
����������	
����
������������
������������������

��������������

���������
������������������
���
�	�������
���������������������������

���������
����������

�����
���� �����!�"�������

�����#$#%







 
 

  



I 
 

Acknowledgments  

 

I would like to express my profound gratitude to Prof. Christian Mitterer for putting trust in 

me in the first place and introducing me to the chair of Functional Materials and Materials 

Systems. Thank you for your enormous supports over the last three years, and your 

constructive feedback. I am truly proud of having been part of your outstanding research 

group. 

My special gratitude and appreciation are due to my supervisor Dr. Robert Franz for his 

supervision, patience, supports and very friendly attitude. Thank you, Robert, for giving me 

enough time and space to be creative and independent as well as the opportunity to learn and 

practice all luxury characterization techniques I used to dream of.  
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Abstract 

The increasing demand for multi-element thin films and coatings for multifunctional purposes 

has pushed the cathode material industry to produce multi-element products, e.g., composite 

and alloy targets. The cathodes are exposed to the discharge plasma during the deposition 

process that alters their surface properties. The surface modifications are particularly severe 

for cathodic arc deposition processes since the cathode spots impose countless melting-

solidification cycles on the cathode material near the surface, leading to the formation a 

modified layer. The formation mechanisms and properties of the modified layer influence the 

plasma properties and, hence, the film growth conditions. The aim of this thesis is to 

contribute to the understanding of fundamental physical processes occurring on the surface 

of cathodes during cathodic arc processes in order to enable the design of multi-element 

cathodes that yield optimal plasma parameters and hence the desired coating properties. 

In a first step, a novel multilayer cathode with individual sublayer thicknesses of 500 nm 

was developed in this work in order to distinguish short-scale diffusion processes in the heat-

affected zone of the craters. This multilayer design also enabled studying the progress of the 

crater formation and the corresponding induced material intermixing processes. It was found 

that the temperature gradient below a single crater is very sharp and no considerable solid-

state diffusion was activated. The material intermixing was revealed to occur mainly in liquid 

state in very short periods of time. The repetitive formation of the µm-sized craters leads to 

the formation of the modified layer whose homogeneity increases with increasing number of 

melting-solidification cycles it undergoes.    

In a second step, composite Al-Cr cathodes with varying grain size were selected to further 

investigate the influence of cathode microstructure design on the formation mechanisms as 

well as the phase composition of the modified layer. It was revealed that the modified layers 

mainly comprise of metastable phases irrespective of the grain size. An average cooling rate 

of 106 K/s was estimated for the solidification of the modified layer. The cooling rate 

estimation is of significant importance for the cathode design since it enables to predict the 

ultimate phases in the modified layer whose cohesive energies influence the plasma 

parameters.   
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In a final step, the knowledge obtained in the previous steps was employed to study the 

surface modifications on multi-element cathodes during reactive cathodic arc deposition. It 

was found that the reactive plasmas cause surface nitridation and oxidation in the respective 

discharge. The oxide or nitride layers trigger repetitive ignition of type 1 cathode spots along 

with type 2 ones. In N2 atmosphere the modified layer formation process is, in principle, 

similar to the one in inert Ar gas (previous steps) but the craters are shallower and the material 

intermixing process seems to be slower. In O2 atmosphere, deeper craters are formed but 

their number is less than in N2. Additionally, the surface oxidation causes significantly more 

type 1 spot ignitions whose craters contribute to the material intermixing process. The 

obtained results contribute to a better understanding of macroparticle generation during 

crater formation and arc plasma properties in reactive cathodic arc deposition processes. 
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Zusammenfassung 

Durch die steigende industrielle Nachfrage nach Dünnschichten mit anwendungsoptimierten 

Eigenschaften kam es in den letzten Jahren zu einer erhöhten Forschungstätigkeiten im 

Bereich der Multielementschichten. Diese Materialien werden häufig durch die 

plasmabasierte kathodische Lichtbogenzerstäubung unter Verwendung von 

Multielementkathoden hergestellt. Aufgrund der hohen verwendeten Energien kommt es zu 

einer Interaktion der Kathodenoberfläche mit dem Plasma, wodurch sich an dieser eine 

modifizierte Schicht bildet. Die Entstehungsmechanismen und Eigenschaften dieser 

modifizierten Schicht beeinflussen das Plasma, was in weiterer Folge das 

Dünnschichtwachstum und damit die Schichteigenschaften bestimmt. Ziel der vorliegenden 

Arbeit ist es, einen Beitrag zum Verständnis der physikalischen Prozesse, welche auf der 

Oberfläche der Multielement-Kathoden durch die Interaktion mit dem Plasma stattfinden, zu 

leisten. Dadurch soll eine Optimierung der Plasmaeigenschaften und somit des 

Schichtwachstums ermöglicht werden.  

In einem ersten Schritt der Arbeit wurde hierfür eine Multilagen-Kathode mit 

alternierenden Lagen entwickelt. Dies erlaubte ein tieferes Verständnis der lokalen 

Diffusionsvorgänge im oberflächennahen Bereich der Kathoden, die durch den Wärmeeintrag 

aufgrund der Schmelz-Erstarrungszyklen hervorgerufen werden. Darüber hinaus ermöglichte 

das gewählte Kathodendesign ein besseres Verständnis der Kraterbildung, welche bei der 

kathodischen Lichtbogenzerstäubung auftreten. Dabei wurde festgestellt, dass unterhalb der 

Krater ein starker Temperaturgradient vorhanden ist und keine Festkörperdiffusion 

stattfindet. Vielmehr zeigte sich, dass jedwede Materialvermischung im flüssigen Zustand in 

sehr kurzen Zeitskalen auftritt. Durch die wiederholte Bildung der mikroskopischen 

Lichtbogenkrater kommt es sodann zur Ausbildung der modifizierten Schicht auf der 

Multielement-Kathode, wobei die Homogenität mit der Anzahl der durchlaufenen Schmelz-

Erstarrungszyklen zunimmt. 

Im zweiten Schritt wurde eine Serie industriell relevanter AlCr-Kompositkathoden mit 

unterschiedlicher Korngröße im Detail untersucht, um Rückschlüsse über den Einfluss des 

Gefüges auf die Bildung der modifizierten Oberflächenschicht sowie deren 

Phasenzusammensetzung zu erzielen. Hierbei konnte gezeigt werden, dass unabhängig von 
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der Korngröße ausschließlich metastabile Phasen durch die Einwirkung des 

Lichtbogenplasmas gebildet werden. Für die Erstarrung der modifizierten Schicht wurde eine 

durchschnittliche Abkühlgeschwindigkeit von 106 K/s geschätzt. Die Kenntnis der Abkühlrate 

ist für die Entwicklung neuer Multielement-Kathoden von großer Bedeutung, da hiermit die 

Phasenzusammensetzung in der sich bildenden modifizierten Oberflächenschicht vorab 

ermittelt werden kann. 

In einem letzten Schritt wurden die bisher gewonnenen Erkenntnisse genutzt, um die 

Veränderungen an der Oberfläche an Multielement-Kathoden während reaktiver 

Lichtbogenabscheidung zu untersuchen. Durch die Einwirkung des reaktiven Plasmas fand 

eine Nitrierung bzw. Oxidation der Oberfläche statt. Die gebildeten Nitrid- bzw. Oxidschichten 

führten zur wiederholten Ausbildung von Kathodenbrennflecken des Typs 1 zusammen mit 

denen des Typs 2. In N2-Atmosphäre erfolgt die Bildung der modifizierten Schicht ähnlich jener 

in inerter Ar-Atmosphäre, wobei die ausgebildeten Krater flacher sind und der 

Materialvermischungsprozess langsamer abzulaufen scheint. In O2-Atmosphäre wurden zwar 

deutlich tiefere Krater beobachtet, jedoch eine geringere Anzahl als in der N2-Atmosphäre. 

Zusätzlich verursacht die Oberflächenoxidation deutlich mehr Kathodenbrennflecken des Typ 

1, deren Krater zur Materialdurchmischung beitragen. Die gewonnenen Erkenntnisse leisten 

einen Beitrag zu einem besseren Verständnis der Erzeugung von makroskopischen 

Schichtdefekten während der Ausbildung der Lichtbogenkrater sowie zu den Eigenschaften 

des Plasmas in reaktiven Lichtbogenabscheidungsprozessen. 
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1 Introduction  

Today’s fast-growing technologies are more and more requiring products with smaller 

dimensions but meanwhile more functionality. The cutting tools industries, microelectronics, 

renewable energies, and biomedical industries are examples of those in urgent need for such 

cutting-edge advances. Multifunctional thin films and coatings are often an integral part of 

sophisticated technological advances to meet future demands. Physical vapor deposition 

(PVD) is one of the most commonly used technologies to produce advanced multifunctional 

thin films [1]. The PVD technology enables the design of thin films on an atomic level and to 

produce functionality down to nanometer ranges since it is bottom-up synthesis method [2-

5]. In addition to its flexibility, the fact that PVD is a cost and environmentally friendly 

technology has made it frequently the technology of choice.  

Among the PVD techniques, cathodic arc deposition (CAD) [6] has several advantages 

such as low operation costs, high deposition rates, and a superior fully ionized plasma with 

ion charge states up to +6  and substantial ion kinetic energies up to several 100 eV [7-11]. 

Thanks to its highly ionized plasma, CAD allows the deposition of highly dense thin films with 

excellent adhesion to the substrate. However, the disadvantage of CAD is the incorporation 

of microparticles into the growing films. The macroparticles, depending on the thin film’s 

application, may be reduced by controlling deposition parameters or almost fully eliminated 

by applying a magnetic filter [6, 12]. 

To produce thin films with optimized and consistent properties, the PVD process 

parameters need to be fully understood and well controlled. In other words, it is essential to 

establish “target material properties - plasma parameters - film growth conditions - film 

properties” relationships. The film microstructure - properties and their correlations to the 

plasma parameters have been extensively studied over the last decades [13-26]. However, the 

correlation of target materials properties to the generated plasma parameters has been less 

extensively studied [27-34]. A majority of the latter studies concern the so-called target 

poisoning during reactive film deposition process used for depositing nitride and oxide films 

and they mainly focus on reducing or eliminating target reaction with the reactive 

atmospheres rather than its influence on the plasma properties.  
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As a result of the increasing demand for multi-element thin films and coatings for 

multifunctional purposes, the target materials’ design has shifted towards multi-element 

products. This shift, in turn, further stresses the need for understanding the correlation 

between target (cathode) material properties and the plasma properties. In CAD, the target, 

which is called cathode, experiences significant surface modifications due to melting-

solidification cycles that occur on the cathode surface during the process [35-43] and has 

therefore been subject of more studies than the target material of other PVD techniques, for 

instance sputtering techniques [28, 44-46]. The cathode material properties are often 

correlated with the plasma parameters using cohesive energy rule [47]. However, this rule 

was established for vacuum arc plasmas of single-element cathodes and needs to be modified, 

if possible, for multi-element cathodes. Despite significant contribution of the studies 

concerning this topic over the last decade [8, 9, 34, 37, 43, 48-51], there are still numerous 

questions to address, particularly when it comes to the formation of a so-called modified layer 

on the cathode surface caused by exposure to cathodic arc plasmas.    

This work aims to contribute to the knowledge-based design of multi-element 

cathodes with the goal of obtaining cathodic arc plasmas with desired properties. For this 

purpose, two sets of multi-element cathodes with different materials and microstructures 

were designed. First, multilayer Mo/Al/Ti cathodes were developed to study fundamental 

aspects of arc crater formation and material intermixing processes during cathodic arc 

operation in both inert and reactive atmospheres. Second, industrially relevant composite Al-

Cr cathodes with varying grain size were employed in order to understand the details of phase 

transformations that determine constituent phases of the modified layer. The phase 

composition of the modified layers was thoroughly analyzed using advanced characterization 

techniques. The results obtained from the current work were used to predict the influence of 

the formation of the modified layer and its constituent phases on the plasma properties and 

possible application of the cohesive energy rule for multi-element cathodes.  
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2 Cathodic arc deposition process  

Cathodic arc deposition is categorized as a PVD technique. In this process, a high-current, low-

voltage electrical discharge (arc discharge) is used to vaporize the cathode (target) material. 

Due to high electric currents employed in the process, the material vaporization process 

occurs through microvolume explosions, known as cathode spots, which is schematically 

represented in Fig. 1. The explosive nature of the cathode spots results in the generation of 

an almost fully ionized and highly energetic plasma consisting of multiply charged ion species 

with supersonic velocities [52]. The sequential ignitions of the cathode spots, which is 

observed as an apparent motion of the cathode spots, leads to a constant erosion of the 

cathode material, thereby providing a steady plasma beam. The excellent properties of the 

arc plasmas provide the user with an opportunity to grow highly dense and well-adherent 

coatings at relatively low substrate temperatures, which considerably expands the choice of 

substrate materials [53].  

As the cathode spot self-extinguishes and moves to the neighboring areas for re-

ignition, it leaves a crater behind on the cathode surface, which is often called arc crater. The 

size of the arc crater may range from 0.1 to several 10 µm, depending on discharge parameters 

and cathode materials [6, 54]. During the process of crater formation, liquid droplets 

(macroparticles) are generated and accelerate to the surrounding atmosphere, which are 

consequently incorporated into the growing film. The size of the macroparticles ranges from 

some 100 nm to several 10 µm and are emitted in an angular with a majority under low angles 

with respect to the cathode plane [37, 55]. The velocity of the macroparticles is usually some 

10 m/s but it may reach up to several 100 m/s  [56]. The incorporation of the macroparticles 

into the coatings adversely affect their microstructure and properties, which consequently 

limits their applications for instance in highly corrosive environments [57]. However, for a 

large number of applications, the presence of macroparticles in the coatings can be tolerated 

given affordable operation costs of the technique. The macroparticle incorporation can, 

however, be reduced by controlling magnetic field, background gas pressure in case of 

reactive deposition, and the arc discharge current. The macroparticles can almost be 

completely eliminated by utilizing an arched magnetic filter that bends the trajectory of the 

plasma beam towards a substrate for the film deposition while the macroparticles’ path 

remains unaffected [12].  



Mehran Golizadeh Cathodic arc deposition process                                                                       

 

4 
 

 

 

Fig. 1: Schematic representation of the cathodic arc process and a close-up of the 

microvolume explosion [58]. 

2.1 Significance of cathodic arc plasma in film growth  

Cathodic arc plasmas are distinctly favored over the other plasmas used in PVD technology, 

since the former is almost fully ionized and comprises of ion species with charge states up to 

+5 and kinetic energies up to several 100 eV, depending on discharge parameters and cathode 

material [11, 59]. The importance of the ion kinetic energy can be best illustrated by the so-

called structure zone diagram. One of the most recent versions of the structure zone diagram 

was developed by Anders [21], and is shown in Fig. 2. The diagram depicts the correlation 

between microstructure evolution of the film with respect to the normalized energy flux, E*, 

and the generalized temperature, T*. In general, the latter is mainly dependent on the 

substrate temperature while the former on the kinetic energy of arriving species on the 

substrate.   
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Fig. 2: Structure zone diagram for energetic film deposition (PVD) showing microstructure 

evolution of the film as function of the normalized energy flux, E*, and the generalized 

temperature, T*; t* represents the net coating thickness [21]. 

One of the favorable coating microstructures yielding optimal properties is the one 

with densely packed fibrous grains named as zone T in the diagram. In case of deposition 

techniques with rather low energetic atom/ion species, a relatively high substrate 

temperature is required to obtain the microstructure in zone T, according to the diagram. An 

alternative approach to grow films with the desired microstructure in zone T, but at lower 

substrate temperatures, is to increase the kinetic energy of plasma species, for instance by 

applying a negative bias voltage to the substrate and/or using energetic deposition techniques 

such as CAD.  

The latter approach is favored because the use of high substrate temperatures limits 

the choice of the substrate materials. For instance, many flexible polymer-based substrates 

like polyimide are applicable only up to temperatures of 300 °C [60] and many high-speed 

steel tools start to soften at temperatures exceeding 550 °C [61], which in turn limits their 

applicability as cutting tools.    
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Given the fact that plasma contains ionized film forming species, the kinetic energy of 

arriving species at the substrate can be increased by accelerating them through a sheath in 

front of the substrate created by a negative bias voltage. This technique is also known as ion 

assisted film growth in which the mobility of the impinging ion species is enhanced. As a result, 

there is a reduced need for the substrate pre-heating to obtain the film microstructure in Zone 

T. The kinetic energy of an impinging ion, Ei, can be approximated by the following expression 

[26]: 

 𝐸𝑖 =  𝐸0 + Q · e · U 2.1 

where E0 and Q are the initial kinetic energy and the charge state of the ion, 

respectively. U stands for the voltage drop within the sheath in front of the substrate, 

representing the applied bias voltage.  As the expression 2.1 indicates, the effectiveness of the 

applied bias voltage on the enhancement of the ion kinetic energy is positively proportional 

to the ion charge states. In other words, the substrate biasing can be an effective technique if 

a considerable fraction of the film forming species of the plasma are ionized, and the mean 

charge state of ions is high.   

Among three commonly used PVD techniques, direct current magnetron sputtering 

(DCMS), high power impulse magnetron sputtering (HiPIMS) and CAD, the latter shows 

superior plasma properties not only because it generates an almost fully ionized plasma but 

also higher ion charge states are attainable with this technique [62]. Anders [47] summarized 

mean ion charge states and average ion kinetic energy of conductive elements (periodic table) 

produced by cathodic arc of single-element cathodes, which provides an overview of E0 and Q 

values in the equation 2.1.  

An important application of the plasmas with energetic ions is the deposition of high 

temperature phases at relatively low substrate temperatures. For instance, α and γ  

polymorphs are the most stable and favorable phases of Al2O3 that are usually deposited using 

chemical vapor deposition (CVD) at substrate temperature as high as 1000 °C [63], which is 

not favorable for many substrate materials including tool steels. Using the principles explained 

above, researchers firstly tried to either enhance the ionized fraction of DCMS plasmas [49, 

64] or to employ cathodic arc plasma [65, 66] and then utilized the substrate bias voltage to 

enhance the energy of the film forming ions. The combination of arc plasma and substrate 

bias voltage enabled a successful deposition of α and γ  polymorphs of alumina at substrate 
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temperatures as low as 400-500 °C, which was a milestone at the time [49]. Rosén et al. [26] 

closely investigated the E0 and Q values (eq. 2.1) of the arc plasma as a function of substrate 

temperature and bias voltage during deposition of alumina coatings.  

 

Fig. 3: Ion energy distributions of film forming ions at substrate bias voltage of (a) 0 V and (b) 

-100 V; (c) phase composition map of the coatings with respect to substrate bias voltage and 

temperature; all adapted from Ref. [26]. 

Fig. 3(a) shows that the ion energy distributions at substrate bias voltage of 0 V while 

Fig. 3(b) represents those at bias voltage of -100 V. It can be seen that the applied bias voltage 

significantly enhanced the ion energies proportionally to their charge states. This increase in 

ion kinetic energies resulted in the formation of a mixture of crystalline γ and α alumina 

coatings at 800 °C instead of the amorphous phase at 0 V. It is seen in Fig. 3(c) that with further 

decrease of bias voltage to -150 V, a single-phase γ-Al2O3 film was obtained at substrate 

temperatures as low as 200 °C. The source of this unique and tunable plasma generated during 

the cathodic arc process is the cathode spot, which is further discussed below. 
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2.2 Cathode spot:  origin of cathodic arc plasma 

Cathode spots appear as a non-stationary luminous areas with a typical diameter of 0.1-10 µm 

and a duration of 10s - 100s ns, which is often revealed using high-resolution streak camera 

[67, 68] or other techniques [6]. The cathode spot is known to carry a very high current density 

in the range of 1010 - 1011 A/cm2 and extremely high area power density in the range of 1012 - 

1013 W/cm2 [6]. These characteristic properties indicate a different mechanism of electron 

emission involved in cathodic arc discharge than other electric discharges such as thermionic 

emission which requires a way lower current density. To explain this phenomenon, the theory 

of thermo-field emission [69] was initially introduced in which such current densities observed 

in cathode spots [70] can be achieved. However, this approach could not explain some other 

features of the cathode spot such as its non-stationary nature. Therefore, another electron 

emission process, “explosive electron emission”, was introduced by Mesyats et al. [71, 72], 

which was able to explain the other features of the cathode spot. In a next step, Mesyats [73] 

introduced “Ecton model” based on the explosive emission mechanism to more 

comprehensively explain the physics of the cathodic arc. According to this model, each ecton 

(explosion center), emitting about 1011 electrons in a short duration of the order of 10 ns, 

provides the experimentally observed current that the cathode spot carries. The model also 

indicates that the microexplosion caused by each ecton not only transforms the cathode 

material to plasma, but also creates the condition for the next ecton ignition [74, 75] 

immediately next to the ongoing one. The sequential ignitions of ectons, in turn, sustain the 

generation of plasma, in other words, the arc discharge.  

The explosive electron emission process is accounted for a number of exceptional 

features of the cathodic arc plasma such as multiple ion charge states and supersonic ion 

velocity giving rise to an ion kinetic energy of up to several 100 eV, which is discussed through 

the next section.   

2.3 Formation of cathodic arc plasma 

The arc plasma is formed during an explosive electron emission in which the solid cathode 

material is transformed into a very dense plasma. This phase transition may occur along two 

paths depicted in the electron density-temperature phase diagram in Fig. 4(a) adapted from 

Ref. [76]. 
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At the beginning of the explosion, the cathode material located in the emission center 

(diameter < few 10 µm) is heated in such a rapid rate that the density remains nearly constant 

while the material trajectory passes through melting phase transition, as shown by path (ii). 

The temperature of this small volume of material exceeds the critical point C, which is the 

highest temperature in which liquid and gas phases can coexist. In other words, in a very short 

time (<1ns), the solid material is transformed to a supercritical fluid that gradually transforms 

to a dense plasma. The path (i) in the diagram, in contrast, shows a rather normal phase 

transitions where the solid materials in the emission center is heated rapidly but the volume 

expansion (density change) is comparatively slow. Therefore, the melting, vaporization and 

ionization stages all occurs in a normal sequence. The phase transition through path (i) occurs 

at the last stage of the explosion where less violent heating conditions exist.  

The above-described paths of phase transition yield plasmas with distinctly different 

properties. The extreme conditions existing in path (ii) give rise to the formation of a non-ideal 

plasma. A non-ideal plasma (also called strongly coupled plasma) is a plasma in which the 

Coulomb interaction induced potential energy between the plasma species is no longer very 

small compared to their average kinetic energy as it is for ideal plasmas. Therefore, in non-

ideal plasmas, multiple-particle interactions occur which greatly enhance the degree of 

ionization. The latter phenomenon is called pressure ionization [77].  As the plasma density 

increases, the Coulomb interactions of valance electrons of plasma species with neighboring 

charged particles lower the binding energy (ionization energy) and thus further promotes the 

ionization process. Approaching the solid-state density, the reduction of binding energy is 

further strengthened through quantum-mechanical exchange interactions, and at higher 

densities the outer shells disappear. Therefore, a significant increase in the degree of 

ionization occurs as compared to low density or ideal plasmas. The effect of pressure 

ionization on “mean ion charge state” while approaching solid-state density is shown in Fig. 

4(b). To conclude, the pressure ionization in the non-ideal plasma produced in path (ii) is 

accounted for multiple ion charge states and the fully ionized plasma produced by cathode 

spots in the cathodic arc discharge.  

The observed supersonic ion velocities (high kinetic energies) in arc plasmas are mainly 

attributed to the pressure gradient [78], the abrupt decrease of the plasma density as it is 

seen as a sharp turn of path (ii) in Fig. 4(a). The supersonic velocities are also attributed to ion 

the acceleration mechanism caused by ion-electron coupling in this high-density plasma [79]. 
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In contrast to path (ii), the plasma generated through path (i) is much less ionized since it is 

mainly produced during the evaporation process. Also, the mean ion charge state and the 

mean ion kinetic energy are much lower in this plasma as compared to path (ii).  Both of the 

phase transition paths, however, meet at a point which is in fact the plasma expansion zone.  

This point also correlates to the “valley of ionization” in the mean ion charge state - heavy 

particle density diagram in Fig.  4(b). This diagram predicts that the mean ion charge state 

increases with decreasing the plasma density going away from the explosion center. In 

contrary, the charge states remain constant and independent on the distance from the 

emission center (frozen charge states). This so-called charge state freezing occurs after around 

1 ns (within 5-50 µm distance from the mission center) as the high-temperature dense plasma 

is quenched to a low temperature plasma [76]. 

 

 

Fig. 4: (a) Electron density-temperature equilibrium phase diagram for copper. The curves 

named (i) and (ii) show two possible paths of solid cathode materials transformation to 

plasma during cathodic arc process [76]; (b) shows mean ion charge state as a function of 

heavy particle density (plasma density) calculated for ideal and non-ideal copper plasma [7].  
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2.4 Correlation between arc plasma and cathode materials  

2.4.1 Single-element cathodes 

As discussed above, the energy input of the arc discharge leads to the formation of a dense 

plasma from the solid cathode material. The power dissipation through the arc discharge at a 

constant current is directly proportional to arc burning voltage - i.e., the potential difference 

between the cathode and anode - according to the equation below:  

 Parc = V ∙ Iarc 2.2 

The arc burning voltage can be directly correlated to the cathode material properties 

using the cohesive energy rule [59], an empirical (almost) linear relationship between the 

average burning voltage and the cohesive energy of single-element cathodes, which is clearly 

depicted in Fig. 5(a). This correlation, in other words, means that the cohesive energy of the 

cathode material determines the energy invested by arc discharge for the solid-vapor phase 

transition described in previous sections. But this strong correlation between the cohesive 

energy and arc burning voltage is surprising given the fact that the cohesive energy is 

negligible compared to the other energy consumptions, e.g., plasma ionization (refer to 

energy balance equation) [59]. One argument here is that the large fraction of the energy 

input, which is invested into plasma ionization and ion acceleration process, is immediately 

removed from the phase-transition zone, therefore, the small fraction invested in the phase 

transition determines the arc burning voltage [59].   

After establishing the correlation of the arc energy input, determined by the burning 

voltage, to the solid-vapor phase transition, a relationship between arc burning voltage was 

further correlated to the electron temperature [80]. And the electron temperature to a large 

extent determines the mean charge states through the pressure ionization stage. The electron 

temperature also determines the ion kinetic energy when considering the pressure gradient 

and electron-ion coupling as the ion acceleration mechanisms [59]. Consequently, as a 

secondary relationship, the cohesive energy was correlated to the ion kinetic energy and mean 

ion charge state as shown in Fig. 5(b). In other words, this secondary relationship establishes 

the correlation between the cathode material properties and the arc plasma parameters. 

However, the cohesive energy rule needs to be modified if any material properties or 

additional external parameters influence the energy balance equation. Also, one needs to 
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consider the material work function or any parameter that eases the electron emission as a 

correcting parameter to the cohesive energy rule [59]. 

 

Fig. 5: (a) Cohesive energy, ECE, and average arc burning voltage, V, as function of atomic 

number, Z, of cathode materials; (b) the ion kinetic energy and the ion charge states 

correlation to the cohesive energy of cathode materials (adapted from Ref. [76]). 

2.4.2 Multi-element cathodes 

The correlation of the cohesive energy rule was established for single-element cathodes 

however, nowadays, multi-elements cathodes are commonly used in CAD processes. 

Therefore, for multi-elements cathodes, the cohesive energy rule needs to be adapted. 

An early systematic study investigating the influence of the chemical composition of 

Ti-Hf alloy cathodes on their plasma properties, namely the mean ion charge state, was 

conducted by Sasaki et al. [48]. As can be seen in Fig. 6(a), the mean charge state of the plasma 

decreases as the Ti content increases. This is consistent with the cohesive energy rule if the 

average cohesive energy of the cathodes is taken into account with rule of mixture. Similarly, 

Zhirkov et al. [50] studied the arc plasma properties of three compound cathodes, namely 

Ti84Al16, Ti90Si10, and Ti90C10. They observed that the ion energies are higher for the cathodes 

with higher average cohesive energies, being consistent with the cohesive energy rule. 

 After the above-mentioned reports regarding the apparent applicability of the 

cohesive energy rule for multi-element cathodes, the investigations were extended to binary 

composite cathodes (more common in industry) where powders of constituent elements were 

just mixed and compressed with no/minimum reaction between the powder particles. For 

instance, the plasma parameters of composite Ti-Si cathodes with varying Si content from 0 
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to 25 at.% were studied by Eriksson et al. [51] as shown in Fig. 6(b). The average ion charge 

state and average kinetic energy of the ions did not increase linearly as the Si content 

increased which is inconsistent with the cohesive energy rule. This apparent discrepancy was 

related to the formation of a so-called modified layer on the surface of cathodes that 

comprises several intermetallic phases with different cohesive energy than the initial cathode. 

 

Fig. 6: (a) Mean ion charge states of Hf, Ti and plasma beam with respect to the Ti content in 

the alloy cathodes [48]; (b) Average charge state and average energy of the ions with respect 

to the Si content of composite Ti-Si cathodes [51].  

Similar studies of the arc plasma properties for composite Ti-Al [81] and Al-Cr [9] 

cathodes also confirmed that the arc plasma properties do not necessarily correlate to the 

average cohesive energy of the virgin cathodes, as shown for Ti-Hf alloy cathodes. To reveal 

the influence of constituent phases of the modified layer on the plasma properties, which was 

suggested by Eriksson et al.,  Zöhrer et al. [43] conducted a comparative study of composite 

and intermetallic compound cathodes with identical chemical compositions corresponding to 

the three intermetallic phases in the Al-Nb alloy system. It was shown that the properties of 

arc plasmas generated from cathodes with identical chemical compositions were almost 

independent of their initially phase composition (intermetallic versus composite). They argued 

that the modified layer forming on the surface of the composite cathodes has a similar phase 

composition as the respective intermetallic cathodes.  However, a very surprising result of this 

work was that the arc burning voltage of both intermetallic and composite cathodes at the 

chemical composition of Al75Nb25 was lower than elemental Al while the cohesive energy 
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calculations suggested otherwise. They proposed that the heat release during the formation 

of the modified layer lowers the energy input for the phase transition, thus the burning 

voltage.  

Nevertheless, none of the above-mentioned or similar studies completely exclude the 

cohesive energy rule application for multi-element cathodes but instead they suggest the 

essence of a thorough understanding of the phase composition of the modified layer and its 

formation mechanisms before further justification of the rule. 

2.5 Cathode spot craters  

The explosive nature of the cathode spot described in section 2.2 leads to a severe localized 

melting below the emission center. As the cathode spot extinguishes and moves to the next 

ignition, it leaves a crater behind. The formation process of such a crater, illustrated in Fig. 

7(a), was proposed by Jüttner [82] and is consistent with the ecton model. At stage (i), a 

microexplosion (ecton) occurs as the current goes through a microprotrusion. This 

microexplosion forms a molten pool and a very dense plasma above it, indicated as stage (ii). 

This, in fact, correlates to the phase transition through path (ii) described in section 2.3. As 

the dense plasma abruptly expands (the sharp turn in path (ii) in Fig. 4 (a)), the melt yields to 

the recoil plasma pressure, which is shown as stage (iii). Meanwhile, stage (iv), a crater, 

macroparticles and sharp micropoints at the crater rim are formed. The latter are the 

favorable sites for the next microexplosion according to ecton model that take us to stage (v), 

i.e., the formation of the next crater. A scanning electron microscopy (SEM) image 

representing the formation of several craters next each other, similar to stage (v), is shown in 

Fig. 7(b). The formation time of an arc crater is about 10 ns [82] that means a significantly 

larger number of the craters form during even 1 s duration of an arc discharge. These 

overlapping craters eventually cover the cathode surface (within erosion track in case of the 

steered arc discharge). The depth of the surface modifications by these overlapping arc craters 

is a few 10 µm [83]. However, for the arc discharges of single-element cathodes in inert 

atmospheres, these surface modifications do not influence the cohesive energy rule since the 

phase composition of the modified layer remains untreated.  
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Fig. 7: (a) An illustration of the formation process of arc craters proposed by Jüttner [82]; (b) 

SEM image illustrating the overlapping caters left after step (v) in (a), obtained in this work.  

2.6 Surface modifications of multi-element cathodes 

As described in section 2.5 the successive formation of the arc craters causes repetitive 

localized melting-solidification cycles that eventually lead to the formation of a modified layer 

on the cathode surface. As clarified in section 2.4, the properties of this modified layer may 

significantly influence the arc plasma properties when multi-element cathodes are employed. 

This is due to the fact that phase composition of the modified layer may significantly differ 

from the virgin alloy or composite cathodes. Therefore, a through understanding of the phase 

composition and the formation mechanisms of the modified layer is essential before 

establishing “cathode material properties - arc plasma properties” relationships.  

The modified layers of multi-element alloy and composite cathodes were studied in 

various alloy systems, namely Al-Cr [37, 38], Ti-Si [39-41],Ti-Al [42, 84], Al-Nb [43]. Two 

relatively early studies of the modified layer considering the formation mechanisms and 

properties of the modified layer were conducted using a compound Ti3SiC2 cathode and 

composite Al-Cr cathode. Zhu et al. [40], examining a compound Ti3SiC2 cathode, reported a 

depth-dependent microstructure and chemical/phase composition (Fig. 8(a)). Based on the 

phase composition and microstructure examinations, they suggested that the near-surface 

region (I) was formed by rapid solidification of the molten material since the arc temperature 

is very high (up to 1500 K) and the cathode is water-cooled. They excluded solid-state diffusion 

processes contributing to the formation mechanisms for this region. Whereas, in the 

transition zone (II) they found partial decomposition of the initial Ti3SiC2 phase. They argued 
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that this phase decomposition occurs through solid-state diffusions as a result of short pulses 

of thermal spikes after each cathode spot ignition. The phase characterizations combining X-

ray diffraction (XRD) and transmission electron microscopy (TEM) was successful though it 

seems difficult to correlate the results given that the modified layer is chemically 

heterogeneous.  

 

Fig. 8: Cross-sectional SEM image of as-eroded (a) compound Ti3SiC2 cathode [40] , and (b) 

composite Al-Cr cathode [37].  

Pohler et al. [37], examining the modified layer of a composite Al-Cr cathode, found a 

very heterogeneous modified layer comprising two Al- and Cr-rich zones (Fig. 8(b)). In 

agreement to Zhu et. al, they suggested that melting and intermixing, followed by rapid re-

solidification, to be the formation mechanism. In contrast, based on the well-defined 

transition from reaction zone to virgin bulk material, they argued that long-scale solid-state 

interdiffusion between the Al and Cr grains does not occur.  

Syed et al. [42] studied the influence of the powder grain size of composite Ti-Al 

cathodes on the properties of the modified layer and the synthesized coating. In case of the 

fine-grain cathode, they noticed some hole-like features below the modified layer in the cross 

section, which is shown in Fig. 9(a). They argued that since the holes distributed horizontally 

below the modified layer, the holes are leftovers of a self-sustaining reaction between the fine 

Al and Ti powder particles. They further indicated that the fine grain size of the cathode gives 

rise to a decrease in the thermal conductivity and thus formation of intermetallic phases. This 

argument looks interesting but may need further investigations because such hole-like 

features were observed for composite Al-Cr cathodes while either Al content decreased to 25 

at.% (Fig. 9(b)) or the cathode grain size decreased (Fig. 9(c), provided that the self-sustaining 
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intermetallic phase formation is not favorable in the Al-Cr system [85]. Furthermore, the self-

sustaining reaction needs powder preheating and time that may be facilitated by the proposed 

temperature spikes by Zhu et al., but seems to disagree with the sharp temperature gradient 

observed by Pohler et al.  

 

Fig. 9: Cross-sectional SEM images of as-eroded composite (a) Ti50Al50 [42], (b) Al25Cr75 [9], (c) 

Al50Cr50 (this work) cathodes; the average cathode powder grain size for (a) and (c) is 10 µm 

whereas 80 µm for (b).  

To address the above-mentioned disagreements, Publications I and III in this works are 

devoted to the determination of the heat-affected zone and temperature gradient below arc 

craters as well the formation mechanisms of the modified layer. Furthermore, in Publication 

II, a comprehensive phase and microstructural characterization is conducted and the cooling 

rates on the cathode surface determining the formation mechanisms and the constituent 

phases of the modified layer is estimated. 
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3 Multi-element cathode systems 

3.1 Al-Cr alloy system 

AlCr-based oxide and nitride coatings are commonly used in the cutting tool industry due to 

their superior thermal stability and oxidation resistance [86-88]. These coatings are mainly 

deposited using CAD. The cathode materials used for the deposition process are commonly 

composite Al-Cr cathodes. In addition to their relevance in industry, some comprehensive 

studies of the arc plasmas generated from these cathodes are already available [9, 89].  

Initially five composite Al-Cr cathodes with identical chemical composition of Al-50 at. 

%Cr but with varying powder particle grain size were available as summarized in Table 1. The 

N, FK and 2FK cathodes showed similar results in terms of microstructure and phase 

composition of the modified layers and, hence, only the N cathode was analyzed in more 

detail. For manufacturing the cathodes, the powder particles with desired sizes were first 

blended and then mechanically pressed using a uniaxial force at room temperature (RT). 

Subsequently, the pressed specimens were preheated at a temperature of about 400°C for 3 

h and then forged. Finally, the cylindrical cathodes with a diameter of 65 mm and a thickness 

of 12 mm were machined out. 

 

Table 1: Average powder grain size of the cathodes used in this work. 

Cathodes Average grain size of the powder particles (µm) 

SGK (coarse-grained cathode) 800 < Al and Cr <1200 

N (medium-grained cathode) Al < 125, Cr < 80 

FK Al < 63, Cr < 80 

2FK Al < 63, Cr < 45 

SFK (fine-grained cathode) Al < 10, Cr < 10 
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3.2 Mo/Al multilayer cathodes 

The architecture of composite Al-Cr cathodes where the Cr particles are embedded in an Al 

matrix poses a challenge when attempting to detect the single craters and to reveal the 

potential short-scale solid-state diffusion processes in the heat-affected zone of them. To 

simplify this geometry from three dimensional (3D) to 2D as well as to shorten the distance 

between two dissimilar materials for detection of the diffusion processes, a multilayer 

cathode was designed. 

As shown in Fig. 10, a standard Ti arc cathode was polished to a final finish of 1 µm. 

Afterwards, a multilayer coating with a total thickness of 10 µm was deposited on top of the 

Ti cathode using DCMS. The multilayer coating comprised of 20 alternating Mo and Al 

sublayers with an individual layer thickness of 500 nm. The first sublayer was Mo and the top 

layer Al.  The details of the deposition process are provided in Publication I. 

 

 

Fig. 10: Schematic illustration of the multilayer cathode design (this work). 
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4 Selected characterization techniques  

4.1 Focused Ion Beam  

Focused ion beam (FIB) is in fact a sample preparation technique that was heavily used in this 

work for cross section preparations and in-situ lift-out sample preparation for TEM and atom 

probe tomography (APT). Fig. 11 illustrates a dual beam FIB-SEM stupe included in the used 

device, a FIB Versa 3D TM. The SEM is used for process observation and imaging while the FIB 

column uses a Ga ion beam for the cutting process.  

 

 

 

Fig. 11: Schematic illustration of a dual beam FIB-SEM setup, adapted from Ref [90].  
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4.1.1 Cross section preparation 

As a first step, the region of interest (ROI), like the arc crater in Fig. 12(a), is selected and then 

a Pt protective pad is deposited atop to prevent surface damage by energetic Ga ions and the 

curtaining effect during the next milling steps [91]. The second step (Fig. 12(b)) is rough milling 

of a trench in front of the ROI to provide the desired view of the cross-section. For this step, 

the sample needs to be tilted towards the FIB column so that the ion beam is perpendicular 

to the sample surface and also the stage height needs to be eucentric at the coincidence of 

SEM and FIB columns. The rough milling is usually carried out using high ion beam currents 

and high acceleration voltages but still the correct choice of current and voltage is dependent 

on the material properties like sputter yield and the rate of re-deposition as well as the 

dimension of the region being milled out. It can be seen in Fig. 12(b) that the prepared cross 

section by rough milling is too rough for imaging. Then, the last step is to polish the cross 

section to achieve a smooth appearance. For this purpose, a “cleaning-cross section” pattern 

with relatively low ion beam currents is used. This pattern mills the specimen line-by-line with 

relatively high dwell time. Th outcome of cross section cleaning can be seen in Fig. 12(c).   

 

 

Fig. 12: (a) protective Pt pad is deposited at the region of interest, (b) rough milling in front of 

the desired region, and (c) final appearance of the cross section after cleaning step; all the 

images were obtained in this work. 
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4.1.2 TEM lamella preparation  

This method of TEM lamella preparation enables site-specific sample preparation that is 

necessary for this work due to the phase and microstructure heterogeneity of the modified 

layer. The first step is to select the ROI, which in the current case as depicted in Fig. 13(a) was 

the modified layer or a specific part of the modified layer (refer to Publication II); and to 

deposit a 2 µm thick Pt protective pad on top of it in order to protect sample from Ga ion 

implantation. The Pt pad is often deposited using the Ga ion beam preferably at the tilt angle 

of 52° due to a higher deposition rate. For better protection of the surface of the specimen, 

for instance when it is a thin film or is sensitive to ion implantation and/or amorphization, a 

500 nm thick Pt pad is deposited using a low current and low voltage electron beam before 

ion-beam Pt deposition.  

The second step is to mill out the material from both sides of the Pt protective pad. To 

do so, two rectangular patterns – with a width larger than the Pt pad, depth of 2-3 µm 

(material dependent) and the length two times larger than the depth – are placed on both 

sides of the Pt pad and the milling process is initiated. The resulting trenches can be seen in 

Fig. 13(a). The created cross sections below the Pt pad were additionally milled out using extra 

±2 degrees tilting from 52° in order to avoid a lamella with thicker bottom, which is a common 

FIB cut artifact.  

The third step is to cut the lamella free from the bulk which starts with milling out a U-

shape cut marked in Fig. 13(b). Once the U cut is complete, the micromanipulator (lift-out 

needle) is inserted and gently placed on top of the Pt pad. Immediately after, a Pt rectangular 

pattern is used to weld the micromanipulator to the lamella. The welding process needs to be 

as quick as possible to avoid bending of the lamella by the existing vibrations. As soon as the 

welding is finished, the remaining connection of the lamella to the original specimen is milled 

out to finally cut the lamella free and to gently remove it out as shown in Fig. 13(b).  The fourth 

step is to attach the lifted-out lamella to a TEM grid (commonly copper). This process is not 

shown here since it is a repetition of the welding process using Pt deposition.  

The final but the most challenging step is the thinning procedure which comprises a 

rather rough milling followed by a fine milling, and a final cleaning step. A set of parameters 

for each step are suggested in Table 2, which are just suitable for starting the process and 

need to be optimized according to material and shape of the lamella. 
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Table 2: FIB milling parameters for thinning steps of a TEM lamella. 

 
Acceleration voltage 

(keV) 
Beam 

current 
Specimen tilt (with respect to 

52°) 

Rough 
thinning 

30 3 nA ± 2° 

Fine thinning 16 1 nA ± 1.5° 

Fine thinning 16 0.13 nA ± 1.5° 

Cleaning 5 45 pA ± 5° 

Cleaning 2 28 pA ± 7° 

 

The thinning procedure starts with rough milling to thin down the lamella to a 

thickness of 1 µm. Every thinning step is equally performed on both sides of the lamella by 

tilting - 2° for frontside milling and +2° for backside milling with respect to 52° tilt. The number 

of repetitions of each step depends on the actual thinning progress and needs to be monitored 

regularly. The results of the rough thinning step can be seen in Fig. 13(c).  

For the fine thinning step, the tilt is reduced to ± 1.5° or even less depending on the 

actual milling conditions. Meanwhile, the acceleration voltage and the current need to be 

reduced in order to prevent surface amorphization, lamella bending, inducing microstructure 

defects and deep Ga ion implantation [91]. The use of a relatively high current like 0.13 nA is 

advantageous at this step since it prevents the commonly observed curtaining effect, but one 

needs to make sure that this current does not erode the protective Pt layer. However, the 

current is suggested to be further reduced as the thickness falls below 200 nm. This step needs 

to be repeated until a thickness of below 100 nm is achieved provided that 50 nm or less is 

often required for high resolution characterizations similar the one in Fig. 13(d). 

For the cleaning step, the specimen is tilted ±5° and then, using a rectangular pattern 

and a voltage of 5 keV with a beam current of 45 pA, the surfaces of the lamella are 

superficially sputtered away in order to remove the implanted Ga atoms. The very final 

cleaning step is to repeat the previous with a sample tilt of ±7° and reduced acceleration 

voltage to 2 keV and beam current of 28 pA.  
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Fig. 13: Illustration of TEM lamella preparation by FIB: (a) first step: Pt protective layer 

deposition and milling out of trenches on both sides of the lamella, (b) second step: milling 

out of a U-cut, attaching the micromanipulator to the lamella, and cutting the lamella to 

extract it from the trenches [92], (c) third and fourth steps: attaching the lifted out lamella to 

a TEM grid and starting the rough thinning, (d) fifth step: fine thinning and cleaning to 

achieve an electron-transparent foil; all SEM images except (b) were obtained in this work. 

4.1.3 Atom probe tip preparation 

This lift-out technique is frequently employed for atom probe trip preparation since it enables 

site-specific tip preparation, which was also necessary for this work. This technique, in general, 

entails lifting out a lamella specimen from the ROI of the studied material and then cut the 

lamella out into several rods meanwhile mounting them on prefabricated Si microtips as 

summarized in Fig. 14.  

The first stage is a lamella lift-out procedure that is similar to the one already described 

in the previous section for the TEM lamella preparation. However, a lamella width of 1 µm is 

adequate for this purpose while 2 µm was required for the TEM lamella preparation. The 

height of the protective Pt strip needs to be less than 500 nm since, in contrast to TEM lamella, 

the Pt layer needs to be sputtered away easily. Also, the electron-beam deposition of a Pt strip 
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(50 nm) prior to ion beam deposition is essential to minimize the Ga ion implantation which is 

detrimental for the following chemical composition analyses. 

 

 

Fig. 14: (a) lamella lift out, (b) welding a targeted section of the lamella to a prefabricated Si 

microtip, (c) cutting out the attached bar, (d) free-standing bar; graph adapted from Ref. 

[93]. 

For the second stage, starting from the free end of the lamella, a 2-3 µm wide bar is 

gently positioned on top of a prefabricated microtip and immediately welded using a Pt 

rectangular pattern with an acceleration voltage of 30 keV and a beam current of 100 pA (Fig. 

14(b)). As soon as the bar is attached, using a line pattern with an acceleration voltage of 30 

keV and a beam current of 1 nA, the bar is cut fee from the lamella (fig. 14(c)). This step is 

repeated to cut out as many as bars possible from the lamella. At the end, several free-

standing bars are ready for the next shaping step as shown in Fig 14(d).  
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Table 3: FIB milling parameters for atom probe tip preparation. 

 Acceleration voltage (keV) Beam current Inner/Outer diameter (µm) 

Rough milling 30 1 nA 1 / 3 

Fine milling 30 0.13 nA 0.5 / 1 

Cleaning 5 25 pA 0.1 / 1 

 

The third stage is to shape out conical tips with the desired geometry from the 

attached bars. This step is carried out using an “annular milling” pattern predefined in the FIB 

program while gradually decreasing the inner-outer diameter of the pattern shown in Fig. 15. 

The process starts with a rough milling (parameters given in Table 3) in order to cut out an 

initial conical tip out of the bar as shown in Fig. 15(a). It is important to make sure that no 

sharp tips stick out next to the main tip as a result of inadequate milling time or ring diameters. 

Additionally, it is essential to check the height of the Pt layer left on top of the tip to select 

more precise parameters for the fine milling step. The reason is that the Pt needs to be 

sputtered away in exactly the right time. Otherwise, either the tip itself will be sputtered away 

and damaged by the Ga ion beam, or the Pt remains on top when the optimal shape is 

achieved. It is suggested to use backscattered electron (BSE) detector to regularly check the 

height of the remaining Pt on top of the tip. 

Fine annular milling is to gradually reduce the tip size so that an optimum conical tip 

with a desired shank angle is obtained. The beam current needs to be kept below 0.13 nA but 

the acceleration voltage remains at 30 keV. The inner/outer diameters of the pattern can start 

from 0.5 and 1 µm which worked perfectly in this study. However, the actual values are 

selected based on the material as well as the milling progress. The lower the current the less 

is the risk that ion-beam damage will occur.  

The last step in the milling process is to superficially sputter out the implanted Ga ions 

on the surface. An annular pattern with an inner diameter of 0-0.1 µm and an outer diameter 

of 1 µm is usually suggested. The acceleration voltage needs to be reduced to 5 keV and the 

beam current to below 0.25 pA. Note that the time of this step lasts up to a few 10 s and the 

actual time depends on the Pt left on top as well as the shank angle. Fig. 15(c) shows an 
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optimal conical shape, and the corresponding BSE-SEM image confirms that no Pt is left on 

top. 

 

 

Fig. 15: An illustration of the annular milling process during atom probe tip preparation by 

FIB: (a) an as-mounted bar on top of a prefabricated microtip, (b) initial shape of tip formed 

after rough milling, (c) fine milling with step-wise lowering of the inner diameter to remove 

the top Pt layer and to shape the optimal conical tip, (d) final shape of tip and corresponding 

BSE-SEM image to assure that no Pt is left on top; (a), (b) and (c) were adapted from Ref. 

[94], and (d) was obtained in this work. 
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4.2 Transmission electron microscopy 

In TEM, a high-energy electron beam transmits through a thin foil (<100 nm) of material and 

its interaction with the material reveals key features of the material such as 

(nano)microstructure, crystal structure and orientation, chemical composition, and properties 

of the interfaces. The electron beams transmitted through the thin foil as shown in Fig. 16(a) 

are used for imaging and spectroscopy in TEM. The directly transmitted beam is used for bright 

field (BF) imaging of microstructure and in case of high-resolution TEM for illustrating the 

atomic structure. The elastically scattered beam is used for selected area electron diffraction 

(SAED) studies that reveal crystal structure and orientation information. In addition, the 

scattered beam may be used for dark field (DF) imaging in which only crystals with a specific 

orientation are used for imaging. The inelastically scattered beam is used for analytical 

microscopy, e.g., electron energy-loss spectroscopy (EELS), revealing chemical composition 

and related information. In this work, scanning TEM (STEM) was also employed in which a 

focused beam scans over the specimen. STEM detectors shown in Fig. 16(b) are suitable for 

analytical microscopy. For instance, the high-angle annular dark field (HAADF) detector is 

utilized for Z-contrast (chemical composition dependent) imaging. A study combining most of 

these techniques is presented in Publication II. 

 

 

Fig. 16: (a) schematic illustration of the electron interaction with a thin foil and signals used 

for imaging and spectroscopy [95], and (b) STEM detectors [96].  
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4.3 Atom probe tomography   

APT is an advanced analytical characterization technique that enables 3D elemental mapping 

of materials with near atomic resolution for a variety of materials. This technique 

demonstrates an outstanding spatial resolution down to 0.2 nm (depending on the direction) 

and detection sensitivity down to 10 ppm [97]. In principle, APT is a field ion microscope that 

is equipped with a position sensitive detector along with a time-of-flight (TOF) mass 

spectrometer, as illustrated in Fig. 17. Applying voltage or laser pulses to a cryogenically 

cooled needle-shaped tip with an apex radius of 20-100 nm, surface atoms on the tip apex are 

ionized and accelerated towards the position sensitive 2D detector. In a single pulse, the time-

of-flight of each ion determines its mass-to-charge ratio (m/n) and thus the ion chemistry. The 

coordinates of impact position of each ion at the 2D detector determines its original position 

at the tip apex, negatively proportional to the provided image magnification (compression 

factor). Therefore, each pulse leads to the evaporation of one surface layer of atoms on the 

tip apex that are consequently collected at the detector. The collected 2D data obtained from 

each pulse (evaporated layer) are piled up (Z direction) to eventually reconstruct a 3D image 

of the evaporated tip. The results of APT employed in this work are presented in Publication 

II. 

 

Fig. 17: Schematic illustration of the principle of APT; E represents the applied electrical field, 

m the ion mass, n the charge state of ion, L the length of flight, G the image magnification, R 

the apex radius, t the time of flight, and VDC is the applied voltage [97].  
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4.4 Transmission Kikuchi diffraction  

Transmission Kikuchi diffraction (TKD), or transmission electron backscatter diffraction (t-

EBSD), is a modern characterization technique based on SEM that provides valuable 

information about microstructure, crystal structure, crystal orientation and strain evaluation 

of TEM lamellae with spatial resolution down to 10 nm, which is a substantial improvement 

compared to sub-micrometer for conventional EBSD [98]. Obviously, TKD technique prevails 

when it comes to SEM-based microstructure characterization of nanocrystalline materials. 

 The significant difference in the spatial resolution of EBSD and TKD relates to the 

interaction volume as a result of the electron beam - specimen - EBSD camera configuration 

as illustrated in Fig. 18. Less specimen tilting in TKD leads to less beam scattering as well as 

smaller interaction volume, thus higher spatial resolution. A significant improvement in the 

rate of pattern collection was made by the recent advancement of horizontal (on-axis) 

detectors [99]. The on-axis TKD detector employed for this work allows enhanced quality 

phase and orientation maps (Publication II). In this work, TKD technique was verified to be an 

invaluable characterization technique to ease the correlation between the data obtained in 

XRD and TEM and also to close the gap between the size of areas being analyzed. 

    

 

Fig. 18: (a) and (b) compare the specimen tilting angle with respect to the electron beam as 

well as EBSD detector configurations [100], (c) compares electron beam diffraction within the 

specimen (interaction volume) using Mont Carlo simulation [101].  
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5 Summary and conclusions 

The goal of this work was to contribute to the knowledge-based design of multi-element 

cathodes used for cathodic arc deposition, as it directly correlates to the arc plasma properties 

such as ion charge states and ion kinetic energies. The plasma parameters decisively 

determine the film growth conditions and, hence, the properties of the growing films. During 

the cathodic arc process the cathode surface undergoes massive modifications imposed by 

countless successive melting-solidification cycles that leads to the formation of a so-called 

modified layer with distinctly different properties than the original bulk material. The 

formation mechanisms and properties of the modified layer, which are semi-empirically 

quantified by the cohesive energy of its constituent phases, influence the plasma parameters. 

In this work, a dedicated cathode design is employed to further improve our understandings 

of the modified layer. 

The melting-solidification cycles occur due to microvolume explosions, cathode spots, 

whose successive ignitions lead to the formation of the modified layer. However, the short 

duration (few 10 ns) and small dimension (few 10 µm) of the cathode spots make their 

direct/indirect measurements difficult and disputed. As a result, the current knowledge about 

material intermixing mechanisms during and after cathode spot activities is very limited. In 

Publication I, a novel multilayer cathode was designed to capture 3D images of single craters 

as well as overlapping craters left by cathode spots. In this way, it was achieved to track the 

cathode spot motion temporally and spatially resolved by analyzing its fingerprints, the arc 

craters. The individual layers with a thickness of 500 nm from the prepared Mo/Al multilayer 

cathode served as trace markers revealing the degree of material intermixing and material 

displacement during/after cathode spot activity. The cross-sectional study of the craters 

revealed that the modified layer is formed by micrometer-sized displacements of the cathode 

material during crater formation. In addition, the material intermixing primarily occurs in 

liquid state while the mechanisms based on solid-state diffusion play a minor role due to the 

steep temperature gradient below craters and high cooling rates.  

As a next step, the acquired knowledge of the formation mechanisms of the modified 

layer and material intermixing process was exploited to study industrially relevant composite 

Al-Cr cathodes with varying powder grains size as presented in Publication II. The focus of this 

Publication was to thoroughly determine the constituent phases of the modified layers that 
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are essential for the prediction of the plasma properties as well as their formation 

mechanisms. The high-resolution characterization procedure developed for this work enabled 

unambiguous determination of the microstructure and the phase composition of the modified 

layers. It was demonstrated that the modified layers are mainly composed of metastable 

phases. Cr solid solution and high temperature c-Al8Cr5 were the dominant phases of the 

modified layers of fine- and medium-grained cathodes while additional (metastable) phases, 

namely icosahedral quasicrystals, and supersaturated Al solid solution, were found for the 

course-grained cathode. Using the microstructure features, the average colling rate of 106 K/s 

for the solidification of the molten material left behind in the arc craters was estimated - for 

the first time in the literature. These results show that the cohesive energy rule may be valid 

for multi-element cathodes, but it is necessary to precisely determine the constituent phase 

provided that they may not be found in the equilibrium phase diagram. For the cathode 

design, it is necessary to obtain the non-equilibrium phase diagram of the alloy system in order 

to predict the metastable phases forming in the modified layer and to eventually produce ones 

with maximum cohesive energy.   

After gathering the knowledge to understand the surface modifications of multi-

element cathodes after arc discharge in inert gas, in the next step the influence of reactive arc 

discharges was investigated in Publication III. The results indicated the surface oxidation and 

nitridation during reactive arc discharge cause different cathode spot behavior. It was 

revealed that the material displacements and intermixing are mainly done by type 2 craters in 

N2 atmosphere whereas type 1 craters additionally contribute to the material intermixing 

process in O2 atmosphere. The modified layers were less homogeneous and formed slower 

that in inert atmosphere. Additionally, it was found that the type 2 craters in N2 atmosphere 

are shallower than in Ar can explain why commonly a reduced emission of macroparticles was 

observed when adding N2 to the arc discharge. The result of this publication contributes to a 

better understanding of plasma properties and microparticle generations in reactive cathodic 

arc deposition of thin films and coatings.      
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Abstract 

Nowadays, multi-element cathodes are frequently employed to grow multi-element 

thin films and coatings using cathodic arc deposition processes. During cathode erosion, the 

cathode spot sequentially ignites on the cathode surface and imposes melting-solidification 

cycles that lead to material intermixing and formation of a modified layer on the cathode 

surface. To allow us to study these surface modifications, a 10 µm thick Mo/Al multilayer 

coating was sputter-deposited onto a standard Ti arc cathode. This cathode was eroded by a 

dc steered arc discharge for a short duration enabling the observation of single craters formed 

by type 1 and 2 cathode spots. Furthermore, separated clusters of overlapping craters and a 

fully eroded surface caused by different stages of erosion were differentiated when scanning 

the erosion track in lateral direction. Cross sections of single craters were prepared by focused 

ion beam techniques while metallographic methods were applied to obtain cross sections of 

overlapping craters and the modified layer. The layers of the multilayer coating acted as trace 

markers providing new insights into the material intermixing within craters, the material 

displacements during crater formation, the plasma pressure acting on the craters and the 
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temperature gradient (heat-affected zone) below the craters. The observations are discussed 

within the framework of established arc crater formation models. 

1 Introduction 

Cathodic arc deposition (CAD) is an industrial physical vapor deposition technique to 

grow dense and well-adherent coatings. Cathodic arc spots deliver highly ionized plasmas 

having ion charge states up to 5 and ion energies from 20 to some 100 eV, depending on the 

cathode material and the discharge conditions [1-6]. The origin of such multiply charged, 

energetic ions is known to be cathode spot where microvolumes explode sequentially and 

ions are accelerated to supersonic velocities into the surrounding vacuum or atmosphere [7-

12]. The explosive nature of the cathode spot causes local surface melting of the cathode and 

accompanied by the formation of microscopic craters [13-15]. The apparent motion of the 

cathode spot over the cathode surface, due to the sequence of explosions, leaves erosion 

tracks behind [16, 17], altering surface properties including topography, chemistry, phase 

composition and microstructure depending on cathode material and discharge conditions.   

For vacuum arc of single-element cathodes, the so-called cohesive energy rule [3] was 

established as an empirical rule. It establishes a linear relationship between the cohesive 

energy of the cathode material and the arc burning voltage. In addition, secondary 

relationships between cathode material properties and plasma parameters also exist, e.g. a 

linear relationship of cohesive energy to mean ion charge states and ion kinetic energies [8, 

10]. Such relationships are of interest as the properties of the plasma have decisive influence 

on the film growth conditions. Hence, designing the cathode may allow us controlling the film 

growth to some extent.  

Nowadays, alloy and composite cathodes are commonly employed for the deposition 

of nitride and oxide thin films and coatings using CAD. Some studies have been devoted to 

plasma parameters generated from these cathodes [2, 5, 18-21]. The mean ion charge states 

or ion energies did not in all cases follow the cohesive energy rule. In some cases, like Ti-Si 

cathodes, this discrepancy was shown to be related to the formation of intermetallic 

compounds having different cohesive energies within a so-called modified layer formed on 

the cathode surface due to the cathode spot action [18]. However, in some cases, like 

composite Nb-Al [22] and Ti-Al [21] cathodes, changes of plasma parameters were 
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inconsistent with changes of the cathode composition and, hence, changes in the cohesive 

energies of intermetallic phases present in the modified layer. Regarding the discrepancies in 

the application of the cohesive energy rule, one should note that the rule was stablished for 

vacuum arcs of single-element cathodes, and thus it needs to be extended, if possible, 

according to new circumstances. Generally, any parameter, including cathode material 

properties, that affects the energy balance can modify the cohesive energy rule [3]. For 

instance, as recently proposed in [22], exothermic formation of intermetallic phases within 

the modified layer can reduce the arc burring voltage and, hence, decrease ion energies and 

ion charge states. Therefore, it is crucial to understand the formation mechanisms of the 

modified layer and their contributions to the energy balance and, thus, the plasma properties.  

A fundamental understanding of properties of the modified layer has already been 

provided by investigating different multi-element cathode materials, e.g. Al-Cr [23, 24], Ti-Al 

[25] and Ti-Si [26, 27]. They showed that the modified layer was basically formed by successive 

melting-solidification cycles induced by cathode spot action. However, the details of the 

formation mechanisms, e.g. solid-state diffusion, were not unambiguously determined, 

mostly due to the lack of experimental knowledge about the stepwise material intermixing 

and heat treatment of the cathode surface as the cathode spot successively ignites on the 

surface. 

The aim of this work is to obtain insights about the impacts of a single cathode spot on 

the cathode surface as well as those caused by its sequential ignitions. For this purpose, a 

novel cathode architecture was designed consisting of a Mo/Al multilayer with thin alternating 

layers (500 nm) on top of a conventional Ti arc cathode. The surface of the multilayer cathode 

was exposed to a steered arc with short duration so that regions with different degrees of 

erosion can be distinguished. Cross sections of single and overlapping craters were prepared 

using focused ion beam (FIB) and conventional metallographic techniques and analyzed by 

scanning electron microscopy (SEM). The results show that the layers can be used as trace 

markers to reveal material deformation and displacements as well as the extent of material 

intermixing. 
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2 Materials and methods 

2.1 Cathode manufacturing 

Fig. 1 shows the design of the multilayer cathode used for the current research. The 

multilayer cathode consists of two parts: a substrate, which is a standard Ti arc cathode, and 

a Mo/Al multilayer coating consisting of 20 alternating layers with individual layer thickness 

of 500 nm. The substrate was ground and polished to a finish of 1 µm and ultrasonically 

cleaned with ethanol; then the multilayer coating was deposited on top using an industrial-

scale magnetron sputter deposition system (FHR Line.600 V). The chamber was evacuated to 

a base pressure below 1  x  10−5 Pa before the substrate was plasma-etched with the 

parameters described elsewhere [28]. The individual layers were deposited by placing the 

substrate in front of either a Mo or an Al target with constant discharge power of 4 and 3.5 

kW, respectively, resulting in deposition rates of 4.7 nm/s for the Mo and 7.3 nm/s for the Al 

layer. The substrate-target distance and Ar pressure during deposition were around 70 mm 

and 0.5 Pa, respectively.  

 

2.2 Cathode erosion 

The multilayer cathode was eroded by a steered arc discharge with a 60 A dc current 

for 30 s. The vacuum chamber was pumped to a base pressure of about 5 x 10−5 Pa before 

stabilizing an Ar gas atmosphere to a pressure of 1 Pa. After the ignition, the arc was steered 

over the cathode using an arched magnetic field integrated within the arc source. The cathode 

was continuously cooled by a water-cooled copper body fastened on the back of the cathode.  
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Fig. 1: Schematic representation of the multilayer cathode: the lower part represents a cross-

sectional view of the Ti arc cathode serving as a substrate; and the upper part shows a 

magnified cross-sectional view of the Mo/Al multilayer coating prepared by magnetron 

sputter deposition. 

 

2.3 Cross-sectional preparations 

For the metallographic preparation of the cross sections, 4 mm wide cross-sectional 

strips from the area of interest were cut vertically top-to-bottom of the as-eroded cathode 

and then embedded in hot mounting resin. The embedded strips were ground by SiC papers 

and further polished by 3 and 1 µm diamond suspensions.  

In situ cross sections of the surface region of the as-eroded cathode were prepared 

using a dual-beam SEM/FIB station Versa 3D from FEI (Thermo Fischer). After identifying the 

craters of interest, a protective Pt pad was deposited using an ion beam with a current of 0.3 

nA. The protective pad prevents surface damage and curtaining effect caused by ion beam 

during following milling steps [29]. Subsequently, a regular cross section pattern was placed 

at the bottom edge of the Pt pad and a trench was roughly milled out using a 65 nA current. 

Finally, the revealed cross section from the previous step was milled using a cleaning cross 

section pattern with a 7 nA current, smoothening the cross-sectional view. The SEM images 

were obtained with the same instrument using two different imaging modes: (i) backscattered 
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electron (BSE) imaging in which the image mainly differentiates chemical composition (the 

higher the atomic number, the brighter the material appears), and (ii) secondary electron (SE) 

imagining in which the image mainly shows surface information, e.g., topography.  

3 Results 

3.1 General features of the eroded cathode  

The surface appearance of the cathode after exposure to the arc discharge is shown in 

Fig. 2a where three different erosion zones were distinguished. In zone I there was no erosion 

of the multilayer cathode as can be seen by the absence of arc craters in the SE image (Fig. 

2b). This was additionally confirmed by the BSE image of the cathode cross section (Fig. 2e) 

which clearly demonstrated that the multilayer coating remained intact.  

 

 

Fig. 2: (a) Surface appearance of as-eroded cathode with marked three erosion zones as well 

as plan view secondary electron and cross-sectional backscattered electron images of (b, e) 

zone I, (c, f) zone II, and (d, g) zone III. 
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In zone II partial erosion of the cathode surface was noticed. The plan view SE image 

in Fig. 2c depicts clusters or chains of overlapping craters surrounded by virgin cathode 

surface. Consistent with the plan view image, the cross-sectional BSE image of zone II showed 

an area where the multilayer coating was completely eroded (indicated by the dashed line 

rectangle in Fig. 2f), whereas in other areas the multilayer coating was buried underneath 

material originating from adjacent eroded areas as shown in the insert of Fig. 2f. In this way, 

the multilayer coating can serve as a marker to detect the degree of erosion in different zones. 

Zone III represents an area of the cathode where the main plasma erosion occurred as 

a result of the steered arc. The plan view SE image of zone III presented in Fig. 2d shows a 

rough surface with no noticeable trace of craters. However, the corresponding cross-sectional 

view in Fig. 2g revealed that the multilayer coating was completely eroded, and a continuous 

modified layer formed on the Ti substrate. This modified layer differs from the Ti substrate 

(cathode) as indicated by the different but homogeneous material contrast in the cross-

sectional BSE image. The presence of Mo and Al in the modified layer in addition to Ti was 

confirmed by energy-dispersive X-ray spectroscopy measurements (Al:19 at%, Mo:16 at%, 

Ti:65 at%).  

3.2 Cross-sectional analysis of erosion zone II 

SEM investigations of zone II presented in Fig. 3a showed that two distinct arc traces 

due to the cathode spot action could be differentiated. One kind of traces consists of 

interconnected chains of small microprotrusions (details in Fig. 3b), which are in fact shallow, 

overlapping craters as revealed by SE images, e.g. in Fig. 3c. The other type consists of many 

large craters that were either isolated or overlapping as clearly visible in Fig. 3a.  

3.2.1 Shallow craters 

Fig. 3d shows an isolated shallow crater selected for further studies. The crater had a 

rim of pile-up material surrounding a superficially eroded area with two holes inside. A FIB 

cross section of the crater was prepared from the area marked by arrows in Fig. 3d to ensure 

that the holes would appear in the cross section. Comparing the thickness of the Al top layer 

(below the Pt pad) inside and outside of the crater in Fig. 3e reveals that the erosion was 

limited to the top Al layer. Further, a detailed SE image of the area underneath the crater 

presented in Fig. 3f shows that the remaining layers were hardly affected by the cathode spot 
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and crater formation, only the two top Mo layers in the area underneath the holes were 

slightly deformed. 

 

 

Fig. 3: Secondary electron images of (a) erosion trace in zone II, (b) detail of the rectangle in 

a, showing small microprotrusions, (c) the rectangular area in b with 52° tilt, (d) an isolated 

crater, (e) FIB prepared cross section from the region marked by arrows in d, and (f) a detail 

of the cross section in e. 
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3.2.2 Deep craters 

The other type of craters, which were several times larger and formed on the shallow 

ones, are presented in Fig. 4a. These craters showed a strong tendency to overlap, but mostly 

appeared as separated clusters of craters rather than long chains. One of the smallest and 

isolated craters of this type is shown in Fig. 4b which is obviously several times bigger and 

deeper than the other type shown in Fig. 3d. A cross section of this crater was prepared using 

FIB and is shown in Fig. 4c (more details in Fig. 4d).  

 

 

Fig. 4: Secondary electron images of (a) larger craters and crater clusters in zone II, (b) a 

crater chosen for further analysis, (c) the cross section of the crater, and (d) a detail of the 

crater cross section. 

In contrast to the shallow craters, most of the layers were melted. Just a few Mo layers 

(bright in SEM) remained at the crater bottom. This greater action not only created a deeper 

crater but also bigger pile of material on the rim. Besides, there was no considerable amount 

of the melt left at the bottom. Another big difference is the deformation of the layers. At the 

crater bottom, the Mo layers were so heavily pressed inward that the Al interlayers are hardly 
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detectable. It appears that the Al interlayers were extruded to the sides. No material 

intermixing is observable between the highly pressed layers below the crater. 

 

Fig. 5: Representative cross-sectional backscattered electron images of overlapping craters in 

zone II captured in a cross section prepared by metallographic techniques: Craters formed on 

virgin cathode (a) as wells as existing modified layer (b and c). 

3.2.3 Overlapping craters 

Fig. 5a shows a representative cross section of an isolated cluster of overlapping 

craters analogous to those observed Fig. 3a. The multilayer coating on both sides of the crater 

cluster remained solid (not melted) even though highly distorted on the right side (see insert 
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in Fig. 5a). In the center region, the erosion depth exceeded the thickness of the Mo/Al 

multilayer coating as also material from the Ti substrate was affected by the plasma. Single 

craters could no longer be distinguished as they are superimposed on the rim of the adjacent 

craters. This agrees with the plan view appearance of clusters with overlapping craters 

compared to the one of single craters in Fig. 4a. It is also noteworthy that the eroded region 

was partially filled with the remnants of molten material produced by several craters, forming 

a modified layer. Although the multilayer coating was entirely molten during erosion, the 

resultant modified layer was heterogeneous as the existence of Mo and/or Mo-rich flakes 

indicates (Fig. 5a). 

Fig. 5b exemplifies a crater cluster formed on an area with slightly more advanced 

erosion than the one observed in Fig. 5a. The arrow in Fig. 5b marks one of the last active 

craters formed before the arc discharge was turned off. Such craters eroded the existing 

modified layer formed in the previous steps. Further details of the modified layer are shown 

in the inserts of Fig. 5b. It can be observed that the modified layer is composed of two layers. 

The upper layer was formed by molten material ejected from last craters similar to the one 

mentioned above. The layer underneath is similar to the modified layer formed by initial 

cathode spots during early stages of erosion, i.e. rather heterogeneous (see also Fig. 5a), 

whereas the upper layer produced at later stages of the erosion is significantly more 

homogeneous. 

This increased homogeneity is better visible in a region adjacent to zone III with an 

increased number of cathode spot events (Fig. 5c). However, the modified layer formed in this 

region also was composed of two layers with different homogeneity, the upper layer of 

modified layer in this area (see insert in Fig. 5c) is more homogeneous than the one shown in 

Fig. 5b.  

3.3 Cross-sectional analysis of erosion zone III 

Fig. 6a shows a BSE image of a typical cross section of zone III where the sequential 

ignitions of the cathode spot mainly occurred due to the applied arched magnetic field. In this 

region, the multilayer coating was completely eroded and only a minor trace of the Mo layers 

was noticed. Consistent with the elemental contrast of the BSE image in Fig. 6b, energy-

dispersive X-ray spectroscopy measurements (Al:19 at%, Mo:16 at%, Ti:65 at%) confirmed the 

presence of Mo, Al and Ti in the modified layer indicating a homogeneous intermixing of 
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material. At this stage of the erosion, the modified layer was a single layer as the lower layer 

with partial material intermixing observed in zone II in Fig. 5c was absent. 

 

 

Fig. 6: (a) Backscattered electron image showing an overview of the cross section of zone III 

and (b) detail of the modified layer marked by the rectangle in a. 

 

4  Discussion 

The cathode spot is the source of ions, neutrals and droplets ejected from the cathode 

to form thin films or coatings during CAD [30]. Typically, two types of cathode spots, namely 

spot type 1 and 2, are distinguished leaving characteristic craters behind due to 

microexplosions and displacement of molten material from the site of the active cathode spot. 

The successive melting-solidification cycles induced by the cathode spot action alter the 

cathode surface which typically leads to the formation of a so-called modified layer in the case 

of multi-element cathodes. The cathode erosion stages, and possible formation mechanisms 

of the modified layer are discussed in the following.  



Mehran Golizadeh  Publication I                                                                       

 

53 
 

4.1 Type 1 spots and initial stage of cathode erosion 

Type 1 spots are linked to non-metallic, insulating layers on the cathode surface which 

strongly enhance the electron emission so that several local surface breakdowns occur in 

parallel [30, 31]. Consequently, the total arc current is divided between several emission 

centers and thus the current density reduces in individual spots. This proposed mechanism 

explains the observed characteristic of small and dispersed craters left behind by type 1 spots. 

The cross-sectional study of the small and shallow craters on the multilayer cathode 

(Fig. 3e and f) revealed a crater depth of less than 500 nm which suggests relatively low power 

density and a corresponding relatively low current density. This observation is in line with 

commonly described low erosion caused by type 1 spots [30]. However, the craters are located 

close to each other and even overlap, which is inconsistent with the general characteristics of 

spot type 1 craters. Craters with such ambiguous characteristics were also observed on Mo 

cathodes with Mo oxide or AlN layer on the surface exposed to vacuum arc discharge, or on 

clean Mo cathodes exposed to arc discharge in air [15, 17, 32, 33]. This similarity may be 

caused by the native oxide formed on the Al top layer since after production, the cathode was 

stored in ambient conditions for some time.  

Regardless of their detailed formation mechanisms, the observed craters are generally 

similar to type 1. The associated erosion of surface material corresponds to removal of the 

oxide layers and contaminations from the cathode surface. Type 1 spots therefore have a 

cleaning effect leading to a clean metallic surface and a change of the spot type at later stages 

of the cathodic arc discharge. Based on our results, type 1 spots induce only limited heat and 

pressure upon the region underneath their craters, in the present case Mo and Al layers, and 

only superficially erode the cathode. They therefore play no considerable role in the formation 

of the modified layer on multi-element arc cathodes. 

4.2 Type 2 spots and advanced stage of cathode erosion  

Surfaces of metal cathodes have a thin layer of oxide or other non-metallic 

contaminates even when cleaned in common ways and placed in vacuum or in an inert 

atmosphere.  Therefore, cathode spots operate shortly on such cathodes in type 1 mode, 

causing the removal of any non-metal layer. This cleaning effect changes the electron emission 

and the mechanism of microexplosions, followed by switching to type 2 [17, 33]. Due to the 

careful deposition of the multilayer coating described in section 2.1, the films are metallic with 
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properties close to the respective bulk properties and type 2 spot operation is feasible. 

Therefore, the observed deep craters formed on top of the shallow ones in the present work 

can be assigned to be appearance of type 2 spots. 

Since the cathode erosion by type 1 spots is negligible, type 2 spots are mainly 

responsible for the erosion of arc cathodes. This means that understanding of the spot type 

and the spot interaction with the cathode surface are crucial for the understanding of the 

generated plasma and the emission of droplets during the deposition process.  

The features of the deep type 2 craters suggest that a localized heat source melted the 

material on the cathode surface.  A molten pool is formed and subjected to a top-down 

pressure, which pushed the melt outward, thereby forming a crater. It is apparent that the 

pressure was so high that almost all the melt was pushed outwards, forming a pile-up at the 

rim. The pressure effect was not limited to the displacement of the melt, but it also affected 

the solid layers below. Correspondingly, the pressure extruded ductile Al interlayers to the 

sides. This, in turn, caused buckling on the sides as can be seen in Fig. 4c and d. Therefore, the 

imprint area upon which the pressure exerted can be roughly approximated by the red oval 

Fig. 4c.  

The observed features of the deep type 2 craters also provide further experimental 

evidence for the model of crater formation proposed by Jüttner and Hantzsche [13, 34]. 

According to this model, first an explosion occurs as current goes through one or more 

micropoints, which were, in our case, readily available since type 2 craters formed on 

microprotrusions caused by type 1 craters. Subsequently, the surface-near region below the 

spot is melted by the explosion, resulting in the formation of a molten pool. Meanwhile, a 

dense plasma cloud, of high pressure, forms on top of the molten pool. In the next step, this 

dense plasma expands to the surrounding space, and consequently exerts a backward 

pressure on the surface of the molten pool [35]. The effect of the recoil pressure can be clearly 

observed from the results of cross-sectional analysis where bent but not melted layers within 

the multilayer coating were noticed. Eventually, the melt is extruded by the plasma pressure 

to the rim and the crater is formed during solidification.  

Regarding the temperature profile in the crater, it is visible in Fig. 4c and d that melting 

was more pronounced at the center of the crater. However, only a shallow heat-affected zone 

can be determined as the remnants of molten material change to solid layers within a rather 
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short length scale. Interestingly, the here-observed steep temperature gradient below the 

crater was predicted in simulations [36-38]. 

No noticeable intermixing of material occurred between the 500 nm thick sublayers. 

In other words, no considerable solid-state diffusion occurred in the heat-affected zone of the 

crater even though the temperature inside the explosive center is predicted to exceed 4000 K 

[39]. This can be related to the short time duration of melting and the quick displacement of 

molten material (less than a few 10 ns, depending on material and arc parameters). In 

addition, the cooling rate was predicted to be very high [34], which suppresses solid-state 

diffusion.  

It is also worth to note that the rate of heat dissipation below craters may influence 

the mechanism of material intermixing. Comparing the small thickness of the multilayer 

coating to the bulk cathode and the fact that the deep craters easily penetrate through the 

multilayer (the crater exemplified in Fig. 4 is relatively small compared to other deep craters), 

the rate of heat dissipation is expected to be determined by the bulk Ti cathode. In other 

words, the thermal and electrical properties of the multilayer coating are expected to have a 

minor influence on the mechanisms of material intermixing.   

4.3 Formation of the modified layer and steady-state stage of cathode 

erosion 

In the previous section, the formation mechanism of a type 2 crater and its subsequent 

impacts on the sub-surface region of the cathode were discussed. However, such isolated 

craters are typically transient and can only be found in zone II in the present case. Generally, 

type 2 craters mainly overlap as already observed in other areas of zone II and in zone III. With 

the obtained insights from the impacts of single craters it is now feasible to interpret the 

observed changes of sub-surface areas in the vicinity of overlapping craters which finally leads 

to understanding the formation mechanisms of the modified layer. 

Overlapping craters are caused by successive cathode spot ignitions near already 

existing craters. The non-stationary nature of type 2 spots has already been revealed by 

oscillations of the discharge voltage as arc spot ignites at distinctly different locations [40] and 

streak images showing the correlation between bursts of light and cyclic ignition of spots every 

few 10 ns [41]. Mesyats based the self-sustaining consecutive ignition of cathode spots on the 
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formation of metal necks by explosions [42] that, due to the localized high current density, are 

essential for the next explosions [39, 43]. 

A cross section of such overlapping craters (Fig. 5a) was described in section 3.2.3. The 

main differences between single and overlapping craters were erosion depth and remnants of 

molten material inside the craters. However, neither single nor few overlapping craters were 

able to produce homogeneous remnants, the modified layer. As already discussed, melting, 

displacement of molten material and cooling stages altogether last only few 10 ns. Therefore, 

the time scale during individual melting-solidification cycles is too short that all solid Mo layers 

within the crater dissolve. However, it was shown in Fig. 5b and c that the briefness of impact 

time of a single cycle is mitigated by an increasing number of melting-solidification cycles. 

Furthermore, it was observed in Fig. 6 that a large number of cathode spots can produce a 

relatively homogeneous modified layer where no more intact Mo sublayers could be noticed. 

Our results indicate that the modified layer is formed by micro-sized displacement of the 

cathode material during crater formation. In addition, the material intermixing predominantly 

occurs in liquid state while the mechanisms based on solid-state diffusion play an insignificant 

role due to the sharp temperature gradient (shallow heat-affected zone) below craters and 

very high cooling rates. 

5 Conclusions  

A special multilayer cathode was designed to study surface modifications induced by 

the plasma in the cathode spot as a single event and while ignition events move over the 

cathode surface. The layers serve as trace markers demonstrating the extent of heat and 

material displacement induced by the cathode spot at early stages as well as when 

approaching steady-state cathode erosion. 

Two types of craters left by cathode spots could be identified within this study. Shallow 

craters, created by type 1 spots, removed the non-metallic surface layers and caused a 

superficial erosion (<500 nm), whereas deep craters, that formed on the previous ones, 

caused major material displacement and erosion of the cathode. The latter can be associated 

with type 2 arc spots.  Cross-sectional analysis of the craters provides experimental proofs for 

the models of type 1 and type 2 crater formation. It was found that during crater formation 

processes, material is melted, intermixed, and then displaced to the rim of the crater. 
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Subsequently, a few overlapping craters caused heterogeneous intermixing of the material on 

the cathode surface, i.e. an initial modified layer. The time of material intermixing during 

single crater formation was too short to produce a homogeneous modified layer. However, by 

increasing the number of cathode spot events in a certain area, more and more craters were 

formed, and the homogeneity of the modified layer increased. Hence, it can be concluded that 

intermixing occurs primarily during the liquid state. The heat-affected zone below craters was 

shallow and no considerable solid-state diffusion was noticed contributing to the material 

intermixing process.   

Acknowledgments 

Financial support by the Österreichische Forschungsförderungsgesellschaft mbH 

within the framework of the project “ArcCathodeErosion” (project number 856889) is highly 

acknowledged. The authors are thankful to Karl-Heinz Pichler for his help with the sputter 

deposition of the multilayer coating on the cathode.  A.A. acknowledges support by the Leibniz 

Association (project K128/2018) and the Sächsische Aufbaubank (project 100336119).  



Mehran Golizadeh  Publication I                                                                       

 

58 
 

References 

[1] A. Anders, E. Oks, I. Brown (Eds.), Springer Netherlands, Dordrecht, 2002, pp. 1-14. 

[2] M.M.M. Bilek, P.J. Martin, D.R. McKenzie, J. Appl. Phys. 83 (1998) 2965-2970. 

[3] A. Anders, B. Yotsombat, R. Binder, J. Appl. Phys. 89 (2001) 7764-7771. 

[4] A. Anders, IEEE Trans. Plasma Sci. 29 (2001) 393-398. 

[5] R. Franz, P. Polcik, A. Anders, Surf. Coat. Technol. 272 (2015) 309-321. 

[6] I.G. Brown, X. Godechot, IEEE Trans. Plasma Sci. 19 (1991) 713-717. 

[7] A. Anders, Phys. Rev. E 55 (1997) 969-981. 

[8] A. Anders, G.Y. Yushkov, J. Appl. Phys. 91 (2002) 4824-4832. 

[9] A. Anders, E.M. Oks, G.Y. Yushkov, J. Appl. Phys. 102 (2007) 043303. 

[10] A. Anders, Plasma Sources Sci. Technol. 21 (2012) 035014. 

[11] G.A. Mesyats, S.A. Barengol'ts, Phys. Usp. 45 (2002) 1001-1018. 

[12] I.I. Beilis, Contrib. Plasma Phys. 43 (2003) 224-236. 

[13] B. Jüttner, Beiträge aus der Plasmaphysik 19 (1979) 25-48. 

[14] B. Jüttner, J. Phys. D: Appl. Phys. 34 (2001) R103-R123. 

[15] B. Juttner, J. Phys. D: Appl. Phys. 14 (1981) 1265-1275. 

[16] B. Juttner, IEEE Trans. Plasma Sci. 15 (1987) 474-480. 

[17] B. Jüttner, Physica B+C 114 (1982) 255-261. 

[18] A.O. Eriksson, I. Zhirkov, M. Dahlqvist, J. Jensen, L. Hultman, J. Rosen, J. Appl. Phys. 113 
(2013) 163304. 

[19] J. Sasaki, K. Sugiyama, X. Yao, I. Brown, J. Appl. Phys. 73 (1993) 7184-7187. 

[20] S. Zöhrer, A. Anders, R. Franz, Plasma Sources Sci. Technol. 27 (2018) 055007. 

[21] I. Zhirkov, A.O. Eriksson, A. Petruhins, M. Dahlqvist, A.S. Ingason, J. Rosen, J. Appl. Phys. 
115 (2014) 123301. 

[22] S. Zöhrer, M. Golizadeh, N. Koutná, D. Holec, A. Anders, R. Franz, Plasma Sources Sci. 
Technol. Accepted manuscript (2019). 

[23] M. Pohler, R. Franz, J. Ramm, P. Polcik, C. Mitterer, Surf. Coat. Technol. 206 (2011) 1454-
1460. 

[24] R. Franz, F. Mendez Martin, G. Hawranek, P. Polcik, J. Vac. Sci. Technol., A 34 (2016) 
021304. 

[25] B. Syed, J. Zhu, P. Polcik, S. Kolozsvari, G. Håkansson, L. Johnson, M. Ahlgren, M. Jöesaar, 
M. Odén, J. Appl. Phys. 121 (2017) 245309. 

[26] J.Q. Zhu, A. Eriksson, N. Ghafoor, M.P. Johansson, J. Sjölén, L. Hultman, J. Rosén, M. Odén, 
J. Vac. Sci. Technol., A 28 (2010) 347-353. 

[27] J.Q. Zhu, M.P. Johansson-Jöesaar, P. Polcik, J. Jensen, G. Greczynski, L. Hultman, M. Odén, 
Surf. Coat. Technol. 235 (2013) 637-647. 



Mehran Golizadeh  Publication I                                                                       

 

59 
 

[28] M. Rausch, M. Pavlovič, P. Kreiml, M.J. Cordill, J. Winkler, C. Mitterer, Appl. Surf. Sci. 455 
(2018) 1029-1036. 

[29] L.A. Giannuzzi, F.A. Stevie, Springer, New York, 2005. 

[30] A. Anders, Springer, New York, NY2008. 

[31] A.I. Bushik, B. Jüttner, H. Pursch, Beiträge aus der Plasmaphysik 19 (1979) 177-188. 

[32] A.E. Guile, B. Juttner, IEEE Trans. Plasma Sci. 8 (1980) 259-269. 

[33] J. Achtert, B. Altrichter, B. Jüttner, P. Pech, H. Pursch, H.D. Reiner, W. Rohrbeck, P. 
Siemroth, H. Wolff, Beiträge aus der Plasmaphysik 17 (1977) 419-431. 

[34] E. Hantzsche, B. Juttner, V.F. Puchkarov, W. Rohrbeck, H. Wolff, J. Phys. D: Appl. Phys. 9 
(1976) 1771-1781. 

[35] G.W. McClure, J. Appl. Phys. 45 (1974) 2078-2084. 

[36] I.V. Uimanov, D.L. Shmelev, S.A. Barengolts, 2016 27th International Symposium on 
Discharges and Electrical Insulation in Vacuum (ISDEIV), 2016, pp. 1-4. 

[37] H.T.C. Kaufmann, M.D. Cunha, M.S. Benilov, W. Hartmann, N. Wenzel, J. Appl. Phys. 122 
(2017) 163303. 

[38] V.G. Kuznetsov, E.S. Babushkina, J. Phys. Conf. Ser. 729 (2016) 012003. 

[39] G.A. Mesyats, IEEE Trans. Plasma Sci. 23 (1995) 879-883. 

[40] G.A. Mesyats, IEEE Trans. Plasma Sci. 41 (2013) 676-694. 

[41] M.B. Bochkarev, XXIst International Symposium on Discharges and Electrical Insulation in 
Vacuum, 2004. Proceedings. ISDEIV., 2004, pp. 241-244. 

[42] G.A. Mesyats, M.B. Bochkarev, A.A. Petrov, S.A. Barengolts, Appl. Phys. Lett. 104 (2014) 
184101. 

[43] G.A. Mesyats, IEEE Trans. Electr. Insul. EI-20 (1985) 729-734. 

 



  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

61 
 

 

Publication II 

 

Rapid solidification and metastable phase formation during 

surface modifications of composite Al-Cr cathodes exposed 

to cathodic arc plasma 

 

 

Mehran Golizadeh, Francisca Mendez Martin, Stefan Wurster, Johann P. 

Mogeritsch, Abdellah Kharicha, Szilard Kolozsvári, Christian Mitterer, Robert 

Franz 

 

 

Accepted for Publication in Journal of Materials Science & Technology 

 

 

 

 

 

 

 

 



  

 
 

 

 



Mehran Golizadeh  Publication II                                                                       

 

63 
 

Rapid solidification and metastable phase formation during surface modifications of 

composite Al-Cr cathodes exposed to cathodic arc plasma 

Mehran Golizadeh1, Francisca Mendez Martin1, Stefan Wurster2, Johann P. Mogeritsch3, 

Abdellah Kharicha3, Szilard Kolozsvári4, Christian Mitterer1, Robert Franz1 

1 Department of Materials Science, Montanuniversität Leoben, Franz Josef-Straße 18, 8700 

Leoben, Austria 

2 Erich Schmid Institute of Materials Science, Austrian Academy of Sciences, Jahnstraße 12, 

8700 Leoben, Austria 

3 Department of Metallurgy, Montanuniversität Leoben, Franz Josef-Straße 18, 8700 Leoben, 

Austria 

4 Plansee Composite Materials GmbH, Siebenbürgerstraße 23, 86983 Lechbruck am See, 

Germany 

Keywords: cathodic arc, rapid solidification, quasicrystal, arc crater, macroparticle, phase-field 

simulation 

 

Abstract 

A combination of both conventional and advanced high-resolution characterization 

techniques was applied to study the modified layers on the surface of three composite Al-Cr 

arc cathodes with identical nominal composition of Al-50 at.% Cr but varying powder grain 

sizes. The results revealed that the modified layers consist mainly of metastable phases such 

as Cr solid solution, high temperature cubic Al8Cr5, supersaturated Al solid solution, and 

icosahedral quasicrystal. The metastable phase formation indicates that high cooling rates 

were involved during the solidification of molten material produced in the arc craters during 

cathode spot events. The average cooling rate was estimated to be 106 K/s based on secondary 

dendrite arm spacing measurements and supporting phase-field based simulations. The 

formation mechanisms of the modified layers are discussed based on the obtained results and 

the current literature.  
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1 Introduction 

Cathodic arc deposition is characterized as an energetic film deposition technique in 

which plasma conditions with multiply charged ions and substantially high ion energies are 

attainable [1]. Consequently, thin films and coatings deposited using this technique are often 

highly dense and show superior adhesion. Further, the wide range of plasma properties 

provides the user with the opportunity to tailor the ion charge states and energies in order to 

obtain desirable film growth conditions [2, 3]. These technological advantages coupled with 

high deposition rates and relatively low operation costs have made cathodic arc deposition an 

attractive choice particularly among the hard coating industry.     

However, further improvements in the deposition of films and coatings using arc 

plasmas require a detailed understanding of the plasma itself, in particular its source, i.e., the 

so-called cathode spots. The latter are microvolume explosions that occur on the cathode 

surface and generate the plasma. These microvolume explosions also impose localized melting 

and material displacements leading to the formation of so-called arc craters. A continuous arc 

plasma is established by a multitude of sequential ignitions of cathode spots, which then can 

be employed for film deposition. At the same time this process imposes successive, localized 

melting-solidification cycles on the cathode surface, which ultimately alters its appearance. 

Such surface modifications caused by cathode spots have gained additional attention with the 

advent of multi-element cathode (target) materials, which are vastly employed to produce 

multi-element coatings, e.g., (Al,Cr)2O3 [4-7], Al1-xCrxN [8, 9], Cr1-xSixN [10, 11], Al1-x -yCrxSiyN 

[12-14], Ti1-xAlxN [15-17], and Ti1-x-yAlxSiy(C,N) [18-21].  

In fact, the successive melting-solidification cycles lead to the formation of a modified 

layer on the cathode surface. In case of the multi-element cathodes, the modified layer 

properties can differ from those of the bulk cathode in terms of phase composition, chemistry, 

and roughness among which the phase composition is of particular importance. According to 

the empirical cohesive energy rule [22, 23], the cohesive energy of the constituent phases is 

proportional to the mean charge state and mean kinetic energy of the ions in the vacuum arc 

plasma of single-element cathodes. In other words, the higher the cohesive energy of the 

constituent elements/phases of a cathode, the higher the ion charge states and ion kinetic 

energies of the respective plasma. For the vacuum arc plasma of Ti-Hf alloy cathodes, the 

mean ion charge states increased with increasing Hf content [24], which is consistent with the 
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cohesive energy rule as Hf has a higher cohesive energy. Zhirkov et al. [25] compared the arc 

plasma of Ti84Al16, Ti90Si10, and Ti90C10 compound cathodes and also observed an increase in 

ion energies as the cohesive energy of the cathode increased. This relationship was further 

examined for binary composite cathodes, for which a powder mixture of the two elements 

with predetermined composition is pressed so that no chemical reaction occurs between the 

powders. Eriksson et al. [26] studied such composite Ti-Si cathodes where the Si content 

varied from 0 to 25 at.%. Surprisingly, they noted that with increasing Si content the ion 

energies and charge states did not correlate to the mean cohesive energy of the composite 

cathodes (rule of mixture). They concluded that an average cohesive energy for composite 

cathodes is not applicable because of the modified layer formation, which consisted of various 

intermetallic Ti-Si phases having different cohesive energy. Studies of the arc plasma 

generated from composite Al-Cr [27] and Ti-Al [28] cathodes also showed that the ion charge 

states and kinetic energies cannot be correlated to the average cohesive energy of the virgin 

composite cathode. Zöhrer et al. [29] compared the arc plasma of intermetallic and composite 

cathodes corresponding to the stoichiometric chemical compositions of the intermetallic 

phases in the Al-Nb alloy system. Their results revealed that the plasma properties of the 

intermetallic and composite cathodes at respective composition were similar, which was 

explained by the observation that the intermetallic phases constituting the modified layer of 

composite cathodes were alike to the phases in the intermetallic cathodes. Surprisingly, at the 

composition Al75Nb25 the burning voltage (proportional to plasma properties) was lower than 

the burning voltage of pure Al for both, intermetallic and composite, cathodes, while the 

cohesive energy calculations predicted an increase. In case of the composite cathodes, the 

authors argued that probably heat release during exothermic reactions lowers the energy 

required to maintain the arc discharge, hence lowering the burning voltage. However, the 

phase characterization in the above-described studies was limited to X-ray diffraction (XRD), 

leaving ambiguities with respect to the comprehensive identification of the phases present in 

the modified layer. Further, information about the formation mechanisms of the present 

phases in the modified layer, e.g., solid-state phase transformations, is absent, but they may 

as well contribute to altering the plasma properties. 

So far, the modified layer properties have been studied in detail for various binary alloy 

systems, namely Al-Cr [4, 30], Ti-Si [31-33], Nb-Al [29], Ti-Al [34]. Regarding the formation 

mechanisms, Pohler et al. [4], studying composite Al-Cr cathodes, identified melting and 
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intermixing of the cathode material followed by re-solidification with high cooling rates as a 

potential formation mechanism of the modified layer. They also proposed a high temperature 

gradient below the reaction zone, hence expecting no long-range solid-state diffusion. 

Studying a compound Ti3SiC2 cathode, Zhu et al. [33] noticed that the modified layer consisted 

of two regions: (I) the near-surface area where melting and rapid re-solidification is the 

formation mechanism and (II) directly below the first region where they suggested that high 

temperature spikes during and just after discharge result in a partial phase decomposition of 

the compounds. In other words, solid-state reactions taking place for a short time can be the 

formation mechanism in region II. Syed et al. [34] proposed a self-sustaining reaction 

contributing to the formation of the modified layer in case of fine-grained Ti-Al cathodes. 

However, the ignition of a self-sustaining reaction often requires time and powder preheating 

that may be possible according to observations of the heat-affected zone by Zhu et al., but 

seems to contradict the results obtained by Pohler et al. To determine the temperature 

gradient (heat-affected zone) and the formation mechanisms, Golizadeh et al. [35] designed 

a multilayer Mo/Al cathode with an individual layer thickness of 500 nm. Using such cathodes, 

they could show that the temperature gradient below the arc craters is very steep and solid-

state diffusion is negligible, while material intermixing leading to the formation of a modified 

layer predominantly occurs in liquid state. Moreover, these results suggest that the 

incompletely melted grains/decomposed compounds reported by Pohler et al. and Zhu et al. 

are due to inadequate time in liquid state and the following rapid solidification instead of high 

temperature spikes in the heat-affected zone. The observations of the arc craters and material 

intermixing on the multilayer cathode do not support the notion of extended heat-affected 

zones and self-sustaining reactions. 

As mentioned above, XRD was often solely used for the phase characterization of the 

modified layer though complementary characterization techniques are required to 

unambiguously differentiate between intermetallic phases with complex and similar crystal 

structures. For instance, while studying composite Ti-Si cathodes, high-resolution 

characterization techniques, in particular transmission electron microscopy (TEM), were 

employed to successfully characterize the phases providing additional evidence for the 

proposed formation mechanisms of the modified layer [31]. However, there are concerns 

about linking XRD results to the ones of high-resolution techniques due to the big difference 

in the analyzed area or volume. This is particularly important since the chemical composition 
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of the modified layer and perhaps the distribution of phases is not uniform. To close this gap, 

it is necessary to include complementary characterization techniques, e.g., electron 

backscatter diffraction (EBSD), that allow to map the constituent phases throughout the 

modified layer.   

In this work, a characterization procedure combining both conventional and advanced 

high-resolution techniques including atom probe tomography (APT) are employed to study 

the phase composition and microstructure of the modified layer of composite Al-Cr cathodes. 

The formation mechanisms of the modified layer are also examined while varying the powder 

grain size in the investigated composite cathodes, and the results are compared with the 

above-described articles. 

2 Materials & methods 

2.1 Cathode manufacturing and arc discharge parameters 

Composite Al-Cr cathodes with three different powder grain sizes were produced using 

powder-metallurgical methods. First, powder mixtures of Al and Cr with equal chemical 

composition1 of Al50Cr50 but varying powder particle sizes namely, fine grain (Al, Cr < 10 µm), 

medium grain (Al < 125 µm, Cr < 80 µm), and coarse grain (800 µm < Al, Cr < 1200 µm) were 

blended. Subsequently, the powder mixture was pressed at room temperature by applying 

uniaxial force, preheated for 3 h at temperature in the range of 400°C and then forged. 

Accordingly, designated labels as fine-grained (FG), medium-grained (MG), and coarse-grained 

(CG) cathodes are employed to distinguish between the cathodes throughout the current 

work. The diameter of the cathodes was 65 mm and the thickness 12 mm as illustrated 

elsewhere [35]. 

An arc discharge with a dc current of 60 A and a duration of 60 min was used to erode 

the cathodes. The arc discharge was carried out in the presence of Ar gas with a pressure of 1 

Pa after an initial chamber base pressure of about 8 × 10−4 Pa. The arc discharge was steered 

using an arched magnetic field integrated within the arc source (VTD Vakuumtechnik, 

Dresden, Germany). The cathodes were constantly cooled down by means of a water-cooled 

copper body tightened on the cathode’s backside. 

 
1 All chemical compositions are given in atomic percent in this article. 
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2.2 Characterization techniques 

Surface characterization of the cathodes by scanning electron microscopy (SEM) was 

conducted in secondary electron (SE) imaging mode to reveal the surface topography, while 

the cross sections were studied using backscattered electron (BSE) imaging mode to feature 

variations in the chemical composition. All SEM studies and focused ion beam (FIB) assisted 

sample preparations for scanning TEM (STEM) and APT studies were carried out in a dual-

beam SEM/FIB Versa 3D HiVac from FEI (Thermo Fischer) equipped with an energy-dispersive 

X-ray spectroscopy (EDS) module. 

Small samples (surface area: 5 mm × 5 mm) were cut out from the erosion tracks and 

analyzed in an X-ray diffractometer Bruker D8 Advance in Bragg-Brentano configuration using 

Cu-Kα radiation (wavelength 0.15418 nm). A Göbel mirror was utilized to enable scans with 

parallel beam geometry, mitigating displacement errors caused by the surface roughness. An 

energy-dispersive Sol-X detector was used to record the intensity of the diffracted beams. All 

measurements were conducted in a 2θ range of 20–90° using a step size of 0.02° and a dwell 

time of 3 s for each step. 

FIB lift-out techniques were employed to prepare TEM lamellae [36, 37], which 

enabled site-specific characterizations of the modified layer. The (S)TEM investigations of the 

lamellae were conducted in a field emission gun transmission electron microscope JEM-2100F 

from JEOL at an acceleration voltage of 200 kV. The microscope was equipped with an image-

side CS-corrector, which yielded a TEM resolution of 0.14 nm and a STEM resolution of 0.16 

nm at 200 kV. Bright field (BF) images, high-resolution (HR) micrographs and selected area 

electron diffraction (SAED) patterns were all recorded through a Gatan 2K × 2K CCD camera. 

The EDS measurements were performed in STEM mode and the signals were collected using 

an Oxford INCA Energy TEM 200 EDS system. SAED and fast Fourier transformation (FFT) of 

HRTEM images were utilized to determine the phase composition and the crystallographic 

orientation relationships. All TEM data processing and evaluations were done using the 

software DigitalMicrograph™ from Gatan. Following the TEM investigations, transmission 

Kikuchi diffraction (TKD), also known as transmission EBSD, was used to obtain phase and 

orientation mappings of the lamellae. TKD experiments were performed in a SEM LEO1525 

from Zeiss equipped with a field emission gun, and an e-FlashFS EBSD detector together with 

an on-axis OPTIMUS™ TKD detector head both from Bruker, refer to Ref. [38] for more details. 
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The TKD data were acquired using a working distance of 4 mm, an acceleration voltage of 20-

30 kVand a step size of 3-33 nm. Post-measurement analysis was performed using the 

software package Esprit 2.1 from Bruker, where a grain tolerance angle of 15° was applied. 

In order to examine the 3-dimensional (3D) elemental distributions within various 

phases, atom probe tips were prepared from specific sites within the modified layer using a 

lift-out technique [39, 40]. The APT experiments were conducted with an Imago LEAPTM  3000X 

HR system from Cameca in laser mode. For each sample, at least three APT measurements 

were conducted, all at base temperature of 40 K applying a laser energy of 0.3 nJ per pulse, a 

target evaporation rate of 0.50% and a pulse rate of 200 kHz. The 3D reconstructions and data 

processing were performed using the software package IVAS 3.6.14 from Cameca. 

2.3 Simulations 

The multiphase-field method [41-43] was employed to simulate the dendrites 

observed in the modified layer in order to estimate the cooling rate based on secondary 

dendrite arm spacing (SDAS). The simulations were performed with the commercially 

available simulation package MICRESS® from Access e.V. (Aachen, Germany). The simulations 

were conducted as 2-dimensional (2D) simulations for this study since 3D simulations require 

high computational costs and supercomputing resources [44], which is beyond the scope of 

the current work.  

The parameters for the simulations were chosen based on the experimentally obtained 

results. 2D domains with a size of 2.5 µm (x) × 6 µm (z) and a grid spacing of ∆x/z = 0.005 μm 

were defined. The temperature gradient was selected parallel to the z-direction so that a 

longitudinal cross section of the dendrites appears in the final 2D micrograph. For the initial 

estimation of the temperature gradient G, the maximum temperature of the liquid was 

considered to be the boiling point of an Al50Cr50 composition, i.e., 2612 K, since the liquid 

quenches from the plasma reaction zone in the vicinity of a cathode spot. The minimum 

temperature of the cathode was considered 295 K since the bulk was continuously water-

cooled. Considering a varying liquid thickness of 1-10 µm and a varying temperature of the 

layers below the solidifying layer, temperature gradients ranging from 104 K/m to 109 K/m 

were estimated. The initial simulations, however, revealed that the temperature gradients 105 

K/m, 106 K/m, and 107 K/m yield a microstructure that was closest to those observed in the 

experimental results. To further reduce the computational time, two more simplifications 
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were applied. First, the dendrite growth starts from a pre-existing Cr seed layer which is a 

good approximation based on the experimental results. Second, the nucleation and growth of 

the interdendritic phase was not considered. The simulations were ceased when the 

temperature of the interdendritic melt reached 1300 K. An interfacial stiffness coefficient of 

0.3, an anisotropy of the interfacial mobility of 0.1 for the dendrite phase - i.e., Cr solid solution 

- and the interface energy of 0.1 µJ/cm2 were applied. The required thermodynamic data were 

obtained from the Thermo-Calc database COST2. 

3 Results & discussion 

3.1 Conventional characterization of the cathodes 

Fig. 1 presents photographs together with SEM plane-view and cross-sectional 

examinations of the composite Al-Cr cathodes after the cathodic arc process. The visual 

inspections showed that the erosion track becomes deeper and narrower as the powder grain 

size decreases (see Fig. 1 first row). As a result, the center region of the FG cathode remained 

unaltered whereas slight erosion was noticed for the others. The development of the erosion 

track is due to the applied constant magnetic field forcing sequential cathode spot ignitions to 

occur in a circular path [1]. Judging by the dimensions of the erosion tracks, the cathode spot 

ignitions were confined stronger by the magnetic field as the grain size decreased. 

Despite the noticeable difference in the geometry of the erosion tracks of the FG and 

MG cathodes, plane-view SE-SEM images (Figs. 1d and e) revealed a similar waviness on the 

surfaces of these cathodes. In contrast, the surface appearance of the CG cathode, as shown 

in Fig. 1f, comprises large depressions and elevations. The observed distinct surface features 

of the CG cathode may be linked to the higher erosion rate of Al than Cr grains as suggested 

by the corresponding cross-sectional SEM image (see Fig. 1i). This preferred erosion of the Al 

grains was mitigated as the grain size decreased (see Figs. 1g and h).  

A modified layer with a thickness of a few µm up to several 10 µm was formed on the 

surface of all cathodes regardless of their powder grain size (compare Figs. 1g, h and i). The 

thickness of the modified layer was non-uniform and without apparent correlation to the 

underlying material for the FG and MG cathodes, while the layer was thicker on top of Al than 

Cr grains for the CG cathode (see insets in Fig. 1i). The BSE-SEM contrast of the cross-sectional 
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images suggests that the composition of the modified layers differs from the virgin cathode 

material (pure Al and Cr). According to EDS measurements (5% accuracy), the average 

chemical composition of the modified layer was Al49Cr51 and Al48Cr52 for the FG and MG 

cathodes, respectively. The chemical composition of the modified layer of the CG cathode was 

dependent on the underlying grains, Al75Cr25 and Al22Cr78 on top of Al and Cr grains, 

respectively. Note that the reported chemical compositions were obtained from the 

chemically homogeneous part of the modified layers.  

XRD examinations were conducted on the surface of the cathodes to reveal details 

about the constituent phases of the modified layers as demonstrated in Fig. 2. The strong X-

ray reflections of intermetallic phases in the Al-Cr alloy system mainly appear at 2θ values of 

40-44° and they overlap considerably. This makes the differentiation between the phases 

challenging and often ambiguous. For better visualization, the diffractograms in Fig. 2 were 

divided into two ranges of 2θ with higher resolution. The diffractograms obtained from the 

FG and MG cathodes were almost identical except that the peaks associated to pure Cr (ICDD 

No. 00-006-0694) and Al (ICDD No. 00-004-0787) were weaker for the FG cathode. It appears 

that the reduction of grain size led to a weaker contribution of the virgin materials in the 

diffractograms, i.e., a thicker modified layer was present.  

Based on the EDS measurements, a chemical composition of about Al50Cr50 is 

presumed for the modified layers of the FG and MG cathodes. The Al-Cr equilibrium phase 

diagram [45] suggests the co-existence of rhombohedral r-Al8Cr5 and AlCr2 phases for this 

chemical composition at room temperature. Most reference reflections of AlCr2 (ICDD No. 03-

065-2640), blue spheres in Fig. 2, are situated at the shoulder of bigger peaks while the 

strongest reflection, (103), at 43.47° was missing. Presumably, the absence of this reflection 

indicates a small proportion or complete absence of this phase in the modified layer. Note 

that the absence of a particular reflection due to preferential texture is not expected here 

because of the large surface undulations.  
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Fig. 1: First row shows photographs of the as-eroded appearance of the (a) FG, (b) MG and 

(c) CG cathodes. Second and third rows show SE-SEM plane-view and BSE-SEM cross-

sectional images of the corresponding cathodes, respectively. The inserts in (i) show details 

(BSE) of the modified layer on top of respective Al and Cr grains. 

The reference high-intensity reflections of the r-Al8Cr5 phase (ICDD No. 01-071-0126), 

violet filled stars in Fig. 2, at 42.18°, 42.41° and 42.60°, were also located at the shoulder of a 

bigger peak. However, it should be noted that these reflections were determined for ideal r-

Al8Cr5 with a chemical composition of Al61.54Cr38.46. Grushko et al. [46] showed that intensity 

and location of the above-mentioned reflections considerably change while varying the 

chemical composition from Al60.5Cr39.5 to Al70Cr30, i.e., within the so-called γ-range. According 

to the authors, the splitting of reflections and the shift of peak positions to higher 2θ angles 

are expected as the Al content decreases. In contrast, a single peak at around 42° is expected 

for the maximum Al content (Al70Cr30). Therefore, the observed wide peak, 42°-43.5°, in the 

FG and MG cathode diffractograms can be, at least partly, representative of the r-Al8Cr5 phase.  

The reference reflections of the high-temperature cubic polymorph of Al8Cr5 (ICDD No. 

00-047-1466) were also plotted in Fig. 2. Although they were poorly detected within the peaks 

of the FG and MG diffractograms, the presence of this phase cannot be ruled out. Considering 

possible peak position changes due to different Al contents compared to the ideal reference 
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c-Al8Cr5 (Al61.54Cr38.46), this phase stays among the list of the possible constituent phases of the 

modified layer.   

Regarding other possible phases from the Al-Cr system, there is no unanimous 

agreement in literature on the existence of Al9Cr4. For instance, experimental investigations 

and thermodynamic modeling of the Al-Cr phase diagram in [46, 47] did not yield Al9Cr4 phase 

formation within the γ-range. Further, the reported crystal structures of Al9Cr4 in literature 

[48, 49] are either identical or very close to that of Al8Cr5 [46, 50], though with a bigger lattice 

constant due to the higher Al content (Al69.23 Cr30.77). For these reasons, this phase is not 

considered in this study.  

The XRD peaks obtained from the CG cathode were generally wide and had 

comparatively low intensities which is most likely due to the pronounced surface waviness. 

Based on the EDS chemical composition of the modified layer on top of the Cr grains (Al22Cr78), 

two phases, Cr solid solution (Cr) and AlCr2 (ICDD No. 03-065-2640), are predicted at room 

temperature. Contrarily, the chemical composition on top of the Al grains (Al75Cr25) suggests 

the formation of r-Al8Cr5, Al11Cr4 or Al4Cr (ICDD No. 01-073-3027) at room temperature 

according to different phase diagrams [46, 51, 52]. Al11Cr4 forms through a peritectoid reaction 

at a relatively low temperature and, thus, the phase transformation requires a very long 

annealing time [53-55]. Recently, it was shown that the solid-sate diffusion is to a large extent 

prohibited during the formation of the modified layer [35]. This means that the peritectoid 

phase transformation is unlikely to take place and therefore Al11Cr4 can be excluded from the 

list of possible constituent phases. Provided that non-equilibrium cooling is involved, and the 

chemical composition of the modified layer may vary locally, it is necessary to also take into 

consideration the Al11Cr2 [54, 56] and Al7Cr (ICDD No. 03-065-6844) phases. Further, reference 

reflections of the Cr solid-solution - (Cr) - phase were not plotted since they are similar to the 

ones of Cr while considerably shifted to lower 2θ angles due to a large solid solubility range of 

Al in the Cr lattice (up to 46 % at peritectic temperature). In fact, the degree of peak position 

shifts depends on the amount of Al dissolved in the Cr lattice. Consequently, it is challenging 

to locate (Cr) reflections in X-ray diffractograms and determine its presence or quantity.  
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Fig. 2: X-ray diffractograms obtained from the surface of FG (upper), MG (middle) and CG 

(lower) cathodes. 

All strong reflections of the AlCr2 phase can be situated within the peaks obtained from 

the CG cathode. This phase can form either through an order-disorder transformation from 

the (Cr) phase or a eutectoid transformation ((Cr) → r-Al8Cr5 + AlCr2). The latter is not expected 

to take place on top of the Cr grains since the measured chemical composition of the modified 

layer (Al22Cr78) is far away from the eutectoid composition range. However, as the reference 

reflections of AlCr2 can be situated within the peaks, its presence in the modified layer needs 

to be considered. In the modified layer of the CG cathode on top of Al grains, r-Al8Cr5 may exist 

since, based on its chemical composition (Al75Cr25), c-Al8Cr5 precipitates directly from the 

liquid as a primary phase and then may transform to r-Al8Cr5 as the solidified c-Al8Cr5 cools 

down to RT even under non-equilibrium cooling conditions [57]. However, the reference 

reflections of c-Al8Cr5, particularly on the right-hand side of the diffractogram (Fig. 2), better 

agree with the recorded peaks. Again, the reference peaks may shift depending on the 

chemical composition rendering the association of the recorded peaks to these two phases 

ambiguous. Most reference reflections of Al11Cr2 and Al7Cr phases are also in the range of the 

measured peaks, but do not match any distinct individual peak. This indicates a relatively small 

contribution of theses phases to the modified layer and/or peak overlapping of multiple 

phases with similar crystal structures.  

Cascades of complex peritectic reactions, complex and similar crystal structure of the 

phases [58, 59] and their wide range of possible chemical compositions together with high 
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cooling rates leading to non-equilibrium phase formation and locally varying chemical 

compositions are features encountered during the erosion of Al-Cr cathodes by cathodic arcs 

and pose a challenge to their investigation. As discussed above, XRD can provide some general 

understanding of the potential phases contributing to the modified layer, but further 

characterizations including high-resolution techniques is required to reveal reliable details 

about the constituent phases in the modified layer on eroded Al-Cr arc cathodes. 

 

3.2 Phase and microstructural characterization using advanced high-

resolution techniques 

In a first step, the microstructure of the modified layers was studied using SEM as 

presented in Fig. 3. The modified layers of the FG and MG cathodes often consisted of two 

parts as marked by the dashed lines in Figs. 3a and b: a lower part next to the virgin grains 

where Cr partially dissolved, and the Cr/Cr-rich flakes were noticed; and an upper part where 

a chemically homogeneous layer formed. It is already noticed in Figs. 1g and h that the 

homogeneous part covered most of the surface of the eroded cathodes. Therefore, the upper 

layers, shown in Figs. 3b and d, were selected for further high-resolution characterizations. In 

the case of the modified layer on the eroded CG cathode, two parts of homogenous and partial 

intermixing could be observed as well, but Cr/Cr-rich flakes were noticed within the entire 

modified layer. In contrast to the FG and MG cathodes the chemical composition and 

homogeneity of the modified layer were distinctly different on top of the Al than on the Cr 

grains, as it can be seen in Figs. 3e and g. Consequently, these two regions were studied 

separately to ensure that all phases are taken into consideration.  

The modified layers of the FG and MG cathodes developed a very fine microstructure 

during solidification. As marked by dotted lines in Figs. 3b and d, the size and the appearance 

and the microstructure size varied across the modified layers, showing stacking of several 

resolidified sublayers. As the BSE elemental contrast suggests, the microstructure consisted 

of an Al-rich matrix surrounding Cr-rich cells. Note that the term “cell” is used as a general 

term and does not necessarily refer to cellular microstructure. However, dendritic-like, 

cellular-like and seaweeds-like microstructures were noticed in various sublayers. The matrix 

refers to interdendritic region and Al-rich cells in dendritic and cellular microstructure, 

respectively. In the case of the CG cathode, stacking of several sublayers can be identified on 
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top of the Al grains (Fig. 3f). Surprisingly, Cr/Cr-rich flakes were detected within this part of 

the modified layer even though the nearest neighboring Cr grains, which are visible in Fig. 1i 

(enlarged in Fig. 3f), seemed to be far away. The modified layer on top of the Cr grains was 

rather homogeneous, but Cr/Cr-rich flakes were noticed here as well. However, the main 

differences between the CG and the FG/MG cathodes were the absence of extended regions 

with partial intermixing for the CG cathode, and the average chemical composition of the 

modified layers of the CG cathode was not close Al50Cr50. 

To proceed with identifying the phases, TEM lamellae were prepared from the areas 

marked by the rectangles in Figs. 3b, d, f, and h. The regions of interest were chosen in the 

homogeneous parts of the modified layer including both, fine and course microstructures. For 

a more reliable evaluation of the chemical composition of the phases, APT tips were prepared 

from similar regions, but, in this case, within the area of finer microstructure.  
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Fig. 3: BSE-SEM images demonstrating the microstructure of the modified layer on the 

eroded FG cathode in the first row (a, b), MG cathode in the second row (c, d), and CG 

cathode in the third row: (e, f) on top of an Al grain and (g, h) on top of a Cr grain. The blue 

rectangles mark the sites from where the TEM lamellae were lifted out. Red dotted lines 

highlight boundaries of the stacking sublayers. 
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3.2.1 Medium-grained (MG) cathode 

Fig. 4a shows a typical TEM BF image of the microstructure of the modified layer. The 

HRTEM image of a Cr-rich cell in Fig. 4b and associated FFT acquired in the [111] zone axis 

indicated a bcc crystal structure (space group: Im3m (229)). The d-spacing of (110) measured 

from the FFT was approximately 0.211 nm which is expanded compared to the one of bcc-Cr 

(0.204 nm). The average calculated lattice parameter based on the HRTEM results is 0.299 nm 

which is larger than 0.288 nm for pure Cr, suggesting a solid-solution phase, (Cr). Based on the 

experimentally obtained lattice parameter of the (Cr) phase, peaks originating from (110), 

(200) and (211) planes need to be located at 42.7°, 62.02° and 78.25°, respectively, in the 

diffractogram which means they are shifted with respect to the plotted Cr reflections (filled 

triangles in Fig. 2). The new calculated reflections suggest that the high-intensity peaks 

appearing in the diffractogram of the MG cathode are, to a large extent, due to the (Cr) phase. 

It is worth mentioning that the AlCr2 phase (space group: P4/mmm (123)) was not detected 

by TEM which is consistent with the findings projected from the XRD results. The absence of 

AlCr2 indicates that the (Cr) phase did not decompose during the cooling stage, most likely due 

to non-equilibrium cooling conditions.  

The phase comprising the matrix, according to the phase diagram, is expected to be r-

Al8Cr5. The matrix phase studied by HRTEM (see Fig. 4b) exhibited a bcc crystal structure. This 

is in contrast to the XRD results which indicated the presence of rhombohedral Al8Cr5 rather 

than the cubic one. To clearly distinguish between these two phases, simulated SAED patterns 

of r-Al8Cr5 (space group: R3m (160)) and c-Al8Cr5 (space group: I4̅3m (217)) along the [012] 

zone axis are presented in Fig. 4c. The ratio of the nearest neighboring diffraction spots to the 

central spot, indexed as (121) and (200) in Fig. 4b, was measured to be 1.22 which agrees well 

with 1.223 for c-Al8Cr5 but is significantly lower than 1.755 for r-Al8Cr5. In fact, (100) and (100) 

reflections indexed for r-Al8Cr5 in Fig. 4c are forbidden for bcc crystal structures. Further, the 

angle between (121) and (200) plans measured from FFT in Fig. 4b was about 65° which is also 

in fair agreement with 65.9° of c-Al8Cr5. 
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Fig. 1: (a) TEM BF micrograph of the Cr-rich cells surrounded by the Al-rich matrix observed in 

the modified layer of the MG cathode, (b) HRTEM images and corresponding FFT of the Cr-

rich cell and the Al-rich matrix, and (c) simulated SAED patterns of r-Al8Cr5 and c-Al8Cr5 along 

the [012] zone axis. 

Based on the FFT results, the lattice parameter of the c-Al8Cr5 phase was estimated to 

be about 0.895 nm which is smaller than the reference value of 0.909 nm. This reduction in 

the lattice parameter causes a peak shift in the diffractogram for the reference peaks 

originating from (330), (332), (422), (600) and (552) planes (open brown stars in Fig. 2) to 2θ 

angles of 42.83°, 47.61°, 49.87°, 62.18°and 78.46°, respectively. These new estimated 

reflections match the XRD peaks.  

The estimated lattice parameter of a~0.299 nm for (Cr) suggests Al concentrations 

around 40 % according to the linear relationship between lattice parameter and Al content of 

the (Cr) phase proposed in Ref. [60]. The chemical composition of the phases was further 

examined using APT. The 3D reconstructions of a representative atom probe tip are shown in 

Fig. 5, where the Cr-rich cells and the Al-rich matrix were resolved using Al and Cr 50 at.% iso-

surfaces. An elemental line profile along the z-axis of a Ø 20 nm cylinder in steps of 0.3 nm, 

passing almost perpendicular through the matrix phase, was obtained and the corresponding 

results are shown on the right-hand side in Fig. 5.  
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Fig. 2: 3D reconstructions of an atom probe tip prepared from the modified layer of the MG 

cathode: upper-left Al 50 at.% iso-surface showing the Al-rich matrix (c-Al8Cr5 phase); lower-

left Cr 50 at.% iso-surface demonstrating the Cr-rich cells, (Cr) phase. Right-hand side 

diagram shows elemental distribution along the z-axis of the cylinder shown in the 3D 

reconstructions (scanning direction: top to bottom).  

The chemical composition within the (Cr) cells was not constant but showed Al 

concentrations > 40%. The average composition of the (Cr) cells obtained after a detailed 

assessment of the corresponding mass spectrum was Al43.7Cr56.3 which agrees with Al 

concentrations around 40% suggested from HRTEM results. Similarly, the average chemical 

composition of Al57.3Cr42.7 was obtained for the c-Al8Cr5 phase. These values of the chemical 

composition of phases are close to maximum solubility of Al in (Cr) and Cr in c-Al8Cr5 at the 

peritectic temperature (1593 K) according to the equilibrium phase diagram [45]. In other 

words, a limited elemental redistribution (solute partitioning) occurred as the liquid with the 

composition of Al50Cr50 solidified, and the high-temperature phases rapidly quenched to RT. 

Furthermore, the elemental concentrations swapped by almost 10% within less than 10 nm 

distance at the cell/matrix interface. Such sharp concentration gradients at the interface may 

also be an indication of the rapid solidification since the peritectic transformation of the c-

Al8Cr5 phase, expected from the phase diagram, is a diffusion-controlled process and often 

leaves an extended composition gradient at the interface [61, 62].  

Summarizing the (HR)TEM/APT results, the modified layer of the MG cathode was 

predominately comprised of two phases, namely (Cr) and c-Al8Cr5, which can reasonably 

explain the XRD results. However, since the size of the analyzed region in TEM (several 100 

nm2) is much smaller than the one in XRD (few 100 mm2), and the modified layer is chemically 



Mehran Golizadeh  Publication II                                                                       

 

81 
 

heterogenous the identified phases may not be comparable. To bridge the gap in sample size 

between both characterization techniques, the TEM lamellae were scanned using the TKD 

technique in order to map the phases present within the entire lamellae. Fig. 6a shows the 

TKD pattern quality (PQ) mapping results of the lamella prepared from the region marked in 

Fig. 3d. The left-hand side of the lamella demonstrates the finer microstructure of the lower 

layer, but also revealing a two-phase microstructure. The coarser microstructure on the right-

hand side was investigated by (HR)TEM as described above (the dotted-line square in Fig. 6a 

indicates the investigated region in Fig. 4). The border between both layers of fine and coarse 

microstructure is indicated by the dashed line.  

 

Fig. 3: First row shows the TEM lamella used for TEM studies in Fig. 4: (a) PQ map where the 

dotted-line square indicates the region studied by TEM, (b) phase mapping results, (c) 

orientation mapping results, IPF-Z. The second row shows (d) BSE SEM image of the region 

with partial intermixing and PQ map from the corresponding TEM lamella, (e) phase map of 

the lamella together with an enlarged dendrite, and (f) IPF-Z map of the lamella and the 

dendrite. 

Phase mapping of the lamella (Fig. 6b) demonstrated that the entire lamella was 

comprised of (Cr), red colored cells, and c-Al8Cr5, yellow colored matrix. This means that the 

TEM investigations can be corroborated to the XRD results with more certainty. However, the 

phase composition of the regions with partial material intermixing (Fig. 3c) also needs to be 

considered. Therefore, a TEM lamella was prepared from such a region (Fig. 6d) and its 
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constituent phases were mapped (see Fig. 6e). Evidently this region was comprised of (Cr) and 

c-Al8Cr5 as well. However, it should be noted that TKD phase mapping can hardly differentiate 

between pure Cr and (Cr) phases while the BSE-SEM image (Fig. 6d) revealed that the Cr 

concentration considerably varied within this region. Therefore, we can conclude that the 

modified layer consisted primarily of (Cr) and c-Al8Cr5 phases and perhaps some Cr. It is 

noteworthy that the variation of Al concentration in (Cr) is one of the reasons for the observed 

XRD peak broadening. The orientation mapping of the lamella in Fig. 6c further revealed that 

the solidified sublayers were polycrystalline with grain sizes in the range of a few µm. 

Additionally, the (Cr) and c-Al8Cr5 phases in individual grains showed a similar orientation.  

3.2.2 Fine-grained (FG) cathode 

Fig. 7a demonstrates a typical TEM BF micrograph of the Cr-rich cells and separating 

Al-rich matrix observed for the modified layer of the FG cathode. Similar to the modified layer 

of the MG cathode, the cells and the matrix were composed of (Cr) and c-Al8Cr5 phases, as can 

clearly be seen from FFTs in Fig. 7c. The average lattice parameters estimated from the HRTEM 

results for (Cr) and c-Al8Cr5 phases were 0.30 and 0.899 nm, respectively. According to these 

lattice parameters, Cr reference positions in the X-ray diffractograms originating from (110), 

(200) and (211) planes are shifted to 42.58°, 61.79° and 77.94°, respectively. While the 

reflections of the c-Al8Cr5 phase originating from (330), (332), (422), (600) and (552) planes 

need to be placed at 42.63°, 47.39°, 49.64°, 61.87° and 78.04°, respectively. These new 

reflections reasonably match the measured reflections of the corresponding diffractogram 

(see Fig. 2). 

The interface formed between these two phases was found to be coherent as can be 

seen in the region marked as 2 in Figs. 7b and c. The FFT obtained from the interface was 

identical to that of c-Al8Cr5 which not only indicates that (110)(Cr) ∥ (330)c−Al8Cr5  but also 

that the {330} reflections of c-Al8Cr5 were superimposed on the {110} reflections of (Cr). This 

superimposition, which appears as strong {330} reflections in the FFTs and distinctly bright 

lines of atoms in the HRTEM image of c-Al8Cr5, is due to the fact that the c-Al8Cr5 phase is a 

superstructure of the (Cr) phase [63].  
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Fig. 4: (a) TEM BF micrograph of the Cr-rich cells and separating Al-rich matrix in the 

modified layer of the FG cathode, (b) HRTEM image of cell-matrix interface along the [001] 

zone axis and (c) filtered HRTEM image and corresponding FFT of the regions marked as 1, 2 

and 3 in (b), all along the [001] zone axis.  

Extrapolating the linear increase of the lattice parameter of the (Cr) phase by Al 

addition presented in Ref. [60], an Al concentration of about 46% can be estimated according 

to the lattice parameter of 0.3 nm obtained from HRTEM results. This concentration is in fact 

the maximum solubility of Al in the Cr lattice at high temperatures, as given in the equilibrium 

phase diagram [45]. The chemical composition of the constituent phases and the elemental 

distributions within the phases were further studied by means of APT. Fig. 8 demonstrates a 

3D reconstruction of an atom probe tip prepared from the sublayer with finer microstructure, 

i.e., the upper sublayer of the modified layer in Fig. 3b which is the upper lamella in Fig. 9a. 

Iso-surfaces of Al and Cr 50 at.% were utilized to differentiate the Cr-rich phase from the Al-

rich matrix. The concentration profile was obtained along the z-axis of a Ø 20 nm cylinder 

shown in the 3D reconstructions while scanning in top to bottom direction. 
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Fig. 5: 3D reconstructions of an atom probe tip prepared from the modified layer of the FG 

cathode(a) Al 50 at.% iso-surface showing the Al-rich matrix (c-Al8Cr5); (b) Cr 50 at.% iso-

surface demonstrating the Cr-rich cells, (Cr) phase. (c) shows elemental distribution along the 

z-axis of the Ø 20 nm cylinder shown in the 3D reconstructions (scanning direction: top to 

bottom).  

As can be seen in the 3D reconstructions, several Al-rich and Cr-rich regions were 

visualized within a single tip. The Al concentration was almost constant in the respective 

phases, around 57% and 43% for c-Al8Cr5 and (Cr) phases, respectively. After a thorough 

evaluation of the corresponding mass spectrum, an average chemical composition of 

Al56.6Cr43.4 and Al43.2Cr56.8 were obtained for c-Al8Cr5 and (Cr), respectively. The Al 

concentration of 43.2% obtained for the (Cr) was lower than 46% projected from HRTEM data. 

This variation of chemical composition in the range of few percent is expected due to slight 

variation in the nominal composition of the sublayers. Note also that the APT and HRTM data 

were obtained from two different sublayers. In addition, the chemical composition of the 

phases may slightly differ locally due to varying cooling conditions of the cells. To see another 

example of APT analysis, refer to the APT reconstruction presented in supplementary 1 where 

the chemical composition of the c-Al8Cr5 phase was similar to that of the later tip, while the 

(Cr) phase revealed a higher Al content than that of the later tip. In this tip, the average 

chemical compositions of c-Al8Cr5 and (Cr) were found to be Al56.6Cr43.4 and Al47.2Cr52.8, 

respectively. These variations in chemical compositions, in fact, result in minor shifts in the 

position of reflections and hence cause the generally observed broadened XRD peaks.   
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supplementary 1: 3D reconstructions of an atom probe tip prepared from the modified layer 

of the FG cathode: (a) Al 50 at.% iso-surface showing the Al-rich matrix (c-Al8Cr5); (b) Cr 50 

at.% iso-surface demonstrating the Cr-rich cells, (Cr) phase. (c) shows elemental distribution 

along the z-axis of the Ø 35 nm cylinder shown in the 3D reconstructions (scanning direction: 

top to bottom). 

The lamellae prepared from both sublayers whose HRTEM and APT results were 

presented right above were further scanned using TKD to assure that the variations in the local 

chemical composition did not bring about the formation of other phases. Fig. 9a shows the PQ 

mapping results of the lamellae where the border of the stacking sublayers was marked using 

a dashed line in the upper lamella. Obviously, the microstructure of the upper layer was much 

finer where circular areas with diameters well below 100 nm were observed (see inset in Fig. 

9a), which is consistent with the APT results in Fig. 8. The TKD phase mapping in Fig. 9b 

confirmed that the entire lamellae were composed of two phases: (Cr) and c-Al8Cr5. 

Orientation mapping of the lamellae (Fig. 9c) showed that the stacking layers consisted 

of grains elongated towards the cathode surface indicating a temperature gradient during the 

solidification of the sublayers. The grain widths observed in the lamellae were a few µm and 

did not change considerably between the sublayers which suggests high nucleation rates 

during solidification of both sublayers. In contrast, the cell size was considerably smaller in the 

upper sublayer, which clearly points towards higher cooling rates during its solidification. Like 

the MG cathode, the orientation of these two phases in individual grains was similar although 

slight misorientations at the cell/matrix interface were observed in some grains. 



Mehran Golizadeh  Publication II                                                                       

 

86 
 

 

 

Fig. 6: (a) PQ map of the lamellae prepared from the modified layer of the FG cathode, 

marked by the rectangle in Fig. 3b; the boundary of two stacking sublayers is marked by the 

dashed line in the upper lamella, (b) phase mapping results, (c) orientation mapping results, 

IPF-Z. The insets show higher resolution maps obtained with reducing the scanning step size 

to 3 nm. 

3.2.3 Coarse-grained (CG) cathode 

As already discussed at the beginning of section 3.2, three lamellae were prepared 

from the modified layer of the CG cathode; one lamella representing the modified layer 

formed on top of virgin Cr grains (Fig. 3h) and two lamellae representing two different 

sublayers of the modified layer formed on top of virgin Al grains (Fig. 3f). 

Fig. 10 summarizes the (HR)TEM and TKD results obtained for the lamella atop a Cr 

grain. As the PQ map in Fig. 10a demonstrates, the grain size of the modified layer with less 

than 1 µm was relatively small, indicating high nucleation and cooling rates. The SAED and 

corresponding HRTEM image revealed a bcc crystal structure for the phase. The lattice 

parameter obtained from HRTEM results was on average 0.294 nm, which suggests a (Cr) 
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phase with an Al concentration about 22%. Accordingly, Cr reference reflections in X-ray 

diffractograms originating from (110), (200) and (211) planes need to be shifted to 43.49°, 

63.2° and 79.84° 2θ angles, respectively. These new reflections are in good agreement with 

the observed XRD peaks (see Fig. 2), but it needs to be considered that the lattice parameter 

and consequently the peak positions can considerably change due to a locally varying 

concentration of Al. The lamella phase mapping using TKD shown in Fig. 10b revealed that the 

(Cr) phase was the only constituent phase of the lamella while the grains had different 

orientations (Fig. 10c).   

Several STEM-EDS measurements at different grains showed an average Al 

concentration of 21 ±5 %. The chemical composition was further assessed using APT. As the 

can be seen from the 3D reconstruction of the tip in Fig. 11, the Al and Cr atoms were 

homogeneously distributed indicating a single-phase material. This was also confirmed by the 

elemental line profile acquired along the z-axis of a Ø 40 nm cylinder presented in the 3D 

reconstruction. The average chemical composition of the tip measured was determined to be 

Al24.4Cr75.6. The slight differences in the values obtained using HRTEM/STEM-EDS/APT could 

be due to several reasons.  First, the accuracy of the techniques is different. Second, the 

modified layer on top of a Cr grain with an average diameter of about 1 mm is expected to 

have a variation in the Al concentration which in fact contributed to the peak broadening 

observed at 43.5° for the CG cathode.     
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Fig. 7: (a) PQ map of the lamella prepared on top of a Cr grain (CG cathode) shown in Fig. 3h 

together with HRTEM and SAED results, and (b) TKD phase map and (c) IPF-Z map of the 

lamella. 

Fig. 12a shows a STEM BF micrograph of the lamella prepared from the topmost 

sublayer of the modified layer formed on top of the Al grain (upper rectangle in Fig. 3f). SAED 

patterns in Fig. 12b were obtained along the [111] and [113] zone axes from the rounded 

particles which suggested the presence of the c-Al8Cr5 phase. The estimated lattice parameter 

from the TEM results was about 0.9125 nm which is bigger than 0.909 nm for ideal c-Al8Cr5 

with composition of Al61.5 Cr38.5. The lattice expansion leads to the shift of c-Al8Cr5 phase 

reflections in the X-ray diffractograms originating from (330), (332), (422), (600) and (552) to 

2θ angles of 41.97°, 46.65°, 48.85°, 60.86° and 76.68°, respectively. These peak shifts fit into 

the recorded XRD peaks (see Fig. 2). The HAADF-STEM image in Fig. 12b clearly shows that 

these c-Al8Cr5 grains are surrounded with an Al-rich phase(s). However, our (HR)TEM results 

were not conclusive to unambiguously determine the crystal structure of the Al-rich phase(s).  
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Fig. 8: (a) 3D reconstructions of an atom probe tip prepared from the homogeneous part of 

the modified layer on top of a Cr grain shown in Fig. 3h. (b) shows elemental distribution 

along the z-axis of the Ø 40 nm cylinder shown in the 3D reconstructions (scanning direction: 

top to bottom).  

Therefore, several atom probe tips were prepared from this region to gain more 

insights into the phases. A representative APT analysis is presented in Fig. 13. Consistent with 

the TEM results, the 3D tip reconstructions showed a very Al-rich phase encapsulating the c-

Al8Cr5 grains. The average chemical composition of the c-Al8Cr5 grains was Al71.3Cr18.7 which 

agrees well with the expanded lattice parameter of c-Al8Cr5. The average chemical 

composition of the Al-rich phase was found to be Al84Cr16. Although further studies are 

necessary to elucidate the nature of this Al-rich phase, we may rule out the formation of the 

(Al) phase since the supersaturation of 16% Cr is far beyond the maximum supersaturation of 

about 6% obtained by rapid solidification processes (106 -108 K/s) [64, 65]. In contrast, 

considering non-equilibrium cooling conditions, a quasicrystalline (QC) phase would be 

expected to form at such a composition range based on Refs. [66, 67], particularly if taking 

into consideration that γ-brass phases exhibit orientation relationships with QC phases [63].  
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Fig. 9: (a) STEM BF micrograph of the lamella prepared from the upper sublayer of the 

modified layer on top of the Al grain (CG cathode), the upper rectangle shown in Fig. 3f, (b) 

SAED patterns obtained from regions 1, 2 and 3 as well as a HAADF-STEM image of region 4. 

The lamella from Fig. 12 was further scanned using TKD to map the phases constituting 

the lamella as shown in Fig. 14. The c-Al8Cr5 phase was identified as the phase forming the 

grains throughout the lamella. However, the phase encapsulating the grains was not 

successfully identified even though all Al-rich phases in the phase diagram were examined. 

Thus, the phase may be a QC phase, as predicted from the APT results. Note that QC phases 

exhibit no transitional symmetry and cannot be mapped using standard pattern mapping 

processes [68].  
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Fig. 10: 3D reconstructions of an atom probe tip prepared from the upper sublayer of the 

modified layer on top of the Al grain shown in Fig. 3f.  (a) Al 76 at.% iso-surface showing the 

supposedly QC phase; (b) Cr 22 at.% iso-surface demonstrating the c-Al8Cr5 phase. (c) shows 

elemental distribution along the z-axis of the Ø 15 nm cylinder shown in the 3D 

reconstructions (scanning direction: left to right).  

Fig. 15a represents a STEM BF micrograph of the lamella prepared from the sublayer 

adjacent to the Al virgin grain as marked by the lower rectangle in Fig. 3f. The right-hand side 

of the lamella shows the partial material intermixing zone. The very bright regions indicate a 

phase strongly enriched in Al. The HRTEM study of the rectangle marked as 1 is shown in Fig. 

15b. The bright phase was characterized as (Al).  The lattice parameter estimated from the 

HRTEM image was about 0.40 nm, which is smaller than that of pure Al (a=0.405 nm). This 

reduction in lattice parameter, according to Refs. [65, 69-71], suggests a Cr supersaturation of 

about 6.5% whose solidification requires very high cooling rates in the range of 106-108 K/s. 

The chemical composition measured by STEM-EDS revealed a Cr concentration of 6.7 ±3 % 

which agrees with the HRTEM results. The adjacent phase to the (Al) showed a 5-fold 

rotational symmetry as can be seen in HRTEM and SAED images in Fig. 15b. The SAED patterns 

obtained from the grains marked as 2 and 3 in Fig. 15a further showed 2-fold and 3-fold 

rotational symmetry of this phase. These SAED patterns confirmed that the other phase was 

icosahedral quasicrystalline (i-QC). Similar i-QC phases were observed in the Al-Cr [66]  and Al-
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Mn [72] alloy systems. A cooling rate of 106 K/s was required to obtain almost fully i-QC 

materials for Cr concentrations up to 18% using gas atomization techniques [66].  

 

 

Fig. 14: (a) PQ map from the lamella investigated by TEM in Fig. 12 and (b) corresponding 

phase mapping. 
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Fig. 15: (a) STEM BF micrograph of the lamella prepared from the lower sublayer of the 

modified layer on top of the Al grain (CG cathode), the lower rectangle marked in Fig. 3f, (b) 

HRTEM image obtained from region 1 with corresponding phase analysis and (c) SAED 

patterns obtained from areas marked with 2 and 3. 

An atom probe tip was prepared from an area resembling the left-hand side of the 

lamella in Fig. 15a, where i-QC grains were separated by a strongly Al enriched phase. Applying 

an Al 88 at. % iso-surface in the 3D reconstruction as shown in Fig. 16a revealed that two i-QC 

grains were separated by a thin Al/(Al) phase. The average chemical composition of the i-QC 

phase was found to be Al78.1Cr21.9. The Cr concentration of 21.9% is near the upper limit of the 

compositional range forming a QC phase according to Ref. [66]. The average chemical 

composition of the Al/(Al) phase was found to be Al98.8Cr1.2. Note that STEM-EDS composition 

was measured from the (Al) in the partial intermixing region marked in Fig. 15a and enlarged 

in Fig. 17, whereas this Al98.8Cr1.2 composition represents the phase encapsulating the i-QC 

grains. 
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Fig. 16: 3D reconstructions of an atom probe tip prepared from the lower sublayer of the 

modified layer on top of the Al grain shown in Fig. 3f. (a) Al 88 at.% iso-surface showing the 

Al and/or (Al) phase(s); (b) Cr 17 at.% iso-surface demonstrating the i-QC phase. (c) Right-

hand side diagram shows the elemental distribution along the z-axis of the cuboid 

(X:7nm/Y:30nm/Z:65nm) shown in the 3D reconstructions (scanning direction: top to 

bottom).  

 To confirm the (HR)TEM results, the lamella was scanned using TKD and the results 

are shown in Fig. 17. First, the PQ map showed that the lamella consisted of extremely fine 

grains, particularly in the partial intermixing zone, which indicates extremely high cooling rates 

for this zone. However, the phase identification by TKD was only successful for the (Al) phase. 

No other crystalline phase of the Al-Cr binary system could be indexed as the other phase(s). 

As an example, the modest results of the c-Al8Cr5 phase mapping is shown in Fig. 17b. A typical 

Kikuchi pattern acquired from the other phase is shown in Fig. 17c. This pattern revealed 5-, 

3- and 2-fold rotation axes known for i-QC phases [68, 73-77] which is further evidence for the 

HRTEM results. As mentioned before, using standard mapping techniques, the i-QC phase 

cannot be mapped since it inherently shows no transitional symmetry. The step size for a small 

scan was reduced to 3 nm in order to provide further resolution as shown in the enlarged 

rectangles of Figs. 17a and b. Although the PQ map demonstrates the good quality of the 

Kikuchi patterns and the (Al) phase was clearly mapped, the other phase could not be mapped 

due to its QC nature.  
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Fig. 17: (a) pattern quality map from the lamella investigated by TEM in Fig. 15, (b) 

corresponding phase map, (c) Kikuchi patterns obtained from the area marked by the arrow 

showing 5-, 3-, 2-fold rotation axes of an icosahedral quasicrystalline phase. 

3.3 Cooling rate estimations 

As mentioned before, the general terms “cells” and “matrix” refer to dendrite cells and 

interdendritic regions, respectively, in those parts of the modified layers with dendritic-like 

microstructure. In general, a dendritic microstructure enables the estimation of the cooling 

rates by measuring the secondary dendrite arm spacing (SDAS). To do so, a longitudinal cross 

section of the dendrites is required to reliably measure the SDASs. Due to inherent surface 

waviness and absence of strictly directional solidification of all individual sublayers, the 

prepared cross sections of the modified layers typically show a random cross section of the 

dendrites. Further, the differentiation between primary and secondary arms is ambiguous, 

since it is likely that the small grain size of the sublayers caused an interruption of the dendrite 
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growth at early stages (various stages of the dendrite growth can be found in [78, 79]). Also, 

the size of the microstructure including the dendrites was observed to considerably change 

within the modified layers. For instance, Fig. 18a shows a region of the modified layer of the 

MG cathode, where equiaxed and relatively coarse dendrites (SDAS ~ 300-500 nm) below the 

sublayers with fine microstructure can be observed. Therefore, a medium size microstructure, 

in this case dendrites, needs to be considered in order to estimate an average cooling rate. A 

longitudinal cross section of such a dendrite was recorded in a TEM lamella prepared from the 

modified layer of the MG cathode. A SDAS of 150-200 nm was estimated for this dendrite.  

 

Fig. 18: (a) BSE SEM image of an area of the modified layer of the MG cathode showing 

variations in dendrite size and (b) TEM BF image of a fully grown dendrite obtained from an 

area with medium size microstructure and intensity profile used to determine the secondary 

dendrite arm spacing (SDAS). The SDAS was estimated to be 150-200 nm. 

To determine the cooling rate associated with a certain SDAS, an empirical relationship 

between SDAS and cooling rate is applied which is typically established by varying the cooling 

rate in experiments and then measuring the SDAS [80, 81]. As such a procedure is not feasible 

for the current work, where the cooling conditions during solidification of individual sublayers 

in the modified layer are unknown, the dendrites were simulated using various temperature 

gradients, cooling rates and thermal undercooling conditions. The resulting dendrites of 

selected parameter sets yielding dendrites closest to our experimental results are presented 



Mehran Golizadeh  Publication II                                                                       

 

97 
 

in Fig. 19. It can be seen from the results in highlighted boxes that the dendrites could mainly 

develop in the temperature gradient range from 105 to 108 K/m and cooling rates ranging from 

105 to 107 K/s. However, it was noticed that SDAS in the range from 150 to 200 nm was more 

likely to develop at cooling rates of 105-106 K/s irrespective of the applied temperature 

gradient and the undercooling conditions in this study. The projected cooling rate is in good 

agreement with experimental studies on Al-4.5 Wt.% Cu [82] and AISI 201 stainless steel [83] 

where cooling rates of 3·106 K/s and 6·106 K/s, respectively, were needed for a SDAS of around 

200 nm. It is also consistent with the extension of the solubility range of Cr in the (Al) phase 

from 0.3 to 6.6 % as well as the formation of the i-QC phase, which were reported to be 

achievable through rapid solidification only with cooling rates above 106 K/s according to Refs. 

[66, 69]. Therefore, it seems plausible to conclude that the solidification of melt material from 

arc spot events, that ultimately led to the formation of the modified layers, proceeded at an 

average cooling rate of about 106 K/s.   

 

 

Fig. 19: Dendrite simulations as a function of cooling rate �̇� , temperature gradient 𝐺, and 

initial thermal undercooling conditions 𝛥𝑇 of 0 and 100 K applied for the dendrite phase (Cr). 

The highlighted boxes show the cooling conditions that yielded a dendritic microstructure 

where the secondary dendrite arm spacing (SDAS) could be determined.  
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3.4 Summary of phase and microstructural characterizations  

According to SEM-EDS measurements of the modified layers of the MG and FG 

cathodes, a chemical composition near Al50Cr50 was considered as the initial melt composition. 

This is a hypo-peritectic composition according to the Al-Cr equilibrium phase diagram. This 

means that as the liquid cools down with near equilibrium cooling conditions, initially (Cr) 

forms from the liquid as a primary phase and subsequently the rest of the liquid transforms 

to c-Al8Cr5 through a peritectic reaction/transformation L + (Cr) → c-Al8Cr5. By further cooling 

to RT, a eutectoid transformation (Cr) →  r-Al8Cr5 + AlCr2 and an allotropic transformation c-

Al8Cr5  → r-Al8Cr5 are supposed to take place. Thus, at RT, only r-Al8Cr5 and AlCr2 are expected 

to exist. In contrast, the XRD, (HR)TEM and APT results discussed in the previous sections 

showed that only two high-temperature metastable phases, namely (Cr) and c-Al8Cr5, were 

present at RT indicating that the eutectoid and allotropic transformations were suppressed. 

Very high cooling rates in the range of 106 K/s were found to be the cause of the development 

of the two-phase microstructure comprising metastable phases. The TKD orientation 

mappings presented in Figs. 6c and 9c revealed that these two phases often had a similar 

orientation. High-resolution elemental distribution mappings using APT (Figs. 5 and 8) 

revealed a sharp elemental gradient across the interface of the phases. Further, the 

composition measurements using HRTEM/APT suggested a limited solute segregation during 

the solidification process.  

Accordingly, two solidification paths can be proposed. In the first scenario, the (Cr) 

phase precipitates from the liquid as a primary phase in the form of fine vermicular dendrites 

[84, 85] or (dendritic) seaweeds [86-88] or dendrites. Note that the nucleation is heterogenous 

with complete wettability since the nucleation either starts from Cr/(Cr) or c-Al8Cr5, where the 

latter is a superstructure of the former. A large undercooling is expected as the liquid was 

quenched from the boiling temperature and the bulk cathode was continuously water cooled.  

Further, a sharp temperature gradient, G, should be present since the thickness of the 

solidified sublayers was below 10 µm. By the growth of the primary phase, (Cr), with Al content 

of 42-47 %, i.e., slightly below the initial content of 50%, the liquid gets enriched in Al. As soon 

as the liquid composition reaches a near-peritectic composition, the secondary phase, c-

Al8Cr5, heterogeneously nucleates upon the primary phase. The fully coherent interface 

revealed by HRTEM in Fig. 7 and the sharp solute gradients revealed by APT support this 

scenario. As the cooling conditions of the sublayers point toward a rapid quench of the 
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solid/liquid interface, no considerable recalescence and, subsequently, no dissolution of the 

primary phase is expected. Therefore, the peritectic reaction is expected to be largely 

suppressed. The gradual suppression of the peritectic reaction by increasing the growth 

velocity (V) was studied in Ref. [89]. The second scenario is based on the possible presence of 

favorable cooling conditions, G/V, for the peritectic coupled-growth mechanism [90] where 

two phases grow cooperatively. The similar orientation of the phases with minor 

misorientations at the their interfaces observed in some sublayers was reported to be an 

indication for coupled growth [91]. Such a growth morphology was also reported for rapid 

solidification (105 K/s) of a hypo-peritectic Fe59Ti41 alloy [89]. As the cooling conditions, G/V, 

are different during the solidification of individual sublayers in the present case, either of the 

proposed solidification mechanisms may be realized. A study of the solidification of the 

Al50Cr50 alloy under controlled cooling conditions is required to further elucidate the 

solidification paths. 

In case of the CG cathode, the chemical composition of the modified layer was found 

to be dependent on the underlying grain, around Al75Cr25 and Al22Cr78 on top of Al and Cr grains 

respectively, though the nominal composition of the bulk cathode was Al50Cr50. The 

HRTEM/TKD/STEM-EDS characterizations revealed that, besides Cr flakes, the (Cr) phase with 

varying Al content from 20 to 25 % is the only constituent phase of the modified layer on top 

of the Cr grains. This is expected not only due to rapid solidification, but also according to the 

equilibrium phase diagram. Considering the modified layer on top of Al grains, the average 

chemical composition of Al75Cr25 suggests that c-Al8Cr5 forms as primary phase and then Al4Cr 

as result of a peritectic reaction/transformation. With further cooling down the allotropic 

transformation c-Al8Cr5 → r-Al8Cr5 is also expected to occur so that only r-Al8Cr5 and Al4Cr exist 

at RT, all according to the equilibrium phase diagram. However, the modified layer was 

composed of two different sublayers as follows. The upper sublayer consisted of the grains of 

c-Al8Cr5 with composition of Al71.3Cr18.7 encapsulated with a supposedly quasicrystalline phase 

with composition of Al84Cr16. For the latter composition, it is proposed that due to rapid 

quenching of the liquid, the peritectic reaction predicted in the equilibrium phase diagram 

was suppressed and a QC phase formed instead [92]. The lower sublayer mainly consisted of 

grains of i-QC with composition of Al78.1Cr21.9 surrounded by an Al/(Al) phases. The i-QC was 

formed due to suppression of the peritectic reaction forming Al4Cr phase. To sum up, the 
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constituent phases of the modified layer on top of Al grains, besides the Cr/(Cr) flakes, were 

Al/(Al), QC and c-Al8Cr5 phases. 

3.5 Formation mechanisms of the modified layer 

Cathodic arc plasmas are generally characterized as high current, low voltage 

discharges, which comprise a multitude of microvolume explosions on the cathode surface, 

the so-called cathode spots. The latter produce a highly ionized plasma for film deposition, 

but also leave craters behind on the cathode surface. The cathode material is melted and 

displaced during the crater formation on short timescales, typically several 10 ns to a few 100 

ns [1, 93-95]. Craters are formed next to each other as the cathode spots sequentially ignite. 

As a consequence of the successive melting-solidification cycles caused by cathode spots, a 

modified layer is formed on the cathode surface. The spatial and temporal developments of 

such modified layers was visualized and discussed in our recent work [35]. There, it was 

revealed that the material intermixing predominantly occurs in liquid state, but due to the 

short dwell time in liquid state and the following rapid solidification, materials with high 

melting points dissolve just partially. However, increasing the number of ignition events 

(melting-solidification cycles) in a certain area was noticed to lead to a chemically 

homogeneous modified layer. Therefore, stacking of the homogenous sublayers on top of the 

region with partially dissolved, convoluted Cr flakes as observed in Figs. 3a and c, reveals a 

difference in the number of ignition events a certain region in the modified layer experienced. 

In other words, the partial intermixing zone is not a heat-affected zone formed by a relatively 

slow heat dissipation below the craters, but it is an indication that this region underwent only 

a small number of melting-solidification cycles. An average cooling rate of 106 K/s was 

estimated for the solidification of the sublayers in the modified layer, which originate from 

the melt formed in individual craters. Therefore, it can be concluded that the modified layer 

forms from µm-sized material displacements and the material intermixing predominantly 

occurs in liquid state followed by a very rapid solidification. No considerable contribution from 

solid-state dependent mechanisms was observed.  

The rapid solidification as the formation mechanism of the homogenous part of the 

modified layer was already noted in previous publications [4, 32, 33, 35] though the cooling 

rate remained unknown up to now. The partial intermixing zone which was proposed to be a 

heat-affect zone caused by thermal spikes of the cathode spots in Ref. [33] is not consistent 
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with our observations. Further, the holes observed below the modified layer of the FG cathode 

in Fig. 1g are comparable to those observed for a composite Ti-Al cathode with similar grain 

size [34]. In the latter study, the authors related the formations of these holes to self-

sustaining reactions when the intermetallic phases are formed. In contrast, in our case, the 

modified layers of the FG and MG cathodes exhibited similar formations mechanisms, which 

is proposed to be material intermixing in liquid state. It is also noteworthy that the adiabatic 

reaction temperatures for the formation of AlCr-based intermetallic phases are not favorable 

for self-sustaining reactions [96].  

Regarding the CG cathode, besides the material intermixing in liquid state followed by 

µm-sized material displacements and rapid solidification, redeposition of droplets 

(macroparticles) on the cathode surface contributes to the formation of the modified layer. 

Droplets, a well-known feature of cathodic arc plasmas [1], are generated during crater 

formation and ejected out of the crater region in an angular distribution largely at low angles 

(0-30°) with respect to the cathode plane [97]. For instance, in Fig. 4a in Ref. [35] a large, 

redeposited droplet is visible at a distance of 0.5 mm from the crater where it was generated 

and ejected under a low angle. The redeposition of droplets can be enhanced as surface 

elevations and depressions develop like in the case of the CG cathode (Fig. 1f). To better 

visualize the process, a schematic graph is shown in Fig. 20 illustrating the angular distribution 

of the droplets from two imaginary cathode spots on the Cr and Al grains on the CG cathode. 

It is comprehensible that the waviness of the cathode surface facilitates the redeposition of 

droplets ejected under low angles from the arc craters. In this way, the redeposition of 

droplets contributes to the intermixing of the elements, in the current case Al and Cr, and it 

can at least partially explain the observation of the Cr/(Cr) flakes as well as the Cr content of 

25% in the modified layer on top of the Al grain, while the nearest Cr grains are 0.5 mm away 

(refer to the inset of Fig. 1i which is enlarged in Figs. 3e and f). A mechanism based on droplet 

redeposition was also proposed as a contributing component to the formation of the modified 

layer of Ti-Si cathodes [32]. 
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Fig. 20: Schematic illustration of the droplets’ angular emission from imaginary cathode 

spots on top of Al and Cr grains of the CG cathode and subsequent droplet redeposition on 

the cathode. Droplets are largely ejected at low angles with respect to the cathode plane 

[97].   

4 Conclusions 

The modified layers of fine-, medium-, and coarse-grained composite Al-Cr cathodes 

with identical chemical compositions of Al50Cr50 were thoroughly studied in order to gain 

insights about their phase composition and the formation mechanisms. For this purpose, a 

characterization procedure combining XRD, SEM, EDS, HR(TEM)/STEM, TKD (t-EBSD) and APT 

was developed to unambiguously identify the phases with complex and similar crystal 

structures in this alloy system. The modified layers of fine- and medium-grained cathodes 

were found to be similar as they exhibited similar phase composition with two dominant 

metastable phases, solid solution (Cr) and cubic Al8Cr5. Further, they were both comprised of 

sublayers with varying microstructure size and in some cases microstructure type. A rapid 

solidification with average cooling rate of 106 K/s was accounted for the metastable phase 

formation. The estimation of the cooling rate was based on secondary dendrite arm spacing 

measurements which was supported by phase-field based simulations. In case of the coarse-

grained cathode, the modified layer was dependent on the underlying grains. On top of the Cr 

grains, the modified layer was composed of a (Cr) phase. In contrast, on top of the Al grains 

metastable quasicrystalline, supersaturated (Al) and c-Al8Cr5 phases were revealed to be the 
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dominant constituent phases. According to literature, cooling rates exceeding 106 K/s are 

needed for the formation of the observed quasicrystalline and supersaturated (Al) phases 

corroborating the presence of high cooling rates during the formation of modified layers on 

the surface of arc cathodes during exposure to the plasma.  

Regarding the formation mechanisms of the modified layers, the obtained results 

confirm the notion that µm-sized material displacements during carter formation caused by 

cathode spots is the main mechanism for the formation of modified layers, where the material 

intermixing occurs in liquid state followed by rapid solidification. The absence of a heat-

affected zone below the craters indicates negligible solid-state diffusion as a contributing 

factor to the formation of modified layers. Contrarily, the redeposition of droplets 

(macroparticles) on the cathode surface, as shown for the coarse-grained cathode, needs to 

be considered as it contributes to the material intermixing, in particular over larger distances, 

i.e., exceeding the dimensions of the arc craters. 

In general, the obtained results enable a direct correlation of the material properties 

of the Al-Cr arc cathodes to their arc plasma properties, e.g., mean ion charge state and ion 

kinetic energy, and to determine whether or not the empirical cohesive energy rule can be 

extended from single- to multi-element cathodes. Such a relation is of interest as the plasma 

properties determine the film growth conditions, where tuning of the latter facilitates the 

deposition of thin films and coatings with optimized structure and properties. Regarding the 

Al-Cr alloy system itself, the results obtained from the developed characterization procedure 

revealed that the hypo-peritectic Al50Cr50 alloy is an interesting system to study non-

equilibrium peritectic reactions. 

Acknowledgments 

The authors are grateful to Zhuo Chen and Zaoli Zhang (Austrian Academy of Sciences) 

as well as Boryana Rashkova (Montanuniversität Leoben, Austria) for their support with the 

TEM investigations. Financial support by the Österreichische 

Forschungsförderungsgesellschaft mbH (FFG) within the framework of the project 

“ArcCathodeErosion” (Project No. 856889) is highly acknowledged.   



Mehran Golizadeh  Publication II                                                                       

 

104 
 

References 

[1] A. Anders, Springer, New York, 2008. 

[2] J. Rosén, S. Mráz, U. Kreissig, D. Music, J.M. Schneider, Plasma Chem. Plasma Process. 25 
(2005) 303-317. 

[3] J.E. Greene, S.A. Barnett, J.E. Sundgren, A. Rockett, T. Itoh (Ed.), Elsevier, Amsterdam, 1989, 
pp. 101-152. 

[4] M. Pohler, R. Franz, J. Ramm, P. Polcik, C. Mitterer, Surf. Coat. Technol. 206 (2011) 1454-
1460. 

[5] C.M. Koller, V. Dalbauer, A. Schmelz, R. Raab, P. Polcik, J. Ramm, P.H. Mayrhofer, Surf. Coat. 
Technol. 342 (2018) 37-47. 

[6] C.M. Koller, M. Stueber, P.-H. Mayrhofer, J. Vac. Sci. Technol., A 37 (2019) 060802. 

[7] J. Paulitsch, R. Rachbauer, J. Ramm, P. Polcik, P.H. Mayrhofer, Vacuum 100 (2014) 29-32. 

[8] C. Sabitzer, J. Paulitsch, S. Kolozsvári, R. Rachbauer, P.H. Mayrhofer, Vacuum 106 (2014) 
49-52. 

[9] A.E. Reiter, V.H. Derflinger, B. Hanselmann, T. Bachmann, B. Sartory, Surf. Coat. Technol. 
200 (2005) 2114-2122. 

[10] J. Soldán, J. Neidhardt, B. Sartory, R. Kaindl, R. Čerstvý, P.H. Mayrhofer, R. Tessadri, P. 
Polcik, M. Lechthaler, C. Mitterer, Surf. Coat. Technol. 202 (2008) 3555-3562. 

[11] L. Castaldi, D. Kurapov, A. Reiter, V. Shklover, P. Schwaller, J. Patscheider, Surf. Coat. 
Technol. 202 (2007) 781-785. 

[12] N. Jäger, M. Meindlhumer, S. Spor, H. Hruby, J. Julin, A. Stark, F. Nahif, J. Keckes, C. 
Mitterer, R. Daniel, Acta Mater. 186 (2020) 545-554. 

[13] T. Polcar, T. Vitu, J. Sondor, A. Cavaleiro, Plasma Processes Polym. 6 (2009) S935-S940. 

[14] C. Tritremmel, R. Daniel, M. Lechthaler, P. Polcik, C. Mitterer, Thin Solid Films 534 (2013) 
403-409. 

[15] P.H. Mayrhofer, A. Hörling, L. Karlsson, J. Sjölén, T. Larsson, C. Mitterer, L. Hultman, Appl. 
Phys. Lett. 83 (2003) 2049-2051. 

[16] C.M. Koller, R. Hollerweger, C. Sabitzer, R. Rachbauer, S. Kolozsvári, J. Paulitsch, P.H. 
Mayrhofer, Surf. Coat. Technol. 259 (2014) 599-607. 

[17] A. Knutsson, J. Ullbrand, L. Rogström, N. Norrby, L.J.S. Johnson, L. Hultman, J. Almer, M.P. 
Johansson Jöesaar, B. Jansson, M. Odén, J. Appl. Phys. 113 (2013) 213518. 

[18] Y.-Y. Chang, S.-M. Yang, Thin Solid Films 518 (2010) S34-S37. 

[19] A.O. Eriksson, J. Zhu, N. Ghafoor, J. Jensen, G. Greczynski, M.P. Johansson, J. Sjölen, M. 
Odén, L. Hultman, J. Rosén, J. Mater. Res. 26 (2011) 874-881. 

[20] L. Zhu, M. Hu, W. Ni, Y. Liu, Vacuum 86 (2012) 1795-1799. 

[21] M. Golizadeh, K.A. Kuptsov, N.V. Shvyndina, D.V. Shtansky, Surf. Coat. Technol. 319 (2017) 
277-285. 

[22] A. Anders, E. Oks, I. Brown (Eds.), Springer Netherlands, Dordrecht, 2002, pp. 1-14. 



Mehran Golizadeh  Publication II                                                                       

 

105 
 

[23] A. Anders, B. Yotsombat, R. Binder, J. Appl. Phys. 89 (2001) 7764-7771. 

[24] J. Sasaki, K. Sugiyama, X. Yao, I. Brown, J. Appl. Phys. 73 (1993) 7184-7187. 

[25] I. Zhirkov, A.O. Eriksson, J. Rosen, J. Appl. Phys. 114 (2013) 213302. 

[26] A.O. Eriksson, I. Zhirkov, M. Dahlqvist, J. Jensen, L. Hultman, J. Rosen, J. Appl. Phys. 113 
(2013) 163304. 

[27] R. Franz, P. Polcik, A. Anders, Surf. Coat. Technol. 272 (2015) 309-321. 

[28] I. Zhirkov, A.O. Eriksson, A. Petruhins, M. Dahlqvist, A.S. Ingason, J. Rosen, J. Appl. Phys. 
115 (2014) 123301. 

[29] S. Zöhrer, M. Golizadeh, N. Koutná, D. Holec, A. Anders, R. Franz, Plasma Sources Sci. 
Technol. 29 (2020) 025022. 

[30] R. Franz, F. Mendez Martin, G. Hawranek, P. Polcik, J. Vac. Sci. Technol., A 34 (2016) 
021304. 

[31] J.Q. Zhu, M.P. Johansson-Jöesaar, P. Polcik, J. Jensen, G. Greczynski, L. Hultman, M. Odén, 
Surf. Coat. Technol. 235 (2013) 637-647. 

[32] J.Q. Zhu, A. Eriksson, N. Ghafoor, M.P. Johansson, J. Sjölén, L. Hultman, J. Rosén, M. Odén, 
J. Vac. Sci. Technol., A 28 (2010) 347-353. 

[33] J.Q. Zhu, A.O. Eriksson, N. Ghafoor, M.P. Johansson, G. Greczynski, L. Hultman, J. Rosén, 
M. Odén, J. Vac. Sci. Technol., A 29 (2011) 031601. 

[34] B. Syed, J. Zhu, P. Polcik, S. Kolozsvari, G. Håkansson, L. Johnson, M. Ahlgren, M. Jöesaar, 
M. Odén, J. Appl. Phys. 121 (2017) 245309. 

[35] M. Golizadeh, A. Anders, F. Mendez Martin, S. Kolozsvári, R. Franz, J. Appl. Phys. 127 
(2020) 113301. 

[36] D. Tomus, H.P. Ng, Micron 44 (2013) 115-119. 

[37] R.D. Field, P.A. Papin, Ultramicroscopy 102 (2004) 23-26. 

[38] F. Niessen, A. Burrows, A.B.d.S. Fanta, Ultramicroscopy 186 (2018) 158-170. 

[39] K. Thompson, D. Lawrence, D.J. Larson, J.D. Olson, T.F. Kelly, B. Gorman, Ultramicroscopy 
107 (2007) 131-139. 

[40] B. Gault, M.P. Moody, J.M. Cairney, S.P. Ringer, B. Gault, M.P. Moody, J.M. Cairney, S.P. 
Ringer (Eds.), Springer New York, New York, NY, 2012, pp. 71-110. 

[41] J. Eiken, B. Böttger, I. Steinbach, Phys. Rev. E 73 (2006) 066122. 

[42] B. Böttger, J. Eiken, M. Apel, Comput. Mater. Sci. 108 (2015) 283-292. 

[43] J. Tiaden, B. Nestler, H.J. Diepers, I. Steinbach, Physica D 115 (1998) 73-86. 

[44] T. Takaki, T. Shimokawabe, M. Ohno, A. Yamanaka, T. Aoki, J. Cryst. Growth 382 (2013) 
21-25. 

[45] A.W. Alexandra V Khvan, G. Effenberg (Ed.) MSI, Materials Science International Services 
GmbH, Stuttgart. 

[46] B. Grushko, E. Kowalska-Strzęciwilk, B. Przepiórzyński, M. Surowiec, J. Alloys Compd. 402 
(2005) 98-104. 



Mehran Golizadeh  Publication II                                                                       

 

106 
 

[47] Y. Liang, C. Guo, C. Li, Z. Du, J. Alloys Compd. 460 (2008) 314-319. 

[48] M. Pang, Y. Zhan, Y. Du, J. Solid State Chem. 198 (2013) 344-356. 

[49] J.L. Murray, Journal of Phase Equilibria 19 (1998) 368-375. 

[50] J.K. Brandon, W.B. Pearson, P.W. Riley, C. Chieh, R. Stokhuyzen, Acta Cryst. B 33 (1977) 
1088-1095. 

[51] A.W. Alexandra V Khvan, G. Effenberg (Ed.) MSI, Materials Science International Services 
GmbH, Stuttgart. 

[52] B. Predel, Al-Cr (Aluminum - Chromium), Springer-Verlag Berlin Heidelberg. 

[53] B. Grushko, B. Przepiórzyński, E. Kowalska-Strzęciwilk, M. Surowiec, J. Alloys Compd. 420 
(2006) L1-L4. 

[54] B.B. Cao, K.H. Kuo, J. Alloys Compd. 458 (2008) 238-247. 

[55] F. Weitzer, H. Chen, Y. Du, J.C. Schuster, Intermetallics 14 (2006) 224-226. 

[56] B. Grushko, B. Przepiórzyński, D. Pavlyuchkov, J. Alloys Compd. 454 (2008) 214-220. 

[57] M. Maček, V. Kraševec, V. Marinković, phys. stat. sol. (a) 49 (1978) 767-771. 

[58] G. Kurtuldu, P. Jessner, M. Rappaz, J. Alloys Compd. 621 (2015) 283-286. 

[59] V.G. Khoruzha, K.E. Kornienko, D.V. Pavlyuchkov, B. Grushko, T.Y. Velikanova, Powder 
Metall. Met. Ceram. 50 (2011) 83-97. 

[60] D.J. Chakrabarti, P.A. Beck, J. Phys. Chem. Solids 32 (1971) 1609-1615. 

[61] D.A. Porter, K.E. Easterling, M.Y. Sherif, CRC Press, Boca Raton, Florida, 2009. 

[62] H. Lü, S. Li, L. Liu, H. Fu, SCI CHINA SER G 50 (2007) 451-459. 

[63] V. Demange , J. Ghanbaja, F. Machizaud, J.M. Dubois, Philos. Mag. 85 (2005) 1261-1272. 

[64] H. Warlimont, W. Zingg, P. Furrer, Mater. Sci. Eng. 23 (1976) 101-105. 

[65] G. Mi, Y. Mo, K. Wang, J WUHAN UNIV TECHNOL 24 (2009) 424-427. 

[66] C. Zhenhua, Q. Chongliang, W. Yun, J. Xiangyang, Z. Duosan, J. Mater. Sci 26 (1991) 6496-
6500. 

[67] R.A. Dunlap, K. Dini, Can. J. Phys. 63 (1985) 1267-1269. 

[68] A. Winkelmann, G. Cios, T. Tokarski, G. Nolze, R. Hielscher, T. Kozieł, Acta Mater. 188 
(2020) 376-385. 

[69] H. Warlimont, W. Zingg, P. Furrer, Mater. Sci. Eng. 23 (1976) 101-105. 

[70] J.L. Murray, J Phase Equilibria 19 (1998) 367. 

[71] L. Bendersky, R.J. Schaefer, F.S. Biancaniello, D. Shechtman, J. Mater. Sci 21 (1986) 1889-
1896. 

[72] D. Shechtman, I. Blech, D. Gratias, J.W. Cahn, Phys. Rev. Lett. 53 (1984) 1951-1953. 

[73] F. Labib, S. Ohhashi, A.-P. Tsai, Philos. Mag. 99 (2019) 1528-1550. 

[74] J. Oppenheim, C. Ma, J. Hu, L. Bindi, P.J. Steinhardt, P.D. Asimow, Sci. Rep 7 (2017) 15629. 

[75] L. Bindi, C. Lin, C. Ma, P.J. Steinhardt, Sci. Rep, 2016, p. 38117. 



Mehran Golizadeh  Publication II                                                                       

 

107 
 

[76] V. Brien, V. Khare, F. Herbst, P. Weisbecker, J.B. Ledeuil, M.C. de Weerd, F. Machizaud, 
J.M. Dubois, J. Mater. Res. 19 (2004) 2974-2980. 

[77] G. Kurtuldu, K.F. Shamlaye, J.F. Löffler, Proc. Nat. Acad. Sci. U.S.A. 115 (2018) 6123. 

[78] B. Cai, J. Wang, A. Kao, K. Pericleous, A.B. Phillion, R.C. Atwood, P.D. Lee, Acta Mater. 117 
(2016) 160-169. 

[79] W. Losert, B.Q. Shi, H.Z. Cummins, Proc. Nat. Acad. Sci. U.S.A. 95 (1998) 431-438. 

[80] G.B. Salas, J.V. Ramírez, M.E.A. Noguez, T.N. Robert, Scr. Metall. Mater. 32 (1995) 295-
299. 

[81] A.M. Mullis, L. Farrell, R.F. Cochrane, N.J. Adkins, METALL MATER TRANS B 44 (2013) 992-
999. 

[82] A. Munitz, Metall. Trans. B 16 (1985) 149-161. 

[83] T. DebRoy, S.A. David, Rev. Mod. Phys. 67 (1995) 85-112. 

[84] W. Wang, Y. Lü, H. Qin, B. Wei, SCI CHINA SER G 52 (2009) 720-728. 

[85] J. Zhang, H. Wang, F. Zhang, X. Lü, Y. Zhang, Q. Zhou, J. Alloys Compd. 781 (2019) 13-25. 

[86] E.G. Castle, A.M. Mullis, R.F. Cochrane, Acta Mater. 66 (2014) 378-387. 

[87] H. Xing, M. Ji, X. Dong, Y. Wang, L. Zhang, S. Li, Materials & Design 185 (2020) 108250. 

[88] H. Xing, X. Dong, H. Wu, G. Hao, J. Wang, C. Chen, K. Jin, Sci. Rep 6 (2016) 26625. 

[89] Y.H. Wu, J. Chang, W.L. Wang, L. Hu, S.J. Yang, B. Wei, Acta Mater. 129 (2017) 366-377. 

[90] S. Dobler, T.S. Lo, M. Plapp, A. Karma, W. Kurz, Acta Mater. 52 (2004) 2795-2808. 

[91] F. Kohler, L. Germond, J.D. Wagnière, M. Rappaz, Acta Mater. 57 (2009) 56-68. 

[92] H.W. Kerr, W. Kurz, Int. Mater. Rev. 41 (1996) 129-164. 

[93] J. Prock, J. Phys. D: Appl. Phys. 19 (1986) 1917-1924. 

[94] G.W. McClure, J. Appl. Phys. 45 (1974) 2078-2084. 

[95] E. Hantzsche, B. Juttner, V.F. Puchkarov, W. Rohrbeck, H. Wolff, J. Phys. D: Appl. Phys. 9 
(1976) 1771-1781. 

[96] C.L. Yeh, J.Z. Lin, Intermetallics 33 (2013) 126-133. 

[97] J.E. Daalder, J. Phys. D: Appl. Phys. 9 (1976) 2379-2395. 

 

 

 

 

 



 

 
 

 

 



  

109 
 

 

Publication III 

 

Cathode spot behavior in nitrogen and oxygen gaseous 

atmospheres and concomitant cathode surface 

modifications 

 

 

Mehran Golizadeh, André Anders, Francisca Mendez Martin, Szilard 

Kolozsvári, Robert Franz 

 

Submitted to Surface and Coatings Technology presently under review 

 

 

 

 

 

 

 

 

 

 



  

 
 



Mehran Golizadeh  Publication III                                                                       

 

111 
 

Cathode spot behavior in nitrogen and oxygen gaseous atmospheres and concomitant 

cathode surface modifications 

 

Mehran Golizadeh1, a)
, André Anders2, 3, Francisca Mendez Martin1, Szilard Kolozsvári4, and 

Robert Franz1 

1Department of Materials Science, Montanuniversität Leoben, Franz Josef-straße. 18, 8700 

Leoben, Austria 

2Leibniz Institute of Surface Engineering (IOM), Permoserstraße. 15, 04318 Leipzig, Germany 

3Felix Bloch Institute, Leipzig University, Linnéstraße. 5, 04103 Leipzig, Germany 

4Plansee Composite Materials GmbH, Siebenbürgerstraße. 23, 86983 Lechbruck am See, 

Germany 

 

Keywords: cathode spot, multi-element cathodes, arc discharge, target poisoning, 

macroparticles, reactive deposition 

 

Abstract 

The cathode spot behavior influences the arc plasma chemistry and film growth conditions 

during reactive cathodic arc deposition of nitride and oxide films. Cathode spots can be 

studied using their characteristic craters left behind on the cathode surface. The multilayer 

cathode design used in this study reveals temporal and spatial progress of cathode spots by 

enabling three-dimensional visualization of the craters. The surface nitridation or oxidation of 

the cathode, also known as target poisoning, was found to give rise to a constant switching 

between cathode spots of type 1 and 2. The surface oxide layers, however, facilitate the 

ignition of type 1 spots due to their thermodynamically privileged formation and/or their more 

favorable physical properties building up a stronger electric field within the insulating layer. 

The crater depths and their contribution to the surface modification of multi-element 

cathodes are discussed in detail. These results may contribute to better understanding of 

macroparticles generations and arc plasma properties in cathodic arc deposition processes. 
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1. Introduction 

Cathodic arc deposition of thin films and coatings is characterized as a highly energetic 

deposition technique with high deposition rate [1-3]. The arc plasma is generated through 

microvolume explosions having a lifetime of some 10 ns [4-6]. These microexplosions are 

called cathode spots which are, besides the highly ionized plasma, also the source of 

micrometer and submicrometer sized droplets (“macroparticles”), a well-known feature of 

the cathodic arc processes [7, 8]. Cathode spots leave characteristics craters behind after they 

extinguish and re-ignite somewhere else. In principle, there are two types of cathodes spots. 

Spot type 1 is known to ignite on non-metallic surfaces whereas spot type 2 on metallic ones 

[9]. The former leaves characteristic shallow craters behind while the latter is characterized 

by deep craters.  

The types of cathode spots and their apparent motion influence the plasma properties 

[10, 11], macroparticles emission [12-14] and process stability, particularly in reactive cathodic 

arc deposition processes [15] (i.e. processes that involve a reactive gas such as N2 or O2) that 

are commonly employed in industry. Unstable arc operation starts with the cathode spot 

switching between type 1 and type 2, when a thick enough dielectric oxide or nitride layer 

forms on the cathode surface. When the oxide or nitride layer reaches a certain thickness, the 

cathode spot ignitions no longer occur in the designated part of the cathode. This 

circumstance is particularly challenging during cathodic arc deposition of oxide films.  

The cathode spot behavior has often been investigated in situ using high speed [14, 

16-18] and streak cameras [19-22]. Such cameras can reveal high resolution spatial and 

temporal details of the ignition events including the spot lifetime. However, the image 

acquisition process and the interpretation of the recorded images are rather challenging and 

ambiguous. A complementary approach is to study the created arc craters by tracking their 

advances using a multilayer design of the cathode where the layers serve as trace markers 

recording the history of thermal and material displacement impacts [23].  

The multilayer design also reveals details about the material intermixing process near the 

surface of multi-element cathodes. The successive ignition of cathode spots leads to the 

formation of a so-called modified layer on the surface of multi-element cathodes whose 

formation mechanisms and constituent phases to some extent determine the ion charge 

states and kinetic energies [24-27], which can be correlated to the cohesive energy rule [28] .  
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In this work, we study the cathode spot behavior as well as the material intermixing 

mechanisms on the surface of cathodes during reactive cathodic arc processes as function of 

gas atmosphere, namely O2 and N2.  

2. Experimental details 

Two similar multilayer cathodes were manufactured for this study. A standard Ti arc 

cathode was selected, atop which a multilayer coating was deposited using an industrial-scale 

magnetron sputter deposition system (FHR Line.600V). The multilayer coating consisted of 10 

layers of Mo and 10 layers of Al, with individual layer thickness of 0.5 and 1 µm, respectively. 

The topmost layer was Al, and the overall thickness of the coating was 15 µm. Further details 

of the multilayer coating deposition was reported in our previous article [23].   

The cathodes served an arc discharge with a 60 A dc current for 30 s. The base pressure 

of the vacuum chamber was about 1 × 10−4 Pa before stabilizing either N2 or O2 gas 

atmospheres to a pressure of 3 Pa. An arched magnetic field integrated within the arc source 

affected the probability of spot ignition in a preferred direction, thus the source belongs to 

the class of “steered arc” sources [29]. Continuous water cooling was applied to the cathodes 

using a water-cooled copper body tightened on the cathodes’ back side. 

Scanning electron microscopy (SEM) studies and focused ion beam (FIB) assisted cross-

section preparations were caried out in a dual beam SEM/FIB Versa 3D HiVac from FEI (Thermo 

Fischer). Secondary electron (SE) imaging mode was utilized to reveal the surface details, while 

backscattered electron (BSE) to feature details of chemical composition variations. Cross 

sections were prepared either using FIB or metallography techniques are described 

somewhere else [23].  

3. Results & discussion 

Fig. 1 shows photographs of the cathode surfaces after exposure to the arc discharge 

in N2 and O2 gases. In both cases, the cathode erosion occurred all over the cathode surface 

while less pronounced in the center region of the cathodes. This means, given the current 

discharge parameters and magnet strength integrated in our arc source, the arc was only 

weekly steered in N2 or O2 atmospheres whereas under identical conditions the arc was fully 

steered in Ar atmosphere, as shown in our previous work [23]. This is a clear indication of 
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different cathode spot behavior in reactive gas media than in inert ones like Ar. Comparing 

Figs. 1(a) and (b) it can be noticed that the craters’ appearance, and by implication the cathode 

spot behavior, is also distinctly different in N2 than O2. While the craters were rather dispersed 

over the surface in N2 atmosphere, chains and clusters of relatively large craters formed in O2 

atmosphere. 

 

Fig. 1: Photographs acquired from the cathode surfaces after exposure to arc discharges in 

reactive gas atmospheres: (a) N2 and (b) O2. 

3.1. Shallow craters and initial stage of the cathode erosion 

The yellowish areas in Fig. 1(a) and the whitish ones in Fig. 1(b) were further studied 

using SEM/FIB and are presented in Figs. 2(a) and (b), respectively. Regardless of the gas 

atmosphere, only shallow craters were found on the designated cathode surfaces. A cross 

section of a representative crater, prepared by FIB and shown in the inset of Fig. 2(a), revealed 

that the craters depth remains limited to the topmost Al sublayer having a thickness of 1 µm. 

As a result, the area inside the craters, where the Mo layer is exposed, appears bright in the 

corresponding SEM-BSE images (Figs. 2(c) and (d)), whereas the crater rim and intact areas of 

the topmost Al sublayer appear dark. The shallow craters are known to be left behind by short-
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lived type 1 spots that operate with low currents since they tend to ignite in parallel and the 

arc current is shared between them [30, 31]. Less current per spot, in turn, results in less heat 

dissipation and causes shallower local melting [30]. The main difference in the type 1 craters 

as a function of gas atmosphere is that the magnitude of eroded areas (exposed Mo bright 

regions) in O2 seems significantly greater than that in N2 (compare Figs. 2(a) and (b)). This 

could be originated from a higher spot ignition rate and/or bigger crater diameter in O2 

discharge.  

Regarding the initial surface conditions, a very thin native AlOx layer inherently exists 

on the surface of both cathodes after manufacturing since the topmost sublayers were pure 

Al. In other words, the initial surface conditions were almost identical and it is expected that 

the cathode spot operates in type 1 in the beginning and cleans the surface contaminations, 

which was similarly observed in Ar atmosphere [23]. Hence, the observed difference in the 

rate of spot ignition in O2 and N2 media is not dependent on the initial surface conditions. 

Instead, it is mainly determined by the rate of reaction between the cathode surface and the 

reactive plasma after removing the native AlOx layer. 

 

Fig. 2: SEM-SE and BSE micrographs of the cathode surface after exposure to arc discharge in 

N2, (a) and (c), and in O2, (b) and (d). 
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Due to the explosive nature of the cathode spot, the temperature at the explosion center 

easily exceeds 4000 °C [32, 33]. As a result, it may be expected that the Al melt, left behind, 

cools down from the temperatures near to its boiling temperature (2519 °C [34]) to room 

temperature (RT). The first cooling stage is at the temperature range from boiling to melting 

temperature (2519 °C - 660 °C[34]), where the liquid Al may react to O and N ions present in 

the plasma forming Al oxides and nitrides. The reactions are also expected at temperatures 

below melting point during the next cooling stage. In addition to the occurrence of the 

reaction during cooling after spot extinction, the surface heating by ion bombardment before 

the next cathode spot ignition also raises the surface temperature up to the melting point 

facilitating surface oxidation and nitridation.   

Provided that N and O species in the reaction zone are almost fully ionized [25], and Al is 

either liquid or solid at elevated temperatures, the kinetics of the reactions most likely play 

an insignificant role determining which one of the reactions prevail. Instead, the affinity of Al 

to O or N determined by the Gibbs free energy change of the respective chemical reactions 

may be the deciding factor.  

The Gibbs free energy change, ΔG, as a function of temperature, T, was calculated using 

the approach presented in Ref. [35] and the standard thermodynamic values obtained from 

Ref. [36]. Since ΔG also varies as a function of the gas pressure, it was calculated at two 

different gas pressures. The gas pressure of 3 Pa is the operating pressure in the vacuum 

chamber in this work and 107 Pa is the rise in pressure at the event of explosion [37] that is 

applicable at temperatures around the boing point (2519 °C). However, the ΔG values 

according to latter pressure are also provided for lower temperatures to demonstrate the 

general trend of ΔG with increasing pressure.  

As seen in Fig. 3, the ΔG of the formation of Al oxides is considerably lower (more negative) 

than that for Al nitride in the entire temperature range from boiling point to RT, irrespective 

of the pressure. This difference increases pronouncedly at lower temperatures around the 

melting point. Therefore, it can be proposed that the significantly higher affinity of Al to O 

than to N leads to an easier formation of the oxide layer than nitride one. This in turn provides 

the conditions for a higher number of type 1 spot ignitions during the arc discharge process in 

O2 atmosphere. 
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The apparently larger craters in O2 atmosphere than in N2 atmosphere observed in Fig. 

2 can be attributed to the generally lower melting point of Al oxides than Al nitrides [36] , thus  

the heat release of the explosion causes the formation of larger craters. 

 

 

Fig. 3: Comparison of Gibbs free energy change, ΔG, of the formation of Al oxide and Al 

nitride as a function of temperature, T, at two constant pressures. 

Besides the contribution of the reaction chemistry to the formation of the dielectric 

layers (Al nitride and oxide), the physics of the arc discharge governing the ignition of type 1 

cathode spots also needs to be considered. The dielectric compound layers charge up under 

ion bombardment imposed by the plasma sheath created by the dense plasma on the surface 

[30]. This charge-up within the dielectric layer enhances the electric field and in turn eases the 

electron emission process (next cathode spot ignition). The rate of insulator surface charging, 

surface potential, is strongly dependent on the dielectric constant and the thickness of the 

insulating layer according to the equation presented in Ref. [38]. Hence, if the compound layer 
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is highly insulating, the thickness of the layer determines the surface potential. Even for highly 

insulating layers, the thickness less than 1 nm often causes no significant charge up within the 

layer. In contrast, a layer thickness of more than few nm is needed for the build-up of a strong 

electric field that can, in turn, cause the breakdown of the dielectric layer and thereby the 

cathode spot ignition [30].  Assuming that Al oxide and nitride layers are both highly insulating, 

another reason for the higher ignition rate of type 1 spots in O2 (Fig. 2) could be that the Al 

oxide layer was enough thick to enhance the electric field and thus to cause a breakdown 

while the Al nitride was rather thin and therefore a considerable current leakage occurred 

across the layer.  

3.2. Deep craters and advanced stage of the cathode erosion 

3.2.1. Arc discharge in N2  

Fig. 3(a) shows the boundary of shallow craters and overlapping deep craters. Unlike 

the arc discharge in Ar [23], no isolated deep craters were found in N2. It appears that the 

surface was initially eroded by type 1 spots and then the surface conditions were more 

favorable for the ignition of type 2 spots, which left behind the deep, overlapping craters. It is 

known that type 2 spots ignite on clean metallic surfaces [30].  

However, the surface of large craters reacts with the N2 gas as it cools down after the 

cathode spot extinguished or during surface ion bombardments before the next ignition. As a 

result, the cathode spots switch back to type 1 to “clean” the surface of large craters (i.e., 

removing the compound layer), which themselves leave small craters behind as indicated by 

sold-line circles in Fig. 3(b). The dashed-line circle in Fig. 3(b) marks a relatively large crater 

with a smooth surface. The absence of small craters on its surface suggests that this large 

crater was formed right before switching off the arc and, therefore, experienced no surface 

cleaning of type 1 spots leaving small craters behind. 
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Fig. 4: (a) SEM-SE image representing the area shown in its inset (taken from Fig.1a), (b) 

SEM-SE image showing an area similar to the upper area in (a) with higher magnification. 

The dashed-line circle indicates a rather big crater with a smooth surface, while the solid-line 

circles highlight some of the small craters formed on the surface of bigger craters. 

To get an insight into the depth of erosion and degree of material intermixing caused by type 

2 craters in N2 atmosphere, a large crater formed by several spot ignitions (Fig. 4(a)) was 

selected and a cross section was prepared using FIB as shown in Fig. 5. In this case, it appears 

that the erosion advanced layer by layer and no significant material intermixing can be seen 

between the Mo and Al layers below the crater. In other words, there is no considerable heat-
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affected zone in the vicinity of the crater. This indicates a steep temperature gradient similar 

to observations in Ar atmosphere [23]. Furthermore, there are only little remnants of the 

intermixed molten materials left at the bottom or rim of the crater. 

 

Fig. 5: (a) SE-SEM image of an isolated large crater and (b) the corresponding cross section 

prepared using FIB. 

As the majority of craters is overlapping, a cross-sectional study of larger areas is needed 

to analyze how material intermixing evolves in the near-surface region as the erosion 

progresses. Such a cross section was prepared using metallographic techniques. The 

corresponding SEM images obtained from different zones are summarized in Fig. 6. The SEM-

BSE image of the cross section with few overlapping craters left behind by type 2 spots (see 

Fig. 6(a)) indicates that the remnants of molten materials are chemically heterogeneous and 
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distinctly different to Mo and Al. As the number of ignition events and craters increases, more 

sublayers dissolve (Fig. 6(b)) and finally all material from the sublayers intermixes and a 

relatively homogeneous modified layer is formed (Fig. 6(c)). This mechanism of material 

intermixing is similar to the one observed in Ar atmosphere where it was shown that only type 

2 spots can considerably melt the layers and produce a modified layer [23].  

It can be proposed that the cathode spots constantly switch between type 1 and 2 when 

the arc operates in N2 atmosphere. However, the main cathode erosion and material 

intermixing on the surface are caused by type 2 spots. In comparison to the arc discharge in 

Ar [23], the rate of material intermixing appears to be slower since the type 2 craters are 

shallower and smaller. In other words, type 2 spots in N2 discharge cause less local heating 

(perhaps carry less current). Therefore, one may expect less macroparticles (droplets) 

emission when arc operates in N2, similar to the observations for single-element Ti cathodes 

[39].   

 

 

Fig. 6: SEM-BSE images of the cross section with (a) few overlapping craters, (b) larger 

number of cathode spot ignitions and progressing melting of Al and Mo sublayers, and (c) a 

region with a multitude of ignition events which caused the dissolution of all Al and Mo 

sublayers. 

3.2.2. Arc discharge in O2 

While spots of type 1 leave shallow craters behind in O2 (see Fig. 2(b)), spots of type 2 cause 

the formation of either large separated (Fig. 7(b)) or large overlapping craters (Fig. 7(c)). 
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Only the latter and in smaller size were observed in N2. This observed variation in craters’ 

appearance is a first indication for a difference in the arc behavior between the two reactive 

gas atmospheres, which is most probably caused by the differences of the compound surface 

layers. The insets in Figs. 7(b) and (c) show in more detail the surfaces of splashed material at 

the rim of a large crater and on the remnants of melt within a crater, respectively. In both 

cases, a vast number of overlapping shallow craters is observable, indicating spot type 1 

ignitions, most likely due to the readily superficial oxidation in the vicinity of craters as the 

melts cool down.  

 

Fig. 7: (a) Photograph of the cathode exposed to arc discharge in O2, (b) SEM-SE image of the 

region marked by square “b” in (a) showing well separated large craters, and (c) SEM-SE 

image of the region marked by rectangle “c” in (a) showing a chain/cluster of overlapping 

large craters. Insets in (b) and (c) show magnified views of details of craters caused by spot 

type 1 ignitions. The solid-line circle marks redeposited material at the rim of the crater 

which were considerably eroded by spot type 1; the solid- and dashed-line circle mark the 

craters shown in Fig. 8(c). 

The density of type 1 craters encountered on top of type 2 craters is considerably larger 

than in N2 atmosphere. This may be caused by the more readily formation of the surface oxide 
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layers than nitrides layers due to higher affinity of the material to O2 and/or the higher 

thickness of insulating oxide layers than nitride layers, as discussed in section 3.1. Irrespective 

of the reasons, the results firmly indicate that the rate of formation of enough thick and 

enough insulating oxide layer is way higher than the nitride layer. It appears that the cathode 

spot of type 2 immediately switches back to type 1 when the big crater is formed instead of 

moving to a neighboring area and ignite another type 2 spot. This is in contrast to the N2 and 

Ar atmospheres. In other words, the very rapid formation of the thick insulating oxide layer 

creates preferential ignition sites for the cathode spot, thus forcing it to stay there and burn 

as type 1. 

The relatively small and separated crater indicated by the solid-line circle in Fig. 7(b) was 

selected for cross-sectional studies as presented in Figs. 8(a) and (b). According to the cross-

sectional image in Fig. 8(b), the crater depth exceeded the overall thickness of the multilayer 

coating and reached the Ti cathode base material. In contrast, the depth of several 

overlapping craters in N2 atmosphere was still below half the thickness of the multilayer Al/Mo 

coating (see Fig. 6(a)).  

Another noticeable difference caused by the respective gas atmosphere is that a multitude 

of small overlapping craters was formed on the rim of the craters in O2 atmosphere, which 

eroded several sublayers (at least two Mo layers on the right-hand side of the crater in Fig. 

8(b) were eroded by the shallow craters). It is important to stress that the shallower type 1 

craters considerably contributed to the material intermixing process which did not occur in N2 

atmosphere. The cross section of another but bigger crater of this type, marked with a dashed-

line oval in Fig. 7(b), was prepared by metallographic techniques as presented in Figs. 8(c) and 

(d). This crater is deeper than the one shown in Fig. 8(b) and all sublayers were melted leaving 

a rather homogeneous remnant layer behind. Accordingly, we can conclude that spots of type 

1 and 2 cooperatively intermix the material in O2 atmosphere.  
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Fig. 8: (a) plan view and (b) cross section prepared by FIB of the crater marked with the solid-

line circle in Fig. 7(b); (c) plan view and (d) a cross-sectional SEM-BSE image from crater with 

the same features prepared by metallography. 

 

To provide an overview of the stepwise material intermixing leading to the formation of 

the modified layer, a cross section of the cathode operated in O2 atmosphere was also 

prepared by metallography. As the cross sections in Fig. 9 suggest, no gradual material 

intermixing occurred, similar to the situation observed in N2 atmosphere (Fig. 6). Instead, the 

cathode surface was either superficially eroded by type 1 spots or strongly eroded region with 

a deep largely exceeding the Al/Mo multilayer thickness. In fact, Figs. 9(a) and (b) represent 

two different cross sections of a chain/cluster of overlapping large craters similar to those 

observed in Fig. 7(c). It can also be seen in the inset of Fig. 9(b) that a less homogeneous 

modified layer is formed in O2 atmosphere. The reason can be that a lower number of type 2 

spot ignition events occur in a specific region compared to the number in N2 atmosphere. 

Instead, the modified layer, which is not continuously covering the cathode surface, is formed 

by locally cooperative ignitions of type 1 and 2 spots.  
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Fig. 9: SEM-BSE images of the cross section of the cathode after arc discharge in O2, 

showing the material intermixing process caused by overlapping craters: (a) and (b) show two 

different cross sections of chains/clusters of overlapping craters. 

4. Conclusion 

Two multilayer cathodes were eroded in either N2 or O2 arc discharges to elucidate the 

influence of the gas atmospheres on the cathode spot behavior and surface modification of 

multi-element cathodes during reactive cathodic arc deposition processes.  

Regardless of the gas atmosphere, the type 1 cathode spots clean the surface in the 

beginning of the arc discharge process. However, the rate of cathode spot type 1 ignitions is 

significantly higher in O2 atmosphere. It was shown that the thermodynamics/kinetics of the 

Al oxide and Al nitride formation reactions as well as the physical properties of the 

corresponding layers such as dielectric constant and thickness may contribute to this 

behavior.   

After the formation of deep craters by type 2 spots, the surface nitridation or oxidation 

promotes the ignition of type 1 spots. Therefore, the cathode spots continuously switch 

between both types 1 and 2.   

The rate of surface oxidation and/or the physical properties of oxide layers create 

favorable conditions for type 1 spot ignitions and the cathode spot appears to be burning in 

type 1 for a long time period in the vicinity of the deep craters instead of moving to 

neighboring areas and burn in type 2. Whilst the cathode spot more often burns in type 2 in 

the neighboring areas in N2 atmosphere. 

The cross-sectional SEM studies revealed that the deep craters left behind by type 2 

spots are considerably shallower in N2 atmosphere than similar ones in O2 atmospheres. 
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However, it appears that a considerably larger number of deep craters contribute to the 

cathode erosion in N2 atmosphere that O2. In contrast, the shallow craters left behind by type 

1 spot show considerably higher contribution to cathode erosion in O2 atmosphere than in N2, 

when (qualitatively) the ratio of shallow craters/deep craters contribution to the cathode 

erosion is considered in the respective gaseous atmosphere. 
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