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CHAPTER ].

Introduction

Research and development of modern application tailored materials implements a tremen-
dous need for a detailed understanding of the intrinsic material properties and suitable
combinations. An unacquainted person would probably believe that highest purity and sin-
gle crystallinity of a material yields optimised properties. This perspective however fails in
most cases, as many important material properties as e.g. hardness and ductility, or elec-
trical, optical and thermal properties are determined by the incorporation of defects and
tremendously depend on their respective length scale. During the last decades a trend in
materials design concepts can be observed from the macro-scale engineering level towards
the understanding and utilisation of microstructural features. This evolution is nowadays
continued towards the nano-scale, where classical engineering concepts are insufficient for a
description of the resulting properties [1-3].

State-of-the-art thin film technology benefits from the unique size-dependent properties at
the small end of the scale bar, resulting in a huge range of diverse applications from e.g.
electronic, optical and medical towards protective devices. Often low coating synthesis tem-
peratures (e.g. plasma-assisted vapour deposition techniques the substrate temperature is
below 0.2-0.3 of the melting point in Kelvin) are used [4], which leads to limited ad-atom ki-
netics during deposition. This enables for the synthesis of coating structures and metastable
phases far off the thermodynamic equilibrium. Metastable phases are frequently charac-
terised by stresses or small grain sizes in the nanometer range, which in turn result in
extraordinary physical (e.g. superhardness with H > 0GPa) and thermal (e.g. hardness
increase with work load — age hardening) properties in comparison to their equilibrium coun-
terparts. Especially in the field of hard protective coatings, the group of transition metal
nitrides attracts industrial interest because of their high melting point, high hardness and

fairly good oxidation and corrosion resistance [5-7].
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The thermal stability of transition metal nitride coatings is thus strongly affected by anneal-
ing and consequential recovery (stress relaxation), interdiffusion, recrystallisation, or phase
transformation. These phenomena are technologically relevant since the resulting structure
(on both micro- and nanoscale) has a large impact on the film properties. Therefore, the
development of advanced hard thin films is preferably made using phase transformation
concepts from physical metallurgy, such as primary (vapour-to-solid) and secondary (e.g.
precipitation) phase transformation. Here, a fundamental understanding of the intrinsic
properties of single layer transition metal nitrides becomes inevitable, being the key for ma-
terials selection and application tailored coating synthesis with respect to more sophisticated

architectures, like nanocomposites or nanolaminates [8].

This thesis thereby concentrates on the development of a state-of-the-art understanding of
metastable phases in nitrides and their decomposition processes to reach equilibrium. In
order to work out a detailed knowledge of the thermal stability of transition metal nitrides,
a major part is devoted to investigations of the coating structure and their physical and
thermal properties at the atomic level. A combinatorial approach was chosen, involving the-
oretical and experimental work, to study the thermally induced isostructural decomposition
of Ti;_,Al,N coatings. The spinodal decomposition of Ti;_,Al,N hard coatings implements
a substantial hardness increase with annealing temperature or time, respectively, commonly
referred to as age hardening. This particular feature is believed to bear a high potential with
respect to the enhancement of tool lifetime, which implements economical but also increas-
ingly environmental considerations. The goal of improving the thermal stability and oxida-
tion resistance is currently approached by the investigation of the alloying effect of transition
metals to Ti;_,Al,N. Thereby, density functional theory (DFT) calculations present a well
established tool for the prediction of structure and properties of nanometer-sized features,

where the properties are determined (or critically influenced) by the electronic structure of
the solid [9].

For application tailored materials design it is crucial to acquire basic knowledge on the
micro- and nanostructural evolution of the metastable phases as a function of temperature
and time. Thus, in Publication I a focused ion beam microscopy (FIB) based specimen
preparation technique was modified in order to enable atom probe tomography (APT) of
Ti;_,AlL.N thin films. The obtained results are presented in Publications II and III and
corroborated by diverse experimental techniques e.g. high resolution transmission electron
microscopy (HR-TEM), X-ray diffraction (XRD), or nanoindentation. The alloying effect
of group IIIB-VB transition metals (TM) on structure, properties and thermal stability of
Ti;_,Al.N is in the scope of Publications IV to VIII and critically compared to the ab initio
predicted trends.

As nitrides are nowadays of growing interest in various fields for mechanical as well as many
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other functional uses, I am convinced that the above presented research activities provide
a valuable support in the field of thin films science and contribute to the development of

predictable coating properties.



CHAPTER 2

Background and Motivation

2.1 Hard Ceramic Materials

Borides, carbides, nitrides, and oxides of transition metal elements (TM) attract industrial
and scientific interest for many decades because of their outstanding physical, chemical and
thermal properties [10, 11], as e.g. high hardness, wear and corrosion resistance, electrical
conductivity and thermal stability. Especially harsh environments resemble a strong driving
force for research of hard ceramic structural components, such as seals in contact with
corrosive media or crucibles and furnace parts for extremely high temperatures. Among
this group of hard materials, especially the introduction of thin film deposition processes
considerably extended the technological usage of TM-nitrides (TMN) and -oxides due to
enhanced size-dependent properties [1, 12]. Compared to their bulk counterparts, TMN
thin films are industrially well acknowledged for their adaptability by means of composition,
structure and thus wide range of technological feasibility as protective and functional coatings

for tools or electronic devices.

State of the art physical or chemical vapour deposition techniques (PVD, CVD) [13, 14]
enable for the synthesis of micro- and nanostructures at conditions far away from the ther-
modynamic equilibrium. Some crucial parameters, such as temperature and particle energy
and their impact on the microstructural evolution during deposition are summarised in

Fig. 2.1. Further information on the influence of pressure, bias voltage or impurity content
is given in Refs. [15-18].
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Figure 2.1: Structure zone diagram adapted from Ref. [18]: T*, E*, t* give the generalised
temperature, normalised energy flux and thickness, respectively. The zone boundaries are
gradual and for illustration only. Axis coordinates may differ for diverse materials.

2.2 Transition Metal Nitrides

The most prominent representatives for TMN are found within the 4d to 6d transition metals,
e.g. ScN, TiN, VN, CrN, YN, ZrN, NbN or TaN. Their major application as protective
coatings on cutting and milling tools is related to their high melting points, hardness and
thermal conductivity [19-22]. These criteria make them also attractive for electronic and
optical components such as heat sinks or diffusion barriers [23]. In the field of hard materials,
the cubic (fcc, Bl-structure, Fm3m space group, NaCl-prototype) modification, with its
six-fold coordination implying short interatomic distances, is favoured over the extensive
group of hexagonal crystal structures [7]. The hexagonal five- or four-fold co-ordinations
appear in e.g. BN (hex, By-structure, P63 /mmec space group) or AIN (wurtzite, B4-structure,
P63mc space group, ZnS-prototype), respectively [24]. The number of nearest neighbours is
strongly depending on the valence electron configuration of the interacting elements and thus
determines the thermodynamically stable phase. Since the incorporation of nitrogen in TMs
occurs mostly by an interstitial mechanism, nitrides can be formed in various stoichiometries
and crystal structures, as e.g. in the case of Ta,,,N,, at least seven allotropes can be identified
[25]. Thus the electronic configuration strongly determines the different properties of TMN,
which can be attributed to three predominant bonding types (e.g. covalent, metallic or

ionic), as exemplarily shown in Fig. 2.2.
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Figure 2.2: Classification of hard ceramic materials according to their chemical bonding and
the corresponding change in properties (modified after [10, 26, 27].

By means of density functional theory (DFT) it is possible to access the electronic structure
of solids. Due to the deposition conditions at highest cooling rates even structures which
do not exhibit the energetic minimum configuration can be realised. In case of complex
TMN compounds, ab initio calculations are widely used to predict and understand materials
properties and support the development of application tailored materials design [28]. A
prediction of the local electron distribution gives rise on the preferred bonding type and
enables for the determination of the density of states (DOS). The electron population of states
at the different energy levels depends on structure and composition of the respective TMN
compound. Thus, it is possible to discriminate between the individual bonding contributions

of the interacting N- and TM-electrons, as shown in principal for TiN in Fig. 2.3.

While the core electrons at energies far below the Fermi level, Er, do not contribute to
bonding, the region between ~ —10 and ~ —2eV can be understood as the bonding states
responsible for the covalent character of the compound. The N p-orbitals interact with the
TM d-orbitals, forming a so called sp*d*-hybridisation, which results in an e,-symmetry
(electron localisation along (100) directions in Fig. 2.4a) in fcc crystals. The states from
~ —2¢eV to E, referred to as the metallic region, however mainly host Ti d-electrons. Since
the TM d-states localised in this region can be regarded less strongly bound compared to

the energetically lower bonding states, the corresponding states are understood to mostly
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Figure 2.3: Projected density of states (DOS) for ¢-TiN. The electrons interacting in the
hybridised region between ~ —8 and ~ —2¢eV reflect the covalent character of the bonding.
Higher states up to Er mostly contribute to the metallic bonding of the binary TMN.
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Figure 2.4: Ab initio obtained local charge distribution in c¢-TiN. Interaction of N p- and
Ti d-electrons occurs either along (a) the (001) directions (e, -symmetry) or (b) the (110)
directions (fy4-symmetry) in fcc-crystals of TMN. The overlap of the different bonding con-
tributions is responsible for the covalent-metallic properties of TiN.
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account for the metallic bonding character of TMN. The corresponding electrons of this
energy level are predominantly localised along the (110) directions of cubic crystals and
form the t5,-symmetry (Fig. 2.4b). The states above Ep, if filled with electrons, are meant

to contribute to anti-bonding of the interacting species.

A local charge enrichment or depletion within the metallic region, e.g. in (non)stoichiometric
TMN or due to TM-alloying, can result in a collapse of the structure and the formation of
different hybridisation schemes (compare section 3.3.2 and Publications IV, VII and VIII).
The structural transformation from cubic to hexagonal goes along with a change from a
sp>d?- towards the sp*-hybridisation, as apparent in w-AIN, where only Al s- and N p-states

remain to interact.

In the framework of this thesis, ab initio modelling was used on the one hand to predict
various materials properties (Publications IV-VIII) and on the other hand to facilitate the

interpretation of experimental findings (Publications III and IV).

2.3 Transition Metal Aluminium Nitrides

Since the physical and chemical properties of the individual TM mononitrides are strongly
correlated to their (electronic) structure [22, 28], the need to overcome their single limitations
arises with respect to specific requirements (e.g. oxidation resistance). As an example, in
cutting and tooling industry high hardness in combination with high oxidation resistance are
some basic requirements for a protective coating of the tooling insert. The temperatures at
the interface tool/cutting-insert often exceed 900-1000 °C [11, 29], and are slowly dissipating
in the vicinity of the contact area. Industrially widely utilised TiN coatings however suffer

from oxidation already above ~ 550 °C [30] by forming a porous rutile-type TiO, oxide scale.

Applying smart architectural coatings design [7], by e.g. the creation of separated TMN
phases in two (multilayers) [31-34] or three dimensions (nanocomposites, precipitates) [35—
37], is one way to improve the coating performance. Another approach is based on sophis-
ticated alloying concepts and the formation of supersaturated solutions, or compositional
gradients within single layer films [38-40]. Due to the extremely limited kinetics (cooling
rates up to 1012 K - s71) apparent in PVD deposition techniques it is possible to synthesise
a supersaturated solid solution of Ti;_,Al,N [30, 41-45], although ¢-TiN and w-AIN exhibit
no solubility in each other according to the quasibinary phase diagram in Fig. 2.5a [46]. The
ab initio predicted energies of formation, Fy, for cubic and wurtzite solid solutions of the
resulting metastable Ti;_,Al,N films exhibit an energetically preferred cubic structure up
to x = 0.6-0.7, see Fig. 2.5b. In the region where £y exhibits almost similar values a dual

phase regime of cubic and wurtzite structure is entered with higher Al content, followed by a
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Figure 2.5: (a) Quasi-binary phase diagram along the tie line of TiN-AIN redrawn from
Ref. [46]. (b) Ab initio obtained energies of formation, Ey, for the cubic and wurtzite solid
solutions of Ti;_,Al,N (adapted from Ref. [53]. (c) Metastable PVD-phase diagram from
Spencer [52] based on experiments, confirming the ab initio predicted phase limits.

single phase wurtzite regime [47-51]. The corresponding metastable phase diagram, adapted

from experimental observations by Spencer [52], is shown for Ti;_,Al.N in Fig. 2.5c.

The incorporation of Al into other binary TMN is quite similar with respect to the de-
velopment of certain element-specific (meta)solubility limits and superior properties of the
ternaries compared to the binary nitrides, as valid also for TM = V, Cr, Zr, Nb, Hf, Ta, etc.
[51, 54-63]. With increasing Al-content however also the driving force for decomposition in-
creases drastically, which results in extraordinary properties at elevated temperatures, being

the topic of the next chapter.

2.4 Phase Stability and Age Hardening of Ti;_,Al.N

The Ti;_,Al.N system exhibits a wide miscibility gap at low temperatures, which in turn is
responsible for its metastable character and outstanding performance at high temperatures
[64]. A simplified picture to understand the supersaturated solid solution of cubic NaCl-
structured Ti;_,ALN (for z < 0.66) assumes two sublattices, which are either fully populated
by nitrogen while the other sublattice is randomly occupied by composition dependent Al
and Ti atoms [53]. This assumption enables for the calculation of E; and H iy of the ternary

compound, which correspond to the phase stability of predefined structures. Also the driving
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force for decomposition into the (meta)stable compounds can be expressed as function of Al
content, x, and temperature (see Fig. 2.6) [46, 65, 66].
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Figure 2.6: (a) Composition-temperature phase diagram of ¢-Ti;_,ALN (from Ref. [65]).
Mixing enthalpies of Ti;_,Al,N as a function of Al content, x, at different pressures (adapted
from Ref. [66]. (b) Hyix for the isostructural decomposition into ¢-TiN and c-AIN. (c) Influ-
ence of pressure on H;, with respect to c-TiN and w-AIN.

Two different regions, called binodal and spinodal, can be identified in the composition-
temperature phase diagram according to Refs. [53, 65, 67|, see Fig. 2.6a. In the region where
the second derivative of the Gibbs free energy is positive (9°G/dc* > 0) the decomposition
of Ti;_,Al,N takes place by nucleation and growth (e.g. Ti;_,Al,N — ¢ TiN + w-AIN),
requiring an activation energy for the formation of w-AIN precipitates. However, within a
second region marked by the spinodal line, where 9>G/0c? < 0, already small composition
fluctuations result in isostructural decomposition towards c-TiN and c-AIN if kinetics allow
it [64, 68, 69]. This implies that within the spinodal region essentially no energy barrier for
decomposition exists, apart from thermal activation enabling for diffusion. The thermally
induced spinodal decomposition of such alloys gained great importance in industry, as it
results in an increased hardness. This effect is often referred as age hardening, due to the

interaction of time and temperature.

The positive Hy,j, over the whole composition range indicates a high driving force for de-
composition of ¢-Ti;_,Al.N into the cubic boundary phases ¢-TiN and metastable c-AIN
(Fig. 2.6b). With increasing pressure, this driving force significantly increases, while Hyx
for the decomposition of ¢-Ti;_,Al.N into c-TiN and w-AlN is effectively reduced, compare
Fig. 2.6b and c.

10



2.4 Phase Stability and Age Hardening of Ti;_,Al.N

404 -
S 1] :
S 35. L] I -
N il !
£ . AN
T 30- %ﬁ% -

--0--TiN )
] —A— T:O.34A|0.66N ‘% ]

25 — T v T v T T v

I
0 200 400 600 800 1000 1200
annealing Temperature, T_[°C]

Figure 2.7: Film hardness over annealing temperature for c-TiN and c-Tig 34Alp 66N (adapted
from Ref. [71]). The hardness increase with temperature is referred to as age hardening.

Materials exhibiting a large single-phase field, such as TiN, suffer from softening in course
of thermal load due to recovery, recrystallisation and grain growth processes. In contrast,
metastable ¢-Ti;_,Al,N shows a substantial hardness increase with increasing temperature,
called age hardening, as shown in Fig. 2.7. It was observed that within the single phase
cubic regime, up to temperatures of &~ 900 °C, TiN- and AlN-enriched domains form, whose
locally different lattice parameters cause strain hardening of Ti;_,Al,N due to hindering of
dislocation motion [7, 69, 70]. If the chemical composition of stoichiometric AIN is reached
locally, the metastable c-AIN domains are meant to transform into the stable w-AIN phase.
Coarsening of the structure, the loss of coherency strains between c¢-TiN and w-AIN, which
further exhibits inferior mechanical properties compared to c-AIN, causes steadily decreasing

hardness within the dual phase regime [71].

In the past, theoretical [53, 64, 66, 67, 72] and experimental [71, 73] investigations where deal-
ing with the effect of e.g. composition, temperature, vacancies, isostatic pressure, internal
strain and surface energies on the extent of the driving force for spinodal decomposition. In
general, the driving force (Hyx) for decomposition into c-TiN and metastable c-AIN increases
with increasing Al content up to the metasolubility limit of the cubic phase field (compare
Section 2.3). Also increasing compressive stresses (corresponding to isostatic pressures in
Refs. [66, 74]) in the coating are supposed to promote the isostructural decomposition, while
on the other hand they act as a retarding factor for the precipitation of w-AIN with ~ 24%
bigger specific volume than c-AIN [64, 74, 75]. Since another contribution to the decomposi-
tion driving force is related to the reduction of total surface energy and the creation of new
interfaces during phase separation, the overall driving force for decomposition is difficult to

determine [10, 64] and needs sophisticated experimental proof. A comprehensive overview

11
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on the structural evolution of Tig46Alg 54N thin films as a function of temperature and time

exploits these issues in detail, see Publications I to III.

2.5 Multinary Transition Metal Aluminium Nitrides — The
Holy Grail?

As discussed above, smart alloying concepts enable for the creation of enhanced material
properties. For this reason, a lot of research activity was done in the past decades to overcome
certain deficiencies of Ti;_,Al,N. In combination with coating architecture, especially the
alloying of Ti;_,Al,N with additional elements was regarded as a promising approach to

improve e.g. friction, wear, oxidation resistance, and hardness of Ti;_,Al,N.

Non-metal alloying of C, Si and B takes mainly place by incorporation of the non-metals on
the N sublattice. The resulting grain refinement and the formation of various nanostructures
achieve increasing hardness and in general improved oxidation resistance. Other practical

aspects like low friction and wear still require improvement [76-83].

On the opposite, group I1I-VI TM-alloying is mainly achieved by substitution of Ti or Al at
the metallic sublattice, which allows for a huge variety in size and different bonding types, due
to their different electronic configuration (e.g. valence electron number, additional d- and f-
states). Investigations of Y and Cr have already shown the big potential of TM-additions to
effectively enhance the oxidation resistance [84-87] of Ti;_,Al,N. In terms of reduced friction
especially at elevated temperatures, the addition of V [34, 88-92] proved to be useful due
to the formation of a V5O5-Magnéli oxide phase at high temperatures. Other TM-elements,
such as e.g. W or Mo, yield akin results with respect to the development of Magnéli phases,
which however suffer from volatility at temperatures above 500 and 700 °C, respectively [93].
Moreover, stoichiometric MoN and WN preferably crystallise in the hexagonal structure and
are hence difficult to implement in cubic Ti;_,_, AL TM,N [94].

Alloying with group VI and V elements such as Zr, Nb, Hf, and Ta is acknowledged for the en-
hancement of mechanical properties and wear resistance [95-103], although the impact of the
various alloying elements on structure and mechanical properties is not yet fully understood.
Moreover, the combination of experiments with theoretical work with respect to thermal
stability is a totally unexplored field. Hence, the goal of this thesis is to yield a compre-
hensive understanding for the electronic origin of thermal stability in Ti;_,_,Al,TM,N and
exploring methods to enable for a theory guided materials design instead of the traditional

trial-and-error approach.

12



CHAPTER 3

Methodical Approach

3.1 General considerations

The simultaneous investigation of nanostructure and chemistry and its effect on various
material properties is an extreme challenge in materials science. While most studies on
structure-property relationships of thin films use single crystal (sc) substrates, a totally
different situation arises for investigations of structural phenomena on polycrystalline (pc)
substrates. Especially, studies employing high-temperature annealing treatments, as per-
formed in this thesis for age hardening of Ti;_,Al,.N, require a sophisticated investigation

concept.

In order to determine the mechanical properties and structural response of Ti;_,_,Al,TM,N
coatings on annealing temperature (Ta) and annealing time (ta), care has to be taken in
choosing suitable substrate materials and investigation techniques. On the one hand, single
crystal substrates such as silicon (100, 111) or MgO (100, 111) or equivalent sublayers of e.g.
TiN can predetermine the initial growth conditions for thin films, resulting in predominant
orientations or even epitaxial growth of the developing film. This may strongly affect the
thin film properties and stands in general contrast with common deposition techniques for
polycrystalline tool materials, where at most local epitaxy [104] is observed on different

microstructural features, but in general no epitaxial film growth occurs.

On the other hand, thermally induced substrate interaction, such as substrate material in-
diffusion [73, 83] or spinel formation [105, 106] at the substrate interface, should be avoided,
in order to asses solely the properties of the coating. This limitation can be overcome by

chemically removing the substrate after deposition to obtain free-standing thin film material.

Hence, two different polycrystalline substrates, namely low alloy steel foil (thickness 0.2 mm)
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and polycrystalline Al,O3 platelets (20 x 7 x 0.5 mm?) were selected for investigations of the
thermal stability of Ti;_,_,Al,TM,N, resembling more to the growth conditions on tools
than on single crystals. Post-deposition dissolution of the Fe foils in 10mol.% nitric acid
results in free-standing coating material that can be used for the structural investigations
of the pure coating material by atom probe tomography (APT) and transmission electron
microscopy (TEM), or after crushing to powder for X-ray diffraction (XRD) analysis. The
thermally stable alumina substrates were used for measuring the electrical resistivity by
the four-point probe technique and mechanical properties by nanonindentation subsequent
to the annealing treatments. Further single crystalline Si (20 x 7 x 0.5mm?) and Al,Oj
(10 x 10 x 0.5 mm?) platelets were chosen for the investigation of mechanical properties (e.g.
biaxial stress measurements, XRD or TEM) at room temperature.

In order to conduct detailed studies on the combined influence of structure and chemistry
on mechanical properties, experimental investigations which enable for a three-dimensional
understanding are required. Although high-resolution TEM (HR-TEM) is a powerful tool
for analysis of nanostructures and especially orientation relationships, sample thicknesses
of < 50nm (to reach electron transparency) still contain too many overlapping grains in
analysis direction to enable accurate distinction between the individual features. Also chem-
ical analysis of 3D-structures in TEM by e.g. energy dispersive X-ray spectroscopy (EDX)
or electron energy loss spectroscopy (EELS) is limited for similar reasons. The restricted
lateral resolution of secondary ion mass spectroscopy (SIMS) hinders its applicability for
the present work. The observation of chemical fluctuations at the atomic scale is however a
crucial feature to understand atomistic processes determining various physical phenomena,

such as age hardening, in materials science.

3.2 Atom Probe Tomography and Complementary Tech-

niques

Based on the principle of field ion microscopy (FIM), invented by Miiller already in 1951
[107], the direct image formation of specimen surface ions is combined with a time-of-flight
mass spectrometer in modern atom probe tomography (APT) [108, 109]. Highest chemical
sensitivity is thus combined with near-atomic resolution in three dimensions [110, 111], which
seems highly suited for the investigation of spinodal decomposition, as shown for the Fe-Cr
system in Refs. [112-114].

A FIM operates as a lens-less point projection microscope by ionisation of image gas atoms
(He or Ne) at the surface of a needle shaped specimen. Due to a high standing voltage

(V'), sharp needle-shaped specimens with a tip radius (ryj) of less than 100 nm are required
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Figure 3.1: Schematic drawing of the working principle of a state-of-the-art local electrode
atom probe (IMAGO LEAP 3000X-HR), as used in this thesis (adapted from Ref. [116]). On
top of a standing voltage (below Fp) either voltage pulses Vp or laser pulses with a certain
laser energy Ej, are triggered by a time-of-flight unit to control the field evaporation process
at the specimen.

to achieve a sufficiently high electric field for ionisation (Fj) of the gas atoms at the apex,

according to the formula [115]:
v

k- Ttip

Fy (3.1)

where k is a geometrical constant.

In contrast to FIM, the working principle of APT, as schematically shown in Fig. 3.1, uses
directly evaporated specimen ions, which are subsequently accelerated towards a position
sensitive detector (PSD). In order to brake the surface-atom bonds and achieve ionization,
high electric fields of e.g. Fy' =26V -nm™!, FM =19V -nm! or IV =52V -nm™!, are
required [110]. The evaporation process essentially can consist of a two stage mechanism:
First the thermally activated or electric field induced ions escape over an activation-energy
barrier (see Fig. 3.2a), and then often post-field ionization processes into higher charge states
can take place [115-117].

Since a sufficiently high electric field would result in continuous but uncontrolled evaporation
(see Fig. 3.2b), two approaches were developed with the goal to time-resolve the evaporated

species. Initially the standing voltage is kept slightly below Fj. Secondly a pulsing unit,
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Figure 3.2: (a) The field evaporation mechanism of surface atoms as adapted from Ref. [116].
The energy zero corresponds to a neutral atom (being bonded by Ay) in remote field-free
space. Applying an external electric bias potential lowers the energy barrier for the atom (A.)
to become integrally charged with increasing distance from its original location. (b) Required
voltage for field evaporation of W as a function of temperature, for a given evaporation rate
of 100 at./sec. (d.c. voltage — ball symbols) or 10? at./sec. (superimposed voltage pulses —
star symbols). The data are obtained from Ref. [118]. In case of electrically non-conductive
specimen (circle) at low temperatures, the necessary evaporation voltage often exceeds the
mechanical strength of the material (green arrow). The application of laser pulses increases
the temperature only and thus drastically reduces the required evaporation voltage (violet
dashed arrow) [119].

operating in the kHz range, can be used to apply a certain voltage fraction (V,/V = 0.01-0.5)
on top of the standing voltage to control the ionization process (compare Figs. 3.1 and 3.2b).
This method is however limited to electrically conductive materials, as the tensile load on the
specimen due to the electric field often exceeds the mechanical strength of brittle materials
e.g. TMN [116, 117, 120-122]. Another possibility to overcome the energetic barrier is
by thermal activation using laser pulses in the pico- to femtosecond range [123, 124] (see
Fig. 3.1). The necessary nominal voltage for evaporation can thus effectively be reduced due
to the laser energy (see arrows in Fig. 3.2b) [123, 125, 126] and enables for the investigation

of low-conductivity materials, such as oxides and nitrides [118, 127, 128].

To prevent from surface migration and diffusion of specimen material, which would corrupt
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the quality of the measurement, the whole assembly has to be cooled to cryogenic temper-
atures (20-80K) [119, 128]. By means of either voltage- or laser-pulsed APT it is possible
to measure the time of flight (TOF) of the evaporated specimen ions, which in combination
with the atomic coordinates (x, y — see Fig. 3.1) from the position sensitive detector (PSD)
results in almost atom-by-atom chemical sensitivity in three dimensions [128]. Computer-
aided reconstruction of the acquired data, e.g. by the software package IVAS™([129], further
allows for direct and statistical data processing, which is further explained in the discussion

on APT measurements of Ti;_,Al,N.

3.2.1 APT of Ti, ,AIN

Classical preparation techniques for metallic specimens use a two-step chemical etching tech-
nique as given in [108], to obtain needle-shaped specimens that fulfil all geometric precondi-
tions for APT measurements. Because of the high chemical stability and geometric limita-
tions due to the limited thickness of thin films on a substrate, this preparation technique is
improper in case of micrometer thin Ti; _,Al,N coatings. As suggested in literature [130-132]
more sophisticated techniques, using focused ion beam microscopy (FIB), can be utilised for
site-specific specimen preparation of e.g. grain boundaries and metallic thin films. In case
of metallic multilayer films for storage applications, the interesting features are planar and
thus lie perpendicular to the measurement direction of APT [130, 132-134]. The specimen
preparation by deposition of thin films on presharpened Si microtips [133, 135], prior to Ga-
beam sharpening in the FIB, appears as a time-saving alternative to the lift-out techniques

generally used.

In case of TMN however difficulties arise from direct deposition of e.g. TiN films on pre-
shaped Si microposts, as visible in the TEM cross-sections in Fig. 3.3 [136]. Although the
growth behaviour of the films on Si substrate and Si microposts are comparable with respect
to column width and orientation, the TiN film on the Si micropost exhibits extensive cracks
within the Si micropost but also between the TiN columns (indicated by arrows). The good
adherence between TiN film and Si micropost causes cracking below the interface. This is
because of the thermal mismatch of the Si substrate and the TiN coating during cooling
from deposition temperature (T4e, = 500°C) to room temperature, which usually results in

compressive stresses of the substrate (visible as strain contrast lines in Fig. 3.3a).

Because of the columnar growth of the films during deposition, similar to the TiN films
above, common FIB-based techniques were not suitable for the present work. By virtue of the
present works focus on the three-dimensional nature of spinodal decomposition in Ti;_,Al,N
thin films, a FIB-based preparation technique was modified to fulfil our requirements, as

explained in detail in Publication I. Usually the film growth direction (GD) is in line with the
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Si substrate

Si micropost

Figure 3.3: TEM cross-sections of TiN films after deposition on (a) a planar Si (001) substrate
and (b) a Si micropost as usually used for sample carrier for APT. Although the structural
features are equal for both substrates, the intercolumnar and interfacial cracks to the Si
micropost make APT impossible [136].

APT measurement direction (MD), thus the chemical fluctuations at the column boundaries
are difficult to access. Another point is that the Ti;_,Al,N films were annealed at high
temperatures, which would result in extensive substrate material indiffusion as explained in
Refs. [73, 136, 137]. Thus the APT-specimen preparation was performed from free-standing
Ti;_,Al,N coating material, in the as deposited state and additionally after annealing to
900 and 1350°C. The crucial issue is to mount the Ti;_,Al.N coating material with the GD

perpendicular to the MD, which enables to cross column interfaces during the measurement.

Since laser-assisted APT is strongly affected by specimen geometry, laser energy and ma-
terial properties [138], the suitability of steel and Si was studied as support materials for
APT of TMN. Moreover, the relatively low thermal and in case of Ti;_,Al,N also electrical
conductivity, causes significant troubles during APT. Thermal “tails” appear in the mass
spectrum, which can significantly reduce the signal-to-noise ratio and corrupt the resolution
of the analysis [138]. The influence of measurement temperature, evaporation rate, pulse
frequency and laser energy was explored for this reason in order to achieve optimum condi-
tions for data acquisition. It turned out that a laser energy of 0.7nJ, a pulsing frequency
of 200kHz, a temperature of 60 K and the utilization of predefined Si microposts as support

materials reached most suitable results (Publications I, II, III).

Using APT for the investigation of nanostructures formed during annealing provides es-
sential information for the understanding of spinodal decomposition and its impact on the
mechanical properties of Ti;_,Al,N. For the presentation of the APT data, 1D-, 2D-, and
3D-concentration profiles [115, 139] were used in combination with statistics [115, 140, 141]
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Figure 3.4: A 3D-interconnected structure of TiN- and AIN-rich domains has formed in
Tio.46Alp 54N after annealing to 900 °C. Isoconcentration surfaces were drawn at (red) Al- and
(blue) Ti-concentrations of 2, 5, and 7at.% above the average film composition. Empty re-
gions between the TiN- and AIN-enriched domains correspond to the remaining Tig46Alg54N
matrix with lower element concentration as the chosen threshold values.

on the extent of decomposition in the various annealing states. This approach delivers
information on the location of e.g. oxygen impurities (Publication I) or the magnitude of
elemental fluctuations on the metallic sublattice of Ti;_,Al,N already after deposition (Pub-
lication IT and IIT), highlighting the excellent applicability of APT for the investigations of
TMN thin films.

For graphical presentation of the 3D-nature of the TiN- and AlN-enriched domains, formed in
course of the annealing treatments, isosurface plots [115, 142] were used, which connect sub-
samples (voxels) of the measured sample volume exhibiting equal concentration of a certain
element, see for example Fig. 3.4. For further information and discussion see Publications
IT and III.

The structural and chemical investigations of annealed c-Ti;_,Al,N by XRD, HR-TEM, and
APT provided insights in the evolution of microstructure as a function of annealing tem-
perature and time. The spinodally formed structural features were further correlated with
the evolution of mechanical and electrical properties. A UMIS nanoindentation device [144]
was used to determine film hardness and indentation modulus (see Fig. 3.5a) for Ti;_,Al.N

films on pc-Al,O3 and correlated to the microstructural strain, €, (Fig. 3.5b), determined
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Figure 3.5: (a) Film hardness of Tig4sAlps54N as a function annealing temperature, 7y,
and time, t,. (b) Corresponding microstrain determined by the Williamson-Hall method
[143]. (c) Structural evolution of the films plotted as quasi-2D XRD plot. The intensities
are reflected by the corresponding colours. The detectable formation of w-AIN at 1100°C
(to = 1min) and 900°C (¢, = 120 min) corresponds to the hardness decrease in (a) and the
highest strains in (b).
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by the Williamson-Hall procedure [143] from X-ray diffraction of powdered Ti;_,Al.N films
(Fig. 3.5¢), after annealing for either 1 or 120 min at 7,.

By means of cross-combining experimental and theoretical work, it was shown that the 3D-
nature of the isostructurally formed c-TiN- and c-AIN-domains (compare Fig. 3.4) results
in increasing coherency strain between the microstructural features. In advance to other
results on small angle X-ray scattering (SAXS) [75, 145], EELS [146], or XRD [71, 147], it
was possible to identify the importance of coherent interfaces and the impact on the thermal
stability during the first stages of decomposition, before loss of coherency and the precipita-
tion of w-AlIN results in reduced mechanical properties and decreasing strain (see Fig. 3.5).
This approach enabled to draw a comprehensive picture on the impact of temperature and
time on the decomposition pathway of Ti;_,Al,N. Further information and experimental

details are included in Publication III.

3.3 Modelling Ti;_, ,Al, TM,N Alloys and Comparison to

Experiment

3.3.1 Applied Modelling Methodology for Ti;,_,_,Al, TM,N Alloys

The use of density functional theory (DFT) modelling in materials science is nowadays widely
accepted for investigations of the electronic structure of condensed matter. Using software
packages as the Vienna Ab Initio Simulation Package (VASP) [148, 149] or the Wien2k code
[150], allow for the calculation of alloy specific features e.g. formation energies (E£y), mixing

enthalpies (Hpix) or the charge transfer between atoms on the lattice [9].

In this thesis DFT modelling was used together with the projector augmented wave pseu-
dopotentials [151], employing the generalized gradient approximation (GGA) as parametrized
by Perdew and Wang [152]. Mainly two modifications, namely cubic (fcc, Bl-structure,
Fm3m space group, NaCl-prototype) and hexagonal (wurtzite, B4-structure, P6smc space
group, ZnS-prototype) were considered for the Ti;_,_,Al, TM,N alloys, and mimicked by
special quasi-random structures (SQS) [153, 154]. The respective supercells were set up by
36 atoms (3 x 3 x 2) for the cubic and 32 atoms (2 x 2 x 2) for the hexagonal structures.
Since only one or two atoms at the metallic sublattice (i.e. 18 or 16 sites, respectively, as the
other sublattice is fully occupied by N) were exchanged by TM-atoms, compositional steps
of 5.56 or 6.25at.% can be achieved for x and y in the Ti;_,_, AL, TM,N alloys. Further
details on the calculations can be found in Refs. [103, 155] and Publications IV to VIIL
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Figure 3.6: Formation energies, Ey, for Ti;_,_,AlL,TM,N with y = 0 and 0.111 (cub), or
y = 0 and 0.125 (wur) as a function of Al content, . For a given composition the more
stable structure is determined by the lower E;. The insert qualitatively indicates the shift
of the cubic (meta)solubility limit and the total energy of the system. Data were included
from Refs. [103, 156, 157] and Publications IV to VIII for various TM-elements, respectively.

3.3.2 Impact of TM-alloying on the Phase Stability of Ti;_,_,Al, TM,N

The structural transition from cubic to wurtzite in Ti;_,_,Al,TM,N can be predicted by
calculation of E; as a function of the Al content, as presented in Fig. 3.6 for TM =Y, Zr,
Nb, Hf and Ta, respectively. The structure with lowest E; values is most likely to be formed
during deposition. For clarity, only the data for the ternary Ti;_,Al,N and the quaternaries
with y = 11.1at.% (cubic) and y = 12.5 at.% (wurtzite) at the metallic sublattice are shown.
In the presented graph, a clear trend can be found for the impact of TM on the cubic
solubility limit.

The formerly discussed cross-over of the cubic and wurtzite structure is significantly lowered
from x =~ 0.69 [53] for Ti;_,AlN to z ~ 0.56 for the addition of 12.5at.% Y to the metal
sublattice ([156] and Publication IV). Additions of 12.5 at.% Hf (x ~ 0.69) [Publication VIII],
Nb (to z = 0.68) [Publication V], or Zr (z = 0.68) [103] to the metal sublattice have only
negligible influence on the extent of the cubic solubility range of Ti;_,_,Al, TM,N alloys.
The only slight increased cubic stability range to x ~ 0.70 [Publication VII] of Ti;_,Al,N
can be observed by the addition of Ta for the here studied TMN.

The magnitude of E; is influenced similarly, as highlighted by the arrows in the insert of
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Figure 3.7: (a) Cohesive energies, Eop, for c-Ti_,_,Al, TM,N as a function of Al content,
z, for y = 0 and 0.11. (b) The effect of various TM on E.,, in the region close to the
cubic (meta)solubility limit as function of y. (¢) The weighted sum of DOS of the hybridised
(COMhpyp,) and metallic (CO M) region (compare Fig. 2.3) indicate a measure for stability
of the alloy. Detailed information is included in Publications IV-VIII.

Fig. 3.6. The addition of group IIIB, IVB and VB TM-elements also strongly affects Fq,
of the quaternary cubic solid solutions, as shown in Fig. 3.7a for TM additions of y = 0
and 11.1at.% at the metal sublattice, respectively. While Y (three valence electrons, V' E)
reduces the cohesive forces, by significantly changing the electronic structure (see Publication
IIT), Hf and Zr (four V E, and isovalent with T1i) have almost no impact on the extent of E.p,.
In contrast, the group VB elements Nb and Ta (five V' E) increase E.,, over the whole Al
composition range. As the driving force for decomposition strongly increases up to the cubic
metastable solubility limit, an Al content of x = 0.56 was chosen to emphasise the effect of
Ti substitution by TM-alloying, see Fig. 3.7b. The above given trend for the different effect
of the V E configuration on the F o, strongly scales with the amount of TM at the metallic
sublattice.

Sorting the different TM-elements with respect to their extent on F,.,, a clear trend can
be deduced. While Y weakens the bonding, Zr and Hf exhibit almost no effect on the
electronic configuration. Only Nb and Ta significantly strengthen the bonding in cubic
Ti;_;—yAl,TMyN alloys. The diverse alloying effects can be correlated with changes in the
electronic structure, as summarised by the weighted average of the hybridised and metallic
regions of the DOS (compare section 2.2). The centre of mass of the hybridised states
(COMyy,) gives rise on the covalent part of the bonding, which shifts to a higher energy by
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Figure 3.8: Schematic summary of cubic binary TMN, including some important properties
and their lattice mismatch with respect to Tig42AlpssN. Data obtained from [27, 158-160]
as well as Publications IV-VIII.

Y-alloying but to lower energies by introduction of Hf, Nb and Ta. This behaviour stems
from the available TM d- and in case of Hf and Ta also f-states. An even more pronounced
effect appears for the near-metallic region, where C'OM,,; refers to the states close to the
Fermi level, Er, see Fig. 2.3. The reduction of the number of VE by Y reduces the sp*d>-
hybridisation in the t54-like symmetry, whereas Nb and Ta strengthen the metallic bonding
character by an additional d-electron, since CO My, shifts to lower values. The substitution
of Ti by isovalent Hf atoms has thus no significant effect on the metallic bonding behaviour.
For a detailed description, please see Publications IV, VII and VIII.

Due to the fact that in cubic alloys, six nearest nitrogen neighbours surround the metal
(compare section 2.2), it is more suggestive to discuss the effect of the various binary TMN
in a solid solution with Ti;_,Al,N. Therefore, some basic properties of the respective cubic
binaries are schematically summarised in Fig. 3.8. Since, the incorporation of TM at the
metal sublattice significantly changes the bonding character and thus also the lattice param-
eter of the alloy, the cubic lattice parameters, ac, of the binary TMN related to the reference
coating of Tig42AlgssN can facilitate the understanding of stress/strain development with

increasing TM-content.
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Figure 3.9: (a) Biaxial stress of the ¢-Ti;_,_,Al, TM,N films as a function of TMN content.
(b) Film hardness of ¢-T1;_,_, AL, TM,N films over the valence electron concentration, VEC.
The solid solution hardening effect of Hf-alloying can be attributed mostly to lattice strain,
while a V EC increase due to Nb- and Ta-substitution of Ti atoms promote the cohesive
strength of the alloy, compare with Fig. 3.7.

The lattice parameter difference, Aa,, of the TMN compared to Tig42Alp 53N hence intro-
duces significant strain in the quaternary Ti;_,_,Al,TM,N alloys. Consequently the com-
pressive stresses, o, of the Ti;_,_,Al, TMyN films increases steadily with increasing amount
of TM, as shown in Fig. 3.9a. In addition, all quaternary films exhibit a positive deviation
from Vegard’s rule [161]. Moreover, the varying number of V E per formula unit results in a
change of the total valence electron concentration, V EC', which provides a rough estimate
for the hardness according to Holleck [20] who observed a hardness maximum at VEC ~ 8.4
for ternary TM-carbonitrides. By opposing the experimentally observed film hardness as a
function of V EC, it is possible to discriminate the influence of TM-induced lattice strain or
compressive stress and the changes of the electronic structure with respect to cohesion, as

presented in Fig. 3.9b.

Since, Y (three V'E) lowers the interatomic bonding strength by substitution of Ti (four
VE) at the metallic sublattice, a reduction of VEC goes along with reduced hardness.
Moreover, a sp® hybridisation of the wurtzite phase becomes more favourable for higher Y-
contents, in agreement with the experimentally observed structural changes (see [156] and
Publication IV). On the opposite, the introduction of five-valent Nb or Ta enhances the
interatomic bonding strength, by promoting the interaction of the metal d-states with N p-
states. This behaviour favours the sp?d?-hybridisation of the metallic region close to Er (see

Publication IV and VII), which results in increased cohesive strength of the quaternary alloy
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compared to Ti;_,Al,N. The solid solution hardening effect of dissolved ZrN and HfN in
Tii_z—yAl, TMyN can however almost exclusively be related to Aa,, since the incorporation
of Zr and Hf exhibit almost no impact on the electronic structure of the alloy. Details can
be found in Publications IV-VIIIL.

3.3.3 Thermal Stability of Ti,_,_,Al, TM,N

In order to get an estimate for the driving force for isostructural decomposition of quaternary
6Ti;_,_,Al,TM,N alloys, DFT calculations were used for the determination of the mixing
enthalpy, Hyix, which resembles the development of the energy of formation, E; (compare
Fig. 3.6), respectively. Since all H,;, values of the quaternary alloys are positive, the total
energy of the system will be lowered due to decomposition into the boundary phases. By
examination of H;, of the individual ternary boundary TMN alloys it is possible to predict

the stable phases after decomposition, see Fig. 3.10.
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Figure 3.10: Mixing enthalpies, H;y, of (a) TM;_,Al,N and (b) Ti;_,TM,N for a decompo-
sition into the cubic boundary phases. Details are included in Ref. [24, 27] and Publications
IV to VIII.

All ternary TM;_,Al,N exhibit strongly positive H,;, with respect to c-TMN and c-AIN or
w-AlIN, which scale with the Al content and reach their maximum around the metastable
solubility limit of the respective cubic ternary phase. From this it is possible to predict
that after decomposition no ternary TM;_,Al,N phase exists. Performing the same sort of

calculation for the ternary Ti;_,TM,N, using z = y/(1 — x), the situation changes, as H
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is significantly lowered with respect to the metastable ternary Ti;_,Al,N for TM-element
additions of group IVB and VB.

For Nb and Ta additions, a solid solution of Ti;_,Nb,N and Ti;_,Ta,.N is even more stable
than the binary TMN throughout the whole composition range. A negligible driving force
exists for Ti;_,Hf.N, while Ti;_.Zr.N can be regarded as a border case, since it exhibits
positive Hy,;, but only half the magnitude of Ti;_,Al,N. On the opposite, Ti;_,Y,N exhibits
an even higher driving force for decomposition, compared to Ti;_,Al.N, suggesting a strong

driving force for phase separation into the binary ¢-TiN and ¢-YN [87].

These predictions are extremely helpful in order to determine the stability of the various
possible phases forming in course of thermal load. As explained in section 3.2 spinodal
decomposition into ¢-AIN- and c-TiN-rich domains causes age hardening of the ternary
Ti;_,AlN system. Investigations on the structural evolution of c¢-Ti;_,_,Al,TM,N thin
films as a function of Ta have proven that the initial stages of decomposition can be related
to the spinodal formation of c-AlN-rich and ¢-Ti(TM)N-rich domains, before precipitation

of w-AIN occurs and over-ageing causes decreasing film hardness.

The development of structure and the corresponding volume fractions is schematically shown
in Fig. 3.11 for ternary c-Ti;_,Al,N (a) and the quaternary c-Ti;_,_, AL, TM,N (b, c) alloys.
In agreement with ab initio predictions the formation of a dual phase structure, consisting
of w-AIN and a solid solution of c¢-Ti;_,TM,N, was observed after decomposition into the
thermodynamically stable phases at high temperatures for all c-Ti;_,_,Al, TM,N alloys up
to y =~ 0.1 (see Publications V to VIII and Refs. [87, 103, 136]). The only exception is
c-Tiy_,—, AL, Y, N, which further decomposes into w-AIN, ¢-TiN and c-YN [87], as suggested
from the interpretation of Hy,, (see Fig. 3.11c¢).

The corresponding development of film hardness is shown in Fig. 3.11d. Although the
extent of the hardness increase becomes less pronounced with increasing TM-content in the
films, the hardness increase starts at lower 7, but is maintained to higher T, (compare
Figs. 3.11a and b). Since increasing isostatic pressure is known to promote the isostructural
decomposition of Ti;_,Al,N, it is likely that TM-alloying similarly enhances the driving force
for spinodal decomposition because of the increasing compressive stresses in the coatings with
increasing amount of TM at the metallic sublattice (compare Fig. 2.6 in section 2.2). Hence,
the hardness increases already at lower 7;,. On the other hand, the higher coherency strain
between the isostructurally formed phases, due to an increasing lattice mismatch between
the c-AIN-rich and ¢-Ti(TM)N-rich domains imply a retarding force for the precipitation of
w-AIN, which requires ~ 24% bigger volume per formula unit than c-AIN. Further details
are given in Publications I1I, VI to VIII and Refs. [66, 74, 155].

By means of vacuum annealing treatments it is possible to determine e.g. temperature and
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Figure 3.11: Schematic showing the structural evolution of metastable c¢-Ti;_,Al.N as a
function of T, with corresponding phase fractions (a). The formation of c-AIN- and c¢-TiN-
enriched domains during spinodal decomposition (see Publications IT and III) is followed
by the precipitation of w-AIN and deteriorating mechanical properties (d) in the final dual
phase regime. The evolution of quaternary c-Ti;_,_, AL, TM,N alloys is shown for (b) the
formation of dual phase structure (w-AIN + ¢-Ti(TM)N) at high temperatures in case of
group IV and VB elements or (c) the formation of three stable phases after decomposition
in case of Y alloyed Ti;_,Al,N.

mechanisms for the decomposition route of Ti;_,_,Al, TM,N under thermal load as dis-
cussed above. The observed structural evolution towards the predicted equilibrium phases
is however only valid for dissociation in vacuum or protective gas atmosphere. In order to
estimate the thermal stability of protective coatings, where high-temperature oxidation in
ambient air is among the predominant failure mechanisms, additional annealing treatments
were conducted at 850 and 950°C (20 hours) under ambient atmosphere. The remaining
nitride thickness of the Ti;_,_,Al,TM,N films on Al;O3, was determined from SEM cross-
sections after thermal load and normalised to the as deposited thickness, as presented in
Fig. 3.12. It can be seen that the ternary Ti;_,Al,N suffers from complete oxidation, while
all TM-alloyed films exhibit remaining nitride layers after oxidation at 850°C (Fig. 3.12a).
Already small TM-additions of 3 to 5at.% at the metallic sublattice result in efficient ox-
idation protection in the case of TM = Zr, Nb, Hf, and Ta (compare to Refs. [103, 136]
and Publications VII and VIII). Similar observations were achieved for thermal exposure
at 950 °C, where however only the Ti,_,_,Al;TM,N films alloyed with Ta provided signifi-

cantly improved oxidation resistance for little TM contents, whereas Nb and Hf only achieve
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Figure 3.12: Unaffected nitride layer thicknesses of Ti;_,_,Al, TM,N films with TM = Hf, Nb
and Ta after annealing in ambient air at (a) 850°C and (b) 950 °C for 20 hours, with respect
to the as deposited coating thickness. (c) Electron backscatter images of Ti;_,_,Al, TM,N
fracture cross-sections. From top left to bottom right: the fully oxidised Tig42AlgssN film,
and Ti_,_,ALTM,N from (b) with highest TM-contents investigated after annealing at
950°C. The oxide scale is referred to as O and the remaining nitride as N, respectively. The
best performance was achieved for the Ta-containing coating where only negligible oxidation

occurred.

satisfying protection for y £ 8at.% (Fig.3.12b).

The growing oxide scale equally consists of a dense Al,O3-layer on top for all Ti;_,_,Al, TM,N
films investigated (compare Figs. 3.13 and 3.14). This Al-rich oxide is known to reduce the
oxygen indiffusion and only retains the coating lifetime if the porous Ti-rich oxide under-
neath does not suffer from mechanical load, which causes spallation of the brittle oxide scale
[45]. In the case of the Zr- [103] and Hf-alloyed Ti;_,_,Al, TM,N films an alternating layer

structure develops, which consists of Al- and Ti-enriched oxides (see Fig. 3.13).

The respective TM remains with Ti, forming a mixed Ti-TM-oxide, as indicated by the
EDX-element maps, where a slight oxygen depletion in the Ti-rich domains compared to the
Al-rich scale can be identified. The effective enhancement of the Zr- and Hf-alloyed films
can thus be attributed to the higher activation energy for diffusion of the TM compared to

Ti or Al [162]. Further details are included in Publication VIII.

On the other hand, the incorporation of Nb and Ta in Ti;_,_,Al;TM,N exhibits an even
more effective protection against oxidation even after a thermal load of 950 °C for 20 hours
(compare Fig. 3.12 and Fig. 3.14). Akin to the TM-elements of group IVB (Zr, Hf), a higher
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Figure 3.13: EDX elemental map of a Tigs5Alg55Hfp 1N cross-section after annealing at
950°C for 20 hours. A self-organised multilayer of Al;O3 and a mixed Ti-Hf-oxide has
formed on top of the unaffected nitride layer.

AlLO,-substrate

Figure 3.14: EDX elemental map of a Tig35Alg57NbgosN cross-section after annealing at
950°C for 20 hours. A dense Al;O3 top layer and a porous mixed Ti-Nb-oxide near the
interface can clearly be distinguished (compare Fig. 3.12c).
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activation energy of Nb or Ta results in a dense Al-rich top layer and an Ti(Nb)- or Ti(Ta)-
enriched layers below. The different diffusion kinetics are also assumed to account for the
higher porosity at the interface of the Ti-Nb-oxide and the virgin coating (see Fig. 3.12c).
In addition, the substitution of Ti** ions by Nb>* or Ta’" ions is meant to effectively slow
down the oxygen anion indiffusion, due to a reduction of oxygen vacancies. Further details
can be found in Ref. [101, 163] and Publication VII.
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CHAPTER 4

Summary of Publications and
Contribution to the Field

Publication I:

A focused ion beam (FIB) microscopy-based lift-out technique was modified in order to fulfil
the specific requirements for atom probe tomography (APT) of thermally treated transition-
metal nitride (TMN) thin films. The method includes information on the set up and pa-
rameters for APT of free-standing low-conductivity TMN-coating material and the interplay
between attached coating specimen and different support materials (low-carbon steel and
doped silicon) during laser-assisted APT. In this work, the suitability of APT for the de-
tection of impurities has been investigated in terms of the oxygen impurity distribution in
thermally treated Tip46Alg 54N thin films. Further, the given information enables for analysis
of morphological and chemical features along the cross-section of thin films, which effectively
enhances the possibility to cross several grain boundaries in case of thin films with columnar

structure, in contrast to traditional preparation techniques.

Publication II:

The isostructural decomposition of cubic (fcc, Bl-structure, Fm3m space group, NaCl-
prototype) Tig46Alg54N thin films has been investigated by laser-assisted APT. Small initial
chemical fluctuations at the metallic sublattice of Tiy4sAlp54N thin films were detected al-
ready after deposition. Free-standing Tip46Alg 54N thin films investigated after annealing to
900°C for 1min, exhibited a three-dimensional interconnected structure of cubic TiN-rich
(Ti;_z+aAlL,_aAN) and AlIN-rich (Ti;_,_aAl,;aAN) domains. The observed morphological

features, such as the increasing deviation from the average chemical composition of the films
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and the diffuse domain boundaries between the respective TiN- and AIN-enriched domains,
clearly indicate uphill diffusion and thus spinodal decomposition as the underlying mech-
anism. The ongoing phase separation into the thermodynamically stable cubic TiN and
wurtzite (B4-structure, P63mc space group, ZnS-prototype) AIN was shown by investigation
of Tig46Alg54N thin films after annealing to 1350°C. This report is subject to the first
successful application of laser-assisted APT for the study of phase separation in transition

metal nitride hard coatings.

Publication IlI:

A combined approach, including X-ray diffraction (XRD), high-resolution transmission elec-
tron microscopy (HR-TEM), nanoindentation, four-point probe measurements, laser-assisted
APT and DFT calculations, was used in order to solve a long standing question on the inter-
play of temperature and time during spinodal decomposition of ¢-Ti;_,Al,N thin films. The
microstructural evolution of ¢-Tig46Alg 54N, which exhibits a high driving force for isostruc-
tural decomposition, was associated with mechanical and electrical properties during vac-
uum annealing up to 1400°C. A detailed description of the decomposition pathway of
c-Tip46Alp54N exploits the importance and development of coherency strains on the age
hardening effect of Ti;_,Al,N. The steady increase of the microstructural strain, e, within
the single phase cubic regime up to annealing temperatures of 1000°C (for an annealing
time, t,, of 1 min) and 800°C (¢, = 120min) can be attributed to spinodal decomposition
and the formation of coherent cubic TiN- and AlN-enriched domains, which results in peak
hardness at the respective temperatures (and corresponding t¢,). Increasing the annealing
temperature (e.g. > 1000°C for {, = 1min) or time (e.g. 120min at 900°C) enable for
the phase transformation of the metastable c-AIN-rich domains towards the stable w-AIN,
which first causes a dramatic strain increase (due to the higher specific volume of w-AIN)
but yield no further hardness increase. With growth of w-AIN the development of a dual
phase structure goes along with loss of coherency between the phases, reduction of € and

decreasing film hardness.

Publication IV:

The transition metal (TM) alloying effect of Y and Nb on the development of microstruc-
ture and mechanical properties of Ti;_,Al,N thin films was studied. Ab initio calculations
are used to exploit the structural transition from cubic to wurtzite structure in the case
of Tij_,_,ALY,N for Y contents £ 5at.% at the metal sublattice. The Y incorporation
induces a decreasing grain size but also decreasing film hardness, in contrast to a classical

Hall-Petch [164] relationship. An opposite behaviour was found for Nb alloying, where the
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microstructural feature size increased but also an increasing hardness was observed up to
the highest Nb additions of 8at.% at the metal sublattice. The reason for this behaviour
was identified by density functional theory, which allowed for the calculation of the different
alloying effects of group IIIB (Y) and VB (Nb) TM-elements. Analysis of the density of
states have shown, that change of the electronic structure either results in a preferred sp?
hybridisation and thus the transition of cubic Ti;_,_,Al,;TM,N towards the wurtzite modi-
fication (in case of Y alloying) or an enhanced d—d orbital interaction (for Nb alloying) while
keeping the sp*d* hybridisation, which strengthens the bonding in Ti;_,_,Al,Nb,N.

Publication V:

The impact of Nb alloying on structure and phase stability of Ti;_,Al,N thin films, deposited
by magnetron sputtering from Ti-Al-Nb targets with two different Ti/Al ratios of 1:1 and 1:2
and increasing Nb contents of 0, 2, 4, 8 and 0, 2, 5, and 10 at.%, respectively, was investigated
in the as deposited state and after vacuum annealing to 1450 °C. The experimental findings
from XRD after deposition support the ab initio calculations on the cubic metasolubility limit
in Ti;_,_,Al,Nb,N alloys, which only slightly shifts from = ~ 0.69 to ~ 0.68 for Nb additions
of y = 0 and 0.125, respectively. The higher Al containing Ti;_,_,Al,Nb,N coatings exhibit
either a single phase wurtzite or a dual phase (cubic/wurtzite, ¢/w) structure. Comparison
of the ab initio obtained data and experiments, in terms of calculated lattice constants
and the observed phases after decomposition due to the annealing treatment, yield a good
agreement. It is shown, that supersaturated c-Ti;_,_,Al,Nb,N films fully decompose into a
solid solution of ¢-Ti;_,Nb,N (with z = y/(1 — z) and w-AIN during annealing to 1450 °C,
while the w- and ¢/w-Ti;_,_,Al,Nb,N films exhibit a tendency for further precipitation of
Nb—N phases.

Publication VI:

Density functional theory calculations were employed to predict the thermodynamically sta-
ble compounds, forming from a supersaturated solid solution of c-Ti;_,_,Al,Ta,N thin films
in course of vacuum annealing to 1400 °C. The ab initio predicted positive deviation of the
cubic lattice parameters (a.) for Ti;_,_,Al, Ta,N alloys (with y = 0, 0.056 and 0.11) from a
linear interpolation (Vegard’s rule) of a. of the binary boundary systems is experimentally
proven by X-ray diffraction measurements of powdered as deposited Ti;_,_,Al, Ta,N thin
films with increasing Ta content of 0, 3, 5, and 10 at.% at the metallic sublattice, respectively.
The difference in a. between DFT calculation and experiment is within ~ 1%. Further, a
methodical approach is presented which uses the mixing enthalpies, H,;., of the ternary

boundary phases of Ti;_,_,Al, Ta,N to estimate the formation of the thermodynamically
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stable phases after decomposition. The theoretical approach predicts a dual phase structure
of wurtzite AIN and a solid solution of cubic Ti;_,Ta,N, with z = y/(1 — z), after decompo-
sition. A positive Hy,, as calculated for Ti;_,Al,N and Al,_,Ta,N throughout the whole
composition range, indicates a high driving force for decomposition while on the opposite the
negative Hyix of Ti;_,Ta,N points towards a more stable phase. These results are confirmed
by XRD measurements on the vacuum annealed Ti;_,_,Al,Ta,N films and demonstrate that
ab initio calculated Hyi, can be used to accurately predict thermodynamical phase stability

of quaternary solid solutions.

Publication VII:

The electronic structure of the c-Ti;_,_,Al, Ta,N alloy compositions discussed in Publication
V1, is analysed with the goal to estimate the thermal stability of the quaternary thin films.
The ab initio results indicate a decreasing energy of formation, E, as well as increasing co-
hesive energies, Fo, due to increased d—d orbital interaction (compare Publication IV) with
increasing amount of Ta in the coatings. In order to determine the impact of Ta alloying on
the thermal stability of ¢-Ti;_,_,Al;Ta,N, the coatings were exposed in vacuum to different
annealing temperatures (7, = 500 to 1400°C in 100°C steps) and times (¢, = 1, 120, and
480 min constant T, = 900°C). The experimental results indicate an akin decomposition
route as observed for the cubic ternary Ti;_,Al,N (compare Publications I-1II), resulting in
age hardening of the Ti;_,_,Al,Ta,N films with increasing 7,. However, the appearance of
w-AIN, usually going in line with decreasing film hardness, is effectively retarded to ~ 200
300°C higher Ta (or longer t, at constant T, of 900 °C), compared to the Ta free coatings.
The formation of a dual phase structure of ¢-Ti;_,Ta,N and w-AIN, initiated by spinodal
decomposition, thus enhances the mechanical properties at high temperatures. Additional
oxidation experiments performed at 7, = 850 and 950°C for 20 hours corroborate the as-
sumption that Ta alloying of Ti;_,Al,N essentially increases the thermal stability of the
coatings. Already Ta additions of 3at.% to the metallic sublattice increase the remaining
nitride thickness (with respect to the initial film thickness) of the Ti;_,_,Al, Ta,N coatings
from zero (Ta free Tig41Alg59N) to = 95 and =~ 87% for T, = 850 and 950 °C, respectively.

Publication VIII:

The cubic (meta)stability limit of Ti;_,_,Al, Hf, N films has been experimentally checked as
a function of Al content, x, and for Hf additions, v, up to 10 at.% at the metallic sublattice. A
direct interpolation of the ab initio predicted solubility limits between the quasibinary TiN—
AIN and HfN-AIN border cases, yield a good agreement with the experimental results of the

various Ti;_,_, Al Hf,N films deposited on silicon single crystals and also literature reports.
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Four selected compositions close to the metastable cubic solubility limit, e.g. Tig41Alg 59N,
Tig38Alg 60Hf 02N, Tig.38Alg.57HEg 05N, and Tig 35Alg 55Hfg 10N, have been selected for anneal-
ing treatments in vacuum and ambient air in order to estimate the impact of Hf on the
thermal stability of Ti;_,Al,N. The increasing hardness with increasing amount on Hf in
the coatings mainly stems from a size dependent strain hardening effect, rather than changes
in the electronic structure (compare Publications IV and VII). With increasing Hf amount
at the metallic sublattice of the Ti,_,_, Al Hf N films, 7;, where w-AIN can first be detected
increases from =~ 900°C for Tip4;AlpsoN to ~ 1100°C for TigssAlys7HEy05N. The corre-
sponding peak hardness values of ~ 38 GPa (y = 0) and ~ 40 GPa (y = 0.05) are observed
after vacuum annealing to T, = 900 and 1000 °C, respectively. The earlier hardness increase
(at lower T,) with increasing amount of Hf in the films can be attributed to the higher
intrinsic stresses of the films, which promote the isostructural decomposition but retard the
formation of w-AIN, akin to the Ti;_,_,Al,Ta,N films investigated in Publication VII. Also
an increased oxidation resistance with increasing Hf content in the films is observed for an-
nealing in ambient air at T, = 850°C for 20 hours, where the Hf free coatings suffer from
complete oxidation. Increasing T, by 100°C to 950 °C, results in fully oxidised films except
the Ti;_,_, Al Hf, N coatings with y = 0.1, where a remaining nitride layer of ~ 61% with

respect to the initial coating thickness can be observed.

Concluding Remarks:

The experimental studies of Publications I-III, employing a combination of 3D-APT, HR-
TEM, XRD, and nanoindentation, enable for a comprehensive understanding of the age
hardening phenomenon of cubic (¢) Ti;_,Al,N at the atomic scale. Based on these in-
vestigations, it has been necessary to define the most important factors accounting for the
thermal stability of c-Ti;_,Al,N. It is shown that the formation of coherency strains between
the isostructurally decomposing domains, e.g. ¢-Ti;_,1aAAl,_AN and c-T%;_, AAl, AN, re-
spectively, is crucial for the observed increase of the film hardness with increasing annealing

temperature and/or time.

The goal to enhance the thermal stability of the ternary Ti;_,Al,N films was persecuted
by researching sophisticated transition metal (TM) alloying concepts in order to trigger the
onset of the wurtzite (w) AIN phase-formation, which is known to result in deteriorating

mechanical properties at high temperatures.

In this work, quantum mechanical calculations were utilised as a predictive trend-giver for
the various alloying effects of group I1IB to VB transition metals (e.g. Y, Nb, Hf and Ta), and
compared to experiments. It is shown that density functional theory (DFT) calculations can

be employed to estimate e.g. phase stabilities of the various supersaturated Ti;_,_,Al,; TM,N
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solid solutions after deposition, see for instance Publications IV and V, but also to predict
the thermodynamically stable products after thermally activated decomposition as shown in
Publications VI to VIII.

The good agreement between ab initio predictions and the observed properties of the quater-
nary Ti;_,_,Al,TM,N thin films indicates the strong correlation of the electronic structure
in this class of nanostructured materials. Consequently, this work provides a significant con-
tribution to the field of theory guided materials design, as it presents numerous examples for
successful implementation of quantum mechanical calculations to the development of hard

coatings with superior high-temperature properties.
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