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1 Introduction 

High production rates are a substantial element to ensure economically competitive 

manufacturing processes. In the machining industry, cutting processes can be a limiting factor 

because cutting tools are subject to high tribological, thermal and mechanical loads. 

Consequently, the implementation of higher cutting speeds and thus production rates 

demands cutting tools with higher high-temperature hardness, strength and wear resistance 

on the one hand and elasticity and toughness on the other hand. As this combination of 

properties cannot be found in conventional materials, composites of tough or ductile 

substrates and thin hard and wear resistant coatings are commonly used [1]. 

TiN coatings deposited by vapor deposition techniques have been used for many years for 

cutting applications due to their high hardness and melting point, enabling them to withstand 

tribological demands [2]. However, these coatings start to oxidize at low temperatures 

compared to the temperatures they are exposed to during cutting applications [3, 4]. Thus it 

has been proposed to further alloy TiN with Al [5, 6], which results in enhanced oxidation 

resistance and mechanical properties. Furthermore, age hardening of the ternary Ti1-xAlxN 

system leads to a hardness increase at elevated temperatures [7]. In the last decade, the 

effect of a fourth alloying element on the decomposition of the system has been studied and 

Ta is one of the most promising candidates [8, 9]. 

In the present thesis, the effect of an increasing Ta content on microstructure, mechanical 

properties and thermal stability of a Ti1-xAlxN coating system with a Ti/Al atomic ratio of 50/50 

deposited by cathodic arc evaporation was investigated. The as-deposited coatings and 

coatings after annealing in a vacuum furnace were evaluated using X-ray diffraction (XRD) and 

nanoindentation. Additionally, differential scanning calorimetry (DSC) was performed on 

powdered coatings to detect microstructural changes during the heating process. 

Furthermore, the influence of three different bias voltages on the microstructure and the 

mechanical properties was studied for selected coatings.  
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2 Deposition of hard coatings 

Hard coatings are deposited on components used for applications where wear and corrosion 

resistance are of importance. Amongst others these include consumables in the cutting 

industry, e.g. turning or milling inserts or drills, elements in the automotive industry, e.g. 

combustion liners, or the foundry industry, e.g. molds and dies [1]. 

Several techniques are utilized to deposit hard coatings on a material, which is typically called 

substrate in the coating industry. However, they vary considerably in properties that can be 

obtained for individual coatings, deposition rates and temperatures [10]. Vapor deposition 

techniques are widely used for the deposition of hard coatings and include three steps: (i) 

Creation of a vapor phase, (ii) transport of the vapor particles to the substrate and (iii) 

condensation of the particles and formation of a dense coating. In general, two types of vapor 

deposition techniques can be distinguished: Chemical vapor deposition (CVD) and physical 

vapor deposition (PVD) [11]. 

2.1 Chemical vapor deposition 

During CVD, gaseous chemical reactants are introduced into a reaction chamber. There, they 

are activated thermally (conventional or thermal CVD), by a plasma (plasma assisted CVD) or 

laser (laser induced CVD). A vapor is formed through a chemical reaction of the reactants, 

such as oxidation, reduction or pyrolysis, and condenses on the substrate. Although a wide 

range of coatings can be synthesized with CVD, its drawback is that only substrates that 

withstand high temperatures (> 900 °C) can be coated and that the three deposition steps are 

interdependent [1, 10, 11].  

2.2 Physical vapor deposition 

In the course of PVD, a solid material is evaporated through physical effects. Using PVD, the 

substrate temperature can be regulated in a wide range, thus also temperature sensitive 

substrates can be coated. PVD techniques can be further subdivided, depending on the way 

the vapor is created. However, two methods are predominantly used to deposit hard 

coatings, namely sputter deposition and cathodic arc evaporation (CAE). 

During sputter deposition, ions of a gaseous material are accelerated towards a solid, called 

target, in an electric field. There, target atoms are ejected due to energy and momentum 
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transfer from the bombarding ions. This process is called physical sputtering. The particles 

originating from the target, which are mainly neutrals, are then transported to and deposited 

on a substrate. Compounds can be deposited by sputtering a compound target or by 

sputtering an elemental target in the presence of a reactive gas, called reactive sputtering 

[12]. 

For CAE, a high current low voltage arc vaporizes an electrode, creating a highly ionized vapor 

(up to 100 %) that is accelerated towards a biased substrate. An arc is a self-sustained 

discharge between a cathode and an anode, capable of supporting large currents by providing 

its own mechanism of electron emission. The term “cathodic arc” stresses out that the arc 

forms at the cathode. It can form in a vacuum or gaseous atmosphere, therefore, the terms 

“vacuum arc” and “gaseous arc” are used, respectively. However, it is clear that the discharge 

cannot be sustained in a vacuum, due to a lack of chargeable particles. The term “vacuum 

arc” rather emphasizes that the arc is ignited (e.g. by a mechanical igniter) in a volume 

containing a vacuum prior to the ignition. Conducting particles origin from the cathode itself 

and include electrons and multiply charged ions, which are emitted from the arc spot, i.e. the 

point of contact between arc and cathode. The atmosphere “gaseous arcs” are formed in can 

contain reactive gases, which can be used to create compound coatings. Arcs are driven to 

prominent positions on the cathode surface, generated by the roughness every technical 

surface has, and very high current densities (109 - 1010 A/m2) form locally. Thus the cathode 

is subject to heating, resulting in thermal evaporation of particles [12]. 

One negative effect during CAE is the ejection of macro particles, which are formed by 

emission of molten target material. They are incorporated into the growing films, where they 

act as defects, deteriorating the mechanical properties and film adhesion. Therefore, 

different means are used to filter the macro particles, for example a plasma duct that deflects 

the plasma while not influencing the macro particles [12, 13]. An advantage of CAE in 

comparison to other deposition techniques is the high ionization rate of target atoms and 

formation of multiply charged ions. By applying a negative so called bias voltage to the 

substrate holder and consequently, by changing the potential of the substrate with respect 

to the plasma potential, these particles are accelerated more strongly towards the substrate. 

Hence, impinging particles have a high energy, which is introduced to the system, facilitating 

diffusion and resulting in a high coating density. Altering the bias voltage leads to a change of 
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the deposition rate and energy of impinging particles and therefore to a change in the 

morphology of the growing coating. Consequently, the stress state of the coating is also 

influenced. Residual stress in the deposited coating strongly affects the coating’s properties, 

e.g. hardness, elastic modulus and adhesion. Tensile residual stresses are unfavorable as they 

promote crack formation and growth [11, 13]. All coatings investigated within the present 

thesis were deposited via CAE. 

2.3 Morphology of thin films 

2.3.1 Nucleation and growth 

During deposition, vaporized particles impact on the substrate surface with different 

energies, determining whether they are reflected immediately or adsorbed, forming adatoms 

[11]. In the course of the following condensation phase the adatoms diffuse on the surface. If 

the interactions between two adatoms are stronger than the interaction between adatom 

and surface, they form clusters. However, if the adatom-surface interaction is stronger, they 

condensate on surface discontinuities as illustrated in Figure 2.1. The former nucleation type 

is called “island-” or Volmer-Weber mode, the latter “layer-by-layer-” or Frank-Van der 

Merwe mode. Another nucleation type, which is also shown in Figure 2.2 is the “layer and 

island-” or Stranski-Krastanov mode, where monolayers are formed in early stages of film 

growth and islands form on top of them [14]. 

 

Figure 2.1: Schematic of the processes leading to nucleation and film growth [15]. 

Once the clusters reach a critical size they start to grow, incorporating smaller clusters in the 

capture zone around them and arriving particles, until the clusters touch and coalesce, 

minimizing their surface energy and exposing additional substrate surface. New clusters can 

then form on these surfaces during secondary nucleation, closing channels and holes, which 

are not covered during primary nucleation, creating a continuous film [14]. 



Andreas Jamnig  Deposition of hard coatings 

5 

 

Figure 2.2: Schematic of thin film growth modes: (a) layer growth, (b) island growth and (c) mixed layer-island 
growth [15]. 

2.3.2 Structure zone diagram 

The deposition and growth of films depend on many different parameters, making it 

complicated to illustrate which parameter affects the film growth in which way. Therefore 

structure zone diagrams (SZDs) have been developed, limiting the number of influencing 

parameters to a few important. Due to these simplifications, SZDs cannot be expected to 

describe the exact microstructure of a film for given deposition parameters, but rather are 

guidelines to possible microstructures. The SZD proposed by Anders is shown in Figure 2.3 

[16]. It illustrates the expected microstructure, texture and film thickness t* of a coating in 

dependence of the generalized homologous temperature T* and the energy E* of arriving 

particles. T* is defined as 

𝑇∗ = 𝑇ℎ + 𝑇𝑝𝑜𝑡 , (2.1) 

where Th is the homologous temperature, the ratio of film temperature and melting 

temperature, and Tpot takes the temperature shift due to the potential energy of arriving 

particles into account. Particles, that are accelerated towards the surface by a bias voltage, 

have a high kinetic energy when arriving at the substrate and therefore cause displacement 

of surface atoms and heating, which is represented by the energy E* on the second axis. The 

z-axis describes the net thickness t* of the film. 
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Figure 2.3: Structure zone diagram proposed by Anders [16]. 

Within the SZD, four different zones can be distinguished, three of which described by 

Movchan and Demchishin (zones 1, 2 and 3) [17], and the fourth by Thornton (zone T) [18]. 

Three basic processes can be correlated with the formation of the zones: (i) shadowing, the 

interaction of the surface roughness with the angle of incidence of arriving coating atoms, (ii) 

surface diffusion and (iii) bulk diffusion. Porous, tapered crystals dominate the microstructure 

of zone 1, which is formed at T* < 0.4 and low E*. The low T* results in a high number of 

defects in the microstructure and voids at the grain boundaries due to impeded diffusion and 

shadowing effects. Zone T is a transition area between the zones 1 and 2 at 0.4 < T* < 0.6. It 

contains fibrous grains with dense grain boundaries due to beginning surface diffusion. The 

range of zone T increases with higher E* towards lower T* because surface diffusion is 

promoted by the energy of the impinging atoms. Surface diffusion becomes the dominating 

process for 0.6 < T* < 0.8 and allows the growth of columnar grains in zone 2, with a low 

defect density and distinct grain boundaries. For even higher T*, bulk diffusion is possible and 

equiaxed grains that reach through the whole film thickness can form in zone 3.  



Andreas Jamnig  Thermally induced processes 

7 

3 Thermally induced processes 

3.1 General 

Coatings synthesized by PVD techniques can exhibit phase compositions far from the 

thermodynamic equilibrium and microstructures with a high number of internal defects. 

These defects can be categorized according to their complexity [19]: zero dimensional point 

defects (interstitial atoms, vacancies), one dimensional line defects (dislocations), two 

dimensional area defects (grain boundaries, phase boundaries) and three dimensional 

volume defects (pores, precipitations). Adding defects to a perfect crystal increases the 

system’s total energy, which also increases the driving force for diffusion. 

Diffusion is the movement of atoms or ions due to concentration gradients and is described 

by Fick’s first law 

𝑗𝐷 = −𝐷∇𝑐, (3.1) 

where jD is the diffusion current, D is the diffusion coefficient and c the concentration of the 

diffusing element. The diffusion rate is strongly related to the state of the matter, being 

considerably higher in gases and liquids compared to solids. Due to their crystal structure, 

metals and ceramics have a very strong interaction of neighboring atoms. Therefore, the 

activation energy for diffusion, which strongly depends on atomic interactions, is higher for 

solids. Defects can weaken these interactions, leading to a decrease of the activation energy 

and therefore promoted diffusion. Diffusion kinetics also depends strongly on whether the 

diffusing particle is solved substitutionally or interstitially in the lattice. Latter is preferred by 

atoms considerably smaller than the lattice constant and leads to an overall higher diffusivity 

[19]. 

Overcoming the activation energy becomes significantly easier at elevated temperatures, 

since that leads to a higher energy of the diffusing particles on the one hand and to a 

decreasing bonding energy within the crystal on the other hand. Latter can be explained by a 

more narrow interatomic potential. Therefore some processes, such as recovery and 

recrystallization, can only take place at elevated temperatures [19]. 

3.2 Recovery 

The first process that can be observed when heating a crystalline material is recovery, a 

process dominated by defect annihilation and rearrangement of defect positions. Due to the 
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elevated temperatures, interstitials and vacancies are able to recombine or form voids as 

illustrated in Figure 3.1. The driving force for recovery is the reduction of microstrain, 

stemming from microstructural defects in the crystal. There are three types of residual 

stresses that foster microstrain: (i) Residual stresses of first order are far-reaching and affect 

a larger number of grains. (ii) Residual stresses of second order are homogeneous in one 

crystallite, while (iii) residual stresses of third order are inhomogeneous and change within 

atomic distances [20]. 

 

Figure 3.1: Overview of recovery processes in metals redrawn from [19, 21]. 

Two basic types of dislocations have to be considered during recovery: (i) Screw-dislocations, 

which have no preferred glide plane and are therefore able to cross-glide at low 

temperatures, when coming into contact with repulsive stress fields. (ii) Edge-dislocations 

have one preferred glide plane and cannot leave it at low temperatures. However, at elevated 

temperatures diffusion of vacancies and interstitials enables dislocations to climb and leave 

their preferred glide plane. During recovery processes, dislocations are thus able to 

recombine or rearrange themselves, minimizing the stored energy and forming sub-grain 

boundaries. These effects lead to a decrease of the defect density and consequently to a 

deterioration of mechanical properties such as elastic modulus and hardness. Particles retard 

diffusion of dislocations in the crystal, and consequently recovery, as they are obstacles the 

dislocations have to overcome [19, 20]. 

3.3 Recrystallization 

The driving force for recrystallization is the reduction of the energy stored in defects, lowering 

the overall energy of the system in the process. Its kinetics can be described by 

𝑓 = 1 − exp(−𝑘𝑡𝑛), (3.2) 

the Johnson-Mehl-Avrami-Kolmogorov equation, where f is the volume fraction of the 

recrystallized phase, k depends on the nucleation and growth rates and n is a numerical 
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exponent, which is independent of temperature, if the nucleation mechanism does not 

change. Recrystallization is governed by nucleation and grain growth, both being related to 

diffusion, and thus temperature. Areas with high defect densities, such as grain boundaries 

or the sub-grain boundaries formed during recovery, act as sites for initial nucleation. Grain 

growth rates are influenced by the mobility of (sub-)grain boundaries and their ability for 

gliding and climbing. Coalescence of neighboring grains is another crucial aspect of 

recrystallization and can include rotation of sub-grains as depicted in Figure 3.2 [19, 20]. 

As shown before, recrystallization can occur at elevated temperatures and once primary 

recrystallization is finished, a material exhibits a microstructure with few defects and uniform 

grain size. However, if the temperature remains high, further grain growth can be observed, 

driven by the minimization of the grains’ surface energy. This leads to the growth of big grains 

at the cost of smaller ones and single, very coarse grains can form. This stage of 

recrystallization is also called abnormal grain growth, leading to less uniform mechanical 

properties and thus often to an inferior performance of the material [20]. 

 

Figure 3.2: Schematic of the coalescence of sub-grains with indicated  lattice orientations (a) before, (b) during, 
(c) shortly after and (d) after the coalescence [20]. 

3.4 Decomposition 

The free enthalpy G of a system, or rather its minimization, determines which phases are 

stable and which microstructure can possibly form. The following considerations are valid for 

a binary system (A, B) with the composition X showing a miscibility gap, which is quenched 

from the higher temperature T1 to a lower temperature T2. Figure 3.3a shows the 

corresponding phase diagram. For binary systems which satisfy the condition 
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where Hij is the binding enthalpy of the neighboring atoms i and j (i = A, B, j = A, B), G develops 

two minima as illustrated in Figure 3.3b and decomposition can occur. Depending on the 

composition of the system, decomposition takes place via nucleation and growth or 

spontaneously without incubation time, also called spinodal decomposition [22]. 

An alloy with the composition X0 has a high free enthalpy G0, however, the G-X curve has a 

negative curvature at this composition. Therefore, small fluctuations in the composition lead 

to a decrease in G, making the system unstable and decompose. Contrary to what is usually 

expected from diffusion, the fraction of B increases in areas with already high B 

concentrations as shown in Figure 3.3d, which is why it is also called “up-hill” diffusion. The 

areas where G has a negative curvature are called the spinodal. The G-X curve for alloys with 

compositions outside the spinodal (e.g. X0’) has a positive curvature. Therefore, concentration 

fluctuations lead to an increase of G and are energetically unfavorable. Hence, nuclei with 

very different compositions from the matrix have to form (X1, X2), which consequently can 

grow as depicted in Figure 3.3c. The stable phases forming through these two decomposition 

pathways are the same, but the microstructure which is formed via nucleation and growth 

can be expected to be coarser [19, 22]. 

 

Figure 3.3: (a) Phase diagram and (b) free entropy G of a binary system with a miscibility gap [22]. Evolution of 
concentrations during (c) decomposition via nucleation and growth and (d) spinodal decomposition 
[19].  

HAB> 
HAA+ HBB

2
, (3.3) 
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4 Titanium aluminum nitride 

4.1 Microstructure 

AlN, forming a wurtzite (w-) crystal structure, is almost insoluble in the cubic (c-) TiN crystal 

as shown in Figure 4.1a. Therefore, PVD techniques are used to synthesize thermodynamically 

unstable Ti1-xAlxN supersaturated solid solutions. They can form because conditions during 

PVD are often far from the thermodynamic equilibrium [23]. These metastable solid solutions 

can be described with the quasi-binary phase diagram shown in Figure 4.1b. The Ti1-xAlxN solid 

solutions exhibit a cubic structure up to x ~ 0.65, where the smaller Al atoms substitute for Ti 

atoms, leading to a decrease of the lattice constant. For higher AlN contents the wurtzite 

structure is more stable, which is illustrated in Figure 4.1c [24–26]. 

 

Figure 4.1: (a) Stable phase diagram [24] and (b) the modified metastable phase diagram [25] of the quasi-binary 
system TiN/AlN. (c) Evolution of the microstructure of the ternary system Ti1-xAlxN with increasing AlN 
content [26]. 

According to solid solution hardening, the hardness of materials within the cubic system 

increases with higher Al contents until the wurtzite structure starts to form, leading to a 

hardness decrease which is shown in Figure 4.2. Thus, maximum hardness can be obtained 
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for solid solutions with the highest Al content at which the cubic structure can be maintained 

[27]. 

 

Figure 4.2: Decrease of the lattice parameter and consequent increase of the hardness of the ternary Ti1-xAlxN 
system with increasing AlN content. At higher AlN contents wurtzite (ZnS) AlN forms and the hardness 
decreases considerably [7]. 

4.2 Thermal stability 

In air TiN starts to oxidize at temperatures above 550 °C, forming porous rutile- and anatase-

type TiO2 [3, 4]. Alloying of Al to the TiN system results in an enhanced wear behavior and 

improved oxidation resistance. In the ternary Ti1-xAlxN system, a dense and protective Al2O3 

rich top layer is formed at temperatures higher than 700 °C [28]. A rutile-type TiO2 

intermediate layer is formed between this top layer and the Ti1-xAlxN coating [29, 30]. 

Additionally to the hardness increase at room temperature (RT) and the improved oxidation 

resistance, the alloying with Al induces age hardening effects due to spinodal decomposition. 

During decomposition, c-TiN rich domains and c-AlN rich domains are formed which is 

illustrated in Figure 4.3 [27, 31, 32]. The formation of these domains leads to an increase of 

elastic and plastic properties of the system due to the formation of coherency strains [33]. 

The c-AlN transforms into the stable wurtzite structure at temperatures higher than 900 °C, 

resulting in a deterioration of the mechanical and tribological properties of the protective 

coatings which is not favorable during application [2, 27]. Consequently, a significant research 

topic in the last decade has been the stabilization of the cubic phase by alloying. 
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Figure 4.3: Schematic representation of the structural evolution of a cubic (c-) Ti1-xAlxN coating. (a) As-deposited 
state with small chemical fluctuations of the composition. (b) Formation of c-TiN and c-AlN rich 
domains via spinodal decomposition. (c) Ongoing decomposition and formation of wurtzite (w-) AlN. 
(d) Al diffusion out of the c-TiN grains and growth of w-AlN. (e) Grain growth of the dual phase 
structure [32]. 

4.3 Alloying with tantalum 

Ta has been shown to improve the cutting performance of Ti1-xAlxN for several reasons. On 

one hand the alloying leads to solid solution hardening [28]. Additionally, the incorporation 

of Ta in the Ti1-xAlxN lattice does not decrease the solubility of Al in the cubic phase [34]. Holec 

et al. [9] showed that the mixing enthalpy of the Ti1-yTayN system is negative, which is 

beneficial, since the addition of Ta decreases the mixing enthalpy for a constant Ti/Al ratio. 

As the positive mixing enthalpy of Ti1-xAlxN is the driving force of spinodal decomposition, this 

leads to a higher thermal stability [9, 34]. 

Another positive effect is the higher oxidation resistance of (Ti1-xAlx)1-yTayN compared to 

Ti1-xAlxN. During oxidation, Ta5+ substitutes for Ti4+ in the intermediate TiO2 layer, reducing 

the number of oxygen vacancies and therefore limiting the diffusion of oxygen from the 

surface to the unoxidized coating [28, 35–37]. 
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5 Experimental methods 

5.1 Coating deposition 

All coatings presented in this work were deposited at Ceratizit Austria GmbH in Reutte, 

Austria, utilizing an industrial scale Oerlikon Balzers Innova cathodic arc evaporation system 

with nitrogen as reactive gas. The targets used for the depositions were powder 

metallurgically produced. An overview of the target compositions and the correlating 

deposition parameters is given in Figure 5.1. 

 

Figure 5.1: Overview of the used target compositions and deposition parameter sets with bias voltages VB = -
40 V, VB = -100 V and a bias gradient (BG). 

Three different sets of deposition parameters were used to investigate their influence on the 

coating properties. They differed mainly in the applied bias voltages (VB), which remained at 

a constant level of -40 and -100 V for two sets, which will be hereinafter referred to as 

VB = -40 V and VB = -100 V, respectively. A change of the bias voltage from -40 V at the 

interface of substrate and coating to -70 V at the surface was used for the other set, 

henceforth called BG (= bias gradient). While the influence of the variation of the Ta content 

at a Ti/Al atomic ratio of 50/50 was investigated for coatings deposited with the BG parameter 

set, three target compositions (Ti60Al40, Ti50Al50 and Ti47.5Al47.5Ta5) were selected to deposit 

coatings using all three parameter sets. The discussion of the Ti0.6Al0.4N system can be found 

in the appendix. 

Two different kinds of substrates were used. Coating properties were investigated on 

cemented carbide inserts (92 wt.% WC, 6 wt.% Co, 2 wt.% mixed carbide) with SNUN 

geometry (according to ISO 1832). The other substrate was a low alloy steel foil with a 

thickness of 50 µm. The coating deposited on this foil was used for powder preparation. 
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5.2 Powder preparation 

Powders of the deposited coatings were prepared to allow DSC measurements, annealing 

tests and subsequent XRD measurements without influence of the substrate. Therefore, the 

low alloy steel substrate was dissolved in nitric acid (13 %mol), leaving differently sized flakes 

of the unaffected coating. These were then milled by hand in a porcelain mortar until a 

constant particle size was achieved. 

5.3 Differential scanning calorimetry 

Qualitative DSC measurements were conducted using a Setaram® LabSys Evo 2400 system to 

investigate at which temperatures thermally induced processes such as defect annihilation or 

decomposition occur in the (Ti1-xAlx)1-yTayN system [38]. For each measurement, 20 ± 0.2 mg 

of powder were used in Al2O3 crucibles (volume: 100 µl), with an empty crucible as reference. 

The heat flow rates were recorded from RT up to 1500 °C with heating and cooling rates of 

23 °C/min and 20 °C/min, respectively. Throughout the measurement, the system was purged 

with argon (gas flow: 200 mL/min) to prevent oxidation. The temperature-time profile was 

recorded twice consecutively, which allowed to annihilate the influence of reversible 

processes in the material by subtracting the heat flow rate recorded during the second 

heating step from one recorded during the first. 

5.4 Annealing 

The (Ti1-xAlx)1-yTayN coatings and powders were annealed in a vacuum furnace (HTM Reetz, 

base pressure < 5x10-4 Pa) with subsequent XRD and nanoindentation measurements in order 

to assess thermally induced changes in microstructure and mechanical properties. Coated 

SNUN samples were annealed at temperatures between 700 and 1000 °C in steps of 50 °C. 

The holding time at maximum temperature was 15 min, the heating rate 20 °C/min and the 

cooling rate system dependent. Additionally, powder samples were annealed at 800, 980 and 

1350 °C to determine the nature of the partial reactions observed in the DSC measurements. 
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5.5 X-ray diffraction 

The analysis of the crystallographic structures of coatings and powders was performed 

utilizing a Bruker AXS D8 Advance X-ray diffractometer. Cu-Kα radiation with a wavelength 

λ = 0.154 nm was applied. The tube voltage was 40 kV and the tube current 40 mA. The 

samples were scanned from 32° to 47° with a step size of 0.02° and a step time of 1.2 s. 

Grazing incidence XRD with an incident angle of 2° was used for the coated samples to 

minimize the signal resulting from the substrate. For the powder the θ-2θ geometry was used. 

The positions of the measured peaks and their corresponding crystal structures were 

determined using the DIFFRACplus EVA software provided by Bruker AXS and the implemented 

ICDD (International Centre for Diffraction Data) standards. 

Furthermore, the lattice parameter a of the measured powders and coatings was calculated 

with a combination of Bragg’s law and the plane-spacing equation for cubic crystals 

𝑎 =
𝜆

2𝑠𝑖𝑛(𝜃)
√(ℎ2 + 𝑘2 + 𝑙2), (5.1) 

where λ is the wavelength of the utilized radiation, θ is the diffraction angle and (hkl) are the 

Miller indices that can be attributed to the measured peak [39]. 

5.6 Nanoindentation 

Nanoindentation measurements were performed on coatings deposited on cemented 

carbide substrates with SNUN geometry. Prior to the measurement, the coating surface was 

polished with diamond suspensions (grain size 3 µm and 1 µm) to obtain a low and uniform 

surface roughness. A CSM Instruments Nanoindentation Tester with a Berkovich indenter was 

utilized. The maximum load was 30 mN, which was applied with a loading rate of 60 mN/min. 

To achieve reasonable statistics, 20 indents were performed on each sample. 
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6 Results and discussion 

6.1 Alloying with tantalum 

The influence of six different Ta contents on the Ti1-xAlxN system with a constant Ti/Al atomic 

ratio of 50/50 was investigated using SNUN substrates in the as-deposited state. All samples 

were synthesized with the BG parameter set. XRD and nanoindentation measurements were 

conducted to determine changes in the microstructure and mechanical properties of the 

coatings with increasing Ta content. In addition, the evolution of microstructure and 

mechanical properties was investigated after annealing at temperatures between 700 and 

1000 °C in steps of 50 °C. To gain a better understanding of the processes during annealing in 

the quaternary system, powders were prepared and qualitative DSC measurements 

conducted. 

6.1.1 Microstructure 

Figure 6.1 shows X-ray diffractograms for as-deposited (Ti1-xAlx)1-yTayN coatings with Ta 

content increasing from bottom to top. The peaks originating from the Ti0.5Al0.5N coating are 

located between the standard peak positions of c-TiN [40] and c-AlN [41], indicating that the 

coatings consists of a solid solution of these two components with a lattice constant 

corresponding to a Vegard-like behavior of the two phases [42]. 

 

Figure 6.1: Grazing incidence X-ray diffractograms for as-deposited (Ti1-xAlx)1-yTayN coatings deposited on 
cemented carbide substrates with SNUN geometry. The Ta content of the targets increases from 
bottom to top. 
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With increasing Ta content, the peaks shift towards lower diffraction angles, indicating a 

larger lattice spacing. This can be expected for the quaternary (Ti1-xAlx)1-yTayN solid solution 

as the c-TaN lattice cell is bigger than that of c-TiN and c-AlN. Furthermore, the peak intensity 

decreases with increasing Ta content due to its higher absorption coefficient compared to the 

other elements of the system, resulting in a smaller intensity of the diffracted peaks [43]. 

6.1.2 Mechanical properties 

The influence of an increasing Ta content on the hardness of as-deposited (Ti1-xAlx)1-yTayN 

coatings is shown in Figure 6.2. The ternary Ti1-xAlxN system exhibits a hardness of ~ 32.5 GPa. 

With increasing Ta content, a slight increase in hardness is detected, with a maximum value 

of ~ 34.5 GPa for the coating with 10 % Ta. This increase can be explained by the elastic 

distortion of the Ti1-xAlxN lattice due to the incorporation of the larger Ta atoms. However, 

the effect is not very strong in the as-deposited state, as the misfit is small [9]. 

 

Figure 6.2: Hardness of as-deposited (Ti1-xAlx)1-yTayN coatings with increasing Ta content. 

6.1.3 Thermal stability 

6.1.3.1 Powdered samples 

DSC measurements were conducted on powdered samples to investigate thermally induced 

processes in the quaternary (Ti1-xAlx)1-yTayN system without the influence of the substrate. 

Figure 6.3 shows the heat flow curves recorded during these measurements as a function of 

the temperature. Overall, three pronounced exothermic peaks can be observed: (i) the first 
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one with a maximum between 700 and 750 °C, (ii) one with a maximum between 860 and 

920 °C, which cannot be detected for the system with 15 % Ta, and (iii) one with its maximum 

between 1160 and 1220 °C. The position of the maximum of the third peak is shifted to higher 

temperatures with the Ta content increasing up to 5 % Ta, but decreases again for higher Ta 

contents. The intensity of all exothermic peaks decreases with increasing Ta content, 

indicating a lower loss of energy and therefore, a smaller fraction of the system undergoing 

the reaction. Furthermore, endothermic features can be observed for the systems with 10 % 

and 15 % Ta at temperatures above 1200 °C. 

 

Figure 6.3: Heat flow recorded during qualitative DSC measurements of six powders with increasing Ta content. 
Three annealing temperatures, indicated in the diagram, were chosen to correlate the measured 
features with microstructural changes. 

To further investigate the different partial reactions revealed by DSC, three temperatures 

were selected for additional annealing treatments of the powder samples. Subsequent to the 

annealing, the powders were investigated using XRD. The resulting diffractograms for each 

composition are presented in Figures 6.4a to f. 

The powder of the ternary Ti1-xAlxN system shows a single phase cubic microstructure at RT 

with slightly asymmetric peaks (Figure 6.4a), which can be explained by the change of the bias 

voltage during the deposition. Since the bias voltage affects the formation of residual stresses 
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in the coating, its variation results in a gradually changing lattice spacing of the coating [11]. 

Hence, the recorded peak can be described as the sum of peaks from regions with slightly 

different lattice constants and thus peak positions. After annealing at 800 °C, a small peak 

shift towards higher diffraction angles can be observed, while the peak becomes narrower. 

These changes can be correlated with recovery processes, during which intrinsic stresses are 

reduced and the defect density decreases. Due to the nature of a powder, those residual 

stresses can only be of second or third order. The recovery processes are already in an 

advanced stage at this temperature, therefore, the first exothermic peak of the DSC signal 

can be attributed to recovery. Additionally, first signs of spinodal decomposition can be 

detected. The shoulders on the left side of the Ti1-xAlxN peaks indicate the presence of c-TiN 

rich areas, which form spontaneously in the system from local fluctuations of the 

composition. The shoulders on the right side of the peaks due to c-AlN rich domains are less 

pronounced. After annealing at 980 °C, the positions of the Ti1-xAlxN peaks are very close to 

the standard peak positions of c-TiN, which indicates that the decomposition process is 

almost completed. This correlates well with the second exothermic peak of the DSC 

measurements, which shows that the biggest part of the reaction enthalpy has been released 

at 980 °C. As the formed c-AlN is not stable and the annealing temperatures are high enough 

to enable diffusion, the stable w-AlN starts to form. The decomposition of the Ti1-xAlxN solid 

solution and the formation of w-AlN are completed for the powder annealed at 1350 °C. 

When comparing the microstructure with the heat flow rate recorded during the DSC 

measurement, the formation of w-AlN is described by the third and largest exothermic peak. 

There is no substantive change of the microstructure detectable after annealing at 1500 °C. 

Alloying the system with 1 % and 2.5 % Ta does not change the reaction of the material to 

annealing in a profound way, but retards certain processes as shown in Figures 6.4b and c. At 

RT, the peak positions shift to lower angles due to the incorporation of the large Ta atoms 

into the solid solution, as already discussed before (Figure 6.1). Decomposition is detectable 

for the two systems after annealing at 800 °C, but the shoulders are less pronounced 

compared to the ternary Ti1-xAlxN system, indicating a less advanced decomposition process. 

Two explanations can be given for this behavior: First, the incorporation of the large Ta 

induces additional residual stress in the system and thus impedes diffusion, while secondly, 

the driving force of the decomposition is weakened by alloying with Ta [9, 28]. 
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Figure 6.4: X-ray diffractograms for powdered samples with (a) 0% Ta, (b) 1 % Ta, (c) 2.5 % Ta, (d) 5 % Ta, 
(e) 10 % Ta, (f) 15 % Ta before annealing (RT), after annealing at selected temperatures (800, 980 
and 1350 °C) and after the DSC measurement (1500 °C). 
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For the powders annealed at 980 °C, progressed decomposition can be observed, however, 

not as progressed as in the ternary Ti1-xAlxN system, indicated by less pronounced shoulders 

of the (Ti1-xAlx)1-yTayN peaks. Consequently, the shift of the matrix peaks towards lower 

diffraction angles is less pronounced. w-AlN is present after annealing at 980 °C for the two 

systems, but its content decreases with increasing Ta content. Due to the less advanced 

decomposition, less c-AlN is formed and thus, less transformation into the wurtzite structure 

is possible. The powders annealed at 1350 °C are fully decomposed, which is shown by the 

small width of the (Ti1-xAlx)1-yTayN peaks and the peak positions, which are located between 

the standard peak positions of c-TiN and c-TaN. Furthermore, the fraction of w-AlN in the 

system is increased due to the higher annealing temperature. However, contrary to the 

ternary system, the formation of w-AlN is not finished, which is marked by the increasing 

intensity of the w-AlN peaks and the peak shift of the (Ti1-xAlx)1-yTayN peaks towards lower 

angles after annealing at 1500 °C. This is in agreement with the heat flow curves recorded 

during the DSC measurements, where the temperature of the maximum of the third 

exothermic peak increases with increasing Ta content, indicating a retardation of the reaction 

to higher temperatures. 

Figure 6.4d shows the diffractograms of the powder created from the coating with 5 % Ta. It 

exhibits a single phase cubic microstructure at RT and after annealing at 800 °C a small 

shoulder on the left side of the (Ti1-xAlx)1-yTayN peaks appears. After annealing at 980 °C, 

shoulders on both sides of the matrix peaks can be observed, however, the peak positions 

shift only slightly towards lower angles. This is the effect of Ta on the system, which further 

retards the decomposition, compared to the powders with less Ta. Furthermore, a small 

w-AlN peak is detectable. Annealing at 1350 °C leads to full decomposition of the system and 

further formation of w-AlN. Compared to the powders shown in Figures 6.4a to c, less w-AlN 

is formed, also after annealing at 1500 °C. Hexagonal (hex-)Ta2N precipitates can be detected 

for the coatings containing 5 % Ta after annealing at 1350 °C. This hex-Ta2N is one of the stable 

nitrides formed by Ta [44] and has been reported by authors investigating Al1-xTaxN and 

(Ti1-xAlx)1-yTayN systems [35, 45, 46]. However, no reports on the influence of this precipitate 

on mechanical properties can be found. 
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Increasing the Ta content in the system to 10 % and 15 % retards the decomposition process 

further as shown in Figures 6.4e and f, respectively. The w-AlN formation is also further 

retarded. A small peak is detectable for the system with 10 % Ta after annealing at 980 °C, 

while the coating with 15 % Ta first shows w-AlN after annealing at 1350 °C. For the latter, no 

indication for decomposition is detectable up to 1500 °C, which is confirmed by the missing 

second exothermic peak in the DSC measurement. At annealing temperatures higher than 

980 °C, the (Ti1-xAlx)1-yTayN peaks shift to lower angles due to the depletion of Al in the matrix 

resulting from the formation of w-AlN. While hex-Ta2N only forms after annealing at 1350 °C 

for the coating with 5 % Ta, it is already present at 800 °C and RT for the coatings with 10 % 

and 15 % Ta, respectively. Koller et al. [45] showed that the formation of hex-Ta2N is 

accompanied by a loss of nitrogen, which is represented by an endothermic reaction. This is 

in good agreement with the DSC measurements of the present work. The coatings containing 

10 % and 15 % Ta show two endothermic peaks at temperatures above 1200 °C, where the 

first is superimposed by the exothermic formation of w-AlN. This superposition with the 

endothermic reactions also explains the apparent shift of the third exothermic peak to lower 

temperatures for the coatings with 10 % and 15 % Ta, which could not be explained by the 

microstructure. The peak intensity of hex-Ta2N decreases again at temperatures above 

1350 °C, which correlates with the second endothermic peak, indicating further release of 

nitrogen. 

For a better overview of the peak shifts with respect to the different Ta contents and 

annealing temperatures, the out-of-plane lattice parameters of the c-phase were calculated 

from the diffraction angles using Bragg’s law and the peak position of the (200) peak, which 

has the highest intensity. The lattice parameters of the powdered samples as well as the 

standard lattice parameters of c-TiN, c-AlN and c-TaN according to the respective ICDD files 

are summarized in Figure 6.5. It shows the increasing lattice parameter with increasing Ta 

content at RT, as already discussed in section 6.1.1. After annealing at 800 °C, recovery 

processes lead to a decrease of the lattice parameters. At 980 °C, spinodal decomposition 

affects the lattice parameter strongly, resulting in an increase. Decomposition is retarded with 

increasing Ta content and the increase of the lattice parameter becomes less pronounced, 

leading to the lowest lattice parameter for the sample with 5 % Ta. For the coatings with 10 % 

and 15 % Ta, the decomposition has a minor influence compared to the lattice distortion from 
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the incorporation of the large Ta atoms. When annealing the ternary Ti1-xAlxN system at higher 

temperatures than 800 °C, w-AlN forms and consequently the lattice parameter of the matrix 

increases, reaching the level of c-TiN. With increasing Ta content, the formation of w-AlN and 

thus, the increase of the lattice parameter is shifted to higher temperatures. For annealing 

temperatures higher than 1350 °C, the lattice parameter exceeds the level of c-TiN. 

 
Figure 6.5: Evolution of the lattice parameter of powdered samples with increasing Ta content as a function of 

the annealing temperature. The standard lattice parameters of c-TaN, c-TiN and c-AlN are shown as 
well. 

6.1.3.2 Microstructure of coatings on substrates 

The evolution of the microstructure with increasing annealing temperature was additionally 

investigated on coatings deposited on cemented carbide substrates in SNUN geometry. 

Unlike the powdered coatings, these coatings are grown on the substrate material used for 

cutting tools and the influence of the substrate during annealing on the microstructural 

changes can be investigated. Thus, in contrast to the powdered samples, also stresses of first 

order play a role and the behavior of the coatings during the following annealing tests is closer 

to coatings during application. As temperatures up to 1000 °C can form locally during cutting 

applications [2], the coatings were annealed at temperatures between 700 and 1000 °C in 

steps of 50 °C. The small increment was chosen to investigate the evolution of microstructure 

and hardness, which were evaluated on the same coatings, in detail. 
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Figure 6.6a shows the diffractograms of the Ti0.5Al0.5N coating, from bottom to top with 

increasing annealing temperature. Although the XRD measurements were performed with 

detector scan mode to minimize the substrate influence, one prominent peak of the 

cemented carbide substrate is detectable at approximately 35.7°. After annealing at 700 °C, 

the c-Ti1-xAlxN peaks shift towards higher angles. This might not only be attributed to recovery 

processes but also to beginning decomposition and accompanied development of 

microstrain, as it has been shown that the initially formed domains are not detectable by XRD 

measurements due to their small size [23]. In contrast to the powdered samples, residual 

stresses of all three orders are relaxed during the recovery processes. Hence, the Ti1-xAlxN 

peaks shift towards higher angles due to the recovery. Decomposition is indicated by 

shoulders forming on the c-AlN side of the Ti1-xAlxN peaks and a slight peak shift towards 

higher diffraction angles after annealing at 750 °C. After annealing at 800 °C, c-TiN rich 

domains are detectable, leading to another decrease of the lattice parameter, indicated by 

the peak shift to higher angles. At annealing temperatures higher than 800 °C, the 

decomposition of the solid solution is more distinct and the peaks shift towards the standard 

peak position of the c-TiN lattice, with a pronounced shoulder indicating c-AlN rich domains. 

Transformation to w-AlN can be observed after annealing at 900 °C and its fraction increases 

with higher annealing temperatures. 
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Figure 6.6: Grazing incidence X-ray diffractograms for coatings deposited on cemented carbide substrates with 
(a) 0 % Ta, (b) 1 % Ta, (c) 2.5 % Ta, (d) 5 % Ta, (e) 10 % Ta and (f) 15 % Ta before annealing (RT) and 
after annealing in a vacuum furnace. 
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The thermal stability of the coating containing 1 % Ta is indicated by the series of X-ray 

diffractograms in Figure 6.6b. The incorporation of Ta does not result in a shift of the 

decomposition and the formation of w-AlN to higher temperatures. Both processes can be 

detected at the same temperatures as for the coating without Ta. However, Ta still slows 

down both reactions, which is shown by the less pronounced c-AlN shoulder and the lower 

intensity of the w-AlN peak in Figure 6.6b compared to Figure 6.6a at annealing temperatures 

higher than 900 °C. Compared to the powdered samples, decomposition is less pronounced 

at 800 °C for the coatings. 

The diffractograms of the coatings with 2.5 % and 5 % Ta are presented in Figures 6.6c and d 

and show a shift of the decomposition onset temperature to 800 and 850 °C, respectively. 

While a shoulder is first detectable on the c-AlN side for the coatings with 0 % and 1 % Ta, the 

formation of c-TiN domains is more pronounced for the coatings with 2.5 % and 5 % Ta. 

Additionally, the formation of w-AlN shifts to 950 °C and its amount decreases with increasing 

Ta content. hex-Ta2N peaks are visible after annealing at 900 and 850 °C for the coatings with 

2.5 % and 5 % Ta respectively, which differs from the powdered samples, where no hex-Ta2N 

could be found for the coating with 2.5 % Ta and first precipitates were observed at 1350 °C 

for the coating with 5 % Ta. 

Figures 6.6e and f show the microstructural evolution of the coatings with 10 % and 15 % Ta, 

respectively, with temperature. For the coating with 10 % Ta, the onset temperatures of 

decomposition and w-AlN formation stay the same as for the coating with 5 % Ta, but the 

formation of hex-Ta2N starts already at 700 °C. Furthermore, the decomposition is less 

pronounced, compared to the coatings with less Ta. This is marked by the smaller overall shift 

of the (Ti1-xAlx)1-yTayN peaks and the decreased peak width at annealing temperatures higher 

than 850 °C. The coating with 15 % Ta shows very weak decomposition after annealing at 

900 °C and the w-AlN formation is shifted to 1000 °C. Only a slight shift of the (Ti1-xAlx)1-yTayN 

peaks to lower angles is observed up to 900 °C and their positions for higher annealing 

temperatures are located between the standard peak positions of c-TiN and c-TaN. The 

powdered coatings with 15 % Ta showed no decomposition up to annealing temperatures of 

1500 °C. Comparing the peak positions for the same annealing temperatures in Figures 6.4f 

and 6.6f evidences that all peaks of the coatings are shifted to smaller angles, indicating larger 

out-of-plane lattice constants. These can be explained by higher compressive residual stress 
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parallel to the substrate, which retards diffusion and, consequently, decomposition processes 

[28]. Similarly to the powdered samples, hex-Ta2N is already detectable in the as-deposited 

coating. 

6.1.3.3 Mechanical properties  

Figure 6.7 shows the hardness of the coatings deposited on cemented carbide substrates 

using the BG parameter set with Ta contents from 0 % to 15 % as a function of the annealing 

temperature. The ternary Ti0.5Al0.5N system has a hardness of ~ 32.5 GPa in the as-deposited 

state, which increases to ~ 34 GPa after annealing at 700 °C. For higher annealing 

temperatures, the hardness decreases, reaching a minimum of ~ 25 GPa after annealing at 

1000 °C. When comparing the hardness with the microstructure determined by the X-ray 

diffractograms shown in Figure 6.6a, the hardness maximum correlates with the onset of 

decomposition. Furthermore, w-AlN is formed after annealing at 900 °C, which is in good 

agreement with the hardness drop. 

The Ti0.495Al0.495Ta0.01N coating has a hardness of ~ 33 GPa in the as-deposited state, which 

stays constant up to an annealing temperature of 850 °C. Annealing at higher temperatures 

results in a decreasing hardness. The minimum value of ~ 29 GPa is measured after annealing 

at 1000 °C. According to the X-ray diffractograms shown in Figure 6.6b, decomposition starts 

at 750 °C for this sample, explaining the high hardness values for this annealing temperature. 

The hardness drop after annealing at 900 °C can be attributed to the formation of w-AlN. Up 

to annealing temperatures of 900 °C, the hardness values are very similar to the ternary 

system, whereas even higher temperatures lead to a higher hardness of the 

Ti0.495Al0.495Ta0.01N sample. 

The coating containing 2.5 % Ta has a hardness of ~ 32 GPa in the as-deposited state and after 

annealing at 700 °C. For higher annealing temperatures, the hardness reaches a maximum 

value of ~ 33 GPa after annealing at 800 °C and decreases again for even higher annealing 

temperatures. The minimum hardness of ~ 30 GPa is measured again after annealing at 

1000 °C. The onset of decomposition is detectable by XRD at 800 °C (see Figure 6.6c) and 

correlates well with the maximum hardness. The increased Ta content results in higher 

hardness values for annealing temperatures higher than 900 °C compared to the previously 

discussed coatings. 
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Figure 6.7: Hardness evolution as a function of annealing temperatures of (Ti1-xAlx)1-yTayN coatings with 

increasing Ta contents grown on cemented carbide substrates. 

Alloying the coating with 5 % Ta leads to an increase of the hardness to ~ 33.5 GPa in the 

as-deposited state. This value is maintained for annealing temperatures up to 900 °C and 

decreases to 31.5 GPa for higher temperatures. Comparing the hardness with the 

microstructure determined utilizing XRD shows that Ta retards decomposition to 850 °C and 

w-AlN formation to 950 °C. Since the microstructure of the coating does not change up to 

these temperatures, the high hardness values are also maintained. 

Ti0.45Al0.45Ta0.1N coatings exhibit a hardness of ~ 34.5 GPa in the as-deposited state. When 

annealed at temperatures between 700 and 950 °C, the hardness decreases and remains at 

~ 33.5 GPa. It further decreases to ~ 31 GPa after annealing at 1000 °C. Similar to the sample 

with 5 % Ta, the decomposition is retarded to 850 °C, according to the diffractograms shown 

in Figure 6.6e. Due to the formation of w-AlN after annealing at 950 °C, the hardness 

decreases considerably at even higher annealing temperatures. 

The sample with 15 % Ta shows a hardness of ~ 33.5 GPa in the as-deposited state, which 

decreases to ~ 33 GPa for annealing temperatures up to 1000 °C. Alloying the coating with 

this amount of Ta results in a high onset temperature for decomposition and a much less 

pronounced decomposition, as depicted in Figure 6.6f. Consequently, microstructure and 

hardness do not change significantly during annealing up to 1000 °C. The three coatings with 
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the highest Ta content (i.e. 5 %, 10 % and 15 % Ta) have the highest hardness values for 

annealing temperatures above 900 °C. Furthermore, the values are very similar in the 

temperature range between 900 and 1000 °C. This evidences that Ta addition improves the 

mechanical properties of Ti0.5Al0.5N at high temperatures by retarding decomposition of the 

matrix and formation of w-AlN. Another feature these three coatings have in common is the 

precipitation of hex-Ta2N. Due to its high hardness [47], it can be assumed that this precipitate 

can positively affect the mechanical properties of the alloyed system at high temperatures. 

Precipitation hardening is one of the most effective mechanisms to enhance mechanical 

properties at high temperatures, as the particles can pin dislocations and therefore impede 

diffusion [19]. 

The hardness measurements presented in this thesis are in good agreement with literature 

[28, 45]. Koller et al. [45] observed hardness values of ~ 32 GPa in the as-deposited state for 

Ti0.54Al0.46N and Ti0.45Al0.36Ta0.19N coatings synthesized using CAE with VB = -40 V , showing no 

evidence for solid solution hardening. After annealing at 1000 °C, the hardness of the ternary 

system decreased to 22 GPa, while the hardness of the quaternary system increased to 

37 GPa. The higher hardness values for the coatings in the present thesis can be explained by 

the higher Al content (see section 4.1) and bias voltage. Latter typically results in a higher 

compressive residual stress and smaller grain size, which consequently increases the hardness 

due to grain boundary strengthening [19, 48, 49]. The maximum hardness of 37 GPa at 

1000 °C is by 4 GPa higher than the hardness of the Ti0.425Al0.425Ta0.15N coating in the present 

theses at the same temperature; this can be explained by the even higher Ta content studied 

in the literature, which further increases the hardness at high temperatures. Rachbauer et al. 

[28] reported on (Ti0.4Al0.6)1-yTayN coatings with y ≤ 0.1 deposited by unbalanced magnetron 

sputtering. They showed that alloying the system with y = 0.1 retards the decomposition by 

~ 200 – 300 °C to ~ 1200 °C. Furthermore, it resulted in a hardness increase from ~ 30 to 

~ 40 GPa for the as-deposited coatings and from ~ 38 to ~ 42 GPa after annealing at 900 °C. 

The coatings presented in this thesis have a lower Al content, which explains the overall lower 

hardness values. Additionally, the age hardening of the ternary system is more pronounced 

for higher Al contents [50].Arc evaporated coatings have also been reported to be less hard 

than coatings deposited by sputtering as macro particles deteriorate the mechanical 

properties [12].  
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6.2 Bias voltages 

The influence of three deposition parameter sets with varying bias voltages on the thermal 

stability of the (Ti1-xAlx)1-yTayN system was investigated on coatings deposited on cemented 

carbide substrates with SNUN geometry. For this purpose, the coatings were annealed at 

temperatures from 700 °C up to 1000 °C in steps of 50 °C and subsequently investigated 

utilizing XRD. Two coating compositions were used, namely Ti0.5Al0.5N and Ti0.475Al0.475Ta0.05N. 

Additionally, nanoindentation measurements were conducted to correlate the 

microstructural evolution to changes of mechanical properties. 

6.2.1 Microstructure 

Figure 6.8a shows the diffractograms of the Ti0.5Al0.5N coatings deposited using a constant 

bias voltage of -40 V. The peak shift and narrowing after annealing at 700 °C can be explained 

by recovery, while decomposition is first detected at 750 °C. There, a low but very broad 

shoulder is detectable at the left hand side of the (200) Ti1-xAlxN peak. After annealing at 

higher temperatures, the shoulder becomes more pronounced. Due to the decomposition, 

the Ti1-xAlxN peaks shift towards higher diffraction angles with increasing annealing 

temperature. At 800 °C, c-AlN rich domains start to form. The associated peaks are detected 

at angles higher than the standard peak position of c-AlN, indicating a smaller lattice spacing. 

At annealing temperatures higher than 800 °C, the effect of decomposition on the peak 

position becomes more significant and the Ti1-xAlxN peaks shift towards lower diffraction 

angles. However, decomposition is not yet finished at 1000 °C. Formation of w-AlN starts after 

annealing at 900 °C. 

The coating with the same target composition but deposited applying a bias voltage of -100 V 

is shown in Figure 6.8b. Overall, the peaks are lower and broader compared to the coating in 

Figure 6.8a, which indicates a smaller domain size and a larger microstrain. Both effects are 

results of the higher energies of bombarding ions during the deposition process due to the 

higher bias voltage [51]. In addition, the peaks of the as-deposited coatings are shifted to 

lower angles compared to the coating grown with VB = -40 V, implying a larger out-of-plane 

lattice parameter. This is in good agreement with literature, since a higher bias voltage 

typically results in higher compressive residual stress [49, 52]. 
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Figure 6.8: Grazing incidence X-ray diffractograms for Ti0.5Al0.5N coatings deposited with the bias voltage (VB) 
sets (a) VB = -40 V, (b) VB = -100 V and (c) BG (= bias gradient) on cemented carbide substrates before 
annealing (RT) and after annealing in a vacuum furnace. 

The peak shift to higher diffraction angles after annealing at 700 °C is higher compared to the 

coatings deposited at a bias voltage of -40 V, indicating more pronounced recovery processes. 

A higher defect density and thus, a higher microstrain in the as-deposited coatings represents 

the driving force for this behavior. Compared to the coating deposited at the lower bias 

voltage, the decomposition onset temperature is increased to 800 °C, which is in good 

agreement with literature [48]. The formation of w-AlN starts at 850 °C, which is lower than 

for the coating grown at VB = -40 V. This is a consequence of the higher amount of nucleation 

sites due to a finer grained microstructure [53]. The decomposition is finished after annealing 

at 1000 °C. 

Figure 6.8c shows the diffractograms of Ti0.5Al0.5N coatings deposited applying a bias voltage 

of -40 V for the zone close to the interface to the substrate and increasing it to -70 V close to 

the surface. Decomposition starts at 750 °C, indicated by the shoulders forming on the c-AlN 

side of the Ti1-xAlxN peaks, and is finished after annealing at 1000 °C. Formation of w-AlN starts 

after annealing at 900 °C and the amount is comparable to the coating deposited at the high 

bias voltage. The bias voltage lies between those of the coatings described earlier and the 
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shape and position of the measured peaks as well as the thermal evolution of these 

characteristics are a mixture of the previously described. While the peak intensity of the (200) 

peak is comparable to the coating deposited at the low bias voltage, it is very broad. The bias 

gradient gradually changes the lattice parameters of the coating, as discussed in section 6.1.3, 

which can explain the broadening of the peak. This also correlates well with the large peak 

shift observed after annealing at 700 °C, suggesting that this system has the strongest 

recovery of the three coatings described. 

The influence of different deposition parameter sets on the thermal stability of the 

Ti0.475Al0.475Ta0.05N system is shown in Figures 6.9a to c. No substrate peak is detectable for 

the as-deposited coatings grown at VB = -40 V and VB = -100 V, however, both coatings were 

synthesized on cemented carbide substrates. The microstructural reaction to annealing of the 

coating deposited at VB = -40 V is visualized in Figure 6.9a. Recovery processes influence the 

sample only slightly and the resulting peak shift towards higher angles after annealing at 

700 °C is small. The decomposition onset temperature is 800 °C, where shoulders on the left 

hand side of the (Ti1-xAlx)1-yTayN peaks are observed. With increasing annealing temperature, 

these shoulders become more pronounced. c-AlN domains are first detected after annealing 

at 850 °C. Despite ongoing decomposition, indicated by the shoulders developing on both 

sides of the (Ti1-xAlx)1-yTayN peaks, the peak positions of the matrix remain at an almost 

constant diffraction angle up to annealing temperatures of 1000 °C. The formation of w-AlN 

starts at 1000 °C and hex-Ta2N can be detected in all annealed coatings, with its peak intensity 

increasing with rising annealing temperatures. Compared to the ternary Ti0.5Al0.5N system 

represented in Figure 6.8a, all thermally induced processes are retarded. This effect can be 

attributed to the alloying with Ta, as discussed in section 4.3. 

Figure 6.9b presents diffractograms of Ti0.475Al0.475Ta0.05N coatings, deposited while applying 

a bias voltage of -100 V. A peak shift towards higher angles can be observed for the coating 

annealed at 700 °C, which can be attributed to recovery. Decomposition is first discernible 

after annealing at 900 °C, indicated by shoulders forming at the c-AlN side of the 

(Ti1-xAlx)1-yTayN peaks. The formation of w-AlN starts at 1000 °C, where a small peak is 

detected. hex-Ta2N can be found in the as-deposited coating as well as in all annealed 

coatings. When comparing the diffractograms to those of the coating which was synthesized 

with a lower bias voltage, the same relation can be found as in the ternary systems. The (200) 
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peak is smaller, broader and shifted to lower angles, indicating a smaller domain size and 

higher micro- and macrostrain in the coating deposited at VB = -100 V. Consequently, recovery 

processes are more pronounced and the peak shift towards higher angles after annealing at 

700 °C is more distinct. The decomposition onset temperature of 900 °C is higher than for the 

coating deposited at a low bias voltage. c-AlN domains are detectable first, which indicates 

higher compressive residual stresses in this coating [53]. When comparing the diffractograms 

in Figure 6.8b and 6.9b, the effect of alloying Ta to the system is evident. It is responsible for 

the overall peak shift towards lower angles at RT and retards the decomposition and w-AlN 

formation. Therefore, both processes are not completed after annealing at 1000 °C for the 

Ti0.475Al0.475Ta0.05N system. 

 

Figure 6.9: Grazing incidence X-ray diffractograms for Ti0.475Al0.475Ta0.05N coatings deposited with the bias voltage 
(VB) sets (a) VB = -40 V, (b) VB = -100 V and (c) BG (= bias gradient) on cemented carbide substrates 
before annealing (RT) and after annealing in a vacuum furnace. 

Diffractograms of the Ti0.475Al0.475Ta0.15N system synthesized with the BG parameter set are 

shown in Figure 6.9c. Recovery processes and decomposition are detectable after annealing 

at 700 and 800 °C, respectively. Formation of w-AlN is first observed after annealing at 950 °C 

and hex-Ta2N forms at temperatures higher than 850 °C. Similarly to the ternary system 

shown in Figure 6.8, the thermal stability of the Ti0.475Al0.475Ta0.05N coating deposited with the 
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BG parameter set is comparable to that of the coatings deposited at constant bias voltages. 

While the peak intensity of the (200) peak is almost as high as for the coating deposited at 

the low bias voltage, the peak is broader due to the changed bias voltage and, consequently, 

lattice parameter. Furthermore, it is located at lower angles than the (Ti1-xAlx)1-yTayN peaks of 

the coatings shown in Figures 6.9a and b, indicating higher compressive residual stress. 

Recovery processes are as strong as in the coating deposited at a bias voltage of -100 V, 

however, the decomposition onset temperature of 800 °C lies between the values of the 

other two coatings. The formation of w-AlN starts at lower temperatures than for the coatings 

grown at VB = -40 V and VB = -100 V, while the precipitation of hex-Ta2N is retarded to higher 

temperatures. 

6.2.2 Mechanical properties 

Figure 6.10a shows the hardness evolution of Ti0.5Al0.5N coatings grown with different bias 

voltages on cemented carbide substrates as a function of the annealing temperature. The 

hardness of the coating deposited at VB = -40 V is ~ 28 GPa in the as-deposited state and 

~ 33 GPa for the coatings synthesized at VB = -100 V and applying a bias gradient. The high 

hardness of the latter coatings can be explained by more densely packed grain boundaries, as 

inferred by the SZD described by Anders [16]. Furthermore, a higher compressive residual 

stress and smaller grain size can be expected for coatings grown at higher bias voltages [48, 

49]. Additionally, the lattice parameter of the system changes during the deposition process 

due to the bias gradient, which induces strain to the system. All of these effects result in a 

hardness increase. 

The hardness of the coating deposited at VB = -40 V stays constant up to annealing 

temperatures of 700 °C. After annealing at 750 °C, it increases to ~ 30 GPa. This hardness 

increase correlates with the starting decomposition of the system detected by XRD 

(Figure 6.8a), and thus the formation of coherency strain [33]. For higher annealing 

temperatures, the hardness decreases and reaches a minimum level of ~ 24 GPa after 

annealing at 950 °C. The hardness decrease can be explained by the proceeding 

decomposition of the supersaturated solid solution towards its stable constituents c-TiN and 

w-AlN. Latter is detected in the system after annealing at 900 °C. 
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The Ti0.5Al0.5N coating deposited at VB = -100 V has a hardness of ~ 31.5 GPa for annealing 

temperatures between 700 and 900 °C. For higher temperatures, the hardness decreases to 

~ 27 GPa, reaching its lowest value after annealing at 1000 °C. Decomposition starts after 

annealing at 800 °C, as shown in the X-ray diffractograms in Figure 6.8b, which explains why 

the hardness does not decrease strongly up to this temperature. Formation of w-AlN after 

annealing at 850 °C contributes to the measured hardness decline at annealing temperatures 

above 900 °C.  

The Ti0.5Al0.5N coatings deposited applying an increasing bias voltage have a hardness 

maximum of ~ 34 GPa after annealing at 700 °C. The hardness stays between the hardness of 

the as-deposited coatings of ~ 33 GPa and the maximum hardness up to annealing 

temperatures of 850 °C. For higher annealing temperatures, it considerably decreases, 

reaching the lowest value of ~ 25 GPa after annealing at 1000 °C. Comparing the three 

coatings synthesized with different bias voltage sets, the BG parameter set results in the 

highest hardness values for annealing temperatures up to 850 °C. The above mentioned 

changing lattice parameters can contribute to the high hardness of the system at low 

temperatures. The formation of w-AlN starts at 850 °C, which correlates with the hardness 

decrease. 

 

Figure 6.10: Hardness evolution as a function of vacuum annealing treatments of (a) Ti0.5Al0.5N and 
(b) Ti0.475Al0.475Ta0.05N coatings grown on cemented carbide substrates. The influence of a changed 
bias voltage (VB) is shown for both systems (BG = bias gradient). 
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Figure 6.10b shows the hardness of the Ti0.475Al0.475Ta0.05N coating deposited using the three 

different bias voltage sets as a function of the annealing temperature. The coating grown at 

VB = -40 V has a hardness of ~ 28 GPa in the as-deposited state, while the coatings deposited 

at VB = -100 V and with the BG parameter set both have a hardness of ~ 34 GPa. As discussed 

above, the higher bias voltage and the bias gradient result in higher hardness levels. 

Compared to the ternary system, the hardness does not change for the coating synthesized 

at VB = -40 V and is ~ 1 GPa higher for the other two deposition parameter sets. The increase 

of the hardness can be explained by the incorporation of Ta into the matrix (see section 6.1.2). 

Ti0.475Al0.475Ta0.05N coatings exhibit a constant hardness level of ~ 30 GPa after annealing at 

temperatures between 700 and 1000 °C. Compared to the Ti0.5Al0.5N coating, the hardness 

values are similar up to annealing temperatures of 800 °C. For higher annealing temperatures, 

the hardness is higher for the coating alloyed with 5 % Ta. According to the XRD 

measurements shown in Figure 6.9a, decomposition of the system is shifted to 800 °C and 

w-AlN formation starts after annealing at 1000 °C, which explains the high hardness values up 

to this temperature. 

The coating synthesized at VB = -100 V has a hardness of ~ 34 GPa for annealing temperatures 

up to 900 °C. With higher annealing temperatures, the hardness slightly decreases, exhibiting 

the lowest value (~ 31.5 GPa) after annealing at 1000 °C. In Figure 6.9b, decomposition of the 

metastable solid solution and formation of w-AlN can be detected at 900 and 1000 °C for the 

Ti0.475Al0.475Ta0.05N coating grown at VB = -100 V. These temperatures are higher compared to 

those obtained for the Ti0.5Al0.5N coating deposited at the same bias voltage. Alloying with Ta 

retards decomposition and formation of w-AlN, resulting in a higher hardness at annealing 

temperatures exceeding 900 °C. 

The hardness of the Ti0.475Al0.475Ta0.05N coating deposited with increasing bias voltage remains 

constant up to annealing temperatures of 950 °C. For higher annealing temperatures, it 

decreases to ~ 31.5 GPa. The diffractograms of this system are presented in Figures 6.9c and 

show broad peaks, resulting from changing lattice parameters due to the bias gradient, and 

starting decomposition after annealing at 800 °C. The combination of these two effects 

explains the high hardness in the as-deposited state and at high temperatures. Furthermore, 

the transformation to w-AlN starts after annealing at 950 °C but is not very pronounced. 

Consequently, the hardness decrease is small.  
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7 Summary and conclusions 

In the present thesis, the effect of Ta alloying on the microstructure, mechanical properties 

and thermal stability of Ti1-xAlxN hard coatings with a constant Ti/Al atomic ratio of 50/50 is 

investigated for coatings synthesized using cathodic arc evaporation. Powder metallurgically 

prepared targets with Ta content increasing from 0 % to 15 % were used for the deposition 

of coatings on cemented carbide substrates and mild steel foil. During the deposition process, 

the bias voltage was gradually increased from -40 V at the interface to the substrate to -70 V 

at the coating surface. A single phase cubic microstructure is observed for the as-deposited 

coatings, independent from the Ta content. The addition of Ta results in a hardness increasing 

from ~ 32.5 GPa for the ternary Ti0.5Al0.5N system to ~ 34.5 GPa for the system alloyed with 

10 % Ta. Differential scanning calorimetry measurements and subsequent X-ray diffraction of 

powdered coatings reveal that the decomposition of the Ti1-xAlxN solid solution and formation 

of w-AlN are retarded by the increasing Ta content. For Ti0.425Al0.425Ta0.15N, no decomposition 

is observed up to 1500 °C. Additionally, hex-Ta2N, a hard and stable precipitate, is formed in 

the samples containing 5 %, 10 % and 15 % Ta. The microstructure and mechanical properties 

of coatings on cemented carbide substrates after vacuum annealing at temperatures between 

700 and 1000 °C were investigated using XRD and nanoindentation, respectively. The onset 

temperature for decomposition is shifted from 750 °C for the ternary system to 900 °C for the 

coating containing 15 % Ta. Furthermore, w-AlN formation is retarded from 900 °C to 1000 °C. 

Consequently, the hardness of the coatings containing Ta is higher after annealing. At 1000 °C, 

the hardness of Ti0.425Al0.425Ta0.15N is ~33 GPa, which is ~ 8 GPa higher than the value for 

Ti0.5Al0.5N. 

Furthermore, the deposition process was altered for selected coatings by changing the 

applied bias voltage to investigate its influence on the thermal stability of samples within the 

(Ti1-xAlx)1-yTayN system. X-ray diffraction measurements of vacuum annealed Ti0.5Al0.5N and 

Ti0.475Al0.475Ta0.05N coatings show that increasing the bias voltage from -40 V to -100 V results 

in a retardation of decomposition. Additionally, the formation of w-AlN is shifted to lower 

temperatures for the ternary coating. This can be explained by a higher number of nucleation 

sites due to a smaller grain size. Applying a bias gradient during deposition results in gradually 

changed lattice parameters in the synthesized coating and consequently in the formation of 

coherency strains. Nanoindentation of vacuum annealed coatings shows that the hardness of 
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the coating synthesized at VB = -100 V is higher for annealing temperatures up to 1000 °C, 

which can be explained by a smaller grain size and retarded formation of w-AlN. The 

mechanical properties of the coatings deposited while increasing the bias voltage are similar 

to those of the coatings deposited at VB = -100 V. Alloying with 5 % Ta results in a higher 

hardness at annealing temperatures exceeding 800 °C, where the formation of w-AlN is 

retarded and hex-Ta2N precipitation promoted. 

In conclusion, it has been shown that alloying with Ta improves the thermal stability of 

coatings within the Ti1-xAlxN system by retarding the decomposition of the supersaturated 

solid solution into its stable constituents c-TiN and w-AlN. Therefore, the hardness of coatings 

after vacuum annealing up to 1000 °C increases with increasing Ta content. The 

high-temperature properties can be further improved by adjusting the bias voltage during the 

deposition process, resulting in decomposition at higher temperatures and consequently, in 

enhanced mechanical properties up to higher temperatures. 

However, it still has to be confirmed that the positive effects of Ta on the thermal stability of 

coatings within the Ti1-xAlxN system also enhance their tribological properties effectively. 

Furthermore, investigations concerning the hex-Ta2N phase have to be carried out, to obtain 

a better understanding of its influence on the mechanical properties of the system. 
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Within this section, the findings obtained on the thermal stability of the Ti0.6Al0.4N coating are 

summarized. Figure A.1 presents the heat flow, which was recorded during DSC 

measurements of three powdered Ti0.5Al0.5N coatings. The coatings were deposited at three 

different bias voltages, namely VB = -40 V, VB = -100 V and an increasing bias voltage from -

40 V at the interface to -70 V at the surface of the coating (BG setting). A discussion of latter 

can be found in section 6.1.3. The first two exothermic peaks, observed at temperatures 

below 900 °C in Figure A.1, can be related to recovery processes and decomposition, 

respectively. Both peaks are less pronounced for the coating deposited at the low bias voltage 

compared to the coatings synthesized at the high bias voltage or at the bias gradient. The 

third exothermic peak can be detected between 1100 and 1300 °C and is related to the 

formation of w-AlN, which starts at the lowest temperature for the coating synthesized at 

VB = -100 V. Deposition at a low bias voltage results in a retarded formation of w-AlN due to 

a larger grain size in the coatings and consequently, less nucleation sites. 

 

Figure A.1: Heat flow recorded during qualitative DSC measurements of three powders prepared from Ti0.5Al0.5N 
coatings, which were synthesized at bias voltages VB of -40 V, -100 V and a bias gradient (BG). 

 



Andreas Jamnig  Appendix  

IV 

Three heat flow curves recorded during DSC measurements of Ti0.475Al0.475Ta0.05N coatings 

grown at different bias voltages are shown in Figure A.2. The discussion of the coating 

deposited with the BG parameter set can be found in section 6.1.3. Recovery and 

decomposition can be attributed to the exothermic peaks measured at temperatures below 

1000 °C. They are most pronounced for the coating synthesized applying a bias gradient and 

weakest for the system deposited at VB = -40 V. The exothermic peak at temperatures higher 

than 1100 °C is attributed to the formation of w-AlN, which is most distinct for the coating 

grown using a bias gradient. However, its maximum is shifted to lower temperatures for VB = -

100 V and to higher temperatures for VB = -40 V.  

 

Figure A.2: Heat flow recorded during qualitative DSC measurements of three powders prepared from 
Ti0.475Al0.475Ta0.05N coatings, which were synthesized at bias voltages VB of -40 V, -100 V and a bias 
gradient (BG). 

Figure A.3 shows the heat flow in dependence of the sample temperature recorded during 

DSC measurements of three Ti0.6Al0.4N coatings. The coatings were synthesized applying three 

different bias voltages. For all three systems, recovery and decomposition can be attributed 

to the first two exothermic peaks. A low bias voltage results in an early onset of recovery and 

an overall lower heat flow, compared to higher bias voltages. Additionally, the third peak is 

shifted to higher temperatures. The coating deposited using a bias gradient shows the highest 



Andreas Jamnig  Appendix  

V 

energy loss when heating up to 1000 °C. Similar results were obtained for the Ti0.5Al0.5N 

system synthesized with the same parameter set. Due to the bias gradient, the lattice 

parameter changes during the deposition process and consequently, strong recovery of 

microstrain can also be expected for the Ti0.6Al0.4N system. 

 

Figure A.3: Heat flow recorded during qualitative DSC measurements of three powders prepared from Ti0.6Al0.4N 
coatings, which were synthesized at bias voltages VB of -40 V, -100 V and a bias gradient (BG). 

X-ray diffractograms of three Ti0.6Al0.4N coatings, which where synthesized on cemented 

carbide substrates applying different bias voltages, are shown in Figure A.4. The coatings were 

annealed at temperatures between 700 and 1000 °C to investigate the evolution of the 

microstructure. Figure A.4a shows the diffractograms of the coating deposited at VB = -40 V. 

The peak shift towards higher angles after annealing at 700 °C can be attributed to recovery, 

while decomposition starts after annealing at 750 °C, with c-TiN rich domains forming first. 

w-AlN can be detected after annealing at 950 °C. The diffractograms of coatings synthesized 

at VB = -100 V are summarized in Figure A.4b and display broader (200) peaks with a lower 

intensity compared to the coating grown at the lower bias voltage. A pronounced peak shift 

towards higher diffraction angles can be detected after annealing at 700 °C, indicating more 

distinct recovery processes than in the coating deposited at VB = -40 V. Decomposition can be 
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detected after annealing at 800 °C, with shoulders forming on the c-TiN side of the T1-xAlxN 

peaks. Formation of w-AlN starts after annealing at 950 °C. Compared to the coating shown 

in Figure A.4a, more w-AlN is formed. The diffractograms of the coating synthesized applying 

a bias gradient are presented in Figure A.4c and display (200) peaks with a high intensity and 

width. The shape and intensity of the peaks are comparable to those of the coating deposited 

at VB = -40 V and VB = -100 V, respectively. After annealing at 700 °C, a peak shift towards 

higher angles is detected, indicating recovery processes. The Ti0.6Al0.4N matrix starts to 

decompose after annealing at 800 °C and w-AlN forms at annealing temperatures higher than 

900 °C. 

 

Figure A.4: Grazing incidence X-ray diffractograms for Ti0.6Al0.4N coatings deposited with the bias voltage (VB) 
sets (a) VB = -40 V, (b) VB = -100 V and (c) BG (= bias gradient) on cemented carbide substrates before 
annealing (RT) and after annealing in a vacuum furnace. 

Figure A.5 shows the hardness of three Ti0.6Al0.4N coatings, deposited on cemented carbide 

substrates at three different bias voltages, after annealing in a vacuum furnace. For the 

coating deposited at VB = -40 V and VB = -100 V, hardness values of ~ 26 GPa and ~34 GPa 

were obtained in the as-deposited state, respectively. The coating grown while changing the 

bias voltage between -40 V at the interface to -70 V at the surface has a hardness of 

~ 30.5 GPa in the as-deposited state. Typically smaller grain sizes and higher compressive 
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stresses are observed for coatings grown at higher bias voltages [16, 49], which also explains 

the higher hardness values. The Ti0.6Al0.4N coating synthesized at -40 V shows a hardness 

maximum of ~ 28 GPa after annealing at 750 °C. For annealing temperatures between 800 

and 900 °C, the hardness remains constant at ~ 26 GPa and decreases for higher annealing 

temperatures, reaching a minimum value of ~ 22.5 GPa after annealing at 1000 °C. The 

hardness of the coating grown at VB = -100 V remains at ~ 34 GPa up to annealing 

temperatures of 700 °C. After annealing between 800 and 900 °C, a hardness of ~ 31 GPa is 

observed and it decreases to ~ 27 GPa for an annealing temperature of 1000 °C. Compared to 

the coating deposited at a lower bias voltage, the hardness is ~ 5 GPa higher for annealing 

temperatures higher than 750 °C. The coating grown with a bias gradient exhibits a hardness 

of ~ 30.5 GPa up to annealing temperatures of 950 °C. For even higher annealing 

temperatures, the hardness decreases to 27 GPa. The hardness values up to annealing 

temperatures of 750 °C lie between those of the coatings deposited at constant bias voltages, 

and they are similar to the coating deposited at VB = -100 V for higher annealing 

temperatures. 

 

Figure A.5: Hardness evolution as a function of vacuum annealing treatments of Ti0.6Al0.4N coatings grown using 
different bias voltages (VB) on cemented carbide substrates (BG = bias gradient).
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