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Abstract

This thesis presents experimental and theoretical research on nitride coatings, focusing on
their morphology, nanostructure and mechanical properties. The chemical composition of the
coatings was optimized through a combination of HiPIMS and dcMS processes. Coatings
with this co-sputtering configuration demonstrated lower surface roughness and higher
tribological properties compared to coatings deposited by CAE. Moreover, the study found
that the choice of coating process parameters led to a transition in residual stresses from
tensile to compressive, resulting from increased ion impact under higher energetic deposition

condition.

The influence of Cr and Si additive elements on the TiAIN systems was also investigated. As-
deposited TiAISiN demonstrated superior hardness 35GPa and Higher H¥E? ratio of
0.171GPa compared to TiAICrN due to the formation of a nanocrystalline structure resulting

from the introduction of Si.

At 950°C, both TiAICrN and TiAICrSiN coatings possess multiscale oxide layers, with the
oxide thickness increasing regularly over time and its growth kinetics is governed by the
inward diffusion of oxygen and outward anionic diffusion of Al, Ti and Cr. TiAISiN coatings
displayed better oxidation resistance than the previous coating systems. A protective oxide
layer is composed of mixed oxide Al,O3 near the surface and TiO2 near the nitride, thanks to
the presence of Si which limits the diffusion of Ti to the surface and hinders the formation of

near-surface TiO,.




Zusammenfassung

Diese Arbeit prasentiert experimentelle und theoretische Forschung zu Nitrid-Beschichtungen
und konzentriert sich auf deren Morphologie, Nanostruktur und mechanische Eigenschaften.
Die chemische Zusammensetzung der Beschichtungen wurde durch eine Kombination von
HiPIMS- und dcMS-Verfahren optimiert. Beschichtungen mit dieser Co-Sputter-
Konfiguration zeigten im Vergleich zu Beschichtungen, die mittels CAE abgeschieden
wurden, eine geringere Oberflachenrauheit und bessere tribologische Eigenschaften. Darlber
hinaus ergab die Studie, dass die Wahl der Beschichtungsprozessparameter zu einem
Ubergang von Zug- zu Druckspannungen filhrte, der auf erhéhten lonenstéRen unter

Bedingungen hoherer Energieeinspeisung beruhte.

Der Einfluss der Zusatzelemente Cr und Si auf die TiAIN-Systeme wurde ebenfalls
untersucht. TiAISIN im abgeschiedenen Zustand zeigte eine Uberlegene Harte von 35 GPa
und ein hoheres H/E?-Verhiltnis von 0,171 GPa im Vergleich zu TiAICrN aufgrund der

Bildung einer nanokristallinen Struktur, die auf die Einflihrung von Si zurtickzufuihren ist.

Bei 950°C besitzen sowohl TiAICrN- als auch TiAICrSiN-Beschichtungen mehrskalige
Oxidschichten, wobei die Oxiddicke im Laufe der Zeit regelmaBig zunimmt und ihre
Wachstumskinetik durch die einwarts gerichtete Diffusion von Sauerstoff und die auswaérts
gerichtete anionische Diffusion von Al, Ti und Cr gesteuert wird. TiAISiN-Beschichtungen
zeigten eine bessere Oxidationsbestandigkeit als die vorherigen Beschichtungssysteme. Eine
schutzende Oxidschicht besteht aus einer gemischten Al>O3z-Oxidzone in der Né&he der
Oberflache und TiOz in der Nahe des Nitrids, dank der Anwesenheit von Si, das die Diffusion
von Ti zur Oberflache begrenzt und die Bildung von TiO2 in der Nahe der Oberflache
behindert.
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Introduction to the field

1 Introduction to the field

The machining industry is looking to reduce environmental risks as much as possible by
using as little lubricant as feasible. Additionally, environment-friendly recycling of the
coolants or even avoiding the usage of coolant came to high importance. Consequently,
during cutting activities, the tools are exposed to increased surface temperature and
subsequently a reduced life span. Coated surfaces have become indispensable for a vast
number of applications where specific surface properties of the materials are needed. The
coatings have to withstand a large range of working conditions without delamination from the
underlying material. For instance, using coatings for cutting tools is possible by combining
the properties of both coatings and bulk in order to reach higher toughness, hardness, wear
resistance and oxidation resistance for high-temperature applications such as dry high-speed
machining. Coated cutting tools with protective hard thin films have lifetimes up to 10 times
higher than tools without any protective coating [1]. For users, this means improved

productivity and reduced costs of industrial machining.

During machining, the estimated temperatures facing the edges of cutting tools are in the
range of 750 — 850 °C, where the chemical wear due to the formation of soft oxides with poor
adherence dominates over the abrasive wear. These temperatures upgrade to ~950 °C in the
dry machining environment (Figure 1.1), hence the temperature may reach above 1000 °C at
the edge of a cutting tool during metal machining and high stresses ~700 MPa during

material removal [2].

950 °C
850 °C
750 °C

650 °C

, A E Work material e ] PN

Fig. 1.1 Side view of the chip formation on a TiAIN cutting insert (left) and temperature distribution

inside the cutting insert during chip formation (right). Modified from [3].
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Introduction to the field

The abrasive wear resistance and the hardness of TiN and CrN coatings are low in
comparison to other transition metal nitrides and therefore not suited to protect the cutting
tools used for metal machining. Adding Al to these coatings is one way to improve the
mechanical properties and thermal stability [4]. For instance, forming a ternary system of c-
(Ti, AN coating for the cutting tool will extend its lifetime. In this way, manufacturing will
benefit from the presence of protective coatings where both material and machining costs
necessary for the tool fabrication can be significantly diminished, as well as the downtime
required for the tool replacement.

This thesis focuses on the development of an innovative nitride-based hard coating with
outstanding properties, including remarkable hardness exceeding 35 GPa, thermal stability up
to 950 °C, and excellent oxidation resistance. The study investigates the relationship between
deposition process parameters of hard (Ti, AI)N coatings and various film properties such as

synthesis, microstructure, morphology, and micro-mechanical characteristics.

Three coating processes, namely Cathodic Arc Evaporation (CAE), direct current Magnetron
Sputtering (dcMS), and High Power Impulse Magnetron Sputtering (HiIPIMS), are examined
to identify the optimal coating process. After achieving the best mechanical and tribological
properties, the focus shifts towards enhancing thermal stability. This is accomplished by
incorporating additive elements, namely Al, Cr, and Si, into the coating. Oxidation
experiments are conducted with different coating compositions to validate the chemical
composition and determine the required ratios of Al/Cr, Al/Si, and Al/(Cr+Si) needed to

maintain the desired (fcc) structure.

The study involves characterizations at multiple scales, including macro, micro, and nano
levels. Furthermore, experiments aim to refine grains, increase hardness, elastic modulus, and
wear resistance. The study also investigates oxidation mechanisms. The findings reveal that
both mechanical and oxidation behaviors are influenced by the coating composition,
deposition method, and their parameters. These factors impact crucial aspects such as

crystallinity, composition, surface roughness, grain size, and orientation.

The study is divided into two main parts. The first part sets out to identify the research that
was already carried out, introduce the fundamental concepts, present the characterization
techniques employed, and describe the experimental setup. Further, work to enhance the

understanding of thermal stability and the mechanical properties of ternary (Ti, AI)N HiPIMS

Mohamed Riyad Alhafian
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coating under different process parameters is presented. It concludes with the study of the
additions of Al, Cr or Si to these ternary coating systems followed by two different
compositions of quaternary nitrides coating (Ti, Al, Cr)N and (Ti, Al, Si)N. It ends with a
study on quinary (Ti, Al, Cr, Si)N coating. The fundamental mechanisms that yield the good

properties of (Ti, Al, Cr, Si)N were not understood at the beginning of this work.

The high-temperature mechanical properties, thermal response, microstructure and phase
evolution of this quaternary and quinary system have been characterized and is presented in
the second part of this thesis. The research result is presented in three scientific publications

I, I and 111, which are briefly described below:

In Paper I, a large range of TispAlsoN HiPIMS coating process parameters was studied. The
aim was to understand the effect of different coating conditions on the growth of TiAIN films
and to better tune the coating properties of the film deposited by HiPIMS in comparison with
a Cathodic Arc Evaporation (CAE) deposition process with regard to their tribological
performances. Regarding the mechanical properties of the coating, it has been found that both
CAE and HiPIMS produce TiAIN coatings with compressive stresses. The evolution of stress
can lead to very high values superior to -5000 MPa by controlling the energetic deposition

conditions such as the applied duty cycle, bias and power.

However, no direct correlation was found between the values of hardness and the level of
compressive stress for TIAIN HiIPIMS coating, which is not the case with Arc coatings. Both
coatings have the hardness range of 30 - 35 GPa. An improvement of tribological coating
properties was achieved by TiAIN HiPIMS coating since the Young’s modulus can easily be
tuned by changing the HIPIMS deposition conditions, which is an advantage as it is known
that tribological coating properties are linked to the ratio of both H/E (Hardness/Young’s
modulus) and H3/E? (plastic deformation).

In Paper Il, the influence of Cr additions on the structure, mechanical properties and
oxidation resistance of different AlxTiyCrzN HiPIMS coatings were studied. The stability of
the nitride layer until 950 °C was reported. Furthermore, the oxidation resistance and the
oxide scale characterization of different Ti/Al ratios and Cr content was detailed discussed.

Regarding the oxidation behavior at 950 °C, different oxidation durations were carried out
using sequential steps of 80, with %0, then the oxide part was analysed by Secondary lon

Mohamed Riyad Alhafian



Introduction to the field

Mass Spectrometry and Atom Probe Tomography. From all this data, an oxidation
mechanism was proposed, and the oxide part consisted of a double oxide layer. The TiO»-
rutile at the upper surface is followed by (CrAl).Oz underneath. The Cr content decreases the
outward diffusion of Ti to the surface. Also, increasing the Al content in the coatings reduces
dramatically the total oxide thickness. In the (CrAl).Oz layer, the Cr concentration was
increasing through the layer from the upper part to the interface between oxide and nitride.
Hence the Al>O3 is the main oxide present in the upper part of this layer followed by the
(CrAl)203 oxide present in the bottom part of this layer with small TiO; islands.

In Paper 111, the effects of Si additions on both of the TiAIN and TiAICrN coatings with a Si
content between 0 to 5 at.% were studied. It was noticed that the Full Width at Half Maxima
(FWHM) increased with improving Si addition for TiAISIiN coatings whereas TiAICIrSIN
coatings show reverse behavior. The highest value of H/E ratio was 0.09 for both coatings’

alloys.

At 950 °C, the oxidation mechanisms and the kinetics of the oxide growth for various
durations were determined using sequential steps of 80, with 1°0, of these two coatings with
different Si contents. By combining the investigations of the X-ray Diffraction (XRD), the
Transmission Electron Microscopy (TEM), the Dynamic Secondary lon Mass Spectrometry
(D-SIMS) and the Atom Probe Tomography (APT) of the different oxidized coatings, a
complete study of the different oxide layers was achieved. At 950 °C, the oxidized coatings
of TIAISIN show better oxidation resistance than oxidized coatings of TiAICrSIN. A bi-
layered oxide, with Al,Os outward and TiO. underneath was formed at the oxidized coatings
of TiAISIN. While the oxidized coatings of TiAICrSiN show a triple-layer oxide with TiO>
outward and Al,Oz underneath followed by a mixed oxide region of (CrAl),03 and small
TiO: islands and an amorphous SiNx surrounding the oxide.

A graphical abstract of the thesis is presented in figure 1.2. More details of the papers’ scope

and interrelation is given in section 7.

A detailed review of the coating deposition processes and their impact on hardness, wear
resistance, oxidation resistance, and thermal stability can be found in Section 6. Section 6

also explores the mechanisms involved in the oxidation processes.

Mohamed Riyad Alhafian
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Hard AITiN coatings produced by HiPIMS with high-temperature resistance - influence of Cr and Si additive elements
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2 State of the art

Titanium nitride is a hard material, often used by PVD coating on tungsten carbide to
improve the substrate surface properties. This section will present an outline of the deposition
technologies relating to nitride hard coating, as well as the evolution of hard coatings alloy
based on TiN.

2.1 Synthesis and film deposition

Over more than a century ago, it was known that ions bombarding a surface can lead to
particles being knocked out of this surface and condensing on a nearby surface, so-called
substrates that usually face the material's source [5]. In 1902, Edison et al. reported the first
commercial application of thin film deposition [6]. There are numerous techniques to prepare
thin films. Film applications and properties define the suited technique to prepare it, such as
shape and dimensions of the substrate, film thickness, interfacial adhesion, level of
acceptable impurities in the film, surface roughness and electrical conductivity of the
deposited material and the substrate, etc. Moreover, depositing the same material with

different techniques will have different properties.

The Physical Vapor Deposition (PVD) is the most flexible technique that allows one to
deposit a large number of materials, including those with a high melting point, metal alloys
and even dielectrics. PVD is used to classify a group of vacuum-assisted processes for thin-
film deposition. The film growth is influenced by an evaporation film of precursors (mostly
neutral atoms or ions). The latter are produced either by thermalizing (e.g., laser ablation,
electron beam and arc discharge), or produced by ion bombardment-induced sputtering of the
solid-state source material, so-called target. The target atoms are released from the surface by
physical bombardment by energetic ions. These ions can be created from a plasma discharge
maintained directly above the sputtered target (e.g., magnetron sputtering), where the target
serves as the driving cathode, and the substrate holder that faces the target, as well as all the
walls of the surrounding deposition chamber, act as the anode. The target can consist of either
metals, alloys or compounds. In the case of a reactive deposition process, condensation
involves the reaction of the condensing material with a reactive gaseous species (e.g., N2, O,

CHy) in order to create the compound.
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2.1.1 Magnetron sputtering

In sputter coating, the material from the target (cathode) is ejected by ion bombardment (e.g.
Ar ion) and momentum is transferred from the atom ion or cluster towards the substrate

(anode).

The fundamental operations are occurring as a result of a collisional cascade initiated at the
cathode surface by incident energetic projectile particles. These particles are usually gas ions
that are accelerated by the strong electric field of the plasma sheath adjacent to the cathode.
In principle, when two particles collide, one or both particles may change their momentum or
their energy, neutral particles can become ionised, and vice versa. The incident ion first
impacts the cathode surface or near-surface atoms of it and conveys some of its energy to the
surrounding atoms. If this energy is high enough to break the atomic bonds and to dislodge
some of the impacted atoms, one or more of these atoms may be removed from the cathode
surface. Reactive gases can be used regarding their high chemical reaction which occurs on
the exposed cathode surface, where the reactive gas binds with the sputtered material and

forms a compound.

We should consider collisions/ interactions between all these species since the glow discharge
contains electrons, different types of ions, neutral atoms and molecules as well as photons
[9]. These reactions are vital for the formation of the desired coatings. A simplified
magnetron configuration, similar to the one used in this study, can be seen in figure 2.1 with

the most important collisions.
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Fig. 2.1 Schematic drawing of a magnetron-sputtering source in the side view presented the magnetic
field distribution of the magnetron and the possible transport of electrons, the principle of ions
generated in plasma and accelerated towards a target sputter material, which condenses at the

substrates.

The magnetic field in the sputtering system is used to extend the lifetime of the electrons
escaping from the cathode. Consequently, the electrons readily follow the magnetic field lines
where the ions generated are hardly affected by the magnetic field due to their relatively high
mass. Therefore, only electrons can be entrapped in the magnetic field while the ions can
more or less freely move across the magnetic field lines. For instance, the exothermic
reactions of both ions and excited species upon their collisions with the other species
significantly contribute to the chemistry in the discharge and to the reactions on the treated

surfaces/ growing films.

In addition, the applied power (Watt per square centimetre) has a major influence on the ion
density, degree of ionisation species, and ion energies. Hence the applied power has a strong
effect on coating growth and film properties. Further advances in the magnetron sputtering

technique are one of the subjects of this work.
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2.1.2 High-Power Impulse Magnetron Sputtering

In 1999, Kouznetsov et al. introduced a promising technology called high power pulsed
magnetron sputtering (HPPMS) which is known today as HiPIMS [7]. HiIPIMS discharge is a
rapidly developing deposition technique based on high-power unipolar pulses that are applied
to a target at a low duty cycle (ratio of pulse on-time over off-time), usually 0.5 — 5 %. It is
thus possible to stay below the power limit for target overheating while at the same time
achieving high-density plasmas with peak power densities on target in the 0.4 - 10 kW/cm?
range and highly ionised flux of the sputtered material. These ionised atoms have much
higher energies than sputtered atoms in conventional magnetron sputtering and result in very
dense and stable films [8]. Typically, with a voltage value in the range of 500 - 2000 V. The
consequent power densities of HIPIMS can exceed the ones used in dcMS by up to two
orders of magnitude, which generates peak current densities on target of up to 3 - 5 A/lcm?
[9]. Table 2.1 compares some of the operational parameters for HiPIMS to those obtained in
conventional dcMS discharges. The biggest difference between them lies in the power
supply. The power is delivered in pulses to the plasma and is often quenched during the
cycle, hence the need for a power supply that can store the energy and release it in a short
interval for HiIPIMS. Therefore, the principle of operation is rather simple and consists of a
large capacitor to store the energy, a charging circuit to replenish the capacitor in the
discharge time-off and a fast-high current switch. The pulse has a square shape and is 20 -
500 us long, with a low repetition frequency of usually 50 — 5000 Hz. Anders et al. define
HiPIMS from other pulsed magnetron processes as a pulsed magnetron sputtering technique
where the peak power during the pulse exceeds the time-averaged power by typically two
orders of magnitude [10].

Table 2.1 Typical dcMS and HiPIMS selected parameters. Reproduced from [9, 11 & 12]

Parameter dcMS HiPIMS
Discharge voltage (V) 300 - 700 500 - 2000
Maximum power density (KW/cm?) Up to 0.05 04-10
Maximum current density (mA/cm?) 4-60 500 - 5000
Duty cycle (%) 100 05-5
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Electron density (m) 101 — 107 108 — 10%
Electron temperature (eV) 1-5 1-5
lonized density fraction of the sputtered material (%) <1 >50
lon energy (average for metal ions) (eV) 5 20

Recent research in HiPIMS has improved the ability to fabricate highly dense coatings
exhibiting superior material with functional characteristics. Hence HiPIMS has led to a
significantly improved film homogeneity and decreased surface roughness, even for
complex-shaped substrates [13 - 15]. Matej et al. reported that HiIPIMS could provide rich
metal-ion fluxes to the substrate, which enables the discharge operation in a self-sputtering
mode [16]. Self-sputtering mode is considered as a powerful tool for adhesion pre-treatment
for protective coating preparation, due to its ability to clean surfaces and prepare
nanoparticle-free interface, which provides the best conditions for local epitaxial growth over
large surface areas. The high metal ion content in the bombarding flux modifies the interface
to include a metal implantation zone that promotes a strong bond between the substrate and
the subsequently deposited coating [17].

However, the ionisation rate is raised usually under extreme sputtering conditions such as
very high instantaneous power or low pressure. The flux of ionised sputtered particles is
generally considered largely beneficial to the film growth as the ions can significantly
increase the ad-atom mobility on the substrate and help grow films far away from thermal
equilibrium. It also becomes possible to control the metallic ion bombardment by biassing the

substrates, leading to an improvement of the film density and adhesion [18 & 19].

Figure 2.2 shows the discharge voltage and current traces taken from a HiPIMS discharge.
This configuration exhibits a rather rectangular voltage pulse and slow growth of the
discharge current during the pulse. The discharge pulse starts with applying a voltage to the
target. Respecting the target voltage, the discharge current builds up with a well-defined
delay, which is due to the time needed to create ionisation avalanches until the full electrical
breakdown is achieved. The discharge ignition is also accompanied by strongly negative
plasma potentials as well as high axial electric fields, which indicates a strongly expanded
sheath. The evolution of the plasma potential Vp is sensitive to the distance between target-

substrate, the applied pressure and power density [20 & 21]. The ignition stage of the
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HiPIMS discharge is followed by a change of the gas composition in front of the target,
where a rarefaction of the working gas in front of the target during magnetron sputtering is
caused by momentum transfer between the highly-directed sputtered particles and the
working gas atoms [22]. This effect is pronounced due to the enormous discharge current and
high sputtering rates associated. However, if a large fraction of multiply charged ions can be
produced, secondary electron emission can be sustained, the discharge can be operated in a

self-sustained sputtering mode without the presence of working gas [23].
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Fig. 2.2 Schematic drawing of a typical HiPIMS pulse (right) and an example of waveforms traces
from the HiPIMS discharge operated at duty cycle 5.5%, time-on 110 us, time-off 1890 us, peak
power density 0.5 Kw/cm? (left)

A common way to define the strength of the pulse is to define the pulse energy. The pulse
energy can be obtained by measuring the voltage and current (as in figure 2.2 right) and
multiplying the two traces. The result is the discharge power as a function of time. The

integration of this curve then gives the pulse energy.

2.1.3 Comparing coating approaches of HiPIMS and dcMS
techniques

The main advantage of HiPIMS compared to dcMS is the high ionisation rate of sputtered
material even if both discharges are operated at the same average power. Figure 2.3 shows
the different deposition rate for several target materials prepared by dcMS and HiPIMS

coatings using the same conditions.
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Fig. 2.3 Different deposition rate for several target materials prepared by dcMS and HiPIMS coatings
using the same conditions. The deposition rate of HiPIMS over dcMS is plotted as scattered points

(right axis) and dcMS deposition rate is plotted as bars (left axis). Modified from [25]

The flux of ionised (sputtered) particles was found to be beneficial for the film growth.
Moreover, the ionisation of the sputtered flux yields the deposition rate, as the ionised
particles have to overcome the plasma potential barrier towards the substrate. The sputter
yield Y is defined as the mean number of atoms removed from the target surface for each
incident ion. The deposition rate is proportional to the sputtering yield. It is good to have a
maximal sputter yield since this means a higher deposition rate of sputtered material [25 &
26].

Since the movement of the charged species is subject to magnetic fields, the transport of the
ionised fraction of the sputtered material is largely affected by the magnetic field
configuration of the deposition system. In general, the sputter yield depends on the energy of
the incoming projectile ion, the ion incident angle in relation to the target normal, the
bombarding ion mass, and the target material [27]. By modifying the magnetic field between
the target and substrates and thus the trajectory of the incoming ion, deposition rate of

HIiPIMS can be increased [28]. Several studies were conducted to investigate the origin of the
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apparently lower deposition rates and to overcome this disadvantage of depositing films with
HiPIMS. Among these studies an improvement in the deposition rates was noted by using

multiple targets arrangements and co- deposition HiPIMS/dcMS configurations.

Based on such a configuration, it is now possible to superimpose signals or to connect the DC
power supply in parallel with the HIPIMS power supply to multiple targets. The main
advantage of such a parallel combination of dcMS and HiPIMS is a preionization of the
discharge plasma before the HIPIMS pulse ignition [29]. The second advantage is a higher
deposition rate compared to arc evaporation technology. Lately, different hybrid HiPIMS
depositions techniques were applied. For example, integrating the HiPIMS with DC, RF, MF
or pulsed power. This effort is aiming to obtain the specific morphology and microstructure
of the thin film. Greczynski et al. used a hybrid HiPIMS/dcMS configuration to do co-
sputtering from two metal targets, Al and Ti. He reported that the TiAIN coating produced by
Al-HiPIMS/Ti-dcMS has higher hardness and relatively lower compressive stress than the
coating produced by Ti-HiPIMS/AIl-dcMS [30]. Luo et al. reported that the TiN coatings
deposited by hybrid HIPIMS + dcMS are slightly harder with a significant decrease in the
residual compressive stress than TiN coatings deposited by dcMS alone [31]. Holtzer et al.
studied the enhancement of deposition rate yielding to higher flux toward the substrate at
lower pressures as well as the change of NbSi films from columnar structure deposited by
HiPIMS to amorphous deposited by hybrid RF + HiPIMS using dual co-sputtering systems
with one Si target connected to RF and the other Nb target connected to HiPIMS [32].

Hybrid HIiPIMS is not only a conventional process with its power quenched into only a
fraction of ionization time of sputtered particles but it shows a couple of unique features,
including strong rarefaction of the working gas, better stability of deposition process and
suppression of arcing. Furthermore, the magnetron sputtering of the hybrid-HiPIMS systems
can operate at a lower pressure than conventional HiPIMS systems [33 - 35]. The aim of this
new system is to combine several different coating properties in one high-performance
coating system in order to decrease the defect density and to improve the surface roughness
compared to the classic cathodic Arc technology. One disadvantage can be that, by
comparison with the Arc process, magnetron HiPIMS is considered a slow deposition
process. However, newly developed hybrid generators enable the use of a DC power supply
with superimposed HiPIMS pulses. This increases the number of sputtered particles, hence

the deposition rate, while keeping the advantages of this innovative technology. In this study,
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we utilized a co-deposition approach, combining HiPIMS for one target and dcMS for the
other. This process enabled precise control over the concentration of additive elements,

specifically Si and Cr, within the (AITi)N HiPIMS coating by adjusting the applied current of
dcMS.
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2.2 Hard nitride coating system

2.2.1 Ti-Al-N

Since the 1980s (Ti, AI)N system replaced the use of (Ti)N systems for industrial protective
coating of cutting tools. The (Ti)N system belongs to the transition metal nitrides with NaCl-
type B1 structure, which are described as two face-centred cubic (fcc) crystal structures with
one-unit cell shifted half an a-axis towards the other. One (fcc) lattice is occupied by N atoms
and the other by Ti atoms. One main characteristic of the (Ti)N system is that it can
accommodate a large quantity of nitrogen deficiency via nitrogen vacancies in the N lattice
[36], making the (Ti)N system stable over a large compositional range (0.64 <N <41.2) [37].
TiN films exhibit high hardness (31+4 GPa), good thermal conductivity (10 — 12 W/mK),
relatively low friction coefficient against steel ball (0.5 — 0.63), good corrosion resistance and
reasonable coating adhesion [38 - 40]. They show a limitation of oxidation resistance where
the onset of oxidizing is at ~550 °C, forming rutile (TiO2) [41]. On the other hand, (Al)N
system has a hexagonal (wurtzite) structure. This phase does not accommodate any excess
nitrogen or aluminium in thermodynamic equilibrium. Therefore, alloying aluminium to the
(Ti)N system improves the mechanical properties of (Ti, AI)N coatings system at elevated
temperatures compared to poor oxidation resistance of the (Ti)N system. (Ti, AI)N coatings
deposited by PVD, exhibit a hardness of ~30 GPa, low thermal conductivity (4.5 — 5.5
W/mK) and good wear resistance [39, 42 & 43].

Different studies have covered the effects of nitrogen on the growth morphology and
mechanical properties of TiAIN thin film coatings. They reported that decreasing N2 flow rate
for TiixAlxNy films present two phases c-AIN and w-AIN where the Al is (0.52 < x < 0.59)
[44]. The impact of nitrogen vacancies at elevated temperature shows a substantial
improvement of the thermal stability by reducing the nitrogen content for alloys with Al of (x
= 0.48 and 0.60). Alloys with x = 0.28 presented nucleation and growth of Al-Ti clusters
inside the grains and w-AIN formation at grain boundaries and N deficiency from (y = 0.92 to
0.75) [2]. Additionally, they reported that the film deposited at the higher N> flow rates has
denser and finer grained morphology compared with that deposited at lower rate. This
morphological change is very important for the oxidation resistance since oxygen can diffuse
through the column and grain boundaries [45]. A reduction of N in TiAIN increases the

driving force for the formation of a metallic c-AlTi mixture.
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It is worth mentioning that both N and Al concentrations play a significant role in the
mechanical and thermal properties. In addition, the nitrogen partial pressure applied during
the process affects the Al content and the microstructure of the coating. In this thesis, the N
concentration was kept stable at y=1. The impact of varying nitrogen concentration is beyond

the scope of this thesis but should be taken into consideration for future studies.

The mechanical properties and the oxidation resistance increase with higher Al content as
long as a cubic crystal structure can be maintained. Al addition forms a metastable solid
solution c-(TizxAlx)Ny coating obtainable in a wide compositional range of Al metal fraction.
When Al fraction is x < 0.67 and the N to metal ratio is 0.37 <y < 1, the structure is similar
to that of (Ti)N system where two (fcc) sub-lattices are interpenetrated. One (fcc) lattice is
randomly occupied by Ti or Al atoms, and the other by N atoms. This is the miscibility gap of
the quasi-binary isostructural (B1) TiN-AIN phase (Figure 2.4). It has been reported by
several authors that the maximum mixing enthalpy within the spinodal region (x = 0.67) will
tend to phase separate into coherent c-AlN, c-TiN via spinodal decomposition instead of the
thermodynamically stable phases w-AIN and c-TiN. Further increasing Al content yields a
dual-phase (fcc) and hexagonal (hcp) crystal structure. After that, when x = 0.8, the system
will lead to an overall decreased energy. Therefore, no nucleation site is required to initiate
the segregation of TiN and AIN. Also, the structure will change from (fcc) B1 to (hcp) Ba,
which is explained by the electronic structure mismatch between TiN and AIN, stronger in
the Al-rich side [46 & 47]

Spinodal decomposition is a mechanism where an initial phase separates into two phases
without a nucleation barrier. The main advantage of spinodal decomposition is the formation
of nanometre-sized c-AIN and c-TiN domains. The difference in elastic properties and lattice
parameters between the different domains leads to coherency stress and because of this high
micro-stress level, propagation of dislocations is obstructed and results in an increase in
hardness (Koehler-type hardening), resulting in age hardening [2]. In other words, the mixing
enthalpy of c-(TiAI)N is positive and contains a spinodal region, which is an unstable system.
It is therefore expected to transform into a more stable form upon exposure to high
temperatures which is the mechanisms behind the age hardening [48]. According to Zhou et
al. [49], the increase in hardness can be explained because of bonding characteristics. With

the addition of Al the interatomic distance decreases (as compared to the consideration of the
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lattice parameter). This leads to an increasing bulk modulus and consequently to a distinct

increase in hardness [46].

In general, the system is stable if its energy is minimized. If the system in a given
environment has enough time it will eventually transform into its most stable form. The
energy of a system may have several different local minima corresponding to different
phases. The relative energies of different phases will only determine the magnitude of the
forces that may drive a transformation. This energy is named Gibbs free energy. For example,
if the system is not in its global minimum, there is a driving force for lowering the energy and
when the temperature is increased, the atoms have higher kinetic energy and thus have a
higher chance to rearrange into a more stable phase. The most stable phase will always
prevail, but the temperature will control at which rate the decomposition occurs. A phase
transformation describes the change in a system from an initial state to a new one. The
driving force for this is the minimization of the system’s Gibbs free energy. In alloys,
different elements are mixed together, and more than one phase can be stable for the same
condition. Therefore, Gibbs free energy becomes composition, temperature and pressure
dependent [1].

O
(x <0.67)
o
=
1%}
£
e
2
=1
(&)
TiN + @ Al — (Tig_,Alx)N E
Cubicstructure  atom 1x"xITy —= (x=0.67)
(where: y=1)
@ Tiatom .
=]
© Natom §
(x=0.8) Té
L [-T]
g
Q
I

Fig. 2.4. Schematic drawing of the structural development of the TiN system with increasing Al
addition. Modified from [50].

Mohamed Riyad Alhafian
23



State of the art

Mclntyre et al. reported on a thermodynamically metastable system of TiosAlosN coating
before showing a phase separation or precipitation of AIN phase at 1.5 h of annealing at 900
°C [51]. Another author reported on the stability of arc Tio.33Alo.s7N coating for 2 h annealing
at 900 °C [52].

In the HIPIMS coatings, vacancies and dislocations are very high. This yields high hardness
of the coatings in their as-deposited state due to the coating’s non-equilibrium state. When
the temperature is increased, the number of vacancies and dislocations is lowered and the
hardness decreases. This process is referred to as recovery. The recovery is an irreversible
process. As mentioned above, c-AlN is a metastable phase with a small volume mismatch
with ¢-TiN in comparison to w-AIN. A difference in volume of 22.5 % between c-AlIN and

w-AlIN exists [53 & 54].
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2.2.2 Ti-Al-Cr-N

In recent years, attempts to increase the service life of (Ti, AI)N coated cutting tools and to
decrease the cost of production have become a key factor in hard coatings research for
elevated temperatures applications. Some of the approaches are adding a third metal element

like Cr, Si, Y or Ta to the system in order to modify the coating properties [55 - 58.].

Adding Cr to the (Al)N system delays its transformation from fcc into wurtzite phase due to
the fact that the Cr is participating in generating better thermal stability and ageing of the fcc-
AIN phase after the spinodal decomposition. Consequently, Cr improves the oxidation

resistance and the tribological performance of AIN coatings [59].

At the working temperatures of cutting tools (650 - 950 °C), the mechanical properties of the
TiAIN coatings benefit from phase transformation. Due to the unstable nature of the (Ti,
AI)N system, this improvement upon high-temperature exposure is known as age hardening.
In contrast, (Cr,Al)N coatings do not demonstrate the age hardening to the same extent as in
(Ti,Al)N system, which means Cr addition to (Ti,Al)N leads to lower hardness [60 - 62].

Yamamoto et al. found that the (Tix,Cry,Alz)N coatings with (x:y ; 1:2) and (z ~ 0.7) revealed
a drastic change of hardness upon the phase change from hexagonal (B4) to cubic (B1)

structure under approximately 50 V of changing bias [63].

Forsen et al. published that the (Tix, Cry, Aleo)N coatings with (x < 10) should not decompose
spinodally, in contrast to (x > 30). Therefore, going from low to high Ti content (from x < 10
to x > 30 at.%) consorts with the transition of the decomposition process from nucleation and
growth to spinodal decomposition. The homogeneous distribution of Ti atoms in the TiAIN
coating remained the obstructing Al diffusion and thereby slowing down the growth of
wurtzite AIN phase. Because of this, the hardness is retained at higher temperatures

compared to pure (Cr, Al)N contains [64].

Luo et al. reported a decrease in energy when Cr content decreases in the (Tix, Cry, Al;)N
coating. The decrease in energy can be identified as a spinodal region in the mixing enthalpy
of TiCrAlN, e.g. c-TIAICrN coatings can be deposited when the (y+z ~65 at.%) unless the Al
and Cr concentration is increased where h-AIN will form and the hardness decreases. The

hardness is strongly related to dislocation movement. Dislocation movements can be altered
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if nanometre-sized coherent regions with different composition and elastic constants are

formed in the material. Spinodal decomposition is one mechanism to form such regions [65].

In short, (Ti, Cr, AI)N contains two important properties, which originate from two different
coatings, CrAIN and TiAIN, in order to have both oxidation resistance at elevated

temperatures and improved hardness.

Adding Cr to TiAIN affects the diffusion, namely altering the driving force for spinodal
decomposition and its Kkinetics. The migration mechanism during the decomposition is
substitutional, and the diffusion mechanism is on the metal sub-lattice. The presence of Cr
obstructs the segregation of Ti and Al because of its relatively favourable miscibility and

large atomic size [66].

In the (Ti, Al, Cr)N system, the most immiscible component is c-AIN with the largest gap
versus c-TiN. The system becomes more stable with increasing Cr content because the
ternary c-TiCrN is less stable for all compositions, while the binary c-TiN, c-CrN and c-AIN
are the most stable components in the system. Therefore, there is a driving force for the
transformation of c-AlN into its stable form h-AIN, as well as for the transformation of c-CrN
into one of two stable forms hexagonal B-CraN or bce-Cr, which appear at high temperatures
[65].

The different lattice parameters of binary c-TiN, c-CrN and c-AIN components lead to
increased strain energy which is associated with the coherent segregation of the elements
during the spinodal decomposition of c-AlTiCrN. This strain energy increases the force
required for a dislocation to pass the domains with different compositions. Therefore, the
movement of the dislocations is obstructed, and the material becomes harder. The hardening
effect is stable as long as the domains remain coherent. When the domain size is increasing,
the strain becomes too large during the coarsening and above some critical size, misfit
dislocations are introduced hence reducing the strain. The material is then over-aged and

results in a lower hardness [67 - 69].
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2.2.3 Ti-Al-Cr-Si-N

The influence of doping elements is a very important factor in tailoring the properties of
TiAIN-based coatings. It has been found that the addition of Cr or/and Si can improve both

thermal stability and mechanical properties of the quaternary nitride coating.

Linging He et al. published that the doping of Si into (CrAlI)N system positively affects the
thermal properties and demotes mechanical properties as a result of forming a wurtzite AIN
phase [70]. Siwawut et al. tested the cutting performance and mechanical properties of
TiAISIN and CrTiAISIN coatings deposited by Arc on WC substrate in the dry milling of cast
iron using 140-300 m/min cutting speed. TiAISIN shows the highest hardness (21 GPa) and
Young's modulus value compared to CrTiAISIN [71]. Kulkarni et al. studied the cutting
forces of AITIN, AITICrN coated cutting tools in dry turning of stainless steel using 140-320
m/min cutting speed. The AITICrN coating exhibited the lowest cutting force values and

smoothest surface compared to AITIN [72].

Chowdhury et al. reported the mechanical properties of TIAICrSIYN/TIAICrN multilayered
coating for different layer thicknesses. They conclude that the hardness is in good relation
with the layer thickness and the best hardness is for the thinner interlayer thickness of 300 nm
[73]. Zhang et al. did a comparison study between AITiN monolayered and AITiN/AICrSIN
nano multilayered coating. They conclude that the coating with multilayered 8.3 nm thickness
has the best hardness and Young's modulus 37.5 GPa and 486.9 GPa, respectively [74].

Kim et al. studied a multilayered structure of TiCrAISiN deposited on steel using a cathodic
arc deposition method at a bias voltage of —200 V and pressure of 4 Pa. These coatings
showed good mechanical properties with super hardness (~43 GPa) and Young's modulus
~560 (GPa) [75].

Table 2.1 summarises the best mechanical properties of different development regarding
monolayered, multilayered and nanolayered TiAIN-based coatings reported by different

research groups.
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Table 2.1. The hardness, Young's modulus and, H® /E? factor values for different TiAIN-based

coatings

Hardness | Young's modulus H3 /E2

Coating (GPa) (GPa) (GPa)
monolayer-TiAIN [76 - 78] 29.2-34.9 482 - 511 0.10-0.16
monolayer-AlITiN [79] 20.0-24.3 337 - 358 0.07-0.11
monolayer-TiAISIN [71] 25.2-29.8 266 - 289 0.22-0.31
monolayer-CrTiAISIiN [71] 24.0-27.1 200 - 275 0.34-0.26
multilayer- TiAISiN [80] 32.2-375 400 - 415 0.20-0.30
multilayer-TiAIN [81 & 82] 29.0-37.1 370 - 462 0.17-0.23
multilayer- TiAIN/CrN [83 & 84] 37.0-411 420 - 475 0.28 - 0.30
nanomultilayer- TiSiN/TiAIN [85] 33.0-39.0 550 - 570 0.11-0.18
nanomultilayer- AITiN/AICrSiN [74] | 31.0-38.5 410 - 450 0.17-0.28

The research trends for TiAIN-based coatings are intensively focused on the development of
novel nanocomposite and/or nano-layered coating to improve the coating properties.
Therefore, a high number of papers have been published on this topic, rather than focusing on
the alloy of monolayered coating alone. The (Ti, Al, Cr, Si)N system shows promising results
in terms of mechanical properties and thermal stability however, the amount of research made
on them is still quite sparse. Therefore in this thesis, we gave this quinary monolayered

coating high attention.
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2.3 Hard nitride coating system at high temperature

2.3.1Ti-Al-N

At high temperatures, atoms diffusion is one of the fundamental mechanisms of phase
transformation that occurs via thermal activation. Diffusion is based on the Brownian motion
of particles e.g. the movement of atoms, and it is induced by a gradient of the chemical
potential of the components. Generally, two types of diffusion can appear, downhill where
the atoms move to eliminate concentration gradients, and uphill where the movement is
towards the high concentration regions [86]. At high temperatures, understanding the
oxidation mechanism of the coating is related to understanding the outward diffusion of metal
atoms and inward diffusion of O.. e.g. the study of oxidation mechanism at ~500 °C for TiN
coating shows a rutile TiO2, which has been proved with spallation of the oxide layer due to
the difference in molar volume. The diffusion of O through TiO: is the main mechanism of
oxide growth.

Under specific circumstances, e.g. coated cutting tools exposed to elevated temperatures
during metal machining operations, spinodal decomposition can take place. The formation of
c-AlN is energetically favourable as an intermediate step during the phase transformation of
c-(Ti, AN into the stable phases c-TiN and w-AlIN following two-phase transformation path
[87].

Therefore, Al-rich TiAIN coatings are widely used for high temperature applications. It is
known that annealing of TiAIN coatings at atmospheric pressure in flowing Ar in order to
avoid oxidation can be the result of age hardness improvements at ~ 900 °C. Further
annealing of TiAIN coatings at ~1100 °C leads to coarsening of the domains, the formation of
w-AlIN, and degradation of mechanical properties, especially hardness. The hardness
decreases because of the segregation of the Ti and Al atoms, while maintaining one single

crystal structure.
C-TiAIN — c-TiN + c-AIN — c-TiN + w-AIN
As deposited — ~900 °C — ~1100 °C

At above 700 °C, the initial oxidation reaction path for medium to high Al content was found

to be similar for all alloys with the formation of a bi-layered oxide scale with a dense
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protective Al,Oz outer-layer formed, which is responsible for the good oxidation resistance
followed with porous TiOz sub-layer [88]. The oxide layer at the surface acts as a barrier for
the oxygen atoms to diffusion further into the coating and thus improving its thermal stability
[89]. Furthermore, it exhibits low thermal conductivity and prevents direct contact of the

coating and the wearing material. Therefore, the Al.Oz layer also reduces adhesive wear [90].

At high temperatures of ~950 °C, spinodal decomposition occurs very fast and the onset of
the coarsening process begins almost instantaneously. During the coarsening process, the
energy is reduced by lowering the surface to volume ratio of the c-AIN and c-TiN domains.
When the domain interface becomes small in comparison to the domain size, the coherency
stress is relaxed by the formation of dislocations. This is accompanied by a transformation of
the c-AIN into the more stable w-AIN phase. These events lead to a dramatic decrease in
hardness [91]. However, following those treatments with a longer oxidation duration at
temperatures above 950 °C, the protecting Al.Oz layer is not existent anymore and the
coating will be fully oxidized forming a brittle outer-layer of rutile TiO2. This is due to the
fast Ti ion diffusion to the surface that affects the performance of the protecting Al oxide
layer [92].
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2.3.2 Ti-Al-Cr-N

Many investigations have shown that Cr addition to TiAIN coating exhibits an improvement

of oxidation resistance.

Forsén et al. published that (Ti, Cr, AI)N system with (Cr > 17 at.%) after annealing shows a
lower driving force, extends the time duration of the spinodal decomposition and delays the
coarsening process [93]. The coarsening process is driven by the minimization of the gradient
energy which is rate controlled by the diffusion. It means that due to the smaller c-TiCrN and
c-AIN domain sizes in the c-TiCrAIN coatings the diffusion is expected to be obstructed,
resulting in a slower coarsening rate. The coherency is maintained up to higher temperatures
suppressing the transformation of c-AlIN to h-AIN. The decomposition route can be expressed

according to the following equation [1].
C-TiAICtN — ¢-TiCrN + ¢-CrAIN — c-TiCrN + c-(Cr)AIN + h-AIN — ¢-TiCrN + h-AIN
as-deposited — ~900 °C  — ~1000 °C — ~1100 °C

According to oxidation resistance studies of TiCrAIN coatings at low temperatures, the
oxidation reactions occur at a significantly slower rate than it for TiAIN due to the presence
of chromium, and the activation energies are generally large; hence, a protective layer of
chromium and aluminium oxide was formed at the coating surface preventing diffusion of
oxygen deeper into the coating. Crystalline or amorphous a-(CrAl)203 is known to be a good
oxygen diffusion barrier [94].

For elevated temperatures, the oxidation process deteriorates the metallic properties in a
much shorter time and the activation energies are low. Oxides remain at surfaces of metals
and form a continuous oxide layer. If CrTiAIN coating was Al-rich, a protective Al.O3 layer
were formed. This oxide barrier that separates the reactants and thereby delays the transport
of the reactants through it. On the other side, Ti-rich TiCrAIN coatings negatively affected
the oxidation process caused by the promotion of porous TiO: surface layer against a more
protective Al.Oz [95 - 98].

However, with a lower heating rate providing more time for inward diffusion of oxygen, it

becomes clear that the oxidation resistance is worsened with increasing Ti content. The
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reason behind this can be explained by the fact that the a-(CrAl)203 is suppressed against
TiO2 [99].

In summary, the thermal stability, oxidation resistance and mechanical stability depend on the
content of Cr/Al and Ti ratio in (Ti, Al, Cr)N system. Improved thermal stability and the
retained hardness above 1000 °C can be explained by an intermediate metastable c-AICrN
and c-TiCrN. These two intermediate ternary phases are formed in the decomposition route of
the annealed coatings prior to the final stage. In the end, both h-AIN and c-TiCrN phases are
formed [60 - 63 & 100 - 104]. The oxidation evolution of (Ti, Al, Cr)N system at 950 °C is

addressed in detail in this thesis (see paper II).
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2.3.3 Ti-Al-Cr-Si-N

Si is an important element that significantly improves the mechanical properties, thermal
stability and oxidation resistance of hard-based nitride coatings. For example, the (Ti, Al,
Si)N system has a better microhardness in comparison to the (Ti, AI)N system. Improving
microhardness is a result of decreasing the crystallite size by doping Si in the AITIN matrix
[105]. Also, presenting the SisNs phase of (Ti, Al, Si)N gets converted to SiO> phase at
elevated temperature which ultimately causes an effective increase in the thermal stability of
the coating. The development of oxidation produced during the sliding process at different

temperatures is summarised in the following equation [106].

c- TiAISIN — Al;,O3 + Si0; — Al;O3 + SiO2 + TiO rutile
as-deposited - ~600°C —  ~800 °C

Recently, the (Al, Cr)N system with Si doping has been focused on by several research
groups due to their high hardness and high temperature oxidation resistance. AICrSiN coating
showed an onset temperature of oxidation of 1100 °C, and the oxidation rate was determined

to be very slow, consisting the oxide growth of AlCr.0O3 and SiO; [107].

Chang, Yin-Yu, et al. have investigated the oxidation resistance of CrAISiN coatings with a
low content of Si (3 at.%) at 800 °C in air for 2h [108]. They revealed that the diffusion of
oxygen displaced the metal elements and nitrogen. Therefore, a very thin mixed oxide layer
near the surface at the initial oxidation stage was formed. This mixed layer includes Cr20s,
Al>O3z, and SiO». After this thin mixed oxide layer was formed, oxygen continued to diffuse
inwardly through this oxide layer to reach the coating/oxide interface. During the oxidation
process, nitrogen was released into the environment through the diffusion path through the
mixed oxide layer. The formation of both SiO, and Al.O3 that originated from the silicon
nitride inhibited not only further oxygen diffusion into the coating but also outward diffusion

of Cr resulting in an improvement of the coating oxidation resistance.

The same research group studied the oxidation resistance of Cro.4oTio.22Al0.36Si0.02N with
columnar microstructure after annealing at 900 °C in air for 2h. The result is Ti, Cr, and Al
oxides formed throughout the 0.2 um-thick oxide layer [109]. During the oxidation process,

N diffuses significantly faster than the metal atom [110], therefore N was released and did not
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remain bound or trapped in the oxide layer. In contrast, Ti, Cr, and Al diffused outward and

oxygen diffused inward to form rod-like surface oxides.

However, Gibbs free energies (AG®) for Al.O3, Cr203, TiO2 and SiO: at this temperature
were —1336, —845, =753 and —725 kJ/mol, respectively. That explained preferential growth
of Al2Os layer. Interestingly, TiO2 has a coefficient of thermal expansion of 10.5x10—6/K,
which is larger than that of Al2O3 (8.4x10—6/K) and Cr203 (7x10—6/K). Hence, Ti diffused
faster than Al and Cr towards the surface through the column boundaries and cracks of the
Al>03-Cr,03 mixed layer to react with oxygen and formed TiO, oxides on the top surface
[111].

The growth stress during oxidation and the thermal stress caused by different thermal
expansion coefficients between the film and oxides prevented the formation of perfect oxide
scales and lead to cracks in the mixed oxide layer.

However, the oxidation behavior of the monolayered TiCrAlSiN coatings have not yet been
adequately studied to date. Therefore, the purpose of this thesis is to investigate its oxidation

behavior at high temperature (see paper I11).
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3 Experimental procedure

3.1. Targets

In sputter deposition, there are different possibilities to achieve multi-component thin films.
The first is to use different pure element targets, the second is to use compound targets. The
third method is both at the same time, which means a co-deposition system. Alloy targets can
be made by various processing techniques such as casting and powder metallurgical
techniques [64]. To achieve different compositions of coatings during this thesis, targets with
different metal ratios (Ti:Al) were selected. Ratios selected were 50:50, 45:55 and 40:60 with
one or two deposition techniques. A schematic drawing of the coating chamber is presented
in Fig. 3.1. Different target compositions were also used e.g. Ti1o0%, Crioom, Sige.9990%. Hence,
different compositions of the targets will also influence the deposition parameters such as ion

charge distributions and surface mobility.

Rectangular and circular targets produced by powder metallurgical (PM) techniques were
used to control the architecture and alloys of the coatings. The deposition configuration
consists of three circular targets (@ 101.6x6.35 mm) mounted next to each other, or two
rectangular targets (400x125x8 mm) mounted facing at each other in the vacuum chamber.

A rotating substrate holder can move to be faced by the different targets.

Circulartargets
Ct1, Cpand Cig

Rectangulartarget ,

RiaandR,,

Substrates holder

Fig. 3.1 Schematic drawing of the experimental vacuum chamber and both systems of
rectangular/circular targets.
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3.2. Substrates

The substrates coated within the present work were conventional cemented tungsten carbide
(WC-Co) plane disc and mirror-polished silicon wafers (Si) with (100 £0.5°) orientation and
P-boron type of doping. The coated silicon samples were used to determine the morphology
and the thickness of the coating, while for all other investigations the coated WC-Co
substrates were used.

Generally, the hexagonal close-packed (hcp) tungsten mono-carbide (WC) and metals like
(Fe, Ni, Co) are sintered in the presence of liquid phase later on to produce a solid dense body
(Figure 3.2), [112]. In this study, mixture powder of (WC-9%Co) and other elements like
((Ti, Ta, Nb) C) are mainly used to produce high-performance coated cutting tools, with
14.55 glcm® density for submicron grain average. Table 3.1. presents the main mechanical
properties and thermal conductivity for WC-Co that have shown an excellent hot hardness
and wear resistance due to its chemical composition. These substrate properties can be
optimised depending on the application. For example, toughness and hardness can be
adjusted to different machining needs, hence defining the correct percentages of stainless

steels or cast iron in the mixture powder is needed for the final product [113].

Hard particles

& Binding phase
(Ti, Ta, Nb) C

10 micron

Fig. 3.2 Cemented tungsten carbide composite microstructure and schematic drawing of the binding
phase between the hard material particles. Modified from [114]
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In summary, most properties of cemented carbides can be described in a good way by relating
them to the excellent weight percent of both Co and WC grain size in the composite.
Moreover, adjusting the binder content and average WC grain size is an important factor for
the unique properties of the WC-Co system [115 - 117].

Table 3.1 Typical values of selected physical and mechanical properties of cemented tungsten carbide

Average grain Submicron
Density (I1SO 3369) (g9/cm?d) 14.55
Hardness (ISO 3878) (HV10) 1610
Compressive strength (MPa) 6600
Young’s modulus (GPa) 590
Fracture toughness (SEVNB) (MPa.m'?) 11
Thermal conductivity (WmK?) 90

3.3. Coating deposition

All the coatings deposited in this study have been fabricated using a semi-industrial PVD
coating machine designed and assembled at the Luxembourg Institute of Science and
Technology (LIST). This machine can connect to the HiPIMS, dcMS or Hybrid HiPIMS
power supply (Figure 3.3). Prior to deposition, all substrates were ultrasonically cleaned in
ethanol for five minutes each. Then they were mounted on the substrate holder. Before
deposition in the reactor, a dry primary pump and a turbo pump were used in order to have
the cleanest atmosphere (best vacuum) possible and avoid contamination and to reach the
process pressure. During the deposition, the Papillon valve was used to control the working
pressure. A flowmeter was used to regulate and supply the reactor with the process gas
atmosphere of Ar and N> at a fixed total gas pressure. Three microwave antennas provided by
HEF group are present in the reactor and used for the etching and cleaning process, where the
substrates were cleaned through a heating step and subsequently by Ar* ion etching. There,
the substrate is bombarded by the Ar* ions from the ignited plasma, where the substrate
carousel acts as the cathode by a negative bias polarisation. After substrate ion etching, the

actual deposition process was started.
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Several parts of the reactor connect to the cooling system. A heating system connected to the
substrate and the chamber, and regulated by two PID controllers, allows us to deposit from
room temperature to 550 °C. Three power supplies were plugged to cathodes and the
substrate holder to generate different plasma-power and apply different biases, which leads to
control the Kinetic energy of the ions arriving at the substrate in order to change the

microstructure of the thin film.

The sources for depositions in the PVD2 are three circular cathodes with diameter of four
inches installed on the backside of the reactor, and two 500 cm? rectangular cathodes placed
equally on the left and right sides of the reactor’s walls (refer to figure 3.1). LabVIEW

software was used to control the parameters of all previously discussed parts.

HiPIMS generator
dcMS and bias generator

Control system

4. Reactor

4.1 Heating and Rotation system for the substrate holder
Rectangular target: Ri;and Ry,

Circular targets: Gy, Gpand Cig

Microwave antennas: MW,, MW,and MW,

5. Heating system

wurd =

Fig. 3.3 Picture of the PVD sputtering device at LIST and schematic illustration of the reactor
particles and the deposition system used to synthesize the films.
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4 Characterization methodology

This chapter introduces the experimental methods for determining the elemental composition,
plasma monitoring and the techniques that has been applied for characterizing the deposited
films or the process of deposition. The characterization of thin films is an essential task
combining the material, the limited dimensions of the film and pre-requirements of the
characterization technique, e.g. the amount of material available for analysis, the substrate
used, the sample preparation, structural analysis and the difficulty of quantitative chemical

analysis.

Therefore, it is important to specify characterization techniques and to choose the appropriate
combinations to cover different scales and information about the coated films. The techniques
used during this study are presented below with a description of the setup and parameters
used. The focus was on microstructure and hardness characterization of as-deposited and on

oxidation characterization of as-annealed thin films.

4.1 Process characterization by optical emission spectroscopy

Optical emission spectroscopy (OES) is a reliable technique suitable for analysis and
monitoring of physical and chemical processes of the plasma-induced emission, i.e. the
energy levels and their difference which are characteristic for each species present in the
plasma. OES allows fast and easy qualitative discharge monitoring, which can be performed
in both times- and space-resolved mode. It is mostly used for the identification or
quantification of various gas-phase species present in the plasma, based on the detection of
the radiation originating from the de-excitation transitions of bound electrons in ions, atoms
or molecules, each electron transition between the higher-lying and lower-lying energy levels

results in emitting photons of a characteristic wavelength.

The interpretation of the quantitative information by OES can be difficult because of the
indirect relation between the excited species’ concentration and the detected radiation
intensity. Moreover, the observed bands are composed of a large number of emission peaks
or lines which originate from numerous electronic transitions in between various vibrational
and rotational energy levels that are superimposed to the molecular electronic states.
However, the emitted photon has a well-defined energy (wavelength) that is equivalent to the

energy difference of the higher-lying and lower-lying energy level of the excited electron. A
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large number of such emitted photons can be detected as emission lines or peaks, thus can be
used to define the radiating species by comparing the experimentally obtained spectral bands

with the tabulated values in the reference list.

OES can observe wavelengths typically range between 200 nm and 1000 nm. The
experimental setup consists of a SpectraPro 2750 spectrometer (Pl Acton), which diffracts the
light coupled into it and a detector that measures the intensity of the light and the wavelength,
using an optical resolution of 0.35 nm for qualitative analysis of the ion and excited neutral
densities in the HIiPIMS and dcMS plasma at the different working pressures, (More details
will be given in Appendix chapter 9.1). Spectra were collected from emissions from the entire
region in front of the target; the measured intensity provides information on the density of the

particles in the excited state, as schematically shown in figure 4.1.

Optical fiber

Substrate
holder

|
'
l

Fig. 4.1. Experimental set-up for OES spectrum, the optic fiber is between the target and substrate
holder d;=d>=TSD/2, where (TSD) is target substrate distance.
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4.2 Scanning electron microscopy and x-ray emission spectroscopy

It is known that the smallest distance that can be resolved is proportional to the wavelength of
the radiation. Therefore, the resolution of light optical microscopes is limited by the
wavelength of visible light radiation (~400 - 700 nm) [118]. When electrons are accelerated
to (200 kV) the wavelength of the electron radiation is (~102 nm), which achieves an
improvement of around five orders of magnitude compared to a light optical microscope.
Wavelength and the volume's size where significant interaction occurs are the main

resolution criteria. The variants of different microscopes are presented in figure 4.2.

10 um

1T um

Ion

100 nm

10 nm#§

Depth resolut

1 nm

SIMS

100 pm — v
100 pm 1 nm 10nm 100 nm 1 um 10 um
Lateral resolution

1

Fig. 4.2 Overview of typical key materials characterization techniques and its resolution, reproduced
from [119]

SEM is one of the popular techniques for characterizing thin film surface, where the
specimen is scanned by a focused electron beam of highly energetic electrons usually varied
between a few and several tens of keV and created by an electron gun. A system of
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electromagnetic lenses is used to focus the electron beam on the specimens, which can
achieve an image with nanometre resolution. The electrons bombarding the specimen are
partly recoiled and partly absorbed within the subsurface region; this will generate
backscattered electrons, x-ray photons and secondary electrons (SE). The emission of SE is
necessary to carry the topographic information of the surface, where the contrasts in the SEM

images are due to shadowing effects.

In addition, the emitted backscattered and x-ray photons carry information about the
composition of the surface elements. Each element has a unique atomic structure allowing a
unique set of peaks on its X-ray emission spectrum. It is collected by the respective energy-
dispersive detector positioned in the sample vicinity, hence can be used to perform chemical

analysis with capabilities to detect the elements present in concentrations > 1% by mass.

Hitachi SU-70 field-emission scanning electron microscope (FE-SEM) equipped with an
Oxford XMaxN 20 mm? energy-dispersive X-ray emission spectrometer (EDS) (with an error
of 1.0 at.%) was used to determine the elemental composition, the morphology and the

microstructure of the coatings, the thickness and the surface of the films.

The as-deposited and oxidized coatings on Si wafer substrates were used for SEM cross-
section observations. This was done to determine the coating growth morphology, oxide

structure, coating/oxide thickness, and grain size.

In the case of the coating on the WC substrate, SEM was used for surface morphology
imaging and inspection of topography, defects, and particles. Furthermore, it was used to
inspect the wear track and identify damages such as cohesive fracture and coating

delamination.

4.3 X-ray diffraction

X-ray diffraction (XRD) is a sensitive non-destructive characterization technique commonly
applied for a deduction of the atomic distribution within the studied material, from which the
crystalline structure, the lattice spacing, and the residual stress level can be determined. Thus,

the analysis of the obtained diffraction pattern can be used to determine the composition,
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physical properties and phase analyses. Furthermore, it is possible to estimate e.g. the

crystallite (grain) size, the lattice strain and the coating preferred orientation (texture).

Evaluation of the coating's stress has crucial importance for the coating stability and for its
adhesion to the underlying substrate since the internal stress is a sum of the thermally induced
stress due to the difference in thermal expansion coefficients between the substrate and the
film, and of the intrinsic microstructural stress originating in growth defects. The phase
transformation, recrystallization or other processes at elevated temperatures may also induce
stress. The principle of XRD is correlated to Bragg's law, focusing the light in the X-ray
wavelength region is (~10-0.1 nm) [118].

The incident radiation into the sample will be backscattered spherically in all directions by
the sample atoms. If the atoms are arranged in a periodic fashion, as in a crystalline lattice,
the diffracted X-rays will generate sharp interference maxima, which reflect the symmetry of
the lattice atoms. If there is some kind of periodicity among the atoms in the sample, the
scattered radiation will interfere constructively in some directions. The constructive
interference can be measured by focusing the scattered light on an X-ray detector.
Constructive interference will occur when the path length difference between scattered light
from different interatomic planes corresponds to a multiple of the wavelength of the x-ray

source.

When applying this technique, the lattice parameter or the interatomic distances in the sample
can be extracted since the wavelength and the geometry are known variables. By measuring
the distance between the atoms in a sample the crystal structure and the phases present in the

sample can be determined.

In the present work, all coatings were analysed at room temperature either as-deposited or
after annealing using Bruker D8 Discover diffractometer in parallel beam configuration using
a Cu Ko radiation with a power of 1600 W 40 kV; 40 mA. The residual stress measurements
were performed on the 422 diffraction peak using the classical single {hkl} sin?¢ method.
The elastic constants used to convert the strain measurements to stress are Young’s modulus
and Poisson's ratio where E = 450 GPa and v = 0.177. Pole figure measurements were
performed in the main reflections 111, 200 and 220 of the structure of the coating with a
resolution of five degrees for v and ¢. Both of Bragg-Brentano as well as in grazing

incidence configuration were used. In Bragg-Brentano, a range of the incident angle 6 was
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selected. The sample was irradiated with an X-ray incident at an angle 0 to the surface of the
sample and the diffracted beam intensity is detected at an angle 20 with respect to the
incident beam. In grazing incidence mode, the incident angle 6 was adjusted to a constant
small value and only the diffraction angle 20 passes through the selected angle range. Thus,

only information about the near-surface area is provided.

4.4  Transmission electron microscopy

Nowadays, the most advanced transmission electron microscopes can achieve Angstrom-
level resolution. Transmission electron microscopy (TEM) is a microscope that operates on a
different principle from SEM. In TEM, a focused electron beam interacts with the sample.
During the interaction of the electrons with the sample, there is a transmission, absorption,
reflection and scattering, which are the contrast mechanisms of different TEM patterns'
results. The magnification range in SEM is typically around 10 to 500 times, while in TEM, it
is higher, ranging from 2000 to 1 million times. Additionally, the resolution range in SEM is
approximately between 4 and 0.5 nm, whereas in TEM, it reaches higher resolution levels,
typically between 0.2 and 0.1 nm. Therefore, the SEM is designed to examine material
surfaces whereas TEM is designed to examine the internal structure of the sample. In
scanning mode, TEM is sometimes called STEM [120]. Since the mean free path of electrons
in solid materials is very short, the thicker the sample, the longer the electron path and the
projected image generated. The electrons transmitted through the material will contain
information from any overlapping features. The sample has to be thin enough to allow
transmission of electrons and to provide structural information, where the maximum
thickness is 200 um. Sample preparation is not trivial. Good preparation is essential to benefit

from the high theoretical resolution that the microscope may have [119].

In this study, different TEM patterns are used to get information about the samples
microstructure and crystal structure, e.g. bright-field imaging, dark-field imaging, high
resolution transmission electron microscopy, lattice imaging, selected area diffraction, the X-

ray spectroscopy or electron energy loss spectroscopy [121].

TEM imaging was performed in a JEOL JEM 2011 at an acceleration voltage of 200 kV.
Scanning TEM (STEM) analysis was carried out using JEM - ARM 200F Cold FEG
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TEM/STEM (JEOL) operating at 200 kV and equipped with a spherical aberration (Cs) probe
and image. The point resolution was 0.12 nm in TEM mode and 0.078 nm in STEM mode.
TEM samples were produced by Focused lon Beam (FIB) technique: Helios Nanolab 600
dual beam focused ion beam instrument. The lift-out technique was used, and the thinning of
the sample was done starting with 30 KV and successive steps reducing the ion current down
to 50 nA. The final cleaning step was done with 5 kV and 16 nA to minimize possible

artefacts.

4.5 Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) is a widely employed solid materials
characterization technique for surface chemical analysis. As the name implies, in this
technique the sample is bombarded in vacuum by a high energetic primary ion beam, usually
Ar*, Ga* or Cs*. This bombardment causes sputtering of the surface and ejections of small
particles which can be electrons, neutral species (atoms or molecules), or atomic and cluster
ions. Following the bombardment, the emission of secondary ions of a metal surface are
subsequently accelerated towards a mass spectrometer. The secondary ions provide
information on the elemental, molecular, and isotopic composition of a material’s surface.
Therefore, they are separated according to their mass-to-charge ratio and counted. The
measured secondary ions number is converted to concentrations and compared with known
standards [126].

The weaknesses of SIMS are that the method is destructive to the surface and analysis can be
complex because the measured signal represents fragments of the film and the mass of these

fragments often changes with the energy of the sputtering ions.

The SIMS measurements carried out in this thesis concern the different oxide layers formed
on the surface of the thin film coatings after different oxidation processes. For that, a
different type of analysis called chemical depth profile was obtained by SIMS in a CAMECA
SC-Ultra under a low energy Cs* bombardment (1 keV), 40 nA/ 20 nA. The size of the
analysed area was limited to a diameter of 8 pm centred in a (150x150) um? scanned area.

The different elements of interest were measured as MCsx* (M = Al, Ti, Cr, Si, O or N and
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x=1 or 2) cluster ions. The analysis of oxidized samples was assisted with an electron gun for

charge compensation.

Depth profiling can be useful in determining stratification of coatings or diffusion of atoms
into a part underneath a surface and can be achieved by profilometer to evaluate the sputter-

depth after the SIMS measurement.

4.6 Atom probe tomography

APT is a powerful material analysis technique that gives chemical composition and spatial
information with a near-atomic scale (around 0.04 nm resolution in depth and 0.2 - 0.5 nm
laterally). [122 & 123] APT offers both a 3D imaging and composition measurements at the

near-atomic resolution.

The working principle of APT is as follows: First, the solid material to be studied was
prepared in the shape of the needle with an end radius between 50 -100 nm. Then the needle
was subject to ultrahigh vacuum 10! mbar at cryogenic temperatures (> 15 K) to hold the
atoms in their place. Second, the needle was biased at a high voltage between 1-15 kV. As a
result, the sharpness of the tip and the high voltage induced an electrostatic field at 10 - 15
V/nm. Third, through a laser or high voltage pulse applied to the specimen, the atoms at the
surface of the tip are ionized; hence, the ion at the time is removed from the surface by field
evaporation and accelerates toward a 2D position sensitive time of flight detector. Finally,
that allows to simultaneously measure the X, Y, Z position of the ion impact and the atom
time of flight. These two pieces of information with specialised software based on an
algorithm protocol allowe to create a 3D reconstruction of the sample with up to 80%

detection efficiency [124]. The experimental setup for APT is shown in figure 4.3.
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Fig. 4.3 Experimental setup for local electrode atom probe tomography with a 2D detector.

APT samples in this thesis were prepared in a dual-beam focused ion beam/scanning electron
microscopy workstation (FIB/SEM) Helios NanoLab 600™ (FEI), following the standard
lift-out preparation detailed in [125]. A final cleaning step at 2kV was performed to minimize
Ga damage during the thinning of the specimens. The APT measurements were performed
using a LEAP™ 3000XR (CAMECA) in laser pulsed mode at a repetition rate of 200 kHz, a
laser pulse energies of 0.5 — 0.7 nJ, a pressure lower than 133 x 1072 mbar, and at cryostat
temperature of about 50- 60 K. The evaporation rate of the specimen was 5 atoms per 1000
pulses. Data reconstruction was carried out with the software package IVAS™ (version
3.6.14, Cameca) using voltage mode with an evaporation field of 35 V/nm, k-factor (kf) of 4

and image compression factor of 1.5.

4.7 Profilometer:

KLA Tencor P-6 surface profilometer was used to do high-resolution 2D and 3D analysis of
the surface roughness and topography. The P-6 is equipped with a 2 pum radii tip for the
measurement application. All the analyses were averaged over two runs by setting the multi-
scan average option to two. Profilometry setting in most of the cases was with a scan speed of
(10 -20) um/sec, sampling rate of (100/200) Hz, applied stylus force 2 mg, vertical
range/resolution of 13 um/0.078 A and Lateral resolution: 0.025um (2D), 0.5um (3D). A
picture of a KLA Tencor P-6 profilometer is shown in figure 4.4.
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Fig. 4.4 KLA Tencor P6 with dongle and computer representation. Modified from [130].

4.8 Nanoindentation

The wide applications of hard coatings require a better understanding and controlling of their
surface mechanical properties. Hardness is one of these properties that is defined as the
resistance of a material against plastic deformation caused by the penetration of harder
material. It is based on the measurement of the vertical position of the indenting stylus during
its displacement into and from the examined sample, caused by the variable load applied
upon [127]. Using nanoindentation tests allows evaluating the hardness (H) and Young's
modulus (E) of thin film coatings. To achieve accurate results, it is important to calibrate the
nanoindentation apparatus before each experiment. Furthermore, the size of the indenter, as
well as its penetration depth has a precisely defined geometry (i.e., the stylus is not worn by
excessive use) [128]. Due to surface roughness, it is important to avoid the surface
topography effects (i.e. the areas containing the macroparticles). These residues
(macroparticles) from the deposition process impose defects in the lattice and will affect the
mechanical properties in their vicinity. Therefore, the proper use and interpretation of the

depth-sensing nanoindentation analysis requires particular caution and expertise.
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In this study, all hardness measurements of thin films coatings on WC-Co substrates were
performed with an Anton Paar — CSM Nanoindentation tester NHT3 using a Berkovich
diamond tip which indents into the film while continuously observing the load. The tip has a
known contact area versus its penetration depth. The tip leaves a plastic deformation not
deeper than 10% of the coating thickness, therefore we assumed that the deformation is
independent of the substrate and the hardness of the coating determined as the force divided
by the cross-sectional area of the tip, where the load-displacement curve was generated
during the indentation. The samples, i.e. as-deposited coatings, were prepared by
mechanically grinding and polishing leading to the removal of a thickness of (0.2-0.3 um).
The indentation sites are then carefully chosen using an optical microscope to avoid the
micrometre-sized particles. The average hardness values were obtained using the Oliver and
Pharr method [129], average hardness *1 standard deviation was extracted from
approximately 20 indents on each sample with the removal of maximum 4-7 test points using
a maximum load of F=30 mN, leading to a penetration depth of about 0,2-0,3 um. The
classical test of hardness is presented in figure 4.5 where the load F to the projected contact

area A is clarified as well as the nano-indentation, load-displacement curves.
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Fig. 4.5 Schematic drawing of an indentation with a pyramidal indenter under the load F. the elasto-
plastic behavior of the coatings causes an indentation depth of hmax under Fmax, Where the indenter is
only in contact with the material for the depth h.. After unloading the residual imprint has the depth h,
due to elastic recovery (right), the corresponding load-displacement curve with the loading and
unloading segment (left). The elastic contribution to the maximum displacement is indicated with he.
Reproduced from [130 & 131]
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4.9 Scratch test

Further development of the indentation systems instrument has provided additional
tribological measurements such as nano-scratch. In the nano-scratch test, the stage of the
instrumented indentation system is required to move the rigidly mounted sample laterally,
whilst the indenter is subjected to the normal force. During a test, an increasing force range (1
to 100 N) normal to the surface under test is applied to the stylus (Rockwell with diamond tip

n°1425) so as to promote adhesive and/or cohesive failure of the coating-substrate system.

The general principle on which the scratch method is based relies upon the fact that different
materials show different resistances to deformation upon scratching and hence, different
modes of deformation. The data obtained provides several surface properties such as the
scratch hardness, the fracture toughness, the abrasion resistance and the identification of the
various deformation modes that are specific to the material being examined [132]. A

schematic drawing of a typical scratch tester arrangement is shown in figure 4.6.
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Fig. 4.6 Schematic representation of nano-scratch systems instrument and Rockwell diamond stylus
indenter. Modified from [133 & 134]
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The surface after scratching as well as the failure events are detected by direct microscopic
and SEM technique in order to subsequently assess the deformation modes. Both the scratch
depth and width were used to evaluate the scratch hardness of the coatings. In addition, the
geometry of these scratches provided a characterization of the damage processes, such as the
material removal and the debris generation mechanisms, as well as the wear and the

mechanical dissipation properties of the coatings and the adhesion characteristics of coatings.

The normal force at which failure occurs is called the critical normal force Lc. The driving
forces for the failure of the coating-substrate system in the scratch test are a combination of
elastic-plastic indentation stresses, frictional stresses and the residual internal stress present in
the coating. The nano-scratch test in this study used to investigate coating adhesion through
analysis of the force at which the coating delaminates in a ramped force scratch, and finally
scratch resistance. Nano-scratch hardness is a further measurement that can be obtained from
the nano-scratch test giving a quantitative measurement of the resistance of a material to a

laterally applied force or sliding contact [135].

4.10 Ball-on-disk tribological test

Ball-on-disk test was used to define the wear of the coatings. The wear is defined as the
damage or removal of a material due to sliding contact to a solid surface; hence it involves
progressive loss of material. This loss takes place due to relative motion between that surface
and contacting substances [137]. The bonding between the two materials can be strong
enough to cause detaching of fragments, mostly from the softer material, and subsequent re-
attachment on the other material during sliding testing [138].

The wear resistance of coatings in this thesis was obtained by CSM high-temperature ball-on-
disc in a dry atmosphere onto cemented tungsten carbide disks (WC-Co) (& 30x4 mm).
Considering that, the friction coefficient (1) is the ratio of the friction force (Ff) and the
applied normal load (Fn), where Fr = uxFn. As u is independent of the sliding velocity and
the normal load but the real contact area influences it, the 2 N load was chosen to ensure
sufficient coating lifetime while preventing artefacts in the friction curves that could arise
from sample roughness. The sliding speed was (2.6 m/min) for all tests and radius of the wear

track were kept constant at (7 mm) against a steel ball and (10 mm) against alumina ball at

Mohamed Riyad Alhafian
51



Characterization methodology

room temperature and 850 °C, respectively. The ball diameter is 6 mm. The alumina ball was
chosen because of its higher wear resistance compared to the deposited coatings, and shows
nearly no wear at elevated temperature. The dry sliding tests were performed for 800 laps (the
distance of 35 m). Figure 4.7 shows a schematic image of the CSM tribometer.

: Ballholder
Weightforthe

Counterweights vertical applied load

Load Fy

Wear Track

.
Deformation - |

y) "_A‘ ¢ u
sensor } SOK

Furnace

Fig. 4.7 Standard Anton Paar tribometer setup and mounting of the instrument for performing the ball-
on-disc test (right), a close configuration of ball-on-disc (Left). Modified from [139 & 140]

The wear-scar diameter on the ball was measured by optical microscopy, while the wear-
track depth profile was assessed by the means of a mechanical stylus profilometer, which is
highly suitable for the evaluation of the surface topography. This technique consists of
measuring the mechanical movement of a stylus in a vertical direction as it is moved
horizontally (scanned) on the sample's surface. The position of the stylus, terminated by a
diamond needle, is monitored by the piezoelectric sensor [141].

4.11Thermogravimetric analysis

Thermogravimetric analysis (TGA) is used to accurately measure the sample mass versus
temperature (typically at least 10 pg) in a controlled atmosphere. For example, the sample's
mass can change during heating, due to losing humidity (vapour emission, weight loss) or
oxidizing (fixation of gas from the atmosphere, weight gain). TGA traces the mass change,
which appears as steps or consist of peaks; one can deal with derivatives of TGA with respect

to time or temperature.
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Figure 4.8 shows the schematic diagram of the TGA principle. It consists of placing a sample
into a pan connected to a microbalance set to zero. Then, the sample is heated according to a
controlled thermal cycle (gas flow, heating rate and so on). The atmosphere can be either an
inert atmosphere, such as nitrogen or helium, or a reactive atmosphere for instance air or
oxygen. During the analyses, weight changes are continuously recorded as a function of
elapsed time or increasing temperature. Thus, the TGA curve corresponds to the TGA signal,
converted to percent weight change (wt%) on the Y-axis versus the reference material

temperature (T °C) on the X-axis.
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Fig. 4.8 Overview of thermogravimetric methods of analysis. Reproduced from [142]
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5 Question section

The thesis investigates the structure transformation and optimises the chemical composition

of hard nitride coating produced by PVD and its stability at high temperatures. Furthermore,

it correlates the high tribo-chemistry and tribo-oxidation surface using high-resolution

characterization techniques with the performance obtained on WC-Co cutting tools during

high-speed machining.

Overall, this dissertation addresses the following questions:

What are the benefits and limitations of PVD coating methods used to deposit hard
nitride coating, specifically dcMS, HiPIMS, and CAE?

How does choosing the correct discharge parameters affect the coating structure,
mechanical properties, and tribological properties in the three PVD deposition
systems?

Is it possible to develop unique properties for coatings by a co-deposition process
using a combination of HiPIMS and dcMS?

How does varying the Ti/Al ratios influence the structural, mechanical, and
tribological properties of TiAIN hard coatings?

How can Al/Cr, Al/Si, and Al/(Cr+Si) ratios affect crystallographic phase and stability
of nitride coatings?

What is the relationship between microstructure and micromechanical properties of
these nitride coatings with different Ti/Al ratios, Cr and/or Si additive elements?

How can the addition of Cr to TiAIN coatings affect the thermal stability, considering
the Ti/Al ratio?

What is the significance of Si addition in relation to the thermal stability of TiAIN and
TIiAICrN coatings?

How does oxidation occur and what mechanisms are involved?

What was the effect of the coating alloys on the oxide growth kinetics?

All of these questions were addressed by employing the most advanced analytical techniques

at the micrometric and nanometric scales to determine the microstructural and structural

properties of the coating as-deposited and after several oxidation times at 950 °C.
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Due to these analytical techniques, the thesis presents information on the thermal stability and
mechanical properties of TIAICrN, TiAISIN, and TIiAICrSiN coatings at high temperature,
950 °C. It also provides data to understand the root causes for improving the oxidation

resistance of the c-TiAIN solid phase by alloying Cr or a combination of Cr and Si.

The result of this study is new functional coatings for industrial applications in the field of
dry high-speed machining, significant to the steel or stainless steel milling or even for the
tuning of refractory materials, with an increase of 30% in the lifetime of the coated cutting

inserts with a better performance at higher temperatures (>850 °C).
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6 Summary of results

This chapter offers a brief recapitulation of the most important results obtained during the
presented work and highlights the main contributions to the field.

One of the primary objectives in this work was to gain an in-depth understanding of the PVD
processes operated within dcMS and HiPIMS discharges. In order to achieve this goal, we
have studied the impact of the main sputtering parameters during the deposition of TiAIN
coatings. The study included the effect of (N2 flow, substrate temperature, pressure, duty
cycle, applied power density, substrate bias and interlayer) on the deposition rates, coatings
thickness, thin-film morphology, structure and texture orientation as well as, mechanical
properties (e.g. residual stress, hardness and wear). Furthermore, the methodology included a
comparative study of a same coating obtained with an industrial CAE process.

Summary:

- The N2 flow significantly influences the growth of the coating structure during the
deposition process. Coatings produced without N2 flow exhibit a laminate structure. In cases
where the nitrogen content constitutes less than 50 at.% of the total coating content, the
development of a columnar structure is minimal, even when employing the full target
poisoning mode.

The study determined the gas ratio that optimizes the coating composition for achieving
stoichiometry while maintaining a columnar structure. Transitioning the target to the fully
reactive mode (poisoning target) using dcMS requires a higher N2 flow compared to HiPIMS,
even when applying the same power density and different duty cycles (refer to appendix 9.1).
This discrepancy can be attributed to the utilization of short unipolar power pulses on the
target. These pulses provide more time for the N2 gas to react and cover the target surface
during the time-off periods. This phenomenon also explains the varying N> flow requirements

for different duty cycles.

- The main impact of pressure was on the kinetic-molecular structure between the target and
substrate. The pressure exerted by gas in a chamber result from collisions between the gas
molecules and the walls of the chamber, where the number of collisions decreases with
decreasing pressure (for more details see the paper I). Depending on the working pressure,
the mean free path of atoms between the target and the substrate will change. At low
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pressures, the dominant transport mechanism for sputtered particles is ballistic, with
collisional transport playing a significant role. In contrast, at high pressures, diffusive
transport becomes the dominant mode both before and after their thermalization.
Additionally, for the highest pressures (i.e. for the less energetic species), a backscattering
effect of the sputtered atoms to the target can also be considered. It is worth mentioning that a
direct correlation between the evolution of the main free path estimation and the deposition
rate has been identified. This correlation shows a continuous decrease when pressure is
increased, with no change in slope. The working pressure also influences the level of in-situ
residual stress for these nitride coatings. The stress level changes from tensile stress at high
pressure to compressive stresses at lower pressures. Furthermore, the (FWHM) of the peak
slightly decreases with increasing working pressure, which can be linked to the evolution of
grain size. It can be proposed that the decrease in working pressure leads to an extension of

the grain size, resulting in compressive stress in the coating.

- The nucleation and growth mechanisms are also governed by the surface mobility of the
film-forming species (adatoms), which in turn depends on the energy, flux and direction of
the incident species. For HiPIMS, the decrease in duty cycle can be compensated by an
increase in pulse power energy and an increase of the ionization of the Ti and Al sputtered
atoms when the duty cycle was decreased. The deposition rates increase when the duty cycle
decreases, hence increasing the applied power density (for more details see the paper I). The
understanding of these effects could be explained by the dynamics discharges of HiPIMS,

where the duty cycle represents the ratio between time-on and time-off.

- Since the ion to neutral ratio is the key parameter determining the evolution of the film
texture, applying a negative substrate bias allows an intense ion bombardment of the growing
film, resulting in an improvement of the coating hardness of 30< Bv >120 (for more details
see the paper 1). Applying bias increases the average kinetic energy of the ionic energetic
species and significantly modifies the nucleation mechanism, which affects the film
properties. By tuning the negative bias voltage applied onto the substrate during the peak
power, more Al™ and Ti"* ions participate in the growing mechanism of the film, providing
additional kinetic energy and momentum transfer that alter the film-forming conditions.
Increasing the negative substrate bias voltage may cause resputtering of the film due to argon

ion substrate bombardment, where Ar atoms are implanted in the film, leading to the
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generation of lattice defects and potential high residual stresses. This also results in a small

decrease in the coating's crystallization with a higher bias voltage of -70 V.

- The properties of thin films are often affected by the properties of the underlying material
(intermediate layer) between the WC-Co substrate and the thin film coatings. The study
covered three different cases: coating without an intermediate layer, with a gradient
intermediate layer from TiAl to TiAIN, and with TiN intermediate layer. The intermediate
layer does not have a clear effect on the coatings' morphology, texture, or main plane
orientation. However, the intermediate layer effect was evident in the scratch test where the
coating with TiN intermediate layer has the best adhesion (see the appendix 9.2). The coating
with an intermediate layer deposited by dcMS has better adhesion than the one deposited by
HiPIMS, which could be explained by the effect of flux and the ions distribution energy on
the substrate actually contributing to film growth, which is greater in HiPIMS than dcMS.

- TIAIN coatings' stress level achieved by HiPIMS coatings successfully matches the stress
level induced by Arc, despite the ability to adjust residual stresses from tensile (in dcMS
mode) to compressive stresses (in HiPIMS mode) through process parameter adjustments.
This comprehensive comparative study holds significant importance for coating
manufacturers aiming to optimize their specific deposition processes. The micromechanical
properties of the coatings are significantly influenced by HiPIMS process parameters.
Notably, increasing the compressive stress of the coatings improves cutting performance and
enhances their mechanical properties, aligning with the requirements of coating technology.
While the stress level decreases in TiAISiN coatings with increasing Si addition, no evolution
was observed in TIAICrN and TiAICrSiN coatings. This stress evolution is attributed to the
reduction in crystallinity density of TiAIN coatings with Si addition. However, this structural
phenomenon is not visible when Cr is added with or without Si to quaternary TiAICrN or

quinary TIAICrSIiN coatings (for more details see papers Il and I11).

- The comparison between CAE and HiPIMS for the TiAIN coating composition showed that
both coating processes result in high-density coatings without any voids. They exhibit similar
fine fibrous structure and grain size. These finer fibrous structures can be attributed to the fact
that both coatings were grown using relatively high-energy species. In the case of the
TiAISIN coatings, the addition of Si resulted in the refinement of the fibrous structure.
Furthermore, the introduction of Si led to an increase in the crystalline cell and a decrease in

the grain size. On the other hand, when Cr is present in the coatings, the opposite effect
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occurs. This situation could explain why the amorphization mechanism's retardant effect has

been observed due to the addition of Si when chromium is present in the coating composition.

- Arc deposition has the advantage of high deposition rates with a large ratio of ionized
vapor. However, its disadvantage is the negative effect of microscopic droplets on the coating
topography. On the other hand, HiPIMS offers enhanced ionization sputtering and provides
better control of thin film growth morphology. This leads to minimized surface defect
generation, increased coating density, smoother surface coating, improved surface roughness,
and high tribological properties compared to the classic CAE technology.

Additionally, CAE coatings have slightly lower Al content than HiPIMS coatings. This
difference in Al content could be attributed to the formation of droplets at the coating surface
in CAE, as these droplets are generally reported to be richer in Ti.

Moreover, in HiPIMS the top-view micrographs of the films have shown that the coating
deposited with the highest applied power exhibits the smoothest surface. However, increasing
the applied power in HIPIMS does not significantly alter the film morphology and structure.
In the same coating installation, the deposition rate range in HiPIMS is lower than that in
dcMS. Nevertheless, in HiPIMS the average deposition rate increases as the power increases.
The HiPIMS/dcMS co-deposition configuration has the potential to achieve a high Kinetic
solid-solubility limit for adding elements in the fcc structure. This is achieved by carefully
selecting the HiPIMS composition target and this for dcMS. As a result, the co-deposition
configuration demonstrates a higher deposition rate range compared to CAE technology.

- The TisoAlsoN coating has an fcc structure with preferred orientation textures of (200) and
(111) for CAE and HiPIMS, respectively. The nature of the substrate or the gradient
(adhesion layer) in this TisgAlsoN coating does not appear to cause any change during growth.
The ratio between these two crystallographic orientations was not significantly modified. No
correlation was found between the residual stress and the development of a preferred
orientation.

The study demonstrated that the initial fibrous growth already has a main orientation. The
gradient of nitrogen content with thickness does not affect this selective fibrous growth
mechanism, as low levels of stress were detected in this first stage of deposition. Similar
conclusions were achieved for all HiPIMS coating alloys: TiAIN, TiAICrN, TiAISIiN and
TIAICrSIN, which exhibited a preferred orientation texture of (111).
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To explain this structural difference, our hypothesis is that the growth-oriented coating with a
main preferred orientation of (111) for HIPIMS can be attributed to two factors. First, the
high deposition rate with energetic ions/clusters during the plasma pulses, and second, the
alternative free time during the plasma pulses off, allowing for film relaxation and increased
surface mobility of sputtered particles.

The presence of Cr has allowed for better stability of the crystallinity structure when adding
Si. In the TIAISIN coating structure, Al atoms substitute the Ti atoms in the TiN lattice, and
Si atoms are present with nitride atoms either through incorporation as a substitutional solid
solution into the TiIAIN lattice or via the formation of a separate amorphous SisN4 phase

surrounding a nano-crystalline TiAIN (for more details, refer to papers Il and 111).

- The influence of elasticity, in combination with hardness, is considered a reliable indicator
of wear resistance. The toughness/resistance to plastic deformation (H3/E?) and the elastic
strain (H/E) prior to plastic deformation are more important than extremely high hardness.
Higher H/E ratios of a coating indicate its ability to resist mechanical degradation and failure
in tribo-contact events. This is because the contact area remains elastic at higher stresses
during an external impact. Additionally, a high value of the H¥/E? ratio could be associated
with the increased ability of the coating to absorb energy during deformation up to fracture.

All coatings exhibit high wear resistance with a 0.1 H/E ratio, regardless of the stress level.

- A study was conducted to clarify the effect of two coating technologies, CAE and HiPIMS,
on the fraction coefficient. The measurements were obtained using a ball-on-disc tribological
test. The wear rate between the CAE and HiPIMS TiAIN coatings was found to be quite
similar, regardless of the level of compressive stresses. It was observed that there were
different friction coefficients between the two types of coatings. The friction coefficient
showed a strong correlation with adhesive wear. In the case of the CAE coating, this was

linked to higher roughness due to the presence of particles on top of the coating.

- TiAIN coatings with fcc structure show an efficient resistance against oxidation up to 850
°C. This resistance is achieved by forming a protective a-Al.O3 outer-layer and a porous TiO>
sub-layer, contributing to enhanced thermal stability up to 950 °C. First, an optimisation of
the TIAIN chemical composition was done by defining the best Ti/Al ratio, second, by the
incremental alloying of Cr to TiAIN, third, by additional doping by Si. A variety of TIiAICrN,

TiAISIN and TIAICrSIN coatings were used to understand the mechanical properties and
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oxidation resistance of the coating at elevated temperatures of up to 950 °C. The result
confirmed when the TiAIN cubic structure decomposes into equilibrium phase cubic TiN and
hexagonal AIN the mechanical properties (hardness) drastically decrease. Similarly, when the
Si and/or Cr present in the coatings the cubic structure decomposes into c-TiN and h-
Al(Cr/Si)N with the same behavior. The oxidation-resistance was improved when the Al
content exceeded 26 at. % and reached 31 at. %. Beyond this range, the coatings exhibited a
hexagonal structured (refer to appendix 9.4.2 for more details). Furthermore, the addition of
Cr to TiAIN coatings provided excellent oxidation resistance while increasing the onset
oxidation temperature by approximately 50 °C (more information can be found in paper II).
The addition of Si to TiAIN coatings hindered the kinetic growth of oxidation (for additional

details, please refer to appendix 9.4).

- The evolution of the structure during the annealing process of the HiPIMS coating alloys
TIAICrN, TiAISIN, and TIiAICrSiN revealed that all coatings maintained the fcc micrometric
fibrous structure with elongated fibers along the growth direction at 950 °C, after a 60-minute
annealing duration. No segregation or coarsening was observed, even at the coating-substrate
interface. Despite the duration and temperature of the annealing step, there was no evidence
of spinodal decomposition or further precipitation of h-AIN. Furthermore, no indication of
structural phase separation between the aluminum and titanium phases was highlighted.
Therefore, it can be considered that the incorporation of Si and Cr atoms into these nitride
alloys significantly delays phase separation during their use at high temperatures. High-
resolution TEM investigation found that the size of the coating's fiber texture at 950 °C had
increased compared to the as-deposited state, and the presence of an oxide scale on top of the

nitride coatings was detected.

- Description of the oxide layers at 950 °C and their kinetic growth:

e First, in the case of the TIAIN coating, the coating does not show oxidation resistance
above 800 °C primarily due to the quality of the oxide scales. A rutile TiO2 layer forms
with a relatively large number of porosities. This is caused by the fast diffusion of Ti
ions to the surface, which affects the performance of the protective Al.Os layer,
rendering it ineffective.

e Second, in the oxidized TiAICrN coating at 950 °C, the oxide structure consists of a
tetragonal TiOo-rutile region at the outermost layer, followed by an aluminum-

chromium-based oxide containing Ti oxide-rich islands. The Cr concentration decreases
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from the inner to the outer zone. Since Ti is not miscible in the mixed (AICr)203, it forms
islands with larger grain sizes compared to the mixed Al-Cr oxide matrix. D-SIMS depth
profiles reveal that each oxide layer continues to grow throughout the oxidation period.
Furthermore, the thickness of these oxide layers decreases with a higher addition of Cr
content and with an increase of Ti/Al ratio in the coating without changing the layers that
composed the oxide (for more details, refer to paper II).

Third, the TIAICrSIN oxidized coatings exhibit a similar oxide scale description to
TiAICrN coatings. The oxide scale morphology consists of a pure TiO2-rutile layer at the
external surface, followed by an Al-rich oxide layer. Internally, there is a mixed oxide
region of (CrAl).0z with small islands of TiO>. However, the description of the third
oxide region differs from the inner oxide region reported for oxidized TiAICrN coatings
without Si. In this case, the oxide scale is entirely composed of small crystallized grains
surrounded by other amorphous grains. This particular oxide scale morphology has been
correlated to the detection of Si and N elements which could delayed the total
crystallization mechanism of this mixed oxide layer. The elemental compositions
associated with these regions do not indicate a significant concentration of Si or possible
segregation of Si at grain boundaries. TEM observations reveal that the internal oxide
region is partially crystallized with particle grain sizes of approximately 5 nm,
surrounded by an amorphous area. Electron diffraction analyses confirm that this mixed
oxide region contains nano-sized or sub-nanosized (CrAl),O3 grains mixed with TiO-
rutile grains. For this last coating composition, there is a consistent increase in the oxide
scale thickness over time (for more details, refer to paper I1I).

Finally, the TiAISIN oxidized coating exhibits a bilayer oxide structure. The outer layer
is rich in aluminum, consisting of a-Al20O3 corundum, while the inner layer is rich in
titanium, composed of TiO.-anatase. Additionally, Si and N are detected in the inner
oxide layer. After TIAISIN oxidized coating develops a double oxide layer of Al,03/TiO>
on its surface. Unlike the other coatings, there is no regular increase in oxide thickness

over time, which contributes to its high oxidation resistance.

- To summarize, the formation and growth of oxides at 950 °C are influenced by several

factors, including the properties of the metal oxides, the partial pressure of the reaction gas,

and the presence of defects in the crystal structure. These factors have an impact on diffusion

phenomena. In order to gain a better understanding of the oxidation process and its kinetics,
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isotopic oxidation experiments were conducted using D-SIMS. These experiments were

carried out at 950 °C in different atmospheres, with varying durations based on whether 160,

or 80, was used.

e First, at 950 °C, the addition of Cr to the TiAIN coating delays the diffusion of Ti to the
surface. This delay leads to an improvement in oxidation by promoting the growth of an
inner protective crystalline (CrAl)2Os layer.

The presence of 80 in the outer TiO.-rutile layer indicates the contribution of outward
oxygen diffusion to the oxide-coating interface during oxide growth. The enrichment of
80 at the nitride/oxide interface suggests the inward diffusion of oxygen during the
transport process, while outward cationic diffusion with titanium and inward anionic
diffusion with oxygen continue. These diffusion processes lead to the formation of a
thicker TiO: layer.

As a result, a relatively high oxygen pressure can be observed at the interface between
the mixed chromium oxide and the titanium oxide. This leads to two reactions: the
formation of a chromium-rich oxide scale and the production of volatile chromium oxide
species. Consequently, a chromium depletion zone is formed, and a very high aluminum
oxide layer is generated just below the titanium oxide scale.

The APT results in the mixed aluminum-chromium oxide scale depict grain boundary
segregations, confirming the outward diffusion of titanium for the development of TiO>

and driving the oxidation Kinetics of the coating at the oxide-nitride interface.

e Secondly, the inclusion of Si in the TiAICrN coating leads to the formation of oxidation
layers that are similar to those observed in standard TiAICrN coatings. These oxidation
layers exhibit a regular increase in thickness, and their kinetic growth is primarily
governed by inward oxygen diffusion over time. The main oxidation mechanism occurs
at the interface of the nitride coating. Moreover, the development of the two oxide layers,
namely the outer Ti oxide layer and the inner aluminum-chromium oxide layer, requires
anionic diffusion of Al and Ti. This observation suggests that the growth kinetics of
these layers are slower than the growth kinetics of the oxide layer in the TIAICIN
oxidized coating, due to decreasing oxide gran size when Cr and Si present.

e Finally, at 950 °C, the addition of Si to TiAIN coatings leads to the formation of a bi-

layer oxide consisting of nanometer-sized TiOz-anatase crystallites beneath the dense
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Al>O3 protective oxide. Over time, this bi-layer oxide limits the kinetic growth of the
oxide and acts as a barrier against internal oxidation phenomena.

The high oxidation resistance of this coating was confirmed by the absence of a high
concentration of 80 at the oxide-nitride interface, suggesting a weak internal oxidation
mechanism. The presence of 80 on the external surface indicates minimal external
alumina oxide growth. This explains the low inward cationic diffusion of oxygen.

The presence of Al in the TiOz-anatase layer acts as a doping process, stabilizing the
anatase phase at high temperatures. Additionally, the presence of Si and N in the TiO>
layer delays oxygen diffusion at the oxide/nitride interface, minimizing oxygen partial
pressure at grain boundaries, and delaying the anatase-rutile transformation.

The presence of these two elements (Si and N) in the internal oxide layer indicates the
possibility of other silicon-rich phases, such as SizsNs (with SiO), surrounding the
titanium oxide grains. These silicon-rich phases further delay internal oxygen diffusion
and facilitate the bulk oxide diffusion of Al and Ti, which is a low kinetic process.
Analyzing D-SIMS depth profiles at 950 °C for different durations indicates a minimal
increase in sputtering time. This finding suggests the development of a dense and
compact oxide layer during the initial 16 minutes of oxidation, significantly reducing
oxygen diffusion at the oxide/nitride interface and subsequently hindering the oxide

growth mechanism.
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ARTICLEINFO ABSTRACT

Keywords: TiAIN single layer coatings deposited by High-Power Impulse Magnetron Sputtering (HiPIMS) on carbide and Si-
High-Power Impulse Magnetron Sputtering wafers substrates were performed. They were characterized in order to study the effects of different process
(HiPIMS)

parameters on the film stoichiometry, microstructure and morphelogy and finally their mechanical and tribo-
logical properties were investigated. For comparison, the properties of the same composition TispAl;oN coatings
produced by Cathodic Arc Evaporation (CAE) were also studied. Only the most influential process parameters,
which are the effects of duty cycle, pressure, power and bias for the HiPIMS process are here discussed. High-
resolution TEM images were used to investigate the microstructure of CAE and HiPIMS coatings and the ob-
servations indicate that both processes produced high density TisoAlsgN coatings with a fine fibrous structure,
and a similar grain size. XRD analyses showed that TiAIN coatings deposited by CAE and by HiPIMS have a
single-phase cubic structure with respectively the (200) and (111) reflection peaks as a preferred orientation.
Furthermore, the residual stresses determined by XRD for the HiPIMS coated samples show that it can be possible
to tune them from tensile (+500 MPa) te high compressive stresses (—4000 MPa) by adjusting the process pa-
rameters. Independently of their intrinsic stress level, the HiPIMS coatings show similar hardness and the values
obtained are in the same range of CAE coatings (30-35 GPa) with same composition and thickness. However,
during ball-on-disc tests in dry condition using a steel ball against the coated carbide substrate, the behaviour of
similar TisgAlspN as deposited coatings produced by these two processes was different. Lower friction coefficients
(—30%) but, higher abrasion kinetic of the steel ball as counterpart during pin-on-disk test (+50%) were
recorded for the TisgAl;oN HiPIMS coatings. In conclusion, it is proposed that, for HiPIMS coatings with high
compressive stresses (<—5000 MPa), having also low surface roughness and (111) main texture orientation, high
tribological properties can be achieved.

Cathodic Arc Evaporation (CAE)
Titanium-aluminium-nitride TiAIN-coatings
X-ray diffraction (XRD)

Transmission Electron Microscopy (TEM)
Ball-on-disc tests

1. Introduction

The mechanical and friction properties of binary titanium nitride
(TiN) coatings obtained by Physical Vapor Deposition (PVD) can cover a
large spectrum of eutting performance needs. However, due to this
material's low oxidation resistance — the oxidation onset point is around
600 °C - more efforts were needed to make this type of material more
resistant to oxidation. By adding other elements such as aluminium (Al
to the films, these ternary coatings can improve their thermal behaviour
and consequently, their in-service life [1,2]. The temary titanium-
aluminium-nitride (TiAIN) coatings have been studied due to their

outstanding mechanical and physical properties, such as thermal sta-
bility, wear properties and corrosion resistance [3,4]. The focus for this
type of coatings on commercial cutting tools is now to improve its sus-
tainability in the machining process under a completely dry environ-
ment [5].

Cathodic Arc Evaporation (CAE) deposition of TiAIN coatings on
cemented carbides is currently one of the main used technique in the
industrial applications compared to direct current Magnetron Sputtering
(deMS) and High-Power Impulse Magnetron Sputtering (HiPIMS) tech-
niques. It has the advantage of having high deposition rates with a large
ratio of ionized vapor [6]. However, the main disadvantage of CAE is the
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negative effect of microscopic droplets on the coating topography [7,8].

Since Mozgrin et al. published the first HiPIMS coating deposition in
1993 [9], HiPIMS has gained more and more substantial interest
amongst industrialists as a future technique for coating applications.
Over the last years, hard nitride coatings were deposited by HiPIMS and
proposed to the market as an alternative to similar CAE coatings. On the
other side, academic works have also reported interests for the me-
chanical properties of titanium nitride-based coatings synthesized by
HiPIMS. It is difficult here to give an extensive view of the works already
published, but some of them can be given as illustration. Firstly, it is
claimed that this process leads to smoother surface coatings and it offers
a better control of thin film growth morphology compared to CAE
[6,10,11]. Alami et al. reported the enhanced ionization sputtering and
thus an increased coating density of TiN HiPIMS coatings [12]. The
improvement of the quality and the uniformity of TiAIN coatings
deposited by HiPIMS were proposed by Shimizu et al. [13]. Hardness
enhancements using HiPIMS were reported by Guillaumot et al. for AIN
coatings [14]. However, as far as the authors know, a direct comparison
between the same titanium nitride coatings processed by HiPIMS on the
one hand and CAE on the other hand, and deposited on the same sub-
strates and at the same substrate temperature was not really considered.
Therefore, in this present work, we report the effect of different
TisoAlsoN HiPIMS deposition conditions on the mechanical properties of
the coating like the intrinsic stress, the hardness and the wear resistance
in comparison to CAE coatings. The comparison covers the effect of
pressure and bias, as well as the duty cycle on the time-dependent
discharge characteristics and on the film chemistry and microstructure.

2. Experimental and characterization

A set of TisoAlsoN single layer coatings were deposited on mirror-
polished silicon wafers (Si) with a crystal orientation of 100 + 0.5°
and on polished cemented tungsten carbide (WC-Co) plane discs, pro-
duced from a mixed powder of (WC-9%Co) and other carbide elements
like (Ti, Ta, Nb) C with 14.55 g/ecm® density. Before depositing the
coatings, both substrates were cleaned in an ultrasonic bath using
ethanol for 5 min. The coatings were carried out by deMS or HiPIMS
technique inside a PVD coater machine (Fig. 1) specifically designed and
assembled in the Luxembourg Institute of Science and Technology
(LIST), to upscale and to further implement the process from the labo-
ratory to the industrial scale. The same composition CAE-TiAIN coatings
were deposited with an Oerlikon Balzers RCS industrial CAE without
filtering system in pure N, atmosphere at a pressure of 3.2 x 10”2 mbar.
The bias voltage was fixed at —40 V and the substrate temperature was
at 450 °C. By HiPIMS, a 500 Hz pulse frequency was used and three
average powers density 4, 6 and 8 W/cm® besides three duty-cycles
2.5%, 3.5% and 5.5% were applied. The power was supplied to the
target by using a MELEC SIPP 2000 generator. Prior to the coating step,
the chamber was pumped down to 10 mbar thanks to a turbo mo-
lecular pump. Before depositing the coatings, a gradient interlayer of
TiAl/TiAIN (from metallic to nitride coatings) with a thickness of ~0.5
pm was deposited by deMS to improve the coating adhesion. The
thicknesses of the coatings were in the range of 3.0-3.5 ym. The target
was prepared by a powder metallurgical process with a composition of
Tig,50Alp 50 at.% and its surface is 500 em?. The depositions were carried
out in static mode and the distance between the substrate holder and the
target was 85 mm. A mix of nitrogen (N2) gas and argon (Ar) gas in
(99.998% purity) was used and the pressure was regulated between 2 x
10 ®and 1 x 10”2 mbar by a butterfly valve. Bias voltages were applied
on the substrates during the coating time, and 6 different values were
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Fig. 1. Schematic drawing of PVD coater machine, targets magnetron and
substrate holder rotation.

chosen between 0 to —160 V. During the deposition, the substrate
temperature was measured by using a thermocouple and the heating
system was stabilized before and during the deposition. The nitrogen
flow rates for each duty cycle conditions were adjusted to reach stoi-
chiometric nitride coatings, while the argon flow rate was held constant
at 50 scem. The voltage and the current intensity on the target were
monitored as a function of time by using a Teledyne Lecroy HDO4054
oscilloscope [15]. The target voltage evolution as a function of the ratio
of nitrogen content has been measured in order to generate the hyster-
esis curve between metallic and reactive sputtering mode and to deduce
the optimum gas ratio to get stoichiometric coating composition. Plasma
emissive species in the discharge were identified using an Acton SP 2750
optical emission spectroscopy (Princeton Instruments). Here, the optical
fiber probe was mounted within the chamber in order to detect the
space-resolved discharge. The optical signal was recorded during all
time-on/off for every duty cycle with a minimum overlap of 1 nm and a
final resolution 0.023 units/points (more details in supplementary in-
formation Fig. A.1).

The determination of the thin film's crystalline phases and the
structural properties were assessed by X-ray diffraction (XRD). The
measurements were carried out using a Bruker D8 Discover diffrac-
tometer in parallel beam configuration using a Cu Ko radiation with a
power of 1600 W (40 kV; 40 mA). The texture analyses were performed
on an Empyrean XRD (PANalytical, Almelo, Netherlands) operated in
Bragg-Brentano geometry in point focus configuration using a Cu Ko
radiation at 45 kV and 40 mA. The residual stress measurements and the
stress-free lattice a, were performed using the classical single {hkl}
sin’y method on the (200) reflection plane of the Tig 45Alp.5sN phase.
This choice was made because of the strong texture of the coatings,
which in some cases induced a relatively large error on the stress values.
More details of the method are described in the supplementary infor-
mation [40-50]. For the determination of the residual stresses, each E-
modulus was measured by nano-indentation test and the method is re-
ported later. For determining the coating's texture, pole figure mea-
surements were carried out on the (111) and (200) Ti; - xAlxN reflections
to get information on the distribution of the specific crystal orientation
over all possible sample orientations. During the whole measurement,
the sample was rotated in steps of 5° starting from ® = 2.5° to 357.5°.
The sample was tilted up to an angle ¥ of 85° with a step of 5°. The
FWHM calculated on the (422) reflection peak measured in Grazing
Incidence (GI)-XRD with an incident angle o fixed to 2°, and the erys-
tallite size was calculated using Scherrer's equation.

The elemental composition and morphology of the thin film coating
were investigated using Field-Emission Scanning Electron Microscope
(FE-SEM) (Hitachi SU-70, Japan) equipped with an Oxford X-Max™ 20
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Table 1
S izes the main dep conditions, the compositions determined by EDX and the main structure data obtained by XRD.
Mode Teubstrate Bias Texture coefficient Lattice ag FWHM determined on (422) Composition (at.%)
"C_ V_ (111) (200) (220) A ) Al Ti N
CAE-TIiAIN? 450 -40 0.882 1.424 0.206 4.1827 2.0884 22 28 50
HiPIMS-TiAIN® 400 o 3.758 0.049 0.138 4.1790 2.3364 26 24 50

? The coating has been deposited on the WC-Co substrate.

Fig. 2. Cross-sectional and top-view images of the TiAIN films deposited by CAE and HiPIMS.

mm?> Energy Dispersive X-ray Spectrometer (EDS) (error of 1 at.%) [16].
The coatings on Si wafers substrates have been used for the SEM cross-
section observations to determine the structure morphology and the
coating thickness. Furthermore, high-resolution TEM observation was
used to examine the grain size, crystal structure and diffraction patterns.
The samples were prepared by Focused Ion Beam (FIB) technique: Helios
Nanolab 600 dual beam focused ion beam instrument. The lift-out
technique was used and the thinning of the sample was done starting
with 30 kV and successive steps reducing the ion current down to 50 nA.
The final cleaning step was done with 5 kV and 16 nA to minimize
possible artifacts. TEM was conducted with a JEOL JEM 2011

HiPIMS

%

instruments and performed at 200 keV beam energy, with an objective
aperture of radius 0.5 A in reciprocal space, to exclude high angle
diffuse scattering and improve contrast.

The nanoindentation tests were performed at room temperature by
using Anton Paar-CSM NHT3 with a Berkovich diamond tip to evaluate
the instrumented hardness (Hr) and instrumented E-modulus (Err) [17].
Before doing this test, the samples were polished, removing ~0.3 pm of
the coating, in order to avoid the influence of the different surface
roughness arising on the coatings deposited in different conditions. The
applied load was 20 mN leading to a penetration depth of about 0.2 pm
ina5 x 5 indentation matrix. The Poisson ratio was assumed to be v =

Fig. 3. Transmission Electron Microscopy-high-angle annular bright-field (STEM-HAA-BF) cross-sectional overview image of the TiAIN HiPIMS (left) and CAE (right)
coating, SAED pattern in the coating region presenting the main texture orientation.

Mohamed Riyad Alhafian

69



Included papers

M.-R. Alhafian et al.

Surface & Coatings Technology 423 (2021) 127529

Coating
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Si:substrate

Fig. 4. HRTEM micrograph of TiAIN HiPIMS coating. (A) image of the grain distribution inside a fiber of the coating, (B) image of the interface between the Si
substrate and the TiAIN interlayer with corresponding Fast Fourier Transformer (FFT) patterns for each zone.
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Fig. 5. Fiber texture and pole figures of (111) and (200) crystal direction for the same TiAIN coating deposited on Si wafer and WC-Co substrates by HiPIMS and CAE.

0.177 [18]. The tribological behaviour of the coatings was investigated
by dry-sliding test at room temperature by using an Anton Paar TRB®
tribometer. The normal load, sliding speed, and radius of the wear track
were kept constant at 2 N, 10 cm/s, and 7 mm, respectively. This 2 N
load is the best compromise between a sufficiently lasting coating life-
time and a lack of friction measurement artifacts due to the roughness of
the samples. The test was undertaken in ambient atmosphere against a
steel ball @ 6 mm. The dry-sliding test was performed for 2000 laps.
After the tribo-test, the wear scar on the ball was observed using an
optical microscopy, while the wear-track depth profile was assessed by
the means of a mechanical profilometer using the KLA Tencor P-17
benchtop stylus profiler system [19].

3. Results and discussion

Table 1 summarizes the main deposition conditions for the two
processes and data for the TiAIN coatings with the composition deter-
mined by EDX and the structural information by XRD. In both types of
coatings, the nitrogen is close to stoichiometry (+2 at.%), while the Al
content is slightly lower by CAE coatings than by HiPIMS. This latter
feature could be the effect of the droplet formation at the coating surface
generally observed in Arc discharge as these droplets are generally

reported to be richer in Ti [20,21].

The SEM cross-sectional views of the films deposited by CAE and
HiPIMS show a similar micro-columnar structure. However as observed
on the top views (Fig. 2), the surface topographies are different with
impingement of micro-particles with a diameter between 1 and 0.1 pm
for the CAE coating.

The HiPIMS coatings displayed a similar structural morphology of
the coatings, independently of the nature of the substrates (WC-Co or Si-
wafer). To observe the film's structure at highest resolution, TEM images
were performed (cf Fig. 3). For both deposition process, a very high
coating density can be observed and no voids can be detected at grain
boundaries all across the coating thickness. The width of the columns is
around 100 nm and quite constant from the interlayer to the external
surface, for both CAE and HiPIMS deposition modes. These finer
columnar structures can be linked to the fact that all films were grown
essentially with relatively high energetic species. Electron diffraction
studies showed that the TispAlsoN coatings deposited by CAE and
HIiPIMS are crystalline with B1 NaCl-type crystal structure. Selected
Area Electron Diffraction patterns (SAED) done in different regions for
each film and complemented with bright field images show that both
CAE and HiPIMS deposition process give coatings with a main texture
orientation. This effect will be discussed in a next section of this article.
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Coating

Fig. 6. TEM observations of a cross section for a TIAIN HiPIMS coating. Images at the interface between the Si substrate and the coating, bright field image (A) and

dark field image (B).

High Resolution Transmission Electron Microscopy (HRTEM) analyses
has also been carried out on these coatings. Fig. 4a shows the grains
distribution inside the column for the TiAIN HiPIMS coating. The grain
size can be estimated to be below 10 nm, which is in good agreement
with estimations deduced from XRD analyses, and most of these grains
inside the column have the same crystallographic orientation. At the
interface between the adhesion layer and the coating, the first part of the
TIiAIN coating with an estimated thickness of 10 nm shows an amor-
phous structure Fig. 4b. Compared to same composition coatings
deposited by magnetron sputtering, this amorphous zone is much
thinner when the TiAIN is deposited by HiPIMS. This quick structural
organization of the nitride coating is certainly associated to the depo-
sition of more energetic species by HiPIMS. On the Si-wafer substrate,
this interface is clear and no common interphase between SiOy and ti-
tanium nitride phases have been observed.

Furthermore, to get information on the orientation distribution,
pole-figure measurements were performed in a Schultz arrangement
[22,23]. Fig. 5 shows the effect of the process on the two preferred
orientations (111) and (200) for the TisoAlsoN coatings on WC-Co. For
the HiPIMS coating, the (111) pole figure has its maximum intensities at
y values around 0-5 and 65-75°, whereas the (200) pole figure with
minor intensity comparatively to (111), has maximum intensities at y
values around 50-60°. Contrary to the HiPIMS coatings, the CAE coat-
ings present (200) maximum intensities at y values around 15-20 and
70-80° where the maximum intensities of (111) was very low (less than
half of (200)). There is a clear difference between the two types of
coatings where the preferred orientation changes from close to (111) at
HiPIMS to (200) at CAE. All films presented in this study are either (111)
or (200) fiber textured and are rotationally symmetric. Hence, an equal-
biaxial stress state is present. The nature of the substrate or the gradient
(adhesion layer) in the TiAIN coatings does not seem to produce any
change during the growth, as the ratio between these two crystallo-
graphic orientations was not significantly modified (not reported here).

The development of texture in PVD coating was explained by
different authors as a competition between the coating's surface energy
and residual stress energy. For instance, Falub et al. discussed the
transition from a (200) as a preferred orientation to a (111) for TiAIN
CAE-coatings and they have correlated this transition to the apparent

residual stress during the film's growth considering that the film with
higher residual stress has a (111) preferred orientation during its growth
[22]. Moreover, Alling et al. explained the orientation difference be-
tween the monolithic TiN CAE-coatings as a result of increasing the ki-
netic energy of the incoming ions hence increase the probability of
surface diffusion out of the (100) plane. He concluded that compressive
stress development and (002) preferential growth are both kinetically
driven processes but exhibit distinct dependence with the substrate
fluxes [24]. More recently, Abadias et al. observed a correlation between
the residual stress and the development of a preferred orientation in TiN
thin film coatings. They mention that TiN coatings with tensile or near-
zero residual stress have a (111) preferred orientation due to the pres-
ence of attractive forces at the grain boundary and/or void formation. In
case of a (200) preferred orientation, the latter is due to incorporation of
point defects in the film induced by the bombardment of energetic
species (atomic peening). While the inclination angle of diffracting
planes for the third texture orientation (220) is decreased with the in-
crease of the residual stress in the coating [25]. In our study, the (111)
and (220 - at the highest bias voltage) textures are the main preferred
orientations observed for HiPIMS coatings whereas the (200) preferred
orientation is obtained for CAE coatings.

Fig. 6a shows the bright field TEM observations of the interlayer for
the HiPIMS TispAlsoN coating. With the dark field image of this area
(Fig. 6b), it can be clearly shown that even the first columns of this layer
have already a main orientation and the gradient of nitrogen content
with the thickness does not affect this selective columnar growth
mechanism. This statement will not support the principle of residual
stresses which can drive a preferential growth orientation of the column
as low level of stresses are detected in the first stage of deposition. For
these TisoAlsoN coatings deposited by HiPIMS, it would more support
the hypothesis that the growth-oriented coating with the main preferred
orientation (111) can be linked to: first the high deposition rate with
energetic ions/clusters during the plasma pulse on, and second the
alternative free time during the pulse off, which leaves for the film time
for relaxation, hence more time for surface mobility of sputtered
particles.
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3.1. Influence of HiPIMS process parameters on the micro-mechanical
properties of the coatings

It is known that the level of the internal stresses of the coating plays a
dominant role in the lifetime of WC-Co coated cutting tools. Bouzakis
et al. reported an improvement in cutting performance as a result of
improving coatings mechanical properties by increasing their
compressive stress [26,27]. Other authors have also reported that the
coated inserts with low compressive stresses or with tensile stresses in
the substrate-film interface are more subject to cohesive tool damages
during cutting processes [28]. In this context, the evolution of coating
residual stresses with respect to different deposition parameters need to
be studied. The main results will now be discussed throughout the
coming section.

3.1.1. Effect of the pressure impact

Depending on the working pressure, the mean free path of atoms
between the target and the substrate will change. Therefore, to under-
stand the influence of the pressure, the properties of five HiPIMS films
deposited under a range of working pressure from 2 to 10 x 10> mbar
were studied. Considering a distance of 85 mm (between target surface
and substrate) at the lowest pressure, it will result in a higher probability
of a straight trajectory with none or 2-3 collisions. At the highest
pressure, it can be predicted that more than 10 collisions are possible for
the sputtered atoms. If no clear dependence can be observed for the final
chemical composition of the film, some other differences linked to the
microstructure and the in-situ mechanical properties have been seen.
These observations can be discussed based on the effective thermalizing
collision theory. Depending on the working pressure, the collisional
transport of sputtered particles at low pressures can be a dominant
ballistic transport whereas at high pressures, diffusive transport (is
dominant) before and after their thermalization. Also, for the highest

Table 2
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Fig. 8. The effect of different pressures on the evolution of internal compres-
sive stresses, E-modulus and hardness.

pressures (i.e. for the less energetic species), it can also be considered a
backscattering effect of the sputtered atoms to the target.

The mean free path at each pressure and the deposition rates in
relation with the working pressure are reported in Fig. 7. In this range of
pressure variation, a direct correlation between the evolution of the
mean free path estimation and the deposition rate has been identified
with a continuous decrease when pressure is increased and with no slope
change. The Table 2 reports the chemical and structural data of the
coatings depending on the deposition pressure and the electrical work-
ing conditions of the target. A continuous decrease of the peak target
voltage (—10%) with increasing pressures is here recorded, and an in-
crease of the peak current is observed, which could be associated to an
increase of the secondary electron emission and consequently, to a
higher probability of the ionization of sputtered atoms [29]. The
chemical compositions of the coatings with nitrogen contents flow are
not sensitive to the different working pressures, but a texture modifi-
cation is observed for the higher pressures, which can indicate a change
of the growth mechanism of the coating. The morphology of the films
shows the same structure independently of the working pressure. The
(111) diffraction peak position at the pressure of 2 x 10> mbar is in
good agreement with the PDF card number 04-015-2554 for the chem-
ical formula of Tip 45Aly 55N, while a small shift toward the higher angles
is observed when increasing the working pressure. The inclusion of
argon atoms at the higher pressures can be considered to explain this
behaviour, this Ar-entrapment was detected by EDX measurements.

The working pressure has also an influence on the level of the in-situ
residual stress for these nitride coatings (Fig. 8). The stress level has
changed from tensile stresses at high pressure 7 x 1073 mbar to
compressive stresses for the lower pressure. The measured stresses at 10
% 10 mbar is not reported as small cracks were observed on the
coating's surface during the SEM observations. Furthermore, the FWHM
of the (422) peak slightly decreased from 2.336° to 0.506° with
increasing the working pressure from 2 x 1073 to 10 x 10 3 mbar,
respectively. If we consider that the evolution of this parameter can be

Summarizes the main deposition conditions, the compositions determined by EDX, the change in orientation of the TiAIN coatings for different applied pressure and

both of the FWHM and the lattice parameters ao.

Pressure Peak target voltage High peak target current Texture coefficient Lattice ag FWHM determined on (422) Composition (at.%)
mbar v A (111) (200) (220) A ) Al Ti N
2x 107 622 156 3.76 0.05 0.14 4.179 2.336 26.5 22,6 51
3x 107 610 159 1.89 0.06 2.06 4171 1.822 25 248 50
5x 107 608 171 3.64 0.14 0.08 4.169 1.383 26.3 22.7 51
7x10°% 571 172 1.48 0.07 249 4.166 0.607 26.5 235 50
1x 1072 553 177 0.94 0.04 3.12 4.163 0.506 26 24 49
6
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Fig. 9. The changing electrical signal of target voltage and target current over time evolution during dcMS and during the on/off time of duty-cycles represented as a
graph on (A). The optical emission spectrum during TiAIN alloy sputtering in mixed Ar/N, atmosphere (B), the intensity of Ti and Al ionization emission during the

sputtering time in mixed Ar/N, atmosphere at different pulsing (C).

linked to grain size evolution, it can be proposed that the decrease of the
working pressure follows to an extension of the grain size, which can
generate compressive stress in the coating, a statement also reported by
other authors [30-32]. The change of the working pressure has also an
effect on the mechanical properties of the coating as seen from the
hardness and E-modulus measurements.

3.1.2. Effect of duty cycle impact

The nucleation and growth mechanisms are also governed by the
surface mobility of the film-forming species (adatoms), which in turn
depends on the energy, the flux and the direction of the incident species.
In this section, the pressure of 2 x 10> mbar was selected for all process
conditions and the depositions were performed at constant parameters
except for the On/Off-sputtering time, covering three different duty
cycles: 2.5%, 3.5% and 5.5%. These three values have allowed the
possibility of varying the amplitude of the peak power density from ~87,
~127 to ~180 W/cm2 for the same average power of 4 W/cm2 and a
frequency of 500 Hz, as shown on Fig. 9a.

In order to deposit the same coating stoichiometry, the ratio of

Table 3

nitrogen to argon flow rates was chosen in such a way, that it corre-
sponds to the limit of the target poisoning state. In Table 3, the Al
content relating to the different duty cycles is below 50 at.% as
compared to the original Al target content (TijsAlys). Fig. 9b and ¢
show the intensity of Ti and Al ionization emission for the different
pulsing times measured by Optical Emission Spectroscopy (OES). The
ratio of emission for Ti'/Ti® was found to be generally higher than Al'/
Al for each HiPIMS cycle. Furthermore, a significant difference between
the emission of Ti" and Ti° species was recorded as a function of the duty
cycle. These results can be correlated to the estimations of the deposition
rate for high pulse plasma deposition conditions. The range of deposi-
tion rate in our HiPIMS installation, independently of the duty cycle
conditions, is ~0.80-0.85 nm/s which is lower than the deposition rate
in deMS ~1.6 nm/s in the same coater installation. For the HiPIMS
tested conditions, the decrease of the duty cycle can be compensated by
an increase of the pulse power energy and consequently the deposition
rate can be kept constant. So, the main difference during these deposi-
tion conditions was an increase of the ionization of the Ti and Al sput-
tered atoms when the duty cycle was decreased from 5.5% to 2.5%.

The change in orientation of the TiAIN coatings for deMS and HiPIMS, the lattice parameters ao, The FWHM of the (422) peak and the compositions determined by EDX.

Duty cycle Texture coefficient Lattice ag FWHM determined on (422) Composition (at.%)

% am (200) (220) A ) Al Ti N
2.5 3.74 0.11 0.03 4.186 1.8525 24 26 50
3.5 3.88 0.03 0.04 4.208 27063 25 26 49
5.5 3.76 0.05 0.14 4.179 2.3364 25.5 237 50.8
deMS 3.51 0.16 0.15 4.153 1.4323 28 24 48
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Fig. 10. The effect of different duty cycles in the evolution of the internal
compressive stresses, E-modulus and Hardness.

The XRD patterns were carried out for TiAIN coatings at 5.5%, 3.5%
and 2.5% duty cycles, the lattice parameters, the FWHM determined on
(422) and the main orientation are presented in Table 3. All these
coatings have a polycrystalline single-phase cubic structure with a
strong (111) preferred orientation and at least two more visible re-
flections (200) and (220). The lattice-parameter 4.15 A for magnetron
deMS TIAIN film was slightly increased for HiPIMS TiAIN films with
duty cycles of 5.5%, 3.5% and 2.5%. The reported stress values indicated
that all TIAIN coatings have changed from tensile stress in deMS mode to
compressive stress in HiPIMS with values between —1000 to —3000 MPa
(Fig. 10). The E-modulus decreases as the duty cycle increases and the
hardness of the coatings is higher when the stress is also higher and vice-
versa, with small deviations from 33 to 27 GPa.

3.1.3. Effect of power impact

In order to provide an overall view of the effect of the energy density
during a pulse, three TiAIN coatings at respectively 4, 6 and 8 W/cm*
average power, have been synthesized and characterized in Table 4.
Following the discussion in the previous sections, the pressure of 2 x
103 mbar and the duty cycle of 5.5% were chosen. The three applied
average powers were varied by keeping the same frequency and just
adjusting the applied power. The chemical compositions of the three
thin films are similar. The average deposition rate increases from =449 to
~74and ~76 nm/min when the average power increases from 4 to 6 and
to 8 W/em®. Increasing the applied power does not change significantly
the film morphology and structure. In addition, the top-view micro-
graphs of the films have shown that the coating deposited with the
highest applied power has the smoothest surface.

As determined by XRD, the lattice parameters, the FWHM deter-
mined on (422) and the level of compressive stresses changed with
increasing power. However, the (200) peak intensities are higher at a

Table 4
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Fig. 11. The effect of peak power density in the evolution of internal

compressive stresses, E-modulus and Hardness.

power of 8 W/cm?. The results presented in Fig. 11 are showing the
relation between the mechanical properties, compressive stresses and
power density. The E-modulus is getting higher with increasing stress,
whereas the hardness is showing a maximum at 6 W/cmz, and is
following also the residual stress level variation.

3.1.4. Effect of bias

Thanks to the application of a bias voltage on the substrate holder
during the deposition, it is possible to increase the average kinetic en-
ergy of the ionic energetic species and to significantly modify the
nucleation mechanism, which affects the film properties [33-35]. In this
section, the following continuous substrate negative bias values of 15,
35, 50, 70, 160 V were applied during the HiPIMS coating deposition.
The pressure of 2 x 10~* mbax, the duty cycle of 5.5% and the average
power of 8 W/cm? were selected for all performed depositions. From the
SEM cross-section observations, independently of the bias values, a fine
fibrous structure characterizes the microstructure of all the coatings.
The highest bias voltage leads to a small decrease in the deposition rate
as presented in Table 5, but no modification of the coating composition
is recorded. By tuning the negative bias voltage applied onto to the
substrate during peak power, more Al* and Ti" ions have participated in
the growing mechanism of the film, hence additional kinetic energy and
momentum transfer change the film-forming conditions. However, in
this case, these possible beneficial effects are counterbalanced by a
continuous Argon ion substrate bombardment. This may cause a re-
sputtering of the film and Ar atoms implantation in the film for the
higher bias voltages, leading to a generation of lattice defects and
possible high residual stresses [36,37]. Depending on the applied bias
voltage, XRD patterns present a small angular shift of the diffraction
peaks in 20 as well as a change of the peaks' broadening. This change can
be attributed to a small decrease of the coating crystallization with
increasing the negative substrate bias voltage to —70 V. The level of

The change in orientation of the TiAIN coatings for three applied power density HiPIMS coatings, the lattice parameters ao, the FWHM of the (422) peak, the com-

positions determined by EDX, the gas flow ratio and the deposition rate.

Applied power density ~ Gas flow rate ratio  Depositionrate  Texture coefficient Latticeap ~ FWHM determined on (422)  Composition (at.%)
W/em? Na/Ar nm/min (111) (2000 (2200 A ©) Al Ti N
4 0.2 49+ 1 3.76 0.05 0.14 4.179 2.3364 255 237  50.8
6 0.28 74+1 3.83 0.01 0.16 4.193 2.3938 26 2 48
8 0.32 761 3.70 0.09 0.09 4.190 2.1361 26 25 49
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Table 5

The change in orientation of the TiAIN coatings for different applied bias in HiPIMS coatings, the lattice parameters ao, the FWHM of the (422) peak, the deposition rate

and the compositions determined by EDX.

Bias Deposition rate Texture coefficient Lattice ag FWHM determined on (422) Composition (at.%)

v nm/min (111) (200) (220) A e} Al Ti N
-160 =5 68 =1 1.93 0.54 0.99 4.200 2.1765 26 25 49
-70+5 771 243 0.06 1.52 4.222 3.4594 25 26 49
-50%5 76 =1 3.77 0.01 0.22 4.190 1.9378 26 26 48
-35+5 75+ 3.22 0.04 0.72 4.198 2.6605 24 28 48
-15+5 75 = 3.91 0.02 0.06 4.190 23119 26 25 49
0 74x1 3.70 0.10 0.09 4.190 2.1361 26 25 49

compressive stresses increased when the bias voltage is superior to —15
V (Fig. 12) and can reach values superior to —5000 GPa. For a number of
coatings with such high values, the generation of microcracks was
detected by top-view SEM observations. According to texture orienta-
tion measurements, the growth mechanism of the coating is also
modified by applying a bias voltage. The increase of the (220) peak
intensity can indicate that a second type of fiber is growing simulta-
neously with the other fibres and this situation can generate high
compressive stresses in the coating. The E-modulus is slightly decreasing
when the bias voltage is increasing, but the hardness level is almost
stable and not really different for each of these coatings was observed.

3.2. Mechanical properties of HiPIMS TiAIN coatings by comparison with
CAE

3.2.1. Hardness and E-modulus

It is now understood that the enhanced hardness (H) is not the single
important property of the hard coatings [38]. For many applications the
toughness/resistance to plastic deformation, H>/E? ratio and the elastic
strain prior to the plastic deformation, H/E is more important than its
extremely high hardness. The influence of elasticity in combination with
hardness is considered as a reliable indicator of the wear resistance [39].
Thus, higher H/E ratios of a coating will be an indication of the coating
ability to resist to mechanical degradation and failure in tribo-contact
events, because the contact area will remain elastic at higher stresses
during external impacts. Also, a high value of the H?/E ratio could be
related to the increased ability of the coating to absorb energy during
deformation up to fracture. From state of the art, it is now considered
that a challenging H/E ratio around 0.1 needs to be fulfilled in order to
reach a high wear resistance. Concerning the TiAIN coatings synthesized

during this work, all coatings deposited by the HiPIMS process have
relatively high and constant hardness. Furthermore, depending on the
processing conditions, it is possible to generate different levels of in-situ
compressive stresses and also, of Young moduli (E). All these data are
summarized in the Fig. 13 where the mechanical properties H?/E? and
H/E of the produced TiAIN coatings are calculated as a function of the
internal in-situ compressive stresses. All generated coatings have values
approaching the 0.1 H/E ratio, whatever is the stress level.
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Fig. 13. The TiAIN HiPIMS coating's residual stresses and its relation with the
mechanical properties H*/E* and H/E.
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g o 3.2.2. Wear resistance
-'.;.; E é Al g8 8 3 = ] In order to clarify the m.njugated eJifect ﬂfﬂlecnz.it'mg tech_m).lngy a_nd
E ER S 3 3 3 its generated stress levels in the coatings' mechanical properties, their
| 2 wear and abrasion resistance were measured in a way to investigate the
E possible correlations between those properties and their behaviour
ﬂg during machining processing. One of the main results of the ball-on-dise
L] s | e o - tribological tests is the friction coefficient, which is not only directly
st g —E 2lEl 5 2 § 2 related to friction force occurring between the two sliding bodies but
_; £ also indicates how well the bodies react to mutual contact. The test at
?3 room temperature was done on four AlsoTisoN as deposited coatings
& deposited on WC-Co by CAE and HiPIMS. The chemical compositions of
2 8w o o = the coatings deposited on the tribo-discs, the lattice parameters of the
o - fan) . . . .
g -?n fZ|E|l % 3 8 8 cubic structure for the different coatings, FWHM, coating hardness and
g :0: 3 g =28 ¥ E-modulus are reported in Table 6. The surface roughness and the
'E: evolution of the friction coefficient along the wear test are plotted in
2 Fig. 14.
§ The friction coefficient varied substantially from the beginning of the
= £ o] E test up to a 20 m distanee (the running-in stage) as higher wear occurred.
"56 R s & 8 & Thereafter, the friction coefficient was stable for all samples and the two
5 % % i il g 5 £ § HiPIMS coatings have lower values of coefficient of friction than the two
=) -=
E 8% CAE coatings, respectively 0.5-0.6 and 0.7-0.8.
g BT The wear track profile using Gaussian filter 0.25 mm, the SEM mi-
=l crographs for wear track area and the EDX analysis are presented in
Ea Fig. 15. Generally, during this type of test, the contact of the static body
‘é‘ 21,8 3 8 g with the rotating sample is producing damages to the coating and a wear
g wg | B % § g g kinetic of the coating can be recorded. In our case, the TiAIN coating is
g B CE S much harder than the steel ball, the wear change was only quantified by
_‘.,E measuring the diameter of a flat dise surface generated on the ball (the
& material removed from the static body). During the CAE-TiAIN coating
'E éi & @ &5 1 o m tests, a higher wear rate was generated on the steel ball (wear ball scar)
'*E S g ;E & 2 9 9 9 than during the HiPIMS coating tests, while the wear rate between the
- I~ - 5] By
E %‘ LS G s £ 8 2 two CAE-TIiAIN even the two HiPIMS-TIiAIN was quite similar indepen-
E ) dently of their level of compressive stresses. From the SEM observations
=8 on the surface of the wear track samples, it was concluded that all
2 E coatings were still stable with no damages (e.g. cohesive fracture and
s8] B B e R coating delamination) in the wear track. The EDX analysis have shown
s 5| 28 SIEELER g daa B 8 § U %
<3| §i8 |2 Toad e that the quantity of iron in the wear track is higher for CAE coatings than
B gl = ! ! ! for HiPIMS coating. This last finding can be correlated to the different
% : friction coefficient between the two types of coatings. The friction is
E - strongly correlated to the adhesive wear and in case of the CAE coating it
& i z|l 2 8 2 =2 is linked to the higher roughness due to the highest number of particles
,g ; on top of the coating.
A
£zl 22 4. Conclusions
"8 g8 =] = o o @
'é E| 3 Same hard TisgAlsoN coating deposited with the same composition
é ;\: and the same thickness by an CAE and a HiPIMS process, completed in
‘: "é’ 2zl g 8 8 3 few cases by also, TispAlsoN coating deposited by deMS have been
"«2 = performed. All these coatings, independently of the deposition process,
£ E have the same morphology with a very dense columnar structure, which
£ is not affected by the substrate, silicon wafer or WC-Co and by the nature
S & T~ of the adhesive interlayer. However, there is a clear structural difference
5 =58 - 8 @ o . . .
= ’»’5 EEd|c| B ﬁ § § between the two types of coatings where the preferred orientation
B £ £z Ll S ] changes from close to (200) by CAE to (111) by HiPIMS. From all the
E il ¥ HiPIMS deposition conditions tested during this study, the structural
= 4 difference cannot be interpreted by the fact of using energetic species as
:‘5_ g both processes produced it. Furthermore, a large range of the working
Z A 3 % o § E] pressure and the bias voltage values were tested, the deposition rate as
27 E <] & 5 & 2 the instantaneous deposition rate during the pulse plasma time was
E g TR R ¥ evaluated to be close to the continuous rate during CAE deposition. To
g 5 explain this structural difference, we suggest that it is in relation with a
cE relaxation time that appears between the pulses by HiPIMS and, also asa
R
g8 e m LB, B consequence of the low deposition rate. Regarding the mechanical
y

© E g o % g ﬁ g é E é E properties of the coating, it has been found that both CAE and HiPIMS

ﬁ o § 2 FTE EERE produce TiAIN coatings with compressive stresses, the most energetic

£E 8 deposition conditions by HiPIMS (high peak power, low duty cycle and
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bias substrate) can lead to very high values sometimes superior to
—5000 MPa. However, no correlation was found between the hardness
values of HiPIMS coatings and their stress level, contrary to CAE coat-
ings. Only the Young modulus is tuned by changing the HiPIMS depo-
sition conditions, which is an advantage as it is now established that
tribological coating properties are linked to the H/E and H?/E ratios.
Finally, ball-on-disc measurements have shown lower friction co-
efficients for the HiPIMS coatings by comparison with CAE process.

graphs. The el

of the wear track area was determined by EDX.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.surfcoat.2021.127529.

Abbreviations
HiPIMS High-Power Impulse Magnetron Sputtering

deMS  direct-current Magnetron Sputtering
CAE cathodic Arc evaporation
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FE-SEM Field-Emission Scanning Electron Microscope

EDS Energy Dispersive X-ray Spectrometer

TC Texture coefficient

SAED  Selected Area Electron Diffraction patterns
HRTEM High Resolution Transmission Electron Microscopy
FFT Fast Fourier Transformer

Ra Roughness average
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A. Supplementary information:

Fig. 9-A shows the target current waveforms and illustrates the increase during the peak
power, which observed with the decrease of the respective duty cycle and how it leads to an
increase of both the target voltage and the target current during the on-time. In other words,
because of the increase of the target voltage, the peak current value decreases when lowering
the duty cycle. For low duty cycle 2.5%, the current rises faster than duty cycle 5.5% until the
end of the pulse and reach higher peak power.

Fig. 9b & 9c show the ionized fraction of the sputtered species, where a high ionization rate
of metal and gas species can be achieved by reducing the pulse duration under the same pulse
frequency [40]. In comparison with the dcMS, the advantage of this higher ionization rate in
HiPIMS deposition leads to better film properties. It is therefore important to describe what
happens in the discharge when varying the duty cycle for clearer perception. Firstly, a mix of
nitrogen (N2) gas and argon (Ar) gas were present in the chamber before the plasma ignition.
Following the voltage pulse, the ionization of the gaseous species occurs. The initial current
rise is mainly governed by the Ar® induced secondary emission electron coefficient since
argon is the dominant species in this initial condition. Then, after this ignition, a preferential
sputtering of nitrogen will lead to a progressive increase of atomic nitrogen close to the
target. This nitrogen population can, in turn, be ionized and back attracted to the target, hence
contributing to the total ionic current. Hence, more secondary electrons were produced. These
generated electrons contribute to the total current and can ionize and dissociate more nitrogen
following a gain in energy in the cathodic sheath. A cascade effect can thus occur explaining
the faster target current rises during the pulse observed for the lowest duty cycle 2.5%. While
for 5.5% duty cycles, peak power values were decreased. It means that electron densities are
lower and results in reduced ionization of argon and nitrogen. These observations could also
explain the decrease of nitrogen needed to reach the poisoned mode when the duty cycle was
lowered. In dcMS condition, the target is continuously sputtered, while in pulsed mode
nitrogen can react on the target surface also during the off-time, which is longer for the
lowest duty cycles [41- 43]. Meng, L., et al. has reported, that the peak target current in
HIiPIMS plasma is strongly related to the flux of the ionized species and to the fraction of
metal ions to the number of total ions [44]. Thus, by reducing the pulse duration, higher ion

flux irradiation of the substrate and a higher ionization rate of Ti and Al ions can be expected.
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B. Supplementary information:

B 1 Stress measurement:

The stress in the coating surface can be probed by measuring the strain free d-spacing as a
function of the angle v between the surface normal and the diffraction plane normal using the
siny method. According to Wetzel et al. [47], the stress tensor of samples presenting such a

rotationally symmetric stress state has non-zero components with the following value:

(011)= (022)= (o) Eq. (1)

As the out of plane stress is zero but the out of plane strain is not, the elastic strain &,"™

measured by x-ray diffraction can be obtained from the following equation [47]:
gy™= (2S51"™4+ 12 S," sin?y) (o][5) Eq. (2)
where: S;"! and S,"¥! are the elastic constants related to a given (hkl) reflection.
(o]]°) is the average equal-biaxial internal in-plane stress in the film.

A plot of &,™ with respect to sin?y will give rise to a straight line whose slope can be used to
obtain the stress (o|°) from given that &,"™'= (d,"- do™")/(do™") and that S;"¥' and S,"¥' are

related to Young’s modulus E and the Poisson ratio v, the above equation can be rewritten as:
(dy™- do™)/(do™") = [((1+v)/E)nkty Sin?y- 2v/E)y] (o]1°) Eq. (3)

Taking the strain-free lattice spacing of the {hkl} planes do™! from the reference pattern, and
making use of the fact that the cubic lattice parameter a™! is related to d™!, Eq. (3) can be
simplified further [48]:

(ay"- 2™ ")/(a0™!) = [(1+V)/E)nity Siny- 2v/E)nkn] (o) Eq. (4)

Using the X Pert Stress software, the stress was automatically obtained from the slope m of

the fitted straight line for the (200) plane.
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B 2 Texture coefficient:

Structural studies were focused on the three preferentially oriented peaks. The measured
intensity values were observed in LC-XRD and compared with the standard Pdf data card 04-
015-2554 for the chemical formula of Tio4sAlossN. For obtaining the quantities information
concerning the preferential crystalline orientation, Texture Coefficient (TC) along (111),
(200) and (220) planes were calculated according to Eqg. (5) [49, 50]:

TChi= Rni/ Rnki® Eg. (5)
where:
the recorded reflections Rnki= (Inki/ X Inki) x 100 Eq. (6)
the standard reflections Rik®= (Ina®% Z Ini®) x 100 Eq. (7)

Inki is the measured relative intensity of a plane (hkl) and In® the standard intensity of the
plane (hkl) taken from the Pdf data.

A sample with randomly oriented crystallite presents TCnha= 1, while the larger value, the
larger abundance of crystallites oriented at the (hkl) direction. The higher value of texture
coefficient indicates the preferred orientation of the films along that diffraction plane. This
means that the increase in preferred orientation is associated with an increased number of

grains along that plane.

Mohamed Riyad Alhafian
82



Included papers

Mohamed Riyad Alhafian
83



Included papers

7.2 Paper Il

Study of the oxidation mechanism at high temperature of
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ARTICLE INFO ABSTRACT

Keywords:
High-Power Impulse Magnetron Sputtering
(HiPIMS)

ide

(AITiCrN) coatings
Oxidation resistance
Thermal stability
Oxygen isotopic analysis

AITiN coatings with a NaCl structure have onset point of oxidation around 850 °C. To withstand oxidation above
850 °C, we studied the influence of Cr addition on the structure, mechanical properties and oxidation resistance
of different AITiCrN coatings. The structural evolution during the annealing of the AITiCrN coating was revealing
that all coatings kept the NaCl structure up to 950 °C. The oxidized coatings shown that the addition of Cr
promoted the formation of a TiO, layer over a gradient CrAl,O3 layer. This last layer is very rich in aluminum
under the TiOz layer and richer in chromium at the nitride-oxide interphase.

1. Introduction

Increasing the efficiency of cutting tools working in a dry machining
environment has become an urgent necessity, not only because of its
cost-effectiveness but also because of the detrimental impact of metal-
working-fluids on the environment. However, the heat generated dur-
ing machining causes plastic deformation of the workpiece. Therefore,
the surface protection of high-speed cutting tools by coatings with high
thermal stability and oxidation resistance are subjects of research [1-9].

Physical Vapor Deposition (PVD) is one of the most preferred tech-
niques used to perform surface protection on cutting tools due to its
environment-friendliness and its low process temperature deposition
[10]. The latest development in the PVD technology is the High-Power
Impulse Magnetron Sputtering (HiPIMS) system which possesses the
ability during the pulse to generate high density of sputtered ionized
species and consequently, to produce dense protective coatings and

more homogeneous thicknesses on complex substrates with potential for
high-aspect-ratio trench filling applications [11]. Furthermore, Reactive
High-Power Impulse Magnetron Sputtering (R-HiPIMS) is now consid-
ered as an alternative to the Arc-evaporation process for the deposition
of new generations of hard and multifunctional coatings. Zauner et al.
have published the interest of HiPIMS to tune the parameters in a way of
optimizing ratio and energy of Ti"" and Al™" ions to stabilize a preferred
cubic structure [12]. More recently, the authors are reported a work
were using powder sintering Ti-Al composite targets with a R-HiPIMS
deposition system and choosing the right discharge parameters allows to
produce TiAIN with structural and mechanical properties similar to
Arc-evaporation with better tribological properties [13]. Also, it was
also demonstrated that the use of a hybrid HiPIMS/DCMS co-sputtering
configuration can offer the possibility of a much higher kinetic
solid-solubility limit for adding element in the cubic face structure by a
well choice of the HiPIMS composition target and this for DCMS [14].

Abbreviations: Hybrid HiPIMS, Hybrid High-Power Impulse Magnetron Sputtering; dcMS, direct-current Magnetron Sputtering; FE-SEM, Field Emission Scanning
Electron Microscopy; EDS, Energy Dispersive X-ray Spectroscopy; TEM, Transmission Electron Microscopy; SAED, Selected Area Electron Diffraction; HRTEM, High
Resolution Transmission Electron Microscopy; APT, Atom Probe Tomography; D-SIMS, Dynamic Secondary Ion Mass Spectrometry.
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Fig. 1. Schematic drawing of the hybrid dcMS/HiPIMS co-sputtering system with the cathode magnetron connections and the sample holder rotation, K; » 3 are the
circular sputtering cathodes used for studied coatings and the Ti rectangular cathode used for interlayer deposition.

The thermal stability of the coated cutting tool is extremely important
since its cutting edge is exposed to an elevated temperature during the
working processes. TiN and CrN binary systems have been widely used
as protective coatings for cutting tools. However, they are not oxidation
resistant above-500 °C and 600 °C, respectively [15]. An improvement of
the thermal stability up to~850 °C was achieved by the addition of
another alloying element such as Al or Cr to the binary nitride coatings
[16-19]. According to our recent studies, particularly in the case of
AITiN HiPIMS coatings, if good surface finishing and mechanical prop-
erties were achieved, the oxidation resistance is still limited and the
elaboration of AITiN coatings containing another oxidative protective
element, for example by HiPIMS process, needs to be studied [13]. Be-
sides that, it is well known that AICrN coatings have higher oxidation
resistance than AITiN [20]. Therefore, a new coating combining ad-
vantages of AITiN and AICrN, was proposed here to improve the thermal
performances at temperature higher than 850 °C. Effectively, AITiCrN
coating displays enhanced oxidation resistance, and its performance can
also be optimized with the Al/Ti ratio. Several research works have
demonstrated that the mechanical properties and the oxidation resis-
tance increase with higher Al content as long as a cubic crystal structure
can be maintained [20-23]. Also, other published works have intro-
duced that the addition of chromium can combine the excellent me-
chanical properties of TiAIN with highest tribological properties (CrN).
In 2017, Yu X. Xu et al. reported published data on single-phase cubic
coatings in the TiN-AIN-CrN quasi-ternary phase diagram and they more
particularly studied the thermal properties at 900 °C of two coatings
Tio'laAlo'35Cr0'47N and Tio'zsAlo";gC\'o'zsN. They have shown that the
addition of chromium has increased the thermal stability resistance with
increasing Cr content, and both have excellent oxidation resistance [24].
Also, Danek et al. studied the oxidation resistance of AlTiCrN coatings at
900 °C and they have reported the benefit of Cr in delaying the diffusion
of Ti to the surface. They explained the improvement in oxidation
resistance by the growing of an inner protective amorphous layer of
Al-Cr-O or a crystalline Cr(Al)203 layer according to Cr content [25].
Donohue et al. studied the oxidation performance of Alg,s53Tig.44Cro.03N
coating and they reported the onset oxidation temperature to 920 °C
[26], which is the proposed temperature during dry machining. How-
ever, it still lacks a detailed characterization of the oxide layer to un-
derstand the mechanisms involved in oxidation process.

In this paper, high quality hard AITiCrN coatings were developed by
using a hybrid HiPIMS system. The effects of the aluminum/titanium
ratio and chromium content on the high-temperature performances of
these quaternary nitride hard coatings were evaluated. Scanning

Electron Microscopy (SEM) and X-Ray Diffraction (XRD) analysis were
used for detailed investigations of the coating morphology, structure
and phase stability after high-temperature oxidation tests. Furthermore,
to determine more accurately the growth mechanisms of the oxide layers
at 950 °C, characterization observations by Transmission Electron Mi-
croscopy (TEM) of each oxide layer were carried out. Additionally,
isotopic (**05 and °0,) labeled oxidation experiments were designed to
determine the anionic and cationic diffusion mechanisms that control
the oxide growth of each oxide layer. The subsequent oxide layers were
investigated by Dynamic Secondary Ion Mass Spectrometry (D-SIMS),
completed by Atom Probe Tomography (APT) mappings. Thanks to this
complete knowledge of the oxide layer and understanding of its growing
mechanism, an optimization of the Cr and of the ratio Ti/Al is suggested.

2. Experimental procedure
2.1. Coating deposition

The different AlyTiyCry.(x+y)N coatings were deposited on mirror-
polished silicon wafers with a crystal orientation of 100 + 0.5° and
also, on polished cemented tungsten carbide plane disc with chemical
composition of Co = 5.8 wt% and (Ti Ta Nb)C = 7.4 wt%. Prior to
deposition, both substrates were cleaned in an ultrasonic bath using
ethanol for ten minutes. The coatings were carried out by hybrid HiPIMS
technologies into a PVD coater machine equipped with one Ti rectan-
gular cathode with a surface of 500 cm? for deposition of the TiN
interlayer and three 4-in circulars cathodes Kj, K, and K3 used for the
elaboration of the different hard nitride coatings. The circular cathodes
are placed at an angle of 30°, 30° and 45° from the substrate respec-
tively, with respect to the same distance of 120 mm from the substrate
holder. To avoid a coating composition variation and to ensure a uni-
form thickness of the coating, the deposit runs in a dynamic mode where
the substrate speed was 5 rpm with 70° rotation. A schematic drawing of
the configuration for the targets and the deposition system is shown in
Fig. 1.

The chamber was first pumped down to 10~® mbar and the substrate
holder was preheated to 450 °C. Following the evacuation and pre-
heating step, the samples were activated with an Ar ion bombardment
using three microwaves antenna to generate the active plasma.
Furthermore, in order to avoid any contaminants in the coatings (e.g.,
0), the targets were first pre-sputtered during 10 min. An approximative
0.5 pm-thick TiN interlayer was deposited by dcMS to improve the
coating adhesion. During the deposition time, 22 sccm of N2 flow and 50
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Alumina crucible

Fig. 2. Schematic drawing of isotopic oxidation experiments (A), furnace system (B).

scem of argon were injected, yielding a working pressure of 5 pbar.
These flows were determined via a target poisoning study by investi-
gating the variation of the target voltage as a function of the reactive gas
flow, to allow sputtering in the compound mode and to reach stoichio-
metric nitride coatings.

Two targets (K; and Ky) with the three sequentially compounds of
TisoAlso at%, TigsAlss at% or TisoAleo at% were used and one more
target (K3) of Cryqp at% have been run during this study. The power on
the targets was applied by using two generators. The targets (K; and K3)
were connected to a HiPIMS generator using a duty cycle of 3.5% with a
pulse length of 2000 psec, at a pulse repetition of 500 Hz with an
average power of 3200 W (target power density of 18.6 W/cm?) and a
peak voltage of - 480 V. The target (K3) was connected to a dcMS
generator, different deposition average powers were used to study the
effect of the Cr content on the coating properties. Taking into account
preliminary results, not reported in this article, the hybrid TiAl-HiPIMS/
Cr-dcMS co-sputtering configuration was chosen as only this one, gives
the possibility to reach coating hardness of 30 GPa and internal
compressive stresses higher than — 1000 MPa. A continuous substrate
bias voltage was kept constant at — 35 - 5V for all deposition condi-
tions. The thicknesses and deposition rates of the coatings were in the
range of 3.0-3.5 ym and 0.8-1.0 pm/h, respectively.

2.2. Characterizations

The determination of the elemental composition of the coatings and
their microstructure were carried out by using a Field Emission Scanning
Electron Microscope FE-SEM (Hitachi SU-70) equipped with an Oxford
X-Max" 20 mm? Energy-Dispersive X-ray Spectroscopy (EDS) detector
[27]. The as-deposited and oxidized coatings on Si wafer substrates were
used for SEM and TEM observations to define the coating growth
morphology, the thickness of the oxidized layers, the grain size and the
crystal structures. TEM investigations were carried out using a JEM -
ARM 200F Cold FEG TEM/STEM (JEOL) operating at 200kV and
equipped with a spherical aberration (Cs) probe and image. The point
resolution was 0.12 nm in TEM mode and 0.078 nm in STEM mode.

TiN interlayer
Sisubstrate

The texture analyses were performed on a PANalytical Empyrean
XRD operating in Bragg-Brentano (BB) geometry in point focus config-
uration using a Cu Ka radiation at 45 kV and 40 mA. The residual stress
measurements and the stress-free lattice ag were performed using the
classical single {hkl} sin® method on the (200) reflection plane of the
Tip4sAlg.ssN phase [13,28,29]. Grazing Incidence X-ray Diffraction
(GI-XRD) measurements were performed for phase identification of
as-deposited and oxidized samples at a grazing angle of 2° with a Bruker
D8 Discover diffractometer in parallel beam configuration. For the
nitride coating phases, the diffractograms were recorded at room tem-
perature on as-deposited coatings and also, after an annealing stage. The
Full Width at Half Maxima (FWHM) were calculated on the (422)
reflection peak measured in GI-XRD with an incident angle o fixed to 2°,
and the crystallite size was calculated using Scherrer’s equation. In order
to track the generation of the different oxide phases, an oxidation of the
coatings in air was performed in-situ the X-ray diffractometer and
diffraction patterns were recorded from room temperature to 950 °C,
using the DHS-1100 hot stage furnace from Anton Paar. The heating rate
condition was set to 1 °C per second and the cooling was assisted using a
flow of compressed air. Before each XRD measurement, the temperature
of the DHS-1100 hot stage was held constant for 1 min. Furthermore,
three measurements were performed at 950 °C. The first one was done
immediately after reaching this maximal temperature and the second
and third ones were started after 1 h and 2 h of heating at 950 °C,
respectively.

The determination of the surface instrumented hardness (Hyr) and
the instrumented elastic modulus (E;p) at room temperature were
measured by a nano-indentation equipment from Anton Paar-CSM
NHT3 with a Berkovich diamond tip [30]. The applied load was 20
mN leading to a penetration depth of ~0.2 ym in a 4 x 5 indentation
matrix and the Poisson ratio v was assumed to be 0.18 [31].

For a better understanding of the different diffusion mechanisms,
which control the oxidation kinetics, isotopic oxidation experiments
were carried out with coatings deposited on Si wafer. The oxidation
experiments consist of successive steps done in different atmospheres
containing either mainly %0 (99.757% 1605, 0.205% %0,, 0.038%

Fig. 3. The cross-section (A), the top-view images (B) and (C) of as-deposited Al 4Ti¢,32Cro.26N coating on Si wafer substrates, present the TiN bonding layer, the

micro-columnar structure, and the pyramidal tips of columns.
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Fig. 4. D-SIMS depth profile for as-deposited Alg 45Tig.29Cro.26N shows a homogeneous distribution of coatings elements, the TiN interlayer, and the Si substrate (Y-

axis is in logarithmic scale).

170,) or 180, (Eurisotop, 97.39% 1805, 2.12% °0,) and the hot furnace
was a Nabertherm equipment. For purposes of simplification, the iso-
topic sequence will be referred to 10, or %0, depending on the most
abundant isotope present in gas. Different isotopic oxidation stages were
undertaken with successive oxidations in 05 or 20,: (1) 10, for 15 or
30 min, (2) 80, for 15 min and (3) %0, for 15 or 30 min and conse-
quently, the total oxidation durations were 30, 45 or 60 min for all cases.
The experimental setup for the oxidation procedure is presented in
Fig. 2. After these oxidation periods, elemental depth profiling was
conducted via dynamic secondary ion mass spectrometry using a
CAMECA SC-Ultra instrument in positive ion mode, with a Cs* ion

1800

bombardment. The impact energy was 2.0 keV. The total acquisition
time were carried out in a range from 15 to 60 min, commensurate with
the oxide thickness to be analysed. For APT analyses, samples were
prepared in a dual-beam focused ion beam/scanning electron micro-
scopy workstation (FIB/SEM) Helios NanoLab 600™ (FEI), following
the standard lift-out preparation detailed in [32]. A final cleaning step at
2 kV was performed to minimize Ga damage during the thinning of the
specimens. Laser pulsed APT was performed using a LEAP™ 3000XR
(CAMECA) at a repetition rate of 200 kHz, at a temperature of about
50-60 K, a pressure lower than 1.33 x 10~® Pa, and laser pulse energies
of 0.5- 0.7 nJ. The evaporation rate of the specimen was 5 atoms per
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Fig. 5. The GI-XRD spectra at 2°0of 0-20 for two as-deposited Alg, 4>Tig,32Cro.26N and Alg 45Ti,29Cro.26N coatings with the three main texture orientation. The vertical
line indicates the standard position of the c-Alg 55Tig.45N corresponding to PDF card number 04-015-2554.
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1000 pulses. Data reconstruction was carried out with the software
% aa package IVAS™3.6.14 using voltage mode with an evaporation field of
é s ; E 35 V/nm, k-factor of 4 and image compression factor of 1.5.
m OlsTw
_ 3. Results and discussion
E
5
7 5 E 3.1. Properties of as-deposited coatings
f o2
E glsid The morphology of the Alg 42Tio.32Cro.26N and Al 45Tio,29Cro.26N
coatings was observed by SEM, Fig. 3. It can be observed the initial
= § ; stages of the film growth where a micro-columnar structure TiN inter-
layer with around ~0.5 pm thickness, followed by a AITiCrN film with a
0 < micro-columnar structure extending from the initial formation with
g|lEa i i i i
- slightly enlarging the micro-columns as the growth ran its course
E w (Fig. 3a). A good bonding between the film and substrate was estimated
§ E R since no gaps were detected in the film-substrate interface. It can be
§ clearly seen in the top-view micrographs that the coating has uniform
Bl S0 surface without macro particle defects and with pyramidal tips of col-
c ] A umns (Fig. 3b & ¢). Fig. 4 shows the D-SIMS depth profiles of as-
2' 3 deposited Alg 45Tio.29Cro.26N where the elemental data of all metallic
=| = $$ elements and nitrogen from the coating surface to the substrate were
§ measured. The depth profiles highlight the deposition of homogeneous
EAN - deposition of AITiCrN coating followed with a TiN interlayer and then
-é 2 i ‘f the Si substrate. The 0-20 of GI-XRD at 2° patterns of as-deposited
E 2 _lag AloA42T10A32ICr0‘26N .ax.ld A10'45'I.'10‘29Cl’0.26N co?tmgs are show.n in Fig. 5.
2l8 g|18¢% These coatings exhibit the typical peaks of a single-phase cubic structure
S with a (111) preferred crystallographic orientation and at least two
,g 8 more visible reflections (200) and (220) also reported in Table 1. An
g < - evaluation of the residual stresses has been carried out on these two
g|& §[x2 different coatings. The values of compressive stresses range from
El — 4000 MPa to — 5000 MPa, with the highest value reported for the
G ] lower Ti/Al ratio. By comparison with other values reported in the
,§ % literature, these can be considered as high. Based on other measure-
g2 ments done in a previous comparative studies, this high stress evaluation
E £ could be linked to the WC-Co hard substrate used and to the choice of the
i E coating Young’s modulus and Poisson ratio, details of the stress mea-
-E 3 surements have been already reported in the Supplementary informa-
=2 52 tion of reference [13] The instrumented hardness (Hr) of the AITiCrN
2|2 |23 coatings was measured for both coatings to be ~32-33 GPa, and the
§ elastic modulus was determined to be ~500 GPa.
3 &
= g 88 3.2. Stability of the nitride layer up to 950 °C
zZ[3 <[+~
'[L:) . The evolution with time and temperature of the oxide as well as the
< 18 § stability of the single-phase cubic structure for the Alg45Tig 32Cro 26N
g 2| coated sample was followed between 30 °C and 950 °C and the XRD
§ é glae patterns are reported in Fig. 6. The 0-20 measurements performed on
=z g8 535 this coating show a shift to high angle during the heating stage for peak
.E g (111) from 37.09° at 30 °C to 37.25° at 650 °C. A possible hypothesis of
IR this shift can be associated with the stress-reducing phenomena during
glelc|awm the temperature rises. Stress relaxation or recovery would be due to the
% _— rearrangement of defects and not due to a recrystallization mechanism,
g 88 since there has no change in texture associated. After reaching this
= % t‘% temperature of 650 °C and after, up to 950 °C, no more shift for this
s £ (111) peak was recorded. During the 3-hour holding at 950 °C, there is a
Tl g g£E relative peak signal decrease and a new shift to lower angles which can
8 g i E be explained by the growth of the oxide scale on top of the nitride
8 § ﬁ 9 coating and the detection of a new peak associated with the Al,CryO3
£ % 3 %i rhombohedral phase generation.
&= BE Fig. 7 shows TEM micrographs of the non-oxidized part of the
2 % Alg.45Tig.20Cr.26N coating after 1-hour holding at 950 °C. No segrega-
g _“g“ E tion, precipitation or coarsening are observed, even at the coating-
S _g E substrate interface (Fig. 7A). Selected area electron diffraction pat-
~ g2 = terns (SAED) show the three structural regions of the sample starting
% £ g '% from the single-crystalline Si substrate followed by the poly-crystalline
£95 structures for both, the TiN interlayer and AITiCrN coating. Based on
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Fig. 6. The evolution of (111) peak of Aly 42Tig 32Cro.26N coating oxidized in air at temperatures ranging from 30 °C to 950 °C.
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Fig. 7. TEM micrograph and SAED pattern focused on the non-oxidized part of the coating Al 45Tio.29Cro.26N at 950 °C for 1 h (A) internal part of the coating with

the interface with the Si substrate. (B) external part of the coating.

the electron diffraction analyses done and summarized here by the
presentation of one typical pattern (Fig. 7B), a possible spinodal
decomposition and further precipitation of h—AIN at 950 °C after an
annealing duration of 30 min was not detected with this coating
composition. Other previous works [25,33] have reported for similar
AITiCrN coating compositions, structural evolutions as a function of
time at 900 °C from XRD diffraction measurements. They described the
broadening and the shift to higher angles of fcc diffraction peaks but
they were not able to correlate this diagram change to the spinodal
decomposition or to the generation of new peaks liked to the oxidation
of the film. This new result by electron diffraction analyses can indicate
that these previous XRD pattern evolutions were not driven by structural
modification of the AITiCrN coating. TEM investigations at high reso-
lution, not reported in the paper, found that the size of the coating’s
column size at 950 °C has grown compared to as-deposited and it is

between 65 and 85 nm at the upper zone and around 10 nm for the
interlayer.

3.3. Oxidation study up to 950 °C

3.3.1. Description of the oxide layers

On the evolution of the GI-XRD reflection patterns when increasing
temperature up to 950 °C (Fig. 6), the tetragonal TiO-rutile phase is
identified from 700°C with a lattice spacing of a=4.61A and
¢=298A corresponding to PDF card number 01-089-6975 and
04-005-4661. For the rhombohedral CrAlO;3 phase, this one is detected
at higher temperature, around 800 °C, with a lattice spacing of
a=b=4.88A and c=13.32A corresponding to PDF card number
04-002-5943 and 04-007-6151. As different lattice parameters can be
reported for this phase, depending on the ratio of Al/Cr, here, it is in
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Fig. 8. shows an overview TEM micrograph of Alg 45Tig.29Cro.26N coating oxidized in air at 950 °C for 30 min. The lattice resolved diffraction contrast of TiO, and
Al,03 along the [0-11] and [— 110] zone axis, respectively and corresponding selected area electron diffraction (SAED). STEM-HAADF and EDX color coded maps of
oxidation regions presenting the contrast of O (red), Ti (yellow), Al (blue) and Cr (green) as well as the schematic drawing of oxidation regions deduced from results

presented in Fig. 8 and Fig. 9.

good agreement with these introduced by Bondioli et al. [34]. At 950 °C,
the first evidence of a Al,O3 phase corresponding to PDF card number
00-001-1296 was detected. The absence of reflection of this last oxide
phase up to 950 °C will be discussed later. Fig. 8 presents TEM micro-
graphs of the cross-section of Alg 45Ti 29Cro 26N coating at 950 °C after
30 min of oxidation. The oxide scale presents a total thickness of about
610 + 25 nm. The elemental distribution of these oxide area is depicted
by the colored EDX maps. From the outermost to the internal oxidized
area, the oxide is made of a very rich titanium oxide region, followed by
an aluminum- chromium based oxide whose thicker internal layer
contain Ti oxide rich islands. The two high-magnification TEM images
reveal two types of grains in its outer region. Their respective electron
diffraction patterns indicate that the largest grains (125-230 nm) at the
external surface and rich in titanium, have a rutile structure whereas the
other grains (40-90 nm) just below are rich in aluminum and have a
rhombohedral Al;03 corundum structure. Much more fine oxide grains
have also been observed for the more internal aluminum-chromium
mixed oxide, with a size around 10-20 nm. Inside the thickness of this
aluminum-rich oxide region, the D-SIMS analyses have shown that the
chromium concentration is decreasing from its inner zone to its outer
zone (Fig. 10, the region between a and b). The thicknesses of each oxide
region at 950 °C and after 30 min are ~ 160 + 15, ~ 90 + 5 and ~ 385
+ 25 nm, respectively. For this aluminum-chromium oxide region, the
EDX analyses gave an average oxide stoichiometry for the biggest grains,
Al 5Cr 503 and for the smallest grains, Aly oCr; ¢Os3. It has also to be
reported that other titanium-oxide grains with smaller size were

detected in the mixed chromium-aluminum-oxide region (Fig. 8). Since
the titanium is not miscible in the mixed (AlxCry)203, it makes the for-
mation of islands with TiO, grains with larger grain size by comparison
with these of the mixed Al-Cr oxide matrix.

Fig. 9 shows a BF-TEM image of the inner mixed chromium-
aluminum-oxide region (CrxAl;_x)203 and the corresponding selected
area diffraction patterns obtained along [100] and [1-10] zone axes.
The crystal lattice parameters vary slightly depending on the Cr amount
in the oxides (CrxAl;_x)203 with different lattices as it is reported in
Pearson’s crystal data [35]. Some of the lattice parameters found and
associated to oxide stoichiometry are: a =b = 0.477 nm, ¢ = 1.302 nm
for Aly g96Cro.10403, @ =b = 0.476 nm, ¢ = 1.298 nm for Al; ¢gCro 3203
and a =b = 0.492 nm, ¢ = 1.346 nm for Al 72Cr; 2503.

3.3.2. Growth mechanism of the oxide layers

Several factors generally affect the formation and growth of the ox-
ides, such as the properties of the metal oxides, partial pressure of re-
action gas and also, the presence of defects in the crystal structure of the
oxides. Concerning the growth kinetic, it is in general controlled by
diffusion phenomena. D-SIMS depth profiles of the oxidized
Alg.45Tig.20Cro.26N coating at 950 °C for various durations and different
gas sequences between '°0, and 180, were carried out to go deeper in
the understanding of the oxide growth mechanism (Fig. 10). The
different layers observed on TEM images are also clearly visible on D-
SIMS profiles, i.e. from the surface to the interface with the nitride: the
Ti oxide, the Cr-Al oxide with an outer zone rich in aluminum. From the
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Fig. 9. The lattice resolved diffraction contrast of TEM analysis of Alg45Tig 29Cro.26N coating after oxidized at 950 °C for 30 min focusing on (CryAl; _)203 region

aligned along the three-zone axis.
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Fig. 10. O, Al, Ti, Cr and N D-SIMS depth profiles for Aly 45Tig 29Cro 26N oxidized coating at 950 °C using different isotopic oxidation sequences: (a) 30 min of 1°0,,
(b) 15 min of '°0, and 15 min of '%0,,(c) 15 min of °0, 15 min of *0, and 15 min of *°0,, and (d) 15 min of *°0, 15 min of *0, and 30 min of 1°0,. The dashed

vertical lines (a and b) delimit the different layer of the oxide scale.

determination of the different positions of these layer interfaces with
time, reported on the different SIMS profiles on the Fig. 10 by the dashed
lines a and b, we have followed their thickness evolutions. Considering
that the sputtering rate for each oxide layer which constituted the oxide
scale is the same, we can observe that each oxide continues to growth
during the all-oxidation period. From this statement, it can be reported
that the total oxide thickness growth mechanism is the result of a
continuous oxidation process for each oxide layer. Thanks to the multi-
gas stage oxidation experiments, it has been possible to show relevant
information about the oxidation growth mechanism on this AITiCrN
coating at 950 °C. For that, it is now discussed the evolution of the ox-
ygen isotopic profile after different total oxidation times presented in

Fig. 10B, C and D in comparison with the oxide layer generated after
30 min without any artificial enrichment in *805 (Fig. 10A). For the last
three coatings, a first oxidation period was carried out under °0, (*°0
and '80 in proportion fixed by the natural abundances) during 15 min to
grow a first oxide layer covering all the coating surface. Then, the
oxidation continues for additional 15 min under O, mainly composed by
180, (97.39%). For the last two oxidized coatings (Fig. 10C and D),
another 1°0, oxidation period was added during 15 and 30 min,
respectively. Thanks to a normalization step of the different depth
profiles, it can be seen in Fig. 10B, after 30 min of oxidation time, that
the 80 profile shows two main peak intensities and one more with a
smaller intensity. Taking into account the TEM oxide scale
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Fig. 11. APT reconstruction showing the three different types of oxide grains formed on the oxidized coating at 950 °C. (a) Two views of the same reconstruction
rotate 90 degrees. (b) Highlight of the oxygen isotopes distribution with *0 primarily found in the Al-rich oxide grain and '°0 primarily in CrAl- and Ti-rich oxide

grains. The mass-to-charge-state ratio, reported in Supplementary material 5.A.

investigations and the evolution of Ti, Al, and Cr SIMS intensities, the
localization of these peaks can be associated to the different layers. The
first high intensity %0 peak is located on the top oxide surface and it
follows the titanium profile (first '®0 peak), while the two other high
intensity peaks are located in the second oxide layer. One specific peak
just below the aluminum-rich outer region (second '®0 peak) coincides
with a small Ti peak after 30 min of oxidation and the other one (third
180 peak) is present at the interface with the remaining nitride layer.
The presence of %0 in the outer titanium layer indicates the contribu-
tion to the outward cation diffusion during the oxide growth and this
mechanism can control the formation of the rutile TiO, oxide layer. The
enrichment of 80 at the nitride/oxide interface indicates the contri-
bution of the inward diffusion of oxygen in the transport processes. After
longer oxidation periods, i.e., 15 and 30 min under 160,, outward
cationic diffusion with titanium and inward anionic diffusion with ox-
ygen continue (Fig. 10C and D) and lead to a thicker TiO layer and an
increase of Ti content on the other side of the Al rich oxide. As the
oxidation continues, the intensity of the first '®0 peak drastically de-
creases whereas the second one totally disappears. The third 80 peak
remains present until the end of the experiment. In regards, to this
statement and considering that the chromium intensity profile is
decreasing from its internal interface at the mixed chromium-aluminum
oxide interface to titanium oxide interface, it can be proposed the
following hypothesis to explain the existing of this aluminum-rich oxide
region. If we consider that the external titanium oxide is not a complete
barrier for oxygen molecule diffusion, a relatively high oxygen pressure
can be present at the interface between the mixed chromium-aluminum
oxide and the titanium oxide, chromium volatile oxide species can be
produced, and this statement can follow to a chromium depletion zone
and the formation of very high aluminum oxide layer just below the
titanium oxide scale. It is known that, during the oxidation of metal alloy
rich in chromium, at high temperature, around 1000 °C and higher, two
reactions can occur: firstly, a chromium-rich oxide scale formation and
secondly, the chromium species volatilization from this layer where
many reactions are possible depending on the oxidation atmospheres
and the oxygen vapor pressures. Different Cr species volatilization re-
actions in O, are reported in the literature depending of the oxygen
partial pressure and temperature: CrO3, CrOz, CrO and Cr [36-38].
Hilpert et al. [39] have modeled thermodynamics data using Chemsage
program to thermodynamically study the formation of Cr volatile spe-
cies in dry and humid air. The main species volatilized are CrO3; and
CrO5(OH), respectively. Now, to confirm the anionic and cationic

Table 2
Composition of the three different types of oxide grains measured by APT.

Ti-rich oxide grain Al-rich oxide grain CrAl-rich oxide grain
Al 22+01 424401 29.2 0.1
Ti 39.2+0.1 - 0.1+0.1
Cr 3.4+01 3.3+01 127 £0.1
150, 54.8 + 0.1 13.5 £0.1 56.0 + 0.1
180, 0.4+0.1 40.9 £0.1 21+01
%0, +1%0,  55.2+0.1 54.4 £0.1 58.1 +0.1

diffusion mechanisms which could control the oxide growth, APT
analysis was performed in the oxide layer of an oxidizing coating after a
cycle with 15 min under 160, + 15 min under 05 + 15 min under °0,
at 950 °C. The specimens were prepared to carry out the analysis in the
mixed chromium-aluminum oxide layer (Fig. 11) (further detailed in-
formation in Supplementary material 5.A). At the volume size of around
one hundred cubic nanometers, it is possible to see that there is some
heterogeneous composition of this oxide scale which can correspond to
three different type of oxide grains: one more rich in aluminum, one
mixed aluminum-chromium and the third one, in titanium (Table 2).
More in detail, the two mixed aluminum-chromium grains show no Ti
content and this analysis is in good agreement with the TEM observa-
tions. Additionally, it confirms that this oxide layer partly contains TiO2
grains. Also, it can be reported that the main concentration in 180, is
detected into the alumina rich grain, which can be associated to the fact
that this grain is generated in a second time with the depletion of
chromium replaced by oxygen. This observation confirms the SIMS
profile analyses in this oxide scale where a regular decrease of the
chromium content from the inner to the outer zone is reported. APT was
also use to provide concentration profiles across grain boundaries.
Fig. 12 shows three grain boundaries between the mixed oxide grains
enriched in '®0 and Ti. This grain boundary segregation depicts the
outward diffusion of titanium from the mixed oxide for the growth of the
TiO, top oxide layer and the inward oxygen diffusion to drive the
oxidation kinetic of this coating at the interface between the oxide and
the nitride phase.

3.3.3. Influence of the Ti/Al ratio and the Cr content on the oxide growth
kinetics for the TiAICrN coatings

The optimization of the Al/Ti ratio was realized by using two other
target configurations Tiss/Alss, and Tiso/Algp with one Cr target to
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Fig. 12. Grain boundary segregation at three different reconstructions in (CrAl),03. (a) Concentration profile across the boundary highlighted in (b) showing
segregation of '°0. () Concentration profile showing Ti and '®0 segregation at the boundary shown in (d). (d) Top view of a reconstruction showing grain
boundaries. (€) Concentration profile showing '®0 grain boundary segregation in the region marked in (f).

deposit Alg 44Tig 33Cro.23N and Alg 47Ti 32Cro.21N coating, respectively.
D-SIMS depth profiles were then carried out on the oxidized coatings
and reported in Fig. 13. The difference in composition do not change the
layers that composed the oxide but the coatings have different oxidation
kinetics as depicted by the different SIMS sputtering time needed to go
through the whole oxide thickness. So, the total oxide thickness is
smaller for the coating containing the lower Ti/Al(49,/60) ratio (Fig. 13b).
If we can clearly say that the increase of the aluminum content in the

nitride coating decreases its oxidation kinetics at 950 °C, it is not
possible to associate this results to one particular oxide layer and also, to
a different for the composition of chromium-aluminum oxide layer as
the Cr/Al ratio are almost the same for both oxidized coatings (Fig. 13a
and b). The normalized D-SIMS profiles for Alg 45Ti.29Cr 26N and
Al 54Tig.34Cro.12N oxidized coatings on Fig. 13d and ¢ show the impact
of Cr content addition in the TiAICrN coatings studied. The evolution of
the two oxidized regions present similar trend of intensity profile.
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However, the thickness of both Ti oxide and Al-rich oxide decreases with
a higher addition of Cr content in the coating as well as the thickness of
the mixed CrAl-oxide. The intensities recorded for the Cr and Al ele-
ments can indicate that the level of chromium increases in the mixed Cr-
Al oxide when its content is higher in the coating (Fig. 13d). It is clear
that Cr addition increases the oxidation resistance of the AITiN coatings.

4. Conclusions

TiAICrN coatings have been synthesized by codeposition with a
hybrid process using dcMS and HiPIMS to investigate the structural
phase stability of AITiCrN coatings and to determine the growth
oxidation mechanism at high temperature, 950 °C. As-deposited
AITiCrN coating shows a micro-columnar structure without macro par-
ticle defects and with typical single-phase cubic structure and a main

orientation, (111). The mechanical measurements at the coating surface
show that Cr content can stabilize the hardness and the elastic modulus
independently of the Al/Ti ratio with an elastic modulus of ~500 GPa
and the hardness in the range of 33 GPa. The AITiCrN coating keep the
single-phase cubic structure up to 950 °C without any segregation,
precipitation, or coarsening. The oxidation growth of the coating was
followed between 30 °C and 950 °C by XRD. The tetragonal TiOp-rutile
phase is identified at 700 °C and the rhombohedral (CryAly),03 phase
detected at 800 °C. Furthermore, at 950 °C, the first evidence of a Al,03
phase was detected. Transmission electron microscopy cross-section
observations after an isothermal oxidation at 950 °C, have shown that
the gradient (CrxAly)703 layer is very rich in aluminum under the TiO,
layer and richer in chromium at the nitride-oxide interphase, the pres-
ence of Cr decreasing the oxide grain size. Depth oxide profile analyses
by Secondary Ion Mass Spectrometry, completed by Atom Probe
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Tomography were also performed on these oxidized coatings after
different sequential steps of 80, with 10, at 950 °C. From all these
collected data, hypothesis are proposed where the oxidation mechanism
is controlled by the cationic diffusion of oxygen to the oxide-coating
interface and by the anionic grain-boundary diffusion of titanium at
the external surface as well as because of a higher oxygen pressure
generated by the inward diffusion of this species at the grain boundaries,
chromium volatile species can be produced. Thanks to APT results in the
mixed aluminum-chromium oxide scale, grain boundary segregations
are depicted and can confirm an outward diffusion of titanium for the
development of the TiO; top oxide layer and an inward oxygen diffusion
to drive the oxidation kinetic of this coating at the interface between the
oxide and the nitride. At the end, a complementary study where the
influence of the Al/Ti ratio and the Cr content on the oxidation and
thermal resistances at 950 °C for these AITiCrN nitride alloy coatings is
adding.
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A Supplementary material about APT

A 1 APT sample preparation

AITICIN [/

Fig. 14 A: APT specimens were prepared by the lift out technique, and thinned to get the transition
region between TiO,, Al,Os and (AICr),0; at the first 100 — 200 nm of the tip. The specimens were
thinned with a large shank angle to avoid thermal tails in the mass spectrum.

A 2 Determination of compositions by APT

The sample analysed by APT in this study is composed of Ti2O, Al203 and (AICr)203 oxides.
The mass-spectrum for the complete reconstructions contain a large number of peaks and
several overlaps (see Table I). Peak overlaps are normally solved by the implementation of a
peak deconvolution algorithm in IVAS software. However, in this case the oxidation was
performed with isotopic sequence artificially enriched in 80, isotope, that changes the
natural abundance ratios not only of the oxygen peaks in the mass spectrum, but also of
evaporated compound ions involving oxygen. For this reason, the use of the peak

deconvolution algorithm was not possible.

Instead of that, to minimize peak overlaps, the regions involving each of the three oxides
were separately exported and analysed. Most of the overlaps were solved in this way. Figure
15 shows an example of the mass spectra for each oxide region. The overlap of 0" and
H2'0*, which appears as a contaminant, was disregarded since water molecules appear in
general in small amounts in comparison with the oxygen isotope studied (REF:
ASCHAUER 2021). The overlap at 16 [Da] between 1*0* and Ti** only played a role in the
Ti-rich oxide and even in this region most of the Ti evaporated as Ti*? and TiO*. Figure
15(B) confirms that Ti*® isotope-peaks at 15.3 [Da] and 15.6 [Da] barely pass over the
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background line. Considering the aforementioned shortcomings in the implementation or a
peak-deconvolution algorithm, the APT analysis in the present work focuses on the objective
of differentiating the oxide regions and identifying / assigning the different oxygen isotopes
to the oxide layers. Table Il shows the APT compositional quantification of each oxide
showing that °0 is primarily present in Ti- and Cr-rich regions, while 0 is mostly found in

the Al-oxide. A deviation of the overall compositions of about 2-5% cannot be excluded.
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Table I: Peaks’ assignment and overlaps

Mass-to-charge ratios [Da]

135
16
17
18

215
22

225
23

233

235
24

24.5
25
26

26,5
27

28.6

29.3
30
31

315
32

325
33

335
34

34.5

160++

Al
Al*
160+
17o+
180+

AlQO*
AlO**
Al¥O*
Ti™

A|2160+++
Ti™

Al
Ti™
Cr
Cr+*
Cr+*
Al*

AlL®0,

AlL,O***
A|21802+++
TiO*™
TiO*™
1602+
TiO*™
cro*
TiO*™
Cro**

CrO**

OH*

Tit*

Tit*

Cr++

Tio*

Tio*

43
435
44
445
45
52
59
60
61
62
63
64
65
66
68
69
70
71
78
79
80
81
82
84
85
86
87
88
96

A|160+
AlL,Ox*™
AlO*
AlO*
AlBO*
Cr*
AlO,*
AlO,*
AlOy*
Tio*
TiO*
Tio*
TiO*
CrO*
Cro*
Cro*
AlL,O*
Al,O*
TiO,*
TiOy*
TiO,*
TiOy*
CrOy*
CrOy*
CrOy*
Al,O>*
Al,Oy*
Al,O5*

Tios*

A|21602++

CrO**

AlLOy**

Al80,

A|1802+

TiO*

CrO*

TiOy*

CrOy*
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Fig. 15: Mass spectra of the three oxide regions separately. A zoom in of the Spectra between 6 and
48 Da is shown to highlight the difference between the spectra in the region with the highest number

of peaks.
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Table I1: Composition of the three oxide regions by APT.

Ti Al Cr %0 80 1%0+180
Al;03 -- 42.4 3.3 13.5 40.9 54.4
Ti.O 39.2 2.2 3.4 54.8 0.4 55.2
(AL, Cr)203 0.1 29.2 12.7 56.0 2.1 58.1
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7.3 Paper IlI.

Influence of Si addition on the phase structure and
oxidation behavior of PVD AITIN and AITICrN coatings

using high-resolution characterization techniques

Author(s):
M-R. Alhafian, N. Valle, J-B. Chemin, L. Bourgeois, M. Penoy, R. Useldinger, J. Ghanbaja,
F. Mucklich, and P. Choquet
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Two oxidation processes at 950°C:
1- Inward grain boundaries diffusion of oxygen
2- Outward anionic diffusion of Al
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Four oxidation processes at 950°C:
1- Inward grain boundaries diffusion of oxygen

2- Outward anionic diffusion of Ti

3- Evaporation of unstable CrO, oxides

4- Growth of the oxide layer at the coating interface
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ARTICLE INFO ABSTRACT

Keywords: The influence of Si concentrations on AITiN and AITiCrN coatings deposited by PVD has been investigated by
AITISIN - AITICrSIN PVD coatings using high-resolution characterization techniques: TEM, Dynamic SIMS, Atom Probe Tomography (APT) analyses
Micromechanical properties and nano hardness measurements. First, investigations focus on crystallographic phase stability, microstructural

18 ic oxidation labelli
9 ~lotple cxidation Id?e"mg observations and micromechanical studies to understand the effect of the Si addition on these two nitride
Transmission Electron Microscopy (TEM)

D ¥ i 4 coatings. Second, the oxidation mechanisms and the kinetics of oxide growth at 950 °C for various durations are

Y y lon Mass y (D- . S B 7 i : 3 3

SIMS) examined. Results indicate that the addition of Si introduces high compressive stresses in both coating groups,

Atom Probe Tomography (APT) reaching values in the range of — 6 GPa. However, the behavior of Si content differs for AITiN coatings with and
without chromium. In AITiSiN coatings, increasing Si addition leads to reduce residual stresses, while no sig-
nificant change is observed for AITiCrSiN coatings. This stress evolution is associated with a decrease in crys-
tallinity density of the TiAIN coatings due to Si addition, but this structural phenomenon is not observed when Si
is added to the quaternary metallic coatings TiAICrN. Si content also influences the nanohardness, but the
variation among coating is not substantial, with values around 34 + /— 2 GPa, and an elastic-modulus around
443 + /— 40 GPa. Regarding oxidation resistance at 950 °C, the addition of Si in AITiN coating results in the
formation of an external alumina oxide layer and beneath it, a nanometer sized TiO, anatase crystallites layer.
After the growth of this bi-layer oxide scale, the inward cationic diffusion of the oxygen is very significantly
reduced, and it can explain its high oxidation resistance. In contrast, for AITiCrSiN coatings, the oxide scale
morphology is different, consisting of a pure TiO,rutile outer layer, followed by an Al-rich oxide and a mixed
oxide region of (AICr),03 with small islands of TiO,. The growth of this last oxide scale shows a regular increase
over time, primarily driven by inward oxygen diffusion at the nitride coating interface.

1. Introduction improvements of their mechanical properties and oxidation resistance,
particularly in the field of dry high-speed cutting technology. For

The need of continuous performance increasements of hard nitride example, the surface temperatures of TiAIN cutting tools during dry
coatings for industrial tool applications still demands further turning tests for the machining of stainless-steel pieces were measured
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between 700 and 1100 °C for the following cutting parameters: cutting
speed between 90 and 250 m/min, depth of the cut 0.25 mm and feed
rate 0.20 mm/rev [1]. When the coated cutting tools are subjected to
these elevated temperatures, an increase of its oxidation and wear
resistance is required for enhancing the lifetime of these cutting and
forming tools [2-5]. One of the most successful ways for improving the
oxidation resistance in the titanium nitride-based coatings is to alloy TiN
with different elements, such as Al, Cr, and Si (systems TiAIN, TiCrN,
TiSiN [6-9]). TiAIN is now a widely used coating for high-speed
machining applications. Aluminum alloying shows an efficient
improvement behavior against oxidation by forming a protective
a-AlyO5 outer-layer and a porous TiO, sub-layer at 850 °C [10]. How-
ever, there is maximum Al content to conserve the cubic structure for
TiAIN coatings. In the literature, the reported limit for conserving the
structure for a Ti; ,AlLN composition is when x is equal or below 0.67
[11]. Higher x values lead to a degradation of the coating’s mechanical
properties due to the loss of the cubic structure [10]. However, it is also
known that the oxidation degradation process for Tii xAlLN with x =
0.67 occurs already at 850 °C in air. This is a rather low value, consid-
ering the current working surface temperatures for dry high-speed cut-
ting tools (up to 950 °C). Chromium is also a metallic element which can
improve the oxidation resistance of titanium nitride coatings. The pro-
tective behavior for TiCrN coating was recorded at 850 °C by forming
Cry05 and TiO; oxide layers [12]. Moreover, the addition of Cr can also
improve the oxidation resistance and the tribological performances of
ternary cubic TiAIN alloy coatings. Different publications have already
reported the thermal and oxidation properties of TiAICrN coatings at
temperature up to 950 °C [13-15]. According to our recent studies,
particularly in the case of AITiCiN coatings, it is worthwhile to note that
the oxidation resistance in AITiCrN coatings depends on both the Al/Ti
or Cr/Ti alloying ratios [16]. Also, a further increase of the Al or Cr
content can also lead to the dissociation of the solid solution cubic
structure to a mix with cubic and hexagonal structure [17,18]. Conse-
quently, to achieve optimal performance at high temperatures, precise
control of the Al and Cr contents in TiAICIN coatings is essential.
Tribological tests have demonstrated that the composition of TiAICIN
coatings needs to be adjusted for each machining test, considering the
heat-resistance of the working material. The addition of a fourth
metallic element to the composition of titanium nitride coating can be a
way for further improving the high temperature performances of these
titanium nitride coatings.

Silicon proves to be an interesting alloying element to increase the
oxidation resistance and the mechanical properties [19]. Previously
published works have reported significantly better oxidation resistance
of Si-containing coatings compared to the ones without Si [20-22]. For
example, TiSiN coatings show a nano-composite structure, consisting of
TiN nano-crystallites embedded in a thin amorphous SiNy matrix at the
grain boundaries. During the oxidation, a SiO» layer is formed, which
limits the diffusion of oxygen and increases the oxidation resistance
[23-25]. Recently, the TiAlSiN nano-composite coatings have attracted
alot of interest from the scientific community because of its low thermal
conductivity and its excellent oxidation resistance [26,27]. In the
TiAlSiN coating structure, Al atoms substitute the Ti atoms in the TiN
lattice and Si atoms are present with nitride atoms by incorporation
either as a substitutional solid solution into TiAIN lattice or via the
formation of a separate amorphous SizN; phase surrounding a
nano-crystalline TiAIN. Besides, a number of papers have demonstrated
the benefit of Si addition to TiAIN coatings for a good oxidation resis-
tance, thermal stability and mechanical properties.

Until now, very limited works have been dedicated to study the high
temperature behavior of AITiCrSiN coatings. For instance, Bobzin, K.,
et al. studied the thermal and mechanical loads of (TiAlCrSi)N and
(TiAICrSi)ON during milling tests. They reported a fine crystalline
morphology with a cubic structure for both coatings and good oxidation
resistance up to 900 °C. The nitride coating showed an increase of tool
life by 10% compared to the oxynitride coating. These observations are
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attributed to the high aluminum/titanium ratio (1.35) in (TiAlCrSi)N
coating [28]. Huang, J., et al. reported the oxidation resistance for
CrTiAlISIN Arc coatings at 900 °C in air for 2 h, where the TiO, region
followed by a mixed AlxO3 and Cr203 regions were formed. They
assumed that the titanium top surface oxide was formed by outward
cationic diffusion through the cracks, which is observed in the mixed
oxide regions [29]. However, to the best knowledge of the authors, the
optimization of the AITiCrSiN coating composition produced by High
Power Impulse Magnetron Sputtering (HiPIMS) to increase their high
temperature performance at 950 °C has not yet been adequately studied
to date.

Therefore, this paper compares the effects of Si addition on both
AITiN and AITiCrN coatings in their as-deposited state at 450 °C and
describes the coating stability and thermal behavior at 950 °C over
different durations. Both titanium nitride-based coatings were synthe-
sized by using a co-deposition system where HiPIMS is used to deposit
the Ti, Al and Cr elements and direct current Magnetron Sputtering
(deMS) process to tune the Si content. X-Ray Diffraction (XRD) analysis
and Scanning Electron Microscopy (SEM) observations were used to
detail the influence of different silicon contents on the coating’s struc-
ture and morphology. The hardness and the E-modulus of films were
measured by a nano-indentation test. The corresponding effect of Si
addition on the oxidation resistance at 950 °C and the morphology of the
oxide layers were also revealed by High-Resolution Transmission Elec-
tron Microscopy (HR-TEM). Moreover, Dynamic-Secondary Ion Mass
Spectrometry (D-SIMS) and Atom Probe Tomography (APT) were used
to further identify the growth mechanisms of the oxide layers at 950 °C
using sequence steps of %0, and the isotope 18g, gas with different
durations.

2. Experimental methods

All AITiSiN and AITiCrSIN coatings with different Si contents were
deposited onto mechanically polished WC-Co (carbide) plane disc with
chemical composition of Co = 5.8 wt% and (Ti Ta Nb)C = 7.4 wt%, they
were used as coated substrates for the hardness, E-modulus and the
stress measurements. The same coatings were also deposited onto
mirror-polished silicon wafers with crystal orientation of 100 + 0.5° and
1 mm thickness. These coated substrates were used for thermal testing
and analytical characterizations. Prior to the deposition, all subsirates
were ultrasonically cleaned using an ethanol bath for five minutes.

The coatings were carried out by deMS and HiPIMS technologies in a
PVD coating machine comprising three circular cathodes Cy, Cz and Cs,
each of which having a diameter of four inches. In addition, one more Ti
rectangular cathode with a surface of 500 cm? was used for the depo-
sition of a TiN interlayer. The cathode to substrate distance was 120 mm.
To avoid a variation in coating composition and to ensure a uniform
coating thickness, the deposition was initiated by switching left and
right the substrate holder positioned in front of the cathodes with a
moving speed of 5 rpm and for 70°. A schematic diagram of the dcMS
and HiPIMS coating system is shown in Fig. 1.

The deposition procedure was as follows. After loading the samples,
the vacuum chamber was evacuated to a base pressure of 10 © mbar and
then, the substrate holder was preheated to 450 °C. The substrate tem-
perature was controlled by a calibrated thermocouple directly mounted
behind the sample’s holder. Following these two steps, the substrates
were subjected to plasma etching with Ar ion bombardment using three
microwave antennas and a DC bias of — 200 V for 30 min to remove any
surface contaminants and do an activation of the substrates. Further-
more, in order to avoid any oxidation contaminants in the coatings
coming from the targets, they were sputter cleaned for 10 min. Before
coating, a mixture of 50 scem high purity argon (99.999%) and 22 sccm
nitrogen (99.999%) gas were injected, producing a working pressure of
5 x 10~ mbar. This nitrogen (N2) gas flow was determined via a target
poisoning study by investigating the variation of the target voltage as a
function of the total gas mixture flow rates, to allow sputtering in the
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Fig. 1. Schematic view of the co-sputtering PVD coater machine.

compound mode and to reach stoichiometric nitride coatings [30]. The
deposition process began when the substrates were in front of the Ti
rectangular target, where the deposition of a 0.5 ym-thick TiN interlayer
was carried out in decMS mode. This interlayer is used to improve the
coating adhesion.

Two Ti based target compositions were afterwards sequentially used
to elaborated the TiAl alloy nitride coatings: TiseAlsy at% and
Al4gTizoCrap at% (reported in the target position Cy and C, on the Fig. 1).
An additional Siygo at% target (Cs) for the production of the Si-doped
coatings was used to carry out a co-deposition process. The power on
the target was applied by using two types of generator: 1) a HiPIMS
generator operated on the C; and Cy targets with a duty cycle of 3.5%
and a pulse length of 2000 psec, at a repetition frequency of 500 Hz and
an average power of 3200 W (target power density of 18.6 W/cm? and
voltage of —480 V) and 2) a dcMS power generator operated on the Si
target, whose current was adjusted to reach different Si contents. During
the deposition step, a bias voltage of — 35 4 5V was applied on the
substrate holder. The thicknesses and deposition rates of the coatings
were estimated over a series of deposition and they were in the range of
3.0-3.6 pm and 0.8-1.0 pm/h, respectively. The samples were cooled
down to less than 100 °C before venting the coating chamber.

The composition, the morphology and thickness of as-deposited
coatings were investigated by Field-Emission Electron Microscopy (FE-
SEM; Hitachi SU-70) coupled to an Oxford X-Max" 20 mm?> Energy-
Dispersive X-ray Spectrometer (EDS; Oxford Instruments). The struc-
ture, texture, residual stresses and the stress-free lattice ap measure-
ments were performed by X-ray diffraction on a PANalytical Empyrean
XRD operated in Bragg-Brentano geometry in point focus configuration
using a Cu Ka radiation at 45 kV and 40 mA. The calculation of the
texture coefficient (TC) for the three main presenting peaks (111), (200)
and (220) for all sample compounds is outlined in detail elsewhere [30].
Theresidual stress ents were carried out using the single {hkl}
sin®w method on the (200) reflection plane of the TiAIN phase assuming
a Poisson ratio v of 0.250 [31] and using an elastic-modulus E;; deter-
mined during the nano-indentation measurements. More details of
measurements are described elsewhere [30]. The Full Width at Half
Maximum (FWHM) for the (422) diffraction peak of the fcc phase
(located at 20=~129°, depending on coating composition) for all mea-
surements was determined in Grazing Incidence-XRD (GI-XRD). Com-
plementary structural investigations of the as-deposited coatings were
also carried out with a Bruker D8 Discover diffractometer equipped with
a Cu Ka anode operated at 40 kV and 40 mA in grazing incidence mode.
All GI-XRD measurements were performed with a fixed incidence angle

®1is 2 °. A number of GI-XRD measurements were also performed on the
coatings after oxidation tests by XPert Pro XRD equipped with a PIX-
cel3D detector and a Cu Ka anode operated at 45 kV and 40 mA. For the
measurements performed on the Bruker D8 Discover as well as the
PANalytical XPert Pro, the instruments were in line focus configuration
with a parallel mirror mounted on the primary optics and a parallel plate
collimator mounted in front of the detector.

The nano-indentation tests were carried out at room temperature of
22 4+2°C to estimate the hardness of the coatings and its elastic
modulus using Anton Paar-CSM NHT3 instrument with a Berkovich
diamond indenter [32]. Before indentation, the samples were observed
under an optical microscope and a suitable area was chosen. Maximum
indentation depth was determined to be less than 1/10 of the film
thickness, thus excluding the effect of the substrate deformation. For
each film, the nanoindentation tests were repeated for more than 20
times with a loading speed of 20 mN/s. Thus, the values reported herein
represent the average of these values.

Isotopic oxidations of AlTiSiN and AITiCrSiN films were carried out
in a Nabertherm 50/250/12 horizontal fused-silica tube furnace. The
coated samples were inserted into the furnace on fused-silica boats and
the temperature of the samples was monitored using a chromel-alumel
thermocouple attached to the underside of the boat directly behind
the substrate. Oxidation experiments were carried out at 950 + 5 °C for
different times ranging from 16 min up to 64 min. The oxidation at-
mosphere was controlled using a two-step approach. Firstly, a 160, gas
with (99.757% purity) was employed for 16 min, followed by second
step utilizing 10, gas with (97.39% purity) for 9 min. Subsequently,
several sequences of '°0, gas were introduced each lasting between
0 and 24 min. Further details of the oxidation experiments are covered
elsewhere [16].

Cross-sectional thin foils were prepared for Transmission Electron
Microscopy (TEM) investigations using a SEM coupled with a focused
ion beam (Helios NanoLab 600i, Thermo Fisher). The microstructure of
the films and crystal phase identification were investigated by TEM.
These investigations were carried out using a JEOL JEM-ARM 200 F
(Cold FEG) TEM operating at 200 kV and equipped with a spherical
aberration probe and image and with a point resolution of 0.12 nm in
TEM mode and 0.078 nm in STEM mode. The chemical depth profiles
were conducted via dynamic secondary ion mass spectrometry (D-SIMS)
in a CAMECA SC-Ultra instrument in positive ion mode, using Cs'
primary-ion beam with an impact energy of 2.0 keV and acquisition time
range from 16 to 64 min, commensurate with the oxide thickness, which
analyzed. The different elements of interest were measured as MCs; (M
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= Al, Ti, Cr, Si, O or N and x = 1 or 2) cluster ions.

APT samples were prepared in a dual-beam focused ion beam/
scanning electron microscopy workstation (FIB/SEM) Helios NanoLab
600™ (FEI). Laser Pulsed APT was performed using a local electrode
atom probe in a LEAP™ 3000XR (CAMECA) at a repetition rate of
200 kHz, with a sample ground temperature of 60 K, a pressure lower
than 1.33 x 10" ® Pa, and a laser pulse energy of 0.5 nJ. The evaporation
rate was 5 atoms per 1000 pulses. Data reconstruction was carried out
with the software package IVAS™3.6.14 using the voltage evolution
curve. The evaporation field was estimated from the mass spectrum
using Kingham curves to be 40 V/nm. All specimens were reconstructed
with an image compression factor of 1.65 and a k-factor between 3.3 and
4.1 individually for each tip due to the variation in shank angle between
tips [33].

3. Results and discussion
3.1. Properties for as-deposited coatings

The EDX chemical compositions analysis in Table 1 indicate that all
coatings are stoichiometric (Al-Ti-Cr-Si)N. The cross-section SEM im-
ages of the AITiSIN and AITiCrSiN coatings have been performed for
each Si content studied (not reported in this article) and all coatings
have a dense structure with fine fibrous columns. By comparison with
previous works focused on AITiCrN coatings elaborated in the same
conditions [16], the addition of Si resulted in the refinement of the
columns. The average of the column’s width was determined to be about
50 nm and about 100 nm with and without addition of Si, respectively.
Furthermore, the observations of the coating microstructure become less
defined with Si content above 3 at% for both coatings. This last obser-
vation will be discussed in more details with TEM and XRD results.

Fig. 2 shows the D-SIMS depth profiles of both AlssTiysSiasN, and
AlssTizgCro3SizeN as-deposited. The depth profiles highlight the for-
mation of AITiSiN coating (F'ig. 2A), and AITiCrSiN coating (Iig. 2B)
with a uniform concentration of each element, followed by a TiN
bounding interlayer with a thickness of 500 nm and then the Si sub-
strate, respectively.

The GI-XRD diffraction spectra of all as-deposited coatings are shown
in Fig. 3 for the two groups of coatings AITiSiN (Fig. 3A) and AlTiCrSiN
(Fig. 3B). The Al Ti; ,SiyN coatings with a Si content ranging from
¥y = 1.4-6.4, exhibit the typical peaks of a single cubic phase structure
characterized with the (111), (200) and (220) reflection peaks. Associ-
ated to the increase of the Si content in the TiAIN coatings, a slight
decrease of the total number of counts for these 3 peaks can be reported,
indicating a less crystallized structure of the coating. When the Si

Table 1
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content is increased, y = 6.4, a broadened diffraction signal was
observed within the angle range of 34-36°, indicating the presence of
wurtzite AIN and suggesting the initiation of a transition from a B1 cubic
structure to a B4 hexagonal structure. For the highest Si content, y = 10,
the coating is not more crystallized, or it can contain only nano-
crystallized grains. This last point will be later discussed with the TEM
analyses. The AITiCrSiN as-deposited coatings have also a cubic struc-
ture and with a silicon content below 3 at%, the highest intensity peaks
correspond to (111) reflection plane. Additionally, another reflection
peak corresponding to the (220) plane is observed. For the highest Si
content, y = 10, (200) reflection plane is predominant in the grazing
incidence spectrum.

For the coatings containing Si and Cr, the presence of any peak
within the angle range of 34-36° is not visible, even when the Si content
increases. This structural phenomenon can be correlated to the values
ratio of Al/(Al+Ti+Cr) which is different between the two coatings.
With a similar Si content, this ratio for AITiCrSiN coatings is lower than
for AITiSiN, 0.47 and 0.53, respectively. Due to this lowest ratio, the
cubic structure of AITiCrSiN exhibits improved stability compared to
AITiSiN coatings with a similar Si content, as shown in Fig. 3B. Addi-
tionally, even with the highest Si content (y = 10), the peak of the cubic
phase structure, (200) remains clearly visible for AITiCrSiN. This
statement can be correlated with other parameters in relation with the
structural properties of the coatings (Table 1). It was observed that for
the AlsoTiy3515.4N coatings, the lattice parameter ag and FWHM are ag
—4.23 A and FWHM = 5.92°. In the other hand, for the AITiCrSIN
coatings, the lattice-parameter a; and FWHM slightly decrease with an
increase of the Si content: for Al4eTizgCrosSizegN, ag = 4.21 A and
FWHM = 4.26° and for Al4sTisgCrasSissN, ag = 419 A and FWHM
= 3.17°. From these different results, it can be proposed that in the case
of the AITIiN coatings, the introduction of Si induce an increase of the
crystalline cell and a decrease of the grain size and the opposite effect
appears for the AITiCrN coatings. This result could explain why it has
been observed that Si addition has a retardant effect of the amorphiza-
tion mechanism when chromium is present in the coating composition.

The different measurements of the internal mechanical properties for
each coating (residual stresses, nanohardness and Young Modulus) are
reported in Table 1. It can be shown that high compressive stresses
(values superior to —6 Gpa) can be recorded with the addition of silicon
for both coating groups. However, a Si content superior to 1 at% into
these aluminum and titanium nitride coatings does not have the same
behavior if the AITiN coatings contain the chromium. For the AITiSiN
coatings (I'ig. 4), the increase of the Si addition causes a decrease of the
residual stresses in contrast to AITiCrSiN, for which an increase of Si
content does not modify this mechanical property. Considering the

Characteristics of the samples studied: EDX composition (at%), stress free lattice spacing a, (:&] and Full Width at Half Maxima (FWHM) determined from XRD on (422)
reflection plane, instrumented values of the hardness, Young's modulus, Hyy/Err, Hi/EZ and stress values. As well as the structure of all (Al-Ti-Si-Cr)N as-deposited
coatings on WC—Co substrate. B1: cubic structure. B4: hexagonal structure. These data are determined from Theta 2theta spectra which are not here presented.

Coating Composition (at%) Lattice FWHM determined on Stress Hiy Err Hi/ Hi/ structure
z:., (422) Eyy Efy
Al Ti Cr Si N A ) MPa GPa GPa GPa

AlgsTissS8ip 4N 31.4 186 X 0.7 493 4.213 3.4280 -6626 34.9 396 0.088 0.270 Bl
+ 577 +0.9 +15

Al TigeSip N 26 226 X 1.3 50.1 4,228 4.5582 -7447 34.7 494 0.070 0.171 Bl
+304 +0.4 + 80

AlsgTigaSig 4N 25 217 X 3.2 501 4.231 5.9200 -2335 31.8 444 0.071 0.162 Bl
+ 260 +0.6 +12

AlsgTigaSizoN 23.8 208 X 5.1 50.3 4.242 Peak too small +955 + 83 X X X X B1 +B4

AlggTizgCrasSias N 228 136 114 1.3 509 4.212 4.2591 -6330 325 445 0.073 0173 Bl
+ 233 +07 +12

AlgeTiz CrasSig N 22.4 133 115 2 50.8 4.211 3.7992 -6307 329 405 £7 0.081 0.217 Bl
+119 +0.5

AlgsTiggCrasSis ;N 223 13 111 28 508 4192 3.1696 -6320 34.7 512 0.067 0.159 Bl
+313 +0.6 +14

Al TizeCraaSippN 21 127 107 5 50.6 4.184 Superposition with WC -5806 313 400 +6 0.078 0.190 Bl
+ 389 +0.5
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comments reported from the XRD analyses on these different coatings,
we can propose that the decrease of the residual stresses for the TiAISIN
coatings can be associated to the formation of wurtzite phase and to a
reduction of its crystallinity density with the Si addition. This structural
phenomenon is not visible when the Si addition is associated to the
quaternary metallic coatings, TiAICrN. It is seen in Fig. 4 that the
hardness is also influenced by the Si content. The evolutions of the
values can be correlated with these reported for the compressive resid-
ual stresses of these two groups of nitride coatings, the highest hardness
measurement was about 34 + /— 2 GPa, and the average values of
instrumented elastic-modulus was determined to be about 443 + /
— 40 GPa.

3.2. Oxidized coatings at 950 °C

In this section, oxidation behavior at high temperature of the
AlsyTigsSis N and AlgeTisgCrasSiagN coatings will be discussed. As
described in a previous section, both coatings have been deposited in the
same coater equipment and with the same process conditions. Further-
more, these coatings exhibit identical cubic structures, Si content, and
mechanical properties, specifically in terms of toughness and resistance
to plastic deformation, as indicated by a H*/E? ratio of 0.17. Conse-
quently, the authors consider that this offers an optimal situation to
completely explore the effect of Si addition during oxidation and to see if
there is a synergetic effect when the aluminum-titanium-silicon nitride
coating also contains chromium.

Firstly, our recent study, with a particular focus on Si-free AITiN and
AITiCIN oxidized coatings, indicated that the AITiN coating, despite
possessing a comparable Al/Ti ratio, exhibits insufficient oxidation
resistance when subjected to temperatures of 950 °C. Indeed, at this
temperature, we can observe that the coating undergoes a complete
oxidation which could be explained by the formation of a porous rutile
TiO, structure [16]. In contrast, the oxidation resistance of AITiCrN

TEM DF micrograph« = L5

at 950°C — 49min S SAED Alg,TigsSip 6N 2,421 A

TiN

500 nm

TEM BF micrograph

500 nm
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coatings at 950 °C, have displayed a more intricate relationship influ-
enced by both the Al/Ti and Cr/Ti alloying ratios. In this case, the
coating demonstrates partial oxidation, leading to the development of a
rutile TiO2 surface layer with an AlCr>O3 superior protective layer sit-
uated beneath it. The research shows that the microstructure of this
underlayer is a main parameter in the oxidation kinetic of these AITiCrN
coatings as it defines the inward oxygen diffusion [16]. Secondly, let’s
discuss various aspects of the thermal behavior of the AITiSiN and
AITiCrSiN base coatings after subjecting them to a 49 min heat treat-
ment at 950 °C, before delving into a comprehensive study of their oxide
layer and growth mechanism. The dark field and bright field TEM mi-
crographs show cross-sections of the Als;TissSiz N and AlgeTisgCros.
Sip ¢N coating holding at 950 °C for 45 min (Fig. 5A and B). The
diffraction contrast images of the nitride coating part indicate that both
coatings maintain a microstructure with fine fibrous columns similar to
the one just after the deposition. For the AITiSiN coating, the fibre size is
estimated between 55 and 70 nm and for the AITiCrSiN coating between
55 and 95 nm. The selective area electron diffraction (SAED) patterns
also show a structural thermal stability for the AITiSiN or AITiCrSiN
coatings. The lattice spacing determined from SAED pattern is corre-
sponding to the cubic structure for both coatings and the main plane
orientation (111) is conserved. No indication of structural phase sepa-
ration between aluminum and titanium phase has been highlighted and
therefore, it can be considered that the incorporation of Si atoms into
these two nitride alloys largely delays the phase separation during their
use at this high temperature.

The diffraction analyses using a GI-XRD configuration have been
carried out on AlssTissSizeN and on AlgeTizgCra3SizeN coatings
oxidized at 950 °C and their diffraction patterns are now shownin Fig. 6.
The analysis also reveals the presence of a-Al,03 corundum phase in
addition, two crystalline TiO, phases, anatase and rutile which are all
detected for the two oxidized samples. The TiO» anatase phase is largely
dominant with well-defined peaks in Als>TissSi26N coating in contrast

TEM DF micrograph

o
at 950°C - 49min %

SAED AlygTigCrysSip N 2,43 A

Fig. 5. Dark and bright field TEM micrographs of the cross-section of the oxidized coatings of Als,TiysSi,¢N and AlyeTizgCrasSis ¢N at 950 °C for 49 min, respec-
tively. The selected area electron diffraction (SAED) patterns for all the oxidized coatings areas.
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Fig. 6. Grazing incidence XRD pattern (o 2°) performed on the XRD X'Pert Pro patterns of AlgTizsCra3Siz N and AlsTigsSiz 6N samples heated at 950 °C for 64 min.
For structure identification, the ICCD 2021 database was used.

to the rutile phase detected in Al4eTizsCr23SizeN coating with broad
peaks. One more rhombohedral phase associated with a CrAlO; chem-
ical composition could also be detected for this last coating (this phase

will be later confirmed in the TEM results section). However, as both
oxidized coatings exhibit a high-angle shift for the nitride peaks (111),
(200), and (220), the appearance of the rhombohedral phase cannot be

(3

BF = 100 nm

OK 100 nm

TEM BF micrographs
Al5;TigsSi; oN oxidized part at 950°C - 49 min

T NK = 100 nm

SAED a-Al,0; corundum
Zone Axis : [210]

SAED TiO, anatase
Zone Axis : [111]

Al K 100 nm Ti K

HRTEM micrograph
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Fig. 7. TEM investigation of the oxide formed in air at 950 °C for 49 min on Als,TiysSi» ¢N coating. (A) Bright field image, lattice resolved diffraction contrast of
Al,0; and TiO, along the [210] and [111] zone axis, respectively and corresponding selected area electron diffraction (SAED). (B) STEM-HAADF and EDX color
coded maps of oxidized regions presenting the distribution of O (yellow), N (pink), Al (orange), Ti (blue) and Si (cyan) as well as the schematic drawing of

oxidized regions.
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alone considered for the peak at 64.5°. This shift can also be attributed to
the relaxation of stress phenomena during the temperature increase,
which involves defect rearrangement rather than recrystallization, as
there is no associated change in texture. The shift can be linked to the
growth of the oxide scale on top of the nitride coating.

To go deeper in the presentation of the oxide layers for these two
types of coatings, TEM cross-section observations and EDX mappings
have been carried out. First, discussions will be dedicated to the addition
of Si to AITiN coating. Fig. 7 shows the results for the Als>TissSizeN
oxidized coating. F'ig. 7A clearly shows a bilayer oxide structure with an
outer layer rich in aluminum, the a-Al,03 corundum with a thickness of
165 nm and an inner layer rich in titanium, TiO, anatase with a thick-
ness of 221 nm. The presence of Si on the top of these two layers is
related to Si contamination during the sample preparation. The grain
sizes of Al,O3 are bigger compared to TiO, with a range between 80 and
180 nm and 20 - 40 nm, respectively. Furthermore, the EDS mapping
analysis (Fig. 7B) show the distribution of Al, Ti, Si, N and O in the oxide
layer and easily define the interface between these two layers. The
elemental mapping also reports that Si and N are detected in the inner
oxide layer, the presence of these two elements can indicate that other
phases rich in silicon like SisN4 (with also SiO,) may be present in the
titanium oxide scale. EDS local analyses have been performed in the
titanium-rich oxide scale and small amounts of Si, N and Al are found.
The presence of these two elements, Si and N could indicate that the
inner TiO, oxide layer growth by internal oxygen diffusion. This state
will now be considered during the presentation of the results of the
elementary depth profiles into the different oxide layers.

D-SIMS depth profiles of the Als5Ti4sSiz2 6N oxidized at 950 °C under
sequential atmosphere containing '°0, and %0, isotopes after different
durations in the range of 16-49 min are shown in Fig. 8. This elemental
analysis confirms that the oxide scale is structured with two layers, a top
oxide layer rich in Al (region 1) and an inner layer rich in Ti (region 2).
The depth profiles (Fig. A-D) reported in real count intensities show that
region 1 mainly consists of alumina and at a low level whereas region 2,
mainly consists of titanium oxide. Also, the two chemical elements, Si

0,total =*0,16min

16008

Nitride Layer

Nitride Layer

Al5;TigsSiz 6N oxidised coating
Intensities [c/s]

B 0,total ='%0,16min+'*0,9min
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and N, are part of the inner titanium-rich oxide layer. Silicone and Ni-
trogen present a similar behavior with a bump near the interface be-
tween region 1 and region 2. Considering that diffusion of silicon and
titanium into alumina is difficult, this observation can confirm that this
titanium oxide inner scale has grown mainly by an internal oxygen
diffusion where the partial pressure of oxygen controls the selective
oxidation of the different metallic elements.

During the 16-49 min period of D-SIMS analysis, it was observed
that the sputtering time for oxide layers, which directly depends on
oxide thickness, showed only a very slight increase. This statement in-
dicates that a dense and compact oxide layer is developed during the
first period of 16 min and then, the growth of this protective layer can
largely reduce the oxygen diffusion at the oxide-nitride interface and
consequently blocks the oxide growth mechanism. By comparison, the
authors have already reported that the same AITiN coating with a
similar Al/Ti ratio, but without Si has poor oxidation resistance at this
high temperature of 950 °C [16]. Additional insight data of the diffusion
mechanism into the oxide layer can be now obtained by analyzing the
isotopic profiles of oxygen for different oxidation durations (Iig. 8A™-
D). On the Fig. 8B”, the coating was oxidized during 25 min with a first
period of 16 min under 1602 (Fig. 8A”, 16 min) and a second one of
9 min, under '0,. With these sequential oxidation conditions, the
highest 180 normalized signal is observed at the external surface. For a
longer oxidation duration (Fig. 8C”, 36 min) with an adding oxidation
period of 11 min under an '°0, atmosphere, the 0 profile is still
mainly visible at the external surface and it presents a second bump at
the interface between the two oxides. For longer oxidation duration
(Fig. 8D”, 49 min), with an additional oxidation period of 24 min under
an '°0, atmosphere, the '®0 depth profile is very similar to the oxidation
duration of 36 min. The detection of '®0 at the external surface clearly
indicates a very low external growth of the oxide scale, the bump at the
alumina and titanium oxide interface can be associated to the formation
of new oxide grains in this region. Finally, the absence of a high con-
centration of '®0 at the oxide-nitride interface can be correlated to a
very weak internal oxidation mechanism. All these reaction mechanisms
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Fig. 8. D-SIMS depth profiles of Alg;TissSio N oxidized at 950 °C using different durations of °0, and '®0,. (A) to (D): Raw SIMS intensities. The O profiles
correspond to total oxygen (°0 and ®0). (A”) to (D") Normalised SIMS intensities for the element of interest and the two oxygen isotopes. The dashed line (a)
indicates the position of the interface between the two oxide regions 1 and 2. The dashed line (i) indicates the position of the interface between the nitride and
the oxide.
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can confirm that the internal oxygen diffusion in the inner anatase TiOy
layer is very slow and consequently, the growth oxidation mechanism at
the nitride-oxide interface is blocked. The most probable hypothesis is
that it is possible to correlate this statement with the presence of Si and
also N in this internal oxide layer (Iig. 7B), it can be suggested that a
silicon nitride or silicon oxide phase surrounding the titanium oxide
grains can delay the inner oxygen diffusion and foster the bulk oxide
diffusion of Al and Ti which is a low kinetic process.

To summarize during the oxidation process at 950 °C, a double oxide
layer Al,03/TiO, grows on the surface of the AITiSiN coating. The
description of this oxide scale stack is similar to those already described
for AITiN coatings oxidized at lower temperature of 800 °C, [34].
However, the authors have observed during this study that AITIN
coatings without a Si addition do not show an oxidation resistance above
800 °C mostly because of the quality of the oxide scales. They reported a
relatively large quantity of porosities in the titanium oxide layer. In this
study, at this high temperature of 950 °C, the high oxidation resistance
of AITiSiN coatings is associated to the growth of a dense Al203 pro-
tective oxide, which with time will limit the oxide growth kinetic and it
can act as an oxygen diffusion barrier against an internal oxidation
phenomena [ 4,34]. D-SIMS results clearly show that an Al,03 growth on

Journal of Allays and Compounds 968 (2023) 171800

the external oxide surface of the AITiN coatings containing Si. However,
due to limited oxygen inward diffusion, the growth of the TiO, layer on
the same coating ceases after a certain time. This last phenomenon can
be associated to the fact that a thermal stability of the TiO» oxide scale
has been reported with the detection of the anatase structure at this high
temperature. It can be proposed that the presence of Si (and N) in the
TiO, layer region, delay the oxygen diffusion at the oxide/nitride
interface. With this situation, it minimizes the oxygen partial pressure at
the grain boundaries and consequently delay the anatase-rutile trans-
formation. In previous works, the authors [35] and another research
group, Rafaja et al. [36] have claimed the formation of SiOy phase at the
oxide grain boundaries. This process can follow to a core-shell around
TiO, grains and it can contribute to hindering the oxygen diffusion. Also,
in this work it has been determined that the TiO» grains can contain a
certain content of Al ~ 3-5 at%. Interestingly, this 'doping’ phenome-
non could contribute to stabilizing the anatase structure of TiO, even at
high temperatures.

A synergistical effect when Cr and Si are added to AITiN coating will
now be discussed. TEM micrographs of the cross-section of the
Al TingCrasSis N oxidized coating at 950 °C are shown in Fig. 9. These
observations indicate that the oxide scale also shows a multilayer

TEM BF micrographs
¢N oxidised part at 950°C - 49 min
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Fig. 9. TEM micrograph of AlTisgCro3Si; 6N coating oxidized in air at 950 °C for 49 min (A) The lattice resolved diffraction contrast of TiO, and Al,O5 along the
[0-11] and [ 110] zone axis, respectively and corresponding selected area electron diffraction (SAED). (B) STEM-HAADF and EDX color coded maps of oxidation
regions presenting the contrast of O (magenta), N (green), Al (orange), Ti (blue), Cr (yellow) and Si (cyan) as well as the schematic drawing of oxidation regions (B).
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structure, but this time, with three oxide regions: a Titanium layer at the
outermost part, underneath an alumina-rich oxide layer, and below a
mixed layer with chromium-aluminum-oxide and tit; -oxide grains.
This description of the oxide scale has already been reported by the
authors during the presentation of the oxidation behavior, also at
950 °C, of different AITiCrN coatings containing different Cr contents
but without Si addition [16]. After an oxidation duration of 49 min
(Fig. 9A), the TiOa-rich scale nearer to the surfaceis identified as a rutile
phase with a thickness of 43 nm, followed by an a-Al203 corundum scale
with a thickness of 97 nm and then a mixed oxide region (Al-Cr-Ti-O)
with a higher thickness of 229 nm at the interface with the unoxidized
coatings. By comparing the Cr and Al mapping across this mixed oxide
layer, an increase of Cr content from the nitride-oxide interface to the
outward direction is visible, whereas the Al content shows a uniform
distribution on top. Dark field TEM observations show that this internal
oxide region is partially crystallized with particle grains size of ~ 5 nm
surrounded with an amorphous area. Electron diffraction analyses have
then determined that this mixed oxide region contains nano-sized or
sub-nanosized CrAlO; grains mixed with TiO, rutile grains. Different
interplanar distances dyy (3.28 A, 2.49 A and 2.20 A) corresponding to
crystallites present in the third oxide region have been determined. It
could correspond to TiO,-rutile with tetragonal crystal system (unit cell:
a=b =4611A, c= 2.982A) and considering the reference pattern
JCPDS 00-021-1276 where the interplanar distances d110, d101 and
d111 correspond to 3.247 A,2.487 Aand 2.188 A, respectively. This last
description of the third oxide region is different from the inner oxide
region reported by the authors in previous works of the oxidized
AITiCrN coatings without Si elaborated in the same conditions, whose
oxide scale was totally constituted of small, crystallized grains [16]. To
investigate the impact of Si addition on the crystallinity of this inner
oxide scale (region 3), an AlseTizgCro3Sis ¢N oxidized coating at 950 °C
during 49 min has been analyzed by Atom Probe Tomography. Fig. 10
shows an APT reconstruction of a small oxide volume in the upper zone
of the oxide region 3, close to the interface between the Cr-Al mixed
oxide scale and the alumina-rich scale with two views rotated by 90°.
Three iso-concentration surfaces I, II and III for the same reconstruction
highlight three distinct oxide nanograin regions, namely Cr-rich (I- pink
region), Ti-rich (II- dark blue region), and Al-rich (III- green region)
determined by a higher concentration of 20 at%. However, none of these
regions show a significant concentration of Si. To complete this inves-
tigation, 5 nm slice cuts across the reconstruction has been established.
In APT Fig. 11, it is reported a rectangular blue zone where the
elemental distribution of the chemical element between the region II
and IIT (Fig. 11A), and between the region I and II (Fig. 11B) has been
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followed. However, the associated concentration profiles do not show a
possible segregation of Si at these two grain boundaries.

To go deeper into the understanding of the oxide growth by deter-
mining the anionic and cationic diffusion phenomena, elemental
chemical profiles have also been done in Fig. 12. D-SIMS depth profiles
of the Al4eTisgCrasSizeN oxidized at 950 °C under an atmosphere con-
taining alternatively 160, - 180, - 160, for different durations (16; 25; 36
and 49 min) are now discussed. They are presented in two different
ways: firstly, SIMS depth profiles with the real count intensities and the
total oxygen profile (Fig. 12 A-D) and secondly, a normalized SIMS in-
tensity depth profiles considering the °0 and its isotopic %0 element
(Fig. 12 A™-D"). This second description is more appropriated to see the
evolution of composition at the different oxide scale interfaces. These D-
SIMS depth profiles of the Al4sTi2sCr23Si2.6N oxidized coating isin good
agreement with the TEM description of the oxide scale as the three
different regions are clearly visible with large chemical elementary
variations corresponding to the three different identified oxide layers.
On the top surface, called region 1, the Ti and O signals are the highest
signal elements. Below this first oxide scale, in region 2, the Al signal is
dominant, the Ti and Si signals are low. The maximum Cr signal is
detected in the third oxide layer, region 3, where Al and Ti are also
relevant elements. The N and Si elements are also detected in this inner
oxide layer with their signals decreasing from the coating interface to
the external zone of this layer. The presence of dash-lines b, and c on the
figure are corresponding to the interfaces between the three oxide re-
gions and the last dash-lines (i) between the oxide and nitride regions.

As this sputtering time during the SIMS analysis can be correlated
qualitatively to the thickness of the oxides, comparisons were done be-
tween the AITiSiN and the AITiCrSiN coatings. Fig. 13 shows the time
evolutions to sputter the oxide scale grown at 950 °C for these two
coatings as a function of the square root oxidation time. It is visible that
the slopes of the kinetic rate are different and for the Als>TissSiz2 6N, this
one is lower, indicating the Als>TissSi2.6N alloy exhibits better oxidation
resistance at 950 °C than AlsgTizgCra3Sis gN.

During the oxidation of the AITiCrSiN coatings, the sputtering time
of D-SIMS depth profiles to reach the oxide-coating interface shows a
time evolution which indicates a continuous growth of the oxide layer.
This is not the case for the AITiSiN coatings as the sputtering time in-
creases very slowly after 16 min . This statement can be directly corre-
lated to the presence of this fully covered alumina layer which delays the
inward diffusion of oxygen.

To go deeper in the growth of the oxide layer on the Al4TizgCras.
Si2 6N coating, the normalized SIMS profiles reported after different
durations with the successive sequences of isotopic oxidation using '°0,,
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Fig. 10. The TEM-BF micrographs for AlysTiygCrysSis ¢N oxidized sample (A) shows the selected area for APT analysis. The front (B) and back (C) of the recon-
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180, and again '®0, gas can now be discussed (Fig. 12A™-D"). Three
bumps for the isotopic '®0 signal can be reported and they are localized
at each scale interface: regionl-2, region 2-3 and region 3-nitride
coating, these interfaces can be considered as the main zone where
the oxide scales are growing. Based on these data, the inward oxygen
diffusion to the oxide-coating interface seems to be the main driving
force and it controls the total growth of the oxide layer. It is clearly
visible from the SIMS profiles when an oxidation step is done after the
By period, the oxide continues to growth as the oxygen bump for the
region 3 is moving inside the oxide layer after 36 and 49 min. In the
same time, an anionic diffusion of Al and Ti are necessary for the
development of the two external oxide layers (bumps of region 1-2 and
2-3) but from the SIMS depth profiles, it could indicate that their growth
kinetics are lower.

4. Conclusions

A comparison of introducing Si into AITIN (Al/Ti ratio 1.7) and
AITiCiN (Al/Ti+Cr ratio 0.9) on the intrinsic mechanical properties and
the high temperature resistance of these PVD coatings, well-known for
the improvement of lifetime for cutting tools, was carried out. For these
two as-deposited coatings, the introduction of Si has led to an increase of
the compressive stresses and hardness levels superior to 30 GPa were
recorded. Concerning the oxidation resistance of the AITiN coating, the
introduction of Si below 10 at% offers the possibility to developed a
protective oxide layer at 950 °C. The metallurgical characterizations
and more specifically, the TEM cross-section observations of the oxide
scale and the oxygen isotopic depth profiles by SIMS, have shown that
this oxide protective layer is composed of a mixed oxide, pure alumina
nearer the surface and a Ti-rich near the nitride. The addition of Si leads
to the formation of nanometer sized TiO» anatase crystallites under the
alumina oxide, the presence of Al into TiO; can act a doping

11

phenomenon to stabilize the anatase phase. The SIMS depth profiles
with time show that after the growth of this bi-layer oxide scale, the
inward cationic diffusion of the oxygen is very reduced, and this explains
the high oxidation resistance of these AITiSIN coatings at 950 °C. The
oxidation study for AITiCrSiN coatings has reported a different oxide
scale morphology with a pure TiOs-rutile at the external surface, fol-
lowed by an Al-rich oxide and internally, a mixed oxide region of
(AICr)»05 with small islands of TiOs. This inner oxide is composed of
very small, crystallized oxide grains surrounded by other amorphous
grains. This particular oxide scale morphology has been correlated to the
detection of Si and N elements which could delay the total crystalliza-
tion mechanism of this mixed oxide layer. A regular increase with time
of the oxide scale has been recorded for these last oxidized coatings and
the SIMS analyses have shown that their kinetic growth is mainly
controlled by the inward oxygen diffusion with a major oxidation
mechanism at the nitride coating interface.
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8 Perspectives and outlook

This thesis represents the first systematic work related to the investigation and
implementation of the high power pulsed technology in the (LIST) laboratory. It is focused
mainly on characterization of the HiPIMS coatings discharges operated in the various
working gas compositions and pressures. However, this work also reports on the fabrication
and characterization of the model metal nitride coatings in a great variety of conditions. Such
a systematic study established a solid background for further directions of research. Based on
the results obtained in this thesis, the perspectives and suggestions of possible research trends

that could follow this work will be presented in this chapter.

- The work conditions of this type of coating required both good mechanical properties and
oxidation stability at elevated temperature. It would be interesting to complement this study
by the diagnostics of multilayer coatings where one layer responds to mechanical properties
and the other to the oxidation stability needed. e.g. the possible engineering of multi-layered
TIAIN/AITICrN, TIAIN/TIAISIN or TIiAICrN/TIAICrSIN coatings for the optimisation of
resistance to plastic deformation and hot wear resistance. It is assumed that a better thermal
insulation, commonly found for high-Al coatings. In addition, the layer thickness, the
adhesion, the internal stresses between the layers and the crack propagation are such

investigations that would enable a better understanding of multilayer structure effects.

In fact, the monolayer coating leads to crack propagation rapidly to the substrate. Some

expectation from multi-layering coatings:

¢ Reduction of potentially overlapping influences of different coating layers helps relax

stresses at interfaces, ultimately minimizing the total stress level of the coatings.

e Layer thickness is simply required to be constant to avoid any significant micro- or
nanostructural influence on the coating's performance. This hold true even for
chemically identical multi-layering structures. This means that multilayer coatings fail

in a laminar manner.

e Delaying the occurrence of indentation induced large cracks, as can be deduced from

higher values of the fracture toughness and the critical load for cracking.
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e Nanostructured layers prevent crack propagation where the micro-cracks develop
mainly in the vicinity of the top surface and, in turn, the interfaces between layers can
substantially change the direction of the initial crack when it penetrates deep into the

coating, hence overall retarding coating crack formation.

- Different researchers have pointed to the super-lattice concept [143 - 145], which could be
one of the evolutions of multilayer coatings. It is based on the deposition of a layered
structure of two materials with the growth of a single crystal structure where interfaces
between the layers would provide energy barriers to the motion of dislocations, where a
single layer thickness in the size of the lattice parameter of the coated material. It generally

shows very good mechanical properties different from normal multilayer coatings.

We recommend further research on nanocomposite monolayer or nano-layer TiAISIN to

improve the oxidation resistance and mechanical properties of this coating.
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9 Appendix

In order to achieve the maximum benefit of the experiments and investigations done during
this study, this chapter will introduce some modification, which is used in the thesis to
prepare the samples or modify some parameters that have not been published since it is not in

the focus consideration of the study or it needs deeper investigation later by other researchers.

9.1 Stoichiometric curve

To stabilise the deposition conditions of both sputtering processes HiPIMS and dcMS in the
full-reactive target mode, implemented feedback control of the gas flow was done based on
the monitoring of the reactive gas partial pressure, the cathode voltage and optical emission

spectra from the discharge particles (Figure 9.1).

At higher pressures, the mean free path of the electron is short. The electrons do not gain
enough energy from the electric field to ionise the gas atoms or molecules due to their
frequent collisions with the gas molecules. Therefore, cathode voltage increases as the
pressure increases, whereas at lower pressures, the ionisation process is ineffective due to the

low electron-neutral collision probability.

The relation between the cathode voltage and the current for the discharge particles can be
classified as follows:

- First, when a voltage is applied, the discharge current is very small. This current consists of
contributions from various external sources such as cosmic radiation generating free electrons

and ions.

- Second, when the voltage has become large enough to collect all these charged particles,

this current remains nearly constant with increased voltage.

- Third, when the voltage is further increased, the charged particles eventually obtain enough
energy to produce more charged particles through collisions with the working gas atoms or

by a bombardment of the electrodes leading to a generation of secondary electrons. As more
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charged particles are created, the current increases while the voltage is limited by the output

impedance of  the power supply  and remains roughly constant.
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Fig. 9.1 Hysteresis curves for the reactive sputtering discharge of dcMS above TiAl cathode in N2/Ar mixture. The transition region between the metallic and

poisoned target, the two-stage of cathode charge are highlighted (left). The full reactive mode (poisoning) target by dcMS requires a higher amount of N, flow

than HiPIMS for same applied power density, as well as increasing duty cycles, increase the required N, flow for poisoning (middle). Using Optical emission

spectrum to define the required N2 flow for poisoning target is more precise than using gas pressure (right).
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The determination of the N. flow by OES is more reliable for the different duty cycle more
using gas pressure, as figure 9.1 describes. The best condition inside the chamber during the
coating has been chosen by using OES for ion/neutral ratio in order to form stoichiometric
coatings. At this condition, no more reactive gas can be absorbed neither on the substrate nor
on the chamber walls subsequently. When the gas starts to react on the target surface and
supply its materials, the compound formation rate on the target rises with increasing the gas
supplied. Therefore the voltage decreases. As a result, the partial pressure of the unused
reactive vapours in the chamber (the total pressure) increases. This further intensified coating
formation rate on the cathode until its full coverage. The transition in the target composition
from the metallic to the poisoned regime is also reflected by an abrupt drop in the voltage,
due to the rise in secondary electron intensity. A further rise in N2 is followed by a linear
growth of pressure while voltage stays constant.

Conversion of the target back from the poisoned to the metallic state occurs at a lower value
of N2 flow, because of the lower voltage for the formed oxide layer. Thus, both curves for
voltage and pressure follow different pathways with increasing and decreasing N2 flow. This
phenomenon is known as hysteresis and presents a challenge for the deposition of compound
coatings. In order to prepare a stoichiometric coating at a viable deposition rate, one has to
operate the discharge at a certain critical value of the reactive gas flow that is at the edge of

the transition towards the poisoned target state.

9.2 Energetics of adhesion

Adhesion is defined as the interaction between the closely contiguous surfaces, e.g. a film
and substrate where the two surfaces are held together by valence forces. Film adhesion to the
substrate is certainly the first attribute a film must possess before any of its other properties

can be further successfully exploited.

Adhesion problem of coatings on Si substrate by HiPIMS has been shown for all coating
conditions, as opposed to dcMS coatings. Coatings on the WC-Co substrate exhibit better
coating adhesion than on Si for the same coating’s condition (see figure 9.2) since substrates

with increased roughness offer better adhesion.
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Fig. 9.2 Top-view image of the crack propagation on the coating's surface on WC-Co substrate (Al).
The cross-section image of the vertical and branching crack propagation between the coating columns
on WC-Co substrate (A2). Top-view image of the scales coatings formed on Si substrate resulting
from weakly adhesion (B1) and cross-section (B2).

Bad adhesion, delamination and visible cracks on the surface induced by internal stresses are
presented in the figure above. In dealing with these difficult subject, different approaches

were used to improve the adhesion, chief among these approaches are the following.

9.2.1 Plasma ion etching

Substrate pre-treatment (plasma etching) is defined as the removal of material from the
surface via plasma processes [17] which was carried out in our study by using stable
microwave antennas discharge with low output power (150 W) and (Ar = 50 sccm) to have
stable pressure in the chamber of 0.85 ubar at 450 °C. The noble gas argon formed ions; the
etching effect is based on the knocking out of atoms or molecules from the substrate by the
kinetic energy of the electrons accelerated in the electric field. By applying a negative bias

voltage to the substrate the kinetic energy of the ions can be used by accelerating the ions in
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the electric field and using them to bombard the substrate. By bombardment with ions, the
substrate molecules are put into an excited state that makes them more reactive. Hence, the
etching rate is considerably increased. However, plasma etching is only carried out in low-
pressure because a longer treatment duration is necessary to achieve noticeable etching
effects. Figure 9.3 presented four different approaches of etching with different bias voltage

duration.

500V- 30'min - o « NS ¢S dBY soov-10 mins, C sa =28nm =
s Lha ) X Sq =42,4nm

N Sa =25,5nm
Sq *=37,8nm

Fig. 9.3 Top-view images in the scanning electron microscope (SEM) and the 3D Maps view by
Atomic Force Microscopy (AFM) for the WC-Co substrates after different biases exposure time.

Where Sq and Sa are Root mean square height and arithmetical mean height, respectively.

Etching the surface of the cemented tungsten carbide was used in order to sputter-clean the
surface oxides and other impurities prior to film deposition. A rough surface with gaps and
cavities is observed in the figure above; this is attributable to the duplication of the
microstructure etching of WC-Co where cavities are in relation to strong cobalt binder
etching. In other words, the cobalt is softer than tungsten and since bias is applied to the
substrate is increasing the energy of argon ions impact in the plasma, the strong ionic impact
will damage mainly the cobalt and remove it, while it will let the tungsten carbide that
formed grains with cavities between them.

9.2.2 An intermediate layer

In order to achieve an efficient substrate-film, the interface must be tailored because it plays

an important role in the ability of the coating to have good adherence to the substrate and
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transfer load without delamination. Furthermore, the high hardness of the substrate is
supposed to be not negatively affected by coatings, which is ensured by the interlayer.
Clearly, a detailed understanding of this interface is essential to better predict the behavior of
the macro-system.

Even though the nature of bonding and the microscopic details of the electronic and chemical
interactions at the film-substrate interface is of critical importance to adhesion, the primary
focus of this study is to view the effect of adhesion on film quality, durability, and
environmental stability. To achieve this, a mechanical scratch test was used to measure the

force or energy required to separate the film from the substrate.

The coatings were scratched according to ISO 20502 standard [146] by applying an
increasing force from 50 N to 100 N to diamond stylus with a rate of increasing force of 10
N/min and an indenter traverse speed of 10 mm/min to promote adhesive and/or cohesive
failure of the coating-substrate system. Failure events were detected by direct microscopic
observation of the scratch. Figure 9.4 shows three types of interlayers which were deposited
by dcMS with around (=0.5 um) thickness to improve the coating adhesion. The study
covered: TiN interlayer, TiAl interlayer with a gradient content of N in order to pass from

metallic to nitride coatings and Ti interlayer around (=0.5 nm) thickness followed by TiN.

TiAIN coating

GradentTiAIN interlayer
& M TR

TiAIN coating

TiN interlaver
T

TiAIN coating

TiN interlayer
T A
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Fig. 9.4 Schematic representation of TiAIN coating with the different intermediate layers, the
binocular images of scratch test track at starting and near ending test, as well as the electron
microscopy images of near ending test.

The critical forces where failure events start to appear is not only dependent on the coating
adhesion strength but also on other parameters, which are directly related to the test itself
(e.g. the rate of increasing force, traverse speed and diamond-tip wear). Others are related to
the coating-substrate system (e.g. the roughness of coating and their substrate, inter-diffusion
effects, internal film stresses, interfacial impurities, imperfect contact). This critical force is a
combination of elastic-plastic indentation stresses, frictional stresses and the residual internal
stress present in the coating.

Clearly the coating with gradient TiAIN interlayer under a weak transversal load is
systematically entirely removed from the substrate of what is called continuous ductile
perforation of the coating. Whereas the TiN interlayer had improved the adherence of the

coating-substrate system and transferred load without delamination.

9.3 Impact of substrate temperature

Set of films were studied under the same deposition conditions at 300 °C, 400 °C and 450 °C
substrate temperature (Figure 9.5). Generally, heating the substrates during the deposition
process is used to increase the energy flux towards the forming film, where the mobility of
the film-forming species (adatoms) is impacted by substrate temperature, higher temperature
leads to higher adatoms. Consequently, enhanced surface diffusion may contribute to the
desired film densification. Many researchers reported that an increase in substrate
temperature leads to an increase in surface mobility of atoms, leading to the accommodation
of atoms in special lattice positions with lower energy. Thus, increasing substrate temperature
plays an important role in increasing crystallinity, growing the size of grains forming films,
which strengthening preferred crystallographic orientation, as well as it leads to the rougher
film surface [147 - 149].

Nevertheless, there is no noticeable change in the coating structure and content, as well as in

the grain size or surface roughness since the temperature range is small. In contrast, an
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improvement of the deposition ratio from 85 to 100 nm/min was achieved at a higher

temperature.
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Fig. 9.5 The change of deposition rate at different substrate temperatures.

9.4 Coatings thermal response

9.4.1 Isotherm and temperature sweep tests by TGA

The study of oxidative behavior of coated alumina spacers was started by using two types of

TGA analysis. First, Temperature sweep tests under an inert atmosphere during the heating
from room temperature to 1100 °C on the average of 5 K/min using O2 40 ml/min

synchronisation (Figure 9.6). Second, isotherm tests at 900 °C and 950 °C for 13 and 2 hours,

respectively (Figure 9.7).
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Fig. 9.6 In-situ measurements of the mass change of one uncoated blank alumina as a reference signal
and three coated one by Als;1TiagN, AlssTizgCrsN and AlssTizsSis2N during heating from room
temperature until 1100 °C (left), and the derivative relative mass change of its (right).

Figure 9.6 (left) shows that the mass of the reference blank alumina (used as baseline) is
constant until 1100 °C, which is the critical temperature of the TGA equipment. This
temperature was the highest temperature that could be reached in the thermogravimetric used
in this work. The mass of Als:TisN coated sample is approximately constant up to ~950 °C,
followed with a slight increase in mass change for 50 °C indicative of onset oxidation and
followed by a mass plateau. The mass of AlssTi2oCroeN coated sample is constant up to
~1000 °C followed by a remarkable increase in mass change indicative of onset oxidation.

On the other hand, the mass of AlssTiz3Sii2N is almost constant up to ~1050 °C.

The derivative relative mass change of these four samples was plotted in figure 9.6 (right) to
precisely define the onset of oxidation temperature, where 950 °C was the defined
temperature for AlsiTisN and AlssTi2eCrsN with different increase of mass ratio. The
sample without Cr content has an accelerated mass increase. The mass start increases at 1050
°C for AlssTizsSii2N with a different amount of mass increase than the sample without Si

content.

For a better understanding of this behavior of Cr and Si addition to TiAIN coatings,
isothermal reactions were plotted in figure 9.7. TGA curves of Als1TisgN and Als7TizeCro7N
were presented with similar behavior of weight increase ratio at 900 °C after 2 hours of
heating where the change of initial weight is faster for the sample without Cr content. At a
high temperature of 950 °C, the AlsiTissSiigN presents a slower increase of initial weight

change compared with Als3Tiz1Cr2sN presenting different oxidation kinetics.
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Fig. 9.7 In-situ measurements of the weight change of AlsiTisN, Als;TissCrzzN at 900 °C (left) and
A|51Ti358i14N, AI43Ti310r25N at 950 °C (rlght)

Since the coating is very thin 3.5um in comparison to the substrate, a spacer from Al>Oz, (@
8%0.6 mm) was used. The signal from the substrate completely dominates the measuring
signal of the coating since they were measured together. Unfortunately, repeating these
experiments has not improved the observation of oxidation mechanisms. Nevertheless, it
clarified that the onsets of oxidation of the coated sample with TiAIN and TiAICrN are quite
similar where the kinetic growth of oxidation was demoted by Cr addition to the coatings.
The Si addition to the coatings plays another role in that it enhances the onset oxidation about
~100 °C than the coating without Si addition.

In order to measure the thermal response of the coating, the substrate has to be removed. In
fact, this is very tough work. Forsen et al. recommended the preparation of TGA samples and
the measurement up to 1400 °C by doing a very thick coating ~10um onto Fe foils thereafter
mechanically grinded and subsequently dissolved in hydrochloric acid HC1(37%). The
remaining coating was filtered, cleaned with acetone and crushed. The result is a powder
sample ready for thermal analysis [1]. Considering the maximum instrument's temperature
for METTLER TGA 2 SF in our laboratory, which has the limitation of 1100 °C, no further

experiments were planned.

9.4.2 Study Ti/Al ratio effect by SIMS

The influence of the Ti/Al content on the oxidation behavior of three different (Ti,Al)N
coatings alloys was studied by D-SIMS after annealing for 1 hour at 1000 °C in a Nabertherm
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50/250/12 tube furnace. The samples Als7TissCrzsN, AlssTizsCrasN and AlsgTizoCr2N were
coated under the same condition by three different ratios of Al/Ti targets 50/50, 55/45, 60/40
and same Cr target, respectively. The alumina substrates were used during the deposit and
later annealed, as stated above. Figure 9.8 shows the SIMS analyses of the oxidation part of
the coatings. The data indicates inward O diffusion and accelerated outward. Ti-diffusion,
while Al significantly slows down both mechanisms, leading to much thinner oxides with
higher Al coatings content. Furthermore, the shift to higher oxidation thickness was observed
when decreasing the Al content in the Al/Ti target ratio.

In all coatings, the oxidized part can be divided in two regions: a Ti-rich region and AlICr-rich
region. Furthermore, Ti shows a plateau in his region followed by a drastic decrease of Ti
intensity to the second region. This indicates a pure TiO> layer on the top of the oxidized part
of the coatings followed by the Al(Cr).O3 oxide region.

Al TizsCrygN
Al37Ti35Cr28N at 1000°C — 1 hour Nitride

Al zTizCryyN
Firstoxides  Second oxides region Nitride
region - Vo AlgTiCrN
L o

\'i‘(w

Normalized intensities

030 1

0,00 Fmn et = — L - - - [
0E:00  1E+03 26403 36403 4E+03  SE03  6E:03  TER03  BE:03  OE03 0,00€:00 2,008403 400E:03 6,00€:03 8006:03 1,005:04

Depth (u.a) Depth (u.a)

Fig. 9.8 SEM Top-view image of the oxide crystal growth on the Als;TissCrzsN, AlssTizsCrasN and
AlssTizCrzN. SIMS analysis of the oxidized samples Als7TissCrzsN presenting the two oxides
regions, as well as the comparative SIMS analysis of the oxidation part of the three coatings using the

N intensity as a baseline.

All coatings were corresponding to the formation of the same oxide layer and displayed a
grain-like and needle-like structure after the oxidation test at 1000 °C for an hour as the SEM

images show.
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The sensitivity of the SIMS analysis was affected by the topography of the Alumina
substrate. The roughness of this substrate made the focused primary ion beam
impacted by the surroundings ejected secondary ions (e.g. the beam affected not
only from the focusing point but also from the nearest mountain). The high
annealing temperature affects these results because the Ti diffuses vastly to the
oxidation surface, and that makes the oxidation mechanism not easy to detect. The
higher is the Al content, the lower is the oxidation Kinetics of the coatings. To better
understand the effect of AIl/Ti ratio on the oxidation, the experiments were repeated

at 950 °C for the coatings on smoother substrates (for more details see the paper II).
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