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Résumé 

Des préoccupations environnementales et la réduction des coûts de fluides de coupe utilisés en 

usinage ont conduit à l’accroissement de l’intérêt industriel dans le remplacement de ces fluides 

par des liquides cryogéniques écologiques comme l'azote liquide (LN2). Cependant, la 

recherche en usinage dans des conditions cryogéniques (aussi appelé « usinage par assistance 

cryogénique ») a montré une grande dispersion d’usure et de durée de vie des outils. Ceci 

s’expliquerait par la faible performance des outils utilisés actuellement à des températures 

cryogéniques.  

L’objectif de ce projet est d’améliorer la performance des outils de coupe lors du tournage 

d’alliage de Titane Ti6Al4V sous assistance cryogénique en améliorant leurs propriétés 

chimiques/mécaniques/physiques. Une solution est l’application de traitements de surface, 

comme les dépôts PVD. Beaucoup d'études ont été faites quant à l’application de dépôts sur des 

outils de coupe en usinage mais jusqu'ici l'objectif principal était d'obtenir des couches 

présentant une stabilité thermique à de hautes températures (plus de 1000°C). Ceci est 

typiquement le cas de TiAlN. Cette étude va donc consister à optimiser des dépôts stables 

thermiquement à de hautes températures (e.g. 400-500°C) tout en supportant des chocs 

thermiques. En effet, pendant l'usinage par assistance cryogénique, même sous une atmosphère 

à -196°C, la température locale au contact outil/copeau peut être extrêmement élevée.  

Cette étude peut être divisée selon les tâches suivantes :  

− Optimisation de monocouches telles que CrN et AlCrN, en faisant varier 2 paramètres : 

la température de dépôt et la tension de polarisation du substrat. 

− Développer des multicouches comme Cr/CrN/AlCrN, en faisant varier 2 paramètres : 

l'épaisseur de chaque monocouche et le nombre d'interfaces (ou le nombre de chaque 

monocouche).  

− Caractériser ces différents revêtements (MEB + EDS, DRX, contraintes, dureté, 

adhérence, XPS, propriétés thermiques etc) pour déterminer les mono et multicouches 

optimales à appliquer sur les pions pour les tests de tribologie.  

− Réaliser des essais tribologiques avec des pions en carbure non revêtus et revêtus par 

PVD, en utilisant les stratégies de refroidissement/lubrification avec azote liquide (LN2) 

et émulsions (mélange huile-eau), afin d'analyser les performances des revêtements en 

termes de coefficient de frottement, adhésion de l’alliage de Titane Ti6Al4V sur les 

pions et sa température. 
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− Réaliser des essais d'usure en tournage d'alliage de titane Ti6Al4V, afin d'évaluer la 

durée de vie des outils en carbure revêtu par PVD dans des conditions de refroidissement 

cryogénique avec LN2 et comparer avec la durée de vie des outils avec les émulsions. 

 

Mots-clefs : Revêtements PVD, Usinage par assistance cryogénique, Alliage de titane Ti6Al4V, 

Tribologie, Usure d’outil. 
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Abstract 

Environmental concerns and cost reduction of metal working fluids (MWF) used in machining 

operations result in ever-growing industrial interest in replacing these fluids with eco-friendly 

cryogenic fluids such as liquid nitrogen (LN2). However, research on machining under 

cryogenic conditions (also referred to as “cryogenic assisted machining”) using existing cutting 

tools (developed for use with common MWF) have shown a large scatter in tool wear, and thus 

tool life. This scatter can be partially attributed to the subpar performance of the existing cutting 

tools under cryogenic temperatures. The proposed project aims to develop of the next 

generation of cutting tools for cryogenic assisted machining. The objective is to enhance the 

performance of the cutting tools for cryogenic assisted machining by improving the 

chemical/mechanical/physical properties of the tool materials. One solution to improve the tool 

life is surface treatments, such as PVD hard coatings. Many studies have been made regarding 

this topic of research, but so far, the main objective is to obtain coatings that have a high thermal 

stability at high temperatures (more than 1000°C). This is typically the case of TiAlN. This 

study is innovative, because it deals with hard protective coatings that will have a high thermal 

stability at high temperature (around 400-500C) but that could also support thermal shocks. 

Indeed, during cryogenic machining, even under a -196°C atmosphere, the local temperature at 

tool-chip/workpiece interface can be extremely high.  

This study can be divided into the following tasks: 

− To optimize monolayers such as: CrN and AlCrN, by varying 2 parameters: deposition 

temperature and bias voltage on substrate. 

− To develop multilayers such as Cr/CrN/AlCrN, by varying 2 parameters: thickness of 

each monolayer and the number of interfaces (or number of each monolayer).  

− To characterize these different coatings (SEM+EDS, XRD, stress, hardness, adhesion, 

XPS, thermal properties etc) to determine the optimal mono and multilayers to be applied 

on pins for tribological tests. 

− To conduct tribological tests using uncoated and PVD-coated carbide pins under flood 

(mixture oil-water) and cryogenic (LN2) conditions, in order to analyse the performance 

of the hard coatings in terms of apparent friction coefficient, volume of build-up material 

(adhesion) to the pins, and their temperature. 
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− To conduct tool wear tests in turning of Ti6Al4V titanium alloy, in order to evaluate the 

tool life of PVD-coated carbide tools under cryogenic cooling conditions and compare 

with the tool life under flood conditions.  

 

Keywords: PVD coatings, Cryogenic Assisted Machining, Ti6Al4V titanium alloy, Tribology, 

Tool Wear. 
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IBAD Ion beam assisted deposition 
IWS Integrated wear scope 
LN2 Liquid nitrogen 
MPTR Modulated photothermal radiometry 
MQL Minimum quantity lubrication 
MRR Metal Removal Rate 
MWF Metal Working Fluid 
NIST National Institute of Standards and Technology (US) 
PA Polyamide 
PCA Principal Component Analysis 
PE Polyethylene 
PVD Physical vapor deposition 
RC Reduced correlation 
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RF Radio frequency 
SEM Scanning electron microscopy 
WC Tungsten Carbide 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 

Symbols 

𝑎𝑎𝑝𝑝 mm Depth of cut 
𝑎𝑎𝑠𝑠  m²∙s-1 Thermal diffusivity of substrate 
𝐴𝐴 m² Residual deformed surface 
𝐴𝐴𝑖𝑖, 𝐴𝐴𝑗𝑗 mm² Single/assemble area section 
𝑐𝑐𝑝𝑝 kJ∙kg-

1∙K-1 
Specific heat capacity 

𝑑𝑑 µm Width of track (scratch-test) 
dhkl Å Interplanar distance, (h, k, l) is the Miller index 
𝐷𝐷𝑤𝑤, 𝐷𝐷𝑤𝑤1 mm Diameter of raw workpiece/machined surface 
e  Euler’s number 
𝐸𝐸, 𝐸𝐸𝑟𝑟 GPa Elastic modulus, reduced elastic modulus 
𝐸𝐸𝐵𝐵 J Binding energy (XPS) 
𝐸𝐸𝑖𝑖, Es GPa Elastic modulus of indenter/substrate 
𝐸𝐸𝑘𝑘 eV Kinetic energy of the photoelectrons (XPS) 
𝐸𝐸𝑐𝑐
𝑓𝑓, 𝐸𝐸𝑝𝑝𝑖𝑖  eV Initial kinetic energy of target/projectile particles 

𝑓𝑓 mm/rev Feed 
𝐹𝐹𝑐𝑐, 𝐹𝐹𝑛𝑛, 𝐹𝐹𝑡𝑡 N Cutting/normal/tangential force 
𝐹𝐹𝑛𝑛𝑛𝑛 N Normal force (tool/chip interface) 
ℎ J·s Planck’s constant (XPS) 
ℎ𝑓𝑓, ℎ𝑚𝑚𝑚𝑚𝑚𝑚, ℎ𝑠𝑠 nm Final/maximum load/sink-in depth (Nanoindentation) 
𝐻𝐻 GPa Hardness 
𝑗𝑗  Imaginary unit  
𝑘𝑘𝑑𝑑, 𝑘𝑘𝑠𝑠 W.m-1.K-

1 
Thermal conductivity of the coating/substrate 

K  Dimensionless shape factor 
Kc MPa.m1/2 Rupture toughness 
𝑙𝑙𝑐𝑐 mm Contact length (tool-chip interface) 
𝐿𝐿𝐿𝐿1, 𝐿𝐿𝐿𝐿2 N Force corresponding to cracking/delamination of coating  
𝑀𝑀𝑐𝑐, 𝑀𝑀𝑝𝑝 uma Mass of atom/projectile particle 
n  Integer number (XPS) 
𝑁𝑁 rev/min Rotation speed 
P MPa Contact pressure (orthogonal cutting) 
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 N Maximum applied force (Nanoindentation) 
𝑃𝑃𝑛𝑛𝑛𝑛 MPa Average contact pressure (tool/chip interface) 
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𝑟𝑟𝜀𝜀 µm Nose radius 
𝑅𝑅0, 𝑅𝑅  m Curvature of silicon before/after deposition 
𝑅𝑅𝑎𝑎, 𝑅𝑅𝑞𝑞, 𝑅𝑅𝑡𝑡 µm Arithmetical mean/Root mean square roughness, maximum 

height 
𝑅𝑅𝑑𝑑𝑑𝑑, 𝑅𝑅𝑡𝑡ℎ m.K∙W-1 Thermal resistance at coating and substrate 

interface/coating 
S N/m Stiffness 
𝑇𝑇𝑚𝑚, 𝑇𝑇β  °C Melting/ β transus temperature 
𝜈𝜈 Hz Frequency of the X-ray (XPS) 
𝜈𝜈𝑓𝑓 m/min feed rate 
𝜈𝜈𝑖𝑖, 𝜈𝜈𝑠𝑠  Poisson ratio of indenter/substrate (Nanoindentation) 

𝑉𝑉𝑐𝑐, 𝑉𝑉𝑠𝑠, 𝑉𝑉1 m/min Cutting speed, sliding/chip velocity 

VBB, VBC mm Flank wear 

𝑊𝑊𝑎𝑎𝑎𝑎 J∙m-² Work of adhesion 

𝑥𝑥𝑖𝑖, 𝑥𝑥𝑖𝑖+1; 𝑦𝑦𝑖𝑖, 𝑦𝑦𝑖𝑖+1  Abscissa/Ordinate coordinate of area section 

β  Line broadening at FWHM (XRD) 
ΔT °C Temperature variation 
𝜀𝜀  Indenter geometry depended constant value 

(Nanoindentation) 
𝜀𝜀𝑝𝑝, 𝜀𝜀̇  Plastic strain, strain rate 

ζ  Chip compress ratio 

θ ° Incident angle (XPS/XRD) 
𝜅𝜅𝑟𝑟 ° Cutting edge angle 
λ Å X-ray wavelength (XPS/XRD) 
Λ  Multilayer period 
𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎, 𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙, 𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  Apparent friction coefficient, local adhesive/macroscopic 

part 
Ρ kg∙m-3 Density 
τ nm Mean size of the ordered crystalline domains (XRD) 
𝜙𝜙  Work function term (XPS) 
𝜔𝜔 rad∙s-1 Angular frequency 
wt.%  Weight percentage 
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Introduction 

Machining operations such as turning, milling, drilling and grinding consume a big quantity of 

money annually worldwide. Environmental concerns and cost reduction of metal working fluids 

(MWF) used in machining operations result in ever-growing industrial interest in replacing 

these fluids with eco-friendly cryogenic fluids such as liquid nitrogen (LN2). However, research 

on machining under cryogenic conditions (also referred to as “cryogenic assisted machining”) 

using existing commercial cutting tools (developed for use with common MWF) have shown a 

large scatter in tool wear/life. 

 

Titanium can be used in many fields due to its outstanding properties, including high strength, 

high toughness, biocompatibility, and good corrosion resistance. This material is not only used 

in the aerospace industry, but also for biomedical applications, and for chemical and oil 

industries. However, the major problem of this material is its poor machinability. Cryogenic 

assisted machining is a promising solution to improve machinability and surface integrity of 

the machined part. Many research works have shown the advantages of cryogenic cooling 

compared to conventional dry or flood conditions, including reduction of the temperature, 

reduction of the forces, improvement of surface finishing, etc [1]. However, as mentioned 

above, there are still some drawbacks associated to this technology, which can be partially 

attributed to the subpar performance of current commercial cutting tools under very 

low/cryogenic temperatures [2]. 

 

The current research work aims to develop the next generation of high-performance cutting 

tools for cryogenic machining. The objective is to enhance the performance of the cutting tools 

for cryogenic machining by improving the chemical/mechanical/physical properties of tool 

materials. One solution to improve such tool performance/life is by applying surface treatments, 

such as PVD hard coatings. Many studies have been made regarding this topic of research, but 

so far, the main objective is to obtain coatings that have a high thermal stability at high 

temperatures (more than 1000°C). This is typically the case of TiAlN coating. This study is 

innovative, because it deals with hard protective coatings that will have a high thermal stability 

at high temperature (around 400-500°C) but that could also support thermal shocks. Indeed, 
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during cryogenic machining, even under -196°C atmosphere, the local temperature at the tool-

chip/workpiece interface can be extremely high.  

 

This manuscript is divided into five chapters as described as follows: 

 

Chapter 1 introduces a state-of-the-art on metal cutting, cryogenic assisted machining, 

Ti6Al4V alloy, tribology, tool wear, tool materials and hard coatings. This chapter ends by 

justifying the selection of the Cr/CrN/AlCrN multilayers tool coating to be optimized for 

cryogenic machining. 

 

Chapter 2 starts by describing the experimental techniques related to coatings synthesis and 

physicochemical, structural, mechanical, tribological, thermal characterizations, including: 

magnetron sputtering system, SEM+EDS, XPS, XRD, nanoindentation, scratch test, stress 

determination, rotative tribometry, optical profilometry etc. This chapter ends with the 

description of the experimental setup and conditions used in the tribological and tool wear tests. 

 

Chapter 3 presents the results and discussion about the optimization of the Cr, CrN and AlCrN 

monolayers. Three types of coatings were deposited on silicon and tungsten carbide substrates: 

a pure Chromium coating as underlayer, Chromium nitride coatings, Chromium Aluminum 

nitride with varied Aluminum content. The influence of deposition conditions such as 

deposition temperature and substrate bias voltage on the CrN and AlCrN properties are 

discussed in this chapter. Numerous characterizations were investigated to determine the 

coatings properties like structure by XRD, observation of surface morphology by SEM, 

mechanical properties analysis with Nanoindentation and scratch test, tribological performance 

with a rotative tribometer, etc. These characterizations permit to study the physicochemical, 

structural, tribological and mechanical performances of the coatings. Then the best monolayers 

were determined to be the constituent of the Cr/CrN/CrAlN or Cr/CrN/AlCrN multilayers. In 

this section of Chapter 3, we studied the effect of the number of interface as well as the thickness 

of each monolayer on the multilayer’s properties. Thus, the properties of the obtained 

multilayers were investigated by the same characterization methods mentioned above. The 

optimized mono and multilayer coatings were chosen to be applied on carbide pins for the 

tribological tests described in the following Chapter 4. 
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Chapter 4 is dedicated to the tribological tests, the analysis between Ti6Al4V titanium alloy 

and uncoated/PVD-coated carbide pins, under several sliding speeds, two contact pressures, 

and two cooling/lubrication strategies: flood (mixture oil-water) and cryogenic (LN2) 

conditions. The pins were previously coated using the optimized monolayers and multilayers 

determined in Chapter 3. A multilevel factorial design of experiments (DoE) was applied to 

analyse the performance of the hard coatings in terms of apparent friction coefficient, volume 

of build-up material (adhesion) to the pins, and their temperature. Tribological tests were 

performed using a special designed pin-on-bar tribometer to reproduce the contact conditions 

in machining, followed by analysis to the pins’ surface using digital microscopy, SEM and 

optical profilometry. The chapter ends with the analysis of the DoE and the determination of 

the contact conditions that reduce the adhesion of Ti6Al4V material to the pins and the apparent 

friction coefficient. 

 

Chapter 5 is dedicated to the tool wear tests in turning of Ti6Al4V titanium alloy using 

uncoated and selected PVD-coated tools (inserts) based on the results of chapter 3 and chapter 

4. The main objective is to evaluate the tool life of these tools under cryogenic cooling 

conditions and compared with the tool life under flood conditions. Tool flank wear 

measurements were performed using both home-made tool wear inspection system integrated 

into a CNC lathe machine and using optical microscopy. Tool life was determined based on 

ISO 3685:1993 using reduced VB values. SEM and EDS analysis were conducted on worn 

inserts to investigate the wear type and mechanisms. Tool temperature was measured for the 

three inserts and under both cryogenic cooling and flood conditions using thermocouples 

embedded in the cutting insert. This chapter ends with a statistical analysis to identify the 

relation between tool flank wear and other machining outcomes measured during the machining 

tests (forces and roughness of the machined surface) by applying the Pearson's correlation 

analysis. The statistical analysis was also used to build models for predicting the flank wear in 

function of the measured forces using the Principal Component Analysis (PCA) methodology. 

 

PhD dissertation finishes with the general conclusions and perspectives of future research. 
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Chapter 1. State of the art 
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1.1. Introduction 

This chapter presents the state of the art on metal cutting process, cryogenic assisted machining, 

Ti6Al4V titanium alloy, tribology, tool wear, tool materials in general, and in particular recent 

advances in hard protective coatings for cutting tools (monolayers, multilayers systems). 

1.2. Metal cutting 

1.2.1. Metal cutting definition and cutting system 

Industry productions play a main role in our daily lives. Indeed, as estimation, 80% of 

manufactured products are machined before they are presented on the market [3]. In 2019, the 

total machining tool consumption worldwide was about US $82.1 B [4], 36% of them was used 

in Europe [5]. 

Metal cutting should be viewed as a system composed by several components, including: 

machine, tool, workpiece, fixtures, regime, and MWF. For example, Figure 1 shows the case 

of the drilling system proposed by Astakhov [6]. 

 

Figure 1. Drilling system [6] 

According to Astakhov [7], metal cutting can be regarded as a forming process, where the 

components are so arranged that by their means the applied external energy causes the 
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purposeful fracture of the layer to be removed from the bulk material. The principal difference 

between metal cutting and other metal forming processes is the physical separation of the layer 

removed as chips from the rest of the workpiece. Different from fracture, in which an external 

force causes a separation of a solid body into two parts, metal cutting operation usually provides 

a continuous change of the state of stress in the first deformation zone causing a cyclic nature 

of the process. With foregoing reasons, the main purpose of metal cutting should be minimizing 

the external energy applied, therefore, generating adaptive state of stress to reduce the energy 

required for the separation of material [8]. 

1.2.2. Turning operation 

Metal cutting includes several kinds of operations such as turning, milling, drilling, and 

grinding. Among them, turning is one of the most performed operation. It represents about 30% 

profit of cutting tools in global market, in which a total value of US $16.33 B, the growth of 

turning operation in forecast reaches 4.4% in 2018 (Figure 2).  

 

Figure 2. Global market of cutting tools distribution and growth by metal cutting operation type [9] 

Generally, during turning operation, a cylindrical workpiece rotates around its axis of 

revolution, while a cutting tool carries out a translation motion. 

Figure 3 illustrates a common turning configuration. The motion of the cutting tool is called 

feed, presented by 𝑓𝑓 and the unities are mm/rev. In longitudinal turning the feed direction is 

parallel to workpiece axis. The primary motion of the workpiece is rotation N, the units are 

rev/min. Dw and Dw1 are the diameter of raw workpiece and the machined surface, respectively 

(units are millimeters). 𝑎𝑎𝑝𝑝 represents the depth of cut (unities are millimeters). The cutting 

speed, namely 𝑉𝑉𝑐𝑐, can be calculated by Equation 1: 
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 𝑉𝑉𝑐𝑐 =
𝜋𝜋𝐷𝐷𝑤𝑤𝑁𝑁
1000

 Equation 1 

 

where 𝐷𝐷𝑤𝑤 is diameter of workpiece in millimeter (mm) and 𝑁𝑁 is the rotation speed of workpiece 

in rev/min (or r.p.m). The unities of  𝑉𝑉𝑐𝑐 are m/min. 

 

Figure 3. Schematic illustration of turning operation [10] 

The feed rate can be calculated using Equation 2: 

 

 𝑣𝑣𝑓𝑓 = 𝑓𝑓 ∙ 𝑁𝑁 = 𝑓𝑓 ∙
1000𝑉𝑉𝑐𝑐
𝜋𝜋𝐷𝐷𝑤𝑤

 Equation 2 

 

As productivity becomes more and more important in industrial production, evaluating how 

fast one turning operation can remove the material from workpiece is represented as MRR 

(Metal Removal Rate) in mm3/min. MRR depends on the cutting speed, feed and depth of cut 

according to Equation 3: 

 

 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑉𝑉𝑐𝑐 ∙ 𝑓𝑓 ∙ 𝑎𝑎𝑝𝑝 Equation 3 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

9 

 

1.2.3. Metal Working Fluids 

The metal working fluids (MWF) is integrated in the metal cutting system. They play an 

important role in cutting, including:  

• Evacuation of the heat generated during the metal cutting process; 

• Lubrication, which contributes to decrease of friction coefficient at the tool-chip and 

tool-workpiece interfaces;  

• Remove the chips from the cutting zone. 

Recent years in the market, the available lubricants are conventional MWF (oil-based, aqueous-

based, synthetic and semi-synthetic), and most recently developed MWF (vegetable-based, 

cryogenic-based, etc.). Minimum quantity lubrication (MQL) and cryogenic assisted machining 

attract more and more attention of the industries. Regarding the methods of application of MWF 

in metal cutting, they can be classified into wet, mist cooling and high-pressure (HPJ) 

techniques [11]. 

The inconveniences of conventional MWF on health and environment are well known. It is 

reported around 80% of occupational infections of operators are due to contact of skin with 

cutting fluids [12], this may even cause skin cancer [13]. The recent developed MWF, for 

example the vegetable-based oils are preferable because they are biodegradable than mineral 

oils [14]. Furthermore, the vegetable-based oils not only provide high strength lubricant film to 

interact strongly with metallic surface, but also reduce the friction and wear. However, low 

thermal stability, low oxidative stability, high freezing points and poor corrosion protection are 

the main limitations of these vegetable-based oils in relation to the conventional MWF [11].  

In dry machining no cutting fluid is used, thus avoids the health contamination and pollution 

problems of conventional MWF. However, it reduces enormously the productivity especially 

in cutting of refractory alloys, where the lubrication and cooling actions are strongly required. 

To minimize the quantity of lubricants (mineral, vegetal, etc.), MQL is introduced, which 

substantially reduces the environmental impact and cost associated to conventional MWF. 

MQL is also called near-dry machining and micro-lubrication due to the very low quantity 

lubricant mixed in high pressure jet of air. Comparing to traditional flood conditions, the flow 

rate of MQL is 50 ml/h – 2 l/h, which is one thousandth of the other [15]. Still, the inconvenient 

of MQL is obvious, it cannot provide an effective cooling and lubrication effects as the 

traditional MWF in flood conditions.  
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As mentioned by Jawahir et al. [16], although cryogenic machining is known for more than 

decade and a half as explained by Uehara and Kumagai [17], no significant progress was 

reported on it until the work by Chattopadhyay et al. [18]. This cooling method uses low 

temperature fluids like liquid nitrogen (LN2) and carbon dioxide (CO2) instead of conventional 

MWF. The LN2 evaporates almost harmlessly into atmosphere when it absorbs the heat 

generated from metal cutting. Moreover, the chip is removed by the LN2 jet during process, the 

cooling fluid contains no oil so there is no need to clean the surface of workpiece. Several 

studies reported a delay of various types of wear such as abrasion, adhesion and diffusion and 

an increase of tool life when machining with carbide tools [19–25]. 

As so many benefits are shown by cryogenic assisted machining, the following section will 

present the cryogenic assisted machining in detail. 

1.3. Cryogenic assisted machining 

1.3.1. History and definition 

Cryogenic is referred to science and technology of producing low temperature environments. 

Its applications are various; thus, it has different meanings in different domain. This 

temperature is generally considered as a point below -150°C (123 K), where stands the end of 

refrigeration. Others (e.g. NIST) divide this line at -180°C in reason that it is the normal boiling 

points of numerous gases (e.g. helium, hydrogen, neon, nitrogen, oxygen and air) [16]. 

Particularly, liquid nitrogen boils at -196°C. At the beginning of the 19th century, liquid oxygen 

and hydrogen were first discovered and employed but the “cryogenic” name appeared at the 

end of the century [26]. Despite these established definitions and practices, various researchers 

have used the term cryogenics to refer to temperatures below 0°C, largely including CO2 

applications [16]. 

In domain of machining, the first use of CO2 as coolant in machining is in early 20th century 

[27]. Through, the term ‘cryogenic assisted machining’ was first used in 1968 by Uehara et al. 

[17], cryogenic assisted machining using e.g. LN2 and CO2  as an alternative cooling method 

of traditional MWF  [28]. Since the beginning of 21st century, the application of cryogenic was 

in diverse industrial domains, leading to enrichment of research field on this topic. Same in 

machining domain, the use of high flow rate liquid nitrogen and carbon dioxide can increase 

the productivity and product quality but it increases the machining cost [29, 30]. The following 
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flow diagram (Figure 4) shows the brief history of development in cryogenic assisted 

machining. 

 

Figure 4. Brief history of cryogenic assisted machining 

1.3.2. Comparison between different cooling and lubrication methods 

There are abundant (flood) methods for cooling the cutting tool and workpiece during 

machining operations. The objective of this section is to compare the cryogenic assisted 

machining with other cooling and lubrication methods. Their applications and effectiveness are 

listed in Table 1. 

Table 1. Comparison of effectiveness and application of various cooling and lubricating methods [16] 

Effects of cooling and 

lubrication method 
Dry 

Flood (mixture 

oil-water) 
MQL LN2 CO2 MQL+LN2 

Pr
im

ar
y 

Cooling Poor Good Marginal Excellent Good Excellent 

Lubrication Poor Excellent Excellent Marginal Marginal Excellent 

Chip removal Good Good Marginal Good Good Good 

Tool life Poor Good Marginal Excellent Good Good 

Se
co

nd
ar

y 

Machine cooling Poor Good Poor Marginal Marginal Marginal 

Workpiece 

cooling 
Poor Good Poor Good Good Good 

Spray control Poor Good Marginal Marginal Marginal Marginal 

Surface integrity Poor Good Marginal Excellent Good Excellent 

Sustainability 
Thermal 

damage 

Pollution, high 

cost 

Harmful 

vapour 
Reference 

Technical 

difficulties 

Oil vapour, 

Technical 

difficulties 

 

The cryogenic assisted machining owns several advantages in comparison to other cooling and 

lubrication methods. On cooling aspect, its thermal capacity is excellent (cp = 2 kJ/kg∙K at 77 

K), on the aspect of final products quality, cryogenic assisted machining brings 20% beneficial 

comparing to dry machining [31]. The industrial productivity increases thanks to the longer tool 
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life. On environmental and ecological aspect, cryogenic assisted machining is one of the best 

solutions. Meanwhile, the negative impact to human body like respiratory diseases is minimized 

[32–34]. 

1.3.3. Cooling methods in cryogenic assisted machining 

LN2 and CO2 are the two most frequent very low temperature cooling methods used in 

machining operations. The use of these two liquified gases as cutting fluid should be considered 

separately because of their mechanisms of refrigeration. CO2 is stored in medium pressure 

tanks (approx. 57 bar) as liquid, the phase transformation from liquid to mixture of gaseous and 

solid of this substance occurs when the pressure drops. Temperature can reaches -78.5°C due 

to phase transformation and to the Joule-Thomson effect [16]. Nitrogen is stored in insulated 

tanks because at ambient pressure it is solidified at -210°C and boiled at -196°C [35]. It is an 

omnipresent (78% of the air that we breathe), colorless, odorless, nontoxic and inert gas. The 

production of this gas is by fractional distillation [36] and the cost of production is low [29]. 

These characteristics make LN2 a suitable choice for very low temperature cooling. 

Nevertheless, the needs of thermal insulation of delivery system, longer ready-to-start time and 

unstable phase makes it weaker than CO2 [16]. 

The main objective of both LN2 and CO2 in metal cutting is to dissipate the heat generated by 

this process. A big part of the energy consumed during metal cutting is transformed into heat 

in the cutting zone [37]. This is critical in machining refractory alloys like Titanium alloys and 

Nickel based alloys due to their low thermal conductivity, which leads to a very high 

temperature in cutting zone [38–40]. It is also important to mention that titanium is pyrophoric, 

so aggressive cutting conditions may cause fire during cutting. Cryogenic assisted machining 

provides the solution for the problem. 

Jerold and Kumar [1] reported that both LN2 and CO2 resulted in lower cutting temperature 

compared to conventional flood MWF, but LN2 (reduction of 47%) is more effective in 

reducing the temperature than CO2 (reduction of 36%). Pahlitzsch [41] reported that LN2 and 

CO2 resulted 240% and 150% longer tool life compared to dry machining, respectively. Klocke 

et al. [42] reported that in turning Ti6Al4V titanium alloys, the use of LN2 and CO2 

significantly improves the tool life compared to conventional flood MWF, especially the LN2 

increases the tool life five times. LN2 can extend the tool life in machining of titanium alloys 

at higher cutting speeds [23, 43–48]. 
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Numerous scientific publications about cryogenic assisted machining are available and they are 

increasing due to the strong practical benefits for this technology. Figure 5 shows an increase 

of the number of publications on this topic over last 20 years. 

 

Figure 5. Publication number of cryogenic assisted machining (source from www.sciencedirect.com, 

updated until 7/11/2021) 

Comparing with CO2, the results of liquid nitrogen are more significant and more satisfied [1, 

28, 49].  

1.4. Ti6Al4V titanium alloy 

1.4.1. Types of titanium alloys, properties and applications 

The titanium -based alloys have excellent mechanical properties (high strength/weight ratio) 

until 600°C, meanwhile, it is still efficient at cryogenic temperature [50]. Comparing to nickel-

based alloys, titanium alloys are two times less dense (at 25°C, Ti6Al4V and Inconel 718) and 

have a lower toughness. Comparing to stainless steel, it has higher corrosion resistance, 

especially for pitting corrosion, acid corrosion and stress corrosion. Between 300°C and 500°C, 

the strength of titanium alloys is ten times higher than aluminum alloys [51]. 

Ti6Al4V alloys are nowadays the mainly used titanium alloy worldwide, because of its high 

strength/weight ratio, elevated fatigue strength, intermediate fracture toughness and corrosion 
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resistance. This type of alloy is employed in plenty fields, such as aerospace, automobile, 

dentistry and other biomedical application. Specifically in aerospace industry, the main 

application of this type of alloy is the jet engine. About one third of the weight of the jet engine 

is from titanium [52],  the fan blades of jet engine are made from it. Figure 6 and Figure 7 

illustrate the cross-section of a commercial jet engine and the weight percentage of some 

frequently used alloys and CFRP (Carbon Fiber Reinforced Polymer) composite on large 

commercial aircraft. 

 

Figure 6. Cross section of a jet engine [53] 

 

Figure 7. Structural weight percentage of modern commercial aircraft and gas turbine engine, including 

aluminium, titanium, steel alloys and CFRP (Carbon Fiber Reinforced Polymer) [52] 

It exits two crystallographic structures of titanium [54], the illustrations are presented in Figure 

8. The HCP (Hexagonal Close-Packed) is called phase α, the BCC (Body-Centered Cubic) is 

called phase β. At ambient temperature, the only phase of pure titanium is α, for temperature 

higher than 883°C, it transforms into β, this temperature is called transus β (𝑇𝑇𝛽𝛽).  
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Figure 8. Crystalline structure of titanium: a) HCP and b) BCC [55] 

Titanium alloys can be classified into 3 classes, depending on the proportion of phases: 

• The α alloy only constituted with α phase 

• The β alloy only constituted with β phase 

• The α+β alloy which can be classified again into 3 subclasses (according to the 

proportion of β phase equilibrium): 

o Quasi α: portion of β phase < 5% 

o α+β: portion of α phase is between 5% to 20% 

o Quasi β: few α phase 

The additional elements influence the equilibrium diagram. Figure 9 illustrates some 

characteristics and properties of titanium alloys in function of their microstructure. 

 

Figure 9. Titanium phases and properties [56] 

The cooling kinetics plays an important role on properties of titanium alloys except the chemical 

composition. For example, the α+β alloy is obtained by a quick cooling, thus exhibiting a thin 

needle structure. In contrast, the kinetic induced increasing diameter of the needles then 

transform into slats [57]. The presentation of these transformations is illustrated in Figure 10.  
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Figure 10. Crystallographic structure of Ti6Al4V : a) lamellar structure and b) equiaxial structure [50] 

The titanium alloys have some very interesting thermo-mechanical properties comparing to 

other engineering metals, such as low density, low elastic modulus, low thermal conductivity, 

high corrosion resistance, and good mechanical properties until 600°C. 

The most frequently used titanium alloy in worldwide market is Ti6Al4V, which represents 

50% values of titanium alloys, especially in aerospace sector (about 80%). 

Table 2 listed the main mechanical properties of this alloy. 

Table 2. Mechanical properties of Ti6Al4V [58] 

Properties   Values 

Density, ρ (kg/m3)   4430 

Young modulus, E (GPa)   113.8 

Poisson coefficient, ν   0.342 

Tensile strength, σ (MPa)   950 

Elongation to break, A (%)   14% 

Thermal conductivity, λ (W·m-1·C-1)   6.7 

Heat capacity, Cp (J·kg-1·C-1)   526.3 

Thermal expansion coefficient at 20, 250, 500°C (10-6·°C-1)   8.6, 9.2, 9.7 

Rupture toughness, Kc (MPa·m1/2)   75 

Melting temperature, Tm (°C)   1660 

β transus temperature, Tβ (°C)   980 

 

The properties of Ti6Al4V at low temperature is also worth to study. Figure 11 illustrates some 

mechanical properties of Ti6Al4V at low temperature. The observation from these figures are 

as follows: 
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• Elasticity modulus remains almost constant 

• Rupture dilatation increases with temperature 

• Fracture energy remains almost constant 

• Fatigue limit decreases with temperature 

• Yield and rupture strengths decrease as the temperature increases 

Hong et al. [59] also showed the increase of tensile strength and elastic limit when the 

temperature decreases. 

 

Figure 11. Mechanical properties of Ti6Al4V  at low temperature [60] 

1.4.2. Machinability 

Several standards evaluate the machinability of a material, including cutting tool life, metal 

removal rate and surface integrity of final product. Titanium alloys are considered as difficult 

to machine material, due to their mechanical and physical properties. The main problems 

associated to titanium alloys during machining are the following: 

• High sensitivity to strain and strain rate, generating high forces. 

• Low thermal conductivity, causing very high local temperatures at tool-chip interface. 

• High chemical affinity with cutting tool, causing rapid tool wear. 

• Low elastic modulus, leading to spring back after deformation. 

• Tool vibrations caused by combination of previous properties. 
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The low density and high mechanical resistance make them excellent for many applications, 

but also make them difficult-to-cut. Besides, the low thermal conductivity of titanium alloys 

(only 10 to 20% of the steels) leads just a minor part of generated heat during machining 

evacuated by chips [61]. In fact, the heat generated in machining of Ti6Al4V is 20 to 30% 

superior compared to a common steel (thermal conductivity of 6.7 W/m ∙ K for Ti6Al4V and 

50.2 W/m ∙ K for a low alloyed steel at 293 K)[62]. As a consequence, the cutting parameters 

should be substantially reduced when compared to those used to cut the steel, thus longer 

operation time and lower productivity [37].  

1.4.3. Surface integrity 

As the reason of the wide application of titanium alloys, the demand of high-quality products 

induces continuous study of the surface integrity. According to Field and Kahles [63], surface 

integrity is the inherent or enhanced condition of a surface produced in machining or other 

surface generation operation. In includes : i) the topological state (surface roughness and 

defects); ii) the metallurgical state (microstructure, phase transformation and grain size, shape); 

iii) the mechanical state (residual stress and hardness) [51]. The reliability of machined titanium 

alloys is required to be maintained but due to its poor machinability, it can be damaged during 

machining. 

Cryogenic assisted machining can help to improve the surface integrity of machined part in 

titanium alloys. Agrawal et al. [64] compared the surface roughness of Ti6Al4V under dry, wet 

and cryogenic environment. They found that 𝑅𝑅𝑎𝑎 reduced up to 71% and 64% with cryogenic 

assisted machining. Other researchers also found the same improvement in surface integrity 

with cryogenic assisted machining. Shokrani et al. [65] compared the influence among dry, 

flood and cryogenic assisted machining with varying cutting speed, feed rate and cutting depth, 

the results revealed that the cryogenic assisted machining leads to lower surface roughness in 

any cutting conditions. Ayed et al. [24] measured the surface residual stress of final workpiece, 

the workpiece machined under dry condition does not exceed -200 MPa while the one machined 

under high pressure reaches -433 MPa. Bordin et al. [23] found that cryogenic assisted 

machining helps to decrease the surface roughness at severe cutting condition when the cutting 

speed is 80 m/min and the feed rate is 0.2 mm/rev, cryogenic assisted machining provides better 

surface integrity than dry and wet cutting conditions. 
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1.5. Tribology and tool wear  

1.5.1. Contact conditions in metal cutting 

The contact between the tool and the chip/workpiece strongly affects tool life and the surface 

integrity. This contact strongly depends on several factors (contact conditions), including: 

sliding speed, contact pressure, temperature, lubrication/cooling, etc. The friction coefficient is 

often used to model this contact by correlating the shear stress with the normal stress at the 

interface. This coefficient should be determined experimentally through special designed 

tribological tests able to reproduce the contact conditions observed in metal cutting [66]. This 

is essential for accurate simulation of the metal cutting process. 

Unfortunately, classical methods for determining the friction coefficient between two instances 

are not suitable for metal cutting process. The standard pin-on-disc tribometer uses a pin to rub 

repeatedly over a rotating disc to obtain the friction coefficient and the worn volume. However, 

the pins rub over the same surface of the disc at lower speed and pressure when compared to 

metal cutting process [67]. Two main approaches to investigate the tribological phenomena 

(including the determination of the friction coefficient) at tool-chip interface can be found in 

the literature. One is using the cutting process itself [68–70]. The limits of these methods based 

on cutting tests can only provide a trend, they are not able to provide quantitative results usable 

in a finite element cutting model [71]. The second is based on special designed tribometers able 

to reproduce the contact conditions in metal cutting [72–74]. As mentionned by Rech et al. [66] 

such tribometers are able to reproduce the pressure, temperature and velocity between the tool 

and the chip in metal cutting, thus contributing for a better understanding of the tribological 

phenomena in this process.  

1.5.2. Friction coefficient 

Friction coefficient is described by Equation 4: 

 

 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐹𝐹𝑡𝑡
𝐹𝐹𝑛𝑛

 Equation 4 
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where 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 is the ‘apparent friction coefficient’, 𝐹𝐹𝑡𝑡 is tangential force and 𝐹𝐹𝑛𝑛 is the normal force 

in N. 

The term ‘apparent friction coefficient’ used here differs from ‘interfacial friction coefficient’ 

that includes the adhesion at the pin-work material interface. The macroscopic forces include 

the adhesive phenomena affected by properties such as hardness, chemical reactivity and 

asperities, non-negligible severe plastic deformation caused by contact conditions [66]. Challen 

and Oxley [75] propose a simple decomposition for the ‘apparent friction coefficient’ in 

Equation 5 : 

 

 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 + 𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 Equation 5 

 

where 𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 and 𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are the local adhesive and macroscopic parts, respectively. 

The apparent friction coefficient is strongly correlated to the sliding speed and the contact 

pressure. A lot of researchers reveal that the friction coefficient drops when increasing the 

sliding speed. Rech et al. [66] conducted tribological tests on various work materials with TiN 

coated carbide tool, the friction coefficient drops significantly with increasing sliding speeds. 

Other researchers found the similar results [67, 71, 76, 77]. Besides, the contact pressure 

between pin and workpiece is also a crucial parameter that infects the tribological condition 

thus the friction coefficient. Meier et al. [78] tested the friction coefficient using different 

normal forces between 5 N and 400 N, under dry and flood conditions. With the lower load, the 

friction coefficient shows increasing trends when the sliding velocity increases. However, with 

the higher load, the friction coefficient decreases when the sliding speed increases. 

Several studies of friction behavior on several metal and non-metal materials at low 

temperatures in gaseous, liquid nitrogen and ambient air conditions show that the friction 

coefficient is lowest in liquid nitrogen, followed by gaseous nitrogen and ambient air. It is also 

revealed that for some metal based materials, like aluminum-, brass-lead pairs and self-mating 

niobium, the reduction of the friction coefficient and wear rate is significant [79]. Gradt et al. 

[80] found that the friction coefficient and wear rate reduced significantly in cryogenic 

environment than in ambient environment for polymer materials. In contrary, a modeling of 

cryogenic frictional behavior of titanium alloys [81] concludes that the friction coefficient for 
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Ti6Al4V at high level of load and speed is higher under cryogenic conditions than under dry 

air condition.  

1.5.3. Tool wear in metal cutting 

Tool wear is a geometrical change of the cutting tool that is caused by the metal cutting process. 

Tool failure is due to at least one of the following reasons [82]: 

• Gradual wear caused by the interaction between workpiece and the cutting tool. 

• Mechanical fracture due to the exposing of cutting edge to high thermomechanical 

loading or periodic transient thermal and mechanical loading (chatter) 

• Plastic deformation of the tool, which changes the geometrical form of the cutting edge 

Tool wear is due to several wear mechanism according to their physical based phenomena. 

These wear mechanisms can be classified as:  

• Abrasive wear 

• Diffusion wear 

• Adhesion wear 

• Fatigue wear 

 

Figure 12. Wear mechanisms [83] 

Wear mechanisms change with the temperature as shown in Figure 12. Figure 13 shows 

different types of tool wear. The abrasive wear mechanism occurs when hard particles slide 

over the tool faces (rake and clearance face) and plough the surfaces of cutting tools. Generally, 

these particles are harder than the workpiece and cutting tool materials.  

Abrasive wear mechanism is normally the cause of flank and notch wear, but also may be the 

reason of crater wear [84].  



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

22 

 

The diffusion wear mechanism is a thermo-chemical process that depends on cutting 

temperature and chemical stability of tool material. The description of this mechanism is an 

atomic interchange with two-ways transfer, which can be atoms from the tool diffusion into the 

flow of material or vice versa. The development of this wear mechanism is determined by 

chemical properties, such as the affinity of the tool material to the work material. Meanwhile, 

the wear process accelerates with the cutting speeds due to the increase of the temperature [85]. 

The typical tool wear generated by this mechanism is the crater wear. 

 

Figure 13. Different types of tool wear [86] 

The adhesion wear mechanism is determined by the temperature and affinity between 

workpiece and tool material. This happens when two asperities are in contact. The local pressure 

at certain contacted points could be higher than yield strength of the softer material. Low 

temperature (or low cutting speed) and relatively good affinity lead to BUE (built-up edge), this 

means a part of the chip being welded and hardened on the rake face. This phenomenon changes 

the geometry of cutting edge and may deteriorates surface finishing. Since the BUE is a 

periodical phenomenon (appearance and disappearance), the cutting edge or coating can be 

taken away with the BUE. 

The fatigue wear mechanism occurs when cracks are formed and propagated in the tool when 

applying cyclic loading, including temperature, forces and stress on the cutting edge. The 

combination of severe cutting conditions and strong mechanical properties of the workpiece, 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

23 

 

the cutting edge suffers constant high thermal and mechanical loadings, causing its plastic 

deformation. 

As foregoing mentioned, the main wear mechanism in machining titanium alloys are abrasive 

and adhesion wear. The heat generated during machining of titanium alloys are significant, thus 

a higher thermal loading is applied to the cutting tool, generating one or both wear mechanisms. 

Tool life depends on several factors, including tool material (substrate and coating), tool 

geometry, work material, cutting regime parameters (cutting speed, feed, depth of cut), and 

MWF. The most well-known equation to estimate tool life is the Taylor’s equation [87], which 

only takes into account the cutting speed, as shown in Equation 6.  

 

 𝑉𝑉𝑐𝑐𝑇𝑇𝑛𝑛 = 𝐶𝐶 Equation 6 

 

where 𝑉𝑉𝑐𝑐 is the cutting speed in m/min, T is the tool life in min, n is an exponent depending on 

work material, tool material, tool geometry and cutting fluid, C is a constant indicating 𝜐𝜐 for T 

equals to one of a straight log-log line, depending on feed, depth of cut and the physical 

quantities of n. 

1.6. Tool material 

Tool material includes both substrate and coating. This section is focused on the substrate 

material, by providing significant information from the literature to select the suitable substrate 

material and microstructure for the cryogenic machining Ti6Al4V alloy. 

The selection of substrate of tool material was based on an extensive literature review. 

Compared to carbides tools, ceramic tools are generally inert, but highly reactive with titanium 

alloys [88]. Due to extreme chemical reactivity of titanium, it is hard to find an inert tool 

material that could be totally stable. An analysis by Auger spectroscopy showed that when 

machining of titanium alloys with diamond or cemented carbide, the titanium from the chip 

reacts chemically with the carbon of the tool to form a titanium carbide interlayer [89]. 

Moreover, ceramic tools exhibit inadequate fracture toughness for thermal shock [90]. Thus, 

the suitable substrate of tool material should be tungsten carbides, as it is now the most common 

and economical cutting tool material in the market. An ideal cutting tool should provide good 

wear resistance, high strength and toughness, good resistance to thermal shock and adequate 

chemical stability at elevated temperature [91]. 
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Dearnley et al. [92] showed that the most suitable grade of tungsten carbide for machining 

titanium alloys is so called ‘straight grade’, which means a cobalt content of 6 wt.% and a WC 

grain size of 0.8-1.4 µm. Higher cobalt content promotes plastic deformation while lower cobalt 

content increases notch wear formation. Finer grain size (0.8 µm) offers increased hardness 

hence higher resistance to plastic deformation. Other researchers suggest similar results in their 

studies [93–96]. 

The selection of suitable tool material for cryogenic assisted machining was investigated by 

several researchers. Zhao et al. [97] tested the performance of several cutting tool materials 

under cryogenic environment. The hardness tests show 60% increase of cutting tools under 

cryogenic temperature (-120°C) comparing to ambient temperature. The tungsten carbide tools 

exhibit 15% increasing resilience and 25% better transversal rupture resistance. Another study 

conducted by Shokrani [34] demonstrates the improvement of mechanical performance of 

tungsten carbides at cryogenic temperature, 40% increase of hardness is observed for the cutting 

tool. Besides, Lattemann [98] demonstrates that a modified cobalt content near the surface (200 

µm) improves the wear resistance of cutting tool. Wang [99] revealed a linear relation between 

the thermal expansion of WC-Co material and its cobalt content as follows: higher cobalt levels 

lead to larger expansion. Furthermore, lower cobalt and coarser WC grain size lead to higher 

thermal conductivity. In fact, lower thermal conductivity of interface originates the lower 

thermal conductivity of smaller grain size.  

For the foregoing reasons, a ‘straight grade’ tungsten carbide, grain size of 0.8 µm and cobalt 

content of 7 wt.% was selected for this study.  

1.7. Hard coatings 

In addition to verify the feasibility of cryogenic assistance in turning of titanium alloy, the 

second objective of this work was to verify the efficiency of hard coatings on cutting tools under 

cryogenic assisted machining. Then, below is described the PVD (Physical Vapor Deposition) 

method commonly used to realize hard coatings, especially magnetron sputtering technique, the 

process used during this research work. Then, a State of the Art of hard coatings (mono and 

multilayers) commonly employed as protective layers on cutting tools under MWF or other 

lubricant is detailed. Finally, the type of hard coatings proposed to improve the service life of 

cutting tools during cryogenic assisted machining is justified. 
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1.7.1. Coatings deposition 

1.7.1.1. PVD (Physical Vapor Deposition) 

PVD covers broad range of vacuum deposition process. The employed material is physically 

removed from a target by evaporation or sputtering. Generally, the atoms, ions or molecules of 

target materials are vaporized by high-temperature vacuum or gaseous plasma. Then they are 

transported by the energy of vapor particles and condensed on the substrate as a film. For 

deposition of chemical compounds, either using a similar target source or introducing reactive 

gases (nitrogen, oxygen, ammonia, etc.) are common methods. The PVD processes are known 

by their acronyms or various phrases, named with their physical vapor source, e.g. diode or 

triode sputtering, planar or cylindrical magnetron sputtering, direct current (DC) or radio 

frequency (RF) power supplies, electron beam evaporation, activated reactive evaporation and 

ARC evaporation (DC or alternate current (AC)) [100]. The main categories of PVD process 

can be classified into vacuum deposition (evaporation), sputter deposition, arc vapor deposition 

and ion plating, as depicted in Figure 14. 

 

Figure 14. PVD processing techniques: a) vacuum evaporation, b) and c) sputter deposition in plasma 

environment, d) sputter deposition in a vacuum, e) Ion plating in a plasma with a thermal evaporation 

source, f) Ion plating with a sputtering source, g) Ion plating [101] 

It is noteworthy that CVD (Chemical Vapor Deposition) is another major process to obtain 

coatings. It is a heat-activated process, the basic is the reaction of gaseous chemical compounds 

with suitably heated and prepared substrates. Most of the reactions is conducted in an anhydrous 
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and anaerobic environment and sub-atmospheric pressure. The typical deposition temperature 

intervals are from 800 to 1200°C. 

CVD coatings were commercialized in the 1960s while PVD coatings came 20 years later. Now 

both PVD and CVD coatings share the market of coated cutting tools. PVD coatings are able 

to be conducted in low temperature, lying from 250-550°C, which permits the deposition of 

coatings on HSS (high speed steel) or thermal treated low alloy steel. Moreover, the PVD 

technique allows the control of coating thickness on cutting edge to avoid the sharp change of 

cutting tools, which makes it suitable for semi-finish and finish machining operation. The high 

intrinsic hardness and compressive stresses provides by PVD process inhibit the crack growth 

on substrate. It hardly reacts with substrate, while CVD coatings may occasionally produce 

brittle carbides at interfaces [100]. Figure 15 presents the coating deposition technologies 

according to pressure and temperature requirement. 

 

Figure 15. Coating deposition technologies for cutting tools [102] 

1.7.1.2. Magnetron sputtering 

In basic sputtering process, a target plate is bombarded by energetic ions generated in a glow 

discharge plasma in front of the target. The bombardment process causes the etching 

(sputtering) of the target atoms then condensate a thin film on a substrate [103]. Alongside with 

the ion bombardment, secondary electrons are also emitted from the target surface, which helps 

to maintain the plasma. Although this technique has been used for many years and was 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

27 

 

successful to product many coatings, it has some limitation such as low deposition rate for 

certain materials, low ionization efficiencies and high substrate heating effects.  

Magnetron sputtering has developed rapidly over the last three decades, it became one of the 

most chosen methods for the deposition of a wide range of coatings in industry [104]. Power 

supplies like direct current, pulsed direct current or radio frequency are used to produce large-

scale and high-quality films [105, 106]. A large number of materials can be sputtered such as 

metals, alloys, polymers or ceramic. Magnetron sputtering has a lot of advantages, such as 

reasonable deposition rate, good reproducibility, reliable adhesion on substrate, controllable 

composition and homogeneity of film on large substrate and it is an environmental-friendly 

method [101]. This technology also has the ability to synthesize materials out of thermodynamic 

equilibrium. As a result, a wide range of applications can be achieved, like wear-resistant 

coatings, low friction coatings, corrosion-resistant coatings, decorative coatings and coatings 

with specific optical or electrical properties [104]. 

The main modification of magnetron sputtering to conventional sputtering process is an 

additional magnetic field parallel to the surface. This helps to keep secondary electron close to 

the target. One pole is at the central axis of target and another is a ring magnet around the near 

edge of the target. The magnetron field traps the electrons near the surface of the target thus it 

increases the probability of an ionizing electron-atom collision. Then it results in a dense plasma 

near the target and finally a stronger ion bombardment of the target. Higher sputtering rate and 

higher deposition rate are available with this technology in comparison to classical ones. The 

increased ionization also allows the discharge maintained at lower working pressures (typically 

0.1  Pa compared to 1 Pa) and lower working voltages (typically -500 V compared to -2 to -3 

kV) [104]. 

Figure 16 illustrates the principle of catholic magnetron sputtering. A pumping group (primary 

and secondary pumps) permits to reach a residual pressure of around 10-4 Pa. Low residual 

pressure is preferred in reason of maintaining high ion energies, providing enough mean free 

path to prevent atom-gas collision and reducing gaseous contamination for final coatings. An 

inert gas (normally Ar) is introduced into the chamber to initiate the plasma with a differential 

potential field between the target and the wall of the chamber. The working pressure is generally 

between 0.1 to 10 Pa. The ionized Ar+ are attracted by the cathode (target) and etch its surface. 

The energy received by the atom is expressed by momentum equation (Equation 7) [107]: 
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 𝐸𝐸𝑐𝑐
𝑓𝑓 = 𝐸𝐸𝑝𝑝𝑖𝑖

4𝑀𝑀𝑝𝑝𝑀𝑀𝑐𝑐 cos²𝜃𝜃
(𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑐𝑐)²

 Equation 7 

 

where 𝑀𝑀𝑝𝑝 is the mass of projectile particle in uma, its initial kinetic energy is 𝐸𝐸𝑝𝑝𝑖𝑖  in eV; 𝑀𝑀𝑐𝑐 is 

the mass of atoms from target in uma, its initial kinetic energy is 𝐸𝐸𝑐𝑐
𝑓𝑓 = 0 in eV. It is clear when 

θ = 0 and 𝑀𝑀𝑝𝑝 = 𝑀𝑀𝑐𝑐 that the transferred energy reaches the maximum value.    

The secondary electrons emission is constrained by the magnetron field to help the ionization. 

A denser plasma is formed near the target surface region to result in a higher sputtering rate. 

Some inconvenient of the magnetron sputtering also exist, e.g. the heterogeneous attrition of 

the target in form of the magnetron field, heating problem caused by strong bombardment [108]. 

 

Figure 16. Schematic diagram of a cathodic magnetron sputtering 

1.7.1.3. Hard coatings for cutting tools 

The progression of human society needs production and consummation of many kinds of 

materials, such as iron, alloys and carbon fibers. In parallel with the widely use of steam 

powered machine in 19th century, the needs of large quantities of precise dimension and high-

quality components result in the invention of long-last cutting tools, which accelerate the 

machining process. At the end of the 19th century, high-speed steel (HSS) was invented. Then 

in early 20th century, Dr. Schroter invented cemented carbide [109], which is much harder than 

high-speed steel. This kind of cutting tool merchandised quickly after coming out. Then the 
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cutting tool materials go through an increasing period of development, tungsten carbide in the 

1930’s, alloyed carbide in the 1940’s, ceramic and synthetic diamond in the 1950’s and coated 

carbide in the 1970’s [82]. Figure 17 shows the world market share of cutting tool materials, 

the PVD coatings has a continuous increase trend on the total percentage. 

 

Figure 17. World market of hard and super-hard cutting materials [9] 

Regarding the massive use of cutting tools in industry and its importance to productivity, the 

tool life becomes a major factor to choose a proper cutting tool. Tool life is a function of 

different parameters, e.g. coatings, geometry and cutting conditions (cutting parameters, 

lubricant, workpiece material). The tool life depends also on different wear mechanisms. That 

is why the aim of coatings is to overcome tool wear and to extend tool life as long as possible. 

The requirement of coatings is focused on protection against abrasion and adhesion from very 

beginning of the machining process. Then it shifts to the attention of the coating’s performance 

at elevated temperature. Indeed, the coatings should have enough strength in high temperature 

environment, both mechanical and thermal loads are crucial [110].  

Nowadays, we can find different types of commercial coatings such as monolayers (metallic, 

binary, ternary, quaternary, etc.) or multilayers (Me/MeN, Me/MeC, Me/MeCN or even 

Me/MeN/MeMe’N, Me/MeC/Me’C etc with Me = metal and Me’ = another metal) [111–118]. 

Besides, we can find some nanocomposites such as nc-CrN/a-SiNx, nc-TiC/a-C and nc-

TiN/aSi3N4, etc. [119–121] or superlattices such as CrN/AlN, TiN/VN, TiN/NbN [122–125]. 

Generally, the performance of the multilayers, nanocomposites and superlattices coatings are 

better than the monolayer components. Barshilia et al. [126] studied the multilayers coating 

CrN/CrAlN comparing with CrN and CrAlN monolayers. The hardness of the multilayer 
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reaches 31 GPa while the hardness of the monolayers is 23 GPa and 28 GPa, respectively. The 

multilayers coating also retains hardness of 22.5 GPa after heat treatment up to 600°C. Cheng 

et al. [127] obtained high hardness and elastic modulus of TiSiN nanocomposite coating, until 

51 GPa and 449 GPa, respectively. The oxidation resistance of TiSiN nanocomposite coating 

studied by Kacsich et al. [128] revealed that the coating decreases the oxidation speed at very 

high temperature (1000°C). Moreover Park et al. [125] showed that AlN/CrN supperlattices 

coating has more promising hardness (40 GPa) than single AlN and CrN monolayer coatings, 

around 16 GPa and 26 GPa, respectively. Yang et Zhao [129] found that the tribological 

behavior of superlattices coating TiN/CrN is much better than the monolayers, COF of the 

superlattices coating is between 0.75 to 0.95, while the COF of TiN is between 1 to 1.2. 

As we can see, there are numerous types and combinations of systems. That is why in the 

following part the discussion is focused on specific monolayers and multilayers in relation to 

this research work. 

1.7.1.4. Monolayers 

A monolayer coating is a single homogeneous and continuous layer. As foregoing mentioned, 

it may be constituted with a single element, for example pure metals, or with synthesized 

ceramic, for examples nitride, carbide, oxide layers. Regarding the application history of 

monolayer coatings on the cutting tools market, the first CVD coating on cutting tool proposed 

in the market was TiC in 1969 [130], followed by TiCN, TiN and Al2O3 [131, 132]. TiN was 

the first PVD coating used in industry in 1980 [133], then TiAlN was developed 9 years later 

[134]. Figure 18 presents the developing procedure of monolayer coatings for cutting tools. 

 

Figure 18. Evolution of monolayer coating materials and related deposition technologies for cutting tools 

[100] 
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It is known that TiN is the most commonly used coating on cutting tool since it has been 

introduced in the market. Molarius et al. [135] made a study of the performance of NbN, ZrN, 

TiN and TiAlN coatings deposited on HSS, in dry turning of AISI 4140 steel. Although the best 

coating is ZrN, but TiN still improves the cutting performance. Aihua et al. [136] compared the 

friction and wear properties of TiN, TiAlN, AlTiN and CrAlN coatings deposited on cemented 

carbide substrates against SiC ball. The results showed that the TiN and TiAlN coatings present 

lower COF and lower wear rate than the two others. Cselle et al. [137] summarized the TiN 

coating performance on many machining applications, such as drilling, tapping, milling, 

reaming, etc. as follows: it gives reliable high performance for many applications and 

workpiece materials, the gold color makes it easy to control tool wear, the price of this coating 

is acceptable.  

Since the coming out of TiN coating, various new coating materials based on it were created, 

like TiAlN, TiZrN, TiAlVN. In particular, TiAlN attracted a lot of attention because of its 

improvement of hardness, chemical stability and low friction coefficient [138–140]. Despite 

the improvement of Al content added into TiN system, some researchers revealed that there is 

no evident benefits in severe metal cutting conditions as it cannot reduce heat flux transmission 

in cutting tools. Kusiak et al. [141] studied the coatings influence on the heat transfer in the 

cutting tool during machining, the tests investigated several coatings such as Al2O3, TiN, TiAlN 

and TiAlN-based multilayers, as well as the uncoated tool. The results indicate a slight heat 

flux diminution by Al2O3 coating whereas the others do not modify it significantly. Rech [142] 

made a research on the tribological characterization of cutting tools coatings for steels in high-

speed dry turning. TiAlN seems to lead to a higher temperature at the tool-chip interface and to 

higher heat fluxes transmitted to the insert, which weakens its resistance. 

TiAlN is also the first hard coating applied on cutting tools for machining under cryogenic 

assistance. A review shows that a majority of studies on cryogenic milling used coated tungsten 

carbides [143]. Shokrani et al. [65] used TiAlN coated tools for the milling of Ti6Al4V. Sadik 

et al. [25] reported that no contribution of TiAlN coating was found on tool life in milling 

Ti6Al4V.  

Nevertheless, TiN-based coatings present some limitation: a lower corrosion resistance or poor 

thermal properties than some alternative coatings such as CrN layers for example. Indeed, Rech 

et al. [144] investigated the tribological and thermal functions of various cutting tools coated 

by TiAlN, TiN and TiAlN+MoS2. The results show that these coatings do not have a significant 
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influence on heat transmission on substrate. CrN is also a very interesting layer because it is 

hard, it presents a good adhesion [145], a lower COF [146–148] and a better corrosion 

resistance [149, 150] in comparison to TiN.  

That is why CrN is a very known layer developed and modified for more than 20 years at the 

LABOMAP. Numerous and rich research work have been done concerning this outstanding 

coating. Nouveau [112] studied the CrN binary system with its cubic and hexagonal structure 

and tested the coating during wood machining. According to her results, CrN coating is more 

wear resistant than the CrN+Cr2N coatings and presents stronger adhesion than Cr2N. The wood 

machining tests also revealed that the CrN coating has the best performance. Benlatreche [151] 

studied the CrAlN and CrVN ternary system also for wood machining. The additional Al 

content increases the nitride ratio in CrN system and improves the stoichiometry of CrN. 

Meanwhile, the CrAlN coating presents good mechanical properties like a hardness of 36 GPa 

and an elastic modulus of 520 GPa. The natural slight compressive residual stress and good 

adhesion on WC-Co tool were also obtained. The wood machining test also showed a slight 

improvement with the ternary coatings compared to the binary coatings. Rahil [152] studied the 

physico-chemical and tribological behavior of CrN, MoN and CrMoN coatings, as well as their 

applications in wood machining. The ternary system has the highest density, the best adhesion, 

the highest hardness, the smallest wear rate and the best thermal stability after annealing 

between 600 and 700°C under vacuum. The wood machining test demonstrated the 

effectiveness of this ternary coating. Besides Zairi [153] studied the addition of Si into the CrN 

system.  She showed a significant improvement of the mechanical and tribological properties. 

Indeed, the hardness and the elastic modulus of CrN are 12 GPa and 198 GPa, respectively, 

while the CrSiN ones are 27 GPa and 345 GPa. The COF of CrN is 0.65 and the COF of CrSiN 

is 0.2. Moreover Aissani [154] studied the addition of Zr as a third element in the CrN system. 

The new ternary system exhibits improved mechanical and tribological properties, regarding 

hardness, elastic modulus and COF. More recently Aouadi [111] studied the effect of Al content 

added into CrN binary system and developed a new generation of ultra-hard multilayers coating 

system. He determined the optimal deposition conditions for CrN and CrAlN monolayer 

coatings. It is noteworthy that a bright new multilayer structure with decreasing thickness of 

the CrN/CrAlN pairs was found extremely effective according to its various properties such as 

mechanical, tribological and anti-corrosion properties.  
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Previous studies realized in the LABOMAP showed the efficiency of a third element in the CrN 

system (CrVN, CrZrN, CrAlN, CrSiN etc) but it is also known that a multilayer architecture 

can lead to higher mechanical properties. This part is discussed in the following paragraph. 

1.7.1.5. Multilayers 

As mentioned above, multilayers such as hard/soft coatings are full of interest because of the 

advantages of combining both monolayers to obtain a final multilayer more effective than the 

monolayers alone. 

Indeed, the improvement of multilayers instead of monolayers were reported frequently. 

Various kinds of multilayer coatings were studied. Barshilia et  al. [126, 155] as previously 

mentioned worked on multilayers coating of CrN/CrAlN and TiN/NbN. They showed that 

TiN/NbN multilayers coating had a better corrosion resistance compared to monolayer 

coatings. Another main result is the decrease of the corrosion resistance with the total number 

of interfaces in the multilayers coating. Warcholinski et al. [156] studied tribological properties 

of CrCN/CrN multilayers coating. The hardness and adhesion (LC2 critical load) of this 

multilayers coating is 25 GPa and 120 N, respectively.  Comparing to CrN monolayer coating, 

it has a relatively low COF, a lower wear rate, higher critical load and hardness. Okumiya [157] 

compared the CrN/CrAlN, TiN/CrAlN and their monolayer coatings after tribological test: 

CrN/CrAlN multilayers coating showed the most promising results among all tested coatings. 

Some research works focus on the influence of the bilayer period (λ) in multilayers coating on 

their mechanical and tribological performance. Kim et al. [158] varied the thickness of 

CrN/CrAlN bilayer from 4.4 to 44.1 nm. The highest hardness and resistance to plastic 

deformation were obtained with a bilayer thickness of 5.5 nm. Moreover Yousaf et al. [118] 

varied the thickness of TiAlN/MoN bilayer from 21 to 124 nm. The highest hardness and elastic 

modulus are obtained with the thickness of 25 nm. These results reveal that a critical period (λc) 

for the multilayers coating exists, regarding the repetition of bilayers. 

Besides these previous results, a new generation of ultra-hard multilayers coating was 

developed in LABOMAP by Aouadi [111]. He showed that CrN/CrAlN multilayers have some 

very good mechanical properties. With the increasing of bilayer periods, the grain size of 

coatings decreases; the hardness of the multilayers coating reaches 43 GPa, the elastic modulus 

is up to 417 GPa; the adhesion of multilayers coating is excellent with a LC2 critical load up to 

97 N.  
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According to these results and regarding the functionality of the layers to develop in this study, 

the objective is to enhance the performance of the cutting tools for cryogenic assisted machining 

by improving the chemical/mechanical/physical properties. Outstanding mechanical, 

tribological and thermal properties should be the main characterization of this coating. 

Especially for the thermal property, as the developed coating will be employed under extreme 

thermal shock (high temperature in tool-chip/workpiece interface and low temperature in 

surrounding environment), the coating should present: 

• high thermal stability 

• relatively stable mechanical and tribological properties encountering extreme cutting 

conditions  

• low thermal expansion coefficient 

• low chemical reactivity.  

As foregoing mentioned, heat generated during cutting titanium alloys will be transferred to the 

substrate and then weaken the cutting tool, the coating should have a good ability to reduce the 

heat flux at tool-chip interface. Although researchers tested numerous traditional coatings in 

turning of steel and the results showed no significant reduction of the heat flux, but they also 

pointed out that the temperature on tools could be influenced by different materials, especially 

when the thermal properties between coating and substrate are very different [141]. Further, 

another study showed that the coatings allow an important reduction of the heat flux transmitted 

into the cutting tools [144]. That is why a new generation of protective coatings for reducing 

the heat generated during machining process is urged and good thermal properties (e.g. low 

thermal conductivity) is needed. The ideal situation would be that the cryogenic coolant 

attenuates the heat flow without damaging the cutting tool.  

Based on the scientific results from the researchers and the results from LABOMAP, as well as 

the needs on current application, it was decided to study the Cr/CrN/AlCrN multilayers system. 

First, almost all the commercial coatings or laboratory coatings realized has an underlayer to 

insure the adhesion of the upper layer(s). Generally, the underlayer is made of the metallic 

compound of the binary (MeN, with Me=metal) or ternary (MeMe’N with Me=metal≠Me’) 

layer. An appropriate adhesive underlayer permits the immobilization of the WC carbides in 

reacting with high energy ions of the film material during their deposition on the substrate [159–

161]. The effectiveness of underlayer coatings to improve the adhesion and tool life is also 

guaranteed by the roughness of the cemented carbide substrates and the thickness of underlayer 
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[162]. Beliardouh et al. [163] demonstrated the tribological and anti-corrosion abilities of 

Cr/CrN/CrAlN compared to CrN/CrAlN without the Cr underlayer. Hong et al. [164] worked 

on the effects of Cr underlayer for CrAlSiN coating. As a result, the adhesion of Cr/CrAlSiN 

layer is improved of 20 N (critical load). The wear resistance is also greatly enhanced in spite 

of the decreased microhardness when introducing the Cr underlayer. The thickness influence 

of the Cr underlayer is also mentioned. Second, AlCrN monolayer coating replaces the CrAlN 

monolayer coating in the Cr/CrN/CrAlN multilayers coating studied by Aouadi [111]. Indeed, 

AlCrN was studied by many researchers and it showed better mechanical properties and thermal 

stability than CrAlN. As previously explained, the developed coating aims to reduce the heat 

flux to protect the cutting tool.  

Consequently, it should have a very low thermal conductivity. Many commercial coatings and 

Ti6Al4V workpiece are compared according to their hardness, elastic modulus and thermal 

conductivity (Table 3). Among the investigated coatings, only NbN, TiAlN and AlCrN provide 

lower thermal conductivity than Ti6Al4V titanium alloy. Moreover, only AlCrN exhibits 

decreasing thermal conductivity tendency when temperature increases [165] (Figure 19). 

Table 3. Tool materials' properties at room temperature [165] 

Coating  

Thermal 

conductivity 

(W/m.K) 

Hardness (HV) 
Elastic modulus 

(GPa) 

Melting point 

(°C) 

TiC 21 2855-3570 410-510 3067 

TiN 19.2 1835-2140 251 2950 

TiAlN 11 (estimated) 4000 370 2930 

AlTiN 4.5 4500 510-560 - 

AlCrN 4 2000-4000 500-640 - 

Al2O3 25.08 3000 344.83-408.99 2034 

Ti3Al 6 (estimated) 700-800 182 1600 

NbN 3.76 1356-2400 493 2400 

CBN 300-600 3048-4397 650 3000 

WC 40 2400 534 2870 

Ti6Al4V 6.7 350 113.8 1600-1660 
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Figure 19. Thermal conductivity of different cutting tool materials as a function of the temperature [165] 

In fact, the aluminum content added into CrN binary system should be well controlled. 

Hasegawa et al. [166] made numerous coatings of Cr1-xAlxN (0 ≤ x ≤ 1.0). The study concludes 

that the Cr1-xAlxN coating changed its structure from cubic at x = 0.6 to hexagonal at x = 0.7, 

the lattice parameter changed from 0.416 nm at x = 0 to 0.413 nm at x = 1, the maximum 

hardness was 27 GPa when x = 0.6. Lin et al. [167] studied the variation of x from 0 to 0.68. 

They observed similar results to the previous study: the highest value of hardness and elastic 

modulus are 36 GPa and 370 GPa respectively when x = 0.585. When x exceeds 0.64, the 

ternary coating changes its crystal structure from B1 cubic to B4 hexagonal phase. The 

tribological tests revealed that the wear resistance increased gradually with the Al content until 

x = 0.585. Plenty of research works prove the above results [168–172]. Regarding of the thermal 

stability, Kawate et al. [173] compared the oxidation behavior of three Cr1-xAlxN coatings, at x 

= 0.4, 0.6 and 0.7, respectively. It is shown that higher Al content improves the oxidation 

resistance of Cr1-xAlxN. He et al. [174] also studied the thermal stability and oxidation resistance 

of Cr1-xAlxN when x = 0, 0.52 and 0.68, respectively. The conclusion is that additional Al 

content delays the N-loss during annealing, it has a significant improvement on the oxidation 

resistance. These results are also justified by others [168, 175–177]. 

1.7.2. Conclusion 

As a conclusion, the Cr/CrN/AlCrN multilayers system on cutting tools during turning of Ti 

alloy will be studied. In the following chapters the optimization of the Cr, CrN and AlCrN 
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monolayers is presented. Then the influence of the multilayer architecture on their properties is 

shown. The optimal mono and multilayers were applied on carbide pins for tribological tests to 

determine the best CrN-based system to be tested on carbide tools under traditional MWF 

(flood) and cryogenic assisted machining. 

1.8. Résumé du Chapitre 1 

Ce chapitre présente l'état de l'art sur le procédé de coupe des métaux, l'usinage cryogénique, 

l'alliage de titane Ti6Al4V, la tribologie, l'usure des outils, les matériaux d'outils en général, et 

en particulier les avancées récentes dans les revêtements durs de protection des outils de coupe 

(monocouches, systèmes multicouches). 

Ainsi, l’usinage des métaux et plus particulièrement le procédé de tournage sont décrits en 

détails. Les fluides de coupe tels que les huiles entières ou non ont été abordées puisque 

l’objectif de cette étude est de les remplacer. En effet, les problèmes liés à ces lubrifiants (sur 

l’environnement mais aussi sur la santé) sont connus. C’est pourquoi l’objectif à moyen termes 

est de les remplacer par des lubrifiants tels que l’azote ou le CO2 liquide. Ainsi, l’historique de 

la cryogénie et de son apport comparé aux lubrifiants utilisés actuellement en industrie a été fait 

suivi par un état de l’art, depuis la fin des années 90, de l’assistance cryogénique en usinage. 

S’en suit un rappel sur la matière usinée : l’alliage de titane Ti6Al4V et de son usinabilité qui 

demande d’avoir des outils très résistants notamment à l’abrasion. De ce fait, l’usure des outils 

de coupe et les bases de la tribologie ont été abordées (conditions de contact, COF, usure des 

outils etc). Un rappel a également été fait sur le matériau de l’outil lui-même (ie. Le carbure de 

tungstène et ses propriétés). Enfin, il est connu que les revêtements durs sont une solution pour 

assurer une bonne résistance à l’abrasion aux outils de coupe et ainsi une durée de service 

maximale. Un état de l’art sur les procédés de dépôts sous vide et plus particulièrement la 

pulvérisation magnétron a donc été fait, suivi par un historique des revêtements appliqués sur 

des outils de coupe depuis la fin des années 60, que ce soit des revêtements mono ou 

multicouches. Enfin, sont abordés les travaux de recherche qui ont impliqués des revêtements 

sur des outils de coupe lors d’usinage cryogénique. Finalement, l’expérience du LABOMAP en 

revêtements durs couplée à l’état de l’art réalisé ont permis de proposer les revêtements à 

étudier à savoir, des revêtements multicouches de type Cr/CrN/AlCrN.  
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Chapter 2. Experimental methods 
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2.1. Introduction 

This chapter presents all the experimental devices and the characterization methods that were 

utilized during this research work. The first part concerns the coating deposition technique and 

their characterization methods. The second part concerns the assembly of tribological test 

system, tool wear test system and their analysis methods. 

2.2. PVD deposition system 

2.2.1. General view of PVD system 

The PVD magnetron system is presented in Figure 20. It is designed and commissioned as an 

industrial deposition machine in LABOMAP in order to realize PVD coatings under vacuum 

environment on big and complex geometries of substrates. The machine is composed of a 

power-supply coupled with an automate and of a semi industrial chamber. 

 

Figure 20. Deposition system of KENOSISTEC-KS40V-113K12, 1) chamber, 2-a) power supply and 2-b) 

automate [178] 

Figure 21 illustrates the scheme of the operative part (chamber). It presents the constitution of 

the chamber with the accessories such as pumps, pressure gauges, valves, gas line etc. The 

semi-cylindrical chamber measures 730 mm of diameter, 780 mm of height and about 340 liters 

of volume. Two pumps equip this machine: the primary mechanical scroll pump 

(SCROLLVAC, Oerlikon Vacuum-SC60D) and a turbo-molecular pump (TURBUVAC MAG 

integra). The pumping speed of the primary pump is 20 l/s, while the pumping speed of turbo-
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molecular pump is 1700 l/s. This pump system permits to reach a high vacuum until 10-7 mbar 

(10-5 Pa).  

 

Figure 21. Operating system diagram of KENOSISTEC-KS40V-113K12 [178] 

Four rectangular flat magnetron cathodes are located in 4 sides of the deposition chamber, at 

relative angle of 25°, 135°, 225° and 335°. The deposition mode could be radio frequency (RF), 

direct current (DC) or pulsed DC. The standard metal target dimensions are 16"×5" with a 

thickness of 6.35 mm. The distance between the target and the rotating substrate holder is 120 

mm. The substrate holder is a planetary double rotating carousel. The carousel is constituted 

with one main central vertical axis and others are vertical axis satellites around the main central 

vertical axis. The carousel is also linked with a power supply ADC4 to clean and/or to provide 

a bias voltage on substrates. A 3D scheme (Figure 22) illustrates the substrate holders and the 

targets. 

Two electrical resistances are equipped near the wall of the chamber to heat until 400°C, they 

are controlled by the thermocouples (T1 and T2) with a servo system.  

The power supply is constituted of an ADC1 (DC-6000W) generator, an ADC2 and an ADC3 

(DC-5000W) generators. The command system is a computer-controlled software. The all 

operative part and power supply part can be controlled with this software, all the data during 

deposition (pressure, applied power, voltage, current, time, gas flow, temperature, rotating 

speed of carousel, etc.) are saved each 8 seconds. 
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Figure 22. Planetary carousel system and targets [111] 

2.2.2. Substrates and targets 

2.2.2.1. Substrates materials 

Silicon (100) and WC-Co specimens are used as substrates. Their dimensions and geometry are 

listed in Table 4.  

Table 4. Geometry and dimension of substrates 

Material Geometry Dimensions (mm3) Applications 

Si (100) 
 

15×15×0.4 

Thickness, surface morphology, 

cross-section images/microstructure, 

residual stress, hardness, elastic 

modulus 

WC-Co 
 

15×15×5 

Chemical composition, surface 

morphology, structure, XPS, 

hardness, elastic modulus, adhesion, 

tribological behavior, thermal 

properties 

 

The geometry and dimension of substrates for calculating the residual stress was determined by 

Ardigo et al. [179]. They demonstrated that the deformation of substrate is influenced by the 
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shape of specimen. The silicon specimens were cut with a diamond stylus on disc. The WC 

substrates dimensions are adapted to the characterizations like nanoindentation, scratch-test and 

rotative tribometer. The arithmetic mean roughness 𝑅𝑅𝑎𝑎 of WC substrate is 0.19 µm, the one for 

mirror-polished is 6 nm (used for some scratch tests and nanoindentation). It is noteworthy that 

the chemical composition of the WC substrates is the same as the pins used in tribological tests 

on CNC machine (see Chapter 4). 

2.2.2.2. Substrates cleaning 

There are two steps to clean the substrates. The first is a chemical cleaning (ex-situ): the 

specimens go through an acetone (C3H6O, 99.5 %, d = 58.08 g/mol) bath (10 min) then in an 

ethanol (C2H6O, 95%) bath (10 min). This process removes the organic contaminations such as 

the resin, the grease, the hydrocarbons, etc. 

The second step is an ionic cleaning (in-situ), also called ‘etching’. During this process the 

substrates are etched by argon ions to remove the oxide layers. The momentum transported by 

the argon ions strips the undesired layers or particles absorbed at the surface of substrates. The 

ionic cleaning conditions are listed in Table 5. 

Table 5. Etching condition for the substrates 

Gas Pressure (x10-3 mbar) 
Flow rate 

(sccm) 

Substrate bias 

voltage (V) 
Time (min) 

Argon 7 150 -700 5 

2.2.2.3. Targets cleaning 

Etching is also applied to clean the targets. The process cleans the contaminated layer coming 

from previous depositions under reactive gas like nitrogen, oxygen, etc. as well as the oxidation 

during opening of the chamber. The cleaning conditions of the targets are listed in Table 6. 

Table 6. Etching condition for the targets 

Target Gas 
Flow rate 

(sccm) 

Pressure 

(10-3 mbar) 

Target bias 

voltage (V) 
Power (W) 

Time 

(min) 

Cr 
Argon 

100 
5 

-340 500 10 

Al 100 -340 500 10 
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2.3.  Coating Characterizations  

In this section, we present the characterization techniques we used to determine the properties 

of the coatings. We detail the principle of each technique, the equipment and trademark/model 

used. More specifically, we will describe scanning electron microscopy, X-ray photoelectron 

spectroscopy, X-ray diffraction, optical profilometry, nanoindentation, scratch-test, rotative 

tribometry, stress determination and modulated photothermal radiometry.  

2.3.1. Surface morphology: Scanning electron microscope 

The scanning electron microscope (SEM) is a technique based on interaction between radiation 

and materials [180]. The specimens are placed in vacuum where the pressure is about 10-4 to 

10-5 Pa. An electron beam scans this specimen and several types of signals will be issued, which 

related to several radiations (Figure 23 a), interaction is not only on the surface but like a 

volume of pear under the impact point (Figure 23 b), where the scanning length is about 500 

nm to 1 µm depending on the electron beam energy. The emissions in a SEM are as follows: 

• The secondary electrons are emitted very close to the specimen surface. An oscilloscope 

pipe modulates the electron beam to signal, it is synchronized with the incident beam. 

The image will be shown completely after a period of scanning. Images could reach 

high magnification and quality (about 10 to 100 000 times). 

• The backscattered electrons are reflected out of the specimen interaction volume by 

elastic scattering interactions with specimen atoms. Their energy is related to the atomic 

density of the specimen. The image constituted could show the distribution of heavy 

atoms in specimen, since heavy atoms backscatter more strongly than light atoms, thus 

brighter pixels appear in the image. 

• The X photons emitted from the atoms of the specimen are characteristic radiations. 

These photons present continuous spectrum and characteristic line spectrum, the last 

one could tell the identity of the elements from specimen. Thickness of the emission 

zone impacted by the electron beam is about 1 µm. The detection system produces a 

signal proportional to the photons X, then the signal amplified and digitalized will be 

treated in a multichannel analyzer [181]. 
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Figure 23. a) Interaction between radiation and material, b) Interaction zone between radiation and 

material [182] 

In the current study, a high-resolution HRSEM (JEOL JSM 7610F) is used to observe the cross-

section and surface morphology of the coatings. This SEM is equipped with an EDS 

microanalysis for qualitative and quantitative chemical analysis. The EDS is constituted with a 

diode that could receive the entire X-ray spectrum. A multichannel analyser classifies the 

occurrence number (quantitative information) of received energy (qualitative information) on 

each level, then it rebuilds the emission spectrum of specimen. 

 
Figure 24. Example of: a) cross-section and b) EDS spectra of a CrN/CrAlN multilayer 

This technique permits to obtain information on the surface morphology, the microstructure, 

the qualitative density, the chemical composition, the thickness and the architecture of 

multilayers. Figure 24 presents the obtained cross-section and EDS results from SEM of a 

developed multilayer.  

2.3.2. Chemical composition: X-ray photoelectron spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) was developed in the 1960s by Siegbahn’s group in 

Sweden [183, 184]. Its use became widespread for surface analysis. The technique is described 

as follows: when light irradiates the surface of a specimen, atoms of the sample will interact 

with the incident photons. Then the electrons may absorb enough energy to escape from the 
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atomic orbital, this energy is called binding energy of the electron. This energy is specific both 

to element and the atomic orbital where the electron comes from. Kinetic energy of emitted 

photoelectrons is evaluated by a spectrometer and the binding energy is determined by Equation 

8 (equation of conservation of energy). 

 
 𝐸𝐸𝑘𝑘 = ℎ𝜈𝜈 + 𝐸𝐸𝐵𝐵 + 𝜙𝜙 Equation 8 

 
where 𝐸𝐸𝑘𝑘 is the kinetic energy of the photoelectrons in eV, ℎ is Planck’s constant (6.626×10-34 

J·s), 𝜈𝜈 is the frequency of the X-ray in Hz, 𝐸𝐸𝐵𝐵 is the binding energy in eV, 𝜙𝜙 is the work function 

term that depends on both spectrometer and material.  

The emission process is illustrated in Figure 25. When energy of a photon is absorbed by an 

atom it causes the ejection of a photoelectron from an orbital (K for example). Next, the 

transition from an electron on external orbitals (L for example) to the vacant state causes the 

relaxation of the ion excited by the photoemission. The extra energy caused by this de-

excitement release in a way of fluorescence (photon emission) or ejection of an Auger electron. 

This one is detected but not studied. 

Characterizations of the chemical composition of the coatings were performed by XPS using 

an Al Kɑ X-ray source at 1486.6 eV. Electron detection was provided by a hemispheric analyzer 

CLAM 4 MCD (Thermo VG Scientific). Photoelectrons were collected with an analyzer slit of 

2 mm and a pass energy of 100 eV for survey spectra and of 20 eV for the spectral ranges 

corresponding to Cr2p, Al2p, N1s and O1s lines. Argon ion bombardments were carried out 

with an accelerating voltage of 500 eV during 2 min, following by 5 keV during 6 min. The 

etched depth is estimated to 32 nm. 

 
Figure 25. XPS emission process [112, 153] 
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This technique permits to obtain the bonding energy of the coatings and thus a more accurate 

chemical composition of the synthesized material in comparison to EDS microanalysis. 

2.3.3. Structure :X-ray diffraction 

The X-ray diffraction technique (XRD) is well known and widely used. It is a non-destructive 

method that permits to study the crystallography and structure of thin films. When X-ray beam 

irradiates the surface of a material, the crystalline plans of this material diffract the 

electromagnetic beam (Figure 26). The atoms in a lattice should be regular and well-ranged. 

To be detected, the incident angle should be in respect of certain angles, given by Bragg’s law 

Equation 9. 

 
 2dhkl sinθ = nλ Equation 9 

 
where dhkl �Å� is the interplanar distance separated by Miller index (h, k, l); θ (°) is the incident 

angle; λ �Å� is the wavelength of X-ray beam; n is an integer number, it equals to 1 generally. 

With the knowledge of the peaks position and intensity, one could determine the presence of 

the phase, the residual stress, the lattice parameter and the grain size. 

 

 
Figure 26. Principle of X-ray diffraction 

The θ/2θ Bragg-Brentano configuration is the most used configuration, which is presented in 

Figure 27. Normally, the configuration is less and less sensitive when the thickness of the film 

is very thin. This is because the X-ray penetrate more into the substrate rather than into the film. 
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Figure 27. Bragg-Brentano configuration 

The diffraction analysis was performed by a diffractometer (INEL XRG-3000) with a maximum 

power of 3000 W, monochromatic silicon plane, CPS 120 diffractometer with curved detector 

over 2 theta angular range of 120°, theoretical 2 theta resolution of 0.29°, Kα Co radiation source 

of 0.178897 nm. The voltage and current applied on the cobalt source are 24 kV and 24 mA, 

respectively. The incident angle is fixed at 5° for each measurement. The quality of the 

measurement carried out by this machine is sufficient to identify the crystalline phases and the 

preferred orientation of the grain. It should be pointed out that with this diffractometer, the 

accuracy should be taken into account because the height of the samples could not be fixed as 

it should. Also, the grain size is estimated by applying the Debye-Scherrer formula (Equation 

10): 

 τ = Κλ
βcosθ

   Equation 10 

 
where τ is the mean size of the ordered crystalline domains in nm, it’s equal or smaller to the 

grain size; K is a dimensionless shape factor, generally it equals to 0.94 but varies with the 

crystallite shape; λ is the X-ray wavelength in Å; β is the line broadening at FWHM (full width 

half the maximum intensity); θ (°) is the incident angle. 

This technique permits to obtain the crystallography and structure of the thin films. The grain 

size was estimated with the Debye-Scherrer formula. 

2.3.4. Residual stress: Optical profilometer 

An optical profilometer (VEECO Wyko NT-1100) is available at LABOMAP. This apparatus 

permits to measure thickness and residual stress of the coatings on silicon substrate. 
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Figure 28. Method to determine the thickness of coatings on silicon substrate 

The thickness could be determined by measuring the height differential between a deposition 

and a mask, as shown in Figure 28. Before deposition, an aluminum adhesive tape was sticked 

on a silicon substrate as a mask (Figure 28 (a)). This difference of height between coating and 

mask could be measured by the optical profilometer (Figure 28 (b)), then the different height 

of the coating and substrate could be exploited by a software such as Gwyddion (Figure 28 (c)). 

Residual stress exists on all the materials, not only for thin films. For example, a workpiece 

after welding presents locally some residual stress. In the case of thin film, the residual stress 

is sometimes on prominent place, concerning the integrity of the whole microstructures. 

Generally, the residual stress could be divided into 3 groups [185]. First group includes the 

macroscopic residual stress. Second group includes the residual stress on scales of grains, the 

different constitution of grains, their orientation and their size are issued of the residual stress. 

Third group includes the microscopic residual stress that may be due to the presence of the 

interstitial elements, the gap or other defects within the crystallites. 

For massive materials, the most used methods for measuring the residual stress are X-ray 

diffraction (XRD) or hole-drilling technique. For thin films, one can use grazing angle 

diffraction or interferometry (curvature method). This last technique was used in our research 

work. 

In the case of thin films, there are three types of residual stress: 

• Thermal residual stress 

• Intrinsic residual stress 

• Structural residual stress (which are negligible in our case) 
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The thermal residual stress could be expressed by different dilatation coefficients between each 

material. This residual stress could be created from the deformation of the different elements in 

cooling procedure. This type of residual stress is in first group because it affects the structure 

by a global manner. The intrinsic residual stress is formed during the preparation of the thin 

films, during their growth. It is divided into the three types of stresses. It’s difficult to separate 

the origin of the intrinsic residual stress from the others, but it is known that it could come from 

defect, gap, contamination, diffusion of oxygen into the layer causing expanded volume, 

different size of the atoms, dislocation of interface in the monocrystalline etc. 

The simplest way to measure residual stress is to measure the deflection of specimen as 

illustrated in Figure 29. 

 
Figure 29. Deformation of coating-substrate: a) compressive residual stress and b) tensile residual stress 

[112] 

The residual stress σ of coatings on silicon wafer was determined by Stoney formula (Equation 

11) [186]: 

 

 σ = ±
𝐸𝐸𝑠𝑠

6(1 − 𝜈𝜈𝑠𝑠)
ℎ𝑠𝑠2

ℎ𝑓𝑓
 (

1
𝑅𝑅
−

1
𝑅𝑅0

) Equation 11 

 

where Es is the elastic modulus of substrate; 𝜈𝜈𝑠𝑠 is the Poisson ratio of the substrate, which equals 

to 0.28; hs and hf are the thickness of the substrate and coating, respectively. hs equals to 380 

µm. R and R0 are the curvature of the silicon after and before deposition, respectively. The 

curvatures and the thickness of the films are measured by optical profilometer, the curvature is 

measured with ‘Stiching’ mode. The two main curvatures in Equation 11 are chosen 

automatically by post-treatment program Gwyddion as shown in Figure 30. 
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Figure 30. Post-treatment example of curvature measurement 

This technique permits to obtain the residual stress. 

2.3.5. Hardness and elastic modulus: Nanoindentation 

The hardness is defined as the resistance of local penetration by other materials. The hardness 

is representative of the mechanical resistance, the abrasion resistance, etc. The hardness H could 

be expressed as the resistance of plastic deformation caused by an indenter according to 

Equation 12: 

 

 𝐻𝐻 =
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴

 Equation 12 

 
where 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum force applied by the indenter, 𝐴𝐴 is the residual deformation surface 

calculated after indentation. 

For thin films, the most appropriate manner to measure the hardness and elastic modulus is 

nanoindentation. Regarding of their small thickness, the influence of the substrate occurs when 

applying a significant effort. Synthetically, a load/unloading cycle is applied on the surface of 

the tested material, then the plastic and elastic response is observed after this cycle. In nano-

metric scale, Oliver et al. [187] developed a method to measure the reduced elastic modulus 

and hardness. 
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Figure 31 illustrates the load/unload cycle of nanoindentation, the plastic deformation leaves a 

residual displacement ℎ𝑓𝑓 on the surface. The slope of tangent on unloading curve represents the 

stiffness S of material. 

 
Figure 31. Schematic illustration of indentation load–displacement data [188] 

The reduced elastic modulus is thus expressed in Equation 13: 

 

 𝐸𝐸𝑟𝑟 =
𝑠𝑠√𝜋𝜋
2√𝐴𝐴

 Equation 13 

 

where A is the projected contact surface determined by the depth ℎ𝑐𝑐 and the geometry of the 

indenter. ℎ𝑚𝑚𝑚𝑚𝑚𝑚 is the real penetration depth when maximum load is applying, it can be expressed 

as follows in Equation 14: 

 

 ℎ𝑐𝑐 = ℎ𝑚𝑚𝑚𝑚𝑚𝑚 − ℎ𝑠𝑠 Equation 14 

 

where ℎ𝑠𝑠 is the displacement of elastic deformation as shown in Figure 32. ℎ𝑠𝑠 varies according 

to the geometry of the indenter and it is expressed in Equation 15: 

 

 ℎ𝑠𝑠 = 𝜀𝜀
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑆𝑆

 Equation 15 
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where ε is a constant value that depends on indenter geometry, it equals to 1 when the indenter 

is circular, 1.034 when the indenter is triangular, 1.012 when the indenter is a square.  

 

Figure 32. Cross-section of indentation process showing the parameters characterizing the contact 

geometry [188] 

Then the elastic modulus E of specimen is calculated by Equation 16: 

 

 
1
𝐸𝐸𝑟𝑟

=
1 − 𝜈𝜈²
𝐸𝐸

+
1 − 𝜈𝜈𝑖𝑖²
𝐸𝐸𝑖𝑖

 Equation 16 

 

where 𝐸𝐸 and ν are elastic modulus and Poisson coefficient of specimen, respectively. 𝐸𝐸𝑖𝑖 and 𝜈𝜈𝑖𝑖 

are elastic modulus and Poisson coefficient of indenter, respectively. The hardness is calculated 

from the penetration depth ℎ𝑐𝑐 and the stiffness S. 

A Nano-indenter (XP MTS) in MSMP of the Arts et Métiers campus of Lille was used in our 

current study to determine the mechanical properties (hardness and elastic modulus) of the 

coating. This Nano-indenter is equipped with a Berkovich (pyramid triangle) indenter that is 

able to reach a small penetration of several nanometers, controlled by a dynamic contact mode. 

In this mode the indenter is controlled by the loading/unloading cycles to calibrate the depth of 

penetration, the resolution of the vertical displacement is lower than 0.01 nm; the resolution of 

the applied force of indenter is 1 µN; the maximum penetrating depth is 15 µm and maximum 

force is 10 mN. 

Continuous stiffness measurement (CSM) permits to measure the stiffness of the specimen 

[189]. The hardness and the elastic modulus could be saved directly during this procedure as a 

function of displacement of the indenter until a maximum penetration depth of 15 µm. 12 

indentations were performed on each coating according to their thickness. The evolutions of 

hardness and elastic modulus are traced by the average of these results. According to the 
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literature [190], the values of hardness and elastic modulus are determined on the average curve 

corresponding to 10% of penetration depth for hardness and 5% of penetration depth for elastic 

modulus, these percentages aim to diminish the influence of the substrate. 

This technique permits to obtain the mechanical properties of thin films such as hardness and 

elastic modulus. 

2.3.6. Adhesion: Scratch test 

The adhesion of a coating depends on its structure, its intrinsic mechanical properties as well 

as the coating/substrate couple. Adhesion is an important parameter because it links directly to 

the performance of the coating during metal cutting process. If the adhesion of coating is not 

strong, the notion ‘protective coating’ is not validated.  

The most employed method to test the adhesion of coating is scratch test. This test aims to judge 

the quality of the coating/substrate couple. The material should stand with an external 

mechanical solicitation or a residual stress effect, adhering on substrate to play its role of 

protection. During the test, cracking is formed into the layer before the total delamination of 

the coating from the substrate. Considering that the critical loads generally appear in the domain 

of plastic deformation, the analysis is difficult to realize. The test machine usually equips 

several sensors, such as the friction sensor, acoustic emission sensor, depth sensor etc. These 

sensors help to detect the critical load by the acoustic emission, friction force and penetration 

depth. The critical load can be also verified by observing its crack mode alongside the scratch 

path by optical microscopy. Figure 33 presents a typical graph of friction force and acoustic 

emission obtained by scratch test and the critical load confirmed by observation under optical 

microscope. The critical load 𝐿𝐿𝐿𝐿1 P

 presents the occurrence of cracking located on the board of 

scratch track, where the crack is perpendicular to the scratch track. The critical load  

𝐿𝐿𝐿𝐿2 presents the total delamination of coating. 
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Figure 33. Typical friction force and acoustic emission curve obtained after scratch test and observation of 

scratch path under optical microscope [151, 191] 

The equipment is a ‘Scratch Tester Millenium 200’ located in MSMP (campus of Lille). It is 

equipped with an optical microscope, a detector of acoustic emission and a tangential force 

sensor. The indenter is a diamond Rockwell tip with an angle of 120° on the tip of cone, a radius 

of 0.2 mm. Scratch-test was performed 3 times on each coating with a length of 5 mm and a 

progressive load from 5 N to 100 N. The loading speed is 100 N/min and the sliding speed is 5 

mm/min. The critical load was determined with an implemented microscope and a platform 

fixes the sample integrated with ruler. Further observation and analysis of the sliding tracks 

were realized by an optical microscope (OLYMPUS BX51M) in LABOMAP. 

The adhesion property could be also compared with the work of adhesion 𝑊𝑊𝑎𝑎𝑎𝑎 mentioned in 

the model of Bull and Rickerby [192]. The work of adhesion is calculated by Equation 17. 

Although this model does not take the internal residual stress into consideration [193], but it 

still makes a comparison of the adhesion for different coatings: 

 

 𝑊𝑊𝑎𝑎𝑎𝑎 = 3.307 ∙ 1011
ℎ𝐿𝐿𝐿𝐿2
𝑑𝑑4𝐸𝐸

 Equation 17 

 

where 𝑊𝑊𝑎𝑎𝑎𝑎 is the work of adhesion in J/m2, ℎ is the thickness of the coating in µm, 𝐿𝐿𝐿𝐿2 is the 

critical load in N, 𝑑𝑑 is the width of the track when 𝐿𝐿𝐿𝐿2 occurs in µm, E is the elastic modulus 

in kg/mm2.  

This technique permits to obtain the adhesion property of the as-deposited coatings as well as 

the work of adhesion thanks to the Bull and Rickerby model. 
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2.3.7. Tribology: Rotative tribometer 

The essential of the tribometry is to define the behavior of a material submitted under certain 

cycles of friction against a counterpart, as well as determining the friction coefficient. The 

friction coefficient is a wide-spread property for qualifying and quantifying the behavior of the 

contact surface, although this value is strongly dependent on the test conditions and on the two 

materials in contact. The objective of this test is to determine the friction coefficient and the 

wear resistance of coated tungsten carbide against a Ti6Al4V ball (6 mm of diameter). The 

equipment used is a continuous rotative tribometer (TriboX, CSM Instruments) located at the 

LABOMAP. 

Before each test, the ball and the substrate are cleaned by ethanol and deionized water to remove 

any impurities, which could modify the nature of the contact between the two counterparts. The 

test conditions are the following: a normal load of 10 N, a cycle radius of 4 mm, a sliding speed 

of 10 cm/s, a sliding distance of 100 m and about 4000 sliding cycles. The tests were conducted 

at ambient temperature without lubricant. 

The wear track on the coatings was observed with the optical profilometer and SEM to compare 

and determine the wear volume (or wear rate). The wear volume 𝑉𝑉 of the ball is considered as 

a spherical cap, which could be calculated by measuring its height and diameter, as shown in 

Equation 18 and Equation 19: 

 

 ℎ = 𝑅𝑅 − �𝑅𝑅2 −
𝐷𝐷2

4
 Equation 18 

 

 𝑉𝑉 =
𝜋𝜋ℎ
6
�

3𝐷𝐷2

4
+ ℎ2� Equation 19 

 
where h is the height of the cap, R is the radius of the ball, D is the diameter of the cap (measured 

by an optical microscope). 

The wear volume of coated tungsten carbide was calculated according to Archard [194] by 

multiplying the perimeter of the wear track and the average of 3 sections on wear volume. The 

section area is given by Equation 20 while the Equation 21 presents sum of the section: 

 

 𝐴𝐴𝑖𝑖 =
(𝑦𝑦𝑖𝑖+1 + 𝑦𝑦𝑖𝑖)

2
× (𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖) Equation 20 
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 𝐴𝐴𝑗𝑗 = � 𝐴𝐴𝑖𝑖
𝑗𝑗

𝑖𝑖
 

 
Equation 21 

 
where x represents abscissa and y represents ordinate, A is the area section. 

 
Figure 34. Method to calculate the wear volume 

Figure 34 shows how to calculate the wear volume from each section area of the wear track. 

The abscissa and the ordinate are fixed by measurement with the optical profilometer, then the 

wear volume could be calculated with the help of Equation 20 and Equation 21. The wear rate 

is calculated by the determined wear volume (mm3) divided by the applied normal force (N) 

and the sliding distance (m). 

This technique permits to obtain the wear resistance of the as-deposited coating against the 

counterpart, to obtain the friction coefficient and study the tribological behaviour between the 

coating and the counterpart. 

2.3.8. Thermal properties: Modulated photothermal radiometry 

As foregoing mentioned, the thermal property of the coating is a main property for our work 

because the developed coating acts as a thermal diffusion barrier to protect the cutting tool from 

either too high or too low temperature and thermal shocks during cryogenic assisted machining 

of Ti6Al4V alloy. Machining process will cause significant rise of temperature up to 500°C 

[195]. The heating generated during machining Ti6Al4V is hardly taken away by chips, then 

the cutting tools is overheated, which is the main reasons of rapid tool wear. 
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A thermal characterization bench for thin layers (MPTR) (Figure 35) in Institute I2M-

University of Bordeaux was used to determine the thermal properties of the coatings and WC 

substrates.  

 

Figure 35. Modulated photothermal radiometry experimental setup [196] 

The machine is able to operate from ambient temperature until 1200°C. The heat source is a 

continuous Ar+ laser of 514 nm wavelength and 1.7 W maximum power. The laser beam is 

modulated in intensity by an acousto-optic modulator in the range 1-100 kHz and is brought to 

the sample surface by a set of mirrors. On the spot of 1 mm in diameter at 1/e² of the laser beam, 

it has a Gaussian profile of power distribution. An infrared HgCdTe detector is responsible to 

measure the thermal response, the permitted wavelength is between 2 to 13 µm. The parabolic 

mirror collects the emitted infrared radiation then focus it on the detector. The detected zone is 

a circle of 1 mm on the heated sample. The phase lag between the reference signal from a 

photodiode and the signal from infrared detector is measured by a lock-in amplifier [196, 197].  

The temperature variation ΔT generated by the modulated laser was small, it is assumed that 

the heat transfer is linear and radiative emission ΔT is linear proportional to the heat. Since the 

thermal diffusion length�𝑎𝑎𝑠𝑠 𝜋𝜋𝜋𝜋� , with 𝑎𝑎𝑠𝑠 is the thermal diffusivity of the substrate and 𝑓𝑓 the 

explored frequency range in 1-100 kHz, is very small compared to the substrate thickness, the 

substrate can be considered semi-infinite media. Regarding the thickness of the coatings, at the 

lowest frequency, the heat conduction in the specimen can be considered as one-dimensional 

(1D). The thermal quadruples in 1D [198] is used to modulate the thermal system, the measured 
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average temperature on the sample 𝜃𝜃𝑠𝑠 according to the heat flux φ in frequency domain 𝜔𝜔 −

2𝜋𝜋𝜋𝜋 and 𝑗𝑗 imaginary unit is written in Equation 22: 

 

 𝜃𝜃𝑠𝑠(𝑗𝑗𝑗𝑗) = (𝑍𝑍𝑠𝑠∞(𝑗𝑗𝑗𝑗) + 𝑅𝑅𝑡𝑡ℎ)𝜑𝜑(𝑗𝑗𝑗𝑗) Equation 22 

 

where 𝑍𝑍𝑠𝑠∞(𝑗𝑗𝑗𝑗) =
�𝑎𝑎𝑠𝑠 𝑗𝑗𝑗𝑗�

𝑘𝑘𝑠𝑠
� , 𝑘𝑘𝑠𝑠 is the thermal conductivity of substrate. The thermal 

resistance of the coatings is written in Equation 23: 

 

 𝑅𝑅𝑡𝑡ℎ =
ℎ𝑑𝑑
𝑘𝑘𝑑𝑑

+ 𝑅𝑅𝑑𝑑𝑑𝑑 Equation 23 

 

where ℎ𝑑𝑑 is the thickness of the coating, 𝑘𝑘𝑑𝑑is the thermal conductivity of the coating and 𝑅𝑅𝑑𝑑𝑑𝑑 

is the thermal contact resistance between the interface of coating and substrate. 

The phase lag is an argument of the transfer function 𝑍𝑍(𝑗𝑗𝑗𝑗) according to angular frequency 

𝜔𝜔 − 2𝜋𝜋𝜋𝜋. By using minimizing Levenberg-Marquardt algorithm, the 𝑅𝑅𝑡𝑡ℎ could be calculated 

from the measurement of phase from lock-in amplifier and the calculated phase from the 

transfer function [196]. 

In this work, the WC substrate, the optimal CrN, AlCrN monolayers and three as-deposited 

multilayers on WC substrates were analysed by the foregoing introduced technique. The 

thermal resistance thus the thermal conductivity of these as-deposited coatings were 

determined. 
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Table 7. Summary of the coatings’ characterization techniques 

Properties Methods Locations 

Thickness SEM, optical profilometer Arts et Métiers - Cluny 

Surface morphology SEM, optical profilometer Arts et Métiers - Cluny 

Chemical Composition 
EDS 

XPS 

Arts et Métiers – Cluny 

LICB-UBFC-Dijon 

Residual stress Optical profilometer Arts et Métiers - Cluny 

Friction coefficient / wear resistance Ball-on-disc tribometer Arts et Métiers - Cluny 

Structure XRD ECAM-Lyon 

Hardness / elastic modulus Nanoindentation MSMP-Lille 

Adherence Scratch-test MSMP-Lille 

Thermal conductivity MPTR Arts et Métiers – Bordeaux 

 

2.4. Experimental setup for tribological tests 

The tribological tests were conducted on SOMAB T500 CNC lathe machine, the assembly of 

tribological tests is presented in Figure 36, the pin is mounted on a laboratory-made tribometer 

adapted to the tribological tests, the detail of the tribometer is presented in Appendix A. The 

pin’s technical design is shown in Appendix B. Then the tribometer is mounted on a 

piezoelectric dynamometer Kistler 9121, the acquisition card is NI cDAQ-9174, the sampling 

frequency was set to 2 kHz. The normal force (Fn), the tangential force (Ft) and the feed force 

(Ff) were measured by this dynamometer, they are represented by Fx, Fz and Fy respectively in 

Figure 36. The MWF fluid used is Blaster B-Cool 755 (7%) mixed with water (93%). The LN2 

container is placed on a balance to control the flow rate on time. The delivery pipe is a flexible 

PA12 of diameter 8 mm, which is often used for high pressure nature gas distribution for 

thermo-purpose. It is covered by PE foam insulation sleeve. The pressure of flood is 7.25 bar. 

The pressure of LN2 is 4 bar and the flow rate is 2 l/min. The contact pressure between pin and 

bar is controlled by external supply of CO2 pressurized gaz. The tribometer and dynamometer 

is covered by an isothermal material to avoid the coolant influencing the sensitive acquisition 

system. The rotation of the workpiece is counter clock, the nozzle is placed in front of the pin 

to simulate the cooling effect in chip evacuation direction during machining process. 

The detail of the nozzle position is presented in Figure 37. As already optimized by P. Lequien 

[61]: the nozzle outlet diameter is 3 mm; the distance between the nozzle and the pin is 2 mm; 

the distance from nozzle to workpiece is 2 mm (as the piston of tribometer moves back 3 mm 
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in experience, the pre-setup distance before tests is 5 mm); the projection angle between the pin 

and the workpiece is 15°, which means the nozzle titled 75° from the pin. 

 

Figure 36. The assembly of tribological tests 

 

Figure 37. Nozzle position in MWF and cryogenic assisted tribological tests 
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In order to eliminate the potential influence of surface roughness, the surface preparation for 

tribological tests aims to obtain the same conditions as Courbon et al. [62]. The 𝑅𝑅𝑎𝑎 of Ti6Al4V 

bar was controlled to 0.1 µm. According to Equation 24, where 𝑅𝑅𝑎𝑎 is the arithmetic average 

roughness (µm), 𝑓𝑓 is the feed (mm/rev), 𝑟𝑟𝜀𝜀 is the nose radius (µm). An insert reference number 

CNGG 1204 08-SGF H13A from Sandvik Coromant was chosen to prepare and refresh the bar 

surface. 

 

 𝑅𝑅𝑎𝑎 = 1000
𝑓𝑓2

18√3𝑟𝑟𝜀𝜀
 Equation 24 

2.5. Experimental setup for tool wear 

The tool wear tests were conducted on SONIM T9 CNC lathe machine (Figure 38). The cutting 

force (Fc), the thrust force (Ft) and the feed force (Ff) were measured by the same dynamometer 

as in tribological test. The tool wear was monitored with a laboratory-made integrated wear 

scope (IWS), which permits to measure the flank wear on the spot without demounting the 

insert. This system takes pictures of worn tool when each critical machining time is achieved, 

then the picture will be treated with a program to determine the tool wear. The general 

experimental set-up of wear test is similar to that of tribological tests. The Ti6Al4V bar is 

divided into 3 parts in order to test 3 different inserts. The liquid nitrogen delivery nozzle is 

integrated on tool holder that developed during P. Lequien [61] PhD work. Both the rake face 

and the flank face are injected directly with liquid nitrogen, the diameter of the nozzle is 3 mm 

and 1.2 mm, respectively. The tool holder is presented in Appendix C. The pressure of flood is 

3.2 bar. The pressure of LN2 is 4 bar and the flow rate is 2 l/min and 1.5 l/min for two nozzles, 

respectively. 
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Figure 38. SONIM CNC lathe machine and the assembly of tool wear tests 

2.6. Preparation of the pins and inserts for temperature 

measurements 

During tribological tests and tool wear tests, the temperature was measured by a thermocouple 

type K (Type 12R 12-k-150-118-0.5-2i-3p2l-2.5m A27KX-Drain wire to be connected to the 

sheath). To permit the measurement, a hole of 0.8 mm diameter was drilled to insert the 

thermocouple of 0.5 mm diameter. The pins and cutting tools were drilled by a drilling EDM 

machine Agie Charmilles DRILL 20 (cf. Figure 39), the setup and the electrode are also 

presented in this figure. The position of the thermocouple is depicted in Figure 40. For the pin, 

the hole was drilled at the bottom of the cylindrical body. The distance between the 

thermocouple and the contact point between the workpiece and the pin is 1.53 mm. Then, the 

thermocouple is fixed by a metallic adhesive tape. In the case of the insert, the hole is drilled 

on the opposite side to the rake face. The distance between the hole and the cutting edge is 1 

mm. 
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Figure 39. Drilling EDM machine and drilling position on pins and cutting tools 

 

Figure 40. Detail of thermocouple position in the pin and in the insert 
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2.7. Characterization methods 

2.7.1. Micro-hardness and microstructure of the work material 

The homogeneity of the titanium bar was at first verified by micro-hardness instrument Wilson 

Hardness TukonTM 1202, in its axial and longitudinal direction. Indeed, it should be altered 

several times during tribological tests and machining tests. A Knoop indenter was used, the 

force applied is 50 gf (1 gf = 9.8 mN). 20 points for each series of test were performed. The 

distance between each imprints is 1.5 times of the imprints size. The average hardness in 

longitudinal direction was 3.43 GPa and in axial direction was 3.38 GPa. The micro-hardness 

do not exhibit significant variation comparing both directions.   

 

 

Figure 41. Micro-hardness of Ti6Al4V bar 

The microstructure was also observed by an optical microscope OLYMPUS BX51M, as shown 

in Figure 42. (α+β) phase are evenly distributed on longitudinal and axial section of Ti6Al4V 

bar. The α phase shows equiaxed microstructure and β shows lamellar microstructure. 
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Figure 42. Microstructure of Ti6Al4V bar on a) longitudinal and b) axial section 

2.7.2. Observation of the work material (Ti6Al4V) adhesion to the pins 

The work material (Ti6Al4V) adhesion to the pins after the tribological tests was observed 

using optical microscope Keyence VHX 1000 (Figure 43), and quantified using dynamic 

focusing microscope Alicona InfiniteFocus (Figure 44). 

Keyence device is equipped with a CCD or CMOS sensor for detecting surface image. This 

technic allows us to have an instant idea about what happened during tests and gives the surface 

state data for results exploitation. 

 

 

Figure 43. Optical surface observation setup with the digital microscope Keyence 

Alicona is a non-contact, optical 3-dimensional microscope. 3D topography and surface 

roughness measurement with color information can be obtained by this system. The 
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magnification is ×10 and exposition time is about 5ms. The adhesion volume on the pin was 

calculated by scanning the pins before and after tribological tests, the method of calculation is 

presented in Appendix D.  

 

Figure 44. Alicona 3D measurement system 

2.7.3. Pin’s profile inspection 

A vertical profile projector Delta METROLOGIE VB12 series was used to measure the 

curvature of the pins before and after deposition to ensure the quality of the pins and the regular 

geometry of each pin’s spherical surface, as shown in Figure 45. The pin’s spherical part was 

measured 6 times on the border to obtain the curvature. The magnification is ×50. 3 random 

pins were selected for each coating. 
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Figure 45. Vertical profile projector 

2.7.4. Surface roughness measurements 

To measure the surface roughness of the pins before and after coating the dynamic focusing 

microscope Alicona InfiniteFocus (Figure 44) was used. The magnification is ×10 and 

exposition time is about 5 ms. The one-dimensional evaluation length is 3 mm and the cut-off 

wavelength is 0.8 mm, each result was revealed after 6 times measurements. The roughness 

was extracted after remove the curvature profile from the data.  

As far as the surface roughness of the workpiece is concerned, a contact profilometer 

Somicronic Surfascan was used both to measure the surface roughness of the workpiece during 

the tribological tests, and of the workpiece during the tool wear tests (Figure 46). The chosen 

stylus series number ST 260 has a 90° tilt angle and 2 µm radius point. The base length is 0.25 

mm and the evaluation length is 1.25 mm. A 50% Gauss filter is used with 𝜆𝜆𝑐𝑐=0.8. 
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Figure 46. Contact profilometer Surfascan 

2.8. Résumé du Chapitre 2 

Ce chapitre présente tous les dispositifs expérimentaux et les méthodes de caractérisation qui 

ont été utilisés au cours de ce travail de recherche. La première partie concerne la technique de 

dépôt des revêtements et leurs méthodes de caractérisation. La deuxième partie concerne 

l'assemblage du système de test tribologique, du système de coupe des métaux et de leurs 

méthodes d'analyse. 

Ainsi nous avons dans un premier temps détaillé le système de dépôts PVD industriel sur lequel 

nous avons réalisé nos revêtements mono et multicouches. Le principe de fonctionnement, les 

éléments constituant ce système et ses caractéristiques ont été explicités. Nous nous sommes 

ensuite intéressés aux substrats utilisés lors de cette étude : silicium et carbure de tungstène 

(dimensions, géométries) mais également procédure de nettoyage ex-situ et in-situ. Le 

nettoyage in-situ des cibles avant chaque dépôt a également été abordé. Afin de caractériser les 

propriétés de nos revêtements sur les différents substrats, nous avons fait appel à de nombreuses 

méthodes complémentaires qui sont résumées dans le Table 8. 
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Table 8. Techniques de caractérisation des couches minces utilisées lors de notre étude 

Propriétés Méthodes Lieux 

Epaisseur MEB, profilomètre optique  Arts et Métiers - Cluny 

Morphologie de surface MEB, profilomètre optique Arts et Métiers - Cluny 

Composition chimique 
EDS 

XPS 

Arts et Métiers – Cluny 

LICB-UBFC-Dijon 

Contraintes résiduelles Profilomètre optique Arts et Métiers - Cluny 

Coefficient de frottement / résistance 

à l’usure 
Tribométrie bille-disque Arts et Métiers - Cluny 

Structure DRX ECAM-Lyon 

Dureté / module d’élasticité Nanoindentation MSMP-Lille 

Adhérence Scratch-test MSMP-Lille 

Conductivité thermique MPTR Arts et Métiers – Bordeaux 

 

Systématiquement, pour chacune de ces techniques nous avons rappelé le principe de 

fonctionnement, le modèle et la marque de l’équipement utilisé, les conditions d’analyse ou de 

test et les propriétés obtenues. 

Dans la seconde partie de ce chapitre 2 nous avons détaillé les assemblages des tests 

tribologiques ou d’usure sur la machine d’usinage utilisée que ce soit sous émulsion ou sous 

cryogénie. La mise en place des thermocouples à l’extrémité des pions (pour les tests de 

tribologie) et des inserts carbure (pour les tests d’usure) a été explicitée. Nous avons également 

donné nos résultats de caractérisations des barres de Ti6Al4V qui vont être utilisées pour les 

tests de tribologie et d’usure. Enfin, les différents microscopes ou appareils qui nous ont servi 

à déterminer la rugosité des pions/inserts avant et après dépôt, mais également l’usure des 

pions/inserts, l’adhérence/transfert de matière après les tests de tribologie sont listés. 
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Chapter 3. Optimization of Cr-based mono and 

multilayers  
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3.1. Introduction 

To optimize the multilayer films to be synthesized on carbide inserts for the machining of 

Ti6Al4V under cryogenic assistance, we first have to determine the deposition conditions to 

obtain Cr, CrN and AlCrN layers presenting a good adhesion, but also good tribological and 

mechanical properties. One objective of this study was also to verify the reproducibility and 

results of Aouadi [111]. Indeed, Aouadi obtained very good results for Cr/CrN/CrAlN 

multilayers, however these coatings have not yet been applied on cutting tools. Thanks to our 

work, we are going to verify the reproducibility of the monolayers obtained in our industrial 

PVD system to develop multilayers that will be tested on carbide inserts. A comparison of 

CrAlN and AlCrN monolayers is also presented here. 

 

In this chapter, the development of chromium underlayers, CrN, CrAlN and AlCrN layers 

produced by magnetron sputtering are presented. We first developed chromium films according 

to the deposition conditions of Aouadi [111]. The objective is to obtain an adherent chromium 

layer on WC and Si substrates. 

For CrN coatings, we varied the deposition temperature and substrate bias voltages. The 

substrate-holder rotation speed was fixed at 1.5 rpm according to Aouadi [111] results. The aim 

is to study the influence of the deposition temperature and substrate bias voltage on the physico-

chemical, structural, mechanical and tribological properties of the CrN films. 

Then we will present the development of CrAlN and AlCrN layers. Indeed, first we want to 

verify the CrAlN coatings properties according to Aouadi [111]. We studied the influence of 

the Al content on the properties of the CrAlN layers. After the Al content optimized, we fixed 

it and studied the influence of substrate bias voltage and deposition temperature on the AlCrN 

monolayers properties. 

Finally, we developed new Cr-based multilayers such as Cr/CrN/CrAlN and Cr/CrN/AlCrN by 

varying the number of monolayers (or number of interfaces) and the thickness of each 

CrN/CrAlN or CrN/AlCrN pair. The influence of these two parameters on the multilayers’ 

properties was studied. 
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3.2. Optimization of the monolayer films 

3.2.1. Cr underlayer 

3.2.1.1. Deposition conditions 

Chromium was chosen to perform as an underlayer between the substrate and the desired 

coating system. The deposition condition was maintained as in [111]. The improvement of 

adhesion provided by this layer was proved by several researchers [164, 199–201]. Hong et al. 

[164] showed that the critical load Lc2 increased from 30 N to 50 N for CrAlSiN coating by 

adding a chromium underlayer. Li et al. [199] demonstrated that for TiN nanocomposite coating 

deposited on stainless steel the complete delamination occurred at 29.1 N instead of 15.8 N 

without underlayer.  

The Cr coating’s deposition conditions are listed in Table 9. 

Table 9. Deposition conditions of the Cr underlayer 

Cr 

Argon flow (sccm) 100 

Working pressure (Pa) 0.5 

Power applied on chromium target (W) 1500 

Average current on chromium target (A) 4.04 

Substrate-holder rotation speed (rpm) 1.5 

Deposition time (min) 120 

Deposition temperature (ºC) 300 

Substrate bias voltage (V) -500 

 

Besides, Herr and Broszeit [202], observed that the film adhesion continuously increased from 

ambient temperature to 650°C. Broszeit et al. [201] realized TiN and CrN coatings by PVD 

with different deposition temperatures. Increasing the temperature from 200°C to 750°C, leads 

to an increase of the critical load Lc2 from 37 N to 41 N.  

Applying a substrate bias voltage has a significant influence on the adhesion of the coatings, as 

presented in several works [203–205]. Ye et al. [205] proved that the density of the Cr coating 

is lower when applying low substrate bias voltage. As a consequence, the adhesion is improved. 

On the other hand, elevated bias voltage will decrease the adhesion of the coating on substrate 

due to high interfacial stress [206]. According to the above-mentioned results and to Aouadi 
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[111], we decided to choose a deposition temperature of 300°C and -500 V as substrate bias 

voltage.  

The rotation speed of the substrate-holder was also fixed to 1.5 rpm according to the work of 

Aouadi [111]. Indeed, with this rotation speed we are sure to avoid multilayer structure, 

especially in the case of the ternary coatings (CrAlN and AlCrN).  

3.2.1.2. Physico-chemical properties 

3.2.1.2.1. Chemical composition by EDS 

The chemical composition of the Cr underlayer on WC substrate was obtained by EDS. Slight 

oxygen content (6.2 at.%) is present in this layer, and about 94 at.% purity of chromium was 

obtained. This quantity of oxygen is negligible for mechanical applications. 

3.2.1.2.2. Surface morphology and microstructure  

Figure 47 shows the surface morphology and cross-section of the Cr underlayer. 

 

Figure 47. a) SEM images of the Cr underlayer surface morphology on WC substrate and b) cross-section 

of the Cr underlayer on silicon substrate 

On WC substrate, packages of pyramidal columns top are observed in Figure 47a. As expected, 

at a medium substrate bias voltage of -500 V, this layer also presents some pores. The cross-

section on (100) silicon substrate of the Cr underlayer exhibits the well-known columnar 

structure (Figure 47b). Referencing to the structure zone model (SZM) of Mahieu [207], this 

morphology may be attributed to Zone Ic (Figure 48). 
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Figure 48. Schematic view of extended SZM [207] 

The elevated temperature induces the thermal mobility of the adatoms to nucleate and form 

crystalline islands, the grains are faceted to constitute faceted columns. The voids between 

columns are filled thanks to adatoms mobility, the columns are separated by grain boundaries 

rather than voids. Despite of this phenomenon, there is still competition between columns 

growth: the tallest columns are able to overgrow the others to create shadow effect. The 

thickness of the Cr layer determined by SEM observation is 1.36 µm. The deposition rate of Cr 

is then of 11.33 nm.min-1.  

3.2.1.2.3. Structure 

Figure 49 presents the XRD patterns of the Cr-coated and uncoated WC substrate. The main 

Cr underlayer diffraction peak was detected at 51.5° and attributed to the (110) orientation. The 

(110) theorical peak according to (ICDD 00-006-0694) card is at 52.04°. It is well known that 

the pure chromium coating has a (110) preferential crystalline orientation [208]. It also presents 

minor (211) and (200) diffraction peaks at 97.99° and 75.72°, respectively. According to the 

(110) narrowness diffraction peak, the Cr underlayer is well crystallized. 

 

The grain size was calculated according to the Debye Scherrer formula [209] (Equation 10). In 

these deposition conditions, the Cr underlayer presents a small grain size of 9.74 nm calculated 

from the (110) diffraction peak.  
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Figure 49. XRD pattern of the Cr underlayer and the WC substrate 

3.2.1.3. Tribological properties  

The wear resistance of the Cr underlayer was studied by rotative tribometry against a Ti6Al4V 

ball. The roughness, friction coefficient, wear volume and wear rate of the Cr underlayer are 

listed in Table 10. 

Table 10. Tribological properties of the chromium underlayer 

Roughness Ra 

(µm) 
Friction coefficient Wear volume (mm3) Wear rate (mm3·m-1·N-1) 

0.18 0.51 0.05 5.32 x 10-5 

 

The Cr layer is not very rough and presents an acceptable coefficient of friction (0.51). The 

wear track of chromium and WC substrate are shown in Figure 50. One can note that for 

tungsten carbide the main wear mechanism is adhesion wear and there is a build-up effect on 

raw substrate. The wear volume on raw substrate is hard to determine. The SEM image of the 

wear tracks are presented in Appendix E. Darbeïda et al. [210] examined the wear rate between 

Cr coating with several variation of hardness and WC ball as counterpart. They found for a Cr 

pure coating with a hardness of 6 GPa, a wear rate of 0.6 mm3·m-1·N-1 and a friction coefficient 
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of 0.6. The higher wear rate compared to current study may be due to the different type of 

counterpart.  

 

Figure 50. Wear track of the Cr underlayer and WC substrate 

3.2.1.4. Mechanical properties 

The residual stress, hardness, elastic modulus, hardness/elastic modulus ratio and critical loads 

(Lc1 and Lc2) are listed in Table 11. 

Table 11. Mechanical properties of the Cr underlayer 

Properties 

Coating 

Residual stress 

(MPa) 

Hardness 

(GPa) 

Elastic modulus 

(GPa) 

H3/E2 

(×10-3) 
Lc1 (N) Lc2 (N) 

Cr 222.8 5.9 170 7 9.45 31.62 

 

The Cr coating presents a tensile stress of around 223 MPa, a hardness and elastic modulus of 

5.9 and 170 GPa, respectively. Darbeïda et al. [210] compared the residual stress and hardness 

of chromium coatings deposited by several methods: a Cr coating obtained by magnetron 

sputtering has a hardness of 6 GPa and residual stress of 136 MPa. The residual stress of the 

obtained Cr films varies within ±1 GPa, their hardness varies from 5 to 20 GPa. Komiya et al. 

[211] showed that the hardness of a Cr coating deposited by electrochemically plated method 
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has a hardness of 8.9 GPa. Hallow cathode deposited Cr coatings exhibits 3.4 GPa and 2.4 GPa 

at 190°C and 520°C, respectively, under a substrate bias voltage of -50 V. Nilsson et al. [212] 

reported that the elastic modulus of chromium decreases with its thickness. A chromium film 

of 83 nm has an elastic modulus lower than 100 GPa, while the bulk elastic modulus is around 

250 GPa. Lintymer et al. [213] showed that the elastic modulus of chromium thin film deposited 

by glancing angle deposition (GLAD) varied from 94 GPa to 210 GPa. This huge variation was 

mainly attributed to the zigzag microstructure produced by the GLAD process, e.g. the porosity 

has a crucial influence on the elastic modulus. The plastic deformation resistance given by 

hardness and elastic modulus ratio is low, but considering as the first/base layer of the total 

future coatings, its influence on their global mechanical properties is negligible. 

It seems that the Cr layer has an acceptable adhesion on the WC substrate. Indeed, the critical 

loads, Lc1 and Lc2, are 9.45 N and 31.62 N, respectively according to Figure 51.  

 

Figure 51. Optical images of Lc1 and Lc2 critical loads for the Cr underlayer 

Guilbaud et al. [208] studied pure chromium coatings shows tensile stress and a critical load 

Lc2 of around 11 N. They also demonstrated the correlation between residual stress and 

adhesion. Indeed, when the intrinsic stress continuously decreased, the critical load of 

chromium film increased from 11 to 18 N. The relatively good and acceptable Lc2 critical load 

of as-deposited Cr underlayer can be due to its low tensile residual stress. This is a main result 

as this Cr underlayer will be at the interface of all the substrates we studied (silicon, WC) 

whatever the architecture of the multilayers. 

3.2.1.5.  Partial conclusion 

The chromium underlayer was studied for the purpose of providing a good adhesion between 

the substrate and the coatings we studied (especially for multilayers). Indeed, pure chromium 

underlayer significantly improves the performance of the desired coatings, especially their 

adhesion on many different substrates [163, 164, 199, 200, 208, 210, 211, 214–218]. We 
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obtained almost pure chromium thin films (Cr 94 at.%) by DC magnetron sputtering with an 

acceptable adhesion (Lc2 = 31.62 N) on tungsten carbide substrate, a low friction coefficient 

(0.51) and wear rate (5.32 x 10-5 mm3·m-1·N-1) after being in rubbing with Ti6Al4V ball. 

Finally, the Cr layers was well crystallized, showed the (110) preferred orientation with a grain 

size of around 10 nm and has a relative porosity. All the above-mentioned results obtained on 

as-deposited Cr coating on WC substrate confirmed Aouadi [111] results about Cr coating on 

steel substrate. Thus, as expected, the Cr coating is adherent whatever the type of substrate or 

its roughness. 

3.2.2. CrN coatings 

3.2.2.1. Deposition conditions 

In this part we will develop CrN coatings. We began by studying the influence of the deposition 

temperature and of the substrate bias voltage on the chemical composition, microstructure and 

crystallography of CrN layers on WC substrates. The mechanical properties of the CrN layers 

were also investigated. 

To achieve these coatings, we varied the deposition temperature and the substrate bias voltage, 

while the other deposition parameters are fixed. The working pressure is 0.5 Pa and the power 

applied to the chromium target is 1500 W (i.e. ~ -385 V). The deposition time is 360 min. 

During deposition, the substrate-holder rotation speed is 1.5 rpm according to Aouadi [111] and 

with an Ar+N2 mixture defined by Moones [219]. Table 12 summarizes the deposition 

conditions of the CrN films studied. 
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Table 12. Deposition conditions of the CrN monolayers 

CrN 

Argon flow (sccm) 60 

Nitrogen flow (sccm) 53 

Working pressure (Pa) 0.5 

Power applied on chromium target (W) 1500 

Substrate-holder rotation speed (rpm) 1.5 

Average current on chromium target (A) 3.9 

Deposition time (min) 360 

Temperature (ºC) Ambient Ambient 150 300 300 300 

Substrate Bias Voltage (V) 0 -500 -500 -500 -250 0 

3.2.2.2. Physico-chemical properties 

3.2.2.2.1.  Deposition rate and thickness of the CrN layers 

The thickness of the CrN coatings varies from 2.03 to 3.26 µm (Table 13 and SEM cross section 

images in section 3.2.2.2.3 of this Chapter), which means that the deposition rate varies from 

5.7 to 9.1 nm.min-1.  

Table 13. Deposition rate and thickness of the CrN monolayers 

Temperature (ºC) Ambient 150 300 

Substrate Bias Voltage (V) 0 -500 -250 0 

Thickness (µm) 3.26 2.59 2.46 2.03 2.76 2.65 

Deposition rate (nm.min-1) 9.1 7.2 6.8 5.7 7.7 7.4 

 

These results are consistent with those obtained by Aouadi [111]. It is noteworthy that he 

realized CrN layers with a substrate-holder rotation speed of 3 rpm, instead of 1.5 rpm. His 

deposition rate of the CrN layer synthesized at -500 V and 300 °C is 7.25 nm.min-1 while we 

found 5.7 nm.min-1. It suggests that the rotation speed of the substrate-holder influences the 

deposition rate and thickness of the coatings. Indeed, the exposure of the substrate in front of 

the Cr target is longer in the case of the highest substrate-holder rotation speed. Considering 

the deposition time of six hours for all the coatings, the thickness of the CrN layers decreases 

while the temperature and bias voltage increase. The effect of the substrate bias is representative 

of the well-known resputtering process [220] that occurs when the species acting during the 
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deposition are too energetic. In the case of the temperature effect, one can suppose that the 

layers are densified at high deposition temperature by the increase of the adatoms mobility. 

3.2.2.2.2.  Chemical composition 

Table 14 shows the chemical composition of the CrN monolayers on tungsten carbide obtained 

by EDS microanalyses. 

Table 14. Chemical composition of the CrN monolayers 

Deposition 

temperature (°C) 

Substrate bias 

voltage (- V) 

Cr  

at.% 

N  

at.% 

O  

at.% 
N/Cr 

Ambient 
0 45.2 42.5 12.3 0.94 

500 

49.9 45.8 4.3 0.92 

150 49.8 46.3 3.9 0.93 

300 

49.8 46.7 3.5 0.94 

250 48.5 47 4.5 0.97 

0 46.8 45.2 8 0.97 

 

Figure 52 illustrates the evolution of the chemical composition of CrN monolayers as a function 

of the deposition temperature and substrate bias voltage. 

 

Figure 52. Chemical composition of the CrN monolayers as a function of the deposition temperature and 

substrate bias voltage 
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According to the EDS analyzes, all the CrN coatings are almost stoichiometric, especially when 

the oxygen content is the lowest (3.5 at.%). The decrease of the oxygen content may be related 

to the substrate bias voltage. A study on ZrNO  [221] reported the reduction of oxygen fraction 

with the increase of the substrate bias voltage. This phenomenon was explained by the 

preferential re-sputtering of oxygen [222] caused by the lower bond strength of the Zr-O atomic 

bond in comparison to the Zr-N one [223]. Nevertheless, it seems that the deposition 

temperature has also an influence on the oxygen content even if it is not so obvious (Table 14, 

Figure 52). 

According to these results, the deposition conditions to obtain a CrN layer almost stoichiometric 

and with a low oxygen content are -500 V and 300°C. 

XPS analyses were performed at the ICB laboratory of the University of Burgundy on CrN 

layer obtained at 300°C-500V on WC substrate. The experimental was as follows: X-ray source 

Al Kα1 (1486.7 eV), a spot of 200 µm, 50 W, 15 kV and a pass energy of 187 eV/58.7 eV for 

spectra/windows. The carbon and oxygen contents after 2 min of sputtering at 500 eV and 6 

min at 2 keV were still high (25.4 and 11 at.% respectively). The second sputter cleaning was 

realized during 10 min at 2 keV and 20 min at 4 keV. The XPS spectra are presented in Figure 

53. 

 

Figure 53. XPS spectra of the CrN monolayers (300°C-500V) on WC substrate 
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The Cr2p3/2 has a binding energy of 575,3 eV. According to Wagner and Muilenberg. [224], 

CrN has a Cr2p3/2 binding energy of 575,5 eV. Besides the N1s at 397,2 eV corresponds to 

numerous nitrides including chromium nitride CrN at 397 eV [225] and Cr2N at 397.4 eV [226]. 

The atomic composition of the CrN layers after the second XPS analysis are summarized in 

Table 15. 

Table 15. Chemical composition of the CrN monolayer (300°C-500V) by XPS 

Cr  

at.% 

N  

at.% 

O  

at.% 

C  

at.% 
N/Cr 

45.3 50 2 2.7 1.1 

 

The chemical composition results obtained from EDS and XPS are different. Indeed, EDS is a 

volume (depth of 500 nm to 1 µm) and semi-quantitative analysis while XPS is a surface (depth 

of dozens to several dozen nanometers) and quantitative analysis. We observe that the nitrogen 

was underestimated while the oxygen was overestimated in EDS, comparing to the results from 

XPS. The N/Cr ratio is 1.1, so the CrN layers are slightly over-stoichiometric in nitrogen. 

Moreover, if nitrogen only has one Cr as a neighbor, the N1s spectrum should be symmetric. 

Figure 54 confirms that we can have a slight presence of Cr2N. As the intensity of Cr2N is much 

smaller than that of CrN, we can assume that an almost pure cubic phase of chromium nitride 

was synthesized. 

 

Figure 54. XPS N1s spectra of the CrN monolayer (300°C-500V) on WC substrate 
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3.2.2.2.3. Surface morphology and microstructure  

Figure 55 and Figure 56 show the surface morphology of the CrN coatings on tungsten carbide 

and silicon substrates. 

 

Figure 55. Surface morphology of the CrN monolayers on WC substrates: a) amb-0V, b) amb-500V, c) 

150°C-500V, d) 300°C-500V, e) 300°C-250V and f) 300°C-0V 

 

Figure 56. Surface morphology of the CrN monolayers on silicon substrates: a) amb-0V, b) amb-500V, c) 

150°C-500V, d) 300°C-500V, e) 300°C-250V and f) 300°C-0V 

On WC substrates, most of the surface morphology looks like cauli-flower. Nevertheless, some 

pyramidal tops of columns are visible for the layers synthesized at 300°C with a substrate bias 
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voltage of -500 V (Figure 55d) or -250 V (Figure 55e). At ambient temperature the coating 

obtained without bias voltage (Figure 55a) presents large clusters of columns while the one 

obtained at -500 V (Figure 55b) is denser. As far as the influence of the deposition temperature 

is concerned, it is obvious that the coatings get denser and reduce their porosity when the 

temperature increases (Figure 55 b and d). When the deposition temperature is 300 °C, substrate 

bias voltages of -500 V (Figure 55d) and -250 V (Figure 55e) induced a dense structure and 

similar column size. In the case of the CrN layer realized at 300°C without bias voltage (Figure 

55f), we notice macro-particles, an irregular surface morphology and a non-negligible porosity. 

This is mainly due to the lack of bias voltage on substrate, as already studied by other 

researchers [203, 216, 227]. It is then predictable that the CrN layers obtained at 300°C with a 

substrate bias voltage should have the highest hardness.  

Mirror-polished silicon substrates were used to better observe the influence of the deposition 

temperature and the substrate bias voltage on the CrN layers surface morphology (Figure 56 a-

f). In contrast to the layers realized on rough WC substrate, all the CrN layers developed on 

mirror-polished silicon substrate present columns with a pyramidal top and are more or less 

dense. The CrN layer obtained without heating nor substrate bias voltage presents the smaller 

column size (Figure 56a). The lack of energy is probably responsible for this result. Indeed, 

when we increase the substrate bias voltage (Figure 56b) or the temperature (Figure 56f), it is 

obvious that a mixture of small and big columns appears. When the substrate bias voltage is 

fixed to -500 V, the CrN layers synthesized at 150°C (Figure 56c) or 300°C (Figure 56d) 

present a homogeneous and dense surface morphology. Besides, when the deposition 

temperature is fixed to 300°C, the layers realized with a substrate bias voltage (Figure 56 d and 

e) have a homogeneous and dense surface morphology.  

The increase in column size with increasing substrate bias voltage is a consequence of the high 

mobility of adatoms due to the energy of the ions [228–230]. According to the above-mentioned 

results, it is obvious that a high deposition temperature and substrate bias voltage permit to get 

a dense and homogeneous CrN layer. Figure 57 shows the cross-section of the CrN coatings on 

silicon substrate. 
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Figure 57. Cross-section of the CrN monolayers on Silicon substrate obtained at: a) amb-0V, b) amb-500V, 

c) 150°C-500V, d) 300°C-500V, e) 300°C-250V and f) 300°C-0V 

The densest structures appear in Figure 57 c, d and e. The substrate bias voltage generally 

creates harder and denser structures according to Berg et al. [231]. The change of temperature 

has also an influence on the microstructure. As a matter of fact, a denser structure could appear 

after “heat treatment” during the sputtering [202]. One can also notice that these cross-section 

observations confirm the previous surface morphology analyses. 

3.2.2.2.4.  Structure 

The XRD analyses have been made on WC coated substrates. According to the (ICDD 00-011-

0065) card, we observe only the cubic phase of CrN for all coatings, no hexagonal Cr2N 

diffraction peaks are present regarding of XRD patterns (Figure 58).  
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Figure 58. XRD patterns of CrN monolayers. 

When the deposition temperature is fixed (at 300°C or ambient temperature), the CrN layers 

are well crystallized for the highest substrate bias voltage, e.g. -500 V. Besides, we observe that 

the preferred orientation changed when the substrate bias voltage increases. At ambient 

temperature, the CrN layer presents a major (220) diffraction peak at 74.62° with -500V 

substrate bias voltage, while it presents a major (111) diffraction peak at 43.43° without 

substrate bias. We can suppose that the energy brought thanks to the substrate bias voltage 

increases the atoms mobility and modify the grain orientation (surface energy model [232, 233] 

or strain energy model [234]). At 300°C when the substrate bias voltage increased from -250 

to -500 V, the (220) and (111) orientations completely disappeared and the (200) plans are 

major. The CrN coatings are then oriented according to the denser (200) plans containing 

mainly the Cr atoms. When we compare the influence of the substrate bias voltage, it is obvious 

that the orientation of the CrN layers depends on the deposition temperature and that these both 

parameters are related. Indeed, at ambient temperature, the influence of the substrate bias 

voltage is low while it is important at 300°C. If we now observe the influence of the temperature 

at a substrate bias voltage of -500 V, it is clearly shown that temperature is a main parameter to 

modify the crystalline orientation of the CrN layers. 
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In conclusion, whatever the temperature higher than the ambient one, the (200) orientation is 

obtained for the highest substrate bias voltage (-500 V). Moreover, whatever the substrate bias 

voltage, the same crystalline orientations are obtained at ambient temperature. Finally, it is 

obvious that the substrate bias voltage has a higher influence than the deposition temperature 

because the XRD patterns obtained for the couples 300 °C/-500 V and 150 °C/-500 V are very 

similar.  

It is noteworthy that the CrN diffraction peaks are all shifted on the left in comparison to their 

theoretical position. According to the Bragg’s law [235] it means that dhkl increases and that 

these coatings should present tensile stresses. 

We also compared our CrN layers preferred orientation with the ones developed by Aouadi 

[111]. It is interesting to note that he obtained CrN layers with a (111) preferred orientation and 

not (200). We can suppose that this is caused by the different substrate-holder rotation speeds 

as already observed by Yousaf et al. [236]  and Tian et al. [237]. Indeed, Aouadi realized his 

CrN coatings with a rotation speed of 3 rpm while we fixed our own at 1.5 rpm according to 

his optimization of CrAlN coatings. According to Pelleg et al. [238], the evolution of the texture 

of thin films is related to the minimization of free energy. This energy is made up of surface 

energy and strain energy. In the case of nitrides, if the surface energy dominates then the 

preferential orientation is (200). However, if the strain energy dominates then the preferred 

orientation is (111). So, we can confirm that our CrN layers obtained at 300 °C and -500 V have 

a surface energy higher than their strain energy. Surface energy is explained by Steckelmacher 

[239] as a work done that quantifies the disruption of intermolecular bonds that occurred with 

the existence of a new surface.  

Finally, we calculated the grain size thanks to the Debye-Scherrer formula (Equation 10). Table 

16 summarizes the calculated grain size of the CrN monolayers as a function of the deposition 

conditions. 
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Table 16. Grain size of the CrN monolayers 

 

Deposition conditions 
Grain size (nm) 

Diffraction peak as 

reference 

Ambient-0V 8.37 111 

Ambient-500V 6.99 111 

150°C-500V 6.65 200 

300°C-500V 7.07 200 

300°C-250V 5.17 220 

300°C-0V 7.01 220 

 

 

Figure 59. Grain size of the CrN monolayers as a function of the deposition conditions 

We observe that whatever the deposition conditions the grain sizes of the CrN monolayers are 

very similar and varies from 5.17 to 8.37 nm (Figure 59). Considering the (111) plans at 

ambient temperature, the grain size decreases when the bias voltage increases. We observe the 

same result in the case of the (220) plans at 300 °C and when the substrate bias increases from 

0 to -250 V. As observed also by Aouadi [111], increasing the substrate bias voltage can cause 

the creation of defects resulting from enhanced ion bombardment. Defects in the sputtered film 

prevent particle migration to grain boundaries [240]. In addition, the increase in the number of 

surface defects allows the presence of more preferential nucleation sites which can lead to a 

decrease in grain size [241]. Now if we consider the (200) diffraction plans, we can note that 

for a fixed substrate bias, the grain size shortly increases with the deposition temperature: 6.65 
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nm at 150 °C-500 V and 7.07 nm at 300 °C-500 V. Similar results were obtained by Li et al. 

[242] in the case of TiN composite films. It is noteworthy that Aouadi [111] got a grain size of 

21 nm for his CrN layers realized with a substrate holder rotation speed of 3 rpm while the grain 

size of our own CrN coatings obtained at 1.5 rpm is around 7 nm. Martín-Tovar et al. [243] 

observed similar results for Al-doped ZnO thin films prepared by rf-sputtering. They explained 

that “as the rotation velocity increases, there is a decrement in the value of the FWHM, reaching 

its minimum for the sample grown at” the highest “substrate velocity”, which means that the 

substrate rotation improves the crystallinity of the thin films. Thus, we verified the FWHM of 

the (111) diffraction peak of the CrN layer of Aouadi is 0.45° while the FWHM of the (200) 

diffraction peak of as-deposited CrN layer is 3 times higher (1.6°).  

3.2.2.3. Tribological properties 

To study the effect of CrN deposition on the friction coefficient, we performed friction tests in 

a ball-on-disc configuration. A Ti6Al4V ball rubs on a sample of coated WC substrate. The 

tests are carried out in air, at room temperature and without lubrication. The friction speed is 

10 cm/s and the distance traveled by the Ti6Al4V ball is 100 m. The SEM image of the wear 

tracks are presented in Appendix E.The friction coefficient is shown in Figure 60 and varies 

from 0.4 to 0.5.  

 

Figure 60. Friction coefficient of CrN monolayers as a function of the deposition conditions 

Similar values were obtained by Tlili [244] who got a coefficient of friction of CrN of 0.58, 

Benlatreche [151] and Aouadi [111] found a coefficient of friction of almost 0.55. One can 

notice that the COF does not depend on the deposition temperature or the substrate bias voltage. 
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Figure 61 illustrates the calculated wear rate according to Archard [194]. 

 

Figure 61. Wear rate of the CrN monolayers as a function of the deposition conditions 

The wear rates are summarized in Table 17. 

Table 17. Wear rates of the CrN monolayers 

Deposition 

conditions 

Ambient-

0V 

Ambient-

500V 

150°C-

500V 

300°C-

500V 

300°C-

250V 

300°C-

0V 

Wear rate 

(×10-4mm3·m-1·N-1) 
2.33 0.81 0.89 0.58 0.67 4.34 

 

The wear tracks are presented in Figure 62.  
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Figure 62. Wear tracks of the CrN monolayers as a function of the deposition conditions 

The coatings obtained without substrate bias voltage whatever the deposition temperature have 

the higher wear rates (2.33 x10-4 mm3·N-1·m-1 and 4.34 x10-4 mm3·N-1·m-1). The coatings 

realized at higher temperature or with a substrate bias voltage present a wear rate 10 times lower 

than these two coatings. Romero et al. [245] have shown that the wear rate decreases when the 

bias voltage of the substrate increases. The substrate bias voltage influenced the wear resistance 

in the contrary to the deposition temperature. These results are consistent with the work of Ye 

et al. [205]. Indeed, Kok et al. [216] asserted that wear of coatings correlates well with friction 

performance, especially films with lower coefficients of friction experience low wear rates. 

This can be explained by a better adhesion and hardness of the four coatings obtained with a 

substrate bias voltage (see Chapter 3, section 3.2.2.4.2 and 3.2.2.4.3). 

It is noteworthy that our CrN monolayers are less wear resistant (wear rate in order of 10-4 

mm3·N-1·m-1) than the CrN monolayers (wear rate in order of 10-8 mm3·N-1·m-1) developed by 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

92 

 

Aouadi [111]. This can be explained by the influence of the substrate rotation speed as showed 

Yousaf et al. [236]. They observed a higher wear resistance for AlTiN/MoN multilayers 

obtained by cathodic arc ion-plating at 1 and 4 rpm while the coatings obtained at 2, 3 and 5 

rpm are less wear resistant. These results are probably also influenced by the deposition 

technique (energy of the particles, incident angle of the different species, etc.). 

3.2.2.4. Mechanical properties 

3.2.2.4.1.  Residual stress 

The residual stresses of the CrN monolayers were determined by measuring the radius of 

curvature of the samples after deposition on silicon. Optical profilometer profiles of the samples 

before and after deposition were carried out. The radii of curvature are then calculated with the 

Gwyddion software. 

The residual stress of the CrN coatings are presented in Table 18 and Figure 63.  

Table 18. Residual stress of the CrN monolayer as a function of the deposition conditions 

Deposition 

conditions 

Ambient 

-0 V 

Ambient 

T°-500V 

150°C-

500V 

300°C-

500V 

300°C-

250V 
300°C-0V 

Residual 

stress (MPa) 
24.5 70.8 48.8 40.2 22.1 18.6 

 

 

Figure 63. Residual stress of the CrN monolayers as a function of the deposition conditions 
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All the CrN monolayers have tensile stress varying from 18.6 MPa to 70.8 MPa. We corroborate 

here the XRD patterns that showed us that the stress should be tensile as the diffraction peaks 

were shifted on the left of their theoretical position (Figure 58). In Figure 63 it is obvious that 

the increase of the bias voltage from 0 to -500 V at ambient temperature results in the increase 

of the tensile stress from 24.5 MPa to 70.8 MPa. A similar result is observed when the 

temperature is fixed to 300°C and when the bias voltage varies from 0 to -500 V. The residual 

stress varies from 18.6 to 40.2 MPa. Nevertheless, if the bias voltage is fixed to -500 V and for 

a deposition temperature increasing from ambient to 300°C, the residual stress decreases from 

70.8 to 40.2 MPa. It is then obvious that the bias voltage increases the residual stress while the 

temperature reduces it. Similar results were observed by Kong et al. [246] for CrN layers 

deposited on stainless steel and Si (111) substrates via medium frequency magnetron sputtering 

under a systematic variation of the substrate bias voltage.  

 

Figure 64. Grain size and residual stress of the CrN monolayers 

It is obvious in Figure 64 that the grain size is inversely proportional to the residual stress of 

almost all of the CrN monolayers. This result shows that the intrinsic stress of the CrN 

monolayers is governed by the grain size. From this result we can conclude that in the CrN 

coatings, larger grains correspond to lower intrinsic stresses. This is especially the case for the 

following CrN coatings obtained at a fixed deposition temperature and when the substrate bias 

increases (Figure 64). Espinoza-Beltran et al. [247] explained that this behavior can be due to 

the increase of the kinetic energy of the particles impacting the coating; as a consequence, there 

is an increase in the surface mobility of the atoms forming the coating, leading to larger 

crystallites and lower intrinsic stresses.  
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It is noteworthy that we obtained a tensile residual stress of 40.2 MPa for the coating obtained 

at 300°C and -500 V while Aouadi [111] observed a twice higher tensile stress of around 80 

MPa. Wang et al. [248] showed that in the case of TiC/GLC composites obtained by magnetron 

sputtering, the internal stress increase with the substrate rotation speed. They explained that 

“the bombardment was enhanced since the kinetic energy of as-grown surface was raised by 

increasing rotational speed, which result in the internal stress increased with rotational speed”. 

3.2.2.4.2.  Hardness and elastic modulus 

The results from nanoindentation are first calculated by an implement model, the wide spread 

Olivier & Pharr method [187], then post-treated by another method [249] and further fitted in 

a multilayer model [250]. The results of nanoindentation tests realized on coated silicon 

substrates are shown in Figure 65. 

 

Figure 65. Hardness and elastic modulus of the CrN monolayers under different coating conditions on 

silicon substrate 

The hardness of the CrN coatings varies from 1.1 GPa to 10 GPa, while the elastic modulus 

varies from 59 GPa to 166 GPa. The values of hardness, elastic modulus and H3/E2, which is a 

plastic deformation resistance indicator, are listed in Table 19. 
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Table 19. Hardness, elastic modulus, elastic and plastic deformation resistance H/E and H3/E2 of the CrN 

monolayers on silicon substrate and mirror-polished WC substrate 

             Mechanical properties 

Deposition conditions 
H (GPa) E (GPa) H/E (×10-2) H3/E2 (×10-3) 

On Si 

substrate 

Ambient-0V 3.3 126 2.6 2.2 

Ambient-500V 1.1 59 1.9 0.4 

150°C-500V 4 129 3.1 3.9 

300°C-500V 10 166 6 36.3 

300°C-250V 2.95 117 2.5 1.9 

300°C-0V 1.6 106 1.5 0.4 

On mirror-

polished 

WC 

300°C-500V 16.2 346 4.7 35.5 

300°C-250V 6.2 263 2.4 3.4 

 

The coating obtained at 300°C and -500 V presents the highest hardness, elastic modulus as 

well as the highest H3/E2 ratio.  

These values of hardness and elastic modulus are in contradiction to other studies, which 

reported that the hardness of CrN coatings are generally around 20 GPa or even higher [112, 

251–254], while the elastic modulus are generally between 230-400 GPa for an arc-evaporated 

CrN coating [252, 255]. The reason of this hardness and elastic modulus difference may be due 

to the change of deposition technique and substrate. According to Broszeit et al. [201], hardness 

lower than 10 GPa is obtained in rotatory PVD system. Besides Wilson et al. [116] also reported 

a hardness of 6 GPa for CrN coating deposited on Ti6Al4V substrate. Panich et al. [256] 

explained that structural and properties difference could be the result of the variation of adatom 

energy with substrate-target distance. It is noteworthy that Aouadi [111] obtained CrN layers 

with a hardness of 22 GPa and an elastic modulus of 240 GPa with a substrate rotation speed 

twice higher than ours. Similar results were observed by Tian et al. [237] 

As expected from SEM observations (Figure 55d) we confirmed here that the CrN layer 

obtained at 300°C and -500 V is the harder.  

It is obvious on Figure 65 that the hardness and elastic modulus increase with the substrate bias 

voltage. Previous work [257] explained this increase by the energies of ions that bombard the 

substrate. On the other hand, the hardness and elastic modulus increase with the deposition 

temperature. Ming et al. [258] deposited BN coatings by MW-ECR radio frequency (RF) 
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magnetron sputtering. They observed that the hardness of BN films shows a progressive 

increase as the temperature increases. Balakrishnan et al. [259] reported an increasing hardness 

of the coatings with increasing deposition temperature owing to higher packing density and 

crystallinity. We confirm here the XRD and SEM observations results: the denser and well 

crystallized CrN layers are the one obtained at the highest deposition temperature of 300°C. 

The nanoindentation tests were also conducted on two mirror-polished WC substrates 

synthesized at 300°C but with a substrate bias voltage of -250 and -500 V. Relatively higher 

hardness and elastic modulus are obtained, as shown in Table 19. While the H3/E2 indicator is 

similar to the ones on silicon substrate. 

According to Zegtouf et al. [260] “The resistance to contact damage depends not only on the 

hardness of the films but on the H/E and H3/E2 ratios too. The H/E ratio is a good reference of 

the amount of strain in a film without the appearance of permanent deformation. The H3/E2 

ratio (i.e. elastic strain to failure) is an estimation of the resistance to plastic deformation and 

to predict their resistance to wear during contact events. In order to provide a better resistance, 

the thin films must have a high H/E and H3/E2”. The H/E and H3/E2 ratios of the CrN 

monolayers of this study are presented in Table 19. As the substrate bias voltage increases, we 

can see that the strain of a film and its resistance to wear increase. The maximum values of H/E 

and H3/E2 ratio are found for the CrN monolayer obtained for -500 V at 300 °C whatever the 

substrate (Table 19). 

Figure 66 illustrates the hardness and residual stress of CrN monolayers deposited on silicon.  

 

Figure 66. Residual stress and hardness of the CrN monolayers on silicon substrate 
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When the substrate bias is fixed to -500 V, the residual stress decreases when the deposition 

temperature increases while the hardness increases. According to Escobar et al. [261] at low 

temperature “the calculated stress is normally associated with intrinsic stresses because the 

thermal expansion factor (extrinsic stress) is generally low compared to that produced by the 

deposition process (intrinsic stress). Nucleation processes for crystal growth are not relaxation 

mechanisms because of the high energy of the deposition process and the poor mobility of 

adatoms caused by the low values”. This leads to high stresses. Then when the deposition 

temperature increases, “the adatoms increase in mobility, so do the relaxation processes and 

defects due to film densification and impurity evaporation decrease. Therefore, lower intrinsic 

stresses are generated”. As far as the hardness is concerned, it increases with the deposition 

temperature, this result can be explained by the grain size evolution (“inverse Hall-Petch 

effect”). “Hall-Petch establishes an inverse dependence between the domain size and the 

material hardness. This dependence is caused by the limitation of dislocations in movement due 

to high density at the boundary”. In our case, the grain size increases as the hardness in some 

deposition conditions according to the “inverse Hall-Petch effect” (at ambient temperature 

when the substrate bias decreases from -500 to 0 V, at -500 V when the deposition temperature 

increases from 150 to 300 °C and at 300 °C when the substrate bias increases from 250 to 500 V 

Figure 67). 

 

Figure 67. Grain size and hardness of the CrN monolayers 

Nevertheless, when the deposition temperature is fixed to 300°C, the hardness and the residual 

stress increase with the substrate bias voltage. We can confirm here that the main residual stress 
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are the thermal ones as explained above when the temperature and substrate bias are high while 

the hardness is still a result of the inverse Hall-Petch effect. 

The correlation between plastic deformation resistance and wear rate is illustrated in Figure 68.  

 

Figure 68. Wear rate and plastic deformation resistance of the CrN monolayers 

It is obvious that the CrN layer showing the best plastic deformation is the one obtained at 

300°C and -500 V.  

3.2.2.4.3. Adhesion 

The failure mode of Bull [262] will be used to identify the damages of the coatings during 

scratch-tests (Figure 69). 

 

Figure 69. Classification of different failure mode of thin films after scratch test [262] 

CrN monolayers present a buckling crack mode (Figure 71, Figure 72 and Figure 73). 

Localized regions containing interfacial defects allow the coating to buckle in response to the 
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stress applied during the scratch-test. This failure mode typically appears as curved cracks 

extend to the edges of the scratch track.  

Table 20 summarizes the critical loads and work of adhesion of the CrN monolayers.  

Table 20. Critical load and work of adhesion of CrN monolayers 

Deposition 

conditions 

Properties 

Ambient 

-0V 

Ambient 

-500V 

150°C 

-500V 

300°C 

-500V 

300°C 

-250V 

300°C 

-0V 

Lc1 (N) 6 7 9 20 10 6 

Lc2 (N) 9 32 38 43 20 15 

Wad (J/m2) 4.3 14.6 7.6 4.5 12.9 23.16 

 

The model of Bull and Rickerby [192] is employed to reveal the adhesion performance of 

coatings by the work of adhesion 𝑊𝑊𝑎𝑎𝑎𝑎. The work of adhesion is calculated by Equation 17.  

The residual stress and the work of adhesion of CrN monolayers under different deposition 

conditions are represented in Figure 70. 

 

Figure 70. Relation between residual stress and work of adhesion work for CrN monolayers 

When the substrate bias voltage is fixed at -500 V, increasing the deposition temperature results 

in a decrease of the work of adhesion, as well as the residual stress. When the deposition 

temperature is fixed at 300°C, decreasing the substrate bias voltage results in the work of 

adhesion increase while the residual stress decreases. 
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We verified here the results of Nouveau [112] who observed also in the case of CrN layers 

realized by RF magnetron sputtering that the critical loads are related reversely to the work of 

adhesion. 

According to Table 20, the highest critical loads are obtained for the monolayer synthesized at 

300°C and -500 V. We verify here that the substrate rotation speed has no influence on the 

adhesion of the layers as Aouadi [111] got the same Lc2 critical load for his own CrN layer 

synthesized at 3 rpm instead of 1.5 rpm as we did. One can also note that all the layers 

synthesized at the highest substrate bias voltage have the highest Lc2 critical load.  

Figure 71, Figure 72 and Figure 73 present the optical images where the critical loads took 

place on rough and mirror-polished WC substrate, respectively. 

The CrN monolayer synthesized at 300°C and -500 V shows plastic deformation until 20 N 

when first crack appears. We can observe a wedging spallation according to Bull [262]. Then 

it exhibits some regular internal cracks until about 50 N before the total delamination of the 

coating from the substrate occurs. Some recovery spallation is also observed according to Bull 

[262]. Concerning the CrN coating obtained at 300°C and -250 V, internal cracks appear at the 

very beginning of the scratch test and then propagate all along the track.  

 

Figure 71. Optical images of critical load Lc1 of the CrN monolayers on rough WC substrate obtained at: 

a) Ambient-0V, b) Ambient-500V, c) 150°C-500V, d) 300°C-500V, e) 300°C-250V, f) 300°C-0V 
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Figure 72 Optical images of critical load Lc2 of the CrN monolayers on rough WC substrate obtained at: 

a) Ambient-0V, b) Ambient-500V, c) 150°C-500V, d) 300°C-500V, e) 300°C-250V, f) 300°C-0V 

 

Figure 73. Optical images of critical loads of the CrN monolayers obtained on WC polished substrates at: 

a1) Lc1 300°C-500V, a2) Lc2 300°C-500V, b1) Lc1 300°C-250V and b2) Lc2 300°C-250V 

Figure 74 illustrates the evolution of the CrN monolayers critical loads as a function of the 

deposition conditions.  
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Figure 74. Critical loads of the CrN monolayers as a function of the deposition conditions 

A better adhesion appears for the CrN monolayer synthesized at 300°C and -500V with a Lc2 

up to 43 N. It is obvious on Figure 74 that the adhesion, Lc1 and Lc2 critical loads, increases 

with the substrate bias voltage and the deposition temperature. Niu et al. [263] studied Ti–Zr–

N (multi-phase) films prepared by cathodic vacuum arc technique with different substrate bias 

voltage (0 to -500 V). They showed that the pack density, bombardment and implantation effect 

are enhanced with the increase of substrate bias voltage, which results in the improvement of 

adhesion strength. 

To explain the influence of the deposition temperature on the adhesion of the CrN monolayers, 

Thouless model [264, 265] pointed out that the adhesion energy is directly proportional to the 

elastic modulus of the coatings as we verified on Figure 75. It must be also pointed out on the 

adhesion energy or interfacial energy which determines the spallation of the coatings from the 

substrate. From Figure 75, it is clear that the coatings deposited at 300°C has the highest elastic 

modulus (166 GPa). Therefore, both the critical load and adhesion energy suggest that the 

coating deposited at 300°C and -500 V has better adhesion strength (Figure 74 and Figure 75). 
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Figure 75. Evolution of the Lc1, Lc2 critical loads of the CrN monolayers and their elastic modulus as a 

function of the deposition temperature 

3.2.2.5. Partial conclusion 

In this part we developed CrN monolayers by varying the deposition temperature and substrate 

bias voltage. The influence of both deposition parameters was shown. Moreover, mostly we 

verified the results obtained previously by Aouadi [111]. When we obtained different results, 

we showed the influence of the substrate rotation speed. According to its properties, the CrN 

monolayer deposited under 300°C and -500V exhibits a (200) preferred crystalline orientation, 

it is well crystallized, it has a dense surface morphology and small top column size (grain size 

of around 7 nm). Concerning its mechanical properties, it presents the highest hardness and 

elastic modulus, the best plastic deformation resistance and has a very good adhesion up to 43 

N (Lc2) and finally the lowest wear rate of 0.58 x 10-4 mm3·m-1·N-1. This optimized CrN 

monolayer will be realized in the different multilayers we are going to present in the multilayers 

section. 

3.2.3. Cr1-xAlxN coatings 

3.2.3.1. Optimization of the Al content 

In this part, we will develop CrAlN films by reactive magnetron sputtering. The objective is to 

study the effect of the Al content in the layer on its structural, mechanical and tribological 

properties. The substitution of chromium from Cr-N matrix by additional aluminum shall 
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improve the performance of the coating as mentioned in Chapter 1, but also by Schmitt [266]. 

For concentrations below 70 at.%, most authors agree that CrAlN is an exceptional candidate 

for severe applications such as large-scale machining speed. This is similar in the case of adding 

aluminum into TiN. A lot of researchers have proved this phenomenon [169, 171, 176, 267, 

268]. In the same time, the limit of Al content in the matrix is about x = 0.64 where the 

hexagonal phase of AlN will appear and reduce the performance of the coating [176, 177, 269]. 

The CrN carried out under a substrate bias voltage of -500 V and a deposition temperature of 

300°C (previous section) was used as a reference. 

3.2.3.1.1. Deposition conditions 

The deposition conditions of the Cr1-xAlxN monolayers are listed in Table 21.  

Table 21. Deposition conditions of the Cr1-xAlxN monolayers at different target power density 

 Fixed current Fixed power 

Argon flow (sccm) 60 68.8 Aouadi [111] 60 

Nitrogen flow (sccm) 53 33.3 Aouadi [111] 53 

Cr target power density (W/cm²) 1.29 1.3 2.91 0.96 

Alr target power density (W/cm²) 4.81 6.81 1.94 2.91 

Deposition time (min) 120 120 360 

DF (Duty factor) 0.6  

Frequency (kHz) 100  

 

We varied the current and the power applied on the chromium or aluminum targets. The target 

power density was calculated from these data in Table 21 and the surface dimension is given in 

Chapter 2, section 2.2.1. When the current is fixed, a variation of the power is observed, 

consequently an average value of the power is used for the calculation of the target power 

density. The Ar and N2 flow rate was 60 sccm and 53 sccm, respectively. The working pressure 

was 5.10-3 mbar, the substrate bias voltage was -500 V and the deposition temperature was 

300 °C. During the optimization of his Cr1-xAlxN monolayers, Aouadi [111] kept a substrate 

rotation speed of 3 rpm and applied an argon flow rate of 68.8 sccm and a nitrogen flow rate of 

33.3 sccm. We studied the same deposition conditions for one Cr1-xAlxN layer except that we 

applied a substrate rotation speed of 1.5 rpm instead of 3. Then, we could compare our results 

with his own and verify the influence of the substrate rotation speed. However, with the PVD 

KENOSISTEC-KS40V-113K12 system, the automate process accepts only the power applied 
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on the targets as a control parameter. Then for more convenient experiences, especially during 

the future complex process of multilayer deposition, the study of Cr1-xAlxN shifts on a fixed 

power.  

Here we introduce a new parameter:  the duty factor (DF). This is due to the well-known 

poisoning phenomenon during the synthesis of AlN coatings. At the beginning of our 

experiments, a strong arcing problem, damaging the PVD system, was detected when applying 

high current on the Al target. Arcing problem is a very common issue when sputtering Al targets 

in a nitride atmosphere [270]. The main reason is due to a glow discharge and arcs formation. 

It is separated into two stages: the first stage is the primary transition from normal gas state to 

a glow discharge; photoelectric current will be generated at the cathode when an electric field 

is applied between two electrodes in gas. The second stage is ions impact on the cathode and 

the photoelectric effect of the photons generated in the discharge that are main contributors. 

This second stage happens frequently to allow the regeneration of the primary electrons to 

insure a permanent glow discharge. The micro-arcs appeared on the surface and near-surface 

of the target as well as on the substrate, as shown in Figure 76. 

 

Figure 76. Glow discharge at the surface field of a target [270] 

The solution to reduce the arc rate has been introduced by Carter et al. and School [271, 272]. 

They suggested to use a pulsed-DC current. It will then induce three new parameters: frequency 

(𝑓𝑓), reverse time (𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 ) and duty factor (DF). The duty factor is calculated by Equation 25: 

 

 𝐷𝐷𝐷𝐷 =

1
𝑓𝑓 − 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟

1
𝑓𝑓

 Equation 25 
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In this study, the DF factor equals to 0.6, the reverse time and frequency are set to 4 µs and 100 

kHz, respectively to avoid the arcing problem. 

Nevertheless, the arcing problem still occurred. The counting of the hard arc number displayed 

on machine panel is almost the same when high current is applied on aluminum target. The 

fixed power (1500W, 2.91 W/cm²) applied on the Al target results lower power density than 

the fixed current (e.g. 2500W, 4.82 W/cm²), relative low power density helps to reduce the 

micro-arc issue. Besides the power entry values are needed for developing the multilayers with 

the help of automate procedure. Our objective was to obtain CrAlN layers with significant Al 

content variation, the further work was not focused on the reduction of the arc. 

3.2.3.1.2. Physico-chemical properties 

3.2.3.1.2.1. Deposition rate and thickness of the CrAlN layers 

The thickness and deposition rate obtained from the SEM cross-section observations of the 

CrAlN coatings (Figure 85) are listed in Table 22. The thickness of the CrAlN layers varies 

from 0.88 to 1.41 µm. 

Table 22. Thickness and deposition rate of the Cr1-xAlxN monolayers as a function of the targets power 

density 

Cr target power density (W/cm²) 2.91 Aouadi [111] 0.96 1.29 1.3 

Al target power density (W/cm²) 1.94 Aouadi [111] 2.91 4.81 6.81 

Deposition time (min) 120 360 120 120 

Thickness (µm) 1.01 1.41 0.88 1.26 

Deposition rate (nm.min-1) 8.42 3.92 7.33 10.5 

 

The deposition rate for the CrAlN monolayer obtained with a Cr target power density of 2.91 

W/cm² and an Al target power density of 1.94 W/cm² is 8.42 nm.min-1. Aouadi [111] obtained 

a very close deposition rate even with a rotation speed twice higher than our own: 8.66 nm.min-

1. The rotation speed of the substrate holder does not seem to have any influence in this case. 

Besides, when the Cr target power density is divided by a factor of 3, the deposition rate is very 

low (3.92 nm.min-1) even if the Al target power density increased from 1.94 to 2.91 W/cm². 

This is explained by the sputter yield that is twice higher for chromium than for aluminum [274] 

: the sputter yield of Cr etched under Ar+ incident ions at 200 eV is 0.67 while the one of Al is 
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0.35. As expected, the targets power density has a high influence on the deposition rate of the 

CrAlN layers. 

According to Figure 77, it is obvious that the deposition rate varies with the Cr and Al target 

density.  

 

Figure 77. Deposition rate of the Cr1-xAlxN monolayers as a function of the targets power density 

In the three first cases, it increases with the power densities, nevertheless, for the layer obtained 

at 1.91 W/cm² on the Al target and 2.91 W/cm² on the Cr target, the deposition rate decreases. 

This can be explained by the fact that this coating has been realized with a different Ar/N2 flow 

rate ratio: 68.8/33.3 instead of 60/53. Besides, as the Cr target density increases for this layer, 

the Al target density drastically decreases. As a result of both deposition conditions changes, 

the deposition rate decreases. 

3.2.3.1.2.2.  Chemical composition by EDS microanalyses 

Table 23 summarizes the chemical composition of the CrAlN monolayers obtained on WC 

substrate as a function of the deposition conditions. The Al content vary from 13.6 to 73.9 at.% 

which is a significant range to determine the optimal Al content. We observe that the CrAlN 

monolayers have a very good quality with no more than 2.7 at.% of oxygen. The nitrogen 

content is also almost the same for all the CrAlN coatings. It varies from 45.4 to 47.1 at.%.  
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Table 23. Chemical composition of the Cr1-xAlxN monolayers 

Cr target density 

(W/cm²) 

Al target 

density (W/cm²) 

Cr 

(at.%) 

Al 

(at.%) 

N 

(at.%) 

O 

(at.%) 

Al/(Cr+Al) 

(×10-2) 
Al/Cr 

2.91 1.94 44.8 7.1 45.4 2.7 13.6 0.16 

1.29 4.81 23.0 29.9 47.1 0.0 56.5 1.3 

0.96 2.91 20.5 32.8 46.6 0.1 61.5 1.6 

1.3 6.8 14.1 40.1 45.8 0.0 73.9 2.84 

Aouadi [111] Aouadi [111] 41.35 6.9 46 6.9 14.3 0.17 

 

As expected, when the Cr target power density decreases and the Al target power density 

increases, the Cr content decreases while the Al one increases (Figure 78 and Table 23). We 

have clearly here a representation of the Cr substitution by Al atoms in the CrAlN ternary 

coatings. 

 

Figure 78. Chemical composition of Cr1-xAlxN monolayers as a function of the Al content 

Finally, the reproducibility of the CrAlN deposition process was verified. Indeed, Aouadi [111] 

obtained a chemical composition of 41.35 at.%, 6.9 at.%, 46 at.% and 6.9 at.% of Cr, Al, N and 

O, respectively, in his own layer realized at 3 rpm. The substrate rotation speed does not seem 

to have an influence on the chemical composition of the CrAlN layers except for the oxygen 

content that is 3 times higher. Indeed, as the substrate is faster, it is more exposed to the unused 

targets of our PVD system and to the walls of the chamber that most of the time contain 

impurities such as oxygen or carbon. 
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3.2.3.1.2.3. Chemical composition by XPS analyses 

As our objective is to develop CrAlN monolayers on WC substrate with the Al/(Al+Cr) ratio 

of about 0.6, we realized XPS analyses on the coatings that have an Al/(Cr+Al) ratio of 61.5 

×10-2 (Figure 79) and 73.9 ×10-2 (Figure 80 and Figure 81).  

For the CrAlN layer with 61.5 at.% of Al, argon ion bombardments were carried out as 

described in Table 24.  

Table 24. Chemical composition of the CrAlN layer with 61.5 at.% of Al from XPS 

Etching conditions 
Etched 

thickness 
% C1s 

% 

O1s 

% 

N1s 

% 

Al2p 

% 

Cr2p 

Al/(Cr+Al) 

(×10-2) 
Al/Cr 

Before etching 0 25.1 25.3 29.7 11.7 8.3       58.5 1.41 

After etching at 

500eV- 2min 
∼ 2 nm 9.9 26.3 30 22.1 11.7 65.4 1.89 

After etching at 

500eV- 2min + 2keV-

2min 

∼ 12 nm 5 16.9 34.9 25.8 17.5 59.6 1.47 

After etching at 

500eV-2min + 2keV-

6min 

∼ 32 nm 3.6 11.4 38.2 27.6 19.3 58.8 1.43 

 

EDS 

results 

(at.%) 

- 0.1 46.6 32.8 20.5 61.5 1.6 

 

The Al/(Cr+Al) ratio is 58.8 ×10-2 not so close to the one obtained by EDS (61.5 ×10-2). As 

there was still a no negligible amount of C and O in this layer, another etching at 4 keV during 

10 minutes was realized. The Cr2p3/2, Al2p3/2, N1s and O1s spectra are illustrated in Figure 79. 

As a conclusion for this CrAlN layer, the Al content should be close to 60 at.%. 
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Figure 79. XPS analyses of the CrAlN monolayer with 61.5 at.% of Al 

XPS analyze under the same etching parameters was carried out on the CrAlN layer containing 

73.9 at.% of Al. The main spectra are shown in Figure 80 while the Cr2p3/2, Al2p3/2 and N1s 

spectra are shown in Figure 81. 

 

Figure 80. XPS spectra of the CrAlN monolayer containing 73.9 at.% of Al 
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Figure 81. XPS analyses of the CrAlN monolayer with 73.9 at.% of Al. 

The chemical composition after the last etching is given in Table 25. 

Table 25. Chemical composition of the CrAlN layer with 73.9 at.% of Al from XPS analyses 

 
Cr 

(at.%) 

Al 

(at.%) 

N 

(at.%) 

O 

(at.%) 

Al/(Cr+Al) 

(×10-2) 
Al/Cr 

EDS 14.1 40.1 45.8 0.0 73.9 2.84 

XPS 11.7 43.3 43.2 1.8 78.7 3.7 

 

As mentioned in section 3.2.2.2.2, the XPS results are different from the EDS results because 

XPS is a quantitative analyses while EDS is a semi-quantitative one. 

The positions of the peaks are always relatively approximate because of their greater or lesser 

widths. The bibliography is rich and therefore presents results which may be contradictory. In 

Figure 79 and Figure 81, we observe the C1s peak at 285 eV probably carbon graphite pollution 

[275] . For the CrAlN layer with 61.5 at.% of Al, the Al2p3/2 peak is at 74.25 eV, for the CrAlN 

layer with 73.9 at.% of Al, the Al2p3/2 peak is at 74.5 eV, these can be attributed to AlN (at 74.4 

eV) according to McGuire et al. [276]. The Cr2p3/2 is detected at 575.3 eV for both layers, 

which probably corresponds to the cubic CrN phase (at 575.5 eV) according to Wagner et al. 
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[277]. As the amount of oxygen in our layers is very low, even in the CrAlN layer with 61.5 

at.% of Al after the entire etching, we can suppose that there is no or a small amount of oxide 

in our CrAlN layers. Finally, the deconvolution of N1s peaks for both CrAlN monolayers is 

shown in Figure 82. For CrAlN with 61.5 at.% of Al, CrN and AlN are present at 396.8 eV 

[225] and 397.3 eV [278], respectively. For CrAlN with 73.9 at.% of Al, Cr2N and AlN are 

detected at 397.4 eV [226, 278] while CrN is detected at 396.8 eV. As already discussed at the 

beginning of this section (3.2.3.1), when the aluminum content exceeds about 64 at.% of the 

(Cr+Al) matrix, hexagonal AlN is present instead of cubic AlN, thus the substitution of Cr 

forms hexagonal Cr2N in this monolayer.  

 

Figure 82 Deconvolution of N1s peaks: a) 61.5 at.% of Al, b) 73.9 at.% of Al 

To conclude, these analyses confirm the mixture of CrN and AlN in our CrAlN layers, if there 

are oxides of the two metals, they are probably at the grain boundaries but in a slight proportion. 

The XRD should confirm this result. Moreover the XPS chemical compositions confirm the 

ones obtained by EDS and for the continuation of this work, a CrAlN layer with an Al content 

close to 60 at.% will be used to insure good mechanical properties to the mono and multilayers 

[266]. 

In the following, to lighten the name of the Cr1-xAlxN layers we studied, the x values will be: 

0.14, 0.57, 0.62 and 0.74. 

3.2.3.1.2.4. Surface morphology and microstructure 

Figure 83 and Figure 84 shows the surface morphology of the Cr1-xAlxN coatings on WC and 

silicon substrate. Adding aluminum content in the Cr-N system changes its topography. Indeed, 

larger clusters appear while aluminum is added into Cr-N. Meanwhile, Cr1-xAlxN layers exhibit 

different surface morphology at low (0.14), medium (0.57 and 0.62) and high (0.74) aluminum 
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content. At low aluminum content (0.14) in CrN, we observe a porous surface like in the case 

of the CrN layers. The CrAlN layers with medium Al content (Figure 83 b and c) have a similar 

surface morphology with no apparent porosity. The CrAlN layer with the highest Al content 

(0.74) presents sharp and small columnar clusters and an irregular surface. The clusters seem 

inhomogeneous; this may be due to the co-existence of cubic and hexagonal AlN phases.  

On silicon substrate (Figure 84 a), the CrAlN layer with 14 at.% of Al presents pyramidal and 

porous top columns.  

The porosity is well seen in Figure 85a. Aouadi [111] and Tlili [244] observed also a pyramidal 

and porous microstructure for their CrAlN layer containing 11 and 13 at.% of Al, respectively. 

The CrAlN with 57 or 62 at.% of Al seem very dense as confirmed on Figure 85b and c. The 

CrAlN layer with 74 at.% of Al presents the well-known columnar and porous structure (Figure 

85d). 

 

Figure 83 Surface morphology of Cr1-xAlxN monolayers on WC substrate with varied Al content: a) x=0.14, 

b) x=0.57, c) x=0.62, and d) x=0.74 
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Figure 84 Surface morphology of Cr1-xAlxN monolayers on silicon substrate with varied Al content: a) 

x=0.14, b) x=0.57, c) x=0.62 and d) x=0.74 

 

Figure 85. Cross-section images of Cr1-xAlxN monolayers on silicon substrate with varied Al content: a) 

x=0.14, b) x=0.57, c) x=0.62 and d) x=0.74 
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If we compare the CrAlN of x = 0.57 or 0.62 with the CrN obtained at 300 °C and -500 V 

(Figure 57d), it is obvious that the columns size of the CrAlN layers are smaller than the one 

of the CrN layer. Reiter et al. [170] observed a dense and granular morphology for CrN and 

CrAlN films. They explained that the additional Al increases the density of the layers and 

decreases the grain size. Lin et al. [167] found that all their CrAlN layers have a columnar 

structure and that the size of the lattice decreases from CrN to CrAlN (58.5 at.% of Al). On the 

other hand, it begins to increase from 64 at.% of Al. The effect of the Al content on column 

size is due to the crystalline change of the layers. These hypotheses will be investigated in the 

following paragraph dealing with the layers structure and grain size of the CrAlN layers. 

3.2.3.1.2.5. Structure 

The XRD analyses have been made on WC coated substrates (Figure 86).  

 

Figure 86. XRD patterns of the Cr1-xAlxN monolayers with varied Al content 

For an Al content of 14 at.%, a major (200) diffraction peak at 50.6° probably mainly attributed 

to the cubic CrN phase is shown. The theoretical position of the (200) CrN and (200) AlN 

diffraction peaks is 51.26° (ICDD 00-011-0065 card) and 51.47° (ICDD 00-025-1495 card), 

respectively. Then, according to the shift of our diffraction peaks on the left of the theoretical 

peaks’ positions, our CrAlN layer should present some tensile stress. 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

116 

 

For an Al content from 57 to 74 at.%, we observe a main (220) diffraction peak and a minor 

(200) one. Nevertheless, almost all the cubic AlN and CrN peaks are superposed or closed to 

the tungsten carbide substrate diffraction peaks. This is not easy to define the crystalline 

orientation of the CrAlN layers. Moreover, other researchers [167, 171] reported that when the 

aluminum content exceeds 64 at.%, the hexagonal AlN phase should be detected. This is may 

be the case for the CrAlN layer obtained at 74 at.% of Al even if we don’t detect it. The reason 

could be due to the fine grain size of the AlN and the presence of boundaries, which causes 

difficulty for XRD analysis to detect it. So, the cubic AlN and CrN phases are detected, no 

obvious hexagonal AlN phase is observed in Figure 86. 

Lin et al. [167] pointed out that when Al concentration is below 58.5 at.%, the preferred 

crystalline orientation is (200). When the percentage is beyond this value, the orientation is both 

in (111) and (200) texture. In our case, we have a (200) preferred orientation for low Al content, 

a (220) and minor (311) and (200) crystalline orientations for medium Al content. For the 

highest Al content, we have a (220), (200) and a minor (111) crystalline orientation. We can 

suppose that the CrAlN layers result of the coupling of two FCC phases, AlN and CrN, “which 

generate a conjugate complex where the Al and Cr atoms are located in the reticular positions 

and the aluminum atoms (Al) are replaced for the (Cr) atoms while the nitrogen is located 

interstitial positions of the CrAlN crystal. Furthermore, to date, the letters of the crystalline 

structure of the chromium aluminum nitride (CrAlN) have not been reported in the international 

indexing archive” according to Correa et al. [279]. 

At 11 at.% of Al in his CrAlN layers, Aouadi [111] observed a (200) preferred orientation of 

the cubic CrN phase and a minor (101) cubic AlN diffraction peak. This is probably due to the 

fact that he realized his coating with a substrate rotation speed of 3 rpm while we applied a 

rotation speed of 1.5 rpm as explained in Chapter 3, section 3.2.2.2.4. 

The grain size was calculated thanks to the Debye-Scherrer formula (Equation 10) as mentioned 

above in the Cr underlayer paragraph. Table 26 and Figure 87 summarize the calculated grain 

size of the CrAlN layers as a function of the Al content. 
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Table 26. Grain size and diffraction peaks of the Cr1-xAlxN monolayers 

Al content (at.%) Grain size (nm) Diffraction peak as reference 
Diffraction peaks 

detected by XRD 

13.6 5.6 200 (200) 

56.5 4.19 220 (220) (311) (200) 

61.5 3.68 220 (220) (311) (200) 

73.9 5.34 220 (220) (311) (111) 

 

 

Figure 87. Grain size of the Cr1-xAlxN monolayers at different Al content 

The grain size of CrAlN layers are very small and even smaller than the CrN ones. An identical 

behavior is observed in the study by Reiter et al. [170] where the calculation of the crystallite 

size using the Rietveld method gives values of 12 nm for CrN and 6 nm for CrAlN, i.e. twice 

as small. The grain size of the CrAlN layer containing 62 at.% of Al is 3.68 nm, while it is 5.34 

nm for the layer containing 74 at.% of Al. A similar result was obtained by Aouadi [111] who 

showed that the grain size for the CrAlN film with an Al content of 11 at.% is 38 nm while it is 

77 nm for the CrAlN film with a Al content of 24 at.%. This can also be due to the change of 

crystallite orientation: (111) instead of (200) which are denser plans. We verify here that the 

columns diameter observed in cross section images in Figure 85 results from a structure and 

grain size change. The CrAlN layers obtained with the medium Al content are the densest 

because of the smaller grain size and as a consequence, the smaller columns diameter.  
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Finally, Aouadi [111] obtained bigger grain size (38 nm) for a CrAlN layer with 11 at.% of Al 

than as-dposited layer with 14 at.% of Al because again, this is the effect of a twice faster 

substrate rotation speed (see Chapter 3, section 3.2.2.2.4). 

3.2.3.1.3. Tribological properties 

To study the effect of the Al content on the friction coefficient of CrAlN layers, we performed 

friction tests in a ball-on-disc configuration. A Ti6Al4V ball rubs on a sample of coated WC 

substrate. The tests are carried out in air, at room temperature and without lubrication. The 

friction speed is 10 cm/s and the distance traveled by the Ti6Al4V ball is 100 m. The SEM 

images of the wear tracks are presented in Appendix E. The friction coefficient is shown in 

Figure 88 and varies from 0.43 to 0.52. It is similar to the CrN layers. One can notice that the 

COF does not depend on the Al content.  

 

Figure 88. Friction coefficient of the Cr1-xAlxN monolayers at different Al content 

Aouadi [111] and Benlatreche [151] obtained higher coefficient of friction for CrAlN films 

from 0.6 to 0.8. This can be explained first by the fact that Benlatreche realized his CrAlN 

layers with a PVD system that produced rougher CrAlN layers. In the case of Aouadi [111], he 

obtained a COF of 0.8 for the CrAlN layer containing 11 at.% of Al. This is probably due to a 

higher grain size (28 nm) in comparison to our own (5.6 nm). Bigger grains tend to increase the 

surface roughness and as a consequence, the friction coefficient. Indeed, Pengfei et al. [280] 

showed that when the grain size of CrCN coatings becomes smaller, the surface becomes 

smoother which helps to reduce the friction coefficient. Schmitt [266] also obtained a COF of 

around 0.8 for his CrAlN layer during linear tribometer alternative tests. 
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Figure 89 illustrates the calculated wear rate according to Archard [194] as a function of the Al 

content in the CrAlN layers. 

 

Figure 89. Wear rate of the Cr1-xAlxN monolayers at different Al content 

The wear rates are summarized in Table 27 and the wear tracks are presented in Figure 90. 

The wear rates of the CrAlN layers are similar whatever the Al content (Figure 89 and Table 

27). Indeed, the grain size of these CrAlN layers is finally very close too and they have a similar 

coefficient of friction. The CrAlN layers are more wear resistant than the CrN layers as also 

observed by Schmitt [266]. 

Nevertheless, in Figure 90 this is obvious that the wear track for the CrAlN layer containing 

14 at.% of Al is the widest. At 57 at.% of Al, the CrAlN coating has an irregular wear track 

profile, which may result from the adhesion of titanium materials. The CrAlN coating with the 

highest amount of Al (74 at.%) has the deepest wear track, which predicts its poor wear 

resistance. To confirm these results, we determined the mechanical (residual stress, hardness 

and elastic modulus) properties of the CrAlN layers in the following paragraph. 

Table 27. Wear rate of the Cr1-xAlxN monolayers 

Al content (at. %) 13.6 56.5 61.5 73.9 

Wear rate (×10-5 mm3·m-1·N-1) 4.15 3.61 6.41 5.49 
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Figure 90. Wear tracks of the Cr1-xAlxN monolayers at different Al content and of the WC substrate 

3.2.3.1.4. Mechanical properties 

3.2.3.1.4.1. Residual stress 

Table 28 and Figure 91 show the evolution of the residual stress vs. the aluminum content in 

the Cr1-xAlxN monolayers.  

 

Figure 91. Residual stress of the Cr1-xAlxN monolayers at different Al content 
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Table 28. Residual stress of the Cr1-xAlxN coatings at different Al content 

Al content (at.%) 13.6 56.5 61.5 73.9 

Residual stress (MPa) 1276.7 -28.1 -495.6 -1336.2 

 

As expected from the XRD patterns, the CrAlN layers do not have tensile stress except the one 

with the lowest Al content. Indeed, this layer shows the highest shift on the left of the (200) 

diffraction peak and presents as expected tensile stress. The stress change from tensile stress 

(14 at.% of Al) to compressive stress when adding aluminum content. For x = 0.14, the ternary 

coating has a tensile stress of 1.28 GPa; when x = 0.57 and x = 0.62, the coating has a 

compressive stress of -28.1 MPa and -495.6 MPa, respectively; further additional aluminum 

increase the residual stress to -1.34 GPa when x = 0.74. These values are smaller than the ones 

obtained by Lin et al. [167]. Reiter et al. [170] have shown that the residual stresses increase as 

a function of the percentage of Al. This increase was explained by the dissolution of Al atoms 

in the cubic structure of CrN which causes the latter to distort and deform due to the difference 

in atomic radius between Cr and Al. Moreover, this increase in compressive stresses may be 

due to the formation of defects during the growth phase of the layers. Indeed, defects such as 

stacking defects and trapped atoms can produce deformation of the crystal lattice, which 

generates compressive stresses as observed by Hong et al. and Nouveau et al. [281, 282]. 

Our CrAlN layer with 14 at.% of Al has a tensile stress of around 1.28 GPa while the CrAlN 

layer of Aouadi [111] containing 11 at.% of Al presented compressive stress of around -80 

MPa. Again, we show here the effect of the substrate rotation speed on the CrAlN layers 

properties. Martín-Tovar et al. [243] highlighted that in the case of Al-doped ZnO thin films 

prepared by rf-sputtering, the crystallinity was greatly influenced by the substrate rotation 

favoring the formation of larger crystallite sizes which contributes to the reduction of the tensile 

stress contribution from crystalline boundaries. In our case, our CrAlN layer has a grain size of 

5.6 nm, around 7 times lower than Aouadi’s layer (38 nm). In Figure 92, it is obvious that there 

is a correlation between the grain size and the residual stress of the CrAlN layers. 
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Figure 92. Grain size and residual stress of the Cr1-xAlxN monolayers at different Al content 

Indeed, the highest grain size corresponds to the highest tensile and compressive stress. Except 

for the layer containing 74 at.% of Al, the grain size decreases as the stress varies from 1.28 to 

-0.5 GPa. Quek et al. [283] demonstrated that different regimes of grain size effect on yield 

stress exist : Regime I is the classical Hall-Petch regime dominated by dislocation pile-up 

against GB (grain boundaries)s; Regime III is the inverse Hall-Petch regime dominated by 

lattice dislocation emission from triple junctions as a result of GB sliding; and an intermediate 

regime II where pure GB sliding dominates. Their model shows that the inverse Hall-Petch 

behavior can be obtained through a relief of stress buildup at GB junctions from GB sliding by 

emitting dislocations from the junctions. The yield stress is shown to vary with grain size, d, by 

a d1/2 relationship when grain sizes are very small which is our case (grain size < 10 nm). We 

verify here the “inverse Hall-Petch” effect: the lower the grains, the lower the residual stress. 

In the case of the layer with 74 at.% of Al one can suppose that the presence of a mixture of the 

cubic and the hexagonal AlN phases could be responsible for the increase of the grain size and 

of the compressive stress. This should be confirmed by other characterizations such as grazing 

XRD or Raman spectroscopy. 

3.2.3.1.4.2. Hardness and elastic modulus 

The results of nanoindentation tests carried out on coated silicon substrates are shown in Figure 

93.  
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Figure 93. Hardness and elastic modulus of the Cr1-xAlxN monolayers at different Al content on silicon 

substrate 

The hardness of the CrAlN coatings varies from 5.5 GPa to 35.8 GPa, while the elastic modulus 

varies from 108 GPa to 272 GPa. The values of hardness, elastic modulus and plastic 

deformation resistance indicators are listed in Table 29. 

Table 29. Hardness, elastic modulus, elastic and plastic deformation resistance H/E and H3/E2 of Cr1-xAlxN 

monolayers with varied Al content 

Mechanical properties 

Al content (at.%) 
H (GPa) E (GPa) 

H/E 

(×10-2) 

H3/E2 

(×10-2) 

13.6 17.3 167 10.4 18.57 

56.5 35.8 272 13.4 62.02 

61.5 22.5 233 9.7 20.98 

73.9 5.5 108 5.1 1.43 

 

Adding Al to the Cr-N system improves its hardness. Indeed, all the CrAlN films showed higher 

hardness and elastic modulus compared to those of CrN (Table 19). According to Barshilia et 

al. [284], this increase in hardness can be attributed to the small inter-atomic distance of the 

CrAlN films and the solid solution hardening. The coating containing 57 at.% of Al presents 

the highest hardness (35.8 GPa), elastic modulus (272 GPa) as well as the highest H/E (0.134) 

and H3/E2 (0.62) ratios. Ding et al. [285] showed similar results, where the H3/E2 ratio is the 

highest (0.45) when x = 0.62, as well as the hardness gets the maximum value of 40 GPa. The 
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CrAlN layer with 62 at.% of Al presents acceptable hardness, elastic modulus and wear 

resistance values. The lowest values were obtained at 14 and 74 at.% of Al in the CrAlN layers. 

The evolution of the hardness and elastic modulus of CrAlN films as a function of the 

percentage of Al has been reported in several studies [167, 170, 285], where it was found that 

the additional Al improves the mechanical properties of the film. From certain levels of Al, the 

AlN phase is found dominant in the CrAlN layers, which reduces the hardness and elastic 

modulus due to the difference in mechanical properties of the CrN and AlN phases [170]. These 

results corroborate the SEM observations in Figure 85. Indeed the denser coatings are the ones 

that have the highest hardness, etc. For his CrAlN layer with 11 at.% of Al, Aouadi [111] got a 

hardness of around 24 GPa and a elastic modulus of almost 285 GPa. This is probably the result 

of the variation of the substrate’s rotation speed. 

Figure 94 illustrates the comparison of the hardness and residual stress of CrAlN monolayers 

deposited on silicon. The results show a correlation between hardness and residual stress. 

 

Figure 94. Correlation between residual stress and hardness of Cr1-xAlxN monolayers at different Al 

content 

The hardness seems to be low when the residual stresses are the highest (tensile and 

compressive). Aouadi [111] observed the same tendency for his own CrAlN layers with 

different Al content: the hardness was inversely proportional to the stress. When the stress is 

the lowest, about -28 MPa, the hardness goes up to 35.8 GPa. When the residual stresses 

increase from -28 MPa to -1.33 GPa, the hardness decreases from 35.8 to 5.5 GPa. 

The relation between the grain size and the hardness is illustrated in Figure 95.  
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Figure 95. Grain size and hardness of the Cr1-xAlxN monolayers at different Al content 

We verify here the “Hall-Petch” effect: the larger the grains, the lower the hardness.  

The wear rates of the CrAlN monolayers are illustrated in Figure 96.  

 

Figure 96. Correlation between plastic deformation resistance and wear rate of the Cr1-xAlxN monolayers 

at different Al content 

As expected, the higher the H3/E² ratio, the lower the wear rate. The CrAlN layer showing the 

best plastic deformation is the one obtained with 57 at.% of Al. It is noteworthy that the CrAlN 

layer containing 62 at.% of Al presents a relative low plastic deformation resistance and the 

highest wear rate. This can be explained by a higher COF, a smaller grain size, and especially 

higher compressive stresses. These properties all together could lead to decrease the plastic 
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deformation and to weaken this layer in comparison to the one obtained with 57 at.% of Al, but 

also to the others. 

3.2.3.1.4.3. Adhesion 

The failure mode of Bull [262] was used to identify the damages of the coatings during scratch-

tests. Some recovery spallation is observed for all the CrAlN coatings according to Bull [262]. 

The scratch tracks of these layers are presented in Figure 97.  

 

Figure 97. Optical images of critical load of the Cr1-xAlxN monolayers on WC substrate: a1) Lc1 x=0.14, 

a2) Lc2 x=0.14 b1) Lc1 x=0.57, b2) Lc2 x=0.57, c1) Lc1 x=0.62, c2) Lc2 x=0.62, d1) Lc1 x=0.74 and d2) 

Lc1 x=0.74 
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The critical loads and the work of adhesion of CrAlN coatings with different Al content are 

presented in Table 30 and in Figure 98. 

Table 30. Critical loads and work of adhesion of Cr1-xAlxN coatings at different Al content 

x value 0.14 0.57 0.62 0.74 

Lc1 (N) 16 23 27 20 

Lc2 (N) 24 47 50 30 

Wad (J/m2) 2.36 1.36 1.39 2.66 

 

 

Figure 98. Correlation between residual stress and work of adhesion of the Cr1-xAlxN monolayers at 

different Al content 

The highest work of adhesion corresponds to the highest residual stresses (tensile and 

compressive) according to Figure 98; higher work of adhesion corresponds to the lower 

adhesion. We verified here, as in the case of our CrN coatings, Nouveau [112] who observed 

also in the case of CrN layers synthesized by RF magnetron sputtering that the critical loads are 

related reversely to the work of adhesion (Table 30). 

The highest critical loads are obtained for the coating with 57 and 62 at.% of Al (Figure 99).  



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

128 

 

 

Figure 99. Critical loads of the Cr1-xAlxN coatings at different Al content at different Al content 

We verify here that the substrate rotation speed has an influence on the adhesion of the layers. 

As Aouadi [111] got 55N of Lc2 for his CrAlN layer with 11 at.% of Al at 3 rpm instead of 1.5 

rpm, the last contains 14 at.% of Al. The force required to tear off the layer from its substrate 

(Lc2) for the optimal CrN film is in the order of magnitude of 43 N (Figure 74). However, that 

of the more adherent CrAlN films varies between 47 and 50 N. 

These results also correlate with the work of Benlatreche [151] who made CrAlN layers by RF 

dual magnetron sputtering by varying the voltage applied to the Al target. The decrease in the 

effort required to tear off the layer with increasing Al level is attributed to its microstructure 

[286]. Indeed, the CrAlN films with an Al content of 57 or 62 at.% have the most dense structure 

(Figure 85) and their grain size are 4.19 and 3.68 nm, respectively. This dense structure has 

strong intercolumnar bonds, therefore strong resistance to the formation of intercolumnar 

cracks. Also, Li et al. [287] explained the evolution of the force required to tear off the layer 

from its substrate (Lc2) by the evolution of the grain size. They showed that as the grain size 

increases, Lc2 decreases. To show clearly this relation of the grain size with the Lc2 for the 

CrAlN layers, we multiplied the grain size by a factor of 2 in Figure 100. 
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Figure 100. Evolution of the Lc2 critical load of the Cr1-xAlxN monolayers and their grain size (x2) as a 

function of the Al content 

Moreover, the layer with x = 0.14, as well as the one with x = 0.74, have relatively low critical 

loads probably due to their high tensile or compressive residual stress (±1.5 GPa). According 

to Kim and Lee. [288], Lc2 is inversely proportional to the residual stress, which may explain 

the low value obtained at x = 0.14 and 0.74 because this is where the stress is maximum (Figure 

101). In addition, samples with low stress have better adhesion than those with high stress. 

 

Figure 101. Correlation between residual stress and critical load of the Cr1-xAlxN coatings at different Al 

content 
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3.2.3.1.5. Partial conclusion 

In this section, we developed CrAlN monolayers by varying the Al content to determine the 

optimal composition to be applied in the following section (AlCrN monolayers). The influence 

of this parameter was shown. Moreover, we verified the results obtained previously by Aouadi 

[111]. When we obtained different results, we showed the influence of the substrate rotation 

speed. According to their properties, the CrAlN monolayers obtained with 57 and 62 at.% of 

Al exhibit the same crystalline orientation, have a dense surface morphology, small column size 

and grain size. Concerning their mechanical properties, the layer with 57 at.% of Al presents 

the highest hardness and elastic modulus, the best plastic deformation resistance and has a very 

good adhesion up to 47 N (Lc2) and finally the lowest wear rate. This optimized CrAlN 

monolayer should be our choice in the different multilayers that we are going to present in the 

multilayers section. Nevertheless during the deposition process when x = 0.57, a high current 

was fixed on the aluminum target, which was unfortunately significantly damaged. Indeed, with 

a high current applied on the aluminum target, we poisoned it by nitrogen in a very short time, 

which is not a sustainable way for PVD coatings. Then even if the layer obtained for x = 0.62 

has a low plastic deformation resistance, it presents the best adhesion and similar physico-

chemical and mechanical properties with the layer obtained for x = 0.57. Besides, it has been 

synthesized at a fixed power on the aluminum target (Table 21) which reduces the target 

damage during the PVD process. For all the above-mentioned reasons, we decided to choose as 

the optimal Al content, x = 0.62 for the following study about the optimization of AlCrN 

monolayers by varying the substrate bias voltage and the deposition temperature. 

3.2.3.2. Optimization of the substrate bias voltage and deposition temperature 

In the previous section we optimized the Al content in CrAlN layers as 62 at.% obtained with 

the following deposition parameters: Ar flow = 60 sccm, N2 flow = 53 sccm, Cr target power = 

500 W, Al target power = 1500 W, working pressure = 5.10-3 mbar, substrate rotation speed = 

1.5 rpm. Indeed, it is obvious in Figure 102 that an Al content of around 60 at.% permits to 

have the highest hardness at low and high temperature, which will be the case during the 

tribological and tool wear tests under flood or LN2 cooling conditions.  
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Figure 102. Hardness of CrN and CrAlN layers as a function of the temperature [230] 

Then, in the following sections, as we have more Al than Cr in the layers, we will name them 

AlCrN. 

3.2.3.2.1.  Deposition conditions 

In this section we will develop AlCrN coatings on WC substrates according to the deposition 

parameters summarized in Table 31. The deposition temperature and the substrate bias voltage 

varied while all the other parameters were fixed. The deposition time was adjusted to obtain 

similar thickness for all the AlCrN layers. 

Table 31. Deposition conditions of the AlCrN monolayers 

AlCrN 

Argon flow (sccm) 60 

Nitrogen flow (sccm) 53 

Working pressure (mbar) 5·10-3 

Power applied on chromium target (W) 500 

Power applied on aluminum target (W) 1500 

Substrate-holder rotation speed (rpm) 1.5 

Deposition time (min) 180 300 300 360 300 300 

Temperature (ºC) Ambient Ambient 150 300 300 300 

Substrate Bias Voltage (V) 0 -500 -500 -500 -250 0 
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3.2.3.2.2. Physico-chemical properties 

3.2.3.2.2.1.  Deposition rate and thickness of the AlCrN layers 

The thickness of the coatings varies from 1.06 to 1.71 µm (Table 32 and SEM cross section 

images in section 3.2.3.2.2.3), which means that the deposition rate varies from 3.07 to 6.9 

nm.min-1.  

Table 32. Deposition rate and thickness of the AlCrN monolayers 

Temperature (ºC) Ambient 150 300 

Substrate Bias Voltage (V) 0 -500 -250 0 

AlCrN thickness (µm) 1.24 1.27 1.06 1.41 1.15 1.71 

Deposition rate (nm.min-1) 6.9 4.23 3.53 3.07 3.83 5.7 

 

At a substrate bias voltage of -500 V and a deposition time of 300 min, the deposition rate 

decreases from 4.23 to 3.53 nm.min-1 when the deposition temperature increases from the 

ambient to 150 °C. We probably improve the densification of the layers thanks to a higher 

adatoms mobility when the temperature increases. Moreover, at a deposition time of 300 min 

and a deposition temperature of 300 °C, when the substrate bias voltage increases from 0 to -

250V, the deposition rate decreases from 5.7 to 3.83 nm.min-1 probably because of the re-

sputtering phenomena as observed in the case of the CrN monolayers. To conclude, even if we 

tried to adjust the deposition time, it is not so easy to obtain similar thicknesses as we varied 

also two other parameters. Nevertheless, we will consider for the following section that our 

thicknesses are in the same order of magnitude because we have a difference lower than 1 µm 

(650 nm). 

3.2.3.2.2.2. Chemical composition by EDS microanalyses 

Table 33 shows the chemical composition of the AlCrN monolayers obtained on tungsten 

carbide.  
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Table 33. Chemical composition of the AlCrN monolayers 

Atomic percentage (at.%) 

Deposition conditions 
Cr Al N O 

Al/(Cr+Al) 

(×10-2) 
Al/Cr 

Amb-0V 18.4 29 36.7 16.1 62 1.58 

Amb-500V 20.3 32.2 44 3.6 61.3 1.59 

150°C-500V 19.3 34.7 45.4 0.5 64.3 1.80 

300°C-500V 20.5 32.8 46.6 0.1 61.5 1.60 

300°C-250V 19.7 32.7 45.1 2.5 62.4 1.66 

300°C-0V 18.9 30.5 39.1 11.5 61.7 1.61 

 

Figure 103 illustrates the evolution of the chemical composition of AlCrN monolayers as a 

function of the deposition temperature and substrate bias voltage. 

 

Figure 103. Chemical composition of the AlCrN monolayers as a function of the deposition temperature 

and substrate bias voltage 

According to Table 33 and Figure 103, all the AlCrN coatings have a stable Cr (average of 19.5 

at.%), Al (average of 32 at.%) and N (average of 42.9 at.%) content. As the average of the 

Al/(Al+Cr) ratio is 0.62, we can name our AlCrN layers as follows: Al62Cr38N. As in the case 

of our CrN monolayers, we observed the decrease of oxygen content related to the increase of 

substrate bias voltage and deposition temperature. This phenomenon was explained as the 

preferential re-sputtering of oxygen in comparison to the metallic elements [221–223].  
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3.2.3.2.2.3. Surface morphology and microstructure 

Figure 104 and Figure 105 show the surface morphology of the AlCrN coatings on tungsten 

carbide and silicon substrates. 

 

Figure 104. Surface morphology of the AlCrN monolayers on WC substrate a) amb-0V, b) amb-500V, c) 

150°C-500V, d) 300°C-500V, e) 300°C-250V and f) 300°C-0V 

 

Figure 105 Surface morphology of the AlCrN monolayers on silicon substrate a) amb-0V, b) amb-500V, c) 

150°C-500V, d) 300°C-500V, e) 300°C-250V and f) 300°C-0V 

In Figure 104, most of the surface morphology looks like cauli-flower on a rough substrate 

such as WC. The layers obtained without substrate bias voltage present substrate bias voltage 
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present a similar surface morphology with a high porosity (Figure 104a and f). This is mainly 

due to the lack of bias voltage on substrate, as already studied by other researchers [203, 216, 

227] and observed in the case of the CrN monolayers. For the coatings synthesized at -500 V, 

the surface morphology is very heterogeneous and rough (Figure 104b, c and d). The layer 

obtained at 300 °C and -250 V presents a homogenous surface morphology with low porosity 

(Figure 104e). At ambient temperature the coating obtained without bias voltage (Figure 104a) 

presents large cluster of columns, while the one obtained at -500 V (Figure 104b) is denser. As 

far as the influence of the deposition temperature is concerned, it is obvious that the coatings 

get denser and reduce their porosity when the temperature decreases (Figure 104b, c and d). 

When we fixed the deposition temperature to 300°C, we observed that for a substrate bias 

voltage of -500 V (Figure 104d) and -250 V (Figure 104e), the coatings showed a dense 

structure. It seems that the films are more compact with a substrate bias voltage. It is then 

predictable that the AlCrN layers obtained at 300°C with a substrate bias voltage of -250 or -

500 V should have the highest hardness. 

Because of the roughness of the WC substrates, the AlCrN layers were also synthesized on 

mirror-polished silicon substrates, to better observe the influence of the deposition temperature 

and the substrate bias voltage on their surface morphology (Figure 105 a-f). 

In contrast to the layers synthesized on the WC substrate, all the AlCrN layers developed on 

mirror-polished silicon substrate present a homogenous surface morphology. The AlCrN layer 

obtained without heating and substrate bias voltage presents the smaller grain size (Figure 

105a). The lack of energy is probably responsible for this result. Indeed, when we increase the 

substrate bias voltage (Figure 105b) or the temperature (Figure 105f), it is obvious that bigger 

grains are obtained. When we fixed the substrate bias voltage to -500 V, the AlCrN layers 

synthesized at 150 °C (Figure 105c) or 300 °C (Figure 105d) present a similar grain size but 

the one synthesized at 300 °C seems denser. Besides, when we fixed the deposition temperature 

to 300 °C, the layers with a substrate bias voltage (Figure 105d and e) are denser. Moreover, 

the AlCrN layer obtained at 300 °C and -250 V has bigger grains than the one we got at 300 °C 

and -500 V and with some pyramidal top of columns. We verify here what we observed from 

the CrN monolayers: the increase in grain size with increasing substrate bias voltage is a 

consequence of the high mobility of adatoms due to the high energy of the ions [228–230]. 

Nevertheless, as the coating synthesized at -250 V has bigger grains than the one obtained at -

500 V, we can expect a different structure for these two AlCrN coatings. Besides, the AlCrN 

coating synthesized at 300 °C and -250V should be more crystallized than the other one. 
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According to the above-mentioned results, it is obvious that a high deposition temperature and 

substrate bias voltage would permit to get a dense and homogeneous AlCrN layer on silicon 

substrates. 

Figure 106 shows the cross-section of the AlCrN coatings on silicon substrate. 

 

Figure 106. Cross-section of the AlCrN monolayers on Si obtained at: a) amb-0V, b) amb-500V, c) 150°C-

500V, d) 300°C-500V, e) 300°C-250V and f) 300°C-0V 

The densest structures appear in Figure 106d and e. The substrate bias voltage generally creates 

a structure much harder and denser according to Berg et al. [231], as also shown in the case of 

the CrN monolayers. We also verified that for the AlCrN layers, the temperature has an 

influence on the microstructure as explained by Herr et al. [202].  

We are now going to verify the structure and grain size of the AlCrN layers in the following 

section. 

3.2.3.2.2.4. Structure 

The XRD analyses have been made on WC coated substrates. According to the (ICDD 00-011-

0065) and (ICDD 00-025-1495) cards, we observe only the cubic phase of CrN and AlN for all 

coatings, no hexagonal Cr2N or AlN diffraction peaks are present regarding of XRD patterns 

(Figure 107).  
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Figure 107. XRD patterns of AlCrN monolayers with different deposition conditions 

The AlCrN layer synthesized at 300 °C-0 V presents a major (200) and (111) diffraction peaks 

at 51.68 and 44.27°, respectively. It also shows a minor (220) diffraction peak at 76.51°. The 

theoretical (111), (200)and (220) diffraction peaks positions are 43.88 and 44.17°, 51.26 and 

51.47°, and finally 75.38 and 75.75° according to the (ICDD 00-011-0065) and (ICDD 00-025-

1495) cards for CrN and AlN, respectively. Then we can expect some compressive stresses in 

this AlCrN layer as its diffraction peaks are shifted to higher angles. When we increase the 

substrate bias voltage to -250 V, we still have a main (200) diffraction peak located at 51.09°. 

A minor (111) diffraction peak is also detected at 43.57° and maybe a (220) diffraction peak at 

74.98°, but here the influence of the substrate is possible. It is expected the tensile stresses for 

this layer as its diffraction peaks are shifted to lower angle positions. At the highest substrate 

bias voltage of -500 V, one can suppose that we have a (220) diffraction peak at 75.3° and a 

(200) diffraction peak at 50.88°. It seems that the AlCrN coatings change their structure when 

the substrate bias voltage increases. As observed for our CrN monolayers, the energy brought 

thanks to the substrate bias voltage increases the atoms mobility and modifies the grain 

orientation, this is explained by the surface energy model [232] or strain energy model [234]. 

The experimental diffraction peaks are close or between the CrN and AlN theoretical diffraction 

positions, so we can consider that our AlCrN layers are solid solutions of Al atoms in 

substitution in the CrN lattices.  
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Moreover, we observed that the orientation of the AlCrN layers depends on the substrate bias 

voltage, but also on the deposition temperature and that these both parameters are correlated. 

Indeed, at ambient temperature, the influence of the substrate bias voltage is low while it is 

important at 300°C. The AlCrN layer synthesized at amb-0V have a (220) and a (111) 

diffraction peaks at 51.53° and 44.12°, respectively. When the substrate bias voltage increases 

up to -500 V, the XRD spectrum is very similar to the one of the layer obtained at 300 °C-

500 V. Furthermore, at ambient temperature, the substrate bias voltage has a small influence on 

the layers structure while it is more obvious when the deposition temperature is 300 °C. When 

the substrate bias voltage is fixed to -500 V, no effect of the temperature is observed when it 

increases from ambient to 300 °C. Besides as expected, the layers are more crystallized when 

the deposition temperature is high, except at the highest substrate bias voltage. Well crystallized 

AlCrN monolayers are the ones obtained at 300°C-0V and 300°C-250V. 

We calculated the grain size thanks to the Debye-Scherrer formula (Equation 10). Table 34 

summarizes the calculated grain size of the AlCrN monolayers as a function of the deposition 

conditions. Figure 108 illustrates the grain size of the AlCrN monolayers. 

The grain size varies from 2.66 to 7.94 nm. These results corroborate what we observed by 

SEM (Figure 104). Besides the grain size of the AlCrN layers is lower than the CrN layers one 

(from 5.17 to 8.35 nm) as also observed by Schmitt [266]. 

Table 34. Grain size of the AlCrN monolayers 

Deposition conditions Grain size (nm) Diffraction peak as reference 

Ambient-0V 6.24 200 

Ambient-500V 4.70 200 

150°C-500V 2.66 220 

300°C-500V 4.96 200 

300°C-250V 4.12 200 

300°C-0V 7.94 200 
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Figure 108. Grain size of the AlCrN monolayers as a function of the deposition conditions 

Considering the (200) plans at ambient temperature, the grain size decreases when the bias 

voltage increases. Same result was observed in the case of the (200) plans at 300 °C and when 

the substrate bias increases from 0 to -250 V or from 0 to -500 V. As also observed by Aouadi 

[111], increasing the bias voltage of the substrate can cause the creation of defects resulting 

from enhanced ion bombardment as also explained by Lee et al. [240] and Sundgren et al. [241]. 

As far as the deposition temperature is concerned and if only the (200) diffraction plans is 

considered, we can note that for a fixed substrate bias of -500 V, the grain size shortly increases 

with the deposition temperature: 4.70 nm at ambient-500 V and 4.96 nm at 300°C-500 V. 

Similar results were obtained by Li et al. [242]. As the grain size of the layer obtained at 150 °C-

500 V has been calculated with the (220) diffraction peak, it was not compared to the others as 

this diffraction peak can also be due to the substrate. Mainly, we observed the same tendency 

for the CrN and the AlCrN grain size as a function of the deposition temperature and substrate 

bias voltage. 

3.2.3.2.3. Tribological properties 

To study the effect of Al62Cr38N deposition conditions on their friction coefficient, we 

performed friction tests in a ball-on-disc configuration. A Ti6Al4V ball rubs on a sample of 

coated WC substrate. The tests are carried out in air, at room temperature and without 

lubrication. The friction speed is 10 cm/s and the distance traveled by the Ti6Al4V ball is 100 

m. 
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The friction coefficient is shown in Figure 109 and is around 0.5 whatever the deposition 

conditions. 

 

Figure 109. Friction coefficient of AlCrN monolayers as a function of the deposition conditions 

Similar values were obtained by Benlatreche [151] who obtained a coefficient of friction of 

CrAlN with 51 at.% of Al synthesized by RF magnetron sputtering, around 0.65. Uchida et al. 

[289] obtained a friction coefficient between 0.5–0.8 for all deposited Cr70Al30N films 

synthesized by a cathodic arc ion plating without lubrication. Correa et al. [279] got a friction 

coefficient without lubrication of 0.65 for their Cr40.27-Al38.01-N21.72 coatings synthesized by DC 

magnetron sputtering. Gong et al. [290] observed for Cr30Al70N coatings synthesized by 

cathodic arc evaporation (CAE) on carbide substrates with a chemical composition close to our 

AlCrN layers, a friction coefficient of 0.6-0.65, similar to ours. One can notice that the COF 

does not depend on the deposition temperature or the substrate bias voltage. 

The wear rates are summarized in Table 35. 

Table 35. Wear rate of the AlCrN monolayers 

AlCrN 
Ambient 

-0V 

Ambient  

-500V 

150 

-500V 

300 

-500V 

300 

-250V 

300 

-0V 

Wear rate  

(×10-5 mm3·m-1·N-1) 
3.11 6.36 2.66 2.65 2.02 5.38 

 

The wear tracks determined by optical profilometry are depicted in Figure 110. 
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Figure 110. Wear tracks of the AlCrN monolayers as a function of the deposition conditions 

Figure 111 illustrates the calculated wear rates according to Archard [194]. 

 

Figure 111. Wear rate of the AlCrN monolayers as a function of the deposition conditions 
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According to Table 35 and Figure 111, at ambient temperature, applying a substrate bias 

voltage of -500 V tends to double the wear rate from 3.11 to 6.36 ×10-5mm3·N-1·m-1. 

Nevertheless, at high deposition temperature, applying a substrate bias voltage of -250 V 

permits to decrease the wear rate from 5.38 to 2.02 ×10-5mm3·N-1·m-1. As in the case of our 

CrN monolayers, we observed that the wear rate decreases when the substrate bias voltage 

increases [245]. It seems that thanks to a good compromise between the temperature and 

substrate bias voltage, we have the lowest wear rates (from 2.02 to 2.66 ×10-5mm3·N-1·m-1). 

Kok et al. [216] asserted that wear of coatings correlates well with friction performance. As we 

have the same low COF for all of our AlCrN layers, we can expect a better adhesion and 

hardness for the coatings that have the lowest wear rates (see Chapter 3, section 3.2.3.2.4.2 and 

3.2.3.2.4.3). It is also noteworthy that the AlCrN present lower wear rates than the CrN layers 

(see Chapter 3, section 3.2.2.3).  

3.2.3.2.4. Mechanical properties 

3.2.3.2.4.1. Residual stress 

The residual stresses in the AlCrN layers were determined by measuring the curvature of the 

samples after deposition on silicon. Optical profilometer profiles of the samples before and after 

deposition were measured. The radii curvature are then extracted with the Gwyddion software. 

The residual stress of the AlCrN coatings are presented in Figure 112 and Table 36. 

 

Figure 112. Residual stress of the AlCrN monolayers as a function of the deposition conditions 
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Table 36. Residual stress of AlCrN monolayers as a function of the deposition conditions 

Deposition 

conditions 
Amb-0 V 

Ambient   

-500V 

150°C        

-500V 

300°C        

-500V 

300°C        

-250V 
300°C-0V 

Residual stress 

(MPa) 
-166.3 -914 -813.2 -756.7 -407.3 28.6 

 

All the AlCrN layers have compressive stress varying from -914 MPa to -166.3 MPa except the 

layer synthesized at 300°C-0V that has tensile stress of 28.6 MPa. We do not corroborate here 

the XRD patterns that showed us the stress should be tensile or compressive as the diffraction 

peaks are shifted on the left or on the right of their theoretical position (Figure 107). Indeed, the 

layer synthesized at 300°C-0V should have compressive stress while it is tensile and the layer 

obtained at 300°C-250V should have tensile stress while it is compressive.  

It is obvious in the case of AlCrN layers that at ambient temperature and 300°C, the stress 

increases with the substrate bias voltage (Figure 112) from -166.3 to -914 MPa and from 28.6 

to -756.7 MPa. It is the same for our CrN layers and this is explained by the thermal stress 

domination when a substrate bias voltage is applied, as shown also by Kong et al. [246]. Besides 

if the bias voltage is fixed to -500 V and for a deposition temperature increasing from ambient 

to 300°C, the residual stress decreases from -914 to -756.7 MPa.  

It is then obvious that the bias voltage increases the residual stress while the temperature 

reduces it, as it was the case for the CrN layers. It is also noteworthy that the AlCrN stress 

behave the same as the CrN layers ones, shown in Figure 113 where the AlCrN stress are in 

absolute values.  

Furthermore, Schmitt [266] compared the Al-N and Cr-N bonds length in their face-centered 

cubic configuration, for which nitrogen occupies the octahedral sites formed by Al and Cr. 

Calculation shows that Al-N bonds are shorter (2.02 Å) than Cr-N bonds (2.07 Å). The CrAlN 

structure is thus composed of face-centered cubic meshes, in which the aluminum atoms replace 

the chromium. The smaller dimension of Al-N bonds tends to contract the mesh, which sees its 

parameter decrease. This structure, strongly out of equilibrium, is stabilized by the combined 

effect "long" Cr-N bonds and "shorter" Al-N bonds. This can explain why we observed 

compressive stress instead of tensile stress as expected from the XRD results. Indeed, as we 

have more Al than Cr in our AlCrN layers, we can suppose that we have more Al-N than Cr-N 

bonds that contract the lattice and then induces compressive stress.  
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Figure 113. Residual stress of the CrN and AlCrN monolayers as a function of the deposition conditions 

 

Figure 114. Grain size and residual stress of the AlCrN monolayers 

It is obvious in Figure 114 that the grain size is inversely proportional to the residual stress of 

almost all of the AlCrN layers. This result shows that the intrinsic stress of the AlCrN layers is 

governed by the grain size. From this result we can conclude that in the AlCrN coatings, larger 

grains correspond to lower intrinsic stresses. This was also the case for the CrN coatings and 

was explained by the increase of the kinetic energy of the particles impacting the coating [247]. 

3.2.3.2.4.2. Hardness and elastic modulus 
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 The results of nanoindentation tests carried out on coated silicon substrates are shown in Figure 

115.  

To verify the hardness values on silicon, nanoindentation was also carried out on mirror-

polished WC substrate in the case of the AlCrN layer synthesized at 300°C-250V. Very similar 

values were obtained for this layer. The hardness of the AlCrN coatings varies from 2.2 GPa to 

25.8 (on Si) or 26.4 (on WC) GPa, while the elastic modulus varies from 43.3 GPa to 233 GPa. 

The values of hardness, elastic modulus and H3/E2 are listed in Table 37.  

 

Figure 115. Hardness and elastic modulus of the AlCrN monolayers as a function of the deposition 

conditions on silicon substrate 

In comparison, Gong et al. [290] got an average hardness of 18.9 GPa for their Al70Cr30N layers 

synthesized on sintered carbide substrates. The coating obtained at 300 °C and -250 V presents 

the highest hardness and H3/E2 ratio whatever the substrate and an acceptable elastic modulus 

of 165-170 GPa. 
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Table 37. Hardness, elastic modulus, elastic and plastic deformation resistance H/E and H3/E2 of the 

AlCrN monolayers on silicon and mirror-polished WC substrate 

Mechanical properties 

Deposition conditions 
H (GPa) E (GPa) 

H/E 

(×10-2) 

H3/E2 

(×10-2) 

Ambient-0V 2.8 47.6 5.9 0.97 

Ambient-500V 14.1 120 11.75 19.47 

150°C-500V 21.3 216 9.9 20.71 

300°C-500V 22.5 233 9.7 20.98 

300°C-250V (Silicon) 25.8 165 15.6 63.08 

300°C-250V (WC) 26.4 170 15.5 63.67 

300°C-0V 3.3 43.6 7.6 1.89 

 

As in the case of the CrN layers, it is obvious on Figure 115 that the hardness and elastic 

modulus of the AlCrN layers increase with the substrate bias voltage. Bendavid et al. [257] 

explained this result by the increase of the ions energies that bombard the substrate. On the 

other hand, the hardness and elastic modulus increase with the deposition temperature. 

Balakrishnan et al. [259] reported an increasing hardness of the coatings with increasing 

deposition temperature owing to higher packing density and crystallinity. We confirm here the 

XRD and SEM observations results: the denser and well crystallized AlCrN layers are the one 

obtained at the highest deposition temperature of 300 °C. Indeed, as expected from SEM 

observations (Figure 104d and e), we confirmed here that the AlCrN layers obtained at 300°C-

250 V and 300°C-500 V are the harder. 

Figure 116 illustrates the comparison of the hardness and residual stress of AlCrN monolayers 

deposited on silicon. The results show a correlation between hardness and residual stress. When 

the substrate bias voltage is fixed to -500 V, the residual stress decreases when the deposition 

temperature increases while the hardness increases. We observed the same phenomena in the 

case of the CrN layers. According to Escobar et al. [261], when the deposition temperature 

increases, “the adatoms increase in mobility, so do the relaxation processes and defects due to 

film densification and impurity evaporation decrease. Therefore, lower intrinsic stresses are 

generated”. 
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Figure 116. Correlation between residual stress and hardness of the AlCrN monolayers 

Concerning the hardness, it increases with the deposition temperature (Figure 116), this result 

can be explained by the grain size evolution (“Hall-Petch effect”). Indeed, the grain size is 

inversely proportional to the hardness as illustrated in Figure 117. 

 

Figure 117. Grain size and hardness of the AlCrN monolayers 

Nevertheless, when the deposition temperature is fixed to 300°C, the hardness and the residual 

stress increase with the substrate bias voltage. We can confirm here that the main residual stress 

are the thermal ones when the temperature and substrate bias voltage are high, while the 

hardness is a result of the Hall-Petch effect. 
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The correlation between plastic deformation resistance and wear rate is illustrated in Figure 

118.  

 

Figure 118. Wear rate and plastic deformation resistance of the AlCrN monolayers 

We verify that the AlCrN layer obtained at 300°C-0V has a high wear rate because of the lowest 

plastic deformation resistance. It is also obvious, that the AlCrN layer obtained at 300 °C and -

250 V shows the best plastic deformation resistance and the lowest wear rate. Nevertheless, the 

correlation between plastic deformation resistance and wear rate is not so obvious in the case 

of the AlCrN layers than it was in the case of the CrN ones. 

3.2.3.2.4.3. Adhesion 

Figure 119 and  

Figure 120 show the critical loads of the AlCrN monolayers obtained on rough WC substrate. 

The failure mode of Bull [262] will be used to identify the damages of the coatings during 

scratch-tests.  

Some recovery spallation is observed for all the AlCrN coatings according to Bull [262]. 

In Figure 121a1, on mirror-polished WC substrates, it seems that we have a wedging spallation 

mode when it reaches the Lc1 critical load for the AlCrN layer obtained at 300°C-250V. 

Recovery spallation is observed at the Lc2 critical load (Figure 121a2). 

Table 38 summarizes the critical loads and work of adhesion for each coating as determined in 

Figure 119,  

Figure 120 and Figure 121. 
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We mostly verified here the results of Nouveau [112] who observed also in the case of CrN 

layers synthesized by RF magnetron sputtering that the critical loads are related reversely to the 

work of adhesion. 

 

Figure 119. Optical images of the critical load Lc1 of the AlCrN monolayers on rough WC substrate: a) 

Ambient-0V, b) Ambient-500V, c) 150°C-500V, d) 300°C-500V, e) 300°C-250V, f) 300°C-0V 

 
Figure 120 Optical images of the critical load Lc2 of the AlCrN monolayers on rough WC substrate: a) 

Ambient-0V, b) Ambient-500V, c) 150°C-500V, d) 300°C-500V, e) 300°C-250V, f) 300°C-0V 
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Figure 121. Optical images of the critical loads of AlCrN monolayers obtained at 300°C-250V on polished 

substrate: a1) Lc1 and a2) Lc2 

Table 38. Critical load and work of adhesion of AlCrN monolayers 

Deposition 

conditions 

Properties 

Ambient 

-0V 

Ambient 

-500V 

150°C 

-500V 

300°C 

-500V 

300°C 

-250V 

300°C 

-0V 

Lc1 (N) 8 13 20 27 39 14 

Lc2 (N) 17 24 37 50 58 33 

Wad (J/m2) 6.5 3.09 6.32 1.39 4.05 10.55 

 

As in the case of the CrN layers, when the deposition temperature is fixed (to ambient or 

300°C), increasing the substrate bias voltage results in a decrease of the work of adhesion and 

in an increase of the residual stress. Nevertheless, the influence of the deposition temperature 

is not so obvious. Indeed, when the substrate bias voltage is fixed to -500 V, the stress decreases 

when the deposition temperature increases. But it is only the case for the work of adhesion when 

the deposition temperature varies from ambient to 150°C, it decreases also as the stress when 

the deposition temperature increases up to 300°C.  

As expected, the highest work of adhesion corresponds to the lowest residual stresses (tensile 

and compressive) according to Figure 122.  
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Figure 122. Relation between residual stress and work of adhesion of AlCrN monolayers obtained on 

silicon substrate 

Figure 123 presents the critical loads of AlCrN monolayers as a function of the deposition 

conditions.  

 

Figure 123. Critical loads of AlCrN monolayers 

A better adhesion appears for the AlCrN monolayer synthesized at 300 °C and -250 V with a 

Lc2 up to 58 N. In comparison, Gong et al. [290] got similar results with an angular cracking 

of 58 N and a transverse cracking of 65 N for their Al70Cr30N layers synthesized on sintered 

carbide substrates. Besides, most of the AlCrN layers present a better adhesion than the CrN 

layers whatever the deposition conditions.  
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It is obvious in Figure 123 that the adhesion, Lc1 and Lc2 critical loads, increases with the 

substrate bias voltage and the deposition temperature. The temperature and bias voltage both 

have positive impacts on adhesion property of the AlCrN layers. We previously mentioned, in 

the case of the CrN layers, that Niu et al. [263] showed that the pack density, bombardment and 

implantation effect are enhanced with the increase of substrate bias voltage. It results in the 

improvement of adhesion strength for Ti–Zr–N (multi-phase) films prepared by cathodic 

vacuum arc technique with different substrate bias voltage(0 to -500 V). To explain the 

influence of the deposition temperature on the adhesion of the AlCrN coatings, Thouless [264] 

and Toonder et al. [265] pointed out that the adhesion energy is directly proportional to the 

elastic modulus of the coatings as verified in Figure 124. 

 

Figure 124. Evolution of the Lc1, Lc2 critical loads and elastic modulus of the AlCrN monolayers as a 

function of the deposition temperature at a substrate bias voltage of -500V 

From Figure 124, it is clear that the coatings deposited at 300°C has the higher elastic modulus 

(233 GPa). Therefore, both the critical load and adhesion energy suggest that the coating 

deposited at 300 °C and -250 V has a better adhesion strength (Figure 123). 

Furthermore, as previously observed from the CrAlN layers with different Al content, it is 

verified that the evolution of the force required to tear off the AlCrN layer from its substrate 

(Lc2) is correlated to the evolution of the grain size [287]. Indeed, when the grain size increases, 

the Lc2 critical load decreases as shown in Figure 125.  

Moreover, in contrary to the CrAlN layers, it is obvious in Figure 126 that the stress and the 

critical load Lc2 behave the same.  
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Indeed, the critical load increases when the stress increases. In addition, samples with low stress 

have better adhesion than those with high stress. Such results were observed by Lin et al. [291] 

for aluminum oxide films on glass substrates. They concluded that “the adhesion strength of 

aluminum oxide films on glass increases as compressive residual stresses because of the 

resistance to the tensile cracking failure provided by the compressive residual stress in the 

films”. Then, it should be interesting to verify by SEM observations if we have tensile cracks 

for the AlCrN layers presenting compressive stress. 

 

Figure 125. Evolution of the Lc2 critical load of the AlCrN monolayers and the grain size as a function of 

the deposition conditions 

 

Figure 126. Correlation between residual stress and critical load Lc2 of the AlCrN monolayers 
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3.2.3.2.5. Partial conclusion 

In this section we developed AlCrN monolayers by varying the deposition temperature and 

substrate bias voltage. The influence of these parameters on the coatings’ properties was shown. 

Indeed, high deposition temperature and substrate bias voltage would permit to get a dense and 

homogeneous AlCrN layer on silicon substrates. For the AlCrN layers, the temperature has an 

influence on the microstructure.  

The crystalline orientation of the AlCrN layers depends on the substrate bias voltage but also 

on the deposition temperature and these both parameters are correlated. The grain size decreases 

when the bias voltage increases and the deposition temperature decreases. Concerning the 

mechanical properties of the AlCrN layers: their COF does not depend on the deposition 

temperature or the substrate bias voltage and was around 0.5. All the AlCrN layers have 

compressive stress varying from -914 MPa to -166.3 MPa except the layer realized at 300°C-

0V that has tensile stress of 28.6 MPa. The temperature and bias voltage have both positive 

impacts on adhesion property of the AlCrN layers. We also showed that for the AlCrN layers, 

the Hall-Petch effect governs their hardness. 

Moreover, mostly we verified the results of AlCrN with the CrN monolayers. Indeed, it has 

been shown that the substrate bias voltage increases the residual stress while the deposition 

temperature reduces it. Most of the AlCrN layers present a better adhesion than the CrN layers 

whatever the deposition conditions. 

According to their properties, the stoichiometry of the AlCrN layers is Al62Cr38N. In XRD we 

observe only the cubic phase of CrN and AlN for all coatings, no hexagonal Cr2N or AlN 

diffraction peaks are present. The experimental diffraction peaks are close or between the CrN 

and AlN theoretical diffraction positions, so we can consider that the AlCrN layers are solid 

solutions of Al atoms in substitution in the CrN lattices.  

The AlCrN layer synthesized at 300°C-250 V is well crystallized, presents the highest hardness 

and H3/E2 ratio whatever the substrate, an acceptable elastic modulus of 165-170 GPa, the best 

plastic deformation resistance, the lowest wear rate and best adhesion with a Lc2 up to 58 N. 

This AlCrN optimized monolayer (300°C-250 V) will be applied in the synthesis of the 

Cr/CrN/AlCrN multilayers, which will be presented in the following section.  

3.3. Cr/CrN/AlCrN and Cr/CrN/CrAlN multilayers 

We are now going to introduce the development of our multilayers. The main idea is to combine 

irreconcilable properties in a single material. Indeed, the multilayer coatings can have new 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

155 

 

properties or even an improved behavior compared to the monolayers of which they are 

composed. Our objective is to develop a coating with a good adhesion, a good wear resistance 

and a good thermal stability.  

We recall that an almost pure chromium thin films was obtained by DC magnetron sputtering 

with an acceptable adhesion on tungsten carbide substrate, a low friction coefficient and wear 

rate after being in contact with Ti6Al4V ball. The CrN monolayer deposited under 300°C and 

-500 V, exhibits a (200) preferred crystalline orientation, is well crystallized, has a dense 

surface morphology and small top column size. Concerning its mechanical properties, it 

presents the highest hardness and elastic modulus, the best plastic deformation resistance and 

has a very good adhesion up to 43 N (Lc2), the lowest wear rate of 0.58 x 10-4 mm3·m-1·N-1. 

Finally, the Al62Cr38N layer synthesized at 300 °C-250 V is well crystallized, presents the 

highest hardness whatever the substrate, an acceptable elastic modulus of 165-170 GPa, the 

best plastic deformation resistance, the lowest wear rate and best adhesion with a Lc2 up to 58 

N.  

Thus, we are going to synthesize multilayers such as Cr/CrN/AlCrN and study the effect of the 

number of interfaces of and of their thickness on the physico-chemical, structural, tribological 

and mechanical properties. Besides, the best Cr/CrN/CrAlN multilayer obtained by Aouadi 

[111] was also deposited on WC substrate as a reference and will be compared to our coatings. 

3.3.1. Deposition conditions 

We studied three types of multilayers architectures as shown in Figure 127. All the multilayers 

are composed of a Cr underlayer and the repetition of the CrN/AlCrN pair. Whatever the 

multilayer, each CrN/AlCrN pair has the same chemical composition and the Cr underlayer is 

about 200 nm thick. This thickness for the underlayer was selected because the 𝑅𝑅𝑎𝑎 of substrate 

is around 200 nm. Bouzakis et al. [162] studied the effectiveness of Cr/CrN underlayer to 

improve the adhesion property and cutting performance of cemented carbide substrate. Their 

conclusion is that the underlayer should be adapted to the substrate’s surface roughness. 

Besides, Hong et al. [164] made a study on mechanical properties of CrAlSiN with different Cr 

underlayer thickness. They observed that the hardness of the coating gradually decreased with 

increasing the Cr underlayer thickness, as well as the adhesion. The total thickness is pre-set to 

about 3 µm for each type of multilayers as this is a well-known optimal thickness on cutting 

tools as observed by Nouveau [112]. Indeed, a lower thickness would not be efficient while a 
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higher one could tend to diminish the cutting angle of the cutting tools and decrease their service 

life. 

 

Figure 127. Architecture of the multilayers 

As far as the CrN/AlCrN architectures are concerned, we can summarize them as follows:  

-M1 is made of 4 pairs of CrN/AlCrN, 750 nm thick each 

-M2 is made of 4 pairs of CrN/AlCrN with decreasing thickness from the substrate 

interface to top surface. The thickness of each CrN/AlCrN pair is 1600 nm, 800 nm, 400 nm 

and 200 nm from the bottom to the top of the multilayer. Moreover, we wanted to verify and 

compare the AlCrN ternary coating with the CrAlN one of Aouadi [111]. This is why we have 

two similar multilayers: M2 is the Cr/CrN/AlCrN multilayer while M3 is a 2 µm Cr/CrN/CrAlN 

multilayer. 

-M4 is made of 8 pairs of CrN/AlCrN, 375 nm thick each.  

The deposition conditions of the multilayers are listed in Table 39. For M3, we repeated the 

deposition conditions of Aouadi [111] to realize his best Cr/CrN/CrAlN multilayer. The 

deposition conditions that differ from ours are clearly shown in Table 39. Indeed, argon and 

nitrogen flow, the power applied on the Cr and Al targets for the ternary monolayer, the 

deposition time for each binary/ternary pair and the substrate bias voltage were different. 

Besides Aouadi realized his coatings on 90CrMoV8 steel, not on carbide substrate. As a 

consequence, the thickness of his Cr underlayer is 150 nm instead of 200 nm for our multilayers. 

When the comparison our results with the one of Aouadi is made, the differences will be taken 

into consideration. 
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Table 39. Deposition conditions of the multilayers 

Multilayer M1 M2 

M3 

Repetition of 

Aouadi [111] 

M4 

Argon flow 

(sccm) 

Cr 100 92 100 

CrN 60 68.6 60 

AlCrN 60 - 60 

CrAlN - 68.6 - 

Nitrogen flow (sccm) 53 33.3 53 

Working pressure (Pa) 0.5 

Power applied 

on the 

chromium 

target (W) 

Cr 1500 

CrN 1500 

AlCrN 500 - 500 

CrAlN - 1500 - 

Power applied on the aluminum 

target (W) 
1500 1000 1500 

Substrate rotation speed (rpm) 1.5 

Deposition 

time (min) 

Cr 15 10 15 

CrN 45×4 90/45/25/20* 60/30/15/12* 25×8 

AlCrN 75×4 150/75/40/30* - 40×8 

CrAlN - - 60/30/15/12* - 

Deposition temperature (°C) 300 

Substrate bias 

voltage (V) 

Cr -500 

CrN -500 

AlCrN -250 - -250 

CrAlN - -500 - 

* The deposition time presented for M2 and M3 are the deposition time for each monolayer 

from the thicker to the thinner. 
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3.3.2. Physico-chemical properties 

3.3.2.1. Deposition rate and thickness 

Our objective was to obtain a total thickness of 3 µm for the Cr/CrN/AlCrN multilayers and of 

2 µm for the Cr/CrN/CrAlN one. Finally, according to the SEM cross section images in Figure 

130, the thickness of the Cr/CrN/AlCrN multilayers varies from 2.44 to 2.55 µm while the 

Cr/CrN/CrAlN multilayer is 1.85 µm. Then, even if the work is on an industrial PVD system 

with an automatic process, we show here that the system was well controlled to get similar 

thicknesses for the Cr/CrN/AlCrN multilayers and a Cr/CrN/CrAlN one close to 2 µm. The 

deposition rate is from 4.8 to 5 nm.min-1 for the Cr/CrN/AlCrN multilayers while it is 7.6 

nm.min-1 for the Cr/CrN/CrAlN ones. This can be explained by the higher Cr content in the 

CrAlN ternary monolayers in comparison to the AlCrN ones and the higher sputtering yield of 

Cr in comparison to the Al one.  

3.3.2.2. Chemical composition by EDS microanalyses 

The chemical composition is quantitatively determined by EDS profiles made on silicon (100) 

substrates cross sections. The profiles of each element are depicted in Figure 128 and compared 

with the expected architectures of the Cr/CrN/AlCrN or Cr/CrN/CrAlN layers.  

It is obvious in Figure 128, that the repetitions of CrN/AlCrN or CrN/CrAlN pairs are well 

present in all the multilayers according to what was expected from Figure 127. Indeed, it is 

clearly verified the thickness of each multilayer but also the thickness of each monolayer. It is 

verified that M1 and M4 are homogenous in thickness and that the monolayers thickness 

decreases according to the expectation. The nitrogen percentage is almost constant all along the 

profiles, which indicates that the nitrogen flow is well controlled by the automate process during 

the CrN/AlCrN and CrN/CrAlN pairs deposition. The oxygen content is below 10 at.% for all 

multilayers synthesized. Nevertheless, as mentioned in the previous sections, regarding the XPS 

results, the oxygen detected by EDS may be overestimated. Another interesting observation is 

that for M1, the chemical composition of Al in AlCrN almost reaches 60 at.% (Al/(Al+Cr) 

at.%), while for M2 and M3, the Al content decreases with the AlCrN and CrAlN thickness, 

respectively. For M4, the Al content falls to about 40 at.% (Al/(Al+Cr) at.%). This may be 

explained by the SEM scanning beam limit. Indeed, the width of the beam is about 500 nm, as 

mentioned in Chapter 2, when the thickness of CrN/AlCrN pair is below this value, an 

interaction between two pairs may occur and then the quantitative evaluation of the chemical 

composition can be distorted. 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

159 

 

 

Figure 128. Chemical composition of multilayers (cross-section EDS scanning profiles) 

3.3.2.3. Surface morphology and microstructure 

Observations of the surface morphology of the Cr/CrN/AlCrN and Cr/CrN/CrAlN multilayers 

were carried out by SEM-FEG at high resolution. Figure 129 shows the surface morphology of 

multilayers on rough and mirror-polished WC substrates.  
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Figure 129. Surface morphology of multilayers on rough and mirror-polished WC substrates 

On rough WC substrates, we note that the morphology of multilayer coatings is of columnar 

type. Most of the surface morphologies looks like cauli-flower, are homogenous with low 

porosity as it was the case for the AlCrN layers obtained at 300 °C-250 V (Figure 104e). Some 
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pyramidal tops are visible only for M1 for a thicker top AlCrN layer. The three other multilayers 

with an AlCrN or a CrAlN top layer of around 200 nm present similar surface morphologies.  

It is obvious, on mirror-polished WC substrates, that the top AlCrN layers are denser than the 

top CrAlN one. The intrinsic properties of the Cr/CrN/AlCrN and Cr/CrN/CrAlN multilayers 

should differ. Besides, as we have here a smooth substrate, the columns clusters of each 

multilayer are smaller. We can also observe more pyramidal tops than on the rough substrate. 

Moreover, the surface morphology of the M2 multilayer is close to the surface morphology 

observed for a AlCrN monolayer obtained at 300 °C-250 V on a mirror-polished silicon 

substrate (Figure 105e). 

Figure 130 shows the cross-section of the multilayers on silicon substrate. As already observed 

by Aouadi [111], all films show a dense, columnar structure which is comparable to studies 

conducted by Barshilia et al. and Okumiya et al. [126, 157]. 

 

Figure 130. Cross section of the multilayers on silicon substrates 

As shown in Figure 130, the CrN/AlCrN or CrN/CrAlN pairs can be observed, even if the 

contrast between these layers is not high. The Cr underlayer is the first layer bonded to the 

substrate and its thickness is around 160 ± 20 nm. Furthermore, regarding all the multilayers 

produced, at the interface between the coating and the substrate, we observe that the grain size 

of the Cr layer is very small and that this layer is very dense. This zone is formed at the 

beginning of the PVD process when the temperature and the mobility of the adsorbed atoms are 
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low. Thus, a large number of small grains are formed. Then, during the deposition and due to 

the growth of the other monolayers, grains of larger size and with a preferential orientation are 

formed. Therefore, we can conclude about the existence of small columns at the Cr / substrate 

interface and then large grains for the other successive monolayers as explained by Wiecinski 

et al. [292]. 

We are now going to verify the structure and grain size of the multilayers in the following 

section. 

3.3.2.4. Structure 

The XRD analyses have been made on WC coated substrate (Figure 131).  

 

Figure 131. XRD patterns of the multilayers 

As the multilayers are composed of CrN/AlCrN or CrN/CrAlN pairs, their XRD patterns show 

the same peaks positions as the monolayers. Thus, according to the (ICDD 00-011-0065) and 

(ICDD 00-025-1495) cards, we observe only the cubic phase of CrN and AlN for all 

multilayers. The M1 presents a major (200) at 51.27°, (220) at 75.34° and a minor (111) 

diffraction peak at 43.72°. The M2 coating presents (111) and (200) major diffraction peaks at 

43.06 and 50.48°, respectively. It also shows a non-negligible (220) diffraction peak at 74.25°. 

The M4 multilayer has a main (200) diffraction peak at 50.26°. It also shows the (111) and 

(220) diffraction peaks at 43.06 and 74.25°, respectively. The M1 and M4 multilayers both 
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present a major (200) diffraction peak while the M2 has similar (111) and (200) diffraction 

peaks intensity. The difference between M1 and M4 multilayers is the number of interfaces, 

even if, the CrN and AlCrN thickness in all these coatings is the same (Figure 127). That is 

why they present very similar XRD patterns. Therefore, we can conclude that the number of 

interfaces does not have any influence on the multilayers structure. This is not the case for the 

different thickness of each monolayer. Indeed, the M2 multilayer should have also a similar 

total thickness of CrN and AlCrN than the M1 and M4 multilayers, but it has a different XRD 

pattern. This architecture (variation of the monolayers thickness) seems to favor (111) and (200) 

orientations. It means that the monolayers thickness has an influence on their growth 

mechanism and as a consequence, on their crystalline orientations. Indeed, Ellis et al. [293] 

explained that “the (111)-to-(100) texture transformation has been attributed to a competition 

between strain energy and interface energy. In FCC materials, the (111) orientation has the 

lowest interface energy, while the (100) orientation has the lowest biaxial modulus. Thus, the 

interface energy per unit volume decreases as the inverse of the film thickness, while, at a given 

strain, the strain energy per unit volume is constant with film thickness. This model therefore 

predicts that a critical thickness exists, below which a film should adopt (111) fiber texture to 

minimize interface energy, and above which it should adopt a (100) fiber texture to minimize 

strain energy”. As a matter of fact, as the monolayers thickness is decreased in the M2 

multilayer, we have more (111) orientations than the two other multilayers, while the (200) 

orientation is still present. 

The M3 multilayer presents a (111) major diffraction peak at 43.17° and minor (200) and (220) 

diffraction peaks at 50.7 and 74.47°, respectively. Similar results were found by Aouadi [111]. 

Thus, we verify here the reproducibility of the Cr/CrN/CrAlN multilayer deposition conditions. 

In Table 40 are listed the theoretical and experimental diffraction peaks position detected in the 

multilayers and the calculated grain size thanks to the Debye-Scherrer formula (Equation 10). 

All the diffraction peaks are shifted to smaller 2θ positions compared to CrN and AlN 

theoretical positions, which means that the multilayers may have tensile stress according to 

Bragg’s law. 

The grain size of the multilayers with CrN/AlCrN pairs is very similar because it only varies 

from 5.51 to 5.95 nm, whatever the number of interface and the CrN/AlCrN pairs thickness. 
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Table 40. Theoretical and experimental diffraction peaks position and grain size of as-deposited 

multilayers 

2θ (°) 

Coatings 
(111) (200) (220) 

Grain size 

(nm) 

Diffraction 

peaks as 

reference 

CrN 

(theoretical) 
43.88 51.26 75.38 - - 

AlN 

(theoretical) 
44.17 51.47 75.75 - - 

M1 43.72 51.24 75.34 5.57 (200) 

M2 43.06 50.48 74.25 5.95 (200) 

M3 43.17 50.7 74.47 9.35 (111) 

M4 43.06 50.26 74.25 5.51 (200) 

 

We verify here the SEM observations shown in Figure 129. In the contrary, the M3 with 

CrN/CrAlN pairs has a higher grain size of 9.35 nm (Figure 132).  

 

Figure 132. Grain size of the multilayers 

We also verify here the SEM surface morpholy previously mentionned (Figure 129). This is 

consistent with other studies on AlCrN and CrAlN coatings. Indeed, because of the substitution 

of Cr atoms by Al atoms, the lattice is smaller. Lin et al. [167] found a continuous decrease of 

lattice parameter from pure CrN coatings to AlCrN with 58.5 at.% of Al. Moreover, Hasegawa 
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and Suzuki [267] or Reiter et al. [170] observed similar results: in the last case, the lattice 

parameter decreases from pure CrN to fcc AlCrN coatings containing 71 at.% of Al. The 

multilayer M3 has a grain size of only 9.53 nm, while Aouadi [111] obtained by AFM a grain 

size of around 31 nm for his multilayer. It could be explained by the fact that we did not use the 

same technique to determine the grain size of the coatings (AFM and XRD/Debye Scherrer). 

3.3.3. Tribological properties 

The friction tests were conducted with a Ti6Al4V ball against coated WC substrates. The 

applied normal force is 10 N, the friction speed is 10 cm/s, the sliding distance is 100 m and 

about 4000 cycles were realized. No lubricant was used. The SEM images of the wear tracks 

are presented in Appendix E. 

 

Figure 133. Friction coefficient of the multilayers 

As shown in Figure 133, the friction coefficient varies from 0.52 to 0.55. Whatever the 

multilayers architecture, there is no influence. As expected, the COF of the multilayers is 

similar to the COF of the AlCrN and CrAlN monolayers (around 0.5, see Figure 109 and Figure 

88). Aouadi [111] found a higher friction coefficient (0.68) for his Cr/CrN/CrAlN multilayer. 

However, he used an alumina ball and different friction conditions: an applied normal load of 

5 N and a sliding speed of 2 cm/s. 

The wear rate is presented in Figure 134 and in Table 41. 
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Figure 134. Wear rate of the multilayers 

Table 41. Wear rate of the multilayers 

Multilayer M1 M2 M3 M4 

Wear rate  

(×10-5 mm3·m-1·N-1) 
6.57 5.82 7.71 2.17 

 

The multilayers have a wear rate in the same order of magnitude (×10-5 mm3·m-1·N-1) as that of 

the AlCrN or CrAlN monolayers (Figure 111 and Figure 89). We can expect hardness for the 

multilayers close to the one of the monolayers. The highest wear rate belongs to M3 and the 

lowest one belongs to M4. Comparing M1 and M4 multilayers, increasing the number of 

interfaces improves the tribological behavior of multilayers [111, 158, 292]. Indeed, the 

interfaces interact with the dislocations and the propagation of cracks. An increase in the 

number of interfaces increases the number of barriers to crack propagation. As a result, the wear 

resistance increases. We thus observe that the wear rate of multilayers decreases when the 

number of interfaces increases.  

When we compare M1 and M2, the wear rate is lower when the CrN/AlCrN pairs thickness 

progressively decreases. This result has also been observed by Aouadi [111]. 

Comparing the M2 and M3 multilayers, a higher wear rate is obtained for the last one. The 

better performance of M2 is attributed to the replacement of CrAlN monolayer by AlCrN 

monolayer. As mentioned in the Cr1-xAlxN section, the increasing Al content in the CrN matrix 

will increase its mechanical and thermal properties, thus increase its tribological properties.  
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3.3.4. Mechanical properties 

3.3.4.1. Residual stress 

The residual stresses in the multilayers were determined by measuring the curvature of the 

samples before and after deposition on silicon.  

The residual stresses of the multilayers are presented in Figure 135 and Table 42.  

 

Figure 135. Residual stress of the multilayers 

All the multilayers present lower stress than the AlCrN or CrAlN monolayers. Only the CrN 

300 °C-500 V presents low tensile residual stress such as M4. 

Table 42. Residual stress of the multilayers 

Multilayer M1 M2 M3 M4 

Residual stress (MPa) -47.4 -7.3 146.4 44.8 

 

According to the XRD patterns (Figure 131), we expected tensile stress for all the multilayers. 

But, this is not the case for M1 and M2, that have low compressive stress (Table 42). This can 

be explained by Schmitt [266] in the case of AlCrN monolayers. Indeed, because of their 

architecture, one can suppose that M1 and M2 present in their total volume more Al-N bonds 

than Cr-N bonds leading to compressive stress instead of tensile stress. Furthermore, when we 

decrease the CrN/AlCrN pairs thickness in M2, the compressive stress decrease (-7.3 MPa) in 

comparison to M1 stresses (-47.4 MPa). Aouadi [111] observed the same trend in the case of 

Cr/CrN/CrAlN multilayers. 
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Besides, we notice that by increasing the number of interfaces of multilayer coatings 

(comparing M1 and M4), the stress change from compressive to tensile. This is probably due 

to the existence of more interfaces in M4. Indeed, the interfaces between the layers can lead to 

stress relaxation and energy dissipation. Thus, their presence absorbs the residual stresses 

during the growth phase of the film [294, 295].  

The M3 multilayer exhibits tensile stress of 146.4 MPa, in good agreement with Aouadi [111] 

who calculated a tensile stress of about 112 MPa for the same multilayer.  

Figure 136 presents the grain size and the residual stresses of the multilayers. As in the case of 

the CrN and CrAlN monolayers, we observe here that the grain size is proportional to the 

residual stress (“inverse Hall-Petch effect”) as previously explained by Quek et al. [283]. 

We verify here the “inverse Hall-Petch” effect: the lower the grains, the lower the residual 

stress. 

 

Figure 136. Grain size and residual stress of the multilayers 

3.3.4.2. Hardness and elastic modulus 

The results of nanoindentation tests carried out on coated mirror-polished WC substrates are 

shown in Figure 137. 
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Figure 137. Hardness and elastic modulus of the multilayers 

The values of hardness, elastic modulus, H/E and H3/E2 are listed in Table 43. 

Table 43. Hardness, elastic modulus, elastic and plastic deformation resistance H/E and H3/E2 of the 

multilayers on WC substrates 

Multilayer H (GPa) E (GPa) H/E (×10-2) H3/E2 (×10-2) 

M1 16.1 429 3.75 2.27 

M2 18 487 3.70 2.46 

M3 21.7 626 3.47 2.61 

M4 24.8 670 3.70 3.40 

 

The hardness of the multilayers varies from 16.1 GPa to 24.8 GPa, while their elastic modulus 

varies from 429 GPa to 670 GPa. As expected, the hardness of the multilayers is in the same 

order of magnitude than the monolayers’ hardness. Nevertheless, as the number of interfaces 

increases from M1 to M4, the hardness, elastic modulus, as well as the plastic deformation 

resistance increase. Many studies have proven the advantage of increasing number of interfaces: 

the mechanical properties like plastic deformation resistance of coatings will increase, and thus, 

enhance the wear resistance [158]. The hardness and elastic modulus will increase too, 

according to the studies of Mori et al. [296] and Yousaf et al. [118]. This can be explained by 

the fact that the numerous interfaces serve to prevent the sliding of dislocations and prevent the 

growth of column grains through the layers. Blocking dislocations due to column-to-column 

discontinuity contributes to hardness improvement [295, 297]. 
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When we compare the M1 and M2, a slight increase of the hardness (from 16.1 to 18 GPa) and 

of the elastic modulus (from 429 to 487 GPa) was observed. Thus, the thickness decrease of the 

CrN/AlCrN pairs does not have a lot of effect on the hardness and elastic modulus. 

Besides, one can note that the hardness of the M3 multilayer is similar to the one of the M2 

while its elastic modulus is much higher (626 instead of 487 GPa). This can be explained by 

the fact that the elastic modulus of the AlCrN monolayers is lower (170 GPa) (Table 37) than 

the one of the CrAlN monolayers (233 GPa) (Table 29).  

Finally, in his study, Aouadi [111] obtained a Cr/CrN/CrAlN multilayer with a hardness of 43 

GPa, about twice higher than the multilayer M3, but with a lower elastic modulus of 402 GPa 

instead of 626 GPa. This result is probably due to the different deposition conditions Aouadi 

employed in comparison to ours. Indeed, Yousaf et al. [236]explained that not only grain size, 

but also inter-diffusion and interface state must be considered to explain the evolution of 

hardness, elastic modulus and their dependence on process parameters. All diffusion processes 

between monolayers inevitably lead to degradation of mechanical properties. Therefore, the 

diffusion at the interfaces can be a reason for the reduction of the hardness of the M2 multilayer 

in comparison to the M3 one. 

Figure 138 illustrates the comparison of the hardness and residual stress of the multilayers 

deposited on mirror-polished WC and silicon substrate, respectively.  

 

Figure 138. Correlation between residual stress and hardness of the multilayers 

The results show a correlation between hardness and residual stress. The hardness seems to be 

low when the residual stresses are the highest (tensile or compressive). When the stress is the 

highest, 146.4 MPa, the hardness is 21.7 GPa. Then when the residual stresses decrease from 
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146.4 MPa to 44.8 GPa, the hardness increases from 21.7 to 24.8 GPa. We observed the same 

trend for the compressive stresses. Aouadi [111] observed the same tendency for his CrAlN 

layers with different Al content: the hardness was inversely proportional to the stress. 

The relation between the grain size and the hardness is illustrated in Figure 139.  

 

Figure 139. Grain size and hardness of the multilayers 

We verify here the “inverse Hall-Petch” effect: the lower the grains, the lower the hardness 

except for the M4 where we obtained the highest hardness for a small grain size. Nevertheless, 

this result is logical: as grains size is small, we expect a higher hardness. This multilayer seems 

to follow the “Hall-Petch” effect in contrary to the others. This may be caused by the number 

of interfaces that is twice higher than the other coatings [111]. 

The correlation between plastic deformation resistance and wear rate is illustrated in Figure 

140.   

We verify that the M4 multilayer has the lowest were rate because of its highest plastic 

deformation resistance. The correlation between plastic deformation resistance and wear rate 

permits to confirm that the number of interfaces is a main parameter to obtain coatings with a 

low wear rate in comparison to the CrN/AlCrN or CrN/CrAlN pairs thickness. Aouadi [111] 

observed the same results for his Cr/CrN/CrAlN multilayers. 
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Figure 140. Wear rate and plastic deformation resistance of the multilayers 

3.3.4.3. Adhesion 

Figure 141 shows the scratch track of the multilayers obtained on mirror-polished WC 

substrates. Compared to the failure mode of Bull [262], the M1 exhibits buckle spallation failure 

mode (at Lc1) and then recovery spallation mode (at Lc2).  

Moreover, the M2 and M3 seems less adherent than M4 as they present recovery spallation 

from Lc1. The M4 shows wedging spallation mode (at Lc1) and recovery/wedging spallation 

modes (at Lc2). 

 

Figure 141. Optical images of the critical loads (Lc1 and Lc2) of the multilayers 

Table 44 summarizes the critical loads and work of adhesion for each multilayer.  
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Table 44. Critical loads and work of adhesion of the multilayers 

Multilayer M1 M2 M3 M4 

Lc1 (N) 20 19 16 23 

Lc2 (N) 50 47 33 52 

Wad (J/m2) 1.32 1.52 0.43 0.61 

 

Figure 142 presents the correlation between residual stress and work of adhesion.  

 

Figure 142. Relation between residual stress (absolute values) and adhesion work of the multilayers 

The increasing number of interfaces reduces the work of adhesion for similar absolute stress 

which indicates the improvement of adhesion in the case of the M4. In the contrary, the decrease 

of the CrN/AlCrN pairs thickness, increases the work of adhesion and the stress decreases. 

Indeed, the adhesion of the M2 is lower than the one of M1. Finally, if we compare M2 to M3, 

we do not verify that the Cr/CrN/CrAlN multilayer has a higher adhesion strength, as its work 

of adhesion is the lowest. Nevertheless, it is well verified here that the work of adhesion behaves 

inversely to the residual stresses (tensile and compressive) as already observed in the case of 

the AlCrN monolayers. 

It is obvious in Figure 143, that M4 has the best adhesion as it is constituted of twice number 

of interfaces in comparison to M1. Even if the adhesion of M4 is slightly higher than that of 

M1, Mori et al. [296] and Yousaf et al. [118] already observed this effect of the interface number 

in multilayers. When the CrN/AlCrN pairs thickness decreases, the adhesion of M2 is similar 

to the M1 one. But, the M3 multilayer has the lowest adhesion in comparison to others.  
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Figure 143. Critical loads of the multilayers 

Furthermore, as previously observed for the CrAlN layers with different Al content, it is verified 

that the evolution of the force required to tear off the multilayers from their substrate (Lc2) is 

correlated to the evolution of the grain size [287]. Indeed, when the grain size increases, the 

Lc2 critical load decreases as shown in Figure 144. 

 

Figure 144. Evolution of the Lc2 critical load of the multilayers and their grain size 

Moreover, as in the case of the AlCrN monolayers, it is obvious in Figure 145, that the stress 

and the critical load Lc2 behave the same, when we compare M1 to M4 or M1 to M2. Indeed, 

the critical load increases when the stress increases. In addition, samples with low stress have 

better adhesion than those with high stress. Such results were observed by Lin et al. [291]. 
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Nevertheless, when we compare M2 to M3, it is the inverse: the stress increases while the Lc2 

decreases as in the case of the CrAlN monolayers as already shown by Kim et al. [158]. 

 

Figure 145. Correlation between residual stress and critical load Lc2 of the multilayers 

3.3.5. Thermal properties 

Thermal property is a main parameter for the mono and multilayers as they will be applied in 

cryogenic assisted machining. Thus, thermal resistance measurement of the optimized CrN 

monolayer but also of M2, M3 and M4 multilayers were performed. The thermal conductivity 

was then measured by the MPTR method introduced in Chapter 2. The results are illustrated in 

Figure 146 and summarized in Table 45. 

The thermal properties of AlCrN monolayers was not obtained by this method due to its optical 

transparency. Miao et al. [298] showed that the AlCrN with high Al content (above 64 at.%) 

has high transmissivity and is totally transparent in visible wavelength scale (300-800 nm), 

which indicates that it is also transparent in near IR scale (closed to 700 nm). Thus, the thermal 

conductivity of the AlCrN monolayer comes from the literature [299], where the thermal 

conductivity of CrAlN was measured with Al content varying from 0 to about 71.4 at.%. 

Besides, AlCrN coating are known to have a good thermal stability. Tlili et al. [300] reported 

that the thermal conductivity of CrAlN (Al content varying from 5 to 30 at.%) is from 4.5 W·m-

1·K-1 to 2.8 W·m-1·K-1 and its thermal diffusivity is from 8×10-7 m2·s-1 to 4×10-7 m2·s-1. 

Willmann et al. [177] reported that with 56 at.% of Al the AlCrN coating undergoes annealing 

temperature until 900 °C without decomposition and keeps high hardness around 30 GPa, while 

a Al content of 68 at.% AlCrN coating exhibits formation of hexagonal (h) AlN before 700 °C.  
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The thermal conductivity of our coatings varies from 1 to 2.72 W·m-1·K-1, that is much lower 

than the WC substrate one. The coatings show low and close thermal conductivity, which may 

indicate that the architecture of multilayers has no significant influence on thermal properties. 

To have more information about the effect of the interfaces, we need to have thermal 

conductivity of the M1 to compare with the M4 multilayer. 

When we compare M2 and M3, the multilayer composed of CrN/CrAlN pairs has a slight lower 

thermal conductivity. This may be due to its higher grain size or its (111) preferred orientation 

according to the XRD patterns.  

 

Figure 146. Thermal conductivity of as-deposited monolayers and multilayers (substrate as reference) 

Table 45. Thermal conductivity of as-deposited monolayers and multilayers (WC substrate as reference) 

Coatings WC CrN AlCrN M2 M3 M4 

Thermal conductivity 

(W·m-1·K-1) 
41 2.72 

1 

(from literature) 
2.29 1.95 2.42 

 

3.3.6. Partial conclusions 

In this section, we developed Cr/CrN/AlCrN and Cr/CrN/CrAlN multilayers by varying the 

CrN/AlCrN pairs number or thickness. The influence of these parameters was shown. Indeed, 

the deposition process of as-deposited multilayers are verified by EDS profiles. This permits 

also to verify their chemical composition. The thickness and deposition rate of the multilayers 

were verified by SEM observations: the thickness of the multilayers varies from 1.85 to 2.55 
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µm. The multilayers have columnar and dense microstructure. According to XRD, the 

multilayers are well crystallized and composed of cubic CrN and AlN phases. Their friction 

coefficient is in the range of 0.52-0.55. The intrinsic stress of the multilayers is low (from -47.4 

to 146.4 MPa). Their hardness and elastic modulus evolve with the number of interfaces. The 

adhesion failure mode is different among the multilayers, when M1 exhibits buckle spallation, 

others exhibit recovery spallation mode. The thermal properties are excellent for all as-

deposited coatings, which predicts a good prominent performance in cryogenic assisted 

machining.  

As far as the number of interfaces is concerned, it is obvious that M4 multilayer would perform 

better than the M1 one. Moreover, the M2 should be chosen in comparison to the M3 according 

to its higher mechanical and tribological properties. Nevertheless, in the following chapter, the 

optimized CrN and AlCrN monolayers, M2 and M4 multilayers are going to be tested under 

flood and LN2 cooling conditions, in tribological tests on a CNC machine. This aims to verify 

and confirm our choice of the coatings, which will be further used for evaluating the tool life 

in tool wear tests. 

3.4. Conclusions 

In Chapter 3, our objectives were: 

-to optimize Cr underlayer to get an adhesive coating as it will be the first layer in contact with 

the WC substrates 

-to optimize the CrN monolayers with good mechanical and tribological properties 

-to optimize the Al content in CrAlN monolayers to develop AlCrN ones 

-to optimize the AlCrN monolayers with good mechanical and tribological properties 

-to develop new Cr/CrN/AlCrN multilayers and to verify the Cr/CrN/CrAlN multilayer 

properties obtained previously by Aouadi [111]. 

-to compare the multilayers physico-chemical, structural, mechanical, tribological and thermal 

properties in order to choose the best coatings to be applied on carbide pins for tribological tests 

(Chapter 4) and on carbide inserts for tool wear tests (Chapter 5). 

 

The conclusions of the Chapter 3 are as follows: 

Cr underlayer 

We obtained almost pure chromium thin films by DC magnetron sputtering with an acceptable 

adhesion on tungsten carbide substrate, a low friction coefficient and wear rate after being in 
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contact with Ti6Al4V ball. The Cr layer was well crystallized, showed the (110) preferred 

orientation with a grain size around 10 nm and has a relative porosity. Thus, as expected, the 

Cr coating are adherent whatever the type of substrate or its roughness. 

 

CrN monolayers 

CrN monolayers were synthesized by varying the deposition temperature and substrate bias 

voltage. The influence of both deposition parameters was shown. Moreover mostly we verified 

the results obtained previously by Aouadi [111]. When we obtained different results, the 

influence of the substrate rotation speed was shown. According to its properties, the CrN 

monolayer deposited under 300 °C and -500 V exhibits a (200) preferred crystalline orientation, 

is well crystallized, it has a dense surface morphology and small top column size. Concerning 

its mechanical properties, it presents the highest hardness and elastic modulus, the best plastic 

deformation resistance and has a very good adhesion up to 43 N (Lc2) and finally the lowest 

wear rate 0.58 × 10-4 mm3·m-1·N-1. This optimized CrN monolayer will be used in the different 

multilayers. 

 

CrAlN monolayers 

We developed CrAlN monolayers by varying the Al content to determine the optimal chemical  

composition to be applied in the AlCrN monolayers. The influence of this parameter was 

shown. Moreover mostly we verified the results obtained previously by Aouadi [111]. When 

we obtained different results, the influence of the substrate rotation speed was shown. 

According to their properties, the CrAlN monolayers obtained with 57 and 62 at.% of Al exhibit 

the same crystalline orientation, have a dense surface morphology, small column size and grain 

size. Concerning their mechanical properties, the layer with 57 at.% of Al presents the highest 

hardness and elastic modulus, the best plastic deformation resistance and has a very good 

adhesion up to 47 N (Lc2) and finally the lowest wear rate. This optimized CrAlN monolayer 

should be our choice. Nevertheless, during the deposition process of x = 0.57 we fixed a high 

current on the aluminum target that was unfortunately significantly damaged. Indeed, with a 

high current applied on the aluminum target, we poisoned it by nitrogen in a very short time, 

which is not a sustainable way for PVD coating. Then even if the layer obtained for x = 0.62 

has a low plastic deformation resistance, it presents the best adhesion and similar physico-

chemical and mechanical properties with the layer obtained for x = 0.57. Besides, it has been 

synthesized at a fixed power on the aluminum target which reduces the target damage during 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

179 

 

the PVD process. For all the above-mentioned reasons, we decided to choose as the optimal Al 

content, x = 0.62 for the study about the optimization of AlCrN monolayers by varying the 

substrate bias voltage and the deposition temperature. 

 

AlCrN monolayers 

We developed AlCrN monolayers by varying the deposition temperature and substrate bias 

voltage. The influence of these parameters was shown. Indeed, high deposition temperature and 

substrate bias voltage would permit to get a dense and homogeneous AlCrN layer on silicon 

substrates. For the AlCrN layers, the temperature has an influence on the microstructure. The 

crystalline orientation of the AlCrN layers depends on the substrate bias voltage but also on the 

deposition temperature and these both parameters are correlated. The grain size decreases when 

the bias voltage increases and the deposition temperature decreases. Concerning the mechanical 

properties of our AlCrN layers: their COF does not depend on the deposition temperature or the 

substrate bias voltage and was around 0.5. All the AlCrN layers have compressive stress varying 

from -914 MPa to -166.3 MPa except the layer realized at 300°C-0V that has tensile stress of 

28.6 MPa. The deposition temperature and substrate bias voltage both have positive impacts on 

adhesion property of the AlCrN layers. We also showed that for the AlCrN layers, the “Hall-

Petch effect” governs their hardness. Moreover, mostly we verified the results of the CrN 

monolayers. Indeed, it has been shown that the substrate bias voltage increases the residual 

stress while the temperature reduces it. Most of the AlCrN layers present a better adhesion than 

the CrN layers whatever the deposition conditions. 

According to their properties, the stoichiometry of our AlCrN layers is Al62Cr38N. In XRD we 

observe only the cubic phase of CrN and AlN for all coatings, no hexagonal Cr2N or AlN 

diffraction peaks are present. The experimental diffraction peaks are close or between the CrN 

and AlN theoretical diffraction positions, so it is considered that the AlCrN layers are solid 

solutions of Al atoms in substitution in the CrN lattices.  

The AlCrN layer realized at 300 °C-250 V is well crystallized, presents the highest hardness 

whatever the substrate, an acceptable elastic modulus of 165-170 GPa, the best plastic 

deformation resistance, the lowest wear rate and the best adhesion with a Lc2 up to 58 N. 

Thus, the optimized AlCrN monolayer (300 °C-250 V) has been applied in the synthesis of the 

Cr/CrN/AlCrN multilayers.  
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Multilayers 

We synthesized Cr/CrN/CrAlN and Cr/CrN/AlCrN by varying the CrN/AlCrN or CrN/CrAlN 

pairs thickness and number. As far as the number of interfaces is concerned, it is obvious that 

M4 multilayer would perform better than the M1 one. Moreover, the M2 should be chosen in 

comparison to the M3 according to its higher mechanical and tribological properties. 

Nevertheless, all the optimized monolayers and M2, M4 multilayers will be tested on carbide 

pins in tribological tests against Ti6Al4V alloy. 

 

Finally, the main question is: what is the contribution of using a multilayer instead of a 

monolayer? 

 

To answer this question, we summarized all the mono and multilayers properties in Table 46. 

. 
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Table 46. Properties of the mono and multilayers

Coatings Cr CrN AlCrN M1 M2 M3 M4 

Deposition rate 

(nm/mn) 
- 5.7 3.83 4.8-5 4.8-5 7.6 4.8-5 

Microstructure  and porous 
Columnar with 

small pores 

Columnar and 

dense 

Columnar and 

dense 

Columnar and 

dense 

Columnar and 

dense 

Columnar and 

dense 

Grain size (nm) 9.74 7.07 4.12 5.57 5.95 9.35 5.51 

COF 0.51 0.5 0.5 0.52-0.55 0.52-0.55 0.52-0.55 0.52-0.55 

Wear rate (10-5 

mm3/(m·N)) 
5.32 5.8 2.02 6.57 5.82 7.71 2.17 

Stress (MPa) 222.8 40.2 -407.3 -47.4 -7.3 146.4 44.8 

Hardness (GPa) 5.9 16.2 26.4 16.1 18 21.7 24.8 

Elastic modulus 

(GPa) 
170 346 170 429 487 626 670 

H3/E2 0.007 0.0355 0.6367 0.0227 0.0246 0.0261 0.0340 

Lc2 (N) 31.6 43 58 50 47 33 52 

WAD (J/m²) - 4.5 4.05 1.32 1.52 0.43 0.61 

Thermal 

conductivity 

(W/m/K) 

- 2.72 1 - 2.29 1.95 2.42 

Bad Acceptable Good 
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According to Table 46, the multilayers do not have a high deposition rate except M3 but their 

deposition rate is higher than the AlCrN monolayers. Besides, multilayers are of a great interest 

because they have a columnar dense microstructure, a small grain size, a small wear rate in the 

case of the M4, an acceptable hardness and a high elastic modulus, a good adhesion (except 

M3), and as a consequence a low work of adhesion. The plastic deformation resistance is only 

acceptable for the M4 multilayer. Furthermore, the multilayers have a low thermal conductivity. 

Finally, it is obvious from Table 46 that the most interesting multilayer is the M4 one and that 

the worst is the M3 one. 

 

In the following Chapter 4, we are going to introduce the tribological tests that carried out 

thanks to a laboratory-made tribometer with coated and uncoated-carbide pins against Ti6Al4V 

alloy bars. According to the results we could choose the best coatings to be tested in tool wear 

tests under flood and LN2 cooling conditions in turning of Ti6Al4V alloy. 

 

3.5. Résumé du Chapitre 3 

Les objectifs du Chapitre 3 étaient les suivants : 

-optimiser la sous-couche de Cr pour obtenir un revêtement adhérent car ce sera la première 

couche en contact avec les substrats de WC 

-optimiser les monocouches de CrN avec de bonnes propriétés mécaniques et tribologiques 

-optimiser la teneur en Al dans les monocouches CrAlN pour développer celles en AlCrN 

-optimiser les monocouches d’AlCrN avec de bonnes propriétés mécaniques et tribologiques 

-développer de nouvelles multicouches Cr/CrN/AlCrN et vérifier les propriétés des 

multicouches Cr/CrN/CrAlN obtenues précédemment par Aouadi [111]. 

-comparer les propriétés physico-chimiques, structurales, mécaniques, tribologiques et 

thermiques des multicouches en vue de choisir les meilleurs revêtements à appliquer sur les 

pions carbure pour les essais de tribologie (Chapitre 4) et sur les plaquettes carbure pour test 

d’usure des outils (Chapitre 5). 

 

Les conclusions du Chapitre 3 sont les suivantes : 

Sous-couche de Cr 

Nous avons obtenu des couches minces de chrome presque pur par pulvérisation magnétron DC 

avec une adhérence acceptable sur substrat de carbure de tungstène, un faible coefficient de 
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frottement et un faible taux d'usure après avoir été en contact avec la bille Ti6Al4V. Les couches 

de Cr étaient bien cristallisées, présentaient l'orientation préférentielle (110) avec une taille de 

grain d'environ 10 nm et avaient une porosité relative. Ainsi, comme attendu, les revêtements 

de Cr sont adhérents quel que soit le type de substrat ou sa rugosité. 

 

Monocouches de CrN 

Des monocouches de CrN ont été réalisées en faisant varier la température de dépôt et la tension 

de polarisation du substrat. L'influence des deux paramètres de dépôt a été montrée. De plus, 

nous avons également vérifié les résultats obtenus précédemment par Aouadi [111]. Lorsque 

nous avons obtenu des résultats différents, nous avons montré l'influence de la vitesse de 

rotation du substrat. Selon ses propriétés, la monocouche de CrN déposée sous 300 °C et -500 

V présente une orientation cristalline préférentielle (200), est bien cristallisée, elle a une 

morphologie de surface dense et des colonnes fines. Concernant ses propriétés mécaniques, elle 

présente la dureté et le module d'élasticité les plus élevés, la meilleure résistance à la 

déformation plastique et possède une très bonne adhérence jusqu'à 43 N (Lc2) et enfin la plus 

faible vitesse d’usure 0,58 × 10-4 mm3·m-1·N-1. Cette monocouche de CrN optimisée sera donc 

réalisée dans les différentes multicouches. 

 

Monocouches de CrAlN 

Nous avons développé des monocouches de CrAlN en faisant varier la teneur en Al pour 

déterminer la composition optimale à appliquer dans les monocouches d’AlCrN. L'influence de 

ce paramètre a été montrée. De plus, nous avons également vérifié les résultats obtenus 

précédemment par Aouadi [111]. Lorsque nous avons obtenu des résultats différents, nous 

avons montré l'influence de la vitesse de rotation du substrat. Selon leurs propriétés, les 

monocouches de CrAlN obtenues avec 57 et 62 % at. d'Al présentent la même orientation 

cristalline, ont une morphologie de surface dense et une taille de grain faible. Concernant leurs 

propriétés mécaniques, la couche à 57 % at. d'Al présente la dureté et le module d'élasticité les 

plus élevés, la meilleure résistance à la déformation plastique et possède une très bonne 

adhérence jusqu'à 47 N (Lc2) et enfin la vitesse d’usure la plus faible. Cette monocouche de 

CrAlN optimisée devrait être notre choix. Néanmoins lors du processus de dépôt lorsque x = 

0,57 nous avons fixé un courant élevé sur la cible en aluminium qui a malheureusement été 

fortement endommagée. En effet, avec un fort courant appliqué sur la cible en aluminium, nous 

l'avons empoisonnée à l'azote en très peu de temps, ce qui n'est pas une voie durable pour le 
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revêtement PVD. Alors, même si la couche obtenue pour x = 0,62 a une faible résistance à la 

déformation plastique, elle présente la meilleure adhérence et des propriétés physico-chimiques 

et mécaniques similaires avec la couche obtenue pour x = 0,57. En outre, elle a été réalisée à 

une puissance fixe sur la cible en aluminium, ce qui réduit les dommages de la cible pendant le 

procédé PVD. Pour toutes les raisons mentionnées ci-dessus, nous avons décidé de choisir 

comme teneur optimale en Al, x = 0,62 pour l'étude sur l'optimisation des monocouches 

d’AlCrN en faisant varier la tension de polarisation du substrat et la température de dépôt. 

 

Monocouches de AlCrN 

Nous avons développé des monocouches d’AlCrN en faisant varier la température de dépôt et 

la tension de polarisation du substrat. L'influence de ces paramètres a été montrée. En effet, une 

température de dépôt et une tension de polarisation du substrat élevées permettraient d'obtenir 

une couche d'AlCrN dense et homogène sur des substrats de silicium. Pour nos couches 

d'AlCrN, la température a une influence sur la microstructure. L'orientation cristalline des 

couches d'AlCrN dépend de la tension de polarisation du substrat mais aussi de la température 

de dépôt et ces deux paramètres sont corrélés. La taille des grains diminue lorsque la tension de 

polarisation augmente et que la température de dépôt diminue. Concernant les propriétés 

mécaniques de nos couches d'AlCrN : leur COF ne dépend ni de la température de dépôt ni de 

la tension de polarisation du substrat et était d'environ 0,5. Toutes les couches d'AlCrN ont des 

contraintes de compression variant de -914 MPa à -166,3 MPa sauf la couche réalisée à 300°C-

0V qui a des contraintes en tension de 28,6 MPa. La température de dépôt et la tension de 

polarisation du substrat ont toutes deux un impact positif sur les propriétés d'adhérence des 

couches d'AlCrN. Nous avons également montré que pour nos couches d'AlCrN, l' « effet Hall-

Petch » régit leur dureté. De plus, nous avons également vérifié les résultats que nous avons 

obtenus pour nos monocouches de CrN. En effet, il a été montré que la tension de polarisation 

augmente la contrainte résiduelle alors que la température la diminue. La plupart de nos couches 

d’AlCrN présentent une meilleure adhérence que nos couches de CrN quelles que soient les 

conditions de dépôt. 

D'après leurs propriétés, la stœchiométrie de nos couches d'AlCrN est Al62Cr38N. En DRX, 

nous observons uniquement la phase cubique de CrN et AlN pour tous les revêtements, aucun 

pic de diffraction de Cr2N ou d’AlN hexagonal n'est présent. Les pics expérimentaux de 

diffraction sont proches ou entre les positions de diffraction théoriques de CrN et AlN, on peut 
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donc considérer que nos couches AlCrN sont des solutions solides de substitution d’atomes 

d’Al dans le réseau du système Cr-N. 

La couche d'AlCrN réalisée à 300 °C-250 V est bien cristallisée, présente la dureté la plus 

élevées quel que soit le substrat, un module d'Young acceptable de 165-170 GPa, la meilleure 

résistance à la déformation plastique, le taux d'usure le plus faible et une bonne adhérence avec 

un Lc2 jusqu'à 58 N. 

Ainsi, la monocouche optimisée AlCrN (300 °C-250 V) a été appliquée dans la synthèse des 

multicouches Cr/CrN/AlCrN. 

 

Multicouches 

Nous avons réalisé des couches de type Cr/CrN/CrAlN et Cr/CrN/AlCrN en faisant varier 

l'épaisseur et le nombre de chaque paire CrN/AlCrN ou CrN/CrAlN. En ce qui concerne le 

nombre d'interfaces, il est évident que la multicouche M4 serait plus performante que M1. De 

plus, M2 est plus performante que M3 car elle présente des propriétés mécaniques et 

tribologiques plus élevées. Néanmoins, toutes les monocouches optimisées et les multicouches 

M2 et M4 seront testées sur des pions en carbure lors d'essais de tribologie contre l'alliage 

Ti6Al4V. 

 

Enfin, la question principale est : quel est l'apport d’une multicouche par rapport à une 

monocouche ? 

 

Pour répondre à cette question, nous avons résumé toutes les propriétés des mono et 

multicouches dans le Tableau 47. 
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Tableau 47. Propriétés des mono et multilcouches 

Dépôts Cr CrN AlCrN M1 M2 M3 M4 

Vitesse de dépôt (nm/mn) - 5.7 3.83 4.8-5 4.8-5 7.6 4.8-5 

Microstructure 
Colonnaire et 

poreuse 

Colonnaire et 

poreuse 

Colonnaire et 

dense 

Colonnaire et 

dense 

Colonnaire et 

dense 

Colonnaire et 

dense 

Colonnaire et 

dense 

Taille de grain (nm) 9.74 7.07 4.12 5.57 5.95 9.35 5.51 

COF 0.51 0.5 0.5 0.52-0.55 0.52-0.55 0.52-0.55 0.52-0.55 

Vitesse d’usure (×10-5 

mm3/(m*N)) 
5.32 5.8 2.02 6.57 5.82 7.71 2.17 

Contraintes résiduelles (MPa) 222.8 40.2 -407.3 -47.4 -7.3 146.4 44.8 

Dureté (GPa) 5.9 16.2 26.4 16.1 18 21.7 24.8 

Module d’élasticité (GPa) 170 346 170 429 487 626 670 

H3/E2 0.007 0.0355 0.6367 0.0227 0.0246 0.0261 0.0340 

Lc2 (N) 31.6 43 58 50 47 33 52 

WAD (J/m²) - 4.5 4.05 1.32 1.52 0.43 0.61 

Conductivité thermique 

(W/m/K) 
- 2.72 1 - 2.29 1.95 2.42 
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D'après le Tableau 47, les multicouches n'ont pas une vitesse de dépôt élevée sauf M3 mais leur 

vitesse de dépôt est plus élevée que les monocouches d’AlCrN. Par ailleurs, les multicouches 

présentent un grand intérêt car elles présentent une microstructure colonnaire dense, une faible 

taille de grain, une faible vitesse d'usure dans le cas de M4, une dureté acceptable et un module 

d'Young élevé, une bonne adhérence (sauf pour M3), et par conséquent un faible travail 

d'adhérence. La résistance à la déformation plastique n'est acceptable que pour la multicouche 

M4. De plus, les multicouches ont une faible conductivité thermique. Enfin, il ressort du 

Tableau 47 que la multicouche la plus intéressante est M4 et que la moins performante est M3. 

Dans le chapitre 4 suivant, nous allons introduire les essais de tribologie que nous avons réalisés 

grâce à un tribomètre de laboratoire avec des pions en carbure revêtus et non revêtus contre des 

barres d'alliage de Ti6Al4V. En fonction des résultats que nous obtiendrons, nous pourrons 

choisir les meilleurs revêtements à tester lors du test d’usure contre Ti6Al4V sous émulsion et 

LN2. 
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Chapter 4. Tribological analysis 
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4.1. Introduction 

Tribological behaviour is a complex phenomenon that happens in every single machining 

operation, causing severe tool wear and failure. Recent developments in cryogenic assisted 

machining as potential alternative to classical MWF have shown a huge interest in limiting the 

tool wear in machining of difficult to cut materials. 

The objective of the tribological tests presented in this chapter is to analyse the performance of 

the coatings developed in this thesis in terms of friction coefficient, volume of build-up material 

(adhesion) to the tool, and tool temperature. This analysis will be performed for two 

cooling/lubrication strategies: LN2 and traditional MWF consisting of oil-water mixture 

(emulsions). A dedicated home-made tribometer will be used to conduct the tribological tests 

using coated and uncoated pins in contact with a workpiece in Ti6Al4V alloy, under several 

sliding speeds and two contact pressures. 

These tribological tests should permit to select the best coatings that will be used in the cutting 

inserts for further tool wear analysis. Moreover, the obtained friction coefficients could be 

further implemented into metal cutting models to predict the machining outcomes, including 

surface integrity of the machined parts and tool wear. 

4.2. Determination of contact conditions in machining of 

Ti6Al4V alloy 

The contact between the tool and the workpiece/chip in machining is affected by several 

parameters, including: the sliding speed, contact pressure, contact temperature and the surface 

roughness of the tool. The objective of this section is to determine the values of these parameters 

that are representative of machining of Ti6Al4V titanium alloys using cemented carbide tools. 

In particular, this study is focused on the tool-chip contact due to the extreme contact conditions 

(high pressure and high temperatures) observed at this contact compared to the tool-workpiece 

one [301]. 

4.2.1. Determination of the sliding speeds 

The sliding speed of the chip against the tool rake face is different from the cutting speed. As 

shown in Figure 147, a layer of material is separated from the workpiece by the action of the 

tool to form the chip. The formed chips are generally thicker than the uncut chip layer, while 
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the volume is preserved. Thus, the chip compression ratio (CCR) is presented the following 

equation [302]: 

 

 𝜁𝜁 =
ℎ1
ℎ

=
𝑉𝑉𝑐𝑐
𝑉𝑉1

 Equation 26 

 

where 𝜁𝜁 is CCR, ℎ and ℎ1 are uncut chip thickness (mm) and chip thickness, respectively. 𝑉𝑉𝑐𝑐 

and 𝑉𝑉1 are the cutting speed and chip velocity (m/min), respectively. 

As the pin-on-bar tribological tests is used to simulate the chip-tool contact behavior in 

machining, the sliding velocity, 𝑉𝑉𝑠𝑠, is equivalent to the chip velocity, 𝑉𝑉1. Considering that the 

average CCR in orthogonal cutting of Ti6Al4V alloy using uncoated cemented carbide tools is 

about 1.5 (see Figure 148) [303], the sliding speeds can be determined for various cutting speeds 

using Equation 26, as listed in Table 48. The large range of cutting speeds aims to determine 

the influence of this parameter to the tribological behavior of coatings. It is worth to point out 

that the upper value of the cutting speed is a bit higher for machining Ti6Al4V alloy using 

commercial cemented carbide cutting tools. The main reason for this is to evaluate the 

tribological performance of the new coatings for more aggressive cutting conditions than those 

used today for commercial coatings.  

 

Figure 147. Single-shear plan model [10]. 
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Figure 148. Chip compression ratio (CCR) in orthogonal cutting of Ti6Al4V alloy using uncoated 

cemented carbide tools [303] 

Table 48. Sliding velocities and correlated cutting speeds determined in tribological tests 

Cutting speed 
(m/min) 15 30 60 90 120 150 

Sliding velocity 
(m/min) 10 20 40 60 80 100 

4.2.2. Determination of the normal force acting in the pins 

Figure 149 shows the procedure used for determining the normal force to be applied into the 

pins in the tribological tests. The first step of this procedure consists of gathering the forces, 

CCR and the tool-chip contact lengths generated by orthogonal cutting tests of Ti6Al4V alloy 

using cemented carbide tools. Based on the measured cutting (Fc) and thrust (Ft) forces, the 

normal force (𝐹𝐹𝑛𝑛𝑛𝑛) to the tool rake face is calculated using the forces diagram for orthogonal 

cutting, known from many publications [301, 302]. Then, the average contact pressure (𝑃𝑃𝑛𝑛𝑛𝑛) 

between the tool and the chip is calculated by dividing the normal force by the tool-chip contact 

area. The next step consists into calculate the normal force necessary to be applied to the pins 

(Fn,pin) to reach a contact pressure at the pin-workpiece interface (Ppob) equals to that pressure 

calculated from the cutting tests (𝑃𝑃𝑛𝑛𝑛𝑛). 
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Figure 149. Flowchart of the procedure to determine the normal force to be applied into the pins. 

4.2.2.1. Determination of the contact pressure in machining of Ti6Al4V alloy 

Data from orthogonal cutting tests conducted by Outeiro et al. [304] was used in the procedure 

described above to calculate the normal forces acting on the pins during the tribological tests. 

This data is presented in Table 49, corresponding to two tests conducted with two cutting 

speeds, keeping constant the other cutting regime parameters. The force diagram shown in 

Figure 150 was used to calculate the normal force applied to the tool rake face 𝐹𝐹𝑛𝑛𝑛𝑛, using the 

measured cutting and thrust forces and the equations derived from this figure (Equation 27 to 

Equation 29) [301]. Then, the contact pressure is calculated by dividing the normal force 𝐹𝐹𝑛𝑛𝑛𝑛 

by the tool-chip contact area (Equation 31). This area is the product of the contact length 𝑙𝑙𝑐𝑐 

(Equation 30, taken from [301]) by the width of cut 𝑏𝑏. 

 𝑅𝑅 = �𝐹𝐹𝑐𝑐2 + 𝐹𝐹𝑡𝑡2 Equation 27 

 

 𝐹𝐹𝑛𝑛𝑛𝑛 = 𝑅𝑅 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 �
𝜋𝜋
4

+ (𝜙𝜙 − 𝛾𝛾)� Equation 28 

 𝜙𝜙 = tan−1 �
cos 𝛾𝛾

𝜁𝜁 − sin 𝛾𝛾
� 

 

Equation 29 

 

 𝑙𝑙𝑐𝑐 = ℎ ∙ 𝜁𝜁1.5 Equation 30 
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𝑃𝑃𝑛𝑛𝑛𝑛 =
𝐹𝐹𝑛𝑛𝑛𝑛
𝑙𝑙𝑐𝑐 𝑏𝑏

 Equation 31 

 
Figure 150. Force diagram in orthogonal cutting [301]. 

For the cutting conditions listed in Table 49, the average contact pressure in orthogonal cutting 

of Ti6Al4V alloy for the selected cutting conditions is 1188 MPa. Therefore, a reference 

average contact pressure around 1000 MPa is suitable for the tribological tests. 

Table 49. Experimental data taken from the work of Outeiro et al. [304]. 

No. 
Cutting 
speed 𝑣𝑣 
(m/min) 

Uncut 
layer 

thickness 
h (mm) 

Width 
of cut 

b 
(mm) 

Rake 
angle 
𝛾𝛾0 (°) 

Flank 
angle 
𝑎𝑎0 (°) 

Edge 
radius 
𝑟𝑟𝑛𝑛 

(µm) 

Cutting 
force 𝐹𝐹𝑐𝑐 

(N) 

Thrust 
force 
𝐹𝐹𝑓𝑓 (N) 

Compressive 
chip ratio γ 

(CCR) 

Test1 55 0.15 4 6 7 30 1125 650 1.5 
Test2 90 0.15 4 6 7 30 1100 630 1.4 

 

Table 50. Determination of the contact pressure. 

No. Resultant 
force 𝑅𝑅 (N) 

Contact 
length 𝑙𝑙𝑐𝑐  

(mm) 

Normal force 
𝐹𝐹𝑛𝑛𝑛𝑛  (N) 

Contact Pressure 
P (MPa) 

Test1 1299 0.276 1252 1136 
Test2 1268 0.248 1233 1240 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

194 

 

 

4.2.2.2. Determination of the normal force acting in the pins 

Since the geometry of cutting tools and pins are different, the values of the normal forces 

presented in Table 50 are not the same of those to be applied in tribological tests, for the same 

contact pressures. Therefore, the normal force acting in the pins should be calculated. 

Initially, two analytical models of the pin-on-bar test are developed using the Hertz theory for 

both elastic and elastoplastic contact. However, these models considered only the indentation 

in a static contact between two spheres, so the sliding was neglected, which does not represent 

exactly the physical phenomenon occurring in the pin-on-bar test. Therefore, an inverse 

approach consisting of conducting numerical simulations of the pin-on-bar tests is applied by 

varying the normal force until the contact pressure at the pin-workpiece interface (Ppob) is equal 

to that pressure calculated from the cutting tests (𝑃𝑃𝑛𝑛𝑛𝑛).  

A model of the pin-on-bar test is developed and simulated using Abaqus FEA (implicit) 

software. A 2D model is shown in Figure 151, where the pin in uncoated cemented carbide and 

having a radius of 6 mm is sliding over a flat workpiece in Ti6Al4V alloy having a rectangular 

shape with 10 mm length and 4 mm height. The workpiece is fixed at its bottom side and the 

pin is allowed to slide over the top surface of the workpiece in the x-direction at a constant 

speed (the sliding speed). Amongst the sliding speeds shown in Figure 148, five of them are 

used in the simulations of pin-on-bar: 10, 20, 40, 60 and 80 m/min. Due to the convergence 

issues, the application of a force in the pin is replaced by a displacement imposed to the pin in 

the direction normal to the workpiece surface until reach the desired normal force. 

The materials of the workpiece and pin are considered as isotropic. The elastic properties of the 

Ti6Al4V alloy are taken from Cheng et al. [305], while the elastic properties of the pin are 

obtained from several studies found in the literature [50, 306, 307]. The Johnson-Cook [308] 

plasticity model without the temperature term is used to represent the plastic behavior of the 

Ti6Al4V alloy, as described by Equation 32: 

 

 𝜎𝜎� = (𝐴𝐴 + 𝑚𝑚𝜀𝜀𝑝𝑝𝑛𝑛) �𝐵𝐵 + 𝐶𝐶 𝑙𝑙𝑙𝑙(
𝜀𝜀̇
𝜀𝜀0̇

)� Equation 32 

 

where the first term (𝐴𝐴 + 𝑚𝑚𝜀𝜀𝑝𝑝𝑛𝑛) represents the strain hardening effects, and the second term 

�𝐵𝐵 + 𝐶𝐶 𝑙𝑙𝑙𝑙(𝐸𝐸 + 𝜀̇𝜀
𝜀̇𝜀0

)� the strain-rate effect. 𝜀𝜀𝑝𝑝  and 𝜀𝜀̇ are the plastic strain and strain rate, 

respectively. The coefficients A, B, C and n of this plasticity model were determined from quasi-
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static and dynamic (different strain-rates) compression tests conducted over samples from the 

same bar used in the tribological tests. The mechanical properties of both workpiece and pin 

are listed in Table 51. 

Table 51. Mechanical properties of the pin and workpiece used in the pin-on-bar model[309]. 

 

The friction coefficient in function of the sliding speed was taken from the work or Courbon et 

al. [62], obtained for the same pin and workpiece materials using similar tribological tests. This 

friction coefficient can be represented by the following equation: 

 

 𝜇𝜇 = 𝑎𝑎 + 𝑏𝑏 ∙ 𝑙𝑙𝑙𝑙(𝑉𝑉𝑠𝑠) Equation 33 

 

where Vs is the sliding speed and a and b are constants, equal to 0.359 and –0.042, respectively. 

The simulation is divided into 2 steps: indentation and sliding. In the indentation step the pin 

penetrates a given depth into the workpiece to reach the suitable average contact pressure. Then, 

in the sliding step the pin slides 10 mm over the workpiece top surface in the x-direction at 

constant sliding speed. After the simulation, the contact pressure is extracted from the model 

and compared with that obtained by orthogonal cutting. If they are different, the penetration 

depth is modified, and a new simulation is performed. This procedure is applied until both 

contact pressures be similar, and consequently the normal force acting in the pin is obtained. 

Both pin and workpiece are meshed with four-node plane stress element type (CPS4R). A thin 

layer of 0.2 mm thickness is partitioned on top of the workpiece to refine the mesh. A maximum 

element size of 1 mm and 0.5 mm are used for the pin and workpiece, respectively. To 

determine the minimum element size, the influence of element size on the results is studied, as 

described below. In addition, since the model is a simplification of the pin-on-bar geometry 

(initial bar diameter is equal to 80 mm), the influence of the equivalent radius used in the Hertz 

 Ti6Al4V WC 

Density (Kg/m3) 4420 13967 

Elastic modulus (GPa) 114 627.5 

Poisson’s ratio 0.31 0.25 

Coefficients of the plasticity model 
A = 619, B = 639, C = 0.0214 

n = 0.124, m = 0.666, 𝜀𝜀̇ = 0.001 s-1 
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theory [310, 311] is also presented below. After this, simulations are conducted for the 5 sliding 

speeds mentioned above. 

 

Figure 151. Model and mesh of the pin-on-bar tribological test. 

Determination of the minimum element size 

Four levels of mesh sizes were studied to verify their influence on the results, as shown in Table 

52. As shown in Figure 151, the minimum element size of the pin is located in the bottom of 

the spherical part in contact with the workpiece. On the workpiece side, the elements with 

minimum size are located at the top surface of the workpiece within a thin layer of 0.2 mm 

thickness in contact with the pin. 

Table 52. Minimum element size tested pin and workpiece 

 

Minimum element size (µm) 

Mesh  

200P-40W 

Mesh  

100P-20W 

Mesh  

50P-10W 

Mesh  

25P-5W 

Pin 200 100 50 25 

Workpiece 40 20 10 5 

 

As shown in Figure 152 and in Figure 153, the largest combination of minimum element size 

Pin (P)-Workpiece (W) (200 µm for the pin and 40 µm for the workpiece) presents the largest 
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discrepancy on normal force and contact stress compared to other three element sizes. The 

average contact stresses are 1059 MPa, 1003 MPa, 907 MPa and 781 MPa for the mesh sizes 

25P-5W, 50P-10W, 100P-20W and 200P-40W, respectively.  The two finest combinations of 

minimum element size of 25P-5W and 50P-10W generate similar normal force of 439 N and 

436 N, respectively. Considering the accuracy of the results and the computational time, the 

combination of minimum element size 50P-10W is chosen for the simulations to calculate the 

normal force acting in the pins for different sliding speeds. 

 

 
Figure 152. Normal forces in function of the time for several minimum element size. 
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Figure 153. Contact stress distribution in function of the minimum element size. 

Influence of the equivalent radius in the results  

Ti6Al4V bar is machined several times during tribological tests to obtain a new surface for the 

pin-on-bar tests, thus the diameter of the bar will be reduced from an initial one of 80 mm to 56 

mm. Furthermore, the simulated model is based on a sphere-plane contact, while the actual pin-

on-bar tests are conducted using spherical pins sliding over a cylindrical workpiece. Therefore, 

when the pin is sliding over the bar is “seeing” a curved surface with a given radius. In order to 

verify the influence of this geometrical effect on the simulated results, an equivalent radius (Req) 

is calculated using Equation 34 based on the Hertz contact theory [310, 311]: 

 

𝑅𝑅𝑒𝑒𝑒𝑒 =
1

1
𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝

+ 1
𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

 Equation 34 

 

where Rpin and Rwork are the radius of the pin and workpiece, respectively. The equivalent radius 

(Req) calculated considering the bar with an initial diameter of 80 mm and a final one of 56 mm 

are listed in Table 53. Consequently, numerical simulations with the optimized mesh (50P-

10W) were performed using pins with these two equivalent radii, completed with a third 
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simulation using a pin with the original radius of 6 mm. As shown in Figure 154, the normal 

forces for these three different radii corresponding to the original pin radius of 6 mm, equivalent 

pin radius of 5.2 mm and of 5 mm are 436 N, 414 N and 406 N, respectively. Moreover, the 

distributions of the contact stresses are almost the same, as shown in Figure 155. To conclude, 

the numerical model using a spherical pin sliding against a flat surface can be used to simulate 

the real pin-on-bar test using a pin with its original radius of 6 mm, since the error does not 

exceed 7%. 

Table 53. Equivalent radius (Req) calculated considering the bar with an initial diameter of 80 mm and a 

final one of 58 mm. 

Bar radius (mm) 40 (initial)  28 (final) 

Pin radius (mm) 6 6 

Equivalent pin radius (Req) (mm) 5.2 5 
 

 

Figure 154. Normal forces in function of the time for different pin radius. 
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Figure 155. Contact stress distribution for different pin radius. 

Determination of the normal force acting in the pins for different sliding speeds 

After analyzing the effects of minimum element size and equivalent radius on the results, five 

numerical simulations using five sliding speeds are performed to determine the normal forces 

able to reproduce a reference average contact pressure around 1000 MPa determined from 

orthogonal cutting. The results are shown in Figure 156 concerning to the normal force applied 

to the pin along its axis and Figure 157 shows the corresponding contact pressure generated by 

these normal forces, for several sliding speeds. Figure 157 shows that the maximum contact 

pressures are closed to 1260 MPa, with an average pressure of 989 MPa. These figures also 

shows that the sliding speed has a small effect on the normal force and contact pressure. The 

normal force varies from 423N for lowest speed of 10 m/min to 437N for highest speed of 100 

m/min, which corresponds to a variation of 14N.  The average contact pressure varies from 975 

MPa for the lowest speed of 10 m/min to 1006 MPa for the highest speed of 100 m/min, which 

corresponds to a variation of 31 MPa. 

Based on this analysis, it was decided to apply a normal force of 300 N during the tribological 

tests, which corresponds to an average contact pressure of 872 MPa. 
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Figure 156. Normal forces in function of the time for several sliding speeds. 

 
Figure 157. Contact stress distribution for several sliding speeds. 

4.3. Surface roughness of the pins 

The roughness of the pins was measured after the depositions using dynamic focusing 

microscope Alicona InfiniteFocus. The arithmetic average roughness of uncoated and coated 
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pins varies from 0.5 to 0.71 µm, the root mean square roughness varies from 0.63 to 0.91 µm, 

the maximum height varies from 3.64 to 6.21 µm. The coatings slightly increase the roughness 

of the pins according to 𝑅𝑅𝑎𝑎 and 𝑅𝑅𝑞𝑞, although the coatings follow the surface topography of 

substrate, this may be due to the triangle tips of the coatings. The roughness of AlCrN 

monolayer and M2, M4 multilayers are almost the same, because the top layer of them is AlCrN 

monolayer. The maximum height reveals that the AlCrN is rougher than the other coated pins. 

The SEM images of the coated pins are presented in Figure 200 of Appendix F. This figure 

shows that the AlCrN monolayer has more randomly small particles on the surface compared 

to the other coatings. Indeed, M2 and M4 multilayers present less particles than the AlCrN and 

the CrN monolayer, they are relatively homogenous among all the coatings. This may be due 

to the unstable micro-arc phenomenon that occurs during deposition of AlCrN monolayer. The 

quantity and distribution of these small particles justifies the observed surface roughness values 

between different coatings.  

 
Figure 158. Arithmetic average roughness (Ra) of the pins for different coatings. 
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Figure 159. Root mean square roughness (Rq) of the pins for different coatings. 

 
Figure 160. Maximum height of the roughness profile (Rt) of the pins for different coatings. 

4.4. Design of experiments  

Design of experiments (DoE) is one powerful statistical method when dealing with many 

variables (factors) and corresponding values (levels), which results in a huge number of 

experiments. It allows the establishment of statistical correlation between a set of input factors 

and output responses.  

Based on the number of pin-on-bar process variables and corresponding values, the multilevel 

factorial design was selected for analysing the tribological behaviour of the coatings under flood 

and LN2 cooling/lubrication conditions. The multilevel factorial design is a 𝑁𝑁 = 𝑢𝑢𝑘𝑘 factorial 

experiment used to investigate the effects of one or more factors on the response in u levels. 

When the factor number k is more than one, these factors can influence the response 
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individually as well as jointly. Factorial experiments include all possible factor combinations 

in experimental design when there is no order of testing restrictions. Details about the multilevel 

factorial design applied to metal cutting can be find in this reference  [301].  

The DoE is composed by 3 factors (sliding speed, coating type and MWF) and several levels 

listed in Table 54. The contact pressure was not included in this DoE, since at this stage it was 

assumed a constant contact pressure and equal to 872 MPa. Each condition was tested twice 

(one repetition) corresponding to a total of 120 tests. The outputs are the normal and tangential 

forces, the friction coefficient, and the volume of build-up layer of Ti6Al4V alloy in the pins. 

Temperature was also measured (twice) but only for the sliding speed of 60 m/min. The 

measured average normal force applied on these tests is 316 N, with average contact pressure 

of 877 MPa. The maximum average normal force applied is 393 N, with average contact 

pressure of 971 MPa. The minimum average normal force applied is 266 N, with average 

contact pressure of 839 MPa. 

Table 54. Factors and levels used in the multilevel factorial DoE. 

Factors Levels 

Sliding speed (m/min) 10, 20, 40, 60, 80 and 100 

Coating Type No coating (uncoated pin), CrN, AlCrN, M2 and M4 

MWF LN2 and Flood 

 

To evaluate the influence of the contact pressure, additional 12 tests were performed by 

applying a normal force of 1400 N to the pins, which corresponds to an average contact pressure 

of 1329 MPa, calculated using the numerical model presented previously. These additional tests 

are shown in Table 55. The sliding distance for each tribological test is equal to 4 m. 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

205 

 

 

Table 55. Additional tests for an average contact pressure of 1329 MPa. 

No. Sliding speed (m/min) Coating type MWF 

1 10 Uncoated LN2 

2 20 Uncoated LN2 

3 40 Uncoated LN2 

4 60 Uncoated LN2 

5 80 Uncoated LN2 

6 100 Uncoated LN2 

7 20 Uncoated Flood 

8 60 Uncoated Flood 

9 100 Uncoated Flood 

10 20 M2 Flood 

11 60 M2 Flood 

12 100 M2 Flood 

 

4.5. Results of the tribological tests 

In this section the results from the tribological tests concerning to the apparent friction 

coefficient, forces, temperatures, and the volume of build-up layer of Ti6Al4V alloy in the pins 

will be presented and discussed. 

Based on the measurements of the tangential and normal force during the tribological tests, the 

apparent friction coefficient was determined. Figure 161 shows the friction coefficient in 

function of the sliding speed, for different coatings, for both MWF (flood and LN2) and for an 

average contact pressure of 872 MPa. This figure shows that the apparent friction coefficient 

decreases as the sliding speed increases until about 60-80 m/min, then it increases as the sliding 

speed increases up to 100 m/min. Similar results were also obtained by Meier et al. [312] by an 

in-process (cutting) open tribometer to determine the friction coefficient between the Ti6Al4V 

alloy and a 6 mm diameter pins coated with a AlTiN coating, using several pin axial (normal) 

forces (between 5N and 400 N), and under dry and lubricated (oil) conditions. Like the present 

work, they also found that the apparent friction coefficient shows a minimum value for 

intermediate sliding speeds when 100 N of normal force. According to Meier et al. [312], the 

increase of the friction coefficient for higher sliding speeds is may due to higher shear forces at 
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higher relative speeds and a stronger adhesion of the workpiece material to the pins. This strong 

adhesion at higher speeds was observed in the present tribological tests, as shown in Figure 

162. This figure shows a strong increase of the volume of build-up layer of Ti6Al4V alloy in 

the pins for sliding speeds greater than 60-80 m/min, for both flood and LN2 coolant/lubricant 

conditions. Nevertheless, the uncoated pin seems to present a lower adhesion of Ti6Al4V alloy 

under LN2 cooling condition (Figure 162 b) which can be explained by its lower roughness as 

shown above in section 4.3 of this chapter. This volume is higher when LN2 is applied 

compared to the flood. 

(a) 

(b) 

Figure 161. Apparent friction coefficient in function of the sliding speed and for different coatings, for (a) 

flood and b) LN2 (average contact pressure of 872 MPa). 
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(a) 

(b) 

Figure 162. Volume of build-up layer of Ti6Al4V alloy in the pins in function of the sliding speed and for 

different coatings, for (a) flood and b) LN2 (average contact pressure of 872 MPa). 

As far as the average contact pressure is concerned, increasing the pressure from 872 MPa to 

1329 MPa reduces the apparent friction coefficient, as shown in Figure 163 for uncoated and 

coated pins (M2) and both MWF. In particular, the apparent friction coefficient decreases 
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monotonically with the sliding speed when the higher pressure is used and for both MWF. 

Similar results were also obtained by Meier et al. [312]. However, this reduction of the apparent 

friction coefficient is not followed by a reduction of the volume of build-up layer of Ti6Al4V 

alloy in the pins, but the opposite is observed as shown in Figure 164. 

 

(a) (b) 

Figure 163. Apparent friction coefficient in function of the sliding speed, for two average contact pressures 

(872 MPa and 1329 MPa), and for a) flood conditions using coated (M2) and uncoated pins, and b) for 

LN2 conditions using uncoated pins. 

  (a) (b) 

Figure 164. Volume of build-up layer of Ti6Al4V alloy in the pins in function of the sliding speed, for two 

average contact pressures (872 MPa and 1329 MPa), and for a) flood conditions using coated (M2) and 

uncoated pins, and b) for LN2 conditions using uncoated pins. 

The apparent friction coefficients between the uncoated pins and the Ti6Al4V alloy for an 

average contact pressure of 1329 MPa and under LN2 cooling conditions were compared with 

those obtained by Courbon et al. [62], as shown in Figure 165 for different sliding speeds. The 

present work has generated apparent friction coefficients about 20% higher than those found 
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by Courbon et al. [62]. This difference can be due to the different contact conditions (pressure, 

temperature, etc) between the present tribological tests and those performed by Courbon et al. 

[62], because the application of the LN2 (including the flow characteristics), pin diameter and 

normal force are not the same of present tribological tests. Despite these differences, both 

curves of the apparent friction coefficient follow the same trend with the sliding speed, which 

confirms the good accuracy of the apparent friction coefficients determined in the present work. 

 

 

Figure 165. Apparent friction coefficient in function of the sliding speed obtained by current tribological 

tests and from the Courbon et al. [62] (Uncoated pin; average contact pressure of 1329 MPa; LN2 

cooling). 

As far as the coating is concerned, and regardless the MWF used in the tribological tests, Figure 

161 and Figure 162 do not reveal any evident effect of the coating on the apparent friction 

coefficients and volume of build-up layer of Ti6Al4V alloy in the pins, respectively. As far as 

the temperature in the pins is concerned, some differences amongst each coating can be seen in 

Figure 166. This figure shows the temperature in the pins for different coatings and for both 

MWFs, at average contact pressure of 872 MPa and a sliding speed of 60 m/min. These 

temperatures were extracted from the curves of the temperature in function of the time, acquired 

during the tribological tests (see Appendix H, corresponding to a cutting time of 3.5 seconds for 

all the coatings shown in Figure 166). 
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Figure 166. Temperature in the pins for different coatings (average contact pressure of 872 MPa and a 

sliding speed of 60 m/min) 

This temperature is higher and positive for flood conditions when compared to LN2 cooling, 

where the temperature is negative. Moreover, this temperature is higher for the uncoated pins, 

regardless the MWF. The lower temperature in the pins depends on the coating and MWF used 

in the tribological tests. For flood conditions, the lowest temperature is observed for the AlCrN 

coating, followed by the M2 and M4. For LN2 cooling conditions, the lowest temperature is 

observed for the M4 coating, followed by the CrN, AlCrN and M2. 

Nevertheless, from the thermal perspective the coated pins perform better that the uncoated one, 

because their temperature is closer to the MWF temperature compared to the uncoated pin 

temperature. Indeed, it seems that coated pins are less affected by the heat generated by friction 

at the pin-bar interface when compared to the uncoated one. 

4.6. DoE analysis and discussion 

In this section the analysis of the DoE presented in Section 4.4 is performed with the following 

objectives: 

1) to identify the relevant factors affecting the apparent friction coefficients and the volume 

of build-up layer of Ti6Al4V alloy in the pins. 

2) to determine the influence of these relevant factors on the apparent friction coefficient 

and the volume of build-up layer of Ti6Al4V alloy in the pins. 
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This DoE analysis is performed using the MinitabTM statistical software. The first step consists 

into identify the significant factors affecting the apparent friction coefficient and the volume of 

build-up layer of Ti6Al4V alloy in the pins and their interactions using the Pareto analysis. As 

shown in Figure 167, the significant factors are the type of MWF (flood vs LN2), the sliding 

speed and its interaction. The type of coating does not have any significance, confirming what 

was already mentioned in the previous section. As we can find in Figure 161 and Figure 162. 

The apparent friction coefficient varies within 0.05 under flood conditions and varies within 

0.1 under cryogenic conditions for all pins. Similar small variation is found for build-up layer 

of Ti6Al4V.  

Figure 168 shows a graphical representation of the influence of the significant factors (MWF, 

sliding speed and their interactions) on the apparent friction coefficient. Figure 168a shows that 

the apparent friction coefficient is higher for cryogenic (LN2) cooling when compared to flood 

conditions. This can be explained by the fact that no lubricant is used under cryogenic cooling 

with LN2. This figure also shows a decrease of the apparent friction coefficient with the sliding 

speed until 60 m/min, followed by an increase until 100 m/min. This confirms the previous 

results, and the justification for this behavior of the apparent friction coefficient with the sliding 

speed can be attributed to the increase of the adhesion after 60 m/min. Figure 168b shows the 

interaction between the type of MWF and sliding speed. This figure shows for almost the sliding 

speeds (except for 100 m/min) the apparent friction coefficient is higher for cryogenic (LN2) 

cooling when compared to flood conditions. 

Figure 169 shows a graphical representation of the influence of the significant factors on the 

volume of build-up layer of Ti6Al4V alloy in the pins. This volume of build-up layer can be 

used to estimate the amount of adhesion of Ti6Al4V alloy in the pins. Figure 169a shows that 

adhesion is higher for cryogenic (LN2) cooling when compared to flood conditions. Again, this 

can be explained by the fact that no lubricant is used under cryogenic cooling with LN2. This 

figure also shows that adhesion is almost constant until a sliding speed of 60 m/min, followed 

by a fast increase of adhesion beyond 60 m/min until 100 m/min. Figure 169b shows that 

adhesion is higher for cryogenic (LN2) cooling when compared to flood conditions regardless 

the sliding speed, which confirms the previous results. 
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(a) 

 
(b) 

Figure 167. Pareto analysis of the factors affecting the (a) apparent friction coefficient and (b) volume of 

build-up layer of Ti6Al4V alloy in the pins. 
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(a) 

(b) 

Figure 168. Influence of the (a) type of MWF and sliding speed, and (b) their interactions on apparent 

friction coefficient. 
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(a) 

(b) 

Figure 169. Influence of the (a) type of MWF and sliding speed, and (b) their interactions on the volume of 

build-up layer of Ti6Al4V alloy in the pins. 

Figure 169b shows that adhesion is higher for cryogenic (LN2) cooling when compared to flood 

conditions regardless the sliding speed, which confirms the previous results. 

To determine the optimal type of MWF and sliding speed for a reduced adhesion of Ti6Al4V 

material to the pins and thus the apparent friction coefficient, an optimization analysis was 

performed using MinitabTM software. The results are presented in Table 56, which permit to 
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conclude that flood conditions and a sliding speed of 60 m/min should be used to reduce the 

adhesion of Ti6Al4V material to the pins and consequently the apparent friction coefficient. 

Table 56. Optimized type of MWF and sliding speed for a reduced adhesion of volume of Ti6Al4V material 

to the pins and apparent friction coefficient. 

MWF Sliding speed (m/min) Adhesion Volume (mm3) - Fit µ - Fit Composite Desirability 

Flood 60 0.00507 0.259 0.864 

 

4.7. Conclusion 

The objective of the tribological tests presented in this chapter is to analyse the performance of 

the coatings developed in this thesis in terms of apparent friction coefficient, volume of build-

up material (adhesion) to the pins, and their temperature. This analysis was performed for two 

cooling/lubrication strategies: LN2 and flood (oil-water mixture). A special designed pin-on-

bar tribometer to reproduce the contact conditions in machining is used to conduct the 

tribological tests using uncoated and coated pins in contact with a workpiece in Ti6Al4V alloy, 

under several sliding speeds and two contact pressures. Four coatings are selected for the 

tribological tests: CrN, AlCrN, M2 and M4. 

This chapter starts with the determination of the values of the parameters affecting the contact 

between the Ti6Al4V titanium alloys and the cemented carbide tools, in particular the sliding 

speeds and the contact pressure. These values are determined based on experimental data from 

orthogonal cutting tests and the single-shear plane analytical model. This permitted to obtain 

the sliding speeds between 10 and 100 m/min and a reference average contact pressure around 

1000 MPa, to be used in the pin-on-bar tribological tests. Since the contact geometry in 

machining is not the same as in tribological tests, a numerical model of the pin-on-bar was 

developed using Abaqus FEA software. The model was optimized considering the influence of 

the element size and equivalent radius in the results. This model permitted to obtain the normal 

force of 300 N to be applied to the pins, which corresponds to an average contact pressure of 

872 MPa. 

Then, a multilevel factorial design of experiments (DoE) was built which is composed by a total 

of 120 tests. Additional 12 tests were performed to investigate the influence of the contact 

pressure on the results. The results have shown that for both cooling/lubrication strategies the 

coating does not have any relevant effect in the apparent friction coefficient. However, the 
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apparent friction coefficient decreases as the sliding speed increases until about 60-80 m/min, 

then it increases with the sliding speed until 100 m/min. Their values are generally higher under 

LN2 when compared to flood conditions. The increase of the apparent friction coefficient after 

60-80 m/min is related to the increase of the adhesion of Ti6Al4V alloy to the pins for both 

cooling/lubrication strategies, even if this adhesion is higher for the LN2 cooling due to the 

absence of lubricant. Increasing the contact pressure from 872 MPa to 1329 MPa decreases the 

apparent friction coefficient, although the adhesion is higher for 1329 MPa. The temperature 

measurements in the pins show that it is lower for the coated pins compared to the uncoated 

one. The lowest pin temperature under flood conditions is obtained for the AlCrN coating, while 

this lowest temperature under LN2 cooling is obtained for the M4 coating. 

The chapter ends with the analysis of the DoE and the determination of the contact conditions 

to reduce the adhesion of Ti6Al4V material to the pins and the apparent friction coefficient. 

The analysis of the DoE permitted to identify the sliding speed and the cooling/lubrication 

strategy as the two main factors influencing the friction coefficient and the adhesion of Ti6Al4V 

alloy to the pins, while the type of coating as no relevant effect. It confirms that the apparent 

friction coefficient decreases with the increase of the sliding speeds until around 60 m/min, then 

it increases up to 100 m/min. The adhesion volume is almost constant until a sliding speed of 

60 m/min, then it increases up to 100 m/min. LN2 cooling leads to higher apparent friction 

coefficient and adhesion volume than the flood conditions, which is attributed to the lack of 

lubricant in LN2. Finally, an optimization analysis permits to conclude that flood conditions 

and a sliding speed of 60 m/min should be used to reduce the adhesion of Ti6Al4V material to 

the pins and consequently the apparent friction coefficient. 

The analyse conducted in this chapter did not permit to identify the best coatings that will be 

applied to the cutting inserts for the tool wear tests in turning. However, we decided to select 

both M2 and M4 multilayers based on the global results obtained in this and previous chapters. 

4.8. Résumé du Chapitre 4 

 L'objectif des essais tribologiques présentés dans ce chapitre est d'analyser les performances 

des revêtements développés dans cette thèse en termes de coefficient de frottement, de volume 

de matériau rapporté à l'outil (adhésion) et de la température de l'outil. Cette analyse sera 

effectuée pour deux couples de refroidissement/lubrification : l’azote liquide (LN2) et 

l’émulsion (mélange huile-eau). Un tribomètre pion-barre capable de reproduire les conditions 
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de contact lors de l'usinage a été utilisé pour réaliser les essais tribologiques en utilisant des 

pions non revêtus et revêtus en contact avec une pièce en alliage de titane Ti6Al4V, à plusieurs 

vitesses de glissement et deux pressions de contact. Quatre revêtements sont sélectionnés pour 

les essais tribologiques : CrN, AlCrN, M2 et M4. 

Ce chapitre commence par la détermination des valeurs des paramètres affectant le contact entre 

les alliages de titane Ti6Al4V et les outils en carbure cémenté, en particulier les vitesses de 

glissement et la pression de contact. Ces valeurs sont déterminées sur la base des données 

expérimentales des essais de coupe orthogonale et du modèle analytique du plan de 

cisaillement. Ceci a permis d'obtenir des vitesses de glissement comprises entre 10 et 100 m/min 

et une pression de contact moyenne de référence autour de 1000 MPa, à appliquer dans les 

essais tribologiques pion-barre. Comme la géométrie de contact en usinage n'est pas la même 

que dans les essais tribologiques, un modèle numérique de l’essai pion-barre a été développé 

avec le logiciel Abaqus. Le modèle a été optimisé en tenant compte de l’influence de la taille 

de l'élément et du rayon équivalent sur les résultats. Ce modèle a permis d'obtenir la force 

normale à la surface de la pièce (barre) de 300 N à appliquer sur les pions, qui génère la même 

pression de contact moyenne de 827 MPa. 

Ensuite, un plan d'expériences multifactoriel a été construit, composé d'un total de 120 tests. 

Douze essais supplémentaires ont été effectués pour étudier l'influence de la pression de contact 

sur les résultats. Les résultats ont montré que le revêtement n'a pas d'effet significatif sur le 

coefficient de frottement apparent pour les deux couples de refroidissement/lubrification. 

Cependant, le coefficient de frottement apparent diminue lorsque la vitesse de glissement 

augmente jusqu'à environ 60-80 m/min, puis il augmente avec la vitesse de glissement jusqu'à 

100 m/min. Leurs valeurs sont généralement plus élevées sous LN2 par rapport aux émulsions. 

L'augmentation du coefficient de frottement apparent après 60-80 m/min est liée à 

l'augmentation de l'adhésion de l'alliage Ti6Al4V sur les pions pour les deux couples de 

refroidissement/lubrification, même si cette adhésion est plus élevée pour le LN2 en raison de 

l'absence de lubrifiant. L'augmentation de la pression de contact nominale de 872 MPa à 1329 

MPa diminue le coefficient de frottement apparent, bien que l'adhésion soit plus élevée pour 

1329 MPa. Les mesures de température dans les pions montrent que cette température est plus 

basse pour les pions revêtus par rapport aux pions non revêtus. Ainsi, les revêtements 

fonctionnent comme barrière thermique contre la chaleur générée pendant les essais 

tribologiques. La température du pion la plus basse est obtenue pour le revêtement AlCrN en 
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utilisant des émulsions, tandis que la température la plus basse en utilisant le LN2 est obtenue 

pour le revêtement M4. 

Le chapitre se termine par l'analyse du plan d’expériences et la détermination des conditions de 

contact pour réduire l'adhésion de l'alliage Ti6Al4V sur les pions et le coefficient de frottement 

apparent. L'analyse du plan d’expériences a permis d'identifier la vitesse de glissement et le 

couple de refroidissement/lubrification comme les deux principaux facteurs influençant le 

coefficient de frottement et l'adhésion de l'alliage Ti6Al4V sur les pions, tandis que le type de 

revêtement n'a pas d'effet pertinent. Cette analyse confirme que le coefficient de frottement 

apparent diminue avec l'augmentation des vitesses de glissement jusqu'à environ 60 m/min, 

puis il augmente jusqu'à 100 m/min. Le volume d'adhésion est presque constant jusqu'à une 

vitesse de glissement de 60 m/min, puis il augmente jusqu'à 100 m/min. Le refroidissement par 

LN2 conduit à un coefficient de frottement apparent et à un volume d'adhésion plus élevés que 

les émulsions, ce qui est attribué à l'absence de lubrifiant dans le LN2. Enfin, une analyse 

d'optimisation a permis de conclure qu’une vitesse de glissement de 60 m/min sous émulsions 

devrait être utilisée pour réduire l'adhésion du matériau Ti6Al4V sur les pions et par 

conséquent, le coefficient de frottement apparent. 

L'analyse menée dans ce chapitre n’a pas permis d'identifier les meilleurs revêtements qui 

seront appliqués aux plaquettes pour les essais d'usure en tournage. Cependant, nous avons 

décidé de sélectionner les revêtements M2 et M4 sur la base des résultats globaux obtenus dans 

ce chapitre et les chapitres précédents. 
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Chapter 5. Tool wear analysis 
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5.1. Introduction 

Since the objective of this PhD study is to develop new tool coatings for reducing tool wear in 

cryogenic assisted machining of Ti6Al4V, tool wear tests and analysis need to be conducted to 

evaluate the life of coated cemented carbide tools using the developed multilayers M2 and M4 

under cryogenic conditions. The obtained tool will be compared with the standard machining 

conditions of this alloy using uncoated cemented carbide with flood conditions. This chapter 

begins with the description of the tool wear tests, including experimental setup, work material, 

machining conditions. 

5.2. Tool wear tests and results 

5.2.1. Description of the tool wear tests 

Tool wear is investigated in turning of Ti6Al4V alloy using cryogenic cooling (LN2) and flood 

(mixture of oil and water) as MWFs. The workpiece was prepared by dividing it in three 

sections one per insert as shown in Figure 170. These wear tests are performed using uncoated 

and coated cemented carbide inserts. The uncoated inserts are CNMG 12 04 08 SM grade H13A 

from Sandvik, and they are considered as reference for machining Ti6Al4V alloy under flood 

conditions. The coated inserts use the same substrate of the uncoated ones, and they are coated 

using the multilayer M2 and M4 coatings. The tool holder used is a PCLNL 2525M-12-JHP 

from Iscar used in a previous PhD thesis of Pierre Lequien [61]. By default, this holder allows 

to deliver the MWF to the rake face. However, it is modified to deliver the MWF also to the 

tool flank face. Details about this holder is presented in Appendix C. These tests are conducted 

in the SONIM CNC lathe machine model T9. This machine is equipped with an experimental 

setup to measure the forces and tool wear as described in Chapter 2. The cutting conditions used 

in the tool wear tests are summarized in Table 57. The cutting regime parameters were chosen 

based on toolmaker recommendations and on the results from tool-work material pair (NF E66-

520-4 “Domaine de fonctionnement des outils coupants - Couple outil-matière - Partie 4 : mode 

d'obtention du couple outil-matière en tournage”) tests performed by Lequien [61]. 
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Figure 170. Schematic representation of the workpiece preparation for the tool wear tests. 

Table 57. Cutting conditions used in the tool wear tests. 

Inserts 

CNMG 12 04 08 SM substrate H13A 

CNMG 12 04 08 SM substrate H13A + M2 coating 

CNMG 12 04 08 SM substrate H13A + M4 coating 

Tool holder PCLNL 2525M-12-JHP 

Cutting regime 

parameters 
𝑉𝑉𝑐𝑐  = 90 m/min 𝑓𝑓 = 0.2 mm/rev 𝑎𝑎𝑝𝑝  = 1 mm 

Flood conditions 

Mixture of Blaster B-Cool 755 oil (7%) and water (93%) 

Pressure = 3.2 bar 

Nozzle diameter (rake face) = 3 mm 

Nozzle diameter (flank face) = 1.2 mm 

Temperature = 20°C 

LN2 conditions 

Liquid Nitrogen (LN2) 

Pressure = 4 bar 

Nozzle diameter (rake face) = 3 mm 

Nozzle diameter (flank face) = 1.2 mm 

Temperature = -193°C 

Tool geometry 

(ISO 3002/1982) 

Tool cutting edge radius (rn) = 26.3 µm (uncoated), 27.4 µm (M2 coating) and 

28.3 µm (M4 coating) 

Tool nose radius - rε (mm) = 0.8 

Normal rake angle (γn) = -6° 

Normal flank angle (α n) = 6° 

Tool wedge angle (βn) = 90° 

Cutting edge inclination angle (λs) = -6° 

Tool cutting edge angle (κr) = 95° 

Tool minor cutting edge angle (κ’r) = 5° 

 Tool included angle (εr) = 80° 
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Tool wear tests were conducted based on the standard ISO 3685:1993 (reviewed and confirmed 

in 2017) “Tool-life testing with single-point turning tools” and ANSI/ASME “Tool Life Testing 

with Single-Point Turning Tools” (B94.55M-1985, reaffirmed 2014). According to these 

standards, the major cutting edge of the tool is divided into three regions as shown in Figure 

171: 

• Region C is curved part of the cutting edge at the tool corner; 

• Region B is the remaining straight part of cutting edge behind zone C; 

• Region N extends beyond the area of mutual contact between the tool workpiece for 

approximately 1 to 2 mm along the major cutting edge. The wear is of notch type. But 

for the current study, we don’t consider this type of wear. 

 

Figure 171. Types of wear in turning tools. 

The criteria recommended by the standard ISO 3685:1993 to define the effective tool life for 

cemented carbides tools are: 

1) VBB = 0.3 mm, or 

2) VBBmax = 0.6 mm, if the flank is irregularly worn, or 

3) KT = 0.06 + 0.3· f, being f the feed 
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However, due to the high time and resources consuming (specially the LN2 consumption) 

typical of the tool wear tests, and the high part quality requirements of the aerospace industry, 

the limiting values of VB are reduced. Moreover, the standard does not mention anything about 

the criterium for VBC. Therefore, we propose the following criteria to evaluate the tool life for 

the current tool wear tests (the first that is occurring): 

1) VBB = 0.2 mm, or 

2) VBBmax = 0.3 mm, if the flank is irregularly worn, or 

3) VBC = 0.3 mm, or 

4) Cutting edge chipping/tool breakage. 

5.2.2. Results and discussion 

Figure 172 shows the flank face of the new and worn uncoated inserts. Due to the low depth of 

cut (1 mm) compared to the nose radius (0.8 mm), most of the wear is concentrated in the nose 

region. Moreover, the wear pattern in zone B seems to be regular, so the VBB should be suitable 

to represent the wear in zone B. Therefore, tool wear will be evaluated in zone B near the corner 

zone using VBB parameter but also in the insert corner (zone C) using the VBC parameter. 

(a) (b) 

Figure 172. Uncoated inserts (a) new and (b) worn showing the tool wear (VB) measurements.  

5.2.2.1. Cryogenic conditions 

Figure 173 shows the tool flank wear curves for zone B (VBB) in function of the time for the 

three inserts under cryogenic cooling conditions. These curves show that tool flank wear 

increases in the same way regardless the insert type. M2 seems to have a slightly lower tool 

wear at initial stage of cutting process compared to other inserts, but after 7.5 min all inserts 

have almost the same behavior. These three inserts reach the tool life criterium of VBB almost 

 
 
B 

 
     
C 
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simultaneously in about 12 min, although M4 coated insert seems to reach the tool life criterium 

a little bit earlier than M2 and uncoated ones, but this difference is negligible. 

As far as the tool wear curves for the zone C is concerned (VBC), Figure 174 shows that tool 

flank wear increases faster for the uncoated and coated M4 insert when compared to the M2. 

Therefore, uncoated and coated M4 inserts reach the tool life criterium for VBC at about 8.4 

min and 9 min, against 11.2 min for the M2 one, respectively. The M2 coating improves tool 

life of about 2.8 min compared to uncoated one, while the M4 coating shows no relevant 

improvement. Figure 175 summarizes the overall tool life defined in section 5.2.1, for the three 

inserts under cryogenic cooling conditions. Observing this figure and considering the proposed 

criteria to evaluate tool life, we can conclude that the longest tool life is obtained using the M2 

insert (11.2 min), followed by the M4 insert (9 min) and finally the uncoated insert (8.4 min).  

 
Figure 173. Tool flank wear VBB in function of the time for the three inserts under cryogenic cooling. 
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Figure 174. Tool flank wear VBC in function of the time for the three inserts under cryogenic cooling. 

 
Figure 175. Tool life for the three inserts under cryogenic cooling (uncoated = 8.4 min, M2 = 11.2 min and 

M4 = 9 min). 

Figure 176 shows the pictures of the worn inserts at the end of the wear tests under cryogenic 

cooling conditions taken using Alicona InfiniteFocus equipment. Figure 177 shows the pictures 

of the same inserts taken using SEM, completed with the distributions of the elements on the 

tool rake face measured by EDS shown in Appendix I. As can be seen in these figures, crater 
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wear, flank wear and nose wear are the principal types of wear for all the inserts. The proper 

indicator to compare the tool life is still the VBB and VBC.  

As can be seen in Figure 177, the low magnification SEM images show adhesion of Ti6Al4V 

on the tool rake face and on tool nose region for all the inserts. Some coating abrasion is 

observed for M2 and M4 multilayer coated inserts (Figure 177 (b) (c)). Therefore, two main 

mechanisms are contributing for tool wear: abrasion and adhesion.  

   
(a)                                           (b)                                          (c) 

Figure 176. Worn inserts at the end of the wear tests using LN2: a) uncoated, b) M2 and c) M4. 

   
(a)    (b)    (c) 

   
(d)               (e)    (f) 

Figure 177. Worn inserts at the end of the tests using LN2:  a) rake face of uncoated, b) rake face of M2, c) 

rake face of M4, d) nose region of uncoated, e) nose region of M2, f) nose region of M4. 

Figure 178 shows the temperature measured by the thermocouples embedded in the cutting 

insert (see Chapter 2 for the detail). All inserts exhibit a maximum temperature at the beginning 

of the tests. Then, the temperature stabilizes around -58°C, -60°C and -80°C for uncoated, M2 
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and M4 coated inserts, respectively. The M4 insert exhibits the lowest temperature with a 

difference of about 20 °C. Tool temperature results are in accordance with the temperature in 

the pins measured in tribological tests, suggesting that the M4 coating is the best one for the 

same reason mentioned in Chapter 4. 

 

Figure 178. Tool temperature for the uncoated, M2 and M4 coated inserts under cryogenic cooling. 

5.2.2.2. Flood conditions 

To compare the performance of the coated inserts M2 and M4 under cryogenic cooling with the 

standard machining conditions of this alloy using flood conditions, the same tool wear tests 

were performed for flood. Figure 179 shows the tool wear curves for zone B (VBB) in function 

of the time for the three inserts under flood conditions. Surprisingly, these curves show that tool 

wear increases faster for the coated M2 insert when compared to the uncoated one, reaching the 

tool life using the VBB criterium in only 4.4 min. For the other inserts, they have very similar 

tool wear evolution until reaching the tool life criterion of VBB, which is slightly higher for the 

M4 (about 9.2 min) when compared to the uncoated insert (about 8.6 min). 

As far as the tool wear curves for the zone C is concerned (VBC), Figure 180 shows that the 

tool wear rate of M4 and uncoated inserts is initially very low or almost constant, increasing 

faster after 4 min of cutting time and reaching the tool life criterion of VBC. The tool life using 

the VBC criterium is slightly higher for the M4 (about 8.6 min) when compared to the uncoated 

insert (about 8 min). The tool wear tests for the M2 insert were not sufficient long to determine 

the tool life using the VBC criterium. However, following the trend of the wear curve of the M2 
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inserts, we estimate that the tool life of this insert will be higher (about 10.6 min) when 

compared to the other inserts. 

Figure 181 summarizes the tool life using both VBB and VBC criteria for the three inserts under 

cryogenic cooling. Observing this figure and considering the proposed criteria to evaluate tool 

life, we can conclude that the longest tool life is obtained using the M4 insert (8.6 min), 

followed by the uncoated insert (8 min) and finally the M2 insert (4.4 min). 

 
Figure 179. Tool flank wear VBB in function of the time for the three inserts under flood conditions. 

 
Figure 180. Tool flank wear VBC in function of the time for the three inserts under flood conditions. 
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Figure 181. Tool life for the three inserts under flood conditions (uncoated = 8 min, M2 = 4.5 min and M4 

= 9 min). 

Figure 182 shows the worn inserts at the end of the tests under flood conditions taken using 

Alicona InfiniteFocus equipment. Figure 183 shows the same using SEM analysis, completed 

with the distributions of the elements on the tool rake face measured by EDS shown in Appendix 

I. Like for cryogenic cooling, these figures show that crater wear, flank wear and nose wear are 

the principal types of wear for all the inserts. Again, the proper indicator to compare the tool 

life is still the VBB and VBC. 

As can be seen in Figure 183, the low magnification SEM images show some adhesion of 

Ti6Al4V on the tool rake face and on tool nose region for all the inserts, although this adhesion 

is lower than that observed under cryogenic cooling. This lower adhesion using flood conditions 

when compared to the cryogenic cooling was also observed on the pins used in the tribological 

tests. Some coating abrasion is observed for both M2 and M4 coated inserts (Figure 183 (b) 

(c)). Finally, like for the cryogenic cooling the two main mechanisms that are contributing for 

tool wear are abrasion and adhesion.  
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(a)    (b)    (c) 

Figure 182. Worn inserts at the end of the tests under flood conditions: a) uncoated, b) M2 and c) M4. 

   
(a)    (b)    (c) 

  
(d)    (e)    (f) 

Figure 183. Worn inserts at the end of the tests under flood conditions:  a) rake face of uncoated b) rake 

face of M2 c) rake face of M4 d) nose region of uncoated e) nose region of M2 f) nose region of M4. 

As shown in Figure 184, the tool temperature in flood conditions starts to be stable until 30 s 

for all the inserts, followed by high oscillations until the end of the tests. The average 

temperature in the stable region is 65°C for both M2 and M4 inserts, and 51°C for uncoated 

insert. Contradictory to the results from tribological tests, the uncoated insert exhibits the lowest 

temperature, though the difference between the coated and uncoated inserts is only 14°C. 

Besides, a sudden increase of the tool temperature was observed for the uncoated and M4 inserts 
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between 75s to 90s. This is probably due to a small displacement of thermocouple inside the 

hole during tool wear tests.  

 

Figure 184. Tool temperature for the uncoated, M2 and M4 coated inserts under flood conditions. 

5.2.2.3. Cryogenic vs flood 

Figure 185 summarizes the tool life for the three inserts under cryogenic (LN2) and flood 

conditions. This figure shows that regardless the insert type, the tool life in turning of Ti6Al4V 

alloy is higher under cryogenic cooling when compared to the flood conditions. This result 

agrees with several studies presented in the literature [46, 48, 313–315] in machining this alloy. 

Moreover, the insert with the M2 coating has the longest tool life of about 11.2 min until reach 

the VBC criterium of 0.3 mm; tool life of the M2 inserts under cryogenic cooling increases 

about 33% when compared to the uncoated insert, for the same cooling conditions. As also seen 

in Figure 186, tool life of the M2 insert under cryogenic cooling increases about 155% when 

compared to the tool life for the same insert in flood conditions. 



 
 

Tool materials development for improved performance of cutting tools in 
cryogenic machining of Aeronautic Alloys 

232 

 

 

 
Figure 185. Summary of tool life for the three inserts under cryogenic (LN2) and flood conditions. 

 
Figure 186. Tool wear VBB and VBC as a function of the time for the M2 insert under flood and LN2 

conditions, respectively. 

5.3. Statistical analysis 

This section aims to identify the relation between tool flank wear (VBB and VBC) and other 

machining outcomes (forces and roughness of the machined surface), and to build models for 

predicting the flank wear in function of the (relevant) machining outcomes that are strong 

correlated with the tool wear. 

+33%
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5.3.1. Statistical approach 

The statistical approach is composed by several steps as shown in Figure 187. Two kinds of 

statistical methods are used: Pearson’s correlation analysis and Principal Component Analysis 

(PCA). 

 
Figure 187. Statistical approach. 

5.3.1.1. Pearson's correlation analysis 

Correlation analysis, called the correlation of Bravais-Pearson, consists in studying the 

correlation between two or more statistical variables or random entities: it is a quantification of 

the relationship potentially existing between two variables by the coefficient rxy calculated as 

follows: 

 

 𝑟𝑟𝑥𝑥𝑥𝑥 =
𝑐𝑐𝑐𝑐𝑐𝑐(𝑋𝑋,𝑌𝑌)
𝜎𝜎(𝑋𝑋) ∙ 𝜎𝜎(𝑌𝑌)

 Equation 35 

 

with σ the standard deviation and cov(X,Y) the covariance of the variables X and Y. For this 

study, the variable X corresponds to a parameter of the quantity qualifying wear evolution (VBC 

and VBB). The variable Y corresponds to an output of the cutting test (Cutting force Fc, feed 

force Ff, thrust force Ft, surface arithmetic roughness Ra and surface roughness at maximum 

height Rt,). The correlation coefficient is unitless, what allows the comparison between the 

variables. Each measurement is normalized and defined between -1 and 1. The correlation 

coefficient aims firstly to characterize a linear relationship, either positive or negative. The 

more it is near 1 (absolute value), the more the relationship is strong. A zero rxy signifies the 

absence of any correlation. 
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5.3.1.2. Principal Component Analysis (PCA) 

It is possible to have an idea about criteria following the evolution of flank wear. However, the 

definition of the parameter the most reflecting wear needs a mathematical method. A principal 

component analysis method applied to our trials results is then necessary. For that, values of 

the different parameters in addition to the associated VB must be written in a table.  

The next organization chart presents the Principle of the Principal Component Analysis (PCA) 

method explained by Denguir et al. [316]. As we have a high number of surveyed variables (7 

for both MWF and LN2), and the complete number of wear tests, it is impossible to report the 

found results step by step (Figure 188). 

 

 
Figure 188. Principle of the PCA applied to a simple sample [316]. 

 

Correlation analysis permitted the identification of the influent parameters regarding tool wear 

evolution. This analysis requires to follow a procedure composed by several steps. 

 

The first step consists in gathering all the experimentally measured values concerning wear 

evolution (VBB and VBC in function of the cutting time) and cutting tests output for each used 

tool coating. The experimental results corresponding to flank wear, cutting forces and surface 

roughness cover a full design of experiments DoE. 
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Table 58. Order of the tool coatings used in the wear tests. 

Test N° Coating Lubrication 
1 Uncoated Emulsion 
2 M2 Emulsion 
3 M4 Emulsion 
4 Uncoated LN2 
5 M2 LN2 
6 M4 LN2 

 

The second step consists into calculating Pearson's correlations for each pair (output parameter 

/ flank wear entity). Results are presented in section 5.3.2.1. It is worthy to remind that a positive 

value of the correlation coefficient corresponds to an evolution of the pair in the same direction, 

and that a negative value corresponds to opposite evolution. 

 

The third step consists in identifying outputs having correlation coefficients higher than 0.7 

(absolute value).  

 

In the fourth step, selected parameters become the object of the PCA in function of the cutting 

tool coating and the cooling method. The process as described in Figure 188 is then applied 

and the Relevant Criteria RC modeled for each case. 

 

In the fifth step, according to the RC models found, flank wear entities VBB and VBC are written 

in function of RC. Finally, the predictive model VB = f (output components) can be written for 

each pair (coating, cooling method). 

5.3.2. Results of the statistical analysis 

At first, Pearson’s correlation coefficient between the results of the flank wear evolution and 

the corresponding forces and roughness are calculated to evaluate which outputs follow a 

comparable evolution to tool wear. Then, thanks to PCA, the relevant criterion for each tool 

coating/cooling pair is revealed. Finally, a predictive model is built for each pair using the 

relevant criteria. 
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5.3.2.1. Results of the Correlations of Pearson 

The correlation coefficients revealed that, for all pairs tool coating/cooling method as shown in 

Table 59, force components evolution during wear tests are highly correlated to flank wear 

evolution in both cases of VBB and VBC. 

Table 59. Pearson's correlations between cutting tests output and tool flank wear. 

Test N°  Fc Ft Ff Ra Rt 

1 
VBC 0.966 0.904 0.932 0.421 0.543 

VBB 0.965 0.924 0.947 0.487 0.754 

2 
VBC 0.770 0.640 0.832 0.039 0.069 

VBB 0.785 0.597 0.834 0.172 0.326 

3 
VBC 0.947 0.975 0.994 0.088 0.272 

VBB 0.975 0.870 0.924 -0.858 -0.765 

4 
VBC 0.753 0.968 0.975 - - 

VBB 0.748 0.806 0.833 - - 

5 
VBC 0.736 0.991 0.989 - - 

VBB 0.795 0.917 0.925 - - 

6 
VBC 0.714 0.930 0.965 - - 

VBB 0.691 0.812 0.965 - - 

5.3.2.2. Centered reduced form  

The centered reduced form is written basing on the mean value and the steady deviation (σ) of 

a serial measurement xi. The new variable Xi becomes then without unit (Equation 36). 

 

 𝑋𝑋𝑖𝑖 =
𝑥𝑥𝑖𝑖 − 𝑋𝑋�
𝜎𝜎

 Equation 36 

 

The use of this form allows the summation of entities with different physical significations 

without losing sense. In fact, a table is elaborated regrouping comparable values for each tool 

coating/cooling method pair. Table 60 corresponding to M2 insert using LN2 pair is given here 

as an example. Here, only variables having a correlation coefficient with VB exceeding 60% 

are conserved, that we took this scale as a limit in the repartition of the coefficients.  
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Table 60. Centered Reduced table corresponding to the M2 insert, LN2 cooling (unitless). 

Time (min) Length (m) VBB VBC Ft Ff Fc 

0.0 0.0 -1.97 -1.33 -1.51 -1.69 -4.02 

0.9 70.0 -1.31 -1.02 -0.85 -0.87 -0.47 

1.9 140.0 -0.97 -0.89 -0.88 -0.74 -0.23 

2.7 210.0 -1.18 -0.87 -0.79 -0.78 -0.67 

3.6 280.0 -0.87 -0.88 -0.86 -0.80 -0.39 

4.5 350.0 -0.65 -0.84 -0.88 -0.80 -0.52 

5.3 420.0 -0.47 -0.69 -0.97 -0.75 0.23 

6.1 490.0 -0.65 -0.82 -0.72 -0.78 -0.16 

6.8 560.0 -0.44 -0.73 -0.75 -0.78 -0.39 

7.6 630.0 -0.52 -0.80 -0.74 -0.79 -0.38 

8.3 700.0 -0.34 -0.64 -0.67 -0.73 -0.20 

9.0 770.0 -0.39 -0.72 -0.61 -0.71 -0.16 

9.7 840.0 -0.39 -0.64 -0.34 -0.40 -0.15 

10.3 910.0 -0.15 -0.20 -0.19 -0.23 0.04 

10.9 980.0 -0.13 0.06 0.06 -0.01 0.18 

12.1 1120.0 0.32 0.42 0.25 0.31 0.34 

12.7 1190.0 1.48 0.52 0.41 0.42 0.37 

13.2 1260.0 0.50 0.62 0.45 0.49 0.37 

13.7 1330.0 0.50 0.80 0.74 0.86 0.54 

14.2 1400.0 1.29 0.97 1.00 1.17 0.67 

14.6 1470.0 1.08 1.26 1.31 1.37 0.88 

15.1 1470.0 1.66 1.40 1.49 1.50 0.91 

15.5 1470.0 0.63 1.37 1.59 1.55 1.06 

15.8 1470.0 1.66 1.67 1.50 1.40 1.07 

16.2 1470.0 1.32 1.97 1.96 1.79 1.09 

 

Basing on values in centered reduced form, linear correlation coefficients are calculated. 

Results are gathered in a symmetric square matrix called correlation matrix for each tool 

coating/cooling method pair. Table 61 corresponding to M2 insert/LN2 pair is given here as an 

example.  
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Table 61. Correlation matrix corresponding to the coating M2 insert, LN2 cooling. 

 VBb VBC Ft Ff Fc 

VBB 1.0000 0.9506 0.9395 0.9432 0.8142 

VBC 0.9506 1.0000 0.9905 0.9886 0.7365 

Ft 0.9395 0.9905 1.0000 0.9952 0.7559 

Ff 0.9432 0.9886 0.9952 1.0000 0.7850 

Fc 0.8142 0.7365 0.7559 0.7850 1.0000 

 

Now parameters implication percentage should be defined. For that, eigenvalues and 

eigenvectors of the simplified matrix should be calculated. 

Table 62. Eigenvectors and eigenvalues corresponding to the correlation matrix (M2 insert, LN2 cooling). 

 fact 1 fact 2 fact 3 

Ft 0.5919 -0.4231 -0.6860 

Ff 0.5977 -0.3405 0.7257 

Fc 0.5406 0.8396 -0.0510 

 eigenvector 1 eigenvector 2 eigenvector 3 

 

The analysis of the linear correlation matrix allows calculation of its eigenvectors and 

eigenvalues as in the example in Table 62. Eigenvectors are called factors. Eigenvalues are 

reflecting the amount of information included in every factor. After ranking them, we can 

analyze these results. As we see in Table 63, the first factor of its own represents 90% of the 

information. It is so the relevant criterion. 

Table 63. Eigen values and their implication percentage for wear tests with (M2 insert, LN2 cooling). 

 fact 1 fact 2 fact 3 

Eigenvalues 2.6955 0.3007 -0.0037 

Information (%) 90% 10% 0% 

 

According to the previous paragraph, we choose factor 1 as a relevant criterion RC. So,  

 

 𝑅𝑅𝑅𝑅 = 0.5919𝐹𝐹𝑡𝑡 + 0.5977𝐹𝐹𝑓𝑓 + 0.5406𝐹𝐹𝑐𝑐 Equation 37 

 

To give a physical signification to the coefficients of the relevant criterion, we will come back 

to a percentage of the whole information. i.e: With a coefficient of 0.5919, Ft represents 34,2% 
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of Fact1, Ff 34,5%, and Fc 31,2%. (cf. Table 64). However, factor 1 bis, like factor 1, represents 

90% of the information as it is associated to the first eigenvalue (cf. Table 63). By multiplying 

every value of the factor 1 bis by 0.9, we will get the percentage of the total information 

included in every variable. (cf. Table 64). 

Table 64. Percentage of implication of every variable in fact1 (M2 insert, LN2 cooling). 

 fact 1 fact 1 bis (%) Total info (%) 
Ft 0.5919 34.2 30.7 
Ff 0.5977 34.5 31.1 
Fc 0.5406 31.2 28.1 

 

Now the expression of the relevant criterion for the pair (M2 insert, LN2 cooling) becomes: 

 

 𝑅𝑅𝑅𝑅 = 0.307𝐹𝐹𝑡𝑡 + 0.311𝐹𝐹𝑓𝑓 + 0.281𝐹𝐹𝑐𝑐 Equation 38 

 

Let’s check that the VB can effectively be characterized by this criterion. For that, we will just 

see correlation coefficients relating RC to VBB and VBC. They are equal to 92,9% and 96%, 

respectively.  

As correlation is very high (>90%), RC characterizes the flank wear VB in a reliable way. We 

can calculate the linear relation between RC and VB: 

 

 𝑉𝑉𝑉𝑉𝐵𝐵 = 1.1141𝑅𝑅𝑅𝑅(𝑅𝑅2 = 0.903) Equation 39 

 

 𝑉𝑉𝑉𝑉𝐶𝐶 = 1.1254𝑅𝑅𝑅𝑅(𝑅𝑅2 = 0.921) Equation 40 

 

Replacing RC by its expression presented in the previous paragraph, VB can be described by 

an equation in function of the other inputs in centered reduced form: 

 

 𝑉𝑉𝑉𝑉𝐵𝐵 = 0.343𝐹𝐹𝑡𝑡 + 0.346𝐹𝐹𝑓𝑓 + 0.313𝐹𝐹𝑐𝑐 Equation 41 

 

 𝑉𝑉𝑉𝑉𝑐𝑐 = 0.346𝐹𝐹𝑡𝑡 + 0.349𝐹𝐹𝑓𝑓 + 0.316𝐹𝐹𝑐𝑐 Equation 42 

 

Finally, to be able to use this wear model, the coefficients of the expression of VB must 

correspond to the normal form, and not the centered reduced form. For that reason, the full 
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expression must be multiplied by the steady deviation of the VB results used initially for the 

coefficients identification, plus the average value of the results used initially for the coefficients 

identification too.  

 
(𝑉𝑉𝑉𝑉𝐵𝐵 − 166.88)/85.3 = 0.343 ∙ ((𝐹𝐹𝑡𝑡 − 336)/223) + 0.346 ∙ ((𝐹𝐹𝑓𝑓 −

393)/232) + 0.313 ∙ ((𝐹𝐹𝑐𝑐 − 483)/120)  
Equation 43 

 

 
(𝑉𝑉𝑉𝑉𝐶𝐶  − 276.56)/202.88 =  0.346 ·  ((𝐹𝐹𝑡𝑡  − 336)/223) + 0.349 ·

 ((𝐹𝐹𝑓𝑓  − 393)/232) + 0.316 ·  ((𝐹𝐹𝑐𝑐 − 483)/120)  
Equation 44 

 

The final model becomes the following: 

 

 𝑉𝑉𝑉𝑉𝐵𝐵 (µ𝑚𝑚)  =  0.1312 · 𝐹𝐹𝑡𝑡  (𝑁𝑁)  +  0.1272 · 𝐹𝐹𝑓𝑓 (𝑁𝑁)  +  0.2225 · 𝐹𝐹𝑐𝑐  (𝑁𝑁) –  35  Equation 45 

 

 𝑉𝑉𝑉𝑉𝐶𝐶  (µ𝑚𝑚)  =  0.3148 · 𝐹𝐹𝑡𝑡  (𝑁𝑁)  +  0.3052 · 𝐹𝐹𝑓𝑓 (𝑁𝑁)  +  0.5342 · 𝐹𝐹𝑐𝑐  (𝑁𝑁) –  207  Equation 46 

 

The accuracy of this model can be checked for each (coating, cooling method) pair.  

5.3.2.3. Forces based flank wear models for each (coating, cooling method) pair   

The statistical method (PCA) described above was applied to each (coating, cooling method) 

pair, and has resulted into the following forces-based flank wear models, as described in the 

following table. 

The results issued from the models based on forces components are then compared with the 

experimental results, as shown in the following figures (Figure 189-Figure 194). The wear 

models for each coating/cooling pair are listed in Table 65. 
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Figure 189. Comparing results issues from experimental measurements and forces based models 

concerning VBB and VBC of the uncoated insert during tests under flood conditions. 

 
Figure 190. Comparing results issues from experimental measurements and forces-based models 

concerning VBB and VBC of the M2 insert during tests under flood conditions. 

 
Figure 191. Comparing results issues from experimental measurements and forces-based models 

concerning VBB and VBC of the M4 insert during tests under flood conditions. 
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Figure 192. Comparing results issues from experimental measurements and forces based models 

concerning VBB and VBC of the uncoated insert during tests under LN2. 

 
Figure 193. Comparing results issues from experimental measurements and forces-based models 

concerning VBB and VBC of the M2 insert during tests under LN2. 

 
Figure 194. Comparing results issues from experimental measurements and forces-based models 

concerning VBB and VBC of the M4 insert during tests under LN2. 
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Table 65. Forces based flank wear models for three types of inserts and two lubrication/cooling strategies. 

Coating, cooling Flank wear VB models 

Uncoated, emulsion 
VBB (µm) = 0.5257·Ft(N) + 0.3123·Ff(N) + 0.6284·Fc(N) – 289 

VBC (µm) = 1.016·Ft(N) + 0.6035·Ff(N) + 1.2142·Fc(N) – 661 

M2, emulsion 
VBB (µm) = 1.4868·Ft(N) + 0.8305·Ff(N) + 0.5244·Fc(N) – 427 

VBC (µm) = 0.9926·Ft(N) + 0.5545·Ff(N) + 0.35·Fc(N) – 278 

M4, emulsion 
VBB (µm) = 0.2181·Ft(N) + 0.1217·Ff(N) + 0.2981·Fc(N) – 65 

VBC (µm) = 0.5728·Ft(N) + 0.3194·Ff(N) + 0.9485·Fc(N) – 421 

Uncoated, LN2 
VBB (µm) = 0.0947·Ft(N) + 0.0884·Ff(N) + 0.1373·Fc(N) – 15 

VBC (µm) = 0.3344·Ft(N) + 0.3123·Ff(N) + 0.4848·Fc(N) – 160 

M2, LN2 
VBB (µm) = 0.1312·Ft(N) + 0.1272·Ff(N) + 0.2225·Fc(N) – 35 

VBC (µm) = 0.3148·Ft(N) + 0.3052·Ff(N) + 0.5342·Fc(N) – 207 

M4, LN2 
VBB (µm) = 0.109·Ft(N) + 0.106·Ff(N) + 0.158·Fc(N) +26 

VBC (µm) = 0.2913·Ft(N) + 0.2836·Ff(N) + 0.4213·Fc(N) – 43 

5.4. Conclusions 

In this chapter, tool wear tests were performed in turning of Ti6Al4V using uncoated and coated 

M2 and M4 inserts, under both flood (traditional MWF) and cryogenic (LN2) conditions.  Tool 

wear measurement was conducted using both a home-made tool wear inspection system 

integrated into a SONIM CNC lathe machine model T9 and using optical microscope Keyence 

VHX 1000. Tool life was determined based on ISO 3685:1993 using reduced VB values. 

Tool wear results have shown that for cryogenic cooling the longest tool life is obtained using 

the M2 insert (11.2 min), followed by the M4 insert (9 min) and finally the uncoated one (8.4 

min). SEM analysis of worn inserts reveals that all inserts show the same wear modes under 

cryogenic cooling, including crater, flank and nose wear. SEM analysis also revealed adhesion 

of Ti6Al4V material into the tool, suggesting that the main wear mechanism is abrasive and 

adhesive wear. Tool temperature is around -58°C, -60°C and -80°C for uncoated, M2 and M4 

coated inserts, respectively. 

Concerning to the traditional MWF (flood), the longest tool life is obtained using the M4 insert 

(8.6 min), followed by the uncoated insert (8 min) and surprisingly the M2 insert got the lowest 

tool life (4.4 min). The main reason for this worse tool life for the M2 coated insert can be due 

to chemical reactions between the emulsion and the thin top CrN and AlCrN monolayers of M2 

as this is well known in the case of MoS2 that is completely dissolved into emulsion. Indeed, 

one can suppose that some chemical elements (such as oxygen, acid or base) of the emulsion 
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react with the CrN and AlCrN layers as they are very thin and as a consequence, damage them. 

As they are thicker in the case of the M4 multilayer, maybe these chemical reactions don’t have 

the time to damage completely the CrN and AlCrN top monolayers. It should be interesting to 

make some tribocorrosion tests under an emulsion atmosphere to verify this hypothesis. The 

tool wear modes and mechanisms for the inserts under flood conditions are similar to those of 

cryogenic cooling, but with less titanium adhesion to the inserts. Surprisingly, tool temperature 

is higher for both M2 and M4 inserts (around 65°C) compared to the uncoated insert (and 51°C). 

This can be due to the chemical reactions mentioned above that act at the coating surface 

between the emulsion and the CrN/AlCrN top layer, especially if these reactions are 

exothermic.  

Depending on the insert material, the tool life under LN2 cooling is similar or higher than that 

obtained under flood conditions. Tool life is almost the same for both LN2 and flood conditions 

using coated M4 and uncoated inserts (difference is lower than 5%). However, tool life 

increases dramatically for the M2 insert when the traditional MWF is replaced by LN2 (about 

155%). This can be explained by the different monolayers architecture between M2 and M4. 

Indeed, in M2 we decreased the CrN/AlCrN pair thickness from the substrate to the top surface 

of the coating. Then, the thermal conductivity is not the same at the interface Cr/CrN/AlCrN / 

substrate and at the top CrN/AlCrN pair. It is known that the thermal conductivity is higher 

when the thickness of the coatings increases [317]. To summarize, the M2 multilayer has a low 

thermal conductivity into its top layer and is very efficient to protect the cutting tool during the 

machining tests under LN2. In comparison, the M4 multilayer has the same thermal 

conductivity in all of its CrN/AlCrN pairs, so it is less efficient to protect the cutting tool under 

LN2. 

This chapter ends with the identification of the relation between tool flank wear (VBB and VBC) 

and other machining outcomes (forces and roughness of the machined surface) by applying the 

Pearson's correlation analysis. This analysis was performed for the three types of inserts and 

both lubrication/cooling couples. The results have shown a strong correlation between the flank 

wear and forces (with coefficients higher than 85%). The statistical analysis also permitted to 

build models for predicting the flank wear in function of the measured forces using the Principal 

Component Analysis (PCA) methodology. 
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5.5. Résumé du Chapitre 5 

Dans ce chapitre, des essais d'usure ont été réalisés en tournage du Ti6Al4V en utilisant des 

plaquettes non-revêtues et revêtues avec les revêtements M2 et M4. Ces essais ont été réalisés 

avec des émulsions et avec le refroidissement cryogénique (LN2).  L'usure en dépouille (VB) 

des outils a été mesurée à l'aide d'un système de contrôle de l'usure intégré dans le tour CNC 

SONIM modèle T9 et à l'aide d'un microscope numérique Keyence VHX 1000. La durée de vie 

des outils a été déterminée en se basant sur la norme ISO 3685:1993, mais en utilisant des 

valeurs de VB plus réduites. 

Les résultats de l'usure ont montré qu’avec le refroidissement cryogénique la durée de vie la 

plus longue est obtenue en utilisant la plaquette M2 (11,2 min), suivie par la plaquette M4 (9 

min) et enfin la plaquette non revêtue (8,4 min). L'analyse MEB des plaquettes usées révèle que 

toutes les plaquettes présentent les mêmes modes d'usure sous refroidissement cryogénique, y 

compris l'usure en cratère, en dépouille et sur le bec. L'analyse MEB a également révélé 

l'adhésion du Ti6Al4V sur l'outil, ce qui suggère que les principaux mécanismes d'usure sont 

l'usure par abrasion et par adhésion. La température de l'outil est d'environ -58°C pour les 

plaquettes non revêtues, et -60°C et -80°C pour les plaquettes revêtues avec les revêtements 

M2 et M4, respectivement. 

En ce qui concerne les émulsions, la durée de vie la plus longue est obtenue en utilisant la 

plaquette M4 (8,6 min), suivie par la plaquette non revêtue (8 min) et, étonnamment, la 

plaquette M2 a obtenu la durée de vie la plus faible (4,4 min). La principale raison de cette 

durée de vie plus faible pour la plaquette revêtue M2 peut être due aux réactions chimiques 

entre l'émulsion et les minces monocouches de CrN et d’AlCrN à la surface de M2, comme cela 

est bien connu dans le cas du MoS2 qui est complètement dissous lorsqu’il est utilisé sous 

émulsion. En effet, on peut supposer que certains éléments chimiques (tels que l'oxygène, un 

acide ou une base) de l'émulsion réagissent avec les couches de CrN et d’AlCrN car elles sont 

très fines et par conséquent, les endommagent. Comme elles sont plus épaisses dans le cas de 

la multicouche M4, peut-être que ces réactions chimiques n'ont pas le temps d'endommager 

complètement les monocouches CrN et AlCrN de surface. Il devrait être intéressant de faire des 

tests de tribocorrosion sous émulsion pour vérifier cette hypothèse.  Les modes et mécanismes 

d'usure des plaquettes sont similaires à ceux du refroidissement cryogénique, mais avec moins 

d’adhésion du titane aux plaquettes. De manière surprenante, la température de l'outil est plus 

élevée pour les plaquettes M2 et M4 (environ 65°C) par rapport à la plaquette non revêtue 
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(51°C). Cela peut être dû aux réactions chimiques mentionnées ci-dessus qui agissent à la 

surface du revêtement entre l'émulsion et la couche supérieure CrN/AlCrN, surtout si ces 

réactions sont exothermiques. 

Selon le matériau de la plaquette, la durée de vie de l'outil sous refroidissement LN2 est 

similaire ou supérieure à celle obtenue avec les émulsions. La durée de vie de l'outil ne change 

pratiquement pas avec le fluide de coupe (émulsions vs LN2) pour les plaquettes M4 revêtues 

et non revêtues (la différence est inférieure à 5%). Cependant, la durée de vie de l'outil augmente 

considérablement pour la plaquette M2 lorsque les émulsions sont remplacées par le LN2 

(environ 155%).  Cela peut s'expliquer par l'architecture différente des monocouches entre M2 

et M4. En effet, dans M2, nous avons diminué l'épaisseur des paires CrN/AlCrN du substrat à 

la surface supérieure du revêtement. Ainsi, la conductivité thermique n'est pas la même à 

l'interface Cr/CrN/AlCrN/substrat et au niveau de cette bicouche CrN/AlCrN supérieure. Il est 

connu que la conductivité thermique est plus élevée lorsque l'épaisseur des revêtements 

augmente [315]. Pour résumer, la multicouche M2 a une faible conductivité thermique dans sa 

couche supérieure et est donc très efficace pour protéger l'outil de coupe lors des tests d'usinage 

sous LN2. En comparaison, la multicouche M4 a la même conductivité thermique dans toutes 

ses paires CrN/AlCrN, donc elle est moins efficace pour protéger l'outil de coupe sous LN2. 

Ce chapitre se termine par l'identification de la relation entre l'usure en dépouille (VBB et VBC) 

et les autres résultats de l'usinage (efforts et rugosité de la surface usinée) en appliquant l'analyse 

de corrélation de Pearson. Cette analyse a été réalisée pour les trois types de plaquettes et les 

deux couples de lubrification/refroidissement. Les résultats ont montré une forte corrélation 

entre l'usure en dépouille et les efforts (avec des coefficients de corrélation supérieurs à 85%). 

L'analyse statistique a également permis de construire des modèles pour prédire l'usure en 

dépouille en fonction des efforts mesurés en utilisant la méthodologie de l'analyse de la 

composante principale (ACP). 
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Conclusions and perspectives 
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1. General conclusion 

The objective of this research work is to develop and to characterize new multilayer coatings 

produced by reactive magnetron sputtering, to be used in the cutting tools for machining of 

Ti6Al4V under cryogenic cooling conditions.  

 

The state of the art (Chapter 1) points out the need to develop new tool materials for the 

cryogenic assisted machining of titanium alloys for the following main reasons. First, for health 

and environmental reasons, there are a need to replace the actual metal working fluids, 

composed by a mixture of oil or chemical fluid and water, by eco-friendly cutting fluids like 

the liquid nitrogen (LN2) and the liquid CO2. Second, since titanium alloys is a difficult-to-cut 

material, the cutting temperature and the contact stresses between the tool and the 

workpiece/chip generated during cutting are very high, significantly reducing the tool life. 

Third, today, there are no suitable tool material (including coatings) for machining difficult-to-

cut materials under cryogenic cooling conditions. Therefore, there are a need to develop new 

tool materials (including coatings) for cryogenic assisted machining of difficult-to-cut 

materials. As it is known, hard coatings are a solution to ensure good abrasion resistance to 

cutting tools and thus to increase tool life. Therefore, a state of the art on vacuum deposition 

processes and more particularly magnetron sputtering was presented. A review on the (single 

and multilayer) coatings used in the cutting tools since the end of the 1960s was performed. 

Finally, the experience of LABOMAP in hard coatings coupled with the state of the art allowed 

us to propose the coatings to be studied in this thesis, namely multilayer coatings of the Cr / 

CrN / AlCrN type. 

 

Chapter 3 is devoted to the optimization of monolayers of Cr, CrN, CrAlN and AlCrN. First, 

almost pure chromium thin films by DC magnetron sputtering with an acceptable adhesion on 

tungsten carbide substrate, a low friction coefficient and wear rate after being in contact with 

Ti6Al4V ball was obtained. The Cr layer was well crystallized, showed the (110) preferred 

orientation with a grain size around 10 nm and has a relative porosity. Thus, as expected, the 

Cr coating is adherent whatever the type of substrate or its roughness. Then, Cr-N system was 

studied, in particular the effect of substrate bias voltage and deposition temperature on film 

properties. This permitted to verify the results obtained previously by Aouadi [111]. The 

different results can be explained by the effect of the substrate rotation speed. According to its 
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properties, the CrN monolayer deposited under 300 °C and -500 V exhibits a (200) preferred 

crystalline orientation, is well crystallized, it has a dense surface morphology and small top 

column size. Concerning its mechanical properties, it presents the highest hardness and elastic 

modulus, the best plastic deformation resistance and has a very good adhesion up to 43 N (Lc2) 

and finally the lowest wear rate 0.58 × 10-4 mm3·m-1N-1. In conclusion, the application of a bias 

voltage of -500 V to the substrate and a deposition temperature of 300°C during the 

development of CrN coatings has led to real improvements in their properties. 

Ternary CrAlN monolayers were developed by varying the Al content to determine the optimal 

composition to be applied in the AlCrN monolayers. As for the case of the CrN monolayers, 

the results obtained previously by Aouadi [111] were also verified. The different results can be 

explained by the effect of the substrate rotation speed. According to their properties, the CrAlN 

monolayers obtained with 57 and 62 at.% of Al exhibit the same crystalline orientation, have a 

dense surface morphology and small column size and grain size. Concerning their mechanical 

properties, the layer with 57 at.% of Al presents the highest hardness and elastic modulus, the 

best plastic deformation resistance and has a very good adhesion up to 47 N (Lc2) and finally 

the lowest volume rate. Nevertheless, the optimal Al content of x = 0.62 was chosen to study 

the optimization of AlCrN monolayers by varying the substrate bias voltage and the deposition 

temperature. Indeed, this CrAlN monolayer has a low plastic deformation resistance, but it 

presents the best adhesion and similar physicochemical and mechanical properties with the 

layer obtained for x = 0.57, and has been realized at a fixed power on the aluminum target which 

reduces the target damage during the PVD process. 

AlCrN was studied by varying the deposition temperature and substrate bias voltage. According 

to the obtained results, high deposition temperature and substrate bias voltage would permit to 

get a dense and homogeneous AlCrN layer on silicon substrates. For our AlCrN layers, the 

temperature has an influence on the microstructure. The crystalline orientation of the AlCrN 

layers depends on the substrate bias voltage but also on the deposition temperature and these 

both parameters are correlated. The grain size decreases when the bias voltage increases, and 

the deposition temperature decreases. Concerning the mechanical properties of our AlCrN 

layers: their coefficient of friction does not depend on the deposition temperature or the 

substrate bias voltage and was around 0.5. All the AlCrN layers have compressive stress varying 

from -914 MPa to -166.3 MPa except the layer realized at 300°C-0V that has tensile stress of 

28.6 MPa. The temperature and bias voltage both have positive impacts on adhesion property 
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of the AlCrN layers. It was shown that for AlCrN layers the “Hall-Petch effect” governs their 

hardness. Moreover, the results obtained for our CrN monolayers were verified. Indeed, it has 

been shown that the bias voltage increases the residual stress while the temperature reduces it. 

Most of AlCrN layers present a better adhesion than CrN layers whatever the deposition 

conditions. 

According to their properties, the stoichiometry of AlCrN layers is Al62Cr38N. According to 

XRD analyses, we can consider that AlCrN layers are solid solutions of Al atoms in substitution 

in the CrN lattices. The AlCrN layer realized at 300 °C-250 V is well crystallized, presents the 

highest hardness and H3/E2 ratio whatever the substrate, an acceptable elastic modulus of 165-

170 GPa, the best plastic deformation resistance, the lowest wear rate and bests adhesion with 

a Lc2 up to 58 N. Thus, the optimized AlCrN monolayer (300 °C-250 V) has been applied in 

the synthesis of the Cr/CrN/AlCrN multilayers. 

After optimizing the single-layered coatings of Cr, CrN, CrAlN and AlCrN, the characteristics 

of alternating architectures by combining the films of CrN and CrAlN or AlCrN and by 

depositing a Cr underlayer were compared. Cr/CrN/CrAlN and Cr/CrN/AlCrN were obtained 

by varying the CrN/AlCrN or CrN/CrAlN pairs thickness and number. As far as the number of 

interfaces is concerned, it is obvious that M4 multilayer would perform better than the M1 one. 

Moreover, the M2 should be chosen in comparison to the M3 according to its higher mechanical 

and tribological properties. Nevertheless, all the best monolayers and two multilayers (M2 and 

M4) were tested on carbide pins during tribological tests against Ti6Al4V alloy. 

In conclusion, through this study, we have shown that the assembly according to different types 

of sequences, periods or thickness of the Cr, CrN, CrAlN and AlCrN layers has properties that 

would allow to considerably improve the performances of the cutting tools. Besides we confirm 

the interest of multilayers in comparison to monolayers. 

 

Tribological pin-on-bar tests under flood (mixture oil-water) and cryogenic (LN2) conditions 

were conducted after optimizing the new hard coatings in Chapter 3. The objective of these 

tests presented in Chapter 4 is to analyse the performance of the hard coatings in terms of 

friction coefficient, volume of build-up material (adhesion) to the tool, and tool temperature, 

using a multilevel factorial design of experiments (DoE). The contact conditions to be applied 

in these tests were determined based on the experimental data from orthogonal cutting tests and 

the single-shear plane analytical model, which permitted to obtain the sliding speeds between 
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10 and 100 m/min and a nominal reference contact pressure of 1000 MPa. Since the contact 

geometry in machining is not the same as in tribological tests, a numerical model of the pin-on-

bar was developed. This model permitted to obtain the normal force of 300 N to be applied to 

the pins. The results of these tribological tests have shown that: i) the coating does not have any 

relevant effect in the apparent friction coefficient regardless the cutting fluid; ii) the apparent 

friction coefficient decreases as the sliding speed increases until about 60-80 m/min, then it 

increases with the sliding speed until 100 m/min. This increase of the apparent friction 

coefficient after 60-80 m/min was already observed by other researchers and is related to the 

increase of the adhesion of Ti6Al4V alloy to the pins for both MWFs; iii) the apparent friction 

coefficient is generally higher under LN2 compared to flood conditions due to the absence of 

lubricant in the LN2; iv) increasing the nominal contact pressure from 1000 MPa to 1400 MPa 

decreases the apparent friction coefficient, although the adhesion is higher for 1400 MPa; v) 

the temperature is lower for the coated pins than the uncoated one, which is due to the heat flux 

diminishing effect provided by the coatings during the tribological tests; vi) the analysis of the 

DoE permitted to identify the sliding speed and MWF as the two main factors influencing the 

friction coefficient and the adhesion of Ti6Al4V alloy to the pins. This analysis confirms the 

influence of the type of coating and sliding speed on the apparent friction coefficient and build-

up material (adhesion) to the tool observed experimentally; vii) the combination of flood 

conditions and a sliding speed of 60 m/min permits to reduce the adhesion of Ti6Al4V material 

to the pins and consequently the apparent friction coefficient. 

 

Finally, tool wear tests were performed in turning of Ti6Al4V using uncoated and coated M2 

and M4 inserts, under both flood and cryogenic LN2 conditions.  Tool life was determined 

based on ISO 3685:1993 using reduced VB values. The results of the tool wear have shown 

that: i) the same wear types were observed under both flood and cryogenic LN2 conditions, 

including crater, flank and nose wear; ii) the main wear mechanisms are abrasive and adhesive 

wear, regardless the cutting fluid used; iii) under cryogenic cooling the longest tool life is 

obtained using the M2 insert (11.2 min), followed by the M4 insert (9 min) and finally the 

uncoated one (8.4 min); iv) under flood conditions the longest tool life is obtained using the M4 

insert (8.6 min), followed by the uncoated insert (8 min) and surprisingly the M2 insert got the 

lowest tool life (4.4 min); v) the adhesion of Ti6Al4V alloy on the insert is higher for the LN2 

compared to flood conditions; vi)  tool life under LN2 cooling is similar or higher than that 
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obtained under flood conditions. Tool life is almost the same for both LN2 and flood conditions 

using coated M4 and uncoated inserts (difference is lower than 5%). However, tool life 

increases significantly for the M2 insert when the traditional MWF is replaced by LN2 (about 

155%). A statistical analysis permitted to determine a strong correlation between tool flank 

wear and the machining forces and to build models for predicting the flank wear VB in function 

of the measured forces. 

2. Perspectives 

Although this work is promising, it must be continued. Indeed, all the results obtained during 

this work allow us to offer the following suggestions: 

 

 Other Cr-based multilayers coatings can be tested: indeed, Al has a low sputtering yield. 

Thus, it should be interesting to replace it into the Cr-N system by another metal with a 

higher sputtering yield and that would result in multilayers with properties close to the 

Cr/CrN/AlCrN ones. The deposition time is a main parameter in industry, and we are 

obliged to take it into account in the development of new protective coatings. 

 Another solution is also the modification of the substrate surface state to allow a better 

lubrication by LN2 of the cutting edge. One can suppose that the texturizing of the cutting 

tool could keep the lubricant longer. 

 The cutting tools suppliers, especially carbide inserts suppliers, are also interested to 

improve their own products. One solution could be to test WC-Co carbide inserts with 

another binder than Co or without binder. Indeed, the bad effect of Cobalt on the coatings 

is well known and the replacement of this element by another could increase the carbide 

service life thanks to a better adhesion of the protective layers. 

 It should be interesting in a future project to check the affinity of the oil with the tested 

coatings to explain the observed adhesion and the inefficiency of the coatings under flood 

conditions. Some tribo corrosion tests under flood and LN2 conditions could be very 

useful to complete and explain some of the results. 

 The adhesion friction coefficient should be determined based on the apparent friction 

coefficient, in order to be used in machining models.  

 The tool wear tests should be repeated to verify the obtained results but also during longer 

times to confirm the hypothesis about multilayer M4 under emulsion. 
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 Finally, machining industries are more and more interested now by liquid CO2 than LN2 

for several reasons. Therefore, the tribological and tool wear tests could be done under 

liquid CO2 to compare the results with LN2. Indeed, to continue this work it will be 

important to consider the actual industry trends about the future solution to replace the 

traditional metal working fluids.  
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Appendix A : Tribometer 

Figure 195 shows the TAP assembly of pin-on-disc tribological test on CNC turning machine. 

TAP is a French abbreviation (Tribomètre à Pion), which means tribometer for pin. The 

tribometer composed of a piston, surrounded and fixed by a casing. The piston can move freely 

in the casing. The set back of the piston can be fixed by external pressure supply (compressed 

air, CO2, etc.). The pin is inserted in the piston by a locking nut. This tribometer work with a 

force acquisition system like Kistler. The equipment adapts turning and milling.  

 

 

Figure 195. TAP assembly of pin-on-disc tribological test on CNC turning machine (Baizeau, Ramirez, 

Rossi / Lournand, LABOMAP, Cluny, Arts et Métiers). 
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Appendix B : Pin technical draw 

Figure 196 illustrated the technical draw of pin used in tribological tests. The length of the pin 

is 40 mm, the diameter is 8 mm. The radius of the sphere part is 6 mm and the arithmetic 

roughness is 0.4 µm. 

 

Figure 196. Technical draw of pin used in tribological tests. 
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Appendix C : Tool holder 

The tool holder used in the tool wear tests is a modified PCLNL 2525M-12-JHP used by 

Lequien [61]. The delivery channels of LN2 is integrated into the tool holder. The LN2 served 

both the rake face and flank face of the cutting insert, with a diameter of 3 mm and 1.5 mm, 

respectively.  

(a)    (b) 
 

(c) 
Figure 197. (a) Tool holder PCLNL 2525M-12-JHP, (b) schematic diagram of the channels to deliver the 

LN2 (c) and the nozzles positions and diameters [61]. 
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Appendix D : Method of determination for adhesion volume 

With the help of a home-made Python script integrated in Gwyddion, created by Jean-Marc 

AUGER, a post-doc  in LABOMAP, we are able to determine precisely the adhesion volume 

on pin’s spherical geometry.  

The surface 3D information of each pin was measured by Alicona InfiniteFocus. Instead of 

removing the background (curvature part) by fitting a second order polynomial equation (which 

could be not precise because the center of sphere is hard to find), the principal function of this 

program is to find exactly the center of sphere, by choosing a large area containing the 

coordination information and the radius of the pin (Figure 198 (a)). Then it subtracts the 

background. After the treatment, the height information is on a plan (same level of heigth)( 

Figure 198 (b)), the adhesion volume can be extracted by removing the plan (Figure 198 (c)(d)) 

and the volume is calculated by differential equations. 

(a) (b)

(c) (d) 

Figure 198. Example of extracting the adhesion volume: a) determination of background, b) information 

after subtracting background, c) adhesion volume after removing supplementary information d) 3D view of 

adhesion volume 
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Appendix E : Wear tracks of pin-on-disc friction tests  

Figure 199 shows the wear tracks formed during dry pin-on-disc friction tests on coated 

substrates. The coatings are: (Figure 199a) Cr underlayer, (Figure 199b) CrN 300°C-500V, 

(Figure 199c) CrAlN with x=0.14, (Figure 199d) AlCrN 300°C-250V. As shown in these 

pictures, all the coatings are removed after this test, Ti6Al4V adhesion is observed in the wear 

tracks. 

(a) (b) 

(c) (d) 

Figure 199. EDS analysis of wear tracks of worn WC substrate coated by: a) Cr underlayer, b) CrN 

300°C-500V, c) Cr1-xAlxN with x=0.14 and d) AlCrN 300°C-250V in pin-on-disc friction test without 

lubricant. 
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Appendix F : Surface topography of the pins used in the tribological tests 

Figure 200 presents the surface topography of coated pins. The coatings follow the substrate 

texture, since the coatings successfully covers all the sphere surface of the pin, when the trails 

forms in production of the pins are still visible. The roughness is listed in Table 66. AlCrN 

monolayer presents the roughest texture when CrN monolayer presents the smoothest texture 

when we compare the arithmetic average roughness, the root mean square roughness and the 

maximum height of the surface. 

(a) (b)
  

(c) (d) 
Figure 200. SEM images of the surface morphology of: CrN (a) AlCrN (b) M2 (c) and M4 (d) coated pins 

Table 66. Surface roughness of the coated pins. 

 CrN AlCrN M2 M4 

Ra (µm) 0.66 0.7 0.71 0.7 

Rq (µm) 0.84 0.91 0.88 0.86 

Rt (µm) 4.41 6.21 5.03 4.98 
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Appendix G : Forces acting in the pins in the tribological tests 

Table 67. Surface roughness of the workpiece 

N° 1 2 3 4 5 6 7 8 9 10 

Ra (µm) 0.21 0.22 0.22 0.23 0.23 0.2 0.22 0.2 0.22 0.25 

Rq (µm) 0.26 0.28 0.27 0.28 0.28 0.24 0.27 0.25 0.26 0.29 

Rt (µm) 1.16 1.23 1.2 1.21 1.18 1.12 1.14 1.15 1.08 1.36 

 

Forces for flood conditions 

Figure 201 illustrates the normal force measured during tribological tests for all pins and sliding 

speeds for flood lubricant condition. The normal forces decrease generally from 10 m/min to 

60 m/min then increase, especially at 100 m/min. 

 

Figure 201. Normal force as a function of the sliding speed and for different coatings in flood conditions 

(Average contact pressure equals to 872 MPa). 

Figure 202 illustrates the tangential force measured during tribological tests for all pins and 

sliding speeds for flood lubricant condition. The tangential forces decrease generally from 10 

m/min to 60 m/min then increase, especially at 100 m/min. 
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Figure 202. Tangential force as a function of the sliding speed for different coatings in flood conditions 

(Average contact pressure equals to 872 MPa). 

 

Forces for LN2 conditions 

Figure 203 illustrates the normal force measured during tribological tests for all pins and sliding 

speeds during cryogenic assistance. The normal force in this case is more random than in flood 

lubricant case, this may reveal the unstable LN2 projection on to the pin. 

 

Figure 203. Normal force as a function of the sliding speed for different coatings under LN2 conditions 

(average contact pressure equals to 872 MPa). 

Figure 204 illustrates the tangential force measured during tribological tests for all pins and 

sliding speeds during cryogenic assistance. The tangential forces decrease generally from 10 

m/min to 60 m/min then increase, especially at 100 m/min. 
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Figure 204. Tangential force as a function of the sliding speed and for different coatings under LN2 

conditions (Average contact pressure equals to 872 MPa). 
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Appendix H : Temperatures of the pins in the tribological tests 

Figure 205 and Figure 206 illustrate the curve of the temperature as a function of time detected 

in all coated and uncoated pins during the tribological tests at a sliding speed of 60 m/min in 

flood and cryogenic conditions, respectively. The measurement of each type of pin was repeated 

once.  As we can see from Figure 205, during the first 2 s, the temperature varies from 32 to 

56°C, then the temperature is relatively stable. The coated pins exhibit lower temperature than 

uncoated ones. Besides, the AlCrN shows low temperature increasing in both first test and 

repetition. From Figure 206, the temperature varies from -140 to 40°C during the first 2s. All 

the curves seem to have further increasing trend. It is noteworthy that the temperature from the 

beginning of the tests varies (near 30°C) for all tested cases, which is an important factor that 

influences the measured temperature results, but it cannot be controlled easily during the tests. 

 

Figure 205. Temperature measured in pins as a function of time for different coatings under flood 

conditions (Average contact pressure equals to 872 MPa, sliding speed equals to 60 m/min). 
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Figure 206. Temperature measured in pins as a function of time for different coatings under LN2 

conditions (Average contact pressure equals to 872 MPa, sliding speed equals to 60 m/min). 
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Appendix I : EDS analysis of worn inserts in tool wear tests 

The EDS analysis of uncoated, M2 and M4 coated inserts are presented in Figure 207 and 

Figure 208. Since the sample holder is on Aluminum, EDS analysis on curved surface causes 

reflection of beam especially at the cutting edge. Only 3 elements (W, Ti, Cr) are presented as 

indicators. Ti element is present in all wear craters of the rake face, which proves the adhesion 

of Ti6Al4V material on the cutting inserts. The coatings are not detected in crater wear except 

in Figure 207 (b) (M2 under cryogenic conditions), where the Cr element is present as the Ti. 

It is noteworthy that in the same case, the Ti element is present even far away behind the wear 

crater. One hypothesis is that the wear crater for this case is not so deeper as the others, 

increasing the chip radius and leading to chip rub behind the wear crater.  

(a) (b) 

(c) 
Figure 207. SEM images and EDS cartography of the worn: a) uncoated, b) M2-coated and c) M4-coated 

inserts at the end of the tests under flood conditions on rake face 
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(a) (b) 

(c) 

Figure 208. SEM images and EDS cartography of the worn: a) uncoated, b) M2-coated and c) M4-coated 

inserts at the end of the tests under LN2 conditions 
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 Yutao ZHANG 
 Développement de nouveaux matériaux de protection pour 
outils de coupe lors d’usinage cryogénique d’alliages pour 

l’aéronautique 

 

 

Résumé 
L’objectif de cette étude est de développer une nouvelle génération de revêtements sur outils de coupe pour le 
tournage de Ti6Al4V sous assistance cryogénique. A cause des conditions de sollicitations sévères que subissent 
les outils de coupe, les monocouches de base doivent présenter des caractéristiques spécifiques. Ainsi, des 
couches minces de Cr, CrN, CrAlN et AlCrN ont été déposées sur carbure de tungstène et sur des substrats de 
silicium par pulvérisation magnétron réactive DC en variant la température de dépôt et la polarisation du substrat. 
Après avoir optimisé les monocouches, celles-ci ont été associées pour élaborer des multicouches Cr/CrN/AlCrN 
dont nous avons caractérisé les propriétés physico-chimiques, structurales, mécaniques et tribologiques. Les 
couches optimales ont été testées avec des essais tribologiques et d’usure en tournage de l’alliage Ti6Al4V sous 
émulsion et refroidissement cryogénique. Il est démontré que l’application d’un revêtement multicouches 
apporte des améliorations considérables à la résistance à l’usure des outils carbure en usinage par assistance 
cryogénique. 
Mots clés : Revêtements PVD, Usinage par assistance cryogénique, Alliage de titane Ti6Al4V, Tribologie, Usure 
d’outil. 
 

 

 

Abstract 
The objective of this study is to develop a new generation of coatings on cutting tools for turning Ti6Al4V under 
cryogenic assistance. Because of the severe conditions that the cutting tools are subjected to, the basic 
monolayers must have specific characteristics. Thus, thin films of Cr, CrN, CrAlN and AlCrN have been 
deposited on tungsten carbide and on silicon substrates by DC reactive magnetron sputtering by varying the 
deposition temperature and the polarization of the substrate. After optimizing the monolayers, they were 
combined to develop Cr/CrN/AlCrN multilayers. Their physicochemical, structural, mechanical and tribological 
properties were characterized. The optimal layers were investigated by tribological and tool wear tests in turning 
of Ti6Al4V under both flood and cryogenic LN2 cooling conditions. The application of a multilayer coating has 
been shown to provide significant improvements in the wear resistance of cryogenic assisted carbide tools. 
Keywords: PVD coatings, Cryogenic Assisted Machining, Ti6Al4V titanium alloy, Tribology, Tool Wear. 
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