potential barrier at the metal surface.
𝑗𝑡ℎ𝑒𝑟𝑚𝑖𝑜𝑛𝑖𝑐,𝑆𝐹 = 𝐴(1 − 𝑅)𝑇 2 𝑒

−

𝑊
𝑘𝐵 𝑇

Eq. 2-17

The transition from the abnormal glow to the arc discharge is sharp and rather unstable12, 28.
It is accompanied by the formation of cathode spots12, 27. The discharge itself is constricted into
a channel-like geometry12 with usually Gaussian current profile12, 29.
The presence of an electric field will influence the potential barrier for electron
emission21, 27. This effect is known as Schottky-effect and corrections to the RichardsonDushman equation have to be applied since the work function is lowered by the Schottky
emission parameter ∆ϕ as described in Eq. 2-18 and Eq. 2-19.
Although the reduction in work function appears to be minor in extend, the effect on the
effective current density is very strong due to the exponential relation. Raizer28 inferred that an
rise in electric field by a factor of four would therefore result in a thermionic current density
increase of a factor of 800.
𝑗 = 𝐴𝑇 2 𝑒
∆𝜙 = √

−

𝑊−∆𝜙
𝑘𝐵 𝑇

e3 𝐸
= 3.8 ∙ 10−5 √𝐸[𝑉 ⁄𝑚] [𝑒𝑉]
4𝜋𝜖0

Eq. 2-18
Eq. 2-19

Increasing the field strength even further (order of MV/cm) allows the electrons to tunnel
the potential barrier even in cold electrodes (T = 0 K). This effect is known as field emission
and was first calculated by Fowler and Nordheim in 1928 (Eq. 2-20) assuming a triangular
potential barrier27, 30.
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3

𝑗𝑓𝑖𝑒𝑙𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝑒3
𝐸2
𝜖𝐹 4√2𝑚𝑒𝑊 2
√ 𝑒 − 3𝑒ℏ𝐸
= 2
4𝜋 ℏ (𝑊 + 𝜖𝐹 ) 𝑊

Eq. 2-20

Because the decrease in work function by the Schottky-effect is not yet considered,
Eq. 2-20 has to be corrected by the correction factors 𝑡(𝑦) and 𝑣(𝑦) that can be found in
literature31-33. Eq. 2-20 is then rewritten to yield:
3

𝑗𝑓𝑖𝑒𝑙𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

4√2𝑚𝑒 𝑊 2 𝑣(𝑦)
𝑒3
𝐸2
−
3𝑒ℏ𝐸
=
𝑒
8𝜋ℎ 𝑊 t 2 (𝑦)

Eq. 2-21

The Richardson-Dushman and the Fowler-Nordheim formula then describe two limits of
electron emission:
(i) Hot cathodes in a low electric field are described by the Richardson-Dushman
formula.
(ii) Cold cathodes in a high electrical field of magnitude of MV/cm are accurately
handled with the Fowler-Nordheim equation.
The case of a hot cathode in a high electrical field is not simply described by the addition of
the two effects. The thermionic field emission is a very complex situation, where the
assumption of T = 0 K, as it is used to derive the Fowler-Nordheim equation, is no longer valid
and a very cumbersome derivation of combined effects, thermal and quantum-mechanical, is
needed. The correct formula that describes accurately the current density in cathode spots in
arc discharges is given for completeness reasons in Eq. 2-22. For a detailed derivation the
interested reader is referred to the work of Dolan and Dyke34, and Murphy and Good35.
𝑊𝑙

𝑙𝑛 (1 + 𝑒

∫
𝑗(𝑇, 𝐸, 𝑊) =

4𝜋𝑚𝑒 𝑘𝐵 𝑇
ℎ3

−𝑊𝐴

1+𝑒

3
8𝜋√2𝑚𝑒 𝑣(𝑦)𝐸𝑧2

∞

+ ∫ 𝑙𝑛 (1 +
(

𝐸 +𝑊
− 𝑧
𝑘𝐵 𝑇 )

𝑑𝐸𝑧
Eq. 2-22

3ℎ𝑒

𝐸 +𝑊
− 𝑧
𝑒 𝑘𝐵 𝑇 ) 𝑑𝐸𝑧

𝑊𝑙

)

EZ denotes not the electrical field but the kinetic energy of the electrons in the z-direction
assuming the electrode surface normal to lie in z-direction. The correction factor 𝑣(𝑦) is found
again and the integrands WA correspond to the potential barrier with respect to the lowest
electron level (not the Fermi level, as in the work function W) and Wl is related to the electric
field E and similar to the Schottky-emission parameter by:
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e3 𝐸
1
𝑊𝑙 = −√
=−
∆𝜙
8𝜋𝜖0
√2

Eq. 2-23

With this derivation all three cases of electron emission at the cathode are considered since
secondary electron emission plays a neglectful part in arc discharges and is therefore not
covered. Thermionic field emission is the main emission mechanism in electric arcs found
during breaking and making operations in circuit breakers.
In the next section the effect of the current densities in the cathode spot on material
degradation is covered and a guide for the material selection for contact applications outlined.

2.4 Arc-Induced Materials Degradation – Arc Erosion
Arc erosion is the process of displacement and removal of cathode material by the electric
arc. The removal of material can be either by evaporation or sputtering process from the solid
or molten cathode into the gas phase36, 37. Displacement of material is generally caused by ionic
pressure, displacing the molten area and particle ejection followed by re-solidification38, 39 as
well as gas phase transport and redeposition37. Arc erosion is highly undesirable for circuit
breaker applications as it diminishes lifetime and reliability of the arcing contacts and thus of
the whole device40. In electric discharge machining (EDM) this process is exploited to form
parts with high precision by the removal of material using the electric arc discharge41, 42. More
literature can be found about beneficial arc erosion in EDM than about the undesired material
degradation in arcing contacts. The physical processes however remain the same in both cases.
A general remark on arc erosion is necessary at this point. In literature the arc erosion is
historically defined as the mass loss Δm (usually in µg) per charge unit, i.e. Coulomb C, because
it is usually derived by weighting measurements prior and after arcing27. Since the loss of mass
is not equal to the loss of material in terms of volume or atoms, a comparison between electrode
materials is not always straightforward and the reader is cautioned to compare these values
directly. For example: For aluminum lower mass losses per charge than for tungsten are
reported in literature43. Although there is no doubt in the data provided in literature, the actual
volume loss is more than seven times higher for aluminum than for tungsten at the same mass
loss due to density differences (𝜌𝐴𝑙 = 2.7 𝑔 ∙ 𝑐𝑚−3 , 𝜌𝑊 = 19.25 𝑔 ∙ 𝑐𝑚−3 ). Additionally,
melting and boiling point of the materials, surface restructuring and mechanical stability are as
well crucial factors for arcing contacts. Therefore the description of arc erosion should not only
be reduced to mass loss but a more complete analysis of the cathode state has to be conducted.
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2.4.1 Thermo-electrical Considerations

Evaporation of the cathode material is directly linked to the boiling point of the material as
well as to the heat transfer properties of the cathode material used. Therefore, in the HV-, EHVand UHV-regime above 150 kV, where the most severe arcing conditions with very high
current densities of 108 – 1010 A·cm-2 and gas temperatures exceeding 30’000 K are
observed28, 44, only the strongest materials with respect to their arc erosion resistance can be
used. The arc itself is very difficult to influence, because it is an inevitable consequence of the
circuit fault and the breaking operation, determined by the load and fault characteristics of the
transmission line in regard. As a result the only accessible tuning parameter is the arc erosion
resistance of the cathode.
The melting and evaporation of material is associated with the high current densities leading
to the heating of the cathode mainly by Joule heating and ionic bombardment27, 29, 38. High
melting and boiling point materials such as refractory metals like tungsten are therefore suitable
cathode materials. All non-conductive materials, e.g. diamond or any insulating ceramics are
a priori excluded. In a simplified treatment Joule heating can be considered as the heat
generation by the electrical current due to friction of electrons with the lattice atoms45. Joule
heating is therefore directly proportional to the electrical resistivity of the material. Higher
electrical conductance, i.e. lower resistivity, leads to decreased heating at the same current
densities. High heat transfer properties are also beneficial, because efficient distribution of the
heat generated by the current reduces localized temperature spikes within the cathode.
Fortunately the electrical and thermal conductivity are qualitatively directly related for metals
by the Wiedemann-Franz law46 (Eq. 2-24) since the mechanisms are similar, i.e. both involving
free electrons, and as a result, high thermal conductivity metals such as gold, silver or copper
exhibit excellent heat transfer properties, too (Table 2). Tungsten should be mentioned here as
well, since it exhibits as well excellent heat and electrical transfer properties, of which the
reader is sometimes not aware of47.
𝜆
=𝐿𝑇
𝜎
with:
𝜆

thermal conductivity [W·m-1·K-1]

𝜎

thermal conductivity [Ohm-1·m-1]

𝐿

Lorentz number, 𝐿 =

𝜋 2 𝑘𝐵 2
3

( 𝑒 ) = 2.44 ∙ 10−8 W ∙ Ω ∙ K −2
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In addition to melting and evaporation the sputtering of material by ion impact is another
erosion mechanism observed. The extend however is relatively low compared to the
evaporation or metal jet formation in thermal arcs, where high cathode temperatures are
observed but gains in importance for non-thermal arcs, but plays a significant role in the
formation of the erosion pattern as discussed below.
2.4.2 Mechanical Considerations
As a result of the material displacement and loss during arcing, stresses are induced in the
material that can lead to catastrophic failure. Additionally, arcing contacts are not single-use
items. Therefore already damaged contacts by previous arcing events are subjected to the
severe mechanical stresses evolving during switching operations. The contact movement
during switching operations is purely mechanical, i.e. independent of electrical energy. One
possible drive design of the contact is using mechanical energy stored within large plate spring
assemblies. The contacts are accelerated very quickly and close or open the gap within
milliseconds. Especially during closing operations when the contacts hit each other, the impact
velocities and forces are rather high40. The contact material needs sufficient structural strength
to withstand these impact stresses and is designed accordingly. Switching faster leads not only
to lower arcing time due to faster contact separation and clearing distance establishment, but
decreases the magnitude of the current peak at contact engagement40. Since the maximum
acceleration is directly proportional to the mass of the contact system and therefore to the
density of the materials used (assuming the same design, i.e. volume), higher density materials
will lead to slower switching speeds and therefore increased arcing duration in contrast to lower
density materials. By increasing the drive energy using larger drive mechanisms, this effect can
only be compensated to a certain degree due to practicability issues of such drive mechanisms.
When the stored energy, that is released almost instantaneously, becomes too high, material
failure in the drive assembly is more likely to occur than actual switching operation. Decreasing
the weight of the arcing contacts by the reduction of the amount of material used or switching
to lower density materials in next generation circuit breakers without decreasing the arc erosion
resistivity is therefore a key research field and of high interest to industry.
2.4.3 Arc Erosion Morphology – Crater Formation
The arc erosion leaves very distinct erosion patterns on electrode surfaces27, 38. These areas
of intensive arc erosion are called craters due to their crater-like morphology. The formation
of such craters can be summarized into several stages: in stage (i) a cathode spot is formed. In
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a simplified description, cathode spots can be regarded as areas of intensive electron emission
on the cathode27. The reasons for their formation are manifold.

Figure 7

Schematic of the mechanism leading to arc erosion. (i) The formation of holes in the cathode layer
due to fluctuations in the plasma density caused by field enhancement around micro- and nanoprotrusions leads to (ii) significantly increased electron emission by the explosive emission
mechanism. (iii) Simultaneously the ion bombardment is increased by the electric field enhancement,
giving rise to an increased ionic pressure displacing the molten cathode pool. (iv) The movement of
the cathode spot to the location of the newly formed surface protrusions and the simultaneous
instantaneous decrease of ionic pressure for the same reason leads to an abrupt pressure relief, which
results in (v) a particle ejection and new explosive emission from the new cathode spot. Evaporation
of material due to high temperatures in the cathode will take place simultaneously in all stages.
Schematic inspired by Anders27 and Jüttner38.

As mentioned in the previous section, the emission of electrons is increased at higher
temperatures and in the presence of high electric fields. Surface protrusions created by natural
surface roughness and/or previous arcing enhance the electric field (tip effect), facilitating
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electron emission. Furthermore, the work function of the cathode is locally influenced by grain
boundaries or non-metallic compounds, e.g. metal-oxides. Grain boundaries and non-metallic
compounds are not dependent on each other but the effects can occur simultaneously27. In stage
(ii) the actual crater is formed by “explosive electron emission”. Several in-depth theories exist
to their formation48-50, their quintessence being that the cathode layer thickness is not constant
in a plasma and in very short time lapses ( ~ ns) holes in the cathode layers are present
(Figure 7,i). As a result of the increased electrical field, the ion bombardment is significantly
increased since the cathode fall vanishes in these points. Heating due to ionic bombardment
leads to instantaneous explosion of the emission site associated with formation of a plasma jet
that has been experimentally observed51. The explosive emission leads to a molten pool around
the emission center. In stage (iii) the ion pressure of the plasma displaces the molten cathode
pool within nanoseconds27, 38. In parallel the electric field enhancement in the emission center
ceases, since the protrusions exploded and a crater-like surface is formed. The cathode spot
starts to move to another location (iv), potentially the crater rim leading to another explosive
emission38. The ion bombardment ceases abruptly when the hole in the cathode layer vanishes
due to the diminished electric field and the pressure is released almost instantaneous. This
relieve in pressure on the molten pool in conjunction with the surface tension’s tendency to
smoothing the created trench can lead to particle ejection27, 38. The process could start anew
near to the eroded crater (v) since the rim itself depicts a surface protrusion and has a higher
temperature due to the previous erosion event. Simultaneously evaporation of material due to
high temperatures at the cathode spot is possible and likely during all stages.
2.4.4 Arcing Contact Materials Selection
In the previous sections the different considerations and demands for the selection of contact
materials were outlined. As a result no single-phase material exists, that best fulfills all the
recommendations above. Combinations of certain materials are therefore the solution of choice,
combining high mechanical strength with high thermal and electrical conductivity while
considering material and process costs.
Materials with a high arc erosion resistance are difficult to machine by EDM. Therefore
when looking for suitable materials for arcing contacts, the field of EDM can be very helpful.
Typical materials chosen for contact applications and their respective materials properties are
listed in (Table 2). Standard arcing contact composites manufactured from the materials
discussed are summarized in (Table 3).
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Table 2

Properties of common materials used in contact applications classified into mechanical, thermal, and
electrical properties41, 47, 52-54. If not indicated differently, the values are representative for
polycrystalline materials at standard conditions. The EDM machinability is given relative to steel.
Lower numbers represent higher resistance to arc erosion. In cases of ambiguous literature data a
range was given. Yield strength and compressive strength are highly dependent on material
processing and therefore the values are only to be understood as guides. For σy and σUTS and all
materials, data of the soft, i.e. annealed or recrystallized (Mo), commercial purity grade
(>99.9 wt.%) was used.

Mechanical
Material

Density ρ
[g/cm3]

Young’s
Modulus E
[GPa]

Yield strength
σy [MPa]

Tensile
strength σUTS
[MPa]

Poisson’s
ratio [-]

Ag

10.5

80

45 – 65

110 – 175

0.37

Al

2.7

70

28 – 31

76 – 84

0.34

Au

19.3

78

20 – 40

100 – 130

Cr

7.15

259 – 295

185 – 280

370 – 460

Cu

8.96

128

28 – 40

145 – 160

0.42
0.21 –
0.31b
0.34

Mo

10.2

330

170 – 350

380 – 900

0.30

W

19.25

400 – 410

1350 – 1680

1670 – 2000

0.28

WC

15.6

600 – 670

-

2700 – 6800c

0.31

Thermal
conductivity λ
[W/m·K]

Vapor
pressure
at TM
[Pa]

Thermal

b
c

Material

Melting
point TM [K]

Boiling
point TB [K]

Specific heat
capacity CP
[J/kg·K]

Ag

1235

2435

233

429

3.4·10-1

Al

933

2792

896

237

2.5·10-6

Au

1337

3109

129

317

2.4·10-3

Cr

2180

2944

449

93.7

990

Cu

1358

2833

384

401

5.2·10-2

Mo

2895

4912

250

142

3.6

W

3687

5828

132

164

4.27

WC

3058

6270

203

121

-

Cr is highly anisotropic depending on crystallographic orientation.
For WC the compressive strength is reported.
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Electrical
Material

Work
function W
[eV]

Ionization
Energy IE
[eV]

Electrical
conductivity
σelec [1/Ω·m]

EDM
machinability
mEDM [-]

Min.
arcing
current [A]

Ag

4.26 – 4.74

7.58

6.2 – 6.8·107

-

-

Al

4.06 – 4.26

5.99

4·107

4.0

0.4

Au

5.1 – 5.47

9.23

4.9·107

-

-

Cr

4.5

6.77

8·106

-

0.45

Cu

4.53 – 5.10

7.73

5.96·107

1.1

-

Mo

4.36 – 4.95

7.09

1.9·107

0.5

0.4 – 0.5

W

4.32 – 5.22

7.86 – 7.98

1.8·107

0.3

0.8 – 1.2

WC

3.73

-

5.2·104

0.5

-

Choosing the materials based on these lists, it is evident that tungsten is a material of choice
due to the highest melting and boiling point, low EDM machinability and high mechanical
strength. Combining tungsten with copper is intuitive due to increased thermal and electrical
conductivity. The use of copper is as well cost effective compared to using silver or gold.
Therefore on the highest voltage levels, only tungsten copper composites are found in industrial
applications (Figure 8) although other material combinations are predominant in lower voltage
regimes and have been investigated accordingly29, 55-57.
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Figure 8

Chart of various contact materials systems according to their application in industry considering
voltage and current involved during switching operations. The W-composites are used in the extreme
conditions due to their high arc erosion resistance. Cu-Cr composites are mainly used in vacuum
breaker systems while various silver-based contact systems are preferred for less severe uses. Aualloys are only used at very low voltages (< 100 mV) and low currents where excellent chemical
resistance is needed. Chart adapted from Vinaricky et al.58 and with data added from Behrens59 and
PLANSEE Powertech AG60.
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Table 3

Key properties and application areas of selected contact materials59-62. Melting points of the
composites are always given in terms of melting point of the low melting material used. Where
ambiguous data is found in literature a range is given.

Material
[wt.%]

Melting
point
TM [K]

Hardness
HV10 [-]

Thermal
conductivit
y λ [W/m·K]

Electrical
conductivity
σelec [1/Ω·m]

Application area

AuAg20C10

1138

66

7.5·10

Contact parts for
plug connectors,
switches and relays

Ag99.5NiMg

1233

293

4.3·107

Miniature relays,
protections and
relays in airplanes

5.1·107

Fault current
protectors, low
voltage circuit
breakers

2.4·107

Device circuit
breakers, less
erosion resistant
than W/Ag

2.4·107

Medium voltage
circuit breakers
(distribution
network)

2.0 – 2.5·107

Medium voltage
circuit breakers
(distribution
network)

1.5 – 2.0·107

HV and above
arcing contacts
circuit breakers,
short circuit
currents > 40kA,
transmission grid

2.2 – 2.8·107

Arcing contacts in
vacuum circuit
breakers for
medium voltages
(up to 120 kV)

Ag/SnO2
90/10

Mo/Ag
65/35

W/Ag
65/35

WC/Ag
65/35

W/Cu
80/20

Cu/Cr
70/30

TM,Ag

TM,Ag

TM,Ag

TM,Ag

TM,Cu

TM,Cu

180

140 – 180

150 – 180

335

281

265

160 – 190

-

200 – 280

-

75 – 80

-
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2.4.5 Effect of Microstructure and Composition on Arc Erosion in W-Cu
So far only the optimal desired materials properties were considered and the effect of
microstructure and composition neglected. Changing the gas medium will lead to different arc
characteristics calling for tailored compositions. Gessinger et al.63 showed in their study that
the optimal composition for W-Cu arcing contacts with respect to a minimization of material
loss lies in the range of 70/30 wt.% W-Cu in SF6 as opposed to an ideal composition of
90/10 wt.% W-Cu in air. They argued that tungsten is prone to react in SF6, forming sulfides
and fluorides increasing the erosion by etching mechanisms, while copper more readily reacts
in air to form oxides. Furthermore they were able to prove that the tungsten particle size
reduction prior sintering leads to finer morphology of the final composite and exhibits lower
arc erosion63. Nano-structuring of W-Cu contact materials has as well been shown to reduce
the degree of arc erosion, although the arguments given were enhanced arc stability and
increased spreading of the arc64-66.
The influence of surface roughness on electron emission was identified early67 and its role
in the arc erosion mechanisms are still a topic of large interest68, 69. Increasing the roughness
was inferred to lead to higher arc mobility due to easier cathode spot formation68, 70 and to
higher ionic bombardment69. Simulations have shown, that decreasing the work function by
doping tungsten with thoria (ThO2) will facilitate electron emission and reduce the necessary
cathode temperature to sustain the discharge current density according to the models of
thermionic and field emission37.
As a result of the literature presented on the topic of microstructural influence on erosion
behavior, the most striking is the reduction in structural wavelength by decreasing the tungsten
powder size. However, tungsten cannot be easily processed to smaller sizes than a couple of
microns without some difficulties due to its high hardness47, 71 and inherent pyrophoric nature
of metallic nanoparticles. New methods are necessary to produce tungsten skeletons with
reduced structural wavelengths in order to achieve higher arc erosion resistance. A suitable
method, freeze-casting, is reviewed in the next section as it circumvents the explosion danger
by using ceramic particles as precursor material and offers a more direct control over degree
of porosity and pore morphology than powder metallurgical approaches.
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2.5 Directional Freeze-casting of Metallic Foams
Freeze-casting is a near net-shape forming method originally derived for the synthesis of
dense ceramics72, 73. A ceramic precursor is dispersed in a liquid medium, e.g. water. This
suspension is then frozen and subsequently freeze-dried at low pressure to sublimate the frozen
vehicle phase, forming a porous network with pores templating the frozen carrier phase. Final
process steps involve the sintering in air or inert atmosphere to yield cellular ceramics with
defined pore morphology and degree of porosity74, 75.

Figure 9

Schematic representation of the aqueous directional freeze-drying process. The process steps involve
(i) slurry formation by dispersing the ceramic powder, (ii) directional freezing of the suspension to
form a anisotropic two-phase structure, (iii) sublimation of the frozen solvent to yield a loosely-bound
ceramic foam with directional porosity, (iv) reduction of the freeze-dried ceramic foam resulting in
a metallic foam and (v) subsequent sintering of the structure. Reduction and sintering is accompanied
by a significant volume shrinkage attributed to densification upon reduction (ceramic to metal) and
sintering (closing of interparticle porosity). After sublimation, the green body is brought to ambient
temperature and pressure (dotted line) before reducing and sintering at elevated temperatures.

Introducing an additional step before sintering, by reducing or decomposing the ceramic
solid fraction of the freeze-dried structure in a reducing atmosphere (usually hydrogen), leads
to the formation of metallic instead of ceramic foams and has been successfully applied for
various metal systems76-82. Controlling the solidification process during freezing offers a direct
control over final pore morphology. Isotropic freezing will lead to spherical, uniformly
distributed porosity while applying temperature gradients generates directionality in the
solidification growth which is replicated identically after sublimation of the solvent by the open
porosity (Figure 9)83. A large variety of ceramic materials have been freeze-cast ranging from
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relatively simple model systems such as alumina83-85, glass86, 87 or silica88 to complex
combinations in the case of yttria stabilized zirconia89, 90, mullite91 or hydroxyapatite for human
bone replacements mimicking their structure92. This list is of course non-exhaustive since more
and more research on other systems is conducted. In the case of metal systems the list of
reported successfully freeze-cast metallic foams is in contrast very short. Significant
contributions were performed by Dunand et al. on titanium from metallic powder76, 77, 79 as well
as on copper from cupric oxide80. Other research focused on the formation stainless steels by
freeze-tape-casting78 and on nickel from metallic nickel82. Last but not least recently works on
refractory metals by Oh et al. were published using camphene-based solvents to produce very
porous and hardly sintered tungsten and molybdenum foams81, 93.
In the subsequent sections each process step with special focus on metallic foam formation
is reviewed and critically inspected in terms of challenges when dealing with high density
materials such as refractory metals, in particular tungsten. Only water as solvent will be
covered in detail, since in the presented work water was used exclusively.
2.5.1 Slurry Formation
The slurry formation does not differ from other ceramic processes such as slip or tape
casting. The choice of solvent is without a doubt the most crucial parameter in this stage. In
principle any solvent capable of freezing in a suitable temperature range that disperses the solid
fraction efficiently is suitable. However, in practice water, tert-butyl alcohol and camphene
based solvents are used. Each solvent solidifies differently, resulting in solvent-characteristic
pore morphologies after sublimation. Water for example exhibits a strong anisotropy in crystal
growth along the c-axis74. By the application of a temperature gradient formation of lamellar
ice crystal grown along the gradient is possible74. Camphene in contrast solidifies as well
dendritic but rather cylindrical similar to the dendrite formation in cast metallic melts upon
solidification94.
Segregation of particles in terms of agglomeration, flocculation and/or sedimentation is
highly unwanted, since this would lead to density and porosity gradients in the second stage.
Consequently a fine dispersion of the ceramic powder is necessary. To achieve a homogenous
distribution of the solid fraction dispersants are usually added and pH-adjustment might be
necessary. The slurry is often ball milled where mechanical or magnetic stirring is not
sufficient. Especially in the case of high solid loadings and higher density materials, ball
milling is applied. Typical solid loadings lie in the range of 10 – 40 vol.% although lower81 as
well as higher fractions were achieved.
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Another important additive that is added often after ball milling is the organic binder. During
freezing the solvent medium provides the structural stability. However after sublimation and
removal to create the porosity, the freeze-dried foam would collapse without the addition of
organic binder material. This additive is of organic nature because it can easily be burnt out
during heat treatment.
Particle size of the solid powder used has a strong impact on slurry stability. Stokes’ law of
a particle falling in a fluid with low Reynolds’ numbers due to gravitation95 (Eq. 2-25) states
that smaller particles settle much slower than larger particles. Decreasing the particle size leads
to lower settling of the particles increasing the slurry stability but in turn the surface to volume
ratio is strongly increased as well, which leads to stronger agglomeration due to increased
attractive van der Waals forces making dispersant additives much more important.
𝑣=

2 𝜌𝑝 − 𝜌𝑓 2
𝑔𝑟
9 𝜇

Eq. 2-25

with:
𝑣

settling velocity [m·s-1]

𝜌

density of particle p and fluid f [kg m-3]

𝜇

dynamic viscosity of the fluid [Pa·s]

𝑔

gravitational acceleration, 9.81 m·s-2

𝑟

particle radius [m]

A simple calculation for tungsten trioxide particles (𝜌𝑝 = 7.18 𝑔 ∙ 𝑐𝑚−3) of r = 10 µm and
r = 100 nm yields a settling velocity in water (𝜌𝑓 = 1 𝑔 ∙ 𝑐𝑚−3 , 𝜇 = 1.002 ∙ 10−3 𝑃𝑎 ∙ 𝑠) of
v = 4.8 m/h and v = 480 µm/h, respectively. Therefore a strong asset of using nanoparticles
with particles sizes below 100 nm in the case of tungsten trioxide is the reduced settling velocity
which is an inherent problem in freeze-casting high density materials.
2.5.2 Controlled Solidification
Directional and isotropic freeze-casting are differentiated by the application and absence of
a temperature gradient. Furthermore only directional freeze-casting will be considered, since
we are interested in the formation of anisotropic foams. Depending on casting temperature
nucleation of only few or many crystals will occur. The lower casting temperature implies a
higher temperature gradient and therefore as well an increased driving force for the growth of
the solidification front. In order for the process to work, the solid particles have to be rejected
by the growing solidification front. Therefore an irrevocable condition is the reduction of the
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total interfacial free energy σ balance (Eq. 2-26) between solid solvent, particles and liquid
solvent. Without the driving force of this energy reduction, the particles would not be rejected
by the advancing solidification front and collected in the interdendritic space, but engulfment
and homogenous distribution of particles within the frozen body would occur.
∆𝜎 = 𝜎𝑠𝑜𝑙𝑖𝑑/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − (𝜎𝑠𝑜𝑙𝑖𝑑/𝑙𝑖𝑞𝑢𝑖𝑑 + 𝜎𝑙𝑖𝑞𝑢𝑖𝑑/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ) > 0

Eq. 2-26

Beside energetic considerations there are as well kinetics strongly influencing the finesse of
the achieved structure and can even lead to a breakdown of the mechanism. For all freezecasting systems there exists an upper limit for the solidification front velocity. Above this
critical velocity the particles get entrapped by the moving solidification front96. Higher
temperature gradient and thus increased kinetics are one factor besides solid fraction and
particle size that defines the structural wavelength of the final foam. According to Deville et
al. the relation between solidification kinetics and lamellae thickness in aqueous freeze-cast
alumina systems follows a power law dependency83. Generally, higher freezing kinetics will
lead to smaller structural wavelengths since more ice colonies are nucleated in the first place;
hence more dendrites reject the particles into the interdendritic space and the colonies grow
faster, which implies less time for rearrangement of the particles in front of the solidification
front. As a result the casting temperature has to be chosen with care to achieve metallic foams
with the desired structural wavelength but in turn also provides the skilled scientist with a tool
to tailor the pore morphology and size in foam.
As mentioned before the other main factors influencing the structural wavelength of the
foam are solid fraction and particle size. Higher solid fraction intuitively leads to increased
wall thickness since more material is available for rejection and entrapment into the
interdendritic space but also freezing kinetics are usually hampered since the viscosity of the
slurry increases rapidly with increased solid fraction. Smaller particles on the other hand are
more mobile and are more difficult to entrap, i.e. higher solidification kinetics may be
possible76. Both influences on the critical velocity are reported in literature97.
2.5.3 Sublimation of the Solvent
This process imposes no challenges to the foam formation and provides virtually no
parameters to influence the freeze-cast structure. Nevertheless it is a crucial and very important
process step. After the freezing of the slurry the frozen solvent must be removed from the
frozen body without inversing the process by melting and without introducing stresses into the
delicate structure. Therefore the still frozen structure has to be cooled to a sufficient
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temperature that is usually lower than the casting temperature. The partial pressure of the gas
phase around the structure is then sufficiently decreased to sublimate the ice. This step is
usually performed in a freeze-dryer. The most important factors are the freeze-drying time that
has to be long enough to sublimate all the ice and is dependent on foam size and ice volume
fraction, and the temperature-pressure settings that enable sublimation. Addition of binder as
discussed above is essential for the freeze-dried structure not to collapse.
2.5.4 Reduction and Sintering of the Ceramic Foam
The heat treatment consists of three separate stages: (i) the organic burn-out, (ii) reduction
and (iii) sintering. Prior reduction the additives are burnt out. Most organics completely
decompose at temperatures in the range of 300 – 400 °C. Separating the organic burn-out and
reduction step is not always necessary or possible. This strongly depends on the materials used.
Tungsten and tungsten oxide for example forms tungsten carbide under hydrogen and CO/CO2
gas at 900 – 1200 °C which is well above the organic burn-out temperatures and imposes
therefore no challenge for metallic foam synthesis98. The heating rate and dwell time are no
crucial parameters and have just to allow the completion of the desired step (burn-out or
reduction). The choice of ceramic particle used for the freeze-casting process is highly
dependent whether it is easily reducible or not. For example molybdenum oxide (MoO3) and
tungsten oxide (WO3) reduce completely at temperatures above 750 °C under flowing
hydrogen atmosphere99 while other metal oxides such as chromium (Cr2O3), niobium (Nb2O5),
tantalum (Ta2O5) or titanium oxide (TiO2) will not or only partially reduce even at elevated
temperatures due to the high stability of the oxides. Special electrolytic procedures are usually
applied to reduce those oxides to metals100-103. Therefore other substances or metallic particles
need to be used as these methods are not compatible with the freeze-casting process. An
approach to freeze-cast titanium was successfully performed by using the metallic particles and
sintering under hydrogen to avoid oxidation76. Metal salts such as chlorides or halides are also
possible. Especially chlorides easily decompose under hydrogen atmosphere at elevated
temperature but they are usually very toxic and therefore special care during handling is
necessary. Reduction of the oxides consumes hydrogen and locally the water vapor pressure is
increased. To ensure a sufficient hydrogen partial pressure, tube furnaces are used with flowing
hydrogen gas atmosphere (Figure 10).
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Figure 10 Schematic representation of the furnace used for the heat treatment of the freeze-dried foams.
Additive burn-out, reduction and sintering are performed without removing the sample from the
furnace tube. Reducing gas in the form of pure or diluted hydrogen (forming gas) are generally used
to achieve the reduction and prevent re-oxidation during sintering. The gas flow ensures that
hydrogen partial pressure in and around the foam is always sufficient for reduction and protection
during sintering.

During sintering the system minimizes its energy by the reduction of surface free energy,
i.e. particles grow together, the material is compacted, the surface restructured and pores
shrink. Sintering is a diffusion process, i.e. it is thermally activated and depends on atomic
movement104. Although time plays a role as well, the temperature is the most important
parameter influencing the densification105. Depending on the temperature range and metal
system different diffusion paths are available such as lattice, grain boundary and surface
diffusion104-106. The necessary temperature for sintering generally lies around 0.4 – 0.6 TH, with
TH being the homologous temperature. Therefore higher melting point materials such as
refractory metals and tungsten in particular need very high temperatures to fully sinter71.
Pressureless sintering of tungsten for example does not yield dense materials below 2000 °C71.
In order to lower the sintering temperature, the atom mobility has to be increased which is done
in traditional powder metallurgy by the addition of platinum group metals in very low
concentrations107-109.
The sintering of the reduced foam is always conducted pressureless since pressure assisted
sintering would destroy the open porosity. Similar to the reduction step, sintering is conducted
at different temperatures depending on the metal system used as different materials have
different activation energies for diffusion. For many metallic systems sintering has to be
performed under protective (e.g. argon) or reducing (e.g. hydrogen) atmosphere to avoid
oxidation105. Because during freeze-casting a reducing gas is already used in the previous steps
of the heat treatment, sintering is generally performed as well under the identical gas flow. The
foam as a result needs not to be removed from the furnace between reduction and sintering but
instead the temperature is increased after a suitable dwell time at the reduction temperature. It
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is very important for the foam to be reduced prior sintering, as sintering of the outer foam walls
without prior reduction of the foam interior would lead to high stresses due to different
shrinkage levels and would result in cracking and destruction of the foam. Additionally the
reduction of the interior walls would be impeded due to reduced hydrogen exposure caused by
the reduction of the open porosity during sintering of the outer walls.
After sintering the freeze-cast foam can be further used as skeleton for melt-infiltration (see
Chapter IV), as-is in several application areas where high specific surface areas are desired,
e.g. catalysis and sensor applications, or machined to final shape if the materials mechanical
properties allow it.
2.5.5 Critical Factors and Limits in Freeze-casting
Some factors and their influence on the final foam microstructure were already discussed in
the previous sections, in particular the influence of casting temperature during solidification
and shall not be repeated here. Instead other parameters are highlighted.
The addition of additives such as binders and dispersants and their task in freeze-casting
was mentioned before. However, some additives exhibit an additional effect on pore
morphology. Glycerol as additive is often used in aqueous freeze-casting to refine the pores as
due to its high polarity, water molecules are concentrating around glycerol and the viscosity of
the slurry is increased resulting in smaller ice crystals and thus finer pores75, 110. The addition
of polyvinyl-Alcohol (PVA) to the slurry refines the pores as well, although the mechanism is
completely different. PVA leads to a gelation of the slurry, inhibiting ice crystal growth to a
certain degree and thus finer crystals are achieved111. PVA promotes as well the transformation
of pores from lamellar to columnar pore morphology and generally increases porosity
slightly111-113. PEG as a last example is often used as binder during freeze-casting and affects
the supercooling of the slurry, creating as well a refinement effect114, 115
Increasing the solid fraction intuitively decreases total porosity in the final foam. Generally
a wide range of solid fraction can be used, resulting in foams with very different degree of open
porosity74. Increasing the solid fraction beyond a certain limit will lead to a breakdown of the
freeze-casting process. During rejection of particles in the solidification step, ice crystals
devoid of solid particles are formed and the solid fraction in the remaining liquid increases as
a result. At a certain particle concentration in the remaining liquid, the “breakthrough” fraction,
the liquid/solid interface will penetrate into the interparticle space and redistribution will
cease116. Having a too high solid fraction at the beginning of the solidification process will
satisfy this requirement from the start of solidification and particle redistribution into the
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interdendritic space will never occur; hence no directional pore morphology will occur. As a
side remark it shall be mentioned that the viscosity of the slurry increases very strongly with
solid fraction and the slurry may become not pourable in the first place.

With this section this chapter is concluded. The power transmission fundamentals were
outlined and the processes involved in an electrical discharge in gaseous media were reviewed.
The arc discharge with special focus on the cathode spot formation and arc induced material
degradation was critically reviewed and general guidelines for arc erosion contact materials
presented. The freeze-casting process in general and in particular for metallic foams was
introduced and some references concerning challenges specifically for refractory based metals
such as tungsten given. In the next chapter, this knowledge is directly applied in the synthesis
of tungsten foams with directional porosity by freeze-casting an aqueous tungsten trioxide
slurry with subsequent reduction and sintering.
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Chapter III

Introduction

This chapter is based on the work “Synthesis, Structure and Mechanical Properties of IceTemplated Tungsten Foams” by A. Röthlisberger, S. Häberli, R. Spolenak and D. C. Dunand
published in Journal of Materials Research in 2016.

Aside from the published results, supplementary information is provided about synthesis
parameter and microstructural evolution relation. In addition to the previous chapter a short
literature review is given focusing on tungsten foams and metallic foams by freeze-casting
before the synthesis and characterization techniques are presented. Results and critical
discussion therefore form the main part of this chapter providing the reader with in-depth
information about process parameter-microstructure relationship and resulting mechanical
properties. This chapter closes with a short recommendation on which process parameters are
best to use for which applications and finally a short conclusion is given before leading over to
the next chapter. A color code to help the reader’s eye is applied throughout this chapter. Each
color represents the same solid fraction for different experiments with exception of Figure 19
where the colors are just a help for the distinction of the curves.

Abstract
Tungsten foams with directional, controlled porosity were created by directional freezecasting of aqueous WO3 powder slurries, subsequent freeze-drying by ice sublimation,
followed by reduction and sintering under flowing hydrogen gas to form metallic tungsten.
Addition of 0.51 wt.% NiO to the WO3 slurry improved the densification of tungsten cell walls
significantly at sintering temperatures above 1250 °C, yielding densely sintered
W – 0.5 wt.% Ni walls with a small fraction of closed porosity (< 5 %). Slurries with powder
volume fractions of 15 – 35 vol.% were solidified and upon reduction and sintering the open
porosity ranges from 27 – 66 % following a linear relation with slurry solid volume fraction.
By varying casting temperature and powder volume fraction, the wall thickness of the tungsten
foams was controlled in the range of 10 – 50 µm. Uniaxial compressive testing at 25 and
400 °C, below and above the brittle-to-ductile-transition temperature of W, yields compressive
strength values of 70 – 96 MPa (25 °C) and 92 – 130 MPa (400 °C).

3.1 Introduction
There are many applications in which ceramic and metallic foams exhibit superior properties
compared to their bulk counterparts, due to their lower density, lower heat conduction and
higher surface to volume ratio, e.g. for catalysis or sensor applications1. In particular, porous
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tungsten oxide is used for a variety of energy and photo-therapeutic usages2. Foams are
additionally widely used as scaffolds for metal-metal- and ceramic-metal-composites produced
by melt-infiltration3-5, important examples of which include W-Cu and W-Ag composites for
arcing contacts in switchgears4-6, W-Cu for resistance welding electrodes6, low coefficient of
thermal expansion substrates for heat spreader in power electronics6 and electrodes for
electrical discharge machining6, 7.
Common

foam

synthesis

methods8, 9

including

traditional

powder

metallurgy

approaches3, 10, 11 lead to equiaxed pores with an isotropic distribution over the whole foam.
For tungsten controlling the pore architecture is difficult or not possible and the resulting
structures exhibit isotropic materials properties. Especially in heat sink applications and arcing
contacts, a high thermal and electrical conductivity from the heat source into the material is
desired to protect the arc region from arc erosion12. Therefore, introducing a directional,
anisotropic microstructure can minimize the resistance to current flow and simultaneously
increase the thermal conductivity while modifying internal thermal expansion mismatch
stresses, opening new design possibilities.
A method to create a directional and anisotropic foam microstructure is freeze-casting and
consists in general of four process steps: (i) formation of a ceramic slurry, (ii) casting and
solidification of the slurry to form a frozen body with powders segregated in the interdendritic
space, (iii) sublimation of the frozen vehicle creating large pores at ice dendrite location
surrounded by loosely-bound ceramic walls and (iv) sintering of the ceramic walls. If a metal
is desired, an additional step, often carried out prior to the fourth, consisting of chemical
reduction of the ceramic to metal, usually via hydrogen, while maintaining the constructed
large porosity13-17 needs to be introduced. Most literature focuses on freeze casting of ceramics,
but a few metallic foams have been created by freeze-casting such as copper from cupric
oxide15, nickel from metallic nickel using a carboxymethylcellulose/gelatin mixture18, porous
stainless steels tapes from ferritic metallic powder19 and titanium foams from metallic titanium
powder14, 16, 17. In the latter case, the oxygen content has a strong influence on the mechanical
properties16 since surface oxides of titanium are not readily reduced under H2. Using water as
solvent, growth of lamellar ice dendrites can be achieved by applying a temperature gradient
since the ice crystals exhibit a strong anisotropy in crystal growth along the c-axis13. After
sublimation of the ice phase by freeze-drying, a strongly anisotropic foam structure is achieved,
exhibiting some strength from the added binder during slurry formation. Besides stabilizing
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the freeze-dried structure, the binder has an additional pore refinement effect due to the increase
in slurry viscosity and resulting decreased binder diffusivity20, 21.
Freeze-casting of high-density refractory metals is difficult due to their tendency to settle in
the liquid slurry. Furthermore, the use of metallic nanoparticles to counter this effect is
inadvisable due to their high tendency to oxidize and difficulty in production. As a result, only
two syntheses of very porous, loosely sintered refractory foams by freeze-casting are reported
in literature22, 23, to our knowledge. In these publications, slurries of camphene/naphthalene
with 5 vol.% MoO322 and camphene with 10-15 vol.% WO323 were solidified, resulting in high
porosity metallic structures, after freeze drying, reduction and sintering. In the case of WO3
slurries, sintering of W at 900 °C without any sintering additives was performed, yielding
loosely sintered W foam cell walls with low structural integrity; no mechanical data are
reported in these publications.
In this chapter, we explore the synthesis, structure and mechanical properties of freeze-cast
tungsten foams created by directional freeze-casting of aqueous WO3 powder slurries followed
by chemical reduction and sintering to metallic tungsten. The foam architecture can be
controlled by changing the WO3 fraction in the slurry and the casting temperature. Nickel in
form of NiO was added to the slurry, co-cast and co-reduced with WO3 to act as sintering
activator24, 25 enabling the production of W foams with densely sintered walls at 1400 °C.

3.2 Synthesis of Tungsten Foams
3.2.1 Slurry Preparation
Tungsten trioxide nanoparticles (WO3, 99.95% purity, d < 100 nm, SkySpring
Nanomaterials Inc.) were homogeneously suspended in distilled water using 1 wt.% (relative
to the amount of WO3) branched polyethylene imine (PEI, Mw 25’000, Sigma-Aldrich) as
dispersant. For most samples, 0.51 wt.% nickel oxide nanoparticles (NiO, 99.9% purity, d = 20
nm, Inframat Advanced Materials) were added to yield 0.5 wt.% nickel in the final reduced
and sintered tungsten foam. To achieve homogenous suspensions, the slurries were ball-milled
(Spex, Certi Prep 8000 Mixer/Miller) using ZrO2 balls and milling jars for 30 minutes using 5
minutes intervals in order to prevent overheating the slurry. No pH-adjustments were necessary
due to the low isoelectric point of WO3 and the resulting stabilization efficiency of PEI26. After
ball milling, 2.5 wt.% polyethylene glycol (PEG, Mn = 3,400, Sigma-Aldrich) relative to WO3
was added as binder to increase the integrity of the freeze-dried green body. The WO3 solid
fraction of the slurry was varied between 20 and 35 vol.% to investigate the impact of solid
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fraction on foam total porosity and wall thickness. To achieve the higher solid fractions, the
WO3 powder was added in several doses during the milling breaks.
3.2.2 Freeze-casting and Freeze-drying
A cylindrical copper block was partially put into a Styrofoam box filled with liquid nitrogen
(LN2). The bottom of the block was in contact with the LN2 while the topmost part of the block
reached outside the Styrofoam. Using a resistive heater, the temperature of the block top
surface was regulated and monitored by a thermocouple (Figure 11). A series of experiments
with casting temperature Tcast of the copper in the range of -30 to -15ºC were conducted to
investigate the influence of temperature on pore morphology. An open cylinder mold made of
Teflon® with inner and outer diameter of 19 and 25 mm and height of 25 mm was sealed at its
bottom with a thin polypropylene foil and silicone vacuum grease and insulated on its sides by
Styrofoam.

Figure 11 Photographic schematic of the experimental setup used for freeze-casting. The copper block is
immersed in liquid nitrogen at the bottom and connected to a resistive heater near the top protruding
out of the Styrofoam box used as LN2 container. A thermocouple is connected close to the copper top
surface to monitor the copper temperature, being the freeze-casting temperature. The mold made of
Teflon was put on the copper block and insulated with Styrofoam as well in order to achieve a
temperature gradient and directional freezing along the cylindrical axis.

The slurries, typically 5 – 6 ml in volume, were poured directly from the milling jar into the
mold placed on top of the cooled Cu rod. After full solidification, taking 45 to 60 min
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depending on casting temperature and slurry volume, the frozen ice billet, typically 20 mm in
height, was removed from the mold and put into a freeze-dryer (Labconco, Freeze Dry System,
Model 7754000) to sublimate for at least 20 h at -40 ºC and low pressure (< 3 Pa).
3.2.3 Reduction and Sintering
After freeze-drying, the billets were reduced and sintered under flowing hydrogen gas
(Airgas, Ultra high purity 5.0 grade) in a tube furnace using a three-step temperature
programmed reduction (TPR) protocol: (i) organic additive burn-out at 450 °C; (ii) reduction
of the oxides to pure metal at 750 °C and (iii) sintering of the foam walls at 1400 °C for 2 h.
Heating rates were 8.5 °C/min. up to 1000 °C and then 5 °C/min. Cooling was controlled
analogously until 600 °C followed by furnace cooling to room temperature.
3.2.4 Characterization
Prior and after heat treatments, the samples were weighed and their dimensions recorded to
calculate the mass loss as well as linear shrinkage due to reduction. Helium gas pycnometry
(Micrometrics, Accu Pyc 1330 Gas pycnometer) in conjunction with Archimedes’
measurements (according to ASTM standard C2027) were performed to quantify the open and
closed porosity as well as foam wall density.
For optical analysis, radial and longitudinal cross-sections (perpendicular and parallel to icefront growth direction, respectively) were cut and prepared according to standard
metallography preparation. The metallographic cross-sections were analyzed using light
microscopy for their morphology, and their wall thickness was determined from radial
metallographic cross-sections using a custom-designed Matlab® routine by intersecting the
parallel foam wall boundaries with perpendicular lines and quantifying the distance between
intersection points. This procedure was applied at least five times per wall and five walls per
sample were investigated in order to achieve reliable statistics.
Secondary electron (SE) and back scattered electron (BSE) images were taken from cleaved
surfaces using two different microscopes (Tescan, Eo-Scan Vega XL and FEI, Quanta 200F),
the latter being used for EDX-mappings as well. X-ray diffraction (XRD) was performed to
identify the crystallographic phase of the as-received powder and the final foam to verify full
reduction on an Empyrean diffractometer (PANalytical Netherlands).
Hardness and reduced Young’s modulus quantification of individual cell walls was
performed by means of nanoindentation (CSM ultra nanoindentation tester, Anton Paar) using
a Berkovich diamond tip and the Oliver–Pharr method28 for data processing. For the

58

Chapter III

Results

compressive stiffness and strength measurements, four foams were machined by a lathe to
cylindrical compression test specimen with height of 12 – 13 mm and aspect ratio 2:1;
compression tests were carried out at a strain rate of ~10-4 s-1 on two foams at room temperature
and at 400 °C in air, respectively. The latter temperature was chosen to be well above the
brittle-to-ductile transition temperature (BDTT) of tungsten reported to lie between
280 – 330 °C29 depending mainly on impurity concentration30 and strain rate31. The
compression tests were performed using a screw-driven mechanical testing machine employing
constant crosshead displacement rate set to yield a strain rate of ~10-4 s-1 confirmed by the strain
measurement conducted by means of digital image correlation. For the compression tests at
elevated temperature, an environmental chamber with convective heating was used. In all cases
the loading axis was chosen parallel to the ice-front growth direction.

3.3 Results
3.3.1 Synthesis
A total of 29 foams were successfully synthesized using the freeze-casting method described
above and the most important process and foam parameters are summarized in Table 4. The
four additional samples used for mechanical testing are listed in Table 5. A large linear
shrinkage (47 – 51 %) is displayed for all samples sintered above 1250 ºC with Ni as sintering
agent (a representative example, foam 18, is shown in Figure 12) but the shrinkage is less
pronounced (32 – 35 %) for foams synthesized without Ni. Open porosity decreases with
increasing sintering temperature (as seen when comparing foams 7 – 9) as well as with
increasing tungsten oxide volume fraction. Renouncing nickel as a sintering additive leads to
lower cell wall density and therefore to higher porosity values (open and closed).
To confirm total reduction of the freeze-dried WO3 foams into metallic tungsten foams,
XRD spectra were taken and compared to the as-received WO3 nanopowder. A representative
comparison is given in Figure 13 highlighting the complete absence of any WO3 peaks in the
foam structure confirming full reduction during TPR. For better visibility, the WO3 reflections
are not marked due to the complexity and multitude of reflection in the monoclinic WO3 phase.
As expected, the final foam phase is body centered cubic (bcc) tungsten which is the stable
room temperature phase.
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Overview of synthesized W-foams parameters listing WO3 volume fraction in the initial slurry fWO3,
casting temperature Tcast, sintering temperature Tsinter and linear shrinkage Δl/l. Open porosity values
were calculated from He-pycnometry and Archimedes’ measurements and the tungsten cell wall
density ρcell was determined by He-pycnometry. The closed porosity was deduced from ρcell and the
wall thickness optically measured. Samples marked with * were synthesized without the use of Ni as
a sintering agent.

Foam

fWO3
[vol.%]

Tcast
[°C]

Tsinter
[°C]

Δl/l
[%]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26*
27*
28*
29*

20
“
“
“
“
22.5
“
“
“
“
“
“
25
“
“
“
27.5
“
“
“
30
“
“
“
35
15
20
22.5
30

-15
“
-20
-25
-30
-15
-20
“
“
-25
-30
-35
-15
-20
-25
-30
-15
-20
-25
-30
-15
-20
-25
-30
-25
-17.5
-15
“
-12

1400
“
“
“
“
“
“
1250
1100
1400
“
“
“
“
“
“
“
“
“
“
“
“
“
“
“
“
“
“
“

50.1
50.4
49.0
49.5
48.9
47.6
48.8
46.5
43.3
48.8
49.6
49.5
48.7
49.9
50.7
50.3
48.3
49.2
48.3
50.2
50.8
48.4
48.3
50.1
49.5
40.5
34.6
34.1
32.0
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open
porosity
[%]
48.3
66.0
50.0
52.9
60.7
57.6
50.2
55.3
65.5
51.7
55.0
48.0
49.1
49.6
44.3
46.5
36.1
44.4
43.3
33.2
32.8
32.0
43.5
35.3
27.1
63.6
64.5
66.6
59.5

ρcell
[g/cm3]
18.3
17.6
18.4
18.7
18.7
18.6
18.6
18.4
18.6
18.9
18.5
18.5
18.7
18.6
18.9
18.4
18.5
18.4
18.8
19.1
18.6
18.6
18.8
18.8
18.9
16.9
17.2
17.3
17.6

closed
porosity
[%]
4.9
8.6
4.5
2.7
3.0
3.6
3.4
4.2
3.8
2.0
3.7
3.8
3.1
3.1
1.9
4.6
3.8
4.4
2.4
1.0
3.5
3.5
2.3
2.5
1.9
12.5
10.5
10.0
8.6

wall
thickness
[µm]
24.7
15.4
17.0
16.0
26.0
17.7
15.1
16.7
10.7
10.4
24.3
21.9
22.7
17.8
26.6
21.9
19.9
18.2
36.7
30.2
30.0
27.8
49.5
-
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Figure 12 Macrographs of WO3 foam after freeze-drying (left) and after reduction and sintering under flowing
H2 (right) using a solid fraction of 27.5 vol.% WO 3 and a casting temperature of -20 °C (foam 18),
illustrating the color change from greenish-yellow to shiny gray and the large, isotropic volume
shrinkage.

The foam structure is highly anisotropic (Figure 14 and Figure 15) with walls aligned along
the temperature gradient (along the cylinder axis of the mold). The radial cross-sections show
regions or colonies consisting of a few to dozens of parallel walls, which are randomly
orientated in the plane perpendicular to the ice-growth direction.

Figure 13 XRD-spectra of initial, dry monoclinic WO3 nanopowder (bottom) and reduced bcc W-foam phase
(top). The main bcc-reflections (space group Im-3m) are indicated by dashed lines according to
reference32. For visibility reasons the m-WO3 reflections are not indexed but the phase is confirmed
to be monoclinic WO3 (space group P21/n) according to reference33.
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Figure 14 Radial metallographic cross-sections of representative W foams, taken at the same magnification to
ease comparison, as function of the main process parameter oxide volume fraction in the slurry fWO3
and freeze casting temperature Tcast. Only foams with nickel as sintering additive are shown. Tungsten
foam walls appear bright white in contrast to porosity in black. Coloring is used to guide the reader’s
eye
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Figure 15 Longitudinal metallographic cross-sections of representative W foams, taken at the same
magnification to ease comparison, as function of the main process parameter oxide volume fraction
in the slurry fWO3 and freeze casting temperature Tcast. Only foams with nickel as sintering additive
are shown. Tungsten foam walls appear bright white in contrast to porosity in black. Coloring is used
to guide the reader’s eye
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3.3.2 Open Porosity, Linear Shrinkage and Wall Thickness
Three important parameters for foams are the open porosity, the linear shrinkage and the
thickness of individual cell walls, since they stand for the density reduction compared to their
bulk counterparts (open porosity), densification ability (linear shrinkage) and finesse of the
resulting microstructure (wall thickness). Open porosity and linear shrinkage are plotted in
Figure 16a,b against the volume fraction of WO3 in the initial slurry while the wall thickness
is plotted against freezing temperature in Figure 16c. Increasing the oxide volume fraction in
the slurry leads to a decrease in open porosity and an increase in their wall thickness, i.e. a
coarser microstructure. Conversely a reduction in freeze-casting temperature leads to a finer
microstructure (also visible in Figure 14 and Figure 15).

Figure 16 Plots showing the dependence of WO3 fraction in the slurry of (a) foam open porosity and (b) foam
linear shrinkage after reduction and sintering. (c) Plot of foam wall thickness vs. freeze-casting
temperature for different slurry solid fraction with same coloring scheme as used in Figure 14 and
Figure 15. Only samples with nickel as sintering agent were used for all graphs. Best linear fits are
plotted as guide to the eye.
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3.3.3 Effect of Nickel and Sintering Temperature on Densification
Most foams were synthesized using nickel as sintering agent in order to enhance the
sintering of tungsten, as Ni is commonly used in traditional powder metallurgy (PM) as a
sintering additive11, 25. The effect of nickel on the foam microstructure is illustrated in
Figure 17. Sintering at 1400 °C without the use of nickel leads to lower densification of
tungsten walls, thus increasing the surface to volume ratio of the foam, i.e. the microporosity
(Figure 17a, foam 26), and as shown in Table 4, leads in general to a higher open porosity and
lower linear shrinkage. The W grain size remains therefore small (< 1 µm) and the structural
integrity of the foams is poor due to limited densification of the walls. By adding Ni, near-full
densification of tungsten walls is achieved, with the exception of a few closed pores
(Figure 17b, foam 1). Significant grain growth is observed (~10 µm) and the foam walls exhibit
a bamboo-like grain structure.

Figure 17 SE micrographs of cleaved samples sintered at 1400 °C freeze-cast without (a, foam 26) and with (b,
foam 1) the use of nickel as sintering agent.

Foam densification is higher when using nickel, as seen in the linear shrinkage and open
porosity values when comparing foams with similar WO3 volume fraction in the slurry
(Table 4). For example, comparing foam 6 with foam 28 (both have 22.5 vol.% WO3,
Tcast = -15 °C and Tsinter = 1400 °C) leads to the following three observations when using nickel
in the freeze-casting process: (i) the linear shrinkage shows a 1.4 fold increase, from 34.1 % to
47.6 %; (ii) the open porosity decreases by ~10 % from 66.6 % to 57.6 %; (iii) the cell wall
density increases, and therefore the closed porosity value decreases, by a factor ~3, from 10.0
to 3.6 %. Reducing the sintering temperature from 1400 to 1250 and 1100 °C has little impact
on linear shrinkage and closed porosity (foam 7 – 9) but the open porosity is significantly
increased, indicating a reduction in wall sintering. The microporosity follows the same trend
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as the open porosity (Figure 18), being higher at lower temperature. Unlike for foams sintered
at 1400 °C, the bamboo-grain structure is not discernible from the BSE micrograph at the
lowest sintering temperature of 1100ºC. Grain growth is promoted by increasing the sintering
temperature to 1250 °C and the early stages of the formation of the characteristic bamboo
microstructure are visible for sintering temperatures of 1250 °C, as indicated by arrows in
Figure 18b. Additionally the EDX-mapping overlay of the Ni-L and W-M line (Figure 18d)
highlights an enrichment of nickel at grain boundaries. These lines were chosen because of an
overlap of the W-L and Ni-K lines.

Figure 18 BSE micrographs of cleaved samples sintered at (a) 1100 °C (foam 9), (b) 1250 °C (foam 8) and (c)
1400 °C (foam 7). At 1250 °C the initiation of the bamboo-structure is discernible and indicated with
arrows. (d) Overlay EDX-mapping taken from Ni-L (green) and W-M lines (blue) corresponding to
the area shown in (c) is given, highlighting nickel enrichment at grain boundaries as well as closed
pores.
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3.3.4 Mechanical Properties
The four foams used for compressive mechanical testing were all freeze-cast using identical
process parameters as foam 18 (27.5 vol.% WO3, Tcast = -20 °C and Tsinter = 1400 °C). The foam
properties are listed in Table 5 and their stress-strain curves are given in Figure 19. The curves
show

characteristic

behavior

for

brittle

foams,

with

low

yield

stresses

(20 – 40 MPa) and peak stresses of 70 – 96 MPa (25 °C) and 92 – 130 MPa (400 °C), followed
by sharp stress-drops and a plateau stress showing multiple serrations. The plateau stress is
significantly higher, a factor of 3 – 4, at 400 °C than at 25 °C. The samples deformed at room
temperature fractured gradually into small flakes during deformation at the plateau stress. The
foams tested at 400 °C, by contrast, showed a brooming behavior indicative of a more ductile
behavior, resulting in densification when approaching the maximum compressive strain.
Furthermore hardness values of 10.4 ± 1.7 GPa (± standard deviation is used henceforth),
Young’s modulus of 371 ± 53 GPa and reduced Young’s modulus of 279 ± 30 GPa measured
by nanoindentation indicate that closed porosity influences the measurements as discussed
below.

Table 5

Table of W-foams parameters used for compression tests with furnace temperature Ttest, linear
shrinkage Δl/l, compressive stiffness of the foam S comp with standard deviation and compressive
strength σcomp. Open porosity values were calculated from He-pycnometry and Archimedes’
measurements and the tungsten cell wall density ρcell was determined by He-pycnometry. The closed
porosity was deduced from ρcell.

Δl/l
[%]

open
porosity
[%]

ρcell
[g/cm3]

closed
porosity
[%]

M1

25

49.5

44.9

18.7

3.1

10.9

0.3

70

M2

25

50.4

43.7

18.6

3.3

15.0

0.1

96

M3

400

49.9

47.8

18.6

3.4

24.2

0.3

92

M4

400

49.2

45.3

18.7

2.8

17.8

0.1

135
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Scomp
[GPa]

Std. dev.
[GPa]

σcomp
[MPa]

foam

Ttest
[°C]
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Figure 19 Stress-strain curves of foams listed in Table 5 with open porosity (44 – 48 %) and test temperature
(25 and 400ºC) in parentheses. The compressive stiffness is comparable for all measured foams but
compressive strength and plateau stress is higher for the foams tested at high temperatures.

3.4 Discussion
3.4.1 Foam Morphology
All samples show a typical freeze-cast microstructure with colonies of parallel metallic
walls, aligned along the applied temperature gradient and with their normals randomly
orientated perpendicular to the ice-growth direction (Figure 14 and Figure 15). This is
comparable to the typical structures presented in the literature for freeze-casting of aqueous
suspensions14-17, 34. The structure can be explained by the growth kinetics of the ice crystals
which is replicate as pores or channels, as explained in detail in the literature13.
Decreasing the casting temperature as well as decreasing the particle volume fraction leads
to smaller wall thickness in the final foam (Figure 16c). In general, a power-law relationship
between ice growth front velocity and lamellae thickness is inferred33. This would lead to the
conclusion that increasing the volume fraction of WO3 in the slurry increases the solidification
front velocity, i.e. favoring heat transfer. In reality such a correlation is difficult to prove. The
heat capacity Cp of water and WO3 both at 0 °C differs only slightly, 76 and 70 J/(mole·K)35, 36
with ice being 38 J/(mole·K)37. In contrast, the thermal conductivity of WO3 is estimated to lie
higher than that of water or ice at 0 °C, being 0.6 and 2.2 W/(m·K)35, 37. Both arguments would
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favor increased heat transfer, but the thermal diffusivity which is important in this timedependent process, includes the densities of the species as well which increase strongly with
the addition of WO3 (7.2 g/cm3)36 compared to that of water or ice (~1 g/cm3)35, 37. Therefore
whether this change in heat transfer properties at the water-ice-particle interface indeed leads
to an acceleration of the solidification front remains unclear. Another reason for the increased
wall thickness with solid fraction could be explained as follows: the initially homogenously
distributed WO3 nanoparticles are rejected by the growing ice front and a non-planar
solidification front morphology concentrates the rejected particles in the interdendritic space.
This non-planar solidification front is addressed by Deville et al.13, 38. During rejection of the
WO3 particle at the ice/water interface of each dendrite, the volume fraction of particle in the
remaining liquid is increased until a so-called “breakthrough fraction” is reached. At this point,
the ice front penetrates the interparticle space and the particles are no longer pushed into the
interdendritic space39. At this stage, the wall thickness is determined by the amount of particles
entrapped between the growing ice lamellae. Having a higher volume fraction of WO3 in the
initial homogenous slurry leads to smaller interparticle distances; thus, for identical ice
nucleation and growth kinetics (i.e. the same casting temperature) more particles are rejected
into the interdendritic space during ice solidification and thicker walls are achieved when the
breakthrough fraction is reached. Analogous findings on the effect of solid fraction on wall
thickness in aqueous directional freeze-casting were published for porous Al2O3-ZrO240.
Conversely, for the same interparticle distance in the slurry (i.e. same solid volume fraction
in the slurry) but lower casting temperature, a finer foam architecture is achieved since the
nucleation and growth conditions for the ice crystals have changed. A lower casting
temperature increases the ice nucleation rate, the ice-front growth velocity and the temperature
gradient, altering the morphology of the solidification front. When the solidification front speed
increases due to higher supercooling, i.e. lower casting temperatures, the width of the
interdendritic channels is reduced13. This leads to a smaller wall thickness because fewer
particles are collected between the ice lamellae. As the extent of densification during sintering
is constant, the wall thickness is determined by particle redistribution during slurry
solidification.
To summarize, the particle concentration is constant within the cross-section, since little or
no sedimentation of WO3 during freezing occurs. Therefore increasing the volume fraction
increases the wall thickness.
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The open porosity follows a linear trend with solid fraction: a reduction of 1 % in WO3
slurry fraction leads to a reduction of ~2 % in the foam open porosity, Figure 16a; this allows
to control the foam open porosity by adjusting the slurry solid fractions irrespective of casting
temperature. Solid fractions as low as 15 vol.% and as high as 35 vol.% were cast but these do
not represent lower and upper limits. Extrapolating the linear fit in Figure 16a to the x-axis
intersection suggest an upper limit of 48 vol.% WO3. The limit is unlikely to be reached, since
the critical ice front velocity for engulfing of the particles during solidification is inversely
proportional to the viscosity of the slurry41. As the solid fraction of the slurry increases, so does
its viscosity until it becomes not pourable. Nevertheless, the broad range of 29 – 66 % in foam
open porosity achieved in this study lies in the suitable region for melt-infiltrated composites.
The amount of PEG added was always adapted to yield 2.5 wt.% with respect to the amount
of WO3 used. This leads to significant PEG concentration changes within the aqueous slurry
with respect to the amount of water, since for higher solid fractions more PEG was needed
while simultaneously decreasing the water fraction. The concentration of PEG in the slurry
with respect to the water content changed between ~3 and 9 wt.% for 15 – 35 vol.% solid
fraction, respectively. As reported in the literature20, 21 there is no significant influence of PEG
concentration on foam microstructure.
3.4.2 Effect of Nickel on Sintering Behavior and Foam Microstructure
Adding NiO to the WO3 particle slurry, freeze-casting and co-reducing the mixture of oxide
and co-sintering the resulting Ni-doped W has a large impact on the foam microstructure, by
increasing the tungsten wall densification, reducing the open and closed porosity and increasing
grain size. Sintering without nickel leads to a linear shrinkage in the range of 30 – 40 % which
is mainly accounted for by the volume shrinkage due to the conversion of WO3 to W, given the
low levels of sintering. The theoretical linear shrinkage due to oxide reduction is 33.4 %, as
calculated by considering conservation of volume (without sintering) of W and WO3 (Eq. 3-6).
The volume shrinkage can be calculated from the respective density ρ and molar mass M by
Eq. 3-1 to yield a volume loss of 70.5 % during reduction:
𝑔
𝑚𝑜𝑙
𝑔
19.25
𝑉𝑊𝑂3 − 𝑉𝑊
𝑉𝑊
3
𝑐𝑚
=
= 1−
=1−
𝑔 = 0.705
𝑉𝑊𝑂3
𝑉𝑊𝑂3
231.84
𝑚𝑜𝑙
𝑔
7.16
𝑐𝑚3
183.84

∆𝑉𝑊𝑂3→𝑊
𝑉𝑊𝑂3
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Eq. 3-1 can be rewritten by considering the cylindrical shape of the foams to yield:
∆𝑉𝑊𝑂3 →𝑊
𝑉𝑟𝑒𝑑
𝑙𝑟𝑒𝑑 𝐴𝑟𝑒𝑑
= 1−
= 1−
=
𝑉𝑊𝑂3
𝑉𝑑𝑟𝑦
𝑙𝑑𝑟𝑦 𝐴𝑑𝑟𝑦
𝑑𝑟𝑒𝑑 2
2
𝑙𝑟𝑒𝑑 ( 2 ) 𝜋
𝑙𝑟𝑒𝑑 𝑑𝑟𝑒𝑑
=1−
=1−
(
)
𝑙𝑑𝑟𝑦 𝑑𝑑𝑟𝑦 2
𝑙𝑑𝑟𝑦 𝑑𝑑𝑟𝑦
( 2 ) 𝜋

Eq. 3-2

Making use of the isotropic shrinkage observed in all samples and inserting Eq. 3-4 in Eq. 3-2
leads to the simplified form (Eq. 3-5) that can be rearranged to yield the linear shrinkage upon
reduction as function of the volume loss due to reduction (Eq. 3-6).
∆𝑙
∆𝑑
=
,
𝑙
𝑑

𝑙𝑟𝑒𝑑 𝑑𝑟𝑒𝑑
=
𝑙𝑑𝑟𝑦 𝑑𝑑𝑟𝑦

Eq. 3-3
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Eq. 3-6

During sintering, the reduced tungsten particles densify into pore-free W walls giving rise
to an additional linear shrinkage of 8 – 20% depending on packing density of the W particles
within the walls after reduction and final closed porosity. The lower value corresponds to the
assumption of closed packing of spherical particles. In this case 26% of the wall volume is
filled by interparticle space. Including some closed porosity of approx. 3% after sintering
(Table 4) then 23% volume shrinkage will result and leading according to Eq. 3-6 to a minimal
linear shrinkage of 8 %. Since closed packing of spheres is unlikely to happen after reduction
due to the particle size distribution and geometrical constrictions, i.e. the particles are not
perfectly spherical, the actual achieved linear shrinkage assuming full sintering will be higher
than the lower limit. In the upper limit case no closed porosity would be present. This state can
be calculated analogously, by the assumption of simple cubic packing of spheres which leads
to 52 % volume shrinkage corresponding to another linear shrinkage of approx. 20 % during
sintering. From these calculations the sintering length change is expected to achieve 41 – 53 %
after full sintering of the W powders, depending on packing density of the walls after reduction
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and WO3 particle shape after ball milling, and agrees with the experimental values for all
foams. Nickel-free foams hardly sinter and therefore their linear shrinkage values lie in the
range of full reduction only. The addition of nickel intensifies the densification during sintering
as explained in the following.
Nickel has a low maximum solubility in tungsten (< 1.1 at%) in the present sintering
temperature range42, which is below the Ni concentration used here (1.55 at.% or 0.5 wt% Ni).
Tungsten on the hand is soluble in nickel up to 16.5 at% at 1400 °C (16.0 at% at 1100 °C). As
a result, during sintering, nickel is not diffusing significantly into tungsten but rather coats the
tungsten nanoparticles with a very thin disordered Ni-layer24, 25, 43. This effect is also exploited
in traditional PM manufacturing processes where nickel-doped tungsten powder is created by
dissolving nickel chloride in methanol, mixing with tungsten powder and reducing at
600 – 800 °C to enhance the sintering activity3, 44. This is in agreement with the results of
Hamidi et al.3 who observed a W-surface transformation above 1100 °C due to nickel
segregation at grain boundaries and at free surfaces. An intergranular, nickel-enriched film
which is held responsible for activated sintering is formed, which does not lead to significant
densification in itself but fills the interparticle space24, 25, 44. The presence of a nickel-enriched
phase at grain boundaries is highlighted with the EDX-maps in Figure 18d, where nickel-rich
inclusions are observed at grain boundary junctions. Furthermore, since tungsten fractures
almost exclusively intergranularly at 25 °C, the surfaces visible in all BSE images in
(Figure 18) correspond to grain boundaries. The volume fraction of nickel in the specimen
corresponds to 1.1 vol.%. The area fraction of Ni-enriched phases within the BSE images, but
especially for Figure 18c, corresponds to a much higher value, estimated at 25 % of the area,
corroborating a large Ni-enrichment at grain boundaries.
The reason for higher densification already at 1100 °C with Ni (foam 9), as compared to
foams sintered at 1400 °C without using nickel (foams 26 – 29), is found in the very different
diffusion parameters for tungsten in nickel compared to tungsten self-diffusion, combined with
the bridged interparticle space, reducing the closed porosity and increasing apparent wall
density already at sintering temperatures as low as 1100 °C.
Tungsten self-diffusion at 1400 °C has an activation energy as high as 500 – 600 kJ/mole
and resulting diffusion coefficient of ~10-22 m2/s, depending on the source45, 46. The impurity
diffusion of tungsten in nickel however has a much lower activation energy of 323 kJ/mole,
yielding a diffusion coefficient of ~10-13 m2/s46, 47 at 1400 °C. However, the significantly
enhanced volume diffusion of tungsten in nickel is not solely responsible for the higher
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densification during sintering; as explained by Toth et al.24, the process includes dissolution of
tungsten in the disordered nickel layer, volume diffusion of tungsten outwards through the
nickel, surface diffusion of tungsten on nickel, uphill diffusion of tungsten to deposit at the
particle interface due to energy reduction by reducing the surface area and resulting formation
of sintering necks.
Gupta et al.44 confirmed the existence of a disordered, quasi-liquid nanometer thick nickel
film at grain boundaries after tungsten sintering by HRTEM. Such quasi-liquid films are
expected to exhibit high free volume and therefore can provide a short-circuit diffusion path
for tungsten lowering the activation energy and increasing the kinetics for tungsten sintering.
In order to form such quasi-liquid phases, a minimum nickel content of 0.3-0.4 wt.% was
inferred44.
The effect on densification is primarily visible in the open porosity and in the linear
shrinkage values and is observed by comparing the SE-micrographs of foams sintered without
nickel addition which show microstructure with discernible individual tungsten particles
(Figure 17a) to the SE-micrographs taken for the foams sintered at 1400 °C (Figure 17b). By
sintering at 1100 °C the particle-like shape is retained but the interparticle space is clearly
bridged by already formed sintering necks (Figure 18a).
3.4.3 Mechanical Properties
The stress-strain curves of the foams (Figure 19) are indicative of a brittle foam material:
(i) peak stress followed by a lower plateau stress and (ii) ragged plateau stress range, with many
serrations. However, the compressive behavior at 400 ºC is more ductile than at 25 ºC, as
expected given that the W walls are deforming above and below the W brittle-to-ductile
transition temperature (BDTT) respectively. In particular, higher plateau stresses by factor of
3 – 4 and increased compressive strengths from 70 – 96 MPa to 92 – 130 MPa are observed for
the samples deformed at 400 °C (Figure 19), highlighting the transition from brittle
deformation at ambient temperature to partial ductility at 400 °C. Yield point estimation is very
difficult since no sharp yield point is observed but is estimated to be around 20 – 30 MPa for
both temperatures. All samples were tested with the load axis parallel to the directional porosity
and although the sample aspect ratio is chosen to prevent buckling, the very high aspect ratio
of individual tungsten walls implies that elastic and plastic buckling of walls, individually or
cooperatively within colonies, is a likely deformation mechanism. Wall buckling is however
mitigated by wall-to-wall bridges created during solidification13, 38 (Figure 17) and by the
interaction of neighboring colonies of varying orientations in the radial plane48. Additionally,
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wall fracture is a likely deformation mechanism, especially at ambient temperature below the
BDTT of tungsten.
Nanoindentation results are in reasonable agreement with expectations. The hardness value
of 10.4 ± 1.7 GPa is higher by a factor of 2 – 3 than results reported in literature for bulk
tungsten measured by micro-indentation29. The Young’s modulus derived using the Oliver and
Pharr method28(E = 371 ± 53 GPa) is consistent, within the large experimental error, with
literature values for bulk tungsten (EW = 405 GPa29). This difference lies within the
measurement error and is attributed to the sensitivity of the measurement setup. Deformation
of the compliant polymer matrix needed for sample preparation analogously to metallography
preparation and the likely presence of unobserved submicron pores in the indent vicinity result
in a reduction and scatter of the measured data. Hardness values on the other hand are much
less influenced by those factors since the plastic zone of an indent remains very confined
compared to the elastic zone influencing the modulus calculation. Given these considerations,
a good agreement is obtained between measured and bulk values, strengthening the claim that
near-dense and fully-reduced tungsten walls are achieved.
3.4.4 Engineering Applications
In applications where a reasonable mechanical strength is required, higher solid fractions
and higher casting temperatures, thus increasing the wall thickness and decreasing the total
porosity, is advisable, together with the use of nickel as a sintering aid and sintering
temperatures of at least 1400ºC. Such applications include tungsten scaffolds for biomedical
implant49 or light-weight, lead-free radiation shielding50, as well as foams which are
subsequently melt-infiltrated with copper to create W-Cu composites for electrical contact
materials4-6. In all the above cases, directional pores are beneficial due to the enhanced strength
in the direction of the aligned walls. Such composites may also be used for heat spreaders in
power electronics6 due to their unusual combination of low thermal expansion and high thermal
conductivity, which is expected to be anisotropic due to highly aligned W wall microstructure
providing another level of customization.
In the case of catalysis and sensor applications where tungsten51 or tungsten oxide2 with a
high open porosity and large surface area is desired, low sintering and low casting temperatures
as well as moderate to low solid fraction to increase the open porosity is suggested; for these
applications, the high permeability and low pressure drop of these foams with highly aligned
macroporosity is advantageous. Renouncing nickel as sintering agent might be considered for
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such non-load-bearing applications to further increase the surface area but is associated with
low mechanical integrity of the foams, for the processing parameters studied here.

3.5 Conclusions
Tungsten foams with aligned wall architecture and adjustable porosity were created by
directionally freeze-cast aqueous WO3 slurries followed by hydrogen reduction of the oxide
and sintering of the W walls. The addition of NiO to the WO3 slurry allows Ni-activated
sintering of tungsten walls to near full density. Slurry volume fractions of 15 – 35 vol.% were
successfully cast and upon reduction and sintering, the total foam porosity ranges from 27 to
66 % (29 to 75 % for total porosity); when Ni is not used as sintering aid, a total porosity as
high as 76 % (of which 13 % is closed within walls) can be achieved. Open porosity, in the
form of channels between aligned, elongated W walls, is proportional to the WO3 slurry solid
fraction. Casting temperature also affects pore architecture and foam morphology. Lowering
the casting temperature increases solidification front velocity reducing the wall thickness. Fine
cell walls with 10 – 50 µm thickness and bamboo grains are created. The microporosity and
surface to volume ratio can be increased by sintering at lower temperatures or by not using
nickel as sintering agent.
Uniaxial compressive testing of foams and nanoindentation of individual W walls were
conducted, demonstrating the brittle nature of the foams at room temperature which however
show reasonable plasticity at 400 °C, which is above the brittle-to-ductile transition
temperature of tungsten (280 – 330 °C). Individual tungsten walls show good performance in
nanoindentation experiments confirming that they are fully sintered, with low closed porosity
and no residual oxide, as confirmed by XRD analysis.
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Anisotropic Tungsten-Copper
Composites Using Freeze-cast Tungsten
Foams

Chapter IV

Introduction

The content of this chapter is in preparation for publication and is therefore organized in similar
form as the previous chapter. In this chapter, the synthesis and characterization of the final
W-Cu composite is presented with special focus on the unique composite architecture and the
mechanical and electrical properties in comparison to the industrial state of the art material
produced by powder metallurgy.

Abstract
A directional tungsten-copper composite was created by melt-infiltration of tungsten foams
synthesized by aqueous directional freeze-casting. The composite consists of two lamellar,
interpenetrating networks of copper and tungsten. Each network exhibits a highly anisotropic,
lamellar structure imposed on the composite by the unique freezing behavior of water during
tungsten foam production. Interpenetration of the networks is governed by the formation of
network-bridges. The novel composite was tested under uniaxial compressive testing at 25 °C
and 400 °C, below and above the brittle-to-ductile-transition temperature of W, and results
were compared to traditional powder metallurgical W-Cu composites. The novel composite
performs similarly under compressive load to the state of the art PM composite, exhibiting a
slightly higher compressive stiffness of 222 – 266 GPa but lower compressive strength of
714 – 991 MPa. Even after lowering the copper content by up to 8 vol.% the freeze-cast
composites exhibit superior electrical properties due to the directionality.

4.1 Introduction
Tungsten-copper composites are of significant interest in industrial applications where
improved heat and current transport properties combined with high mechanical strength, both
at elevated temperatures, are needed, by combining the excellent thermal and electrical
properties of copper1 with the high melting point and strong mechanical properties of
tungsten1, 2. This includes electrodes for electric discharge machining3, arcing contacts4, 5, low
coefficient of thermal expansion heat spreaders6, 7 or fusion energy applications6, 8.
Common W-Cu composite fabrication methods are restricted entirely to powder
metallurgical (PM) approaches6. Two methods are generally applied: For low copper content
composites (> 60 wt.% W) a porous tungsten skeleton is formed by hot pressing and partial
sintering of tungsten powders to yield an isotropic network of tungsten and open pores that is
further melt-infiltrated by copper at 1250 – 1400 °C9. The other method consists of blending
tungsten and copper powders and directly hot press and liquid phase sinter to form the desired
composite10. Sintering additives in the form of metallic nickel is often used as nickel strongly
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increases the densification of tungsten at lower temperatures11-14 and simultaneously enhances
the wettability of tungsten by molten copper15. Extensive research was performed on the effect
of tungsten particle size, sintering additives, sinter parameters and oxygen content on wetting
behavior and final composite properties10, 16-19.
The mechanical properties of such interpenetrating networks are not readily described by a
simple serial or parallel consideration of two phases of different stiffness as it is used to
describe fiber reinforced composites20. A more detailed consideration was introduced by the
unit cell model, more accurately describing the bulk mechanical properties of several
interpenetrating network system in the elastic as well as plastic regime under consideration of
geometrical constraints of the matrix by the reinforcing phase21. In the W-Cu system copper
adds a significant ductility to the composite while tungsten provides high mechanical strength
even at high temperatures22. The embrittlement of grain boundaries in tungsten sintered with
nickel as sintering activator23 is counteracted by the ductile nature of copper demonstrating the
positive effects of combining two different materials to form a new one.
The thermal, electrical and mechanical properties of the standard composite are isotropic,
due to the isotropic structure of the composite resulting from the production process. This
strongly reduces the design potential of the composites for applications. Often directed heat or
electrical transport is preferred, e.g. in heat sinks and arcing contacts, to maximize the
efficiency of the devices. In load bearing applications with uniaxial loading as in arcing
contacts on current breaking and re-establishing operations, a potential anisotropic nature of
the composite could enhance the mechanical strength if aligned with the load axis. Therefore
introducing an anisotropic composite structure would lead to improved transport properties
while simultaneously positively affecting the mechanical behavior.
In this chapter the fabrication of bulk, anisotropic, interpenetrating W-Cu composites by
directional freeze-casting of tungsten foams using nickel as sintering additive with subsequent
melt-infiltration with copper is shown and the mechanical and electrical properties of the
composite is compared to traditional PM fabricated composites.

4.2 Experimental Procedures
4.2.1 Composite Synthesis
The porous tungsten foams were created by freeze-casting an aqueous slurry of tungsten
trioxide nanoparticles (WO3, 99.95 % purity, d < 100 nm, SkySpring Nanomaterials Inc.) with
a low nickel oxide (NiO, 99.9 % purity, d = 20 nm, Inframat Advanced Materials) content of
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0.5 wt.% using 2.5 wt.% polyethylene glycol (PEG, Mn = 3,400, Sigma-Aldrich) and 1 wt.%
polyethylene imine (PEI, Mw 25’000, Sigma-Aldrich) as sintering activator, binder and
dispersant respectively. The detailed process including effects of solid fraction, freeze-casting
and sintering temperatures as well as the influence of nickel on the final foam microstructure,
in particular open porosity and structural wavelength, are reported in detail in Chapter III. The
tungsten foams were melt-infiltrated with Cu (99.99 % purity, Mateck GmbH) at 1300 °C
under argon/5 % hydrogen atmosphere (99.999 % purity, PanGas) without the addition of
external pressure. The copper flakes were etched prior infiltration to remove oxides and
contaminants by nitric acid etching (HNO3, puriss. Sigma-Aldrich). For the melt-infiltration a
cylindrical, as-synthesized freeze-cast tungsten foam was put in an alumina crucible with a
sufficient amount of copper put on top of the tungsten foam. The complete crucible mantle was
wrapped in graphite-tape to ensure no direct inductive coupling to the tungsten and copper
occurs. Thereby the crucible is heated as well and thermal shock is avoided. The heating was
performed by induction heating and the temperature was monitored by an in-lab built laser
pyrometer. After cooling of the composites to room temperature machining by a lathe to
cylinders of identical aspect ratio was performed. As PM reference for all tests 80/20 wt.% WCu composites (Plansee Powertech AG, Seon, Switzerland) were used.
4.2.2 Characterization
For optical analysis, radial and longitudinal cross-sections (perpendicular and parallel to the
cylindrical axis, respectively) were cut and prepared according to standard metallography
preparation. The metallographic cross-sections were analyzed using light microscopy for their
morphology. To compare the PM and the freeze-cast W-Cu composite microstructure high
energy (acceleration voltage 170 kV) X-Ray tomography (Phoenix Nanotom S, GE
Measurements) was performed (voxel size 1.3 µm) on thin (approx. 400 µm) cylindrical
composite samples shaped by lathing.
Compression testing was conducted at 25 °C and 400 °C in air, the latter temperature being
well above the brittle-to-ductile-transition of tungsten reported in the range of 280 – 330 °C2
depending on strain rate24 and impurity level25. For this purpose, an environmental chamber
with convective heating was used. In all cases the load axis was chosen parallel to the lamellar
structure. A screw-driven mechanical testing machine employing constant crosshead
displacement rate set to yield a strain rate of ~10-4 s-1 was used for all tests and the strain was
measured optically using digital image correlation. The maximum stress value and the slope of
curve in the elastic regime were used to determine the compressive strength and stiffness,
84

Chapter IV

Experimental Procedures

respectively. The sample size was chosen to yield an aspect ratio of 2:1 (length over diameter)
with diameters ranging from 5 – 6 mm.
Four-point resistivity measurements (National Instruments, NI PXI-4071 and Agilent,
N6700B 400W, for voltage measurement and current supply, respectively) were conducted in
steady-state conditions with current flow along the cylindrical axis to obtain the electrical
resistivity of the composites. Additionally, current jump experiments to measure the transient
response of the resistivity to identify the susceptibility to fast and drastic increase of the current
density were performed. Current jumps of 0 to 7 A were employed. The high current was
maintained for 30 s before switching off the current to let the sample cool down.
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4.3 Results
4.3.1 Composite Architecture
Radial and longitudinal cross-sectional micrographs (Figure 20) reveal the highly
anisotropic composite microstructure with a structural wavelength of 10 – 40 µm. The copper
infiltrated the open pores and wetted the tungsten foam walls successfully. The structure is
interconnected as can be deduced from the radial and cross-sectional micrographs and is clearly
discernible in the 3D-reconstruction of the tomography data (Figure 21). Direct comparison
with the PM fabricated composites highlights the very distinguished composite microstructure
(Figure 21 and Figure 22). The PM composite exhibits a finer structural wavelength than the
freeze-cast composite but shows no directionality.

Figure 20 Radial (a) and longitudinal (b) metallographic cross-section of a W-Cu composite (47 vol.% Cu)
synthesized by freeze-casting. The architecture is clearly anisotropic with the tungsten exhibiting the
typical directional structure inherent to the freeze-cast foams and the copper filling the open porosity.
The orientation of the walls is random in radial direction, while along the cylinder axis (longitudinal)
it is parallel. The black spots are pores from the inherent closed porosity and from the metallographic
preparation.

The composition of the W-Cu produced by freeze-casting is determined by the initial solid
fraction in the slurry and the resulting open porosity after sintering. The composites used in
this study compose of 27 – 43 vol.% Cu, i.e. 14 – 26 wt.% Cu. The reference PM composites
in contrast were all 80/20 wt.% W-Cu composites, corresponding to 35 vol.% Cu (Table 6).
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Figure 21 Rendered (Blender v. 2.76b) X-ray tomography data reconstruction of the W-Cu composite
(56/44 vol.% W/Cu) produced by freeze-casting. The W-foam (top left, grey) exhibits the structure
inherent to foams synthesized by directional freeze-casting. The Cu-phase (top right, beige) fills the
pores upon infiltration leading to the W-Cu composite (bottom). The slight distortion of the cuboid is
a rendering artefact due to the chosen camera position. The voxel size is 1.3 microns and the total
volume depicted 200 x 200 x 255 microns (x, y, z).
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Figure 22 Rendered (Blender v. 2.76b) X-ray tomography data reconstruction of the standard W-Cu composite
(65/35 vol.% W/Cu) produced by powder metallurgy and subsequent melt-infiltration. The W-foam
(top left, grey) exhibits the structure inherent to foams synthesized using the powder metallurgical
route with an isotropic foam structure. The Cu-phase (top right, beige) fills the pores upon infiltration
leading to the W-Cu composite (bottom). The slight distortion of the cuboid is a rendering artefact
due to the chosen camera position. The voxel size is 1.3 microns and the total volume depicted
140 x 140 x 255 microns (x, y, z).
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4.3.2 Mechanical Properties
The freeze-cast W-Cu composites exhibit a high compressive stiffness of 222 – 266 GPa at
25 °C and still a reasonably high stiffness of 181 – 202 GPa at 400 °C. The stress-strain curves
(Figure 23) are indicative of a ductile behavior even at ambient temperatures with yield stresses
of 400 – 650 MPa at 25 °C and 180 – 190 MPa at 400 °C. The compressive strength ranges
from 716 – 991 MPa to 494 – 519 MPa at 25 °C and 400 °C, respectively.

Figure 23 Stress-strain curves of composites listed in Table 6 with copper volume fraction (27-43 vol.%) in
parentheses. The test temperature were 25 °C (FC1 – 4) and 400 °C (FC5 – 6), respectively. The
compressive stiffness values as well as the compressive strength are significantly higher at room
temperature. Increasing the tungsten content at 25 °C enhances the mechanical strength.

Comparison of the stress-strain curves of the composites tested at ambient temperature
(FC1 – 4) highlights a pronounced dependency of the compressive stiffness and strength on
copper content, i.e. porosity in the tungsten skeleton prior melt-infiltration. Adding 16 vol.%
copper (equal to 12 wt.%) decreases the compressive strength by 27.7 % and the stiffness by
16.5 %.
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Comparison of W-Cu composites produced by freeze-casting (abbreviation FC) and by traditional
powder metallurgy (PM). Listed parameters are Cu volume fCu and mass mCu fraction in the final
composite determined by Archimedes’ and gas pycnometry measurements prior infiltration,
mechanical testing temperature Ttest, compressive stiffness of the composite Scomp with standard
deviation and compressive strength σcomp.

Composite

fCu [vol.%]

FC1
FC2
FC3
FC4
FC5
FC6
PM1
PM2

43.2
38.1
35.3
27.1
41.5
42.3
35
“

mCu [wt.%] TTest [°C]
26.2
22.3
20.3
14.8
24.8
25.4
20
“

25
25
25
25
400
400
25
25

Scomp
[GPa]
222.0
255.8
259.0
266.0
202.6
181.6
231.2
236.8

Std. dev.
[GPa]
2.4
6.2
8.9
9.7
0.8
1.3
0.7
0.3

σcomp
[MPa]
716
854
938
991
494
519
975
967

Figure 24 Stress-strain curve comparison of the composites produced by standard powder metallurgy (PM1
and PM2, with 35 vol.% Cu) and the composites synthesized by freeze-casting (FC1 – 4, differing
composition). Tests were performed at 25 °C. It is evident that the composition strongly influences
the mechanical properties – higher tungsten content yields stronger composites.
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The comparison of the mechanical performance of the freeze-cast composites with the PM
composites is given in Figure 24 and Table 6. At identical copper content the powder
metallurgical state of the art composite shows slightly higher compressive strength at little
lower compressive stiffness. The fracture behavior of the PM composites is characterized by a
sharp transition with no shearing and sudden fracture. This behavior is not observed in the
freeze-cast samples as all of them began to shear after having reached the maximum stress,
although the composite with 27.1 vol.% copper (FC4) did not exhibit strong deformation by
shearing.

Figure 25 Comparison of the mechanical behavior of initial tungsten foams (M1 & M2 according to Table 5)
and the final freeze-cast W-Cu composites (FC1 and FC2, Table 6) at 25 °C under compressive
loading. The melt-infiltration of the open pores with copper increases the apparent compressive
stiffness by a factor of approx. 20 and the compressive strength by at least a factor of nine.

Comparing pure W-foams with W-Cu composites having similar tungsten volume fractions
highlights the strong effect of copper on the mechanical performance. The compressive
stiffness increases by a factor of 20 below the brittle-to-ductile transition temperature of
tungsten and still by a factor of 10 above the BDTT. The compressive strength, which increases
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by a factor nine at 25 °C and four to five at 400 °C, is as well strongly affected. Comparative
stress-strain curves are shown in Figure 25 and Figure 26 highlighting the effect of copper.

Figure 26 Comparison of the mechanical behavior of initial tungsten foams (M3 & M4 according to Table 5)
and the final freeze-cast W-Cu composites (FC3 and FC4, Table 6) at 400 °C under compressive
loading. The melt-infiltration of the open pores with copper increases the apparent compressive
stiffness by a factor of approx. 10 and the compressive strength by a factor of four to five.

4.3.3 Electrical Properties
The electrical resistivity of two different freeze-cast composite were measured in axial
direction and compared to the resistivity of the standard PM composite. The compositions were
chosen to lie in the range of the standard PM W-Cu to achieve direct comparison and because
the interesting range for applications as contact materials lie in the range of 75 – 85 wt.%
tungsten. The standard composite with a composition of 65/35 vol.% tungsten/copper produced
by powder metallurgy and subsequent melt-infiltration shows an electrical resistivity of
5.6 ± 0.1 µΩ·cm (± standard deviation is used henceforth). The first freeze-cast composite
exhibits 4.2 ± 0.2 µΩ·cm (FC3, at 64.7/35.3 vol.% W/Cu) and the other 4.5 ± 0.2 µΩ·cm
(FC4, at 72.9/27.1 vol.% W/Cu). For calibration reasons the electrical resistivity of pure copper
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as used for the infiltration and pure tungsten, produced by the same powder metallurgical
method as the PM foam was measured. The results yielded 2.0 ± 0.2 µΩ·cm for copper and
6.2 ± 0.1 µΩ·cm for tungsten. The temperature of the specimen was monitored in order to
exclude temperature bias and was 22.5 ± 0.3 °C for all steady-state measurements.

Figure 27 Transient electrical resistivity response (a) and ratio (b) of the resistivity ρ and the resistivity at
current onset ρ0 . As the current is switched on (7 A) the measured electrical resistivity increases with
time due to Joule heating. The ratio of the resistivity at current onset and at the end of the
measurement highlights the different transient behavior. Copper content in parentheses.

The results of the transient measurements are shown in Figure 27. The samples were
machined to have the same exterior dimensions (d = 2 mm, l = 10 mm) and the current was
identical for all measurements yielding identical current densities of 2.3 106 A·m-2. The
resistivity as well as the ratio increases with decreasing copper content. There is a distinctive
difference in the curve shapes shortly after current onset between all samples investigated
(Figure 27). The increase of the electrical resistivity with time in the first seconds is stronger
for the freeze-cast composites. The PM reference performs better in the transient behavior
exhibiting a time constant τ of 6.9 s as determined by numerical fitting of the data. A higher
total increase after 30 s with the equilibrium not being reached yet is observed as well. The
freeze-cast composite with the higher copper content (FC3) performs better in the transient
response (τ = 5.9 s) than the freeze-cast composite with less Cu (FC4, τ = 4.4 s). The lowest
absolute resistivity values throughout the measurements are observed for FC3.
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4.4 Discussion
4.4.1 Melt-infiltration, Composite Architecture and Structural Wavelength
The freeze-cast composites show the typical architecture inherent to directional, aqueous
freeze-casting. The melt-infiltration with copper was successful, filling the open porosity and
wetting the tungsten foam. Nevertheless, pores are visible in the metallographic cross-section.
Using the image processing program ImageJ (Fiji, v1.8.0_66) the area fraction of pores was
calculated to be 3.9 % and 4.0 % in the radial and longitudinal cross-section (Figure 20),
respectively. This porosity could have three origins: (i) the closed porosity arising from the
tungsten foam synthesis during freeze-casting, which was measured for this particular foam by
He-pycnometry to be 5 vol.%; (ii) from incomplete wetting of the tungsten walls by the copper
melt and (iii) from the grinding and polishing step during metallography, removing copper
with a higher rate, thus creating undulations at the tungsten/copper interface, which is recorded
in the light microscopy as dark areas. Pores within the tungsten walls are clearly due to closed
porosity, revealed by the grinding and polishing. Pores within the copper are restricted mainly
to the copper/tungsten interface and therefore are either due to incomplete wetting or
metallographic preparation artefacts. Indeed, it is difficult to distinguish between the two
causes but incomplete wetting is deemed unlikely since there is no satisfactory explanation,
why this would occur only at specific locations randomly distributed within the composite. If
wetting would be an issue, then the effect had to be much more pronounced. Therefore it is
concluded that the interfacial undulations arising in black spots in the metallographic crosssections are due to the high removal rate of copper during grinding and polishing. The shear
forces created by the hard grinding particle of SiC (as used in grinding) and diamond (used for
polishing) are highest at the interface of the hard tungsten to the soft copper removing slightly
more copper leaving these undulations behind. Another critical argument against incomplete
wetting is the fact, that these potential interfacial pores at the tungsten/copper interface are not
recorded by X-ray tomography. This strengthens the assumption of a metallography artefact.
The tomography data (Figure 21 and Figure 22) reveals the very distinctive composite
architecture between the traditional powder metallurgical and the newly developed freeze-cast
composite. The structural wavelength in the PM composite is smaller than in the composites
synthesized using the freeze-casting route. In both cases the structural wavelength is defined
during the tungsten skeleton formation. For the PM the pressure and temperature during hot
pressing determines the size of the open porosity channels and thus the structural wavelength
after melt-infiltration with copper. For freeze-casting this is very different because no pressure94
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assisted sintering can be performed and because the foam architecture is defined by the
collection of the ceramic nanoparticles between the growing ice-crystals upon solidification of
the slurry, which in turn is dependent on the ice-growth kinetics26-29. This defines the wall
thickness and the open pore channel size. These do not necessarily have to be identical, as is
highlighted in the metallographic cross-section of the tungsten foam synthesized with a slurry
load of 30 vol.% at a freezing temperature of -15 °C (Figure 14, bottom left) and in the
metallographic cross-sections of the final composite (Figure 20) as well as in the tomography
data (Figure 21). In addition, the foams for the composite FC3 and FC4 were processed slightly
differently with slurry loads of 30 and 35 vol.% and the resulting average wall thickness was
27.8 µm (FC3) and 49.1 µm (FC4), respectively. This difference arises from the higher solid
fraction in the slurry needed to achieve the high tungsten content foam in the latter case. It is
held partially responsible for the different results in mechanical and electrical properties as
explained in the following.
4.4.2 Mechanical Properties
As was discussed above, the tomography data reveals a very different composite
architecture compared to the PM composites which would suggest that differing mechanical
properties could be expected. The comparison of the mechanical data of the PM and the freezecast composites reveals several intriguing observations concerning the deformation behavior.
The stress-strain curves of the PM W-Cu and the freeze-cast W-Cu with the same copper
content (FC3) yield similar compressive strength values but the shapes of the curves differ
significantly. The composite synthesized by freeze-casting exhibits a higher compressive
stiffness and yield stress. In both cases no sharp yield point is visible but rather a gradual
transition from the elastic to the plastic regime is observed. In the elastic regime the tungsten
skeleton is carrying the load, as copper would yield well below 50 MPa. Since tungsten is very
brittle at 25°C little plastic behavior of the tungsten skeleton is expected2. Therefore the
observed ductility of the composite until fracture is mostly attributed to the plastic deformation
of copper reinforced by the continuous tungsten phase30. The tungsten skeleton however will
break brittle at a certain stress level. This value is expected to lie around an engineering stress
of 1 GPa applying the structural cell model21 with volume fraction of tungsten being 0.65 and
the compressive strength lying in the range of 1.3 to 1.6 GPa31, agreeing well with the data
recorded and presented in Figure 24 and Table 6. Furthermore, the powder metallurgical
composite is isotropic as revealed by the tomography data. The stress state within the tungsten
phase is therefore assumed to be isotropic and a collective deformation of the composite is
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expected. Catastrophic failure is the result as the first crack finds a path along the tungsten
grain boundaries traversing the composite cross-section.
The mechanism of deformation in the freeze-cast composite is initially identical. Upon
loading the tungsten skeleton carries the load in the elastic regime and the deformation of
copper, reinforced by the tungsten walls (similar to fiber-reinforced W-Cu), governs the plastic
regime. The alignment of the tungsten phase within the load axis enhances the apparent
stiffness raising it above the value of the powder metallurgical composites. The compressive
strength and stiffness rise with decreasing copper content (Figure 28) in the freeze-cast
composites. The reason is an increase in high-strength tungsten phase. Above a copper content
of 35 vol.% the gain in mechanical strength and stiffness is completely linear with copper
content. Increasing the tungsten content further still enhances the mechanical strength but the
effect is reduced and the ductility decreases.

Figure 28 Compressive strength and stiffness as function of copper content for the composites produced by
freeze-casting and tested at 25 °C. The compressive strength and stiffness increase with decreasing
copper content, as the fraction of reinforcing tungsten phase is increasing.

As the compressive strength of tungsten is approached, individual tungsten walls start to
fracture. As no tungsten wall spans the whole composite as shown in the metallographic crosssection (Figure 20), no continuous path in radial direction is found for the cracks to propagate
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and the composite does not fracture in a catastrophic manner. Cracks are unable to traverse the
whole cross-section and are stopped at the tungsten-copper interface by ductile deformation of
the copper matrix resulting in crack tip blunting. Once the reinforcement by the tungsten walls
is broken locally, copper is less restricted in its plastic flow. As a result, a preferential flow
direction of copper along this direction develops and the composite starts to shear
macroscopically, introducing additional shear forces on still intact tungsten walls, breaking
them in turn. As more tungsten walls are broken the composite weakens even further,
characterized by the continuous drop in stress with increased engineering strain. With a larger
copper content, this shear behavior is more pronounced as the volume fraction of tungsten is
lower. Analogously, a higher tungsten content decreases the shear potential as is shown for the
stress-strain curve of the low copper content composite (Figure 23, FC4).
Another reason for shearing in the case of freeze-cast composites is the fact, that the walls
are not aligned perfectly in longitudinal direction along the load axis but are experiencing a
slight tilt angle (Figure 20b). This artefact arises during ice-crystal formation due to a not
entirely homogeneous distribution of the temperature gradient in the radial cross-section. The
ice colonies grow with a slight tilt angle to each other and as a result not all tungsten walls
grow perfectly perpendicular to the radial direction (Figure 15). Upon plastic deformation the
copper flow is hindered by the tungsten walls and shear stresses evolve along the tungstencopper interface bearing this slight angle to the load axis.
Above the brittle-to-ductile-transition temperature of tungsten, the reinforcing effect of the
tungsten skeleton is diminished as the plastic deformation of the tungsten walls is possible.
One composite (FC5) exhibited a foam-like deformation behavior with a plateau formation
including serrations and densification at high strain levels while the other composite (FC6)
showed shearing similar to the composites tested at 25 °C. The compressive strength is still
rather high with 494 – 519 MPa making the freeze-cast W-Cu composite suitable for
applications at elevated temperatures.
Comparing the freeze-cast foams with the W-Cu composites, it is evident that the copper
strongly enhances the mechanical integrity at all temperatures (Figure 25 and Figure 26). In
contrast to air, copper allows the load transfer between the individual tungsten walls and
prevents buckling of the tungsten skeleton in the elastic regime increasing the compressive
stiffness by a factor of 20 at 25 °C and by a factor of 10 at 400 °C. Furthermore, copper allows
the plastic deformation of the composite as discussed above, preempting the fracture of the
brittle tungsten walls which is considered the main weakness of the tungsten foams.
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4.4.3 Electrical Resistivity and Transient Behavior
The electrical resistivity of 5.6 µΩ·cm of the PM composite agrees well with data provided
by the manufacturer32 being 5.4 µΩ·cm. The freeze-cast composites show even lower
resistivity, 4.2 and 4.5 µΩ·cm, at the same (FC3) and higher (FC4) tungsten content (Figure
27a). The reason is found in the directional architecture. Along the cylindrical axis, i.e. in the
longitudinal direction of the tungsten walls, current flow through the copper is hardly hindered
by the tungsten skeleton while the situation is more complex in the case of the powder
metallurgical composite with the strong interconnection of the two phases leading to a higher
resistivity.
To analyze the transient behavior, the ratio of the resistivity during a certain time span,
chosen to be 30 s in this study, and at current onset has to be investigated. In general, a higher
electrical conductivity would infer lower Joule heating and therefore a lower increase in
electrical resistivity upon time, as the composite with the lower resistivity should heat up
slower. This would be directly observable by comparing the time constants of each system. A
larger time constant would describe a system with a slower increase in resistivity upon time.
Aside from Joule heating there is the effect of distributing the heat from the copper into the
tungsten phase, where supposedly less current is flowing and therefore less heating is
occurring. This transfer of heat is favored by a larger copper-tungsten interface and should
therefore be more pronounced in the PM composite as the structural wavelength is lower and
the interface much larger as revealed by X-ray tomography (Figure 22). A prediction of the
transient behavior is therefore not straightforward by just compared net resistivity values.
Comparing all the composites, the freeze-cast composites excel in absolute resistivity while the
PM composite shows the better transient response. As the transient experiments highlight
(Figure 27), the resistivity increases the fastest (τ = 4.4 s) in the freeze-cast composite with the
highest tungsten content followed by the freeze-cast composite with the lower copper content
(τ = 5.9 s), despite exhibiting a smaller absolute electrical resistivity than the PM composite
that shows the slowest increase upon time (τ = 6.9 s). The increase in the resistivity levels off
at a lower value, but in the case of the transient behavior special interest lies in the initial
increase in the first seconds. The reason for the better performance in the transient behavior is
found in the wall thickness and structural wavelength measurements. The PM composite
exhibits the smallest structural wavelength while between the freeze-cast composites, the
smaller (29.8 µm) structural wavelength is observed in the composite with more copper (FC3)
compared to the freeze-cast composite with higher tungsten content (FC4, 49.1 µm).
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Additionally, the latter composite has the higher net resistivity, favoring Joule heating. As a
result, the heat transfer from the copper to the tungsten phase is different and assumed to be
enhanced. To summarize, the ideal composite structure concerning the steady-state and
transient electrical properties would show the structural wavelength of the PM composite, i.e.
as low as possible, whilst exhibiting a directional composite architecture to increase the
electrical conductivity and decrease Joule heating.

4.5 Conclusions
Aqueous, directional freeze-casting of WO3 nanoparticles with NiO to enhance sintering of
the tungsten foam during heat treatment under hydrogen atmosphere, followed by meltinfiltration of the tungsten scaffold with copper yield for the first time W-Cu composites with
a controlled anisotropic architecture. The melt-infiltration under reducing atmosphere with
copper results in dense and fully wetted tungsten-copper composites of varying copper content,
depending on initial slurry load, which defines the degree of open porosity in the tungsten
skeleton. The composite architecture was compared to standard powder metallurgical W-Cu of
similar composition by X-ray tomography revealing the strong contrast between the two
synthesis routes. The structural wavelength of the PM composite is finer but no directionality
is found as in the composites produced by freeze-casting.
The mechanical properties are strongly enhanced by the addition of copper compared to the
brittle bare tungsten foams below and above the BDTT of tungsten. The freeze-cast composites
appear slightly stiffer and yield comparable compressive strength values than their PM
counterparts. However, the plastic deformation is governed by a macroscopic shear behavior
due to individual fracture of tungsten walls and subsequent preferential plastic flow of copper
attributed to local weakening of the composite. In the isotropic PM composites no weakening
is found and immediate and catastrophic failure occurs upon reaching the compressive limit of
the tungsten scaffold since the released energy is too high for the copper matrix to
accommodate for. Increasing the copper content lowers the compressive strength and stiffness
of the freeze-cast composites and in turn facilitates shearing under higher load.
The electrical properties were measured along the cylindrical axis with the tungsten walls
aligned parallel to the current flow. With this set-up enhanced electrical conductivity even at
lower copper content was achieved due to the directionality of the composite architecture. The
transient behavior however is more complex than just considering Joule heating due to the
electrical resistivity and therefore the structural wavelength of the copper-tungsten interfaces
have to be taken into account. As a result, the freeze-cast sample with directional alignment of
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the tungsten phase parallel to the current flow yields the best transient performance by
exhibiting a higher electrical conductivity and by showing a smaller structural wavelength.
Despite having a lower electrical resistivity than the other PM composite, the second freezecast composite performs slightly worse in the initial stage of the current onset, as the structural
wavelength is much larger than in the standard powder metallurgical sample. To conclude, a
directional microstructure does not adversely affect the mechanical properties of the composite
whilst simultaneously improving its electrical properties. The composition and structural
wavelength of the freeze-cast composite can be adjusted by changing the slurry load and
casting temperature during tungsten foam formation allowing for a tailored composite
synthesis.
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Towards a Multiphysics Finite Element
Model for Arc Erosion Simulation
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Conclusions

This Chapter is partially based on the work presented at the 18th Plansee Seminar 2013,
International Conference on Refractory Metals and Hard Materials in Reutte, Austria, titled
“Towards a Multiphysics Finite Element Model for Arc Erosion Simulation” and includes as
well the work presented in poster form at the International Symposium on Dielectric
Discharges in Vacuum ISDEIV 2014 in Mumbai. The results presented in this chapter provide
an insight, which approaches might be pursued to achieve a full-scale model for arc erosion
simulation.

Abstract
In this chapter different approaches to determine the magnitude of the arc induced material
degradation are outlined in a first part and the main difficulties encountered thereby explained.
In a further step the attempts to solve several issues are addressed and a first temperature profile
model depending on arc power density presented. Later on, the modeling of the extinction of a
burning arc allowing for the non-ideal gas behavior at high pressures and the turbulent flow of
the gas are discussed and the temperature profile of the arc is calculated, assuming a simplified
contact geometry in a purely axial symmetric case.

5.1 Introduction
Circuit breaker tests needed to investigate new designs are very expensive and difficult to
set up as, due to the high currents and voltages involved, a small power plant is needed.
Multiphysics modeling by finite element could solve this issue, provided that accurate models
could be developed. The modeling of arc plasmas is challenging due to the different timescales
involved1. Cathode spot formation is occurring in nanoseconds, while the discharge duration
is usually on the order of milliseconds. The spatial resolution is as well very difficult to capture
since surface protrusions in the nanometer regime as well as the bulk dimensions, typically in
the millimeter to centimeter range, differ significantly. High current densities and thermal
gradients complicate the modeling process in addition. To facilitate the description of the
plasma properties, not individual ionized particles are considered but the plasma is often treated
as a single-phase fluid of charged particles. This magneto hydrodynamic (MHD) description
treats the plasma similarly to a fluid by combining Navier-Stokes’ with Maxwell’s equations.
To circumvent the difficult formulation of the arc plasma and its interaction with the
cathode, simplified approaches are applied. One such approach is the calculation of the atom
transfer from the solid cathode into the gas phase by the Hertz-Knudsen formula (Eq. 5-1).
Nemchinsky et al.2 have calculated the arc erosion for a thoriated W cathode in a free burning
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argon arc by stepwise calculation of the electron density ne in the Ar-plasma assuming local
thermodynamic equilibrium (LTE) using Saha’s equation (Eq. 5-2). Then they calculated the
escape factor, i.e. the fraction of evaporated material that will not redeposit onto the cathode,
and adapted the Hertz-Knudsen formula to yield remarkable consistency with experiments for
this specific system.
𝐺0 =

𝑝(𝑇)
√2𝜋𝑚𝑘𝐵 𝑇

𝑛𝑒2 = 𝑛𝑛

𝛬=√

Eq. 5-1

2 𝑔1 −𝑘𝐼𝐸𝑇
𝑒 𝐵
𝛬3 𝑔0

Eq. 5-2

ℎ2
2𝜋𝑚𝑒 𝑘𝐵 𝑇

Eq. 5-3

with:
𝐺0

flux density [m-2·s-1]

𝑝(𝑇)

temperature dependent vapor pressure [Pa]

𝑚

mass of evaporated atom [kg]

𝑛𝑒

electron number density [m-3]

𝐼𝐸

ionization energy [eV]

𝑛𝑛

number density of neutral atoms [m-3]

𝑔1

degeneracy of ionized state [-]

𝑔0

degeneracy of ground state [-]

𝛬

de-Broglie thermal wavelength of the electron [m]

ℎ

Planck constant [J·s]

𝑚𝑒

mass of the electron [kg]

𝑘𝐵

Boltzmann constant [J·K-1]

𝑇

absolute temperature [K]

Soldera et al.3 estimated the erosion area in a DC spark plug made of Pt and compared it to
experiments by first calculating the power input from the arc to the negative electrode. By
solving the heat diffusion equation (Eq. 5-4) and taking the phase transitions from solid to
liquid and liquid to gaseous into account, an approximate erosion pattern was calculated.
However, Soldera et al.3 do not allow for the temperature dependence of the material properties
such as thermal conductivity, specific heat at constant pressure or density when solving the
heat diffusion equation.
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𝛻 ∙ (𝜆 ∙ 𝛻𝑇) + 𝑄𝐴𝑟𝑐 − 𝑄𝑠𝑙 − 𝑄𝑙𝑣 = 𝐶𝑃 𝜌

𝑑𝑇
𝑑𝑡

Eq. 5-4

A first erosion estimation model is proposed in the following and the calculated degree of
erosion compared to laboratory arcing experiments. For the calculations the commercial finite
element software package COMSOL Multiphysics® v4.4 was used. In particular, the heat
transfer in solids and the AC/DC module as well as the materials library were needed for this
model.

5.2 Erosion Estimation Model Based on Arc Power Density
This model is based on the methods used by Soldera et al.3. In order to get a first
approximation of the temperature profile in the W-Cu thin film during arcing, a transient study
was performed. The duration of arcing, applied voltage and arcing current were obtained from
experiments performed by Franz Vüllers4. Since the plasma column during undisturbed arc
discharge, i.e. no external gas flow exists, has an axial symmetry and the electron density and
thus the current density is following a Gaussian distribution5, the system can be reduced from
a three dimensional to a two dimensional problem with axial symmetry.

Figure 29 Geometry of the modeled system. The counter electrode (1) and the gas phase (2) consisting of air
were only used for the sub-model part to achieve a reasonable estimation of the electric field
distribution. The W-Cu thin film (3) and the silicon substrate (4) were separated by the two diffusion
barriers (5 – 6). Those barriers were included in the calculation by means of boundary conditions,
introducing a thin thermally resistive layer with thermal diffusivity of the respective phases.
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Parameters of the thin film

Parameter wt.% W
Value

wt.% Cu

vol.% W

vol.% Cu

film
thickness

SiO2/Si3N4
thickness

20 %

65 %

35 %

1 µm

each 50 nm

80 %

Similar to Soldera et al.3 the heat diffusion equation (Eq. 5-4) is solved within the thin film
and the substrate. Table 7 lists the main parameter used. The geometry modeled includes a thin
film of W-Cu (65/35 vol.%) on a silicon wafer with a silicon oxide and silicon nitride diffusion
barrier (each 50 nm) between thin film and substrate (Figure 29). The film properties were
calculated by a rule of mixture approach.
5.2.1 Phase Transitions and Temperature Dependent Materials Properties
Phase transitions always impose instabilities for any kind of numerical analysis since they
usually constitute a discontinuity in the first or second derivative of the thermodynamic
potential according to a change in temperature. The change in volume, i.e. the change in
density, is an example for a first order phase transition and has to be handled with care. In this
model Gaussian distributions for second order phase transitions were used to ensure numerical
stability and complementary error functions were used to remove the discontinuity from first
order phase transitions. The fractions of the respective phases of each element were calculated
using sigmoidal functions to smooth the phase transitions in the temperature regime. An
example for the change in solid copper content xCu,s across the phase transition from solid to
liquid is shown in Figure 30 and the respective equation is given in Eq. 5-5.
1
𝑇 − 𝑇𝑀
𝑥𝐶𝑢,𝑠 (𝑇) = erfc (
)
𝑑𝑇𝑀
2
3

Eq. 5-5

with:
𝑇

temperature [K]

𝑇𝑀

melting point [K]

𝑑𝑇𝑀

temperature interval for smoothing the sigmoid function at the melting point [K]
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Figure 30: Graphical representation of the phase transition for the solid content of Cu. As the temperature the
fraction of solid copper decreases over the temperature interval 2·dTM located around the melting
point TM of copper at 1358 K. The same smoothed step function was used for all first order phase
transitions.

In order to express the specific heat capacity at constant pressure CP as function of temperature
over the phase transitions Eq. 5-6was used.
𝐶𝑃,𝑖 (𝑇) = 𝑥𝑖,𝑠 (𝑇)𝐶𝑝,𝑖,𝑠 (𝑇) + 𝐿𝑀 (𝑇) + 𝑥𝑖,𝑙 (𝑇)𝐶𝑝,𝑖,𝑙 (𝑇) + 𝐿𝐸 (𝑇) + 𝑥𝑖,𝑔 (𝑇)𝐶𝑃,𝑖,𝑔

Eq. 5-6

2

with

𝐿𝑀 (𝑇) =

3
√2π𝑑𝑇𝑀

1 𝑇−𝑇
− ( 𝑑𝑇 𝑀 )
2
𝑀
3
𝑒

𝐻𝑀

Eq. 5-7

The indices i are used for the elements, i.e. W or Cu, and the subscripts s, l and g stand for
the respective phase, i.e. solid, liquid and gaseous. The latent heat of melting LM and
evaporation LE were included via the specific heat (Eq. 5-6). The respective temperature
dependent values for CP as well as for the other variables such as density ρ or thermal
conductivity λ were taken from the built-in materials database library of the COMSOL
Multiphysics® software.

110

Chapter VI

Conclusions

Figure 31: Graphical representation of the latent heat of melting for Cu using the principle of distributing the
energy consummation using a Gaussian distribution with the temperature interval dTM equal to three
standard deviations and the melting point TM as mean value.

With Eq. 5-7 a Gaussian function is introduced in order to account for the discontinuity in
the phase transition arising by the latent heat. The energy input needed to overcome the phase
transition is distributed over a certain temperature range with dTM being equal to the three times
the standard deviation, i.e. σ =

dTM
.
3

This removes the discontinuity of the phase transition for

the latent heat of melting as shown in Figure 31. Analogously the latent heat of evaporation
was handled, with dTE >> dTM because LE >> LM.
5.2.2 Electric Field Estimation and Arc Power Deposition
From the laboratory experiments the power consumed by the discharge can be calculated
via Ohm’s law by measuring the current in the circuit and the voltage across the gap. To
approximate the power density, it is crucial to estimate the arc diameter with the highest
accuracy possible. For this reason, a small sub-model that includes the counter electrode tip
and the air gap (Figure 29) solving for the electric field at any given applied voltage Vgap across
the gap was introduced and solved. The influence of the spatial charge distribution arising by
the arc was neglected and the obtained distribution of the electrical used to estimate the arc
diameter to yield approximately 5 µm.
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Figure 32 Power density profile of the arc as calculated from the applied gap voltage, the measured current
and the estimated arcing diameter from the electrical field. The volume of the rotational body of the
curve around the y-axis corresponds to the total arc power.

5.2.3 Temperature Profile and Phase Distribution
Intriguingly the simulation results (Figure 33) suggest that the temperature in the Si
substrate does not exceed 700 K, which is less than half of the melting point of silicon6. The
maximum temperature lies 100 K below the brittle-to-ductile transition temperature of single
crystal silicon irrespective of preparation and doping7, 8, indicating that no significant changes
in the mechanical properties are to be expected. Furthermore, heat is transported in the film in
radial direction rather than through the SiO2/Si3N4 diffusion barrier in z-direction. This fact can
be explained by comparing the thermal diffusivity properties of the species involved. The SiO2
layer has a thermal conductivity 2 – 3 orders of magnitude smaller than that of the metallic thin
film6, 9. The Si3N4 film acts as well as a thermal barrier although not as strongly as the oxide
layer. The thermal properties are summarized in (Table 8). The results from numerous arcing
experiments4 as well as the chosen representative SE-images (Figure 34) confirm that there is
no damage to the Si substrate visible, therefore corroborating the temperature profile obtained
by the FE simulation.
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Figure 33 (a) phase analysis and (b) temperature profile for a W-Cu (65/35 vol.%) thin film on a silicon
substrate with SiO2/Si3N4 diffusion barrier after arcing. The temperature in the silicon substrate does
not exceed 700 K. In a small area of approx. 5 µm diameter copper is evaporated and tungsten molten.
A larger area of approx. 30 µm diameter corresponds to the zone where copper is liquefied.

Table 8

Thermal properties at 300 K of the substrate-refractory thin film system, including the diffusion
barriers6, 9-12. The data provided in literature for silicon oxide and nitride differ significantly and
estimates are listed.

Material

Thermal conductivity

Density ρ

Specific heat capacity

Thermal diffusivity α

λ [W·m ·K ]

[g·cm ]

Cp [J·kg ·K ]

[m2 s-1]

W

174

19.25

132

6.8·10-5

Cu

401

8.96

385

1.2·10-4

Si

148

2.33

712

8.9·10-5

SiO2

0.32 – 1.4

2.65

787

8.3·10-7

Si3N4

15 – 30

3.17

713

8.6·10-6

-1

-1

-3

-1
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Figure 34 Representative erosion craters from laboratory arc experiments conducted on W-Cu thin films with
80/20 wt.% on a silicon wafer with SiO2/Si3N4 diffusion barriers and set-up according to Figure 29.
No damage to the silicon substrate is visible as predicted by the model presented.

An area of approx. 3 µm in diameter is formed in which Cu is evaporated, thus leading to
arc erosion (Figure 33). The zone of molten Cu extends much further away from the arcing
center, but since no W is melted in this area, not a significant material loss or change is
expected. This can be seen as well in Figure 34, where no damage or material change is
observed around the arcing crater.
5.2.4 Discussion of Limits and Simplifications
Some assumptions and simplifications were already mentioned in the previous sections.
Because the arc is not modeled by itself and the electric field is only estimated, the power
density used in the model is a rough estimate. Nevertheless, the order of magnitude seems
reasonable and yields plausible results as confirmed by the experiments, considering the zone
of evaporated copper and molten tungsten to be equal to the damaged area and assuming, that
the melting and re-solidification of copper by itself does not lead to visible arc erosion.
Additionally the cathode spot formation and its effect on arc movement, arc attachment and
arc erosion crater formation was completely neglected, due to its difficult and highly nonlinear
physics as discussed already in Chapter II.
The diffusion barriers are very thin and strong influences on the materials properties by size
effects are to be expected since Si3N4 thin films tend to be amorphous and non-stoichiometric.
Since the thermal properties used correspond to standard values for crystalline bulk materials
and not for thin films that could even be amorphous in nature. In fact, sputter deposited W-Cu
films tend to be x-ray amorphous at the chosen composition4. As a last simplification, the film
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was treated as a solid solution with materials properties derived by the rule of mixture. In the
as-deposited state, sputtered W-Cu thin films exhibit indeed a solid-solution like microstructure
in, but phase separation will occur upon heat treatment13. The model cannot account for the
effects implied by these microstructural changes and a deviation from the experiments is
therefore to be expected.
Introducing temperature-dependent thermal properties enable the modeling of the phase
transitions in a more reliable manner and yield accurate predictions for the arc-affected area
for the particular systems studied. The model approximates the case of arc erosion in a thin
film in a laboratory experimental set-up including low voltages and currents (100 V and 0.5 A).
Upscaling the model to arcing contacts in circuit breaker assemblies operating in the EHV and
UHV ranges is therefore not straightforward due to the expected higher gradients in electric
field and temperature and further studies need to be conducted to prove the applicability.
For thin films contact materials however the model predicts the damage extend in the
electrode with reasonable accuracy. As the model shows, very thin films in the form of SiO2
and Si3N4 act as thermal barrier layers due the much lower thermal diffusivity which constrains
the heat flow to the W-Cu thin film where the current is flowing as well. This knowledge could
be used to design arcing contacts on thin film basis for applications at low current and voltage
levels in the order of milliamperes and volts.

5.3 Magneto Hydrodynamic Model of Arc Extinction
In this model the magneto hydrodynamic (MHD) behavior of a burning SF6 arc in a
simplified breaker assembly was investigated. Due to the complexity of the calculations the
model was divided into four sub-models, each solved time-dependent for their respective
variables. As the initial state the burning of an SF6 arc after complete contact opening was
assumed. The current amplitude and the frequency were set to 50 kA and 50 Hz, respectively
and described by a cosine function. Similar to the erosion model, the commercial software
package COMSOL Multiphysics® v5.0 was used. Including all modeling steps from arc
initiation over gas flow behavior to the temperature of the arc, the AC/DC module with the
magnetic fields interface, the CFD module with the turbulent single-phase flow interface and
the heat transfer in fluids module were employed.
5.3.1 Geometry and Mesh Characteristics of the Model
In order to reduce the degrees of freedom in this demanding modeling set-up an axial
symmetry was chosen with the arc located around the rotational axis defined to be the z-axis
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of the system. Arcing chambers are designed to reach high gas flows in a very short time frame
to reliably extinguish a burning arc. For this purpose, reservoir chambers containing cool SF6
gas are connected to the arcing chamber where the arc will develop between the arcing contacts.
The pressure within these reservoirs is increased as the contacts separate yielding pressures of
up to 10 bar in the reservoir in comparison to the initial 6 bar in the arcing chamber. High
gradients in the gas flow are to be expected especially close to the gas inlet at the arcing
contacts.

Figure 35 Schematic of the modeled geometry including the applied triangular mesh with boundary layers at
the wall (enlarged view). The arcing pin (1) and the counterpart (2) were used to construct the
modeled gas space containing SF6 but are not meshed, since the model solves for the MHD equations
in conjunction with the generated heat by the arc in the gas phase only. The enlarged view shows a
straight boundary, designating the zone of initial arcing. The contacts are in their open position and
the arc is assumed to be fully burning. The rotational axis around r = 0 is shown in red.

Modeling the wall characteristics in any fluid flow model is important. To account for these
difficulties the applied mesh was adapted with boundary layers to ensure satisfactory mesh
quality and resolution at the edges (Figure 35). Since only the properties of the burning arc and
its surrounding SF6 gas are of interest, the space containing the SF6 was modeled exclusively.
116

Chapter VI

Conclusions

Therefore the mesh depicted in Figure 35 corresponds only to the gas phase. To ensure
continuous gas flow during the whole arc-extinction duration in reality, the cool SF6 reservoir
tank has a higher volume than simulated here. To reduce the unnecessary computational
demand to model the whole reservoir, a constant pressure of 10 bar was assumed at the inlet
and only the topmost fraction was modeled. To account for the stable pressure within the large
reservoir volume, an inlet with Neumann-boundary conditions of constant pressure equal to 10
bar was used (Figure 35, blue line). Analogously, two outlet boundary conditions were
introduced with fixed pressure at 6 bar at the top of the geometry as well as at the lower end of
the arcing chamber (Figure 35, orange lines), since the arcing contact is hollow similar to the
state-of-the-art piece (Figure 1).
5.3.2 Initial Solution of Compressible Turbulent Gas Flow
In the first sub-model, the turbulent gas flow was modeled in absence of an electric arc to
have an initial solution for the following models. Without this initial solution, convergence of
the solver was not achieved in a reasonable time-frame after introducing the Lorentz-force term
that is acting on the flow of the arc. In the initial state, the arcing chamber is filled with SF6 at
6 bar and 293 K. No fixed inlet gas velocity was used, making this model entirely pressuredriven. The Reynolds-averaged Navier-Stokes (RANS) equations for compressible flow using
the k-ε model for turbulent flow were solved in the whole geometry.
𝜕𝒖
+ 𝜌(𝒖 ∙ ∇)𝒖 =
𝜕𝑡
2
2
= ∇ ∙ [−𝑝𝑰 + (𝜇 + 𝜇 𝑇 )(∇𝒖 + (∇𝒖)𝑇 ) − (𝜇 + 𝜇 𝑇 )(∇𝒖)𝑰 + 𝜌𝑘𝑰] + 𝑭
3
3
𝜌

with:
𝒖

velocity field [m·s-1]

𝑡

time [s]

𝜌

density [kg·m-3]

𝑝

pressure [Pa]

𝑰

unity matrix [-]

𝜇

dynamic viscosity [Pa·s]

𝜇𝑇

turbulent viscosity [Pa·s]

𝑘

turbulent kinetic energy [J·kg-1]

𝜖

turbulent dissipation rate [J·kg-1·s-1]

𝑭

external volume forces [N·m-3]
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The set of equations comprise the Navier-Stokes equation for conservation of momentum
(Eq. 5-8) for compressible flow using the k-ε model (Eq. 5-9 and Eq. 5-10), the conservation
of mass (Eq. 5-13) and the real gas equation for SF6 (Eq. 5-14). The latter equation has to be
used, since the high pressures in the system lead to serious deviations from the ideal gas law,
which would result in computational errors for the gas density ρ, which would strongly interfere
with the solutions for the formulated problem. By applying the k-𝜖 model the two additional
transport equations, one each for the turbulent kinetic energy k and the turbulent dissipation
rate ϵ, are introduced14:
𝜕𝑘
𝜇𝑇
+ 𝜌(𝒖 ∙ ∇)𝑘 = ∇ ∙ [(𝜇 + ) ∇𝑘] + 𝑃𝑘 − 𝜌𝜖
𝜕𝑡
𝜎𝑘

Eq. 5-9

𝜕𝜖
𝜇𝑇
𝜖
𝜖2
+ 𝜌(𝒖 ∙ ∇)𝜖 = ∇ ∙ [(𝜇 + ) ∇𝜖] + 𝐶1𝜖 𝑃𝑘 − 𝐶2𝜖 𝜌
𝜕𝑡
𝜎𝜖
𝑘
𝑘

Eq. 5-10

𝜌
𝜌

Where the turbulent production term Pk and the turbulent viscosity μT are given by:
2
2
𝑃𝑘 = 𝜇 𝑇 [∇𝒖 ∶ (∇𝒖 + (∇𝒖)𝑇 ) − (∇ ∙ 𝒖)2 ] − 𝜌𝑘∇ ∙ 𝒖
3
3
𝜇 𝑇 = 𝜌𝐶𝜇

𝑘2
𝜖

Eq. 5-11
Eq. 5-12

With the model parameter derived from numerous analyses of experimental data14.
𝜎𝑘 = 1.0, 𝜎𝜖 = 1.3, 𝐶1𝜖 = 1.44, 𝐶2𝜖 = 1.92, 𝐶𝜇 = 0.09
The last equations completing the set are the conservation of mass (Eq. 5-13) and the van der
Waals real gas equation (Eq. 5-14).
𝜕𝜌
+ ∇ ∙ (𝜌𝒖) = 0
𝜕𝑡
𝑛𝑎
𝑛𝑅𝑇 = (𝑝 + 2 ) (𝑉 − 𝑛𝑏)
𝑉
with:
𝑅

universal gas constant [J·mole-1·K-1]

𝑇

absolute temperature [K]

𝑉

volume [m3]

𝑝

pressure [Pa]

𝑛

mole of particles [mole]

𝑎

van der Waals parameter for the cohesive pressure [bar·l2·mole-1]

𝑏

van der Waals parameter for the molar particle volume [l·mole-1]
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From Eq. 5-14 the density of the gas at any position in space and time was calculated and
used for the remaining equations to yield the velocity field u and the pressure distribution p.
5.3.3 Coupling Maxwell’s Equation
A burning arc is nothing less than electrical charges in motion. Those charges exhibit a
magnetic field and therefore a Lorentz volume force that is described in its continuum form by
Eq. 5-15. The magnetic field B can be calculated from the current density J and the Lorentz
volume force vector f acting on the ionized fluid is obtained. By coupling the Lorentz volume
force into the Navier-Stokes equations (Eq. 5-8) via the external volume force term F, a
magneto hydrodynamic response of the fluid is modeled. The initial arcing current density is
shown in Figure 36. For this purpose the electrical conductivity of the arc was assumed to lie
at 10 MS/m. The resulting current density agrees well with typical arcing current densities of
108 – 1010 A·cm-2, which provides some justification for the chosen conductivity within the arc
domain15, 16.
𝒇 = 𝜌𝑬 + 𝑱 × 𝑩
with:
𝜌

space charge density [C·m-3]

𝑬

electrical field [V·m-1]

𝑱

current density [A·m-2]

𝑩

magnetic field [T]
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Figure 36 Initial condition of the burning arc used to compute the Lorentz force term. For this model a current
amplitude of 50 kA and a Gaussian distribution of the current flow was assumed.

The magnetic field B is solved by starting with Ampère’s law (Eq. 5-16), using the
constitutive relations shown in Eq. 5-17 and applying the concept of gauge transformation to
get rid of the electric potential. Solving exclusively for the magnetic field potential A yields
the partial differential equation for A (Eq. 5-18). The time-dependent solver of the COMSOL
Multiphysics® software in the magnetic field interface operates in this gauge, eliminating the
electrical potential17.

𝜎

∇ × 𝑯 = 𝜎𝑬 + 𝜎𝑣 × 𝑩 + 𝑱𝑬

Eq. 5-16

𝑩 = 𝜇0 (𝑯 + 𝑴), 𝑩 = 𝛻 × 𝑨

Eq. 5-17

𝜕𝑨
1
+ ∇ × ( ∇ × 𝑨 + 𝑴) − 𝜎 𝑣 × (∇ × 𝑨)
𝜕𝑡
𝜇0
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with:
𝑯

magnetic field strength [A·m-1]

𝑬

electrical field [V·m-1]

𝜎

electrical conductivity [S·m-1]

𝒗

velocity [m·s-1]

𝑩

magnetic field [T]

𝑱𝑬

external current density [A·m-2]

𝜇0

magnetic constant [T m·A-1]

𝑴

magnetization field [A·m-1]

𝑨

magnetic vector potential [V s·m-1]

Figure 37 Profile of radial velocity component ur one millisecond after full contact opening. The arrow plot
overlay corresponds to the velocity field vector u. Since the gas flow is directed by design towards
the center of the arcing chamber, the radial flow component exhibits a predominately negative sign.
The domain of initial arcing is depicted but does not influence the flow field due to boundary
conditions of continuous flow.
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5.3.4 Velocity Field
In the third sub-model the fluid dynamics in conjunction with the Maxwell equation coupled
by the Lorentz volume force are solved taking the previous solutions for the dependent
variables – the velocity field u and the magnetic field B – as initial solutions facilitating
convergence. Radial (Figure 37) and axial (Figure 38) velocity field components are shown
one millisecond after full contact opening. The flow of fresh SF6 gas is directed radially into
the arcing chamber as indicated by the negative sign of the velocity field.

Figure 38 Profile of axial velocity component uz one millisecond after full contact opening. A small but nonzero gas flow in the large reservoir (bottom) and in the outlet area (top) is increasing due to the
arcing chamber design. The flow component is highest in axial direction in the arcing region.

The magnitude of the gas flow velocity is given by the norm of the velocity field u
(Figure 39). Streamlines were added to visualize the flow behavior of the arc and the SF6 gas.
The gas flow is rather laminar until the gas enters the arcing chamber. Turbulences arise close
to the inlet into the arcing chamber depicted by the closed streamlines, indicating the eddy
formation. The gas velocity reaches reasonable high values of 200 m·s-1 to blow out the arc.
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Figure 39 Velocity norm of u with streamline overlay as well as arrow field. The flow appears to be rather
lamellar with the exception of the formation of eddies close to lower arcing contact and just above
the inlet into the arcing chamber.
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5.3.5 Temperature Profile
In the last sub-model, the temperature of the arc was calculated without coupling the
temperature to the previously introduced equations. For this the electromagnetic power
deposited was calculated. Due to this electromagnetic heating the gas temperature is increasing.
Modeling the heat transfer of the hot arc with the cool SF6, that is used for the extinction, by
considering the velocity field from the solution of the previous sub-models, yields the
temperature of the arc during extinction. The temperature profile (Figure 40) shows a
maximum temperature of 58’000 K one millisecond after the arc extinction process has started
and that the arc is already fairly constricted close to the gas inlet nozzle just above the lower
arcing contact.

Figure 40 Temperature profile of the arc one millisecond after extinction process started. The temperature
within the arc reaches around 58’000 K. The arc is not yet extinguished but already strongly
constricted by the inflow of fresh SF6 that is heated up as well during arc extinction.
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5.3.6 Discussion and Limits of the Model
A 2-D axial symmetric model solving the Navier-Stokes equations using the k-ε turbulence
model combined with the van der Waals real gas equation and coupled with the Maxwell
equations was used to model the magneto hydrodynamic behavior of the SF6 arc during the
first millisecond of the arc extinction process. The temperature of the arc was calculated via
the heat transfer properties of the arc and the cool SF6 gas introducing the electromagnetic
heating as heat source throughout the whole breaker assembly. In addition, the heat distribution
due to convective gas flow was included. In particular, the use of the real gas equation
according to van der Waal is important. Especially the pressures in the range of 6 – 10 bar
within the arcing chamber lead to a deviation from the ideal gas behavior and consequently
from the final gas density. The additional computational effort to solve for the real gas behavior
is minor (polynomial function of 3rd degree) in contrast to the introduction of the turbulence
model variables (two partial differential equations).
The model overestimates the arc temperature compared to literature data available that
predict temperatures up to 40’000 K15, 16. The order of magnitude predicted is reasonable
nonetheless. The overestimation might stem from certain simplifications. Radiation cooling
according to the Stefan-Boltzmann law18, 19 was not incorporated. The cooling by radiation loss
is rather high in electric arcs. Therefore, this will lead to an overestimation of the arcing
temperature. In addition, a cosine function approach was used to model the arcing current. As
a result, the worst case was depicted with an arc at its amplitude just after contact opening,
which does not have to be the case in reality.
The model also fails to capture the full time frame of the arc extinction. But this was not an
inherent issue of the simulation but rather due to the enormous computational effort involved.
Only the first millisecond was modeled instead to show the feasibility of modeling an arc in a
2-D axial geometry in a simplified breaker assembly.
A major simplification is the renouncing of coupling the temperature field again into the
Navier-Stokes equations and recalculating the fluid flow at the high temperatures. The reason
for this is straightforward. The coupling of the Navier-Stokes equations including the
turbulence model with the Maxwell equations and the heat transfer in one step was not possible
due to the computational effort involved. The degrees of freedom of the model increased
disproportionally, leading to RAM usage issues. As a result the velocity field was only
calculated at ambient temperature. This simplification is assumed to affect the arc temperature
distribution since the pressure would increase with temperature, because the volume of the
125

Chapter VI

Conclusions

chamber is fixed and this would in turn lead to a different local density and a different velocity
profile.
The use of a 2-D axial symmetric geometry by itself is the last simplification that influences
the results. Although real arcing chambers are built axial symmetric to facilitate the blow out
of the arc, it is not clear whether the arc itself follows this perfect axial symmetry. According
to the theory of electric discharges presented in Chapter II, the arc will follow the path of the
lowest Paschen parameter pd, which is not necessarily according to the symmetry chosen in
this model. However, the introduction of the 2-D axial symmetric model did reduce the degrees
of freedom needed to solve by at least an order of magnitude decreasing the computational
effort and making the model converge in the first place.
Concerning these shortcomings, the model still yields a remarkable good agreement with
literature data. The inclusion of radiation cooling and the heat transfer into the surrounding
casing would lower the temperatures again. Additional final conclusions and an outlook how
to improve on the presented model and how to include it to describe the arc erosion of the used
contact materials is presented in the next chapter.
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6.1 Conclusions
The introduction of the freeze-casting concept using water as a solvent to synthesize in a
first step tungsten foams and then applying the melt-infiltration with copper to yield anisotropic
metallic structures was successful. Changing the slurry solid fraction, i.e. the content of WO3
nanoparticles in the slurry, will lead to a change in the final foam open porosity and wall
thickness. Together with the freeze-casting temperature the slurry fraction allows for a
controlled synthesis of any porosity and wall thickness combination within the process limits
(Figure 41). This is rendering full control over the foam and composite architecture and
composition.
In order to achieve foams with sufficient structural integrity, the tungsten cell walls need to
be sintered to near full density. As pressure-assisted methods are not applicable and
pressureless sintering needs temperatures around 2000 °C, the approach of solid state sintering
activation was adapted to the freeze-casting route. By adding 0.51 wt.% of NiO, co-freezecasting and co-reducing it with the tungsten oxide, a strong densification is achieved already
at 1400 °C. The mechanism of sintering activation was identified by investigating the fully
sintered foams by EDX-mapping highlighting a nickel concentration at triple grain boundaries
indicating preferred segregation of Ni to the tungsten grain boundaries (Figure 41d). This is
facilitating tungsten diffusion during the sintering stage by the formation of small disordered
grain boundary layers. The influence of Ni addition on the final foam microstructure was
investigated in detail revealing increased grain growth starting at 1250 °C.
Based upon these tungsten foams the anisotropic W-Cu composites were created by meltinfiltration under reducing atmosphere with copper. This new kind of composite has not been
synthesized by freeze-casting before. As the copper melt fills the open pores of the tungsten
foam, that in turn are created by the formation of the ice-crystals during freezing, the copper
phase is a direct replica of the ice architecture after freeze-casting. Therefore controlling the
ice solidification by varying the freezing temperature and gradient as well as choosing the
slurry solid fraction accordingly, the final W-Cu composition and architecture can be
controlled. Because full control over these parameters is achieved, a complete adjustment of
the tungsten-copper composite architecture is accessible through the adjustment of the tungsten
foam scaffold (Figure 41a,b). This results in an anisotropic W-Cu composite (Figure 42a) in
contrast to the isotropic composites gained from traditional powder metallurgical methods
(Figure 42b).
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Figure 41 (a) Radial and (b) longitudinal metallographic cross-sections of representative W foams, taken at the
same magnification to ease comparison, as function of the main process parameter oxide volume
fraction in the slurry fWO3 and freeze casting temperature Tcast. (c) BSE micrograph of a cleaved foam
sintered at 1400 °C and (d) overlay EDX-mapping taken from Ni-L (green) and W-M lines (blue)
corresponding to the area shown in (c) is given, highlighting nickel enrichment at grain boundaries
as well as closed pores.
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Figure 42 X-ray tomography data reconstruction (Blender v 2.76b) comparison of the composite architecture
of (a) the developed W-Cu by freeze-casting and (b) the traditional PM W-Cu. The voxel size is
1.3 microns and the total volume depicted 200 x 200 x 255 microns (x, y, z, left) and 140 x 140 x 255
microns (x, y, z, right) respectively. The slight distortion is a rendering artefact due to the chosen
camera position. The PM W-Cu exhibits no directionality but shows a smaller structural wavelength
and a stronger phase interpenetration. (c) The compressive strength and stiffness of the freeze-cast
composite increases strongly with decreasing copper content. (d) The electrical resistivity decreases
with increasing copper content. The freeze-cast composites show a lower resistivity than the PM
composite but the time constant is lower, indicating a faster increase in electrical resistivity upon to
Joule heating.

The mechanical and electrical properties of the freeze-cast composites (Figure 42c,d) were
determined and compared to the traditional PM W-Cu. Intriguingly, the mechanical properties
are not strongly affected by the varying composite architecture. Both composites types exhibit
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a compressive strength close to 1 GPa and compressive stiffness values of up to 266 GPa for
the freeze-cast composite and 237 GPa for the PM W-Cu at the same copper content. These
values are governed by the tungsten skeleton, i.e. more precisely by the tungsten content. The
ductility however was identified to depend on the copper phase. Whilst the PM composite
deforms isotropically and fractures catastrophically after reaching the compressive strength, all
of the freeze-cast composites sheared after having reached the compressive strength. The
reason is individual fracturing of the tungsten walls as this results in local weakening of the
composite structure. Increasing the copper content enhances this effect, as less reinforcing
tungsten is present in the composite making the fracture of individual tungsten walls more
severe.
The electrical resistivity of the composite decreases significantly compared to the reference
PM composite by introducing the directionality in the composite architecture along the current
flow. This offers a new tool to design electrodes for contact applications since the temperature
gradient during freeze-casting can be chosen to follow the desired current flow direction
aligning the copper phase in the final composite optimally. The transient current behavior and
thus the resistance to Joule heating however is not simply improved by decreasing the electrical
resistivity (Figure 42d) as the structural wavelength is important defining the heat transfer from
the copper phase into the tungsten skeleton.
Considering all the information about the composite synthesis and the effect of the
composite architecture and composition on the mechanical and electrical properties, the
question of possible applications of such new composites in contact applications is not resolved
as no arc erosion experiments were conducted. For this purpose a model to predict arc erosion
by numerical modeling using a multiphysics finite element approach was outlined. Two
different models were created and validated against experimental or literature data: One for
cathode heating due to the deposited power by the arc and the other for arc extinction during
switching operation calculating the resulting temperature profile within the arc in a simplified
breaker assembly. Although arc erosion is a highly complex phenomenon, which is still not
fully understood, approaches towards a full model for arc erosion simulation were possible.
Many simplifications are still needed especially when modeling the arc by a magneto
hydrodynamic model with the accompanying very high computational expense.
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Figure 43 Materials selection charts1 for yield strength and electrical resistivity, both important parameters in
the selection of suitable materials for contact applications. Only refractory metals based alloys or
composites were chosen for the comparison as arc erosion resistance is best in these compounds. The
freeze-cast W-Cu composite shows similar yield strength at decreased electrical resistivity along the
direction of aligned copper phase than most refractory based alloys and composites. The Mo-alloys
show inferior arc erosion resistance than W-based alloys and composites and pure tungsten is
unsuitable due to its poor machinability. The other alloys show too high electrical resistivity values
leaving W-Cu composite as the material of choice. Guidelines are given as materials selection
criterion of minimal electrical resistivity at maximal yield strength. All data are shown for 25 °C.

As arc erosion is very complex and many materials properties are playing an important role
in its resistance, the materials selection remains difficult. Empirical data from industrial knowhow is as important as new approaches like the new synthesis method and its characterization
presented in this thesis.
For a specific material to be used as contact material in circuit breakers operating at the
highest current (> 100 kA) and voltage levels (> MV), a sufficient arc erosion resistance is a
prerequisite. Therefore only refractory metal based materials are suitable, as they exhibit the
highest melting points and high mechanical integrity leading to the highest arc erosion
resistance. Technical ceramics for example are excluded due to their insufficient electrical
conductivity. High yield strength and low electrical resistivity is important in materials
selection for contact applications (Figure 43). Tungsten based composites and alloys (W-Cu,
W-Ag and WC-Ag) are the materials of choice exhibiting the highest arc erosion resistance2, 3,
with W-Cu being the best. By synthesizing anisotropic W-Cu composites using directional
aqueous freeze-casting, an improvement in materials properties for this specific materials set
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was achieved. The electrical resistivity could be lowered due to the introduction of composite
directionality. In addition, because the electrical and the thermal conductivity are linked
through the Wiedemann-Franz law4 improved thermal conductivity could be inferred under the
condition of a small structural wavelength. Because the mechanical properties, represented by
the yield strength, as well as the melting (evaporation) point are not changed adversely by the
new synthesis method, the potential for an improved performance as arcing contacts in circuit
breakers is achieved.

6.2 Outlook
Although the main scientific questions could be answered there is always room for
improvement and after having answered a question, at least two new are arising. This occurred
as well during the course of these PhD studies. Therefore I would like to address many open
questions or new topics that formed.
6.2.1 Freeze-casting of Refractory Metals
Tungsten has the highest specific density of all refractory metals. The inherent challenges
during freeze-casting were overcome and this broadens the scope to try out other refractory
metal systems since density shall not be a limiting factor. Concerning contact materials or heat
sinks especially chromium and molybdenum would be of high interest since both materials are
used in those applications. In the case of molybdenum its oxide, MoO3, would present a suitable
candidate as ceramic precursor having similar chemistry as tungsten trioxide. The synthesis
route developed during these PhD studies could presumably be transferred without changes
and be applied to generate freeze-cast molybdenum since MoO3 is readily reducible under H2
atmosphere5. In fact, for the camphor/naphthalene system the successful freeze-casting of
highly porous molybdenum has been reported already6 but not for directional aqueous freezecasting. As the sintering aid nickel that was used for tungsten is applicable as well for
molybdenum, the formation of dense molybdenum walls by sintering at lower temperatures
(< 1500 °C) is feasible. The formation of composites by melt-infiltration is a standard process
also for molybdenum and therefore also anisotropic Mo-Cu composites should be fabricated
without much additional effort.
In the case of chromium several challenges are envisioned. Neither oxide (CrO3 or Cr2O3)
is fully reducible under hydrogen atmosphere because the oxides are too stable. Therefore
chromium halides would be the alternative but they tend to be highly toxic or cancerogenic
(e.g. CrCl3). Therefore special care must be taken. Again, the melt-infiltration with copper
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would lead to Cu-Cr composites with directional architecture, potentially finding an application
for contact materials or heat sinks.
Besides these metallic refractory foams, the carburation of the freeze-cast tungsten foams
presented in Chapter III could lead to WC foams and after melt-infiltration with cobalt yield
hard metals (WC-Co) with an anisotropic microstructure. Especially in cutting and drilling
tools this anisotropy could be exploited to improve current products. In nature, several animals
such as rabbits exhibit teeth with a hard, wear-resistant and a soft tooth side that is more prone
to wear. Due to the different wear rates, the teeth always remain sharp as the soft phase has a
higher wear rate self-sharpening the teeth7. The equivalent in cutting tools would be the hard,
wear-resistant tungsten carbide and the soft cobalt that is less wear-resistant. Aligned properly
by the introduced directionality during freeze-casting, such composites could eventually
become self-sharpening as the soft cobalt is removed at a higher wear-rate, continuously
revealing the hard tungsten carbide walls.
Melt-infiltration of WC by silver is often used to create WC-Ag arcing contacts and would
therefore be as well a possible application for such cermets. In fact, the carbon exposure
duration could be tuned to achieve only a carburation of the surface portion of the cell walls to
yield a ternary W/WC-Ag or W/WC-Co composite. This would be interesting to investigate
for its mechanical, thermal and electrical properties.
6.2.2 Melt-infiltration
The melt-infiltration and therefore the composite formation is of course not limited to meltinfiltration by copper but any other wetting systems could be tried. W-Ag would be an
interesting candidate due to its use in contact applications for medium voltage circuit breakers
because of its increased electrical conductivity compared to W-Cu.
Another system likely to be explored in future for contact applications is W-Al due to the
high weight reduction of such composites. In order to be able to test these new composites on
their arc erosion behavior and mechanical properties, they have to be synthesized. Since the
first step of creating open porous tungsten foams with directional porosity was already
achieved, only the successful melt-infiltration has to be shown. Considering the phase diagram
of W-Al several intermetallic phases and a rather large solubility8 up to 10 at.% (at 800 K) of
aluminum in tungsten promise a rather good wettability.
Partially sintered foams fabricated by renouncing on nickel are presented in Chapter III.
The structural integrity of these foams is very low due to the very low level of densification
upon heat treatment. Melt-infiltration of such foams would be interesting in order to investigate
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the mechanical properties and to determine to which extent the partially sintered tungsten
foams are reinforcing the copper matrix. In addition, such composites should exhibit a much
larger tungsten-copper interface, as the partially sintered foams show much more pronounced
microporosity and surface roughness as determined by the SE-micrographs in Figure 17.
Therefore the electrical transient properties could potentially be improved by the use of such
foams for melt-infiltration.
6.2.3 Freeze-casting of Nanocrystalline Tungsten
Upon sintering, the grain size of the tungsten foam increases by two order of magnitudes
from the initial sub 100 nm grains in the WO3 nanoparticles to approx. 10 µm in the final foam
when sintering at 1400 °C. This grain growth is associated with the high activity of the sintering
activator Ni, increasing the mobility of the tungsten atoms. Researchers around Schuh et al.9
found a resource to not only reduce the kinetics of grain growth in tungsten by pinning the
grain boundaries, but rather changing the free energy of the alloy system by adding a significant
amount of titanium. This yields stable, nanocrystalline bulk tungsten. They proposed many
other metal-systems where this approach could be exploited10. To increase the ductility of the
tungsten foam, nanocrystalline tungsten foams would be very interesting to synthesize. To
achieve such foams, a recipe for co-freeze-casting tungsten oxide with another reducible specie
of a suitable alloying partner needs to be developed. Since the group around Schuh proofed
their model experimentally by fabricating bulk W-20 at.% Ti, titanium would be the solute of
choice. Because titanium oxide is not fully reducible under H2, metallic titanium or titanium
halides would have to be used. Potentially the oxygen contained in the tungsten oxide that gets
released upon reduction might still oxidize the metallic titanium during sintering. But
nevertheless a trial study to investigate the possibility of creating nanocrystalline freeze-cast
tungsten foams might be worthwhile trying.
6.2.4 Arc Erosion Experiments and Modeling
The anisotropic W-Cu composites show higher electrical conductivity at the same copper
content compared to their powder metallurgical counterparts. As explained, this is due to their
directionality. However, it was shown that the structural wavelength of the composite is
influencing the transient response, making a prediction of the arc erosion behavior difficult.
Beside the electrical conductivity, the tungsten content influences the arc erosion behavior
since tungsten is much more arc erosion resistant than copper having a higher melting point
than the evaporation point of copper11. Therefore dedicated arc erosion experiments should be
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performed to identify the erosion rate and pattern of the freeze-cast composites and to
determine the resistance against arc erosion.
In parallel, based upon the proposed numerical models further work should be dedicated to
achieve a full model of arc erosion due to the temperature profile in the arcing contacts during
circuit breaking. Calculation of the arcing power deposition on the contacts during switching
should be the next step added to the magneto hydrodynamic model in order to combine both
models. Finally, a validation of the results against real arc erosion data on PM composite as
well as freeze-cast composites would be ideal.
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