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Abstract

Relations between the performance of a coated
cutting tool and the composition and properties of the
wear resistant coating
Maria Bryngelsson

This thesis work was performed at AB Sandvik Coromant and aimed to enhance the
knowledge about the relationships between the performance of TiN and
TiAlN-coated cutting tools in metal turning and their mechanical and chemical
properties. 

Measurements of coating material properties and turning wear tests in annealed tool
steel Sverker 21, stainless steel 316L, grey cast iron V314 and nodular cast iron
SS0727 were performed. The cutting temperatures were estimated from
FEM-simulations. To find the dominant wear mechanism and identify the properties
that are most important for the resistance against that particular wear, a correlation
analysis was performed together with a wear study using LOM, SEM and EDS.

The results show that relations between cutting performance and mechanical
properties and/or composition of the coatings can be established. The
FEM-simulations suggested that the peak tool temperature was highest, ~750°C, for
turning in 316L and lowest for turning in Sverker 21, ~300°C. Turning in cast iron
resulted in temperatures around 500-550°C.

A mechanism for the growth of the crater on inserts tested in stainless steel 316L is
proposed. Wear due to thermo-mechanical load and adhesion are believed to be the
dominating wear mechanisms. The performance of the tool showed a high correlation
to the composition of the coatings, with a decreased tool life for higher Al-contents.
The reason for this might lie in an increased brittleness of these coatings, accelerating
formation of lateral cracks above the crater. Calculated ratios of bulk and shear
modulus suggests an increased brittleness for higher Al-contents. A higher tendency
to stick to the work piece material might also contribute to a decrease in tool life. An
Increased Al-content could also drive the formation of c-AlN to h-AlN, causing even
higher wear rates. The coatings with higher substrate bias showed an enhanced
performance, even though the crack pattern was worsened for these variants. The
reason for the enhanced performance seen for these variants might instead originate
in an enhanced adhesion to the substrate. 

In the flank wear resistance test in Sverker 21 the Al-content proved to be important,
with an improved performance for higher Al-contents. In contrast to the test in 316L,
a change in bias or hardness had no effect on the performance in this test. Scratch
patterns on the flank supports that an abrasive wear mechanism is present, but no
correlation between hardness and tool life could be obtained. Either some other
material property than hardness is of importance for the abrasive resistance in this
test, or another wear mechanism, occurring simultaneously with abrasion, is the wear
rate deciding.

The second part of this thesis work was to evaluate the ability of a quantum
mechanical computational method, density functional theory, to predict material
properties. The method predicts the lattice parameters and bulk moduli in excellent
agreement with experimental values. The method also well predicts other elastic
properties, with results consistent with reference values. There seems to be a
constant shift of about 50-100 GPa between the calculated elastic modulus and the
experimentally measured values, probably originating in contributions from grain
boundaries, texture, stresses and defects present in the real coatings, and possibly
also in errors in the experimental method due to an influence from the substrate. The
calculated hardness values did not follow the trend of an increased hardness for
TiAlN compared to TiN, which is seen in experiments.

Sponsor: AB Sandvik Coromant
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
(Summary in Swedish) 

Samband mellan ett svarvskärs prestanda och egenskaper hos nötningsbeständiga 

keramiska skiktbeläggningar: En studie med atomistisk modellering, mekaniska 

egenskaper och teknologisk provning.  

Ett sätt att forma hårda material som till exempel stål och andra metallegeringar är 
genom svarvning. De skärverktyg som används vid denna typ av bearbetning måste 
kunna motstå de tuffa förhållanden som uppstår, till exempel starka skärkrafter och höga 
temperaturer, vilket ställer höga krav på materialegenskaperna hos verktyget. När 
skäreggen nöts försämras ytkvalitén hos den svarvade produkten och skärverktyget 
måste efter ett tag bytas ut. Genom att ta fram mer slitstarka material kan 
nötningshastigheten saktas ned och verktyget kan användas längre. 

Det har visat sig att ett mikrometertunt skikt av ett extra slitstarkt material utanpå 
verktyget kan förlänga livslängden avsevärt. Ett vanligt sådant skikt består av materialet 
TiAlN, där olika halter av Al är inlöst i TiN. I det här examensarbetet har samband mellan 
sammansättningen och egenskaperna hos detta skikt och prestandan hos svarvverktyget 
undersökts.  

Total nio skikt har utvärderats i fyra olika svarvtester. Tre olika 
skiktsammansättningar, TiN, Ti0.4Al0.6N och Ti0.6Al0.4N, har alla deponerats på substrat 
bestående av volframkarbid och kobolt. Under beläggningsprocessen har tre olika 
negativa bias-spänningar lagts på substratet. Detta kan förändra strukturen och 
spänningsförhållandena i skikten vilket i sin tur påverkar de mekaniska egenskaperna. 
Totalt har nio olika skikt undersökts: tre olika material, alla belagda med tre olika 
beläggningsspänningar. Exempel på materialegenskaper som har undersökts är hårdhet 
och elastiska egenskaper samt struktur, sammansättning och skiktkvalitét.  

Eftersom olika nötningsmekanismer kan uppstå då förhållandena vid svarvningen 
ändras, till exempel då skärhastigheten eller det bearbetade materialet ändras, kommer 
betydelsen av de olika materialparametrarna skifta från fall till fall. Eftersom 
temperaturen kan ha stor inverkan på nötningstillståndet har temperaturen vid 
bearbetning uppskattats i AdvantEdge, där skärförloppet kan simuleras med hjälp av 
matematiska modeller. Genom att visuellt undersöka de nötta skären med 
svepelektronmikroskop och att med röntgenteknik analysera den kemiska 
sammansättningen och strukturen före och efter bearbetning kan man få information om 
hur förslitningen har gått till. 

Som ett ytterligare steg i utvecklingen av nya material kan användandet av 
teoretiska beräkningsmetoder vara ett kraftfullt verktyg. Om man vet vilka 
materialparametrar som är betydelsefulla för skärverktygens prestanda och livslängd 
kan dessa kartläggas för ett stort antal material och användas för att på ett mer 
systematiskt sätt hitta nya materialtyper och utveckla nya sorter1. Genom teoretiska 
beräkningar kan egenskaper fås fram för material och legeringar som ännu finns 
tillverkade, samt för fall där experimentella metoder saknas, är komplicerade att utföra 
eller är tids- och kostnadskrävande. Precisionen hos dessa metoder har på senare år 
blivit så pass bra att de ofta kan ge resultat med liknande tillförlitlighet som experiment. 
En annan fördel med teoretiska beräkningsmetoder är att anisotropa2 egenskaper kan fås 
fram för respektive kristallografisk riktning, vilket kan vara väldigt komplicerat med 

                                                             
1 ”sort” är en branschspecifik benämning på en produkt för vilken substrat, eventuella skikt och 
2 Många egenskaper är anisotropa, d.v.s. de är olika beroende på vilken riktning man tittar på i 
kristallstrukturen eftersom bindningsförhållandena ändras. 
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experimentella metoder. Kunskap om detta kan utnyttjas vid texturering av material för 
att renodla en önskad egenskap i en viss riktning. 

I detta arbete har en kvantmekanisk beräkningsmetod, DFT, använts för att 
beräkna bulkmodul, E-modul, skjuvmodul och kemisk stabilitet hos material med samma 
sammansättning som de undersökta skikten. Dessa har jämförts med de experimentellt 
uppmätta egenskaperna samt med resultat från andra referenser. Trots att 
beräkningarna utförts på defektfria enkristaller har resultaten visat sig överensstämma 
bra med experimentella resultat.  
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1 AIM AND OBJECTIVES 
The aim of this master thesis work is to get an enhanced understanding of the relations 
between the performance of a cutting tool and the properties of its coating. Cemented 
carbide inserts with three different coating compositions have been investigated,  
Ti1-xAlxN with x = 0, 0.4 and 0.6 respectively. 
 
The work has the following objectives: 
 

1) Evaluate to which extent the performance of a Ti1-xAlxN coated cutting tool can be 
related to the room temperature hardness and/or the elastic properties of the 
coating. 

2) Evaluate to which extent the performance of a Ti1-xAlxN coated cutting tool can be 
related to the composition of the coating. 

3) Evaluate the ability of density functional based quantum mechanical calculations 
to predict hardness and elastic properties of Ti1-xAlxN. 
 

The results will be used as complementary data on the mechanical properties of coatings 
in the company’s grade data base, which contains information about materials used by 
the company and their relevant properties. 
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2 BACKGROUND 
2.1 General 
Sandvik Coromant is one of the world’s leading suppliers of high performance cutting 
tools used in the metal working industry, and the company’s products are used all over 
the world. Knowledge about properties of the tool materials is of greatest importance 
since these properties determine the performance of the tool.  

By depositing a thin layer of a wear resistant coating onto a hard metal tool its life 
time can be highly improved [1]. Collecting information about the mechanical properties 
of these coatings and evaluate for which cases these properties have important effects on 
the performance can make the search for new grades more systematical and time 
efficient. 

In the search for new materials there is an extreme amount of possible materials 
one can come up with. Changes in alloying elements, the stoichiometry or the structure 
can have a huge impact on material properties. Trial and error testing of these properties 
for just a fraction of all possible combinations would be enormously time consuming.  It 
is therefore of highest interest to find faster ways to get reliable data on such properties. 
One possibility is to use modern computational methods to investigate this theoretically. 
The accuracy of these methods and the computational performance of computers are 
constantly increasing, enabling theoretically computed properties with high reliability. 
The results from these calculations could be used to get a good first guess of how the 
material will perform in a certain application. 

In this thesis work a number of inserts (insert = svarvskär in Swedish) with 
different coatings have been investigated. Their coating properties will be investigated 
using both experimental and theoretical methods and their wear resistance will be tested 
in turning (turning=svarvning in Swedish) tests. A more detailed description of the test 
methods can be found in section 5. Relations between material properties and tool 
performance will be evaluated from the results. 

2.2 Investigated coatings 
The insert coatings investigated in this work were of three different compositions: TiN, 
Ti0.6Al0.4N and Ti0.4Al0.6N. From now on the Ti0.6Al0.4N variant will be referred to as the low 
aluminium content TiAlN variant (L-Al) and Ti0.4Al0.6N as the high aluminium content 
variant (H-Al). When talking about Al-content, it means molar percentage Al of total 
metal content: 

     
   

         
     (1) 

The coatings were produced using cathodic arc physical vapour deposition (PVD) at the 
PVD department of Sandvik Coromant. During the deposition process, a negative voltage 
is applied to the substrate. The strength of this voltage is hereafter referred to as the bias. 

Three different substrate bias levels were used for each of the compositions, 
resulting in nine individual coatings (See Table 1). By altering the substrate bias in the 
PVD process, one may induce a change in residual stresses and microstructure of the 
coatings, resulting in different mechanical properties without changing the composition. 
All coatings were deposited on the same type of substrate, a cemented carbide composite 
consisting of WC-grains embedded in a Co-matrix with a Co content of 10 wt% and a Cr 
content of 0.39 wt%, using the same insert geometry. 
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Table 1: The nine coatings investigated in this study and their short notations. 

 Bias = -25V Bias = -50V Bias = -75V 

TiN TiN 25 TiN 50 TiN 75 
Ti0.6Al0.4N L-Al 25 L-Al 50 L-Al 75 
Ti0.4Al0.6N H-Al 25 H-Al 50 H-Al 75 
 

2.3 Literature study 
A very good review, summarizing information from experiments and calculations on the 
TiAlN material system is made by Abrikosov et al. [2]. This review treats the structural 
stability and mechanical properties of TiAlN. 

There are a number of articles that uses first principles calculations to obtain 
mechanical properties of TiN or TiAlN. For TiN and/or c-AlN many references that 
reports on the elastic properties exist [3] [4] [5] [6] [7]. For TiAlN there are fewer 
reports, but Tasnádi et al. have calculated the elastic constants for TiAlN with different 
Al-content [4], however not for Ti0.4Al0.6N or Ti0.6Al0.4N. Fulcher et al. have investigated 
relations between calculated elastic properties and measured hardness and proposes 
that shear modulus has a high correlation to Vickers hardness [3].  

Reported results on ground state structures are robust, but there is a big spread in 
first principles calculated elastic properties for TiN and c-AlN. Since only a few sources 
were found to report on the elastic properties of TiAlN, more data is needed. Also, data 
on the particular compositions investigated in this thesis work has to my knowledge not 
been reported. The anisotropy for the elastic constants has been investigated before, but 
trends in isotropic and anisotropic elastic modulus and Poisson’s ratio with increasing 
Al-content were lacking.  

Several internal reports from Sandvik Coromant treat properties and performance 
of inserts coated with TiAlN-based materials. In “Properties of PVD-coatings, final report” 
Collin has collected results from several internal reports on this topic [8]. Treated 
questions relevant for this study are relations between performance and chemical 
composition, coating thickness and the effect of multilayers. The effect on phase stability 
and residual stresses of some coatings after heat treatment has also been investigated. 
Löwenberg reports on the changes in hardness of some coatings after heat treatment [9]. 
Landälv has made a detailed wear study of two grades (having TiAlN-based coatings) in 
stainless steel [10] and discusses the influence of chemical stability and elastic properties 
of the different coatings on the performance.  

Many relations have been reported, but the reasons for why they correlate have in 
most cases not been established. This thesis work will hopefully bring light into some of 
these questions. 

 

3 METAL TURNING: THE PROCESS OF FOCUS 
IN THIS THESIS 
In the industry today, mechanical components made from metals, metal alloys or hard 
materials are machined to obtain a certain shape. During the cutting procedure, the tool 
is exposed to extreme conditions such as high temperature and stresses in the tool-chip 
(chip = spåna in Swedish) interface, placing high demands on the tool material.  

In this section a short introduction to the field of metal turning is presented. The 
cutting procedure and cutting tool is described together with some useful terminology. 
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3.1 Cutting procedure and terminology 
In turning, the work piece is rotated and a rigid cutting tool removes a thin layer of 
material, called chip, by moving along the cylinder axis, the feed direction. The cutting 
tool consists of a steel shaft and a replaceable cutting insert (Figure 1). Cutting inserts 
come in many shapes, depending on application. In Figure 1, a rhombic insert is 
displayed. In Figure 2 a square shaped insert is presented and the terms flank face, rake 
face and edge line are defined. 

The velocity at which the work piece material is rotated is termed cutting speed, vc, 
and the speed at which the tool moves along the feed direction is denoted feed rate, fn. 
The terminology used to describe cutting tool geometries in this thesis will follow the ISO 
Standard 3002/1 [11]. Some of the terms used in this thesis are described in Figure 3. 

 

  

Figure 1: Schematic picture displaying the setup in a turning operation. (Modified picture 
from the Sandvik catalogue “Turning tools – General turning (2012)”, available on Sandvik 
Coromant’s home page [12]) 

 

 
 

Figure 2: Rake face and flank face of an insert. The edge between these two faces forms the 
cutting edge. (Modified picture from the Sandvik catalogue “Turning tools – General 
turning” [12]) 



5 
  

 

Figure 3: The interface between insert and workpiece in turning. The commonly used 
terminology is described. (Picture from reference [1] ) 

3.2 Tool materials 
The most common type of insert used in industrial applications today consists of a 
substrate material with an outer thin coating [1].  

The substrate used in this work consists of cemented carbide, which is also one of 
the most common substrate materials. Cemented carbide consists of WC grains in a Co-
matrix, a combination that results in high wear resistance and hot hardness [1]. The size 
of the WC grains, the Co-content and presence of other carbides will affect the material 
properties. Increasing the Co-content results in an increased toughness, but also a 
decreased hardness and compressive strength [13]. The amount of Co is usually between 
4-12 wt% and the size of the WC grains ranges between 0.5 and 10 µm [1].  

Coated cutting tools were introduced on the market in the 70’s, beginning with CVD 
deposited TiC, TiN and TiCN coatings [14]. The purpose of the thin outer layer is to 
enhance the surface properties without losing the beneficial bulk properties of the 
cemented carbide. Some important properties of the coating are adhesion to the 
substrate (should be high) and work piece material (should be low), thermal and 
chemical stability, hardness and toughness, thermal conductivity and friction coefficient 
relative to workpiece material. Some examples of materials used for coating of inserts are 
single or multilayered TiN, TiAlN, TiCN, AlCrN and Al2O3. This study will focus on the PVD 
deposited TiN and TiAlN based coating materials.  

3.3 Description of wear types and mechanisms 
In this section wear mechanisms and typical wear types on cutting tools are described. 
The difference between these two is that wear mechanisms describe the reason for why 
wear occur and the wear types are based on the appearance of the wear on the tool.  

3.3.1 Wear mechanisms 
The wear mechanisms defined here follows the terms used at Sandvik Coromant. The 
four main causes of wear are believed to be abrasion, adhesion, chemical reactions and 
wear due to thermo-mechanical load [15]. 

Abrasion occurs when material is lost due to deformation caused by a harder 
material. In areas where sliding occurs during machining, hard particles from the work 
piece material can act abrasively on the cutting tool by scratching or grinding it. Common 
hard particles in iron based work piece materials are cementite, and non-metallic 
inclusions formed from alloying elements.  
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Strong adhesion between the tool and the work piece material (or chip) leads to shearing 
of contact bridges during sliding contact. Deformation of the weaker material occurs until 
it finally breaks [17]. Loss of tool material happens when the strength within the tool 
material itself, or between layers of material in the tool, is lower than the strength of the 
interface between the tool and work piece material (or chip), and also lower than within 
the work piece material (or chip) itself [15] [17]. This phenomenon is more common 
when temperatures and pressures are high, since this helps to weld the two materials 
together. If the temperature rises too much, the work piece material can lose its 
mechanical strengths and shearing occurs instead within the work piece material. 

Chemical interactions such as diffusion or oxidation can be another reason for 
material loss. Chemical wear is often temperature dependent, with elevated 
temperatures often leading to higher wear rates [15]. Formation of oxide layers can 
either help to protect the tool, leading to a slower wear rate, or accelerate the wear if the 
formed oxide is less wear resistant than the original material [17]. 

Thermo-mechanical load can lead to macroscopic and/or microscopic plastic 
deformation of the tool. If the mechanical load is high during cutting, plastic deformation 
occurs when the forces acting on the tool exceeds its compressive strength [15].  

3.3.1 Wear types 
This brief description of different wear types will mainly focus on crater and flank wear, 
since these are the most relevant for this thesis work. 

Crater wear appears on the rake face in the area where the tool is in contact with 
the chip [18] (Figure 3). High temperatures and pressures are typical for this zone. 
During operation, the crater gradually increases and the edge becomes sharper. This 
causes an increasing stress on the edge, which eventually leads to edge breakage [15]. 
Flank wear appears on the flank face where the tool is in sliding contact with the newly 
cut work piece material (as seen in Figure 3). The wear normally starts at the edge and 
grows continually downwards [15]. Schematic and real pictures of crater and flank wear 
are displayed in Figure 4 and Figure 5. 

Examples of other wear types are plastic deformation, flaking, chipping, fracture, 
notch wear and cracking. More information about this is provided in Sandvik Coromant’s 
Metal cutting Wear Guide [15]. 
 

 
Figure 4: Schematic pictures of crater wear (left) and flank wear (right). 
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Figure 5: Photos of worn inserts displaying the rake face of a worn inserts suffering from 
crater wear (left) and insert seen from the flank face suffering from flank wear (right). 

4 STRUCTURE AND CHEMISTRY OF TiAlN 
Transition metal nitride films are commonly used as protective coatings on hard metal 
cutting tools due to their high hardness and high wear resistance [19]. By replacing the Ti 
with Al in the rock salt structured TiN, (illustrated in Figure 6), Ti1-xAlxN is formed. TiAlN 
coatings are in some cases known to highly increase the performance compared to 
uncoated tools, especially in dry operations with high cutting speeds [20]. 

 

Figure 6: Rock salt structured TiN (to the left) and one example of dissolution of Al-atoms 
on the Ti sites to form TiAlN (to the right). Ti-atoms are orange, N-atoms green and Al-
atoms blue. 

At equilibrium conditions, AlN is only miscible with TiN up to a few percents. However, 
by the introduction of the PVD process, non-equilibrium cubic (c-) TiAlN structures 
holding up to 67% AlN are possible to make [14]. Adding Al to the TiN is believed to 
enhance the oxidation resistance [21], and known to increase the hardness [2] [22]. 
Because of its unstable nature, the c-TiAlN phase decomposes in two steps. The first step 
is a spinodal decomposition into c-AlN and c-TiN, followed by a transformation of c-AlN 
into hexagonal (h-) AlN. The decomposition of c-TiAlN can be summarized as: 
 

c-TiAlN → c-TiN + c-AlN → c-TiN + h-AlN 
 

The spinodal decomposition of such a thermodynamically unstable system is only limited 
by a diffusional barrier [23], which is why an elevated temperature accelerates the 
transformation. The result is a division into c-AlN and c-TiN rich domains in the 
nanometre scale, too small to form grains and grain boundaries. Since the two phases are 
forced to share the same lattice parameter, so called coherence strains arises that 
restricts dislocation movement [24]. These strains are believed to be the reason for the 
hardening of the material often observed after annealing.  Further heating or pressuring 
will cause the small domains to grow and form grains. At a critical grain size the 
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metastable c-AlN phase is transformed into its thermodynamically stable hexagonal 
structure, resulting in a decreased hardness of the material [2] [22] [25].  

The driving force for the spinodal decomposition increases with increasing Al-
content and peaks at an Al-content of about 70%. [24]. High pressures can increase the 
driving force by increasing the immiscibility gap [26]. However, the normal pressures in 
turning operations are probably far too low (about a few GPa [27]) to have a significant 
impact on this transformation.  
 

5 METHOD 
In this section the methods used in this theses work are presented. All subsections will 
contain a description of the technique together with the purpose of the method. For a 
deeper understanding of the wear behaviour in the performance tests, a thorough 
characterisation of all nine coatings is necessary. In addition to the coating composition, 
hardness and elastic modulus, some additional factors that can affect the performance 
have been investigated. 

5.1 Nanoindentation 
Nanoindentation was used in this study to determine hardness and elastic modulus of the 
investigated thin films3.  In this technique a diamond tip is pressed into the coating 
surface and the material response is investigated. To be able to measure the properties of 
a few µm thick coating, the size of the indentation mark must be really small to avoid 
influences from the substrate.  
Measuring hardness and elastic properties on a small scale can be complicated. Many 
aspects that one does not have to consider in conventional hardness testing at higher 
loads cannot be neglected on this length scale. In the end of this section, some of the 
factors that complicate the interpretation and affect the reliability of the results are 
described. 

5.1.1 Definition of hardness 
The common definition of hardness is a materials ability to resist plastic deformation. It 
is usually measured through indentation of a small, hard tip into the material and the 
permanent residual mark left after unloading is measured [3]. The hardness H is 
obtained by dividing the maximum applied load Pmax with the projected contact area Aproj: 
 

  
 

     
 (2) 

Aproj is directly related to the size of the residual mark by a geometrical factor for the 
corresponding tip [28]. Different tip geometries and applied loads lead to a variety of 
hardness scales, i.e. Vickers, Rockwell, Knoop, Brinell or Berkovich.  

5.1.2 Hardness from nanoindentation 
In nanoindentation, the load is constantly increased up to a maximum value, here 
denoted Pmax, and unloaded at the same rate. Since the size of the resulting mark usually 
is too small to be correctly estimated in an optical microscope, the indentation depth is 
recorded and plotted versus applied load. A typical load-displacement curve obtained 
from nanoindentation experiment is displayed in Figure 7. For a Berkovich diamond tip, 
which is used in this study, the projected contact area is obtained from the indentation 
depth h according to: 

                                                             
3 Examples of other properties which can be obtained using this technique, not considered in this 
study, are residual stresses, film adhesion, friction, creep, fracture toughness, acoustic emission 
and strain hardening [28]. 
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Aproj = 24.504h2 (3) 

The material hardness can then be extracted using equation 2. 

 

Figure 7: A typical load-displacement curve from nanoindentation. The upper curve is the 
result of the loading, the lower curve of unloading.  

5.1.3 Definition of elastic modulus 
The elastic modulus E is a measure of the material stiffness. For bulk materials, this 
property is usually measured in a tensile test, where a rod is stretched with an increasing 
force. From the applied force F, the original cross section area A0 of the rod and the 
elongation ΔL, the stress σ and strain ε can be derived: 
 

  
 

  
   (4) 

  
  

  
  (5) 

The stress the material is put through is recorded and plotted versus the strain. The 
elastic modulus is extracted from the slope of the initial linear part of the curve. The 
elastic modulus of a material, measured with this method, is called Young’s modulus, Y: 
 

       (6) 

5.1.4 Elastic modulus from nanoindentation 
The elastic modulus can be extracted from the unloading part of the curve, which is the 
lower of the two curves in Figure 7. At the beginning of the unloading, the material flexes 
elastically and the curve is linear. The main idea is that the slope of this curve, denoted 
dP/dH, gives the elastic modulus of the material.  

5.1.5 Factors affecting the test results  

Load dependence of hardness 

Studies have shown that measured hardness increases with decreasing indent size [29] 
and load [30] [31]. This effect seems to be more essential for decreasing indent sizes, 
which makes it important to consider when comparing results for a material from 
nanoindentation with conventional hardness testing using higher loads. The 
phenomenon could be explained by strain-hardening and dislocation movement during 
indentation. One theory suggests that two different types of dislocation movements 
contribute to this effect. For one of these dislocation types, the so called geometrically 
necessary dislocations (GNDs), the density is related to the depth of the indent, while the 
density of the other type, statistically stored dislocations (SSDs), is only connected to the 
average strain of the indentation and thereby only by the shape of the indenter [32]. For 

h 

p 
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small indentation volumes, i.e. at low loads, strain gradients are large which strengthens 
the material and increases hardness [32]. 

Influence of the substrate properties 

To avoid indentation depths where the properties of the substrate interfere too much, 
sufficiently small loads has to be used. For hardness measurements, a rule of thumb is 
that the indentation depth should not exceed 10% of the coating thickness [28].  

Surface roughness 

Since indentation depths can be in the order of a few hundred nm or even smaller, the 
surface roughness must be sufficiently low to avoid errors occurring from indentations in 
bumps or pits, causing a deviation from the calibrated zero-level and/or the ideal 
projected contact area. 

Indenter tip shape 

Systematic errors can arise from non-ideal shape of the indenter [33]. Tip rounding 
causes the measured hardness to be higher than the real value for low penetration 
depths since the projected area becomes significantly larger. This problem can be 
adjusted by measuring the shape of the indenter, constructing an area-function that 
corrects for the non-ideal shape. 

Pile-ups and sink-ins 

Systematic errors can also arise from indentation marks that are not ideal. The material 
can react on the indentation by forming pile-ups or sink-ins, see Figure 8. For materials 
that form pile-ups, a measured hardness value will be higher than the real value since the 
projected area are actually higher than the measured one. The effect is the opposite for so 
called sink-ins, where the surface close to the indentation mark is lowered, causing the 
real projected area to be lower than the one given from the indentation depth.  
 

 

Figure 8: The impact of sink-ins (left part if the figure) and pile-ups (right part of the figure) 
on the surface. The dashed line corresponds to the original surface level. Figure based on an 
illustration in [28]. 

Other factors 

Some other issues that can affect the results, not described in detail here, are instrument 
compliance, assumptions of fully developed plastic zones, friction and influence of the 
sample preparation. 

5.1.6 Procedure 
Elastic modulus and hardness measurements of the thin coatings were performed using a 
CSEM nano-hardness tester device with a Berkovich type indenter (three sided 
pyramidal diamond tip) and an indent load of 50 mN. A total of 49 indents were made for 
each coating to increase statistical reliability. To increase the accuracy of the results, a 
pre-study was made to investigate methods to avoid errors and decrease standard 
deviation. The procedure described below was considered to give sufficient precision. 
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Sample preparation 

The flank face of the inserts were polished on a rotating disc for about 2-5 minutes, 
depending on coating hardness and original surface roughness. 0.25 µm diamond paste 
was used as polishing agent. The roughness of the surface is visually estimated using light 
optical microscope (LOM) with short time intervals during polishing to avoid excessive 
removal of the coating (See Figure 9).  
  



12 
  

 

 

Figure 9: As soon as the surface irregularities no longer are visible in the LOM (in the area 
needed for indentation) the polishing stops. 

Some inserts had a small surface elevation in form of a ~150 µm wide and ~5 µm high 
mark across the middle of the flank face (See Figure 10(a) and Figure 11). This is 
probably an unwanted press joint formed during substrate production. When polishing a 
flank face with this type of mark, this area becomes much smoother compared to 
surrounding areas, which can be seen in Figure 10 (b). 
 

(a) (b)     

Figure 10: Red line marking the position of the press joint (left) and top view of the flank 
face showing the 150 µm wide press joint (right, LOM picture, 100x magnification, bright 
field mode). The surface roughness is substantially lower in the press joint area. (12 (a) is a 
modified picture from the Sandvik catalogue “Turning tools – General turning”) 

 

Figure 11: Cross sectional side view of a polished insert and the 4.9 µm high press joint 
present on the flank face. LOM picture, 1.25*500X magnification, bright field mode. 

Data treatment 

The resulting load/displacement curves were corrected by setting the contact point [34]. 
All curves were visually investigated and curves deviating too much from the   ideal 
smooth look are discarded. Examples of this can be seen in Figure 12. Curves differing in 
depth, which is in x-direction in Figure 12(a), were not removed at this stage.  

Finally, all indent marks were visually investigated in light optical microscope 
(LOM) or scanning electron microscopy (SEM). Droplets, which are unwanted metallic 
inclusions often present in PVD coatings, could easily be detected using bright field (BF) 
mode in LOM. Switching to dark field (DF) mode improved the contrast from surface 
roughness. Sometimes an intermediate position between BF and DF gave the best 
contrast, and adding polarizing light could in some cases also help. Some LOM pictures 
displaying the different modes and pointing out droplets are displayed in Figure 13. 
Indentation marks that were pressed into such irregularities were discarded. 
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(a)    (b)    (c)  

Figure 12: Load-displacement curves from nanoindentation. (a) All 49 curves plotted 
together. (b) Examples of a correct looking curve and (c) an incorrect looking curve. 

 

 

Figure 13: LOM pictures displaying indentation marks. (a) BF mode, yellow arrow pointing 
out a polished metallic droplet. (b) DF mode. (c) 30% BF mode, 70% DF mode. (d) 30% BF 
mode, 70% DF mode using polarizing light. In (a), (b) and (c) the yellow arrows point at 
indentation marks made on droplets sticking out from the surface. 
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5.2 SEM: Scanning electron microscopy 
A scanning electron microscope can be used to get information about surface topology, 
microstructure and chemical composition.  
In SEM an electron beam of energy E0 = 1-30 keV scans a selected area of the sample.  The 
incoming electrons penetrate the surface and interact with the atoms in the sample. The 
amount of scattered electrons reaching the detector is translated into pixel intensity in a 
2D-micrograph. Usable magnifications up to 50 000X with a spatial resolution of 50-100 
nm can be achieved in a conventional SEM. 

Contrast is achieved through either topological or compositional differences. 
Compositional contrast, so called Z-contrast, is normally achieved by detecting back 
scattered electrons (BSE). These electrons are elastically scattered by atoms in the 
sample and have energies close to the incoming electrons. Since the scattering 
probability increases with the atomic weight, areas of heavy atoms results in light areas 
in the micrograph. Surface topology is best studied by detecting secondary electrons (SE). 
SEs are inelastically scattered electrons which have substantially lower energy than 
BSEs, often less than 50 eV. This decreases the mean free path of the electron and 
increases the surface sensitivity of the technique. 
 
In this diploma work, SEM was used for: 

 Collecting information on coating properties such as thickness, roughness, 
microstructure, and occurrence of cracks or droplets. 

 Identification of wear types and wear mechanisms in worn inserts 

5.3 WDS and EDS: Wavelength and energy dispersive X-
ray spectroscopy 
Elemental information can be achieved by combining SEM with energy dispersive X-ray 
spectroscopy (EDS) or wavelength dispersive X-ray spectroscopy (WDS). 

In EDS, incoming x-rays are translated into corresponding energies by creating an 
electrical charge in the detector which is proportional to the energy of the wavelength. A 
spectrum is created by plotting the detected amount for each energy and the peak 
positions are compared to characteristic bonding energies to give qualitative and 
quantitative information about present elements.  

In WDS a crystal is used to diffract incoming x-rays and thereby selecting x-rays of 
a certain wavelength to reach the detector. By counting one wavelength at the time, 
better energy resolution can be achieved with WDS compared to EDS.  
EDS and WDS were used in this diploma work to analyse the coating composition of as-
deposited inserts and potentially adhered layers on worn inserts to investigate whether 
or not a chemical reaction has occurred during machining.  

5.4 XRD: X-ray diffraction 
XRD is used to get information about the crystal structure and orientation. It is based on 
the diffraction pattern that emerges from scattering of X-rays in periodic structures. 
Constructive interference occurs when Braggs’ law is satisfied: 
 

            (7) 

where λ is the wavelength of the X-rays, dhkl is the distance between two lattice planes 
and θ is the incoming angle of the X-rays relative to the sample surface.  

For cubic systems the lattice parameters can be extracted from the following 
expression: 

      √          (8) 
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In this study, XRD is used investigate the structure, lattice parameter and preferred 
growth directions of the coatings. Measurements are performed at Sandvik Coromant 
using a PANalytical CubiX3 diffractometer equipped with a Cu-anode (45 kV and 40 mA). 
Cu-Kα radiation hit the middle of the flank face of the as-deposited inserts and diffracted 
beams are detected with a PIXcel-detector. Data is collected over a 2θ-range of 20-90° 
and analysed with PANalytical’s software X’Pert HighScore Plus. 

The texture analysis was performed following Harris method [35]. In this method 
the preferred orientation of crystallites normal to the surface is described with a texture 
coefficient TC(hkl): 
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where I is peak intensity, represented by the peak heights, and n is the number of peaks 
evaluated. Corrections can be made for measuring on thin films and not on bulk samples, 
but are not made in here. In this procedure, the peak intensities are compared to a 
reference pattern. Peaks with higher relative intensity than the reference comes from 
crystallographic directions that are overrepresented in the sample compared to a 
homogenous powder. A value above one means an overrepresentation of corresponding 
orientation, and conversely, a value below one comes from an underrepresented 
orientation. 

5.6 Turning tests 
The performance testing included four separate turning test methods, in which work 
piece material and cutting parameters were altered to give different test conditions. The 
reason to use four different turning tests was to provide information about under which 
condition the composition or the mechanical properties have significant importance for 
the performance. 

5.6.1 Description of test methods: cutting parameters and work piece 
materials 
The first test method, method 1, was a flank wear resistance test. In this method, a work 
piece material consisting of an annealed tool steel with a high content of hard carbides is 
machined, and the process parameters are adjusted to obtain a flank wear that is mainly 
caused by an abrasive mechanism. This test method is described more in detail in the 
method development report by Landälv [36]. The three following test methods, method 
2-4, were developed in a pre-study to this diploma work. The aim was to develop test 
methods that provide evenly growing flank or crater wear with minimal occurrence 
other wear types. The work piece materials used were grey cast iron, nodular cast iron 
and stainless steel. More information about the method development can be found in 
[37]. An overview of work piece materials and process parameters used in each test 
method is provided in Table 2. 
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Table 2: Description of the four turning test methods used in this study. WPM is short for 
work piece material. 

 Method 1 Method 2 Method 3 Method 4 

WPM Annealed 
tool steel 

Fully perlitic, alloyed 
grey cast iron 

Ferritic-perlitic 
nodular cast iron 

Austenitic 
stainless steel  

WPM name Uddeholm 
Sverker 21 
 

SKF Mekan V314 SKF Mekan G82 SANMAC 316L 

WPM 
standard 

SS2310 (SS0125) SS0727 AISI 316L 

WPM H [Hv] 200 170 210 200 

Vc [m/min] 125 200 250 225 

Fn [mm/rev] 0.072 0.1 0.1 0.4 

Cutting depth 2 mm 2 mm 2 mm 2 mm 

Coolant used No No Yes Yes 

Stop at VB 0.3 mm VB 0.3 mm VB 0.3 mm KA 0.6 mm2 

5.6.2 Test procedure 
During testing, the inserts were tested in time intervals of 0.5 to 4 minutes (depending on 
wear rate) until a certain criterion on the wear size was fulfilled. After every interval the 
wear size is measured using a light optical microscope (LOM). For flank wear tests the 
width of the wear mark was measured, denoted VB4. For the crater wear test the crater 
area was measured, denoted KA5. The nine inserts were altered to avoid effects from 
different test conditions such as changes in temperature or hardness of work piece 
material. To lower the risk of statistical errors, each test was carried out twice. To be able 
to analyse the wear on the inserts at an earlier stage, additional short time tests were 
added to each test method. These tests were stopped before the VB or KA criteria were 
fulfilled. 

5.7 FEM: Finite element method 
Temperature is a highly relevant factor one has to take into account when trying to 
understand the wear process in turning. Elevated temperatures can change the material 
structure and mechanical properties as well as affecting the kinetics and 
thermodynamics of the system, possibly causing a change in wear behaviour. Measuring 
the work temperature in situ is complicated since the peak temperature is located in the 
interface between the insert and the rake. One way to make an estimation of the 
temperature and forces in a cutting process is to use finite element simulations (FEM). In 
this work FEM calculations were performed using the AdvantEdge software [38], a 
computer software designed to enable 2D and 3D analysis of the metal cutting process. 

Materials, material properties, geometries and process parameters are set to mimic 
the reality. In our case, two of the chosen work piece materials did not exist in the 
software database and had to be replaced in the simulations. The Sverker 21 steel 

                                                             
4 VB is short for ”verschlechbreite”, which is the german word for wear width 
5 KA is short for ”Kolkarea”, which is the german word for crater area 
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(SS2310) and the cast irons (SS0125 and SS0727) were substituted by other candidates 
present in the database, with as similar properties as possible. Following substitutions 
were made:  

Sverker 21 (SS2310) -> SAE52100 
Grey cast iron (V314) -> Grey cast iron G3500 
Nodular cast iron (SS0727) -> Nodular 4010 
 

2D orthogonal turning was simulated using the same feed rates, cutting velocities and 
depths of cut as described in Table 2. Length of cut was set to 6 mm, which corresponds 
to an operation time of only a fraction of a second, but is still   enough to reach a steady-
state in the surface peak temperature (Figure 14). 
 

 

Figure 14: Peak temperature in a cutting process reaching a steady-state level after only 
10-20 µs. 

5.8 DFT - Density functional theory 
Density functional theory (DFT) aims to determine the physical properties of a material 
through calculations of the ground state energy. The accuracy of these calculations is 
constantly increasing and reliable information can be obtained when experimental 
methods lack, are time consuming, complicated or expensive. 

In quantum mechanics, any many body system such as an atom, molecule or solid, 
can be described by the time-independent Schrödinger equation: 

 
       (10) 

where ψ is the total wavefunction of the system and E is the eigenvalue of ψ, which is the 
total energy of the system. The Hamiltonian H is defined as follows: 
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where the two first terms describe the kinetics of the system and the following three 
terms describe the electrostatic energy between the particles. M and me, are the masses 
of nuclei and electron, R and r are the spatial positions of the nuclei and electron, Z is the 
number of protons in the nuclei and e is the charge of the electron. 

The complexity of this wavefunctional based approach grows fast with number of 
particles, and the computational effort is enormous for solids containing a large number 
of atoms, even though approximations are made to simplify the calculations. DFT offers 
an alternative way to calculate the total energy, based on spatial electronic density 
functionals. By using this approach, the computational effort can be substantially reduced 
compared to the traditional wavefunction-based methods while still keeping a good 
accuracy. 
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DFT is based on two theorems of Hohenberg and Kohn [39]. The first theorem 
postulates that the ground state electron energy is a unique functional of the electron 
charge density: 

     ( )   (12) 

where E is  the ground state energy and ρ(r) = the electron charge density. The second 
theorem postulates that the electron density that minimises this functional is the exact 
ground state energy. According to these theorems, all ground state properties can be 
obtained from the electron density.  

In theory, DFT is an exact method if the energy functional is completely known. 
This is however not the case and parts of this functional, the so called exchange 
correlation, needs to be approximated. The greatest challenge of DFT is therefore to find 
a reliable functional for the exchange-correlation, which accounts for the interactions 
between the electrons. Two commonly used functionals are the local density 
approximation (LDA) [40], which is known to overestimate binding energies, and the 
general gradient approximation (GGA) [41], which instead tend to underestimate binding 
energies. 

5.8.1 Systems 
The material systems studied were c-TiN, c-AlN, h-AlN, c-Ti40Al60N and c-Ti40Al60N.  

All calculations in this diploma work employ the supercell method to represent the 
materials. In this approach a small cell is extended to infinity in 3D by using periodic 
boundary conditions. The periodic boundary conditions are enabled due to the choice of 
wavefunction basis set. This way the properties of a solid can be calculated using a small 
system and thereby saving computational effort. Perfect crystals are well represented by 
this method, but introducing defects or dopants require larger systems and corrections 
to the supercell approach to avoid complications that arises with broken periodicity. 

For all binary systems the cells used in the calculations contain 8 atoms. The 
supercells of the TiAlN-alloys were created using special quasirandom structure cells 
(SQS-cells) [42] where some of the Ti-sites were substituted with Al. The SQS-method is a 
way to create small supercell structures from which calculated properties mimic the 
behaviour of real alloys far better than completely random substitutional structures do. 
For structure optimisation and calculation of bulk modulus SQS-cells containing 216 
atoms were used. For calculations of the elastic constants, the size of the SQS-cell was 
reduced, using 64 atoms in the supercell instead. 

5.8.2 Computational details 
All first principles calculations in this work were based on DFT and performed using the 
Vienna ab initio simulation package (VASP) [43] using a plane wave basis set [44]. The 
Perdew-Burke-Ernzenhof generalized gradient approximation (GGA) [45] [46] was 
utilized to treat the exchange-correlation effects and projector augmented waves (PAW) 
represent the pseudopotentials [47]. For all calculations performed, an energy cut-off of 
900 eV was chosen. The selection of this high value was based on the fact that 
calculations of the elastic constant tend to converge very slowly. 

For the integration of the Brillouin zone the Monkhorts-Pack (MP) scheme [48] 
was utilized. For structure optimizations a 13x13x13 MP grid was used for the binary 
systems, a 4x4x4 grid for the 64-atoms SQS-cells and 2x2x2 grids for the 216-atoms SQS-
cells. When calculating the elastic constants, the meshing for the 64-atoms large SQS-cell 
was reduced to 2x2x2. The choices of K-point samplings were based on convergence 
tests. 

The ground state structure and energy of a system is obtained from relaxation of 
the structure until the energy difference between two geometry steps are less than 10-5 
eV.  
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5.8.3 Bulk modulus 
The bulk modulus B is a measure of a materials resistance to isotropic volume 
compression. It can be calculated by fitting an equation of state (EOS) function to an 
energy-volume curve. The total energy of  nine structures were calculated letting only the 
electronic structure relax until the energy difference between two self-consistent charge 
(SCC) steps are less than 10-5 eV. The volumes V were plotted versus total energy E and a 
Birch-Murnaghan EOS function (equation 13) was fitted to the curve. From this 
expression the bulk modulus B could be extracted. 
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where E0 is the ground state total energy, V0 the ground state cell volume and B’ is the 
first derivative of B. 

 

Figure 15: An example of nine different volumes plotted versus total energy (dots) and an 
EOS fitted to these points (dashed line). 

5.8.4 Elastic constants 
The elastic constants Cij represent the stiffness of the material, i.e. the resistance to strain 
when the material is exposed to a stress.  The conventional Young’s modulus, described 
in section 5.1, is a one dimensional description of bulk material. However, the bonding 
properties in a crystal are dependent on the crystallographic direction, leading to 
anisotropic mechanical properties. This type of information is a valuable tool when 
tailoring material properties, for example by controlling the crystallographic growth of 
thin films.  

There are ways to measure elastic constants experimentally, acoustic resonance of 
single crystals being one of them [49]. However, this method cannot be applied on 
polycrystalline materials or thin films since it requires singlecrystal bulk samples. In this 
study ab initio calculations were performed to obtain the constants by deforming the 
crystal in specific directions and evaluating the resulting forces on the material. 
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Definitions 

In three dimensions, the stress σ becomes a tensor: 
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Where σi=j represent normal stresses and σi≠j shear stresses. For linear elastic materials, 

the deformations εkl, can  be defined as: 
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(15 a-i) 

where x, y and z are the directions of the three orthogonal vectors in a three dimensional 
space, and du, dv and dz are the deformations in corresponding directions (See Figure 
16). 

 

Figure 16: Illustration displaying a square deformed into a parallelogram. In the third 
dimension, not shown here, z and dw are used. 

Now, by expanding the definition of elastic modulus in equation 6 to three dimensions we 
get: 

                 (16) 

where Cijkl is a tensor containing 81 elastic constants. Due to linear dependence between 
stress and strain, only 21 of these 81 elements are independent. Additionally, for cubic 
systems this number is narrowed down to only three independent elastic constants: C11, 
C12 and C44 (using Voigt notation). 



21 
  

5.8.5 Elastic properties derived from Cij 
When the elastic constants are known, the compliance constants sij can be derived using 
the following equations: 
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From Cij and sij the isotropic elastic modulus and for the directions [100], [110] and [111] 
can be obtained according to: [49]  
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Using the following expressions, the directional specific Poisson’s ratio can be obtained 
[3]:  
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The bulk and shear modulus, B and G respectively, can also be obtained from Cij [3]. 
These relations are described in the equations 20 and 21 a-b respectively. For G, two 
definitions were used here, based on theories by Voigt (Gv) [50] and Reuss (GR) [51]. 
Measured values of shear moduli lies between these values, with GR forming a lower 
bound and GV an upper bound [52].  
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5.8.7 Hardness 
For calculations of the hardness a modified version of the model proposed by Hu et al. 
[53] [54] was used. This model predicts the intrinsic hardness based on bond strengths 
between the atoms and accounts for the ionicity of the system. This method will not be 
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described more here, since the results from the hardness calculations did not appear as 
trustable and the method or the program code used for these calculations needs to be 
revised. 
 

6 RESULTS AND DISCUSSION 
In this section all results are presented and discussed. This section also covers the 
analysis made of correlation between coating properties and cutting tool performance, as 
well as a comparison between experimental and theoretically computed results. For an 
easier overview of the results, the different variants, earlier described in Table 1, have 
been assigned a color-ID, as shown in Figure 17. 
 

 

Figure 17: Color representations used in this section. 

6.1 Hardness and elastic modulus from nanoindentation 
Here follow the results from the nanoindentation measurements. Measured values for 
the uncoated substrate are added for comparison. The data is tabulated in Table 3 and 
bar charts are displayed in Figure 18(a) and Figure 19(a). How the hardness and elastic 
modulus varies with increasing Al-content for each bias can be seen in Figure 18(b) and 
Figure 19(b). In Figure 20 the relation between E and H is displayed. 
 
Table 3: Obtained values of hardness and elastic modulus from nanoindentation 
measurements. Numbers are presented with a 95% confidence interval. 

 H E 

TiN 25 26.7 ± 0.4 524 ± 5  
TiN 50 29.6 ± 0.5 514 ± 9 
TiN 75 28.6 ± 0.3 523 ± 4 
L-Al 25 30.1 ± 0.6 534 ± 10 
L-Al 50 35.1 ± 0.6 510 ± 5 
L-Al 75 36,4 ± 0.4 513 ± 4 
H-Al 25 31.9 ± 0.5 553 ± 7 
H-Al 50 36.3 ± 0.3 538 ± 3 
H-Al 75 36.9 ± 0.4 508 ±4 
Substrate 24,8 ± 0.7 587 ± 12 
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Figure 18: Experimentally measured coating hardness displayed in a bar chart (to the left) 
and into series of same substrate bias (to the right). Note that the Y-axis is truncated. Error 
bars are set to display the 95% confidence interval. 

 

Figure 19: Experimentally measured elastic modulus displayed in a bar chart (to the left) 
and into series of same substrate bias (to the right). Note that the Y-axis is truncated. Error 
bars are set to display the 95% confidence interval. 

 

Figure 20: Measured coating hardness plotted versus measured elastic modulus. 
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The following was observed regarding the hardness of the investigated coatings: 
 TiAlN is generally harder than TiN 
 The hardness of TiAlN is more affected by the bias than the hardness of TiN  
 H-Al and L-Al have approximately the same hardness, if  same substrate bias is 

compared 
 An increase in bias from 25 V to 50 V results in an increased hardness of ~5 GPa 

for TiAlN and ~3 GPa for TiN. 
 Increasing the bias from 50 V to 75 V has a minor effect on the hardness. 

 
The following was observed regarding the elastic moduli of the investigated coatings: 

 Increasing substrate bias has minor effect on E for TiN, but a large effect for H-Al.  
 H-Al75 has the overall lowest measured value of 508±4 GPa and H-Al25 has the 

highest, 553±7 GPa. This is a difference of ~45 GPa, which corresponds to a 
change in about 8%. 

 How E changes with increasing Al-content is different within the bias variants. 
For -25V, E increases with Al-content. For a bias of -75 V, there is a decrease in E 
with Al-content. For a bias of -50V, there is a significant increase in E when the Al-
content goes from 40 to 60%. 

 E does not correlate linearly with H. 
 

The fact that the effect of increased substrate bias on hardness reached a plateau has also 
been reported by Ahlgren [55]. In that study, the plateau was observed at a substrate bias 
of 60 V. In the same study, no difference in hardness between the middle of the flank face 
and the zone near the edge was observed. 
The absolute values of the elastic moduli may contain an unknown influence from the 
substrate, as mentioned in the method part in section 5.1. However, in this study the 
absolute value is less important than the relative difference between the coatings. Since 
the same load was used for all coatings and the film thicknesses were approximately the 
same (See Table 5), any contribution from the substrate was not taken into account here. 

6.2 Coating composition 
The compositions of the TiAlN coatings were investigated using WDS. The spectra were 
taken within 300 µm from the edge, both on rake and flank face. The Al-contents are 
presented in Figure 21. The results show that the Al-content near the edge decreases 
with increasing bias. This agrees with earlier observations made by Ahlgren [55]. The 
effect is largest on the rake face and for the L-Al variants where the differences between 
the lowest and highest bias variants are 6% for the H-Al and 8% for L-Al. On the flank 
face the differences are 2 and 4% respectively. These compositional differences were 
accounted for in the evaluation of the turning test results. 
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Figure 21: WDS results showing the composition of the different TiAlN coatings in the 
region near the cutting edge. 

6.3 Crystal structure and orientation 
Diffractograms from the XRD-analysis are collected in Appendix B, where an overview of 
all collected 2θ-angles is first displayed (Figure 69), followed by a more detailed view of 
the first three reflections from c-TiAlN (Figure 70, Figure 71 and Figure 72). The lattice 
parameter a was extracted from the 2θ-position of the c-TiAlN peak with highest count, 
the peak corresponding to the (111)-reflection, using equation 7 and equation 8.  
Since material properties can be anisotropic, the crystallographic growth directions 
could affect the performance test results. Therefore, a texture analysis was performed 
according to Harris’ method described in section 5.4 using equation 9. The resulting 
quantities are tabulated in Table 4. 

The results indicate that the crystal structure is c-TiAlN. No sign of h-AlN was seen. 
This is however not a proof of a non-existence of h-AlN, the domains could be too small 
or the content too low to detect in these measurements. A previous investigation of 
TiAlN-coatings shows that for a high Al-content, h-AlN could be detected in as-deposited 
coatings using TEM but not with XRD [8].  

 
Table 4: Lattice parameter and texture coefficients from the XRD analysis. 

Sample a [Å] TC(100) TC(110) TC(111) 

TiN 25 4.25 0.78 0.14 2.08 

TiN 50 4.25 0.98 0.09 1.93 

TiN 75 4.25 0.16 0.12 2.72 

L-Al 25 4.19 1.57 0.17 1.26 

L-Al 50 4.22 0.90 0.36 1.73 

L-Al 75 4.22 0.13 0.20 2.67 

H-Al 25 4.15 1.89 0.26 0.85 

H-Al 50 4.17 2.40 0.18 0.42 

H-Al 75 4.21 0.91 0.92 1.17 
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Figure 22: Lattice parameter, a, for the nine coating materials. 

 

 
Figure 23: Texture coefficients (100) and (111) for all nine coatings. 

A smaller lattice parameter was seen for an increased Al-content. The TiN coatings 
displayed a lattice parameter of 4.25 Å regardless of substrate bias. For TiAlN, a higher 
bias resulted in a broadening of the peaks and a shift in the position, with lattice 
parameters ranging from 4.15-4.21 Å for H-Al and 4.19-4.23 Å for L-Al.  
 
The change in peak position could be caused by a change in residual stresses and/or 
defect density between the bias variants. The peak broadening was most likely caused by 
residual stresses, but smaller grains could also have contributed to this effect [56]. 
The texture analysis revealed some trends in preferred growth directions for grains in 
the coatings. Following trends were observed: 

 For TiN, the [111]-direction was strongly favoured. 
 For TiAlN, the [100]-directions was preferred for a lower bias, and the presence 

of grains oriented in the [111]-direction increases with bias. Åstrand and 
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Blomqvist reported a change the texture from [100] to mixed [111]/[100] 

texture [57] for Ti50Al50N. Ahlgren has reported the opposite trend in [55], but 
for Ti33Al67N. 

 For H-Al75, no direction is strongly favoured. 
 The [110]-direction was strongly suppressed for all cases. 

6.4 Coating quality: surface roughness, grain structure 
and film thickness 
Coating thickness was measured using LOM. During the measurements it was noted that 
many of the investigated L-Al inserts had a problem with spontaneous flaking on the 
edge (See Figure 24). 
 

  

Figure 24: LOM picture showing a cross section of a typical insert of Ti60Al40N having 
problem with spontaneous flaking (left), and a TiN insert not suffering from the same 
problem (right). 

Table 5: Film thickness in µm, measured on the middle of the flank face and on the middle of 
the cutting edge. 

 TiN 
25 

TiN 
50 

TiN 
75 

L-Al 
25 

L-Al 
50 

L-Al 
75 

H-Al 
25 

H-Al 
50 

H-Al 
75 

Flank face 4 4 4 5 5 5 4 4 4.5 
Edge 7 7 7 7 7 8 6.5 6.5 6.5 

 

The surface roughness of each variant was visually inspected with SEM (See Figure 25). 
The occurrence of coating defects such as droplets seems to be affected by substrate bias, 
with lower amount of defects for a higher bias. TiN also has fewer defects than the TiAlN-
variants. This has been previously shown by Åstrand and Blomqvist [57]. To get an 
overview of the grain size and shape, fractured surfaces were investigated using a SEM 
(Figure 26). The grain shape was found to be predominantly columnar, and the grain size 
decreased with higher bias and Al-content. The same trend has been reported by Collin in 
the Final POP-report [8]. A visual estimation of the grain size was made with following 
order of decreasing grain size: 
 

TiN25 > TiN50 > (L-Al25 ≅ L-Al50) > (TiN75 ≅ H-Al 25) > L-Al75 > H-Al 50 > H-Al 75 
 

The observed difference in microstructure could be one factor contributing to the 
difference in mechanical properties between the investigated coatings. A reason for this 

10 µm 10 µm 
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is that the amount of grain boundaries affects the dislocation movement. Another reason 
is that bonding strength differs between grains and within grains. 
 

 

Figure 25: SEM micrographs of as-deposited surfaces. Undesirable droplets can be seen as 
lighter bumps on the grey surface. Micrographs were obtained using a SE detector at a 
working distance of 16 mm and a magnification of 5000X. 

 

Figure 26: SEM micrographs of as deposited surfaces. Pictures were obtained using a SE 
detector at a working distance of 12-16 mm. The magnification is 30000X. 
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6.5 Cutting temperatures from FEM 
Here follow the results from the FEM simulations of the metal cutting. The obtained 
temperature values are discussed and in some cases compared to other studies. Most of 
the studies referred to in this section were found in the review article by Davies et al. 
[58]. Figure 27 displays temperature mappings of the tool and work piece in the different 
test methods described in section 5.6. Figure 28 shows the peak cutting temperatures 
versus cutting velocity. The simulations suggested that the surface peak temperature was 
about the same regardless if TiN or TiAlN was used as tool coating, with a temperature 
difference of only a few degrees.  

For test method 1, cutting in soft annealed ball bearing steel SAE52100 (The 
Sverker 21 substitute) with a Vc of 125 m/min, a fn of 0.072 mm/rev and without coolant, 
the peak temperature reaches ~300°C, which is the lowest temperature of the four 
methods and also lower than most of the previously reported temperatures for turning 
operations. The main reasons for the low peak temperature in the simulation are the low 
cutting speed, the very low feed rate in combination with a low hardness of the steel. 
Since the SAE52100-steel is less alloyed than Sverker 21, simulation of the metal cutting 
using SAE52100-data probably also leads to an underestimation of the peak temperature 
in the actual case (Sverker 21). A temperature of 300°C has been suggested in a FEM 
simulations study of machining in hardened SAE52100 with a self-propelled rotary tool 
[59]. 

For test method 2, cutting in grey cast iron, with Vc = 200 m/min and fn = 0.1 
mm/rev without coolant, the peak temperature is about 500°C. The result is similar to 
the third test method, cutting in nodular cast iron at a slightly higher cutting velocity (Vc 
= 250, fn = 0.1 mm/rev), which reached a peak temperature of ~550°C. Stephenson and 
Ali have summarised results from both experimental and theoretical studies concerning 
temperature in interrupted cutting and reports values of 500-550°C for cast irons [60], 
which is in very good agreement with the results from this study. 

The test method that generated the highest temperatures was the fourth test 
method, turning in stainless steel 316L. In this method a Vc of 225 m/min and fn of 0.1 
mm/rev was used together with a coolant, which resulted in a simulated peak 
temperature of ~750°C. This compares well to that reported by M´Saoubi et al. where the 
temperature was measured using an infrared-charge-coupled device during cutting in 
stainless steel 316L at 180 m/min with a fn of 0.3 mm/rev. In that study, the maximum 
temperature was about 850°C when using a chip breaker geometry [61]. 

In this thesis, the obtained temperatures were viewed as qualitative estimations 
and used in the argumentation on the wear mechanisms. It is hard to estimate the 
accuracy of the calculations, but the comparison to other studies shows that the values 
compare well to both other FEM-simulations and/or experiments. 
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Figure 27: Visual representation of the simulated temperature distribution and chip 
formation in method 1: Turning in Sverker 216 (a), method 2: Turning in grey cast iron (b), 
method 3: turning in nodular cast iron (c), and method 4: turning in stainless steel 316L (d), 
at the same length of cut and magnification. The temperature scale ranges from 25°C (blue) 
to 500+°C (red). 

 

Figure 28: Simulated maximum temperature for TiAlN coated 465 substrates in the 
different test methods. The left of two dots corresponds to the Vc in the test methods. The 
right dot corresponds to the temperature at a higher Vc, calculated to investigate the 
temperature sensitivity to changes in Vc. 

  

                                                             
6 Substituted with SAE52100 in the FEM-simulations  
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6.6 Turning tests 
The complete set of results from the turning tests are presented with line diagrams and 
bar charts and gathered in Appendix C. In this section only some of these charts are 
shown, those that captures the main features of each test. In some cases the tool life is a 
good measure, in other cases the wear at short times are considered to be more 
representative. The two subtests are denoted as DP1 and DP2 in this section. 

The results from test method number 3, turning in nodular cast iron (SS0727) are 
not presented in this section. This is because what was reported as flank wear during the 
tests turned out to be a plastic deformation of the substrate. Therefore, the coating 
properties are probably irrelevant to the outcome of the testing. 

6.6.1 Sverker 21 and 316L 
The test conditions in Sverker 21 and 316L differed a lot, with substantially higher Vc and 
Fn when cutting in 316L. This resulted in a significant difference in the performance of 
the tested inserts. The following was observed for the two tests: 

 Both tests show a gradual increase in wear size with time.  
 The H-Al variants perform best in Sverker, but worst in 316L. 
 In the Sverker 21-tests, there is a clear division between the three compositions 

(See Figure 29). In 316L the compositional influence on the performance is less 
certain (See Figure 30). 

 A change in bias seems to have very little effect in Sverker but a significant 
importance in 316L. (Representative bar charts can be seen in Figure 31).  

 For cutting in 316L, the 75V bias variants constantly perform better than the 25V 
bias variants, both at short and long operation times. 

 

Figure 29: Results from the first subtest in test method 1, turning in Sverker 21. 
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Figure 30: Results from the first subtest in test method 1, turning in stainless steel, AISI 
316L. 

 

(a)     (b)  

Figure 31: (a) A typical view of the Sverker 21 flank wear resistance test: a clear division 
between the different compositions, but minor or no effect from varying the bias (b) A 
typical representation of the 316L crater wear resistance tests: both the composition and 
the bias has an effect. A black line above the bar means that those insert have reached the 
VB or KA level at an earlier stage. 

Discussion on these observations 

The fact that VB was proportional to the time together with the visual evaluations made 
during the tests ensures that we have refined the flank and crater wear (respectively), 
avoiding significant influence from other wear types. 

The fact that an increased Al-content tend to increase the flank wear resistance and 
decrease the crater wear resistance has been observed before, amongst others by 
Landälv [10] and Collin [8]. The reason for this is however not fully understood. Landälv 
discusses the possible influence of microstructure and grain size as well as the chemical 
stability of the coatings. 

If the main wear mechanism in Sverker 21 is abrasive, the hardness of the coatings 
should have a bigger influence. For H-Al, the difference in hardness is ~5 GPa, but this 
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seems to have minor or no effect on the performance. These topics are further discussed 
in section 6.10, after the SEM/EDS study and correlation analysis have been presented. 

6.6.2 Grey cast iron, SS0125 
When testing in cast iron SS0125 there were some problems with chipping7 (Chipping = 
urflisning in Swedish) that accelerated the wear and resulted in edge fracture. The 
reported VB in these tests includes these damages and do not represent pure flank wear 
growth.  Still, by focusing on the short time results, before chipping occurred, a region of 
evenly growing flank wear is observed (marked with red circles in Figure 32). For TiN 
coated inserts the chipping started almost immediately and no (or a very short) plateau 
was observed.  
What further complicated the interpretation was that the emergence of the chipping 
seemed to have a random element to it. When replicating the test (DP2) the plateaus 
were not as clear as in DP1. 

The wear at 10 min for DP1 is a break point before chipping starts for the TiAlN-
variants. The VB at this time is presented in bar charts in Figure 33. The second 
subsample is also displayed for comparison. 

 
The following observations were made from these tests: 

 TiAlN-variants perform better than TiN-variants if comparing the tool life, since 
chipping starts later for these variants. 

 All variants perform almost equally well up to six minutes, if both DP1 and DP2 
are considered. 

 

 

Figure 32: Wear progress for testing in SS0125. The red circles marks the zones where 
chipping has not yet begun and the VB represents a true flank wear. 

                                                             
7 Chipping is irregular damages on the edge, where small pieces of the edge, including the 
substrate, are worn off. When these pieces reach a certain size, the tool cannot longer be used, and 
the damage is referred to as “edge fracture”. 
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Figure 33: VB at 10 min for the first and second subsamples of testing in SS0125.  

6.7 Wear study – SEM, EDS and LOM 
In this section SEM micrographs of tested inserts are presented. The full collection of 
SEM-micrographs can be found in Appendix C. Only a selection of them will be shown 
here. No micrographs are presented from method 3, testing in nodular cast iron, for the 
same reason as mentioned in the previous section. 

Before the SEM-analysis, the inserts were etched in HCl to remove adhered work 
piece material (WPM), but in some cases there is still work piece material left after 
etching (Figure 34 a and b). 

 

 

Figure 34: SEM micrographs of worn inserts, displaying areas where work piece material 
still remains after etching. The yellow box marks the area of focus in this section: the 
partially worn coating just below the zone where the coating is completely gone and the 
cemented carbide is visible. 

6.7.1 Sverker 21 
In the Sverker 21-test the flank wear was investigated. Especially the partially worn 
coating just below the visible cemented carbide was investigated (See yellow box in 
Figure 34). Visual differences emerged particularly between TiN and TiAlN (Figure 35 
and Figure 36). Less difference was noted between the bias variants.  
 
The following observations were made: 

 The flank looks more evenly worn on TiN  
 The worn area seen in the bottom two pictures in Figure 35 becomes less broad 

with increasing Al-content. 
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 The interface between the coating and the exposed WC-Co is much thinner on TiN 
than on TiAlN. On TiN, the coating seems to be evenly worn. On TiAlN it looks like 
the coating wears off in bigger pieces. 

 The polished coatings on TiN contain cavities in the nm length scale. This is not 
observed the Al-variants. 

 Some vague and shallow stripes in the sliding direction were noted for all cases in 
SEM. When looking at them in LOM at lower magnifications, a clear striped 
pattern appeared (Figure 37). 
 
 

 

Figure 35: Overview of flank wear on TiN25 and H-Al75. The wear mark is more even on 
TiN25. To the right the areas of the polished coatings are in focus. 

 

Figure 36: SEM micrographs showing the microstructure of the coatings in the zone below 
the exposed WC-Co. The surface of TiN50 has cavities which are not observed for L-Al50. 
Vague stripes in the sliding direction were noted on both variants. 

TiN25, 150X H-Al75, 150X 

H-Al75, 5000X TiN25, 5000X 

TiN50, 30000X L-Al50, 30000X 
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Figure 37: LOM pictures of the coatings in the zone below the exposed WC-Co. In these 
pictures, stripes which were not visible in SEM where detected. 

 

Figure 38: Cross sectional view of the worn flank of a TiN-variant (upper view) and a TiAlN-
variant (lower view). 

Discussion regarding these observations: 

The cavities in the polished area of TiN could be pulled out grains, but have to be 
investigated further to confirm. Cavities can also emerge from a 3-body abrasive 
mechanism, but of all reports treating turning operations I have studied so far, none of 
them has proposed this as a probable wear mechanism. 

Sverker 21 is a type of steel that contains chromium carbides that can act 
abrasively in sliding contact. The hardness of these particles was measured in the nano-
hardness tester to be about 22 GPa. The range of the measured coating hardness values 
(~26 to ~37 GPa). The importance of hardness, other properties and possible wear is 
further discussed in section 6.11. 

6.7.2 Grey cast iron SS0125 
The wear on the inserts tested until full VB (0.30 mm) was difficult to evaluate. Many of 
the inserts had problems with chipping and edge fractures (Figure 39). The LOM-pictures 
taken during testing showed that the chipping in many cases originated in damages in the 
crater area on the rake face.  
Information about the surface structure could be obtained from the inserts tested until 

half VBmax (Figure 40). All pictures show inserts tested until full VB if nothing else is 

TiN75 H-AL75 
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specified. From the micrographs taken using a BSE-detector it was concluded that some 
chemical reactions had occurred. EDS-spectra were collected from interesting areas. 
 
Observations made for inserts tested in SS0125: 

 The microstructure indicates a deformation in the sliding direction. If this 
deformation is abrasive scratches or adhesively deformed surface droplets or 
grains is hard to tell.  It could also be a mixture of both.  

 EDS-analysis showed that the small, dark areas indicated with yellow arrows in 
Figure 41, are areas consisting of Al and O. This was present in all TiN coatings 
and the occurrence increased with bias. For TiAlN, Al+O-rich areas were also 
found, but in the form of a thin, continuous area underneath chippings and 
fractured areas. Si+O was found in some cases. One example is indicated with a 
yellow arrow in Figure 41. 
 

 

Figure 39: Edges suffering from severe chipping and edge fractures. 

 

Figure 40: Microstructure of L-Al25 tested in SS0125 at both half VBmax and VBmax. . 

L-Al25, 1000X, half VBmax L-Al25, 10000X 

half VBmax 
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Figure 41: Aluminium and silicon oxides present on the inserts coatings. The silicon oxide 
was only found on the TiAlN-inserts. 

Discussion on observations made in SS0125: 

The Al and Si-rich areas could be Al2O3 and SiO2. Accumulation and oxidation of Al and Si 
from the work piece material have been reported before [1] [62] [63]. This can happen 
even when the content of these constituents in the work piece material is low. This was 
however observed in turning in stainless steels, containing inclusions of CaO-Al2O3-SiO2 

(ghelenite) particles. Investigating the content of the work piece material SS0125 might 
bring more information to this.8 

When focusing only on the pure flank wear, which is seen on the inserts from the 
short time tests, no signs of chemical reactions can be seen. This could imply that when 
chipping emerge on the flank face, the wear conditions such as local temperatures and 
access to oxygen changes and chemical reactions can be accelerated. 

Wear mechanisms and important properties for this test will be further discussed 
in section 6.11. 

6.7.3 Stainless steel, 316L 
In this section micrographs from the short time tested insert will be shown. Since all 
inserts have been operating equally long time (4 min), differences between worn inserts 
were easier to detect than between the inserts that were tested until full VB.  
 
  

                                                             
8 The material specification on SS0125 gave that 0.072 wt% of the material was Si. No information 
about Al added as an alloying element was found, but could still be present in small amounts as a 
remaining from the production. 
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Si + O 

H-Al75, 500X 
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Observations made for the tested inserts: 
 For all cases, the crater seems to start above the sliding region (Figure 42) and 

grows towards the edge (Figure 43).  
 For all cases, a network of cracks was formed in the region between the crater 

and the cutting edge. The appearance of the cracks changes when moving from 
the edge towards the crater. The cracks grow in size and reach a maximum in the 
third region. The typical behavior is shown in Figure 44 and Figure 45.  

 The cracks grow in size and become straighter with increasing Al-content (Figure 
46). Comparing different bias-variants, the cracks look very similar within a 
group of same composition.  

 The surface microstructure between the cracks can be seen in Figure 47. The 
surface looks heavily deformed for both cases. A difference between TiN and 
TiAlN is observed, with a larger deformation for the TiAlN variant. Changes in 
surface structure between the bias variants have not been investigated due to 
time limitations. 
 

 

Figure 42: Overview of inserts tested a total of four minutes in 316L.  

 

Figure 43: Cracks forming a network of flakes that wear off during continuous sliding in H-
Al25 at a short operation time (top) and H-Al75 after full VB was reached (bottom). Note 
that the micrographs are at different magnifications. 

TiN25, 150X L-Al25, 150X H-Al25, 150X 

TiN25, 500X L-Al25, 500X H-Al25, 500X 

H-Al75, 1000X, Full VB H-AL25, 5000X, 4 min 
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Figure 44: Overview of the cracking zone between the cutting edge and the crater. 
Magnifications of the four marked regions can be seen in Figure 45. 

 

Figure 45: Visualisations of the surface roughness and cracks at different distances from the 
edge, with number 1 being the closest to the edge and number 4 closest to the crater. 

 

TiN25, 500X 
Cutting edge 

Crater 
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Figure 46: Appearance of the cracks in the third region on TiN25, L-Al25 and H-Al25. 

 

Figure 47: Surface microstructure between the cracks. Deformed “tongues” which is typical 
for an adhesive mechanism is seen for L-Al25. The effect is less obvious for TiN. 

Discussion on observations made here 

The growth of the crater seems to happen when pieces of the coating which is separated 
by cracks loosens when reaching the crater. In Figure 43 the area of interest is zoomed in. 
If the dominant wear mechanism was abrasive, a smoother interface would be observed 
since abrasion causes a continuous and even wear, not the loss of big pieces as observed 
here. Furthermore, the surface structure looks more adhesively deformed than 
abrasively, with smeared tongues rather than straight trenches which are typical for 
abrasion. 

The growth of the crater, wear mechanisms and important properties for this test 
will be further discussed in section 6.10. 

6.8 Material properties from DFT 
Here follow the results from the ab initio calculations. Figure 48 shows the change in 
energy and volume between c-AlN and h-AlN. The results show that h-AlN is more stable 
and have a larger molar volume than c-AlN. 

Table 6 shows the calculated lattice parameters, formation energy Hf, bulk moduli, 
B, from Birch Murnaghan EOS and elastic constants, Cij. Table 7 contains the elastic 
moduli (The isotropic, E(iso) and directional specific E[100], E[110] and E[111]) and 
Poisson’s ratios (For the same cases as E) derived from Cij. Table 8 shows the shear 
moduli Gv and GR as well as two other parameters: B/G and C12-C44. B/G can be used to 
assess the brittle/ductile behavior of solids, with a more ductile material for a higher B/G 
ratio [64] [65] [66]. A value of 1.75 has been suggested to be a break point between 
brittle and ductile materials [67]. C12-C44. is commonly referred to as the Cauchy pressure 
and can be seen as an indicator of bonding type, with more directional bonding for lower 
values and more metallic character for higher values [66] [68]. A positive Cauchy 
pressure can be interpreted as a predominantly metallic bonding type [66]. 

Trends in properties when the Al-content is increased are presented in  
  

TiN25, 30000X L-Al25, 30000X 

TiN25, 5000X L-Al25, 5000X H-Al25, 5000X 
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Table 9 and visualized in Figure 51 - Figure 53. 
 

 

 
Figure 48: Energy/Volume curves for the hexagonal and cubic phases AlN. 

Table 6: Lattice parameters, formation energy, bulk moduli from Birch Murnaghan EOS and 
elastic constants calculated with DFT. 

  a [Å] Hf [kJ/mol] B [GPa] C11 [GPa] C12 [GPa] C44 [GPa] 

c-AlN 4.07 -293.3 251 422 167 307 

Ti0.4Al0.6N 4.16 -174.8 259 472 157 226 

Ti0.6Al0.4N 4.20 -274.7 265 491 160 195 

c-TiN 4.25 -324.9 293 620 143 161 

 

Table 7: Elastic moduli and Poisson’s ratios derived from the elastic constants. 

  E(ISO) 
[GPa] 

E[100]  
[GPa] 

E[110] 
[GPa] 

E[111] 
[GPa] 

ν(ISO) ν[100] ν[110] ν[111] 

c-AlN 503 327 524 655 0,17 0,28 0,07 0,15 

Ti0.4Al0.6N 470 394 486 528 0,20 0,25 0,16 0,19 

Ti0.6Al0.4N 447 412 455 471 0,22 0,25 0,21 0,22 

c-TiN 468 567 440 409 0,24 0,19 0,27 0,26 

 

Table 8: Shear moduli, B/G and the Cauchy pressure derived from the elastic constants. 

  Gv [GPa] Gr [GPa] B/G C12-C44 [GPa] 

c-AlN 235 196 1.17 -139 

Ti0.4Al0.6N 199 192 1.34 -69 

Ti0.6Al0.4N 183 182 1.48 -34 

c-TiN 192 185 1.61 -17 

 

 (c-AlN) 

 (h-AlN) 
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Table 9: Trends in properties with increasing Al-content: 

Property Increase Decrease Interpretation 

a  X Smaller cell volume 
B  X Less resistant against isotropic volume 

compression  
E(ISO) X  Harder to deform linearly 
v(ISO)  X Less transverse contraction during straining 
G X  Harder to shear 
B/G  X More brittle/less ductile 
C12-C44  X More directional bonding, less metallic 

 
Regarding the elastic modulus in the [100], [110] and [111] directions, there is a change 
in magnitude of the directional specific elastic moduli when increasing the Al-content. 
For TiN, E[100] is highest and E[111] lowest, but for AlN this order is reversed (Figure 
52, left). This is interesting, considering that the texture in the TiN-coatings was 
predominantly (111) and changed towards (100) when increasing the Al-content, i.e. the 
elastically weaker textures dominates for both cases.  However, during machining, the 
material movement is in the direction orthogonal to the normal vectors of the measured 
textures, i.e. the strength of the atoms within and between those planes should be 
important. In Figure 50 the (200) and (111) planes are visualized. 

For an Al-content of about 27%, there is an isotropic point for the studied 
directions, meaning that the elastic modulus is independent of texture at that point. This 
point was also seen for Poisson’s ratio (Figure 52, right). Both elastic modulus and shear 
modulus increase with increasing Al-content, which means that it takes more force to 
deform the materials in the elastic region. The decrease in the B/G value suggests an 
increased brittleness with an increasing Al-content. The decreased C12-C44 value indicates 
a more directional bonding. A change in bonding properties can also be predicted by 
looking at the electron density maps of TiN and AlN (Figure 49). The electron density in 
AlN is mainly focused around the N-atom. In TiN, the electrons are more spread out on all 
atoms, which is typical for a material with metal-like bonding.  

It would be interesting to investigate B/G and C12-C44 for Al-compositions between 
0 and 40% to see the maximum point coincides with the isotropic point of elastic 
modulus and Poisson’s ratio, suggesting a maximum ductility at that composition.  
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Figure 49: Electron density maps of c-TiN and c-AlN in the (010) and (1-10) planes. There is 
a clear change in electron density distribution when going from TiN to AlN. Red areas have 
high electron density, blue areas have low. Blue atoms are either Al or Ti, green atoms are 
N. For cubic symmetric structures, (100)=(010)=(001)and (110)=(101)=(011).  

 

Figure 50: Figures showing the (111) (to the left) and the (200) planes (to the right) of c-
TiN or c-AlN. Red areas have high electron density, blue areas have low. Blue atoms are 
either Al or Ti, green atoms are N. 
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Figure 51: Bulk and shear modulus (To the left), and C11, C12 and C44 (To the right) 
calculated using DFT. 

 

Figure 52: Isotropic elastic modulus and elastic moduli for the specific directions [100], 
[110] and [111] calculated using DFT. 

 

Figure 53: B/G and the Cauchy pressure C12-C44 calculated using DFT.  
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The calculated hardness values are presented in Table 10. The method, which was 
described in section 5.8, suggested an intrinsic hardness of 17.0 GPa for TiN. This value is 
not unreasonable, considering that it is calculated for a single crystal with no 
contributions from grain boundaries or other defects that affects the real hardness. 
However, it is unreasonable is that the hardness of TiAlN is lower than TiN. 
 
Table 10: Hardness values calculated using the method described in section 5.8.7. 

 H [GPa] 

c-AlN 13.5 

Ti0.4Al0.6N 14.4 

Ti0.6Al0.4N 15.8 

c-TiN 17.0 

 

6.9 Comparison between DFT and experimental results 

6.9.1 Elastic modulus 
Since calculations are made on a perfect single crystal, differences can arise from changes 
in microstructure such as more diffuse grain boundaries, increased defect concentration 
or higher stresses within the thin film. The calculated isotropic elastic moduli lie lower 
than the experimentally measured moduli. This shift might be enhanced by errors in the 
experimentally measured values, with an elastic contribution from the substrate as 
discussed in section 5.1.In Figure 54 the calculated and the experimentally measured 
elastic modulus are displayed.  
 
 

  

Figure 54: Graphs showing the calculated and experimentally measured elastic modulus, 
divided into series of bias variants. The black circles are the calculated values. The right 
graph is a zoomed version of the left graph, with 2:nd order polynomial curve-fit to the 
data. 

The 25V and 50V bias variants follow the trend well, but lie about 50-90 GPa higher than 
the calculated values. The 75V bias variants show a constantly decreasing elastic 
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modulus for an increased Al-content, which could be an effect of the strong decrease in 
grain size seen in Figure 26 for these variants. The decrease in elastic modulus for 
smaller grain sizes has been reported before [69] [70], and the effect is proposed to be 
substantially greater at grain sizes below 10 nm [69].  

As seen in In Figure 52 in section 6.7, the elastic modulus is anisotropic, and the 
preferred crystallographic orientations could possibly affect the measured values. By 
adding a correction term for the grain size effect and the texture, even better correlation 
to real values might be achieved. There are also methods to minimise the substrate 
contribution in the nanoindentation measurements. 

Hardness 

As mentioned before, the calculated hardness values did not capture the trend of 
increasing hardness with increasing Al-content. The method is also fitted to match 
Vickers micro hardness testing results, which should yield lower values due to the load 
dependence of the hardness. This is why the absolute values differ a lot from values 
measured with nanoindentation.  

The program code used for these calculations needs to be searched for errors. If no 
mistakes are found, the method has to be evaluated. 

 

  

Figure 55: Comparison between measured and calculated hardness. Measured values are 
divided into series of bias variants. 

6.9.2 Lattice parameter, bulk modulus and elastic constants 
Table 11 is a comparison between values of a, B and Cij calculated in this study and by 
others, both from first principles calculations and experiments. Since the other 
properties reported in this thesis can be derived from Cij, they will not be compared. 
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Table 11: A comparison between a, B and Cij calculated using DFT in this study (This study = 
TS) with experimental values from this study, experimental values from references and 
reference values from first principles calculations. 

  Calc.  
(TS) 

Experiment   
(TS & references) 

Calc. 
(references) 

     

c-
T

iN
 

a [Å] 4.26 4.25 (TS), 4.26 [71] 4.26 [3] 

B [GPa] 294 282 [72], 320 [49] 277 [5], 295 [6], 297 [4] 

C11[GPA] 620 625 [49] 531 [3], 605 [4], 691 [7] 

C12 [GPa] 143 165 [49] 118 [3], 129 [7], 150 [4] 

C44 [GPa] 161 163 [49] 155 [5], 164 [4], 166 [3], 191 [7] 

     

c-
T

i 6
0
A

l 4
0
N

 a [Å] 4.20 4.19 (TS) 4.209 [56] 

B [GPa] 265  2599 [4] 

C11[GPA] 491  477 [4] 

C12 [GPa] 160  150 [4] 

C44 [GPa] 195  195 [4] 

     

c-
T

i 4
0
A

l 6
0
N

 a [Å] 4.16 4.15 (TS) 4.1699 [56] 

B [GPa] 259  2569 [4] 

C11[GPA] 472  450 [4] 

C12 [GPa] 157  159 [4] 

C44 [GPa] 226  216 [4] 

     

c-
A

lN
 

a [Å] 4.07 4.12 [73] 4.07 [3] 

B [GPa] 252  251 [3], 252 [4], 253 [5] 

C11[GPA] 422  429 [4], 434 [3] 

C12 [GPa] 167  159 [3], 183 [4] 

C44 [GPa] 307  307 [4], 315 [3] 

6.9.3 Discussion 
The calculated values correspond well to earlier reported ones. The accuracy of the 
calculated lattice constants is really good, but the elastic properties are harder to 
evaluate since there is a big spread in reference values. The spread in calculated values 
might be a result of the fact that calculations of elastic constants converge slowly and 
depend on choice of K-point mesh, cutoff energy, convergence criteria and the method 
used to strain the material. 

Even though the properties are calculated for 0K, the elastic properties 
corresponds well to experimental values. This might be specific for these types of 
materials, since they are designed to retain their mechanical properties even at elevated 
temperatures. Steneteg et al. [6] has investigated the temperature dependence of elastic 
constants of TiN in a temperature range of 0-1800 K and found that C11, C12 and C44 only 
differs less than 10 GPa between 0K and room temperature. Since the elastic modulus 
and bulk modulus and Poisson’s ratio can be obtained from these parameters, the 
temperature dependence in this region should also be low for these properties. Further, 
                                                             
9 Value estimated from graph in reference. 
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the additional difference going up to 1000 K, C11, drops another ~10% for C11, ~4% for 
C12 and  ~7% for C44 [6]. Bruls et al. have shown that the elastic modulus for AlN and 
Si3N4, materials that also have high elastic moduli and high melting temperatures, only 
drops between 10-15 GPa when increasing the temperature from room temperature to 
~1000°C [74]. 

The fact that the structures are defect-free seems to have an effect on the accuracy. 
A correction term for grain size and also possibly for preferred orientations could 
increase the precision.  

6.10 Correlation between coating properties and cutting 
tool performance  
As a last tool of the wear analysis a correlation analysis was performed. The investigated 
parameters were Al-content, H, E, E/H, G, B, B/G, C12-C44, tool life in DP1, tool life in DP2 
and VB or KA at shorter times. The quantities were plotted versus each other in 2D-plots 
in excel and Statistica from StatSoft, and a linear regression analysis was made for each 
case. In this section the most interesting results are presented. 

Important to remember is that a high correlation between two parameters does 
not always imply that they are dependent on each other. For instance, if a correlation is 
found between %Al and tool life, it could be caused by another property that also 
correlates to the composition. As seen in section 6.1, the hardness values tend to increase 
with higher substrate bias. But an increased bias can also affect other coating properties 
not considered here, such as residual stresses or film adhesion. Also, as seen in section 
6.8, there are several material properties that changes with the composition. 

In some cases the relationships are difficult to interpret, especially if many 
properties are importance. More information can be extracted by looking within a group 
of same composition. This is why the graphs are coloured after composition.  

DFT cannot account for properties and changes therein for different bias variants, 
and were only compared to the performance of the 25V-bias variants. The lowest bias 
was chosen for several reasons: 1) the composition measured in the near edge region on 
these variants did not differ from the theoretical compositions. 2) The lattice parameter 
matches the calculated parameters very well. 3) The presence of defects and residual 
stresses was believed to be lowest for these variants. 4) The difference in grain size 
between the different compositions is smallest (As seen in Figure 26), minimizing effects 
from this. 

6.10.1 Correlations in test method 1: turning in Sverker 21 
The correlation analysis made here show that there is a strong relationship between the 
composition and the tool life, significant up to a 95% confidence level according to 
Statistica. At first, there also seemed to be a relationship between hardness and the 
performance, but by looking at trends within groups of the same composition, this 
relationship is gone. Even though the hardness varies 5-6 GPa within the groups of L-Al 
and H-Al, there is no effect on the performance. Also, L-Al and H-Al have almost the same 
hardness if looking at inserts deposited using the same bias, but there is a significant 
difference in performance between the two groups.  

By extracting one variant from each compositional group that has the same 
hardness and plotting the tool life versus the composition, the compositional 
contribution to the performance can be refined. As seen in Figure 57, the relation to 
hardness vanishes. 
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Figure 56: Relations between coating composition and tool life (top), and hardness versus 
tool life (bottom). 
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Figure 57: Linear regression of the relation between tool life and %Al for inserts without 
influence from H (top), used to extract the “pure” correlation between tool life and H. The 
result shows that H has no linear correlation to the performance (bottom). 

When looking at the DFT-calculated properties, no correlation between tool life and B or 
G was found. Strong relationships were found between the tool life and B/G, and tool life 
and C12-C44 (See Figure 58 and Figure 59). A longer tool life is seen for variants that are 
less ductile and have a more directional bonding type. The correlation to B/G was 
significant up to 95% certainty and did in fact show a higher correlation to the 
performance than the composition. The relation to Cauchy pressure did not reach the 
same significance level. 
 

 

Figure 58: Tool life in DP1 and DP2 plotted against B/G. 
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Figure 59: Tool life in DP1 and DP2 plotted against Cauchy pressure.  

 

Figure 60: Tool life in DP1 and DP2 plotted against shear modulus. 

6.10.2 Correlations in test method 2: turning in grey cast iron SS0125 
For turning in SS0727, the results are more complicated to evaluate. Some clear relations 
could be observed: there is a relation between the tool life data and the composition of 
the inserts (Figure 61), significant to a 95% confidence level. The correlation seen 
between tool life and hardness disappeared when a correction was made for the relation 
between the composition and hardness (as mentioned in the previous section) (See 
Figure 62and Figure 63). This correction could not be made in the opposite way, since no 
trend in tool life for groups of the same composition was seen. The same sort of 
correlation analysis was also made for the properties versus VB at shorter operation 
times, but no clear trends could be observed. Whenever a correlation was found for one 
of the subtests, the other subtest indicated the opposite relationship. It should be noted 
that the tool life was dependent on edge damages such as chipping and edge fracture. 
Therefore, the gradual wear caused by either adhesion or abrasion (See the line pattern 
in Figure 40) has probably a minor connection to the data in this section. Either the 
composition or a property that has a linear relationship to the composition has an impact 
on the time at which chipping of the edge starts.  
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Figure 61: Relations between coating composition and tool life. Green circle marks a data 
point which is a suspected outlier. 

 

Figure 62: Relation between the tool life and the composition. 

 

Figure 63: Relation between tool life and H after correction for the contribution from the 
composition. After the correction, the hardness effect on performance disappears. Green 
circle marks a data point which is a suspected outlier.  
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By plotting the DFT-calculated properties versus the tool life, no correlation to G was 
found. B/G and the Cauchy pressure C12-C44 showed a high correlation to the tool life in 
DP1. (See Figure 64) B/G versus tool life had the highest correlation, significant within a 
95% confidence interval. This result is however not supported by the second subtest. 
One parameter that showed a relative high correlation was the bulk modulus. This was 
seen for both subtests (See Figure 65), which is important when the number of data 
points is as low as here. 
 

 

Figure 64: Tool life in DP1 and DP2 plotted against B/G. A high correlation was found in 
DP1, but is contradicted by the results from DP2. 

 

Figure 65: Tool life in DP1 and DP2 plotted against B. Relatively high correlations were 
found in both subtests. 

6.10.3 Correlations in test method 4: turning in stainless steel 316L 
By looking at the results from the turning tests in 316L in Figure 30, clear trends are 
difficult to find (compared to the tests in Sverker 21, Figure 29). The properties are 
plotted versus tool life in DP1 and DP2. Plots were also created for the short time tests, 
but those results showed the same trends as the full time tests due to the almost constant 
wear rate. 

Compositions presented in this section are the ones measured with WDS on the 
rake face near the edge. Note that an increased bias leads to a higher Ti-content in this 
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compositions, there is a clear increase in the performance with increased hardness. If this 
really is an effect from a change in hardness cannot be established by only looking at the 
correlation. The observed relationship could for instance be an indirect result from a 
correlation between hardness and residual stresses, microstructure or film adhesion. The 
same argument can be applied to the Al-content. 

An increased Al-content results in a decrease in tool life. For higher hardness 
values, the tool life is increased. These effects counteract each other since the hardness 
increases with Al-content, at least up until a certain point. This suggests that an optimal 
content of Al exists. To refine the respective relationships to tool life, the same procedure 
as in section 6.9.1 was applied. From this it can be stated that both composition and 
hardness have clear relations to the performance. 

 

 

 

Figure 66: Relation between tool life and %Al (top), together with the same relation but 
corrected for the relation between H and %Al (bottom). 
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Figure 67: Relation between tool life and H (top), together with the same relation but 
corrected for the connection between H and %Al (bottom). “kDP1” and “kDP2” means 
corrected DP1 and DP2 respectively. 

When looking at the correlation to the calculated properties G, B/G and C12-C44, no 
significant trends could be found. Figure 68 shows the typical look of a linear regression 
between these properties and the tool life. The reason for this might be because B/G has 
a relation to %Al, and the contributions are counteracting each other (like in the case of 
the hardness). A correction for might increase the correlation, but haven’t been made in 
this study. 
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Figure 68: Correlation between B/G and tool life in 316L, DP1 and DP2.  

Comments on the method used to refine the different contributions 

The method used in this section to refine the contribution from one property is a 
compromise made based on time limitation. By doing a full multivariate data analysis 
that accounts for mutual correlations between the properties and non-linear behavior 
could help to find the true contribution from each property to the performance. 

In this method the effect of one property on the performance can be clearer if the 
effect of the third parameter on the first two is known. Eventual contributions from other 
parameters are neglected. The absolute values are not true, but the slope of the linear 
fitting of the data points is. The point by doing this is to show that relations exist.  

6.11 Discussion on wear evolution, dominating wear 
mechanisms and important material properties 
It was concluded that the elastic modulus did not correlate to the performance in any of 
the tests. This might be because the difference in elastic moduli is similar for all Al-
concentrations in this material system, with measured values only differing about 8% 
between the highest and lowest variants. The value B/G showed a much higher 
correlation to the tool life in all tests, which is logical considering that material is sheared 
in sliding contact, and compressed by the cutting forces, suggesting that shear modulus 
and bulk modulus could have larger influence.  

It should be noted that two or more mechanisms can occur at the same time, but 
the dominating one is the wear rate deciding mechanism. 

6.11.1 Flank wear resistance in Sverker 21 
This test method is developed to give a predominant abrasive flank wear. Since abrasion 
means a non-reversible deformation of the material, hardness should be an important 
factor. It was concluded that the Al-content was very important for the tool life, but not 
the hardness.  
 
Arguments that support an abrasive wear mechanism are as follow:  
 

 The cutting velocity, feed rate and cutting temperature was very low, decreasing 
the probability of chemical wear, adhesive wear and wear caused by thermo-
mechanical load.  

 Sverker 21 contains a high content of hard Cr7C3 particles 
 Stripes of the same size as the Cr7C3 particles were found on the worn coatings. 
 The wear rate was almost constant during testing. 
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Arguments that do not support an abrasive wear mechanism are as follow: 
 

 Cr7C3 particles are ~4-15 GPa softer than the coatings. (The measured hardness 
of the Cr7C3 was ~22 GPa, which is a mean value from nanoindentation in four 
carbide particles) 

 No correlation between tool life and hardness was found 
 
If we assume that the measured hardness values are correct, there are three possibilities 
for the low correlation between hardness and performance seen in this study: 
 

1) The dominating wear mechanism is not abrasive 
2) The dominating wear mechanism is abrasive, but the hardness is only important 

up to a certain level. At this point, another property induces the difference in 
flank wear resistance between coatings of different Al-content 

3) The dominating wear mechanism is abrasive, but the hardness values measured 
at room temperature are not relevant since the hardness of the coatings changes 
during operation. 

 
The different appearance of the worn areas between the TiN and TiAlN variants (As seen 
in section 6.7) could suggest a shift in wear mechanism. The TiN-coatings are closest in 
hardness to the chromium carbide particles, and could also possibly loose a few GPa in 
hardness during machining, as seen in Error! Reference source not found.. The 
hardness of TiAlN is however known to increase with temperature, at least up to about 
800-900°C, depending on the conditions. That could support that TiN is worn dominantly 
by abrasion, whereas the TiAlN-coatings are mainly worn due to another mechanism. 

As seen in the correlation analysis, the parameter with the highest correlation to 
tool life was material ductility, with an increased tool life for the more brittle variants. If 
this is true, or if it originates in another property that correlates in the same way to Al-
content, cannot be established here. 

A further investigation of the inserts is necessary to be able to conclude the wear 
mechanism and the important properties. The surface microstructure has to be further 
studied and the hardness of the coatings (in the zone marked by the yellow box in Figure 
35) after operation should be measured. 

6.11.2 Flank wear resistance in grey cast iron 
As mentioned before, the tool life in this test method was strongly dependent on the time 
at which chipping of the edge began. If there is an interest in investigating this further, 
one should also look closer at the crater, since the chipping often seemed to originate 
from damages in that area. A few things can however be concluded from the results in 
this study.  

A dominating abrasive wear mechanism is questionable since the correlation 
analysis showed no impact on the tool life for different hardness values. A deeper 
analysis of the flank wear before the chipping could however reveal more relevant 
information about this. The work piece material could contain hard carbide particles 
formed from alloying elements such as Cr or Si, which in fact are present in SS0125. 

The correlation analysis showed that the composition was of importance for the 
tool life. Also, as seen in the Sverker flank wear test, B/G and C12-C44, both showed signs 
of having effects on the tool life, with B/G showing the strongest relation, suggesting that 
the ductility of the coatings are important. 

As seen in the SEM/EDS-analysis, Al2O3 and SiO2 had formed on the flank after a 
few minutes of turning, but the importance of this oxide formation cannot be established 
here. If these protruding areas acted as initiation points for chipping, the chemical driving 
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force of the coating materials to adhere/form these products are of importance for the 
wear rate. 

6.11.3 Stainless steel 316L 
In contrast to the previous test methods, the H-Al variants performed worst in this test. 
The correlation analysis showed that the tool life decreases with increased Al-content, 
but was prolonged for harder coating materials. 

Based on information from the SEM-micrographs, it seems like the crater started to 
form in the interface between the stick and slide region and grew in size towards the 
edge. The top region of the crater shows signs of a brittle worn edge, with coating 
wearing off bit by bit (as seen in Figure 43 and Figure 44).  

Two probable mechanisms in this case are adhesion and/or thermo-mechanical 
load. The crater zone was in constant contact with the highly deformed and heated chip. 
Since both feed rate and cutting velocity were higher in this test than for the other tests, 
it is probable that the mechanical load was also higher. As mentioned in section 3.3, an 
increased pressure increases the probability of an adhesive wear mechanism. The fact 
that stainless steels tend to adhere to cutting tools also supports this theory. The surface 
structure of the coating above the exposed crater, which can be seen Figure 47 in the 
SEM-analysis, have a typical look of adhesively deformed “tongues”. 

 
The observations made in this thesis suggest that the crater growth in this test method 
happened as follows: 
Shearing of the coating occurred when the chip adhered to it. Cracks started to form and 
grew in size during operation. The cracks separated areas of coatings from each other 
and further shearing caused pieces of coating to wear off when reaching the crater. 
If this is true, what matters in the coating are the size and shape of the cracks that forms 
and the adhesion towards substrate and/or work piece material. There are three possible 
reasons for why the Al-content and/or bias should matter: 
 

1. The Al-content/bias affects the crack formation and evolution. 
2. The adhesion between the tool and substrate changes with Al-content/bias. 
3. The adhesion between the tool and the work piece material changes with Al-

content/bias. 
 

In the SEM-study it was concluded that the sizes and lengths of the cracks increases with 
both Al-content and bias, but with the biggest difference between groups of different Al-
content. 

The effect of bias on cracking and adhesion 

The coatings in this thesis produced with a higher bias were harder, which is often 
accompanied by an increased brittleness. In the SEM-study it was concluded that the 
cracks were in fact longer and broader for the high bias variants. This should have a 
negative impact on the performance, but the opposite was observed. Since an increased 
bias had a positive effect on the performance, the reason must lie in enhanced adhesion 
properties, which were more important than poor cracking behaviour. Ahlgren has 
reported in [55] that inserts deposited with a higher bias gives an enhanced resistance 
towards flaking. This has also been reported in another study by Ahlgren [75].  It should 
be noted that too high substrate bias could however have the opposite effect if the 
stresses are too high, which could cause the coating to flake.  

The effect of the composition on cracking and adhesion 

In the section 6.7, DFT calculations suggest that the ductility decreases with Al-content. 
Additionally, as the temperatures were high in this test, it is not unlikely that the c-TiAlN 



61 
  

have decomposed and transformed into h-AlN and c-TiN. A spinodal decomposition is 
typically observed first at a temperature of about 800°C [14] (as seen in Error! 
Reference source not found.), and further heating or longer times eventually leads to a 
transformation into h-AlN. The FEM-simulations suggest a peak temperature of ~750°C, 
but only describes the temperature before any wear has started. This means that the real 
temperature could be higher.  

Since the molar volume is higher in h-AlN than for c-AlN, this transformation could 
cause tensions in the material which increases the brittleness. As mentioned before, the 
spinodal decomposition is more likely for TiAlN coatings with higher Al-content, which 
could explain the poor performance of the H-Al-variants. By investigating the inserts 
using diffraction mode in TEM any formation of h-AlN could be confirmed. 

The formation of h-AlN could also have a bad effect on the adhesion if the large 
volume change causes an increased mismatch to the substrate. Eventual signs of bad 
adhesion between the coating and substrate could be revealed by looking at the cross 
section of the crater in a FIB-SEM. 

If the stainless steel preferentially adheres to coatings with higher Al-content, this 
could also explain why these variants perform less well in this test. This could be 
confirmed with TEM and DFT. The elements present in the interface between the coating 
and the adhered material could be investigated with a cross section sample of the crater 
in TEM. This could possibly also be done with FIB-SEM, but if a few atomic layer thick 
enrichment of an element is present in the interface, only TEM could detect this. When 
the adhering elements have been established, the adhesion towards the different coating 
compositions could be investigated using a slab-model in DFT.  If for example Fe is the 
adhering element, the energy gained by creating a Ti-Fe interface could be compared 
with the formation of an Al-Fe interface. In a previous report, Engman has showed with 
ThermoCalc that TiN has a higher chemical stability towards Fe compared to AlN [76], 
which could contribute to the good performance of high Ti containing TiAlN coatings.  

 
7 CONCLUSIONS 
The results in this thesis work have led to the following conclusions: 
 

 The difference in elastic moduli between the nine coatings did not show a 
significant effect on the performance of the cutting tool for the tests performed in 
this study. The reasons for this might be that the difference in elastic modulus 
between these variants was too small to induce a significant change in tool life. It 
might also be because the elastic modulus in fact does not matter in these specific 
tests. The ratio between bulk and shear modulus, B/G, seem to be more 
important, which is reasonable since the coating is both sheared and compressed 
during turning operation. 
 

 The composition of the coatings had a huge impact on the flank wear resistance in 
Sverker 21, with a prolonged tool life for a higher Al-content. The difference in 
hardness between the coatings did not seem to matter. Scratch patterns suggests 
abrasion, but no correlation between hardness and tool life could be obtained.  
Reasons for this might be: 

o The hardness relative to the abrading particles is important. In this case 
all coatings were hard enough to let another material property be wear 
rate deciding for the abrasion. 

o Another wear mechanism occurred simultaneously with abrasion, and 
was the wear rate deciding one. 
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o There was a change in dominating wear mechanism. The TiN-coatings 
had the lowest measured hardness, increasing the possibility of an 
abrasive mechanism. The TiAlN coated inserts were harder and could be 
worn by a different mechanism. 

 
 In the crater wear resistance tests made in stainless steel 316L, the crater started 

to form 400-500µm from the edge and grew in size towards the edge. The coating 
seemed to wear off bit by bit when pieces of coating, separated by a network of 
cracks, reached the crater during shearing. Important for the performance is 
believed to be: 

o The crack formation and evolution in the coatings as well as the adhesion 
to the substrate and the tendency to stick to the work piece material. 

o The positive effect from an increased bias might originate in an increased 
adhesion to the substrate.   

o An increased Al-content had a negative impact on the performance, 
possibly caused by either bad adhesion to the substrate, increased 
tendency to stick to the chip or an increased brittleness leading to severe 
cracking. The transformation of c-AlN into h-AlN could be one of the 
reasons for this, causing a volume increase that accelerates the cracking 
and worsens the adhesion to the substrate.  

 
 The wear tests in grey cast iron were hard to interpret because of chipping and 

edge fracture interfering with the flank wear. An increased Al-content had a 
positive influence on the performance. A formation of Al2O3 was noted for all 
inserts, but decreased substantially with higher Al-content. The hardness of the 
coatings seemed to be of less importance. 
 

 The wear tests in nodular cast iron were not fully evaluated since plastic 
deformation of the substrate was too dominating. 

 
 The material properties computed with DFT compared well to experimental 

values and other theoretical references. By adding a correction term for the 
contributions from grain boundaries and texture preferences to the theoretical 
isotropic elastic modulus, a higher correlation to the measured elastic modulus 
could be obtained.  

 
 DFT could be used as an effective tool to compare properties and rank different 

materials. It could for example reveal trends in mechanical properties that occur 
when a new alloying element is introduced.  

 
 Since directional specific properties can be obtained for a number of properties, 

DFT could provide information on the crystal orientation that enhances a specific 
property, which could be useful when texturizing coatings.  
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8 FUTURE OUTLOOK 
Since so much information is collected for these specific inserts, further investigation of 
them might answer some of the remaining questions on the wear behaviour and 
important properties for these tests. Many of the coated inserts were not used in this 
thesis, which means that they could be used to investigate the wear mechanisms and 
relations to material properties in other test methods. Here follow some suggestions of 
continuous research. 
 

 Use a FIB-SEM to make cross section samples of the variants tested in Sverker 21 
to investigate the “cavities” seen for the TiN-coated inserts. 
 

 Perform pure tribological abrasive tests with diamonds as the abrading particles 
to see if only hardness of the coatings are of importance or if there seems to be 
another property that induces changes in the results. 

 
 Test coatings with hardness values around that of the Cr3C7, perhaps different 

heat treated TiN-coatings, to see if the hardness correlated better to the 
performance.   
 

 Investigate if h-AlN has formed in the crater on inserts tested in 316L. Because of 
the very small wear land, it is probably necessary to make TEM-samples. 

 
 Investigate the adhesion to the substrate of the nine investigated coatings to see if 

there is a correlation to the performance in 316L 
 

 Investigate the chemical stability of TiN and AlN towards the adhering elements 
from 316L using TEM and DFT as suggested in section 6.10. 
 

 Look more into the correlation between material properties and the performance 
at shorter operation times for the inserts tested in grey cast iron, or, adjust the 
test parameters to avoid the chipping problem. 

 
 Investigate the B/G ratio for other coating materials to test whether or not it is a 

significant property for the performance of the cutting tool. 
 

 Make a full multivariate data analysis that accounts for non-linear relationships 
and mutual correlations between the properties to find the true contribution 
from each property to the performance. 

 
 Investigate the effect of grain size on elastic modulus to be able to create a 

correction term to the calculated elastic modulus. 
 

 Investigate the influence of texture on elastic modulus and use the calculated 
directional specific elastic moduli to correct for further differences between 
experimentally measured and calculated values. 

 
 Make a mapping of the important properties for other Al-contents than those 

investigated here and for other interesting material systems. 
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APPENDIX A: SYMBOLS AND ABBREVIATIONS 
 
AlN  Aluminium nitride 
B  Bulk modulus 
BF  Bright field 
BSE  Backscattered electron 
Cij  Elastic constant 
DF  Dark field 
E  Elastic modulus 
EDS  Energy dispersive x-ray spectroscopy 
fn  Feed rate 
EDS  Energy dispersive X-ray spectroscopy 
G  Shear modulus 
H  Hardness 
KA  Crater area 
LOM  Light optical microscope 
PVD  Physical vapour deposition 
SE  Secondary electron 
SEM  Scanning electron microscope 
TiAlN  Titanium aluminium nitride 
TiN  Titanium nitride 
VB  Flank wear size 
Vc  Cutting speed 
WDS  Wavelength dispersive x-ray spectroscopy 
WPM  Work piece material 
XRD  X-ray diffraction spectroscopy  
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APPENDIX B: XRD SPECTRA 
 

 

Figure 69: XRD diffractograms, overview of whole spectra. 

 

 

Figure 70: XRD diffractograms, zoomed in on the TiAlN (111) reflection. 
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Figure 71: XRD diffractograms, zoomed in on the TiAlN (200) reflection. 

 

 

Figure 72: XRD diffractograms, zoomed in on the TiAlN (220) reflection.  
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APPENDIX C: TURNING TEST RESULTS 
Method 1 – Turning in Sverker 21, SS2310 

 

Figure 73: Overview of the flank wear versus operation time for all inserts in method 
1, DP1. 

 

Figure 74: Overview of the flank wear versus operation time for all inserts in method 
1, DP2. 

 

Figure 75: Bar charts displaying the time at which the inserts tested in method 1 have 
reached the VB-criteria of 0.30 mm. 
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Figure 76: VB after two minutes of turning in Sverker 21. 

 

 

Figure 77: VB after four minutes of turning in Sverker 21. 

 

 

Figure 78: VB after ten minutes of turning in Sverker 21. 
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Method 2, Grey cast iron SS0125 

 

Figure 79: Overview of the flank wear versus operation time for all inserts in method 
2, DP1. 

 

Figure 80: Overview of the flank wear versus operation time for all inserts in method 
2, DP2. 

 

Figure 81: Bar charts displaying the time at which the inserts tested in method 2 have 
reached the VB-criteria of 0.30 mm. 
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Figure 82: VB after two minutes of turning in SS0125. 

 

Figure 83: VB after eight minutes of turning in SS0125. 

 

Figure 84: VB after twelve minutes of turning in SS0125. 
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Method 3, nodular cast iron SS0727 

 

Figure 85: Overview of the flank wear versus operation time for all inserts in method 
3, DP1. 

 

Figure 86: Overview of the flank wear versus operation time for all inserts in method 
2, DP2. 

 

Figure 87: Bar charts displaying the time at which the inserts tested in method 3 have 
reached the VB-criteria of 0.30 mm. 

0

0,05

0,1

0,15

0,2

0,25

0,3

0 1 2 3 4 5 6 7 8 9 101112131415161718192021222324252627282930

V
B

 [
m

m
] 

Time [min] 

SS0727, DP1 

0

0,05

0,1

0,15

0,2

0,25

0,3

0 1 2 3 4 5 6 7 8 9 101112131415161718192021222324252627282930

V
B

 [
m

m
] 

Time [min] 

SS0727, DP2 

0

5

10

15

20

25

30

Ti
m

e
 (

m
in

) 

Tool life, DP1 

0

5

10

15

20

25

30

35

Ti
m

e
 (

m
in

) 

Tool life, DP2 



IX 
  

  

 

Figure 88: VB after two minutes of turning in SS0727. 

 

 

Figure 89: VB after six minutes of turning in SS0727. 

 

 

Figure 90: VB after sixteen minutes of turning in SS0727. 
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Method 4, Stainless steel AISI 316L  

 

Figure 91: Overview of the crater wear versus operation time for all inserts in method 
4, DP1. 

 

Figure 92: Overview of the crater wear versus operation time for all inserts in method 
4, DP2. 

  

Figure 93: Bar charts displaying the time at which the inserts tested in method 4 have 
reached the KA-criteria of 0.60 mm2. 
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Figure 94: KA after two minutes of turning in 316L. 

 

 

Figure 95: KA after three minutes of turning in 316L. 

 

 

Figure 96: KA after five minutes of turning in 316L. 
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