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elevated temperature, which imitates the thermal condition of cutting tools operation. TiAlN has been 
widely studied due to the age hardening effect by spinodal decomposition at 800 ˚C, however, low phase 
stability of the c-AlN at high temperature above 1000 ˚C could lead to poor mechanical properties. By 
alloying with a ternary transition metal the thermal stability is expected to be improved. Three coatings, 
Ti0.37Al0.45Nb0.18N, Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N, and three reference coatings, Ti0.43Al0.57N, 
Ti0.49Al0.51N and Ti0.55Al0.45N, were deposited by cathodic arc evaporation. The thermal stability was then 
studied by annealing at temperatures ranging from 600 ˚C to 1100 ˚C. 
   The composition of each coating was measured by energy dispersive x-ray spectroscopy (EDS) and the 
thickness, microstructure and surface morphology were studied by scanning electron microscopy (SEM). 
The microstructure was similar for all six coatings, but a higher macroparticle density was found in the 
Ti0.37Al0.45Nb0.18N coatings. The phase analysis from θ - 2θ and grazing incidence X-ray diffraction 
indicates that Ti0.37Al0.45Nb0.18N has good phase stability due to the occurrence of h-AlN at 1100 ˚C, which 
is 100 ˚C higher than the reference TiAlN coatings. The in-plane stress was measured by sin2ψ method of 
X-ray diffraction, and the hardness was measured by nanoindentation. The stress state and hardness results 
do not have strong correlation, but (Ti,Al,Me)N coatings have better thermal stability than the reference 
TiAlN at 1000 ˚C and 1100 ˚C. TEM work has been done on Ti0.34Al0.47V0.19N with 800 ˚C and 1000 ˚C 
annealed samples. The mixture of c-AlN and h-AlN phases was shown in 800 ˚C sample, and the h-AlN 
phase exists at the column boundaries for both samples. STEM z-contrast measurement on 1000 ˚C 
annealed sample showed the segregation of Ti-rich and Al-rich domains, where the V was primarily found 
in the Ti-rich domains. In summary, Ti0.37Al0.45Nb0.18N, Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N are 
promising candidates for high temperature application. 
   
 



 



	  

	   I	  

Contents                                          
Abstract 

Acknowledgements 

1. Introduction 

1.1 Background 

1.2 Aim and plan 

2. Materials system 

2.1 Ternary system: Ti-Al-N 

2.2 Quaternary system: Ti-Al-Me-N 

2.2.1 Ti-Al-Cr-N 

2.2.2 Ti-Al-Nb-N and Ti-Al-V-N 

2.3 Spinodal Decomposition  

3. Stress State and Hardness 

3.1 Residual Stress 

3.2 Hardness and Coherency Strain 

4. Coating Deposition 

4.1 Cathodic Arc Deposition 

4.2 Cathode spot 

4.3 Macroparticles 

5. Characterization Techniques 

5.1 Scanning Electron Microscopy (SEM)   

5.2 Energy Dispersive x-ray Spectroscopy (EDS)  

5.3 X-ray Diffraction (XRD) 

5.3.1 Phase Analysis 

5.3.2 Stress Measurement 

5.4 Nanoindentation 

6. Experimental Details 

6.1 Cathodic Arc Deposition  

6.2 Annealing 

6.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) 

6.4 X-ray Diffraction (XRD) 

6.4.1 θ - 2θ and Grazing Incidence X-ray Diffraction (GIXRD) 

6.4.2 Stress Measurement 

6.5 Nanoindentation 



	  

	   II	  

7. Results 

7.1 Characterization of As-deposited Coatings 

7.2 Phase Analysis 

7.3 Stress Measurement 

7.4 Hardness Measurement 

8. Discussion 

8.1 Characterization of as-deposited coatings 

8.1.1 Composition Choosing  

8.1.2 Phase Analysis 

8.2 Phase Analysis At Elevated Temperatures 

8.3 Stress State Eevolution 

8.4 Hardness Evolution 

9. Conclusions 

10. Future Work 

11. References 

Appendix A. X-ray Diffraction 

Appendix B. TEM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	   III	  

Abstract 
 

   This work investigates the mechanical properties and microstructure evolution of hard 

coatings at elevated temperature, which imitates the thermal condition of cutting tools 

operation. TiAlN has been widely studied due to the age hardening effect by spinodal 

decomposition at 800 ˚C, however, low phase stability of the c-AlN at high temperature 

above 1000 ˚C could lead to poor mechanical properties. By alloying with a ternary transition 

metal the thermal stability is expected to be improved. Three coatings, Ti0.37Al0.45Nb0.18N, 

Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N, and three reference coatings, Ti0.43Al0.57N, 

Ti0.49Al0.51N and Ti0.55Al0.45N, were deposited by cathodic arc evaporation. The thermal 

stability was then studied by annealing at temperatures ranging from 600 ˚C to 1100 ˚C. 

   The composition of each coating was measured by energy dispersive x-ray spectroscopy 

(EDS) and the thickness, microstructure and surface morphology were studied by scanning 

electron microscopy (SEM). The microstructure was similar for all six coatings, but a higher 

macroparticle density was found in the Ti0.37Al0.45Nb0.18N coatings. The phase analysis from θ 

- 2θ and grazing incidence X-ray diffraction indicates that Ti0.37Al0.45Nb0.18N has good phase 

stability due to the occurrence of h-AlN at 1100 ˚C, which is 100 ˚C higher than the reference 

TiAlN coatings. The in-plane stress was measured by sin2ψ method of X-ray diffraction, and 

the hardness was measured by nanoindentation. The stress state and hardness results do not 

have strong correlation, but (Ti,Al,Me)N coatings have better thermal stability than the 

reference TiAlN at 1000 ˚C and 1100 ˚C. TEM work has been done on Ti0.34Al0.47V0.19N with 

800 ˚C and 1000 ˚C annealed samples. The mixture of c-AlN and h-AlN phases was shown in 

800 ˚C sample, and the h-AlN phase exists at the column boundaries for both samples. STEM 

z-contrast measurement on 1000 ˚C annealed sample showed the segregation of Ti-rich and 

Al-rich domains, where the V was primarily found in the Ti-rich domains. In summary, 

Ti0.37Al0.45Nb0.18N, Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N are promising candidates for high 

temperature application. 
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1. Introduction 
 

1.1. Background  
 

   A coating is a thin layer covering the surface of an object (substrate) and at the 

same time allowing its surface properties to be modified and improved. Within the 

metal cutting industry, these substrates, e.g., cutting tool inserts, are typically based 

on cemented carbide (WC:Co) due to its excellent wear protection properties. For 

cemented carbides, the hardness/toughness ratio can be adjusted by controlling its 

composition and especially the amount of Co binder phase. In addition, coatings may 

further improve the overall behavior of the cutting tool by, e.g., restraining the 

generation and propagation of cracks in the substrate. 

   Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD) are two 

main industrial scale coating deposition techniques. CVD coatings are typically used 

for rough milling and turning operations, while PVD coatings are used in finishing 

operations. The thickness of CVD coatings is in the range of 5-20 µm and the 

deposition temperature is around 800-1200 ˚C. The high deposition temperature 

makes CVD coatings larger grain size, fewer defects and more uniform crystal 

structure compared to PVD coatings, but the big shrinkage difference between coating 

and substrate caused by the cooling process leads to tensile residual stress and cracks 

for CVD coatings. The deposition temperature of PVD coatings is around 300-500 ˚C, 

and the thickness is in the range of 1-5 µm. During PVD deposition process, 

high-energy ion bombardment and low deposition temperature contribute to 

compressive residual stress in the coatings. In the metal cutting process, tensile stress 

is applied on the tool; consequently, compressive stress in the coating is often 

beneficial.  

   The development of PVD coatings started in the 1960s when PVD TiN was 

among the first chosen materials because of its prominent wear and corrosion 
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properties. TiN is still quite popular and used in many different applications, not only 

on cutting tools. For example, TiN is a strong candidate in decorative coatings due to 

its golden color combined with quite good wear and corrosion resistance. However, at 

around 500 ˚C TiN starts to oxidize, forming rutile TiO2 which in turn decrease the 

coating hardness. Therefore, efforts have been made to improve its oxidation 

resistance. In the late 1980s, Al was alloyed into TiN coatings in the Ti-Al-N ternary 

system resulting in improved oxidation resistance with increasing amount of Al (Kim 

and Kim 1997). In addition to improved oxidation properties, the cubic structured 

c-TiAlN coating revealed an age hardening behavior where the coating hardness 

increased when heat treated at high temperatures (800-900 ˚C). Age hardening is a 

thermodynamic result from spinodal decomposition. The c-TiAlN coating 

decomposes isostructurally into coherently strained cubic phase c-TiN and c-AlN 

enriched domains (Mayrhofer, Hörling et al. 2003). At even higher annealing 

temperatures of 1000 ˚C, the phase transformation of c-AlN into h-AlN takes place. 

Accompanying the formation of h-AlN is a degradation of the mechanical properties 

of the coating (Hörling et al. 2003). Since the service temperature of a cutting tool can 

easily reach above 1000 °C, the high temperature properties of the coating protection 

is important. 

   Studies of metal Me alloying into arc deposited Ti-Al-Me-N coatings have shown 

a decrease in formation rate of h-AlN and a less abrupt reduction of the coating 

hardness at annealing temperatures above 1000 °C (Lind, Forsén et al. 2011). The 

metal elements Me=Cr, Nb and V have shown interesting behavior in TiAlNbN, 

TiAlVN and TiAlCrN coatings (Rogström, Johansson et al. 2012) 

 

1.2. Aim and Plan 

 

   Three coating systems, Ti-Al-Nb-N, Ti-Al-Cr-N and Ti-Al-V-N with Ti-Al-N as 

the reference are studied in this work. The coatings are grown onto WC-Co substrates 

by cathodic arc deposition. According to previous work (Hsu 2015) as well as 
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unpublished simulation result from Linköping University, Al content is aimed at 50 at. 

% to reach high spinodal decomposition rate without forming hexagonal phase h-AlN. 

The content of the alloying metal, Me, is aimed at 10-20 at. % to achieve phase 

stability at high temperature while not changing the composition too much compared 

to the TiAlN reference. The goal of this work is to study the evolution of strain, 

microstructure and hardness in arc deposited TiAlNbN, TiAlVN and TiAlCrN 

coatings at elevated temperature up to 1100 °˚C.  
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2. Materials System 
 
   The quaternary system Ti-Al-Me-N, where Me is a transition metallic material 

alloyed into the coating, is the main focus of this thesis work. The crystal structure of 

these compounds is based on the binary Ti-N system. TiN has a NaCl crystal structure 

with face-centered cubic (fcc) lattice sites of Ti and octahedral interstitial sites 

occupied by N. In Ti-Al-Me-N, Al and the third metallic transition element Me 

replace Ti at lattice sites, and form a solid solution alloy in a metastable state. In this 

section the previous research related to the thesis is presented in more detail. 

 

2.1. Ternary system: Ti-Al-N 

 
   In the late 1980s, Al was added into TiN coating to form Ti-Al-N system and act 

as prevention of oxidation above 500 °˚C. In cathodic arc deposition the metallic 

composition of coating is mainly determined by the cathode content, and the atomic 

percentage of Ti and Al is expected to be the same as that of the cathode. However, 

the Al content is usually slightly lower than the content in the cathode. The main 

reason for this behaviour is that the ionized Ti and Al have different charge states 

while passing through the plasma, and hence that the energy gained by acceleration 

from the plasma potential to the substrate is different. The deposition is an energetic 

condensation process and two types of ions with different energy lead to different 

yields, a difference that is even higher when a high negative bias is applied to the 

substrate (H. and H. 1987). Typically, the arc deposited TiAlN coating of this study 

has a cubic phase (c-TiAlN) and a dense and columnar microstructure. During the 

deposition, the condensation of high-energy ions causes high defect density, and it 

also contributes to the residual stress in the coating (Anders 2008).	 	 

   The variation of Al content in arc deposited Ti-Al-N plays an important role on 

the phase and microstructure of the coating. Ti1-xAlxN coatings with x≤0.66 at. % 

have shown a cubic phase with 200 preferred crystallographic orientation, whereas for 

a coating deposited from Ti0.26Al0.74 cathodes both cubic and hexagonal phases were 
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found (Hörling, Hultman et al. 2002). The coatings were also subjected to annealing 

(post thermal treatment) to investigate the phase changes at different temperatures. 

When the annealing temperature rises above 800 or 900 ˚C, spinodal decomposition 

was triggered. The coating decomposed into c-AlN and c-TiN, still in a metastable 

state, and the sizes of two domains are at nanometer scale with coherent interface. The 

defect annihilation during annealing leads to stress relaxation, but the coherency strain 

can balance the loss of residual stress and increase the total hardness. Above 1000 ˚C 

c-AlN transforms to hexagonal phase and the interfaces lose coherency due to the 

appearance of h-AlN crystal structure. Most of the lattice planes of hexagonal phase 

cannot match cubic phase, so the interface planes lose coherency and the hardness 

decreases. Moreover, the unit cell volume of h-AlN is larger than c-AlN, and the 

volume expansion during phase transformation might generate cracks at grain 

boundaries. The wear protection of the coatings is diminished, which leads to shorter 

lifetime of cutting tools at high temperature (Hörling, Hultman et al. 2002, Mayrhofer, 

Hörling et al. 2003). 

 

2.2. Quaternary system: Ti-Al-Me-N   

 
   Previous research shows that alloying additional metallic elements into Ti-Al-N 

suppress the formation of h-AlN, Me=Cr, Zr and Nb have shown promising results 

(Rogström, Johansson et al. 2012).  

 

2.2.1. Ti-Al-Cr-N 

 

   A background knowledge for Ti-Al-Cr-N is presented elsewhere (Lind, Forsén et 

al. 2011, Forsén, Johansson et al. 2012). During spinodal decomposition, the 

segregation and coarsening of Ti-rich and Al-rich domains are diffusion driven 

process. The alloyed Cr replaces the lattice sites of Ti and hinders the diffusion 

process, impeding the segregation of Ti and Al at 900 ˚C as a result. Cr reduces the 

coherency strain between these two types of domains, which lowers down the effect 
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of age hardening. As temperature rises higher above 1000 °˚C, Cr tends to relocate to 

Ti rich domain since Cr has higher miscibility with Ti-rich domain. At the same time 

Cr stabilizes c-(Cr)AlN phase and diminishes the transformation into hexagonal phase 

h-AlN, and semicoherency strain forms between h-AlN domain and c-TiAlCrN 

domain. At 1100 ˚C the stabilization of c-(Cr)AlN by Cr starts to lose due to the 

acceleration of cubic domain transforming into hexagonal phase. The cubic domain 

stabilization by Cr maintains part of the coherency, therefore, the hardness drop is 

milder compared to TiAlN coating (Forsén, Johansson et al. 2012).  

   From the theoretical simulation, the Cr content can alter the direction and 

magnitude of the driving force for spinodal decomposition in the Gibbs free energy 

diagram. The addition of Cr leads to lower driving force and creates an extra kinetic 

barrier; these effects lower the rate of spinodal decomposition and the grain 

coarsening. Therefore it is beneficial to keep the coherency among domains and 

restrain the transformation of c-AlN to h-AlN. A comprising high Al ratio between 65 

and 70 at. % and about 20 at. % of Cr are suggested to improve the mechanical 

properties with the mechanism mentioned above (Lind, Forsén et al. 2011). 

  

2.2.2. Ti-Al-Nb-N and Ti-Al-V-N 

 

   A previous diploma work from Linköping University shows that small amount of 

Nb in Ti-Al-Nb-N coatings reveal similar hardness/temperature properties as Cr in the 

Ti-Al-Cr-N system. Optimum performance was obtained for the Ti41.6Al41.7Nb16.6N 

(Hsu 2015). Similarly as to the Cr case, the addition of Nb suppresses the phase 

transformation of c-AlN to h-AlN.  

   In several studies, research of the Ti-Al-V-N system has focused on the 

lubrication properties of vanadium oxide forming as the temperature rising up to 700 

°˚C (Pfeiler, Kutschej et al. 2009). However, there are no studies on the effect of heat 

treatment at higher temperatures on phase content, strain or hardness.  
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2.3. Spinodal Decomposition  
 

   Spinodal decomposition is a diffusion controlled and temperature dependent phase 

transformation process with no energy barrier for nucleation and growth. Fig. 2.1 (a) 

shows a phase diagram with miscibility gap; the alloy with composition X0 has a 

stable phase α at T1, which transforms into two phases α1 and α2 at a lower 

temperature T2. In this study, the c-Ti-Al-N coatings with low Al content can be 

maintained at an unstable state due to the relatively low deposition temperature; the 

atom has low mobility to diffuse so two phases are not reached. Yet, the phase 

transformation can be triggered by small amount of energy due to the tendency 

toward lower energy state. Fig. 2.1 (b) is the Gibb’s free energy diagram at 

temperature T2; Go is an unstable state, and the compositional fluctuation that 

generates A-rich and B-rich regions can lower the overall free energy. This phase 

transformation is named spinodal decomposition, and the process takes place at 

negative curvature region of Gibb’s free energy diagram, which is 

     !
!!

!!!
< 0                                             (2.1) 

   In the spinodal region, the diffusion is an “up-hill” process, which means that the 

atoms diffuse from low to high concentration. The spinodal transformation depends 

on the interdiffusion coefficient, D, and the compositional fluctuation increases 

exponentially with time. Outside of the spinodal region, the compositional variation 

increases with the free energy and hence the states at composition of X1 and X2 are 

metastable. The non-spinodal region is a down-hill diffusion; nucleation and growth is 

the way to lower the free energy. At the initial stage of spinodal decomposition, the 

precipitates are tiny and unstable so the total interfacial free energy is high. In this 

way, the tiny precipitates tend to coarsen reducing the free energy. From 

Gibbs-Thomason effect, concentration gradient is created due to different size of the 

precipitates (different radius of curvature), which also acts in favor of the coarsening 

process.  
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Fig. 2.1 (a) Phase diagram of binary system with miscibility gap. (b) Gibb’s free 

energy diagram at temperature T2. Adapted from (Porter and Easterling 2004). 
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3. Stress State and Hardness 

 
   The stress state and its distribution affect both the mechanical and tribological 

properties of coatings. The stress state can be discussed in different points of view, 

such as intrinsic-extrinsic, interlayer-intralayer and macro-micro stress (Noyan and 

Cohen 1987).  

 

3.1. Residual Stress 
 

   Compressive residual stress is an important property of coatings from arc 

deposition and the final stress level is composed of an extrinsic and an intrinsic part. 

From the perspective of extrinsic stress, the difference in thermal expansion 

coefficient between coating and substrate is the main contribution. This is also called 

thermal stress (Noyan and Cohen 1987), and the relation between stress states and 

effect factors can be described by the following equations,  

     𝝈𝒕𝒉𝒆𝒓𝒎𝒂𝒍 =    𝑬𝒇

(𝟏!𝑽𝒇)
   ∙ 𝜶𝒇− 𝜶𝒔𝒖𝒃 ∙ (𝑻𝒅𝒆𝒑− 𝑻𝒂𝒏𝒂)                        (3.1)   

      𝝈𝒕𝒐𝒕 =   𝝈𝒊𝒏𝒕+   𝝈𝒆𝒙𝒕                                          (3.2) 

where σthermal is the thermal stress, σtot the total stress, σint the intrinsic stress, σext the 

extrinsic stress, Ef the elastic modulus, Vf poisson’s ratio of the film, αf the thermal 

expansion coefficient of the film, αsub the thermal expansion coefficient of the 

substrate, Tdep the deposition temperature, and Tana the analysis temperature. The 

coating thickness is relatively much smaller than that of the substrate. The substrate 

influence on the properties that can be related to expansion or shrinkage of the 

constituent materials is thus dominant. 

   From the perspective of intrinsic stress, the stress is generated during the 

deposition process before the final cooling. The ion bombardment is one of the main 

factors contributing to the intrinsic residual stress. A negative substrate bias voltage is 

applied to accelerate the impinging ion onto the growing coating. The energy of the 

ions is proportional to the applied bias voltage. Energetic ions can be implanted 
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beneath the coating surface, thus creating permanent interstitial defects. These give 

rise to a compressive stress component in the surface plane of the coating. The 

influence of substrate bias varies from different atoms, so the composition and 

nitrogen gas applied to the vacuum system could change the stress state. Also, at high 

deposition temperature or very high bias potentials some of these defects can be 

annihilated and the compressive stress is reduced (Ljungcrantz, Hultman et al. 1995, 

Rogström, Johansson et al. 2012). High compressive residual stress is often a benefit 

in coatings for cutting tools, but too high value of stress may also lead to failure 

during cooling. 

 

3.2. Hardness and Coherency Strain 
 

   The sliding of dislocation is harmful to hardness. To get higher hardness, factors 

such as grain boundaries and defects are good obstructions to dislocation sliding. 

Hall-Petch effect describes the relationship between grain size and hardness, 

      𝝈𝒚 =   𝝈𝟎+ 𝒌𝒚

𝒅
                                            (3.3)     

where σy is the yield stress, σ0 is the stress for single crystal, ky is the strengthening 

coefficient and d is the average grain diameter. From equation (3.3), the smaller grain 

size may result in higher hardness due to the dislocation sliding barriers along the 

grain boundaries. However, if the grain size is smaller than 10 nm, the Hall-Petch 

relation results in a reverse relationship between hardness and grain size is reversed 

(Dieter 1986).  

   The coherency strain formed between c-TiN and c-AlN can obstruct the motion of 

dislocation, and contribute to hardness as a result. Two crystals of c-TiN domain and 

c-AlN domain match perfectly at coherent interface; the identical lattice planes adjoin 

with slight distortion due to different lattice parameter, and the distortion is 

maintained by coherency strain. As c-AlN transforms into h-AlN, only the 

close-packed plane of hexagonal phase and cubic phase can still match (Porter and 

Easterling 2004) and hence the hardness drops abruptly due to the loss of coherency 
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strain in combination with relatively low hardness of h-AlN. At elevated temperature, 

the annealing provides energy for recrystallization and recovery, and the defects are 

gradually annihilated. The loss of impediment to dislocation sliding owing to defects 

annihilation may also decrease the hardness. 
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4. Coating Deposition 

 
   Cathodic Arc deposition is a common industrial PVD deposition method for 

cutting tools. High current and low voltage of arc discharge is used to evaporate 

material from the surface of a cathode target, and dense plasma is formed close to the 

surface of cathode during the deposition. The arc technologies has high deposition 

rate, but the generation of macroparticles is a severe drawback that harms the 

performance of coatings (Sproul 1996, Anders 2008). 

 

4.1. Cathodic Arc Deposition 
 

   Fig. 4.1 is a schematic illustration of the electric potential between cathode and 

anode. The arc deposition starts with the trigger ignition, the trigger attaches on the 

cathode and creates a low voltage and high current arc discharge, which produces a 

dense plasma. After the first ignition, the arc discharge starts a self-sustained cycle. 

The plasma between cathode and anode maintains the current by the motion of 

electrons and ions, and the current is mainly contributed by electrons due to the high 

mobility and low mass. The interfaces between plasma and electrodes are the key 

positions of current continuity. The cathode sheath is thin and contains an important 

potential drop, which liberates electrons from cathode. Electrons are liberated from 

cathode and move to anode, then falling into the conduction band of anode to 

accomplish current continuity. The small anode fall can adjust the current by 

controlling arrival electrons.  

   The liberation of electrons from cathode requires ionization energy, which 

depends on the work function of cathode material. The cathode fall is typically around 

20 V and provides ionization potential, making electron emission more efficient.  
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Fig. 4.1 Schematic illustration of electric potential of cathodic arc evaporation 

 

4.2. Cathode spot 

 
   A cathode spot is a small area on the surface of cathode and the size is typically 

between 0.1µm and10µm; the lifetime of a cathode spot is very short and its position 

keeps changing during the deposition process. The cathode spot emission can be 

divided into four stages (Anders 2008): 

(1) The pre-explosion stage 

As an arc is created by attaching the trigger, certain amount of plasma is generated 

close to cathode. Ions fall along cathode fall and bombard at cathode spot 

accompanied with a flux of electrons, atoms and radiation, and then cathode is 

heated up by ion bombardment and heat conduction. 

(2) The explosive stage 

A certain location with high local energy input can lead to an explosive emission. 

The location can be a microprotrution with high intensity of ion bombardment, 

high plasma density or high electric field strength due to thin sheath. All the 

conditions can lead to high local energy input and create explosive electron 

emission with thermal runaway. The microexplosion creates a crater on the 

surface of cathode. The time scale of micrexplosion is around 10 ns, and the next 
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microexplosion follows right after. 

(3) The immediate explosion stage 

The crater created by microexplosion transfers into molten state. Intense electron 

beam emits from the crater with the energy corresponding to cathode fall, and 

field-enhanced thermionic emission manipulates the current density. Cathode 

material is evaporated from liquid metal crater and ionized by intense electron 

beam. The formation of high plasma density creates high pressure close to cathode 

spot, and spreads the molten cathode material from crater toward substrate. 

(4) The final cooling stage   

At the cooling stage, the thermal conduction spread the input energy into deeper 

and wider area, the electron emission and material evaporation stop. The spot 

burns out and solidifies rapidly back to the normal state. The crater rim is pressed 

hard by dense plasma, having high possibility to form microprotrusions and being 

the next emission site. The new cycle starts at the next emission site on cathode 

surface, and keeps plasma at high density.  

 

4.3. Macroparticles 

 
   In the explosive stage, high plasma pressure close to the cathode spot has high 

chance to eject relatively big liquid or solid debris particles, which are the so called 

“macroparticles” or “droplets”. These particles are typically ejected into a cone 

perpendicular to the cathode surface with a wide cone angle. Overall, the 

marcroparticles size varies from tens of nanometers to few micrometers and the 

particles are homogenously distributed over and in the coating, see Fig. 4.2.  

   The macroparticles may obstruct the grain growth and stress relaxation. Recent 

research shows that the residual stress gradient is reduced at local positions close to a 

macroparticle while the residual stress of the droplet remains high; all results were 

compared to a defect-free area (Sebastiani, Piccoli et al. 2013). Macroparticles also 

increase surface roughness and induce local stress concentration that may act as the 

starting points of coating failures such as buckling and spallation (Bull and 
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Berasetegui 2006). In certain applications, macroparticles in the coating may be 

detrimental to properties and hence filtering techniques are being developed. 

Compared to the vaporized cathode material, macroparticles are less ionized and with 

larger mass. The common macroparticles filtering techniques utilize the high degree 

of ionization of the evaporated material. A magnetic field is applied in a curved filter 

system causing the plasma to follow the direction of the filter track. The 

macroparticles are not affected by the applied magnetic field and are therefore sieved 

out. Although the deposition rate decreases with the applying of filter, the 

macroparticles are effectively removed. However, the application of droplets filtering 

is still not common in industrial production.  

 

Fig. 4.2 Micrograph of cross-sectional Ti-Al-Nb-N coating from SEM. The 

macroparticles are embedded in the coating, and the voids made by macroparticles are 

also shown. 
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5. Characterization Techniques 

 

5.1. Scanning Electron Microscopy (SEM)   
 

   The sample is scanned by a focused electron beam. After the interaction between 

electrons and the sample, the secondary or backscattered electrons are detected and 

form an image. The surface morphology and cross section are two main studies 

carried out by SEM in this thesis work. Two kinds of secondary electron detectors are 

used, in-lens and SE2. The in-lens detector is located perpendicular to the analyzed 

surface, surrounding the incoming e-beam while the SE2 detector is located on the 

side of the analysis chamber. Due to the viewing angle the SE2 images give good 

height contrast on the surface. The brightness contrast given by secondary electrons 

can also provide elemental information; the heavier elements are brighter in the 

image.  

 

5.2. Energy Dispersive x-ray Spectroscopy (EDS)  
 

   EDS is a detector attached both in SEM and TEM instruments. The electron beam 

from the source gun excites the atoms of sample, and the excited atoms can release 

energy in the form of x-rays. Each element has characteristic energy of emitted x-rays, 

which can be used to determine the overall and local composition of the sample. In 

this thesis, nitrogen atom is hard to be precisely determined due to the low energy of 

x-ray emission. Elastic Recoil Detection Analysis (ERDA) could be helpful to correct 

the nitrogen content if necessary.  

 

5.3. X-ray Diffraction (XRD) 

 
5.3.1 Phase Analysis 

 

   XRD is a microstructure analytical technique for crystalline material. Fig. 5.1 
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shows the schematic demonstration of x-ray diffraction in atomic planes for θ - 2θ 

scanning, and the measurement is based on the principle of Bragg’s law, 

     𝜆 = 2𝑑 sin𝜃                                                  (5.1) 

where λ is the wavelength of incident x-ray, d is the atomic plane spacing and θ is the 

diffraction angle. In a measurement, the diffracted intensity is monitored as a function 

of diffraction angle. The plane spacing measurement is characteristic for the crystal 

structure of material. A diffraction peak of crystalline material is sharp, while a 

crystal distorted by factors, such as defects and strain, could broaden diffraction peaks 

due to less identical lattice spacing.  

   The θ - 2θ method make use of a symmetry scanning and only the plane parallel to 

the surface are detected. This type of scanning is used for phase analysis, texture 

coefficients or structure refinement, but can also give accurate information of peak 

shifts caused by factors, such as strain and composition changing of a solid solution. 

However, the incident x-rays may reach the substrate and interface with the film 

observation. To avoid the substrate signals, the grazing incidence method is used. In 

this method a small and constant incident angle is used and only the detector move in 

the set range. Due to the small incidence angle the probed volume is restricted to the 

surface-near region. 

 

 

 

Fig. 5.1 Schematic illustration of X-ray diffraction in atomic planes. (Rogström 2012) 
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5.3.2. Stress Measurement 

 

   The stress state is measured from strains measured by using X-ray diffraction 

(XRD). The peak shift in XRD indicates the d-spacing changing, which refers to 

strain variation. Hence, a certain peak is measured under different sample rotation and 

tilt, and the peak shift is compared with the strain-free lattice. The stress measurement 

from higher diffraction angle is more reliable because the peak shift at higher angle is 

larger. The calculation of stress requires Poisson’s ratio and Young’s modulus, which 

are not known for the material in this project. Instead, the elastic constant of TiN are 

used due to the similar crystal structure and lattice spacing. This means that the main 

focus is the relative comparison between the stress values rather than the absolute 

value. In this work, the measurement is done by using sin2ψ method. The interference 

of the signal from substrate is improved with the help of utilizing grazing incidence, 

and the incident angle varied with different tilting angle. The details of calculation is 

well described in ref. (Fitzpatrick 2005, Birkholz 2006), and will be briefly explained 

in the following. 

   The schematic definition of stress state and different angle variation is shown in 

Fig. 5.2. The original equation for strain determination is 

   εφψ= !!"!!!
!!

  

      = ε11cos2φsin2ψ + ε12sin2φsin2ψd0 + ε22 sin2φsin2ψ 

       + ε33cos2ψ��� + ε13cosφsin2ψ + ε23sinφsin2ψ                     (5.2)  

where εφψ is the measured strain, dφψ is the measured d-spacing, d0 is the 
strain-free d-spacing, φ and ψ are defined in Fig. 5.2. The relation between 
strain (ε) and stress (σ) is described by Hooke’s law with Young’s modulus E and 
Poisson’s ratio ν, where 

     𝛆!! =
!
!
𝛔!!                                                        (5.3) 

     𝛆!! = − 𝛎
!
𝜎!! , 𝑖 ≠ 𝑗                                             (5.4) 
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   Rotational symmetry was proven in our samples, i.e., no dependence on 
rotation angle φ occurs. Moreover, a biaxial stress state (σxx = σyy = σ and σxz = 
σyz = σzz = 0) is assumed; therefore, equation (5.2) can be rewritten into 

     !!!!!
!!

= !!𝛎
!

𝜎sin2ψ−2𝛎
!
𝜎                                        (5.5)       

   With the strain-free d-spacing and the constants, the slope of the line plotted by dψ 

against sin2Ψcan be used to determine the stress. 

     𝑆𝑙𝑜𝑝𝑒 =    !!(!!!)
!

σ                                              (5.6) 

 

Fig. 5.2 (a) Definition of the stress state. (b) Definition of different angle variation. Ψ 

is the tilting angle, ϕ is the rotation angle and θ is the incident angle. 

 

5.4. Nanoindentation 

 
   Nanoindentation is commonly used for measuring the hardness of coating. A tiny 

tip with certain load is applied on the surface, and the evolution of penetration depth 

is recorded. The hardness is defined by 

      𝐻 = !
!
                                                      (5.7)         

where H is the hardness, P is the maximum applied force during the indentation and A 

is the projected area of the load. The indentation tip is assumed to maintain in the 
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same geometry during the test, and the projected area of the load is measured by using 

the calibrated area function of the tip. The geometry of the tip might change after each 

measurement, hence the tip is applied on a fused silica reference sample to calibrate 

the area function. The applied load is chosen by the indent depth, and the penetration 

depth is recommended to be 10 % of the thickness of the coating.  

   To avoid the influence of macroparticles, the surface of coating is tilted with tiny 

angle and then polished to produce a tapered cross section. The polished area for 

indentation is one side close to the substrate and another side close to the surface of 

coating. The chosen points for indentation need to skip macroparticles and be away 

from the substrate to avoid substrate effect.  
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6. Experimental Details 
 
   The setups of cathodic arc deposition, post thermal treatments to the samples, the 

parameters set in each characterization and sample preparation for each measurement.  

 

6.1. Cathodic Arc Deposition  

 
   (Ti,Al,Me)N coatings were deposited by using Sulzer/ Metaplas MZR-323, 

commercial cathodic arc evaporation system, at Seco Tools AB. The depositions were 

carried out under N2 atmosphere of 4.5 Pa and base pressure of 0.1 mPa, the chamber 

was heated up to 550 °C, and bias of -60V was applied to the substrates. Three 

circular cathodes of 100 mm in diameter were mounted on the left wall of the 

chamber and separated with distance of 21 cm, and nine rows of samples were 

mounted on the drum with rotation speed of 3 rpm, see Fig. 6.1 (a) and (b). The 

samples were named row 1 to row 9 from the top row to the bottom row on the drum. 

Nine rows of samples were mounted symmetrically with certain displacements to the 

centre, 5 cm, 7 cm, 14 cm and 21 cm. The position setup was the same for each 

deposition and was according to the estimation of linear composition distribution and 

aimed to get Ti40Al50M10 on row 4. Each row was mounted with two kinds of cleaned 

cemented carbide substrates [WC-Co, 6 wt% and 10 wt% of Co] and Fe foils, one 

side of cemented carbide substrate was polished and faced perpendicularly outward 

the drum’s surface, and the substrate with 10 wt% of Co is mainly for cutting test.  
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Fig. 6.1 (a) Schematic illustration of cathodic arc deposition system setup. A, B and C 

on the left wall are cathodes, and nine rows of substrates mounted on the drum in the 

middle of the chamber (b) The top view of the deposition system 

   Table 1 shows the cathode composition of each set of deposition. For (Ti,Al,Nb)N 

deposition, cathode A to C were Al50Nb50, Ti45Al55 and Ti50Nb50, the controlled 

current from cathode A to C were 155 A, 150 A and 155 A, and total ampere-hour 

was set as 350 Ah. For (Ti,Al,V)N deposition, cathode A to C were Al50V50, Ti45Al55 

and Ti40V60, the controlled current from cathode A to C were 160 A, 150 A and 160 A, 

and total ampere-hour was set as 250 Ah. For (Ti,Al,Cr)N deposition, cathode A to C 

were Al50Cr50, Ti45Al55 and Ti25Al25Nb50, the controlled current from cathode A to C 

were 160 A, 150 A and 160 A, and total ampere-hour was set as 250 Ah. (Ti,Al)N 

deposition was set as a reference to compare with different ternary element coating. 

For (Ti,Al)N deposition, cathode A to C were Ti15Al85, Ti45Al55 and Ti75Al25, the 

controlled current from cathode A to C were 160 A, 150 A and 160 A, and total 

ampere-hour was set as 250 Ah. The deposition process started with pumping and 

then heating. After reaching the base pressure and setting temperature, the arc would 

be triggered from the Ti cathode on the chamber’s door and created Ar plasma to etch 

samples’ surface. The current and ampere-hour of the cathode was controlled as 240 

A and 100 Ah, and a shutter was covering Ti cathodes to prevent from Ti forming on 

the substrate during the etching. The deposition followed after the etching, and the 

last step was cooling for around 30 minutes. 
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Table 1 Cathode composition of each set of deposition 

Deposition Cathode A Cathode B Cathode C 

TiAlNbN Al50Nb50 Ti45Al55 Ti50Nb50  

TiAlVN Al50V50 Ti45Al55 Ti40V60  

TiAlCrN Al50Cr50 Ti45Al55 Ti25Al25Cr50 

TiAlN Ti15Al85 Ti45Al55 Ti75Al25   

 

6.2. Annealing  

   Post heat treatments were carried out after deposition to give coatings’ study 

under different temperatures. Separate post annealing at 600 °C, 700 °C, 800 °C, 900 

°C, 1000 °C and 1100 °C were carried out under vacuum condition of about 10-4 to 

10-5 Pa. The ramping rate was 20 °C/min for both heating and cooling, and the dwell 

time at the desired temperature was 20 minutes.  

6.3. Scanning Electron Microscopy (SEM) and Energy Dispersive 
X-ray Spectroscopy (EDS) 

   The center area of as-deposited sample was manually fractured to get the cross 

section of coating. The thickness and structure of coating were measured and 

observed from the cross section of coating by using SEM with electron beam 

acceleration voltage of 3 kV. The analysis of droplet from cross section was done by 

using EDS with acceleration voltage of 5 kV, 10kV and 20 kV, so it could reach 

different electron penetration depth. The surface morphology of coating was observed 

by using SEM with acceleration of 3 kV, and the composition of coating was carried 

out by EDS with acceleration voltage of 20 kV. 
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6.4. X-ray Diffraction (XRD) 

6.4.1. θ - 2θ Scan and Grazing Incidence X-ray Diffraction (GIXRD) 

   The XRD was operated on the machine of Bruker D8 Advance with parallel beam 

and point focus, and the incident beam size is 2mm. XRD measurements were 

operated with Cu Kα X-ray source. The 2θ scanning range for both θ - 2θ scans and 

GIXRD were set from 30° to 80°, and both were continuous scanning with step width 

of 0.1°. The scanning time for each step was 10 seconds for θ - 2θ scans and 20 

seconds for GIXRD, and the incidence angle for GIXRD was 2˚. 

6.4.2. Stress Measurement 

   The (200) peak of each sample was chosen for the stress measurement. Nine sets 

of tilting angle χ and incident angle ω were carried out so that the penetration 

depth was kept constant at about 1 µm to diminish the interference from substrate. 

Rotational symmetry was confirmed in pre-tests and therefore the φ angle was kept 

constant. The scanning step width was 0.1° and each step was 20 seconds. 

6.5. Nanoindentation 

   The indenter used in this work was a three-faced Berkovich diamond tip and the 

measurements were made in a UMIS nanoindenter. The sample is first indented with 

the load from 20 to 50mN, and the purpose is to choose the optimized load with the 

indentation depth around 10% of the thickness of coating. The load was chosen as 

50mN and thirty indentations were carried out for each sample.  
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7. Results  
 

7.1. Characterization of As-deposited Coatings 

 
   The composition and thickness of (Ti,Al,Me)N and (Ti,Al)N are shown in Table 2. 

For (Ti,Al,Me)N coatings row 4 are chosen, and row 4, 5, 6 are chosen for (Ti,Al)N 

coatings. The composition ratio of Ti, Al and ternary element are shown separately in 

atomic percentage and without counting in nitrogen. The expected composition is 

Ti40Al50M10; the Al composition of the three coatings are close to the aim, but the 

ternary element composition of them is about 18 % which is higher than the aim. The 

thickness of Ti0.34Al0.47V0.19N, Ti0.32Al0.51Cr0.17N and the reference coatings are about 

2.4 µm, but Ti0.37Al0.45Nb0.18N coating is 3.6 µm due to the higher value of 

ampere-hour applied.  
 

Table 2 Composition and thickness of as-deposited coatings   

Coating	   Composition	  at.	  %	   Thickness	   	   	  
	   (µm)	  

Al	   Ti	   Me	  

TiAlNbN	   45.3	   36.7	   18	   3.6	  

TiAlVN	   47.5	   33.6	   18.9	   2.4	  

TiAlCrN	   50.5	   32.2	   17.3	   2.3	  

TiAlN	  (row4)	   56.8	   51.2	   ——	   2.6	  

TiAlN	  (row5)	   51.2	   48.8	   ——	   2.4	  

TiAlN	  (row6)	   44.7	   55.3	   ——	   2.1	  
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Fig. 7.1 Surface morphology from SEM (a) Ti0.37Al0.45Nb0.18N (b) Ti0.34Al0.47V0.19N (c) 

Ti0.32Al0.51Cr0.17N (d) Ti0.43Al0.57N (e) Ti0.49Al0.51N (f) Ti0.55Al0.45N 

 

   Fig. 7.1 shows the surface morphology, while the spots with lighter color are 

macroparticles. The size of macroparticle has huge variation, while some can even not 

be seen from this magnification. The density of macroparticle on the surface is 

different from each coating, and the density of Ti0.37Al0.45Nb0.18N is much higher than 

other. Fig. 7.2 shows the cross section of coatings, and all of the coatings have 

columnar structure along the growth direction. 

 
Fig. 7.2 Cross section images from SEM (a) Ti0.37Al0.45Nb0.18N (b) Ti0.34Al0.47V0.19N 

(c) Ti0.32Al0.51Cr0.17N (d) Ti0.49Al0.51N 
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7.2. Phase analysis 

 
   Fig. 7.3 and Fig. 7.4 show the X-ray diffractograms of the as-deposited samples of 

(Ti,Al,Me)N and the reference coatings, and the detecting range is from 30° to 80°. 

To compare the cubic solid solution peaks of different coatings, Ti0.49Al0.51N peaks 

are labelled as standard peaks, and the observation of peaks shift is based on the 

standard peaks. In Fig. 7.4, Ti0.37Al0.45Nb0.18N peaks shift to smaller angle, but peaks 

of Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N shift to larger angle. For Ti0.37Al0.45Nb0.18N, 

the peak at 2θ=38.5° probably correspond to metallic Nb cubic phase. For all coatings, 

small peak at around 2θ=41° appears and the peak shift with different coatings, and 

this small peak is an artificial peak caused by diffraction on the (200) planes by W Lα1 

radiation originating from anode contamination from W filament. 

 

 

Fig. 7.3 X-ray diffractograms of as-deposited samples from grazing incidence scans. 
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Fig. 7.4 X-ray diffractograms of as-deposited samples from θ - 2θ scans. 

 

   The cubic (111) and (200) solid solution peaks are at around 2θ=37° and 2θ=43°. 

Among all the cubic solid solution peaks, the (200) peaks of each diffractogram have 

higher intensity, but the (111) peaks of Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N 

coatings also have relatively high intensity. The cubic solid solution peak shift of each 

coating at elevated temperature has similar tendency for all samples. The peaks 

gradually shift to larger angle from as-deposited temperature to 900 °C, and then shift 

to smaller angle from 900 °C to 1100 °C. The microstructure of each coating has 

prominent change from 900 °C. In Fig. 7.5, the (200) cubic solid solution peak of 

Ti0.37Al0.45Nb0.18N broadens at 900 and 1000 °C. The cubic AlN (c-AlN) peak, which 

is a shoulder-like peak close to (200) peak, shows up at 1000 °C. At 1100 °C, the 

c-AlN peak disappear, the (200) peak sharpens, and the hexagonal AlN peak at 2θ = 

33° appear.  
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Fig. 7.5 X-ray diffractograms of Ti0.37Al0.45Nb0.18N from grazing incidence scans. 

 

   In Fig. 7.6, the peak broadening of Ti0.34Al0.47V0.19N is also obvious at 900 °C. At 

1000 °C, the (200) peak sharpens and shifts to lower angles. The shoulder on the right 

side may refer to the c-AlN peak. The h-AlN peak at 2θ=33˚ and 2θ=38˚ start to form 

at 1000 ˚C; the c-AlN disappears at 1100 ˚C. In Fig. 7.7, the (111), (200) and (220) 

cubic solid solution peaks of Ti0.32Al0.51Cr0.17N become broader at 900 °C, and the 

h-AlN peak at 2θ=33° shows up at this temperature. At 1000 °C, the h-AlN peak at 

2θ=33° grows stronger and the c-AlN (200) peak is more clearly visible. At 1100 °C, 

the cubic solid solution peaks turn sharper; the c-AlN at 2θ=44° becomes weaker and 

the h-AlN peaks increase further.  
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Fig. 7.6 X-ray diffractograms of Ti0.34Al0.47V0.19N from grazing incidence scans. 

 
Fig. 7.7 X-ray diffractograms of Ti0.32Al0.51Cr0.17N from grazing incidence scans. 
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   In Fig. 7.8 to 7.10, the cubic solid solution peaks of (Ti,Al)N show up at 900 °C, 

and the c-AlN peaks form at 1000 °C. The h-AlN peaks show up at 1000 °C and 

increase at 1100 °C, while the c-AlN peaks weaken at 1100 °C.  

 

 

Fig. 7.8 X-ray diffractograms of Ti0.43Al0.57N from grazing incidence scans. 
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Fig. 7.9 X-ray diffractograms of Ti0.49Al0.51N from grazing incidence scans. 

 
Fig. 7.10 X-ray diffractograms of Ti0.55Al0.45N from grazing incidence scans. 
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7.3. Stress Measurement 

 
   Fig. 7.17 shows the stress of each coating from as-deposited temperature to 1100 

°C, and the stress at 550 °C refers to the as-deposited stress. The stress of each 

as-deposited coating has highest value, and the stress decreases after annealing. The 

stress of TiAlN coating is higher than the coatings with ternary alloys at most of the 

temperature points, but Ti0.37Al0.45Nb0.18N has high value at 700 °C and even higher 

than TiAlN after 1000 °C. At 800 °C, the stress of each coating increases again. For 

Ti0.37Al0.45Nb0.18N and Ti0.34Al0.47V0.19N, the stress increases and reaches a peak at 

1000 °C, then drops again at 1100 °C, but the stress of Ti0.32Al0.51Cr0.17N and TiAlN 

reaches the peak at 900 °C and then drops at 1000 °C.  

 

 
Fig. 7.17 Stress measurement from X-ray diffraction. 

 

7.4. Hardness Measurement 
 

   Fig. 7.18 (a) and (b) show the hardness result of each coating after annealing at 
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elevated temperature, and the hardness at 550 ˚C refers to the as-deposited sample. 

The as-deposited ternary alloy coatings have lower value compared to TiAlN coatings, 

especially Ti0.32Al0.51Cr0.17N. The hardness of each coating increase at 600 ˚C, and 

then has the same decreasing tendency with different rate at annealing temperatures 

up to 900 ˚C. After annealing at 1000 ˚C, Ti0.37Al0.45Nb0.18N and Ti0.34Al0.47V0.19N 

show a slight increase in hardness, whereas for the other coatings the hardness 

continues to decrease. 

 
Fig. 7.18 (a) Hardness measurement from nanoindentation. 

 

Fig. 7.18 (b) Hardness measurement from nanoindentation. 
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8. Discussion 
 
8.1. Characterization of as-deposited coatings 

 
   Spinodal decomposition is a temperature dependent process; most part of the 

phase transformation might be completed in relatively short time. Therefore, the dwell 

time of annealing is set as 20 minutes but not set as 120 minutes the time used in 

(Hörling, Hultman et al. 2002). The main reason of choosing shorter time is to avoid 

the grain coarsening process after the decomposition, hence the changing factors are 

lessened while studying the stress and hardness. 

 

8.1.1. Composition Choosing  

 

   From each set of deposition, the samples of row 4, which is the position 5 cm 

above the centre of the drum, have the closest composition to Ti40Al50M10. Row 4, 5 

and 6 of (Ti,Al)N samples are set as reference to compare with different ternary 

element alloyed coating. The composition of Al and the third transition metallic 

element play the key role of controlling spinodal decomposition and phase 

transformation of c-AlN to h-AlN; high Al content and 10-20 at. % of the third 

element are suggested to have best mechanical performance. Therefore, the Al content 

of each sample is chosen at around 50 at. % and the third element is chosen at around 

18 at. % for further experiment.  

 

8.1.2. Phase Analysis  

  

   Ti-Al-Me-N is a solid solution based on TiN crystal structure, and the structure is 

distorted due to the substitution of different alloyed elements for Ti at the lattice 

points. For instance, the atomic radius of Al is smaller than Ti so the structure shrinks, 

but the structure expands with substitution of Nb in the reverse case. Other factors, 

such as compressive stress and defects, can also affect the crystal structure. The 
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expansion and shrinkage of crystal structure lead to the changing of d-spacing, hence 

the cubic solid solution peaks of different coatings do not locate at the same position. 

To compare the d-spacing of different coatings, the cubic solid solution peak of 

Ti0.49Al0.51N is labelled as standard peak, and the peak shift of other coatings are 

discussed on the base of standard peak in Fig. 7.3 to 7.16. According to Bragg’s law, 

it is an inverse proportion between d-spacing and diffraction angle. Therefore, the 

cubic solid solution peaks shift to smaller diffraction angle of Ti0.37Al0.45Nb0.18N 

indicates that the d-spacing is relatively larger, and the d-spacing changing of the 

other coatings can be explained in the same way. The cubic (200) peak of solid 

solution with high intensity in diffractograms of Ti0.37Al0.45Nb0.18N and Ti0.49Al0.51N 

indicates that both of them have preferred crystal orientation at (200) direction; 

Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N have less clear preferred orientation at (111) 

and (200) direction. For Ti0.37Al0.45Nb0.18N, the possible cubic Nb peak might 

originate from Nb droplets, in agreement with the high content found in this coating, 

hence the Nb content might be lower than the composition result from EDS. 

 

8.2. Phase Analysis At Elevated Temperatures 
 

   The TiAlN coating will be set as reference to compare with each coating, and the 

influence of the addition of ternary element into Ti-Al-N system will be discussed in 

the following section. The stress relaxation during annealing makes the cubic solid 

solution peaks shift to larger diffraction angle before 900 °C. The stress relaxation 

contributes to the increase of d-spacing in the direction parallel to the surface, and the 

d-spacing decreases in the direction perpendicular to the surface due to Poisson’s ratio. 

The d-spacing variation detected by XRD in θ-2θ diffractograms is in the direction 

normal to the surface, hence the peak shift to larger diffraction angle at elevated 

temperature. The spinodal decomposition starts from around 900 °C; the precipitation 

of AlN makes the solid solution transfer back to TiN crystal structure, so the peaks 

shift toward c-TiN peaks, which is at smaller diffraction angle.  
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   At 900 °C, the peak broadening of (200) and (220) cubic solid solution may refer 

to the formation of c-AlN from solid solution by spinodal decomposition. The 

microstructure and crystal volume changing due to spinodal decomposition contribute 

to d-spacing variation and the peaks are broadened as a result. The c-AlN peaks are 

weak and close to cubic solid solution peaks, hence they are overlapped and not easy 

to be observed. But as the solid solution peaks shift away at higher temperature, the 

c-AlN peaks become clearer. The peak broadening of Ti0.37Al0.45Nb0.18N is relatively 

less obvious at 900 °C, and the c-AlN peak is clear at 2θ=44.6°. The spinodal 

decomposition of Ti0.37Al0.45Nb0.18N coating might be postponed to 1000 °C, which is 

relative higher than other coatings. The addition of Nb may also retard the phase 

transformation of c-AlN to h-AlN since the h-AlN peak shows up at 1100 °C which is 

higher temperature than TiAlN. For Ti0.34Al0.47V0.19N, the c-AlN phase might be 

formed at 900 °C, observed from the peak broadening. At 1000 °C, strong peak 

overlap of Ti0.34Al0.47V0.19N might be the main reason for the unclear c-AlN phase, 

but the clear h-AlN peak might also indicate that the phase transformation is relatively 

faster. The h-AlN peaks of Ti0.32Al0.51Cr0.17N slightly shows up at 900 °C, which is 

earlier than other coatings. The appearance of h-AlN and relatively clear peak of 

c-AlN at 900 °C might indicate that the phase transformation into h-AlN takes place 

as soon as the formation of c-AlN. 

 

8.3. Stress State Evolution 
 

   The replacement of Ti lattice point by the ternary alloy causes lattice distortion, 

which might be responsible for the lower stress of (Ti,Al,Me)N compared to TiAlN. 

The as-deposited coatings have high compressive residual stress, which then 

decreases after annealing at elevated temperature. The diffusion rate is higher during 

annealing, which can lead to stress relaxation by defect annihilation and 

recrystallization. The addition of Nb into solid solution can act as diffusion barrier 

(Mayrhofer, Rachbauer et al. 2010), hence the stress relaxation of Ti0.37Al0.45Nb0.18N 

is less prominent. Also, the lower ternary alloy content of Ti0.37Al0.45Nb0.18N, due to 
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the formation of Nb droplets, might be the reason for higher stress value of 

Ti0.37Al0.45Nb0.18N compared to other sets of (Ti,Al,Me)N coatings. At 800 ˚C, where 

the compressive stress starts to increase, the temperature dependent spinodal 

decomposition is starting to occur. The formation of coherency strain from two 

decomposed domains could be the main effect to the stress evolution, but since the 

summed up volume of c-TiN and c-AlN is smaller than that of TiAlN (Rogström, 

Ullbrand et al. 2012), this could be a decreasing factor as well in compressive stress. 

Instead, the stress increase might also be contributed by the volume due to the larger 

lattice constant of h-AlN, in fair agreement with the occurrence of h-AlN peaks in the 

x-ray diffractograms. The local compressive stress maxima match the temperature of 

the clear h-AlN peaks showing up in x-ray diffractograms, which suggests the 

destruction of coherency strain by h-AlN. From 1000 ˚C to 1100 ˚C, 

Ti0.37Al0.45Nb0.18N and Ti0.32Al0.51Cr0.17N have high stress value, both Nb and Cr 

might play well as diffusion barrier to lower down stress relaxation.  

 

8.4. Hardness Evolution 
 
   The stress state has strong relation to the hardness evolution at elevated 

temperature (Karlsson 1999), hence the influence of stress and other factors to 

hardness will be discussed in the following section. Before the discussion, it has to be 

mentioned that the high macroparticle density of (Ti,Al,Me)N might give relatively 

large error to the hardness result. The first part of the discussion will be in the 

temperature range from as-deposited to 800 ˚C. Noticeable hardening of each coating 

is observed at the first annealing temperature 600 ˚C, and the hardness decreases in a 

slow rate till 800 ˚C. The increase at 600 ˚C is an opposite result compared to the 

stress measurements, which might indicate that the defect annihilation has less effect 

on hardness compared to the influence on stress state. The diffusion rate at this 

temperature range is extremely low, so any effect of spinodal decomposition should 

be limited. Some amount of grain boundary diffusion might, however, be possible and 

result in stronger grain boundaries and increased hardness. The decrease in hardness 
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from 600 to 800 ˚C could be related to defect annihilation and stress relaxation.    

   The second part of discussion will be in the temperature range from 800 ˚C to 

1100 ˚C. The proven spinodal decomposition from phase analysis takes place above 

800 ˚C, but no clear evidence of maintained or increased hardness is observed in the 

TiAlN reference coatings of the present study. In fact, at 900 ˚C, where XRD results 

suggest spinodal decomposition has started in all coatings, the hardness continues to 

drop. The reason for this is not clear. It is only at 1000 ˚C where a hardness increase is 

seen for Ti0.37Al0.45Nb0.18N and Ti0.34Al0.47V0.19N. These local hardness maxima agree 

with the stress maxima for these two coatings, but not for the other coatings showing 

stress maxima at 900 ˚C. In Fig. 7.6 and 7.7, the Ti0.34Al0.47V0.19N and 

Ti0.32Al0.51Cr0.17N have relatively higher intensity of h-AlN peaks, hence it is 

speculated that the volume expansion caused by high amount of h-AlN might 

contribute to higher stress state and hardness at high working temperature. The defect 

annihilation and recrystallization rate is higher in this temperature range, which could 

be also related to the hardness decrease in all sets of coatings.  
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9. Conclusions 
 
   Three coatings, Ti0.37Al0.45Nb0.18N, Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N, and 

three reference coatings, Ti0.43Al0.57N, Ti0.49Al0.51N and Ti0.55Al0.45N, were deposited 

by cathodic arc evaporation. Samples of each coating was then annealed at 600 ˚C, 

700 ˚C, 800 ˚C, 900 ˚C, 1000 ˚C or 1100 ˚C. 

   From XRD results, each sample has similar TiN-based rock-salt crystal structure. 

The phase transformations of Ti0.37Al0.45Nb0.18N are at higher temperature compared 

to other samples with formation of h-AlN fully developed at 1100 ˚C. From the stress 

measurements, Ti0.37Al0.45Nb0.18N has the highest stress value among (Ti,Al,Me)N 

samples at elevated temperature, and the stress value is higher than TiAlN reference 

samples at 1000 ˚C and 1100 ˚C. The turning point of the stress loss of 

Ti0.37Al0.45Nb0.18N and Ti0.34Al0.47V0.19N are postponed to 1000 ˚C, which is 100 ˚C 

higher than the reference samples. For Ti0.32Al0.51Cr0.17N, though the turning point of 

stress loss is the same as the reference samples, the stress decreasing rate after 900 ˚C 

is slower and the stress value is higher than the reference samples. From the hardness 

results, the hardness decreasing rate of Ti0.37Al0.45Nb0.18N, Ti0.34Al0.47V0.19N and 

Ti0.32Al0.51Cr0.17N at temperature higher than 800 ˚C is slower than the reference 

samples, and the hardness values after annealing at 1000 ˚C and 1100 ˚C are higher 

than the reference samples.  

   Ti0.37Al0.45Nb0.18N, Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N are proved to be good 

candidates for high temperature application. The slow phase transformation retarded 

by the alloying of Nb is suggested to be the mechanism that Ti0.37Al0.45Nb0.18N has 

good mechanical properties at high temperature, while the mechanism for 

Ti0.34Al0.47V0.19N and Ti0.32Al0.51Cr0.17N remains unclear.  
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10.  Future Work 
 

Compositional adjustment 

The Ti0.37Al0.45Nb0.18N coating has lower content of the ternary alloy due to the 

formation of Nb droplets, and Ti0.37Al0.45Nb0.18N coating has better performance in 

many aspects, hence, lowering the ternary alloy content might achieve better 

performance.  

 

Thickness control 

The thickness of Ti0.37Al0.45Nb0.18N coating is larger than other sets of coatings, the 

different thickness might effect the hardness measurement and some cutting tests, i.e., 

turning test. 

 

TEM 

TEM on as-deposited sample should be done to make a reference to annealed 

samples. 
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Appendix A. X-ray diffraction  
 
   Fig. A.1 to A.6 are the θ - 2θ x-ray diffractograms of each coating, which can be 

compared to the diffractograms from grazing incidence scans shown in Fig. 7.3 to 

7.10. The measured planes from θ - 2θ scan are always parallel to the surface, which 

gives fairer comparison among different d-spacings 

 

 

Fig. A.1 X-ray diffractograms of Ti0.37Al0.45Nb0.18N from θ - 2θ scans. 
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Fig. A.2 X-ray diffractograms of Ti0.34Al0.47V0.19N from θ - 2θ scans. 

 
Fig. A.3 X-ray diffractograms of Ti0.32Al0.51Cr0.17N from θ - 2θ scans. 
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Fig. A.4 X-ray diffractograms of Ti0.43Al0.57N from θ - 2θ scans. 

 

Fig. A.5 X-ray diffractograms of Ti0.49Al0.51N from θ - 2θ scans. 
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Fig. A.6 X-ray diffractograms of Ti0.55Al0.45N from θ - 2θ scans. 

 

Appendix B. TEM 
 
   Fig. B.1 to B.3 show the TEM results of Ti0.34Al0.47V0.19N 800 ˚C annealed sample, 

and Fig. B.4 to B.6 show the TEM results of Ti0.34Al0.47V0.19N 1000 ˚C annealed 

sample. Columnar structure of Ti0.34Al0.47V0.19N coating is shown in the TEM 

overview, and the selected area diffraction patterns of 800 ˚C and 1000 ˚C annealed 

samples are shown in Fig. B.1 and B.2. The comparison between bright field and dark 

field image in Fig. B.2 and B.5 indicates that the hexagonal phase exists at column 

boundaries. In Fig. B.3, the higher magnification image shows two different sizes of 

fringes, and it indicates that cubic phase and hexagonal phase coexist at 800 ˚C. In Fig. 

B.6, the segregation of Ti-rich and Al-rich domains is shown in the linear composition 

detection, and V relocates at Ti-rich domain.  



	  

	   49	  

 
Fig. B.1 (a) TEM overview of the selected area of Ti0.34Al0.47V0.19N 800 ˚C annealed 

sample (b) Selected area diffraction pattern (SADP) of Ti0.34Al0.47V0.19N 800 ˚C 

annealed sample 

    

 
Fig. B.2 (a) TEM bright field image of Ti0.34Al0.47V0.19N 800 ˚C annealed sample (b) 

TEM dark field image with the detection of hexagonal phase of Ti0.34Al0.47V0.19N 800 

˚C annealed sample 
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Fig. B.3 High resolution TEM (HRTEM) of Ti0.34Al0.47V0.19N 800 ˚C annealed sample 

 

Fig. B.4 (a) TEM overview of the selected area of Ti0.34Al0.47V0.19N 1000 ˚C annealed 

sample (b) Selected area diffraction pattern (SADP) of Ti0.34Al0.47V0.19N 1000 ˚C 

annealed sample 
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Fig. B.5 (a) TEM bright field image of Ti0.34Al0.47V0.19N 1000 ˚C annealed sample (b) 

TEM dark field image with the detection of hexagonal phase of Ti0.34Al0.47V0.19N 

1000 ˚C annealed sample 

 

Fig. B.6 STEM z-contrast image and the linear composition detection 


