
 
 
 
 
 
 
 
Christian Lenser 
 
 
 
 
Quaternary Self-Passivating Tungsten Alloys  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IPP  17/14 
April, 2009 
 



 



                          
 
 

Quaternary Self‐Passivating Tungsten Alloys 
 
by 
 

Christian Lenser 
 

Submitted in partial fulfillment of the Requirements for the Degree of 
 

MASTER OF SCIENCE 
 

to the 
 

Department of Chemistry at the Technical University of Munich, the Faculty of 
Chemistry and Pharmacy of the Ludwigs‐Maximilian‐University of Munich and 

the Department of Mathematics and Natural Science of the University of 
Augsburg 

 
Carried out at the Max‐Planck‐Institut für Plasmaphysik in Garching, under the 

supervision of Dr. Christian Linsmeier and Freimut Koch 
 

First Reader: Prof. Thomas Fässler 
Second Reader: Prof. Ulrich Heiz 

 
Garching, 22 April, 2009 

 



 



ACKNOWLEDGEMENTS 

 

First of all, I would like to thank Professor Thomas Fässler for agreeing to be my first reader. 

By the same token, many thanks go to Prof. Ulrich Heiz. 

 

I would also like to thank the people at the Materials Research Department at the Max-

Planck-Institut für Plasmaphysik, especially my advisors Freimut Koch for his attentive help 

with the lab equipment und Dr. Christian Linsmeier for spending a lot of time on the 

scientific details of my thesis. Special thanks goes to Dr. Martin Balden and Stefan Lindig, for 

the support with XRD and SEM and for investing so much effort into the FIB preparations. 

Gabi Matern, Till Höschen, Dr. Hans Mayer, and all the other MF´ler have my gratitude for 

always having an open door, a few minutes of their time or a piece of advice.  

 

Finally, I am most grateful to my family for seeing me throughout the entire time of my 

studies, especially my parents for the years of faithful support. Cate Morgan is the person 

who kept me sane throughout my thesis, for which I owe many thanks to her. 

 

 

 

   



 



KURZFASSUNG  i 

Kurzfassung 

Für die Anwendung in zukünftigen Fusionsreaktoren sind selbstpassivierende 

Wolframlegierungen ein vielversprechendes Material, da sie die günstigen Eigenschaften 

von Wolfram mit einer verbesserten passiven Sicherheit im Fall eines totalen Verlustes der 

Kühlung kombinieren. In einem solchen Fall würde die Wandtemperatur des Reaktors 

wegen der Zerfallswärme der radioaktiven Isotope, die durch Transmutationsreaktionen in 

der Wand entstehen, auf über 1000°C steigen. Sollte durch strukturelle Schäden eine 

oxidierende Atmosphäre in der Reaktorkammer entstehen, wird die Entstehung und 

Sublimation von radioaktivem WO3 durch die selbstpassivierende Legierung unterbunden. 

Quaternäre Wolframlegierungen zeichnen sich durch bessere Passivierungseigenschaften 

aus als ternäre und binäre Legierungen. Daher zielt diese Arbeit auf die Erweiterung des 

Verständnisses der Passivierungsreaktionen ab. Das Oxidationsverhalten der quaternären 

Legierungen wird im Hinblick auf die Kinetik der Oxidschichtbildung, die Oxidphasen und das 

Gefüge untersucht. Im Auswahlverfahren werden sechs Legierungszusammensetzungen 

untersucht, die durch gleichzeitige Abscheidung von Wolfram, Silizium, Chrom und 

entweder Yttrium oder Zirkon per Magnetronsputtern hergestellt werden. Drei 

Oxidationsbedingungen werden gewählt: 600°C für 48 Stunden, 800°C für 4 Stunden und 

1000°C für 1 Stunde. Die aus den parabolischen Oxidationsraten bestimmten 

Aktivierungsenergien zeigen, dass verschiedene Oxidationsprozesse bei verschiedenen 

Temperaturen vorliegen. Die Legierung WSi3Cr10Zr5 weist die beste Passivierung auf und 

wird ausführlich mit XRD, REM und EDX untersucht. Die Mischkristallbildung von W und Cr 

führt zu einer Gitterverzerrung, die mit Hilfe von Röntgenbeugung quantifiziert wird. Die 

Gleichgewichtskonzentration wird ab Oxidationstemperaturen von 800°C hergestellt. 

Zusätzlich zu einer Oberflächenschicht aus Cr2O3 wird in den oxidierten Proben WCrO4, WO2 

und ZrSiO4 gefunden. Elektronenmikroskopische Untersuchungen zeigen den Einfluss der 

Oxidation auf die Gefügeentwicklung bei 1000°C und die gleichzeitige Entmischung von Cr 

aus dem Wolframgitter auf. Durch Diffusion von Chrom an die Oberfläche entsteht eine 

ausgedehnte Verarmungszone in tieferen Regionen der Schicht. 

Das Passivierungsverhalten der quaternären Wolframlegierungen ist dem der ternäre 

Legierungen überlegen, während die W-Konzentration in den quaternären Legierungen 

deutlich höher ist. Diese ist ein wichtiges Kriterium für das Anwendungspotential in 

Fusionsreaktoren. Die Veränderung des Oxidationsmechanismus während der Oxidation 

steht in Verbindung zur Bildung mehrerer Oxidphasen.   



ABSTRACT  ii 

Abstract 

Self-passivating tungsten-based alloys are an attractive material for application in future 

fusion reactors, because they combine the favorable properties of tungsten with an 

enhanced passive safety in the case of a loss of coolant accident. The temperature of the 

wall would rise to over 1000°C due to the nuclear decay heat of radioactive species, which 

are created by transmutation reactions. Should structural damage cause an oxidizing 

atmosphere in the reactor chamber, the formation and sublimation of radioactive WO3 is 

suppressed by the self-passivating alloy.  

Ternary and binary Alloys have shown to exhibit superior passivation properties in 

comparison to pure W. This work aims to expand the understanding of quaternary tungsten 

alloys. The oxidation behavior of self-passivating quaternary tungsten alloys is studied with 

respect to oxide growth kinetics, oxide phases and microstructure. A compositional 

screening is done on six alloy compositions prepared by magnetron sputtering containing 

tungsten, chromium, silicon and either yttrium or zirconium. Three oxidation conditions are 

chosen: 600°C for 48 hours, 800°C for 8 hours and 1000°C for 1 hour. Activation energies, 

calculated from parabolic rate constants, indicate that different oxidation processes are at 

work for different temperatures. The alloy WSi3Cr10Zr5 shows the best passivation 

behavior and is studied with XRD, SEM and EDX. The amount of Cr in the W lattice leads to a 

lattice distortion that can be quantified by x-ray diffraction. The equilibrium concentration is 

reached for oxidation temperatures of 800°C and higher. In addition to a top layer of Cr2O3, 

WCrO4, WO2 and ZrSiO4 are found in the oxidized samples. SEM micrographs reveal the 

influence of oxidation on the microstructural evolution at 1000°C and the corresponding 

demixing of Cr from the W lattice. Cr is the main diffusing species that depletes in an 

extended region below the surface.  

Quaternary tungsten alloys exhibit passivation properties superior to ternary alloys, while 

the W fraction in the quaternary alloys is much higher. This is important for applications in a 

future fusion reactor. Quaternary alloys show a change of the oxidation mechanism during 

oxidation, which is connected to the formation of multiple oxide phases.  
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1 INTRODUCTION 1 

1 INTRODUCTION 

Nuclear fusion is an attractive possible energy source for the future, because a fusion power 

plant has no emission of green-house gases and the short half-lifes of the radioactive 

isotopes created during its use. Energy is produced by the fusion of a deuterium and a 

tritium nucleus, creating a helium nucleus and a neutron: 

nHeT +→+ +++ 2D  

The fusion process produces He as a product and the fuel consists of the hydrogen isotopes 

deuterium, of which there is a virtually unlimited supply, and tritium, which will be 

produced in the reactor blanket. Energy is harvested using the highly energetic neutrons 

that are created by the fusion process. These neutrons also activate atoms of the 

surrounding wall and structural materials, limiting the choice of elements that can be used 

for a fusion power plant. 

A fusion plasma is a completely ionized plasma that has electron and ion temperatures of up 

to 150 million Kelvin, creating an extreme environment for the plasma-facing material, 

commonly called the first wall. This part of the fusion reactor is subject to a bombardment 

by energetic particles, which creates high thermal and mechanical stress in the material, 

along with radiation damage such as nuclear transformation, He and H formation in the 

wall, induced defects and erosion. Therefore, the first wall needs to have a high thermal 

conductivity as well as thermal and mechanical stability. In addition, the contamination of 

the plasma itself by atoms that are sputtered from the wall needs to be below several 

percent for low-Z materials (C, Be) and in the ppm range for high-Z materials (W, Mo).  

Tungsten has been tested as a first wall material and found to have suitable properties for 

the use as a plasma-facing component1,2. As with all materials in a fusion reactor, a first wall 

made of tungsten would be subject to radioactive activation due to neutron bombardment. 

While the tungsten isotopes are relatively short-lived in comparison with other high-Z 

materials, tungsten readily forms oxides in oxidizing atmosphere and at elevated 

temperatures, where especially WO3 is of concern due to its high volatility.  

Investigations into self-passivating tungsten alloys are based on a study simulating the worst 

case accident in a fusion reactor, which is loss of coolant flow and air ingress3. The loss of 

coolant flow would cause a rise in temperature in all irradiated parts of the reactor due to 

nuclear decay heat of radioactive species, with peak temperatures around 1000°C to 

1200°C, depending on the reactor design. At these temperatures, combined with an 
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oxidizing atmosphere, a first wall of tungsten will form highly volatile WO3, which could then 

be released into the atmosphere. In a reactor with a surface area of 1000 m², the WO3 

evaporation rate would be between 10-100 kg/h. Since the normal operation mode of a 

fusion reactor calls for a plasma-facing surface that is mostly tungsten, only self-passivation 

by alloying can be used to prevent the catastrophic oxidation and release of radioactive 

WO3.  

1.1 Fusion Reactor Experiments  

Since the plasma in a fusion reactor has extremely high electron and ion temperatures, any 

direct contact with the wall material has to be avoided. The approach used in the tokamak 

experiment is a magnetic confinement of the plasma by strong magnets, where the 

magnetic field lines force moving, charged particles on spiral trajectories around the field 

line to avoid wall contact. The magnetic confinement is constructed by three overlapping 

fields: the radial field component produced by the toroidal field coils, a vertical field 

component from the vertical field coils and a transformer coil to drive a current through the 

plasma. The resulting magnetic field configuration has a twisted helical shape, producing the 

magnetic surfaces necessary to confine the plasma.   

              

Figure 1.1: Schematic drawing of a tokamak
4
 

The tokamak experiment is limited to pulsed operation, because a change in current is 

necessary to induce a current in the plasma and to twist the magnetic field lines. At the 

current status of development, plasma pulses with durations of several 10 seconds are 

possible with a maximum current on the order of 106 ampere. The ASDEX Upgrade 

experiment at the Max-Plack-Institute of Plasma Physics (IPP) in Garching has a plasma 

volume of approximately 13 m³, but a future fusion power plant would be much bigger than 
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that. The International Thermonuclear Experimental Reactor (ITER) that is currently being 

built in Cadarache, France, will have a vacuum vessel with a volume of more than 800 m³. 

Even though ITER will have a first wall made of Be, it gives an impression of the dimensions 

of a future fusion power plant. A first wall made out of a self-passivating alloy would be an 

important improvement to the passive safety of a nuclear fusion power plant. 

1.2 Previous Work and Scope 

The development of W-alloys as armour material for fusion reactor applications is being 

pursued on multiple fronts. The approach to alloy W with elements that will form a 

passivating oxide scale has recently become of interest because of the success of the ASDEX 

Upgrade experiment that uses a pure tungsten wall.  

Pure W is resistant to oxidation up to a temperature between 500°C and 600°C, which is the 

onset temperature for the formation of WO3. The volume increase associated with WO3 

formation causes cracks that facilitate further oxidation. The sublimation of WO3 starts at 

750°C, becomes substantial above 900°C and exhibits the same rate as the oxidation above 

1300°C, so that it sublimates immediately after formation5. 

The addition of Si was investigated for sputtered films by Louro and Cavaleiro, and the 

oxidation behaviour of W-Si was found to be superior to that of pure W even though no 

crystalline silicon oxide could be found6.  

Morlaine7 and Millet8 found that the addition of Cr to WSi2 further reduces the oxidation 

rates, but that binary W-Cr alloys show strong flaking of the oxide.  

Niederkorn9 found the system W-Si-Cr to have superior oxidation behaviour to binary 

systems and studied the formation of the oxide scale for the alloy WSi30Cr25. 

Further studies of ternary alloys by Metz10 revealed that the erosion of WSi32Cr25 by a 

deuterium plasma at 600°C creates a W-enriched surface inside the erosion spot, while the 

erosion rate is comparable to that of pure W.  

Koch11 and Bolt gave the linear oxidation rate of a binary alloy of W with 18 wt-% Si as 

1.3*10-3 at 1273 K, and showed that the linear oxidation rate of a ternary alloy of W with 10 

wt-% Si and 10 wt-% Cr is reduced by a factor of 104 in comparison to WSi.  

Koch12, Köppl and Bolt studied the oxidation behaviour of the systems WSiCr, WSiNi and 

WSiZr and found that WSiCr has superior passivation performance but less favourable 
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mechanical stability. A layer structure is observed where Cr forms the surface oxide after 

oxidation and is depleted below the surface.  

Most of the investigations on the oxidation of W-alloys calculate linear oxidation rates from 

the sample mass after the oxidation process vs. the oxidation time to facilitate the 

comparison of multiple alloys. The disadvantage is that processes that can lead to weight 

loss, like WO3 or CrO3 sublimation and oxide flaking, can not be accounted for. The process 

of self-passivation is strongly related to the diffusion of the mobile species, therefore the 

oxidation can be expected to be subjected to a parabolic rate law.  

The scope of the present work is to deposit quaternary tungsten alloys containing W, Si and 

Cr as well as either Y or Zr and to investigate their oxidation behaviour with respect to oxide 

phases, layer structure and oxidation rates. The addition of rare earth elements like Y and Zr 

is used to improve the passivation behaviour in Fe-based alloys by the active element 

effect13. Parabolic rate constants will be established from the measured mass increase and 

the activation energies of Cr diffusion in the chromia scale will be calculated. The formation 

of oxide phases will be investigated by X-ray Diffraction, and the layer-structure examined 

by Scanning Electron Microscopy on cross-sections prepared by metallography and by 

Focused Ion Beam (FIB).  
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2 BACKGROUND & TECHNIQUES 

2.1 Plasma 

A plasma is a quasineutral gaseous or fluid-like system consisting of charged and neutral 

particles. In addition to the interaction through collisions, the moving ions and free 

electrons in a plasma give rise to electric and magnetic fields that significantly influence the 

systems macroscopic behaviour14,15.  

Temperature is the most commonly used concept to describe particle energies in a 

plasma14. The average energy per degree of freedom is  

TkE Ba
2

1
=           (Eq. 2.1) 

where kB is Boltzmann´s  constant and T denotes the temperature. For free particles with 

three translational degrees of freedom and no potential energy, we see that the average 

kinetic energy is 

TkE Bkin
2

3
=           (Eq. 2.2) 

Plasmas are subdivided by the mean temperature of the constituent particles into low-

temperature plasmas (LTP) and high-temperature plasmas (HTP). HTP have ion- and 

electron-temperatures of approximately 107 K and higher, an example would be a fusion 

plasma. In LTP, ions and electrons can either have similar energy distributions (thermal 

plasma) or different energy distributions (non-thermal plasma), resulting in low ion- and 

high electron-temperatures15. This non-equilibrium state means that the plasma is 

macroscopically cold while containing high-energy electrons, a fact that is used e.g. in 

plasma polymerization by plasma enhanced chemical vapor deposition (PECVD). 

2.2 Sputtering 

Sputtering is a physical process that is caused by the collision of high-energy ions or atoms 

with a solid surface. The energy of the impinging particle, ranging from a few hundred to 

several thousand eV, is dissipated inside the solid by collisions with constituent atoms. 

These atoms are displaced and will collide with yet other atoms, causing a collision cascade. 

Atoms near the surface that receive sufficient momentum from the collision to escape the 

surface barrier are called sputtered16.    
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Sputtering is widely used to produce thin films. An inert gas (usually Ar) is excited into the 

plasma state to provide energetic ions that are chemically inert and do not react with the 

target material. The plasma is created in an electric field between two electrodes, and the 

Ar ions are accelerated by the potential difference. The cathode consists of the material to 

be deposited and is therefore called the target. The sputter yield can be defined as the 

average number of atoms sputtered per incident ion and characterizes the efficiency of the 

sputtering process. 

2.2.1 DC- and RF- Sputtering 

If the cathode is electrically conducting, a DC voltage can be applied between anode and 

cathode to ionize the argon atoms and initiate the ion bombardment of the target. In 

addition to neutral atoms, the collision processes taking place in the target cause the 

emission of negative ions and secondary electrons, which are accelerated away from the 

target and can impact-ionize gas molecules to sustain the discharge. The neutral atoms, 

however, are not influenced by the electric field and can propagate to the substrate. 

Negatively charged ions will either neutralize with positive ions in the cathode glow zone or 

accelerate towards the anode.  

To sputter non-conductive targets, an RF-discharge is used. Above a frequency of 50 kHz, a 

conductive target is no longer a prerequisite. Electrons oscillating in the electric field acquire 

enough kinetic energy to impact ionize atoms, which helps to sustain the discharge. Due to 

the differences in mobility of electrons and ions, the lighter electrons follow the oscillations 

of the electric field faster than the ions. Combined with a “blocking” capacity, this effectively 

causes the target to self-bias to a negative potential, which means it attracts positive ions 

the way a DC cathode does17.  

2.2.2 Magnetron Sputtering 

Electrons moving in a magnetic field experience the Lorentz force 

)(
→→→

×−= BvqF L           (Eq. 2.3) 

where q is the charge, v the velocity vector and B the magnetic field vector. When an 

electron is accelerated by an electric field and moves through a magnetic field perpendicular 

to the its velocity vector, the Lorentz force will divert it onto a circular path.  
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By placing a magnet behind the target, magnetic field lines will penetrate the target and 

curve back to the magnet. The component of the magnetic field lines that runs parallel to 

the target is called the magnetron component, and electrons that are accelerated toward 

the anode are diverted onto a circular path parallel to the target. This new component to 

the electron`s velocity vector is in turn influenced by the magnetic field since it is also 

perpendicular to the B-field lines, curving the electron`s path back to the target. The 

magnetron setup increases the electron density and thus the degree of ionization of the 

working gas in close proximity to the target. As a consequence, higher deposition rates are 

achieved in comparison to diode sputtering devices operated at the same pressures.  

Magnetrons are operated at lower pressures than diode sputtering devices, which improves 

the film quality because there are fewer impurities in the vacuum chamber17. A magnetron 

with closed B-field lines is called 

“balanced”, whereas the 

magnetron is called 

“unbalanced” if the B-field lines 

have an open component. This 

setup allows for a higher degree 

of ionization compared to the 

“balanced” setup. 

Figure 2.1: Sketch of a magnetron target
17

    

Figure 2.1 illustrates the setup of a magnetron target, showing the characteristic “race 

track” around the target where the magnetic field traps the most electrons near the target 

and increases the local erosion by the higher degree of ionization.  

2.2.3 Film Growth 

The process of thin film growth in PVD and CVD processes has been extensively studied in 

the literature. Sputtering as a deposition technique introduces some influences on film 

growth that are not found in other PVD processes such as evaporation. These are related to 

the presence of a process gas in the chamber, which is needed to supply energetic ions for 

the sputtering itself. The increased pressure during film deposition reduces the directed 

momentum loss mean free path, which can be described by the empiric formula18:  

Pcm /105)( 3−⋅=λ          (Eq. 2.4) 
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where P is the pressure in Torr. For a typical process pressure of 5 x 10-3 mbar (3.75 x 10-3 

Torr), the mean free path is 1.33 cm, which is smaller than the distance between target and 

sample in most sputtering devices. If the target-substrate distance exceeds the directed 

momentum loss mean free path, a sputtered atom will be subjected to collisions on the way 

to the substrate, reducing its energy to near-thermal values. The combination of process 

pressure and target-sample distance is very important, because in the case of a long mean 

free path, a considerable fraction of the atoms reaching the substrate surface will be 

energetic and influence the film growth via resputtering, temperature change of the 

substrate, introduction of defects and similar effects.  

In addition to the neutral atoms that are incorporated into the growing film, there are three 

species influencing thin film growth that need to be considered during a sputter deposition 

process. These are positive ions, negative ions and neutrals, all of which have high energy. 

Energetic neutrals have the most pronounced influence on film growth, especially for 

magnetron sputtering, which operates at reduced pressure compared to normal 

sputtering18. These energetic neutrals are most commonly generated by ions of the 

sputtering gas that are reflected and neutralized when striking the target. Reflected neutral 

striking the film with a high energy can cause resputtering, which influences deposition 

rates and film properties alike. The amount of reflected neutrals depends on the 

combination of sputtering gas and target, and is highest for target atoms that are heavier 

than the gas atoms. This becomes very important for the simultaneous deposition of 

multiple elements, since the amount of resputtering is likely to depend on the elements 

present in the deposition process. 

Another source for energetic neutrals is charge-exchange collisions in the plasma sheath 

above the substrate, where an ion is transferred into the neutral state. These neutrals can 

carry a large fraction of the ion energy and lead to resputtering. 

The effect of positive ions on film growth is limited because of the negative target potential 

that effectively traps all positive ions. However, positive ions can be generated through 

charge-exchange collisions far away from the cathode, or sputtered target atoms can be 

ionized when crossing the plasma sheath on their way to the substrate.  

Negative ions can be produced during the sputtering process of a target consisting of two or 

more components. Highly electronegative elements can obtain an electron during 

sputtering and leave the target as a negative ion, which is accelerated towards the substrate 
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by the electric field. While this can, in extreme cases, lead a complete resputtering of the 

film, this effect is negligible for elemental targets. 

When a flux of sputtering atoms hits a surface that contains multiple atom species, a change 

in surface composition can be observed due to preferential sputtering. At temperatures that 

are too low for solid-state diffusion to become significant, the surface composition of a 

target made of two components A and B changes according to the sputtering yields of the 

components18: 

BA

AB

B

A

Cs

Cs

c

c
=           (Eq. 2.5) 

where cA, cB are the altered surface concentrations, sA, sB are the sputter yields and CA, CB 

are the bulk concentrations of components A and B, respectively. Once the altered 

composition is reached, the flux of atoms sputtered from the target has the bulk target 

composition. 

This is not the case for a growing film that is subject to resputtering by energetic particle 

bombardment. Since the film is constantly growing, preferential sputtering of the film 

surface will not have the same effect as on the target surface, but influence the composition 

of the whole film. The preferentially sputtered surface will be covered by a new layer of 

atoms, which is again subject to resputtering. In this way, the amount of preferential 

resputtering can influence the bulk film composition. This effect must be considered for the 

simultaneous deposition of multiple elements as well, because the resputtered flux of film 

atoms will not have the same composition as the flux of atoms that arrives at the substrate 

due to preferential resputtering.   

2.3 High Temperature Oxidation 

Solid surfaces with an affinity to oxygen will be subject to chemical oxidation in an oxidizing 

environment. The process of oxidation is chemically defined as the electron transfer from 

the oxidized species to an oxidation agent, which is reduced in the process: 

22

2
2

n

n OMO
n

M +→+         (Eq. 2.6) 

The process of high temperature corrosion is defined as the reaction of a solid with the 

ambient atmosphere at elevated temperatures19. In this context, oxidation can be seen as 

the reaction of a solid with oxygen to form the corresponding oxide. The driving force 
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behind the oxide formation is the minimization of the Gibb´s function (or free energy of 

formation): 

STHG ∆−∆=∆          (Eq. 2.7) 

The change in the Gibb´s function ΔG must be negative for a reaction to proceed. If the 

enthalpy ΔH is negative, the process is enthalpy-driven and can take place at low 

temperatures; if it is positive, the reaction can only take place when the entropy ΔS 

becomes the dominating term in Eq. 2.7. The reaction is then entropy-driven and proceeds 

only at high temperatures. Oxidation reactions are enthalpy-driven since the educts, a solid 

and a gas, are transformed into a solid, reducing the entropy.  

Since oxidation takes place at the gas-solid interface, adsorption processes play an 

important role as the initial step. The oxide that is formed may be porous or dense, 

adherent or non-adherent, depending on process conditions and the materials involved. The 

nature of the oxide has substantial influence on high temperature corrosion because it 

influences the corrosion kinetics. While the oxidation may be thermodynamically 

favourable, it may be kinetically hindered at the same time. The importance of the kinetic 

barrier diminishes at elevated temperatures because the thermal energy is increased, so 

oxidation will be fast.  

The formation of a dense oxide layer fundamentally influences the mechanism of corrosion 

because diffusion, rather than adsorption, becomes the rate-limiting step of the oxidation 

process19. If the oxide is porous or non-adherent, oxygen gas has free access to the metal 

surface and corrosion is dominated by adsorption.  

2.3.1 Rate Laws 

A rate law can be used to describe the kinetics of oxidation by correlating the progress of 

the reaction to the reaction time through a rate constant. The progress of a reaction Γ can 

be defined as the weight gain dΔm during the time dt per unit area A: 

Adt

md∆
=Γ           (Eq. 2.8) 

The rate law can be obtained in its implicit form by integration of the reaction progress [11]: 

tkf ⋅=Γ)(           (Eq. 2.9) 

where k is the rate constant and t is the exposure time to oxidizing atmosphere. The rate 

constant is dependent on temperature in the way that 
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where Q is the activation energy in eV, kB is the Boltzmann constant and T the temperature 

in Kelvin. The dependence on the partial pressure of oxidizing gas in the ambient 

atmosphere should be mentioned, but there is no need to consider it for this work because 

the partial pressure of oxygen is the same in all experiments.  

There are four basic types of rate laws: linear, parabolic, cubic and logarithmic. These types 

are simplified cases that are rarely observed under experimental conditions, but instead 

oxidation may follow a mixture of these laws.  

For metals that form an adherent oxide scale during oxidation, the rate-limiting step of the 

weight change will be diffusion of either anions or cations through the oxide scale. Since the 

diffusion coefficient is dependent on the activation energy Q for the respective diffusion 

process and the temperature T,  
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these metals follow the parabolic rate law of oxidation20: 
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          (Eq. 2.12) 

Eq. 2.12 is derived from the fact that the diffusion depth of ions is proportional to the 

square root of time. It becomes apparent that the parabolic rate constant kP is dependent 

on the diffusion coefficient and the change of the Gibb´s function. 

2.3.2 Oxidation of Elements and Alloys 

The oxidation of an element that forms a closed oxide scale initially proceeds through the 

adsorption of oxygen to the surface and the subsequent chemical reaction until a closed 

layer has been formed. Depending on the nature of the oxide, either oxygen anions diffuse 

into the solid or metal cations diffuse to the oxide surface. In case of a cation deficiency in 

the oxide lattice, the diffusion of metal ions through cation-vacancies from the metal/oxide 

interface to the oxide/gas interface is dominant. Examples would be Cr2O3 or NiO19. In case 

of a cation excess in the oxide lattice, the dominating point defects are interstitial cations 

and diffusion occurs in the same direction. The reverse is true if the oxide has a deficiency of 
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anions, because the anion vacancies facilitate anion-diffusion from the oxide/gas interface 

to the metal/oxide interface. In most cases, the electron transport through the oxide is fast 

enough that is does not have to be considered.  

These effects are valid for elements as well as for alloys, although in the latter case 

additional effects have to be taken into account. Differences in the affinity to oxygen, the 

diffusion coefficients and the activities of the constituting elements of the alloy as well as 

the possible formation of oxides with more than one type of cation can lead to a different 

oxidation behaviour. Selective oxidation of a specific species in the alloy can lead to the 

formation of a protective scale, but only if the concentration of the species is high enough. 

The presence of two or more elements in the alloy matrix can lead to the formation of 

multiple oxide layers.  

Certain alloys that are likely to form intermetallic phases are subject to a degradation effect 

called “pesting” at intermediate temperatures. An example is MoSi2, where the growth 

speed of Mo oxides prevents the formation of a protective silica film between 400°C and 

600°C. The formation of MoO3 in pre-existing cracks and pores causes the material to 

disintegrate due to the large volume increase associated with the formation of MoO3 
21, 22. 

The exact reasons for pesting are still under discussion, but seem to be unique to each 

compound. Intergranular oxidation has been reported to cause pesting in NbAl3 while 

intergranular oxidation in NiAl does not seem to play a role21.  

2.3.3 Self-Passivation 

Some materials are well known for their good corrosion resistance, e.g. elements like Al, Si, 

Ti, or alloys such as stainless steel, whereas others can form porous or volatile oxides, e.g. 

Fe or W, respectively. The corrosion resistance that is caused by the formation of a dense 

oxide layer at the gas-solid interface is called self-passivation, because the oxidation slows 

without external influence. The two criteria that need to be met for self-passivation are the 

formation of a dense oxide scale and a coherent or semi-coherent metal/oxide interface. 

For materials that form oxides with a large difference in unit cell parameters, the oxide scale 

is subject to a growth stress that eventually causes mechanical failure of the scale.  

The simplest case of self-passivation is an element that forms an adherent oxide scale under 

oxidizing atmosphere, e.g. Cr or Al. Since all constituent atoms are equivalent with respect 

to their affinity to oxygen, a single-phase oxide scale is formed at the solid/gas interface 

until the surface is completely covered. The continuing oxidation is then governed by the 
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diffusion of either anions or cations through the oxide lattice. A binary alloy that consists of 

metal atoms with a difference in oxygen affinity will experience preferential oxidation. A 

difference in the growth rates of the binary oxides will result in a surface coverage by the 

fast-growing oxide, whereas the slow-growing oxide can precipitate at the metal/oxide 

interface. An example would be the system of Ni-Cr, where the fast-growing NiO scale 

covers the outer surface23. Underneath the NiO layer, a Cr2O3 layer grows in the form of 

internal precipitates until it finally forms a closed layer underneath the external NiO layer. 

The initially growing scale is the thermodynamically more stable Cr2O3 only under the 

condition that the Cr concentration in the alloy is high enough (> 20 wt-%). In more complex 

cases, a ternary oxide can be formed in addition to the binary ones.  

The two main classes of self-passivating alloys are the Cr2O3-forming alloys and the Al2O3-

forming alloys. For application in a fusion reactor, Al is not a possible candidate because the 

radioisotope 26Al has a half-life of over 700,000 years, which is incompatible with the 

prerequisite of a nuclear fusion power plant that every irradiated part can be safely handled 

after 100 years of storage. Therefore, Cr is the main candidate to be investigated as a 

passivating element in tungsten alloys. As mentioned above, the diffusivity of Cr3+ ions is 

higher than that of O2- ions in the oxide lattice, therefore the scale grows toward the 

outside. The diffusion of cations out of the bulk alloys causes cation-vacancies at the 

oxide/metal interface, which can agglomerate to form pores. Such pores reduce the 

mechanically loaded area due to the different stress conditions in oxide and metal, and 

pores can add a notching effect that creates stress peaks in the interface. These effects can 

greatly reduce the adhesion of the oxide to the metal, especially under thermal cycling.  

2.4 The Active Element Effect (AEE) 

In addition to alloying with elements forming an oxide scale, beneficial effects are expected 

from doping the alloy with so-called reactive elements like Y, Sc, Ce, Yb, Zr, Hf or Th. Even 

though multiple models have been forwarded to explain the beneficial influence of small 

concentrations of active elements on oxide formation, a conclusive model has not been 

established. According to Beranger et al.24, active elements improve the scale adherence 

between oxide and metal. No fewer than 9 different models are described by Beranger et 

al., some contradicting others and some not being mentioned. The scarce understanding of 

the underlying effects is partly due to the limited data that is available on some of the 

elements.  
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According to Harvison25, active elements can reduce the oxidation rate in chromia-forming 

systems by influencing the diffusion properties of metal cations or oxygen anions. This can 

lead to a reversal of the preferred transported species, e.g. Cr-cation transport in Cr2O3 can 

be slower than oxygen anion transport. The effect can not be linked to a reduction of grain-

boundary diffusion, however.  

Bennett and Moon26 suggest that the modification of diffusion properties and the formation 

of an additional oxide by the active element lack general applicability as an explaination of 

the active element effect. Instead, heterogeneous nucleation of the barrier oxide (Cr2O3) on 

active element oxide particles at the surface is seen to be the most probable mechanism. 

The resulting nuclei have a smaller spacing and therefore require less lateral growth to form 

a closed oxide layer. Depending on the alloy, the modification of diffusion properties can 

play an important role. In some cases, the active element can be shown to improve the 

fracture toughness of the oxide scale. This can be related to crack arresting and the 

inhibition of grain growth due to the presence of active elements. 

Nicholls et al.27 attribute the active element effect to a reduction of defects such as voids, 

cracks and pores in the growing scale and suggest that the improvement of mechanical 

properties is due to the lower concentration of defects and not to modifications of the 

fracture toughness. Reduction of compressive growth stress by active elements is also seen 

as beneficial. 

It is apparent that despite numerous publications on the topic of active elements in 

oxidation, a deeper understanding is not yet established and that the mechanisms can be 

different for different systems. However, addition of active elements in concentration 

raging from ppm to several wt-% is used industrially to improve the oxidation behavior of 

chromia-formers and alumina-formers. It is possible to include active elements via oxide 

dispersion (e.g. in the melt), ion implantation, alloying and surface coating. 

2.5 Self-Passivation of Tungsten Alloys 

Improving corrosion resistance is an important subject for high-temperature applications, 

since many refractory materials show low corrosion resistance. Especially tungsten and 

molybdenum are attractive materials for high-temperature applications because of their 

thermal and mechanical stability as well as good heat conductivity. Both materials form 

oxides that are not adherent and both will completely oxidize without additional protection. 

The most common steps taken to prevent oxidation are alloying or coating.  
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The application of tungsten as the first wall material in a fusion reactor relies on a pure 

tungsten surface to put the advantages of tungsten as described by Bolt et al. 2  into effect. 

A heavily alloyed tungsten surface would insert too many impurities into the plasma 

through material that is sputtered off the wall. However, initial sputtering is likely to cause a 

relatively pure tungsten surface because the alloying elements will be preferentially 

sputtered out of the surface region. To keep the amount of material sputtered off the wall 

as small as possible, the concentrations of the alloying elements should be as low as 

possible while ensuring the formation of a closed oxide scale.  

2.6 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is one of the most common techniques used to analyze crystalline 

materials with regard to their crystalline phases, texture, stress and crystallite size. 

Diffraction can occur at any periodic structure in a solid. The simplest description of 

diffraction is Bragg´s Law, where an incident beam of wavelength λ is diffracted at two 

parallel planes with distance d under the angle θ: 

ϑλ sin2dn =          (Eq. 2.13) 

The factor n is the order of diffraction, which is n = 1 for commonly used experiments 

because the first order has the highest intensity. For diffraction in crystalline solids, Eq. 2.13 

is rewritten as: 

ϑλ sin2 hkld=          (Eq. 2.14) 

where dhkl denotes the distance between two parallel crystal planes of the Miller index (hkl). 

The formulas that link the inter-planar distance to the unit cell parameters can be found in 
28.  

2.6.1 Phase Analysis 

The peak position of a given reflection can be shifted due to lattice distortions caused by 

residual stress or solid solutions. The lattice distortion caused by a solid solution in a binary 

system can be described by Vegard´s Law: 

BBBAAB xaxaa +−= )1(         (Eq. 2.15) 

where aA, aB, aAB are the unit cell parameters for phase A, B and AB respectively, and xB is 

the atomic concentration of phase B in the binary system. Vegard´s Law can be applied to 

systems containing more than 2 constituents if only two of the constituents form a solid 
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solution, and the fact that other effects could be involved has to be kept in mind. Using Eq. 

2.15, it is possible to calculate the atomic concentration of the constituents from the peak 

shift. Vegard´s Law will only yield acceptable results for small concentrations, however, and 

higher concentration need to be described with more accurate functions.   

The peak intensities are strongly influenced by the sample texture, which is defined as the 

distribution of grain orientations in a polycrystal29. A pronounced texture will allow only 

reflections of specific crystallographic planes to be visible in a θ-2θ scan, while a less 

pronounced texture will reduce the intensities of certain reflections. This is due to the 

geometry of a θ -2θ scan, which assumes that the reflecting plane is always parallel to the 

surface of the sample. Bragg´s Law links the pathway difference of beams reflected at 

parallel planes to the interplanar distance and the angle of incidence. Through the variation 

of the angle of incidence in the θ-2θ geometry, the reflected intensity corresponds to the 

interplanar distance of the reflecting planes. A strong texture means that only certain 

crystallographic planes are parallel to the sample surface. 

2.6.2 Phase Analysis With Grazing Incidence 

Using the geometry of a θ-2θ diffractometer, the angle of incidence can be fixed and only 

the angle of the detector is varied. For small angles of incidence, this is called Grazing 

Incidence. The advantage is that the beam path through a thin layer is long when the beam 

hits the sample at a small angle, but declines as the angle of incidence increases. This is 

illustrated in figure 2.2. For example, if the x-ray beam passes a 10 nm Cr2O3 thick layer at ω 

= 1°, the effective beam path through the layer is 10 nm/ sin 1° = 578 nm  as compared to 

the path of 18 nm that it passes for the 33,597° reflection in the θ-2θ scan. Therefore the 

peak intensity is higher for the grazing incidence experiment. The variation of ω yields a 

qualitative indication of the layer thickness of the respective thin layer, because an increase 

in the angle of incidence will decrease the beam path and therefore the intensity. 

 

Figure 2.2: Beam path through a layer of 10 nm thickness 

ω 
10 nm 
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2.6.3 Texture Analysis 

To measure the texture, the sample is rotated on a goniometer through all three solid 

angles while a single peak is examined. In this way, a stereographic projection of the 

corresponding crystal phase is recorded. This projection approaches that of a single crystal 

for a strong texture, while showing an isotropic distribution of peak intensities if no texture 

is present.  

2.7 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a versatile and widely used technique to obtain high-

resolution images of a sample surface. Using magnetic coils, a finely focused electron beam 

is scanned across the sample, and the interaction of the beam with the sample gives rise to 

multiple signals that can be used to obtain structural and chemical information. Sample 

preparation for SEM is relatively simple and depends on the techniques used. A SEM 

consists of the electron source complete with cathode, Wehnelt cylinder and anode, the 

beam column that holds the lens system, the sample stage and one or more detectors.  

2.7.1 Electron Sources and Lens System 

Electron sources are equipped with a W filament, a LaB6 single crystal or field-emission gun, 

depending on the dedication of the microscope. W filaments are well suited to X-ray 

microanalysis and imaging at low magnifications, and their low lifetime and high energy 

spread are offset by their low cost. LaB6 sources have a longer lifetime and higher 

brightness, and are used where the significantly higher costs are justified by the improved 

resolution and imaging performance. For highest performance in terms of brightness, 

energy spread and source size, field-emission guns (FEGs) are the state-of-the-art in modern 

electron microscopy. The significantly better performance of the FEG as compared to the 

thermionic guns is due to the mechanism of electron emission. The cathode itself is a very 

sharp tip with a radius of curvature on the order of 100 nm. The sharpness of the tip 

increases the local electric field strength, which lowers the potential barrier to the vacuum 

(work function) and causes the barrier to become narrow enough to allow electrons to 

tunnel out of the material. The effective source size is on the order of 5 nm, and the 

brightness of FEGs is three orders of magnitude higher than that of W filaments. The 

considerable increase in brightness makes the FEG ideal to use in high-resolution imaging. A 
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good review of electron sources as well as their respective disadvantages, such as costs and 

vacuum requirements, can be found in the book by Goldstein et al30.  

To collect the electrons that are emitted in a broad cone from thermionic sources, a grid cap 

(also called Wehnelt cylinder) is used at a negative potential to the cathode. The electron 

beam is focused on its way to the anode and reaches a first crossover between grid cap and 

anode. The size of this crossover spot as well as the divergence angle to the anode is very 

important for the microscope’s performance. FEGs use a different setup of two anodes, the 

first of which produces the field that is responsible for electron emission and the second 

anode the acceleration voltage.  

The lens system consists of at least two magnetic lenses, the condenser lens that is closest 

to the electron gun and the objective lens close to the sample. Electrons passing through 

the magnetic field of the lens are forced onto a circular path around the lens axis by the 

radial component of the magnetic field, whereas the tangential field component causes the 

electron path to curve inward toward the lens axis. Therefore, electrons passing through a 

lens are not only focused but rotated around the optical axis as well. For this reason, 

changing the focal length of a lens causes the image to rotate, an effect that is compensated 

by the microscope electronics.  

To increase the achievable resolution of a SEM, a third lens can be immersed in between the 

objective and the condenser lens.  

2.7.2 Electron-Sample Interaction 

A focused beam of energetic electrons impinging on the sample surface causes a number of 

interaction processes to take place in the interaction volume. The size of the interaction 

volume is hard to quantify and depends on the acceleration voltage and the atomic number 

Z of the sample. The lateral extension of the interaction volume increases with the 

acceleration voltage and decreases with Z. Low-Z materials exhibit a pear-shaped interaction 

volume with a surface-region of low interaction probability, whereas the interaction volume 

in high-Z materials is rather hemispherical. For a quick assessment of the size of the 

interaction volume, Monte-Carlo simulations of the electron trajectories are used. A tilted 

incidence of the beam on the sample surface reduces the size of the interaction volume, 

because the probability for scattered electrons to leave the sample increases.  

Signals used for imaging are secondary electrons (SE) and back-scattered electrons (BSE), 

which are defined based on their kinetic energy. Back-scattered electrons are primary 
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electrons that loose energy within the sample by inelastic collisions, which alter the 

trajectories of the electrons enough to eject them from the sample again. Most BSE are 

detected at a considerable fraction of the primary beam energy (region I in figure 2.3 

(right)), whereas the BSE of lower energy show much less intensity (region II in figure 2.3 

(right)).   

 

Figure 2.3: Dependence of the back-scatter coefficient η on the atomic number Z (left) and a 

schematic representation of the energy distribution of electrons emitted from the sample 

(right)
30

. Region I and II are BSE, region III represents SE. 

In principle, the BSE signal has a poor lateral resolution because it can be created anywhere 

in the interaction volume. The back-scatter coefficient η scales approximately with Z3 (figure 

2.2 (left)), therefore BSE can be used to create a material contrast in the electron image30. 

The energy distribution of BSE for high-Z materials shows a narrow peak at a high fraction of 

the incident energy, which is broadened as the atomic number decreases. 

SE have a kinetic energy that is by definition smaller than 50 eV and they are emitted 

through inelastic collisions of primary or back-scattered electrons with sample atoms. The 

low energy of SE means that only electrons that are emitted close to the surface can escape 

into vacuum, whereas SE emitted deeper in the sample will loose their energy by inelastic 

collisions and have insufficient energy to overcome the surface barrier (work function). A 

low potential is used to attract SE to a detector (Everhart-Thornley-Detector) or a magnetic 

field to confine their trajectory and guide them to the detector (Through-the-Lens-

Detector). The attractive potential and the magnetic field, respectively, both act as electron 

guides. The trajectories of electrons that are not originally in the line-of-sight of the 

detector are modified by the field so that the electrons hit the detector, enhancing the 

detected signal. The emission of SE is very sensitive to surface features because an electron 
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emitted in a protrusion has more pathes available out of the sample than an electron 

emitted in a depression. Therefore SE are used to obtain a topography-contrast in the 

electron image. 

SE emitted by primary electrons (SE1) have the same lateral resolution as the primary beam 

and carry information about the surface morphology because of the shallow escape depth. 

SE can also be emitted by back-scattered electrons (SE2), which means they are emitted 

anywhere in the interaction volume and lack the spatial resolution of SE1. In general, the 

emission depth of SE is taken to be 5λ, where λ is the mean free path of the secondary 

electrons. Typical values for λ are 1 nm 

for metals and 10 nm for insulators. It 

is assumed that within this depth, the 

SE will retain enough energy upon 

reaching the surface to overcome the 

surface barrier. Figure 2.4 illustrates 

the emission processes of SE1 and SE2 

within the emission depth. 

 Figure 2.4: Schematic representation of the generation of SE1 and SE2 in the emission depth 

5λ 
30 

Low Z materials have a bigger contribution of SE1 to the total SE yield than high Z materials 

because of the dependence of electron scattering on the atomic number. Since SE1 are the 

electrons that carry the localized information associated with the area where the beam hits 

the sample, low-Z samples are suited for imaging with SE. Since high-Z samples have a 

higher probability to emit BSE at the site of beam incidence, imaging with BSE is well suited 

to high-Z materials.  

The contribution of SE2 to the SE signal decreases the signal-to-noise ratio, since SE2 carry 

less localized information. When the sample is a thin film, the interaction volume is very 

small and the emission of SE2 is reduced, so that the achievable resolution for SE images is 

improved while the signal-to-noise ratio is increased. 

Inelastic scattering of electrons traveling in the sample can cause the emission of a photon 

by excitation and subsequent relaxation of electronic states. The x-ray photons emitted 

during the relaxation are characteristic of the electronic structure of the emitting atom and 

can be used for chemical microanalysis in Energy Dispersive X-ray spectroscopy (EDX). The x-

ray energy corresponds to the energy difference of the excited state and the ground state in 
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the emitting atom: ΔE=hν (Bohr´s frequency condition). The signal depth for x-rays is 

significantly larger than that of electrons due to the lower absorption coefficient, reducing 

the achievable lateral resolution of the element-resolved image to the order of a few 

microns. 

2.7.3  Detectors 

The variety of different signals emitted from the interaction volume has caused multiple 

detector systems to be developed, each of which may be dedicated to a special use. The 

most popular detector is the Everhart-Thornley Detector (ETD), which converts electron into 

photons in a scintillator. The photons are conducted by a light guide to the amplifier system, 

where a photo-multiplier converts the photons back to electrons using the photoelectric 

effect, and enhances the signal via secondary emission as the electron strikes multiple 

electrodes. A Faraday cage around the scintillator in the SEM vacuum chamber can be held 

at a negative or a positive potential. A positive potential will be able to affect the 

trajectories of the low-energy secondary electrons, enhancing the contribution of SE to the 

signal (SE mode), whereas a negative potential will deflect the SE and lower their 

contribution to the signal (BSE mode). The back-scattered electrons have higher kinetic 

energies than the SE and the effect the potential of the Faraday cage has on them is far less 

pronounced, so the potential allows to switch between a signal that is dominated by SE or 

BSE. The principle is described by Everhart and Thornley31. 

In-lens detectors or “Through-the-Lens-Detectors” (TLD) are used to achieve a higher 

resolution and better signal-to-noise ratio. The secondary electrons emitted from the 

sample are guided back along the beam column to a detector that is positioned above the 

objective lens30. The magnetic field inside the objective lens is used as an electron guide, 

confining the SE with low energy inside the lens while the BSE with high energy are 

deflected and do not contribute to the image. To use the magnetic field in this way, a 

specific setup is required. The most common setup for SEM is a special lens called a Snorkel 

lens. The magnetic pole shoes of this lens are formed in such a way that they extend toward 

the sample surface and extend their magnetic field far enough to collect SE emitted from 

the sample surface.  

A Li-drifted Si-detector is used to detect x-ray photons over a spectral range of a few 

hundred eV up to several ten keV. The energetic photons entering the detector excite 

electrons from the valence band into the conduction band, creating electron-hole pairs that 

are separated by a voltage applied to the detector. The amount of electron hole pairs, and 
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therefore the current created in the detector, corresponds to the kinetic energy of the 

impinging particle, because the energy needed to create an electron hole pair is that of the 

band gap of the semiconductor. The energy resolution of such detectors is usually about 

130 eV.  

2.7.4 Energy Dispersive X-Ray Spectroscopy (EDX) 

One of the possible interaction processes that a primary electron can experience in the 

sample is an inelastic collision with an electron in an atomic orbit. When the energy transfer 

is sufficient to ionize the atom by removing the electron from its orbital, the atom will relax 

to a state of lower energy by an electronic transition from a higher orbital to the lower, 

vacant orbital. The energy difference between the two orbitals is released in the form of an 

x-ray photon and can be detected with a detector. Since the energy difference between 

atomic orbitals is characteristic for each element and follows Bohr´s frequency condition 

νhE =∆ , the photon energy can be used to identify the element. This technique is called 

Energy Dispersive X-Ray Spectroscopy (EDX or EDS). 

The electronic states in an atom can be described with a set of five quantum numbers: the 

principal quantum number n, the angular momentum quantum number l, magnetic 

quantum number ms, spin quantum number s and the total angular momentum quantum 

number j that arises from the spin-orbit coupling. Since a photon is a particle with an integer 

spin (s=1) and the electron transition is bound to follow angular momentum conservation, it 

is subject to a set of transition rules that describe the allowed transitions. For x-ray 

emission, these are32: 

Δl = 1 and Δj = 0,1 but not J = 0 ↔ J = 0. This means that the total angular momentum has 

to change.   

Since the biggest contribution to the photon energy is caused by a change in the principal 

quantum number, most observed transitions also have  Δn=1.  The notations use a capital 

letter to describe the shell in which the final state of the transition is located, for example a 

K if the final state has n=1, also called the K-shell. The transition is notated as Kα if it occurs 

from the L-shell (n=2) to the K-shell (n=1), it is notated as Kβ for M (n=3) to K (n=1). Figure 

2.5 shows a sketch of the energetic states of an atom, with the atom at its most energetic 

state after the removal of a K-electron. The atom can reduce its energy through the listed 

transition. 
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Figure 2.5: Schematic representation of the energetic 

states of an atom. EF denotes the Fermi-energy, and K, 

L, M and N denote the respective shells. The arrows 

show possible transitions that are important in EDX.
30

 

 

 

 

 

 

 

2.7.4.1 Analytical Electron Microscopy (AEM) 

EDX spectra inherently contain quantitative information about the chemical composition in 

the interaction volume since x-ray intensities are proportional to the amount of atoms 

present. This information is influenced by the transition probabilities of the emitting 

electronic states, as well as the effect of the interaction volume such as absorption and 

fluorescence. Absorption and fluorescence are called matrix-effects, since the emission 

characteristics of any one atom depend on the matrix of atoms surrounding it. Since 

absorption and fluorescence depend on the photon energy, they complicate the 

quantitative evaluation of EDX spectra. Using appropriate standards, it is possible to 

compensate for these effects in a way that makes quantitative evaluation of EDX spectra on 

bulk samples possible with a spatial resolution of about 1 µm30. This requires samples with a 

microstructure that is homogenous on the micrometer scale, because the spatial resolution 

is limited to that regime by the size of the interaction volume. The technique is appropriate 

for the analysis of many metals and alloys.  

A different approach to generate quantitative data is to use thin foils as samples and 

operate the electron microscope in transmission mode33. In a thin foil, the size of the 

interaction volume is determined by the foil thickness, the spot size and the beam energy. 

For high acceleration voltages, most primary electrons will pass the sample without 

scattering and the signal is drastically reduced in comparison to bulk samples, but the small 

interaction volume makes it possible to neglect the effects of fluorescence and absorption. 

In the thin film approximation, the intensity of a characteristic x-ray peak is, to a first 

approximation, only related to the amount of atoms in the probe volume. The intensity 
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ratio of two peaks can therefore be related to the ratio of the weight-fraction of the two 

corresponding elements: 

B

A
AB

B

A

I

I
k

C

C
=            (Eq. 3.16) 

with CA, CB: concentration of elements A and B; IA, IB: integral intensities of the characteristic 

x-ray peak of elements A, B;  and kAB: constant relating intensity ratio to weight-fraction 

ratio. The constraint that the sum of all concentrations must be equal to one is used to 

convert weight-fraction ratios into weight fractions: 

∑ = 1nC           (Eq. 2.17) 

The constant kAB is measured via EDX on reference samples of known composition and, if 

possible, equal film thickness.  

2.7.5 Scanning Transmission Electron Microscopy (STEM) 

Using samples with a thickness on the order of 100 nm, it is possible to image the electrons 

that are transmitted through the sample by placing a detector underneath it. Transmission 

Electron Microscopy (TEM) has higher requirements with regard to the sample than SEM 

and offers several imaging techniques that are not available in the latter. If the electron 

beam is scanned across the sample using magnetic coils, the technique is called Scanning 

TEM. STEM combines the spatial resolution of SEM with the high resolution and imaging 

techniques of TEM.  

The most commonly used imaging technique is Bright Field Imaging (BF). In BF, the primary 

electrons that pass the sample without any interaction and those that are scattered to small 

angles are detected. Assuming a uniform sample thickness, the BF contrast depends on the 

local variation of the scattering power and the absorption coefficient of the sample, which is 

mainly influenced by the atomic number of the local elements. Heavy elements will be seen 

as dark regions in the image because scattering and absorption are higher than for light 

elements.  Regions of reduced density will also appear with a high intensity. 

In Dark Field Imaging (DF), an aperture is used to block the primary electrons and center the 

detector on a diffraction spot in the TEM. In this way, only diffracted electrons contribute to 

the image. Since the mean free path of electrons depends on the atomic number of the 

elements present in the sample, the scattering probability is higher in regions of a high 

average atomic number. These regions will appear bright in the image, as long as the sample 
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thickness exceeds a threshold value below which there is insufficient material for notable 

diffraction to take place. This is important for samples that have a thickness gradient, since 

the regions of very low thickness will appear dark independent of the local elements. 

While the selection of Bright Field and Dark Field uses an aperture in a TEM, the setup is 

different when the transmission imaging is done in an SEM equipped with a transmission 

detector. In this case, all imaging techniques use a segmented detector as sketched in figure 

2.6. The circular inner segment is used for BF imaging, whereas a concentric ring around the 

BF segment is used for the DF image. In this case, DF imaging can be called Annular Dark 

Field (ADF) because the detector is centered on the microscope’s optical axis.  

Figure 2.6: Schematic drawing of the STEM 

detector used for this work. The central area is used 

for Bright Field (BF) Imaging, while the middle 

concentric ring is used for Dark Field (DF) and the 

outer ring for High Angle Annular Dark Field 

(HAADF) Imaging. The central cross indicates the 

optical axis of the microscope.  

 

High Angle Annular Dark Field (HAADF) imaging uses segments of the detector that are even 

further removed from the microscope’s optical axis. Whereas the signal in DF is created by 

elastically scattered electrons (also called Bragg-scattered), HAADF utilizes inelastically 

scattered electrons for image formation. The scattering power scales roughly with Z2 and is 

not related to crystallinity, therefore HAADF is well suited for Z-contrast imaging. 

2.8 Oxidation Experiments  

Monitoring the mass change of a sample that is exposed to a defined heat treatment is 

called Thermogravimetric Analysis (TGA). The mass is recorded by an integrated balance 

system that is usually located outside the sample chamber, so that the balance will not be 

influenced by temperature changes. The balance setup can use either springs or bars to 

record the sample mass, while the sample can either be suspended from above or held from 

below. Recording the mass change of an oxidation over time allows the calculation of 

oxidation rates and can yield information about the oxidation mechanism, as described in 20. 

Linking mass changes to oxidation rates can only be done when other processes that would 

cause the mass to change can be excluded. Such processes would be evaporation, chemical 

reactions other than oxidation, flaking of the oxide or even the loss of film due to thermally 

BF 

DF 
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induced stress at the film-substrate interface, where the former three processes can occur 

during oxidation. Whereas evaporation will induce an error into the measurement that is 

very small in the special case of good passivation behavior, flaking can produce misleading 

artifacts.  

TGA experiments usually involve monitoring the sample behavior over a period of time with 

a defined heating rate in reactive atmosphere to investigate the reaction of the sample to 

the changing temperature. To conduct oxidation experiments, isothermal conditions are 

more suited since the influence of oxidation time and temperature can be separated. The 

heating process takes place under inert gas to prevent premature reactions with process gas 

and the oxidation is conducted at isothermal conditions. 
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2.9 Rutherford Backscattering Spectroscopy (RBS) 

The scattering that is caused by Coulomb repulsion between a charged particle and the 

nucleus of an atom is called Rutherford scattering, an effect that is used to analyze the 

chemical composition of thin films34. Given a particle of a known mass M1 and energy E0, a 

nucleus of a known mass M2 and a scattering angle θ, the energy of the particle after the 

collision can be calculated by means of classical mechanics. The kinematic factor KM relates 

the scattered and incident energy of the projectile: 

01 EKE M⋅=           (Eq. 2.18) 
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with M1, E0: mass and energy of the incident ion, M2: mass of the scattering nucleus, θ: 

scattering angle. For a fixed scattering angle, known mass and energy of the projectile, KM 

depends on the mass of the scattering nucleus only. Therefore, nuclei of different mass will 

cause projectiles scattered under the same angle to have different energies, an effect which 

is used in RBS to analyze the composition of thin films. While eq. 2.18 allows the calculation 

of the energy of scattered projectiles, this energy will only be found in projectiles that are 

scattered at the first atomic layers of the sample. As highly energetic particles with a low 

mass can have a penetration depth on the order of µm, projectiles scattered deeper in the 

film will suffer from energy losses by scattering on their way into the film and back to the 

surface. The Rutherford differential scattering cross-section dσ/dΩ, which is used to 

describe the probability of a scattering event, is inversely proportional the square of the 

projectile energy34: 

2−∝
Ω

E
d

dσ
          (Eq. 2.20) 

This means that particles that lose energy on their way 

into the sample have a higher scattering probability. 

Figure 2.7 sketches the broadening of the signal of each 

element with increasing film thickness, and the increase 

of intensity higher for lower energies. Surface roughness 

can further influence the shape of the spectrum. 

Figure 2.7: Signal broadening in RBS 

Intensity 

Energy 
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3 EXPERIMENTAL SECTION 

3.1 Sample Preparation 

Samples for oxidation are prepared on circular SiO2 glass disks and square Al2O3 substrates 

by sputter deposition in a low-pressure PVD process. The glass disks have a diameter of 20.0 

mm and a surface area of 3.14 cm²; the sapphire substrates have an edge length of 20.0 mm 

and a surface area of 4.0 cm². The thickness of all samples is 1.0 mm. All substrates are 

cleaned by ultrasonication in isopropanol for several minutes, then dried with a piece of 

cloth and weighed. In the deposition chamber, all samples are plasma-etched in argon 

plasma excited by radiofrequency waves. The deposition begins immediately after the 

etching process finishes.  

After film deposition, all samples are weighed again and the weight difference is used to 

calculate a theoretical film thickness using an assumed density close to the bulk density of 

tungsten (ca. 14 – 16 g/cm3). The formula used is: 

ρ⋅

∆
=

A

m
d            (Eq. 3.1) 

with d: film thickness, Δm: mass difference, A: surface area of the sample and ρ: density. 

Since the sides of the samples are covered as well, the surface area is modified by a 

contribution that corresponds to half the area of the samples´ side. The factor 0.5 is 

empirical and takes the reduced layer thickness on the sides into account.   

Using a strip of tape, a step is prepared on one sample of each deposition. Step-height data 

is obtained from this sample by profilometry and used to correct the density data, which 

yields first information about the film. All deposited films have a target film thickness of 4 

µm. A gas flow of 60 sccm Ar was used, resulting in a process pressure of 3.7 10-3 mbar.  

3.2 RBS 

The experiments are done at a tandem accelerator, using 4He+ ions as the projectile at an 

energy of 2 MeV with a scattering angle of θ = 165° and collecting a total charge of 50 µC. 

The measured spectra are evaluated using the SIMNRA program written by Matej Mayer at 

the IPP35. This program simulates spectra depending on the elemental concentrations, film 

thickness, total amount of projectiles and geometrical setup of the experiment, as well as 

surface roughness and various other parameters. The achievable accuracy of the RBS 



3 EXPERIMENTAL SECTION 29 

measurement is + 1 at-% under optimal experimental conditions. The simulated spectra can 

be matched to the measured data with the parameters mentioned above. Employing this 

technique to analyze the composition of the as-deposited samples has the drawback that it 

can not be used on the samples made for oxidation because the film is too thick and the 

surface roughness too high. Instead, a specific sample with a film thickness of about 100 nm 

is deposited on a polished C substrate. While this is necessary to be able to use RBS, the 

deposition process is much shorter and the substrate offers a different growth environment 

for the film. 

3.3 Oxidation 

The oxidation experiments are carried out in a thermobalance (Kahn 100) in which the 

sample is held in a small cradle that is attached to the balance system via a thin platinum 

wire. After inserting the sample into the holder, the mass is set to zero. The measured curve 

then corresponds to the mass change during oxidation. The heating rate is held at values 

between 10 K min-1 and 30 K min-1 to allow relaxation of residual stress in the film and to 

avoid flaking of the film due to thermally induced stress. The atmosphere in the chamber is 

pure argon at environmental pressure during the heating interval, and oxygen is induced in 

a 1:4 (O/Ar) ratio for a defined period of time after the target temperature is reached. The 

period during which oxygen is flowing is called oxidation time, while the annealing time 

denotes the total amount of time the sample spends at the designated temperature. Table 

3.1 summarizes the oxidation and annealing times for the temperatures used. 

Temperature Oxidation time Annealing time 

600 48 50 
800 4 8 

1000 1 4 
Table 3.1: Oxidation and annealing times for the respective temperatures 

The mass increase vs. time is recorded and oxidation rates are calculated from linear fits to 

regions of the mass increase with a similar slope. Due to the considerable noise that is 

induced by the balance system, the statistical error on the oxidation rates is comparatively 

high. 

3.4 X-Ray Diffraction  

The diffractometer employed for this work uses Cu radiation with a wavelength of λ = 

1.540598 Å (Cu-Kα) with a choice of several filters and a θ-2θ geometry. Phase analysis is 



3 EXPERIMENTAL SECTION 30 

done using the RayfleX software (GE Inspection Technologies GmbH) that utilizes a Powder 

Diffraction File (PDF 2000) database to compare measured diffraction patterns with 

references.  

θ-2θ scans are performed for phase analysis, with a step width ranging from 0.05° to 0.1° 

and θ values between 10° and 140°, depending on the phases analyzed. The position of the 

radiation source is fixed.  

Texture maps are recorded by rotating the sample around its normal axis at fixed reflection 

angles and tilting the sample simultaneously. One complete rotation is recorded for each tilt 

angle and the resulting map is given in a stereographic projection.  

3.5 Electron Microscopy 

Cross-sections are prepared by metallurgical methods and analyzed with a Bosch ESEM at 

acceleration voltages up to 30 kV. The ESEM is equipped with an Everhart-Thornley detector 

and an EDX spectrometer. In the “environmental mode”, a low partial pressure of water is 

injected into the sample chamber. The water molecules are ionized by the electron beam 

and form a conductive region between the sample and the electron lens, which avoids the 

charging of non-conductive samples. This enables the imaging of such samples without a 

surface coating. 

Cross-sections and lamellae were prepared using a FEI Helios NanoLab DualBeam system, 

equipped with an ion beam column, an immersion lens system for high-resolution SEM, 

Everhart-Thornley detector and Through Lens Detector (TLD), a manipulator system to 

handle samples on the nanometer scale and an EDX detector for chemical analysis. For the 

transmission analysis, a Scanning Transmission Electron Microscopy (STEM) detector with 

Bright Field (BF) and Dark Field (DF) modes as well as a High Angle Annular Dark Field 

(HAADF) detector are used.  
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4 RESULTS & DISCUSSION 

4.1 Sample Composition  

Six alloys of different compositions have been deposited via magnetron sputtering to screen 

the systems for the best passivation behavior. The composition of each sample is listed in 

Table 9.1 in the appendix, including the nominal composition and the composition as 

established by RBS analysis. The sample designations are derived from their compositions: 

the integer behind each alloying element gives the respective concentration in wt-%.  

The deposition rates of each element used in the deposition process are monitored in a 

separate experiment by relating the film thickness measured by profilometry to deposition 

time and magnetron power. These initial deposition rates are the starting point for the 

calculation of the power and deposition time needed for the co-deposition of the alloy 

samples. However, simultaneous deposition of multiple elements strongly influences the 

deposition rate by changing the sticking coefficient and the amount of resputtering. The 

sticking coefficient is defined as the amount of atoms that are incorporated into the film 

divided by the amount of atoms that hit the surface, which depends on the type of 

substrate used in the process. It is observed that the deposition rates measured for Y during 

a deposition using only Y differ by more than a factor of 2 from a deposition with W, Y, Cr 

and Si (see Table 9.1). A similar observation is made concerning the deposition rates of Si, 

while the deposition rates of Cr during the co-deposition are well matched to those 

measured during the calibration.  

Element 
Crystal 

Structure 
Space 
Group Lattice Parameters Source Remarks 

   Angström   

   a c   

W cubic Im3m 3.1648  36 PDF 4-806 

W cubic Pm3n 5.05  36 PDF 47-1319 

Cr cubic Im3m 2.8839  36 PDF 6-694 

Zr hex P63/mmc 3.231 5.148 37 up to 1140 K 

Zr cubic Im
_

3 m 3.616  38 above 1140 K 

Y hex P63/mmc 3.6451 5.7305 39 up to 1728 K 

Y cubic Im
_

3 m 5.83  40 above 1728 K 

Si cubic Fd

_

3 mS 5.43065  41  
Table 4.1: Structural parameters of the elements used in this work 
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This behavior can be partially explained by the respective crystal structures of the elements. 

Table 4.1 lists the structural information about the elements used in the deposition process. 

For low concentrations of Y or Zr, the tungsten atoms form a cubic body-centered lattice 

known as α-W, as shown by the diffraction pattern of a WSi4Cr8Y3 in figure 4.2. Compared 

to the red lines in the pattern that mark the peak positions of the W lattice, the film shows 

one distorted phase with a slightly lower lattice parameter which shifts the peaks to higher 

angles, and also a small reflection that is shifted to a lower angle. Due to the high texture of 

the film, this small peak is only clearly visible for the W (200) reflection, and cannot be 

explained satisfactorily with the collected data. 
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Figure 4.2: Diffraction pattern of an as-deposited sample of the WSi4Cr8Y3 alloy 

Cr is incorporated into the lattice as it has the same space group and a similar lattice 

parameter, forming a solid solution that distorts the W-lattice. Although the equilibrium 

solubility of Cr in W is low near room temperature (2*10-6 at 301 K, see table 9.4), the non-

equilibrium character of the sputter-deposition process enables the formation of a 

supersatured Cr-W solid solution. Evidence for this is found in the diffraction pattern, which 

shows only a distorted W phase. The formation of a metastable single-phase structure 

through co-deposition in a magnetron device was also found by Hoffmann et al.42
.  
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In thermodynamic equilibrium, Si and W form a solid solution with a very low solubility and 

Si3W5 on the W-rich side of the binary Si-W phase diagram (figure 9.3). The diffraction 

pattern shows no reflections of Si3W5, therefore the crystallization of that phase is clearly 

suppressed during the sputter deposition. The diffraction patterns of samples in the as-

deposited state contain no reflections of a Si-containing phase.  

The phase diagram W-Y as given by Pandian et al.43 is based on limited experimental data, 

but the solubility of Y in the W lattice is negligibly small. W and Y form no intermetallic 

compounds and are completely insoluble in each other, therefore an incorporation of Y on 

regular lattice sites of the W lattice is highly unlikely. 

Zr has a maximum solubility in W of 3.5 at-% at 2210 °C, while the solubility values are very 

small for lower temperatures. At this temperature, Zr has a cubic crystal structure, therefore 

the solubility is probably different from that at temperatures below the transition 

temperature (1140 K). Low concentrations of Zr are more likely to be incorporated into a W 

lattice, but the solubility is very low.  
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Figure 4.3: Diffraction pattern of an as-deposited sample of the WSi3Cr10Zr5 alloy 

For higher concentrations of Y and Zr, the influence of the fourth element on the crystal 

structure of the alloys becomes more pronounced. The crystallinity of the films is decreased 

and a different crystal structure is formed. The diffraction pattern shown in figure 4.3 
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indicates the presence of β-W, a metastable modification of tungsten that has been shown 

to crystallize during sputter deposition of tungsten alloys, for example by Kondo44. The β-W 

structure shows very broad peaks, indicating small crystallites in the film.  

The phase transformation between β- and α-tungsten is reported to be irreversible, which 

explains why the phase was not observed in any sample after heat treatment. Kondo 

observed that β-W crystallizes with increasing concentrations of the relevant alloying 

element, while the crystallite size decreases. Formation of the metastable tungsten 

modification has been found in previous work on self-passivating WSiCr alloys12, 9, in films 

that showed a significantly higher Si concentration than in the films analyzed in this work. 

Combining the literature with results of this study, a tendency of the W lattice to go from α 

→ β → amorphous with increasing concentrations of elements that cannot be incorporated 

into the lattice becomes apparent.  

4.1.1 Alloy Compositions via RBS  

Before each RBS experiment, an energy calibration of the detector is done using the five 

elements C, Al, Co, Rh and Au (Z = 6, 13, 27, 45, 79, respectively). The energy of ions 

scattered at these elements is known from calculation, so the energy channels of the 

detector can be linked to energy values.  
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The calibration shown is done using the experimental setup described in 3.2. The linear 

equation in the upper-left corner converts the channels into energy and is an input 

parameter for the SIMNRA program used to simulate the spectrum.  

Figure 4.5 shows the RBS spectrum of the WSi4Cr8Zr6 alloy taken under the conditions 

listed in chapter 3.2. The red line shows the measured data points, the blue line is the 

simulated spectrum. The peaks of the low-Z elements are well separated and can be easily 

evaluated, where the peaks for Zr appears as a small step merged with the much larger W 

peak. The slope of the curve where the Zr peak merges with the W peak is a result of the 

samples surface roughness. The W peak shows a slope due to the higher intensity at the low 

energy edge, according to the dependence of the scattering cross-section on the energy of 

the particle as discussed in 2.9. The peak width is directly related to the film thickness. The 

signal of lowest energy that has a broad and ramp-shaped peak up to about 400 keV is 

caused by the C substrate, which is used for the reason that its signal does not interfere 

with those from the sample itself.  
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Figure 4.5: RBS spectrum of the WSi4Cr8Zr6 alloy (red) and simulated curve (blue) 
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Si

W-Cr

Zr-Cr

Y-Cr

Si-Cr

O-Cr

Table 4.6 lists the compositions that were 

calculated on the basis of elemental 

deposition rates - “nominal composition” - 

and the composition as found by RBS. The 

digit behind each element represents the 

weight-percentage of the element in the 

alloy, rounded to an integer number. The 

detailed compositions as well as the 

deposition parameters are listed in figure 9.1 

in the appendix. As mentioned above, the amount of Y and Si detected by RBS is in some 

cases lower than the desired value by more than a factor of 2, while Cr and Zr generally 

show a good agreement with the nominal composition. Deviations of 1% or less can be 

attributed to the accuracy of the RBS analysis.  

4.1.2 AEM Calibration by RBS 

In order to perform Analytical Electron Microscopy (AEM), a standard of known composition 

is needed to establish the coefficient that links the peak intensities to the weight-ratio in Eq. 

2.16. The calibration samples are deposited as multiple layers on a Si substrate, each layer 

consisting of a different combination of elements.  

Figure 4.7: AEM-standard multilayers deposited by 

magnetron sputtering. 

The thickness of each layer is on the order of 1 µm 

(figure 4.7). A thin lamella is prepared via a focused 

ion beam by etching material to leave a free-

standing lamella. The lamella is attached to a nano-

manipulator and cut free, thinned and polished 

with the ion beam until the lamella begins to bend 

due to residual stress and charging. At this point, a 

cut is made at a low angle over the tip of the 

lamella, resulting in a sample thickness of 

approximately 30 nm at the edge. Figure 4.7 is a 

SEM micrograph that shows an overview over the 

thinned lamella. The layers are marked with their 

respective constituents and the integers mark the 

Nominal 
composition 

Composition from 
RBS 

W Si6 Cr10 Y4 W Si4 Cr10 Y1 

W Si6 Cr8 Y6 W Si4 Cr8 Y3 

W Si8 Cr4 Y10 W Si5 Cr5 Y5 

W Si6 Cr10 Zr4 W Si3 Cr10 Zr5 

W Si6 Cr8 Zr6 W Si4 Cr8 Zr6 

W Si8 Cr4 Zr10 W Si5 Cr4 Zr14 

Table 4.6: Sample composition by RBS 

1 µm 
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location of the EDX scan that was used to calibrate the peak heights of the constituent 

elements against their weight percentage in the layer. The light lines perpendicular to the 

layer stacking are an artifact created during the preparation by the Ga ions thinning the 

lamella. 

The geometry of the AEM calibration sample is similar to that of the alloy sample and not 

suited for RBS analysis. Therefore, one sample of each binary combination is prepared - with 

the same deposition parameters - on a C substrate with a film thickness close to 100 nm and 

is used to determine the composition of each layer. Table 4.7 lists the compositions as 

determined by RBS as well as the constant connecting the intensity ratios to weight ratios, 

kXCr, calculated according to equation 2.16. The Zr-Cr sample shows traces of W, which is 

probably resputtered from the chamber walls and incorporated into the sample, and oxygen 

contamination. The other references show no contamination. 

Sample Element Atomic-% Weight-% kXCR 

W-Cr W 20.3 47.4 3.36 
 Cr 79.7 52.6  

Zr-Cr Zr 30.6 44.5 1.1625 
 Cr 65.0 53.9  
 W 0.2 0.5  
 O 1.1 1.1  

Si-Cr Si 82.2 91.6 0.561 
 Cr 14.0 8.4  

O-Cr O 45.0 79.9 0.704 
 Cr 55.0 20.1  

Table 4.7: Composition of the AEM references and the corresponding k values 

In the literature, Si is used as the reference element. Since the x-ray energies of the Si-Kα 

line (1.74 keV) and the W-Mα line (1.775 keV) are nearly indistinguishable in EDX because of 

the limited detector energy resolution (~130 eV), Cr is used here as the reference element. 

Table 4.8 shows the x-ray lines of the elements that are used for the calculations. In addition 

to the overlap of Si and W, the Cr-L lines are flanking the O-Kα line (0.510 keV and 0.573 

keV).  

 

 

 

 

 

Element Line Energy (keV) 

Cr Kα1 5.415 
W Lα1 8.398 
Si Kα1 1.740 
Zr Lα1 2.042 
O Kα1 0.525 

Table 4.8: X-ray energies 
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4.2 Oxidation Results 

The screening tests confirm earlier studies that Cr is the main element that forms a 

passivating oxide layer at the metal-gas interface. The mass vs. time signal of the 

thermobalance is used to gain insight into the oxidation mechanism, to compare the 

passivation performance of the alloys, and to extract information about the temperature 

dependence of the oxidation rate. The oxidation furnace is continuously purged with Ar gas 

during the heating interval and after the oxidation, while a mixture of Ar and O2 is 

introduced into the chamber for the oxidation time. The temperature dependence of the 

buoyancy of the gas causes the mass signal to increase with rising temperature without any 

real mass gain of the sample. Therefore, only isothermal measurements are performed. 

Introducing oxygen into the chamber also changes the buoyancy, but the influence on the 

mass signal is the same for every sample.  

The alloy WSi4Cr8Zr6 will not be discussed in the following chapter, because the oxidation 

tests were done under a N2 atmosphere instead of Ar. Under N2, the sample weight 

increased even in the absence of O2, but the weight gain could not be satisfactorily linked to 

nitride formation. It is likely that the N2 atmosphere contained traces of O2, therefore later 

experiments were done under Ar. 

4.2.1 Screening Results 

The WSi5Cr4Zr14 and WSi5Cr5Y5 did not stand up to the corrosive environment of a high-

temperature oxidizing atmosphere. The Cr concentration seems to be too low to form a 

closed oxide-scale, and catastrophic oxidation as well as the film flaking of the substrate can 

be observed. Figure 4.10 shows the mass-vs.-time plot of the only sample out of six that 

were tested for these two alloys that was still intact after the experiment. The black line 

represents the mass signal as it is measured, while the red line is the square of the black 

line. Given a parabolic oxidation behavior, the slope of a linear fit of the squared data yields 

the rate constant according to the parabolic rate law (equation 2.12). The light blue arrows 

indicate the start and stop of the oxygen flow. The blue and green lines are the linear fits to 

the curve, each in a region that shows a specific slope. The mass continues to increase even 

after the oxygen flow stops, because the residual oxygen in the chamber is used up.  
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Figure 4.10: Mass-vs.-time plot of WSi5Cr4Zr14 oxidized for 1h at 1000°C 

The red curve has two regions with a different slope, indicating a change of the rate 

constant in the course of the experiment. The time interval during which the slower mass 

gain is observed is named region 1, the other region 2. Region 1 can be connected to the 

initial formation of an oxide layer that slows further oxidation, but the oxidation speeds up 

as another process becomes dominant. This can be related to the formation of a W-oxide 

phase, which has been shown to be a very fast process5. It will be shown later that for alloys 

exhibiting good passivation behaviour, region 2 has a lower rate constant than region 1. 

The two alloys with a moderate Cr concentration, WSi4Cr8Y3 and WSi4Cr8Zr6, exhibit good 

passivation behaviour, mechanical stability and good scale adherence during the oxidation 

experiments. The oxidation shows a parabolic behaviour with rate constants that are 

significantly lower than those of the Cr-poor alloys, as shown in table 9.5. Figure 4.11 is the 

mass-vs.-time plot of WSi4Cr8Y3, oxidized for one hour at a temperature of 1000°C. Two 

regions with a different rate constant are identified. The mass gain is considerably smaller 

compared to that of the WSi5Cr4Zr14 alloy, and the region 2 has a smaller rate constant 

than region 1.  
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Figure 4.11: Mass-vs.-time plot of WSi4Cr8Y3 oxidized for 1h at 1000°C 
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Figure 4.12: Mass-vs.-time plot of WSi3Cr10Zr5 oxidized for 1h at 1000°C 
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The Cr-rich alloys WSi3Cr10Zr5 and WSi4Cr10Y1 show the best oxidation performance in 

terms of rate constants, scale adhesion and mass gain. The films do not flake from the 

substrate and no catastrophic oxidation is observed. The rate constants of these Cr-rich 

alloys are smaller compared to those of the alloys with a moderate amount of Cr, but the 

order of magnitude of these is much lower than that of the Cr-poor alloys. It seems that 

both the alloys with moderate and high Cr concentration have enough Cr to form a closed 

oxide scale.  

 

Table 4.13: Comparison of oxidation 

rate constants at 1000°C. The average 

deviation of the measured curve from 

the linear fit (standard error) is 

usually one order of magnitude 

smaller than the rate constant. 

 

A comparison of the rate constants of the three alloys is given in table 4.13. The relatively 

large standard error that is caused by the noise of the mass signal is amplified as the signal 

is squared to allow the calculation of the rate constants. All rate constants are summarized 

in table 9.5. 

The behaviour described for 1000°C generally holds for 800°C, showing two clearly 

distinguishable rate constants with kp,1 > kp,2.  A clear trend can be seen that the passivation 

performance improves with increasing Cr concentration, which corresponds to the initial 

expectations. At 600°C, however, the oxidation behavior of the Cr-rich alloys differs from 

that at higher temperatures. The mass gain still shows a parabolic behaviour, but the rate 

constant does not change during the oxidation process. The rate constant is sufficiently 

small that oxidation times of over 48 hours are used to monitor the systems behaviour. 

Figure 4.13 shows the mass-vs.-time plot of WSi6Cr10Y1 oxidized at 600°C for 50 hours.  

 

Alloy kp (mg
2
/cm

4
s) Cr content 

 Region 1 Region 2  

WSi5Cr4Zr14 2.75∙10-4 5.98∙10-4 poor 

standard error 1.40∙10
-5

 1.58∙10
-5

 4 wt-% 

WSi4Cr8Y3 8.04∙10-5 1.48∙10-5 moderate 

standard error 5.32∙10
-6

 7.18∙10
-6

 8 wt-% 

WSi3Cr10Zr5 3.92∙10-5 4.59∙10-5 Rich 

standard error 4.82∙10
-6

 1.06∙10
-6

 10 wt-% 
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Figure 4.13: Mass-vs.-time plot of WSi4Cr10Y1 oxidized for 50 hours at 600°C 

The rate constant that can be extracted from the squared curve has a value of kp = 1,89∙10-8 

+ 3,81∙10-9 mg2/cm4s. It is not immediately clear whether the rate constant corresponds to 

region 1 or region 2 of the higher temperatures, or if the process governing this rate 

constant is entirely different.  

Since this is close to the anticipated operation temperature of the main chamber wall in a 

fusion reactor, valuable information can also be gained about the thermodynamic stability 

of the alloys from the temperature treatment alone. Oxidation would not be a problem in a 

fusion reactor since it is a vacuum vessel, but the crystal structure of the alloys can be 

assumed to be thermodynamically stable at the operation temperature. 

After screening the passivation behaviour of the six investigated alloys, it is readily apparent 

that the lowest rate constants and therefore the best performances are associated with the 

Cr-rich systems. Since not only the rate constants, but also the film integrity is an important 

factor for the passivation performance, WSi3Cr10Zr5 is chosen as the alloy that is 

investigated in greater detail. In the following sections, the discussion will focus on the 

mechanistic details of the passivation processes obtained for WSi3Cr10Zr5. Comparisons to 

other alloys will be given and general trends will be illustrated.  
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4.2.2 Oxidation Mechanisms 

The change of the rate constant during the oxidation means that the rate-limiting step of 

each reaction is a different one. Since parabolic oxidation behaviour is usually found in 

systems that are diffusion-controlled, the process that determines the overall rate constant 

is the diffusion of one atomic species. For example, the process could be governed by the 

diffusion of species A in region 1, but is then governed by the diffusion of species B in region 

2. “Region” denotes a period of mass increase with no change in the slope, as used above. If 

species B has a lower diffusion coefficient, the rate constant in region 2 is lower than that in 

region 1.  
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Figure 4.14: Arrhenius plot of the rate constants in region 1 

Another possibility is the formation of a second oxide phase. In this case, the diffusing 

species is always A, but with the formation of a second oxide layer in which the diffusion 

coefficient of species A is lower, the rate limiting step changes and the oxidation rate is 

lowered. A combination of those two cases is also possible.  

Figure 4.14 shows a logarithmic plot of the rate constants in region 1 vs 1000/T (Arrhenius 

plot) of the three alloys WSi3Cr10Zr5, WSi4Cr10Y1 and WSi4Cr8Y3. The rate constants of all 

three alloys show the same deviation from a straight line, forming a curved line instead. The 

consistency of this behaviour for all three alloys indicates that different processes are at 
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work at different temperatures. To get an idea of the order of magnitude of the activation 

energy involved, linear fits are placed through the three data points. Since the rate constant 

depends on a thermally activated process, it can be written as: 

( ) 







−=

Tk

E
kTk

B

Aexp0  

This can be converted to: 

Tk

E
kk

B

A−= 0ln)ln(  

The slope a of the line in the Arrhenius plot corresponds to the activation energy EA: 

2303⋅
−=

R

E
a A  in kJ/mol or e

k

E
a

B

A ⋅
⋅

−=
2303

 in eV. 

The factor 2303 is the conversion of the natural logarithm ln to the common logarithm lg, 

combined with a factor of 1000 for the temperature scale of the Arrhenius plot, which is in 

1000/T.  

The activation energies calculated are in good agreement with activation energies for Cr 

diffusion in Cr oxide given by Chen and Lu45, which range from 98 kJ/mol to 225 kJ/mol, 

depending on the literature reference and the specific conditions used, respectively. The x-

ray diffraction and SEM investigations discussed later will also support the fact that Cr is the 

main diffusing species.  

The fact that the data points do not lie on a straight line indicates that the calculated 

activation energies are not representative of a single process that predominates at all three 

temperatures. It is likely that at least one rate constant is based on a different physical or 

chemical process than the other two. It is even possible that the rate constants of all three 

temperatures are based on different processes. A similar pattern is observed for the rate 

constants of region 2, shown in figure 4.15. Activation energies calculated from the slope of 

the linear fits show a similar order of magnitude as those calculated for region 1. A 

comparison shows lower activation energies for region 2 than for region 1, but the since the 

differences are within the standard deviation, no conclusion about the underlying physical 

processes can be drawn.  



4 RESULTS & DISCUSSION 45 

0,8 0,9 1,0 1,1 1,2

10
-8

10
-7

10
-6

10
-5

10
-4

E
a
 = 0,99 + 0,44 eV = 95,5 + 42,3 kJ/mol

 WSi6Cr10Y4

 Linear Fit 

 WSi6Cr10Zr4

 Linear Fit

 WSi6Cr8Y6

 Linear Fit

 

 

E
A
 = 0,97 + 0,33 eV = 93,2 + 31,8 kJ/mol

E
A
 = 1,77 + 0,19 eV = 170,2 + 18,2 kJ/mol

k
P
 o

f 
re

g
io

n
 2

 (
m

g
2
/c

m
4
s)

1000/T (K
-1

)

Figure 4.15: Arrhenius plot of the rate constants in region 2 

Since the collected data yields no information about the physical or chemical processes 

behind each rate constant, further interpolation between two of the three rate constants 

for each alloy is not considered. There are not enough data points to allow further analysis 

at this point. 

Earlier works on binary and ternary systems utilize a linear rate law to describe the 

oxidation behavior based on the available data. Quaternary tungsten alloys show a parabolic 

oxidation behaviour, but for comparison to binary and ternary systems, linear oxidation 

rates are calculated with a linear fit directly to the measured signal (and not the squared 

data). Figure 4.16 shows a comparison of linear rate constants between a binary, a ternary 

and two quaternary alloys. It should be noted that these linear rate constants describe the 

overall passivation performance of the system and yield no information about the individual 

process steps.  

The passivation performance of the quaternary alloys investigated in earlier work 

(WSi14Cr15Al4) is slightly better than that of WSi3Cr10Zr5, but not significantly when taking 

into account the standard deviation on the rate constants. A look at the atomic 

concentration of W, however, reveals that WSi3Cr10Zr5 contains 56.7 at-% W while 

WSi14Cr15Al4 contains only 27 at-% W. As a consequence, the oxidation rates of 
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WSi14Cr15Al4 are lower because most of the constituent atoms form a passivating oxide. 

With Al in the system, the formation of Al2O3 in addition to Cr2O3 is possible. The presence 

of Al is unfavourable for the application of this alloy in fusion devices, because of the long 

half-life of some Al isotopes produced by transmutation reactions. In addition, the low W 

content will increase the sputter coefficient in H plasmas, which is favourably low for W.  
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Figure 4.16: Comparison of binary, ternary and quaternary alloys (linear rate constants)  

The passivation performance of the ternary alloy WSi9Cr13 is comparable to that of 

WSi3Cr10Zr5, but again the actual W content is lower in the ternary alloy. With a larger 

content of alloying elements that form passivating oxides, the rate constants will decrease 

because less W is oxidized. The same observations hold for the binary alloy WSi29. 

The fact that the W content in WSi3Cr10Zr5 is high compared to the other alloys shown in 

figure 4.16 while exhibiting similar or lower rate constants, shows the superior passivation 

performance of this alloy. A high W content will be very important for the applicability as 

first wall material in fusion devices.  
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4.3 XRD 

4.3.1 Initial Considerations: Texture and Phase Content 

X-ray diffraction is used to analyze the phase composition of as-deposited and oxidized 

samples. As can be seen in figures 4.2 and 4.3, samples containing up to 4 at-% of the fourth 

alloying element (Y or Zr) crystallize in the α-W lattice, while samples containing more than 

4-at% crystallize in the β-W lattice. It should be noted that the sample named WSi4Cr8Y3 

contains an actual amount of 2.5 wt-% Y (3.6 at-%), as measured via RBS. The alloy with 

higher Y-content, WSi5Cr5Y5, contains 6.3 at-% Y and crystallizes in the β-W phase. Earlier 

work12 shows that a Si content of 40 at-% causes W to crystallizes in the β-phase, but the Si 

content in all alloys is much lower (< 23 at-%). In addition, all alloys containing Zr crystallize 

in the β-phase, independent of the Si concentration. Therefore, the concentration of Y or Zr 

is the factor that determines whether the sample crystallizes in the α- or β-W lattice. 

The β-W crystallites can still be seen in the diffraction pattern after 24 hours of oxidation at 

600°C, shown in figure 4.17 for WSi4Cr8Zr6. The comparison of the as-deposited sample 

(red) to the oxidized sample (black) clearly shows the presence of both tungsten phases 

after oxidation.  
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Figure 4.17: Diffraction pattern of the alloy WSi4Cr8Zr6 after oxidation at 600°C for 24 h 
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The Cr2O3 peaks at low angles confirm the presence of an oxide phase, the only one that can 

be found at that temperature. Figure 4.17 illustrates two issues which make phase analysis 

difficult for all samples oxidized below 1000°C: the low amount of oxide present in the 

sample means that the oxide peaks have a low intensity, and the texture that is present in 

the film can lead to unexpected intensity ratios and the absence of certain peaks. The 

intensities of the oxide reflections can be improved with grazing-incidence experiments 

because the thin oxide layers are at the sample surface, but the texture impedes a 

comprehensive phase analysis. Texture maps are recorded to investigate the grain 

orientation in the films, but texture analysis is also impeded by the low intensity of the 

oxide reflections. Therefore, the W reflections are chosen for the texture scans. Although a 

texture in the W phase does not mean that a texture in the oxide is mandatory, most 

diffraction patterns show absences and intensity ratios that hint at a strong texture. In the 

case where the W phase appears untextured, the oxide reflections can also be seen without 

textural influence. 

Figure 4.18 shows a texture map of the W (200) peak at 2θ = 59.3° of the WSi4Cr8Y3 alloy 

after deposition. The texture map corresponds to the diffraction pattern in figure 4.2, where 

the red bars indicate the peak positions and intensity distribution in a texture-free powder.  
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Figure 4.18: Texture map of the W (200) peak at 2θ = 59.3° of as-deposited WSi4Cr8Y3 
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The reflection that is the most intense in the absence of texture, the (110) reflection, is by 

comparison nearly suppressed in the textured film. The intensity is very high close to the 

surface normal and declines sharply for higher tilt angles, sinking to noise level at a tilt angle 

of 10°. The peak is slightly off-center, probably because the sample surface was not 

completely coplanar to the sample holder. The sharp decline in the intensity reveals the 

pronounced texture of the sample, showing that the orientation of the grains in the film is 

mostly (200) with respect to the surface normal.  

Figure 4.19 shows the diffraction pattern of the same sample after oxidation at 1000°C for 

one hour. The intensity ratio of the W peaks reveals that the sample is still textured, and 

two oxide phases can be identified by the low-angle reflections. At higher angles, the θ-2θ 

geometry reduces the pathway of the x-ray beam through the oxide layers, which reduces 

the scattering power of the oxide in addition to the normal dependence of the scattering 

power on the scattering angle.  
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Figure 4.19: Diffraction pattern of the alloy WSi4Cr8Y3 after oxidation at 1000°C for 1 h 

The oxide phase indicated by the blue arrows is Cr2O3, while the one indicated by the green 

arrows is probably Cr2WO6 or CrWO4. The binary Cr-W-oxide cannot be identified without 

doubt because the reflection positions of CrWO4 are very similar to those of Cr2WO6. 

Moreover, the two oxides have been shown to coexist in the applied temperature range46. 
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Therefore, the coexistence of the two oxides in this system is possible, but the experimental 

data does not support this satisfactorily.   

Phase identification after oxidation at 800°C faces the same problems as mentioned above. 

The system WSi4Cr8Y3 shows another possible phase, YCrO3, along with CrWO4 and W. 

Cr2O3 seems absent in this sample, but the high texture reduces the phase analysis to an 

indication rather than proof. The diffraction pattern can be found in the appendix (figure 

9.6). The metastable β-W phase can no longer be detected after oxidation at 800°C, with a 

total residence time in the oxidation furnace of 8 hours. 

All phases were identified with the Powder Diffraction File 2000 (PDF-2000) database. The 

respective PDF numbers of each phase can be found in the appendix in table 9.17. The 

reflections that are labeled in the diffraction patterns are not the only ones of the phase 

that can be seen, but rather those that can be attributed to them unambiguously.  
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4.3.2 Phase Analysis of WSi3Cr10Zr5 

The system WSi3Cr10Zr5 is more closely investigated with respect to its phase content and 

microstructural evolution. Two separate depositions are done using the same deposition 

parameters, yielding samples with a composition that is virtually identical within the 

accuracy of the RBS compositional analysis (table 9.1).  

Figure 4.20 shows the diffraction patterns of a representative sample of each batch, 

samples #60 and #69. The red curve is shifted in intensity by 100 units to separate the 

curves, which only differ in the single peak at 2θ = 58.4° of sample #69 that can be 

attributed to the (200) reflection of α-W. The fact that samples crystallizing in the α-W 

lattice show a strong (200) texture explains why no other peaks are visible. Both samples 

show the typical diffraction pattern of β-W. Sample #69 shows the only α-W peak that was 

observed for samples that did not clearly crystallize completely in the α-lattice, showing that 

a small amount of α-W is present. This is unexpected since the compositions of #60 and #69 

are virtually the same. 
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Figure 4.20: Diffraction pattern of WSi3Cr10Zr5 samples #60 and #69 after deposition 
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4.3.2.1 Oxidation at 600°C 

The sample is oxidized for 50 hours at 600°C and diffraction patterns taken with a θ-2θ 

geometry and under the fixed angles of incidence of ω = 1° and ω = 3°. Figure 4.22 shows 

the diffraction patterns. Several peaks have been labelled in figure 4.22 to show the 

dependence of the peak intensity on the angle of incidence. The (011)-WO2 peak at 25.9° 

(powder reference: 25.788°) appears only for ω = 1°, indicating a very thin layer only. A 

similar observation is made for the (104)-Cr2O3 at 33.38° (powder reference: 33.597°), which 

shows similar intensities for both grazing incidence patterns but nearly disappears for the θ-

2θ scan. The layer of Cr2O3 is thick enough to generate a detectable reflection for the 

shorter beam path in θ-2θ, indicating the presence of a substantial amount of Cr2O3. The 

increasing intensities for the smaller ω show that the beam path through the Cr2O3 layer 

varies considerably within the probe depth of the x-ray beam, which is approximately 1 µm. 

Therefore Cr2O3 is probably close to the surface. The same observation of intensity relations 

are made for CrWO4.  
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Figure 4.22: Diffraction patterns of WSi3Cr10Zr5 taken after oxidation at 600°C for 48 hours 

In contrast to the oxides close to the surface, the intensity of the ZrSiO4 peak at 26.99° 

(powder reference: 26.98°) is similar for the two grazing incidence scans and still high in the 
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θ-2θ pattern. This indicates a larger thickness of the zircon phase. The existence of this 

phase in the bulk of the film indicates that oxygen has diffused through the surface layer 

containing Cr.   

The reflection at 23.48° can be associated with a modification of WO2 (powder reference: 

23.298°) that is reported to have been prepared under pressure and is therefore denoted as 

hp-WO2. The PDF database gives the preparation conditions for the reference sample as 

heating a mixture of W and WO3 at 850°C and 80 kbar for 20 min. The oxidation here is 

done under environmental pressure, but stress in the film might favour the formation of 

this phase. The angular variation reveals that hp-WO2 is not only present in the surface 

region but also in the bulk of the film. 

Another observation is made concerning the variation of the W peaks for changing angles of 

incidence. The intensity of the W reflections is relatively low for ω = 1° because the 

diffraction takes place mostly in the oxide layers close to the surface. For ω = 3°, the 

intensity of the (110) peak at 40.62° (powder reference: 40.265°) is very high and the 

intensity relation to the other visible peaks is close to a non-textured powder. The θ-2θ 

pattern shows a different intensity distribution and broader peaks, as well as a broad 

shoulder around 70° that can be linked to the presence of β-W. This supports the 

observation made on WSi4Cr8Zr6 that an annealing temperature of 600°C is insufficient to 

transform all β-W into the thermodynamically stable α-W.  

The evaluation of the different oxide reflections is improved by using grazing incidence XRD, 

but the texture of the sample still proves to be a problem. Figure 4.23 illustrates this fact 

with a texture map of the W (110) peak, which is chosen for its high intensity.   
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Figure 4.23: Texture map of the W (110) reflection at 2θ = 40.4° of: WSi3Cr10Zr5 oxidized at 

600°C for 48 hours (left) and a powder reference (right) 
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The left-hand texture map is measured at the 600°C sample after oxidation, showing the 

dependence of the intensity of the W (110) reflection on the tilt angle α (radial coordinate) 

and the rotational angle β (circular coordinate). The right-hand texture map shows the 

intensity distribution for a powder of WSi3Cr10Zr5 after oxidation at 1000°C, which will be 

closer examined in section 4.3.3.2. The powder shows a slight texture due to the 

preparation procedure, which will be discussed later. In contrast to the powder, the film 

shows a very pronounced texture after oxidation that is in good agreement with the (200) 

texture established for as-deposited samples. As α-W has a cubic lattice, the (110) reflection 

has a maximum intensity at a tilt angle of α = 45° (for a single crystal). The texture map 

shows intensity for the (110) reflection at tilt angles between 30° and 50°, and has 2 local 

maxima for rotational angles that are close to 180° apart. This is a consequence of the fact 

that the film is not a single crystal, so the intensity distribution is not ideal.  

The pronounced texture can be readily seen from figure 4.23, but the consequences on the 

diffraction pattern are less obvious. The texture of the W crystallites, along with the 

absence of certain oxide reflections, suggests that the oxide layers will also show a strong 

texture. It is the absence or reduced intensity of certain oxide reflections that complicate 

the evaluation of the diffraction patterns. Unlike W, most oxides crystallize in a more 

complex space group, which means that a prediction of their texture and the effect on the 

reflected intensities are beyond the scope of this investigation. The intensity of most oxide 

reflections is very low, and would be further reduced by the tilt of the sample in a texture 

scan. Therefore, texture scans of oxide phases do not show intensities that are significantly 

above the noise level and are therefore not discussed.  

Despite the presence of texture, the intensities of the diffraction patterns in figure 4.22 can 

be compared to one another. The scans where all performed on the same sample, therefore 

the effect of the texture is similar for all three scans. 

4.3.2.2 Oxidation at 800°C 

The routine that was performed on the 600°C samples was used to analyze the phase 

content of the sample oxidized at 800°C for 4 hours. Figure 4.24 shows the diffraction 

patterns recorded for ω = 1°, ω = 3° and for a θ-2θ geometry and indicated peaks that can 

be associated with the respective phases. For ω = 1°, the 800°C sample shows a small 

reflection of CrWO4 at 2θ = 27° (that is probably the combination of two weak reflections at 

26.7° and 27.64°) that vanishes with increasing angle of incidence, indicating a very thin 

layer of the binary oxide. This behaviour is supported by the peak at 19.21° (powder 
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reference: 19.12°). The peak at 19.21° can also be used to distinguish between CrWO4 and 

Cr2WO6, since the latter has it’s most intense peak at 27.508°, but none at 19.21°. Similar to 

the 600°C sample, a reflection of hp-WO2 can be seen at 23.4° that retains a significant 

intensity at higher angles of incidence. In addition, a second phase with the same 

stoichiometry, WO2, can be detected with a reflection at 25.9° (powder reference: 25.788°) 

that also extends well into the bulk of the film.  
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Figure 4.24: Diffraction patterns of WSi3Cr10Zr5 taken after oxidation at 800°C for 4 hours 

Cr2O3 reflections are detected at angles of 33.4° (33.597°) and 54.9° (54,852°) that decline 

with higher angles of incidence but still show low intensities for the θ-2θ diffraction pattern. 

This can be explained in the same manner as for 600°C, with a chromia layer that is close to 

the surface. 

The W reflections that can be observed for the grazing incidence scans both show 

approximately the same intensity ratios, the only difference is the absolute intensity which 

is higher for ω = 3° because the x-ray beam penetrates deeper into the sample. The 

intensity ratios of the θ-2θ diffraction pattern are different to the grazing incidence scans 

and suggest a texture in the bulk of the sample that influences the intensity ratios of the W 

reflections. No residual reflections of β-W are visible in the diffraction pattern, therefore the 

transformation to the α-phase is completed at 800°C. 
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Figure 4.25 shows the texture maps of the W (200) on the left and the W (110) peak on the 

right. The (200) texture map shows a high peaks for a tilt angle of α = 0°, where the peak is 

slightly off-center because the sample is probably not perfectly coplanar to the sample 

holder. The map shows significant intensity up to a tilt angle of α = 30°, indicating that the 

texture is not strictly (200) oriented. The broad peak is caused by non-textured W 

crystallites. The (110) texture is in good agreement with the (200) texture, showing a ring-

like intensity distribution that is slightly off-center in the same direction as the (200) texture.  
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Figure 4.25: Texture maps of the W (200) reflection at 2θ = 58.5° (left) and of the W (110) 

reflection at 2θ = 40.4° (right) of WSi3Cr10Zr5 oxidized at 800°C for 4 hours 

The two maxima in the intensity distribution of the (110) peak might be related to the 

acentric texture since they appear along the same axis as the peak shift. The important 

consequence of the texture is that not all intensity ratios that are observed in the diffraction 

pattern can be expected to match those of the powder reference from the PDF database. 

The reduced intensity or total absence of certain reflections complicates the evaluation of 

the diffraction pattern and can make the unambiguous identification of certain phases 

impossible. Especially the low-symmetry oxides (WO2, CrWO4) that crystallize in the 

monoclinic crystal system show a large number of small reflections, according to the PDF 

database, that cannot be seen in the recorded diffraction pattern. The effects of absorption, 

texture and diffuse scattering at the rough surface do not allow the fine analysis of low-

symmetry phases, therefore the most intense peak is used to search for phases while the 

less intense reflections are used to confirm or dismiss a possible phase. Other criteria are 

the boundary conditions of the experiment to judge if a phase can be stable and the 

concentration of the elements in the sample. 
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4.3.2.3 Oxidation at 1000°C  

Variation of the angle of incidence for the sample oxidized at 1000°C reveals a behaviour of 

the oxide phases similar to the one observed for lower temperatures. Cr2O3 reflections can 

be seen in the θ-2θ diffraction pattern shown in figure 4.26 and appear with increased 

intensity in the grazing incidence patterns. CrWO4 reflections also show decreasing 

intensities for increasing angles of incidence, suggesting that both oxides form thin layers 

near the surface of the sample. A reflection with a very low intensity at 23.3° (powder 

reference: 23.298°) reveals the presence of a small amount of the high-pressure WO2 phase.  

The biggest difference of the diffraction pattern recorded after the 1000°C oxidation to the 

patterns taken after oxidation at 600°C and 800°C is that the intensity ratios for all ratios for 

all reflections resemble those of the powder references in the PDF database. A texture map 

of the W (110) reflection (figure 4.27) confirms the low texture in the W lattice. The 

microstructure of the 1000°C sample is apparently different from those oxidized at lower 

temperatures. The amount of hp-WO2 is reduced compared to lower temperatures. 

The loss of texture during the oxidation simplifies phase identification significantly, since 

missing peaks are a clear indication that a phase is not present.  
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 Figure 4.26: Diffraction patterns of WSi3Cr10Zr5 taken after oxidation at 1000°C for 1 hour 
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Figure 4.27: Texture map of the W (110) reflection at 2θ = 40.4° of WSi3Cr10Zr5 oxidized at 

1000°C for 1 hour 

In none of the diffraction patterns shown, the volatile WO3 phase is indentified. However, 

WO3 is present in WSi5Cr4Zr14 after oxidation, where the passivation layer failed to protect 

the W. The absence of WO3 is seen as proof of the successful self-passivation process. 



4 RESULTS & DISCUSSION 59 

4.3.3 Lattice distortion 

4.3.3.1 W-Cr Binary Lattice Model  

Figure 4.2 shows reflections of the α-W lattice that are shifted to higher angles with respect 

to the positions of the powder reference data taken from the PDF database. Peakshifts are 

observed for the as-deposited samples that crystallize in the α-lattice as well as for samples 

that initially crystallize in the β-lattice and form the stable α-lattice through a phase-

transformation during oxidation.  

A shift to higher diffraction angles means that the lattice constant is lowered with respect to 

pure W. This is either caused by residual growth stress in the film or by the formation of a 

solid solution with alloying atoms on substitutional lattice positions. The formation of single 

phase microstructures in W-Cr systems co-deposited by magnetron sputtering has been 

studied by Hoffman et al.42 and precipitation of a second phase was observed at elevated 

temperatures. Gust et al47 studied the phase segregation of W-Cr binary alloys at elevated 

temperatures on bulk samples and used x-ray methods to determine the Cr content in the 

W lattice. 

 They use a fifth-order polynomial to describe the dependence of the lattice constant on the 

concentration of W in the lattice (in Å):  

( ){ }I
5

0I

Wat%cA(I)a ∑
=

−=         (Eq. 4.1) 

Table 4.28 lists the respective coefficients for the 

polynomial formulated by Gust. The curve resembles 

Vegard´s Law, but supplies more accurate 

calculations. Eq. 4.1 is used to convert the peak shifts 

observed in the diffraction pattern of as-deposited 

WSi4Cr10Y1 (figure 4.29) into a Cr-concentration in 

the W lattice. For this purpose, it is assumed that the 

lattice consists of Cr and W only. The Si and Y atoms 

are not very likely to be incorporated into the lattice, since both the crystal structure and 

the lattice parameter differ strongly from that of tungsten, and the formation of β-W for 

high concentrations of Si and Y supports this theory. The interplanar distances d and the 

I A(I) 

0 2,8856 

1 2,9374 ∙10-3 

2 2,3493 ∙10-5 

3 -5,1367 ∙10-7 

4 3,3166 ∙10-9 

5 -6,7968 ∙10-12 

Table 4.28: Coefficients for eq. 4.1 



4 RESULTS & DISCUSSION 60 

diffraction angles 2θ are taken from the diffraction pattern, the lattice constant is calculated 

according to the cubic formula: 
222 lkh

a
dhkl

++
=  
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 Figure 4.29: Diffraction pattern of WSi4Cr10Y1 taken after deposition 

Using equation 4.1, the W concentration in 

the lattice is c(W) = 72.6 at-% and since a 

binary lattice is assumed, c(Cr) = 27.5 at-%. 

Compositional data obtained by RBS yields 

the ratio c(W)/c(Cr) = 58.1 at-% / 24.0 at-%, 

resulting in a c(Cr) = 29.2 at-% for a binary W-

Cr lattice. This is well within the accuracy 

limits of both techniques and confirms the 

model of the binary lattice, with the 

limitation that a contribution to the lattice 

distortion might also originate from the Y that is probably in interstitial positions in the 

lattice. The Si concentration is similar enough in all investigated alloys that the 

concentration of Y or Zr seems to have the main influence over whether a sample 

crystallizes in α-W or β-W. Earlier work on binary W-Si alloys shows that the formation of β-

d 2θ h k l aCrW 

Angström °    Angström 

2,2976 39.177 1 1 0 3.249297 

2,1922 41.1438 1 1 0 3.100239 

1,5567 59.3162 2 0 0 3.1134 

1,3043 72.3989 2 1 1 3.194869 

1,2668 74.8987 2 1 1 3.103014 

0,9823 103.2851 3 1 0 3.106305 

0,8283 136.8753 3 2 1 3.099215 

Average: 3.104435 

Table 4.30: Peak positions for the W 

reflections of WSi4Cr10Y1 after deposition. 
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W is not observed up to a concentration of 59 at-% Si, therefore the influence of Si on the W 

lattice is small compared to that of Yttrium or Zirconium.  

The same calculation for WSi4Cr8Y3 yields c(Cr) = 28.05 at-% (RBS: c(Cr) = 25,25 at-%), see 

table 9.7. This result is acceptable within the given accuracy of the methods, but might also 

show the influence of the higher Y concentration in the alloy.  

4.3.3.2 Powder Diffraction of WSi3Cr10Zr5 

After oxidation, the samples prepared on a SiO2 substrate show cracks on the surface that 

derive from thermal stress at the interface as the sample cools down. The difference in 

thermal expansion coefficients creates a tensile stress in the film that exceeds the material 

tolerances and leads to fracture. In contrast, samples prepared on Al2O3 are intact after 

cooling and show no cracks, because the difference in thermal expansion coefficients 

creates a compressive stress. Since oxides are dominated by ionic binding, they are very 

fragile when exposed to tensile stress but strong when exposed to compressive stress.  

A first observation to account for stress-induced effects is that both films deposited on SiO2 

and Al2O3 show the same peak shifts, even though the stress is different. As seen in 4.3.3.1, 

the lattice distortion can be explained with a solid solution of Cr in W. To quantify the 

influence which the mechanical stress in the film after oxidation has on the lattice 

distortion, a powder sample is prepared. A film is deposited on a NaCl substrate so the film 

can be easily separated from the substrate in a H2O bath. In the case of the powder sample, 

the film-substrate adhesion was so poor that the film could simply be removed with a pair 

of tweezers. The free film curls inward, towards the direction where the substrate would be, 

showing not only the presence of stress but also a stress gradient. The film is rolled into a 

ZrO2 tube and annealed for 4 hours at 1000°C under 1 bar Ar atmosphere. The exclusion of 

O2 from the annealing process eliminates possible influences of the oxidation on the lattice 

parameter. The powder is embedded in white vaseline and filled into a shallow, circular 

depression in a plastic sample holder. The powder diffraction pattern is shown in Figure 

4.31. 

The powder can be assumed to be free of stress to a first approximation in the absence of 

any interface to a substrate. If the stress-free powder does not show any lattice distortion, it 

could be attributed to the stress only. It should be noted that conventional stress analysis by 

means of x-ray diffraction cannot be applied here because of the pronounced texture of the 

sample. 
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Figure 4.31: Powder diffraction pattern of a WSi3Cr10Zr5 film sample after annealing at 

1000°C for 4 hours under Ar-atmosphere 

The black curve shows the diffraction pattern of the vaseline, demonstrating that the broad 

and diffuse “peaks” at low angles are an artefact of the measurement and not related to the 

powder. The powder contains a single phase with an α-W lattice and shows peak shifts to 

higher angles listed in table 4.32.  

The lattice constant that results of the 

averaged peak shifts is used to calculate c(Cr) 

= 6,75 at-%, according to equation 4.1. This 

value is in good agreement with the Cr-

concentration in thermodynamic equilibrium, 

which is c(Cr) = 7 at-%, according to Gust et 

al.47. Thermodynamic calculations performed 

with an interactive W-Cr phase diagram using 

the Scientific Group Thermodata Europe 

database48 (see table 9.8) yield an equilibrium concentration of c(Cr) = 6.3 at-% at 1273 K. 

The accuracy of the results for WSi3Cr10Zr5 shows that the lattice distortion of the powder 

is dominated by the solid solution of Cr in W and not by the residual stress. The powder is 

D h K l aAB 

2.23 1 1 0 3.153696 
1.5749 2 0 0 3.1498 
1.2857 2 1 1 3.149309 
1.114 2 2 0 3.150868 

0.9959 3 1 0 3.149312 
0.9088 2 2 2 3.148176 
0.8411 3 2 1 3.147108 

Average: 3.150193 

Table 4.32: W peak positions for the 

WSi4Cr10Y1 powder sample 
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used as a reference for comparison with the lattice distortion in the other samples. It also 

demonstrates that the microstructure of the film is in a thermal equilibrium state after the 

heat treatment. This will be more closely discussed later.  

 

Figure 4.33: SEM micrographs of the WSi3Cr10Zr5 powder after milling in the mortar. The 

grain sizes range from more than 10 µm to less than 50 nm.  

Figure 4.33 shows SEM micrographs of the powder that was used for XRD. Even without any 

quantification, it is apparent that the grain size distribution is very broad. The grain size is 

between several µm and some 10 nm. Texture maps of the powder show the intensity 

distribution in dependence of the tilt angle. The texture maps (figure 4.34) show a texture-

free powder for the (200) and the (211) reflections, while the (110) reflection shows a slight 

texture that is induced through the sample preparation.  
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Figure 4.34: Texture maps of the WSi3Cr10Zr5 powder annealed at 1000°C: W (200) (left) 

and W (211) (right). The W (110) texture is shown in figure 4.23 (right) 

4.3.3.3 Lattice distortion of WSi3Cr10Zr5 after oxidation 

Diffraction patterns taken after oxidation show the same peak shift that is observed for the 

as-deposited samples and the powder reference. Figures 4.35 through 4.37 show 
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magnifications of the W (110), (200) and (211) reflections, respectively. The as-deposited 

sample shows the highest lattice distortion. This can be expected since solid state diffusion 

is not significant at ambient temperature.  
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Figure 4.35: Peaks shifts of W (110) for WSi3Cr10Zr5 after oxidation at 600°C, 800°C and 

1000°C, annealing at 1000°C, and as-deposited 

Exposition to 600°C for 50 hours causes the lattice to relax slightly, an indication that Cr 

diffuses out of the substitutional positions. This corresponds to the formation of Cr-rich 

oxide at the sample surface, which depletes the region beneath the surface of Cr. As 

mentioned in 4.3.2.1, the W lattice still shows the β-type in the θ-2θ diffraction pattern and 

only α-type in the grazing incidence scans that are more sensitive to near-surface regions. 

This indicates that in the bulk of the film, the lattice is still strained too much to transform 

into the α-type while close to the surface, the Cr depletion facilitates the transformation. 

The reflections shown in figures 4.35 through 4.37 exhibit a lower distortion than the as-

deposited sample. Using equation 4.1 and the three peakshifts, the concentration is c(Cr) = 

14,9 at-%, which is much higher than the equilibrium concentration (1.2 at-%, table 9.10). 

The solid state diffusion is too small at 600°C to allow the transition into the equilibrium 

state.  
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The sample that was exposed to 800°C for 8 hours shows the smallest lattice distortion of 

the five samples. Calculation with equation 4.1 yields c(Cr) = 3,15 at-%, while the equilibrium 

concentration is c(Cr) = 3.1 at-%, according the SGTE thermochemistry database (Table 9.9). 

Solid state diffusion is obviously fast enough to allow the lattice to reach its equilibrium 

state. The formation of oxides at the surface does not have an effect on the relaxation of 

the lattice. 
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Figure 4.36: Peaks shifts of W (200) for WSi3Cr10Zr5 after oxidation at 600°C, 800°C and 

1000°C, annealing at 1000°C, and as-deposited 

The sample that is exposed to 1000°C for 4 hours shows slightly smaller peakshifts than the 

powdered sample with an identical heat treatment. This can either be attributed to the 

existence of residual stress in the film, or to the diffusion of Cr to the surface to form oxides. 

The thermal stress in the film is relieved during cooling in the way that the sample fractures 

into many small areas, which sometimes fracture again. Figure 4.38 shows the fractured 

structure of the oxide scale in a top view and a cross-section prepared by metallography. 

The cross-section shows that scale flaking is not a consequence of poor substrate-film 

adhesion, but rather that the film is so firmly bonded to the substrate that the thermal 

stress arising from the difference in thermal expansion coefficients is relieved by the 

mechanical failure of the substrate well below the surface. It can therefore be assumed that 

the slightly lower Cr concentration of the sample oxidized at 1000°C, c(Cr) = 5.35 at-%, 
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results from a Cr depletion of the W lattice because of the diffusion of Cr to the surface. 

Looking back to the different textures of the samples oxidized at 800°C and 1000°C 

discussed in 4.3.2.3, it seems unlikely that the de-mixing of the W lattice is the reason for 

that difference, because the 800°C microstructure reaches the equilibrium state without 

losing its texture.  
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Figure 4.37: Peaks shifts of W (211) for WSi3Cr10Zr5 after oxidation at 600°C, 800°C and 

1000°C, annealing at 1000°C, and as-deposited 

  

Figure 4.38: Light microscopy images of a cross-section of WSi3Cr10Zr5 after oxidation (left) 

and a top view of the fractured scale structure after oxidation of WSi4Cr8Zr6 (right) 
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4.4 SEM and STEM 

Electron microscopy is used to analyze the microstructure of as-deposited and oxidized 

samples in cross-section. The cross-sections are prepared by metallography or FIB and 

examined with a Bosch ESEM or the electron-beam column in the Helios NanoLab, 

respectively. The typical microstructure of an oxidized sample as it can be seen with a cross-

section prepared by metallography is shown in figure 4.39. 

  

Figure 4.39: Metallography cross-section of WSi4Cr8Zr6 after oxidation at 1000°C for 1 hour 

The BSE signal used to generate the image is highly sensitive to the high-Z elements in the 

film itself, while the light elements of the substrate and the resin give rise to much lower 

signals. The bulk of the film is made up of grains of several hundred nanometers in size and 

is homogenous in roughly 75% of the film thickness. Two layers have formed at the surface 

during oxidation, with the top layer (A) having a slightly porous appearance, while the 

second layer (B) under the surface seems denser. X-ray diffraction shows that the bulk (C) 

consists of a distorted W lattice with Cr in solid solution, while the upper layers are oxide 

phases. These contain combinations of Cr, W, Zr, Si and O, because many different oxide 

phases can be observed via x-ray diffraction. The scale bar seen in the image suggests that 

the thickness of the sample is roughly 3.7 µm, which is less than expected, because the 
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samples were deposited with a thickness of 4 µm. This is probably due to the preparation 

technique and the contrast of the image. It will later be shown that the topmost layer 

consists of Cr2O3, which is only slightly more sensitive to BSE than SiO2.  

Figure 4.40: EDX line scan of the 

surface layers of WSi4Cr8Zr6. The 

location of the line scan is indicated 

by the white line. The lines are color-

coded according to the labels at the 

top of the image. Their order is (left 

to right): oxygen Kα, silicon Kα, 

zirconium Lα, chromium Kα, 

tungsten Mα, 

 

Figure 4.40 shows an EDX line scan 

across the region of the oxide layers. The intensity changes are unremarkable except for the 

oxygen and chromium line at the top of the layer, where the resin starts. Every signal except 

O shows a slight drop in intensity, as the scan approaches the layer boundary. The reason is 

that the interaction volume, which is as a circle in projection from above, moves partially 

out of the sample. A good approximation of the size of the interaction volume can be gained 

by the shift of the intensity loss with respect to the scan position. As the chromium signal 

reaches it’s minimum around 250 nm from the edge of the sample, the diameter of the 

interaction volume is estimated to be approximately 0.5 µm.  

A close examination of the Cr Kα reveals a drop in intensity that is stronger than that of the 

other lines and starts at an earlier position. There is a depletion of Cr beneath the surface. A 

peak in the intensity of the Cr signal is located just above the surface, indicating the 

presence of another phase that does not show clearly in the BSE contrast. The EDX scan 

shows an enrichment of Cr at the surface and a depletion below, which is in agreement with 

the predominance of Cr-ion diffusion in Cr2O3. However, the resolution of the microscope is 

insufficient and the preparation by grinding and polishing probably too destructive for more 

detailed observations of the brittle oxide phases.  

500 nm 
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4.4.1 Sample Preparation by FIB: Cross-Sections and Lamellae 

The ion column of the Helios NanoLab microscope is used to prepare cross-sections and 

lamellae by removing material with the focused ion beam. The tilting stage allows cuts with 

the ion beam perpendicular to the surface and subsequent imaging with the high-resolution 

electron beam at a tilted angle. Figure 4.41 depicts the process of fabricating a cross-section 

with the FIB, with the arrows indicating the sequence of the process steps. The whole 

procedure can be finished in one hour. 

 

 

Figure 4.41: Fabrication of a cross-section by FIB. The protective Pt-layer is deposited via the 

gallium beam in-situ, before the removal of material starts. Once the desired depth is 

reached, the cross-section is polished with smaller beam currents, until the microstructure is 

visible.  
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The preparation of a lamella is far more time consuming and has additional complications, 

because the lamella has to be cut free, handled with a nanomanipulator, and attached to a 

TEM grid. Figure 4.42 shows the process as documented with the electron and ion beams. 

 

 

Figure 4.42: Fabrication of a lamella by FIB. Material is removed from the sample to leave a 

free-standing bridge (upper left). The nanomanipulator (coming from the left) is brought 

close enough to the bridge, a small amount of Pt is deposited as “glue” (upper right,) before 

the lamella is cut loose at the base and sides with the ion beam (lower left). The lamella is 

then transferred to a TEM grid and fixed with the Pt “glue” (lower right). Both lower images 

were recorded with the ion beam.  

After the lamella is fixed to the TEM grid, low ion beam currents are used to further thin and 

polish the lamella. This requires expert handling, since the ion beam is focused at the top of 

the sample, but spreads as it passes along the sample, which has to be compensated for by 

a slight specimen tilt. Once a certain thickness is reached, an angled cut along the specimen 

creates an area at the front of the lamella where the thickness is approximately 30 nm.  
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Figure 4.43: The thinned edge of 

the WSi3Cr10Zr5 lamella. The 

thickness at the edge is 

approximately 30 nm, the 

thickness of the lamella 200 nm. 

 

 

 

 

 

 

 

4.4.2 Cross-Sections of WSi3Cr10Zr5 

The advantages of the cross-sections prepared by FIB are not only the less destructive and 

very precise technique, but also the possibility to use the high-resolution electron column 

with an in-lens detector (TLD) for advanced imaging. The TLD improves the resolution of SE 

images and is the most frequently used detector for the following images. It should be 

noted that the angle of incidence of the electron beam is 38° for the micrographs of the 

cross-sections, because the sample is tilted so that the surface is perpendicular to the ion 

beam column. 

Figure 4.44 shows a cross-section through WSi3Cr10Zr5 sample after oxidation at 1000°C for 

1 hour. The bulk (D) of the film shows a two-phased microstructure, consisting of bright and 

dark regions that are on the order of 10 nm in size. The bright regions are probably W-rich 

crystallites since the SE yield depends on the atomic number, with the darker regions 

containing less high-Z atoms. Since the image is actually a two-dimensional projection of a 

three-dimensional signal, it is not immediately obvious, if the darker regions are pores or a 

second phase, or both. It will be shown later that in the bulk of the film, the dark regions are 

the result of a second phase, while the region close to the surface exhibits pores.  

The transition from bulk (D) to the surface layers goes with a change in SE intensity. The 

upper layers (C) produce a more intense signal and appear lighter in the image, which is 

caused by the higher surface area associated with porosity, since the SE yield is more 
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strongly dependent on surface topography than on atomic number. The topmost layer (B) 

yields a low SE signal and is therefore dark in comparison to its environment. The bright 

coating (A) on top of the dark layer is a Cu protection layer that has been deposited after 

oxidation to improve the surface conductivity of the sample, because the surface oxides 

would charge under ion bombardment.  

 

Figure 4.44: SE image of a WSi3Cr10Zr5 cross-section after oxidation at 1000°C for 1 hour. 

The bright topmost layer is a Cu protection layer that is not connected to the oxidation 

process. 

The elemental distribution of the elements in the layer structure is examined with an EDX 

line scan performed on a WSi3Cr10Zr5 cross-section (figure 4.45). The location of the scan 

was chosen at a defect site where the passivation mechanism is beginning to fail, as is 

evidenced by the large volume increase of one of the layers. This volume increase is 

associated with the formation of WO3. The pores in the blister are probably caused by the 

volatilization of WO3.  
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The red line shows the location of the scan, and the colored lines depict the intensity of the 

characteristic x-ray radiation of each element. Similar to the EDX scan in figure 4.39, the Cr 

concentration shows a maximum at the surface of the sample and decays sharply into the 

sample. The Cr intensity remains low until the scan reaches the lower boundary of the 

bright region in the micrograph, and climbs slightly in the region that still has the initial 

concentration. The oxygen signal likewise shows a maximum at the surface, but remains 

constant over the dark layer underneath the surface to decay slowly on the bright layer. The 

oxygen intensity in the deepest region, the bulk, does not vanish completely because 

oxygen is always present as an impurity in the vacuum chamber.  

 

Figure 4.45: EDX line scan in a blister of WSi3Cr10Zr5. The white line indicates zero intensity. 

The signals recorded for W and Si show an identical intensity distribution, because the 

energy resolution of the EDX detector (approx. 130 eV) is too low to separate the Si Kα and 

W Mα signal. The detected signal is a superposition of both the W and Si signal, but W is the 

more abundant element in the sample and has the higher fluorescence yield for x-ray 

radiation. Therefore, the signal yields a good impression of the W distribution, while 

containing no reliable information about the Si distribution. The Zr signal shows no 

0 Intensity 
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significant variations over the whole cross-section, which is partly explained by the low 

concentration of Zr in the sample.  

The EDX analysis confirms earlier observations of the diffusion behavior of Cr in the alloy 

during the oxidation. The high signals of Cr and O at the topmost layer suggest that the 

surface layer is pure chromium oxide, and the layers directly underneath the surface are 

depleted of Cr. The signal depth of O suggests that there is substantial diffusion of oxygen 

through the chromia layer into the film. Since XRD shows the presence of one other oxide 

phase for WSi3Cr10Zr5 oxidized at 1000°C, at least part of the depletion region is probably 

CrWO4. The bright region between oxide layers and bulk is depleted of Cr, and the low 

oxygen signal suggests that the layer is still metallic.  

The protective oxide layer that covers the sample shows no pores or visible defects, except 

for a large pore directly on top of the blister. The interface to the film is very smooth, which 

is a strong indication that the growth direction of Cr2O3 is outward, in good agreement with 

the fact that the Cr diffusion through the scale to the top is faster than the O diffusion from 

the top of the layer into the bulk. 

4.4.3 Lamella of WSi3Cr10Zr5 

A lamella taken from a chip that fractured 

of the sample in the middle of the disk is 

cut, thinned and fixed to a TEM grid as 

described in 4.4.1. The chip is fixed on 

copper tape upside-down in the sample 

holder so that the SiO2 remnant that is 

attached to the film faces upward. Figure 

4.46 shows an overview of the sample 

orientation and the layer structure as it 

appears upside-down. The thick top region 

is the bulk of the film that can be 

distinguished from the depletion zone by 

the intensity contrast of the SE signal. Below the bright depletion zone, the thin layer of 

Cr2O3 shows darker contrast, followed by the Cu protection layer that was deposited to 

improve conductivity. The multilayer structure visible beneath the Cu-layer is the glue of the 

Cu tape that fixes the sample to the sample holder. The polished section is roughly 3 µm in 

Figure 5.46: Overview of the thin lamella 
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width and 4 µm high, and the thicker piece on the right provides an impression how much 

material was removed to thin the lamella.  

 

Figure 4.47: The top-layer structure of the WSi3Cr10Zr5 lamella, after 1000°C oxidation for 1 

hour. 

Figure 4.47 has been rotated with respect to figure 4.46 for simpler interpretation, showing 

the oxide structure at the surface of the sample. The advantages of imaging on a lamella are 

readily apparent in the way each crystallite in the Cu and Cr2O3 layers can be distinguished 

by orientation contrast. The film thickness of the chromia layer is not constant, and 

assuming the same structure in the third dimension, the surface can be imagined as planar 

with regions of enhanced growth that form elevations above the surface. The layer 

thickness is measured to ranging between 120 nm and 250 nm. Cracks can be seen at the 

interface between the chromia scale and the layer underneath, indicating a partial 

delamination of the layers. Considering the thermal history of the film, the cohesion 

between Cr2O3 and the layer beneath is good. The smooth interface between of Cr2O3 and 
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the depletion zone suggests that this is the original surface and the chromia scale has grown 

on top of it.  

The depletion zone below the surface scale is indentified by the high SE yield that makes it 

appear bright in the image. The higher magnification shows the brightness originating from 

the edges of the crystallites and the space in between, supporting the assumption that the 

higher SE-yield is caused by a higher surface area, which is probably caused by porosity in 

the region. The porosity can be caused by oxidation of single grains, expanding the structure 

and physically separating the grains. Another possible cause is the mass diffusion that 

transports Cr to the surface to form the protective oxide scale. 

The pores between the crystallites that cause the brightness of the depletion zone are filled 

with a darker phase in the bulk. Considering the possible influences of the sample on the SE 

yield, the lower intensity is unlikely to be caused by geometrical effects and can be 

attributed to low-Z atoms. The composition of this phase remains unknown since it does not 

cause reflections in the x-ray diffraction patterns of the sample. The fact that the alloy 

assumes the equilibrium state during oxidation, as evidenced by the Cr concentration in the 

W lattice, and the lower mean atomic number Z of the phase, suggest that this phase is the 

Cr-rich phase that precipitates from the supersaturated W lattice. Possibly this phase solves 

the majority of impurities (Zr and Si) and therefore remains amorphous and invisible in XRD. 

However, this cannot be verified by the data available. 

The depletion zone in figure 4.47 shows a structuring on the nanometer scale that is shown 

more clearly in figure 4.48. The brightness contrast vanishes as the acceleration voltage is 

raised from 5 kV (figure 4.47) to 30 kV (figure 4.48), because the increased energy of the 

primary electrons increases their mean free path in the sample. This causes less scattering 

and a reduced emission of SE, and a further adjustment of the contrast is also helpful. The 

third factor is the tilt of the sample. The micrograph in figure 4.47 is taken at a tiled angle of 

incidence of 38°, while the micrograph in 4.48 is taken after the sample had been 

transferred to the TEM sample holder, with the electron beam now normal to the sample 

and further reducing the interaction volume.  

The depletion zone can be divided into four structural zones that evolve with distance from 

the surface. The region directly beneath the Cr2O3 (designated A in figure 4.48) consists of 

platelets that are oriented co-planar to the interface with the top oxide. Beneath another 

sharply defined interface, a region (B) that gives the impression of a columnar sponge can 

be observed, exhibiting a fine structure with channels perpendicular to the surface. Since 
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the ion beam passes perpendicular to the sample, this region is possibly influenced by the 

sample preparation. The microstructure turns gradually into globular grains on the order of 

a few ten nm in size in region (C). The initially dense grains develop more porosity with 

distance from the surface, until the porosity becomes pronounced enough to make the 

grains appear three-dimensional in region (D). 

 

Figure 4.48: SEM micrograph of the depletion zone and top layer  

The structural change is probably induced by the oxidation, because the oxygen-free bulk 

shows a homogenous microstructure. The porosity in the depletion zone is possibly related 

to the diffusion of Cr to the surface, but as always with electron micrographs, a definite 

statement clarifying the bright contrast and the three-dimensional appearance is difficult.  

4.4.4 Scanning Transmission Electron Microscopy (STEM) 

Further information can be gained by operating the microscope in transmission mode and 

scanning the electron beam over the sample. A STEM detector provides bright field (BF), 
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dark field (DF) and high angle annular dark field (HAADF) techniques. Figure 4.49 shows 

complementary BF and DF images of the same region located at the thinned edge of the 

specimen. The bright and dark area to the right demark the specimen edge. 

 

Figure 4.49: Bright field (left) and dark field (right) image of the lamella near the edge 

The BF image maps the intensity of the primary beam passing through the specimen, 

therefore the intensity depends on the local absorption coefficient, scattering power and 

thickness. As can be expected, the intensity is highest next to the sample, and the light 

elements of the Cu tape glue at the very top of the image show a very low stopping power. 

The Cu protection layer is seen darker than the Cr2O3 layer underneath, which is relatively 

light, because the oxide consists to 60% of oxygen atoms. The thin layer underneath the 

chromia is as dark as the depletion zone, showing that W is the predominant element in 

those regions, because it has the highest stopping power by far. The fine structure in the 

depletion zone shows up in brighter intensities, indicating less material or lighter elements. 

The edge of the sample confirms the initial assumption that the depletion zone is porous, 

because the thickness shows a gradient towards the edge that is due to the angled cut 

produced in the sample preparation. The low thickness at the specimen edge (~30 nm) 

means that the primary electrons find pathways between the grains without being subject 

to scattering, while those hitting the grains are largely deflected by the high Z atoms in the 

grains. The BF image alone does not sufficiently prove porosity, because the thin region of 

the chromia layer is also transparent to electrons and shows the same intensity levels as the 

pores, so the DF image is used to confirm the interpretation. 

The DF intensity is generated by a detector that is ring-shaped around the BF detector, so 

that elastically scattered electrons will be detected, but not primary electrons. The factors 



4 RESULTS & DISCUSSION 79 

influencing BF intensity are also the absorption coefficient, the scattering power for elastic 

scattering and the thickness of the sample. DF intensity consists of small-angle scattering, 

but not the high-angle scattering that is characteristic for high-Z elements, which is imaged 

in HAADF mode. The DF image of the specimen shows very low intensity at the thin edge of 

the chromia layer but no intensity for the pores of the depletion zone. The chromia layer 

shows the highest intensity in DF mode, because the light elements have the strongest 

contribution to low-angle scattering and also less absorption than W. The Cu layer produces 

low intensity and appears dark, but the intensity changes for the thinner region at the edge 

of the lamella. This demonstrates the interplay of scattering power, absorption coefficient 

and thickness, because the Cu layer gains intensity at the same thickness where the Cr2O3 

layer loses intensity. The reason for this is the higher scattering power and the higher 

absorption coefficient of Cu compared to Cr2O3. The mean free path of the electrons is 

therefore shorter in Cu, and the intensity will be reduced more strongly due to the 

interactions of the primary electrons with the Cu. But as the sample thickness approaches 

the dimension of the mean free path in Cu, the intensity rises, because electrons experience 

fewer collisions and are less likely to be scattered to high angles or to be absorbed. In 

contrast, the mean free path in Cr2O3 is much higher, so that this condition prevails for high 

thicknesses, whereas the scattering probability decreases with lower thickness in such a way 

that only a few electrons are scattered, reducing the DF intensity. The decrease of scattering 

probability is very pronounced in the bright field image, where the Cr2O3 layer at the thin 

edge is transparent to electrons.  

The pore structure in the depletion zone creates an increase in intensity in the DF image. 

This is probably due to the reduction of local thickness, because electrons that partially pass 

through porous regions will be less influenced by the high-Z elements in the grains. 

Therefore, the pore structure that is visible in DF is a projection of the three-dimensional 

pore structure, with higher intensities showing regions of reduced thickness, as the electron 

trajectory passes through multiple pores. It goes without saying that the pores themselves 

do not contribute to scattering, but that the intensity is probably caused by the reduced 

thickness. This is visible at the specimen edge where the pores show up as dark spaces, 

because there is not material to scatter electrons, and the beam passes through the pore 

undisturbed.  

Intensity fluctuations in the Cu and Cr2O3 layer are caused by the different orientations of 

the grains, which influence the contribution that elastic scattering (Bragg scattering) has on 

the total intensity.  
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The bulk of the specimen appears dark and unstructured in both BF and DF mode, and 

shows only a little structure at the thin edge. In principle, all of the above observations hold 

for the bulk, with the difference that the bulk shows no pores, but instead a second phase 

between the W-rich grains. Since this second phase consists mainly of lighter elements, the 

effects are similar to those caused by the pores, if not as strong.  

 Figure 4.50: SEM micrograph of the layer structure taken with a HAADF detector 

To obtain more information about the distribution of heavy elements in the layer structure, 

the HAADF detector is used. This technique is extremely sensitive to heavy elements, 

because the detector covers larger angles than the dark field detector, which means that 

inelastic scattering contributes to the image formation. The scattering power scales 

approximately with the Z2, therefore the Z contrast is excellent in HAADF (figure 4.50). 

The chromia scale shows no impurities in HAADF, which supports the assumption that the 

growth direction of the scale is outward, since no W is embedded. The intensity is 

dominated by W throughout the whole depletion region. The presence of W in the platelet-
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like layer at the interface, along with the EDX signal obtained for oxygen earlier, suggests 

that the interfacial layer is tungsten oxide. The HAADF image does not allow the distinction 

between WO2 and CrWO4, but it demonstrates clearly that the thin interlayer does not 

consist of silicona or zirconia.  

The pore structure influences the HAADF image in the same way as it influences the DF 

image. The intensity is reduced, because there is less material that can scatter electrons, 

when a large part of the beam path through the specimen consists of pores.  

4.4.5 AEM on WSi3Cr10Zr5 

EDX is used to analyze the local chemical composition in the thin WSi3Cr10Zr5 lamella 

prepared by FIB. The spectra obtained from each measurement point are quantified using 

Analytical Electron Microscopy (AEM), as proposed by Cliff and Lorimer33. The coefficients 

connecting intensity ratios to mass fraction ratios are determined experimentally by 

comparing EDX spectra with RBS analysis of known standards, the coefficients are listed in 

table 4.7. The acceleration voltage of the electron beam is chosen to 30 kV in order to 

reduce the size of the interaction volume. While the fluorescence yield for certain elements 

will be reduced by the large overpower, the spatial resolution is limited to the size of the 

interaction volume, which should therefore be as small as possible. The achievable spatial 

resolution is found to be better than 30 nm, which corresponds to the diameter of the 

cylinder-shaped interaction volume. In a microstructure that is as inhomogeneous on the 

nanometer-scale as the lamella, the information for each scan location is averaged over the 

size of the electron probe.  

Figure 4.51 shows the locations of each EDX scan, with scan #1 being the lowest and scan #8 

the highest in the micrograph. Concentrations resulting from the evaluation of the intensity 

ratios are listed in table 4.52. The strong variation in the local concentrations can in part be 

attributed to the inhomogeneity of the sample within the electron probe. The 

microstructure in the third dimension plays the most important part, because the 

interaction volume extends through the whole sample, about 200 nm, while the lateral 

dimension of the probe is only about 30 nm. This can be judged by the W-Mα signal that is 

present in scan #7, although the nominal location is in the Cr2O3 layer. The signal vanishes 

for scan #8, which has an approximate distance from the W-containing region of 15 nm, 

which corresponds to the radius of the electron probe. 
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Figure 4.51: EDX scan locations for AEM on the WSi3Cr10Zr5 lamella at a magnification of 

2*10
5
 

The concentration values confirm that the structural difference of the platelet-like layer in 

the depletion zone, designated region A, is not caused by a difference in the local elemental 

concentration. The concentration values do not significantly change until the electron beam 

enters the Cr2O3 layer, where only Cr and O are detected. 

Scan # Concentrations 

 W Cr Si Zr O 

 wt-% / at-% wt-% / at-% wt-% / at-% wt-% / at-% wt-% / at-% 

1 81.7 / 41.6 4.3 / 7.7 8.0 / 26.7 2.3 / 2.4 3.7 / 21.6 

2 74.3 / 33.5 3.7 / 5.9 10.1 / 29.8 7.2 / 6.5 4.7 / 24.3 

3 77.6 / 37.4 4.6 / 7.8 9.0 / 28.4 4.9 / 4.8 3.9 / 21.6 

4 82.1 / 44.6 5.3 / 10.2 5.9 / 21.0 3.4 / 3.7 3.3 / 20.6 

5 81.8 / 43.6 5.0 / 9.4 5.6 / 19.6 3.8 / 4.1 3.8 / 23.3 

6 75.7 / 34.8 7.3 / 11.9 7.6 / 22.9 4.4 / 4.1 5.0 / 26.4 

7 36.8 / 8.9 34.7 / 29.7 4.9 / 7.8 5.3 / 2.6 18.3 / 51.0 

8 0 68.4 / 40.0 0 0 31.6 / 60.0 

Table 4.52: Local concentration of the elements 
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It should be noted that for the used combination of acceleration voltage, sample thickness 

and constituent atoms, the thin film approximation does not hold. Scans done at different 

sites in the chromia layer shows different intensity ratios between Cr-Kα and O-Kα, because 

the local thickness is not the same. The low energy of the O-Kα radiation means that it is 

absorbed more strongly than Cr-Kα, and since the intensity ratio ICr/IO is higher when the 

sample is thicker, absorption is a probable cause. The solution to this problem is to work 

only in regions of the same thickness for calibration and measurement, which is 

experimentally challenging, or to use a higher acceleration voltage, which requires a TEM. 

The problem of absorption is enhanced when the porous structure of the depletion zone is 

considered, because the mean absorption coefficient will change with the amount of pores 

in the region. There is no easy way to compensate for this, since the pore structure is three-

dimensional. 

Another problem that arises from the combination of elements in the sample is the close 

proximity of the W-Mα line and the Si-Kα line and the inability of the EDX detector to 

separate the signals. Since W is more abundant and has a much higher fluorescence yield 

than Si, the detected signal is mostly the W signal and determining the contribution of Si is 

difficult at best, a fact that is illustrated by Figure 4.53. 
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Figure 4.53: The x-ray peak of all 8 scans comprising the Si-Kα line and the W Mα line. The 

peak is slightly shifted to the right because of another contribution of Zr. The Si contribution 

is very hard to quantify, because of the higher fluorescence yield of W. 
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Ignoring the Si contribution is not possible, because all constituent elements have to be 

accounted for to be able to calculate the amounts of all elements. 

It can therefore be said that even though the outmost care has been taken and all available 

sources for additional information on the layer system have been used, the concentrations 

given in table 4.52 cannot be seen as precise. Nevertheless, valuable information can be 

learned from the scans, since they show clearly that the topmost layer consists of Cr and O 

only and that W is present in the interface. Oxygen can be traced down into the depletion 

zone, where a remainder of Cr can still be detected, which suggests the presence of 

tungsten-chromium-oxides.  
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4.4.6 Evolution of the Microstructure During Oxidation 

The microstructure of an alloy is of major interest, because it influences the properties of 

the material in many ways. Mechanical properties as well as thermal and electrical 

conductivity are substantially influenced by the grain size and crystallinity. For the 

WSi3Cr10Zr5 alloy, the microstructural evolution is especially interesting because of the 

phase transformation β → α tungsten during the oxidation and the influence of the oxygen 

on the process. Figure 4.54 shows cross-sections prepared by FIB after various oxidation 

times at 1000°C. 

 

Figure 4.54: Cross-sections of WSi3Cr10Zr5 alloys after 0.25 (upper left), 0.5 (upper right), 

0.75 (lower left) and 1 hour (lower right) of oxidation. 

The oxidation time is defined as the time for which oxygen flow is permitted through the 

mass flow controller (MFC). As a consequence of the volume of the oxidation chamber, 
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oxygen is present after the MFC has been closed, but this residual oxidation is present for all 

samples. The microstructure is very similar for oxidation times up to 0.75 hours: the bulk 

consists of crystallites that are between 100 and 500 nm in size. Close to the substrate, the 

grains are smaller, more numerous and oriented, while the bulk is made up of less, bigger 

and more globular grains. This is probably by heterogeneous nucleation of the α-phase at 

the substrate surface, while in the bulk homogeneous nucleation takes place. This is 

astonishing in itself, because homogeneous nucleation is usually much slower than 

heterogeneous nucleation, but the microstructure is clearly a consequence of homogeneous 

nucleation. This is connected to the de-mixing and the phase transformation taking place at 

elevated temperature.  

The crystallites are separated by a second, darker phase that precipitates at the grain 

boundaries and that, given the possible origins of the intensity contrast, consists mainly of 

lighter elements than the brighter grains. The dark lines can also be observed inside the 

perceived grains, revealing the mechanism that will transform the microstructure into the 

finer grained one that can be observed for 1 hour of oxidation. The darker phase can be 

assumed to form as the supersaturated W lattice expels impurity atoms to reach the 

equilibrium state. Contrary to expectations, the dark phase cannot be seen to grow 

continuously for longer oxidation times. Instead, the microstructure changes completely at 

some point between 0.75 hours and 1 hour of oxidation time.  

X-ray diffraction confirms the structural observation that the microstructure does not 

change significantly between the three shorter oxidation times and changes radically before 

1 hour. Figure 4.55 shows the diffraction patterns of the respective samples. The peak shift 

observed for oxidation times of 0.25 and 0.5 hours is identical and corresponds to a 

chromium concentration in the W lattice of c(Cr) = 22.3 at-%, which is less than the Cr 

concentration in the binary W-Cr lattice after deposition (31.8 at-%). For 0.75 hours c(Cr) = 

17.6 at-%. After 1 hour of oxidation, the concentration sinks to c(Cr) = 5.4 at-%, showing that 

the change of morphology observed in the SEM cross-sections is associated with a demixing 

that converts the supersaturation of Cr in the W lattice into the thermodynamically stable 

concentration corresponding to the solubility of Cr in W at 1000°C. A closer observation of 

the peak shape (insert in figure 4.55) reveals that even for shorter observation times, a 

shoulder develops at the diffraction angle of the thermodynamically stable solid solution, 

indicating a fraction of the microstructure present in this state even for short oxidation 

times. This can be associated with the decrease of c(Cr) in the W lattice, as the dark 

precipitate is formed at the grain boundaries.  
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Another observation is made when the annealing times of the samples are considered. The 

total residence time spent at high temperature is 4 hours for the samples of 0.25, 0.5, and 1 

hour of oxidation, but the sample for 0.75 hours of oxidation is exposed to 1000°C for a 

total of 8 hours. This excludes the possibility that the structural change is temperature-

induced only, and demonstrates that the oxidation is the decisive factor. Since the major 

factor influencing the bulk is the diffusion of Cr to the surface, this is the most likely effect 

to be related to the structural change. 

 

Figure 4.55: Time-resolved evolution of the x-ray diffraction patterns of WSi3Cr10Zr5 after 

oxidation at 1000°C. The additional reflections are caused by the Cu coating. 

The 4 micrographs in figure 4.54 already suggest an increase of the layer thickness of the 

Cr2O3 layer at the top of the sample, but that tendency is deceiving since it can be shown 

that the chromia layer is partly destroyed during the preparation. As can be seen in figure 

4.56, the dark chromia layer clings to the underside of the Cu layer that was deposited after 

deposition. The fringe of the Cu layer is apparently bend slightly up, probably by stress in 

the film that is relieved into deformation as the ion beam cuts the surface free. The curling 

Cu layer pulls up the fragile oxide layer, which makes it appear thicker unless the contrast is 

chosen drastic enough to reveal the destroyed oxide layer. This is observed for all samples 

up to 0.75 hours of oxidation, the oxide layer only remains intact after 1 hour. This also 
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confirms an increasing layer thickness, because a thick layer can withstand more stress than 

a thinner layer. 

 

Figure 4.56: SEM micrograph of WSi3Cr10Zr5 after 0.25 h of oxidation at 1000°C. The 

contrast setting reveals the destroyed Cr2O3 layer attached to the Cu layer. 
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5 CONCLUSION  

The oxidation experiments of WSi3Cr10Zr5 reveal a two-step oxidation process that follows 

the parabolic law of oxidation, indicating a diffusion governed process that is responsible for 

the mass change. The first and larger rate constant can be associated with the growth of the 

Cr2O3 scale on top of the surface, with the outward diffusion of Cr cations being the rate 

limiting step. The diffusion of oxygen anions through the scale causes the formation of 

tungsten-chromium-oxide underneath the chromia scale, which changes the oxidation rate 

constant to a lower value. This can either be associated with a lower diffusion coefficient of 

Cr in the second oxide or with oxygen diffusion becoming the rate-limiting step. The 

collected data is insufficient to clarify this point. The other alloys investigated in this work 

show a similar if slightly inferior passivation behavior, which seems to be based on the same 

mechanism. Only alloys that cannot form a closed chromia scale show a deviation from that 

oxidation behavior, with a second rate constant that is higher than the first one. 

The Arrhenius plots of the rate constants of the two regions show that the data points do 

not lie on a straight line, suggesting that different processes are dominating the oxide 

formation at different temperatures. The order of magnitude of the calculated activation 

energies is reasonable for a diffusion process, but not accurate enough to determine the 

diffusing species.  

As-deposited samples containing low amounts of the fourth alloying element (Y or Zr) 

crystallize in the stable α-W phase, while higher contents cause the alloy to crystallize in the 

metastable β-W phase. Oxidation at 600°C partially transforms the metastable phase into 

the stable α phase, while the transformation is complete for 800°C and 1000°C. The W 

lattice is distorted by the chromium atoms in substitutional positions and shows a 

supersaturated single phase after sputter deposition. The heat treatment enables the 

system to assume the thermodynamically stable concentration for 800°C and 1000°C, but 

the thermal energy is not sufficient to complete the process at 600°C so that the lattice 

remains supersaturated. As a result, traces of β-W remain after the 600°C heat treatment.  

X-ray diffraction reveals the presence of multiple oxide phases after oxidation at the three 

temperatures, including Cr2O3, CrWO4, Cr2WO6, WO2, a high pressure modification of WO2 

and ZrSiO4. A more precise phase identification is inhibited by pronounced textures and the 

low symmetry of the crystal structure of many oxide phases, causing a multitude of peaks 

that are either lost in the noise or suppressed by texture. The 1000°C oxidation reduces the 
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texture and allows for unambiguous identification of WCrO4, Cr2O3, WO2 and W for 

WSi3Cr10Zr5.  

Cross-sections examined by SEM show a layered oxide structure covering the non-oxidized 

bulk. The top layer can be shown to consist of Cr and O only, while deeper oxide layers 

contain W as well. A Cr depletion in the zone beneath the top layer can be seen in EDX, as 

well as a deep penetration of oxygen into the depletion zone. The depletion zone shows 

four structurally different regions that have similar compositions, but different 

morphologies. High-resolution SEM and STEM on a thin lamella show a porous region in the 

depletion zone and a dense two-phase microstructure in the bulk, as well as a defect-free 

Cr2O3 layer.  

A time-resolved oxidation study shows a structural change between 0.75 and 1 hour of 

oxidation time, which is not related to the duration of the heat treatment. The initially 

coarsely grained microstructure segregates into small grains and a second phase that 

precipitates at the grain boundaries. The formation of the second phase is simultaneous to 

the depletion of Cr in the W lattice to assume the equilibrium concentration.  
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6 OUTLOOK 

The aim of this work was to investigate the oxidation behavior of quaternary tungsten alloys 

for application as a first wall material in a future fusion power plant. Quaternary tungsten 

alloys show promising oxidation behavior at elevated temperatures in comparison to the 

binary and ternary alloys investigated earlier. The difference to the ternary alloys is the two-

step oxidation process, which seems to be related to the formation of the binary oxide 

CrWO4. The additional oxide can help stabilize the W in the alloy and prevent the formation 

of volatile WO3. 

The addition of Y and Zr improves the passivation behavior with respect to ternary alloys, 

but the fourth element does not form a crystalline oxide. The passivation behavior is 

influenced by the active element effect (AEE) which mainly improves oxide scale adhesion. 

As a result, the oxidation rate constants of WSi3Cr10Zr5 have the same order of magnitude 

as alloys investigated in earlier work, but less alloying elements. The increased W content is 

favorable for application.  

The oxidation rate constants show a two-step parabolic behavior, indicating a change of 

oxidation mechanism during the oxidation process. The subject of future work should be to 

study the variation of the oxidation mechanism and the activation energy with temperature 

in greater detail. This can be achieved by oxidation experiments at temperatures in between 

the three temperatures investigated in this work. 

The distortion of the W lattice by substitutional Cr atoms is apparently linked to a structural 

change during the oxidation at 1000°C, such that the structure changes when the W lattice 

is no longer supersatured with Cr. The relationship of this change to the oxidation time is of 

special interest and should be investigated further to determine whether this change is 

problematic for the application as a first wall material. 

The erosion behavior in hydrogen plasma of the quaternary alloys should be evaluated to 

judge if they are suited for applications as a first wall material in a fusion reactor. The ability 

of such alloys to resist the bombardment of energetic particles is important, because atoms 

that are sputtered from first wall cool the plasma as impurities. Other practical studies like 

the ability of this material to cope with radiation damage and energetic neutrons would also 

be of interest.   
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APPENDIX 

Batch  Desired composition Deposition parameters 

Composition 

via RBS 

Deposition time         

Samples  Element wt-% at-% Power Deposition Rate wt-% at-% 

     W ng/cm² s W   

         

WSi3Cr10Zr5 W 80 49,2 228 1,44 82,6 56,7 

250 min Zr 4 5 54 0,305 4,9 6,8 

68-77  Cr 10 21,7 73 0,565 9,5 23 

  Si 6 24,1 300 0,082 3 13,5 

         

         

WSi3Cr10Zr5 W 80 49,2 228 1,44 80,3 53,2 

250 min Zr 4 5 54 0,305 5,8 7,7 

60-67  Cr 10 21,7 73 0,565 10,6 24,8 

  Si 6 24,1 300 0,082 3,3 14,3 

         

         

WSi4Cr8Zr6 W 80,0 50,1 226 1,508 81,7 55,2 

211 min Zr 6,0 7,6 80 0,319 6,3 8,6 

8-14  Cr 8,0 17,7 58 0,59 8,2 19,5 

  Si 6,0 24,6 300 0,085 3,8 16,7 

         

         

WSi5Cr4Zr14 W 78,0 47,4 166 1,508 77 50,4 

281,23 min Zr 10,0 12,2 100 0,319 13,7 18 

22-30  Cr 4,0 8,6 22 0,59 4,4 10,2 

  Si 8,0 31,8 300 0,085 5 21,4 

         

         

WSi4Cr10Y1 W 80,0 49,1 226 1,508 85,2 58,1 

219,7 min Y 4,0 5,1 24 0,712 1,2 1,75 

31-39  Cr 10,0 21,7 72 0,59 10 24 

  Si 6,0 24,1 300 0,085 3,6 16,15 

         

WSi4Cr8Y2 W 80,0 50 226 1,508 85,7 59,8 

224,4 min Y 6,0 7,8 36 0,712 2,5 3,6 

49-57  Cr 8,0 17,7 58 0,59 8,2 20,2 

  Si 6,0 24,6 300 0,085 3,6 16,4 

         

WSi5Cr5Y5 W 78,0 48,4 166 1,508 85,7 59,1 

312,5 min Y 10,0 12,8 45 0,712 4,5 6,3 

40-48  Cr 4,0 8,8 22 0,59 4,7 11,5 

  Si 8,0 32,5 300 0,085 5,1 23,1 

Table 8.1: Deposition parameters and sample composition 
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Figure 8.2: Cr-W binary phase diagram (downloaded from www.factsage.com) 

 

Figure 8.3: Si-W binary phase diagram (downloaded from www.factsage.com) 
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T(K) = 301, mole W/(Cr+W) = 0.7475 

 

FACT Format 

  

  Cr +  W = 

  

   0.74750    mol   BCC_A2#1 

   (137.43 gram, 0.74750 mol) 

           (301.00 K, 1 atm,     a=1.0000) 

           ( 1.9992E-06      Cr1 

           + 1.0000          W1) 

  

           System component       Mole fraction  Mass fraction 

           W                        1.0000         1.0000 

           Cr                       1.9992E-06     5.6542E-07 

  

 + 0.25250    mol   BCC_A2#2 

   (13.129 gram, 0.25250 mol) 

           (301.00 K, 1 atm,     a=1.0000) 

           ( 0.99999         Cr1 

           + 5.7819E-06      W1) 

  

           System component       Mole fraction  Mass fraction 

           W                        5.7819E-06     2.0444E-05 

           Cr                       0.99999        0.99998 

  

 + 0.00000    mol   LIQUID 

           (301.00 K, 1 atm,     a=2.3575E-04) 

           ( 0.99986         Cr 

           + 1.3959E-04      W) 

  

   

 The cutoff concentration has been specified to 1.0000E-75 

  

 ***************************************************************** 

       H            G            V            S           Cp 

      (J)          (J)        (litre)       (J/K)        (J/K) 

 ***************************************************************** 

  6.80051E+01 -9.12863E+03  0.00000E+00  3.05536E+01  2.40660E+01 

  

 Total mass/gram = 150.56 

 

T(K) = 301, mole W/(Cr+W) = 0.7475 

 

ChemSage Format 

 T = 301.00 K 

 P = 1.00000E+00 atm 

 V = 0.00000E+00 dm3 
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 STREAM CONSTITUENTS        AMOUNT/mol 

 Cr                         2.5250E-01 

 W                          7.4750E-01 

  

                           EQUIL AMOUNT  MOLE FRACTION     ACTIVITY 

 PHASE: BCC_A2#1               mol 

 Cr1                        1.4944E-06     1.9992E-06     9.9999E-01 

 W1                         7.4750E-01     1.0000E+00     1.0000E+00 

 TOTAL:                     7.4750E-01     1.0000E+00     1.0000E+00 

 PHASE: BCC_A2#2               mol       MOLE FRACTION     ACTIVITY 

 Cr1                        2.5250E-01     9.9999E-01     9.9999E-01 

 W1                         1.4599E-06     5.7819E-06     1.0000E+00 

 TOTAL:                     2.5250E-01     1.0000E+00     1.0000E+00 

 PHASE: LIQUID                 mol       MOLE FRACTION     ACTIVITY 

 Cr                         0.0000E+00     9.9986E-01     2.3572E-04 

 W                          0.0000E+00     1.3959E-04     4.8467E-09 

 TOTAL:                     0.0000E+00     1.0000E+00     2.3575E-04 

 ******************************************************************** 

   Cp_EQUIL       H_EQUIL       S_EQUIL       G_EQUIL       V_EQUIL 

     J.K-1           J           J.K-1           J            dm3 

 ******************************************************************** 

  2.40660E+01   6.80051E+01   3.05536E+01  -9.12863E+03   0.00000E+00 

  

 Magnetic properties for BCC_A2#1: 

 Neel temperature = 0.00 K 

 Average magnetic moment/atom =  2.0167E-08 

  

 Magnetic properties for BCC_A2#2: 

 Neel temperature = 311.50 K 

 Average magnetic moment/atom =  9.9999E-03 

Table 8.4: equilibrium calculation for W-Cr binary system at 301 K 
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Sample Substrate A T Oxidation time  kp region 1 kp region 2 

  cm² °C h mg²/cm
4
s mg²/cm

4
s 

WSi3Cr11Zr6 # 66 SiO2 3,1415 1000 0,25 3,18E-05 - 

Standard error     1,55E-05  

WSi3Cr11Zr6 #65 SiO2 3,1415 1000 0,5 3,29E-05 - 

Standard error     6,95E-06  

WSi3Cr11Zr6 #67 SiO2 3,1415 1000 0,75 1,27E-05 - 

Standard error     3,40E-06  

WSi3Cr11Zr6 #62 SiO2 3,1415 1000 1 3,92E-05 4,59E-06 

Standard error     4,82E-06 1,06E-05 

WSi3Cr10Zr5 #71 SiO2 3,1415 1000 10 4,33E-05 9,29E-06 

Standard error     3,08E-06 1,41E-07 

WSi3Cr10Zr5 #68 Al2O3 4 1000 1 1,79E-05 4,78E-06 

Standard error     4,32E-06 3,15E-06 

WSi3Cr10Zr5 #70 SiO2 3,1415 800 4 1,14E-05 6,66E-06 

Standard error     9,08E-07 1,01E-06 

WSi3Cr10Zr5 #73 SiO2 3,1415 600 65 1,92E-07 - 

Standard error     3,85E-09  

WSi5Cr4Zr14 SiO2 3,1415 1000 1 2,75E-04 5,98E-04 

Standard error     1,40E-05 1,58E-05 

WSi4Cr8Y2 SiO2 3,1415 1000 1 8,04E-05 1,48E-05 

Standard error     5,32E-06 7,18E-06 

WSi4Cr8Y2 SiO2 3,1415 800 4 5,70E-05 1,49E-05 

Standard error     1,25E-05 3,34E-06 

WSi4Cr8Y2 SiO2 3,1415 600 48 2,88E-07 - 

Standard error     1,56E-07  

WSi4Cr10Y1 SiO2 3,1415 1000 1 7,51E-05 2,77E-05 

Standard error     1,04E-05 4,19E-06 

WSi4Cr10Y1 Al2O3 4 600 50 1,89E-08 - 

Standard error     3,81E-09  

WSi4Cr10Y1 Al2O3 4 800 4 1,62E-05 2,84E-06 

Standard error     5,63E-07 5,31E-07 

WSi4Cr8Zr6 SiO2 3,1415 1000 4 8,61E-05 4,53E-05 

Standard error     1,27E-05 3,89E-06 

Table 8.5: Oxidation rates of the alloys  
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Figure 8.6: Diffraction pattern of WSi4Cr8Y2 after oxidation at 800°C for 4 hours 

d 2θ h k l aCrW 

2,1889  1 1 0 3,095572 

1,5592  2 0 0 3,1184 

1,2642  2 1 1 3,096645 

0,9808  3 1 0 3,101562 

Average 3,103045 

Table 8.7: Lattice distortion of the binary W-Cr lattice in as-deposited WSi4Cr8Y2 

 
T(K) = 1273, mole W/(Cr+W) = 0.7475 

 

FACT Format 
  

  Cr +  W = 

  

   0.77794    mol   BCC_A2#1 

   (136.57 gram, 0.77794 mol) 

           (1273.00 K, 1 atm,     a=1.0000) 

           ( 6.2944E-02      Cr1 

           + 0.93706         W1) 

  

           System component       Mole fraction  Mass fraction 

           W                        0.93706        0.98136 

           Cr                       6.2944E-02     1.8643E-02 

  

 + 0.22206    mol   BCC_A2#2 

   (13.988 gram, 0.22206 mol) 
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           (1273.00 K, 1 atm,     a=1.0000) 

           ( 0.91658         Cr1 

           + 8.3416E-02      W1) 

  

           System component       Mole fraction  Mass fraction 

           W                        8.3416E-02     0.24345 

           Cr                       0.91658        0.75655 

  

 + 0.00000    mol   LIQUID 

           (1273.00 K, 1 atm,     a=0.39675) 

           ( 0.91964         Cr 

           + 8.0362E-02      W) 

  

   

 The cutoff concentration has been specified to 1.0000E-75 

  

 ***************************************************************** 

       H            G            V            S           Cp 

      (J)          (J)        (litre)       (J/K)        (J/K) 

 ***************************************************************** 

  2.85375E+04 -6.16965E+04  0.00000E+00  7.08829E+01  3.60952E+01 

  

 Total mass/gram = 150.56 

 
T(K) = 1273, mole W/(Cr+W) = 0.7475 

 

ChemSage Format 
 T = 1273.00 K 

 P = 1.00000E+00 atm 

 V = 0.00000E+00 dm3 

  

 STREAM CONSTITUENTS        AMOUNT/mol 

 Cr                         2.5250E-01 

 W                          7.4750E-01 

  

                           EQUIL AMOUNT  MOLE FRACTION     ACTIVITY 

 PHASE: BCC_A2#1               mol 

 Cr1                        4.8967E-02     6.2944E-02     9.3361E-01 

 W1                         7.2898E-01     9.3706E-01     9.4947E-01 

 TOTAL:                     7.7794E-01     1.0000E+00     1.0000E+00 

 PHASE: BCC_A2#2               mol       MOLE FRACTION     ACTIVITY 

 Cr1                        2.0353E-01     9.1658E-01     9.3361E-01 

 W1                         1.8523E-02     8.3416E-02     9.4947E-01 

 TOTAL:                     2.2206E-01     1.0000E+00     1.0000E+00 

 PHASE: LIQUID                 mol       MOLE FRACTION     ACTIVITY 

 Cr                         0.0000E+00     9.1964E-01     3.6936E-01 

 W                          0.0000E+00     8.0362E-02     3.7519E-02 

 TOTAL:                     0.0000E+00     1.0000E+00     3.9675E-01 

 ******************************************************************** 

   Cp_EQUIL       H_EQUIL       S_EQUIL       G_EQUIL       V_EQUIL 

     J.K-1           J           J.K-1           J            dm3 

 ******************************************************************** 

  3.60952E+01   2.85375E+04   7.08829E+01  -6.16965E+04   0.00000E+00 

  

 Magnetic properties for BCC_A2#1: 

 Neel temperature = 19.62 K 

 Average magnetic moment/atom =  6.2984E-04 
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 Magnetic properties for BCC_A2#2: 

 Neel temperature = 285.50 K 

 Average magnetic moment/atom =  9.1653E-03 

Table 8.8: equilibrium calculation for W-Cr binary system at 1273K 

 

 

 

T(K) = 1073, mole W/(Cr+W) = 0.7475 

 

FACT Format 

  

  Cr +  W = 

  

   0.76076    mol   BCC_A2#1 

   (136.77 gram, 0.76076 mol) 

           (1073.00 K, 1 atm,     a=1.0000) 

           ( 3.0866E-02      Cr1 

           + 0.96913         W1) 

  

           System component       Mole fraction  Mass fraction 

           W                        0.96913        0.99107 

           Cr                       3.0866E-02     8.9269E-03 

  

 + 0.23924    mol   BCC_A2#2 

   (13.788 gram, 0.23924 mol) 

           (1073.00 K, 1 atm,     a=1.0000) 

           ( 0.95726         Cr1 

           + 4.2737E-02      W1) 

  

           System component       Mole fraction  Mass fraction 

           W                        4.2737E-02     0.13634 

           Cr                       0.95726        0.86366 

  

 + 0.00000    mol   LIQUID 

           (1073.00 K, 1 atm,     a=0.26066) 

           ( 0.94686         Cr 

           + 5.3140E-02      W) 

  

   

 The cutoff concentration has been specified to 1.0000E-75 

  

 ***************************************************************** 

       H            G            V            S           Cp 

      (J)          (J)        (litre)       (J/K)        (J/K) 

 ***************************************************************** 

  2.16509E+04 -4.81002E+04  0.00000E+00  6.50057E+01  3.28255E+01 

  

 Total mass/gram = 150.56 
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T(K) = 1073, mole W/(Cr+W) = 0.7475 

 

ChemSage Format 

 T = 1073.00 K 

 P = 1.00000E+00 atm 

 V = 0.00000E+00 dm3 

  

 STREAM CONSTITUENTS        AMOUNT/mol 

 Cr                         2.5250E-01 

 W                          7.4750E-01 

  

                           EQUIL AMOUNT  MOLE FRACTION     ACTIVITY 

 PHASE: BCC_A2#1               mol 

 Cr1                        2.3481E-02     3.0866E-02     9.6272E-01 

 W1                         7.3728E-01     9.6913E-01     9.7280E-01 

 TOTAL:                     7.6076E-01     1.0000E+00     1.0000E+00 

 PHASE: BCC_A2#2               mol       MOLE FRACTION     ACTIVITY 

 Cr1                        2.2902E-01     9.5726E-01     9.6272E-01 

 W1                         1.0225E-02     4.2737E-02     9.7280E-01 

 TOTAL:                     2.3924E-01     1.0000E+00     1.0000E+00 

 PHASE: LIQUID                 mol       MOLE FRACTION     ACTIVITY 

 Cr                         0.0000E+00     9.4686E-01     2.4829E-01 

 W                          0.0000E+00     5.3140E-02     1.5342E-02 

 TOTAL:                     0.0000E+00     1.0000E+00     2.6066E-01 

 ******************************************************************** 

   Cp_EQUIL       H_EQUIL       S_EQUIL       G_EQUIL       V_EQUIL 

     J.K-1           J           J.K-1           J            dm3 

 ******************************************************************** 

  3.28255E+01   2.16509E+04   6.50057E+01  -4.81002E+04   0.00000E+00 

  

 Magnetic properties for BCC_A2#1: 

 Neel temperature = 9.62 K 

 Average magnetic moment/atom =  3.0890E-04 

  

 Magnetic properties for BCC_A2#2: 

 Neel temperature = 298.18 K 

 Average magnetic moment/atom =  9.5723E-03 

Table 8.9: equilibrium calculation for W-Cr binary system at 1073 K 

 

 
T(K) = 873, mole W/(Cr+W) = 0.7475 

 

FACT Format 
  

  Cr +  W = 

  

   0.75214    mol   BCC_A2#1 

   (137.09 gram, 0.75214 mol) 

           (873.00 K, 1 atm,     a=1.0000) 



 - 10 - 

           ( 1.1978E-02      Cr1 

           + 0.98802         W1) 

  

           System component       Mole fraction  Mass fraction 

           W                        0.98802        0.99658 

           Cr                       1.1978E-02     3.4170E-03 

  

 + 0.24786    mol   BCC_A2#2 

   (13.463 gram, 0.24786 mol) 

           (873.00 K, 1 atm,     a=1.0000) 

           ( 0.98239         Cr1 

           + 1.7615E-02      W1) 

  

           System component       Mole fraction  Mass fraction 

           W                        1.7615E-02     5.9621E-02 

           Cr                       0.98239        0.94038 

  

 + 0.00000    mol   LIQUID 

           (873.00 K, 1 atm,     a=0.13968) 

           ( 0.97021         Cr 

           + 2.9792E-02      W) 

  

   

 The cutoff concentration has been specified to 1.0000E-75 

  

 ***************************************************************** 

       H            G            V            S           Cp 

      (J)          (J)        (litre)       (J/K)        (J/K) 

 ***************************************************************** 

  1.53830E+04 -3.57323E+04  0.00000E+00  5.85513E+01  2.99209E+01 

  

 Total mass/gram = 150.56 

 
T(K) = 873, mole W/(Cr+W) = 0.7475 

 

ChemSage Format 
 T = 873.00 K 

 P = 1.00000E+00 atm 

 V = 0.00000E+00 dm3 

  

 STREAM CONSTITUENTS        AMOUNT/mol 

 Cr                         2.5250E-01 

 W                          7.4750E-01 

  

                           EQUIL AMOUNT  MOLE FRACTION     ACTIVITY 

 PHASE: BCC_A2#1               mol 

 Cr1                        9.0094E-03     1.1978E-02     9.8355E-01 

 W1                         7.4313E-01     9.8802E-01     9.8871E-01 

 TOTAL:                     7.5214E-01     1.0000E+00     1.0000E+00 

 PHASE: BCC_A2#2               mol       MOLE FRACTION     ACTIVITY 

 Cr1                        2.4349E-01     9.8239E-01     9.8355E-01 

 W1                         4.3660E-03     1.7615E-02     9.8871E-01 

 TOTAL:                     2.4786E-01     1.0000E+00     1.0000E+00 

 PHASE: LIQUID                 mol       MOLE FRACTION     ACTIVITY 

 Cr                         0.0000E+00     9.7021E-01     1.3581E-01 

 W                          0.0000E+00     2.9792E-02     4.0852E-03 

 TOTAL:                     0.0000E+00     1.0000E+00     1.3968E-01 
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 ******************************************************************** 

   Cp_EQUIL       H_EQUIL       S_EQUIL       G_EQUIL       V_EQUIL 

     J.K-1           J           J.K-1           J            dm3 

 ******************************************************************** 

  2.99209E+01   1.53830E+04   5.85513E+01  -3.57323E+04   0.00000E+00 

  

 Magnetic properties for BCC_A2#1: 

 Neel temperature = 3.74 K 

 Average magnetic moment/atom =  1.1992E-04 

  

 Magnetic properties for BCC_A2#2: 

 Neel temperature = 306.01 K 

 Average magnetic moment/atom =  9.8237E-03 

Table 8.10: equilibrium calculation for W-Cr binary system at 873 K 
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Figure 8.11: RBS spectrum of WSi4Cr10Y1  
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Figure 8.12: RBS spectrum of WSi4Cr8Y2 
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Figure 8.13: RBS spectrum of WSi5Cr5Y5 
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Figure 8.14: RBS spectrum of WSi5Cr4Zr14 
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Figure 8.15: RBS spectrum of WSi3Cr10Zr5 (samples #60-67) 
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Figure 8.16: RBS spectrum of WSi3Cr10Zr5 (samples #68-77) 

Phase  PDF 

α-W 4-806 

β-W 47-1319 

WO2 32-1393 

hp-WO2 48-1827 

CrWO4 34-197 

Cr2WO6 35-791 

Cr2O3 38-1479 

ZrSiO4 6-266 

Figure 8.17: PDF-cards of crystallographic phases in the PDF-2000 database 

 




