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I 

 

This thesis explores the microstructure evolution of  cathodes with various material 

compositions and grain sizes during cathodic arc evaporation processes as well as the 

impact on the arc movement, and the microstructure and properties of  the deposited 

nitride coatings. The studied cathode material systems include conventionally metal 

forged Ti and Ti-Si cathodes, novel Ti3SiC2 MAX-phase cathodes, and dedicatedly 

designed powder-metallurgical Ti-Si and Cr cathodes with different grain size. The 

microstructure and chemical composition of  the virgin and arced cathodes together 

with the microstructure and mechanical properties of  the deposited coatings were 

analyzed with various characterization techniques, including x-ray diffractometry, x-ray 

photoelectron spectroscopy, elastic recoil detection analysis, scanning electron 

microscopy, focused ion beam sample preparation technique, transmission electron 

microscopy, energy dispersive x-ray, electron energy loss spectroscopy, and 

nanoindentation. 

 

In general, a converted layer forms on the cathode surfaces during cathodic arc 

evaporation. The thickness, the microstructure and the chemical composition of  such 

layer are dependent on the composition and the grain size of  the virgin cathodes, the 

nitrogen pressure, and the cathode fabrication methods. 

 

For Ti based materials, the converted layer is 5-12 µm thick and consists of  nanosized 

nitrided grains caused by the high reactivity of  Ti to the ambient nitrogen gas. In 

comparison, the Cr cathode is covered with a 10-15 µm converted layer with 

micrometer/sub-micrometer sized grains. Only very limited amounts of  nitrogen are 

detected within the layer due to the low reactivity of  Cr to nitrogen.  

 

For Ti-Si cathodes, the existence of  multiple phases of  Ti and Ti5Si3 with different 

work function renders preferential arc erosion on the Ti5Si3 phase during discharging. 

The preferential erosion generates higher roughness of  the Ti-Si cathode surface 

compared with Ti. By increasing the grain size of  the virgin Ti-Si cathodes from ~8 

µm to ~620 µm, the average roughness increases from 1.94±0.13 μm to 91±14 μm 

due to the amplified impact of  preferential erosion of  the enlarged Ti5Si3 grains. The 

variation of  the preferential erosion affects the arc movement, the deposition rate, and 

the macroparticle distribution of  the deposited Ti-Si-N coatings.  

 

A novel Ti3SiC2 MAX phase is used as cathode material for the growth of  Ti-Si-C-N 

coating. During arcing, the cathode surface forms a converted layer with two sublayers, 

consisting of  a several-micrometer region with a molten and resolidified 

microstructure followed by a region with a decomposed microstructure. The 

microstructure and hardness of  the deposited Ti-Si-C-N coatings is highly dependent 

on the wide range of  coating compositions attained. In the coatings with abundance 

of  N, the combined presence of  Si and C strongly disturbs cubic phase growth and 



II 

 

compromises their mechanical strength. At a nitrogen pressure of  0.25-0.5 Pa, 45-50 

GPa superhard (Ti,Si)(C,N) coatings with a nanocrystalline feathered structure were 

obtained.  

 

By increasing the grain size of  the elemental Cr cathodes from ~10 µm and ~300 µm, 

the grain structure of  the converted layer on the cathode surface varies from equiaxed 

grains to laminated grains after evaporating in a nitrogen atmosphere. When 

evaporated with a stationary fixture, the worn Cr cathode surface contains an 

organized pattern of  deep ditches in the surface. The formation of  such patterns is 

enhanced by increasing the cathode grain size. The fixture movement, which is either 

stationary or single rotating, affects the phase composition, the droplet density and the 

microstructure of  the deposited Cr-N coatings, which consequently determines the 

mechanical properties of  the coatings. 
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Tunna ytskikt används idag inom många tillämpningar, såväl inom tekniska 

applikationer som i vår vardag, och kan användas för att förändra eller förbättra 

ytegenskaperna hos ett material. Ett tunt ytskikt kan till exempel ändra utseende som 

färg på ett material eller utgöra ett hårt skikt som skyddar det underliggande materialet 

vid svåra förhållanden, så som hög temperatur och mekanisk påverkan. Ytskikt 

används därför inom så skilda användningsområden som på solglasögon, elektriska 

komponenter i mobiltelefoner och för skärverktyg. 

 

Inom metallbearbetningsindustrin kan skärförmågan och skärets livslängd förbättras 

märkbart genom att skäret beläggs med ett hårt skikt med tjocklek av några 

mikrometer. Materialen som används för dessa hårda beläggningar är ofta en förening 

av en eller flera metaller som tillsammans med kväve, kol eller syre bildar nitrider, 

karbider eller oxider. En vanlig metod för att växa dessa tunna skikt är 

katodförångning där en elektrisk urladdning används för att smälta en liten del av 

materialet i katoden vilket förångas och sedan kondenserar på en yta för att bilda ett 

tunt skikt. Genom katodförångning får man ett tunt skikt som är heltäckande och med 

bra vidhäftning till det underliggande materialet, även kallat substratet. De senaste 20 

åren har stora framsteg gjorts inom utvecklingen av nya skiktmaterial och inom 

förståelsen för hur skikten växer fram under beläggningen. Dock är kunskapen om 

katoden, vilken är källan av material under beläggningen, mycket begränsad, vilket är 

motiveringen för den här avhandlingen.  

 

Den här avhandlingen fokuserar på katodmaterialen titan (Ti), och krom (Cr) som 

använts i en kväve (N) atmosfär för att belägga nitridskikt. Titan används både i ren 

form och legerad med kisel (Ti-Si) och kol (Ti-Si-C) för att ta fram Ti-Si-N och Ti-Si-

C-N medan krom endast har använts olegerat för att belägga Cr-N skikt. För att 

studera katoderna och skikten har flera analysmetoder använts. Röntgendiffraktion har 

används för att bestämma materialets kristallstruktur, det vill säga hur atomerna sitter 

ordnade i materialet. Elektronmikroskopi, där materialet belyses med en elektronstråle, 

har använts för att studera strukturen från mikrometer-skala ner till atomär skala.  

 

Under katodförångning eroderas katodens yta genom elektriska urladdningar mellan en 

anod och en litet område på katodens yta, en så kallad katodfläck. Varje katodfläck 

tänds och slocknar under en kort tid innan nästa urladdning sker vid en annan 

katodfläck. Materialet under katodfläcken smälter vid urladdningen för att sedan stelna 

igen när fläcken slocknar och kyls av. Detta leder till skålformade kratrar på katodytan. 

Genom den här processen bildas ett upp till 20 mikrometer tjockt lager på katodens 

yta med en struktur och kemisk sammansättning som skiljer sig från den ursprungliga 

katodytan. Eftersom titan är mycket reaktivt med kväve så innehåller katodens ytlager 

för katoder baserade på titan (Ti, Ti-Si och Ti-Si-C) mycket kväve. På katoder gjorda av 

krom så finns däremot inget kväve i ytlagret eftersom krom och kväve inte reagerar lika 

lätt. Nitriderna som bildas på katodytan hos titankatoder påverkar den elektriska 
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urladdningens hastighet och livstid varför urladdningen rör sig snabbare över ytan på 

en katod gjord av titan än en katod gjord av krom.  

 

Ytstrukturen på titan-kisel katoder påverkas inte av tillverkningsmetoden men dock av 

storleken på kornen i katoden. En titan-kisel katod består av två faser, Ti and Ti5Si3, 

där atomerna är ordnade på olika sätt i de kristallina kornen. De två faserna har olika 

egenskaper vilket leder till att Ti5Si3 fasen eroderas snabbare än Ti. Genom att öka 

storleken på kornen från 8 µm till 600 µm så ökar erosionen av Ti5Si3 jämfört med Ti 

vilket leder till en ökad ytojämnhet på den använda katoden. Den ökande erosionen 

hos katoden med större korn leder även till en häftigare rörelse av urladdningen över 

katodens yta och resulterar i fler droppar som bildar defekter i det tunna skiktet. 

 

Under beläggning av ett tunt skikt kan substratet monteras stillastående framför 

katoden eller placeras på en roterande trumma så att de passerar framför katoden en 

gång per varv. Vid beläggning av Cr-N skikt påverkar substratens montering skiktets 

kemiska sammansättning och även hur kromkatodens yta förändras under 

katodförångningen. Om substraten monteras stillastående framför katoden så bildas 

mask-liknande diken på katodytan och antalet diken ökar drastiskt då storleken på 

kornen i kromkatoden ökar från 10 till 300 µm. Om substratet istället placeras på en 

roterande trumma bildas inga diken på katodytan. De belagda Cr-N skikten innehåller 

endast en kristallin fas (CrN) då substratet placeras på en roterande trumma medan 

substratet som stått stilla framför katoden innehåller en blandning av två faser (CrN 

and Cr2N). 

 

Förutom de ovan nämnda kommersiellt brukade katoderna har även ett nytt 

katodmaterial testats, Ti3SiC2, vilket är ett material med både metalliska och keramiska 

egenskaper. Materialet är en potentiell kandidat som katodkälla för beläggning av 

kvartära Ti-Si-C-N beläggningar, ett lovande skiktmaterial som kan resultera i nästa 

generation av hårda beläggning för metallbearbetningsindustrin. Vid katodförångning 

sönderfaller Ti3SiC2 fasen på katodens yta och två nya faser, Ti(C,N) and Ti5Si3(C), 

bildas. Genom att ändra kvävgastrycket under beläggningen kan sammansättningen på 

Ti-Si-C-N skikten ändras och med rätt sammansättning kan superhårda (40-50 GPa) 

skikt med en fjäderlik mikrostruktur växas.  

 



V 
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Introduction 

1 

 

 

Nowadays, surface coating engineering has been widely applied in the engineering world 

as well as daily life to modify and improve the surface properties of  materials for 

providing a better appearance, an enhanced functional performance and a prolonged 

lifetime in demanding contact conditions or aggressive environments.  

 

The example of  physical vapor deposited coatings as wear protection of  cutting tool 

inserts has been an over 30-year-old and still evolving success story of  industrial 

application of  the advanced surface engineering. Cathodic arc deposition (CAD) is one 

of  the most frequently used deposition techniques in hard coating industry since it 

normally yields the coating a dense structure and a good adhesion to the substrate. State 

of  the art cathodic arc process expands the deposition of  the initial binary Ti-N coating 

to multiple components coatings, such as Ti-Al-N, Ti-Si-N, Ti-Si-C-N, and Cr-Al-N, and 

the requirements on the understanding of  the arc processes has been raised unavoidably 

for a better control of  the processes and also for reproducibly high-quality products.  

 

One of  the primary factors determining the cathodic arc processes is the cathode 

material. So far, the behavior of  the cathodes during arcing and their impact on the arc 

processes as well as the coatings growth are very limitedly studied, which motivates this 

work. 

 

The objective of  this thesis is to explore the microstructural and compositional evolution 

of  the cathodes used for reactive cathodic arc deposition in terms of  various transition 

metal compositions, changed microstructure and their impacts on the arc movement and 

the coating synthesis.  

 

In the thesis, chapter 2 introduces the common deposition techniques firstly and then 

highlights the physical processes of  the arc discharge, the growth mechanism, and the 

experimental settings of  the cathodic arc deposition. The material systems of  interest are 

then defined in chapter 3. Chapter 4 briefly describes the main characterization 

techniques used. Chapter 5 gives a background of  the cathode manufacturing methods 

and the process parameters applied. Chapter 6 is a comprehensive description on the 

microstructure evolution of  cathode surfaces in several aspects and their impact on the 

coating synthesis. The summary of  the included papers in this work are given in chapter 

7. Finally, chapter 8 concludes the contribution of  this work to the field. 
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Hard and wear resistant coatings are often deposited by two different types of  vapor 

deposition processes, i.e., physical vapor deposition (PVD) and chemical vapor 

deposition (CVD).  

 

PVD processes are deposition processes in which ions, atoms, or molecules of  a material 

are created from a solid or liquid source, transported in the form of  a vapor or plasma 

through vacuum or low-pressure gaseous environments, and condensed on a substrate. 

They can mainly be categorized into four types: vacuum deposition (evaporation), sputter 

deposition, arc deposition and ion plating. Arc deposition is the most frequently used 

technique to synthesize hard coatings. In fact, reactive cathodic arc deposition is a more 

accurate term for such application since a reactive gas, such as nitrogen, oxygen or 

carbon containing gas, is commonly introduced during synthesis. For example, one would 

operate the discharge of  M metal/alloy in a nitrogen containing gas for obtaining MxNy 

coating [1], in an oxygen containing gas for MxOy [2], or in a carbon containing gas for 

MxCy [3]. The arc deposition is characterized by >90 % ionization of  the plasma resulting 

in coatings with a very good adhesion to the substrate, a dense structure and a high 

deposition rate. Besides, it is also applied in many other plasma processes including high-

current vacuum switching, vacuum arc degassing, and remelting of  metals [4]. In the 

current work, DC cathodic arc deposition is the only technique I focused on and a 

detailed description of  the cathodic arc process is given in section 4.2.  

 

CVD is a coating technique where a mixture of  gases reacts at the substrate at a high 

temperature (800-1400 °C) forming a solid coating on the substrate. In comparison, 

physical vapor depositions are often operated over a wide substrate temperature range 

lower than CVD, typically 200-800 °C.   

 

 

In the last decades, great efforts have been made for understanding the nature of  the 

cathodic arc by many researchers, for instance, Anders [5-16], Beilis [17-23], Boxman [24-

28], Daaldar [29, 30], Hantzsche [31-33], Meyats [34, 35], Juettner [36-41]. Section 2.2-2.3 

are based on those people’s work and give a brief  summary intended as an introduction 

to the physical process of  the cathodic arcs.  

 

Cathodic arc is a high current, low voltage electrical discharge, in which highly ionized 

plasma, consisting of  electrons and ions of  the background gas and cathode material, is 
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generated from a cathode surface. The arc discharge is self-sustained during processing 

regardless of  the vacuum conditions. Besides the electron motion in the conduction 

band of  the electrodes, its electric current is maintained by the motion of  electrons and 

ions in the plasma at the gap of  two electrodes. The critical place of  the current 

continuity is the interface between plasma and metal cathode, where electrons in the 

conduction band of  the cathode need to liberate by receiving the energy above the work 

function value of  the cathode. The electrons can be free by individual events, which is 

the foundation of  glow discharge, or by collective discharge, the core of  the arc 

discharge.  

 

A general overview of  the potential distribution between cathode and anode, see Figure 

1, indicates that the concentrated potential drop in the very near surface region, also 

known as cathode sheath, is determinative to the liberation mechanism of  electrons from 

the cathode. Arc discharge has a very low cathode fall, which is ~20 V for most cathode 

materials, since the collective electron emission principally has a much more efficient 

production of  electrons from the cathode surface. Such cathode fall is close to the 

ionization potential of  cathode materials. The possible physical mechanisms that yield 

collective electron emission processes of  the cathode include thermoionic emission, field 

emission, thermo-field emission and explosive emission [8]. These mechanisms 

practically lead to two different modes of  cathode operation: hot and cold electrodes. In 

this work, only the globally cold cathodic arc discharge is focused on. 

 

 

Figure 1. Schematic illustration of  the potential distribution between cathode and anode 

 (not to scale) [8].  

 

The discharge processes of  cold cathodic arcs take place from discrete cathode spots 

under the nature’s rule of  minimizing the energy dissipation and are sustained by the 

cyclic operation of  the cathode spots. The characteristics of  the cathode spot are 

therefore the key parameters of  the cathodic arc. The following sections elucidate the 

physical processes of  the cathodic arc discharging by discussing the structure and 

dynamics of  cathode spots.  

 

A cathode spot is a 0.1-10 µm sized luminous region, which includes the cathode body 
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and the dense plasma generation area. During arcing, a succession of  cathode spots 

extinct and ignite in adjacent locations, giving rise to an apparent motion. The apparent 

motion can be random in the absence of  a magnetic field or steered in the -J*B direction 

under a transversal magnetic field [41], which is also called retrograde motion. The 

energy balance for a cathode spot should consider the following contributing heating and 

cooling factors [8]:  

 

 Joule heating 

 ion bombardment heating 

 ion emission cooling 

 atom evaporation cooling 

 atom condensation heating 

 electron emission cooling 

 heating by returning electrons 

 radiation cooling 

 radiation heating from plasma 

 

The eventual net current density of  the cathode spot, which are dependent on material 

composition, microstructure, surface contamination, and surface temperature of  the 

cathodes [42], can be obtained based the energy balance from all the aforementioned 

factors. The current density of  the cathode spot plays a central role to the electron 

emission, plasma production, and phase transitions of  the cathode surface and 

quantitatively determines all the related physical parameters of  the cathode spots.  

Therefore, only estimations (order of  magnitude) can be given to each parameter here. 

The current density at the spots is estimated to be 106-108 A∙cm-2 [43], the cathode spot 

size is in the range of  1 nm-100 μm [44, 45] and its life time is about 10 ns to 1 μs [46]. 

The number 𝑁𝑐𝑠 of  cathode spots over the cathode surface is a linear function of  the arc 

current [42]:  

𝑁𝑐𝑠 =
𝐼
𝐼𝑚
⁄   Eq. 2-1 

where 𝐼 is the arc current and 𝐼𝑚 is chopping current, which is the minimum current of  

the live cathode spot, ranging from 0.4 A for volatile material to 300 A for refractory 

metals [47].  

 

During cathodic arc evaporation, arcs are generated in cyclic processes of  non-stationary 

cathode spots and each cycle is initiated by a thermal runaway process at an electron 

emission site [5]. The physical processes of  cathode spots therefore correlate closely to 

the involved electron emission mechanisms, i.e. the field emission, non-linear 

combination of  the thermionic and field emission, and explosive electron emission. At 

an emission site, material can be explosively evaporated during the events of  both the 

thermal-field and the explosive electron emission. Thermal runaway processes, a repeated 

cycle in which heat is induced until an explosion occurs, can be frequently concurrent 

with the thermo-field emission. After the explosion, a new spot may reignite and 
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evaporate material in the vicinity of  the first spot in a similar manner. Such non-

stationary and cyclic emission, referred as the Ecton model [35, 48-54], is the essence of  

the arc discharge and has become the most agreed upon theory for fundamental 

mechanism of  the arc discharge. According to the Ecton model, the detailed evolution 

of  the cathode spot emission can be divided into four stages [8], illustrated in Figure 2:  

 

(1) The fore-explosion stage 

 

After the arc is triggered, often mechanically done in the industrial-scale deposition 

system, a plasma including electrons, ions, neutrals etc., is formed in front of  a cathode 

location, and the arc ignition cite depends on the local properties such as a second phase 

with comparable lower work function. Thus the activated surface location interacts with 

ions, electrons, and atoms simultaneously. At this stage, shown as the electron emission 

phase in Figure 2(a), the cathode is heated by ion bombardment and heat conduction, 

and consequently its temperature continuously elevates.  

 

(2) The explosive emission stage 

 

When an active spot location with specific properties, such as a sharp microprutrusion, 

or the presence of  dielectric contamination, gains high power input continuously, it could 

be preferentially selected as an explosive emission site. For instance, the rim of  large 

craters were experimentally seen as location of  active spots [36]. The collective electron 

emission with thermal runaway usually occurs locally and causes a microvolume 

explosion, which forms a crater on the cathode surface. This stage, schematically shown 

in Figure 2 (b), is the core of  the Ecton model. The time for this stage is estimated to be 

~10 ns [55].  

 

(3) The immediate post-explosion stage 

 

During the explosion stage (2), the active spot location transforms into molten state and 

emits species. Thereafter, a comparably longer, quasi-steady-state stage follows, as seen in 

Figure 2(c). The high pressure from the dense plasma induces a crater shape of  the 

molten material and a high number of  electrons are emitted from this location. These 

electrons ionize the evaporized material from the cathode surface resulting in a high 

degree of  ionization of  the species leaving the cathode surface region.  

 

(4) The cool-down stage 

 

When the thermal conduction spreads the power input into a deeper and wider area 

forced by the cooling, the electron emission and material evaporation ceases. Thus the 

cathode spot burn out but there might be still short-lived emission going on from 

thermal relaxation. Nevertheless, the active location of  the spot resolidifies rapidly. A 

location in the vicinity with similar initial physical and geometrical conditions as the 

emitted center probably serves as a new emission center. Thus a cyclic process runs 
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across the cathode surface during arc evaporation, sustaining dense plasma.  

 

 
Figure 2. Schematic illustration of  emission processes of  a cathode spot: 

(a) stage 1, (b) stage 2, and (c) stage 3. 

 

Here one should note that a discussion on the existence of  stage (3) is still ongoing. 

Another view considers the cathode process as a sequence of  consecutive 

microexplosion with less emphasis on stage (3) [56]. However, the microstructures seen 

in Paper 1 and Paper 2 are in accordance with the existence of  stage (3) due to the 

presence of  a 5-20 µm resolidified surface region from a molten state. Besides, one 

would have to be aware that the Ecton model is still a simplified description for the 

complex cathodic arc processes. The real behavior of  cathode spots, such as its lifetime 

and reignition, requires us to take more factors into account, including the cathode 

material, the surface adsorbates, the surface roughness, and so on. It is still a developing 

topic.   

 

 

The plasma formation and expansion during arc discharge can be illustrated by the 

transition path of  the cathode material [11] as plotted in a heavy density-temperature 

phase diagram (Figure 3), which contains all phases, boundaries and critical points. There 

are two possible transition paths of  the cathode material during arc discharging processes. 

The first path, see curve (ii) in Figure 3, is corresponding to the process of  the Ecton 

model. Within a nanosecond time scale, the solid-state surface region at the early phase 

of  the cathode spot (dot A in Figure 3) is heated above boiling temperature and 

undergoes an isochoric transformation from solid to liquid then to a non-ideal plasma, 

which contains a high density of  only 2-3 orders of  magnitude lower than a solid state 

and enormous pressure of  ~1012 Pa. Another path exists either after the explosion or in 

a situation where a non-explosion process is dominant. Then the cathode material in the 

vicinity of  an active spot undergoes a sequence of  heating, melting, vaporizing and 

ionizing, shown as curve (i) in Figure 3.  
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Figure 3. Schematic illustration of  the paths of  the cathode material in the heavy density-

temperature phase diagram. Dot A is the starting point of  an emission event. The dot C of  is the 

critical point, which is the point of  highest temperature where liquid and gas are still in 

equilibrium, i.e. are not distinguishable. Reprint is permitted by © 2012 IOP Pulishing [11]. 

 

From macroscopic point of  view, the cathode spots can be approximated as point 

sources of  the plasma producer. The produced plasma during the cyclic processes of  

cathode spots expands into the interelectrode space with a spatial distribution peaking in 

the direction normal to the surface. During expansion the plasma cools down and its 

density decreases proportional to 1/r2, with r being the distance originating from the 

cathode spot center. From the active spot to 100 µm distance away, the plasma ionization 

state is in a thermodynamic equilibrium while it becomes non-equilibrium further away 

and expands with only negligible change in charge state distribution. The streaming 

velocity of  the plasma is approximately 104 m/s toward the anode, and the ion energies 

ranges between 30-150 eV dependent on the cathode material [14].  

 

The most severe drawback of  cathodic arc evaporation is the generation of  

macroparticles. A schematic illustration of  macroparticles formation mechanism is 

shown in Figure 2 (c). Macroparticles are generated from the emission center in a  

molten state by the high pressure from the dense plasma in front of  the cathode spot 

[27]. Great efforts to reduce or even eliminate the macroparticles to reach the growing 

film have resulted in the development of  filtered arc systems. However, the filtered arc 
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systems are not as widely adopted in industrially used systems. Detailed descriptions of  

filtered arc systems can be found in the review by Takikawa [57]. 

 

The physical processes of  the reactive cathodic arc evaporation have been explored to a 

very limited level due to the lack of  high resolution experimental diagnostics and can 

only be preliminarily described based on the Ecton model with additional modification. 

Here, nitride coatings are taken as an example to elucidate the processes. For coatings 

such as TiN, nitrogen gas is introduced during the arc process and ionization of  the N2 

can occur during its interactions with electrons and ions flux. Therefore, a N-containing 

compound is deposited on the substrate, and at the same time, a N-containing converted 

layer (Paper 1) with a thickness of  5-12 µm forms on the cathode surface, also often 

referred to as a poisoning effect. Such nitride effect modifies the arc ignition probability 

by introducing a nitrided phase with different physical properties compared to the virgin 

surface. The lifetime of  a cathode spot, the charge state distribution of  the plasma ions, 

the macroparticles density, and the erosion rate are consequently all reduced compared 

with the non-reactive vacuum arcs for the same material [42]. More details of  the 

cathode surface evolution during and after reactive cathodic arc deposition are given in 

Chapter 5. 

 

Figure 4. Schematic illustration of  the cathodic arc deposition. The actual distance of  the 

neighboring cathode spot is very close and shown not to scale here. The distance until frozen 

state is approximately 100 µm for point-like expansions without magnetic field. 

 

The macroscopic dimensions of  reactive cathodic arc deposition processes are 

schematically summarized in Figure 4. During discharging, a cold solid cathode is 

covered with a ~10 µm converted layer. A ~10 nm thick cathode sheath exists between 

the cathode surface and the plasma. Right above, an equilibrium plasma, which describes 

a state with many collisions and reactions of  the species near the emission site, extend 

~100 µm far away in the normal expansion direction while further away it is in non-
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equilibrium state or charge freezing state, which describes a state of  much fewer 

collisions at greater distance from the emission site. In an industry arc system, the 

substrates to be coated are placed 50-150 mm away from the cathode dependent on the 

cathode size and system configuration.  

 

 

On the substrate surface, which is located in front of  the cathodes with approximately 

150 mm distance for the deposition systems used, the evaporated species start to 

condensate and contribute to the growth of  coatings.  

 

The microstructure and morphology of  arc evaporated coatings are not only affected by 

several primary parameters related to the cathode but also by several other growth 

parameters to a large extent. They can be equivalently weighed into two main impacting 

factors: the temperature and the ion energy. The microstructure of  a thick arc coating 

can be qualitatively illustrated as a function of  these two factors via a so-called structure 

zone diagram, which was conceptually proposed by Movchan and Demchishin’s [58], 

developed by Thornton [59] and upgraded most recently by Anders [10].  

 

As shown in Figure 5, the variables of  normalized energy flux E* includes the influence 

of  the kinetic energy of  high speed and high energy bombarding particles while that of  

the generalized temperature T* accommodates a shift factor, induced by potential energy 

of  particles approaching the substrate surface, into the homologous temperature, defined 

as the film growth temperature normalized by the melting temperature of  the deposited 

material. With elevating T*, the microstructure of  the grown coating is in turn controlled 

by shadowing effects (zone 1), then surface diffusion (zone T and zone 2), and bulk 

diffusion (zone 3). Zone 1 conducts porous structure of  tapered crystallites embedded 

with voids due to the low mobility of  the adatoms, the transition structure of  zone T 

contains dense fiber grains resulting from the improved diffusity of  the adatoms. Zone 2 

is led by columnar grains with free surface diffusion. Zone 3 illustrates structure with 

recrystallized grains. At low temperature, the transition zone is narrow or even 

neglectable. By increasing E*, the zone T expands leftwards into zone 1 but keeps the 

similar boundary with zone 2. Most arc evaporated coatings falls into zone T and zone 2. 

In addition, the net growth of  the coating turns into a net etching when ion kinetic 

energy surpass a critical value, i.e., 400 eV - 1400 eV for most materials [10]. The 

common plasma etching procedure of  the substrates before actual coating growth is 

based on such condition.  
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Figure 5. Structure zone diagram for energetic physical vapor depositions by 
Anders [10]. E* is normalized energy flux, T* is the generalized temperature, and 

t* is the net coating thickness. Reprint is permitted by © 2009 Elsevier. 

 

Two industrial DC MultiArc and Metaplas systems were used for this work. Their 

configurations are in principle similar. Therefore, only the configuration of  the Metaplas 

systems is schematically illustrated in Figure 6. 

 

As shown in Figure 6, the cathodes are placed on the chamber walls and a rotating 

cylinder is used to fixture the substrates. The dimensions of  the disc shaped cathodes are 

26 mm thick and 63 mm in diameter. A reactive gas, e.g. N2, can be introduced into the 

system through the upper gas inlet for the reactive cathodic arc evaporation. During the 

evaporating process, the cathode is water cooled through a Cu-plate back support. The 

arc is mechanically triggered by a pin and its motion is influenced by a magnetic field 

from a magnet placed behind the cathode. The energy of  the charged species impinging 

on the growing film is controlled with a bias potential applied on the substrate. The 

cathode-to-substrate distance is approximately 150 mm. 
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Figure 6. Schematic of  the arc evaporation system used for 

the growth of  Ti-Si-N and Ti-Si-C-N coatings. 

 

In this work, the Ti, Ti-Si, Ti-Si-C and Cr cathodes were arc evaporated for at least 1 h to 

reach steady state conditions. The arc current and nitrogen pressure were varied to study 

their impact on the cathode and coating properties. The cathode potential was 

approximately 16-20 V. 
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Three material systems of  cathodes and corresponding coatings, including Ti-Si-(N), Ti-

Si-C-(N), Cr-(N), were studied in this thesis. This chapter reviews material systems with 

regard to the possible phase compositions, their crystal structures and the microstructure.  

 

In the Ti-Si-N ternary system [60], there is no stable ternary TiSiN phase. Instead, there 

are several stable binary phases, including various titanium silicides, titanium nitrides, and 

silicon nitride, as seen in Figure 7. TiN, Ti5Si3, and Si3N4 phases are highlighted here due 

to their existence as major phases both in the cathode and the coating.  

 

Figure 7. Phase diagram of  the Ti-Si-N system at 1000 °C [61]. 

TiN, with NaCl structure and a lattice parameter of  4.24 Å, has a unique mixed bonding 

structure of  metallic, ionic, and covalent bonds. Si3N4, constructed with SiN4-tetrahedra 

basis, is the only stable binary phase in the Si-N system which exists in four polytypes: 

hexagonal α- Si3N4, hexagonal β- Si3N4, cubic γ- Si3N4, and amorphous- Si3N4 [61]. Ti5Si3 

is hexagonal D88 crystal structure with lattice parameters of  a=7.459 Å and c=5.150 Å.  

 

In the Ti-Si-N coating, Si content plays a key role on the coating’s microstructure and 

also the corresponding mechanical and thermal properties. It exists as stable NaCl-

structure solid solution with a dense columnar microstructure with up to 9 at.% Si. By 

increasing the Si content from 9  to 20 at.%, the microstructure changes to 

nanocrystalline with extremely defect-rich TiN/SiNx grains [62]. Ti-Si-N coating can 

achieve super hardness (≥ 40 GPa) combined with good thermal stability up to 1100 °C 

by precisely tuning the composition [63]. Superhard Ti-Si-N coating with hardness value 
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of  60-105 GPa [62-64] has been reported when TiN nanograins (≤10 nm) is 

encapsulated by a SiNx tissue boundary phase of  a few monolayer. The SiNx phase exists 

as either crystalline [65] or amorphous structure [66] dependent on its size. In principle, 

the synthesis of  the TiN/SiNx nanocomposites can be achieved by any deposition 

technique which provides sufficiently high nitrogen activity and enough kinetic energy to 

drive the segregation of  Ti and Si, i.e., cathodic arc evaporation, reactive magnetron 

sputtering, or plasma enhanced CVD with proper modification.  

 

The Ti-Si cathodes contain major equilibrium phases of  Ti and Ti5Si3 regardless of  the 

fabrication methods. In addition, TiSi2 and TiSi present in the powder metallurgically 

fabricated 80/20 at.% Ti-Si cathode with ≥ 150 μm grain size as remained phases of  the 

starting TiSi2 powder.  

 

By adding C into the Ti-Si-N, Ti-Si-C-N coatings are expected to have similar mechanical 

and thermal properties but a lower friction coefficient. The Ti-Si-C-N coating can be 

synthesized by reactive cathodic arc evaporation via at least two different approaches: (1) 

arc discharging from a Ti-Si cathode in a CH4 and N2 gas mixture [67]; and (2) a Ti3SiC2 

compound cathode in a N2 gas (Paper 4). The microstructure and the hardness of  the 

Ti-Si-C-N coatings are also sensitive to the Si content. The feather-like structure with 

nano-crystalline grains appears in the high Si containing coatings. Otherwise, Ti-Si-C-N 

coatings generally have a NaCl crystal structure with columnar grains. Synthesized by 

other techniques as chemical vapor deposition (CVD) technique [68-70] or a hybrid arc 

enhanced magnetron sputtering technique [71], Ti-Si-C-N coating conducts a 

microstructure similar to the nanocomposite structure seen for TiSiN-coatings with C 

replacing some N.  

 

Figure 8. Phase diagram of  the Ti-Si-C system at 1000 °C. [72] 
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In the ternary Ti-Si-C system  seen in Figure 8, the Ti3SiC2 phase is the only stable 

ternary phase while Ti4SiC3 is a metastable phase [73], which only exists in thin-film form 

[74]. Ti5Si3Cx, a solid solution of  Ti5Si3 with dissolved C, also known as a Nowotny phase, 

coexists with these phases. In addition, there are several stable binary phases, such as TiC, 

SiC, TiSi, and TiSi2. 

 

The Ti3SiC2 phase, a special ternary compound belonging to the family of  the Mn+1AXn 

(n=1, 2, or 3) phases [75], has novel chemical, physical and mechanical properties, 

including good electrical and thermal conductivities, and excellent machinability [76]. 

Such unique property originates from its distinct crystal structure (Figure 9), in which 

Ti3C2 layers are interleaved by single Si-layer, and also from the unique combined 

metallic-covalent bonds from strong Ti-C bonds and relatively weak Ti-Si bonds. Minor 

amounts of  the impurity phase TiC commonly coexists with Ti3SiC2. Ti5Si3Cx often 

occurs as an intermediate phase during synthesis or decomposition.  

 

Figure 9. Crystal structure of  the Ti3SiC2 phase and TiC, adapted from Barsoum [75]. 

TiC, with NaCl structure and a lattice parameter of  4.33 Å, has notable properties 

including high melting point, high hardness, and low thermal conductivity. Being one of  

the interstitial carbides, TiCx can have a Ti-C ratio in the range of  0.47-0.97 without 

changing structure [77].  

 

Ti5Si3Cx, is a solid solution with dissolved C in Ti5Si3. It has a crystal structure similar to 

TiC and Ti3SiC2, i.e., they share the Ti6C octahedral units. The only difference is that Ti6C 

octahedra share faces in Ti5Si3Cx while they share edges in the other two phases. Figure 

10 shows a top view of  the Ti5Si3 and Ti5Si3C unit cells. The C is dissolved as interstitial 

atoms at the corner positions.  
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Figure 10. Crystal structure of  the Ti5Si3 and Ti5Si3C phase. 

 

 

In the binary Cr-N system, there are two stable phases: cubic CrN and hex-Cr2N. Cr-N 

coating can exist in a wide range of  Cr/N ratios, from 0.4-0.7 for the hex-Cr2N phase to 

0.8-1.0 for the cubic NaCl CrN structure . The Cr-N coating with high hardness and 

excellent corrosion resistance is often used for forming tool, mechanical components 

and medical implants [78, 79]. It is typically grown via arcing or by sputtering a Cr 

cathode in nitrogen atmosphere. By increasing the nitrogen partial pressure, the 

dominated phase content of  the coating change from Cr to Cr2N, to CrN. The hardness 

varies from 10 to 22, to 16 GPa corresponding to the change of  the phase composition 

[80]. The coating microstructure is sensitive to the substrate bias voltage, deposition 

temperature,  and nitrogen partial pressure. 
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In an attempt to obtain a more complete and accurate picture of  the structural and 

compositional evolution of  the cathode during arc evaporation, many material science 

characterization techniques were used in this work. This chapter introduces the most 

important and heavily used ones, including X-ray Diffraction (XRD), X-ray 

Photoelectron Spectroscopy (XPS), Optical Microscopy (OM), Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM), Scanning Transmission 

Electron Microscopy (STEM), Energy Dispersive X-ray Spectroscopy (EDX), and 

Electron Energy Loss Spectroscopy (EELS). The sample preparation procedures for 

optical and electron microscopy studies are also described.  

 

X-ray Diffractometry is a powerful tool to determine the crystallographic structure of  

materials. Bragg law, which shows how the interplanar spacings in a crystal are related to 

the diffraction angles, is the foundation of  this technique.  

 

Figure 11. Illustration of  Bragg´s law. 

 

According to the Bragg’s law,  

2𝑑𝑠𝑖𝑛𝜃 = λ  4-1 
where d is the interplanar spacing of  the measured crystal, θ the half  of  the scattering 

angle, and λ the x-ray wavelength, illustrated in Figure 11.  Cu Kα1 radiation with λ 

=1.5406 A is used in this work.  

 

XRD measures the intensity distribution of  elastically scattered X-rays in different 

orientations with respect to the primary incident X-ray beam. A diffractogram displays 

the recorded intensity versus scattering angle and where Bragg’s law is fulfilled, 

diffraction peaks can be detected. The peak positions can be used to determine the lattice 

parameter, phase structure, and strain of  the measured crystal, while the peak shape can 

be used to determine the grain size. By comparing the integrated intensities of  individual 

peaks, the preferred orientation can be estimated from polycrystalline materials.  
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In this work, conventional Bragg-Brentano geometry (also referred to as θ-2θ scan) with 

a symmetric variation of  the incident and diffracted beam are used to analyze the phase 

content of  the virgin cathodes and the as-deposited coatings. Grazing incidence x-ray 

diffraction (GIXRD), of  which the incidence angle of  the primary beam with respect to 

the sample surface normal is kept fixed at a shallow angle, is employed to extract the 

phase composition of  the near surface region of  the worn cathode. XRD pole figure 

technique is used to describe the texture of  the as-deposited Cr-N coatings. In pole 

figure measurements, the diffraction intensity at a constant 2θ angle, i.e., at the 

corresponding (hkl) planar, is mapped with azimuthal rotation Φ from 0 to 360º and 

sample tilting Ψ from 0 to 85º. It gives the probability distribution of  a given (hkl) plane 

normal at different orientation of  the Cr-N coating. Examples and the measurement 

setup can be seen in Paper 1-5. 

 

 

X-ray photoelectron spectroscopy is a quantitative surface technique that measures the 

chemical composition, chemical state and elemental electronic state of  the material from 

the top 1-10 nm surface region. Irradiated by an incident x-ray photon beam with a given 

energy of  ℎ𝜈, the material surface will emit a core electron with a specific kinetic energy 

(𝐾𝐸) when ℎ𝜈  is high enough to overcome the binding energy (𝐵𝐸) of  the emitted 

electron in the material and the work function (𝜙) of  the spectrometer. The kinetic 

energy 𝐾𝐸 is therefore expressed as:  

𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 + 𝜙 4-2 

The intensity of  the photoelectron with kinetic energy 𝐾𝐸  is plotted as function of  

binding energy BE in XPS. Any change of  the chemical environment of  the atoms will 

cause a small shift of  the binding energy ranging from 0.1 eV to several eV, namely, 

chemical shift. In this work, the bonding state of  Ti and Si in Paper 1-4 is analyzed by 

XPS.  

 

One major task of  this work is to study the metallography of  the cathodes and resulting 

coatings. Therefore, microscopes with various magnifying abilities, including optical, 

scanning electron and transmission electron microscopy, are the key techniques to reveal 

the macro-, micro- and nanostructure, respectively.  

 

Optical microscopy uses visible light and a combination of  lenses to magnify images of  

the material of  interest at low magnification of  10-1000×. It is therefore a requisite tool 

to exam the surface morphology and the grain structure of  the ~mm grained Ti-Si and 

Cr cathodes in this work.  
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Scanning electron microscope is intensively used to study the topographical features and 

also to reveal the cross sectional microstructure of  cathodes in this work. In SEM, the 

raster of  a small-diameter electron beam, commonly using acceleration voltage of  3-25 

kV, scans over a specimen surface and its interaction with the specimen produces 

measurable signals, including secondary electrons, backscattered electrons, and 

characteristic x-rays. The secondary electrons (SE) provide topographic information of  

the sample surface. Figure shows typical scanning electron micrographs of  surface 

overview and cross section of  the worn Ti-based cathodes collected in SE mode. The 

characteristic x-rays can be used to analyze the chemical composition by energy 

dispersive x-ray spectroscopy, described in detail in 4.3.4.  

 

 

Figure 12. Scanning electron micrographs of  the (a) surface overview of  Ti-Si 80/20 at.% and (b) 

cross section of  the worn Ti cathode. 

 

(Scanning) Transmission electron microscopy is an advanced technique to carry out the 

micro- and nanostructural investigation of  materials.  

 

In transmission electron microscopy, a thin solid specimen (≤ 200 nm) is impinged and 

propagated through by a convergent, monoenergetic beam of  electrons under high 

vacuum condition. The elastic or inelastic scattering (Figure 13) from the 

electron/specimen interactions provide transmitted or scattered electrons to form bright 

field (BF) image or dark field (DF) image, respectively. The BF image is formed by the 

mass contrast and diffraction contrast, while the DF image is mainly resulted from the 

diffraction contrast. High resolution images at atomic scale can also be obtained by the 

interference effect of  the diffracted and the transmitted electrons.  
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Figure 13. Schematic illustration of  the interaction between the electron and TEM thin specimen. 

 

When the electron beam is focused into a nanoprobe (several nm) and then used to scan 

over a thin sample in a raster, a scanning transmission electron micrograph with 

elemental contrast information can be obtained, i.e., the scanning transmission electron 

microscopy (STEM) mode. If  the microscope is equipped with an EDX or EELS 

detectors, sometimes called analytical electron microscopy (AEM), the local chemical 

compositional information of  the sample can be obtained.  

 

Energy-dispersive x-ray spectroscopy is an analytical technique which detects the 

characteristic x-rays produced from the interaction of  the incident beam with the 

specimen for elemental or chemical analysis. It is often used in conjunction with an 

electron microscope, such as SEM and TEM. A spectrum of  counts versus  x-ray energy 

is recorded. The technique normally gives high accuracy for heavy elements, i.e., heavier 

than sodium. For lighter elements, the resolution is hampered by the resolution limit of  

the solid-state x-ray detector. For the analysis of  light elements, such as C, N or O, EELS 

may become a more suitable technique.  

 

Electron energy loss spectroscopy is an analytical technique that measures the energy 

distribution and lost energy of  electrons which have propagated through a thin specimen. 

EELS is usually carried out in STEM mode. The electron energy loss near edge structure 

(ELNES) and the extended energy loss fine structure (EXELFS) of  the obtained energy 
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loss spectra can provide information on the specimen thickness, elemental analysis, 

valence and conduction electron density, and band structure. It is more sensitive to the 

light element in contrast to EDX. Therefore, EELS provide the information on the 

existence and locations of  N and C in this work.  

 

Figure 14 shows an example of  a scanning transmission electron micrograph of  the 

cross section of  the worn Ti3SiC2 cathode surface with EDX and EELS elemental maps 

of  a selected area. The relatively bright contrast of  mapped area reveals Ti rich region of  

high Z element, while the dark contrast comes from Si rich region of  comparably low Z 

element. The result is further discussed in Paper 2.  

 

 

Figure 14. Scanning transmission electron micrograph with EDX and EELS maps of  the marked 
area from the 2 Pa-50 A evaporated MAX cathode surface: (a) STEM image of  the selected area, 

(b) Ti EDX map, (c) Si EDX map, and (d) C EELS map. 

 

 

Special attention was given to sample preparation for metallography in order to properly 

display the cross sectional microstructure of  the cathodes and coatings. In particular, 

focused ion beam technique is the only technique that practically made the micro- and 

nanostructural analysis of  the worn cathode surface possible. The rough surface of  the 

worn cathode made the conventional TEM sample preparation methods impractical. 

 

A mechanical polishing machine of  Struers Tegramin 30 was used with a regular 

preparation approach, including mechanical grinding and polishing. The prepared 

samples were afterwards etched by electropolishing to expose the grain structure. A 

recipe of  the Cr specimens is given as example, for grinding, Table 2 for polishing, and 

Table 3 for etching.  
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Table 1 Parameters of  the Cr mechanical grinding. 

Parameter Plane grinding 1 Plane grinding 2 Fine grinding 1 Fine grinding 2 

Grinding paper SiC SiC SiC SiC 

Grain/grit size 220 500 1200 2400 

Lubricant Water Water Water Water 

Rotation 
direction 

Same Same Same Same 

Rotational speed 
(rpm) 

300 300 150 150 

Force (N) 30 30 30 30 

Time (mins) 1 2 3 3 

 

Table 2 Parameters of  the Cr mechanical polishing. 

Parameter Polishing 1 Polishing 2 Polishing 3 Polishing 4 

Cloth MD-Mol MD-nap MD-Chem MD-Chem 

Grain/grit size 3 µm 1 µm 0.25 µm 0.04 µm 

Abrasive Diamond Diamond OP-U Mastermet 

Lubricant DP-green DP-green - - 

Rotation 
direction 

Same Same Same Same 

Rotational speed 
(rpm) 

150 150 150 150 

Force (N) 20 20 15 15 

Time (mins) 6 8 10 10 

 

Table 3 Electropolishing recipe of  Cr specimen. 

Parameter Value 

Voltage (V) 30 

Current (A) 0-1 

Etchant (ml) 
Acetic acid: 95 

chrolotic acid: 5 

Time (s) 60 

4.3.6.2 Focused Ion Beam 

The focused ion beam (FIB) system combines a scanning electron microscope and 

scanning ion microscope, see Figure 15. Based on the configuration of  a scanning 

electron microscope, a column with a liquid-metal ion source is added in FIB to generate 

ions, which can be scanned over a sample surface to produce measurable signals and etch 

materials. In this work, I took great advantage of  its local micro-machining capability to 

prepare TEM samples of  the worn cathode surfaces. 
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Figure 15. Illustration of  the working principle of  FIB system. 

 

The conventional sample preparation [81] includes the following procedures: 

 

1) To align the SEM beam and FIB beam to the coincident angle of  54º and the 

crossing working distance of  4.9 mm. 

2) To deposite a ~2 µm Pt protection layer.  

3) To mill the both sides of  the targeted sample with the Pt layer by coarse milling 

until a thickness of  ~800 nm, using 30 kV/2 nA and 30 kV/500 pA ion beam 

4) To lift out and attach the sample to a Cu grid by a sharp micro-manipulator. 

5) To further thin and polish the thin foil to electron transparent thickness in a 

sequence of  200, 50, and 20 pA beam.  

 

In reality, a sample that includes both the cross section of  the converted layer and top 

part of  the unaffected zone of  the cathode is preferred in order to have a full view of  

the converted layer of  the worn cathode, i.e., a ≥10 µm deep sample is targeted. 

Therefore, the recipe has been further developed in the fine thinning stage to still obtain 

a thin enough, not bent, and unpolluted TEM sample. As shown in Figure 16, the fine 

thinning procedures include: 

 

1) To thin both sides of  the whole sample until thickness of  ~400 nm by 200 

pA/30 kV ion beam.  

2) To further thin half  of  the sample to ~50-120 nm on both sides by 50 pA /30 

kV ion beam. During this step, leave the far unattached end and the bottom of  

the sample unmilled, constructing a frame for the final thinned part not bended 

during milling, as shown in the surronding dark grey part of  the region B in 

Figure 16 (b). The remaining part of  region A can be a backup in case that the 

final step goes wrong, which occurs not rare for such a relatively large sample.  

3) To end with ion beam cleaning on both side by 20 pA/30 kV ion beam.  
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Figure 16. Schematic illustration of  the fine milling procedures for TEM sample  

preparation of  the worn cathode by FIB. (a) top view of  the sample. The dark grey part is the 

final sample. (b) side view of  the sample. Region B is electron transparent region.  

 

The SEM micrographs of  different stages of  the sample preparation from the Ti-Si 

80/20 at.% worn cathode are shown in Figure 17. Figure 17(a) presents the bulk sample 

morphology after step 3. Figure 17(b) displays the thin foil sample at step 4, when the 

sample is attached to one foot of  the Cu grid. Figure 17(c) shows a ready TEM sample 

using an electron transparence detecting SE signal.  

 

 

Figure 17. Scanning electron micrographs of  Ti-Si TEM sample preparation at step of: (a) after 

coarse milling, (b) during lift-out, and (c) the final polished sample. 
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This chapter describes the two used metallurgical synthesis methods, including their 

fabrication parameters and the physical properties of  the virgin cathodes.  

 

The cathodes used for cathodic arc depositions are normally fabricated by two methods: 

metallurgical melting [82] and powder metallurgy. In this work, the Ti and Ti-Si cathode 

studied in Paper 1 were manufactured by metallurgical melting by GfE Materials 

Technology Inc. while the Ti-Si and Cr cathodes in Paper 2 and Paper 5 were fabricated 

by powder metallurgy by PLANSEE Composite Materials. 

 

The Ti and Ti-Si cathodes studied in Paper 1 are produced with a vacuum-arc-melting 

process. Due to the high reactivity of  Ti and Ti-Si towards oxygen and nitrogen, the 

melting processes have to be carried out in a vacuum or in an inert gas atmosphere. The 

heating is implemented with a high-energy plasma arc, able to melt materials. The Ti 

cathode studied in Paper 1 was forged and rolled after the same vacuum arc melting 

process. 

 

In general, the powder metallurgy method for fabricating cathodes used for cathodic arc 

evaporation involves a four-step process:  

1) Powder production 

2) Powder blending 

3) Sintering 

4) Machining/sharping 

 

Among these four steps, the technique used for sintering differs depending on the 

material composition and the targeted microstructure. The conventional sintering 

approaches used in work for manufacturing cathodes include hot isostatic pressing (HIP) 

and hot pressing (HP) while spark plasma sintering (SPS) technique can be an 

extraordinary option to meet special demands, such as high material density achieved 

within a very short processing time for very fine microstructure of  the final products. 

The main characteristics of  the three techniques are briefly summarized in Table 4.  

 

Three out of  four Ti-Si 80/20 at.% cathodes with different grain sizes in Paper 2 were 

fabricated by SPS to control their grain size with approximately one magnitude variation. 

The Cr cathodes in Paper 5 were fabricated by a HIP process. The detailed process 

parameters and the physical properties of  the virgin cathodes are listed in Table 5.  
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Table 4. Characteristics of  the SPS, HP, and HIP sintering processes.  

 

 SPS HP HIP 

Cycle time 5-25 min 8-16 h 8-16 h 

Heating 
rate 

≤2000 ºC in 5 min 10 ºC /min 5 ºC /min 

Mechanism 
 Uniaxial force  

 On-off  DC pulse energy 

High temperature (up to 2400 ºC ) 
and high uniaxial pressure (up to 50 
MPa) 

High temperature (generally over 1000 
ºC ) and high isostatic gas pressure 
(generally over 98 MPa) [83] 

Mold/Tools Ordinary, e.g. graphite Complex and expensive, e.g. CFC 
Complex capsuling due to the usage of  
the high external gas pressure up to 200 
MPa 

Sintering 
Materials 

 Electric conductive/non-conductive 

 With fine grain structure 

 Difficult-to-sinter or subject to unattended 

 deformation by other sintering techniques 

For most of  the materials, except for 
high vapor pressure materials to 
avoid contamination 

 Metals, alloys, ceramics 

 Critical for materials with strong 
exothermal reactions 

Benefits 

 Full density in short time and at low temperature 
(200-500 ºC lower than conventional tech.) 

 High homogeneity 

 Very fine microstructure 

Ordinary and low cost 
Near net shape products requiring little 
machining 

Dimensions Optimal for discs and plates up to 300 mm in diameter 
Optimal for plates up to 260 x 310 
mm2, discs with 300-400 mm 

Optimal for large sized blocks and rods 
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Table 5. Physical properties and process parameters of  the powder metallurgical Ti-Si, Cr cathodes. 

 

Papers 
Cathode 
Labeling 

Composition 
Powders Size 

(µm) 
Technology Processing Parameters 

Grain size 
(µm) 

Purity 
(%) 

Density 
(g/cm3) 

Paper 2 

C1 
Ti:Si at. % 
19.7:80.3 

Ti<1000 
TiSi2 45-150 

SPS 
T=1250 ºC for 10 min 
ΔT=100 ºC/min 

~8 99.8 4.38 

C2 
Ti:Si at. % 
20.7:79.3 

Ti; 45-150 
TiSi2 45-150 

HIP 
T=950 ºC for 10 min 
ΔT=5 ºC/mins 

~20 99.7 4.43 

C3 
Ti:Si at. % 
19.7:80.3 

Ti<32 
TiSi2 <63 

SPS 
T=1250 ºC for 10 min 
ΔT=100 ºC/min 

~120 99.95 4.40 

C4 
Ti:Si at. % 
24.7:75.3 

Ti<45 
Si<10 

SPS 
T=950 ºC for 10 min 
ΔT=100 ºC/min 

~600 99.7 4.35 

Paper 5 

C5 Cr 100% Cr 800-1200 HIP 
T=1180 ºC for 180 min 
ΔT=3-5 ºC/min 

~10 99.95 7.19 

C6 Cr 100% Cr <160 HIP 
T=1100 ºC for 180 min 
ΔT=3-5 ºC/min 

~160 99.95 7.19 

C7 Cr 100% Cr <10 HIP 
T=1100 ºC for 180 min 
ΔT=3-5 ºC/min 

~500 99.95 7.19 

 

 

 



 

28 

 

 



Microstructure Evolution of  Cathodes and the Deposited Coatings 

29 

 

 

This chapter together with the appended papers is the core of  the thesis. It starts with a 

literature review, primarily on some pioneering experimental studies of  the arced cathode 

surface, with emphasis on previous work directly relevant to the thesis. It then addresses 

several aspects of  the cathode evolution during reactive cathodic arc deposition, which 

include: 

 

 How Ti and Cr cathodes behave as model materials with different reactivity to 

the reagent gas nitrogen. 

 Reasons for the different behavior of  elemental Ti and alloyed Ti-Si cathodes. 

 Why the same composition of  Ti-Si cathodes evolves differently when different 

fabrication methods are used. 

 How the microstructure affects the behavior of  a cathode, in particular the grain 

size of  Ti-Si cathodes. 

 How the novel Ti3SiC2 MAX phase material evolves when used as a cathode. 

 

It ends with the composition and microstructural analysis of  the as-deposited Cr-N, Ti-

Si-N and Ti-Si-C-N coatings to establish a relationship between the cathode 

microstructure and the coating properties. Only overview statements are given here while 

more detailed descriptions can be found in the appended papers.  

 

The fact that the physical process of  the cathodic arc discharge takes place in the very 

near surface of  the cathode and significantly depends on the cathode materials, as 

comprehensively described in Section 2.2, indicates that the cathode itself  is one of  the 

key factors and it has a large impact on the CAD processes as well as on properties of  

the deposited coatings.  

 

In general, there is a large number of  input parameters of  the cathode that influence the 

arc behavior, plasma generation and the coating properties, for instance, the material 

composition, the microstructure, and the surface state of  the cathode, the arc current, 

the applied magnetic field, and the cathode temperature [42]. Specified mature deposition 

recipes have been developed for different cathode material systems regarding the arc 

current, magnetic field and cathode temperature by the hard coating industry in the past 

three decades. However, the scientific background of  the cathode evolution with 

reference to its material composition, microstructure and the surface state during arc 

discharging is still not explored. 
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In the cutting tool industry, the cathodic arc synthesized nitride coatings used as wear 

protection started its evolution with TiN and has since then gained tremendous 

development either by fully replacing Ti with other transition metals, such as Cr, Zr, and 

Hf, or by additionally introducing a third or even fourth element, such as Al, Si, C, or B, 

constituting new coatings as ZrN, CrN, HfN, TiAlN, TiSiN, TiCN, TiAlSiN, TiSiCN etc, 

to obtain enhanced mechanical, chemical and thermal properties. This evolution has 

concurrently expanded the corresponding cathode material into a family of  pure 

transition metals, their binary alloys, or even ternaries. The pioneering work [26, 84, 85] 

about the surface state of  cathodes during discharging and the general influence of  the 

cathode on the reactive CAD process  has only inferred that a nitrided compound layer 

forms on the cathode surface during reactive CAE process, which influences the 

evaporation rate, deposition rate, and formation of  macroparticles. Later on, Kuehn et al. 

[86] qualitatively confirmed the presence of  nitrogen in the near surface region by x-ray 

photoemission spectroscopy and Rutherford backscattering spectroscopy. Hovsepian [87] 

specifically proposed that the cathode surface contains Ti2N and TiN but with no 

experimental proof. The surface modification effect of  different cathode materials by 

nitrogen during the CAD process has been also briefly mentioned in Kuehn’s work [86]. 

They claimed that the Ti surface is moderately nitrided while Cr surface remains purely 

metallic in the same nitrogen atmosphere. However, the nature of  the compound layer 

on Ti cathodes has not been experimentally characterized beyond establishing the 

presence of  N in the surface. The detailed microstructure of  the less reactive Cr cathode 

surface is not described either. Besides, there is no relevant report on the evolution of  

binary/ternary cathode materials or on the influence of  different metallurgical 

fabrication technologies on the reactive arc process to date.  

 

In the field of  high current switches, another large application area of  cathodic arcs, the 

effect of  the microstructure of  the cathode material, including grain size, surface 

roughness etc, on the arc behavior and plasma generation, has been intensively 

investigated in the past decade. Fu [88] noted an increase with a factor of  100 in the arc 

lifetime and a 30 % decrease in arc voltage at the most with increasing surface roughness 

of  Cu cathodes when applying a transversal magnetic field. Wang et al [89] found that the 

phase composition and the grain size of  the CuCr electrodes affects the migration 

mechanism of  the cathodic arc spots. Yang et al [90, 91] made continuous studies on the 

vacuum arc characteristics of  CuCr alloys of  varied grain size from nm to μm using a 

digital high-speed video camera and concluded that a nanocrystalline CuCr alloy 

electrode generates a more stable arc, lower chopping current, and more directed spot 

motion compared with the same compositional but microcrystalline CuCr electrode. 

Literatures emphasized the substantial effect the cathode microtructure on the arc 

behavior with regard to Cu and CuCr alloy in a non-reactive mode. No related studies on 

the influence of  the microstructure of  the cathode on the reactive arc evaporation 

process or on the coating synthesis have been reported, with respect to the elemental 

metal cathode or the alloyed cathode. 

 

In spite of  all conventional metal and alloys, it is strategically interesting to explore new 
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materials as the potential candidate of  cathode sources for cathodic arc deposition. 

Recently, a new material family of  the Mn+1AXn (n=1, 2, or 3) phases [75], where M is 

transition metal, A is an A-group element, and X is C and/or N, with both metallic and 

ceramic properties, have successfully been synthesized. They could potentially be 

attractive cathode materials for reactive CAE synthesis of  corresponding quaternary hard 

coatings, which will possibly be the next generation of  hard coatings. For example, 

Ti3SiC2 with attractive properties, including higher electrical and thermal conductivities, 

similar thermal shock resistance and better machinability compared to Ti-Si alloys, could 

be used to produce Ti-Si-C-N coatings, which is expected to exhibit similar high 

hardness as Ti-Si-N but with a lower friction coefficient. The microstructure evolution 

of  such material during reactive CAD process has not been reported previously.  

 

Therefore, the core of  this thesis, which was inspired from the aforementioned aspects, 

is to explore more fundamental understanding on surface evolution of  the Ti-based and 

Cr cathodes during and after discharging in terms of  the metallurgical fabrication 

methods, microstructure, composition, and the material’s reactivity to ambient gas of  the 

cathode as well as its influence on the deposited coatings by in-situ and ex-situ 

characterization techniques.  

 

The cathode microstructure evolution during cathodic arc process is dependent on the 

material properties, including the microstructure, the composition and the reactivity. 

They are possibly influenced by the evaporation conditions and other parameters to 

various degrees. The evaporation conditions and parameters of  all the studied cathodes 

are listed in Table 6 in order to make a meaningful and clear study.  
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Table 6. Evaporation conditions and parameters of  studied cathodes. 

Section 
 

Cathode 
material 

Deposition 
system 

Arc 
current 

(A) 

Nitrogen 
pressure 

(Pa) 

Deposition 
temperature 

(ºC) 

Fixture 
movement 

Bias 
(V) 

5.2.1 
 

Ti 
Metaplas 
MZR 323 

50 2 450 Rotating -30 

Cr 
MultiArc 

32 in. 
75 2 350 Rotating -100 

5.2.2 Ti-Si 
Metaplas 
MZR 323 

50 2 450 Rotating -30 

5.2.3.1 Ti-Si 
Metaplas 
MZR 323 

50 2 450 Rotating -30 

5.2.3.2 Cr 
MultiArc 

32 in. 
75 2 350 Stationary -100 

5.2.4 Cr 
MultiArc 

32 in. 
75 2 350 

Rotating/ 
Stationary 

-100 

5.2.5 Ti3SiC2 
Metaplas 
MZR 323 

50-90 0.5-2 450 Rotating -30 

  

 

Ti and Cr cathodes are often arced in a nitrogen atmosphere to grow TiN and CrN, 

respectively, which are the first-generation hard PVD coatings since 1970’s and still the 

first and most popular choice of  the terminating protection layer in the wear resistant 

application. The surface evolution of  the Ti and Cr cathodes during arc discharging 

differs in terms of  their phase composition and microstructure.  

 

The commercially available high purity Ti cathodes, fabricated by metal melting methods, 

are composed of  polycrystalline α-Ti phase, as seen in x-ray diffractograms in Figure 18 

(a). After being operated in a 2 Pa nitrogen atmosphere and 50 A current, the Ti cathode 

surface incorporates 20-25 at.% nitrogen in the form of  an additional cubic-TiNx phase. 

In contrast, the phase composition of  Cr cathode only contains ~2 at.% nitrogen at the 

surface region and does not change before and after arc discharging at the same 

conditions, i.e., only α-Cr is indexed in the sample as shown in the Figure 18 (b).  
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Figure 18. X-ray diffractograms of  the virgin cathodes in Bragg-Brentano scan and worn 

cathodes in grazing incidence scan with 1º incident angle: (a) Ti and (b) Cr. The peak positions of  

the reference phases are illustrated by the dotted lines.  

 

As seen in the plan view SEM micrograph in Figure 19, the worn Ti cathode surface is 

covered with overlapping semicircular 10-30 µm craters with smooth rim. In contrast, the 

worn Cr cathode surface is also covered with overlapping 10-30 µm craters but with an 

irregular rim connected with numerous splashes.  

 

 

Figure 19. Plan view scanning electron micrographs of  the worn surface of  (a) Ti and (b) Cr 

cathodes. 

 

The surface evolution with incorporation of  substantial amount of  nitrogen results in a 

5-12 µm converted layer on the Ti cathode, see Figure 20 (a). The converted layer 

consists of  nano-sized Ti and TiNx grains. Nitrogen exists as deep as 4.5 µm below the 

surface of  Ti (Paper 1). The Cr cathode is terminated with a 10-15 µm converted layer 

on the surface, see Figure 20 (b),  which consists of  micrometer-sized Cr grains with an 

average N content of  ~2 at.% (Paper 5). 
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Figure 20. Cross-sectional optical and scanning electron micrographs of  the worn cathodes: (a) 

Ti and (b) Cr. 

 

In general, the formation of  the converted layer results from the extremely high power 

input of  the cathode spots at the very near surface region during arc discharging. The 

microstructure and composition of  such layer is determined by the reactivity of  the 

cathode material to the ambient gas.  

 

Ti is highly reactive to nitrogen gas. Therefore, the Ti surface and the airborne 

macroparticles react to the ambient nitrogen during arcing, forming TiN phase. The very 

existence of  N with depth of  4.5 µm below the surface indicates the converted layer with 

N-containing phase is a result from the ejected and buried nitrided macroparticles on the 

surface in the presence of  the reactive nitrogen gas. As schematically shown in Figure 21, 

the dense plasma in front of  the molten pool, produces a pressure by several orders of  

magnitude higher than atmospheric pressure [37]. The high pressure induces splashes 

from the molten pool and consequently macroparticles forms, some of  which are 

redeposited and solidified in the vicinity of  the emission center. The nitrogen species, 

including activated nitrogen ions and nitrogen gas, nitride the macroparticles while both 

being airborne and landing on the surface. The cyclic generation of  splashes of  molten 

liquid will overlap the nitrided macroparticles during the reactive CAE process. The 

locations, in which the active cathode spots was just extincted, resolidified as the cathode 

is kept cold through continous water cooling. The formation of  TiN phase with a 3000 

ºC melting point, which is much higher than the Ti phase with 1660 ºC, exists as a 

nucleus during resolidification. Therefore, a converted layer with nano-sized dispersed N-

containing grains is eventually formed after very fast cooling. 

 

Figure 21. Schematic illustration of  the nitride effect during the macroparticles generation. 
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In contrast, Cr shows very weak reactivity to nitrogen. The arced Cr cathode surface and 

the active airborne macroparticles incorporate a very limited amount of  nitrogen during 

evaporation. Therefore, the surface molten layer does not contain any chromium nitride 

phases. The resolidification processes are different compared with the case of  Ti cathode. 

It is probably a pure metal solidification with a planar solid-liquid interface. Therefore, 

the converted layer is composed of  heterogeneous grain structure under the disturbance 

from the underlying arc-unaffected solid grains.  

 

The chemical composition of  the converted layer of  the pure metal cathodes affects the 

cathode spot behavior during arcing, such as the power input, temperature, lifetime, and 

re-ignition preference. For a Ti cathode, the incorporation of  TiNx phase with a lower 

work function of  3.74 eV than 4.33 eV of  Ti [92] renders a favorable arc ignition and the 

arc movement is consequently faster than that on a pure metal surface, i.e., the lifetime 

of  one arcing event is comparably shortened by the easy reignition at TiNx containing 

site. In case of  the Cr cathode, non-nitrided converted layer does not promote the 

reignition in such way, therefore a cathode spot stays alive longer, which also observed by 

other researchers [8]. The irregular and more violent feature of  the craters of  the Cr 

cathode surface also indicates this to be the case as well. 

 

The microstructure of  the commercially available Ti-Si 80/20 at.% cathode differs 

distinctly in the microstructure depending on the metallurgical fabricating technologies, 

which are metal melting (MM) and powder metallurgy (PM). 

 

The phase composition of  the virgin and arc worn Ti-Si 80/20 at.% cathodes fabricated 

by metal melting and HIP powder metallurgy is shown in x-ray diffractograms in Figure 

22. The virgin MM Ti-Si 80/20 at.% cathode contains Ti and Ti5Si3 phases while the 

virgin PM Ti-Si 80/20 at.% cathode contains the same major phases of  Ti and Ti5Si3 

with additional TiSi phase. Ti3Si phase, an equilibrium phase in a Ti-Si 80/20 at.% 

composite according to Ti-Si phase diagram, does not exist in any cathode. The reason is 

possibly due to the fact that the formation of  the Ti3Si phase takes place only during a 

very slow solid-state phase transformation process at the eutectic temperature [93], but 

both MM and HIP are relative fast processes, which do not allow for the transformation. 

In the hot isostatic pressed Ti-Si cathode, the phase transformation path of  the starting 

TiSi2 powder undergoes TiSi2→TiSi→Ti5Si3 when surrounded with sufficient Ti grains. 

A small fraction of  TiSi phase exists due to the incompleted transformation. 
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Figure 22. X-ray diffractograms of  the virgin and worn Ti-Si 80/20 at % cathodes fabricated 

with different metallurgy methods: (a) virgin cathodes (b) worn cathodes after arcing at 50 A and 

2 Pa. The peak positions of  the reference phases are illustrated by the dotted lines.  

The typical microstructure of  the virgin and arc worn Ti-Si 80/20 at.% cathode 

fabricated by metal melting and HIP is shown in Figure 23. The virgin MM Ti-Si 80/20 

at.% cathode has a mixed microstructure of  the proeutectic hexagonal Ti5Si3 grains and 

the Ti+Ti5Si3 eutectic structure, as shown in the low region of  Figure 23 (a), where the 

detailed phase identification of  the structure is given by combined analysis of  XRD, 

SEM, and EDX, as seen in Paper 1. An undulated surface remains after arcing, shown in 

the top half  region of  Figure 23 (a). The valley of  the undulation frequently sits above 

the halfway arced Ti5Si3 grain, i.e., preferential erosion occurs to the Ti5Si3 grain. The 

reason is that the work function of  Ti5Si3 at 3.71 eV is 0.84 eV lower than that of  Ti. The 

high magnified SEM micrograph in Figure 23 (c) reveals that the cathode surface is 

covered with a several-µm-thick converted layer, which contains evenly distributed 

hundred-nm-sized equiaxed grains.  

 

In contrast, the virgin PM Ti-Si cathode contains ~100 µm Ti5Si3-encapsulated TiSi/TiSi2 

grains dispersed in a Ti matrix, as seen in the low region of  Figure 23 (b), where the 

phase identification of  grains is given in Paper 2. After arcing, an undulated surface 

forms and is covered with a converted layer, consisting of  homogenous ~100-nm-sized 

grains, as seen in Figure 23 (d). The silicide grains are preferentially eroded as well.  
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Figure 23. Cross-sectional optical and scanning electron micrographs of  the Ti-Si 80/20 at.% 

cathodes fabricated with different metallurgy methods: (a) and (c) Ti-Si by metal melting at two 

different magnifications, (b) and (d) Ti-Si by powder metallurgy at two different magnifications. 

The metal melting sample was firstly mechanical polished and then chemical etched while the 

powder metallurgical sample was only mechanically polished. 

 

The preferential erosion of  the Ti5Si3 phase of  the MM Ti-Si cathode is less pronounced 

in the region with only the fine eutectic structure of  Ti+Ti5Si3, with no hexagonal Ti5Si3 

grains. Figure 24 displays the typical cross section of  MM Ti-Si sample with no 

hexagonal Ti5Si3 grain in the near surface region. The space between the Ti and Ti5Si3 in 

the eutectic structure is ~5 µm, which is much more homogenously distributed 

compared to the region with 100-300 µm Ti5Si3 grains. This phenomenon hints that the 

microstructure of  alloyed Ti-Si cathode influences the surface evolution during arc 

discharging. More details are given in the section 6.2.3. 

 

 

Figure 24. Cross-sectional scanning electron micrographs from the smooth region of  the Ti80Si20 

cathodes fabricated by metal melting.  

 

The surface morphology of  the worn Ti-Si 80/20 at.% cathodes with different 
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fabrication methods are shown in Figure 25. Both cathode surfaces are covered with 

overlapping craters, however, the surface of  the PM Ti-Si cathode appears much 

smoother than that of  the MM one. This can be attributed to the less degree of  

preferential erosion of  the Ti5Si3 phase with much homogeneously distributed Ti and 

Ti5Si3 phases’ distribution.  

 

 

Figure 25. Plan view scanning electron micrographs of  the worn surface of  the Ti-Si cathodes 

fabricated by (a) powder metallurgy and (b) metal melting.   

 

6.2.3.1 Alloyed Ti-Si Cathodes 

The microstructure and phase composition of  virgin Ti-Si cathodes are different with 

their different grain sizes. The arc behavior and the surface morphology of  the Ti-Si 

cathode are consequently dependent on the grain size. Here, ~20 µm grained (C2 in 

Table 5) and ~600 µm grained (C4 in Table 5) ~80/20 at.% Ti-Si cathodes are taken as 

examples. 

 

In the virgin state, the ~80/20 at.% Ti-Si cathode differs in the phase composition and 

the grain morphology dependent on the grain size, even when sintering with the same 

starting compounds of  Ti and TiSi2. During sintering, the phase transformation of  

TiSi2→TiSi→Ti5Si3 occurs via rate-determining Si diffusion when the TiSi2 is surrounded 

with sufficient Ti. The sintered ~80/20 at.% Ti-Si cathodes C2 and C4 contain major 

phases of  Ti5Si3 and Ti. However, the amount of  TiSi increases substantially from C2 to 

C4 and TiSi2 is additionally present in C4 since the larger grains give longer Si diffusion 

path and the phase transformation during short time processing is not completed. The 

microstructure of  cathode C2 contains ~20 µm Ti5Si3 grains with a small TiSi core 

dispersed in a ~20 µm Ti matrix while C4 has ~mm Ti5Si3-encapusuled TiSi/TiSi2 

grains/agglomerates in a ~500 µm Ti matrix.  

 

During arc discharging of  Ti-Si 80/20 at.% cathode, preferential erosion takes place on 

Ti5Si3 grains due to its low work function, as discussed in section 6.2.2. Such preferential 

erosion is enhanced by increasing the grain size. The global arc appears to split more 

pronouncedly and appears more staggered on C4 than C2. Meanwhile, more shining 

particles, which originate from the silicide grains and are the major source of  the 
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macroparticles, were seen to be emitted from the cathode surface of  C4.  

 

 

Figure 26. Illustration of  cross-sectional Ti-Si cathodes during arc discharging in cross-sectional 

view exhibiting preferential erosion with (a) very fine grain size and (b) coarse grain size: Ti in 

white region, Ti-Si/Ti5Si3 in grey region, cathode spots in black filled circle, and converted layer 

in rasterized undulated layer. (Paper 2). 

 

After evaporating, both cathodes are covered with a several µm thick converted layer 

with a nanostructure, which is similar to the one described in section 6.2.2. However, the 

composition of  such layer is dependent on the grains beneath, particularly, the Si content 

of  the grain. The global surface morphology of  the Ti-Si cathodes C2 and C4 is 

determined by their grain size. The average surface roughness Ra of  the worn Ti-Si 

cathodes has the relation of  Ra(C4)=30×Ra(C2). The undulation of  the worn surface 

has a periodicity of  the same order as the grain size of  the cathodes.  

 

The aforementioned observed differences are attributed to the enhanced geometrical 

scale of  the heterogeneous work function map of  the cathode surface by the increasing 

grain size. A comprehensive study on the microstructure evolution of  the Ti-Si cathodes 

with four different grain sizes before, during, and after evaporation is given in Paper 2. 

6.2.3.2 Elemental Cr Cathodes  

During arc discharging, the worn Cr cathode surface is covered with a 12-15 µm 

converted layer, consisting of  only Cr phase. The microstructure of  the converted layer 

is affected by the grain size of  the virgin cathode. The converted layer of  the Cr cathode 

with several micrometer grains is composed of  polycrystalline ~0.5-2 µm equiaxed grains 

while that of  the cathode with several hundred micrometer grains contains stacked 

laminas. However, the Cr is rather inert to the ambient nitrogen gas and no Cr-N phase 

is formed during arc discharging regardless of  the cathode grain size with the range of  

~10-300 µm, i.e., the phase composition of  the converted layer is not affected by the 

grain size of  the virgin cathode. The characterization and discussion concerning about 

the surface evolution of  the Cr cathode with different grain size are given in detail in 

Paper 5. 
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Figure 27. Cross-sectional scanning electron micrographs of  the Cr cathode with (a) fine grain 

size and (b) medium grain size.  

 

For Cr cathodes, the movement of  the substrate fixture during deposition, which is 

either stationary or rotating used in this thesis, has high impact on the evolution of  

cathode surfaces. With a rotating fixture, which is the default setting in the industrial 

system (see Figure 28 (a) ), the cathode surface is only covered with overlapping craters, 

(see Figure 29 (a)). However, with a stationary fixture (see Figure 28 (b)), many worm-

like ditches are present on the Cr cathode surface in addition to the overlapping craters, 

see Figure 29 (b). 

 

Figure 28. Illustration of  the deposition system with (a) rotating and (b) stationary fixture. 
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Figure 29. Plan view scanning electron micrograph of  worn Cr cathodes evaporated with (a) 

rotating fixture and (b) stationary fixture. 

 

The origin of  the ditches still remains unclear but some of  the possible causes are as 

following: 

 The cathode is exposed to high heat flux induced by plasma heating and strong 

thermal radiation from the substrates. 

 The region with big grains has loose bonded triangular regions or wider grain 

boundaries that principally can be preferentially eroded. 

 Cr contains characteristic magnetic properties.  

 

An open discussion on this topic is given in Paper 5. 

 

 

In general, Ti3SiC2 decomposes rather than melts by increasing the temperature. The 

decomposition of  the Ti3SiC2 phase is dependent on the presence of  impurities and the 

environment [94]. In general, it is initiated from the removal of  Si layer due to the weaker 

Ti-Si bond compared with Ti-C bond, see section 3.2. The left Ti3C2 twin layers 

eventually rearrange to form a TiCx structure by relaxation and de-twinning. The specific 

paths and final products of  Ti3SiC2 decomposition by annealing for hours or even days at 

different circumstance are well reviewed by Wang [95] and Barsoum [75] for bulk 

samples and by Eklund et al [76] for thin films. However, the thermal cycle during DC 

arc discharging is rather different to what has previously been reported. The local heat, 

generated by the arc and its rapid dissociation by water cooling, provides a short-time or 

pulsed thermal process for phase transformation and decomposition, since individual arc 

events occur in the ns to μs time scale. The most likely decomposition by arc discharging 

is   

23523 TiSidCSiTicTiCbSiCTia yx    6-1 

This decomposition occurs in a 5-15 μm deep region below the cathode surface, forming 

a converted layer with different microstructure and composition compared to virgin 

Ti3SiC2. Detailed description of  the decomposition mechanism is given in Paper 3. 
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The enhanced preferential erosion of  the Ti5Si3 grains of  the Ti-Si virgin cathodes by 

increased grain size during arc discharging changes the properties of  the as-deposited Ti-

Si-N coatings in terms of  deposition rate, droplet density and morphology, surface 

roughness, and chemical composition.  

 

The preferentially eroded Ti5Si3 phase display a low erosion rate due to its high cohesive 

energy. Therefore, enhanced preferential erosion of  Ti5Si3 grains by increasing the grain 

size of  the Ti-Si cathode results in a lower deposition rate of  the as-deposited Ti-Si-N 

coating, which decreases up to 19 % with increasing grain size of  the Ti-Si cathodes 

from ~8 to ~600 µm. The enhanced preferential erosion also prolongs the dwell time of  

the arc on the silicide phase and gives rise to more molten droplets, which eventually land 

on the substrate and resolidify into the platelet-like droplets with 30-50 at.% Si content. 

Hence, the amount of  platelet-like droplets in the Ti-Si-N coating increases substantially 

with the ~600 µm coarse grained cathode compared with that deposited with fine 

grained cathode. The surface roughness and the hardness of  the Ti-Si-N coating are 

consequently decreased with increasing grain size as well. The mechanism about those 

related differences is addressed in Paper 2.   

 

In the Cr-(N) system, the grain size of  the virgin Cr cathode only affects the droplet 

density but not the composition or microstrucuture of  the as-deposited Cr-N coatings. 

The droplet density of  the Cr-N coating is increased by increasing grain size of  the Cr 

cathode, with a stationary fixture. Which is discussed in Paper 5.   

 

The motion of  the substrate fixturing during deposition significantly affects the 

properties of  Cr-N coatings with respect to the microstructure and the phase 

composition. The plasma composition and temperature are different with either rotating 

or stationary fixture. In consequence, the obtained Cr-N coating is a mixture of  cubic 

CrN and hexagonal Cr2N with stationary fixture while there is only cubic CrN phase with 

rotating fixture when other constant deposition parameters are kept constant. Paper 5 

gives a detailed description.  

 

 

Ti-Si-C-N coating with a wide range of  compositions were deposited from a Ti3SiC2 

cathode varying N2 pressure during deposition. Deposited without nitrogen, the Ti-Si-C 

coating is composed of  a mixture of  polycrystalline Ti, TiCx, and TiSiy. With nitrogen 
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pressures from 0.25 to 6 Pa, it is a cubic structured (Ti,Si)(C,N) coating with a 

nanocrystalline featherlike structure. The corresponding hardness ranges from 27 GPa 

with no nitrogen up to 49 GPa with 0.25-0.5 Pa nitrogen. By increasing the nitrogen 

pressure from 2 Pa to 6 Pa, the Si and C segregate to grain boundaries, weakening the 

coating’s strength. A thorough report can be read in Paper 4.  
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This chapter is a summary of  the enclosed papers within this work and is based to some 

extent on the abstract of  the papers.  

 

 

In Paper 1, the surface evolution of  metal forged Ti, Ti90Si10, and Ti80Si20 cathodes used 

in the reactive cathodic arc evaporation has been studied in terms of  the microstructure 

and composition. A 2-12 μm thick N-containing converted layer with nanosized grains 

forms on the cathode surface during arcing in a N2 atmosphere. The formation 

mechanism of  the layer is proposed to be resulted from the redeposition and burying of  

the nitrided macroparticles in the cathode surface. The increasing surface roughness of  

the cathode with increasing Si content up to 20 at.%, is attributed to the preferential 

erosion of  of  Ti5Si3 grains.  

 

In Paper 2, the impact of  the cathode grain size on the arc movement, the cathode 

surface evolution and the coating growth has been investigated using x-ray diffractometry, 

analytical electron microscopy, x-ray photoelectron spectroscopy, elastic recoil detection 

anaylsis, and nanoindentation. Four 63 mm powder metallurgical Ti-Si cathodes with 

different grain size of  ~8 µm, ~20 µm, ~110 µm, and ~600 µm, were evaporated in an 

industrial-scale arc deposition system at 2 Pa N2 pressure and 50 A, 70 A, and 90 A arc 

current and the Ti-Si-N coatings were collected as well. A several-µm converted layer 

incorporated with ~11 at.% nitrogen forms on the cathode surface. The existence of  

multiple phases with different work function in the virgin cathodes affects the arc 

movement and the surface roughness of  cathodes. A preferential erosion of  the Ti5Si3 

grains takes place during arc discharging. The cathode with fine grain size generates a 

finer arc with a smoother motion than the ones with larger grains. After 600 Ah 

evaporation, the surface roughness of  the coarse grained cathode is substantially 

increased due to the enhanced preferential erosion by increasing the cathode grain size. 

The droplet density, the droplet shape, and the deposition rate of  the as deposited Ti-Si-

N coatings influenced by the arc movement, which is shown to be depdendent on the 

corresponding cathode grain size.  

 

In Paper 3, the MAX Ti3SiC2 compound, which has unique physical and mechanical 

properties, is employed as the cathode material for synthesizing Ti-Si-C-N coating. The 
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Ti3SiC2 cathode surfaces, which are operated in different process conditions in reactive 

cathodic arc deposition, are characterized in terms of  the microstructure evolution and 

compositional variation. In a nitrogen reactive operation mode, the cathode surface is 

covered with a converted layer with two distinct sub-layers. The top sub-layer is 3-4 μm 

thick and has a molten and resolidfied microstructure. The second sub-layer is 3–10 μm 

thick and has a decomposed microstructure. The layer is composed of  polycrystalline 

Ti(C,N)x phase and minor quantity of  Si-rich domains with Ti5Si3(C,N) at their interface. 

In comparison to the virgin MAX Ti3SiC2 cathode, the Si/(Ti+Si) ratio of  the top sub-

layer is higher than that of  the second sub-layer due to the Si redistribution induced by 

the arc. In the non-reactive operation mode, the cathode surface is also covered with a 

converted layer with 2 sub-layers. However, the layer is 15-50 μm thick, i.e., 3-5 times 

thicker than the reactive case. The cathode surface contains multiple phases of  TiCx, 

TiSiy, and Ti5Si3(C). By varying the arc current from 50 to 90 A, the microstructure and 

composition of  the converted layer is not significantly influenced since all cathode 

surfaces undergoes melting and resolidification during processing.  

 

In Paper 4, Ti-Si-C-N coatings, which were deposited from the MAX Ti3SiC2 cathodes 

with different arc currents and nitrogen pressures in an industrial-scale arc deposition 

system, have been studied in terms of  the microstructure, composition, and hardness. 

The composition of  Ti-Si-C-N coatings is determinative to their microstructure and the 

hardness. By varying the N2 pressure, the coating contains up to 12 at.% Si and 16 at.% C. 

The coating deposited in a non-nitrogen atmosphere contains under-stoichiometric TiCx, 

Ti, and silicide phases with hardness of  27 GPa. In contrast, nanocrystalline feather-

structured (Ti,Si)(C,N) coating with hardness of  45-50 GPa is obtained at a nitrogen 

pressure of  0.25-0.5 Pa, which is close to boundary value of  the nitrogen saturation. At 

the nitrogen pressure above 2 Pa, the coatings contain crystalline nitride grains with grain 

boundary phase formed by the segregation of  Si and C. When deposited with overdosed 

nitrogen gas, the growth of  the cubic phase in Ti-Si-C-N coatings is very much disturbed 

by the rich Si and C presence and the hardness of  the coating is consequently decreased.  

 

In Paper 5, the influence of  the cathode grain size and the substrate fixturing on the 

microstructure evolution of  the Cr cathodes and the resulting Cr-N coating synthesis is 

studied. Hot isostatic pressed Cr cathodes with three different grain sizes were arc 

evaporated in a nitrogen atmosphere and Cr-N coatings were deposited on cemented 

carbide substrate at 2 and 4 Pa nitrogen pressure, respectively. Due to the much less 

reactivity of  the Cr to the ambient nitrogen gas, the Cr cathodes before and after arc 

discharing are composed of  polycrystalline α-Cr regardless of  the grain size. A converted 

layer forms on the Cr cathode surface and its microstructure differs with the cathode 

grain size. A stationary fixturing results in ditches covering the cathode surface while a 
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single rotating fixturing does not. The increased grain size of  the virigin Cr cathodes 

enhances the quantities of  the ditches. At 2 Pa nitrogen pressure, the Cr-N coating 

deposited with the single rotating fixturing comprise only cubic CrN phase while the one 

deposited with the stationary fixturing comprises a mixture of  hexagonal Cr2N and cubic 

CrN phases. By the increasing grain size of  the Cr cathode, the droplet density of  the Cr-

N coatings increase somewhat while the hardness decreases for the Cr-N coatings 

deposited with stationary fixturing at 2 Pa nitrogen pressure. 



 

48 

 



Contribution to the Field 

49 

 

 

This chapter describes the author’s opinion on how the work may contribute to the field 

of  the cathodic arc synthesized hard coatings.  

 

The work focused on the role of  the cathode in cathodic arc deposition, applied for 

synthesizing nitride hard coating in cutting tool industry. It contributes to the field in the 

following aspects: 

 A recipe, which is used for characterizing the structure and composition of  the 

cathode from macro-, micro-, down to nanoscale, is provided and proven to be 

effective.  

 The work experimentally explores the surface evolution of  the cathodes during 

cathodic arc evaporation in terms of  material compositions, cathode 

microstructure, cathode metallurgical methods, deposition pressures and arc 

currents. The detailed analysis on the converted layer of  the worn Ti-based and 

Cr cathode after arcing quantitatively addressed the so-called nitride effect, or 

poisoning effect of  the cathode surface, which has been briefly mentioned before. 

The work fills a knowledge gap about the nature of  the near-surface region of  

the cathode during and after arc discharging. 

 The systematic study on the influence of  the dedicated designed Ti-Si and Cr 

cathodes with a wide range of  grain sizes on the arc movement and the coating 

growth expanded additionally potential variables that could be taken into account 

for improving cathodic arc synthesized hard coatings. It also bridges the 

connection from raw powders to cathodes and the resulting coatings with respect 

to the composition, microstructure, and properties. 

 The characterization of  the arc worn Ti3SiC2 cathode surface and the resulting 

Ti-Si-C-N coating provides a detailed picture of  the behavior of  the potentially 

new cathode material and the properties of  the grown coating.  
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