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Abstract 

A typical hard coating on metal cutting inserts used in for example turning, 
milling or drilling operations is TiAlN. At elevated temperatures, TiAlN 
exhibits a well characterized spinodal decomposition into coherent cubic TiN 
and AlN rich domains, which is followed by a transformation from cubic to 
hexagonal AlN. Using in-situ synchrotron x-ray radiation, the kinetics of the 
second transformation was investigated in this thesis and the strong 
temperature dependence on the transformation rate indicated a diffusion 
based nucleation and growth mechanism. The results gave additional 
information regarding activation energy of the transformation and the critical 
wavelength of the cubic domains at the onset of hexagonal AlN. After 
nucleation and growth, the hexagonal domains showed a striking resemblance 
with the preexisting cubic AlN microstructure.  

During metal cutting, the tool protecting coating is subjected to 
temperatures of ~900 ºC and pressure levels in the GPa range. The results in 
this thesis have shown a twofold effect of the pressure on the decomposition 
steps. Firstly, the spinodal decomposition was promoted by the applied 
pressure during metal cutting which was shown by comparisons with annealed 
samples at similar temperatures. Secondly, the detrimental transformation 
from cubic to hexagonal AlN was shown to be suppressed at elevated 
hydrostatic pressures. A theoretical pressure/temperature phase diagram, 
validated with experimental results, also showed suppression of hexagonal 
AlN by an increased temperature at elevated pressures. 

The spinodal decomposition during annealing and metal cutting was in 
this work also shown to be strongly affected by the elastic anisotropy of 
TiAlN, where the phase separation was aligned along the elastically softer 
<100> directions in the crystal. The presence of the anisotropic 
microstructure enhanced the mechanical properties compared to the isotropic 
case, mainly due to a shorter distance between the c-AlN and c-TiN domains 
in the anisotropic case. Further improvement of the metal cutting behavior 
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was realized by depositing individual layers with an alternating bias. The 
individual bias layers exhibited microstructural differences with different 
residual stress states. The results of the metal cutting tests showed an 
enhanced wear resistance in terms of both crater and flank wear compared to 
coatings deposited with a fixed bias.  
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Populärvetenskaplig sammanfattning 

I den här avhandlingen presenteras forskningsresultat på en keramisk 
beläggning, TiAlN (titanaluminiumnitrid), som ligger som ett skyddande skikt 
på svarvskär. Tjockleken på beläggningen är i storleksordningen av några 
mikrometer, det vill säga tusendelar av en millimeter. Dessa skär används 
sedan vid svarvning av metaller, exempelvis vid tillverkning av detaljer till 
bilmotorer. Vid metallsvarvning uppnås temperaturer runt 900 ºC och det är 
därför viktigt att använda material som klarar av detta. Svarvskären, som 
oftast är gjorda av hårdmetall, är visserligen hårda i sig men genom att belägga 
ytan med TiAlN ökar livslängden betydligt. Detta innebär främst en höjning 
av produktiviteten genom att svarvhastigheten kan ökas vid bearbetning. 

Att just TiAlN är en så pass vanlig beläggning beror bland annat på att vid 
högre temperaturer sker en förändring i materialet. Detta sker därför att TiN 
och AlN inte trivs ihop varpå en segregation, till AlN- och TiN-rika områden 
med en kubisk struktur, sker genom ett spinodalt sönderfall. 
Storleksordningen på områdena är några nanometer, det vill säga 
miljontedelar av en millimeter vilket gör att hårdheten i materialet ökar. Vid 
ytterligare temperaturökning växer dock områdena och till slut omvandlas den 
kubiska AlN till hexagonal AlN, varpå hårdheten minskar.  

Förutom höga temperaturer under svarvning utsätts beläggningen också 
för ett väldigt högt tryck eftersom det är en liten kontaktarea mellan skäret 
och materialet man svarvar i. Detta tryck är i storleksordningen av ett par GPa 
vilket motsvarar tiotals ton på en fingerspets. Främst har dock tidigare 
forskning inte studerat tryckets påverkan på TiAlN utan istället fokuserat på 
temperaturen. För att studera detta har utrustning dedikerad för 
högtrycksforskning använts i kombination med studier av beläggningen efter 
metallsvarvning. Ytterligare karakterisering har kunnat göras med avancerade 
metoder som transmissions- och svepelektronmikroskopi, röntgendiffraktion 
och nanoindentation.  
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Bland annat har det kunnat visas att ett högt tryck är positivt för TiAlN i 
två avseenden. Dels sker det gynnsamma spinodala sönderfallet tidigare, men 
främst gör ett högt tryck att den kubiska fasen av AlN stabiliseras. Således 
främjar det höga trycket vid metallsvarvning de positiva egenskaper som fås 
för TiAlN vid de högre temperaturerna. Resultaten i avhandlingen visar också 
att mikrostrukturen som bildas under det spinodala sönderfallet för vissa 
sammansättningar styrs av riktningen som de kubiska kristallerna befinner sig. 
Denna riktningsberoende mikrostruktur ger ett hårdare material jämfört med 
om den hade varit oberoende av riktningen. Genom att välja rätt parametrar 
då TiAlN beläggs går det därför att påverka beteendet för skiktet under 
skärande bearbetning. Slutligen har omvandlingen från kubisk AlN till 
hexagonal AlN som funktion av temperatur och tid mätts upp i detalj. 
Resultaten där visar en stark korrelation med aluminiumhalt i TiAlN och 
omvandlingshastighet där en högre halt ger ett betydligt snabbare förlopp.  
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Preface 

This thesis is a compilation of the results from my doctoral studies between 
March 2010 and June 2014 in Nanostructured Materials at the Department of 
Physics, Chemistry and Biology (IFM) at Linköping University. The work has 
been financed by Seco Tools AB and SSF and has been performed within the 
project Designed multicomponent coatings (Multifilm). The experimental 
work has also been performed at the Advanced Photon Source in Argonne, 
the Bayerisches Geoinstitut in Bayreuth and at Petra III in Hamburg. The 
introductory chapters of this thesis are based on, and extended from, my 
Licentiate thesis High Pressure and high temperature behavior of TiAlN (Licentiate 
thesis No. 1540, Linköping Studies in Science and Technology, 2010) which 
was presented in June 2012. 
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CHAPTER 1  

Introduction

Coatings, or thin films, are encountered everywhere in a wide variety of 
applications, including protection against wear and corrosion or for electrical, 
anti-reflective and decorative purposes. The coatings studied in this thesis 
exhibit high hardness at elevated temperatures which makes them suitable for 
the use as protective coatings on cutting tools, for example on cemented 
carbide inserts. The inserts are mainly used in metal cutting operations, e.g., 
turning, milling or drilling operations with a huge selection of end products. 
There is a constant request from the industry of an increased productivity 
which results in a demand for higher cutting speeds and improved coatings, 
able to fulfil these requirements, are thus necessary. 

The work presented in this thesis has been focused on the ternary ceramic 
compound TiAlN, which has been used in the metal cutting industry since the 
1980s [1,2]. TiAlN was the successor of TiN and was introduced to improve 
the poor oxidation behavior of TiN at temperatures exceeding 500 °C [3,4]. 
Additionally, TiAlN exhibits not only a better oxidation behavior compared 
to TiN at elevated temperatures but also an age hardening behavior [5-11]. 
The age hardening is a consequence of an isostructural spinodal 
decomposition into TiN and AlN rich nanostructured domains which has its 
origin in the immiscibility of TiN and AlN. With further annealing, the 
spinodal decomposition is followed by a second transformation from cubic 
AlN into its thermodynamically stable hexagonal phase. The consequences of 
the hexagonal transformation are detrimental for the mechanical properties 
and thus the metal cutting behavior [12].  

1.1 Aim of the thesis 
During a typical metal cutting operation, temperatures around 900 ºC and 
pressure levels in the GPa region are commonly reached [13-15]. However, 
the large number of previous studies have focused on the temperature 



 

- 2 - 
 

properties alone and neglected the effect of pressure on the decomposition 
steps. Also, the main focus has to a large extent been on the spinodal 
decomposition of TiAlN despite the deteriorating effect on the mechanical 
properties induced by the hexagonal transformation.  

In this thesis, the effect of high temperature and high pressure has been 
studied by various means of experimental setups. These include dedicated 
instruments for high pressure research and real life cutting tests, in 
combination with electron microscopy, x-ray diffraction and nanoindentation. 
Also presented in the thesis are detailed kinetic results of the hexagonal 
transformation obtained from in-situ synchrotron x-ray diffraction. All 
coatings in this thesis have been synthesized by cathodic arc evaporation in an 
industrial scale deposition system. 

1.2 Outline of the thesis 
An introduction to important concepts in materials science relevant for this 
thesis is given in Chapter 2. This is followed by a deeper description about the 
deposition of the coatings in Chapter 3. Chapter 4 describes the material 
system, TiAlN, studied in this thesis in more detail after which the 
characterization techniques are described in Chapter 5. The high pressure 
techniques used in this thesis and an introduction to metal machining are 
introduced in Chapter 6 and Chapter 7 respectively. The final chapters present 
a summary of the appended papers, contributions to the field and some 
suggestions to future work. The remaining part of the thesis is then dedicated 
to the appended papers.  
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CHAPTER 2  

Materials science – a background 

A detailed understanding of macroscopic material properties, such as 
hardness and thermal properties, often requires information on the atomic 
level. Important questions include why phase transformations occur and what 
the effect of external parameters such as temperature and pressure is. By 
gaining insight in this, the possibility arises to control and tailor the material to 
desired properties. This chapter introduces some of the basic concepts used in 
materials science which are discussed and used in later chapters. 

2.1 Phases and phase transformations 
The properties of a material often depend on how the atoms are arranged in 
the material. If the atoms are randomly distributed without a long range 
ordering, the material is amorphous with glasses as a typical example. Despite 
the lack of a long range ordering though, amorphous materials may still 
exhibit a short range ordering [16]. However, many materials are crystalline, 
i.e., their atoms are arranged in a long range ordered lattice extending in three 
dimensions. For each periodic lattice, unit cells can be derived for different 
phases where the most common include the body centered cubic (bcc), face 
centered cubic (fcc) and hexagonal close packed (hcp).  

Dependent on external parameters, such as temperature or pressure, the 
same material often exists in different phases. One example is iron which at 
room temperature and ambient pressure is stable in the bcc structure, but 
transforms into the fcc structure at temperatures above 900 °C. This is 
followed by a final transformation into bcc again at temperatures above 
1400 °C before melting. A transition from bcc iron to hcp iron is also 
obtained at an elevated hydrostatic pressure and room temperature [17-19]. 

The stable phase for a material is governed by thermodynamics, i.e., the 
stable phase exists in the state with a minimized free energy. An example can 
be seen in Figure 1 where the system’s energy is lowest at position C. There is 
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hence a driving force for a system at position A to transform to position C. 
However, as the system is situated in a local minimum at position A, it is said 
to be in a metastable state. In order to transform from its metastable state to 
the most energetically favorable state, a passing of the energy barrier marked 
in B must be accomplished. Small fluctuations from position A will thus only 
serve to increase the system’s energy. 

 

 
Figure 1. Schematic free energy along a reaction path. 
The local minimum at position A indicates a metastable 
state whereas the global minimum at position C shows 
a stable configuration. The passing of the energy barrier 
in B is required to reach position C. 

 
In addition to thermodynamics, phase transformations are also often 

governed by kinetics, i.e., the diffusion of atoms, where low temperatures 
limit thermodynamically driven processes. Exceptions to this include 
diffusionless phase transformations such as the martensitic transformation 
[20]. When all the prerequisites are met for a transition, it can for example 
occur through nucleation and growth or spinodal decomposition. Both of them are 
present in the decomposition of TiAlN, see Chapter 4 for details.  
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2.1.1 Nucleation and growth 
If the energy of the system can be lowered by the introduction of a new 
phase, with a composition different from the matrix, the new phase must first 
nucleate before any growth process starts. The nucleation is either 
homogenous, which takes place in a uniform solution, or heterogeneous 
where the nucleation begins at grain boundaries or impurities.  

If it is assumed that a homogenous nucleation initiates with a spherical 
nuclei (with radius r), there is an increase in energy proportional to the surface 
energy and hence to r2. For a small nucleus, this is a dominating energy term 
over the energy gain, which is proportional to the volume and r3. Hence, a 
small compositional fluctuation in the mixture will increase the total energy. 
Homogenous nucleation therefore usually only occurs after super cooling, i.e., 
when the gain in energy due to the nucleation is very large. Once the nucleus 
has started to grow in size, the energy gain dominates over the energy 
increase. Thus, after the radius of the nucleus has exceeded a critical value, the 
growth can proceed. The surface energy is a less contributing factor at 
heterogeneous growth due the reduced surface of the new nucleus and 
nucleation is hence most often heterogeneous. Still, there is a nucleation 
barrier to climb and small compositional fluctuations will be restored. As the 
nuclei grow, regions surrounding them are soaked from atoms, giving rise to 
ordinary down-hill diffusion from the matrix.  

One of the models describing the kinetics of the nucleation and growth is 
the Kolmogorov-Johnson-Mehl-Avrami (KJMA) equation [21-24]. It is here 
presented in its differential form in Eq. (1) and after integration in Eq. (2):  

 
 (1)

 
 (2)

 
where f is the transformed fraction and x an Arrhenius expression. For 

isothermal conditions, the Arrhenius expression is given in Eq. (3) and Eq. 
(4): 

 
 (3)

 

 (4)
 

where k0 is a pre-exponential constant, t the isothermal time, R the gas 
constant, n the Avrami constant, T the absolute temperature and Ea the 
activation energy. Prerequisites for the KJMA equation include an infinitely 
large bulk with a random homogeneous nucleation. This is generally not 
fulfilled in most cases but owing to the simplicity of the KJMA equation it is 
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widely used among experimentalists for transformations in, e.g., steel [25-27], 
polymers [28], and ceramic coatings [29]. Due to the prerequisites of a 
homogenous nucleation there are modified versions of the KJMA equation to 
account for grain boundary nucleation [30,31]. In Paper V, Eq. (1) is modified 
with an impingement parameter, , as is shown in Eq. (5).  

 
(5) 

 
Here, <1 is related to a weak impingement and >1 to strong 

impingement. For grain boundary nucleation, strong impingement typically 
occurs as the transformation rate is slower compared to a homogenous 
nucleation. The slower transformation rate occurs as the probability of 
interfering nuclei increases which hinders a further growth. Contrary, weak 
impingement occurs in systems with a smaller probability of interfering nuclei, 
for example during growth of nuclei which are well dispersed in relation to 
each other. 

2.1.2 Spinodal decomposition 
When a solid solution of two immiscible components is obtained, e.g., during 
physical vapor deposition of TiAlN, the solution is unstable or metastable. In 
the metastable state, the system has a local minimum in the free energy which 
is not the case in the unstable state. Spinodal decomposition may only 
proceed in an unstable system and it thus occurs without the necessity of 
passing an energy barrier. It was first experimentally observed by Bradley in 
1940 [32] but the results could not be explained until 1956 when Hillert 
published his doctoral thesis [33] with a theoretical description of the spinodal 
decomposition.  

Figure 2 shows a free energy curve where the spinodal is defined within 
the region with a negative second derivative of the free energy. Inside the 
spinodal, small compositional fluctuations decrease the energy which is seen 
in the left inset. The diffusion process during spinodal decomposition is 
up-hill diffusion, i.e., atoms move towards regions already enriched of that 
atom. Outside the spinodal, small compositional fluctuations instead increase 
the energy as is seen in the right inset and the associated transformation is 
nucleation and growth which proceeds with down-hill diffusion.  
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Figure 2. A free energy curve as a function of composition at a 
given temperature. The second derivative of the curve determines 
whether an infinitesimal change in composition lowers or 
increases the total energy.  

 
In the initial stage of the spinodal decomposition, the second derivative of 

the free energy determines a fastest growing wavelength [34,35] over an 
extended volume. As the second derivative of the free energy is increased 
towards zero, the wavelength is maintained but with an increased amplitude. 
At the zero point, a further decrease in energy is reached by a minimization of 
the gradient energy and the domains coarsen [36,37].  

Typical composition profiles during nucleation and growth, and spinodal 
decomposition are schematically seen in Figure 3 (a-b). Nucleation and 
growth yields a few sharp interfaces whereas these occurring after spinodal 
decomposition are more subtle but over a large volume. Here, Figure 3 shows 
the spinodal decomposition before any coarsening has occurred.  
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Figure 3. Schematic composition profiles at different times during (a) nucleation 
and growth and (b) spinodal decomposition. After [38]. 

 

2.2 Hardening mechanisms 
The hardness of a material is defined as the resistance against plastic 
deformation [39]. The theoretical hardness of a perfect crystal is however 
several times higher than what is experimentally observed for most materials 
[40]. The reason for the lower experimental hardness is the assistance of 
plastic deformation by dislocation movements in the crystal. Hence, by 
introducing means to obstruct the dislocations, the hardness of a material is 
increased. This can be achieved with, e.g., grain boundary hardening [41-43], 
work hardening [44], solution hardening [45,46] or precipitation hardening 
[47,48]. Precipitation hardening is further described below due to its 
importance for the TiAlN system at elevated temperatures, see also Chapter 4.  

2.2.1 Precipitation hardening 
If nanometer sized coherent regions with a small lattice mismatch are present 
in a material, coherency strains are introduced in the lattice. These strain fields 
interact with the dislocations and additional energy is thus required to pass the 
particles. Up to a critical radius (rcrit), the dislocations pass the particles by 
cutting and the hardening effect is linear to the particle radius, which is shown 
schematically in Figure 4. With coarsening above rcrit, the coherency may be 
lost by the introduction of misfit dislocations. Instead of cutting, the 
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dislocations now interact with the particles by bowing around them in a 
process known as Orowan hardening [47,48]. The hardening effect is 
strongest with finer particles and decreases with an increased radius. 
Eventually, the hardness effect is lost when the radius is too large, a 
phenomenon known as over aging. 
 
 

 
Figure 4. Schematic graphs of the hardening effect as 
a function of particle radius due to two dislocation 
interactions with the particles. With r<rcrit the 
dislocations cut the particles and with r>rcrit the 
dislocations instead bow around them.  
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CHAPTER 3  

Coating deposition 

Coating deposition is divided into chemical vapor deposition (CVD) and 
physical vapor deposition (PVD), each with a variety of sub-methods. In 
CVD, the deposition material is introduced into a chamber in the gas phase 
where it chemically reacts to form the coating, either with the substrate itself 
or with another gas forming a compound to be grown. In PVD, the 
deposition material is instead condensed on the substrate which generally 
requires lower deposition temperature and provides the possibilities to grow 
metastable or unstable coatings. In this work, all coatings have been deposited 
with cathodic arc evaporation which is a PVD method.   

3.1 Physical vapor deposition 
The basic principle of all PVD techniques can be divided into four steps. The 
first step is to synthesize the deposition material which includes a transition 
from a solid or liquid phase into vapor phase. In the second step, the 
vaporized material is transported towards the substrate. In the third step, the 
material is condensed on the substrate surface which is followed by nucleation 
and growth of the coating. The main difference between different PVD 
methods, where the two most common are cathodic arc evaporation [49,50] 
and sputtering [51], is often in the vapor phase synthesis. In sputtering, highly 
energetic gas ions bombard the target material which then “spits out” (hence 
the name sputtering) the deposition material towards the substrate. The whole 
process is a high voltage and low current process with the plasma mainly 
consisting of gas ions and electrons. In cathodic arc evaporation, which is a 
low voltage and high current process, the positive species in the plasma are 
instead mainly metal ions. In the process, the target is locally melted and 
evaporated by an electric arc [52].  
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3.1.1 Cathodic arc evaporation 
Cathodic arc evaporation is widely used in the cutting tool industry due to its 
ability to produce dense and adherent functional coatings. In the beginning of 
the coating process, the substrates are heated and ion etched before 
deposition of the coating. An electrical arc is then ignited on the cathode 
surface with a short circuit by a mechanical trigger, the cathodic arc is 
thereafter self-sustained and concentrated in small cathode sports on the 
cathode surface by a magnetic field. The high power density in the cathode 
spots yields local surface temperatures high enough to melt and evaporate the 
cathode material [53]. A high degree of ionization [54,55] is achieved by 
electron collisions in the ionization zone [50] whereupon the ions are 
attracted by the negatively biased substrate, followed by condensation and 
growth. By introducing a reactive gas in the chamber, N2, nitride coatings can 
be grown.  

The residual stress in coatings grown with cathodic arc evaporation is a 
combination of thermal stress and the defect density [56]. The thermal stress, 
either tensile or compressive, arises during cooling from the deposition 
temperature to room temperature. The magnitude and sign of the thermal 
stress is hence dependent on the differences in the coefficient of thermal 
expansion between the coating and the substrate, in combination with the 
substrate temperature. Apart from thermal stress, the bombardment of high 
energy ions causes ion implantation and incorporation of defects in the 
coatings [56]. This causes a densification of the coatings in combination with 
compressive residual stresses. As the ion energy is proportional to the 
substrate bias during deposition, a higher negative bias generally induces a 
larger compressive stress. An example of this is seen in Table 1, where 
Ti0.50Al0.50N and Ti0.33Al0.67N have been grown with different biases. Upon 
the bias change from -35 V to -70 V, the compressive stress is almost doubled 
for both compositions.  

 
 

Table 1. Residual stress in Ti0.50Al0.50N and 
Ti0.33Al0.67N deposited with a bias of -35 V and 
-70 V 

Bias 
[V] 

Ti0.33Al0.67N 
[GPa] 

Ti0.50Al0.50N 
[GPa] 

-35 -2.4±0.1 -3.3±0.2 
-70 -4.8±0.2 -6.4±0.4 
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In this work, the coatings were synthesized in an industrial cathodic arc 
evaporation system. Before depositions, the substrates were cleaned in 
ultrasonic baths of an alkali solution and alcohol. The system was evacuated 
to a pressure of less than 2.0×10-3 Pa, after which the inserts were sputter 
cleaned with Ar ions. The depositions were executed in a pure nitrogen 
atmosphere using compound cathodes comprising Ti and Al alloys of 
different compositions. The substrates, WC:Co inserts and/or thin iron foils, 
were positioned on a rotating drum. 

Three cathode positions exist along the height on each side of the 
chamber. By mounting TiAl and Ti cathodes on separate sides it is possible to 
deposit TiAlN/TiN multilayers with layer thickness dependent on the drum’s 
rotational speed [57-59]. It is also possible to mount cathodes with different 
compositions along the height on each side. With this setup, coatings with 
different compositions are grown dependent on which cathode the substrates 
are facing. This method was implemented in Paper I where a pure Ti cathode 
was used in combination with a Ti0.50Al0.50 cathode mounted in two positions 
at different heights in the chamber. This resulted in a gradient composition 
change of the coatings along the height of the drum, whereupon the desired 
coating composition could be selected with analytical instruments.  

3.1.2 Coating growth 
During growth, the resulting microstructure is a function of deposition 
parameters, e.g., coating composition, substrate temperature and ion energy of 
the impinging species. With higher substrate temperatures, the mobility of the 
incoming ions increases with a larger grain size as a consequence. Conversely, 
depositions of amorphous coatings are realized using lower substrate 
temperatures, since the incoming ions are quenched [60,61]. Depositions in 
this thesis have been performed with approximate substrate temperatures of 
450 ºC. This temperature is high enough for crystalline growth but also low 
enough to enable the growth of unstable coatings. 

Controlling the microstructure is also possible with the substrate bias as 
the ion energy distribution changes. This is exemplified in Figure 5 which 
shows heat treated Ti0.50Al0.50N deposited at (a) -35 V and (b) -70 V. The 
microstructure of the coating deposited with -35 V reveals a columnar 
structure with column widths of a few hundred nanometers. The change in 
bias to -70 V increases the ion energy during bombardment which results in a 
larger probability for re-nucleation of new grains and thus a smaller grain size 
[62].  
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Figure 5. Transmission electron micrographs of Ti0.50Al0.50N deposited with a 
bias of (a) -35 V and (b) -70 V. 

 
In general, PVD grown TiAlN exhibits a fiber texture with a preferred 

orientation controlled by the bias or coating thickness [63-68]. This is 
exemplified in Figure 6 which shows -2  x-ray diffractograms of Ti0.50Al0.50N 
and Ti0.33Al0.67N deposited at -35 V and -70 V. A clear suppression of the 
(200) preferred orientation is seen as a consequence of the bias change from 
-35 V to -70 V.  
 

 
Figure 6. X-ray diffractograms showing the two first 
cubic peaks of Ti0.33Al0.67N and Ti0.50Al0.50N deposited at 
different bias. The stars mark diffraction peaks from the 
substrate or sample holder. From Paper IV. 
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From the -2  diffractogram, the preferred orientation can be described by 
the texture coefficient, TC, which is defined in Eq. (6):  

 

 (6)

 
where I0(hkl) is the relative intensity for each peak of a randomly oriented 

sample and Imeas(hkl) the integrated peaks from the -2  measurements in 
Figure 6. I0(hkl) have in this work been extracted from synchrotron powder 
measurements of equivalent compositions. TC as a function of composition 
and bias is presented in Table 2 for the three most distinguished peaks (111, 
200, 220). Because three peaks are used, TC varies between 0 and 3 where 1 
corresponds to a random orientation and 3 a complete preferred orientation.  

 
Table 2. Texture coefficients of (111), (200) and (220) 
reflections in Ti0.50Al0.50N and Ti0.33Al0.67N as a function of 
bias.  

 Ti0.50Al0.50N Ti0.33Al0.67N 
 -35 V -70 V -35 V -70 V 

TC(111) 1.20 2.49 0.93 2.03 
TC(200) 1.49 0.17 1.72 0.49 
TC(220) 0.31 0.34 0.35 0.48 

 
 
The results show a (200) preferred orientation for both compositions after 

deposition with a bias of -35 V, slightly stronger for Ti0.33Al0.67N. Upon 
changing the bias to -70 V, the growth changes into a (111) preferred 
orientation with TC>2 for both composition. Here, Ti0.50Al0.50N instead 
shows the strongest preferred orientation compared to Ti0.33Al0.67N. The 
origin of the change from a (200) to a (111) preferred orientation is discussed 
in Paper IV and a probable explanation is the altered surface mobility during 
deposition. As is discussed by Alling et al. [69], the addition of Al atoms on 
the surface causes energy barriers on the (200) surfaces which restrains the 
growth on these over the (111) surfaces. With the increase of the absolute bias 
to -70 V, the kinetic energy of the incoming species is increased. Thus, the 
probability of overcoming the energy barriers increases whereupon the 
growth is instead restrained on (111) surfaces. This also explains the stronger 
(111) preferred orientation on Ti0.50Al0.50N compared to Ti0.33Al0.67N. The 
reason is that during deposition of TiAlN, the ratio of Ti2+ ions over Al2+ in 
the plasma is larger [70] and hence the overall ion energy distribution is 
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increased with the low Al content coating. This effect is further pronounced 
by the reduced amount of Al on the surfaces in Ti0.50Al0.50N. 

A full description of the preferred orientation, e.g., for determining fiber 
texture or epitaxial growth, the texture coefficient is not sufficient and for 
this, pole figures or orientation distribution functions are needed. Examples 
of pole figures for Ti0.50Al0.50N are seen in Paper IV, showing the fiber texture 
of TiAlN. 

3.1.3 Droplets 
The largest disadvantage with cathodic arc evaporation is the generation of 
droplets, also known as macroparticles. They originate from the molten pool 
of the cathode material due to the extremely high temperatures in the cathode 
spot and consist of pure cathode material. The main drawbacks with droplets 
are their negative impact on both the surface roughness and the interruption 
of the coating growth. An example of a droplet in a coating is shown in 
Figure 7 where the disturbance of the growth is exemplified. Large voids 
beneath the droplet are also occurring which have their origin in a shadowing 
effect [71].  
 

 
Figure 7. Transmission electron micrograph showing a droplet in an as-deposited 
Ti0.50Al0.50N coating. The bright areas beneath the droplet are voids due to 
shadowing effects from the droplet. 

 
Since the droplets consist of pure metal from the cathode, the mechanical 

properties in the droplets are generally lower compared to the coating. This is 
exemplified in Figure 8 where nanoindentation has been used to generate a 
hardness map of a heat treated Ti0.33Al0.67N coating. The dark areas are 
droplet positions with a hardness around 20 GPa which is considerable lower 
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compared to the surrounding Ti0.33Al0.67N with hardness values above 
30 GPa. In order to avoid measuring the droplets, and also to improve the 
surface roughness, the samples used in nanoindentation are therefore tapered 
and polished. An optical microscope is then used to manually select areas free 
of droplets.  

 

 
Figure 8. A hardness map with 5 μm resolution, the 
indents are marked in the figure with dots. The dark 
areas have been measured at droplet positions.  

 
Several methods to minimize the droplet density exist, where the most 

common ones include the use of magnetic filters [72,73]. The filters work by 
directing the charged species in the plasma, for example with a 90º duct filter 
from the cathode to the substrate. Since the droplets are heavy with no net 
charge, their trajectories are not affected by the filters. The filters are however 
not common in the cutting tool industry as there is a severe reduction in 
deposition rate not compensated by the improvement of the hard coatings. 
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CHAPTER 4  

 TiAlN

The ceramic compound TiN was one of the first material systems for hard 
coatings on cutting inserts, motivated by its enhanced machining properties 
compared to uncoated tools [74]. The crystal structure of TiN is the cubic 
NaCl (B1, c-TiN) structure shown in Figure 9 (a). Aluminum was in the late 
1980s [1,2] added to the system as a first intent to improve the oxidation 
resistance of TiN. The equilibrium crystal structure of AlN at ambient 
conditions is the hexagonal wurtzite structure (B4, h-AlN), Figure 9 (b). 
Thermodynamically, h-AlN is soluble into TiN with only a few atomic 
percent [75] but the low deposition temperature during cathodic arc 
evaporation instead enables the growth of c-TiAlN up to an aluminum 
content around 70 % [12]. The structure of c-TiAlN is identical to c-TiN with 
Al atoms distributed randomly at Ti sites in the lattice.  
 
 

 
Figure 9. (a) B1, NaCl and (b) B4, wurtzite crystal structures. The larger spheres 
correspond to Ti or Al and the smaller to N.  
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At elevated temperatures, the unstable c-TiAlN decomposes in two steps. 
The first step involves a spinodal decomposition into c-TiN and c-AlN rich 
domains which is followed by nucleation and growth of c-AlN into h-AlN. 
The following chapter introduces results from this thesis during the 
decomposition steps, see Chapter 5 for details about the characterization 
methods.  

4.1 Spinodal decomposition of TiAlN 
In the non-equilibrium phase diagram, a miscibility gap with a negative second 
derivative of Gibbs free energy [76] is observed between c-AlN and c-TiN. 
Due to this, the isostructural decomposition has been shown to be a spinodal 
type where the decomposed c-TiN and c-AlN rich domains are coherent and 
have a domain size (spinodal wavelength) in the nanometer region [6-11,77]. 
Although there is, by definition, no energy barrier associated with the spinodal 
decomposition, an increased temperature is required for diffusional processes 
to occur. The spinodal decomposition during heating with 20 ºC/min (black 
lines) and up to 40 min of isothermal annealing at 1000 ºC (gray lines) for 
Ti0.36Al0.64N can be seen in the x-ray diffractograms in Figure 10. 
 

 
Figure 10. In-situ x-ray diffractograms as a function of temperature 
and isothermal annealing time at 1000 ºC. The black lines correspond 
to heating and the gray lines to isothermal annealing. The markers for 
c-AlN and c-TiN are approximate at the temperature of 1000 ºC. 
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During the initial stage of the decomposition, there is a broadening of the 
c-TiAlN peak due to the gradual segregation of the coherent c-TiN and c-AlN 
rich domains. The coherent domains give rise to an increase in hardness 
because of an effective hindering of dislocation motion induced by the 
coherency strain between the domains [78], as is described in section 2.2.1 
Precipitation hardening. With further annealing, the broadening of the peak 
evolves into two separate peaks corresponding to pure c-AlN and c-TiN. 
After this, the domains coarsen in order to minimize the gradient energy.  

The evolution of the spinodal wavelength during the decomposition can 
be studied with small angle x-ray scattering. This is shown in Figure 11 during 
a continuous temperature increase (20 ºC/min) for (a) Ti0.36Al0.64N and 
(b) Ti0.55Al0.45N up to two different temperatures for each composition. The 
first sign of the decomposition is seen around 700 ºC for both compositions 
with a corresponding spinodal wavelength of ~2.5 nm. With increasing 
temperature, the wavelength increases exponentially during the subsequent 
coarsening stage. Eventually, the c-AlN domains grow large enough to initiate 
the nucleation and growth of h-AlN, which is further described later.  
 

 
Figure 11. Spinodal wavelength as a function of isochronal annealing temperature 
for (a) Ti0.36Al0.64N and (b) Ti0.55Al0.45N. Two separate measurement runs have been 
executed for each composition with different end temperatures. From Paper V. 
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4.1.1 Anisotropic effects on the microstructure 
Zener’s anisotropy factor, Az, [79] which is defined in Eq. (7) below 
determines the elastically softer directions, where Az<1 corresponds to 
E111<E100 and Az>1 to E111>E100. 
 

 (7) 

 
where Cij are the independent elastic stiffness constants in a cubic 

system. The effect of the anisotropy on the spinodal decomposition was 
shown analytically in a paper by Cahn [35]. During spinodal decomposition, 
there is an increase in elastic energy due to the coherent domains as they 
exhibit differences in elastic constants and lattice parameters. Thus, the initial 
microstructure of spinodal decomposition is highly influenced by the system’s 
ability to minimize the elastic energy. For systems with an elastic anisotropy, 
the direction of the concentration waves during spinodal decomposition will 
be along the elastically softer directions. A majority of metals have Az>1 and 
thus a microstructure consisting of concentration waves in the <100> 
directions are most common after spinodal decomposition, see for example 
Baker et al. [80].  

The ab initio calculated elastic constants in combination with experimental 
data in the Ti1-xAlxN system [78] show a Zener anisotropy which is highly 
composition dependent. According to the authors [78], Ti1-xAlxN is isotropic 
(Az=1) at x=0.28 with Az<1 for x<0.28 and Az>1 for x>0.28. Thus, the 
evolving microstructure during spinodal decomposition should be periodically 
aligned in the elastically softer <100> directions with Al composition greater 
than 0.28. This was experimentally shown in Paper III and an example of this 
is also seen in Figure 12 which shows STEM and HRTEM micrographs at a 
[002] zone axis.  

In Paper III, TEM results after annealing of Ti0.69Al0.31N, i.e., close to the 
isotropic limit, also demonstrated a microstructure consisting of randomly 
ordered domains. The differences in microstructure between the different 
compositions were shown to affect the hardness of the coating. In 
Ti0.69Al0.31N, the age hardening effect was completely lost but most 
pronounced in the high Al content coating. Sonderegger et al. [81] discussed 
the strengthening effect of particles with different shapes and deviations from 
spherical domains to oblate or prolate shapes. Since spherical domains 
demonstrate the longest distance between domains, oblate or prolate shaped 
particles exhibited an increased hardness of the material, i.e., very similar to 
what was observed for TiAlN in Paper III. 
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Figure 12. STEM with HRTEM (inset) micrograph showing the anisotropic 
microstructure during the spinodal decomposition. 

4.2 Nucleation and growth of h-AlN 
At ambient pressures, the coarsening of the c-AlN domains leads to a critical 
wavelength before nucleation of h-AlN [5] which was measured to around 
13 nm in Paper V by using a combination of WAXS and SAXS. In addition, 
the kinetics of the transformation in TiAlN powder was studied in Paper V 
with in-situ synchrotron x-ray scattering. The fraction of c-AlN transformed 
into h-AlN with different isothermal annealing is shown in Figure 13 for 
(a) Ti0.36Al0.64N and (b) Ti0.55Al0.45N and the results show a strong increase in 
the transformation rate with the increase in Al content. This is exemplified by 
the almost identical curves for Ti0.36Al0.64N at 1000 ºC and Ti0.55Al0.45N at 
1100 ºC, i.e., a temperature increase of 100 ºC is required to obtain a 
transformation rate in Ti0.55Al0.45N comparable with Ti0.36Al0.64N. The onset 
of the nucleation is also composition dependent, with 950 ºC for Ti0.36Al0.64N 
and 1000 ºC for Ti0.55Al0.45N during heating with 20 ºC/min. 

The modified KJMA equation, Eq. (5), was used to calculate the associated 
activation energies. Despite the large differences in transformation rate, the 
activation energy was similar for both compositions with 320±10 kJ/mol for 
Ti0.36Al0.64N and 350±40 kJ/mol for Ti0.55Al0.45N. The reason is the 
similarities in Al content in the domains where h-AlN is nucleated, due to the 
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precedent spinodal decomposition and coarsening. The deviation in 
transformation rate for the different compositions is consequently a 
combination of the obtained anisotropic microstructure during spinodal 
decomposition and the stabilization of c-AlN induced by the presence of 
c-TiN.  
 

 
Figure 13. Fraction of c-AlN transformed into h-AlN as a function of isothermal 
temperature for (a) Ti0.36Al0.64N and (b) Ti0.55Al0.45N. From Paper V. 

4.3 The influence of pressure 
The thermal stability of TiAlN, and how it is affected by, e.g., alloying with 
additional elements [82-91] or multilayer structures [8,57] is well studied in the 
literature. During a typical metal cutting operation however, large cutting 
forces (kN regime) prevail in combination with elevated temperatures. As is 
seen in Chapter 7, the combination of large cutting forces and the small 
contact area (mm2 regime) yields an applied pressure of several GPa on the 
coating. The effect of pressure on the phase stability of TiAlN has been 
described theoretically by Alling et al. [92] and Holec et al. [93].  

Holec et al. calculated the maximum solubility of AlN in Ti1-xAlxN while 
maintaining the cubic structure and showed a gradual increase in solubility 
with the applied pressure. At a pressure of 4 GPa, the solubility limit 
increased from x=0.70 to x=0.78, i.e., an increase of 11 %. Thus, the 
compressive bi-axial stresses during coating growth is likely a contributing 
factor for an increased Al content in cubic Ti1-xAlxN coatings while 
maintaining the cubic structure. 

Alling et al. showed a promoting effect of pressure on the spinodal 
composition in combination with a stabilization of c-AlN over h-AlN. Due to 
asymmetry in the isostructural phase diagram, the pressure effect on the 
spinodal decomposition was shown to be largest at compositions around 
x=0.40. Both the promoted spinodal decomposition and the suppressed 
transformation to h-AlN were explained by the fundamental thermodynamic 
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equation in Eq. (8) which describes the pressure derivative of Gibbs free 
energy (G) at a given temperature. 

 

 (8)

 
where V is the volume, P the pressure and  the change according to 

Eq. (9): 
 

  
 

(9)

 
V is thus the deviation from Vegard’s behavior which shows a linear 

dependence of the volume with respect to the composition of the 
components [94]. This deviation has earlier been shown to be positive for the 
isostructural case both experimentally [95] and theoretically [96]. Conversely, 

V is negative for the cubic to hexagonal transformation due to the ~20 % 
larger volume of h-AlN compared to c-AlN [6]. Both of these pressure effects 
were observed experimentally in Paper I and Paper II.  

In Paper I, the spinodal wavelengths after metal cutting and heat treatments 
were compared. Despite comparable times and temperatures, an overall 
increased wavelength was observed after metal cutting which was attributed to 
the applied pressure during metal cutting. A different approach was used in 
Paper II where high pressure instruments (described in Chapter 6) were used 
to reach quasi-hydrostatic pressures up to 23 GPa in combination with 
elevated temperatures up to 2200 ºC. The samples were mainly analyzed 
ex-situ with x-ray diffraction. In combination with the experimental study, 
first-principles calculations were employed to obtain a theoretical phase 
diagram for pure AlN. The phase diagram, together with experimental data 
points, is shown in Figure 14 where the solid line shows the theoretical 
equilibrium line between c-AlN and h-AlN. The hexagons indicate the 
experimental samples where presence of h-AlN was observed and the squares 
where evidence of spinodal decomposition was detected. 
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Figure 14. Phase diagram showing the stability regions 
of AlN at different temperatures and pressures. The 
data points show experimental values obtained for 
TiAlN. The arrows note the stabilization of c-AlN 
over h-AlN regarding both an increased pressure and 
an increased temperature. From Paper II. 

 
The calculated phase diagram is consistent with previous theoretical and 

experimental studies performed on pure AlN [97-100]. The negative curvature 
of the equilibrium line indicates a stabilization of c-AlN over h-AlN with both 
an increased pressure and by an increased temperature at elevated pressures. 
Both these trends are validated for Ti0.60Al0.40N by the experimental data as is 
indicated by the arrows. As the experimental data is valid for Ti0.60Al0.40N and 
the calculated phase diagram for AlN the lack of hexagonal phase at 
11 GPa/1500 ºC and 10 GPa/1700 ºC suggests a further stabilization of 
c-AlN with the addition of TiN. This could be explained by a template effect 
where the domains of c-AlN are surrounded by coherent domains of c-TiN.  
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CHAPTER 5  

Characterization methods 

Characterization techniques include methods to study the structural, chemical, 
mechanical and thermal properties in the materials. In this work, all of these 
material properties have been studied with a variety of experimental setups 
described below. 

5.1 X-ray diffraction 
X-ray diffraction (XRD) is a well-established characterization technique for 
coating materials, mainly due to its ability to characterize, e.g., phases or 
internal and external stresses in the samples. In addition, XRD is also a 
non-destructive technique with little or none sample preparation. XRD is 
often divided into two main techniques, wide angle x-ray scattering (WAXS) 
and small angle x-ray scattering (SAXS), both of them described in detail on 
the following pages.  

5.1.1 Wide angle x-ray scattering 
As the x-ray wavelengths are in the same order as the atomic distances in 
materials, the scattering of x-rays by the core electrons gives rise to 
constructive and destructive interference according to the superposition 
principle. The conditions for constructive interference are described by 
Bragg’s law, shown in Eq. (10) below.  
 

 (10)
 

where n is an integer,  the x-ray wavelength, d the distance between 
adjacent parallel planes and  half the scattering angle. Bragg’s law is though 
only a first condition for constructive interference to occur since some 
scattering planes in crystal structures (with a few exceptions such as the 
simple cubic structure) will interfere destructively despite being fulfilled by 
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Bragg’s law. This is solved by combining Bragg’s law with the structure factor 
for the specific crystal structure. By doing this for an fcc lattice, it can be 
determined that the only planes that allow constructive interference is those 
where h, k and l are either all even or all odd. Hence, constructive diffraction 
from {100} planes does not occur but instead from {200} planes. Another 
method is to first construct the reciprocal lattice vector G according to 
Eq. (11) and Eq. (12): 
 

 (11) 

 

 (12) 

 
where b is the reciprocal primitive basis vectors and a the real space 

equivalent. Constructive interference then occurs when G is equal to the 
difference ( k) between the scattered wave vector k’ and incident wave 
vector k. Using this method, the structure factor is not necessary to evaluate 
since only reflections from allowed hkl planes are included in the reciprocal 
lattice.  

The most common XRD setup is the Bragg-Brentano geometry (reflective 
mode), where the detector is scanned symmetrically with the incident x-ray, 
see Figure 6 for an example of such a diffractogram. Due to this symmetry, 

k is always perpendicular to the surface and the only detectable planes are 
parallel with the surface. This is used to calculate TC in Eq. (6) as the 
difference between the actual XRD spectrum and a powder spectrum gives 
information about the preferred orientation in the growth direction (GD). 
This does however not give a complete picture of the texture as only a subset 
of the grains is measured. To solve this, a diffractometer with full rotational 
freedom is needed, often called an Euler cradle. This setup enables the 
possibility to select a specific plane spacing and measure the intensity while 
rotating the sample according to Figure 15. 
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Figure 15. Schematic setup of an Euler cradle. 

 
During the measurement, the Bragg angle  is fixed while completing a 

rotation along the growth direction ( ) and in-plane direction (IP, ). The 
intensity is commonly projected on two-dimensional pole figures which were 
used in Paper IV to investigate the preferred orientation in different 
configurations of Ti0.50Al0.50N. The Euler cradle can also be used to measure 
the stress state of the coatings with the sin2  method [101]. In the method, 
the plane spacing, d , is measured at different values of  and by assuming a 
bi-axial stress state (where the out-of-plane stress is zero) the strain, , in the 
coating is approximated to: 

 

 (13)

 
where d0 is the strain-free lattice spacing, hkl the Poisson’s ratio, Ehkl the 

elastic modulus and  the in-plane stress. Rearranging, the linear dependence 
of d  on sin2  is realized: 
 

 (14)

 
Thus, the slope of a d -sin2  plot determines the in-plane stress with 

knowledge of the elastic constants and strain-free lattice spacing. With 
increasing Bragg angle, the shift in lattice peak positions increases and thus 
the accuracy of the measurement. High indices lattice plane reflections are 
thus preferred but not always accessible due to preferred orientations. If 
deviations from the assumed bi-axial stress state are present, for example with 
a stress gradient in growth direction, the d -sin2  plot will show an oscillatory 
behavior. 
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In Paper II and Paper V, the XRD measurements were performed in 
transmitting mode with a two-dimensional detector on powder samples. In 
Paper II, a high brilliance in-house diffractometer was used whereas a 
synchrotron source was used in Paper V. When measuring on a powder, there 
is no possibility to obtain texture information and the diffraction instead gives 
rise to rings, which is seen in Figure 16 (a). The radii of the rings are 
proportional to the scattering angle, hence inversely proportional to the 
d-spacings. The d-spacings are calculated with the sample-to-detector distance 
and wavelength of the radiation, where after lineouts are calculated from the 
two-dimensional spectrum by a radial integration, as is seen in Figure 16 (b).  

In the example, the (111), (200) and (220) reflections of as-deposited 
Ti0.36Al0.64N are shown. The broad peaks are mainly due to small crystal grains 
and microstrain in the sample, in combination with a small instrumental 
broadening from the diffractometer. During data analysis, the peaks are fitted 
with a pseudo-Voigt function after which peak position, peak width and 
integrated peak intensity can be measured.  

 

 
Figure 16. (a) Raw data from the 2D PerkinElmer detector used during synchrotron 
measurements and (b) a radial integration of the rings in (a). 

5.1.2 Small angle x-ray scattering 
If nanometer sized domains with different electron densities are present in a 
material, small angle x-ray scattering (SAXS) can be used to measure their 
sizes. The principle is identical to wide angle x-ray scattering but with angles 
of 0-1º instead of >20º. SAXS was used in Paper V to measure the wavelength 
evolution of the c-TiN and c-AlN rich domains with temperature during the 
spinodal decomposition and coarsening.  

The scattering from the domains during spinodal decomposition results in 
a diffuse ring around the beam stop with a radius that decreases as the the 
domains grow. Following an identical procedure as in WAXS, lineouts are 



 

- 31 - 
 

produced from the two-dimensional spectrums for each measurement. The 
lineouts show the scattered intensity as a function of the scattering vector, q, 
which is defined as  

 

 (15)
 
where  is the x-ray wavelength and  the scattering angle. An example 

during continuous heating of Ti0.36Al0.64N is seen in Figure 17 for four 
different temperatures. The intensity drop seen at q-values below 0.02 Å-1 
(dashed line) are a result of the beam stop. A SAXS pattern can be divided 
into two different key features, the Porod region and the Guinier region. The 
information about the size and shape is present in the Guinier region [102] 
which is indicated by arrows in Figure 17 for the different temperatures. At 
400 ºC, the spinodal decomposition has not started as this temperature is 
lower than the deposition temperature and hence no SAXS peak is visible.  
 

 
Figure 17. Intensity as a function of q-values at different 
temperatures. The SAXS signal occurs at smaller q-values with 
increasing temperature, indicating a coarsening of the domains 
after spinodal decomposition. 
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In this work, the Guinier region in the data was evaluated with the Unified 
fit [103] method in the Irena Package for Igor Pro [104]. The fitting 
procedure results in the radius of gyration, RG, for the domains which with 
knowledge of the scattering object’s shape provides the size information. By 
assuming spherical domains (R=1.29RG) [105] and multiplying the radius with 
four, the wavelength evolution with annealing temperature shown in Figure 
11 is calculated. Although the assumption of spherical domains is not entirely 
correct, TEM analyzes in previous works [11,106] indicate only minor errors.  

5.2 Electron microscopy 
According to the wave-particle duality, all particles can be described as waves 
with a de Broglie wavelength. Considering relativistic effects, an electron 
accelerated to 100 keV have a wavelength of roughly 4 pm [107]. This affects 
the resolution in a microscope, which is determined by the Rayleigh criterion, 
where there is a linear dependence between the resolution and the 
wavelength. Since the wavelength used in light optical microscopes is around 
500 nm, the resolution is several magnitudes better in an electron microscope. 
However, the lenses used in an electron microscope are electromagnetic, as 
compared to the glass lenses in a light optical microscope. This severely 
lowers the practical resolution compared to the theoretical one, e.g., due to 
aberration and astigmatism in the electromagnetic lenses. With the 
development of aberration correctors [108,109] and monochromators [110] 
the resolution in modern transmission electron microscopes is improved to 
sub-angstrom levels. In this work, electron microscopes in scanning and 
transmission mode have been used, both of them described in the following 
pages. 

5.2.1 Scanning electron microscopy 
In a scanning electron microscope (SEM), an electron probe is scanned on 
the surface of the sample to be examined. The electron energy is usually 
varied between a few and several tens of keV. With larger electron energies, 
the resolution is improved to the expense of a reduced surface sensitivity due 
to an increased interaction volume within the sample. Compared to a 
transmission electron microscope, described below, the resolution is also 
lower in a SEM due to the lower electron energies. However, because of the 
ease of use, simple sample preparation and straightforward interpretation of 
the micrographs, the SEM is frequently used in materials science.  

During interaction of the electrons with the sample, secondary electrons, 
backscattered electrons and x-rays are generated. The secondary electrons are 
caused by the ionization of the sample and characterized by a low kinetic 
energy with an origin close to the surface. Thus, due to shadowing effects, the 
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detection of secondary electrons gives a topographic contrast. The 
backscattered electrons are elastically scattered primary electrons with a higher 
energy than that of the secondary electrons. Since the scattering is more 
dominant for heavier elements, the contrast mechanism from backscattered 
electrons is mainly atomic mass number (Z) contrast.  

5.2.2 Transmission electron microscopy 
In transmission electron microscopy (TEM), an acceleration voltage of several 
hundred kV is used. The higher electron energy improves the resolution 
compared to SEM and with thin samples (<100 nm) the electrons are 
transmitted through the sample. Although TEM requires a tedious sample 
preparation and the probed volume is very small, it is widely used for analysis 
of coatings. Its multifaceted use gives information about the microstructure 
(including defects and interfaces), crystal structure and chemical composition 
(including elements and bindings).  

The electrons are emitted from an electron gun after which they are 
accelerated by a potential difference. Before and after the sample, 
electromagnetic lenses focus the electrons in the TEM column. After 
transmission through the sample, the electrons are focused on a fluorescent 
screen or a CCD camera where an image is formed. During interaction with 
the sample, the electrons are transmitted, absorbed or scattered which 
governs the contrast mechanisms in a TEM.  

In bright field mode, shown in Figure 18 (a), the strongest contrast 
mechanisms are mass/thickness and diffraction contrast. Mass/thickness 
contrast is present as thicker regions or heavier elements in the sample absorb 
or scatter a larger amount of electrons. Consequently, thicker regions or 
regions with heavy elements appear darker in the micrograph. Diffraction in 
the sample also occurs due to the periodicity of the crystals. Thus, by 
introducing an objective aperture it is possible to block the diffracted 
electrons so grains oriented with a high symmetry crystal orientation parallel 
to the electron beam will appear dark. Defect densities in the sample also 
diffract electrons due to the local variations in strain which provides the 
possibility to image dislocations and defects. 

The objective aperture can also be removed from the central beam in the 
diffraction plane and only transmit electrons diffracted from a specific or 
several chosen crystallographic orientations. This is called dark field mode and 
is shown in Figure 18 (b). Both bright and dark field was used in Paper II to 
show the occurrence of h-AlN domains in the grain boundaries.  
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Figure 18. The difference between (a) bright field and (b) dark field TEM. The 
objective aperture was used to select only reflections from h-AlN in the dark field 
TEM. From Paper II. 

 
At high magnifications, the main contrast is phase contrast which 

produces high resolution TEM (HRTEM) micrographs. With HRTEM, 
information about lattice spacing and orientation is obtained and it can thus 
be used to image, e.g., grain boundaries, interfaces between domains or 
dislocations. As was discussed above, bright and dark field imaging requires a 
single electron wave selected by the objective aperture whereas more than one 
wave is used to create the phase contrast in HRTEM imaging. When the 
electrons interact with the atomic potential, there is a phase shift in the wave 
function. Upon interaction with the transmitted, un-scattered wave, there is 
an interference variation in the image plane which produces lattice fringes. An 
example of an HRTEM image is seen in Figure 19, where a large h-AlN 
domain is incoherently surrounded by a c-TiN matrix. By a fast Fourier 
transform (FFT), seen in the inset, the crystallographic orientation of the 
matrix is revealed. Here, the c-TiN is oriented with the [002] zone axis (B), 
i.e., the crystallographic orientation parallel with the electron beam. The bright 
spots in the HRTEM are easily interpreted as atomic columns, this is though 
not necessarily true and care must be taken when analyzing HRTEM 
micrographs.  
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Figure 19. An example of a HRTEM micrograph from an annealed sample. The 
large domain of h-AlN is incoherently surrounded by c-TiN from where the FFT is 
performed. From Paper V. 

5.2.3 Electron diffraction 
A diffraction pattern is always formed when electrons interact with the sample 
and it can be imaged by viewing the diffraction plane on the fluorescent 
screen or CCD. Information about the crystal structure, lattice spacing and 
orientation is provided by the diffraction pattern. Electron diffraction is also 
used when orienting a sample to a low-index zone axis which is helpful prior 
to HRTEM imaging.  

The principle behind electron diffraction is identical to XRD with the 
difference that the electrons are mainly scattered by the nuclei while the x-rays 
are scattered by core electrons. The main limitation in electron diffraction 
over XRD is the aberrations originating from the electromagnetic lenses 
resulting in less accuracy and resolution when determining lattice spacings. 
Compared to XRD, electron diffraction though occurs in significantly smaller 
volumes. Hence, it is possible to obtain information from features in the 
nanometer region, such as single grains in a polycrystalline coating. This is 
often used in combination with a selected area aperture which is introduced in 
the image plane.  
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5.2.4 Scanning transmission electron microscopy 
In the TEM imaging modes discussed above, a parallel and broad electron 
beam is used to illuminate the entire sample. In the scanning transmission 
electron microscope (STEM), the electron beam is instead defined into a nano 
probe which is scanned across the specimen, similar to an SEM. In most 
STEM modes, the electrons are detected by a high angle annular dark field 
(HAADF) detector, although both bright and dark field detectors can be used 
in a STEM as well. The HAADF detector is positioned in the diffraction 
plane around the transmitted beam and detects the scattered electrons. Thus, 
the intensity in a STEM micrograph is mainly diffraction and Z-contrast. 
Consequently, bright contrast is seen from grains fulfilling the Bragg 
condition or from heavier elements in the sample, often with Z-contrast as 
the dominating mechanism. When combined with an energy dispersive x-ray 
spectroscopy (EDS) detector, STEM mode enables the acquisition of 
elemental information in the studied sample. This is valuable as it enables the 
possibility to map elemental distributions in, e.g., decomposed regions, grain 
boundaries or the tool-chip interface (see Figure 32 in Chapter 7).  

5.2.5 Energy dispersive x-ray spectroscopy 
During the interaction with the sample, core electrons in the atoms are 
knocked out by the transmitting electrons. This creates an electron hole in the 
atom which increases its energy. To minimize the energy, the hole is filled by 
an electron in a higher energy level to bring the atom to its ground state, and 
the energy gain is released as an x-ray photon. As the transitions between 
different electron energy levels are characteristic for all atoms, the detection 
of the x-ray spectrum provides elemental information of the sample.  

This is however not possible for lighter elements, as the emitted x-rays are 
absorbed by the detector window and the detection of nitrogen in TiAlN is 
for instance limited. EDS detectors are often equipped in both SEM and 
STEM. In this work, EDS/SEM was mainly used to obtain average Ti/Al 
compositions in the coatings whereas EDS/STEM was used to study the 
spinodal decomposition of TiAlN.  

5.2.6 TEM sample preparation 
The TEM samples investigated in this thesis were prepared with either 
conventional preparation, focused ion beam (FIB) or powder particles 
prepared by grinding. In conventional TEM sample preparation, a diamond 
saw is used to cut the samples in pieces with dimensions similar to the desired 
TEM grid (normally 1.8×1.0×0.5 mm3) after which two pieces are mounted 
in the grid with the coating sides facing each other. The grid with pieces is 
then baked in a powder mixture of graphite and araldite, which attaches the 
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pieces to the grid. The baked sample is then polished with diamond polishing 
papers to a thickness of around 50 μm. Several diamond polishing papers are 
used with a decreasing size of diamond grains until a mirror like surface is 
achieved. The mechanical polishing is followed by final thinning in an argon 
ion miller using an ion energy of 5 keV. Final milling is performed with a 
lower energy (<1 keV) to reduce the ion damage. A completed prepared 
sample usually contains regions with a thickness less than 100 nm which is in 
general sufficient for electron transparency. 

For samples too small for conventional sample preparation, as in Paper II, 
or for samples selected from specific region of interest, as in Paper I, the FIB 
is instead the preferred choice for TEM preparation. As is seen in Figure 20, a 
FIB is an SEM equipped with an additional ion column angled at 54º with 
respect to the electron column. In the system used in this thesis, the ion and 
electron beam coincides at a working distance of 4.9 mm.  

 

 
Figure 20. A schematic picture of the FIB setup used in this 
work. The electron an ion column coincides at a working 
distance of 4.9 mm 

 
In the ion column, gallium ions are accelerated from a liquid gallium 

source. The gallium ion beam is focused and scanned with electromagnetic 
lenses, similar to the electron beam. During ion bombardment of the sample 
surface, simultaneous emission of secondary electrons occurs. Thus, ion 
imaging is possible by a detection of the secondary electrons with the 
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standard SEM detectors. As the stopping power is much larger for ions 
compared to electrons [111] the imaging is more surface sensitive, an 
advantage used in the helium ion microscope [112]. In a FIB however, the 
larger momentum of the Ga ions is used to sputter away sample atoms from 
the surface layer by layer.  

A common technique to obtain a TEM sample is the lift-out technique, 
described by Langford et al. [113] and summarized in Figure 21. In the first 
step, shown in (a), a rectangular strip (2×2×20 μm3) of platinum is deposited 
on the sample surface for protection. The platinum layer is deposited by 
letting platinum gas into the vacuum chamber via a gas injection system where 
after the gas is cracked on the surface by the ion beam. For surface sensitive 
samples, a slower deposition can also be performed with the electron beam. 
This is followed by ion milling of two trapezoids on each side of the platinum 
strip with a depth of ~10 μm until a freestanding sample with an approximate 
thickness of 800 nm is left (b). A micromanipulator is then introduced and 
attached on the sample with platinum. After attachment of the 
micromanipulator, the sample is cut and lifted out, shown in top view (c) and 
side view (d), after which the sample is welded on a TEM copper grid. The 
sample is further thinned and polished with decreasing ion currents until 
electron transparency is achieved, as shown in (e) and (f). The secondary 
electron detector is often used during final thinning as the sample appears 
brighter with the decreasing thickness, visualized in (f). 

 

 
Figure 21. Scanning electron micrographs showing the different steps during FIB 
preparation of TEM samples.  
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5.3 Nanoindentation 
Measuring the hardness of hard coatings with indentation requires an 
instrument capable of only penetrating the coating without being influenced 
by the mechanical properties of the underlying substrate. This excludes 
traditional methods such as Vickers, Rockwell and Brinell testing due to their 
high loads during indentation. Instead, nanoindentation is commonly used 
with a load in the mN regime. During indentation, sensors detect the indenter 
displacement and force which results in a force-displacement plot, as is seen 
in Figure 22.  
 

 
Figure 22. Example of a load-displacement curve during 
nanoindentation 

 
From the load-displacement curve, the hardness is calculated with the 

Oliver and Pharr method [114] which is here summarized. During 
indentation, the surface around the indenter is displaced, hs, which together 
with the contact depth, hc, corresponds to the total displacement, hmax. With 
hs dependent on the contact stiffness, S=dP/dh, and maximum load, Pmax, the 
contact depth is accordingly found from the load-displacement curve, see 
Eq. (16). 
 

 (16)
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where  is dependent on indenter geometry, in this work 0.75 for the 
Berkovich geometry. As is seen in Figure 22, the contact stiffness is only 
measured in the beginning of the unloading where the contact area is 
constant. The indenter geometry also determines the relation between the 
contact depth and contact area (A), which for a Berkovich indenter is: 

 
 (17) 

 
The hardness is then defined as the ratio between the maximum load and 

the contact area: 
 

 (18) 
 
Prior to the hardness measurements, the arc evaporated coatings are 

mechanically polished with diamond polishing papers. The reason is to 
exclude the impact of the intrinsic high surface roughness of the arc coatings, 
generated from the droplets. During nanoindentation, regions free of droplets 
are selected to measure the true hardness of the coating (c.f Figure 8). 
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CHAPTER 6  

High pressure techniques  

Two different high pressure techniques, the diamond anvil cell (DAC) and the 
multi anvil press (MA), have been used in this thesis. Both methods were 
invented in the 1950s [115-117] and are traditionally used in geo-sciences to 
simulate earth core conditions.  

6.1 Diamond anvil cell 
A DAC consists of two opposing diamonds with a metal gasket in between, 
schematically shown in Figure 23. In the gasket, a hole with a typical diameter 
of a few hundred μm is drilled after which the sample is inserted.  
 

 

 
Figure 23. Schematic picture of a DAC, typical diameter 
of the hole containing the sample is a few hundred 
micrometers. 
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Because of the small dimensions defined by the opposing diamonds, very 
large pressures (>100 GPa) are obtained using very little force, for example by 
manually tightening the anvil screws. As diamonds are transparent to x-ray 
radiation, crystallographic characterization can be performed in-situ. However, 
parts of the DAC do absorb the x-rays and a high brilliance x-ray source is 
generally needed where synchrotron facilities are the principal choice. In this 
thesis, the DAC experiments were characterized ex-situ with an in-house x-ray 
diffractometer. 

Dependent on the application, there is a wide range of gasket materials 
from low-Z materials such as boron [118] to high-Z materials such as 
tungsten or rhenium [119]. In Paper II, rhenium was used due to its high 
melting temperature of ~3200 ºC [120] and inertness. To ensure a concentric 
hole, the gasket with an approximate thickness of 250 μm was pre-indented, 
to a remaining thickness of tens of micrometers, with the diamond anvils by a 
closing and opening procedure. The final hole, with an approximate diameter 
of 125 μm, was then drilled with a spark erosion drill [121] which removes 
material through an electrical discharge. Upon completion of the hole, 
powder grains of the sample were loaded together with a pressurizing 
medium/thermal insulator and ruby particles where the latter was used to 
determine the pressure, see below.  

6.1.1 Heating of the DAC 
Heating of the sample is performed with either laser or electrical heating, 
dependent on the desired temperature ranges [122-125], both of them with 
advantages and disadvantages. During electrical heating, for temperatures 
from room temperature up to 1200 ºC, the entire pressure chamber or DAC 
is heated. This yields a heating with small temperature gradients (<50 ºC) 
where the temperature is stable for several hours and easily controlled and 
regulated with thermocouples. The whole chamber heating though puts a 
limitation to the upper temperature as the risk of graphitization of the 
diamond or welding of the gasket to the diamonds increases with increasing 
temperatures. A further disadvantage with the electrical heating is a pressure 
variation during heating which is induced by the different thermal coefficients 
of different parts of the DAC and the sample. Hence, the applied force to the 
diamonds needs to be adjusted during heating to maintain the pressure. 

During laser heating, the risk of graphitization of the diamonds is greatly 
reduced as the heating is localized to a thermally insulated sample. This 
enables a temperature range from around 1000 ºC to above 5000 ºC, although 
with much larger gradients (>100 ºC) and a fluctuating temperature. The large 
temperature gradients are a result of the localized heating in the laser spot and 
if in-situ experiments are conducted, the x-ray beam must be focused in the 
hot spot. During heating, the temperature is determined at the sample surface 
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from the spectrum of the radiation. Together with the assumption of grey 
body radiation during the experiment where the high temperature and high 
pressure dependence of the emissivity is inexact, large uncertainties in the 
temperature measurement are induced. 

Another issue with laser heating is the need of a thermal insulator and a 
pressurizing medium to protect the diamonds and enable a nearly hydrostatic 
pressure. Preferably, inert gases such as argon or neon are used but at high 
temperatures and high pressures they easily leak from the pressure chamber 
[126]. Common materials of thermal insulators at higher temperatures and 
pressures include Al2O3, MgO, BN, CsCl and NaCl [127]. For in-situ 
experiments involving diffraction, the choice of thermal insulator is crucial 
due to possible overlap of the diffraction peaks with the sample peaks, 
particularly as the sample volume in general is considerable smaller. In this 
thesis, laser heating with a double-side laser system [125,128] was used to 
reach higher temperatures compared to the MA experiments. NaCl was used 
as a thermal insulator due to little overlap with the diffraction peaks of TiAlN. 

6.1.2 Determination of pressure 
An accurate determination of the pressure inside a DAC is critical and cannot 
be directly calculated from the applied load. Instead, a standard material, e.g., 
ruby, quartz or Sm-doped Y3Al5O12 [129-131], is loaded in the pressure cell. 
The chosen standard material must have a known change in a measurable 
physical property with pressure. For instance, one of the most common is the 
fluorescence shift of ruby, which was also used in this thesis. By illumination 
of ruby with laser, a light spectrum is emitted by fluorescence due to 
excitations and relaxations of the atoms. As the peaks associated to ruby in 
the fluorescence spectrum are linearly shifted with pressure [132] the 
corresponding pressure can be calculated. This method is often used both 
before and after heating to ensure that no decompression has occurred during 
the heating stage. There is though a temperature dependence of the ruby 
fluorescence, so measuring the pressure during annealing requires other 
materials with a known equation of state at both elevated pressures and 
temperatures.  

6.2 Multi anvil press 
The advantage with MA over DAC is the use of larger samples (volumes of 
mm3 instead of μm3) which provides better statistics. However, large forces 
are required to obtain the elevated pressure with greater dimensions of the 
press as a consequence. This complicates in-situ measurements and the general 
handling of the instrument as compared with the DAC. However, at some 
synchrotron beam lines, e.g., APS in Chicago, Spring-8 in Japan and ESRF in 
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France [133], stationary MAs exist with dedicated pathways for the x-ray 
beam.  

To conduct a MA experiment, the sample is loaded in a cylindrical capsule 
manufactured of an inert material, for example platinum. The size of the 
capsule, in combination with the anvil force, determines the maximum 
obtained pressure. For better statistics, an increased sample volume is desired 
and there is hence a tradeoff between pressure and sample volume. The filled 
platinum cylinder is further enclosed by a cylindrical graphite heater and a 
thermo insulating tube made of MgO or ZrO2. The cylinder is then loaded 
into a pressure transmitting octahedron made of MgO which is further 
surrounded symmetrically by eight tungsten anvils. The setup with four of the 
tungsten anvils is seen in Figure 24.  

 

 
Figure 24. Multi anvil sample inside an 
octahedron, surrounded by four out of 
eight tungsten anvils (the length of one 
side is approximately 100 mm). 

 
The anvil package is placed in the press which is followed by a hydraulic 

compression to a desired pressure. A direct measurement and control of the 
pressure as in the DAC is though not possible, instead the pressure is 
calibrated with the hydraulic pressure from precedent calibrated 
measurements using a standard material. The heating of the sample is 
performed with electrical heating where the current flows between two of the 
corner anvils through the graphite cylinder. The temperature can be 
controlled either with a thermocouple or by a previous calibration between 
the temperature and current. 
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The MA experiments (1000-ton or 1200-ton) used in this thesis were 
performed with platinum cylinders of either 1 mm in radius and 3.5 mm in 
height or 0.8 mm in radius and 2.8 mm in height, depending on pressure 
ranges. During the compression, a sintering of the powder sample occurred 
due to the high pressures and temperatures which simplified TEM sample 
preparation with FIB.  

6.3 Sample preparation 
As the experiments in the DAC and MA require powder samples, a removal 
of the coating from its substrate is necessary. This is done chemically and thin 
iron sheets are thus used as substrates during deposition instead of tungsten 
carbide inserts. After deposition, the backsides of the sheets are mechanically 
grinded. The grinding has two purposes, removal of the small amounts of 
coating grown on the backside and providing a rough surface for the 
hydrochloric etching. The sheets are then immersed in hydrochloric acid 
whereupon the iron is dissolved, leaving the coating as flakes. The flakes are 
cleaned in acetone and distilled water to remove all acid residues. Afterwards, 
the flakes are ground into a fine powder with a mortar and pestle. The same 
procedure was also used in Paper V for the powder used during synchrotron 
measurements. 
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CHAPTER 7  

Metal machining 

Metal machining includes a variety of operations, such as turning, milling or 
drilling where the former application has been used in this thesis. Despite 
extensive research, a complete understanding of the metal cutting process is 
still lacking. The reason is the complexity and diversity of the processes 
leading to metal cutting performance dependent on, e.g., the work material, 
the substrate material and shape, the coating material, the deposition method 
and external cutting parameters. This chapter introduces a few basic concepts 
for metal cutting with both published and unpublished examples. 

7.1 Temperature distribution 
During a turning operation, the measurement of temperature is far from 
straightforward. Some of the methods include the use of thermocouples [134], 
sensors deposited on the tools [135,136], pyrometers [137] and modeling 
[138]. In this work, a near infrared CCD detector [139-141] was used due to 
its high resolution (μm) and ability to extract a temperature profile along the 
rake face. Measureable temperatures are in the range of 500-1000 ºC with 
uncertainties of 10-30 ºC. The largest uncertainties arise from the emissivity 
values of the tool and the calibration of the CCD detector. The calibration is 
described in detail elsewhere [139-141] but involves using a black body cavity 
and a heated tool as references before measurements. The measurement setup 
is shown schematically in Figure 25 where a turning operation of a tube is 
performed. Due to the requirement of a clear line of sight between the 
detector and the tool, the turning operations are limited to dry conditions. To 
ensure observation of the cutting zone, the side of the tool is ground in 
advance, as is also seen in Figure 25.  
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Figure 25. Schematic picture of the setup during 
temperature measurement. After [139]. 

 
In Paper I, temperature measurements were performed on Ti0.63Al0.37N 

coated tools during turning in a hardened and tempered steel. The 
temperature distribution during turning with cutting speeds (vc) of 100, 200 
and 400 m/min are seen in Figure 26 using a feed (f) of 0.3 mm/rev and a 
depth-of-cut (ap) of 3 mm. Temperature measurements were also performed 
on Ti0.33Al0.67N but no significant changes outside the uncertainties were 
noticed. The measurement time was 20-30 seconds whereupon thermal 
equilibrium was achieved. Hence, heating rates in the order of several 
thousand degrees per minute is normally achieved during metal cutting.  

 

 
Figure 26. Thermal maps showing the temperature (ºC) during cutting as measured 
with an IR-CCD detector at cutting speeds of (a) 100, (b) 200 and (c) 400 m/min.  
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A position, a so called hot spot, on the rake face can be seen for all cutting 
speeds. With increasing cutting speed, the hot spot moves closer to the insert 
tip. However, as the contact length between the insert and the chip also 
decreases with cutting speed, the hot spot is approximately located at half the 
contact length. During the turning operation, the work material is plastically 
deformed in the shear zone whereupon a chip is formed. The plastic 
deformation, in combination with the friction between the work material and 
the tool, generate the heat [142,143]. Thus, with increasing cutting speed, the 
average and maximum temperature is strongly dependent on cutting speed as 
the amount of sheared and sliding work material per time increases. Similar 
effects can be seen by increasing the feed. Extraction of the maximum 
temperatures gives temperatures around 780 °C at 100 m/min, 890 °C at 
200 m/min and 960 °C at 400 m/min for this configuration. 

7.2 Stress distribution 
During cutting operations, the measurement of cutting forces is straight 
forward with the use of a dynamometer. The determination of a correct stress 
distribution along the cutting edge is however more challenging and often 
FEM modeling [144-146] is used in combination with experimental 
parameters. In this work, an analytical model described in detail by 
Chandrasekaran et al. [138,139] was used to model the stress distribution 
during orthogonal turning. Parameters used in the model are the chip 
thickness, contact length, work material shear strength and the measured 
cutting forces. Assumptions in the model include 2D loading, a sharp tool and 
no curling of the chip. This is likely to cause deviations from the real stress 
distribution but the results were mainly used to show the occurrence of 
stresses in the GPa region during turning. The modelled normal and 
tangential stress distributions are seen in Figure 27 as a function of the 
contact length for cutting speeds of 100, 200 and 400 m/min.  

The position of the peak normal stress occurs at the tool tip and decreases 
almost linearly as the distance from the tip along the contact length increases. 
The peak values are around 2 GPa and essentially not dependent on the 
cutting speeds although the contact lengths varies. The values of the 
tangential stress are lower with peak stresses around 0.8 GPa with a slight 
decrease as the cutting speed increases. This could partly be explained by the 
thermal softening of the work material as the average temperature increases 
with cutting speed.  
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Figure 27. Stress distribution along the rake face at 
(a) 100, (b) 200 and (c) 400 m/min. From Paper I. 

7.3 Wear 
The high thermal and mechanical loads on the cutting tool eventually lead to 
wear of the coating. During a turning operation, control and prediction of the 
wear is critical as it may lead to cutting force fluctuations and an impaired 
surface finish of the work material. The most common wear mechanisms are 
shown in Figure 28 and are flank (I), crater (II) and notch wear (III).  
 

 
Figure 28. Schematic picture showing three of the major wear types: 
(I) flank wear, (II) crater wear and (III) notch wear. 

 
The notch wear appears in the border zone between the atmosphere and 

the work material, i.e., at the depth of cut. This wear is most pronounced 
when cutting in deformation hardening work materials such as stainless steels 
[147]. As it occurs in presence of oxygen, the notch wear is typically reduced 
with oxidation resistant coatings [148].  
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The crater wear begins on the rake face at around half of the contact 
length where the highest temperature and frictional stress are present. During 
cutting, the crater wear gradually evolves with time towards the cutting edge, 
where the rake and flank face meet, as is illustrated in Figure 29. The origin of 
the crater wear is dependent on the work material and cutting parameters but 
is often referred to as a combination of chemical wear from diffusion [149], 
abrasive wear from the chip sliding [150] and plastic deformation of the 
coating [151,152]. A direct improvement of the crater wear resistance is also 
obtained by increasing the thickness of the coatings. As the crater reaches the 
edge, a complete breakdown of the cutting edge occurs and control of the 
crater wear is therefore important. However, monitoring and prediction of the 
crater wear is difficult compared to the flank wear (which can be monitored 
from the cutting forces). 
 

 
Figure 29. Evolution of crater wear with cutting time. The substrate (bright area) is 
firstly exposed after a cutting time of 4.5 min.    

The progression of the flank wear is attributed to abrasive wear from hard 
inclusions, e.g., oxides or carbides, in the work material [153] and increasing 
flank wear reduces the surface finish of the final work piece material. As the 
resistance against abrasives increases with hardness, the hot hardness is one of 
the key parameters determining the flank wear. In Figure 30, the hot hardness 
up to 600 ºC is shown for TiN, Ti0.75Al0.25N and Ti0.45Al0.55N. Both TiAlN 
coatings are slightly harder compared to TiN at room temperature. The 
thermal softening is close to linear for all coatings up to 400 ºC but the 
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hardness values at 600 ºC show significant differences between the coatings. 
The hardness value of Ti0.45Al0.55N is here twice as large compared to TiN 
with Ti0.75Al0.25N in between. The results further confirm previous hardness 
values measured in room temperature after annealing. Although results for 
Ti0.33Al0.67N are lacking in Figure 30, it would likely reveal a similar or higher 
hardness than Ti0.45Al0.55N. 

 

 
Figure 30. In-situ hot hardness of TiN, 
Ti0.75Al0.25N and Ti0.45Al0.55N. 

 
As is shown in Figure 31, there is also a major difference in flank wear 

resistance for (a) TiN and (b) Ti0.50Al0.50N after two identical cutting 
operations (vc = 200 m/min, f = 0.2 mm/rev, ap = 2 mm, t = 15 min). Here, 
the flank wear in TiN is irregular with a maximum of 0.68 mm which far 
exceeds the stopping criterion of 0.30 mm generally used in cutting tests 
[154]. On the contrary, Ti0.50Al0.50N shows a regular flank wear averaged 
around 0.12 mm.  

 

 
Figure 31. Flank wear for a a tool coated with (a) TiN and (b) 
Ti0.50Al0.50N 
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7.4 Chemical interactions 
The high temperature during metal cutting increases the diffusion rate and 
hence the chemical interactions between the coating and its surroundings. At 
the tool-chip-interface, an adhered layer containing species from the work 
material, the coating and the atmosphere is apparent during cutting [155]. An 
example of the adhered layer is shown in Figure 32 with corresponding 
elemental EDS maps for Al, Ti, Si, S, Mn, Fe and O.  
 

  
Figure 32. STEM micrograph of the adherent layer with additional 
elemental EDS maps for Al, Ti, Si, S, Mn, Fe and O.  

 
The STEM sample, Ti0.33Al0.67N, was extracted from a coating used in 

metal cutting of a tempered steel (C45E) and prepared with FIB at a position 
close to the crater. The uppermost bright layer was analyzed with an EDS line 
scan (not shown) and consists mainly of Fe from the work material. Between 
the Fe rich layer and the coating is an Al rich layer with constituent elements 
from the work material (FeO, MnS and Si) with no traces of Ti, apart from 
the particle seen in the middle, in the adherent layer. The abundance of Al in 
the work material limits the origin of the Al-rich layer to out-diffusion from 
the coating, possibly followed after loss of nitrogen in the coating. The out-
diffusion of Al could also be a contributor to the above mentioned crater 
wear [156,157].  

Chemical interactions also occur in the interface between the substrate and 
the coating, due to the elevated temperature during metal cutting. Cobalt, 
used as a binding agent in the tungsten carbide, is commonly diffusing from 
the substrate into the coating, typically in the grain boundaries due to the 
higher diffusivity [158]. The poisoning of cobalt in the coating is detrimental 
for its mechanical properties and a common prevention method is to deposit 
an interlayer, such as TiN, between the substrate and the coating. 
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CHAPTER 8  

Summary of included papers 

8.1 Paper I 
The background behind this paper was the theoretical prediction by Alling et 
al. [92] of a promoted spinodal decomposition by an external pressure. Due to 
a shoulder in the isostructural phase diagram, the effect was expected to be 
most prominent for an Al content around 40 at-%. To investigate the 
pressure effect during metal machining, Ti0.6Al0.4N coatings were deposited 
on tungsten carbide inserts which were used in a longitudinal turning 
operation. The time in cut was 10 min with a cutting speed of 200 m/min, 
feed of 0.3 mm/rev and a 3 mm depth of cut. Using identical cutting 
parameters, orthogonal metal cutting was also executed while measuring the 
cutting forces and temperature distribution. 

Additionally, heat treatments with a 10 min isothermal step of 900 ºC and 
1000 ºC respectively were performed for comparison with the inserts used in 
metal cutting. The ex-situ characterization was mainly performed with STEM. 
The results showed a peak temperature slightly below 900 ºC and a normal 
stress of 2 GPa, both of them decreasing along the rake face. Connected with 
the inhomogeneous temperature distribution, the spinodal wavelength was 
shown to vary along the rake face, from around 5 to 11 nm. By comparing the 
wavelength after metal cutting with the heat treated samples, the effect of the 
applied external pressure levels was shown to promote the spinodal 
decomposition, in line with the theoretical prediction. 

8.2 Paper II 
The aim of Paper II was to show the suppression of the c-AlN to h-AlN 
transformation in Ti0.6Al0.4N at high pressures and high temperatures 
(HPHT). This was utilized with the multi anvil press and diamond anvil cell 
techniques with temperatures and pressures up to 2200 ºC and 23 GPa. Prior 
to the HPHT experiments, the coating was removed from an iron substrate 
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leaving Ti0.6Al0.4N as powder. All samples were exposed to Tmax for 10 min 
before quenching, after which they were characterized ex-situ using XRD. 
Microstructural information was also obtained from selected samples using 
TEM. Additionally, a pressure/temperature phase diagram of pure AlN 
showing the equilibrium line between c-AlN and h-AlN were calculated using 
first principles calculations. 

Results of the first principle calculations showed a stabilization of c-AlN 
over h-AlN with an increased pressure at all temperatures. In addition, the 
negative curvature of the equilibrium line also suggested an increased stability 
of c-AlN with an increased temperature at elevated pressures. The 
experimental XRD results showed an excellent agreement with the theoretical 
findings as an increased temperature at isotherms as well as an increased 
pressure at isobars stabilized c-AlN. It was also concluded, by comparing the 
experimental values of Ti0.6Al0.4N with the theoretical phase diagram of AlN, 
that the addition of Ti into AlN further stabilized c-AlN.  

8.3 Paper III 
In Paper III, the consequences of the elastic anisotropy in Ti1-xAlxN [78] on 
the microstructure during spinodal decomposition was studied. Firstly, 
Ti1-xAlxN with various Al content (x=0.31, 0.37, 0.47, 0.66) was deposited on 
tungsten carbide substrates and exposed to metal cutting tests and heat 
treatments (up to 800, 900 and 1000 ºC). After heat treatments, the hardness 
values of selected compositions were measured with nanoindentation whereas 
STEM at high symmetry zone axes was used to obtain microstructural 
information.  

The hardness values showed a strong correlation between Al content and 
age hardening, similar to what had been published before, where the age 
hardening was most pronounced for Ti0.34Al0.66N. The STEM results for 
Ti0.34Al0.66N showed a highly anisotropic microstructure where the c-TiN and 
c-AlN domains were aligned along the elastic compliant <100> directions. 
This result was in excellent agreement with the spinodal decomposition 
theory in anisotropic systems. Ti0.63Al0.37N, i.e., close to the isotropic limit, 
instead showed a microstructure with randomly ordered domains. As 
discussed, the anisotropic microstructure demonstrates a shorter distance 
between the domains compared to the isotropic case, leading to an increased 
hardening [81].  

8.4 Paper IV 
The aim of this study was to investigate the microstructure and metal cutting 
behavior of bias-modulated Ti0.50Al0.50N. During deposition, the bias was 
instantly changed between -35 V and -70 V with different time periods, 
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yielding bias-layer periods from 200 to 1200 nm. As references, Ti0.50Al0.50N 
and Ti0.33Al0.67N were grown with fixed biases. All coatings were used in metal 
cutting tests with a cutting speed of 200 m/min, a feed of 0.2 mm/rev and a 
2 mm depth of cut. The time in cut was 1.5, 4, 7.5 and 15 min in order to 
quantify the progression of the flank and crater wear. The flank wear was 
measured with light optical microscopy and the crater wear with scanning 
electron microscopy. The preferred orientations of the coatings were analyzed 
with XRD while microstructural information was realized with TEM.  

For the fixed bias coatings, the results showed an increased residual stress 
and a transition from a (100) to a (111) preferred orientation with the bias 
change from -35 V to -70 V. All the bias-layered coatings showed a (111) 
preferred orientation slightly dependent on bias-layer period. The 
microstructure in the fixed bias coatings changed from a columnar structure 
to a feather like structure with refined grains. The bias-layered coatings 
revealed a periodic change in TEM contrast correlating with the bias period 
which was connected to differences in residual stress between the individual 
layers. The overall microstructure was found to be columnar with smaller 
grain sizes compared to the -35 V fixed bias coatings. The combination of the 
layered microstructure, with small grains in a (111) preferred orientation and a 
small residual stress resulted in an improvement of both crater and flank wear 
resistance for all bias-layered coatings compared with the fixed-bias coatings.  

8.5 Paper V 
The cubic to hexagonal transformation of AlN in TiAlN has received little 
attention in the literature, despite its deteriorating effect on the mechanical 
properties of TiAlN. Thus, the aim of Paper V was to gain a further 
knowledge on the detailed kinetics of the transformation. Here, the evolution 
of h-AlN in Ti0.55Al0.45N and Ti0.36Al0.64N at elevated isothermal temperatures 
was studied in-situ with synchrotron radiation. To enable quantitative 
information, the measurements were conducted on powder materials 
originating from coatings deposited on iron substrates. The main study was 
performed with WAXS, although SAXS was used to extract the critical 
wavelength of c-AlN at the onset of h-AlN. STEM was further used to 
acquire microstructural information.  

The results showed a significantly higher transformation rate for 
Ti0.36Al0.64N compared to Ti0.55Al0.45N with an onset of the transformation 
around 50 ºC earlier. Despite the large deviation in transformation rate, both 
compositions showed similar activation energies as determined with a 
modified KJMA equation with 320±10 kJ/mol for Ti0.36Al0.64N and 
350±40 kJ/mol for Ti0.55Al0.45N. The critical wavelength of c-AlN at the onset 
was determined to around 13 nm for both compositions. Because of the 
similar activation energies and critical wavelength, the difference in 
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transformation rate was instead proposed to be correlated to the 
microstructural differences from the precedent spinodal decomposition. Due 
to the anisotropic microstructure and the higher Al content in Ti0.36Al0.64N an 
interconnected microstructure is to a larger extent formed compared to 
Ti0.55Al0.45N which enables a faster growth of the h-AlN nuclei.  
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CHAPTER 9  

Contributions to the field 

This is a summary of the author’s opinion on how the work in this thesis has 
served to contribute to the field, based on the results in the papers: 
 

The promoted spinodal decomposition with an external pressure was 
shown experimentally. Additionally, the stabilization of c-AlN over 
h-AlN with an increased pressure as well as with an increased 
temperature at elevated pressures was shown experimentally.  
 
The effect of the inherent elastic anisotropy in TiAlN on the 
microstructure after spinodal decomposition was shown 
experimentally. The results contribute to a further understanding of 
the age hardening behavior during annealing of TiAlN. 
 
The growth of bias-modulated coatings Ti0.50Al0.50N was investigated 
in terms of microstructural and metal cutting properties. The results 
showed an improvement in terms of both crater and flank wear 
resistance compared to reference coatings deposited with a fixed bias.  
 
Kinetics of the cubic to hexagonal AlN transformation in terms of 
transformation rates, activation energies and critical wavelengths was 
addressed in detail for two compositions commonly used on metal 
cutting inserts. The study can be used as a reference in future work 
concerning the growth of h-AlN in TiAlN based quaternaries. 
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CHAPTER 10  

Future work 

This chapter provides the author’s suggestions to future work based on the 
results presented in this thesis.  

10.1 In-situ pressure dependence of TiAlN 
The effect of pressure on the spinodal decomposition studied in Paper I is 
based on ex-situ characterizations and an in-situ study would therefore provide 
important information. Such a study could be utilized with a diamond anvil 
cell or a multi anvil press in combination with synchrotron radiation. For 
statistics, i.e., a larger measured volume, the multi anvil press would be the 
preferred choice. With such an experimental setup, the evolution of the 
spinodal wavelength as a function of temperature and hydrostatic pressure 
could for example be studied with small angle x-ray scattering.  

Similarly, an in-situ study of the pressure dependence on the stability of 
c-AlN over h-AlN is lacking. Such a study could be used to further investigate 
the pressure/temperature phase diagram shown in Paper II. Furthermore, the 
reversibility of the c-AlN to h-AlN transformation as a function of pressure 
could be studied.  

10.2 Pressure dependence of quaternary coatings 
The results of Paper II showed a shift of the equilibrium line between c-AlN 
and h-AlN towards lower pressures (2-3 GPa) with the addition of Ti. This 
was, in the phase separated structure, attributed to a template effect where the 
surrounding c-TiN stabilized c-AlN with coherency strains. Also, single 
impurity calculations at 0 K indicated a similar shift in TiAlN compared to 
AlN. Despite this shift, the pressure to completely stabilize the cubic structure 
of AlN is higher than the actual pressure acting on the coating during metal 
cutting. However, previous publications have shown an improved thermal 
stability, at ambient pressures, upon further alloying TiAlN with a forth 
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element [82-87]. It is likely that this trend at an ambient pressure is valid at 
elevated pressures as well and thus a further shift of the equilibrium line is 
realized for quaternary coatings, i.e., closer to pressure levels during metal 
cutting. Such a study should be conducted with the method described in 
Paper II for direct comparison with TiAlN. 

10.3 Kinetic description of quaternary coatings 
The study in Paper V provides a detailed kinetic study of the c-AlN to h-AlN 
transformation in TiAlN. Due to the above mentioned improved thermal 
stability after alloying with additional elements, a similar study conducted on a 
TiAlN based quaternary would give valuable information about the activation 
energy, transformation rate and the critical wavelength. Due to the large 
dependence on Al content on the transformation rate, such a study should be 
conducted with similar Al contents as in Paper V. Although the main study in 
Paper V is based on isothermal annealing, a different heating rate is likely to 
affect the spinodal decomposition and the nucleation of h-AlN. Hence, 
identical heating rates are required for a full comparison with the results of  
TiAlN in Paper V.  

10.4 In-situ annealing in TEM 
Although Paper V shows the in-situ transformation of h-AlN with XRD, an 
in-situ microstructural evolution is lacking. With the recent advantages of 
aberration corrected STEM and energy filtered TEM, such a study would be 
possible in combination with a high temperature sample holder. To 
complement the results in Paper V, the study should focus on the growth of 
the h-AlN but the study would also give valuable insight in the spinodal 
decomposition prior to the hexagonal transformation. For selection of 
suitable temperatures, both Paper V and the study by Knutsson et al. [11] are 
valuable as references. 

10.5 Hot hardness of coatings 
It is generally assumed that one of the factors determining the metal cutting 
performance, in terms of flank wear resistance, is the hot hardness of the 
coatings. Despite this, the majority of publications concerning the age 
hardening in TiAlN are performed at room temperature on annealed samples, 
i.e., the actual hot hardness of the coatings are lacking due to various of 
reasons. Firstly, nanoindentation is almost exclusively performed using a 
diamond indenter which is not stable at the temperatures relevant for metal 
cutting inserts due to for example graphitization or oxidation of the diamond. 
The small indentation depths up to a few hundred nanometers also increase 
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the sensitivity of thermal drift during indentation. However, recent solutions 
to this include high temperature nanoindentation in vacuum [159], where the 
possibility to reach the relevant temperatures is higher. Measurements in a 
protective atmosphere are also possible, as was the case for Figure 30 but this 
also lowers the maximum temperatures obtained [160,161]. A hot hardness 
study should preferably be conducted in combination with metal cutting tests 
to further verify the dependence of hot hardness on the flank wear resistance.  
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