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Abstract

Physical and chemical vapor deposited protective hard coatings are commonly
used to enhance the lifetime and performance of cutting tools. These protective coatings
need to fulfill certain requirements such as high hardness, good wear resistance and
fracture toughness as well as a high thermal stability and oxidation resistance in order to
withstand extreme conditions during machining applications.

The aim of the present work was to develop an in-depth understanding of the
structure-property relationship of the Ti(Al,Si)N hard coating system by applying a wide
range of advanced characterization techniques. In a first step, the microstructure of the
Ti(ALSi)N coating system was investigated in detail and correlated with the chemical
composition and mechanical properties including fracture toughness and fracture stress.
Addition of Si led to a fine-grained and nanocomposite structure for both TiSiN and
TiAlSiN coatings, which exhibited an identical high hardness of ~40 GPa. Moreover, for
the TiAISiN coating with an Al metal fraction of 14 % the fracture stress and toughness
were significantly enhanced compared to the Al-free coating.

Since also the oxidation resistance of protective hard coatings is essential for their
performance in cutting applications, in a next step, the oxidation mechanism of TiSiN
coatings was illuminated in detail by conducting in-situ synchrotron X-ray diffraction
measurements and high-resolution scanning transmission electron microscopy studies. It
was found that during oxidation of the nanocomposite TiSiN coatings - consisting of
nanocrystalline TiN grains embedded in an amorphous SiNx (a-SiNx) phase - both, rutile
and anatase TiO: are formed up to a temperature of ~1020 °C. Above this temperature,
the transformation of the metastable anatase TiO: phase to the stable rutile TiO:
modification starts. Deposition of a three-layer model system consisting of SiNx/TiN/SiNx
by magnetron sputtering allowed to gain further insight into the influence of the thickness
of the a-SiNx tissue phase on the oxidation resistance of TiSiN coatings. Here, it was shown

that a higher thickness of the SiNxlayers correlates with an enhanced oxidation resistance
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of the crystalline TiN layer, the former being significantly more resistant to oxidation than
the crystalline TiN phase. Moreover, the effect of the addition of small amounts of Al on
the oxidation resistance of TiSiN coatings was evaluated by assessing the oxidation
mechanism of two powdered TiAISiN coatings with different Al contents by in-situ X-ray
diffraction. A higher Al content could be related to higher fractions of anatase TiO, being
a result of suppressed grain growth during oxidation.

In summary, this thesis establishes the relationship between chemical composition,
microstructure and mechanical properties of the Ti(AL,Si)N coating system and further
provides a comprehensive understanding of the oxidation mechanism of Ti(Al)SiN
coatings. Additionally, the importance of the combinatorial application of advanced
characterization techniques for the detailed analysis of protective hard coatings is

highlighted.
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Kurzfassung

Mittels physikalischer und chemischer Gasphasenabscheidung synthetisierte
Hartstoffschichten werden haufig eingesetzt, um die Lebenszeit und Leistung von
Schneidwerkzeugen zu verbessern. Diese Hartstoffschichten miissen bestimmte
Anforderungen erfiillen, wie z.B. eine hohe Harte, gute VerschleifSbestandigkeit und
Bruchzahigkeit, sowie eine gute thermische Stabilitat und Oxidationsbestandigkeit.

Das Ziel der vorliegenden Arbeit war es, mit Hilfe einer Auswahl an modernen
Charakterisierungsmethoden ein tiefgreifendes Verstandnis fiir den Zusammenhang von
Mikrostruktur und Eigenschaften von Ti(Al,Si)N Hartstoffschichten zu entwickeln. Der
erste Schritt dieser Arbeit bestand darin, die mechanischen Eigenschaften einschliefSlich
der Bruchzahigkeit und Bruchfestigkeit des Ti(Al,Si)N Schichtsystems zu evaluieren und
mit der jeweiligen chemischen Zusammensetzung und Mikrostruktur zu korrelieren.
Sowohl TiSiN als auch TiAlSiN Schichten wiesen eine sehr feinkornige, Nanokomposit
Struktur und eine idente hohe Harte von ~40 GPa auf. Die TiAISiN Schicht mit einem Al
Gehalt im metallischen Gitter von 14 % zeigte dartiber hinaus signifikant verbesserte
Brucheigenschaften verglichen mit der Al-freien Schicht.

Da die Oxidationsbestandigkeit von verschleififesten Hartstoffschichten einen
mafigeblichen Einfluss auf die Leistung des Schneidwerkzeugs hat, bestand der nachste
Schritt dieser Arbeit darin, den Oxidationsmechanismus von TiSiN Schichten im Detail
zu verstehen, indem in-situ Synchrotron Rontgenbeugungs-Experimente sowie
hochauflosende Rastertransmissionselektronenmikroskopie Messungen durchgefiihrt
wurden. Es zeigte sich, dass wahrend der Oxidation von Nanokomposit TiSiN Schichten
- welche aus nanokristallinen TiN Kornern umgeben von einer amorphen SilNx (a-SiNx)
Phase bestehen - zwei Phasen, namlich Rutil und Anatas TiO, bis zu einer Temperatur
von ~1020 °C gebildet werden. Wenn diese Temperatur tiberschritten wird, wandelt sich
die metastabile Anatas TiO: Phase in die stabile Rutil TiO: Modifikation um. Die

Abscheidung eines dreilagigen SiNx/TiN/SiNx Modell Schichtsystems mittels
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Magnetronsputtern erlaubte dariiber hinaus den Einfluss der Dicke der a-SiNx Phase auf
die Oxidationsbestandigkeit von TiSiN Schichten zu untersuchen. Hierbei wurde
beobachtet, dass eine verbesserte Oxidationsbestandigkeit der kristallinen TiN Lage mit
einer hoheren Dicke der SiNx Lagen korreliert, wobei letztere verglichen mit der
kristallinen TiN Phase eine signifikant bessere Oxidationsbestandigkeit aufweisen. Des
Weiteren wurde der Effekt der Zugabe kleiner Mengen Al auf die
Oxidationsbestandigkeit von TiSiN Schichten untersucht, indem wiederum der
Oxidationsmechanismus von zwei TiAlISiN Schichten mit unterschiedlich niedrigem Al
Gehalt mittels in-situ Rontgenbeugung untersucht wurde. Ein etwas hoherer Al Gehalt
stand hierbei im Zusammenhang mit einer hcheren Quantitat der Anatas TiO2 Phase, was
auf ein unterdriicktes Kornwachstum wahrend der Oxidation zuriickgefiihrt wurde.
Zusammenfassend demonstrieren die wissenschaftlichen Ergebnisse, die in dieser
Dissertation prasentiert werden, den Zusammenhang zwischen chemischer
Zusammensetzung, Mikrostruktur und mechanischen Eigenschaften des Ti(AlSi)N
Schichtsystems und erlauben dariiber hinaus ein detailliertes Verstandnis des
Oxidationsmechanismus von Ti(Al)SiN Schichten. Des Weiteren wird in dieser Arbeit die
Bedeutung der Kombination mehrerer moderner Charakterisierungsmethoden zur

umfassenden Untersuchung von Hartstoffschichten hervorgehoben.
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1 Introduction

The ever increasing industrial demands in the market sector for protective hard
coatings used for cutting applications lead to a continuous search for cost-efficient coating
systems with enhanced lifetime and cutting performance [1]. A common method to
deposit these protective coatings onto the respective cutting tools is physical vapor
deposition (PVD) [2,3].

For several decades, TiN hard coatings have been commonly used as protective
coatings in the cutting industry, owing to their reasonable hardness of ~20-30 GPa, good
wear resistance and attractive golden color [4-7]. However, especially the rather low
oxidation resistance of 500-550 °C limits the use of these binary coatings in severe
machining applications in ambient air [8]. A common strategy to overcome this drawback
is the addition of further elements to TiN such as Al, Si, B or C [8-10]. TiAIN coatings, for
example, have shown to exhibit a retarded oxidation onset compared to TiN by ~250 °C
and additionally show improved mechanical properties such as an increased hardness up
to ~37 GPa [8,11,12]. Furthermore, TiSiN coatings have attracted special attention due to
their complex nanocomposite structure, consisting of nanocrystalline TiN grains
embedded in an amorphous SilNx (a-SiNx) tissue phase [13-15]. The presence of the a-SiNx
phase leads to favorable properties of the TiSiN system such as high hardness values
above 40 GPa, high oxidation resistance of ~800 °C, and an increased thermal stability
under inert conditions up to 1300 °C [16-18]. Due to the complex microstructure of
Ti(AD)SiN coatings, in-depth analysis of coating properties requires the application of a
wide range of advanced characterization techniques including high-resolution and in-situ
characterization methods.

The aim of this thesis is to push the limits of the present understanding of the
complex Ti(Al)SiN coating system within the hard coating community. Hereby, special
focus was placed on revealing the correlation between microstructure and mechanical

properties and on understanding the oxidation mechanism of PVD Ti(Al)SiN coatings in
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detail. Therefore, in Publication I, the relationship between chemical composition,
microstructure and mechanical properties such as hardness, fracture stress and fracture
toughness of Ti(AlSi)N coatings is illuminated, giving insight into the suitability of this
coating system for various cutting applications [19]. Furthermore, in publication II, a
thorough in-situ synchrotron X-ray diffraction (XRD) study on the temperature-
dependent phase evolution of TiSiN coatings during oxidation is presented. Additionally,
the complex microstructure of both the as-deposited and oxidized nanocomposite TiSiN
coatings is illuminated by means of high-resolution scanning transmission electron
microscopy [17]. Further insight into the oxidation mechanism of TiSiN coatings is
provided by depositing a three-layer model coating system consisting of SiNx/TiN/SiNx
described in publication III. Here, the efficiency of the shielding effect of the a-SiNx phase
against oxidation of TiN is evaluated in dependence of the thickness of the SiNx layers
[20]. Finally, in order to analyze the alterations in oxidation mechanism occurring when
adding Al to TiSiN, another in-situ XRD oxidation study is presented in publication 1V,
highlighting the oxidation behavior of two TiAISiN coatings with different low Al content
[21].



2 Coating deposition

Protective hard coatings are commonly synthesized by physical vapor deposition
(PVD). PVD is a stochastic process where solid target materials are brought to the vapor
phase by either thermal evaporation or by sputtering with gas ions. Subsequently, the
material is transported from the vapor source towards the substrate [22]. The vapor then
condenses on the substrate surface, leading to nucleation and coating growth [22,23]. PVD
is a line-of-sight process, meaning that the substrate is only coated on the side, which is
facing the target [1]. In addition to the working gas (e.g. Ar), also reactive gases such as
Nzor Oz can be introduced into the deposition chamber in order to form nitride or oxide
coatings, respectively [24]. Coatings synthesized by PVD are usually deposited under
conditions far from thermodynamic equilibrium and frequently exhibit characteristics
such as compressive residual stresses, a small grain size, high defect densities and
metastable phases [3]. One way to control these microstructural features is by applying a
negative bias voltage between the substrate holder and the deposition chamber, which
increases the kinetic energy of the ions impinging on the substrate surface [1,3,25]. Two
frequently used PVD methods for the deposition of hard coatings are cathodic arc
evaporation (CAE) and magnetron sputter deposition. Both methods were used to deposit

coatings within this work and the working principles will be described in the following.

2.1 Cathodic arc evaporation

The evaporation of target material is achieved by applying a high current and low
voltage between the target material, acting as the cathode and the chamber wall being the
anode. The discharge is triggered by creating a short circuit between the two electrodes,
leading to the formation of a nano to micrometer sized non-stationary spot of high current
densities (10° to 10> A/m?) on the target surface [1,3,26]. This so-called cathode spot
extinguishes and reignites rapidly at a random location, resulting in an apparent motion
of the spot over the target surface. The cathode spot motion can be guided by magnetic

fields behind the target and is confined by an insulating border between the target and
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the chamber wall [26]. Due to the high current densities and consequently high local
temperatures at the target surface, target material and electrons are evaporated in
explosion-like events, leading to high ionization rates up to 100 % of the target material,
which is beneficial for the formation of dense and wear resistant coatings [1,3,26,27]. A
major disadvantage of CAE is the emission of droplets of molten target material, which
are created from the cathode spots and can be incorporated as defects in the growing
coating [3]. Droplets in the coating can be detrimental to the coatings properties, as they
cause the formation of voids and microstructural coarsening, presenting mechanically
weak spots, as well as diffusion paths for O and also an increased surface roughness [1,27-
29]. One possibility to avoid the incorporation of droplets into the coating is by applying
magnetic filtering. Hereby, the magnetic field forces ions to follow a specific bend path,
while the heavier droplets cannot follow the path due to the higher mass to charge ratio

and are thus filtered from the ion flux [27].

2.2 Magnetron sputter deposition

Magnetron sputtering is the evaporation of atoms from a solid target material by
momentum transfer of highly energetic ions bombarding the target surface [30]. The
degree of ionization of the ejected species is low and mainly neutral atoms are ejected.
The ion bombardment is provided by an inert working gas (e.g. Ar), which is introduced
into the deposition chamber at pressures in the range of 10 to 10> mbar. By applying a
voltage between the target and the deposition chamber wall, a glow discharge is ignited,
which results in the ionization of the working gas and consequently the formation of a
plasma. The ions of the working gas impinging on the target surface create a collision
cascade in the target material that ejects target atoms with energies in the range of 10 to
40 eV [3,31]. The deposition rate of magnetron sputtering is increased by placing
permanent magnets behind the target, which generate a magnetic field that confines
electrons in the vicinity of the target. Thus, the ionization rate is increased in this region

due to electron impact ionization, which densifies and concentrates the plasma and
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consequently increases the sputter rate significantly [32]. Furthermore, substrate heating
due to electron bombardment is decreased by this technique [3]. Generally, there are two
different magnetic field configurations that can be realized between the inner and outer
magnets. In a conventional magnetic field configuration, which is called balanced
magnetron sputtering, the magnetic field lines loop between the two magnets, which have
an identical magnetic field strength [23]. In the unbalanced configuration, the magnetic
tield strength of one of the magnets is increased, which leads to the formation of magnetic
tield lines that are extended towards the substrate (Fig. 1). Consequently, also the plasma
extends towards the substrate, enabling the ion bombardment of the substrate with low
energetic ions, which promotes coating growth [24,33]. Compared to CAE, magnetron

sputtering produces smooth coatings without the formation of droplets.

Substrate
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Fig. 1: Schematic of an unbalanced magnetron system. The magnetic field lines reach from the

target towards the substrate [3].
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2.3 Coating growth

The individual processes occurring during coating growth are schematically
depicted in Fig. 2. As a first step of coating growth the vaporized particles hit the surface
of the substrate and are then either reflected or condensed. On the surface they diffuse
and are either desorbed after some dwell time or adsorbed at energetically favorable sites
such as lattice defects, point defects, kinks, grain boundaries or already adsorbed atoms
[22,24]. The adsorbed atoms can diffuse on the substrate surface and agglomerate to form
islands and coat the substrate material. Also, inter-diffusion between the adsorbed
particles and the substrate material might occur [22,24,34].

condensation

eo®o @ desorption

°® o o0 coating growth

} 1t adsorption nycleation .é.a
O e=p O (] () 00 ¢

surface diffusion @ S
inter-diffusion

Fig. 2: Schematics of the various processes taking place during coating growth, redrawn after [34].

Depending on the binding energy of the substrate material and the particles,
different growth modes are possible, which are shown in Fig.3: layer-by-layer (Frank-Van
der Merwe), island-growth (Volmer-Weber), or a combination of these growth modes
(Stranksi-Krastanov) [22,24,34]. Frank-Van der Merwe growth occurs when the binding
energy between the coating atoms and the substrate is higher than between the coating
atoms, which leads to two-dimensional or layer-by-layer growth. In contrast, when the
binding energy between the coating atoms surpasses the binding between coating atoms
and substrate, islands are formed on the substrate and Volmer-Weber growth occurs.
Stranksi-Krastanov growth is a mixed form of layer and island growth. After the initial
formation of one or a few monolayers, islands are formed due to energetically favorable
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growth conditions [22,24,34]. Hard coatings usually follow the Stranksi-Krastanov

growth mode [35].

(c)

Fig. 3: Schematics of the three different modes of coating growth including (a) layer-by-layer
growth (Frank-Van der Merwe), (b) island-growth (Volmer-Weber) and (c) a combination of these

two growth modes (Stranski-Kastranow). Redrawn after [24].

Besides the interaction between the coating material and the substrate, the
deposition parameters influence the nucleation and growth behavior and consequently
the microstructure of the coatings. The relation between the deposition parameters and
the microstructure is described by the so-called structure zone models (SZM). The first
SZM was developed by Movchan and Demchishin for thick coatings deposited by thermal
evaporation [36]. They identified three different zones for the structure of the coating and
related them to the homologous temperature (Th i.e. the deposition temperature divided
by the melting temperature of the coating material). A porous structure is found in zone 1,
which develops due to the low surface mobility of the condensed atoms. In zone 2, dense
coatings are formed due to a higher surface mobility and surface diffusion. In zone 3, bulk
diffusion and recrystallization is dominant, leading to the formation of large equiaxed

grains [36]. In order to extend the applicability of the SZM to other PVD methods, several
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authors adapted the SZM by including additional deposition parameters. Thornton
included the pressure of the working gas as parameter and introduced a transition zone
(zone T) between zone 1 and zone 2, making the model applicable to sputter deposition.
The condensed atoms in zone T show a higher surface mobility than in zone 1, leading to
competitive growth and a denser fibrous structure [37]. The bias voltage was further
included by Messier et al. in another modified model of the SZM [38]. In order to find a
generalized SZM that relates the deposition parameters to the coating microstructure, a
revised version of Thornton’s SZM was proposed by Anders in 2010, which is shown in
Fig. 4 [39]. While the already established zones 1-3 and T are still considered, the
generalized temperature T*, the normalized energy E* and the net film thickness t* are
introduced. In addition to Tn, T* also includes a thermal shift, stemming from the potential
energy of the particles reaching the substrate surface. The pressure of the working gas
according to Thornton is replaced by E*, which includes atomic scale heating and
displacement effects due to the kinetic energy of the incoming particles [25,39]. The third
axis t* qualitatively displays the effect of the deposition parameters on the coating
thickness, including a decrease in coating thickness with increasing E* and T* due to
densification and re-sputtering of the already deposited coating material [39]. Within the
diagram, also an area of “negative thickness” can be observed, which is a result of the ion

etching process at high ion energies [39].
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Fig. 4: Structure zone model (SZM) displaying the correlation of deposition parameters and
microstructure of the coating. Here, T* stands for generalized temperature, E* equals the

normalized energy flux and t* describes the coating thickness [39].



3 Protective hard coating materials

Industrial cutting tools are required to withstand extreme conditions during
machining applications and are therefore commonly coated with protective hard coatings
exhibiting favorable properties such as high hardness, good wear resistance and thermal
stability [40]. In order to meet continuously rising industrial demands concerning the
performance and lifetime of cutting tools, the search for sophisticated wear protective
coatings and their detailed characterization is still an ongoing task, involving various
different strategies such as development of new coating materials, tailored coating
architectures or optimized deposition conditions [1,40]. One milestone regarding the
search for sophisticated coating materials was reached with the development of
nanocomposite protective coatings [13,15,41,42]. These nanocomposites typically exhibit
a two-phase structure, consisting of a (nano)crystalline phase embedded within an
amorphous matrix. The nanocomposite structure of hard coatings was found to promote
exceptionally high hardness values, improved wear resistance and enhanced oxidation
resistance of the coating material. Optimized hardness values were observed to correlate
with a domain size of the nanocrystalline phase below 10 nm and a thickness of the
amorphous layer of only a few atomic bond lengths [43]. Popular representatives of
nanocomposite coating materials within the hard coating community are TiSiN and
TiAISiN coatings [16,44,45].

In the following, an overview of the characteristics of the PVD coating materials

investigated in this work, namely Ti(Si)N and TiAl(Si)N, will be given.

3.1 Ti(Si)N coatings

For several decades, TiN hard coatings have been considered suitable candidates
for protective coatings for cutting tools as they exhibit reasonable hardness, good wear
resistance and fracture toughness and the ability to act as efficient diffusion barriers [4,6—

8,46,47]. TiN coatings are commonly synthesized by chemical vapor deposition (CVD)
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and PVD and display a distinct golden color, making it a popular coating system not only
for the cutting industry but also for decorative purposes such as jewelry [48-52]. TiN
exhibits a face-centered cubic (fcc) crystal structure and the microstructure is often
described as columnar grains extending from the substrate towards the surface of the
coating [19]. The texture of TiN coatings has been evaluated in detail by several
researchers and has shown to be strongly dependent on the deposition method and
deposition conditions [53-55]. For example, Mayrhofer et al. evaluated the influence of
different deposition parameters, such as the substrate temperature, on the texture
evolution of sputter-deposited TiN coatings [54]. A texture development from (111)
towards (001) was found for an increasing substrate temperature, due to (001) being the
orientation with lowest surface energy, which is preferred for high adatom mobilities
during grain growth [54,56]. Knowledge about the texture development of TiN coatings
for varying deposition conditions is essential for the cutting industry, since properties
such as the wear resistance were found to strongly depend on the preferred orientation
of the coating, where a (111) preferred orientation correlates with the highest wear
resistance [57].

One major drawback of TiN coatings remains their rather low oxidation stability
of ~500-550 °C, limiting their application in high speed machining carried out in ambient
air [8]. Therefore, ternary coating systems, which would outperform the binary TiN
system, were investigated, leading to the development of TiSiN coatings with highly
favourable properties for the cutting industry. When adding Si to TiN, a significantly
altered microstructure is obtained, which correlates with improved coating properties in
regards to hardness, thermal stability and oxidation resistance [9,13,14,16,41]. In contrast
to the typically rather large columnar grains of PVD TiN coatings, TiSiN coatings are
frequently described as exhibiting a feather-like and fine-grained structure [16,19,58]. The
microstructure of TiSiN can further be labelled as nanocomposite, consisting of

nanocrystalline TiN (nc-TiN) grains embedded within an amorphous SiNx (a-S5iNx) tissue
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phase [13,15,41]. This amorphous tissue phase can be observed using advanced
characterization techniques such as high-resolution scanning transmission electron
microscopy (HR-STEM) [16,17,59]. In Fig. 5, typical HR-STEM images taken of a CAE
TiSiN coating are depicted. An overview image of the cross-section of the lamella and an
image of the cross-section at higher magnification are shown in Fig. 5(a) and (b),
respectively, which reveal the typical fine-grained and feather-like structure of the TiSiN
coating. Taking a look at even higher resolution in Fig. 5(c), elongated crystalline regions
surrounded by the a-SiNx tissue phase can be observed, which is more clearly visible in
the inverse fast Fourier transformation (IFFT) image (Fig. 5(d)), which proves the
nanocomposite structure of this coating system. However, concerning the microstructure
of TiSiN coatings, it needs to be pointed out that recent works also consider the possibility
of Si being present in both the a-SiNx phase and additionally within a TiSiN solid solution,
where the Si substitutes for Ti atoms in the lattice [16,17,59]. The formation of a TiSiN
solid solution is indicated by a peak shift to higher diffraction angles in the X-ray
diffractograms, occurring due to a slight decrease in the stress-free lattice parameter of

the nanocrystalline phase when compared to TiN [17,59].
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- 2
coating i

substrate

Fig. 5: Scanning transmission electron microscopy (STEM) cross-sectional overview image of a
lamella of a TiSiN coating (a) and annular dark-field image of the cross-section of the coating at
higher magnification showing a feather-like, fine-grained structure (b). High-resolution scanning
transmission electron microscopy (HR-STEM) image revealing elongated crystalline and
amorphous regions (c) that can be differentiated and visualized better in the cut-out (red frame)
and inverse fast Fourier Transformation (IFFT) shown in (d). Crystalline reflexes stemming from
the nanocrystalline face-centered cubic TiN phase are additionally depicted in the fast Fourier

Transformation (FFT) (d) [own work].

Adding Si to TiN has commonly shown to result in a change in texture from a
(mixed) (111) preferred orientation for TiN to a (200) preferred orientation for TiSiN
[19,60,61], which is discussed in detail in Publication I [19]. This phenomenon was
attributed to the presence of the a-SiNx phase favouring re-nucleation of [001]-oriented
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TiN grains, corresponding to the plane with lowest surface energy for the fcc-phase
[19,62].

While for PVD TiN coatings typically hardness values in the range of 20-30 GPa
are reported [5,8,19,63,64], PVD TiSiN coatings have shown to reach an exceptionally high
hardness above 40 GPa, owing to the presence of the a-SiNx phase [14,18,19,60]. Firstly,
the a-SiNx phase is known to hinder grain growth during deposition, resulting in smaller
grain sizes and thus an enhanced resistance to plastic deformation. Secondly, the a-SiNx
phase limits dislocation movement and grain boundary sliding, again positively
impacting the hardness of the TiSiN coating system [15,65].

TiSiN coatings have proven to be thermally stable under inert conditions up to
temperatures of ~1300 °C. Only above this value decomposition of the coating material
takes place and the formation of TiSi2, diamond cubic Si and [-SisN4 can be found [16].
While for TiN usually significant grain coarsening is observed when annealing at high
temperatures of ~1000 °C, this does not become evident for TiSiN coatings. Here, again
the a-SiNx acts as an inhibitor for grain growth and thus allows for the preservation of the
good mechanical properties (e.g. hardness) of TiSiN coatings even after annealing at high
temperatures of ~1000 °C [16]. Since many machining applications take place in ambient
air at high temperatures, protective hard coatings are further required to exhibit a
sufficient oxidation resistance [66]. The oxidation resistance of TiN coatings up to ~550 °C
was frequently regarded a limiting factor for using this coating system in severe
machining applications [8], however, TiSiN coatings are able to outperform the binary
TiN system by a more than 200 °C higher onset of oxidation [9,18,67]. Already the
addition of small amounts of Si in the range of ~1.2 at.% has shown to drastically reduce
the thickness of the formed oxide layer after subjecting the coating to oxidation for a
specific time [60]. When investigating the TiSiN oxidation mechanism in more detail,
Steyer et al. discovered the formation of the metastable anatase TiO: phase besides the

stable rutile TiO2 modification [9]. Anatase TiO2 had not been reported to occur for the
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oxidation of binary TiN, thus this phenomenon was assumed to be a result of the addition
of 5i [9]. The grain refinement and inhibited grain growth at high temperatures due to the
presence of the a-SiNx phase was found to be responsible for the occurrence of the anatase
TiO: phase, which is known to be stabilized at small grain sizes <11 nm [9,60,68]. In
Publication II, the oxidation mechanism of TiSiN coatings was studied in unprecedented
detail by means of in-situ synchrotron X-ray diffraction (XRD) and the formation of both,
anatase and rutile TiO: up to a temperature of ~1020 °C was observed. When exceeding
this threshold temperature, the metastable anatase TiO: transformed into the stable rutile

modification, since a critical grain size had been reached at this elevated temperature [17].

3.2 TiAl(Si)N coatings

Prior to the establishment of quaternary TiAISiN coatings as protective coatings
for cutting tools, ternary TiAIN coatings had been developed as an improved coating
material compared to TiN especially in regards to mechanical properties and oxidation
stability [8,69,70]. Up to a certain threshold value of incorporated Al, TiixAIN coatings
exhibit an fcc-structure and form a metastable solid solution, where Al substitutes for Ti
atoms within the lattice [69,71]. Depending on the deposition conditions, the solubility
limit of Al within a TiixAlN solid solution may vary, whereby the maximum solubility
limit for PVD TiixAlN coatings was reported to be x < 0.66 [11,69,72,73]. When this limit
is exceeded, wurtzitic AIN (w-AIN) is formed, which is generally accompanied by a
drastic deterioration of the mechanical properties [11,71,74]. Hardness values reported for
TiixALIN coatings typically range from ~25-37 GPa [11,12] and can further increase when
exposing the coatings to temperatures between 600-1000 °C [75,76]. This increase in
hardness at elevated temperatures is a result of the age-hardening effect, occurring due
to coherency strains caused by spinodal decomposition into fcc-TiN and AIN domains
[75,76]. Also the oxidation stability of TiixAlN is strongly enhanced compared to TiN by
~250 °C, owing to the formation of an Al2Ostop layer preventing further inwards diffusion

of O [8]. Upon striving for even higher thermal stabilities and enhanced mechanical
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properties, quaternary coating materials have been developed by addition of further
elements to TiAIN, among which especially TiAISiN coatings have found to be excellent
in meeting increasing industrial demands. Similar to TiSiN coatings, TiAISiN coatings
exhibit a nanocomposite structure consisting of nc-TiAIN grains embedded within an a-
SiNx phase [44,45]. Again, however, the possibility of Si being present in both, the a-SiNx
phase and the nc-TiAlISiN phase in form of a solid solution needs to be considered [44,77].
As for TiAIN coatings, also for the TiAlSiN coating system incorporation of Al beyond a
certain threshold value leads to the formation of w-AIN. The solubility limit of Al within
the solid solution, has been shown to decrease when adding Si to TiAIN, since Si is known
to foster the formation of w-AIN [44,78,79]. Regarding the mechanical properties of the
TiAlSiN coating system, high hardness values in the range of ~30-40 GPa are reported
[19,44,80]. Besides the hardness also fracture toughness and fracture stress are crucial
mechanical properties for obtaining an optimized cutting performance. In Publication I,
it is demonstrated that TiAISiN coatings with a rather low Al metal fraction of 14 %
(Tio70Alo14Sio1eN) exhibit an equally high hardness of ~40 GPa as found for Al-free
TiossSiosN coatings, but at the same time show drastically improved fracture stress and
toughness. The enhanced fracture properties were on the one hand attributed to the fine
grained microstructure as a result of the Si addition and on the other hand to a local stress-
induced transformation of fcc-AIN to w-AIN during fracture [19].

The oxidation resistance upon addition of Si to TiAIN coatings has been evaluated
by several researchers and a decrease of the thickness of the formed oxide layer was
already observed when adding only 2 at.% of Si to the TiAl target material [81]. Also for
TiAlSiN coatings with higher Si contents of 8-10 % of the metal fraction a strongly
enhanced oxidation resistance compared to Si-free TiAIN was found, which was
attributed to a smaller grain size of the nanocomposite TiAlISiN coating system and to the
formation of two efficient diffusion barrier layers for O, namely Al:0s and SiO2[78,82].

Since literature had been lacking an investigation of the oxidation mechanism for TiAISiN
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coatings with varying Al content but constant Si content, this research question was
addressed in Publication IV [21]. In-situ XRD studies of two powdered TiszAl-SizNss and
TissAleSi7Ns4 coatings revealed the formation of a significantly higher quantity of the
anatase TiO:z phase for the coating with higher Al content of 6 at.%. This observation was
attributed to a more efficiently supressed grain growth during oxidation for the

TissAleSizNss coating [21].

17



4 Advanced characterization techniques
4.1 In-situ synchrotron X-ray diffraction

Hard coatings have to withstand high temperatures that arise during machining
applications, thus making it mandatory to be aware of the high temperature and oxidation
behavior of the respective coating material [83]. Although it is possible to determine the
temperature-dependent phase evolution in-situ and ex-situ under non-oxidizing and
oxidizing conditions on laboratory scale X-ray diffractometers [66,84,85], the low energy
resolution, low brilliance and usually slow data acquisition time of these diffractometers
do not present optimal settings for precise measurements. These drawbacks of laboratory
X-ray diffractometers can be overcome by employing in-situ synchrotron XRD [86]. This
technique offers a precise method to determine the temperature-dependent phase
evolution during annealing experiments. Coating powders are heated in a furnace, while
Debye-Scherrer rings are recorded using a 2D flat-panel detector [86]. The high brilliance
of the synchrotron radiation enables fast data acquisition times of only a few seconds,
making it possible to determine phase transition temperatures, oxidation behavior and
changes in microstructure with a high resolution on the temperature scale [17,86]. The
investigation of coating powders instead of compact coatings offers the possibility to
investigate the properties of the coating material without interference of the substrate and
further allows to correlate the data with other investigation methods, such as differential
scanning calorimetry [86]. The measured 2D Debye-Scherrer rings are integrated in
azimuthal direction, leading to a set of 1D diffractograms as a function of the temperature.
The resulting data can be plotted in a so-called phase plot, which is depicted exemplarily
for the oxidation of a CAE TiSiN coating in Fig. 6. The diffractograms contain information
about the qualitative phase evolution, given by the peak position of the individual phases.
In order to quantify the phase composition, the peak intensity and peak width has to be
taken into account and patterns can be simulated and refined using Rietveld refinement

[87,88].
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Fig. 6: Phase plot showing the color-coded intensity of the azimuthally integrated 1D
diffractograms of a cathodic arc evaporated powdered TiSiN coating as a function of the oxidation

temperature. The Pt peaks arise due to placing the powdered sample into a Pt crucible [own work].

4.2 X-ray photoelectron spectroscopy

One problem that is frequently encountered when characterizing nanocomposite
coatings consisting of nanocrystalline and amorphous regions, is the impossibility to
monitor the X-ray amorphous phases by XRD, as shown for in-situ XRD oxidation studies
of Ti(Al)SiN coatings in Publication II or Publication IV [17,21]. In order to gain further
insight whether also the a-SiNx phase is oxidized at a specific temperature, X-ray
photoelectron spectroscopy (XPS) is a suitable method.

XPS is a characterization method to determine the chemical composition and
binding state of electrons of the investigated material. During the measurement, the
surface of the sample is irradiated using mono-energetic photons with energies in the soft

X-ray spectrum, usually ranging from 1-10 keV [89]. Due to the photoelectric effect, so-
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called photoelectrons are emitted from the sample and their kinetic energy (Exn) is
detected [90]. Excitation energies in the soft X-ray spectrum are usually sufficient to excite
core-level electrons from the atoms. Although the penetration depth of the X-rays is in the
range of few um, photoelectrons originating from a depth of only about a few atomic
layers are detected, which can be related to the small mean-free-path of electrons in solids
[89,91,92]. Therefore, XPS is a surface sensitive investigation method, giving insight only
into the top atomic layers of the coating material. An illustration of the energy levels
relevant for XPS is shown in Fig. 7. The Exin of the detected photoelectrons can be related
to the binding energy (Eb) of the electrons using the equation
E, = hv — Eyin — Dspec (1)

whereby hv is the excitation energy and ®spec the work function of the detector. In XPS of
solid materials, Eb is expressed relative to the Fermi level of the material. The Fermi levels
of the sample and the detector are aligned, which is the case for electrically conducting
materials. Although the work function of the sample (®s) has to be overcome by the
excited photoelectron, only ®spec is needed for the evaluation of Eb of the sample [93]. The
investigation of semiconducting or insulating samples with XPS is also possible, although
surface charging effects and the unknown Fermi level of the sample have to be taken into
account. One common approach to investigate these samples is by depositing a
conducting layer (mostly Au) on top on the sample to calibrate the energy spectrum with
the well-known Au core level energies. Another method is to calibrate the energy
spectrum by measuring a well-known feature of the binding energy spectrum of the

sample, e.g. C 1s peak or the valence band edge [93,94].
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Fig. 7: Sample and spectrometer energy levels for a conducting sample. The excitation energy of
the incoming photons is given by hv. The kinetic enerqy Exn of the emitted photoelectrons is
detected by the spectrometer with a work function Ospec. The binding energy Ev of the photoelectrons
is related to the Exin by the relation Ey, = hv — Ejin — @spec- Redrawn after [93].

In order to compare XPS spectra that were recorded with different excitation
energies, the measured intensity, i.e. the amount of collected electrons on the detector, is
plotted over Er» [94]. The core level energies of the electrons depend not only on the nuclear
charge of the atoms that comprise the investigated material, but also on the chemical
environment of these atoms. Owing to the different bonds, the core level electrons are
exposed to a different potential energy, resulting in a chemical shift in the Eb spectrum
[89,93]. An example of a chemical shift in an XPS spectrum due to the chemical

environment is displayed by the Si 2p peak in Fig. 8. A peak shift in Ev of approximately
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4 eV can be seen when measuring the Si 2p peak of Si present within the SiO2 compound
compared to the measurement of pure Si [93,95].
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Fig. 8: Binding energy spectrum of the Si 2p peak of a Si (100) sample. Depending on the chemical
environment, the peak shifts from pure Si at 99.15 eV to SiO: at 103.4 eV [95].

In order to extend the capabilities of XPS investigations, depth profiles of the
sample material can be obtained. There, material is removed from the sample surface by
ion sputtering with e.g. Ar*ions and XPS spectra are recorded in cyclic progression [94].
This method is especially powerful to determine the energy states of multilayer coatings
as a function of the coating thickness [96-98], although special care has to be taken when
recording and evaluating the data [99]. Sputtering might lead to changes in Ev and the
chemical composition, peak broadening and the appearance of new features in the
spectrum. The significance of these changes depends on the sputter conditions, as well as

on the investigated material [100].
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5 Summary and Conclusions

The aim of this work was to thoroughly characterize Ti(Al,Si)N hard coatings using
a variety of advanced characterization techniques, thereby allowing to establish a detailed
understanding of the relationship between chemical composition, microstructure and
mechanical and thermal properties of the coating material. In a first step of this thesis in
Publication I, the microstructure of the Ti(Al,Si)N coating system was analyzed in detail
and correlated with the fracture properties evaluated by micromechanical bending tests.
A similar fine-grained, feather-like and nanocomposite structure was attained when
adding small amounts of Al to TiSiN and additionally an identical high hardness of
~40 GPa was found for both TiSiN and TiAlSiN coatings. However, a significant
enhancement was observed when taking a look at the fracture stress and toughness of the
TiAlISiN coating with an Al metal fraction of 14 % compared to the Al-free TiSiN coatings.
This drastic improvement of fracture properties was assumed to be a result of local stress-
induced transformation of face-centered cubic AIN to wurtzitic AIN during fracture of
the coating.

Special focus of this thesis was further placed on evaluating the oxidation
mechanism of Ti(Al)SiN coatings, starting with an in-situ synchrotron X-ray diffraction
study of a powdered cathodic arc evaporated TiSiN coating, summarized in Publication
IT. TiSiN was shown to exhibit an excellent oxidation stability up to ~800 °C, upon which
the formation of rutile and anatase TiO2 was found. The quantity of the metastable anatase
TiO: phase increased up to a temperature of ~1020 °C, above which it transformed into
the stable rutile modification, since a critical grain size for the stabilization of anatase was
encountered. Additionally conducted differential scanning calorimetry and X-ray
photoelectron spectroscopy investigations gave insight into the oxidation behavior of the
amorphous SiNx (a-SiNx) phase, revealing a significantly retarded oxidation compared to
the nanocrystalline TiN phase. The influence of the a-SiNx phase on the oxidation

resistance was evaluated in more detail in Publication III by deposition of a three-layer
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model coating system consisting of SiNx/TiN/SiNx. Investigation of these magnetron
sputtered model coatings deposited with varying SiNx layer thickness revealed an
enhanced oxidation stability of the TiN phase for thicker SiNx layers, proving the excellent
shielding effect of the a-SiNx phase. Furthermore, the a-SiNx layers as well as the
crystalline TiN layers were found to become porous at elevated temperatures of ~1200 °C,
enabling oxygen diffusion throughout the coating architecture. In Publication 1V, the
oxidation mechanism of TiAlSiN coatings with low Al content was assessed. When
increasing the Al content from 2 to 6 at.% a significant change in oxidation behavior was
observed, meaning that a two-fold increase of the maximum quantity of the anatase TiO:
phase was found, which was attributed to a more sufficiently suppressed grain growth
during oxidation for the higher Al content. Furthermore, the formed protective Al:Os
toplayer for the TiAlISiN coating with 6 at.% was shown to break by the growth of TiO:
grains after oxidation at 950 °C

The present thesis contributes to a detailed and thorough understanding of the
relationship between chemical composition, microstructure and coating properties of the
Ti(ALSi)N coating system. The combinatorial approach of advanced characterization
techniques allows to analyze the complex nanocomposite Ti(Al)SiN coatings in

previously inaccessible depth.
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Abstract

Ti(AD)SiN protective hard coatings are promising candidates for the metal cutting
industry, due to their favorable properties such as a high hardness and good oxidation
resistance. Within the scope of this work, the microstructure of cathodic arc evaporated
TiN, TisaSieN, TisiAlsSiieN and TinAlusSiisN was correlated with their mechanical
properties. X-ray diffraction (XRD) as well as scanning electron microscopy investigations
of the cross-sections revealed a pronounced grain refinement for Ti(Al)SiN compared to
TiN. The texture of the coatings was analyzed by XRD pole-figures, showing a change in
the preferred orientation in growth direction from (111) for TiN to (200) for Ti(Al)SiN.
Hardness values were found to strongly increase from 29 GPa to 40 GPa upon Si addition,
but remained constant for further alloying with Al. Micromechanical bending tests
allowed to gain a detailed insight into the fracture properties of the investigated coatings

and revealed an enhanced fracture stress and fracture toughness (Kic) for Ti(Al)SiN
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compared to TiN. Hereby, the Kic value of 2.4 + 0.3 MPaxm'? for TiN could be increased
to a maximum of 3.3 * 0.2 MPaxm!? for TinAlsSiieN. The present findings provide a
systematic overview of the microstructure and mechanical properties of arc evaporated
Ti(ALSi)N coatings, thus allowing to select the most suitable coatings for different

applications in the cutting industry.

Keywords: Ti(Al)SiN, hard coatings, cathodic arc evaporation, fracture mechanics

1. Introduction

The ever-increasing industrial demands of cutting tools regarding lifetime and
performance have led to intensive research on protective hard coatings with favorable
properties such as high hardness and high thermal stability. Among the nitride-based
hard coatings, TiN has met the industrial requirements for several decades, however,
drawbacks such as a moderate hardness slightly above 20 GPa [1-3] and a low oxidation
resistance [4-6] have called for the search of new coating materials with improved
properties. One of the most common strategies to obtain these desired properties is the
addition of further elements to TiN. In 1986, Miinz reported that alloying TiN with Al
considerably enhances the cutting performance and increases the oxidation resistance by
~250 °C [7]. Furthermore, TiAIN is known to exhibit significantly higher hardness values
of ~24-36 GPa [8-10], depending on the Al content and deposition parameters. In addition,
TiAIN has the benefit of exhibiting an age hardening effect when exposed to temperatures
between 600 and 1000 °C, due to the occurring spinodal decomposition into cubic TiN
rich and AIN rich domains [11,12]. Besides alloying with Al, also the effects of Si addition
to Ti(Al)N have been investigated by several researchers. Si has been described to be
either present as a substitution of Ti within the Ti(AI)N solid solution or within an
amorphous SiNx (a-SiNx) tissue phase surrounding the crystalline Ti(AI)N grains, thus

forming a nanocomposite structure [8,13-17]. Exceptionally high hardness values above
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40 GPa have been reported for Ti(Al)SiN coatings [16,18,19], which can be attributed to
the induced grain refinement upon Si addition as well as to the amorphous tissue phase
inhibiting dislocation movement and grain-boundary sliding [20].

In addition to hardness and Young’s modulus, also the fracture toughness is a
crucial mechanical property influencing the performance of protective hard coatings in
machining applications. However, the fracture behavior of Ti(Al)SiN coatings has hardly
been investigated in literature. Bartosik et al. examined the fracture toughness of
sputtered TiAIN coatings compared to TiN by performing micromechanical bending tests
on as-deposited samples and after annealing at temperatures up to 1000 °C [21]. It became
apparent that the investigated TiswAlsoN coating did not only exhibit a higher fracture
toughness (Kic) of 2.7 MPaxm'2 compared to ~2.0 MPaxm'? for TiN at room temperature,
but also showed an increased Kic value by about 11 % upon annealing to 900 °C. This
increase in fracture toughness was found to be strongly connected to the spinodal
decomposition and the occurrence of fractions of wurtzitic-AIN (w-AIN) [21]. In a follow-
up work of Bartosik et al., the fracture toughness of TiSiN coatings deposited by reactive
magnetron sputtering with Si contents varying between 0 and 14 at.% within the coatings
was illuminated. A maximum fracture toughness of 3.0 MPaxm!? was observed for
8.5 at.% of Si, while pure TiN only yielded a value of 1.9 MPaxm!2. The significantly
higher Kic value of TiSiN was attributed to grain refinement, formation of a dense
microstructure and increased cohesive strength of the grain boundaries upon Si addition
[22].

While Bartosik et al. have reported on the fracture toughness of magnetron-
sputtered TiSiN coatings with varying Si content [22], to the best of our knowledge no
data have been published on the fracture stress and toughness of arc evaporated TiSiN
coatings. Furthermore, literature is lacking a systematic investigation of the change in
mechanical properties upon addition of Al to TiSiN, especially in regards to the fracture

behavior of these coatings. Several authors have concentrated their studies on the
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influence of Si addition to TiAIN [8,23-26], however publications dealing exclusively with
the effect of Al addition to TiSiN are rare and usually focus on TiAlSiN coatings with
higher Al contents >30 % of the metallic fraction [27,28]. Thus, in this work the
microstructure and mechanical properties of TiN, TiSiN and TiAISiN with low Al
contents of 3 and 14 % (referring to the metallic fraction) were investigated. X-ray
diffraction (XRD) of powdered and solid coatings as well as scanning electron microscopy
(SEM) of cross-sections gave insight into the microstructure. Additionally, pole-figures
recorded by XRD allowed to analyze the texture of the respective coatings. Determination
of the hardness and Young’s modulus of the Ti(ALSi)N coatings in combination with
micromechanical bending tests provided information about crucial mechanical properties

for cutting applications.
2. Experimental

The four Ti(Al,Si)N coatings investigated in this study were deposited by cathodic arc
evaporation (CAE) using an industrial scale Oerlikon Balzers Innova deposition plant.
Powder metallurgically prepared Ti, TisoSizo, TizeAlsSizo and TissAl16Siz0 targets were used
for the synthesis of TiN, TiSiN and TiAlSiN coatings with different Al content,
respectively. The coatings were deposited on cemented carbide (CC) substrates (92 wt.%
WC, 6 wt.% Co and 2 wt.% mixed carbides) in SNUN geometry according to ISO 1832 and
on mild steel foils. Prior to the deposition process, substrates were ion-etched in an Ar
plasma. All coatings were deposited in pure Nz atmosphere at a pressure of 3.5x10 mbar
applying a bias voltage of -40 V and 2-fold substrate rotation. The substrate temperature
was kept constant at 430 °C for TiN and 480 °C for the Si containing coatings. The cathodes
were operated using a DC arc current of 180 A. After the deposition process, the coated
steel foils were dissolved in nitric acid in order to obtain a free-standing coating powder
for XRD investigations.

The elemental composition of the Ti(Al,Si)N coatings was determined by glow

discharge optical emission spectroscopy (GDOES) using a Horiba GD-Profiler 2
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spectrometer. To obtain images of the cross-sections of the samples, the coatings were
prepared with a Hitachi IM4000+ ion milling system using Ar* ions and investigated
utilizing a scanning electron microscope (SEM) ZEISS GeminiSEM 450. The
microstructure of the solid coatings on CC was investigated applying a Bruker D8
Advance X-ray diffractometer in grazing incidence geometry. Cu-Ka radiation (A =
1.5406 A) was collimated by a Gobel mirror and directed at the sample with an incidence
angle of 2°. The 20-scan was recorded with an energy-dispersive Sol-X detector. The
measurement time was set to 1.0 s per step and the step size was 0.02°. To gain additional
information about the texture of the coatings, pole figures (PFs) were measured on a
Bruker D8 Advance DaVinci diffractometer using Cu-Ka radiation (A = 1.5406 A)and a
position sensitive LynxEye Xe-T detector. The samples were tilted from 0° to 84° and
rotated around the surface normal for each tilt angle using a half-circle Eulerian cradle.
PFs of the (111), (200) and (220) reflections were recorded for each coating. The MTEX
toolbox [29] was utilized for data processing and the calculation of the PFs and inverse
pole figures (IPFs). Additionally, analysis of the powdered coatings was conducted on the
Bruker D8 Advance DaVinci diffractometer in Bragg-Brentano geometry using a step-size
of 0.005 ° (measuring time 1.0 s per step), in order to generate a diffractogram suitable for
a subsequent Pawley-refinement with the Software Topas 6. An XRD pattern of a
standard LaBs powder sample (NIST 660c) [30] was recorded as a reference and refined
to account for the influence of the instrumental parameters.

In order to evaluate the hardness and Young's modulus of the four Ti(AlSi)N
coatings, the surface of the samples was mirror-polished and measured by
nanoindentation, using an Ultra Micro Indentation System (UMIS) from Fischer-Cripps
Laboratories operating with a diamond Berkovich tip. To eliminate substrate effects
during the measurement, plateau tests with 35 indents in a load range of 30 to 12.5 mN
with penetration depths below 10 % of the respective coating thickness were carried out.

The Oliver and Pharr method was utilized to evaluate the obtained data [31]. To gain
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further insight into the mechanical properties of the investigated Ti(Al,Si)N coatings,
micromechanical bending tests were conducted. A focused ion beam (FIB) workstation
(FEI DualBeam Versa 3D) was used to prepare freestanding micro-cantilevers with
dimensions of ~9 um length and a ~3x3 um? cross-section. Particular attention was payed
to choosing areas without any microparticles - that would strongly impair the fracture
properties - for the preparation of the micro-cantilevers. Unnotched cantilevers were used
for the determination of the fracture stress, while cantilevers with a sharp notch served
for evaluation of the fracture toughness. The planned position for subsequent indentation
of the cantilevers was marked with the FIB by a circle. In order to correctly position the
cantilevers, imaging was performed by scanning probe microscopy using a Hysitron
TriboIndenter TI950. The cantilevers were then loaded until fracture with a rate of 5 nm/s
using the TI950 equipped with a conospherical tip. At least three notched and unnotched
cantilevers were fractured for each of the four Ti(Al,Si)N coatings, allowing to obtain
statistically valid results. Evaluation of the obtained data was proceeded according to
Matoy et al. [32], whereby the cantilever geometry and the determined maximum load at
fracture were taken into account. After completing the micromechanical tests, the post-
mortem cross-sections of the cantilevers as well as the depth of the notch were analyzed

by SEM (FEI DualBeam Versa 3D).
3. Results and Discussion

3.1 Microstructure

The elemental analysis of the four arc evaporated coatings investigated in this
study revealed that all of them are stoichiometric with a nitrogen content of ~50 at.%. The
elemental composition was determined to be TiN, TisiSiisN, Tis1AlsSiisN and TizoAlsSiisN
via GDOES. The Si content remained constant for all Ti(Al)SiN coatings, allowing a
systematic investigation of the influence of Al addition to TiSiN. Furthermore, it is evident
that the Al and Si contents within the coatings are slightly lower compared to the

composition of the respective targets (TisoSizo, TizeAlsSizo and TiesAli6Sizo), which was
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already observed by other researchers that deposited Ti(Al)SiN coatings using CAE [8,16].
This finding can be attributed to the more pronounced re-sputtering and gas phase
scattering of the significantly lighter Al and Si elements compared to Ti [33].

To obtain a first overview of the microstructure of the coatings, SEM micrographs
of cross-sections were recorded, which are shown in Fig. 1. While TiN (Fig. 1(a)) exhibits
large and columnar grains, a pronounced grain refinement and the formation of a feather-
like structure occurs when adding Si (Fig. 1(b)). The results are in accordance with
literature, as a decreasing grain size and the occurrence of a feather-like structure was
already reported by other researchers for TiSiN coatings [16,34]. When taking a closer
look at Fig. 1(c) and (d) it becomes evident that a comparable microstructure is obtained
for TistAlSiisN and TinAlsSiisN. Thus, the influence of the Al addition on the
microstructure seems to be minor. Detailed investigations regarding the microstructure
of the TiSiN sample at higher magnification were conducted in a previous study using
high-resolution scanning transmission electron microscopy [35]. The recorded
micrographs showed the presence of nanocrystalline (nc) and amorphous regions,
verifying a nanocomposite structure of the TiSiN coating. It can be assumed that also for
the addition of small amounts of Al to TiSiN the nanocomposite structure is retained,

which was also reported by several authors in literature [8,26,36].
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TirgAl,SisgN

Fig. 1: SEM micrographs showing the cross-sections of TiN (a), TissSiwsN (b), Tis1AlsSisN (c) and
TinAluSiN (d) coatings on CC substrates.

To gain further insight into the microstructure, X-ray diffractograms were
recorded of the solid coatings on CC, which are displayed in Fig. 2(a). Standard peak
positions of face-centered cubic (fcc) TiN (ICDD 00-038-1420), fcc-AIN (ICDD 00-025-1495)
and WC (ICDD 00-051-0939) [37], stemming from the CC substrate, are indicated by
dashed lines. All coatings exhibit an fcc-structure. In accordance with literature, no
crystalline SiNx or TiSi: phases are evident for Ti(Al)SiN [1,8,16,17]. Furthermore, no w-
AIN phase is present. Pronounced peak broadening can be observed when Si is added to
TiN, while Al addition to TiSiN results in no further change of the peak width, which is
also evidenced by the full width at half maximum (FWHM) shown in Fig. 2(b). The
FWHM were determined from the (200) peak by a Pseudo-Voigt fit. It can be observed
that the FWHM for TiN is much lower compared to the Ti(Al)SiN coatings, while for the
latter the FWHM only differs slightly. An increasing FWHM is attributed to a smaller size

of the coherently diffracting domains and/or increased microstrain, which can be
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assumed to correlate with the grain size [38,39]. Thus, the evolution of the FWHM is in
accordance with the SEM cross-sections shown in Fig. 1. The X-ray diffractograms of the
solid coatings reveal a small peak shift to higher diffraction angles for the TinAl4SiiN
sample that might be attributed to a decreasing lattice parameter. However, as the peak
position of the solid coatings is influenced by both, the lattice parameter and the residual
stress, powdered coatings — which are free of macroscopic stress — were additionally
studied by XRD to determine the respective stress free lattice parameters. The
diffractograms are displayed in Fig. 2(c). The refinement of the TiN powder X-ray
diffractogram yielded a lattice parameter of 4.24 + 0.01 A, which decreased to 4.22+0.01 A
upon incorporation of Si, indicating the formation of an Ti(Si)N solid solution that was
already observed by other authors [16,17,40]. Due to the fact that also amorphous regions
became evident for the TiSiN coating in our previous study, Si can be assumed to be
present in both, an Ti(Si)N solid solution and an a-SiNx phase. Addition of Al to TiSiN
yielded a further decrease of the lattice parameter to 4.21 or 4.19 + 0.01 A, respectively,

which has commonly been observed in literature for the formation of a fcc-TiAIN solid

solution [7,41,42].
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Fig. 2: X-ray diffractograms of solid Ti(Al,Si)N coatings on CC (a), the corresponding FWHM (b)
and X-ray diffractograms of powdered Ti(Al Si)N coatings, including the respective lattice

parameters determined by Pawley-refinement (c).
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In order to investigate the texture of the coatings, XRD PFs were recorded.
Recalculation of the measured data using the MTEX-toolbox [29] allowed to obtain the
PFs of the (111), (200) and (220) reflexes as well as the IPFs in growth direction, which are
summarized in Fig. 3. It has to be noted that the intensities were normalized for each
coating. All of the Ti(AlSi)N coatings show a fibre texture, which can be deduced from
the rotational symmetry of the respective intensities of the PFs. For the TiN coating
depicted in Fig. 3(a), a preferred (111) orientation in growth direction was found, however
the texture was not pronounced as also contributions from grains in the [001] direction
are visible in the IPF. A strong change in texture was observed upon addition of Si to TiN,
resulting in a pronounced (200) preferred orientation in growth direction as shown in the
IPF in Fig. 3(b). Although several authors have reported a (mixed) (111) preferred
orientation for TiN that changes to a (200) orientation for TiSiN coatings [19,43], the origin
of this change in texture is usually not discussed. One possible explanation for the texture
change upon Si addition could be based on the findings of Abadias et al. in a publication
discussing nanolaminated ZrN/SiNx coatings [44]. There, the authors observed a change
from a (111) preferred orientation for monolayered ZrN to a (200) orientation for
nanoscale ZrN/SiNx multilayers. They attributed the different texture to the disruption of
the columnar growth of ZrN by a-SiNx. The SiNxlayers were proposed to act as seed layers
for ZrN renucleation and thus result in the preferential nucleation of [001]-oriented
crystallites, corresponding to the plane of lowest surface energy for Na-Cl type structures
[44]. As already mentioned before, the TiSiN investigated in the present study exhibits a
nanocomposite structure, consisting of nc-Ti(Si)N embedded in an a-SiNx tissue phase
[35]. Therefore, an identical underlying mechanism - meaning that the a-SiNx favors
renucleation of TiN - can be assumed for the texture change to a (200) preferred
orientation with addition of Si to TiN. Addition of Al to TiSiN does not seem to further
affect the texture, as shown by the PFs and IPF in Fig. 3(c) for TinAluSiisN and thus also

results in a pronounced (200) preferred orientation in growth direction. As expected, the
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same texture was observed for the coating with lower Al content of TisiAlsSiiN,

wherefore these PFs and IPF are not additionally depicted in Fig. 3.
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Fig. 3: XRD pole-figures of the (111), (200) and (220) reflexes and inverse pole-figures for TiN (a),
TissSi16N (b), and TizAl4SisN (c) coatings.

3.2 Mechanical properties

To evaluate the mechanical properties of the coatings, the hardness and Young’s
modulus was determined using nanoindentation; the results are shown in Fig. 4. TiN
exhibits a hardness value of 29 + 2 GPa, which is in the upper range of reported literature
values (21-29 GPa) for cathodic arc evaporated TiN [1,2,5,16]. A strong increase in

hardness to 40 + 2 GPa is observed upon Si addition, which can be attributed to the

48



Yvonne Moritz Publication |

pronounced grain refinement and the formation of a nanocomposite structure, where the
a-SiNx phase inhibits grain boundary sliding [20,45]. The exceptionally high hardness
value for TiSiN is in accordance with literature, where, depending on the Si content and
deposition parameters, values in the range of ~30-50 GPa have been reported
[3,5,16,19,34,45]. Upon further addition of low amounts of Al to TiSiN the hardness values
in the present study were found to remain constant at 40 + 2 GPa. Thus, it can be stated
that addition of Si leads to a pronounced increase in hardness of more than 10 GPa
compared to TiN, while alloying with low amounts of Al does not further affect the
hardness. This can be attributed to the very similar, fine-grained and most likely
nanocomposite microstructure for all Ti(Al)SiN coatings. In literature, again hardness
values for TiAlSiN widely vary, depending on the respective Al or Si content. Zhu et al.
investigated TiAISiN coatings with rather high Al contents and reported a hardness value
of 33 GPa for TissAlssSiwoN that slightly increased to 35 GPa for an increasing Al content of
Tis0Als0Si1oN [27]. Yu et al. evaluated the influence of the Si content between 0 and 22 at.%
on TiAlISiN coatings with ~10 at.% of Al and found the highest hardness of 35 GPa for Si
contents between 4 and 10 at.% that decreased to 15 GPa for high Si contents of 22 at.%
[24]. The decreasing hardness for higher Si contents was attributed to exceeding the
optimum value of grain separation by the amorphous SiNx phase. A significantly higher
hardness was found by Chen et al. that observed a value of 40 GPa for addition of 6 at.%
Si and low Al contents of 3 at.% [46], which is comparable to the present study.

Besides the hardness, also the Young’s modulus is dependent on the change in
chemical composition. TiN exhibits the highest Young’s modulus among the investigated
coatings of 578 + 31 GPa. Upon addition of Si to TiN, a reduction of the Young’s modulus
to 529 + 38 GPa is observed. This tendency can be explained by the nanocomposite
structure of the TiSiN: the grain boundaries are known to have a lower Young’s modulus
compared to the neighbouring crystals, thus leading to a decreasing Young’s modulus

with smaller grain size [47]. No significant change of the Young’s modulus is observed
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for alloying with Al for Tis1iAlsSiieN that shows a value of 537 + 25 GPa, increasing the Al
content to TinAlSiieN leads to a slight decrease to 494 + 23 GPa. In literature, even lower
Young’s moduli in the range of 370-400 GPa are reported for arc evaporated TiAISiN
coatings with Al contents >30 % (referring to the metallic fraction), wherefore it can be

assumed that the Young’s modulus is further decreasing with increasing Al contents

[8,27].
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Fig. 4: Hardness and Young’s modulus of Ti(Al,Si)N coatings.

In addition to hardness and Young’s modulus, also the fracture behaviour plays
an important role regarding the performance of protective coatings in cutting
applications. However, quantitative values of the fracture stress and toughness of arc
evaporated Ti(Al)SiN coatings are barely presented in literature, especially the effect of
Al addition to TiSiN on the fracture properties has not been reported so far. Therefore, in
this study the fracture stress and fracture toughness of Ti(AlLSi)N coatings were
investigated by micro-cantilever bending experiments, which allows to assess the fracture
properties without interference of substrate effects or residual stress [48,49]. Notched and
unnotched micro-cantilevers were used to determine the fracture toughness and fracture
stress, respectively, by evaluating the failure of the cantilevers in the stress-deflection
curves. In Fig. 5(a), the stress-deflection curves of the unnotched micro-cantilevers of the
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different Ti(Al,Si)N coatings are shown, which all exhibit a linear-elastic behaviour until
failure occurs. Therefore, no plastic deformation is assumed to take place, verifying the
brittle material behaviour. The stress-deflection curves correlate well with the determined
Young’'s moduli shown in Fig. 4, as TiN exhibits the highest and TinAlsSiiN the lowest
Young’s modulus and TiN exhibits the steepest and TinAlSiisN the flattest slope of all
stress-deflection curves in Fig. 5(a). The resulting fracture stress and toughness from the
micro-cantilever bending experiments for TiN, TissSiisN, Tis1iAlsSiieN and TinAlaSiisN
coatings are summarized in Fig. 5(b). TiN exhibits a fracture stress of 2.7 + 0.2 GPa and a
Kic value of 2.4 + 0.3 MPaxm!?, which is in good agreement with Kic values available in
literature for sputtered TiN coatings [22,50,51]. Upon addition of Si, the fracture stress
and toughness rise to 3.1 + 0.5 GPa and 2.7 + 0.4 MPaxm!?, respectively. The fracture
toughness of sputtered TiSiN coatings as a function of the Si content (0-13.8 at.%) was
investigated by Bartosik et al. [22]. They found a maximum Kic value of 3.0 + 0.2 MPaxm'?
at a Si content of 8.5 at.%, which is similar to the determined value for the arc evaporated
TiSiN coating investigated in this work. The decrease in grain size and the resulting fine
grained morphology that were identified as factors positively influencing the fracture
toughness of TiSiN by Bartosik et al. can also be named as reasons for the enhanced
fracture toughness of TiSiN over TiN found in this study. Furthermore, the a-SiNx phase
that was observed during HR-STEM investigations of the TiSiN coating in a previous
work [35] can be suspected to have a positive effect on hindering crack propagation
during fracture. Although the hardness and Young’s moduli (Fig. 4) as well as the
microstructure observed by XRD (Fig. 2) and SEM (Fig. 1) did not change distinctly upon
addition of Al to TiSiN, the fracture properties were found to be strongly affected. While
the fracture stress still remained constant at 3.1 + 0.3 GPa for Tis1iAlzSiisN, the Kic value
slightly improved to 2.9 + 0.3 MPaxm'”. Increasing the Al content to TinAlLsSiiN resulted
in a pronounced enhancement of the fracture properties, yielding a fracture stress of 5.3 +

0.5 GPa and a Kic value of 3.3 + 0.2 MPaxm'2 A possible explanation of the strong
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improvement of the fracture properties for the higher Al content could be based on the
investigations of the fracture dynamics and transformation toughening effect of TiixAlN
by Sangiovanni et al. [52]. Based on ab initio molecular dynamics calculations, the authors
reported a higher resistance to fracture and greater toughness of TisoAlsoN and TizsAlzsN
solid solutions compared to TiN and a TiAlsN solid solution. This finding was
attributed to local structural transformations from fcc-AIN to w-AIN beyond the elastic-
response regime, which dissipates stress and prevents brittle failure. Although the coating
in the present study contains only small amounts of Al (TinAlLsSiiN), which according to
Sangiovanni et al. does not undergo the local structural transformation to w-AIN, it has
to be taken into account that also a significant amount of Si is present in our TiAISiN
coatings. Several authors have stated that the addition of Si to TiAIN favors the formation
of w-AlN-rich domains [8,53,54]. Thus, it could be assumed that the local stress-induced
transformations of fcc-AIN to w-AIN also take place in the TinAlusSiiN coating in this
study, resulting in a significant increase of fracture stress and Kic. However, it still
remains questionable if local structural transformations can take place beyond the elastic-
response regime since the obtained stress-deflection curves shown in Fig. 5(a) indicate a
purely elastic behavior until fracture for all investigated coatings. Stress-induced
transformation of fcc-AIN to w-AIN has been observed experimentally for ZrN/ZresAls7N
multilayers on the nanoscale by Yalamanchili et al. [55]. A maximum fracture resistance
was obtained for 2 nm thick ZresAlsN layers, where fcc-AIN-rich domains undergo

transformation to w-AIN when subjected to indentation-induced stress fields.
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Fig. 5: Stress-deflection curves of micro-cantilevers of Ti(Al,Si)N coatings (a), as well as fracture

stress and fracture toughness (Kic) for the Ti(Al,Si)N coatings (b).

The post mortem fracture cross-sections of the notched micro-cantilevers, shown

in Fig. 6, correlate well with the SEM micrographs of the Ti(AlSi)N coatings from Fig. 1

and the FWHM of the coatings shown in Fig. 2(b). Significantly larger grains can be

observed for the fractured cross-section of TiN (Fig. 6(a)) compared to the fine-grained

structure of the three Ti(Al)SiN coatings. Due to the significantly smaller grain size of the

Ti(A)SiN coatings and thus the presence of more grain boundaries acting as crack

deflection sites, a retained crack propagation - leading to stronger resistance to fracture -

is obtained [22,56,57].
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Fig. 6: SEM micrographs of the post mortem fracture cross-sections of notched micro-cantilevers

from TiN (a), TissSi1sN (b), Tis1AlsSiisN (c) and TinAl14SisN (d).

4. Conclusions

Within the scope of this study, the microstructure and mechanical properties of arc
evaporated TiN, TisiSiisN, Tis1AlsSiicN and TinAlisSiieN were evaluated systematically. As
evidenced by X-ray diffraction and scanning electron microscopy, TiN exhibits large and
columnar grains, which changes to a fine-grained and feather-like structure for Ti(Al)SiN
coatings. Pole-figures and inverse pole-figures revealed a change of texture from a
preferred (111) orientation for TiN to a preferred (200) orientation for Ti(Al)SiN in growth
direction. This observation can be attributed to renucleation of TiN grains by the
amorphous SiNx phase. The hardness values significantly increased upon addition of Si
from 29 to 40 GPa as a result of grain-refinement and inhibited grain-boundary sliding
and remained constant upon further alloying with Al. Micromechanical bending tests of

unnotched and notched micro-cantilevers allowed to evaluate the fracture stress and
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fracture toughness (Kic) of Ti(ALSi)N coatings. Both, the fracture stress and Kic value
increased upon Si addition to TiN and further improved for alloying of TiSiN with low
amounts of Al, resulting in a maximum Kic of 3.3 + 0.2 MPaxm!? for TinAluSiieN. The
enhanced fracture properties can be attributed to the fine grained morphology due to Si
addition and additionally local stress-induced transformation of fcc-AIN to w-AIN during
fracture could be assumed to take place for the highest Al content of TinAlsSiisN. The
findings of this study show the great potential of arc evaporated TiAlSiN coatings with
low Al contents such as TinAlisSiicN for the cutting industry, as the high hardness of
40 GPa found for TiSiN can be sustained, while simultaneously the fracture properties are

significantly enhanced.
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Abstract

Owing to its excellent mechanical and thermal properties and outstanding
oxidation resistance, TiSiN is used for protective hard coatings for cutting applications.
While several reports confirm the oxidation stability of TiSiN up to temperatures above
800 °C, literature is currently lacking a thorough investigation of the oxidation sequence
of this coating system. Thus, in this study the oxidation mechanism of TiSiN was
monitored via in-situ synchrotron X-ray diffraction (XRD) and complemented by a

detailed analysis of the microstructure and elemental composition of oxidized coatings.
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A TiSiN coating was deposited by cathodic-arc evaporation in an industrial scale
deposition plant. In-situ synchrotron XRD experiments of the powdered coating showed
an oxidation stability up to ~830 °C, followed by the formation of both, rutile and anatase
TiO:2 with increasing temperature. The formation of anatase during oxidation was
confirmed by Raman and XRD investigations on a solid coating. High-resolution scanning
transmission electron microscopy investigations revealed the oxidation of only several
hundred nm of the coating surface after oxidation at 930 °C for 5 minutes, while
increasing the temperature to 1130 °C resulted in full oxidation of the Ti(Si)N
nanocrystals, accompanied by high porosity and significant grain coarsening.
Furthermore, elemental analysis showed the presence of TiO2 grains surrounded by an
amorphous Si-O-N phase as well as the formation of a TiO: top layer due to diffusion of
Ti to the surface. The obtained results provide detailed and novel insight into the

oxidation mechanism of TiSiN as well as on the microstructure of oxidized TiSiN coatings.

Keywords: hard coatings, PVD, oxidation, Sequential Rietveld refinement, STEM

1. Introduction

For several decades, physical vapour deposited (PVD) TiN hard coatings have
been investigated and widely used to enhance the performance and lifetime of cutting
tools [1-4]. Although this system exhibits decent mechanical properties such as a
reasonable hardness and wear resistance [5,6], TiN coatings suffer from the drawback of
severe oxidation above 550 °C [7]. Alloying with Si has shown to drastically enhance the
mechanical properties as well as the oxidation stability of TiN coatings by more than
200 °C [8,9].

Many favorable properties of PVD TiSiN coatings have been attributed to the
presence of a nanocomposite structure consisting of Ti(Si)N nanocrystallites embedded

in an amorphous SiNx phase [10,11]. Exceptionally high hardness values in the range of
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37 to 45 GPa were reported for this coating system by several authors [12-20], which are
a result of the grain refinement induced by silicon addition and the formation of an
amorphous tissue phase, inhibiting grain-boundary sliding [8,21,22]. Moreover,
annealing experiments under vacuum conditions showed an excellent thermal stability of
TiSiN powdered samples up to 1300 °C due to retarded grain coarsening of the TiN
nanocrystallites when surrounded by an amorphous SiNx tissue phase. At annealing
temperatures between 1450 and 1550 °C, decomposition into fcc-TiN, (3-SisNs, TiSi2 and
diamond cubic Si takes place [12].

The addition of Si to TiN does not only influence the mechanical properties and
thermal stability, but also considerably enhances the oxidation resistance. This
improvement is attributed to the amorphous SiNx phase acting as an oxygen diffusion
barrier at the grain boundaries [8]. In kinetic studies, the partly inhibited oxygen diffusion
was shown to result in a five times lower oxidation rate at 800 °C for TiSiN compared to
TiN [9]. Pilloud et al. found that already small amounts of Si in the range of 1-2 at.%
signifcantly slow down the oxidation process, resulting in a decreased thickness of the
formed oxide scale at a defined temperature and oxidation time [23]. Furthermore,
analogously to Steyer et al. [9], they detected small amounts of anatase TiO: besides the
predominantly present rutile TiO2 in X-ray diffractograms and Raman spectra of oxidized
TiSiN coatings. The authors attributed this finding to the fact that anatase is stabilized at
low grain sizes up to ~11 nm. Grain coarsening during oxidation is prevented to a certain
degree by the amorphous SiNx phase surrounding the nanocrystalline grains, thus,
contrary to pure TiN coatings, anatase can occur during oxidation of TiSiN [23]. So far, no
studies on the detailed oxidation mechanism of PVD TiSiN considering the temperature-
dependent phase evolution of rutile and anatase TiO: have been published. In addition,
literature is lacking a thorough microstructural investigation of oxidized TiSiN coatings

using high-resolution methods.
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Thus, in this work the oxidation sequence of a powdered TiSiN coating was
investigated by in-situ synchrotron X-ray diffraction (XRD) at the P07 beamline at PETRA
III in Hamburg. The powdered coating was annealed in air up to 1200 °C and 2D X-ray
patterns were recorded continuously. Sequential Rietveld refinement allowed to monitor
the temperature-dependent phase composition as well as the thermal expansion of
Ti(Si)N. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
of the powder complemented the in-situ synchrotron XRD experiment. Furthermore, the
solid TiSiN coating deposited on sapphire substrates was oxidized at two different
temperatures, in order to investigate the microstructure and chemical bonding state of the
coating after the oxidation process via X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy and high-resolution scanning transmission electron microscopy (HR-

STEM).
2. Experimental

The TiSiN coating with a thickness of ~4 um, investigated in this study, was deposited
by cathodic arc evaporation in an industrial scale Oerlikon Balzers Innova deposition
plant. The targets used in the deposition process were produced powder metallurgically
from Ti and TiSi> with an elemental composition of TisSiz. The coating was synthesized
in pure N2 atmosphere at a pressure of 3.5 x 102 mbar, a bias voltage of -35 V and a
substrate temperature of 480 °C for 220 minutes, using a combined radiative and plasma
heating procedure, with temperature measurement by thermocouples placed near the
substrate. The cathodes were operated at an DC arc current of 180 A. Prior to deposition,
the substrates were ion-etched in a pure argon plasma. Cemented carbide (92 wt.% WC,
6 wt.% Co and 2 wt.% mixed carbides) in SNUN geometry according to ISO 1832, single
crystalline sapphire with (001) orientation and mild steel foil served as substrates. After
the deposition process, the coated steel foil was dissolved in diluted nitric acid in order to
obtain a TiSiN powder sample for in-situ synchrotron powder XRD and DSC

investigations.
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The elemental composition of the as-deposited TiSiN coating on cemented carbide
was evaluated by glow discharge optical emission spectroscopy (GDOES) using a Jobin-
Yvon Horiba JY10000 spectroscope and was determined to be TisSisNso. No oxygen could
be confirmed within the coating as the content was below the GDOES detection limit.
Furthermore, the microstructure of the coating was analyzed by a Bruker D8 Advance X-
ray diffractometer in grazing incidence geometry. A Gobel mirror was utilized for
collimation of the Cu-Ka radiation, which was directed at the sample with an incidence
angle of 2°. The 20-scan was recorded using an energy-dispersive Sol-X detector, where
the step-size was set to 0.02° with a measurement time of 1.0 s per step.

The TiSiN powder was investigated by in-situ synchrotron powder XRD at the high
energy materials science beamline P07 of the Helmholtz-Zentrum Geesthacht at PETRA
III in Hamburg [24]. The powder was placed in a Pt crucible within an inductively heated
high temperature set-up (according to ref. [25]) and heated in air from 100 to 1200 °C with
a heating rate of 20 K/min. The energy of the X-ray beam was 104 keV, corresponding to
a wavelength of 0.11965 A. 2D X-ray diffractograms in Debye-Scherrer geometry were
recorded every ~4 K during the heating cycle with a digital X-ray detector Perkin Elmer
XRD 1621, leading to a total of 272 frames. The exposure time for each frame was 5 s. In
order to evaluate the recorded 2D patterns, calibration and azimuthal integration to 1D
diffractograms was proceeded using the program Dawn2 [26,27]. The subsequent
Rietveld refinement was carried out using the software Topas 6 by Bruker. The influence
of instrumental parameters on the XRD patterns was corrected by refining the recorded
diffractogram of a standard LaB6 powder sample (NIST 660c [28]). Hereby, the
instrument function was determined and applied for refining the recorded TiSiN powder
patterns. Evaluation of the 272 recorded diffractograms at different temperatures was
carried out using a sequential Rietveld refinement approach as published by Saringer et
al. [25], where the output parameters (e.g. lattice parameter) of refinement n are

automatically used as input parameters for the subsequent refinement n+1.

67



Yvonne Moritz Publication 11

Crystallographic information files (cifs) allowed modelling of the occurring phases and
were taken from the Crystallography Open Database (COD) [29]. The COD files of TiN
(COD-code: 1011099), rutile TiO2 (COD-code: 1534781) and anatase TiO: (COD-code:
1526931) were utilized to generate reasonable input parameters. Two main criteria were
applied to identify a satisfying Rietveld refinement of the collected data. A change of x2
<0.001, which indicates the difference between observed and calculated powder patterns
within one iteration step, was required to fulfill the convergence criterion and the
displayed difference curve between the measured and the modelled pattern was
considered a further measure for the goodness of fit. Examples of several measured and
modelled patterns including the respective difference curves are available as
supplementary material online.

Complementary to the in-situ synchrotron powder XRD investigations, DSC and TGA
measurements of the TiSiN powder were carried out in synthetic air using a Setaram
Setsys Evo 2400 DSC system. Approximately 20 mg of the powder were filled into an
AlO:s crucible and heated up to 1200 °C with a heating rate of 20 K/min, analogously to
the heating rate applied in the in-situ synchrotron XRD experiments. In addition, two
TiSiN samples deposited on sapphire-substrates were oxidized in a Nabertherm N11/HR
furnace in ambient air up to 930 °C and 1130 °C, respectively. The respective maximum
temperature was held constant for 5 minutes. Analogously to the as-deposited coating on
cemented carbide, the microstructure of the oxidized coatings was analyzed using the
laboratory Bruker D8 Advance X-ray diffractometer in grazing incidence geometry.
Information about the chemical bonding structure after oxidation was obtained by XPS,
utilizing an Omicron Multiprobe surface analysis system, equipped with a DAR 400 X-
ray source, an XM 500 quartz crystal monochromator and an EA 125 hemispherical
electron analyzer with a 5 channel pulse counting channeltron. The X-ray excitation
energy used for the XPS analysis was 1486.7 eV (Al-Kau). The pass energy was set to 20 eV,

yielding an energy resolution of 0.5 eV. Calibration and correction of the binding energy
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of the recorded spectra were proceeded by consideration of the C-C bond of the C1s peak
at 284.6 eV, which is present in all samples due to hydrocarbon surface contamination.
The obtained XPS spectra were subjected to peak fitting using a convolution of Lorentzian
and Gaussian shape functions, utilizing the Unifit 2017 software.

To gain further insight into the phase composition of the oxidized coatings,
complementary Raman spectroscopy was conducted using a LabRam HR800
spectrometer from Jobin Yvon. The spectrometer was equipped with a frequency-doubled
Nd-YAG laser (wavelength = 532 nm) and Raman spectra were recorded between 100 and
1500 cm™. In order to develop a deeper understanding of the microstructure as well as of
the phase and elemental composition of the as-deposited and oxidized TiSiN coatings on
the nanoscale, high-resolution scanning transmission electron microscopy (HR-STEM)
investigations were conducted. The STEM samples were prepared by focused ion beam
(FEI Nova200) milling. High resolution STEM investigations were performed on a probe
corrected FEI Titan 3 G2 60-300 (S5/TEM) microscope with an X-FEG Schottky field-
emission electron source operated at 300 kV (current of 150 pA, beam diameter of 1 A).
The spectrum images were acquired with an FEI Super-X detector (Chemi-STEM
technology), consisting of four separate silicon drift detectors. STEM data were evaluated
using the Gatan Digital Micrograph Software. Fast Fourier transformations (FFT) of
grains observed in the HR-STEM images allowed to determine the d-spacing and

subsequently enabled a phase-assignment of individual grains.
3. Results and Discussion

X-ray diffractograms of the TiSiN coating deposited on cemented carbide as well as
of the powdered TiSiN coating were recorded at room temperature using a laboratory X-
ray source and a synchrotron radiation source, respectively. The comparison of these two
diffractograms is shown in Fig. 1(a), where the d-spacing was chosen for labelling the x-
axis, as the energy used at the synchrotron radiation facility is different to the one used

for the laboratory X-ray source, resulting in different 20 angles. It can be seen that the
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powder production has no influence on the crystalline phase of the TiSiN coating, as both
X-ray diffractograms only show reflections of the face-centered cubic (fcc) TiN phase.
Other peaks present stem from the Pt-crucible used for the synchrotron measurement in
case of the powdered coating and from the cemented carbide (CC) in case of the solid
coating. In accordance with other publications, no crystalline SiNx or titanium silicide
peaks can be observed in either of the X-ray diffractograms, indicating that the Si is
present within a solid solution, substituting for Ti atoms in the lattice and/or within an X-
ray amorphous SiNx phase [12,16,17,30-33]. Fig. 1(a) further reveals a shift to lower d-
spacing (higher diffraction angle) for the powdered TiSiN coating compared to the
coating on CC. This can be related to the fact that the powdered coating is — on the
contrary to the solid coating on CC — free of macroscopic stress. However, the peaks of
the powdered coating appear to shift also to a lower d-spacing compared to the indicated
standard peak positions for TiN (ICDD pdf-Nr. 00-038-1420). Rietveld refinement of the
respective X-ray diffractogram yields a lower lattice parameter for the TiSiN powder
sample of 421 A + 0.01 compared to the literature value of 4.24 A for pure TiN. The
decrease in lattice parameter was already reported in other publications and indicates the
presence of a solid solution, where Ti atoms are substituted by Si atoms in the lattice
[16,22,33]. To further clarify if an amorphous SiNx phase is present besides the Ti(Si)N
solid solution, HR-STEM investigations were conducted which are displayed in Fig. 1(b).
The annular dark-field (ADF) image of the coating exhibits a feather-like structure. At
higher magnification (blue framed insert), clearly crystalline and amorphous regions are
visible that can be differentiated even better in the shown Inverse Fast Fourier
Transformation (IFFT) image. Diffuse appearance of the IFFT on the left-hand side of the
dashed line indicates overlapping amorphous and crystalline regions within the lamella.
Thus, the XRD and HR-STEM investigations lead to the conclusion that the as-deposited
structure of the TiSiN coating consists of a nanocrystalline Ti(Si)N solid solution

surrounded by an amorphous SiNx tissue phase.
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Fig. 1: Room-temperature X-ray diffractograms of the powdered TiSiN coating recorded at the
synchrotron radiation facility and of the TiSiN coating deposited on cemented carbide measured in
gracing incidence geometry using a laboratory X-ray source (a). ADF image of the as-deposited
coating deposited on cemented carbide and insert at higher magnification (blue frame) revealing

crystalline and amorphous regions that can be seen in more detail in the IFFT image (D).

3.1  Oxidation of Powdered Coating

To gain insight into the temperature-dependent phase composition of TiSiN during
the oxidation process, 2D X-ray patterns of the powdered sample were collected in-situ at
the P07 Beamline at DESY during annealing in ambient atmosphere up to 1200 °C. The
recorded Debye-Scherrer rings were azimuthally integrated over an angular range from
0 to 360 °C in order to convert the 2D diffraction data to 1D diffractograms. Sequential
Rietveld refinement of the 272 1D patterns using the Topas 6 software allowed to generate
the phase evolution of the refined patterns with increasing oxidation temperature shown
in Fig. 2(a). Peaks, resulting from the Pt-crucible, were eliminated in the calculated
patterns by excluding these contributions during Rietveld refinement. The position of
Bragg reflections of the TiN (ICDD pdf-Nr. 00-038-1420), anatase TiO2 (ICDD pdf-Nr. 01-
075-2544) and rutile TiO2 (ICDD pdf-Nr. 01-079-5860) phase at room temperature are

indicated by symbols and dashed lines within the phase-plot. It can be observed that all

71



Yvonne Moritz Publication 11

peaks exhibit a shift to lower diffraction angles with increasing temperature as a result of
the thermal expansion of the lattices. When taking a closer look at the phase
transformations during oxidation of TiSiN, the XRD phase-plot can be divided into four
different zones, separated by horizontal white dashed lines in Fig. 2(a). In zone (I), up to
a temperature of ~830 °C, only reflections related to fcc-TiN are visible, confirming the
excellent oxidation resistance of TiSiN that was already reported by several authors
[8,9,23]. When increasing the temperature above 830 °C zone (II) is reached, where rutile
TiO:2is formed. The observed onset temperature for the phase transformation corresponds
well to the DSC measurement shown in Fig. 2(b), where the oxidation onset found by
XRD is indicated. A third phase, namely anatase TiO:, appears in the phase plot at the
beginning of zone (III) at ~920 °C, which is supported by a shoulder of the exothermic
peak in the DSC signal. While the oxidation of pure TiN usually only yields the formation
of rutile TiOz, some authors have reported the additional occurrence of anatase TiO: for
TiSiN coatings [9,23], which agrees well with the results of this in-situ XRD measurement.
Above 1130 °C, full oxidation of the crystalline Ti(Si)N phase is obtained. Thus, in zone
(IV) primarily rutile TiOz and small amounts of anatase TiO: are present. The DSC signal
shows a maximum of the TiO:-related exothermic peak at ~1040 °C, which is followed by
another exothermic peak at ~1150 °C. The latter most probably stems from the oxidation
of the amorphous SiNx phase into Si-O-N, which would not be observable in the XRD
phase-plot due to the X-ray amorphous structure of both phases. This would be in
agreement with the TGA signal, which continues to increase after the oxidation to TiO:
has taken place, leading to the assumption that the exothermic peak observed at ~1150 °C

is the result of a further oxidation process.
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Fig. 2: Phase-plot of the azimuthally integrated and modelled 2D XRD data obtained by in-situ
powder diffraction at the synchrotron radiation facility as a function of the oxidation temperature
(a). Heat flow and thermogravimetric signal as a function of the oxidation temperature of the

powdered TiSiN sample with indicated phase transformations (b).

By applying a sequential Rietveld approach for the analysis of a large number of XRD
patterns it is possible to continuously monitor parameters such as the phase composition
of the sample or the evolution of the lattice parameters over the whole investigated
temperature range. In Fig. 3(a) the quantitative phase composition after the oxidation
onset of TiSiN at ~830 °C is shown. A threshold of > 4 wt.% of the rutile phase was
assumed to determine the onset temperature. Below this value an unambiguous
quantification of the rutile fraction seemed inappropriate. Starting at 830 °C a continuous
increase in the weight percent of rutile TiO: can be observed, while the amount of the
TiSiN phase decreases. At ~920 °C the formation of the metastable anatase TiO: becomes
apparent, reaching a maximum quantity of 10.7 + 0.8 wt.% at ~1020 °C. When further
increasing the temperature, anatase is continuously transformed into the stable rutile
modification. It can be assumed that the anatase phase is to a very small extent (<1.5 wt.%)
already present at temperatures below 920 °C, which cannot unambiguously be identified

in the XRDs or fitted using the sequential Rietveld Refinement. While some authors have
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observed the occurrence of anatase during the oxidation of TiSiN coatings [9,23], to the
best of our knowledge no detailed description of the quantitative phase composition as
shown here has yet been published. However, attempts to explain the formation of
anatase TiO: during oxidation of TiSiN have been made. The anatase phase has been
reported to be stabilized at low temperatures when the grain size is below ~11 nm [23,34].
As proposed by Pilloud et al, grain coarsening during the oxidation of TiSiN is
significantly reduced by the presence of the amorphous SiNx tissue phase surrounding
the Ti(S51)N nanocrystallites. Thus, anatase can be observed upon the oxidation of TiSiN,
but not for pure TiN coatings, where only rutile is formed [23]. The proposed explanations
correlate well with the results of this work, where it is possible to observe the increase of
the anatase phase fraction during the oxidation of TiSiN up to a temperature of ~1020 °C,
where the critical grain size seems to be encountered, resulting in a continuous
transformation of anatase into the stable rutile modification. Mege-Revil et al. monitored
the grain size of TiSiN coatings during oxidation from room temperature to 1200 °C and
reported a drastic increase in grain size from 6 to 30 nm between 900 and 1150 °C [35].
This correlates well with the decrease of the anatase phase fraction and transformation

into the rutile phase above ~1020 °C observed in this study.
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Fig. 3: Quantitative phase composition during the oxidation of powdered TiSiN in the temperature
range between 830 and 1200 °C, obtained by sequential Rietveld refinement (a). Evolution of the
lattice parameter of TiSiN during oxidation between 100 and 1100 °C, obtained by sequential
Rietveld refinement. The coefficient of thermal expansion (CTE) was determined by a linear fit in

a range of 100 to 800 °C (b).

A linear increase of the TiSiN lattice parameter before the onset of oxidation as a
result of the thermal expansion is shown in Fig. 3(b). Slight deviations of the linear
behavior above ~850 °C can be attributed to the formation of the rutile phase. As already
observed in Fig. 1(a) at room temperature, the lattice parameter of ~4.22 A at the starting
temperature of 100 °C in Fig. 3(b) is still below the literature value of 4.24 A for TiN, due
to the reason that the silicon is also present in a solid solution besides the amorphous
phase. Sperr et al. reported similarly decreased lattice parameters of 4.22 A and 4.23 A for
TiSiN coatings at room temperature [16]. In order to determine the coefficient of thermal
expansion (CTE) of the TiSiN powder, a linear fit of the lattice parameter evolution in a
temperature range before the oxidation onset (between 100 and 800 °C) was made. The
calculated value of 9.42 + 0.05 x 10-° K is in excellent agreement with the literature CTE
of 9.41 x 10 K that was determined for pure TiN between 100 and 800 °C using the

formula presented by Saringer et al. [36].
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As a final remark concerning the investigations of the powdered TiSiN coating via in-
situ synchrotron XRD it should be noted that the kinetics during the oxidation process
might slightly differ for the powder compared to a solid TiSiN coating, as the surface to
volume ratio is higher for the powder sample. However, as the onset temperatures and
phase evolution during oxidation mainly depend on the elemental composition and
microstructure of the coating - which are not substantially altered during powder
production - valid results can be presented in these regards for a powdered coating.
Furthermore, in order to validate the results obtained for the powdered material for the
equivalent solid coatings, coated single crystalline sapphire substrates were additionally

oxidized within the scope of this study.

3.2 Oxidation of Solid Coating

Besides the detailed investigation of the temperature-dependent phase evolution
during oxidation of a powdered TiSiN coating, the microstructural changes on a solid
coating during oxidation were studied within this work. Thus, two TiSiN samples
deposited on sapphire substrates were oxidized in ambient air at 930 and 1130 °C for 5
minutes, respectively. X-ray diffractograms of the oxidized coatings and the as-deposited
coating on sapphire substrates are depicted in Fig. 4(a). At 930 °C, several small rutile
peaks clearly show the ongoing oxidation of the TiSiN coating, however the most
prominent peak in this diffractogram can still be assigned to TiN, meaning that the
coating is not fully oxidized at this temperature. Furthermore, a small reflection of anatase
at a d-spacing of 3.5 A is visible, indicating the beginning formation of this metastable
TiO:z phase. These findings are in good agreement with the combined in-situ XRD and
DSC investigations of the powdered TiSiN coating, where the anatase phase became
apparent at ~920 °C in the phase-plot and a shoulder of the TiO: peak was visible in the
DSC signal that can be related to the formation of anatase. Full oxidation of the crystalline

Ti(Si)N phase can be observed after oxidation at 1130 °C, where a small anatase peak is
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still visible besides the predominantly present rutile TiO: phase. Again, these findings are
consistent with the investigation of the powdered coating, where nearly full oxidation of
Ti(Si)N and the presence of small amounts of anatase at a temperature of 1130 °C were
confirmed. Due to the excellent differentiation possible between the anatase and rutile
TiO:2 phase by Raman spectroscopy, additionally Raman spectra of the oxidized coatings
were recorded which are shown in Fig. 4(b). A spectrum of the as-deposited TiSiN coating
on cemented carbide is also added for comparison. Standard peak positions of TiN,
anatase and rutile are indicated by symbols and vertical lines according to ref. [37,38]. As
previously reported by other authors, anatase bands occur besides the rutile bands after
oxidation of the TiSiN coatings at both temperatures [23,39]. While TiN bands can still be
detected at 930 °C, full oxidation to rutile and anatase is observed in the Raman spectrum
at 1130 °C, correlating well with XRD results. Consequently, it could be confirmed that

the anatase phase occurs for both solid and powdered coatings.
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Fig. 4: X-ray diffractograms of the oxidized and the as-deposited TiSiN coatings on sapphire
substrates (a). Raman spectra of the as-deposited TiSiN sample on cemented carbide and the

oxidized TiSiN samples on sapphire substrates at 930 and 1130 °C (b).
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As the oxidation of the SiNx tissue phase cannot be monitored via XRD due to its
amorphous structure, XPS measurements of the oxidized samples were conducted. The
Si2p spectra for the TiSiN samples oxidized at 930 and 1130 °C are shown in Fig. 5(a) and
(b), respectively. Binding energies according to literature [40-44] are indicated for
amorphous SiNx, Si-O-N and SiO: by dashed lines. It can be observed that the position of
the Si2p peaks after oxidation at both temperatures is close to the literature value of Si-O-
N at 102.4 eV [42], meaning that the amorphous phase is not fully oxidized. Stoichiometric
SiO:2 would be expected to be found at higher binding energies than Si-O-N in a range of
~103.5 to 103.9 eV [42-44]. Furthermore, it is noticeable that no Ti-Si or Si-Si bonds are
present within the sample, which would occur at ~98.6 eV [19]. The high-resolution XPS
spectrum of Ti2p (not shown) for oxidation at 930 and 1130 °C exhibits peaks located at
464.2 eV (Ti2p1r) and 458.5 eV (Ti2pse) that can be attributed to TiO2; no additional Ti-N
bonding could be detected, indicating full oxidation of the TiN phase. However, it needs
to be kept in mind that the information obtained from the XPS measurement is limited to
the top ~10 nm of the sample. Observation of a Si-O-N phase but no stoichiometric SiO>
proves the enhanced oxidation resistance of the amorphous SiNx phase compared to the
TiN nanocrystals, which were already fully oxidized at 1130 °C, as evidenced by XRD and
Raman investigations. Thus, the XPS results are in excellent agreement with the DSC
measurements of the TiSiN powder, where the exothermic peak of the TiO:2 formation was
found at 1040 °C, while the peak most likely stemming from the Si-O-N formation could
only be detected at higher temperatures of 1150 °C. This oxidation sequence was already
reported by several other authors for SisNs-TiN composite materials; they observed
oxidation of the TiN phase between 600 and 1000 °C, followed by the oxidation of both

phases — TiN and SisNs — simultaneously at higher temperatures [45-47].
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Fig. 5: X-ray photoelectron spectroscopy of the Si2p-orbital from the TiSiN coatings oxidized at
930 (a) and 1130 °C (b).

In order to gain further insight into the microstructure, phase and elemental
composition of the oxidized coatings, HR-STEM investigations of the cross-sections were
conducted. Images of the TiSiN coating oxidized at 930 °C are shown in Fig. 6. Fig. 6(a)
reveals an oxidized layer of ~300 nm at the top region of the coating, meaning that at a
temperature of 930 °C only a small part of the coating is oxidized, while the rest of the
sample remains unaffected. This observation is in agreement with Raman and XRD
measurements and further complies with kinetic studies of Mege-Revil et al. that reported
a slow proceeding oxidation up to a temperature of ~900 °C, due to the amorphous SiNx
phase reducing the oxygen diffusion within the coating [35]. The non-oxidized region in
the TEM image shows a dense and feather-like structure that was already observed for
the as-deposited TiSiN coating in Fig. 1(b). In Fig. 6(b) the oxidized area as well as the
interface to the non-oxidized region are depicted including images of the elemental
composition of this section. O is homogeneously distributed over the whole oxidized
region. The increasing N intensity marks the beginning of the non-oxidized coating area.
When taking a closer look at the Ti elemental map it becomes obvious that the top few

nm of the sample surface are enriched in Ti, whereas this region is depleted in Si. It seems
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that Ti diffuses to the surface during the oxidation process, which was already reported
by Deschaux-Beaume et al., who observed the formation of a continuous TiO2 layer at the
outer surface of their investigated TiN-SisN4 composite material during oxidation [48].
Furthermore, the elemental maps reveal irregularities in the distribution of Ti and Si
within the rest of the oxidized region. This is even better visible in Fig. 6(c), showing the
interface region between the oxidized and non-oxidized area, whereby the latter appears
brighter in the HAADF (high-angle annular dark field). The elemental map clearly reveals
Si-rich (green) and Ti-rich (blue) regions, which appear columnar. On the contrary to the
oxidized region, the non-oxidized coating area exhibits a homogeneous distribution of Ti
and Si. To further investigate the phase composition, the HR-STEM image of the oxidized
area shown in Fig. 6(d) was taken. Similarly, to the as-deposited sample shown in Fig.
1(b), the coating still exhibits a partly crystalline and partly amorphous structure,
meaning that either crystalline anatase or rutile TiO: grains are surrounded by an

amorphous Si-O-N phase.
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Fig. 6: ADF image showing the 300 nm thick oxide layer after oxidation of the TiSiN coating at
930 °C for 5 minutes. Regions, where the detailed images b), c) and d) are taken from are indicated
(a). Elemental composition of the oxidized region including the interface to the non-oxidized area
of the lamella (b). HAADF image and corresponding Ti and Si distribution of the oxidized region
close to the interface to the non-oxidized region (c) and ADF image of the oxidized area showing

amorphous and crystalline regions (d).

When oxidizing the coating at a temperature of 1130 °C for only five minutes a
completely different microstructure can be found compared to oxidation at 930 °C. The
HAADF image in Fig 7(a) shows that the entire coating is oxidized and significant grain
coarsening has taken place, accompanied by a high porosity. This is again in agreement
with the observations of Mege-Revil et al., who report an accelerated oxidation process

for TiSiN at temperatures above ~900 °C as well as a significant increase in grain size from
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6 to 30 nm between 900 and 1150 °C [35]. Fig. 7(a) further shows a TiO: top layer where
barely any Si is present, which was also observed for the coating oxidized at 930 °C, due
to diffusion of Ti to the surface. However, the coating oxidized at 1130 °C clearly shows a
gradient in the Ti content, where the Ti content increases from the substrate/coating
interface towards the coating surface. In the surface near region below the TiO: top layer
as well as close to the substrate interface high porosity of the coating can be observed. On
the contrary, there are hardly any larger pores visible in the mid-region of the lamella,
where coarsened TiO: grains are surrounded by amorphous Si-O-N. In order to take a
closer look at the phase composition of the coating oxidized at 1130 °C the HR-STEM
image shown in Fig. 7(b) was taken. Similarly, to the as-deposited coating and the coating
oxidized at 930 °C, amorphous and crystalline regions can be observed. In order to assign
the crystalline grains to rutile or anatase TiO, the d-spacing was determined via FFT
(shown exemplarily in Fig. 7(c) for the rutile grain and one anatase grain) and IFFT and
compared to literature values for both TiO: modifications [49]. The highest difference in
the d-spacing can be found for the (101) reflection of anatase and the (110) reflection of
rutile, which show a d-spacing according to literature of 3.52 or 3.25 A, respectively [49].
The (110) reflection of the grain assigned to rutile depicted in Fig. 7(b) exhibited a d-
spacing of 3.32 A, while the (101) reflection of the two anatase grains showed a d-spacing
of 3.54 A or 3.57 A, close to respective literature values. Thus, it could be shown that the
anatase phase can not only be observed in the Raman and XRD investigations, but even

individual anatase grains can be assigned using HR-STEM.
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Fig. 7: HAADF image and elemental composition of the TiSiN coating oxidized at 1130 °C for 5
minutes (a). ADF image showing grains assigned to anatase and rutile TiO: surrounded by an
amorphous Si-O-N phase (b). FFT images of the rutile and one anatase grain shown in image b)

(purple and green highlighted areas) (c).

4. Conclusion

Within this work, the temperature-dependent phase composition of a powdered
TiSiN coating during oxidation as well as the microstructure and elemental composition
of the corresponding solid oxidized TiSiN coating were investigated in detail. In-situ
synchrotron X-ray diffraction experiments revealed a high oxidation stability of the TiSiN

powder up to ~830 °C, followed by the formation of both anatase and rutile TiOz. The
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quantity of the metastable anatase phase was shown to reach a maximum at a temperature
of ~1020 °C above which it continuously transformed into the stable rutile modification,
as a result of the grain coarsening and increasing temperature. X-ray diffractograms and
Raman spectra of solid TiSiN coatings oxidized at two different temperatures (930 and
1130 °C) for 5 minutes confirmed the presence of anatase TiO: besides the predominantly
present rutile phase. Differential scanning calorimetry measurements of the powdered
sample as well as XPS investigations of the solid coatings further provided information
on the X-ray amorphous SiNx phase, revealing the retarded oxidation of this tissue phase
compared to the nanocrystalline Ti(Si)N grains. HR-STEM investigations additionally
allowed to study the microstructure and elemental composition of the coatings after
oxidation at 930 and 1130 °C. While only a thin oxide layer of ~300 nm was formed at
930 °C, full oxidation of the crystalline Ti(Si)N phase to TiO: took place at 1130 °C,
accompanied by high porosity and significant grain coarsening. Oxidation at both
temperatures led to formation of a TiO2 top-layer due to diffusion of Ti to the surface-near
region. Furthermore, a phase structure consisting of crystalline TiOz surrounded by an
amorphous Si-O-N phase was observed upon oxidation of TiSiN coatings. The present
work not only confirms the outstanding oxidation resistance of TiSiN coatings, but also
establishes a profound understanding of the oxidation sequence and microstructure of

this coating system.
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Abstract

TiSiN coatings are of high interest for the cutting industry, since they not only offer
excellent mechanical properties, but also exhibit exceptional oxidation resistance.
Although up to date several studies have been conducted on evaluating the oxidation
resistance of TiSiN coatings, the exact oxidation sequence of nanocomposite coatings
consisting of crystalline TiN grains embedded within an amorphous SiNx phase remains
unclear. Therefore, the aim of this work is to provide a detailed insight into the oxidation
of such nanocomposites using a three-layer SiNx/TiN/SiNx model system. Three different
SiNx layer thicknesses of 150, 300 and 800 nm were investigated, while the TiN layer
thickness was with 900 nm identical for all coatings. The results revealed that the
amorphous SiNx efficiently shields TiN against oxidation up to temperatures exceeding
800 °C, whereby the exact oxidation onset temperature increased with increasing SiNx
layer thickness. After reaching a critical temperature, both the TiN and amorphous SiNx
phase were found to exhibit a porous structure, leading to oxidation of the TiN layer and

growth of coarsened TiO: grains, which eventually break the SiNxtop layer. Furthermore,
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amorphous SiNx was shown to be significantly more resistant to oxidation compared to
crystalline TiN, being still mainly non-oxidized after oxidation at 1200 °C for 30 min. The
present study allows to gain insight into the underlying mechanisms of the shielding
effect of amorphous SiNxon TiN, thus providing a deeper understanding of the oxidation

behavior of TiSiN nanocomposite coatings.
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1. Introduction

Throughout the last decades, considerable effort has been devoted to developing
new protective coating materials for cutting tools with enhanced mechanical properties
and thermal stability in order to meet the increasing demands in the cutting industry.
Starting with the commonly used binary TiN coating system, the need for coatings with
hardness values above ~20 GPa and an oxidation stability higher than ~550 °C have soon
led to the development of ternary TiAIN hard coatings [1]. Addition of Al to TiN has
shown to improve the hardness significantly, which — depending on the Al content and
deposition conditions — can reach up to ~35 GPa [2,3]. Furthermore, TiAIN was found to
outperform the oxidation resistance of TiN coatings by ~100-250 °C [1,4]. In the following
years, the impact of additional elements such as C, Si or B on the properties of TiN has
been evaluated [5-9]. Among these, especially TiSiN hard coatings have proven to exhibit
favorable properties for the cutting industry.

The microstructure of TiSiN coatings is frequently described as nanocomposite,
consisting of nanocrystalline TiN (nc-TiN) grains embedded in an amorphous SiNx tissue
phase. Since the amorphous SiNx phase hinders grain growth and grain boundary sliding,
exceptionally high hardness values of more than 40 GPa can be achieved [9-11].
Furthermore, the presence of the amorphous SiNx tissue phase has been found to

significantly improve the thermal stability of TiSiN coatings up to ~1300 °C due to
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retarded grain coarsening [11]. Additionally, the oxidation resistance of TiSiN is
considerably enhanced compared to binary TiN coatings, since the amorphous SiNx phase
prevents oxygen diffusion at the grain boundaries [12-14]. The oxidation mechanism of
TiSiN coatings has been studied by several researchers. Steyer et al. discovered the
occurrence of anatase TiO: (a-TiO2) besides the stable rutile TiO: (r-TiO2) modification
when oxidizing arc evaporated TiSiN hard coatings [13]. This phenomenon was
suggested to occur due to the presence of the amorphous SiNx phase, which leads to
retarded grain coarsening during oxidation. Thus, the occurrence of a-TiO: is fostered,
which is known to be stabilized at grain sizes below 11 nm [13,14]. Furthermore,
investigations on the temperature-dependent phase composition of arc evaporated TiSiN
upon oxidation revealed the simultaneous formation of both, r-TiOz and a-TiO2, however,
only up to a temperature of approximately 1020 °C. As the temperature further increases,
a-TiO: transforms into the r-TiO: modification due to reaching the critical grain size [15].
Other researchers concentrated their investigations on the influence of the
respective Si content on the oxidation stability of TiSiN hard coatings. Here, Arab Pour
Yazdi et al. and Pilloud et al. reported on an increasing oxidation stability with Si content
increasing from 0 to 9 at.%. The authors attributed this finding to a potentially more
effective shielding of the nc-TiN grains by amorphous SiNx with a higher Si content
[14,16]. Wu et al., however, evaluated the oxidation resistance of TiAlSiN coatings and
only found an increase of the oxidation stability up to a Si content of 8 at.% and a
deterioration above this value. This observation was attributed to potential agglomeration
of the SiNx phase, meaning the formation of SiNx clusters and thus no more efficient
shielding of the individual Ti(Al,Si)N grains, as the Si content becomes too high [17].
Since the favorable fraction of the amorphous SiNx phase within Ti(Al)SiN coatings
for an optimized oxidation resistance is controversially discussed in literature, the aim of
this work was to establish a fundamental understanding of the shielding effect of the SiNx

phase upon oxidation with a model system using SiNx and TiN. Therefore, several three-
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layer coatings with the architecture SiNx/TiN/SiNx were deposited by unbalanced
magnetron sputtering, where the thickness of the SiNx layers was varied between 150, 300
and 800 nm, while the TiN layer thickness was kept constant at 900 nm for all coatings.
The influence of the SiNx layer thickness on the oxidation stability of the TiN layer as well
as the oxidation sequence was studied by oxidizing the three-layer coatings in a furnace
at varying temperatures. Subsequently, the oxidized coatings were analyzed using a
combination of several characterization techniques such as X-ray diffraction (XRD),

Raman spectroscopy and scanning electron microscopy (SEM).

2. Experimental Methods

The three-layer SiNx/TiN/SiNx coatings investigated in this work were deposited
by unbalanced magnetron sputtering on a lab-scale magnetron sputter device. Powder
metallurgically prepared Ti and Si targets with diameters of 51 mm purchased from
Lesker with a purity no less than 99.7 % were used. (0001) oriented sapphire with a
geometry of 10 x 10 x 0.5 mm? served as substrates, which were ultrasonically cleaned in
ethanol prior to the deposition process and subsequently mounted on a rotating substrate
holder. Then, the vacuum chamber was heated to 700 °C and evacuated to a base pressure
of 9.6 x 102 mbar. The substrates were again cleaned by Ar*ion bombardment for ~10 min
in order to remove surface impurities by applying an Ar flow of 200 sccm at a total
pressure of 0.1 mbar, a target current of 0.1 A and a bias voltage of -500 V. Three coatings
were synthesized, each in a three-layer SiNx/TiN/SiNx structure. All SiNx and TiN layers
were deposited at 700 °C, using gas flows of 30 sccm and 5 sccm for N2 and Ar,
respectively, resulting in a total pressure of 3 x 10 mbar. A target current of 0.15 A but
no bias voltage (i.e. floating potential) was applied for the deposition of the SiNx layers,
while a higher current of 0.35 A and a bias voltage of -100 V was used for the TiN layers.
The deposition time of the TiN layer was kept constant at 80 min for all three coatings
resulting in a layer thickness of ~900 nm, while the deposition time for the SiNxlayers was

varied between 25, 50 and 125 min to obtain different layer thicknesses. The coatings were
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oxidized in a Nabertherm N11/HR furnace in air at varying temperatures between 800
and 1500 °C for 30 min and allowed to cool down to room temperature outside the
furnace.

In order to characterize the microstructure of the as-deposited and the oxidized
coatings, XRD measurements were carried out on a Bruker D8 Advance X-ray
diffractometer with an energy dispersive Sol-X detector using Cu-Ka radiation (A =
1.5406 A). Measurements were conducted in grazing incidence geometry, applying an
incidence angle of 2°. The 20-scans were recorded with a step size of 0.02° and a
measurement time of 1 s per step. Furthermore, SEM investigations were carried out and
images of the cross-sections were acquired using a Zeiss EVO MA25 microscope. For more
detailed insights into the microstructure and elemental composition, the coating with a
SiNx layer thickness of 300 nm was additionally investigated in the as-deposited state and
after oxidation at 1200 °C by SEM using a ZEISS Gemini SEM450. Prior to the SEM
analysis, the cross-sections were prepared utilizing a Hitachi IM4000+ ion milling system
with Ar* ions. The surface of the oxidized samples was further analyzed using a light
optical microscope by Reichert-Jung Polyvar Met.

Raman spectroscopy measurements of coatings in the as-deposited state were
performed with a LabRam HR800 device from Jobin Yvon employing a frequency-
doubled Nd-YAG laser with a wavelength of 532 nm. Raman spectra of the oxidized
coatings were acquired using a WiTec alpha300R confocal Raman microscope, which is
equipped with a diode pumped solid state laser exhibiting also a wavelength of 532 nm.
The power of the laser at the sample surface was set at 10 mW. The Raman spectra of both

the as-deposited and oxidized coatings were recorded between 100 and 1500 cm.
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3. Results and Discussion

The cross-sections of the three SiNx/TiN/SiNx coatings deposited with deposition
times of 25, 50 and 125 min for the SiNx layers were analyzed by SEM and the respective
micrographs are shown in Fig. 1. It can be observed that the layer thickness of the SiNx
layers — as intended — gradually increased with increasing deposition time. While the
thickness of the TiN layer was found to be approximately constant at 900 nm for all three
coatings, the thickness of the SiNx layers varied between ~150 nm (Fig. 1a), ~300 nm (Fig.
1b) and ~800 nm (Fig. 1c). Regardless of the SiNx layer thickness, the TiN layer exhibits
small columnar grains, while the SiNx layers appear to be featureless, indicating their
amorphous nature. Soderberg et al. attempted to reach an epitaxial stabilization of cubic-
SiNx in TiN/SiNx multilayers using reactive dual magnetron sputtering. The authors
observed a transition from epitaxially stabilized crystalline SiNx to an amorphous
structure once the layer thickness was increased from 0.3 to 0.8 nm [18]. Thus, the
amorphous structure of the SiNx layers found in our study is in accordance with

Soderberg’s observations, since the layer thicknesses are significantly higher.
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Al,O, (substrate) 1 pum

Fig. 1: Secondary electron SEM cross-section micrographs revealing the three-layer
SiN:/TiN/SiNx architecture for varying SiNx layer thicknesses of a) 150 nm, b) 300 nm and c)
800 nm.

In order to take a closer look at the elemental distribution in the coatings, elemental
maps of Ti, Si and N were recorded and are depicted exemplarily for the coating with a
SiNx layer thickness of 300 nm in Fig. 2a. EDX maps of Ti and Si reveal a sharp interface
between the individual SiNx/TiN/SiNx layers, where Si is exclusively present in the SiNx
layers and no diffusion into the TiN layer has taken place. N is present in all layers,
however, the N intensity appears to be significantly stronger in the TiN layer compared
to the SiNxlayers. In order to quantify the respective elemental composition, an additional
EDX line scan starting from the substrate to the coating surface was performed, which is

depicted in Fig. 2b. At a scanning distance of ~1.8 — 2.4 um, the chemical composition of
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the TiN layer is visible. The elemental composition of this layer was found to amount to
51 at.% Ti, 46 at.% N and 3 at.% O, indicating a slightly understoichiometric composition
with respect to N. However, it needs to be kept in mind that the precise differentiation
between N and Ti by EDX measurements is limited due to peak overlaps of N with the
orbital lines of Ti [19]. Oxygen impurities of 3 at.% are in accordance with literature values
ranging between 1 and 5 at.% of oxygen for sputter-deposited nitride hard coatings
[20,21]. Regarding the elemental composition of the two SiNx layers, the EDX line scan
reveals the presence of a significantly higher amount of Si as compared to N. The
stoichiometry of the amorphous SiNx phase in TiSiN coatings is frequently described to
be SisNs, which can be attributed to the tendency of Si atoms to be tetrahedrally
coordinated [9,22-24]. In the present work, however, the ratio of Si:N was found to be
~2:1. This significantly higher ratio as compared to the 3:4 ratio in SisN4 might be a result
of the chosen deposition conditions. Haug et al. deposited TiN/SiNx nanocomposites by
an arc evaporation/magnetron sputtering hybrid process and found that the
stoichiometry of the SiNx phase was dependent on the state of the Si sputter target, being
either elemental or nitrided by controlled target poisoning. While samples deposited
using a primarily elemental target surface predominantly contained elemental Si, samples

sputtered from nitrided targets predominantly contained SiNx [25].
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Fig. 2: a) Cross-sectional secondary electron SEM micrograph and corresponding EDX maps of
Ti, Si and N recorded on an as-deposited SiNx/TiN/SiNx coating with 300 nm SiN=x layer thickness.
b) EDX line scan showing the elemental distribution of N, Ti, Si, Al and O from the substrate to

the coating surface.

Since the coatings within the present study were deposited using elemental Si
targets, it should be evaluated whether the high ratio of Si:N is due to elemental Si being
present within the SiNxlayers. Thus, X-ray diffractograms as well as Raman spectra of the
three coatings in the as-deposited state were recorded (Fig. 3), to illuminate an eventual
presence of elemental crystalline Si. The X-ray diffractograms of all SiNx/TiN/SiNx
coatings (Fig. 3a) only contain reflections that can be assigned to face centered cubic (fcc)
TiN (ICDD 00-038-1420) [26]. No peaks stemming from crystalline TiSix or SiNx phases
can be observed, proving the X-ray amorphous structure of the SiNx layers. The two most
intense Raman bands observed in the Raman spectra (Fig. 3b) of all three coatings
positioned at ~160 cm™ and ~480 cm™! can be assigned to the first order transversal acoustic
(TA) and transversal optical (TO) modes of amorphous Si, respectively. A second order
TO band of amorphous Si is also visible at ~930 cm [27]. The band at ~800 cm™ can be
assigned to amorphous SiNx [27,28]. A weak shoulder positioned at ~465 cm’,
superimposed by the amorphous Si peak at ~480 cm, might indicate another SiNx peak
[28]. In contrast to the XRD investigations, the fcc-TiN phase cannot clearly be identified,

however, the shoulder positioned at 310 cm™ might be related to the TiN layer. Since
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Raman spectroscopy measurements are conducted at relatively low measurement depth
and all SiNx/TiN/SiNx coatings contain a SiNx toplayer with thickness of at least 150 nm,
it is likely that the typically weak intensity bands of fcc-TiN cannot be observed in the
Raman spectra. Both X-ray diffractograms and Raman spectra do not reveal the presence
of elemental crystalline Si. However, due to the simultaneous observation of amorphous
Si and SiNx in the Raman spectra, the existence of nanosized Si-rich regions in the
amorphous SiNx layers cannot be excluded. Therefore, the high ratio of Si:N of 2:1 found
for the investigated coatings — compared to the theoretically expected stoichiometry of

SisN4 [9,22-24] — may be attributed to the presence of small contents of amorphous Si.
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Fig. 3: a) X-ray diffractograms and b) Raman spectra of SiN»/TiN/SiNx coatings with varying SiNx

layer thickness in the as-deposited state.

In order to investigate the oxidation resistance of the SiNx/TiN/SiNx coatings in
dependence of the SiNx layer thickness, the coatings were oxidized at T > 800 °C for 30 min
and subsequently X-ray diffractograms (Fig. 4) were recorded. In Fig. 4a, diffractograms
of the SiNx/TiN/SiNx coating with 150 nm SiNx layer thickness in the as-deposited state
and after oxidation for 30 min at 800, 1000 and 1200 °C, respectively, are depicted. After
oxidation at 800 °C, the TiN layer remains non-oxidized and r-TiO: peaks (ICDD 01-079-

5860) only start to emerge at a temperature of 1000 °C [26]. Increasing the temperature to
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1200 °C results in the complete oxidation of the TiN layer, since only r-TiO: peaks are
evident in the diffractogram. From the diffractograms of the coating with higher SiNx
layer thickness of 300 nm in Fig. 4b it can be seen that hardly any oxidation of the TiN
layer has taken place at 1000 °C. Furthermore — in contrast to 150 nm SiNx — still a
significant fraction of non-oxidized fcc-TiN can be found at 1200 °C. Full oxidation of the
TiN layer could only be achieved when further increasing the temperature to 1400 °C.
Additional peaks at this temperature could be assigned to mullite (ICDD 01-074-4145)
[26]. Mullite is known as a silicate with a stoichiometry of 3A1:03-25i0: and represents a
stable intermediate phase in the Al-Si system under atmospheric pressure [29,30]. The
formation of this phase can be attributed to diffusion of Al from the Al:Os substrate
towards the coating surface, while bonding with O and Si available throughout the
coating. The tendency of requiring higher temperatures for thicker SiNx layers to oxidize
the TiN layer continues for the coating with 800 nm SiNx layer thickness (Fig. 4c). r-TiO:
reflections with only low intensity can be observed at 1200 and 1400 °C and full oxidation
is not even obtained after subjecting the coating to 1500 °C. Two additional phases are
found to be formed during oxidation of this coating, namely crystalline Si (ICDD 00-027-
1402) and crystalline -SisNs« (ICDD 00-033-1160) [26]. While the crystalline Si phase
appears at 1200 °C and vanishes again at higher temperatures, the 3-SisNs becomes clearly
visible at 1500 °C. Since these phases appear to be present to a very small extent, they
might only be detectable for the thickest SiNx layers of 800 nm. Overall, the XRD
measurements clearly confirm the excellent shielding effect of the amorphous SiNx
against oxidation of the TiN layer. While in literature TiN single-layer coatings are
frequently reported to oxidize at ~500-550 °C [1,4,13], the onset of oxidation could be
delayed significantly for the three-layer SiNx/TiN/SiNx coatings. Here, the oxidation
resistance increased with increasing SiNx layer thickness, leading to a retarded oxidation
onset of 1000, 1200 and 1400 °C, for the coatings with 150, 300 and 800 nm SiNx layer

thickness, respectively. Analogously to the superior oxidation resistance of TiSiN
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coatings, the phenomenon of an enhanced oxidation stability of the three-layer
SiNx/TiN/SiNx coatings can be attributed to the shielding effect of the amorphous SiNx
layers by limiting diffusion of oxygen throughout the coating [12-14]. This barrier effect
remains intact up to a certain threshold temperature depending on the SiNx layer
thickness, above which diffusion of oxygen through the SiNx layers cannot be prevented
anymore and oxidation of the TiN layer proceeds. In order to gain an understanding on
why the barrier effect is not valid anymore above this onset temperature, additional
investigations including optical light microscopy, Raman spectroscopy and SEM were

conducted.
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Fig. 4: X-ray diffractograms of SiNx/TiN/SiNx coatings oxidized at different temperatures for

varying SiNx layer thicknesses of a) 150 nm b) 300 nm and c) 800 nm.
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To get insight into the surface topography of the oxidized coatings, light optical
microscopy images were recorded. Fig. 5 shows the micrographs of the three coatings
exemplarily after oxidation at 1200 °C. When comparing the surface images for 150 (Fig.
5a), 300 (Fig. 5b) and 800 nm SiNx thickness (Fig. 5c), significant deviations become
apparent. While the surface of the 150 nm coating appears to be fully covered by dark
circular “spots”, the abundance of these spots strongly decreases with increasing SiNx
layer thickness. To analyze the origin of these surface features, Raman spectroscopy

measurements were taken specifically within these spots and are shown in Fig. 6.

a) 150 nm SiN, 300 nm SiN, 800 nm SiN,

Fig. 5: Light optical microscopy images showing the surface of SiNx/TiN/SiNx coatings oxidized at
1200 °C for different SiNx layer thicknesses of a) 150 nm, b) 300 nm and c) 800 nm.

The Raman spectrum of the coating with 150 nm SiNx thickness exclusively exhibits
bands assigned to r-TiO:. Thus, the dark and circular surface features observed in Fig. 5
can be attributed to r-TiO: grains that have grown through the SiNx top layer. The
occurrence of r-TiO: correlates with the XRD measurements, where in this coating TiN
was found to be entirely oxidized to r-TiO: after oxidation at 1200 °C. Furthermore, light
optical micrographs (Fig. 5a) of this coating revealed the coverage of the entire surface
area with dark surface features, now identified as r-TiO: grains. In the coating with
300 nm SiNx thickness a phase additionally to r-TiO:2 emerges, which was assigned to
crystalline Si. Komarov et al. reported similar results in a study investigating the high
temperature behavior of SiNo4s and SiNwo coatings, where in both coatings crystalline Si

nanoclusters formed after annealing at 1200 °C [31]. The detection of crystalline Si for the
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300 nm SiNx thickness sample by Raman spectroscopy is contradictive to the results found
by XRD, where no crystalline Si could be detected. However, it should be considered that
essentially small nanocrystals might not have been detected by XRD or were presumably
present to such small extent that no corresponding peaks could unambiguously be
identified in the X-ray diffractograms. Additionally, the Raman intensity of crystalline Si
is extensively high, wherefore even small amounts of this phase can easily be detected by
Raman spectroscopy. In contrast to the other two three-layer samples, the 800 nm SiNx
thickness coating barely exhibits any visible r-TiO2 bands. Instead, the peak assigned to
crystalline Si appears even more pronounced than for the 300 nm SiNx coating. This
observation can be attributed to the significantly thicker 800 nm SiNx layers, where
potentially more crystalline Si is formed, which was also confirmed by the XRD

measurements for this coating.
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Fig. 6: Raman spectra recorded locally on surface features of SiN»/TiN/SiNx coatings with varying
SiNx layer thickness of 150 nm, 300 nm and 800 nm after oxidation at 1200 °C.

In order to obtain additional information about the microstructural changes within
the coatings induced by oxidation, SEM images of the surface and cross-section as well as

EDX maps of the cross-section of the coating with 300 nm SiNx thickness were recorded
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exemplarily and are shown in Fig. 7. The surface of the oxidized coating is depicted in
two different magnifications in Fig. 7a and b. As already shown in the light optical
micrograph (Fig. 5b), surface features emerge throughout the coating, which were
identified to be r-TiO: grains breaking through the SiNx top layer. The cross-section and
corresponding EDX maps in a region with no visible surface oxidation are shown in Fig.
7c. It is evident that the coating exhibits a more pronounced degree of porosity as
compared to the as-deposited state in Fig. 1b. While pores appear to be present in all three
layers of the coating, the degree of porosity seems to be increased in the upper SiNx layer
as well as on the upper interface to the TiN layer. Both the SiNx layers and TiN layer are
still intact and non-oxidized according to EDX maps. The formation of pores within the
TiN layer can be explained analogously to the findings of Mayrhofer et al., who reported
on the development of pores when oxidizing CrN coatings. The authors observed the
formation of pores at the oxide/coating interface, resulting from the accumulation of
vacancies. Additionally, nitrogen released by the oxidation of Cr2N and CrN to Cr20s was
proposed to be accumulated at the coating/oxide interface, due to the nitrogen barrier
function of Cr20s, leading to the formation of pores and cavities [32]. In literature, also
models describing the pore formation during oxidation of SisNs ceramics have been
proposed. Here, the formation of a porous layer containing pores filled with nitrogen at
the interface of the oxide scale and SisNs is reported and attributed to a non-equilibrium
nitrogen concentration at the oxide/nitride interface as well as to an insufficient rate of
nitrogen diffusion throughout the formed oxide scale to the surface [33]. This model
describing the formation of pores filled with nitrogen might also explain the degree of
porosity found for the amorphous SiNx top layer in the three-layer coatings after oxidation
at 1200 °C. The coating area where surface features were found to emerge (Fig. 7d) exhibits
significant differences in its morphology as compared to the as-deposited state. Here, the
r-TiO:2 grains identified by XRD and Raman spectroscopy coarsened and break through

the SiNx top layer, while most of the SiNx layer still appears to be non-oxidized. Taking a
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close look at the respective EDX maps reveals areas of increased O intensity overlapping
with areas rich in Si, indicating oxidation of a minor portion of the SiNx layer to SiOx.

Summarizing, the findings obtained in this study allow to describe the oxidation
mechanism of the three-layer SiNx/TiN/SiNx coatings as follows: SiNx shields TiN from
oxidation up to temperatures > 800 °C, whereby the exact onset temperature of oxidation
depends on the thickness of the SiNx layer. Here, thicker SiNx layers have shown to be
even more effective in prohibiting oxidation of the TiN layer at elevated temperatures.
Once a critical temperature is reached, both the TiN and amorphous SiNx layers have been
found to become porous, thus leading to oxygen diffusion and eventually to the oxidation
of TiN to r-TiOz. The r-TiO:z grains show significant grain coarsening and eventually break

through the SiNx top layer.

Fig. 7: Secondary electron SEM surface micrographs of the SiN«/TiN/SiNx coating with 300 nm
SiNx layer thickness subjected to 1200 °C in a) low and b) high magnification. Cross-sectional

image and corresponding EDX maps of a c) non-oxidized and d) oxidized region.
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4. Conclusions

Within the scope of this study, the shielding effect of amorphous SiNx onto
crystalline TiN grains was investigated by depositing a model system based on three-
layer SiNx/TiN/SiNx coatings with varying SiNx layer thickness of 150, 300 and 800 nm.
SEM and XRD investigations of the coatings in the as-deposited state revealed a
crystalline structure for the TiN layer and an amorphous appearance for the SiNx layers
regardless of the layer thickness. XRD confirmed an excellent shielding effect of
amorphous SiNx against oxidation of the fcc-TiN phase, resulting in a significantly
delayed oxidation onset temperature of the TiN layer. Increasing SiNx layer thicknesses
were hereby found to correlate with an even more enhanced resistance to oxidation for
the TiN phase. A combination of SEM, EDX, Raman spectroscopy and optical light
microscopy allowed to understand the microstructural changes induced by oxidation
after annealing in air at 1200 °C. It was observed that the SiNx layer becomes porous at
elevated temperatures, thus enabling oxygen diffusion towards the likewise porous TiN
layer, where r-TiO: grains are formed. These r-TiO: grains coarsen until they eventually
break through the amorphous SiNx top layer. Nonetheless, the amorphous SiNx layers still
remained mainly non-oxidized at 1200 °C, proving their significantly enhanced oxidation
resistance compared to the crystalline fcc-TiN phase. The current study, using a model
system of SiNx/TiN/SiNx, allows to understand the basic mechanisms occurring during
oxidation of the TiSiN system, where nc-TiN grains are also shielded by the surrounding

amorphous SiNx phase from oxidation.
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Abstract

TiAlSiN hard coatings are commonly known to exhibit a high oxidation resistance,
however, the influence of a varying Al content on the oxidation mechanism has not yet
been examined in detail. Thus, in this work, the temperature dependent phase
composition of two powdered TiAlISiN coatings with low Al contents (Tis7ALSizNs« and
TissAleSizNs4) was evaluated by in-situ X-ray diffraction (XRD) in ambient air up to 1200 °C
and subsequent Rietveld refinement complemented by differential scanning calorimetry
measurements. The in-situ XRD experiments revealed the formation of metastable anatase
TiO:z during oxidation for both TiAISiN coatings, however, the maximum wt.% of this
phase was found to be doubled for the coating with higher Al content from 9 to 21 wt.%

at ~1025 °C. Furthermore, the microstructure of the compact Tis3AleSizNs4 coating oxidized
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at 950 and 1100 °C was investigated comprehensively by means of XRD, Raman
spectroscopy, X-ray photoelectron spectroscopy and scanning electron microscopy. These
microstructural investigations revealed the formation of a thin protective Al2Os layer,
which was broken by the growth of TiO: grains after oxidizing at 950 °C, leading to fully
enclosed Al2Os grains within coarsened TiO2 grains at 1100 °C. The present work allows
to close the literature gap concerning the changes in oxidation mechanism of TiAlISiN
coatings when exclusively varying the Al content and further illuminates the

microstructure of an oxidized TiAlSiN coating with low Al content in detail.

Keywords: PVD, TiAlSiN hard coatings, oxidation, in-situ XRD, Rietveld

1. Introduction

Physical vapor deposited (PVD) protective hard coatings are of high importance
for the cutting industry, as they allow to enhance the service lifetime and performance of
cutting tools. Among these protective coatings TiixALN is widely applied, owing to its
advantageous thermal and mechanical properties compared to the binary TiN coatings
[1-5]. Besides the mechanical properties and thermal stability under inert conditions, also
the oxidation resistance of protective hard coatings plays a key role during cutting
applications [5]. TiixAlN coatings have shown to resist oxidation up to temperatures of
approximately 800 °C, due to the formation of a protective Al20s top layer that hinders
diffusion of oxygen into the coatings [1]. Further increase of the oxidation stability has
been attempted by the formation of quaternary coatings, adding elements such as Si, Ta
or B to TiixALN [6-9]. Among these elements, especially Si is known to significantly
improve the mechanical properties as well as the thermal stability and oxidation
resistance of TiixALN. The structure of TiAlSiN coatings is frequently described as
nanocomposite, meaning that nanocrystalline (nc) TiAIN grains are embedded in an

amorphous SiNx tissue phase [7,10,11]. Several authors have studied the oxidation
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resistance of TiAISiN coatings with varying Si contents [7,9], or the Si and Al content have
been simultaneously varied [8,12—-18]. It has been shown that already the addition of small
amounts of Si, such as 2 at.%, to the TiAl target material (Tis1AlesSiz) results in a
significantly thinner oxide layer after oxidation of the TiAlSiN coating for a specific time
compared to coatings deposited using a Si-free TizAls target [9]. The enhanced oxidation
stability was accompanied by the formation of a significantly higher amount of anatase
(a) TiO2 at the expense of rutile (r) TiO2. This observation was attributed to a slower grain
growth of a-TiO: grains and a subsequently retarded transformation of a-TiO:2 to r-TiOs.
Due to the retarded formation of r-TiO, the grain coarsening of the rutile phase was less
pronounced, leading to the generation of lower compressive stresses, which could crack
the protective AL:Os top layer [9]. Other researchers, who investigated TiAISiN coatings
with higher Si contents (e.g. TiosAloSioaN or TiossAlossSiosN) also found an increasing
amount of a-TiO: phase and enhanced oxidation resistance for TiAlISiN compared to
TiAIN, which could be attributed to the formation of both, Al2Os and SiO: barrier layers
and a smaller grain size of TiAISiN coatings [8,18]. Furthermore, Si has shown to increase
the diffusion coefficient of Al, thus further promoting the formation of the AlOs
protective layer [18]. Studies, which simultaneously changed the Al and Si content in the
TiAISiN coatings reported on higher oxidation stability for higher (Al+Si)/(Ti+Al+Si)
ratios [12,13], where the onset of oxidation could even be delayed to temperatures of
1115 °C with an (Al+Si)/(Ti+Al+Si) ratio of 0.67 [12].

Although several reports focus on the enhancement of the oxidation stability upon
Si addition to TiAIN [7,9] or on the effect of varying (Al+Si)/(Ti+Al+Si) ratios [8,12-18],
literature is lacking a detailed investigation of the influence of the Al content on the
oxidation mechanism in TiAISiN coatings, especially at low Al contents. Furthermore, to
the best of our knowledge, no in-situ study of the oxidation mechanism of TiAlISiN has
been published so far, leaving the temperature dependent phase composition upon

oxidation unclear. Thus, in this work, the oxidation sequence of two powdered TiAlISiN
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coatings with low Al contents of 2 and 6 at.% was investigated by in-situ X-ray diffraction
(XRD) and evaluated by Rietveld refinement. Additionally performed differential
scanning calorimetry (DSC) measurements of the powdered coatings as well as XRD,
scanning electron microscopy (SEM), Raman and X-ray photoelectron spectroscopy (XPS)
of an oxidized compact TiAlISiN coating with 6 at.% Al allowed to establish a profound

understanding of the oxidation behavior of the TiAlISiN coating system.

2. Experimental Methods

The two TiAlSiN coatings investigated in this work were synthesized by cathodic
arc evaporation (CAE) using an industrial scale Oerlikon Balzers Innova deposition plant.
Targets with an elemental composition of TizeAlsSizo and TiesAlisSizo were produced pow-
der metallurgically and used in the arc deposition process to obtain two coatings with
different Al contents. Cemented carbide (CC) (92 wt.% WC, 6 wt.% Co and 2 wt.% mixed
carbides) in SNUN geometry according to ISO 1832 [19], mild steel foil and single-crys-
talline sapphire with (0001) orientation were used as substrates. Prior to the CAE deposi-
tion process, the coatings were ion-etched in an Ar plasma. Pure N2 was used as deposi-
tion gas and the pressure and substrate temperature were set to 3.5x10-> mbar and 480 °C,
respectively. After deposition, the coated steel foils were dissolved in nitric acid to obtain
coating powders, which were used for DSC and in-situ XRD investigations. The elemental
composition of the as-deposited TiAISiN coating on CC substrate was determined by elas-
tic recoil detection analysis (ERDA) using a 43 MeV CI”* ion beam.

Images of the surfaces and cross-sections of both TiAISiN samples in the as-depos-
ited state on CC, as well as of the oxidized coatings on Al:Os substrate, were acquired by
SEM using a ZEISS GeminiSEM 450, the cross-sections were prepared with a Hitachi
IM4000+ ion milling system using Ar* ions. Bruker D8 Advance X-ray diffractometers
were applied to investigate the microstructure of the compact TiAlISiN coatings on CC,
using Cu-Ka (A =1.5418 A) radiation. 6/20- scans were performed utilizing a Gobel mir-

ror. The diffraction patterns were recorded with an energy-dispersive Sol-X detector with
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a measurement time of 1.0 s per step and a step size of 0.02°. Additionally, powdered
coatings were analyzed in Bragg-Brentano geometry with a step-size of 0.005° and a meas-
urement time of 1.0 s per step.

In-situ XRD measurements of the powdered Tis7Al:SizNss and TissAleSizNs4 coatings
were also carried out in Bragg-Brentano geometry. The powdered samples were heated
in a high-temperature chamber “HTK 1200 N” by Anton Paar in ambient air. The temper-
ature within the chamber was calibrated using a thermo-couple prior to the measure-
ments. X-ray diffractograms of the TiAISiN powder samples were measured at room tem-
perature and subsequently between 600 and 1200 °C in steps of 25 °C, while remaining at
each temperature step for ~15 min. Each pattern was recorded in a 20-range of 23 to 47°,
applying a step-size of 0.02° and a measurement time of 0.5 s/step. The temperature-de-
pendent phase composition of the samples during oxidation was evaluated using the
Rietveld refinement approach with the software Topas 6. The influence of instrumental
parameters was accounted for by refinement of the XRD pattern of a standard LaBs pow-
der sample (NIST 660c [20]) and applying the determined instrument function to the
measured TiAlISiN powder patterns. Crystallographic information files (cif) were taken
from the Crystallography Open Database (COD) and allowed to model the occurring
phases during oxidation. COD files of TiN (COD-ID: 1011099), r-TiO: (COD-ID: 1534781),
a-TiOz (COD-ID: 1526931) and a-Al20s (COD-ID: 1000017) were used. Difference curves
between the recorded and modelled pattern were considered as measure for the quality
of fit. Complementary to the in-situ powder XRD investigations, DSC and thermogravi-
metric analysis (TGA) of the TiAlISiN powder samples were performed in synthetic air,
using a Setaram Labsys Evo DSC system. ~20 mg of the respective powder were placed
into an Al:Os crucible and heated up to 1200 °C with the same average heating rate that
was applied in the in-situ XRD measurements (1.7 K/min).

In addition to the investigation of the oxidation mechanism using the powdered

coatings, the microstructure of the oxidized TiAlSiN coating with higher Al content
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(TissAleSizNs4) was studied in detail. Therefore, the TissAleSizNss coating deposited on sap-
phire substrates was oxidized in a Nabertherm N11/HR furnace in air at 950 °C and
1100 °C, respectively. The temperature was kept constant for 15 min for each oxidation
experiment and the samples were allowed to cool down to room temperature outside the
furnace. The microstructure of the oxidized samples was again analyzed with the above
mentioned diffractometer in grazing incidence geometry. To obtain further information
regarding the phase composition of the oxidized TiAlSiN coatings, Raman spectroscopy
was performed using a LabRam HR800 spectrometer from Horiba Jobin-Yvon equipped
with a frequency-doubled Nd-YAG laser (A = 532 nm). Raman spectra of the TiAlSiN coat-
ings oxidized at 950 and 1100 °C, respectively, were recorded between 100 and 1000 cm.

To take a closer look at the surface morphology and cross-section of the samples
after oxidation SEM investigations, using the same ZFISS instrument as stated above,
were carried out on the TissAleSizNss sample after oxidation at 950 °C and 1100 °C. EDX
maps of the cross-section and the surface were additionally recorded. To gain insight into
the chemical bonding state of the amorphous SiNx/SiOx phases, the TissAleSi7Ns4 coating
on sapphire substrate oxidized at 950 °C was investigated by XPS. An Omicron Multi-
probe surface analysis system was used, equipped with a DAR 400 X-ray source, an XM
500 quartz crystal monochromator and an EA 125 hemispherical electron analyzer with a
5 channel pulse counting channeltron. An excitation energy of 1486.7 eV (Al-Ka:) was
used, while the pass energy was set to 20 eV. The binding energies of the recorded XPS
spectra were corrected according to the calibration data of the spectrometer with Au, Ag
and Cu standards [21]. Peak fitting of the XPS spectra was performed using a convolution
of Lorentzian and Gaussian peak profiles and a Shirley background function with the
software Unifit 2017. A sputter depth profile was recorded by Ar ion sputtering with an
ISE 5 cold cathode sputter ion source from Omicron Nanotechnology. An ion energy of
2 keV was chosen for this experiment. The sputter rate was calculated from sputter time

and the total layer thickness as determined from the SEM cross-section images. This rate
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is known to be dependent on the binding energy of the compound [22]. From different
binding energies of the oxide surface layer [23] and the nitride layer [24] the sputter rate
of the nitride was estimated to be 2.5 times higher than that of the oxide, leading to a
calculated oxide layer thickness which was in good agreement with the SEM measure-

ments.

3. Results and Discussion

The elemental composition of the two TiAlISiN coatings was analyzed by ERDA,
which allows to determine the quantity of light elements with high accuracy [25]. The
composition of the two coatings was found to be Tis7Al:SizNss and TiszAleSizNs4, while the
composition of the targets was TizAliSizo and TissAlisSiz, respectively. Compared to the
target composition, both, the Al and the Si content are slightly lower, which can be at-
tributed to more pronounced re-sputtering and gas phase scattering of these light ele-
ments [26]. The Si content for both coatings was found to be identical at 7 at.%, thus the
influence of the addition of 2 or 6 at.% of Al on the oxidation mechanism can be directly
compared. The nitrogen content is slightly overstoichiometric for both TiAlISiN coatings,
which was already reported in a previous study on CAE TiAlSiN coatings [27]. This ob-
servation could be attributed to the formation of a SiNx phase, which preferably shows a
3:4 stoichiometry of tetrahedrally coordinated SisN [27]. Impurity levels determined by
ERDA were found to be very low at <0.4 at.% for O and <0.2 at.% for C.

In order to study the microstructure of the as-deposited TiAlISiN coatings on CC
substrates, SEM images of the cross-sections were taken, which are depicted in Fig. 1a.
Both coatings exhibit a fine-grained and feather-like structure, which has been reported
by several authors for the addition of Si to Ti(AI)N coatings [28,29]. The small grain size
is typically found for this coating system due to the formation of a nanocomposite struc-
ture, meaning that nc-TiAIN grains are embedded in an amorphous SiNx tissue phase,
which inhibits grain growth [7,30,31]. X-ray diffractograms of the two powdered and

compact TiAISiN coatings were recorded and are shown in Fig. 1b. The standard peak
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positions of the different phases, namely face-centered cubic (fcc) TiN (ICDD 00-038-
1420), fcc-AIN (ICDD 00-025-1495) and WC (originating from the CC substrate material),
are depicted by dashed lines [32]. By comparing the X-ray diffractograms of compact
(black) and powdered coatings (orange) it becomes apparent that the peak position is
shifted to lower diffraction angles for the compact coatings, which can be attributed to the
presence of compressive stresses [33]. Considering the peak position of the powdered
coatings, which are essentially free of macroscopic residual stress, a shift to higher dif-
fraction angles compared to the standard peak positions of fcc-TiN can be observed. This
shift is found to be more pronounced for the coating with higher Al content (Tis3AleSizN54)
and is commonly reported for TiAIN coatings as a result of the formation of an fcc-TiAIN
solid solution and thus, a decrease of the lattice parameter [1,3,34]. Furthermore, it is note-
worthy that no wurtzitic AIN (w-AIN) phase is evident in the X-ray diffractograms of the
TiAISiN coatings. It has been reported that Si favors the formation of w-AIN [7,8,35], how-
ever, considering the low Al contents of 2 and 6 at.% of the coatings investigated in this
study, it is not surprising that no w-AIN forms in the as-deposited coatings. In accordance
with literature, the X-ray diffractograms of both coatings do not show the presence of TiSix
or crystalline SiNx phases, indicating that Si is present in an X-ray amorphous SiNx phase,
surrounding the nc-TiAIN grains [7,31,36]. However, it should further be considered that
Si might - to a certain extent - be additionally present within a TiAISiN solid solution,

where both Al and Si substitute for Ti in the fcc-TiN lattice [7,37].
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Fig. 1: SEM cross-section images of Tis7Al2Si7Ns+ and TissAlsSizNss (a). X-ray diffractograms of

two powdered (orange) and compact (black) TiAlSiN coatings with varying Al content (b).

To monitor the oxidation mechanism of the two TiAlISiN coatings in-situ, X-ray
diffractograms of the powdered coatings were recorded in steps of 25 °C between 600 and
1200 °C and the respective phase plots are depicted in Fig. 2. The standard peak positions
of fcc-TiN (ICDD 00-038-1420), fcc-AIN (ICDD 00-025-1495), r-TiO:2 (ICDD 01-079-5860),
a-TiO:2 (ICDD 01-075-2544) and a-Al:Os (ICDD 00-042-1468) are again indicated by
symbols and dashed lines [32]. All peaks exhibit a slight shift to lower diffraction angles
with increasing temperature, which is an effect of the thermal expansion of the lattices.
When comparing the phase plots of the Ti»zAl:Si7Nss (Fig. 2a) and the TissAleSizNs4 (Fig.
2b) coating it becomes apparent that oxidation for both powdered coatings starts at
~800 °C, when r-TiO: and a-TiO: peaks become visible in the X-ray diffractograms.
Literature values concerning the onset of oxidation for TiAlSiN coatings vary, depending
on the elemental composition of the coating. For example, Chang et al. investigated
TiAISiN coatings with (Al+Si)/(Ti+Al+5i) ratios ranging from 0.23 to 0.67 and found an

onset of oxidation between 900 °C and 1115 °C, where higher onset temperatures

123



Yvonne Moritz Publication IV

correlated with increasing (Al+Si)/(Ti+Al+Si) ratios. The delayed start of oxidation as well
as a lower oxidation rate for the higher (Al+Si)/(Ti+Al+5i) ratio was attributed to the
formation of a protective oxide layer, which mainly consisted of a-Al2Os and inhibited
further oxygen diffusion through the coating [12]. For the coatings investigated in the
present study, an oxidation onset of ~800 °C is observed for both (Al+5i)/(Ti+Al+Si) ratios
of 0.19 or 0.30, which is lower compared to Chang et al. [12]. However, different heating
rates might affect the oxidation rate of the coatings, which makes a direct comparison to
oxidation onset temperatures of different studies challenging. Another difference, which
is observable between the two phase plots is the occurrence of a-Al:Os at ~900 °C for
TissAleSi7Ns4, which cannot be clearly identified in the phase plot of TizALSi7Nsi. The
formation of a protective Al2Os layer is typically observed in literature for the oxidation
of TiAlSiN coatings [8,12,18]. However, considering the low Al content of only 2 at.% for
the TiszAl:Si7Ns4, peaks related to a-Al:Os cannot clearly be identified in the recorded X-
ray diffractograms. Another visible difference between the two phase plots can be noticed
when taking a closer look at the anatase peak positioned at ~25.5°, which shows a
significantly higher intensity for TissAlsSi7Nss compared to TizAl:SizNss. In order to
quantify this different phase composition, a Rietveld refinement approach was used for
the evaluation of both in-situ XRD measurements, allowing to monitor the quantitative

temperature dependent phase composition continuously between 600 and 1200 °C.

124



Yvonne Moritz Publication IV

TizAlLSi;Ns,

TizaAlsSizNs, intensity

a) m fee-TiN v aTiO, e rTiO, 0-ALO; b) = fecTIN v aTiO, o rTiO, high
Q
.'?9 L]
v, ; ! !
o | i
o 1200 O 1200 ‘ R
2 1100 & 1100
2 2
E E [
@ 1000 © 1000
[= % o
£ E
& 900 S 900
800 800
700 700
600 600
24 26 28 30 32 34 36 38 40 42 44 48 24 26 28 30 32 34 36 38 40 42 44 46
diffraction angle 20 [°] diffraction angle 20 [°]

Fig. 2: Phase plots of the X-ray diffractograms recorded by in-situ XRD in ambient air between
600 and 1200 °C for Tis7Al2Si7Ns4 (a) and TissAlsSizNs« (D).

The results obtained by Rietveld refinement are summarized in Fig. 3. At a
temperature of ~770 °C, the amount of fcc-TiAIN starts to decrease for both TiAISiN
coatings. Determination of the quantitative phase composition revealed the presence of
~90 wt.% of the fcc-TiAIN phase for the TiszAl:Si7Nss powdered coating at ~770 °C, while
for the TissAlsSi7Nss powdered coating still ~95 wt.% of the fcc-TiAIN phase were detected,
indicating a slightly retarded oxidation onset for the higher Al content. Above ~770 °C a
continuous increase of both, a-TiOz and r-TiO: can be observed up to a temperature of
~1025 °C, where a-TiO: reaches a maximum for both coatings and then continuously
decreases up to 1200 °C. Contrarily to the oxidation of binary TiN coatings — where
usually only the stable r-TiO2 modification is formed — the formation of the metastable a-
TiO2 phase has been reported by several authors for Ti(Al)SiN coatings [7,9,38]. This
alteration in the oxidation mechanism between TiN and nanocomposite Ti(Al)SiN
coatings has generally been attributed to the significantly decreased grain size upon Si
addition to Ti(Al)N, leading to a preferred formation of the a-TiO: phase, which is known
to be stabilized at small grain sizes below ~11 nm [38,39]. Chen et al. investigated the

changes in oxidation behavior of TiAIN coatings after Si addition ex-situ by XRD. It was
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found that the oxidation stability was significantly enhanced for TiAlSiN, due to the
promoted formation of an Al2Os-rich top-scale and also a retarded transformation of a-
TiO:2 into r-TiO: [8]. Similarly, Pfeiler et al. reported on an enhanced oxidation resistance
of their coatings upon adding 2 at.% of Si to the TiAIN target material, which was
accompanied by a significantly higher content of metastable a-TiO: in the formed oxide
scale and a retarded anatase-rutile transformation [9]. When comparing the wt.% of the
anatase phase occurring during oxidation of TiszAl2Si7Nss and TissAlsSi7Ns« shown in the
present study, it becomes evident that not only the Si content, but also the Al content seem
to influence the ratio of r-TiOz/a-TiO: significantly. While a maximum of 9 wt.% of a-TiO:
was determined to form for the coating with lower Al content of 2 at.%, a more than
twofold increase of the anatase phase fraction to 21 wt.% was found for the coating
containing 6 at.% of Al. Since the Si content is identical for both TiAlISiN coatings, the
grain size in the as-deposited state of the coatings is not expected to vary strongly,
wherefore attributing the much higher anatase phase fraction to a difference in grain size
of the coatings seems not to be reasonable. However, a valid explanation for the change
in the temperature-dependent phase composition might be a reduced grain coarsening
throughout the oxidation process at elevated temperatures, likely as a result of the more
efficient formation of a protective a-Al:Os top-layer for the coating with higher Al content
(Tis3AleSizNs4). The wt.% of the a-Al:Os phase was only determined for the oxidation of
the TissAleSizNss coating (Fig. 3b), since this phase could not unambiguously be identified
in the X-ray diffractograms of the TizAl:SizNs4 coating, owing to the low Al content of
2 at.%. Also, regarding the Ti3AleSizNs4 coating, the a-Al2Os phase could only be fitted
and quantified at higher temperatures > 1000 °C, since at lower temperatures the peaks of
the fcc-TiAIN and a-AlOs phases strongly overlap. In literature, mostly oxidation studies
on TiAlSiN coatings with significantly higher Al contents were conducted, thus the

occurrence of a-Al:Os was commonly observed by XRD investigations at ~900 °C [12].
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Fig. 3: Evolution of phase fractions in wt.% with increasing oxidation temperature of Tis7Al2Si7Ns«

and TissAleSi7Ns« powdered coatings evaluated by Rietveld refinement.

Complementary to the in-situ XRD investigation, DSC/TGA measurements in
synthetic air were carried out for both powdered coatings using an identical average
heating rate. The heat flow and TG signal are shown in Fig. 4a and 4b for the oxidation of
the TizALl:Si7Nss and TissAleSizNs« powdered coatings, respectively. While the TG signal
for the TiszAl2SizNs4 coating starts to rise slightly at ~600 °C, an increase of this signal for
the TissAleSi7Ns4s coating is only found above 700 °C, indicating the beginning oxidation of
the coatings, whereby the increase in mass seems to be slightly lower for the higher Al
content in temperature ranges up to ~900 °C. This further corroborates that the oxidation
is proceeding slightly slower for the higher Al content. When taking a closer look at Fig.
4a it becomes apparent that the strong exothermic peak with a maximum located at 980 °C
also shows a pronounced shoulder at ~880 °C. This shoulder can be attributed to the
formation of anatase, which subsequently transforms into the stable rutile modification.
Similar results were observed in a previous study for DSC measurements of a TiSiN
coating in synthetic air, which also clearly exhibited a shoulder of the exothermic peak
related to the formation of a-TiO: [40]. However, the heat flow signal of the coating with

higher Al content in Fig. 4b does not show such a pronounced shoulder, which might be
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due to a significantly higher amount of a-Al:Os forming during the oxidation process,
which potentially leads to a peak overlap, since the formation of a-Al:Os has been
reported to occur at a temperature of ~900 °C upon oxidation of PVD TiAlSiN coatings
[12].
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Fig. 4: Heat flow and thermogravimetric signal as a function of the oxidation temperature of

powdered Tis7Al:SizNss (a) and TissAlsSizNs4 (b) coatings.

In order to not only study the oxidation mechanism, but to also develop a profound
understanding of the changes in microstructure upon oxidation, the TiAlSiN coating with
higher Al content was additionally investigated in compact state. Therefore, the
Tis3AleSizNss deposited on a sapphire substrate was annealed in ambient air for 15 min at
950 and 1100 °C, respectively. The X-ray diffractograms of the coating oxidized at the two
different temperatures are depicted in Fig. 5a. At 950 °C it becomes apparent that the
oxidation of the coating has already started, however fcc-TiAIN still remains the
predominant phase. r-TiO:2 can additionally be clearly identified and the peak at ~25° can
be assigned to a-TiO2, which is in accordance with the oxidation of the powdered coatings,
where both TiO: modifications were found at a temperature of 950 °C. When increasing
the temperature to 1100 °C, significantly sharper peaks can be observed, indicating grain

coarsening. No fcc-TiAIN peaks are present anymore, signifying full oxidation of the
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coating at 1100 °C, which is again consistent with results obtained from in-situ powder
XRD measurements. Furthermore, peaks originating from the a-Al:Os phase are visible.
Since the presence of a-Al:Os makes it difficult to differentiate between the a-TiO:2 peak
and the a-ALOs peak at ~25°, additionally Raman spectra of the oxidized coating were
acquired, shown in Fig. 5b. Standard peak positions of the individual phases in the Raman
spectra are indicated by symbols and dashed lines according to ref. [41-43]. The Raman
spectrum of the TissAleSi7Nss coating oxidized at 950 °C clearly reveals a substantial
amount of a-TiO: being present within the coating. Hardly any fcc-TiAIN bands can be
observed although the X-ray diffractograms still revealed a significant amount of this
phase at 950 °C. However, it needs to be kept in mind that the Raman intensity of the
oxide phases is considerably higher, thus, masking the low intensity bands of the fcc-
TiAIN phase. At 1100 °C, the amount of the a-TiO: phase has strongly decreased
compared to the Raman spectrum at 950 °C, which is consistent with the investigation of
the oxidation mechanism on the powdered coating and can be attributed to the
transformation of anatase into the stable rutile modification due to extension of a critical
grain size [38]. Peaks assigned to a-Al20s could not be clearly identified, since they are
partly overlapping with the peaks of r-TiO: with the most intense peak expected to be
located at 420 cm. Additionally, a-Al2Os is also known to exhibit a low Raman scattering

efficiency [44].

129



Yvonne Moritz Publication IV

a) m fece-TiN v fcc-AIN @ r-TiO, & a-TiO, e «-Al,O; b) s . s = fce-TiN
ce oo @ * e E?i * + e r-TiO,
Ple 1 g ¢ e e o ¢ a-Tio,
el i ew | b
P | o ¢
—_ 1 ¥ i
> — i T
© - J !
— = i '
> = i A
= I | "
w c ; V!
c Q H :
o = A i
E i D
' H
D
| AL 950 °C
i H o
! |
i - I i T 1 ! s I‘ ! .
200 400 00 800 1000
diffraction angle 20 [°] wave number [cm~1]

Fig. 5: X-ray diffractograms (a) and Raman spectra (b) of a TissAlsSizNs+ coating on sapphire
substrate oxidized at 950 and 1100 °C for 15 min each.

Since it is not feasible to observe the oxidation of the amorphous SiNx phase by
XRD measurements, additional XPS depth-sputter experiments were carried out on the
partially oxidized TissAleSizNs« sample annealed at 950 °C. These measurements allowed
to evaluate the quantitative fraction of the elements Ti, Si, Al, N and O as well as the ratio
of SiN/SiO as a function of the sputter depth until reaching the substrate material and are
depicted in Fig. 6. It has to be pointed out that the quantitative evaluation by XPS helps
to visualize trends, but cannot be regarded as a precise quantitative analysis of the coating
composition. There is — to some extent - the possibility of preferential sputtering as well
as sputter induced chemical decomposition and, therefore, shifts in element ratios and
core level binding energies [45,46]. Considering the elemental fraction in the lower
diagram of Fig. 6 it becomes apparent that the Al content is highest up to a sputter depth
of ~150 nm and then decreases, correlating with the formation of an Al:Os top layer at the
surface of the coating, which has frequently been reported in literature for the oxidation
of TiAlSiN coatings [8,12,14,18]. XRD measurements of the compact coating oxidized at
950 °C, shown in Fig. 5a, could not clearly confirm the presence of a-Al:Os, possibly due

to only small amounts of this phase being present. However, XPS results now indicate the
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occurrence of a-AlQOs already at temperatures of 950 °C. At the same time, a low content
of Si can be found in the surface near region up to a sputter depth of ~600 nm, where the
Si fraction is observed to rise. Above a sputter depth of 600 nm, the oxygen content
continuously decreases while the N content increases, meaning that a depth is reached
where the coating is not fully oxidized. Once the substrate is reached, the Al and O content
are found to increase again, owing to the fact that sapphire was chosen as substrate
material. Chen et al. similarly evaluated the XPS depth profile of a TiAISiN coating with
16 at.% of Si and 6 at.% of Al after oxidation at 800 °C for 1 h and - on the contrary to our
results - found a rather constant ratio of Ti, Si and Al over the coating thickness, indicating
no outward diffusion of elements or formation of an Al-Os top layer [13]. They attributed
this absent Al enrichment to either the low Al content within their coating or to the low
oxidation temperature of 800 °C. However, since the Al2Os enrichment in the surface near
region clearly became apparent for the TissAlsSi7Ns4 coating with an identically low Al
content of 6 at.% in our study, rather the oxidation temperature seems to have an influence
whether the formation of an Al:Os top layer is fostered or not.

Due to the reason that the oxidation of the SiNx phase cannot be monitored by XRD
it was attempted to evaluate the SiNx/SiOx ratio over the sputter depth and the results are
depicted in the upper diagram of Fig. 6. Above a sputter depth of ~600 nm, the SiNx/SiOx
ratio increases, meaning that — as expected — the quantity of the non-oxidized SiNx phase
rises at increasing coating depth. To compare the degree of oxidation of the crystalline
TiAIN phase and the amorphous SiNx phase at the same coating depth, the respective
Ti2p and Si2p spectra at two different sputter depths of 600 and 1500 nm are shown in
Fig. 7. According to binding energies found in literature [47,48], four different
components, namely TiOz, TiOxNy, TiN and metallic Ti, can be assigned to contribute to
the Ti2p core level spectra shown in Fig. 7a, for a sputter depth of 600 nm. When taking a
look at the respective peak areas of the individual components, TiO: appears to be the

dominant phase. When considering the Si2p peak at an identical sputter depth of 600 nm,
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SiNx and SiOx can be identified as contributing components according to their binding
energies [49-51], where SiNx is the dominant phase and the quantification revealed a ratio
of ~1.2 for SiNx/SiOx. Thus, it can be concluded that at an identical TissAleSizNss coating
depth a higher fraction of the crystalline TiAIN is oxidized compared to the amorphous
SiNxphase, which appears to be more resistant to oxidation. At a higher sputter depth of
1500 nm the Ti2p core level spectra (Fig. 7b) reveal a larger fraction of non-oxidized TiN
compared to the sputter depth of 600 nm, however, still a significant amount of TiO2 and
TiO«Ny can be detected. The Si2p peak at a sputter depth of 1500 nm shows that primarily
SiNx can be found and only small amounts of SiOx can be detected, leading to a ratio of
~10 for SiNx/SiOx, again confirming the superior oxidation resistance of the amorphous

SiNx phase over the crystalline TiAIN phase.
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Fig. 6: Molar ratio of SiN/SiO and quantitative element fraction of Ti, Si, Al, N and O as a function

of sputter depth determined from XPS depth-sputter experiment of a Tis3AléSizNs+ coating oxidized
at 950 °C for 15 min.
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Fig. 7: XPS spectra of the Ti2p and Si2p peaks at sputter depths of 600 nm (a) and 1500 nm(b). A

peak fit of the individual contributing components and their respective assignment is shown.

The microstructure of the TiAISiN coating after oxidation was further monitored
by recording SEM images and corresponding EDX maps. In Fig. 8, the images of the
coating after oxidation at 950 °C are shown. As already expected from the results obtained
by XRD (Fig. 5a), only the top part of the coating — meaning approximately 600 nm — is
oxidized while the rest of the coating remains non-oxidized. This is clearly visible when
taking a look at the O intensity, which rapidly decreases once the interface between the
oxidized layer and the non-oxidized coating area is reached. In literature, usually the

formation of a dense AL:Os toplayer is reported for TiAlSiN coatings with higher Al
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content, which should hinder further O diffusion into the coating [8,12,14,18]. For the
TissAleSizNss coating investigated in this study, also a thin Al2Os toplayer can be found,
which however seems to be partly interrupted by the growth of TiO: grains, thus allowing
for O to further penetrate the coating. This is in agreement with the quantitative element
fraction determined by XPS (Fig. 6), which revealed the highest Al content in the surface
region of the coating. Below the Al:Os toplayer, a TiO: rich layer depleted in Si can be

found, followed by a clearly Si-enriched zone consisting of amorphous SiOx, which is

again consistent with results obtained by XPS measurements.

950 °C Tam -.

Fig. 8: SEM image and corresponding EDX maps of the Tis3AlsSizNsscoating on sapphire substrate

annealed at 950 °C for 15 min in ambient air.

Further SEM images were taken after annealing the sample in air at a higher
temperature of 1100 °C, which are depicted in Fig. 9. The microstructure has drastically
changed compared to oxidation of the coating at 950 °C. No a-AlLQO:s top layer is visible,
instead strongly enlarged TiO: grains enclosing smaller a-Al:Os grains dominate the
upper region of the fully oxidized TiAlISiN coating. Below these TiO: grains the coating

appears to be porous and still more fine-grained, likely owing to the presence of the
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amorphous SiOx, which appears to be exclusively distributed in this lower area of the
coating, hindering extensive grain growth of the TiO:. Taking into account the results
obtained by SEM investigations, the oxidation mechanism for TiAlSiN coatings with low
Al contents of ~6 at.% can be described as follows: First, Al diffuses towards the surface,
forming a thin protective a-Al:Os which is subsequently broken by the coarsening of TiO:
grains. Thus, more pronounced in-diffusion of oxygen into the coating takes place,
leading to further growth of the TiO: grains, which eventually fully enclose the a-Al:Os

grains. Meanwhile, SiOx is enriched below these enlarged TiO: grains and hinders

extensive grain growth in the lower region of the coating.

Fig. 9: SEM image and corresponding EDX maps of the Tis3AlsSizNsscoating on sapphire substrate

annealed at 1100 °C for 15 min in ambient air.

4. Conclusions

Two powdered TiAlSiN hard coatings, namely TiszAl>SizNss and TissAleSizNss, were
investigated regarding their oxidation mechanism up to 1200 °C by in-situ XRD and
Rietveld refinement. It was found that both coatings exhibit a good oxidation resistance

up to ~770 °C, followed by the formation of not only r-TiO: but also metastable a-TiO,
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which can be attributed to the nanocomposite structure of the TiAlISiN coatings consisting
of nc-TiAl(Si)N embedded in amorphous SiNx. The presence of the amorphous SiNx
hinders grain growth and thus, promotes the formation of the anatase phase.
Furthermore, it was observed that the maximum quantity of the a-TiO: phase fraction was
significantly higher for the coating with higher Al content of 6 at.%, likely owing to a more
sufficiently suppressed grain growth during oxidation, due to more pronounced
formation of the protective a-Al:Os. Additionally, the microstructure of the compact
TissAleSizNss was investigated after oxidation for 15 min at 950 and 1100 °C, respectively.
XRD and Raman spectroscopy revealed no full oxidation of the coating at 950 °C and in
accordance with in-situ XRD measurements of the powdered coating, the presence of a-
TiO:z and r-TiO2 was confirmed. The amount of a-TiO2 was then found to strongly decrease
at 1100 °C due to transformation into the stable rutile modification. Furthermore, the
coating appeared fully oxidized and the presence of a-Al:Os could be detected at this
temperature. XPS depth-sputter experiments and SEM investigations allowed to gain
deeper insight into the microstructure, revealing the presence of an a-AlOs top layer,
partly broken by the growth of TiO: grains after oxidation at 950 °C. XPS measurements
turther indicated a superior oxidation resistance of the amorphous SiNx phase over the
crystalline TiAIN, since at identical sputter depths less SiNx was oxidized compared to
the nc-TiAIN. SEM images taken after annealing the Tis3AleSizNss sample at 1100 °C in air
revealed an entirely oxidized coating with strongly coarsened TiO: grains at the top of the
coating, which fully surrounded smaller a-Al:Os grains. Below this TiO2/Al2:Os top-layer
the coating appeared porous and significantly more fine-grained compared to the upper
region of the coating, which can be attributed to the presence of SiOx in the substrate-near
region. The results of this work provide insight into the changes in oxidation mechanism
when varying the Al content of TiAlSiN coatings and further establish a profound
understanding of the oxidized microstructure of TiAISiN coatings with low Al content by

complementary applying several advanced characterization techniques.
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