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Abstract

English Abstract

In today's industry, ceramic hard coatings have become necessaty to extend the service life and
improve the properties of tools and components. Of particular interest is the class of transition
metal nitrides, with face-centered cubic (fcc) TiN being the most widely used and studied coating
material. Alloying is a widely used method to improve the performance of this material. An
excellent example of alloying is the addition of B or Al to improve mechanical properties. However,
it has been shown that the solubility of B on the non-metal lattice of fcc-TiN—unlike that of Al
on the metallic lattice of fcc-TiN—is not trivial, since only a few atomic percent of the provided
amount can be dissolved due to constraints, beyond which precipitation occurs. This work shows
that a B solubility of up to 10 at.% (equivalent to 20 at% of the non-metal sublattice) can be easily
achieved by controlled manipulation of the TiN-based lattice through vacancies at the non-metal
sublattice and/or metal-alloying at the metal sublattice. When B is completely dissolved in the fcc-
TiN lattice, there is a slight increase in fracture toughness compared to pure fcc-TiN. In contrast,
coatings with the same B content—where excess B segregates amorphously at the grain
boundaries—exhibit similar hardness, but the solubility of up to 10 at.% B results in a significant
increase in fracture toughness. The B solubility was primarily investigated by detailed X-ray
diffraction studies and confirmed by complementary high-resolution transmission electron
microscopy. As important as the solubility of alloying elements in a material system is the
determination of the properties relevant to the application. Density functional theory calculations
are at the forefront of modern materials science in this regard. However, their inherent limitation
of calculating only elastic properties, which are very difficult to determine experimentally, limits
their full potential and leaves materials science without an essential feedback tool. Therefore, this
thesis also concentrates on a new combined micromechanical method based on synchrotron
diffraction to fully derive the elastic constants purely by experiments (including the Poisson’s ratio,
which is often simply assumed or calculated).

This study shows not only how to determine the solubility of the desired alloying element boron
in TiN, but also how this affects the application-relevant properties, how this solubility can be
modified, and finally, a methodology to entirely determine the elastic constants of thin films.

In a general context, all these studies can be applied to the Ti-B-N model system and, in principle,

to all material systems, thus representing a significant enrichment in the field of materials science.
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Deutsche Kurzfassung

Keramische Hartstoffschichten sind zu einer Notwendigkeit geworden, um die die Eigenschaften
von Werkzeugen und Bauteilen zu verbessern und damit deren Lebensdauer zu verlingern.
Besonders hervorzuheben ist die Klasse der Ubergangsmetallnitride, wobei kubisch
flichenzentriertes (kfz) Titannitrid (TiN) als das am hiufigsten verwendete und untersuchte
Schichtmaterial einen Spezialfall darstellt. Um die Beanspruchbarkeit von TiN Hartstoffschichten
zu verbessern, wird TiN hiufig ein drittes Element zulegiert. Ein gelungenes Beispiel ist die
Legierung mit Bor oder Aluminium zur Verbesserung der mechanischen Eigenschaften. Es hat
sich jedoch gezeigt, dass die Loslichkeit von Bor im nichtmetallischen Gitter im Gegensatz zur
Loslichkeit von Aluminium im metallischen Gitter von kfz-TiN nicht trivial ist, da das wesentlich
grofere Boratom aufgrund geometrischer/thermodynamischer/kinetischer Limitierungen nur zu
einem sehr geringen Anteil im kfz Gitter geldst werden kann. Zudem fiihrt ein Uberschuss an Bor
zur Ausbildung weiterer Phasen (z.B. amorphen Korngrenzenphasen). In dieser Arbeit konnte
gezeigt werden, dass einerseits durch kontrolliertes Einbringen von Leerstellen am
Nichtmetallgitter und andererseits durch gezieltes Legieren grolerer Atomen im Metallgitter eine
Borloslichkeit von bis zu 10 at.% (entsprechend 20 at% am Nichtmetalluntergitter) problemlos
erreicht werden kann. Dies fuhrte bei gleicher Hirte zu einer leichten Erh6hung der Bruchzihigkeit
gegentiber dem Ausgangssystem kfz-TiN und zu einer deutlichen Verbesserung gegentiber einer
Schicht mit dhnlichem (nicht gel6stem) B-Gehalt. Diese Loslichkeit wurde hauptsichlich durch
detaillierte  Rontgendiffraktionsmessungen  und  durch  erginzende  Hochauflésende
Transmissionselektronenmikroskopie bestitigt. Ebenso wichtig wie die Loslichkeit von
Legierungselementen in einem Werkstoffsystem ist die Bestimmung der anwendungsrelevanten
Eigenschaften. Die Anwendung der Dichtefunktionaltheorie gilt in der heutigen
Materialwissenschaft als wegweisend, hat aber die inhirente Einschrinkung, dass z.B. die
berechneten elastischen Eigenschaften experimentell nur sehr schwer zu verifizieren sind. Damit
fehlt der Materialwissenschaft ein wichtiges Riickkopplungswerkzeug. Im dritten Teil dieser Arbeit
wird eine neue kombinierte mikromechanische Methode basierend auf Roéntgenbeugung mit
Sychrotronstrahlung vorgestellt, die sich genau dieser Problematik annimmt und eine rein
experimentelle Bestimmung der elastischen Konstanten von dinnen Schichten erlaubt.

Diese Arbeit zeigt nicht nur wie die Loslichkeit eines gewtlinschten Legierungselements (hier Bor)

in kfz-TiN modifiziert werden kann, sondern auch, welche Auswirkungen dies auf die
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anwendungsrelevanten Figenschaften hat. Allgemein betrachtet lassen sich all diese Methoden
nicht nur auf das gewihlte Modellsystem Ti—-B—N, sondern prinzipiell auf alle Materialsysteme
anwenden und stellen somit eine wesentliche Bereicherung auf dem Gebiet der

Materialwissenschaften dar.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

1 Introduction and Motivation

1 Introduction and Motivation

In materials science and engineering, scientists seek to understand the structure, behavior, and
performance of materials to explore their properties and improve them for targeted technological
applications. With a background in fashion design, I have long been fascinated by how creativity
combines with technical precision to bring aesthetic vision and functional design to life. In fashion
design, a clothing item is not merely a utilitarian object; it serves as a second skin, protecting it
from the elements while expressing individuality and style. Just as fashion designers carefully select
fabrics, textures, colors, and patterns to adorn the human form, researchers in coating technology
tailor the composition and structure of thin films to decorate and enhance the performance of bulk

materials.

In particular, physical vapor deposition (PVD) has emerged as a versatile tool in modern surface
engineering [1]. Compared to traditional metallurgical strategies, PVD techniques offer distinct
advantages over bulk synthesis, requiring significantly less material to provide effective surface
protection against various external factors such as wear, corrosion, oxidation, abrasion, or chemical
exposure [2]. In addition, the kinetically controlled path that sputtered atoms/species follow as
they transition from the gaseous to the solid state—at exceptionally high cooling rates (~10°
K/s)—facilitates the formation of metastable phases (in contrast to traditional synthesis routes
constrained by equilibrium thermodynamics). The atomic bombardment inherent in PVD
techniques, such as magnetron sputtering, facilitates the transfer of target material to the substrate,
allowing precise control of the film growth morphology [3]. During this process, the energy
imparted to the atoms introduces numerous defects into the crystal lattice of the deposited thin
films, which act as strengthening mechanisms to enhance the mechanical properties of PVD
sputtered coatings. By adjusting deposition parameters such as temperature, pressure, bias
potential, and deposition rate; the coatings thickness, composition, and microstructure can be
precisely tuned, enabling optimization as well as modification of thin film properties to improve

the performance, reliability, and longevity of coated components and surfaces.

The applicability of PVD to many elements of the periodic table and its unparalleled flexibility in
process parameters have made it an attractive and powerful tool for industry and science since its
commercialization nearly half a century ago. While sputtering was first observed by Sir W.R. Grove
[4] in 1852, it did not gain commercial importance until the 1940s, when more reliable and

affordable vacuum equipment became available for surface coating purposes. In the early 1970s,
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1 Introduction and Motivation

magnetron sputtering sources developed by J.S. Chapin [5] emerged as a promising alternative
toward faster deposition rates. However, early magnetron sources (where the magnetic field, B,
was symmetrically distributed) trapped the plasma close to the surface of the sputtering target,
resulting in low ion bombardment and poor film quality. Although efforts have been made to
overcome this limitation, such as adding additional ionization sources or using radio frequency, B.
Windows and N. Savvides [6] discovered a more effective solution with the invention of the
unbalanced magnetron in 1986. This unbalanced configuration allows some electrons to escape the
confining ExB field (where E is the electric field), generating plasma in regions away from the target
surface. When these escaping electrons are linked to other unbalanced magnetron sources (typically
from south to north poles), the potential area where plasma can persist expands significantly.
Together, the efforts of pioneering researchers such as J.A. Thornton [7,8], R.F. Bunshah [9], W.D.
Sproul [10, 11], and W.-D. Minz [12—-14] have brought magnetron sputtering technology from its
earliest days to its current status as a widely used deposition approach in materials science and

industrial manufacturing.

While PVD sputtering is well known for its applicability to various fields of research in materials
science and engineering, the technique has become famous for depositing a variety of ceramic
coatings. Particularly in applications demanding superior durability and performance, transition
metal nitride hard coatings such as Ti—Al-N [14], AI-Cr—N [15], or Ti—~C—N [16] have emerged as
a vital subset, renowned for their exceptional hardness, wear and oxidation resistance [17,18].
Mainly, titanium nitride (TiN) stands out as a first-generation hard coating that has evolved
immensely from its initial use as a protective layer for cutting tools in the mid-20th century to
become one of the most prominent and widely used (and studied) coating systems in the industry
(and science), due to its exceptional range of beneficial functionalities [19]. In the 1990s, with the
work of W. Gissler [20], titanium boron nitride (Ti—B—N) coatings have gained recognition for
their improved wear resistance and high-temperature stability (~600-800°C) compared to TiN
[citation]. Following the work of C. Mitterer and P. H. Mayrhofer [21-23], nanocrystalline
TiN+TiB; thin films became popular in the 2000’s due to their inherent superhardness (> 40 GPa)
[citation]. While the addition of boron (B) can significantly improve the mechanical properties of
TiN-based coatings, achieving its full incorporation in the face-centered cubic (fcc) lattice is
challenging. To understand this less studied limitation, the effect of variations in chemical
composition along either the TiN-TiB; or TiN-TiB tie line on the solubility of B in the fcc-TiN
lattice was investigated in this thesis (Chapter 5). Building on this research, this thesis further
addresses the confined spatial conditions for B at the non-metal sublattice that inhibit the

formation of the fcc-Ti(N,B) solid solution (Chapter 6).
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1 Introduction and Motivation

Although the development of new synthesis strategies for ceramic thin films is a driving force in
the field of surface and coating technology, careful evaluation and testing are critical to
understanding and guaranteeing the target material properties. However, measuring the mechanical
elastic properties of ceramic thin films, such as Young's modulus, E, and Poisson ratio, v, is
challenging. Despite recent advances in high throughput computing, theoretical models do not
fully account for the complexity of thin film coatings. This thesis builds upon recent advances in
in situ micromechanical testing and synchrotron X-ray diffraction to propose a novel methodology
for accurately measuring direction-dependent elastic constants in ceramic hard coatings, using

TiNosBo. thin films as model material (Chapter 7).
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2 Alloy Design of TiN-based Coatings

In the crystal structure of titanium nitride (TiN), titanium (Ti) and nitrogen (N) atoms form a face-
centered cubic (fcc) lattice within the unit cell, corresponding to the space group Fm3m (space
group number 225). Based on its crystal, fcc-TiN can be further described as an interstitial
compound or a Hdgg phase, derived from the principles of intermetallic solid solutions established
by Swedish chemist Gunnar Higg in 1929. Higg's rule guides the arrangement of smaller non-
metal atoms (e.g., H, B, C, N, or P) within the interstitials of the transition metal-sublattice based
on the ratio of the radius of the non-metal atom, 75, to the radius of the metal atom, 73,. In TiN,
the smaller N atoms occupy the octahedral sites within the closely packed arrangement of larger Ti

atoms (see Fig. 2.1), characteristic of interstitial compounds that obey the rule of

rx
041 <—<0.59 2.1)

(001)

‘\0\0\

(100)

Figure 2.1. Illustration of a face-centered cubic titanium nitride unit cell, containing four Ti (dark

gray) and four N (light gray) atoms: One-eighth of a Ti atom at each of the corner (8 'é = 1),
one-half of a Ti atom on each of the six faces, (6 : % = 3), one-quarter of an N atom on each of

the 12 edges, (12 . i = 3), and one N atom in the center. The octahedral side is indicated in blue.

The lattice parameter, @, for fec-TiN is 4.255 A (calculated), and the lattice spacing for the {200}
plane families, dyqg, is 1.128 A (calculated).

In the crystal structure of titanium nitride (TiN), titanium (Ti) and nitrogen (N) atoms form a face-
centered cubic (fcc) lattice within the unit cell, corresponding to the space group Fm3m (space
group number 225). Based on its crystal, fcc-TiN can be further described as an interstitial

compound or a Hdgg phase [24,25], derived from the principles of intermetallic solid solutions
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2 Alloy Design of TiN-based Coatings

established by Swedish chemist Gunnar Higg in 1929. Higg's rule guides the arrangement of
smaller non-metal atoms (e.g., H, B, C, N, or P) within the interstitials of the transition metal-
sublattice based on the ratio of the radius of the non-metal atom, 7y, to the radius of the metal
atom, Tye. In TiN, the smaller N atoms occupy the octahedral sites within the closely packed
arrangement of larger Ti atoms (see Fig. 2.1), characteristic of interstitial compounds that obey the

rule of

metal sub-lattice fec-TiN non-metal sub-lattice

Figure 2.2. Illustration of the separation of the fcc-TiN lattice into the metal (T1) sub-lattice (left)
and the non-metal (N) sub-lattice (right). The larger Tiatoms are shown as dark gray spheres, while
the light gray ones depict the smaller non-metal N atoms. This division allows for a more systematic
approach to the alloy design of fcc-TiN-based coatings.

The concept of alloying beneficial elements is central to the success of modern thin film materials
science [26]. A notable example of successful alloy design involves the incorporation of aluminum
(Al) into fcc-TiN using PVD sputtering to form fcc-(Ti,A)N coatings, where Al substitutes of Ti
on the metal sublattice. The significant advantages of Al-incorporation are twofold. 1) Al forms a
protective oxide layer on the surface of TiAIN coatings, enhancing their resistance to oxidation at
elevated temperatures. 2) In thermodynamic equilibrium, AIN crystalizes in the hexagonal wurzite
(WZ) structure, corresponding to the P6zmc space group (space group number 1806).
Nevertheless, the kinetic advantages of PVD sputtering can metastably incorporate ~80 at.% Al
into fcc-metal-sublattice [27]. Compared to the hexagonal WZ structure, such as AIN, the higher
packing density of the fcc structure further improves mechanical properties, such as hardness and
wear resistance. However, exceeding this limit ultimately results in the formation of hexagonal
(AL TI)N and a subsequent decline in mechanical properties [28]. Figure 2.3a shows that depending
on the deposition temperature and concentration (corresponding to the free energy curves in
Fig. 2.3b), the expected structure of Ti—Al-N thin films after PVD deposition is either the single-
phase fcc or the single-phase hexagonal (WZ) solid solution (or two solid phases) [29]. High-
temperature treatments (~700 °C) facilitate spinodal decomposition in fec-(TL,A)N [30]. At the
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2 Alloy Design of TiN-based Coatings

onset, coherent cubic-phase domains of AIN form (two co-existing solid phases). The mismatch
in lattice parameters, a, between fcc-TiN (a=4.255 A, calculated) and fcc-AIN (a=4.07 A [31])
induces strain fields, leading to increased hardness (age-hardening). As the decomposition
progresses, fcc-AIN transitions to its stable hexagonal (WZ) structure, eventually comprising the

advantageous mechanical properties of fcc-(TL,ADN thin films.

a TiN AIN b TiN AIN
” liquid 500 K
— equilibrium phases TiN + AIN
e
¥ two solid phases hex (ZnO-type)
5
-EE : 2 > .
E | single phase solid soluti £ By 2
single phase solid solution = W L
@ | fec-(Ti,ANN = oz %
c single phase (_g amorphous
;.‘:3 solid solution ;
2 hex-(ALTi)N o
o amorphous i
8 (nanocrystalline) C: g
solid phases fcc (NaCl-type) (BA ored)
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
xin (Ti,,, AN xin (Ti,_, AN

Figure 2.3. (a) Schematic PVD phase diagram and for the TiN—AIN system, showing the wide
concentration range of the metastable fcc-(TL,ADN solid solution obtained by PVD sputtering
modified after H. Holleck [29]. (b) Graphical representation of the calculated free formation
energies according to [29] (normalized to AG = 0 kJmol~? for the stable equilibrium fcc-TiN and
hexagonal (WZ)-AIN phases) for amorphous, liquid, fcc, and hexagonal (WZ) phases in the TiN—
AIN system at 500 K.

2.1 Ti-B-N Thin Films

Unlike PVD sputtered ternary transition metal nitride coatings like fec-(Ti,AI)N, fee-(ALCr)N or
fce-Ti(N,C), Ti—B-N thin films commonly exist as TiN+TiB, nanocomposites or feature second
(amorphous) B-rich grain boundary phases instead of being present as an fcc solid solution [17].
Ti-B—N coatings can be prepared by various deposition approaches, including chemical vapor
deposition (CVD) [32], plasma-assisted CVD [33], cathodic arc deposition (Arc-PVD) [34], and
PVD sputtering (or co-sputtering), either reactive or non-reactive [35]. In addition, several other
techniques have been applied in the past, such as Ti" ion implantation into hexagonal boron nitride
(BN) thin films [36] or interdiffusion of Ti/BN multilayers [37]. In 1994, W. Gissler [20] pointed
out that all structural data obtained so far for Ti—-B-N thin films correspond to different
combinations of co-existing (binary) phases (corresponding to the calculated ternary phase diagram
for 1500°C by [38] in Fig. 2.4) and show no evidence for a ternary fcc-Ti(N,B) solid solution. He
further concluded that only a small solubility of B is possible in the fcc-TiN lattice (and a negligibly

6
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2 Alloy Design of TiN-based Coatings

small solubility (<1 at.%) of N in the hexagonal close-packed (hcp) TiB; lattice), raising the question

of a potential extension of the solubility limit of the ternary fcc-Ti(IN,B) phase.

‘4
TN Ti,N
Ti (at.%)

Figure 2.4. Simplified ternary phase diagram of Ti—-B—N, modified after H. Novotny [38] and W.
Gissler [20], at 1500 °C, divided into five distinct zones, labeled 1-5, corresponding to different
combinations of co-existing phases. 1. TiB,+TiN+BN, 2. TiN+BN+N,, 3.TiB,+B+BN,
4. Ti(N,B)1, 5. Ti(ss)+TiB,. The gray shaded area represents the TiN-TiB,—TiB phase field of
interest in this thesis.

X-ray diffraction analysis of the fcc-TiN (and hcp-TiB,) phase(s) showed that with increasing B (or
N) content, the diffraction peaks become broader until an amorphous-like pattern appears, which
is mainly attributed to the formation of progressively smaller grains [20,23]. P.H. Mayrhofer [39]
explained this grain refinement phenomenon as the result of segregation-driven renucleation
processes, supported by Transmission Electron Microscopy (TEM) investigations, revealing the
relatively randomly oriented nanocrystalline microstructure of as-deposited Ti—-B—N thin films with
high B concentrations (30 at.%). Thermodynamically, the phase separation of fcc-TiN and hcp-
TiB; is favored by a large miscibility gap observed in the equilibrium Ti-B—N phase diagram. Ti,
N, and B atoms condense at the substrate surface during the deposition process and spontaneously
nucleate. Surplus B segregates at the nucleation surfaces, forming disordered B-rich regions that
encapsulate the growing crystallites. As a result, grain coarsening during coalescence is suppressed,
initiating a continuous nucleation-segregation process that hinders subsequent grain growth (see
Fig. 2.5): The B-enriched regions covering the TiN crystallites promote the formation of TiB,
nuclei (favored by the extremely low solubility limit for N in TiB,). Renucleation of TiB, is again

inhibited as excess N and B continue to segregate to the surfaces of the TiB; crystallites, forming
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regions of h-BN, that cover the TiB, grains and promote renucleation of TiN crystallites [39]. The
resulting coating exhibited a randomly oriented arrangement of nanocrystalline TiN and TiB; grains
(2-3 nm) enclosed by a high volume fraction of a (softer) disordered (BTi,N;) phase. Although the
TiN+TiB, as-deposited thin films exhibited a remarkable nanoindentation hardness (H=37 GPa),
the best performance of the nanocrystalline TiN+TiB, coatings occurred when the disordered

phase decreased during the annealing process (43 GPa at 800 °C).

TiB:

disordered phase

Figure 2.5. A schematic cross-sectional view of a nanocrystalline Ti—-B—N thin film illustrates the
segregation-driven renucleation of TiN and TiB; crystallites during film growth. In accordance with
permission granted by P.H. Mayrhofer this figure has been reproduced from [39]

Comparing the chemical composition of previously studied Ti—B-N coatings within the
corresponding ternary phase diagram, it is observed that hard (and superhard coatings,
H > 40 GPa) are distributed along the TiN-TiB, or TiN-TiB tie lines [35]. Conversely, the softer
Ti—-B—N coatings found along the TiN-BN or the TiB,—BN tie lines, centered within the TiN—
BN-TiB; phase field, or closer to BN [35]. Although B alloying can significantly improve the
mechanical properties (e.g., hardness, wear resistance, and thermal stability) of TiN-based coatings,
achieving complete B solubility in the fcc-TiN lattice is challenging and less studied. Incorporation
of B induces significant lattice distortions and increases the fcc-TiN lattice parameter, a=4.255 A
(calculated), due to the slightly larger covalent radius of B (0.84 A) [40] compared to N
(0.71 A) [40]; as B replaces N in the fcc-TiN non-meal sublattice.

Instead of fully achieving the desired effect of solid solution hardening when B is added, forming
an fcc-Ti(N,B) solid solution is somewhat limited due to the segregation of B at the grain
boundaries of the fcc-TiN crystallites during nucleation. Excess B forms secondary amorphous B-
rich grain phases or promotes the nucleation of nanocrystalline TiB, grains alongside TiN, as
previously described. Thus, most of PVD sputtered Ti-B—N coatings exhibit nanocrystalline
morphology rather than the pronounced columnar growth commonly observed in PVD thin films,

L.e., grain refinement strengthening [41,42].



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

2 Alloy Design of TiN-based Coatings

However, a decrease in hardness, H<30 GPa, in Ti-B—N thin films (compared to fcc-TiN) is
mainly caused by the formation of secondary soft Ti or (amorphous) BN-rich grain boundary
phases, the latter often observed when using reactive PVD sputtering. R. Hahn [35] has shown that
the B content and the deposition route—comparing reactive and non-reactive DC magnetron
sputtering—influence the phase formation and the resulting mechanical properties in PVD
sputtered Ti—-B-N coatings. Plasma analysis supported by mass spectrometry and X-ray
photoelectron spectroscopy (XPS) revealed significant differences between the two deposition
approaches. Due to the deficient N*/(N"+N.") ratio during reactive sputtering (compared to non-
reactive sputtering) and the oversupply of N, reactively deposited Ti—B—N coatings typically result
in a chemical composition distributed along the TiN-BN tie line. In contrast, non-reactive
sputtering allows chemistries to follow the TiN-TiB, line. These differences extend to the
microstructural level, where non-reactively deposited Ti—-B—N thin films generally exhibit increased
hardness, H, Young's modulus, E, and fracture toughness, K;¢, compared to reactively sputtered
ones. However, the performance of reactive sputtered Ti—B—N coatings is optimized when soft
(amorphous) BN-rich phases exist between coexisting TiB, and TiN nano-crystallites in ~equal

proportions (as previously mentioned in the text).

Previous studies have extensively studied the ternary phase system of Ti—-B—N coatings, offering
valuable insights into the influence of B on the microstructure and mechanical properties of TiN-
based coatings. PVD sputtered Ti—B—N thin films typically exist as nanocomposites of TiIN+TiB,
and/or exhibit amorphous B-rich grain boundary phases rather than forming a single fcc-Ti(N,B)
solid solution, caused by the limited solubility of B in the fcc-TiN lattice. High B content leads to
smaller grains and the formation of disordered BN-rich regions that encapsulate the TiN and TiB,
crystallites or if less (amorphous) B accumulates at the TiN grain boundaries. In both cases,
segregation-driven processes inhibit coalescence and grain coarsening. Non-reactive sputtering
generally results in Ti—-B—N coatings with improved mechanical properties compared to fcc-TiN
or reactive sputtering. This thesis investigates the less studied solubility of B in TiN-based thin
films and its effects on mechanical properties. Examining chemistries along the TiN-TiB, and
TiN-TiB tie-lines show that ~10 at.% B can be fully incorporated into the fcc-TiN lattice without
forming other B-containing (amorphous) phases, significantly outperforming the hardness, H, and
fracture toughness, Kj¢, of fcc-TiN. Assisted by ab initio calculations, the significance of the spatial

requirements for fully incorporating B within the fcc-TiN lattice is highlighted.
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2.2 Phase Formation and Stability in Solid Solutions

Given that most materials of interest in materials science exist in a crystalline solid phase, a
homogeneous mixture of one or more elements (e.g., B) within the crystal lattice of another
material (e.g., fcc-TiN) is defined as a so/id solution [43]. The term "solution" implies that the added
components are dispersed at the atomic level within the lattice. The solubility of the element can
vary from near insolubility, where the added element is minimally able to mix with the host lattice,
to full miscibility, where the added element can disperse uniformly throughout the entire

concentration range.

Understanding phase formation and stability in solid solutions is critical to the design of materials
with desired properties. The Gibbs Phase Rule proposed by J.W. Gibbs in 1876 [44] is fundamental

in predicting the number of phases that can coexist in equilibrium. For binary systems, the number

of phases, P, in equilibrium is given by
f=n—-P+2 (2.2)

where 1 is the number of components and f denotes the degrees of freedom (e.g., temperature,
T, pressure, p, or composition, X. A component is defined as a chemically distinct species or element
that cannot be broken down into simpler parts. For example, studying the phase formation of Ti—
B—N thin films n depends on whether the system is considered a quasi-binary system (TiN+TiB,
or TIN+TiB) or a ternary system (Ti+B+N). Their Gibbs free energy, G, determines the

thermodynamic stability of these phases,
G=H-TS (2.3)

combining enthalpy, H, and entropy, S. In thermodynamic equilibrium, the state of minimum
Gibbs free energy, represents the most stable configuration of the material system, i.e., at a fixed
temperature, T, and constant pressure, p, the system will tend to adjust its composition or phase
structure to minimize its Gibbs free energy G = Gin. When forming a solid solution (e.g.,

TiN+TiBy), AGy, iy refers to the Gibbs free energy of mixing,

AGyiy = AHppiy — TAS iy (24)
where AH,, iy, is the mixing enthalpy and AS,,;, is the mixing entropy. For a single pure element
(with respect to decomposition to the same pure element) AG,,;, is typically considered to be zero.

A negative AG,,;, value indicates that the mixed state (i.e., the solid solution) is energetically more

favorable than its constituents.

10
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Figure 2.6. Schematic quasi-binary phase diagram along the TiN-TiB tie line in the Ti—-B—-N
ternary phase diagram of interest in this thesis. The a-phase is representative for fcc-TiN, the 3-
phase is hep-TiB,, and the y-Phase is hep-Ti. Ts indicates the melting temperature for fcc-TiN,
hcp-TiB,, and hep-Ti, respectively and L is the liquid phase field. The B concentration increases
from left to right while the N concentration decreases.

Phase diagrams provide a graphical representation of the equilibrium phases in a material system
(see in Fig. 2.6. an example for a quasi-binary phase diagram in the Ti—B—N system). In a typical
binary phase diagram, the regions depict the stable phases as a function of temperature, pressure
(v-axis) and chemical composition (x-axis) [43]. Each phase can be associated with an energy of
formation, AEf, quantifying the energy change when the phase is formed from its constituents.
AEf can be either negative or positive, depending on whether the phase formation gains or costs
energy. To interpret the thermodynamic phase stability of a (ternary) material system, the AEf of
all possible combinations of phases must be considered [45-47]. The convex hull connects the
points in the phase diagram with the lowest-energy state. Any composition that lies directly on the
convex hull is considered thermodynamically stable under the given conditions, while less
energetically favorable compositions represent metastable states. Even when the structural
arrangements are not aligned with the lowest-energy states—akin to points above the convex
hull—metastable solid solutions may persist due to kinetic barriers that impede their transition to

the thermodynamically stable configuration.
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2.3 Hume-Rothery Rules

If the mixing of atoms from components A and B decreases the system's overall energy, AG i, <0,
indicating that the process is energetically favorable. This typically occurs when A and B have
similar sizes and chemical properties, allowing them to mix uniformly within the crystal lattice
without significant strain or disruption. The arrangement of A and B determines the type of solid
solution that forms. There are two main types [43]: 1. interstitial solid solutions or 2. substitutional
solid substitutions. In interstitial solid solutions, the alloyed atoms occupy the interstitial sites of
the host lattice. This arrangement is only feasible for atoms with small atomic radii, such as H, B,
C, and N. As the interstitial sides are—nevertheless—too small, the incorporation of atoms causes
elastic lattice distortions, leading to an (energetically unfavorable) increase in G. Consequently, the
solubility limit is reduced, promoting the formation of other (secondary) phases. Most binary
systems form substitutional solid solutions where A replaces B in the lattice. While some material
systems exhibit unlimited solubility over the entire concentration range. However, many multi-
component systems also show a miscibility gap, where solubility is limited at specific compositions
and the system separates into two phases. This limitation occurs whenever A and B crystallize in

different lattices.

The ability to form a substitutional solid solution is governed by the Hume-Rothery rules [48,49]:
1) The atomic radii of the solvent and solute atoms should be similar (with a size ratio >15%). ii)
The electronegativities of the atoms of the solvent and of the solute should be similar. iii) The
number of valence electrons per atom (valence electron concentration) should be similar for
solvent and solute elements. For an interstitial solid solution this rule applies if the solute has a
radius less than 59% of the solvent. In the case of a significant difference in atomic size between
A and B, the elastic energy required to incorporate A into the lattice of B is increased, making the
formation of a substitutional solid solution less energetically favorable. As the electronegativity
difference between A and B becomes larger, the formation of stoichiometric intermetallic phases
is favored. Intermetallic phases typically form when the elements involved have significantly
different electronegativities and exhibit strong chemical bonding and high thermodynamic stability.
Consequently, the formation of such stable intermediate phases limits the solubility of the alloying
elements within the solid solution. In practice, it is often observed that elements with a higher
number of valence electrons have lower solubility than those with fewer valence electrons.
According to the Pauli exclusion principle of quantum theory, an electron, a fermion (a particle
with a half-integer spin), cannot occupy the same quantum state as the other electron and must,
therefore, "stack" within an atom. Once the critical valence electron density (number of valence

electrons per atom) is reached in crystalline materials, the energy required to accommodate
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additional electrons increases significantly. However, this critical valence electron density varies
depending on the crystal structure; for example, it is higher in the body-centered cubic (bcc) lattice
than in the fcc lattice. Consequently, when the critical valence electron concentration (VEC) is
reached in an fcc solid solution by adding an atom with a high number of valence electrons, the
bce structure becomes energetically favored and more stable than the fcc structure as the alloying

concentration is further increased.
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3 Physical Vapor Deposition

Physical Vapor Deposition (PVD) refers to processes that specialize in depositing thin films on
surfaces to be modified [50]. Operating solely on physical mechanisms, PVD methods involve first
transferring the target material into the gas phase. Subsequently, the vaporized target species are
transported through a vacuum process chamber and deposited onto a substrate surface through
condensation, where nucleation and film growth commence. The vaporization of the target
material distinguishes between different PVD processes, including thermal energy supply and
sputtering, the latter achieved by bombarding the target surface with ions of process gas accelerated
in an electric field. PVD sputtering is a versatile and highly beneficial technique in materials science
and design, offering numerous advantages for creating thin film materials with outstanding
properties, often surpassing those of bulk materials. One of the most significant advantages of
PVD sputtering is its compositional versatility. By depositing coatings from atoms or ions in the
gas phase, PVD allows for the formation of thin films with diverse compositions and structures.
This versatility 1. enables the deposition of coatings made from a wide range of materials, including
metals, alloys, borides, nitrides, oxides, and carbides, 2. provides flexibility in materials selection
for specific applications, including protective coatings for tools (e.g., TiN, CrN, TiAIN), conductive
or insulating coatings in microelectronics (e.g., TiN, Al, SiO,), and applications in the automotive
industry, microelectronics, and optical and decorative purposes [51]. Unlike traditional synthesis
routes driven by equilibrium thermodynamics, PVD operates at the intersection of rapid kinetics
and controlled deposition conditions. By subjecting materials to high cooling rates during
deposition, PVD overcomes thermodynamic constraints and enables kinetic control of phase

formation and stabilization [52].

3.1 The Principle of Sputtering

Plasma-assisted sputtering takes place within an evacuated chamber, typically maintained at
pressures ranging from 0.1 to 5 Pa. In a low-pressure environment such as a vacuum chamber, the
mean free path, 4, of the sputtered species—the average distance they can travel before colliding
with another particle—is significantly extended to a few millimeters, facilitating a uniform and
controlled deposition process. The mean free path, A, of an atom with radius, 7, at a given pressure,

p, can be calculated from

k

L — 3.1)
\2m4r2p
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Inside the vacuum chamber, two electrodes (cathode and anode) are arranged with a specific
distance, d, between them, where the cathode contains the target material to be atomized and the
anode holds the substrate on which the material will be deposited. Prior to initiating the sputter
process, an inert working gas, typically argon (Ar), is injected into the evacuated chamber. to 1.
provide a medium for transferring energy within the electric field to the cathode, 2. maintain the
plasma discharge, and 3. facilitate the transport of sputtered atoms or molecules to the substrate
[2,52]. When a high electric field is applied between the electrodes the Ar atoms within the chamber
become ionized, generating a plasma by glow discharge. The positively charged Ar" ions in the
plasma are accelerated toward the target surface and collide with the target material. At the moment
of impact, the Ar" ions transfer their momentum to the atoms near the target surface. In inelastic
collisions, secondary electrons are emitted, whereas in elastic collisions, the target atoms transfer
momentum to adjacent atoms. These subsequent collisions propagate through the material (i.e.,
collision cascade), causing atoms to be ejected from the target surface. This high-energy
bombardment heats the target material, with ~95% of the collision energy being converted into
heat. To prevent damage to the cathode and to limit chemical reactions and/or thermal expansion

of the target material, the cathodes is equipped with a cooling water system.

After ejection, the released atoms are transferred to the gas phase and arrive at the substrate surface
at a specific angle and with some loss of initial energy, following a collision-induced trajectory. The
incoming atoms condense on the substrate, leading to film growth driven by surface diffusion and
nucleation processes. If all components are obtained by evaporation of a condensed phase (i.e.,
compound target) in an inert working gas atmosphere, these processes are referred to as non-reactive.
If one or more components of a composite coating are additionally introduced into the PVD
chamber via a reactive gas (e.g., Na, O,, C;Hb), these processes are referred to as reactive. Fig. 3.1
provides a detailed overview of the basic principles of sputtering and illustrates the various
processes involved. The reactive sputtering process is controlled by adjusting the partial pressure

of the reactive gas and the power applied to the metallic target.

Insufficient diffusion on the surface and at the grain boundaries, together with atomic shading
effects, may cause defects such as pores or tensile stresses and increased surface roughness, which
can significantly affect the quality of the coating. The deposition process can be improved by
substrate rotation, substrate heating, and substrate bias voltage. Substrate rotation ensures uniform
deposition conditions and film thickness, limiting atomic shadowing effects [3]. Substrate heating
increases the adatom mobility, resulting in a denser microstructure and better substrate adhesion.
The application of a negative potential (bias voltage) across the anode facilitates the bombardment

of the target surface by positive Ar" ions (similar to the ion bombardment of the target). The energy
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of the bombarding ions can be controlled by adjusting the voltage, to enhances the surface mobility
and film growth morphology (e.g., grain size), to reduce residual stresses, and to vary the
composition [3]. Controlling (and adjusting) deposition parameters such as target power, gas flow
rates, and substrate temperature is paramount to produce high-quality, uniform films with desired

properties tailored for various applications, such as wear-resistant coatings or decorative finishes.
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Figure 3.1. The basic principles of reactive (left) and non-reactive (right) sputtering are illustrated
by the formation of fcc-TiN, summarized from the lectures in Surface Technology given by P.H.
Mayrhofer [1].

In non-reactive DC sputter deposition, a compound target material such as TiN is bombarded with
high-energy ions from a plasma, typically generated by applying a direct current (DC) voltage to an
inert gas such as Ar. The Ar" ions collide with the TiN target, causing Ti and N atoms to escape
(i.e., sputtered) from the target surface. These sputtered Ti and N atoms then travel through the
vacuum chamber and are deposited on the substrate, forming am fcc-TiN thin film. Reactive
sputtering is a similar process, but a reactive gas, such as Ny, is added to the inert working gas. As
Ti atoms are sputtered from the metallic Ti target, they react with the N>" ions in the plasma and
form as fcc-TiN compound on the substrate. However, these reactive gas species can also undergo
chemical reactions with the target material (i.e., target poisoning). Target poisoning scientifically

impact on the sputtering process, especially when depositing insulating films (e.g., AIN, ALO3)
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[citation]. In such cases, the buildup of reaction products on the target surface (see Fig. 3.1) can
alter its conductivity and interfere with the sputtering process (e.g., deposition rate). Understanding
and mitigating the effects of this phenomenon is often accomplished by recording hysteresis curves
[citation]. However, schieving a stable process for non-reactively depositing insulating compounds
(e.g., BN, AIN, ALO;) using DC power is not possible and requires pulsed DC modes. Key
parameters for controlling pulsed DC sputtering include the pulse frequency, f, in kHz and the
pulse width, t,,,, typically in ps. The pulse duty cycle, D, defines the ratio of the pulse on time, ty,,
to the total pulse period (ton+ tofs). The effective power delivered to the target during each pulse
period depends on the voltage applied to the target, V, the duty cycle D, and the pulse frequency,
f. While it is possible to sputter non-conductive targets with high-end generators operating in
pulsed mode, these processes typically yield very low sputtering rates compared to conventional
DC sputtering. Additionally, they often require higher process gas pressures to maintain the plasma.
Therefore, only thin films with final thicknesses of a few hundred nanometers can be achieved
within a reasonable deposition time. These deposited coatings are predominantly amorphous, with

properties (such as hardness) significantly lower than expected if they were cubic crystalline.

3.2  Sputter Yield

Sputter yield, Sg, is defined as the average number of atoms removed from the target surface per
incident ion (§,~1-3) and reflects how effectively target atoms are ejected when bombarded by
impinging ions. A higher sputter yield means that material is more efficiently removed from the
target, resulting in a faster deposition rate. S, can be expressed as [52,53]

3 4'm,-'mc Ei

S = P Rl
a = gz s (m; + m,)? U,

(3.2)

and therefore increases to a limited extent with increasing energy of the incident ions, E;, which in
turn depends on the applied power to the sputter target and the process pressure. A high processes
pressure reduces the kinetic energy of the charged species due to more frequent collision events.
If E; exceeds a specific threshold and the incident ions penetrate deeper into the target material,
most of Ej is spent for penetration rather than being transferred to the target atoms. When the
momentum/energy transfer becomes less than the surface binding energy, U, (i.c., the energy
threshold that must be overcome to release an atom from the top surface layer in vacuum during
the sputtering process), then S, rapidly decreases [54]. However, lowering the working gas

pressures decreases the number of electrons and ions available for bombardment or impact
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ionization. @ represents the sputtering yield coefficient and depends on the incident angle, 6, of
the Ar" ions normal to the target surface (see Fig. 3.1). S, typically increases up to an angle of
~060—70 degrees [52]. At grazing angles, the ions are more likely to glance off the target surface
without causing significant sputtering. In collisions between incident ions and target atoms, the
energy transfer is more efficient when if the mass of the ion, m;, is equal to the mass of the target

atom, Mm.. The mass effect on S, is therefore at its maximum when m;=m, [53].

3.3 DC Unbalanced Magnetron Sputtering

Magnetrons provided a breakthrough solution to the sputtering rate limitations of diode sputtering.
The principle of direct current (DC) Magnetron sputtering is based on confining electrons near the
target surface using a combination of electric, E, and magnetic fields, B. The (unbalanced)
magnetron shown in Fig. 3.2 is equipped with a central magnet (S-pole) positioned below the target.
This central magnet is surrounded by magnets of opposite polarity (N-pole). This configuration
generates arc-shaped magnetic field lines on the surface as current flows through the target. The
DC power source maintains a stable potential difference between the target material (cathode) and
the substrate (anode), accelerating the positively charged process gas ions towards the target surface

for sputtering [52,53].

The orthogonal alignment of E and B induces an EXB drift that forces the sputtered secondary
electrons to a two-dimensional, helical trajectory parallel to the target surface and perpendicular to
the magnetic field lines (Lorentz force). The electrons are subsequently accelerated toward the
anode due to the high electric field strength. In the region near the edge of the negative glow region,
the electric field strength decreases. If the magnetic field lines are perpendicular to the electric field,

E, in this region, the resulting Lorentz force, F

F=q(E+v x B) 3-3)
causes the electrons with charge, q, and velocity, v, to follow an arcuate path back to the target
surface and to be accelerated again toward the anode.

An electron can break free from its orbit by impact ionization, i.e., collision with an process gas
atom (e.g., Ar) at the edge of the negative glow region [52,53]. Concentrated in this region, the
ionized Ar+ ions rapidly move to the target surface forced by the electric field, E, and deplete the

target material along a defined erosion profile, technically known as racetrack .
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Figure 3.2. Illustration of the unbalanced magnetron sputtering system similar to the machine
“Ylvi” used in this thesis for the deposition of various Ti-B—N thin films. The setup includes a
switch box (on the left side) to control 1. the deposition parameters (e.g., sputter mode: DC or
pulsed DC, target current, substrate bias, temperature), 2. the vacuum system (including a rotary
vane pump for pre-vacuum and a turbomolecular pump for reaching high vacuum conditions), and
gas mass flow controls for the working and reactive gases during sputtering. *Notably, the supply
of acetylene gas, CoH,, requires additional safety adjustments.

The advantage of using a magnetron assembly in PVD sputtering is twofold: it traps the electrons
close to the target surface, and it increases the number of secondary electrons available to ionize
the process gas, thus requiring less Ar atoms (i.e., lower process gas pressure) to sustain the plasma.
As a result, the vaporized target atoms experience fewer collisions, i.e., more energetic target atoms
condense on the substrate surface, positively impacting both the deposition rate and the density of

the deposited thin film.
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4 Thin Film Characterization

Modern high-performance coatings are constantly opening up new areas of application with ever-
increasing requirements, thus necessitating a comprehensive analysis of their material properties.
The characterization of thin film materials is therefore one of the main tasks—common to all fields
of materials science—providing valuable insights into the structure, composition and (mechanical)
properties of a layered material, which is essential for targeted improvements and for making
informed decisions during design, synthesis and processing. Although it is not the intention of this
thesis to describe in detail all techniques and principles of thin film characterization, it should be
noted that this methodology section "Thin Film Characterization" is limited to the main methods

implemented in the thesis.

4.1 X-ray Diffraction

The crystalline structure of ceramic thin films is of greatest interested as in the crystal structure of
a material all its properties are embedded. Since the demonstration of X-ray diffraction on crystals
in 1912, this technique has become a fundamental tool in the fields of physics, crystallography, and
materials science [55-57]. X-ray diffraction is a non-destructive method used to study fundamental
aspects in materials science including 1. crystal structure and phase composition, 2. crystallite
orientation distribution (texture), 3. orientation-dependent shape and size of coherently diffracting
domains, and 4. 1%, 2™, and 3" order internal strains [58]. The technique is based on the interaction
between short-wavelength X-rays, comparable to atomic distances within the crystal, and the
electrons in the crystal lattice. For example, the effective wavelength, A, of the copper (Cu) Ko

radiation used for the laboratory X-ray diffraction experiments in this thesis is ~1.54 A.

W.C. Rontgen discovered X-rays (“X” for unknown) in 1895 [59] and was awarded the first Nobel
Prize in Physics for this discovery in 1901. X-rays can be understood as massless electromagnetic
waves with wavelengths in the range of about 0.001-10 nm, propagating at the speed of light
(c=3%10° m/s). The technically relevant energy range for X-rays is between 3 keV and 500 keV.
Modern X-ray sources such as synchrotrons, which produce high-energy and high-intensity
radiation, can generate X-rays with energies up to several hundred keV. Radiation generated in X-
ray tubes consists of two main components: 1. characteristic X-rays and 2. bremsstrahlung. In 1911,
J.E. Lilienfeld [60] developed the thermionic (hot cathode) tube technology which operates on the
principle of thermionic emission and is still in use today: Electrons are emitted from a heated

tungsten filament (cathode), and subsequently accelerated toward a metallic target material (anode),
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under the influence of an applied high voltage, typically in the kV range. Upon reaching the target,
the high-speed electrons are decelerated by the strong electric field of the positively charged target
nuclei. This abrupt deceleration causes the electrons to emit the energy difference in the form of
high-frequency electromagnetic radiation with a continuous energy spectrum (bremsstrahlung).
Some of the accelerated electrons can also knock out inner-shell electrons from the atoms of the
target material. As outer-shell electrons transition to fill these vacancies, characteristic X-rays are
emitted. These characteristic X-rays have discrete energies specific to the element of the target
material and are used for X-ray diffraction. Notably, most of the energy produced in this process
is converted into heat, highlighting the need to cool the anode during operation. In X-ray
diffraction experiments, the K radiation of metals (either Cr, Fe, Co, Ni, Cu, or Mo) is typically
used [61].

The X-ray beam emitted from the X-ray tube diverges; therefore, it is imperative to engineer the
beam guidance system to focus partial beams. Focusing is essential for reliably observing weak and
low-intensity diffraction phenomena. In numerous applications, X-rays are still detected using
point detectors. All focusing techniques rely on Thales' theorem, which asserts that the apex angle
remains constant in all triangles inscribed within a circle via a common secant. In the Bragg-
Brentano geometry [62], in Fig. 4.1, the tube focus, sample, and detector are positioned on a
focusing circle, with the radius of the circle decreasing as the diffraction angle increases. Only

crystallites with lattice planes parallel to the surface meet the diffraction criterion [61].

Focusing circle

X-ray tube Detector

Sample Goniometer circle

Figure 4.1. Schematic representation of the basic principle of X-ray focusing, showing the beam
path for the divergent primary beam and the detector beam at two different diffraction angles, 6,
in a Bragg-Brentano geometry (6-6 goniometer). Adapted from [61]. The sample is stationary and
horizontally alighed while the X-ray tube and detector move around the sample along the
goniometer circle.

21



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Thin Film Characterization

4.1.1 Phase Analysis

Polycrystalline thin film samples always consists of randomly oriented small crystallites, the grains.
A crystallite is a small single crystal and is characterized by its orientation expressed by the Miller
indices h, k, l. In the ideal polycrystalline material, all orientation vectors ate statistically randomly
distributed. Each crystal structure, representing a particular crystalline phase, is characterized by a
unique arrangement of lattice planes with specific interatomic distances that can be examined using
X-ray diffraction [63,64]. When a polycrystalline coating is subjected to a monochromatic incident
X-ray beam, these lattice planes produce a series of diffraction cones. In alaboratory powder XRD
setup, the arrangement of lattice plane spacings is analyzed by conducting a radial scan across the
diffraction cones. This scan generates a plot of diffraction intensity, I, against the diffraction angle
20. Intensity peaks occur when a diffraction cone is intersected, thereby fulfilling the Bragg

condition [65]
nﬂ = Zdhkl sin @ (41)

for a specific lattice plane family, whete 1 is the order of the diffraction peak, 4 is the wavelength
of the incident monochromatic X-ray beam, dpy; is the lattice plane spacing, and 6 is the Bragg
angle (see Fig. 4.2). Another prerequisite is that the structure factor [63,64] of the lattice plane
family is not equal to zero, as destructive interference can occur in specific directions. These
directions (h£/), where this peak extinction occurs, depend on the Bravais lattice (there are 14) of

the specific crystal structure.

Figure 4.2. The schematically drawn Bragg condition explains how incident X-rays undergo
diffraction when the difference in path lengths between waves scattered at various lattice planes is
a multiple, n, of the X-ray wavelength A, with ADC = 2dy;; sin 8 (marked in orange). This
condition, coupled with the structure factor, which permits constructive interference of scattered
X-ray wave fronts, leads to diffraction.
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The extinction rule for face-centered cubic crystals (e.g., fcc-TiN) implies that diffraction peaks are
extinguished when the sum of the Miller indices h, k, | of the reflecting lattice plane distances,
dpgi, tesult in an even number, i.e., intensity peaks ate observed when the sum is an odd number.

This rule derives from the inherent symmetry properties of the fcc crystal structure.

4.1.2 Peak Analysis

Peak analysis serves as a valuable tool for studying the crystal structure of as-deposited
polycrystalline thin films (e.g., phase transformations, defect and growth morphology, residual
stresses, or texture) and structural changes induced by external treatments such as annealing,
oxidation, or corrosion [61,63]. Several parameters are commonly used to characterize the intensity
peaks observed in diffraction patterns, including peak position, 20, the intensity, I, which correlates
with the number of diffracted X-rays from the crystal lattice, the width of the peak at half of its
maximum intensity (FWHM), the peak geometry including shape, area and asymmetry. The most

important features of the peak analysis are illustrated in Fig. 4.3.

Peak shift
1

Intensity, I

051

Background, fitted

Figure 4.3. Illustration of the key parameters used for peak analysis of an XRD pattern. The peak
position, 20, identifies the specific lattice plane distances, dpy;, while the peak intensity, I, reflects
the relative abundance of the crystalline. The peak shape provides insight into the microstructural
properties of the sample. The Full Width at Half Maximum (FWHM) is the peak with and is
measured at half the maximum peak intensity. Background Fitting adjusts for baseline noise to
ensure accurate peak fitting. Peak shifts indicate changes in lattice parameters due to composition
or residual stress, and peak broadening, seen as an increase in FWHM, can result from smaller
crystallite sizes or increased lattice strain.
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The most important features of the peak analysis are illustrated in Fig. 4.3. The initial step in
analyzing diffraction patterns is background fitting, which involves subtracting the background
signal from the recorded diffraction pattern to enhance the accuracy of subsequent analyses. The
peaks within the diffraction pattern can be identified using databases to find the reference pattern
that matches the crystalline phase(s) of the sample. Measuring the positions of these peaks helps
to identify the specific lattice plane distances or peak shifts. Peak fit analysis employs mathematical
functions, such as Pearson VII and pseudo-Voigt, to model the shape of diffraction peaks. These
functions facilitate the accurate fitting and analysis of peaks, thereby enabling the extraction of
detailed information about the crystalline material. The measurement of FWHM and peak
asymmetry reveals details on crystallite size and residual stresses within the coating material. Smaller
FWHM values indicate larger crystallite sizes and/or lower strain. Peak intensity analysis offers
insights into the relative abundance of different phases and possible preferred orientation (texture)

in the sample.

4.1.3 Synchrotron X-ray Diffraction

Using laboratory equipment, X-ray diffraction measurements are typically confined to the surface
regions of samples because only reflection geometry is used and the penetration depth of laboratory
X-ray tubes is limited to a few micrometers. The spatial resolution required for the study of
nanostructured thin films is limited by 1. the beam size and 2. the challenge of deconvoluting
information from different penetration when performing X-ray diffraction experiments in
reflection geometry [63,66]. A main factor is the brilliance of the X-ray source, including the photon
flux density and beam alignment (e.g., parallelity, and monochromaticity. Conventional laboratory
X-ray sources are significantly limited by their brilliance, ie., they can produce small beam
diameters of a few micrometers, but this comes at the cost of beam intensity. For X-ray diffraction
experiments requiring sub-micrometer or nanometer beam diameters while maintaining high
intensity, a synchrotron light source is necessary. Synchrotrons offer a brilliance that is several
orders of magnitude higher than laboratory sources. Additionally, synchrotron facilities allow the
use of transmission geometry due to the availability of higher photon energies, enabling greater X-
ray penetration depths [66—68]. Synchrotron facilities are indispensable for in-situ micromechanical
testing due to their brilliant and highly focused X-ray beams. Only the use of synchrotron X-rays
allows real-time monitoring of material behavior at the sub-micro- or nanoscale to investigate the

internal strains and stresses of the sample [69-73], while the high spatial resolution guarantees
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precise recording of the material response under different loading conditions for different

crystallographic lattice plane families.

In a synchrotron X-ray microdiffraction experiment performed in transmission geometry, the
diffraction cones are collected by a 2D detector positioned perpendicular to the incident X-ray
beam [74—77]. The resulting Debye-Scherrer rings in Fig.4.4 reflect the sequence of peaks observed
in a conventional laboratory (0-20) scan, where the sample is rotated with respect to the incident
X-ray beam while the detector remains stationary. Azimuthal integration of these rings using the
DPDAK software package [78] produces a data set similar to a 1D (0-20) scan. This integration
process is performed for all 2D diffraction patterns acquired during the experiment and requires

further data processing depending on the type of experiment.
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Figure 4.4. Debye-Scherrer Rings recorded for the {hkl}-plane families {111}, {200}, and {220]
for a TiNosBo. cross-sectional thin film sample. The integration involves summing up the intensity
values of diffraction spots at angle § around the beam center.

4.1.4 X-ray Diffraction Stress Analysis

X-ray diffraction can further be used to probe the first-order strains (macrostrains), considering
the elastic expansion and contraction of the crystal lattice and the resulting changes in lattice plane

spacing [56,57,63,79]. X-ray diffraction measures only elastic strains, allowing direct conversion to
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corresponding stresses if the elastic properties of the material are known. This method measures
only elastic strains, allowing direct conversion to corresponding deviatoric stresses if the elastic
properties of the material are known. When testing ceramic thin films, which are characterized by

predominantly elastic failure, it is reasonable to assume elastic material behavior during testing.

Accurate determination of the unstrained lattice parameter, d(’}’“, is crucial when calculating the X-

ray elastic strain, e}k’ (y, z) from

_ di5' (9, 2) — dg*
- dhkl

egs (7,2) (4.2)

where djs'(y, z) is the measured lattice spacing for a specific {hkl} plane family in the direction
of y and z. In a synchrotron X-ray diffraction experiment using transmission geometry, it is
practical to use coordinates corresponding to the detector system, such as the diffraction angle, 8,

and the azimuthal angle, §, of the Debye-Scherrer ring. The fundamental equations for X-ray strain

determination [79—81] to relate the X-ray elastic strain measurements, g4’ (y, z), to the total triaxial

strain can be expressed as

eos (y,z) = sin? 0l (y, z) + cos? 6 sin? Selk!(y, z) + cos? O cos? Sel¥! (y, z) (4.3)

— sin 26 cos 6 el (y, z) + cos? 0sin 28 e (v, z) — sin 26 sin § £} (y, 2)

Here, eM(y, z) and 83’,13]51(}/, z) denote the unknown in-plane strain components with respect to

the measures specimen and glkl(y, z) is the third unknown normal strain component in the out-

of-plane (axial) direction. In the synchrotron experimental geometry, €M¥!(y,z) is the normal

strain component parallel to the incident X-ray beam. €/ (y, z), S%’,‘l(y, z), and S,f}}’,‘l(y, Z) are
the unknown shear strain components. If the material under investigation exhibits elastic isotropy

on a macroscopic scale, the strain state can be related to the corresponding stress state using

Hooke's law:

etfl(y, z) = st 0, (v, 2) + 0y, (¥, 2) + 0,,(¥,2)] (4.4)

lsﬁ”‘l lsin2 0 0.4 (y,2) + cos? 8 sin$ g, (¥, z)l

2 + cos? 8 cos?8 a,,(y, z)

+ = shkl

1 l— sin 26 cos § x(, z) + cos? 0 sin 28 a,,(y, z) l
2

—sin 260 sin § 0y, (v, 2)
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1
were 0;;(y, z) are the unknown stress components and shkl and Esgkl are the {h&/}-dependent

diffraction (X-ray) elastic constants (DECs) of the material [63,79]. If the material also exhibits

crystallographic elastic isotropy, the DECs are related to the overall elastic properties of the

material, expressed in terms of Young's modulus, E Rkl and Poisson's ratio, V! as follows:
hkl
v
hkl — _ 4.5
S1 Ehkl (4.5)
and
hkl
Lo 1AV (4.6)
Dl = .
2 [kl

For most materials, the strain evaluated depends on the specific lattice plane family {4/}, even for
a polycrystalline material with a randomly oriented crystallographic texture. To address this, model
that consider grain interaction [82—87] provide DECs with different values for different lattice
plane families {/&/}, especially when calculated for materials that exhibit crystallographic elastic

anisotropy.

In practice, Eq. (4.4) can be significantly simplified by assuming certain stress components are zero
or equal. For instance, if we assume an uniaxial stress state with only stresses in the axial, z-

direction, Eq. (4.4) reads

hkl hkl

1
epkl(y,z) = ESZ 0,,(v,z) sin? 6 + 25" a,,(y, 2) 4.7)

4.7
The stress state in the in-situ micropillar compression testing experiment performed in this thesis
is assumed to uniaxial, where the pillar is compressed along a single axis, allowing for detailed
investigation of material behavior under specific loading conditions. The evaluation procedure for

this experiment is provided in greater detail in Chapter X.

4.2 Imaging Techniques

In materials science, our understanding of materials is built on the ability to visualize and image
samples. From the macroscopic level down to the atomic scale, imaging techniques allow
researchers to peer into the structure of materials, providing insight into how atoms are arranged
and how these arrangements affect the material's properties. Researchers can obtain information
about grain boundaries, defects, cracks, and morphology by taking high-resolution images of

material surfaces and interfaces to characterize materials in unprecedented detail. Such insight is
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essential to characterize and locate these flaws, which can profoundly affect material performance
in real-world applications. The revolutionary invention of the scanning tunneling microscope
(STM) by Gerd Binnig and Heinrich Rohrer [88] (who shared the 1986 Nobel Prize in Physics with
Ernst Ruska) is one of the most notable advances. This groundbreaking instrument revealed the
intricate atomic-scale behavior and crystal growth mechanisms that had previously been hidden
from sight. Similarly, the transmission electron microscope (TEM) pioneered by Ernst Ruska [89],
which first surpassed optical resolution in the 1930s, has evolved over the years as manufacturers
race to achieve the highest resolution possible. Other imaging technologies, such as the more
accessible scanning electron microscope (SEM), have further expanded our imaging capabilities to
guide material design and development. The prominent role of electrons in these techniques, due
to their ease of focusing and scanning, has advanced the field of materials characterization and

opened new avenues of exploration.

In the quest to study the intricate details of micro-structured coatings at the nanoscale,
conventional optical microscopy faces a resolution limit imposed by the wavelength of visible light.

The Abbe diffraction limit, expressed as

g A2
" 2nsind  2NA

(4.8)

dictates that the resolving power of optical systems is limited by approximately half the wavelength
of the illuminating light, restricting observations to features no smaller than a few hundred
nanometers. The resolution limit, d, represents the minimum distance between two distinguishable
points or features in an optical image. It is depends on the wavelength, 4, of the light used for
imaging and the numerical aperture, NA, of the optical system, defined by n, the refractive index
of the medium between the specimen to be observed and the objective lens, and 8, which is the

half-angle of the maximum cone of light entering the lens.

Central to the principles of electron microscopy to overcome this criterion is the fundamental
concept of wave-particle duality introduced by Louis de Broglie in 1924 [90]. According to de
Broglie's hypothesis, which he formulated in his doctoral thesis (!) and for which he was honored
with the Nobel Prize for Physics in 1929, every electron (or particle in general) exhibits wave-like
properties. Given by the equation

h
App = — (4.9)

e

an electron's momentum, P,, is related to its De Borglie wavelength App by Planck's constant h =~
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6.626 - 1073* Js. Electrons, as charged particles, can be accelerated by the use of electric fields
within a vacuum chamber. When subjected to a high voltage, V, electrons are propelled toward the
positively charged electrode and gain kinetic energy, Ey;;, = eV, in the process, where e denotes
the elemental charge (e = 1.602 - 107? C). Consequently, p,, can be derived from the mass of

the electron, m,, and its velocity, v:
Pe = MV = /2m eV (4.10)

Combining these relations, A of an accelerated electron can be expressed as:

A= L (4.11)
2meeV (4.11)
In practice, electron microscopes exploit this fundamental principle by accelerating electrons to
high energies, resulting in wavelengths that are orders of magnitude smaller than those of visible
light. For example, the voltage applied for TEM can reach hundreds of kV, while SEM analysis
typically uses voltages in the 1-30 kV range. This level of resolution is essential for the study of the

microstructure and texture of hard coatings, which are often characterized by complex defect

structures on the nanometer scale.

4.2.1 Scanning Electron Microscopy

A scanning electron microscope (SEM) cross-section image provides unique insight into the
microstructure of (hard) coating materials, revealing characteristic aspects of film growth to
optimize deposition processes and ensure reliable performance in various applications. In addition,
the SEM allows for quantitative analysis using EDS to identify the elemental composition and map
the distribution of (metallic) elements across the coating surface. SEM coupled with Electron
Backscatter Diffraction (EBSD) allows characterization of grain size (>50 nm and therefore not
suitable for nanostructured hard coatings), crystallographic orientation and distribution, providing

information on grain growth mechanisms and microstructural evolution

Thin film characterization on the SEM typically observes the coating cross section to reveal its
morphology and characteristic columnar growth. Uniform deposition conditions are essential to
achieve consistent coating properties. SEM analysis reveals variations in coating thickness, density,
surface roughness, and morphology, highlighting regions of non-uniform growth to facilitate
optimization of deposition parameters. SEM imaging further exposes the quality of the coating-

substrate adhesion, as delamination compromises coating integrity and performance.
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In SEM, an electron beam is generated in a controlled vacuum environment, typically at energies
<30 keV. This beam, emitted from either thermionic or field emission sources, is precisely focused
by electromagnetic lenses and subsequently scanned across the sample surface. Thermionic
emission relies on the high-temperature excitation of a tungsten filament or an LaBg crystal, which
facilitates the emission of electrons when the work function of the material is exceeded. Conversely,
the use of a field emission gun (FEG) surpasses thermionic emission sources for applications
requiring high resolution microscopy due to its ability to generate a highly coherent and intense
electron beam. The fundamental principle behind the operation of an FEG is the phenomenon of
field emission, a quantum mechanical process whereby electrons are emitted from a material
surface when subjected to a strong electric field. Mathematically, the emission (or tunneling) of

electrons from a solid surface can be described by the Fowler-Nordheim equation [91],

4 _poz
J(E) =55 |EI” e ¥l (4.12)
which relates the emitted current density, J, to the applied electric field, E, and material properties
such as work function, ®, where A and Bare material constants. In FEG, a high voltage is applied
to an extremely sharp metal tip (often made of single crystal tungsten or a similar high melting
point material) with a radius of curvature r (where 1 is in the few nm or even sub-nm range).
According to the expression F = V /1, the electric field strength, F, becomes exceptionally high at

the tip, far exceeding the threshold required for electron emission.

Once emitted, the electrons form a divergent beam that spreads out from the emitter source and
needs to be shaped and focused for imaging using a combination of electromagnetic lenses.
Aperture systems are used to further control the size and shape of the beam. A prominent feature
used to control the emitted electrons is the Wehnelt cylinder [92], which is positioned near the
electron source. It is biased to a negative potential relative to the emitter. By adjusting the voltage
applied to the Wehnelt cylinder, the focus of the electron beam can be fine-tuned to ensure optimal
resolution and imaging performance. The focused electron beam is scanned across the surface of
the sample using electromagnetic coils or electrostatic deflectors. These components precisely
control the direction and amplitude of the beam's movement, allowing it to systematically scan the
entire surface of the sample. As the electron beam traverses the material (up to a penetration depth
of approximately 5 um), it interacts with the sample atoms, which broadens its trajectory, resulting
in an excitation volume with a plume-shaped profile. During this process, the electron beam
exchanges energy with the atoms in the sample. If a sufficient amount of energy is transferred,

secondary electrons (SE) are generated from the outer electron shells of the atoms. These low-
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energy SE undergo inelastic scattering, rapidly losing their energy and becoming reabsorbed by the
sample. However, if they are located in close proximity to the surface (where the excitation volume
is still narrow), some SE escape from the sample surface. SE are attracted to the detector by an
electric field. The detector is positioned at an specific angle relative to the sample surface, which
allows electrons emitted from edges facing the detector to be captured more efficiently. Conversely,
electrons emitted from edges facing away from the detector may be reabsorbed to some extent.
This setup creates the characteristic shadowing effect in SEM images, facilitating the interpretation

of topographical features.

4.3 Chemical Analysis

Quantifying the elemental composition of thin films is both critical and challenging. The chemical
composition (i.e., the number and types of atoms present during film nucleation) directly affects
the structure-property relationship of the film and should be accurately determined. Only accurate
compositional analysis will ensure that the desired stoichiometry is achieved, leading to

reproducible synthesis of thin films with consistent properties.

However, most coating systems within the material class of ceramics belong to the borides,
carbides, and nitrides and consist—in addition to their metallic counterpart(s)—of non-metal
elements such as B, C, and/or N. These so-called light elements (due to their low atomic mass
number, 4) present significant challenges to commonly used quantification methods such as energy
dispersive X-ray spectroscopy (EDS), which may overestimate the non-metal composition of the
ceramic thin film. In addition, the inherently low sample thickness and the presence of impurities
(mainly C and O) make accurate and reliable quantitative analysis difficult compared to bulk
materials. Although EDS is a widely used and accessible non-destructive analytical technique for
determining the relative elemental composition of metallic thin films and alloys, it is very limited
for quantifying Ti—B—N thin films. It works by bombarding the sample under investigation with
high energy electrons (~10-15 keV), causing the emission of characteristic X-rays from the atoms
of the sample. The energy and intensity of these X-rays correspond to specific elements present in
the sample. For quantitative EDS measurements, calibration with certified reference materials of
known elemental composition is essential to establish a correlation between X-ray intensities and
elemental concentrations. However, measuring light elements such as B (IK,=0.183 keV [93]) and
N (K,=0.392 keV [93]) by EDS results in weak X-ray signals that are masked by background noise
(poor peak-to-background ratio). In addition, Ti (K,=4.508 keV, L,=0.452 keV [93,94]) and N
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have overlapping characteristic X-ray emission peaks (Ti L, and N K,) and it is not easy to

distinguish them accurately.

4.3.1 Time-of-Flight Elastic Recoil Detection Analysis with Heavy Ions

To meet these challenges, Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA) [95] with
heavy ions (HI) proved to be the method of choice for quantifying the elemental composition of
Ti—B—N thin films [96,97]. ToF-HI-ERDA operates on the classical Rutherford scattering principle
of elastic collisions between incident ions and targeted atoms within the sample. By measuring the
kinetic energy, Ey;,, of recoiled atoms, a precise depth profiling of the material’s elemental
composition can be obtained without the need for specific calibration standards [98]. The
sensitivity of ToF-ERDA to light elements is a consequence of their low atomic mass, resulting in

a significant energy transfer during elastic collisions with incident heavier projectiles.

In ToF-HI-ERDA, a beam of heavy, high-energy ions (with a projectile energy in the MeV range)
is accelerated toward the surface of the sample and impinges on the target with grazing incidence.
The majority of these heavy ions undergo elastic scattering, exchanging energy and momentum
with the nuclei of the target material without significant loss of kinetic energy. However, a fraction
of these incoming projectiles undergo nuclear collisions, resulting in the recoil ejection of target
atoms in the forward direction (as opposed to Rutherford Backscatter Spectrometry (RBS)
analyses). The recoiled atoms carry some of the energy and momentum of the incoming ions. When
a recoiled atom is created (ejected), it moves with a certain velocity, v, and kinetic energy, Ey;pn,
where v and Ey;, can be derived by using time-of-flight (ToF) spectrometers. By detecting the
time-of-flight of recoiled atoms at different depths within the sample, ToF-HI-ERDA effectively
obtains depth profiling information of all detected elements with a depth resolution of a few

nm [99].

4.4 Mechanical Properties

Thin films, characterized by their nano-to-micron-scale thickness and high surface-to-volume ratio,
exhibit unique and often enhanced properties compared to bulk materials. In order to assess the
mechanical properties of a protective hard material coating, its ability to withstand load is of utmost
importance. Thin films are usually not suitable for traditional mechanical testing methods due to
their small dimensions. Instead, techniques such as micro-pillar compression [100], micro-

cantilever bending [101-103], and nanoindentation [69] are used. However, the first two methods
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require extensive sample preparation and experience, often involving focused ion beam (FIB)
milling [104]. Nanoindentation requires less sample preparation and is more accessible. Its

advantage lies in its applicability to coated devices with varying mechanical properties.

4.4.1 Nanoindentation

Nanoindentation represents a significant advancement in hardness testing, offering automated
measurement of both hardness, H, and Young’s modulus, E. Using a sharp conical diamond
indenter (e.g. Berkovich geometry [105]) with a tip radius in the nanometer range a controlled load,
P, is applied to the coating’s surface, inducing both elastic and plastic deformation within the
material. Upon unloading, the temporary elastic deformation is reversed as the material reverts to
its original shape. However, any plastic deformation remains in the form of indents (see Fig. 4.5a).
The pioneering approach of Oliver and Pharr [106] eliminated the requirement for manually
measuring the residual indentation size by leveraging contact mechanics to derive indentation

dimensions from force-displacement curves recorded during testing (see Fig. 4.5b).

The depth of penetration into the material, h, and P are precisely monitored throughout the

indentation process. This load-displacement relationship can be expressed using a power law

P = ah™ (4.13)
where & and m are constants of the indentation system.
Analysis of the non-linear force-displacement curve generated during unloading allows for the

accurate determination of essential mechanical properties such as H and the indentation (or

reduced) modulus, E}., defined by the equation

1 (a-v) A-v?
=Tt T 4.14)

where Vv is the Poisson’s ratio and the index i denotes the same parameters for the indenter.
According to Oliver and Pharr [106], E}- can be calculated as follows

_dpP1vm 4.15)

Er_thJA—C

This analysis relates the slope of the unloading force-displacement curve to the projected

indentation contact area, A, to quantify the reduced material’s stiffness and its ability to recover
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4 Thin Film Characterization

from deformation after loading. When the Poisson's ratio, v, of the material is known, this

approach allows the calculation of the polycrystalline Young's modulus E.

At peak load, Py, the hardness of the coating material is defined as

b = Pmax (4.16)

assuming that the contact between the indenter and the material surface is well-defined. To isolate
the ceramic film-only mechanical properties, it is crucial to limit the penetration depth of the
indenter to less than 10% of the film thickness. Nanoindentation, as described in detail by T.
Fisher-Cripps [107], provides a different approach to determining the reduced modulus of
polycrystalline ceramic hard coatings. This method involves fitting a power-law function to load-
displacement data obtained from indentations at various depths, allowing extrapolation of the film-
only reduced modulus at zero indentation depth. providing a comprehensive understanding of the

mechanical properties of the ceramic coatings.

a b P

- _— S = Elastlc_ i
£ unloading
e
g |
— | Elastic-plastic |
=l loading
©
<
05}
o)
=

; h,—
Loaded . h

Penetration depth (nm)

Figure 4.5 (a) Schematic representation of the indenter and specimen surface geometry at
maximum load and complete unloading for a conical indenter. Adapted from [108]. (b) Exemplary
illustration of a compliance curve from a nanoindentation experiment for elastic-plastic loading
followed by elastic unloading with maximum load, P,4y, and maximum depth, Rp,qy, beneath the
material's free surface. by denotes the depth of the residual impression, and h, indicates the
displacement associated with elastic recovery during unloading. The area, A, of the indentation

contact and the slope of the elastic unloading, Z—Z, are used to calculate the reduced modulus, E,.,
and hardness, H. Adapted from [107].

34



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

List of References

List of References

[13]

[14]

P. H. Mayrhofer, in Surface Technology (Wien, 2024).

D.L. Smith, Thin-Film Deposition: Principles and Practice, first ed., McGraw-Hill, New York,
1995.

L.B. Freund, S. Suresh, Thin Film Materials Stress, Defect Formation and Surface Evolution,
Cambridge University Press, Cambridge, 2003.

G.\W. Grove, On the electro-chemical polarity of gases, Phil Trans R Soc. 142 (1852) 87-101.

J.S. Chapin. U.S. Patent No. 4,166,018. Washington, DC: U.S. Patent and Trademark
Office, 1979.

B. Window, N. Savvides, Charged particle fluxes from planar magnetron sputtering sources, Journal
of Vacuum Science & Technology A: Vacuum, Surfaces, and Films. 4 (1986) 196-202.

A. Thornton, High rate thick film growth, Annual review of materials science. 7 (1977) 239—
/% &
260.

J.A. Thornton, The microstructure of sputter-deposited coatings, Journal of Vacuum Science &

Technology A: Vacuum, Surfaces, and Films. 4 (1986) 3059-30065.

R.F. Bunshah, C. Weissmantel, Handbook of hard coatings, 1'ol. 3, Noyes Publications, Park
Ridge, New Jersey, 2001.
W.D. Sproul, High rate reactive sputtering process control, Surf Coat Technol. 33 (1987) 73-81.

W.D. Sproul, D.J. Christie, D.C. Carter, Control of reactive sputtering processes, Thin Solid Films.
491 (2005) 1-17.

J. Musil, S. Kadlec, W.-D. Munz, Unbalanced magnetrons and new sputtering systems with enhanced
Pplasma ionization, Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and

Films. 9 (1991) 1171-1177.

J. Paulitsch, M. Schenkel, T. Zufra}, P.H. Mayrhofer, W.D. Minz, Structure and properties of
high power impulse magnetron sputtering and DC magnetron sputtering CrIN and TilN films deposited in
an industrial scale unit, Thin Solid Films. 518 (2010) 5558-5564.

W. Munz, Titanium aluminum nitride films: A new alternative to TiN coatings, Journal of Vacuum

Science & Technology A: Vacuum, Surfaces, and Films. 4 (1986) 2717-2725.

35



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

List of References

[17]

18]

[19]

[24]

25]

28]

H. Willmann, P.H. Mayrhofer, P.O.A. Persson, A.E. Reiter, . Hultman, C. Mitterer,
Thermal stability of A-Cr-IN hard coatings, Scr Mater. 54 (2006) 1847-1851.

J.R. Banavar, A. Maritan, A. Rinaldo, Size and form in efficient transportation networks, Nature,

399 (1999) 130-132.

P.H. Mayrhofer, C. Mitterer, L. Hultman, H. Clemens, Microstructural design of hard coatings,
Prog Mater Sci. 51 (2006) 1032-1114.

L. Hultman, Thermal stability of nitride thin films, Vacaum. 57 (2000) 1-30.

I. Petrov, L. Hultman, M. Stueber, L.C. Chen, P. Desjardins, Preface of the special issue “I'hin
Films Adpances” dedicated to the 75th birthday of Professor Joe Greene, Thin Solid Films. 688 (2019)
137494.

W. Gisslet, Structure and properties of Ti-B-IN coatings, Surf Coat Technol. 68 (1994) 556—-563.

P.H. Mayrhofer, M. Stoiber, C. Mitterer, Age hardening of PACV D TiBN thin films, Scr Mater.
53 (2005) 241-245.

P.H. Mayrhofer, M. Stoiber, Thermal stability of superhard Ti-B-N coatings, Surt Coat Technol.
201 (2007) 6148—-6153.

C. Mitterer, P.H. Mayrhofer, M. Beschliesser, P. Losbichler, P. Warbichler, F. Hofer, P.N.
Gibson, W. Gissler, H. Hruby, J. Musil, J. Vicek, Microstructure and properties of nanocomposite
17-B-N and '17-B-C coatings, Surf Coat Technol. 120 (1999) 405-411.

G. Higg, Eigenschaften der Phasen von Ubergangselementen in bindren Systemen mit Bor, Koblenstoff
und Stickstoff, Z Phys Chem B, 6 (1929) 221-232.

G. Higg, Gesetzmdssigkeiten im  kristallban bei hydriden, boriden, carbiden wund nitriden der
sibergangselemente, Z. Phys Chem B. 12 (1931) 33-56.

H. Holleck, Material selection for hard coatings, Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films. 4 (1986) 2661-2669.

S.P.K. Yalaman Chilli, D. Kurapov, T. Sasaki, K. Kubota, Oetlikon Surface Solutions AG,
Pfiftikon, Mitsubishi Hitachi Tool Engineering, LTD. Cubic Al-rich AITIN Coatings Deposited
Sfrom Ceramic Targets. WO 2020/094882 A1, 2019.

P.H. Mayrhofer, D. Music, ].M. Schneider, Influence of the Al distribution on the structure, elastic
properties, and phase stability of supersaturated Ti1..ALN, ] Appl Phys. 100 (2006) 094906.

36



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

List of References

32]

[33]

[34]

[39]

[40]

H. Holleck, Metastable coatings—Prediction of composition and structure, Surface and Coatings

Technology. 36 (1988) 151-159.

P.H. Mayrhofer, A. Horling, L. Karlsson, J. S§j6lén, T. Larsson, C. Mitterer, L. Hultman,
Self-organized nanostructures in the Ti-AI-N system, Appl Phys Lett. 83 (2003) 2049-2051.

A. Jain, S.P. Ong, G. Hautier, W. Chen, W.D. Richards, S. Dacek, S. Cholia, D. Gunter, D.
Skinner, G. Ceder, K.A. Persson, Commentary: The materials project: A materials genome approach

to accelerating materials innovation, APL Mater. 1 (2013) 011002.

C. Kainz, N. Schalk, M. Tkadletz, C. Mitterer, C. Czettl, The effect of B and C addition on
microstructure and mechanical properties of TiN hard coatings grown by chemical vapor deposition, Thin

Solid Films. 688 (2019) 137283.

K.-T. Rie, A. Gebauer, J. Withle, Plasma assisted CV'D for low temperature coatings and corrosion
resistance to improve the wear, Surf Coat Technol. 86 (1996) 498-5006.

J. Neidhardt, Z. Czigany, B. Sartory, R. Tessadri, M. O’Sullivan, C. Mitterer, Nanocomposite
17-B-N coatings synthesized by reactive arc evaporation, Acta Mater. 54 (2006) 4193-4200.

R. Hahn, A. Tymoszuk, T. Wojcik, A. Kirnbauer, T. Kozak, J. Capek, M. Sauer, A. Foelske,
O. Hunold, P. Polcik, P.H. Mayrhofer, H. Riedl, Phase formation and mechanical properties of
reactively and non-reactively sputtered Ti-B-IN hard coatings, Surf Coat Technol. 420 (2021) 127327.

W. Gissler, P.N. Gibson, Titanium Implantation into Boron Nitride Films and Ion-Beam Mixing of
Titaninm-Boron Nitride Multilayers, Ceramics international. 22 (1996) 335-340.

T. Friesen, J. Haupt, W. Gissler, A. Barna, P.B. Barna, Ultrahard coatings from Ti-BN multilayers
and by co-sputtering, Surface and Coatings Technology. 48 (1991) 169174 .

H. Nowotny, F. Benesovsky, C. Brukl, Dz Dreistoffe: Titan—Bor—Koblenstoff und Titan—
Bor—S'tickstoff, Monatshefte fiir Chemie und verwandte Teile anderer Wissenschaften. 92

(1961) 403-414.

P.H. Mayrhofer, C. Mitterer, ].G. Wen, L. Petrov, J.E. Greene, Thermally induced self-hardening
of nanocrystalline 17-B-N thin films, ] Appl Phys. 100 (2006) 044301.

B. Cordero, V. Gémez, A.E. Platero-Prats, M. Revés, J. Echeverria, E. Cremades, F.
Barragan, S. Alvarez, Covalent radii revisited, Journal of the Chemical Society. Dalton

Transactions. 21 (2008) 2832-2838.

E.O. Hall, The Deformation and Ageing of Mild Steel: 111 Discussion of Results, Proceedings of the
Physical Society. Section B. 64 (1951) 747-747.

37



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

List of References

[44]

[45]

N.J. Petch, The influence of grain boundary carbide and grain size on the cleavage strength and impact
transition temperature of steel, Acta Metallurgica. 34 (1986) 1387—1393.

G. Gottstein Physikalische Grundlagen, Materialwissenschaft und Werkstofftechnik, Springer-
Verlag, Berlin Heidelberg, 2014.

J.W. Gibbs, On the equilibrium of heterogeneous substances, vol 1. Collected works, Longmans, Green,
and Co., New York, 1876.

W. Sun, S.T. Dacek, S.P. Ong, G. Hautier, A. Jain, W.D. Richards, A.C. Gamst, K.A.
Persson, G. Ceder, The thermodynamic scale of inorganic crystalline metastability, Science advances.

2 (2016) 1600225

W. Sun, A. Holder, B. Orvafianos, E. Arca, A. Zakutayev, S. Lany, G. Ceder, Thermodynamic
Routes to Novel Metastable Nitrogen-Rich Nitrides, Chemistry of Materials. 29 (2017) 6936—6946.

W. Sun, CJ. Bartel, E. Arca, S.R. Bauers, B. Matthews, B. Orvafanos, B.R. Chen, M.F.
Toney, L.T. Schelhas, W. Tumas, J. Tate, A. Zakutayev, S. Lany, A.M. Holder, G. Ceder,
A map of the inorganic ternary metal nitrides, Nat Mater. 18 (2019) 732-739.

W. Hume-Rothery, ] Inst Metals, 1926, 35, 319-335.
A. Martin and M. Thuo, Beyond Hume-Rothery Rules, Acc Mater Res. 4 (2023) 809-813.

H. Frey, H.R. Khan, Handbook of Thin-Film Technology, Springer-Verlag, Berlin
Heidelberg, 2015.

F.-W. Bach, K. Mohwald, A. Laarmann, T. Wemz, Moderne Beschichtungsverfahren, WILEY -
CH Verlag GmbH & Co. KGaA, Weinheim, 2005.

M. Ohring, Material Science of Thin Films - Science, Applications and Technology, 3rd ed., Academic
Press Inc., 2002,

P. M. Martin, Handbook of Deposition Technologies for Films and Coatings - Science, Application
and Technology, 3rd ed., Elsevier Inc., Oxford, 2010.

U. Behringer, H. Girtner, R. Grin, G. Kienel, M. Knepper, E. Lugscheider, H. Oechsner,
G. Wahl, J. Waldorf, G.K. Wolf, Vakuumbeschichtung 2, Springer-Verlag, Berlin Heidelberg,
1994,

M. De Graef, and M. E. Henry, Structure of Materials, Cambridge University Press,
Cambridge, 2007.

38



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

List of References

[58]
[59]

[60]

[60]

[68]

L.H. Schwartz, ].B. Cohen, Diffraction from Materials, Springer-Verlag, Berlin Heidelberg,
1987.

V. Hauk, Structural and Residual Stress Analysis by Nondestructive Methods, second ed., Elsevier
Science B.V., Amsterdam, 1997.

J. Todt, PhD thesis, Montanuniversitit Leoben, 2016.
W.C. Rontgen, On a new kind of rays, Science. 3 (1896) 227-231.

J.E. Lilienfeld, Uber eine allgemeine und hervorragend empfindliche Methode ur spektralen qualitativen
Elementaranalyse von Gasgemischen, Annalen der Physik. 321 (1905) 931-942.

L. SpieB3, R. Schwarzer, H. Behnken, and G. Teichert, Moderne Rintgenbeugung, first ed.,
Teubner Verlag, 2005.

B.J. Brentano, Focussing method of crystal powder analysis by X-rays, Phys. Soc. London. 37 (1924)
184-942.

M. Birkholz, Thin Film Analysis by X-Ray Scatteringg WILEY-CH Verlag GmbH & Co.
KGaA, Weinheim, 2000.

M.M. Woolfson, An Introduction to X-ray Crystallography, second ed., Cambridge University
Press, Cambridge, 1970.

W.H. Bragg, W.L. Bragg, The Reflection of X-rays by Crystals, Proceedings of the Royal Society
of London. Series A, Containing Papers of a Mathematical and Physical Character, 88
(1913), 428-438.

M. Stefenelli, J. Todt, A. Riedl, W. Ecker, T. Miiller, R. Daniel, M. Burghammer, J. Keckes,
X-ray analysis of residual stress gradients in TiN coatings by a Laplace space approach and cross-sectional
nanodiffraction: A critical comparison, ] Appl Crystallogr. 46 (2013) 1378—1385.

J. Keckes, M. Bartosik, R. Daniel, C. Mitterer, G. Maier, W. Ecker, J. Vila-Comamala, C.
David, S. Schoeder, M. Burghammer, X-ray nanodiffraction reveals strain and microstructure

evolution in nanocrystalline thin films, Scr Mater. 67 (2012) 748-751.

M. Bartosik, R. Daniel, C. Mitterer, I. Matko, M. Burghammer, P.H. Mayrhofer, J. Keckes,
Cross-sectional X-ray nanobeam diffraction analysis of a compositionally graded CrNx thin

film, Thin Solid Films. 542 (2013) 1-4.

A. Zeilinger, J. Todt, C. Krywka, M. Miller, W. Ecker, B. Sartory, M. Meindlhumer, M.

Stefenelli, R. Daniel, C. Mitterer, J. Keckes, In-situ Observation of Cross-Sectional Microstructural

39



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

List of References

[71]

[72]

[77]

[78]

Changes and Stress Distributions in Fracturing TiN Thin Film during Nanoindentation, Sci Rep. 6
(2016) 22670.

J. Todt, C. Krywka, Z.L. Zhang, P.H. Mayrhofer, ]. Keckes, M. Bartosik, Indentation response
of a superlattice thin film revealed by in-situ scanning X-ray nanodiffraction, Acta Mater. 195 (2020)
425-432.

W. Ecker, J. Keckes, M. Krobath, J. Zalesak, R. Daniel, M. Rosenthal, J. Todt, Nanoscale
evolution of stress concentrations and crack morphology in multilayered CrIN coating during indentation:

Experiment and simulation, Mater Des. 188 (2020) 108478.

L. Zauner, R. Hahn, E. Aschauer, T. Wojcik, A. Davydok, O. Hunold, P. Polcik, H. Ried],
Assessing the fracture and fatigne resistance of nanostructured thin films, Acta Mater. 239 (2022)
118260.

M. Meindlhumer, L.R. Brandt, ]. Zalesak, M. Rosenthal, H. Hruby, J. Kopecek, E. Salvati,
C. Mitterer, R. Daniel, J. Todyt, J. Keckes, A.M. Korsunsky, Evolution of stress fields during crack
growth and arrest in a brittle-ductile CrIN-Cr clamped-cantilever analysed by X-ray nanodiffraction and
modelling, Mater Des. 198 (2021) 109365.

A.P. Hammersley, S.O. Svensson, A. Thompson, Calibration and correction of spatial distortions
in 2D detector systems, Nucl Instrum Methods Phys Res A. 346 (1994) 312-321.

M. Stefenelli, PhD thesis, Montanuniversitit Leoben, 2014.

A.P. Hammersley, S.O. Svensson, A. Thompson, H. Graafsma, A. Kvick, J.P. Moy,
Calibration and correction of distortions in two-dimensional detector systems, Review of Scientific

Instruments. 66 (1995) 2729-2733.
B.B. He, Introduction to two-dimensional X-ray diffraction, Powder Diffr. 18 (2003) 71-85.

G. Benecke, W. Wagermaier, C. Li, M. Schwartzkopf, G. Flucke, R. Hoerth, 1. Zizak, M.
Burghammer, E. Metwalli, P. Miller-Buschbaum, M. Trebbin, S. Forster, O. Paris, S. V.
Roth, P. Fratzl, A customizable software for fast reduction and analysis of large X-ray scattering data
sets: Applications of the new DPDAK package to small-angle X-ray scattering and grazging-incidence
small-angle X-ray scattering, ] Appl Crystallogr. 47 (2014) 1797-1803.

I. Noyan, and J. Cohen, Residual Stress: Measurement by Diffraction and Interpretation, ed. B.,
Springer-Verlag, Berlin Heidelberg, 1987.

40



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

List of References

82]

[83]

[84]

[90]
[91]

[92]

M. Stefenelli, R. Daniel, W. Ecker, D. Kiener, J. Todt, A. Zeilinger, C. Mitterer, M.
Burghammer, J. Keckes, X-ray nanodiffraction reveals stress distribution across an indented

multilayered CrIN-Cr thin filnr, Acta Mater. 85 (2015) 24-31.

R.A. Winholtz, ].B. Cohen, Generalised 1 east-squares Determination of Triaxial Stress States by X-
ray Diffraction and the Associated Errors, ] Phys. 41 (1988) 189-199.

R. Hill, The Elastic Behaviour of a Crystalline Aggregate, Proc Phys Soc A. 65 (1952) 349—
354.

A. Reuss, Berechnung der Fliefgrenze von Mischkristallen auf Grund der
Plastizititsbedingung fiir Einkristalle, Z angew Math Mech. 9 (1929) 49-58.

J.D. Eshelby, The Determination of the Elastic Field of an Ellipsoidal Inclusion, Proc R
Soc Lond A. 1226 (1957) 376-396.

W. Voigt, Lehrbuch der Kristallphysik (mit Ausschluss der Kristalloptik), B.G. Teubner, 1910.

T. Gniupel-Herold, ISODEC: Software for calenlating diffraction  elastic constants, | Appl
Crystallogr. 45 (2012) 573-574.

E. Kroner, Berechnung der elastischen Konstanten des 1 ielfristalls aus den Konstanten des Einkristalls,
Z Physik. 151 (1958) 504-518.

G. Binnig, H. Rohrer, C. Gerber, E. Weibel, Surface studies by scanning tunneling microscopy,
Physical review letters. 49 (1982) 57-61.

V.M. Knoll, E. Ruska, Das Elektronenmikroskop, Zeitschrift fur Physik. 78 (1932) 318-339.
L. De Broglie, PhD thesis, Migration-université en cours d'affectation, 1924.

R.H. Fowler, L. Nordheim, Electron emission in intense electric fields, Proceedings of the Royal
Society of London. Series A, Containing Papers of a Mathematical and Physical Character.

781 (1928) 173-181.

A. Wehnelt, Uber den Austritt negativer lonen ans gliithenden Metallverbindungen und damit
gusammenhdangende Erscheinungen, Annalen der Physik. 8 (1904) 425—468.

J.A. Bearden, X-ray wavelengths, Reviews of Modern Physics. 39 (1967) 78—124.

R.D. Deslattes, E.G. Kessler Jr., P. Indelicato, L. de Billy, E. Lindroth, J. Anton, J.S.
Coursey, D.J. Schwab, C. Chang, R. Sukumar, K. Olsen, and R.A. Dragoset (2005), X-ray

Transition Energies (version 1.2), http://physics.nist.gov/XrayTrans. Access: 22.05.2024,

National Institute of Standards and Technology, Gaithersburg, MD.

41


http://physics.nist.gov/XrayTrans

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

List of References

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

J. L’Ecuyer, C. Brassard, C. Cardinal, J. Chabbal, L. Deschénes, J.P. Labrie, B. Terreault,
J.G. Martel, R. St.-Jacques, An accurate and sensitive method for the determination of the depth

distribution of light elements in heavy materials, ] Appl Phys. 47 (1976) 381-382.

B. Bakhit, D. Primetzhofer, E. Pitthan, M.A. Sortica, E. Ntemou, J. Rosen, L. Hultman, I.
Petrov, G. Greczynski, Systematic compositional analysis of sputter-deposited boron-containing thin
films, Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films. 39 (2021)
063408.

J. Dobrovodsky, D. Vana, M. BeAo, F. Lofaj, R. Riedlmajer, lon Bean Analysis including ToF-
ERDA of complex: composition layers, in: ] Phys Conf Ser, Institute of Physics, 2024.

P. Strom, D. Primetzhofer, Ion beam tools for nondestructive in-situ and in-operando composition
analysis and modification of materials at the Tandem Laboratory in Uppsala, Journal of
Instrumentation. 17 (2022) P04011.

K. Yasuda, Time-of-flight ERDA for depth profiling of light elements, Quantum Beam Science. 4
(2020) 40.

M.D. Uchic, D.M. Dimiduk, J.N. Florando, W.D. Nix, Sample dinensions influence strength and
erystal plasticity, Science. 305 (2004) 986—-989.

K. Matoy, H. Schonherr, T. Detzel, T. Schoberl, R. Pippan, C. Motz, G. Dehm, A
comparative miicro-cantilever study of the mechanical bebavior of silicon based passivation films, Thin Solid

Films. 518 (2009) 247-256.

W. Luo, C. Kirchlechner, X. Fang, S. Brinckmann, G. Dehm, F. Stein, Influence of composition
and crystal structure on the fracture toughness of NbCo2 Laves phase studied by miicro-cantilever bending
tests, Mater Des. 145 (2018) 116-121.

J. Ast, G. Mohanty, Y. Guo, J. Michler, X. Maeder, Ir situ micromechanical testing of tungsten
micro-cantilevers using HR-EBSD for the assessment of deformation evolution, Mater Des. 117 (2017)
265-2060.

R.M. Langford, M. Rogers, 17 situ lift-out: Steps to improve yield and a comparison with other FIB
TEM sample preparation technigues, Micron. 39 (2008) 1325-1330.

E.S. Berkovich, Three faceted diamond pyramid for micro-hardness testing, Industrial Diamond
Review. 111 (1951) 129.

W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and elastic modulus using
load and displacement sensing indentation experiments, | Mater Res. 7 (1992) 1564—1583.

42



List of References

A.C. Fischer-Cripps, Critical review of analysis and interpretation of nanoindentation test data, Surf
Coat Technol. 200 (2006) 4153—4165.

[108]

“aylolgig usip\ N.L Te wuld ul ajgejrene si Sisay) 210190 Syl JO UoisiaA jeulblio panoidde ay L
“regBniian ayiolgig UsIp\ NL 19p Ue 1sI uoeuassig 1asalp uoisiaAfeulibuO apjonipab susiqoidde aiqg

qny a8pajmoud| JNoA

Sraylolqie

43



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

@ Sibliothek,
Your knowledge hub

5 A Strategy to Enhance the B-Solubility and Mechanical Properties of Ti—B—N Thin Films

5 A Strategy to Enhance the B-Solubility
and Mechanical Properties of Ti—-B—N
Thin Films

The Ti—-B—N system offers a wide range of possible meta(stable) phases, making it interesting for
science and industry. However, the solubility for B within the face-centered cubic (fcc)-TiN lattice
is rather limited and less studied, especially without forming B-rich phases. Therefore, we address
how chemistries along the TiN—TiB, or TiN-TiB tie-line influence this B-solubility. The variation
between these two tie-lines is realized through non-reactive co-sputtering of a TiN, TiB,, and Ti
target. We show that for variations along the TiN-TiB tie-line, even 8.9 at.% B (equivalent to 19.3
at.% non-metal fractions) can fully be incorporated into the fcc-TiNj lattice without forming other
B-containing phases. The combination of detailed microstructural characterization through X-ray
diffraction and transmission electron microscopy with ab initio calculations of fcc T1iNBy, TiNi
«Bs, and TiN2B, solid solutions indicates that B essentially substitutes N. The single-phase fcc-
TiBo17Nogo (the highest B-containing sample along the TiN-TiB tie-line studied) exhibits the
highest hardness H of 37.1£1.9 GPa combined with the highest fracture toughness Kic of 3.0+0.2
MPa'm'? among the samples studied. These are markedly above those of B-free TiNos; having H
=29.242.1 GPa and Kic = 2.7+<0.1 MPa'm'"*.

51 Introduction

Hard coatings have revolutionized materials science and engineering by enhancing the performance
and durability of various materials. In particular, TiN thin films—offering an outstanding
combination of mechanical properties—have found extensive usage as protective coatings for
cutting tools exposed to severe mechanical and corrosive loads [1,2]. While boron (B) addition can
significantly improve the hardness, wear resistance, and thermal stability of TiN-based coatings [3—
7], achieving its full incorporation in the face-centered cubic (fcc) lattice is challenging [8—10]. To
address this limitation, we investigate how variations either along the TiN-TiB, or TiN-TiB tie-
line influence the solubility of B in TiN,. We used non-reactive magnetron co-sputtering of a TiN,

TiB,, and Ti target for this task.

The larger covalent bonding radii of B (0.84 A) compared to N (0.71 A) cause lattice distortions in
TiN when N atoms are substituted by B [11], bringing a dielastic contribution to the solid solution

strengthening mechanisms (see Fleischer's formula [12]). However, the atomic size difference and

44



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

5 A Strategy to Enhance the B-Solubility and Mechanical Properties of Ti—B—N Thin Films

altered bond characteristics limit the full incorporation of B in the TiN lattice [13]. Typically, excess
B segregates at grain boundaries [14], hindering coalescence during nucleation and coarsening
during film growth. The change to a smaller-grained microstructure increases hardness by grain
refinement strengthening [15,16]. Nanocomposite Ti-B—N coatings exhibit a similar effect, where
TiN and TiB, grow simultaneously in a sequence of segregation-driven renucleation processes
[17,18]. However, in reactively deposited coatings, limited B solubility in TiN induces the formation
of soft amorphous BN phases [19]. Generally, the chemistry of reactively deposited coatings
follows the TiN—BN tie line more. In contrast, non-reactive approaches allow compositions along

the TiN—TiB, and TiN-—TiB tie lines, achieving hard and super hard (> 40 GPa) coatings [19].

Previous studies on Ti—B—-N coatings developed a well-understood ternary phase system [3,4,17—
20], providing a solid basis for understanding the impact of B on the microstructure and mechanical
properties of TiN [20-23]. However, soluting higher amounts of B in the fcc lattice—without
forming secondary phases—remains challenging. To overcome this challenge, we propose a non-
reactive co-sputtering approach to achieve a single-phased Ti—B—N solid solution with a high

amount of B incorporated in the TiN lattice.

Specifically, we aimed for Ti—-B—N coatings with chemistry along two quasibinary tie lines: (i) TiN—
TiB,, via co-sputtering TiN and TiB; targets, and (it) TiN-TiB, via co-sputtering TiN, TiB,, and Ti.
For easier reading, these coating systems are referred to as TiN—TiB, and Ti(N,B). Notably, TiN—
TiB; refers to the analogous tie-line, not the coating composition. Varying the current applied to
the TiB, and Ti targets—while keeping that at TiN constant—we show that additional co-
sputtering of Ti increases the solubility of B in TiN up to 8.9 at.%. Ab initio density functional
theory calculations underpin these observations. Furthermore, Ti over-stoichiometry (or more
vacancies at the non-metal sublattice [24]) is required to maintain the high hardness of single-

phased Ti—B—N and fracture toughness if the B-content exceeds ~3 at.%.

5.2 Materials and Methods

Six different Ti—B—N coatings, in addition to one TiNy, were prepared with an AJA International
Orion 5 PVD machine equipped with one 3” and two 2 unbalanced magnetron sputtering sources
holding a TiN (99.5 % purity), TiB, (99.5 % purity), and Ti (grade 2) target (all from Plansee
Composite Materials GmbH), respectively. Before loading and mounting the substrates Si (100)
7x20%0.38 mm”’, mirror polished austenitic steel 7X20x0.75 mm?®, and single crystalline sapphire

(1102) 10x10%0.53 mm® to the deposition chamber, they were ultrasonically cleaned in acetone

45



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

5 A Strategy to Enhance the B-Solubility and Mechanical Properties of Ti—B—N Thin Films

and ethanol for 5 min each. Inside the chamber—after reaching the base pressure of below 1-10*
Pa (1:10° mbar)—the substrates were thermally cleaned at ~450 °C for 20 min, afterwards Ar-ion
etched using an Ar pressure (20 sccm Ar-flow) of 6 Pa and applying a negative voltage of 750 V to
the rotating (1 Hz) substrate-holder (keeping the ~450 °C). During depositions—using a current-
controlled mode for sputtering the target—the substrates were negatively biased with -60 V DC.
The Ar pressure was 0.4 Pa (10 sccm Ar-flow) while the temperature and the substrate-holder
rotation was 1 Hz. The 4-inch substrate holder is ~10 cm above the confocal target arrangement.
Different chemistries of the Ti-B—N coatings are obtained by adjusting solely the sputtering-
currents applied to the 2-inch TiB: (Iris2) and Ti (Iry) targets between 0 and 0.6 A, while the TiN
target was always operated with Irix = 0.75 A. The other deposition parameters were kept constant
using a substrate bias of -60 V DC, substrate temperature of ~450 °C, substrate-holder rotation of
1 Hz, and an Ar pressure of 0.4 Pa (10 sccm Ar-flow). In addition to the TiNy coating (i.e., Iti =
Itigo = 0 A), three Ti—B—N coatings are prepared only with the TiN and TiB; target (i.e., I = 0 A,
and Itizz = 0.2, 0.4, 0.6 A), and three are prepared by synchronizing the TiB, and Ti target (i.e., Iri
= Itz = 0.2, 0.4, 0.6 A). For easier distinction, the first three are referred to as TiN-TiB; and the
last three as Ti(B,N) throughout the manuscript; overall, they will be named Ti—B-N. The
deposition time was adjusted between 80 and 92 min (based on pre-studies) to prepare coatings

with a thickness 7 of ~2 pm.

Their chemical composition was obtained from samples deposited on sapphire through Time-of-
Flight Elastic Recoil Detection Analysis (ToF-ERDA) at the 5 MV Pelletron Tandem accelerator

127IS+

at Uppsala University [25] using projectiles with a primary energy of 36 MeV. The beam
incident angle was 67.5° to the surface normal, where recoils reached the detector at an angle of
45° with respect to the incident beam direction. The raw experimental data were analyzed using
the CONTES software package [26]. Total systematic and statistical uncertainties were estimated
to be below 5% of the deduced value for the major constituents. Additional chemical information
was obtained from X-ray fluorescence (XRF) measurements using a PANalytical AxiosmAX-
Advanced spectrometer with a rthodium (Rh) X-ray tube operating at 50 kV and 55 mA under
vacuum conditions—calibrated with the three ERDA-analyzed TiNog;, TIN+TiB; (10.4 at.% B),

and Ti(N,B) (8.9 at.% B) thin films.

Structural information of the coatings was derived from X-ray diffraction patterns collected with a
PANalytical XPert Pro MPD (0-0 diffractometer) in Bragg Brentano geometry, which was
equipped with a CuKa radiation source operated with 45 kV and 40 mA. Fracture cross sections

were investigated with an FEI Quanta 250 scanning electron microscopy (SEM) equipped with a
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field emission gun (operating at 10 kV) using fracture cross-sections of samples grown on St (100)
and with an FEI F20 transmission electron microscopy (TEM) equipped with a field emission gun
(operating at 200 kV). The cross-section TEM samples were prepared by mechanical polishing
down to 10 pm lamella thickness, following conventional preparation steps, and subsequent Ar ion
milling (using a GATAN PIPS II). Top-view TEM lamella preparation was accomplished by
focused ion beam (FIB) cutting on a Thermo Fischer Scios 2 DualBeam system, following a typical
FIB TEM sample preparation recipe [27]. Initially, a 2 pm thick plane-view lamella was cut free,
followed by ion milling steps to achieve a final thickness of about 75 nm. A final cleaning step at 2
kV and 27 pA and subsequent Ar ion milling at 0.5 kV using a Gatan PIPS II system resulted in
<25 nm thickness in specific areas. A 200 kV field emission TEM (JEOL 2100F) equipped with
an image-side CS-corrector and Gatan Tridiem system was used in the high-resolution TEM
(HRTEM) study, which demonstrates a resolution of 1.2 A at 200 kV. The aberration coefficient
is set close to zero, under which the HRTEM images were taken under slightly over-focus
conditions (close to the Scherzer defocus). The point spectra and electron energy-loss spectrum
(EELS) mapping were recorded under scanning TEM (STEM) mode with a camera length of 2 cm
and a dispersion of 0.2 eV per channel. The spectra were processed in a Digital Micrograph (DM
version 3.42). The background was subtracted using the power-law model. The specimen thickness
was estimated to be less than 0.5 (thickness (t)/mean free path(L)) using zero-loss peak. All the
spectra were calibrated using zero-loss spectra. EELS core-loss spectra were smoothed using low-

pass filtering (per 2 channels) in DM.

Indentation modulus and hardness were obtained through computer-controlled nanoindentation
using a UMIS II System equipped with a diamond Berkovich tip (calibrated using a fused silica
standard sample). To minimize the substrate influence, we excluded data points with indentation
depths larger than 10% of the coating thickness. To obtain the film-only Young’s modulus, the raw
modulus data were fitted and extended towards zero indentation depth, following the instructions
given in [28,29]. Biaxial residual stresses of the coatings on sapphire substrates were obtained by
measuring their curvature using a Nanovea PS50 profilometer and applying the Stoney equation

[30].

Tk‘§_2§racture toughness in terms of the critical intensity factor (Kic) was derived from in-situ
microcantilever bending tests with a Hysitron PI-85 SEM Picolndenter inside the above-
mentioned FEI Quanta 250 FEGSEM. For this, fracture cross-sections of samples grown on Si
(100) were mechanically polished with a 1 um diamond lapping film, after which, at a larger region,

the Si substrate was chemically removed through etching with a 40 wt.% aqueous KOH at a
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temperature of 70 °C. The resulting freestanding Ti-B-N thin film region was machined with a
focused Ga ion beam (FEI Quanta 200 3D DBFIB) to obtain microcantilevers with dimensions
of 7-w X wX w (ie., the length-to-width ratio //w = 7 and the breadth 4 = ») including a pre-notch
with the depth « across the breadth by leaving material-bridges on each side of the notch. The
cantilever shape was coarse-machined with 3 nA, and the final step was made with 0.5 nA to
minimize the impact of FIB damages on the investigation; the pre-notch was milled with 50 pA to
reduce geometrical errors and to ensure a small notch-radius. These cantilevers were loaded with a
spherical diamond indenter with a tip radius of ~ 1 um in displacement-controlled mode (5 nm s’
" until fracture. The maximum load P and the cantilever dimensions were used to calculate Kic

after Matoy et al. [31]:

Kuo =22 G 5
with:
f (%) = 1.46 + 24.36 (%) —47.21- (%)2 +75.18- (%)3 (5.2)

A total of 8 cantilever tests per Ti—-B—N specimen was conducted, with a success rate of 72 % and

wvalues (after machining) of ~2 pm.

Density function theory (DFT) calculations were conducted employing the Vienna ab initio
simulation package (VASP) [32,33] together with projector augmented plane-wave (PAW)
pseudopotentials [34] and the Perdew-Burke-Ernzerhof generalized gradient approximation
(GGA) [35]. A plane-wave cutoff energy of 600 eV was used together with an automatically
generated I'-centered £-point mesh (length parameter of 60 A). The equilibrated structure of fcc-
TiN (Fm-3m, a = 4.255 A) served as a building block of a 64-atom (2x2x2) model for TiN;,B;,
TiNi.2Bs, and Tii-NBx solid solutions, corresponding to compositions along the TiN-TiB, TiN-
TiBos, and TiIN-BN tie lines, respectively. The B atoms were distributed at the N and Ti sublattice
according to the special quasirandom structure (SQS) approach [36]. All structures were fully
optimized until forces on atoms were below 10* ¢V /A and the total energies of two successive

ionic steps did not differ by more than 10~ eV/supercell.

Polycrystalline Young’s moduli, E, of selected solid solutions (with compositions close to the
experimental findings) were evaluated from elastic constants obtained by the stress-strain method
[37,38]. Assuming a brittle cleavage of the first-neighbor Ti-N/B bonds, cleavage enetgies, Ecoo,

were estimated using the rigid block displacement method [39]. With the directional Young’s
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modulus, Epor, and cleavage energy, Ecoor, we calculated the theoretical Kic according to Griffith’s

formula [40]:

Kicoo) = 2\/Ecl(001) " Efoo1) (5.3)

As our supercell size allowed deriving eight Feoor) values for a given B content x in TiN. B, (due
to eight (001) planes in each supercell differing only by local distribution of B), we used these to

calculate error bars of DFT Kicgo).

5.3 Results and Discussion

¢ .
45 TN  TiNgg, 55 60 65

Titanium (at.%)

Figure 5.1. Part of the isothermal Ti—-B—N phase diagram, including the chemical compositions of
the deposited samples as determined by ToF-ERDA (coatings marked as full-filled symbols) and
XRF (the four indicated with half-filled symbols). The orange diamond symbols (close to the
TiNog—TiB; tie line) represent the TiN—TiB, coatings obtained by co-sputtering TiN and TiB,,
while the blue cube symbols (close to the TiNog—TiB tie line) represent the Ti(N,B) coatings
obtained by co-sputtering TiN, TiB,, and Ti. From the non-reactively sputtered TiNog; specimen
(N/Ti ratio, y, of 0.87, determined with ERDA)—tepresented by the gray star symbol—to the
highest B-containing sample of each series (TiN-TiB, and Ti(B,N)), the color becomes lighter.
Gray round symbols represent an excerpt from the DFT calculations contrasting the experimental
values. White-filled round symbols track TiNi2B, values along the TiN-TiBysline, indicating that
for each B substituting N, an N-vacancy is “added”. Gray-filled symbols correspond to TiN By
values along the TiN-TiB tie line, where B substitutes N. Dark gray-filled symbols follow T1;.NB;
along the TiN-BN tie line, indicating that B-substitutes Ti.
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To assess the impact of chemistries either along the TiN—TiB, or TiN—TiB tie line on the solubility
of B within the TiN-based lattice—and consequently on the evolving microstructure and
mechanical properties—we developed two non-reactively prepared Ti—-B—N series, one co-
sputtered from TiN and TiB, targets (referred to as TiN—TiB,) and one co-sputtered from TiN,
TiB,, and Ti targets (with synchronized sputtering current at the TiB, and Ti target, referred to as

Ti(B,N) samples), detailly described in the experimental part of the manuscript.

Fig. 5.1 shows that the TiN—TiB, samples are chemically close to the TiN-TiB; tie line, while the
Ti(N,B) samples are close to the TiN-TiB tie line. Consequently, the Ti content of the latter is
nearly constant with 52.9, 53.0, 53.6, and 52.7 at.%, for B contents of 0.0, 2.4, 5.7, and 8.9 at.%,
respectively. The solely TiN+TiB, co-sputtered ones have decreasing Ti contents of 52.9, 52.7,
51.7, and 49.6 at.%, and increasing B-contents of 0.0, 3.0, 6.9, and 10.4 at.% with increasing Iris2
from 0.0 to 0.6 A. The N-deficiency of the non-reactively sputtered film from the TiN target (i.e.,
the TiNog—sample) mainly stems from different gas-scattering and sputter-angle distributions of
N and Ti [41-43]. Therefore, the chemical compositions of our coatings are closer to the TiNog—
TiB; respectively TiNog—TiB tie-line (bordering the hatched region in Fig. 5.1) than to the TiN-
TiB; respectively TiIN-TiB tie-lines (bordering the gray-shaded region in Fig. 5.1). Fig. 5.1 further
shows that the coatings obtained by co-sputtering TiN+TiB,+Ti deviate further from the
corresponding TiNog-TiB tie line (towards the Ti-corner) with increasing B content than the
coatings obtained by co-sputtering TiN+TiB, do deviate from their corresponding TiNgs—TiB; tie
line. The gray round data points in Fig.1 represent the course of our DFT calculations, highlighting

the coherence of our deposited coatings and theoretically calculated data points (discussed below).

XRD analyses of the TiN—TiB, and Ti(N,B) coatings indicate that both series maintain the single-
phase cubic fcc-TiN structure without the formation of other crystalline phases with increasing B
content, see Fig. 5.2. While the TiN-TiB, coatings show no distinct oriented growth, the Ti(IN,B)

coatings indicate a 200-oriented growth for both highest B contents (5.7 and 8.9 at.%).
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Figure 5.2. X-ray diffraction (XRD) patterns of Ti—B—N coatings co-sputtered from TiN+TiB,
and those co-sputtered from TiN+TiB,+Ti, given in orange and blue, respectively. XRD patterns
of the (a) TIN-TiB; and (b) Ti(N,B) coatings with labeled currents applied to the TiB, target, Irip..
For TiN-TiB; It = 0 A and for Ti(N,B) Iy was synchronized with Irisz, Itiv was always 0.75 A.
Standard positions of TiN (111), (200), and (220) crystal planes (JCPDS no. 00-038-1420) are

indicated.

More detailed peak profile analysis with respect to lattice plane distance dao (Fig. 5.3a) and full
width at half maximum I (Fig. 5.3b) highlights significant differences between the two coating
seties. For TiN-TiB,, da initially increases from 2.129 to 2.142 A upon adding 3.0 at% B, after
which it slightly decreased again to 2.136 A (at 10.4 at% B), while I'xo continuously increased.
Contrary, the Ti(N,B) samples experience a continuously increasing dao (up to 2.158 A at 8.9 at%
B) while their I stayed at 0.55°20.08° upon increasing the B content to 8.9 at%, compare Figs.
3a and b. Increasing lattice plane distances of the Ti—-N-B coatings with increasing B content
indicate that B is incorporated in the TiN lattice, due to the larger covalent bonding radii of B as
compared to N [14], rather than being segregated to the grain boundaries. As discussed later, the

change towards smaller 20 is not attributed to increased residual stresses.
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Figure 5.3. (a) Lattice plane distances dago and (b) full width at half maximum (FWHM) of the 200-
peak. The orange diamond (a) and triangular (b) symbols represent the TiN-TiB, coatings, while
the blue cube (a) and triangular symbols represent the Ti(N,B) coatings. The values were
determined through peak profile fitting using a Pearson 7 function and an asymmetry type of peaks
by split width and shape. The gray star symbol represents the data point for sputtered TiNos».

More detailed peak profile analysis with respect to lattice plane distance dao (Fig. 5.3a) and full
width at half maximum I (Fig. 5.3b) highlights significant differences between the two coating
seties. For TiN-TiB,, da initially increases from 2.129 to 2.142 A upon adding 3.0 at% B, after
which it slightly decreased again to 2.136 A (at 10.4 at% B), while I'xo continuously increased.
Contrary, the Ti(N,B) samples experience a continuously increasing dao (up to 2.158 A at 8.9 at%
B) while their I stayed at 0.55°20.08° upon increasing the B content to 8.9 at%, compare Figs.
3a and b. Increasing lattice plane distances of the Ti—-N-B coatings with increasing B content
indicate that B is incorporated in the TiN lattice, due to the larger covalent bonding radii of B as

compared to N [14], rather than being segregated to the grain boundaries. As discussed later, the

change towards smaller 20 is not attributed to increased residual stresses.
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Figure 5.4. DFT-calculated (a) dxo lattice spacing, and (b) energy of formation (Ey) as a function
of B content for three Ti-B-N structural variants: (i, round gray-filled symbols) TiN.B,, where B
replaces N at the non-metal sublattice, (i, round dark gray-filled symbols) TiNB,, where B
replaces Ti at the metal sublattice, (ii, half-filled gray circular symbols) TiN,.B,, where B occupies
the non-metal sublattice with the formation of N-vacancies. The blue trend line (starting from
TiNos7, symbolized by a gray star) reflects the Ti(N,B) coatings from Figure 3a.

Consistent with the observed trendline for our Ti(N,B) coatings (Fig. 5.3a), ab initio calculations
in Fig. 5.4a show that the da lattice spacing almost linearly increases with increasing B content in
the case of fcc-TiN.By and fcc-TiN2B structures, where the latter exhibits N vacancies (having
a very minor effect on da). Contrarily, the opposite trend—qualitatively inconsistent with our
experimental observations for Ti(N,B)—is predicted for fcc-Ti1 NB.. Mind that we do not expect
a perfect quantitative agreement between DFT and experimental daxo due to many effects omitted
by our DFT models, such as finite temperatures, residual stresses, and the coating's inherent
microstructure. In combination with the comparison between ab initio and experimental dao
variation, the preferential B-for-N substitution—if B is incorporated in the fcc-TiN lattice—is
provided by assessing relative chemical stability, as estimated by (zero Kelvin) formation energy,
Eg, see Fig. 5.4b. The least negative E¢ of fcc-T11.NBy (compared to fcc-TiNi.Bx and fee-TiNBy)

again points towards that B substitutes for Ti is the least likely scenario. The N-vacancy-containing
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fec-TiN1.2Bs yields Er slightly above that of fcc-TiNiBs. These differences may further diminish
at finite temperatures when considering configuration entropy contribution, thus, fcc-TiNj2By
becoming energetically closer (or even favored) over fcc-TiNi.Bsx. However, we focus exclusively
on fcc-TiNi B, for comparison with our subsequent experimental results. The slightly decreasing
daoo values of TiN—TiB, samples upon increasing their B-content beyond 3.0 at.% in combination
with the continuously increased 100 values, compare Figs. 3a and b, suggest that only approx. 3
at.% B is substituting for N in the TiN, lattice, while the surplus promotes the formation of an
additional X-ray amorphous boundary phase. The mechanisms are similar to what has been studied
in detail for TiN-SiNy [44—40]. Such segregations during film growth interfere with coalescence
and promote re-nucleation, leading to smaller crystallite sizes. These would result in larger I"o
values, as observed for TiIN-TiB,. Contrary, the small and nearly constant I"a, in combination with
increasing dao as the B content increases for Ti(IN,B), indicates that B is fully incorporated in the

crystal lattice (as mentioned above, substituting for N).

To underpin the difference in B solubility for the TiN—TiB, respectively Ti(N,B) samples, those
with the highest B content were studied in detail by TEM. The 10.4 at.% B-containing TiN-TiB;
coating’s cross-section (Fig. 5.5a) exhibits a compact, dense growth morphology with small grains,
on average 18 £ 7 nm; see the dark-field cross-sectional TEM Fig. 5.5b. This additionally shows a
more featherlike microstructure. Contrary, the 8.9 at.% B-containing Ti(N,B) coating’s cross-
section (Fig. 5.5¢) exhibits a more columnar growth morphology with column diameters of 54 + 15
nm on average (see the dark-field image, Fig. 5.5d). Complementary top-view images display the
overall morphology of the grains, revealing a refined microstructure with distinct and thick grain
boundaries of the TiN—TiB, sample (Fig. 5.5¢ and 5.5f), as a result of segregation effects inhibiting
also the columnar growth during film deposition. In contrast, the plane view microstructure of the
Ti(N,B) sample showcases larger grains arranged with significantly less-distinct and also much
thinner grain boundaries, as shown in Fig. 5.5g and 5.5h. The microstructural differences between
the two Ti—-B—N coatings suggest that the additional Ti increases the solubility of B within the TiN-
lattice during film growth, resulting in reduced segregation processes and thus larger-grained

microstructure with prominent columnar growth.

The selected area electron diffraction (SAED) pattern in Fig. 5.6a—obtained with a 750 nm
diameter aperture positioned in the center of the cross-section, including the integrated intensity
of the full ring pattern—demonstrates a TiN structure without signs of another crystalline phase.

The nearly closed diffraction rings, which are relatively broad, mark a small grain size.
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Figure 5.4. TEM investigations of the TiN—TiB, coating with 10.4 at.% B. (a) Bright-field TEM
image from the middle region of the coating’s cross-section. (b) Dark-field TEM variant with 111
and 200 reflections of the same area as in (a). Same for Ti(N,B) coating with 8.9 at.% B. (c) Bright-
field and corresponding (d) dark-field TEM image. (¢) Top-view TEM bright-field micrograph
from a near-surface region of the same TiN-TiB, sample and (f) dark-field TEM image highlighting
the 111 and 200 reflections of the same area as in (). The inset in (¢) framed in solid-orange is a
higher magnification of the section indicated with dashed-orange and illustrates the distinct and
thick grain boundaries. Analogous top-view bright-field (g) (with corresponding blue framed inset)
and dark-field (h) TEM images for the Ti(N,B) sample with 8.9 at.% B are provided.

Similar to the TiN-TiB; coating sample, SAED investigations of Ti(N,B) (Fig. 5.6b, with an overlay
of the integrated intensity) show no other crystalline phases than fcc-TiN, in agreement with XRD
measurements. Contrary to the TiN—TiB, coating, the diffraction rings for Ti(IN,B) are sharper with
even distinct diffraction spots, indicating (again in agreement with XRD) higher crystalline quality
and larger grains/columns. Similar results can be seen in the top-view SAED patterns (obtained
with a 200 nm diameter aperture) of both Ti—B-N thin films (compare Fig. 5.6c and 5.6d). The
combination of the SAEDs also indicates smaller diffraction ring radii for Ti(N,B) than for TiN—
TiB,, which is equivalent to larger lattice parameters, especially seen when comparing the larger

diffraction rings and the peak positions of the integrated intensity.
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Figure 5.6. Comparative selected-area electron diffraction (SAED) analysis from cross-section
TEM-samples of (a) TIN-TiB, coating with 10.4 at.% B and (b) Ti(N,B) coating with 8.9 at.% B,
including an overlay of the integrated intensity in orange (a) and blue (b), respectively (CrystBox
[38]). A similar SAED analysis is compared for the top-view TEM samples for TiN—TiB; (c) in
orange and Ti(N,B) (d) in blue. The squared symbols mark the fcc-TiN reference (JCPDS no. 00-
038-1420).

These SAED investigations for TiN-TiB, and Ti(N,B) are in excellent agreement with XRD.
Because the SAED is obtained from the cross-section, no preferred growth orientation is visible
for the 8.9 at.% B-containing Ti(N,B), contrary to the XRD studies. However, the preferred [200]
and [220] orientations can be seen in the SAED obtained from the top-view sample (Fig. 5.6d).
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Figure 5.7. (a) Top-view high-resolution TEM (HRTEM) image showing TiN—TiB, coating with
10.4 at.% B of a triple junction. (b) and (c) show high-angle annular dark-field (HAADF) images
covering the area around a triple junction and EELS B-K edge mapping of the corresponding area
indicated by a white-lined box, respectively. (d), EELS spectral (B-K edge) results of the triple
junction (EELS-1) and the nearby grain (EELS-2).
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Figure 5.8. (a) Top-view high-resolution TEM (HRTEM) image at the triple junction of the
8.9 at.% B fcc-Ti(N,B) columnar grains. (b) and (c), HAADF imaging and EELS B-K edge
mapping of the corresponding white dashed area. (d), EELS spectral (B-K edge) results of a region
within the triple junction (EELS-1) and a nearby grain (EELS-2).

To further substantiate the difference in B solubility of the two differently co-sputtered Ti—-B—N
series, we compare the grain boundary structures and the B distribution of the TiN-TiB, and
Ti(N,B) coatings with 10.4 and 8.9f at.% B, respectively, by high-resolution top-view TEM
investigation. Fig. 5.7a shows the atomic-scale HRTEM image HRTEM image displaying a triple
junction with amorphous phases. By EELS mapping the selected area outlined in Fig. 5.7b, the
elemental distribution of B is visualized in Fig. 5.7¢, significantly highlighting the B enrichment at
the triple junction. In addition, individual core-loss spectra (Fig. 5.7d) illustrate an enhanced
intensity of the B-K edge at the triple junction compared to the nearby grain. In contrast, the
HRTEM image of the Ti(B,N) coating, shown in Fig. 5.8a, shows an overall crystalline
microstructure with no amorphous grain boundary phases. Furthermore, the corresponding EELS
mapping and individual spectra (Figs. 5.8b-5.8d) do not show any significant B enrichment at the
triple junctions of the columnar grains. This observation indicates that B is distributed
homogeneously—akin to being fully soluted—in the fcc-Ti(N,B) coating, compared to the
pronounced B segregation in the TiN-TiB, coating. We further suggest that the B segregation

promotes the amorphization of the grain boundary structure.

How these differences in microstructure and soluted B content between TiN-TiB, and Ti(N,B)
are reflected in the mechanical properties and fracture toughness was studied with nanoindentation
and in-situ micromechanical bending tests. Despite the difference in grain size, preferred growth
orientation, and soluted B, both coating series show a similar increase in H with increasing B
content, Fig. 5.9a. The hardness of TiN-TiB, with the highest B content (10.4 at.%) is 36.9+1.9
GPa while that of Ti(N,B) with the highest B content (8.9 at.%) is 37.1+1.9 GPa.
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Figure 5.9. Relationship between B content and hardness (a), residual stresses (b), and Young's
modulus (c) of TiN-TiB, (orange diamond data points) and Ti(N,B) (blue cube data points) thin
films. The gray star data point represents TiNgg7. The ab initio calculated Young's moduli for fec-
TiN1Bx (gray circular symbols) are added to (c).

The unchanged 10 (Fig. 5.3b) and nearly unchanged compressive residual stresses (Fig. 5.9b)
indicate comparable grain sizes and micro stresses for Ti(N,B) regardless of their B content. Hence,
the steady shift in peak position, see Fig. 5.3a, is linked to the increasing amount of B incorporated
within the lattice rather than caused by residual stresses. On the contrary, the TiN-TiB, coatings
exhibit an initial decline in compressive residual stresses from -2.92 GPa (for TiNog7) to -1.74 GPa
upon adding 3.0 at.% B, after which o slightly increased to -2.53 (for 10.4 at.% B). Contrary to the

residual compressive stresses, the Young's modulus (E) only slightly varies for the individual TiN—
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TiB, coatings but markedly decreases for Ti(N,B) from 478 GPa (TiNog7) to 438 GPa upon
increasing the B content to 8.9 at.%, Fig. 5.9¢. This decline in I with increasing B content is also
captured by ab initio calculations for fcc-TiNyB.. Together, these data indicate that the TiN-TiB,
coatings experience solid solution strengthening (up to 3 at% B) and grain refinement
strengthening. For the Ti(N,B) coatings, solid solution strengthening is dominating up to their
maximum B content of 8.9 at.%, because their grain size is essentially unchanged and B is fully
soluted, as mentioned above during the discussion of their XRD and TEM results. Ab initio
investigations furthermore suggest N with B substitution for these Ti(IN,B) samples through their
excellent agreement with fcc-TiNi By structures. As suggested by the classical Fleischer equation,
the deviation of the hardness increase from a B> dependence suggests other contributions, which

could be an additional increase in dislocation density and increased vacancy content.
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Figure 5.10. (a) Fracture toughness (Kic) for TIN-TiB, and Ti(N,B) samples. The gray star symbol
represents the data point for TiNosr. (b) DFT-predicted cleavage energy, Ea, of fcc-TiNy.B,, with
error bars representing standard deviation of Eq values for all (100) planes in the simulation cell
(due to random distribution of B atoms at the N sublattice, the planes exhibit locally slightly
different chemistry). The corresponding calculated Kicoo is added to (a).

The two coating series, TiN-TiB, and Ti(NB), provide an opposing trend for their fracture

toughness Kic with increasing B content. The TiNog; coating exhibits a Kic of 2.72<0.1 MPa'm'/?,
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which decreases to 2.1+0.1 MPa'm'*upon increasing B to 10.4 at.% for the TiN-TiB, samples
but increases to 3.0+0.2 MPa'm'? upon increasing B to 8.9 at.% for the Ti(N,B) samples,
Fig. 5.10a. The ab initio derived cleavage energy for fcc-TiNi. By also provides such a trend of
increasing values with increasing B content, Fig. 5.10b. Again, in addition to dxo and Young’s
modulus, there is a nice agreement between Ti(N,B) samples (with chemistries along the TiNog—
TiB tie line) and the fcc-TiNi By solid solution where B substitutes for N. Thus, for these Ti(N,B)
samples the provided B (here studied up to 8.9 at.%) is fully soluted in the TiN, lattice. On the
contrary, the TiIN-TiB, coatings with compositions along the TiNog—TiB: tie line can only solute
up to approx. 3 at.% B, as suggested by the comparison between XRD and DFT calculated da of
fcc-TiN1 By solid solutions. A surplus in B is accommodated by an amorphous B-rich grain
boundary phase, as detected by EELS (Figs. 7b-7d). This excess amount of B at the grain
boundaries obviously negatively influences their fracture toughness, because the TiN-TiB, sample
with the highest B content (10.4 at.%) provides the lowest Kic value of only 2.1+0.1 MPa-m'?,
regardless of providing one of the highest H and E values combined with smallest grain size and
dense growth morphology. Classically, the combination of such characteristics (while the residual
stresses are comparable) would favor an increased fracture toughness if no additional weaker phase

is present.
5.4 Summary and Conclusion

This study addressed the open question on B-solubility in TiN, by developing two Ti—B—N series,
one along the TiN-TiB, and one along the TiN-TiB tie line. Experimentally, this was achieved
through non-reactive co-sputtering of TiN and TiB, respectively TiN, TiB,, and Ti. Accurate
assessment of the chemical composition by ERDA proved a N/Ti ratio of 0.87 for the film
prepared by non-reactive sputtering the TiN target and a max. B content of 10.4 and 8.9 at.% in
the TiN-TiB, and Ti(IN,B) coatings, respectively. Together with XRF analysis, this showed that
while the TiN-TiB, films are chemically very close to the TiNog—TiB; line, the Ti(N,B) films
deviate from the TiNog—TiB tie line towards the Ti corner with increasing B content (as the
sputtering current applied to the Ti target was synchronized with that applied to the TiB, target).
The latter should turn out to be decisive for an increased B solubility within TiNy in the end.

Detailed XRD, TEM, SAED, and HRTEM studies indicated that the only crystalline phase present
is fce-TiNy-based and that the highest B-containing TiN-TiB, and Ti(N,B) film has a grain size of
18£7 nm and column diameter of 54+15 nm, respectively. This 10.4 at.% B containing TiN-TiB,
was randomly oriented with rather equiaxed grains while the 8.9 at.% B containing Ti(N,B) has a

pronounced (200) growth orientation with columnar grains.
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Comparison of their dxp lattice spacings with theoretical (DFT-predicted) values for fcc-TiiNBy,
fee-TiN 1By, and fec-TiNyBs pointed out that the Ti(N,B) coatings can completely dissolve the
provided 8.9 at.% B in the fcc lattice, whereas this is only possible with about 3 at.% for TiN—TiB,.
Consistently, the full width at half maximum of the XRD peaks, which increased continuously with
increasing B content for TiN—TiB,, but remained constant for Ti(N,B). Finally, our HRTEM and
EELS mapping results have conclusively confirmed our XRD results and DFT predictions that
only with additional co-sputtering of Ti an fcc-Ti(N,B) solid solution with 8.9 at.% B is achieved—
evidenced by the distinct crystalline microstructure and homogeneous B distribution observed in
the EELS mapping. In contrast, for the TiN-TiB, coating (10.4 at.% B), we showed that most of
the B accumulates at the grain boundaries, forming an amorphous B phase, rather than being fully
incorporated into the fcc-TiN crystalline grains. This surplus B interferes with coalescence
processes during nucleation and growth of the TiN-TiB; thin film, resulting in a reduced columnar
structure (nearly equiaxed grains for the max. B content) and smaller grains.

The hardness evolution with the B content was similar for both coating series since solid-solution
strengthening prevails for Ti(N,B) and grain-refinement strengthening for TiN—TiB,. In addition
to the structural similarities between Ti(N,B) and ab initio fcc-TiNi By, their Young’s moduli
agreed with the theoretical DFT values and their decrease with increasing B content, too. The TiN—
TiB: ones provide almost constant values across the B variation studied.

Regardless of the similar hardness values (and trend) but even larger Young’s moduli combined
with smaller grains, the TiN—TiB, coatings provide a lower fracture toughness than Ti(N,B). The
difference was most pronounced for the highest B-containing coatings because Kic increases with
B for Ti(N,B) to 3.0£0.2 MPa'm'? but decreases for TiN-TiB; to 2.1+0.1 MPa-m"2 For B-free
fec-TiNos7, Kic = 2.7+<0.1 MPa-m'/.

Based on our findings, successfully incorporating advantageous elements into crystal lattices must

account for their needed space. In this case, the larger B atom relative to N requires

understoichiometric TilN.
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6 Strategic Lattice Manipulation in
Transition Metal Nitrides for Improved
Solubility

In this study, we propose a new concept for achieving metastable ternary transition metal nitride
solid solutions, focusing on face centered cubic (fcc) structured Ti(N,B) as a model system.
Combining non-reactive magnetron sputtering with computational analysis, we develop a
microalloying strategy to manipulate the metallic sublattice, thereby influencing the solubility of B
in the non-metal sublattice. We show that imposed tensile strain on the fcc-TiN lattice facilitates
the solubility of B, with a 1.5% strain enabling the incorporation of ~28.5 at.% B at the non-metal
sublattice. Conversely, compressive strain hinders the formation of the fcc-Ti(N,B) solid solution,
highlighting the importance of lattice manipulation in controlling solubility. At the same time, our
experimental findings reveal that adding larger atoms, such as Zr, to the metal sublattice enhances
the solubility of B in fcc-TiN more effectively (~2 at.% Zr proves to be sufficient to solute 10 at.%
B in the fcc-TiN lattice) than smaller atoms, like Cr or similar-sized Ti atoms. The size effect of
the alloying atoms on the B solubility is further supported by radial distribution function analysis,

showing lower local lattice distortions for Zr compared to Cr.

6.1 New Concept

We present a new perspective on synthesis challenges inherent to most ternary transition metal
nitride solid solutions. Using face centered cubic (fcc) structured Ti(N,B) as a model system, we
explore new avenues for achieving a complete solubility of non-metal alloying elements, particularly
B, in the fcc-TiN lattice. Through a combination of physical vapor deposition techniques and ab
initio calculations, we propose a microalloying approach to manipulate the metallic sublattice and
thereby influence the solubility of B in the non-metal sublattice. By systematically adding smaller
or larger atoms to the metal lattice, we account for the size-dependent effects of the alloyed atoms
and provide new insights into the spatial constraints limiting the solubility of B in the fcc-TiN
lattice. Our microalloying approach highlights the importance of the space conditions in the binary
host lattice that are critical for achieving ternary solid solutions from a thermodynamic stability
viewpoint. Bridging the gap between theory and experiment, we propose that this synthesis strategy

can be generalized beyond the material class of ternary transition metal nitrides.

6.2 Introduction
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The growing demand for materials tailored to the dynamic needs of diverse industries continually
pushes the boundaries of modern materials science. In the field of ceramic hard coatings, forming
solid solutions contribute to the development of materials with improved mechanical and thermal
properties—particularly crucial in industries where wear, corrosion, and further environmental
conditions can impact the functionality and reliability of materials and equipment. By carefully
selecting and controlling the composition of the solid solution, engineers can design coatings with
desired characteristics, such as hardness, thermal stability, and chemical inertness'™. Especially in
applications demanding superior durability and performance, transition metal nitride hard coatings

have emerged as a vital subset, renowned for their exceptional hardness and wear resistance”’.

Mainly, titanium nitride (TiN)—achieved through plasma-assisted PVD techniques'' ™" *—stands out
as a paradigm material system that evolved immensely from its initial use as a protective layer for
cutting tools in the mid-20th century to one of today's most prominent and widely used (and
studied) coating system in industry (and science), driven by its exceptional range of advantageous
functionalities""". Based on its crystal structure TiN can be explained as an interstitial compound.

151 the smaller N atoms occupy the octahedral sites (interstitials) between

According to Higg's rule
the larger atoms (T1) in a face centered cubic (fcc) structured arrangement (according to the NaCl
prototype; therefore TiN sometimes has the pre-index of rs for rocksalt). The mix of strong
covalent Ti—N and metallic Ti-Ti bonding is what gives TiN high hardness and electrical
conductivity™.

The alloy design of fcc-TiN-based coatings, has demonstrated success with well-established
ternary systems such as fec-(T1,A)N*"** alongside fcc-Ti(N,C)*, where solid solutions form
upon the introduction of additional elements to the titanium nitride matrix. In case of
ternary transition metal nitrides system, we have to compare substitution on the metal-
sublattice with substitution on the non-metal-sublattice’: For fcc-(Ti,A)N, Al randomly

*% whereas the non-metal C atoms replace N in

substitutes for Ti on the metal-sublattice
the non-metal sublattice’™”’. In the case of Ti—Si—N**, the reverse is desirable; ideally, no Si-
solubility should occur in this material system to precipitate a Si-rich phase at the grain

#71 The synthesis of ternary transition

boundaries and thus lead to Hall-Petch hardening
metal nitride thin films is an enticing prospect, as it offers the potential of superior
properties compared to their thermodynamically stable binary phases’>”. The inherently
meta-stable nature of many ternary nitride phases, however, complicates their feasibility’*
% Although their structural arrangement does not align with the lowest-energy states—akin
to points above the convex hull—metastable phases can persist due to kinetic barriers that

impede their transition to the thermodynamically stable configuration”*'. Modern methods
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of plasma-assisted Physical Vapor Deposition (PVD) techniques facilitate the formation of
metastable phases due to limited kinetics and non-equilibrium conditions during deposition,
explained by pioneering research from W.-D. Miinz*™*, A. Anders*>*, and D. Depla*.
These conditions of PVD contribute to its popularity for transition metal nitride synthesis
by enabling controlled stoichiometry and the ability to fine-tune film properties. While PVD

Q
3940 our research focuses on

techniques offer unique pathways to access metastable phases
challenges in synthesizing single-phase fcc-Ti(IN,B) thin films. Unlike for ternary nitride
systems such as fcc-(T1,Al)N, where vapor deposition techniques allow for substituting even

> the solubility of B within the fcc structure

~80 at% of Ti with Al on the metal sublattice
of Ti(N,B)’" coatings is rather limited and preferably TiN+TiB: or TiN+BN
nanocomposites or mixtures thereof with (amorphous) B-rich grain boundary phases

#3273 We previously revealed that attaining improved solubility of B within fcc-TiN

form
requires a deviation from the TiN-TiB tie line towards Ti-richer compounds, (i.e., the
promoted formation of vacancies on the non-metal sublattice). This deviation was
accomplished by non-reactive co-sputtering a Ti target alongside TiN and TiB, targets,
where 8.9 at.% B could be fully soluted in the fcc-TiN lattice (for a non-metal-to-metal =
1:1 stoichiometry, this equals that the non-metal sublattice holds 17.8 at.% B)*. In contrast,
reactive sputtered coatings tend towards compositions along the TiN-BN tie line’’. The
oversupply of less reactive N2" ions (relative to Ti" and Ti’") along with an excessive
presence of N, inhibits the formation of the fcc-Ti(N,B) solid solution and instead forms
BN-rich boundary phases™. We further concluded that accounting for the required space is
necessary when fully incorporating B (0.84 A)* into the fcc-TiN lattice due to its larger size,
i.e., larger covalent radius, compared to N (0.71 A)*’.

By substituting the larger B atoms for the smaller N atoms on the octahedral site, being the
preferred lattice site as confirmed by DFT calculations®”, the lattice dimensions expand with
increasing B concentration. Consequently, this lattice expansion leads to an increase in the lattice
parameter—indicated by a shift towards smaller 26 values in the X-ray diffraction (XRD)
patterns—referring to fce-TiN (a=4.255 A, calculated). Excess B, however, segregates at the grain
boundaries, refining the microstructure of the coating. This incomplete B solubility is also reflected
in the XRD analysis, where broader peaks and relatively smaller (or absent) peak shifts appear™.
Building on our previous research, here we address the confined spatial conditions for B at the
non-metal sublattice that inhibit the formation of the fcc-Ti(N,B) solid solution. Specifically, we
aimed at non-reactive deposition of Ti-Me—B-N coatings (Me=Ti, Zr, or Cr) by strategically

increasing the metal content (alloying Ti, Zr, or Cr to a Ti-B—N composite target), while keeping
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the B content at ~10 at%. Supported by ab initio density functional theory calculations, we explain
how the manipulation of the metal sublattice by smaller or larger atoms affects the solubility of B
in the non-metal sublattice. Unravelling the size-dependent effects of alloyed atoms on the local
stress state of the lattice—where fcc-Ti(IN,B) serves as a model system—we provide a new target-

driven microalloying concept to facilitate the synthesis of metastable ternary nitrides.

6.3 Experimental

6.3.1 Thin Film Deposition

The 24 different Ti-Me—B—N (Me = Ti, Cr, or Zr) coatings, in addition to one Ti—-B—N
coating (prepared from the plain TiN+TiB,+Ti composite target without additional

alloying, referred to as TiB¢2Nos), were deposited on single crystalline sapphire substrates

(lTOZ) 10x10x0.53 mm? using a modified Leybold Hereaus LH Z400 MS PVD machine
equipped with a 3" unbalanced magnetron source holding a TiN+TiB,+Ti composite target
with an elemental composition of 50 at.% Ti, 40 at.% N, and 10 at.% B, sourced from
Plansee Composite Materials GmbH. To facilitate a controlled variation in the deposition
of coatings towards higher metal concentrations, we placed an increasing number of T1i, Cr,
or Zr pieces (~3%X3x3 mm’) on the target's racetrack. Following ultrasonic cleaning in
acetone and ethanol for 5 min each, the substrate preparation commenced inside the
chamber after reaching the base pressure below 1:10* Pa (1:10° mbar). The substrates were
thermally cleaned at ~400 °C for 25 min, and afterwards Ar-ion-etched for 15 min at an Ar
pressure (60 sccm Ar-flow) of 67 Pa. At the same time, a negative pulsed voltage of 150 V
(150 kHz and 2496 ns on time) was applied to the non-rotating substrate holder with a
target-to-substrate distance of 38 mm. Subsequently, all coatings were obtained by non-
reactive DC magnetron sputtering at 400 °C by continuously operating the 3-inch Ti—-B—N
target in current-controlled mode at I 3 n=0.5 A and keeping the Ar pressure at 0.4 Pa (33
sccm Ar-flow). The deposition time was adjusted between 75 and 90 min to prepare

coatings with a thickness t of ~3 um.

6.3.2 Chemical Analysis

We determined the chemical composition of our coatings (individual elemental concentrations are
listed in the Supplementary materials in Table S1) by conducting Time-of-Flight Elastic Recoil
Detection Analysis (ToF-ERDA) at the 5 MV Pelletron Tandem accelerator at Uppsala
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60 127IS+

University”, employing projectiles with a primary energy of 36 MeV. The beam incident angle
was 07.5° to the surface normal, with recoils reaching the detector at a 45° angle relative to the
direction of the incident beam. The raw experimental data were processed using the CONTES
software package®’. Total systematic and statistical uncertainties were estimated to be below 5% of
the deduced value for the major constituents. Additional chemical information was obtained from
X-ray fluorescence (XRF) measurements using a PANalytical AxiosmAX-Advanced spectrometer
with a rhodium (Rh) X-ray tube operating at 50 kV and 55 mA under vacuum conditions. The

instrument was calibrated using the results of the ERDA-analyzed samples.

6.3.3 Structural Analysis

For structural characterization of the thin films, we performed X-ray diffraction using a
PANalytical Empyrean (0-0 diffractometer) with Cu(Kai,) radiation, equipped with a
GaliPIX3D detector. X-ray diffraction patterns were collected over a 20 angle ranging from
5° to 120° with respect to the sample surface. The lattice plane distances, dho, and full width
at half maximum, %, of the 200-peak were determined through peak profile fitting in
MalvernPanalytical's HighScore plus software® using a Pearson 7 function and an
asymmetry type of peaks by splitting width and shape. All diffraction patterns were
processed by aligning the prominent [024] sapphire substrate peak to its reference position

at 20=52.534° (JCPDS no. 00-035-0803)".

6.3.4 DFT Calculations

Density function theory (DFT) calculations were performed using the Vienna ab initio

64,65

simulation package (VASP) , combined with projector augmented plane-wave (PAW)

° and the Perdew-Burke-Ernzerhof generalized gradient approximation

pseudopotentials
(GGA)". These calculations were carried out with a plane-wave cutoff energy of 600 eV
and employed an automatically generated I'-centered k-point mesh with a length parameter
of 60 A.

The 4-atom equilibrated structure of fcc-TiN (Fm-3m, with a lattice constant of 4.255 A)
served as basis for a 64-atom (2X2X2) model for fcc-TiN1. By as well as fcc-Tii.;Me,N1. By
solid solutions, where B replaces N on the non-metal sublattice and Me={Cr,Zr} replaces

Ti on the metal sublattice. The distribution of B atoms followed the special quasirandom

structure (SQS) approach®.
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The structures underwent a full optimization (volume, shape, and ionic positions) until
forces on atoms were reduced to below 107 eV /A, and the total energies of two consecutive
ionic steps exhibited a difference of less than 107 eV per supercell. For volumetric
tension/compression simulations, the supercells were kept at a fixed volume and only the
atoms inside were allowed to relax.

Formation energy, Er, was evaluated consistently with our previous work™.

The radial distribution functions (RDFs) were calculated using the OVITO package®.
Subsequently, the misfit strain, ¢, was evaluated by fitting a Gaussian function to obtain the
average bond distance of two individual bonds, the first nearest neighbor distance of the
solvent (fcc-TiN lattice) and solute (B), Ti—-N and Ti-B, for each material system, and
calculated by e=dris—drin)/duix"".

6.4 Results

[ } -0.50 eV/at.
1.5 || ABg, (17N + xTiB A | fee-TiB
i AE Y (1) TiN + 0.5¢TiB ,+ 0.5xTi -1
16 | .
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Figure 6.1. Thermodynamic stability quantified by the formation energy, E¢ of fcc-TiNiBx
compared to its competing decomposition products. The black circular symbols denote Er for fcc-
TiN1.Bx solid solution along the quasi-binary TiN-TiB tie line. For each composition (shown as a
function of x), the location of the energetically more (or less) favorable binary components fcc-
TiN+hcp-TiBa+hep-Ti (or fce-TiN+fce-TiB) is indicated as blue (or red) triangles. The vertical
distance between the points, illustrated by a blue and red arrow for x=0.2, equals AE¢. Note that
the decomposition products are stoichiometrically balanced according to the elemental
composition of the educt fcc-TiNiB..

To visualize the thermodynamic landscape, we have constructed a quasi-binary convex hull
phase diagram (illustrated in Fig. 6.1), highlighting the metastable nature of the fcc-Ti(IN,B)
solid solution. Our ab initio Density Functional Theory (DFT) calculations, reveal that the

fcc-TiNiBy solid solution is energetically unfavorable compared to the stoichiometrically
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balanced combination of fcc-TiN, hexagonal close packed (hcp) TiB,, and hcep-Ti
(representing the thermodynamically stable state). Notably, the decomposition reaction into
fcc-TiN and fcc-TiB is even less energetically favorable than the formation of the ternary
solid solution, considering that fcc-TiB itself is a metastable compound™. In Fig. 6.1, we
highlight the impact of B content on the synthesis of fcc-Ti(IN,B) by directly correlating the
increasing B-to-N ratio with the rising energy barrier (AEy) that needs to be overcome to
achieve the ternary solid solution. The energy gap between the fcc-TiNiBi and its
decomposition components (illustrated in blue) widens steadily with increasing B content,
approaching the maximum for x=1 (Egnepris2-Epieetiz=0.67 eV/at). For 10at.% B
(equivalent to 20 at.% on the non-metal sublattice), the fitted data yield a difference of 0.10
eV/at. Although PVD inherently provides a kinetic handle to overcome small AE; 0.10
eV/at. is rather large for standard PVD processes but not impossible. Considering the Ej
barrier of ~0.18 eV/at. between the rock-salt (B1) and wurtzite (B4) AIN allotropes’™ we
know that B1 AIN can form e.g. via the template effect from fcc-TiN in a superlattice”.

Although advances in computational materials science enable to predict the stability of solid

5,35,36,74,75 76— 79-81

solutions’ , empirical solubility rules stated by Pauling’®"®, Hume-Rothery”™*', and
Higg'®" further allow reasonably estimating the solubility of crystalline materials. Based on
Higg's rule—which predicts the stability of the closest packing for interstitial compounds
(Hiagg phases)—the ratio of atomic radii of the non-metal and transition-metallic
components (r/mne) must be within the range of 0.41-0.59. The closest packed TiB
(r/ ne=0.67) clearly exceeds the limit of 0.59. T'o meet the limit values of the rule, we used
the atomic radii published by Higg in 1931". Consequently, it is clear that incorporating B
into the fcc-TiN lattice requires a larger metal atom radius, i.e., a larger fcc lattice, further
illustrated by comparing the lattice parameters between fcc-TiN (#=4.255 A) and fcc-TiB

(a=4.534 A), both calculated by DFT.

Having outlined the challenges of synthesizing fcc-Ti(N,B) thin films, we further employ
ab initio DFT calculations to address the spatial constraints. Fig. 6.2 compares formation
energies, Fr and stresses, o, of fcc-Ti(N,B) solid solutions under volumetric
tension/comptression to those of the fully relaxed system. Specifically, the lattice parameter,
a, is fixed to a 1.5% or 3% larger respectively smaller value with respect to that of the
equilibrium fcc-TiN (i.e., a={4.319; 4.383} A and 4={4.191; 4.127} A model the system
under tensile and compressive strain, respectively, where the reference fcc-TiN exhibits

a=4.255 A,
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Figure 6.1. The impact of volumetric tensile/compressive strain on the energetic stability and
stress state of fcc-Ti(N,B) solid solutions as a function of the B content. (a) Formation energy
differences, AEy, between volumetrically strained and fully relaxed systems. Taking the parameter
of fce-TiN (4=4.255 A) as a reference, tensile strain (blue circular data points)/compressive strain
(red triangular data points) is applied by enlarging/shortening the lattice parameter (by 1.5% and
3%). (b) Lattice parameter of a fully relaxed fcc-Ti(N1.By) plotted against the B content. The B
content for which the lattice parameter overlaps with that of the 1.5% strained system is highlighted
by a blue line. The black line denotes the resulting lattice parameter corresponding to the 10 at.%
B in our experiment. Likewise, if the solubility of B is reduced purely to its size, a necessary
minimum size of the fcc-TiN unit cell modified by microalloying can be determined for certain B
alloy contents. (c) Strain-induced stress along the [001] crystallographic direction, i.e., along the

applied (tensile/compressive) strain, evaluated for the supercells in (a).

Though having a fixed volume, all strained fcc-Ti(IN,B) solid solutions are relaxed in terms

of ionic positions (for details see the Methodology). Starting from fcc-TiN, all its strained
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variants are energetically more costly, as indicated by positive formation energy differences,
AE;s, from the fully relaxed fcc-TiN. For either tensile or compressive strain, the larger the
deviation from the equilibrium lattice parameter, the higher the energetic costs (see the AE;
of the 3% strained TiN being above that of the 1.5% strained TiN), as we are further away
from the thermodynamic equilibrium. Adding B to the N sublattice, A E¢ gradually increases
for all fcc-Ti(N,B) solid solutions under compression. This is because the lattice parameter
of fcc-Ti(N,B)—with no strain applied—increases with rising B content, i.e., increasingly
deviates from that of the compressed system (see Fig. 6.2b). Contrarily, the lattice parameter
of fcc-Ti(N,B) under tension steadily approaches that of the fully relaxed system—mirrored
by decreasing AFE¢—until reaching the equilibrium value. In case of 1.5% tensile strain, the
ovetlap occurs at ~28.5at.% of B where AE;~ 0eV/at. (the corresponding lattice
parameter is marked in Fig. 6.2b). Note that in order to match the lattice parameter of fcc-
TiB (4=4.534 A), the lattice parameter of fcc-TiN would have to be 6.6% larger
(corresponding to a 6.6% volumetric tension).

Trends in the formation energy differences between volumetrically strained and fully relaxed
fcc-Ti(N,B) solid solutions (Fig. 6.2a) are further underpinned by evolution of the
corresponding stress states. Specifically, Fig. 6.2c shows the stress tensor component along
the strained direction, [001], which is (nearly) equal to the stress tensor components along
[010] and [001] (differences come from the numeric). Although at higher B contents, these
volumetrically-strained systems exhibit also non-zero shear stresses (0—1.3GPa), we analyze
only (the dominant) tensile or compressive stresses. Concerning volumetric compression,
the [001] stresses increasingly deviate from the fully relaxed (thus, stress-free) fcc-Ti(IN,B),
consistent with increasing A FErin Fig. 6.2a. Contrarily, stresses on the tensile-strained system
diminish with increasing the B content until they nullify. In combination with (approx.) zero
Ecdifference from the stress-free fcc-Ti(IN,B), this mirrors the fact that lattice parameter of
the stress-free and tensile-strained system are equal (at this B content). To experimentally
address the spatial constraints on B in the fcc-TiN lattice, we conducted our study using a
composite target of TiN, TiB,, and Ti with an elemental composition of 50 at.% Ti,
40% at.% N, and 10% at.% B. By microalloying additional metals Me = Ti, Cr, or Zr
(achieved by placing metal pieces on the racetrack of the target), we progressively increased
the metal concentration. In order to focus, in particular, on the effects of the metallic
microalloying, we have deliberately set the B content to 10 at.% in the specified target
composition. Figs. 6.3a-c illustrate the chemical compositions of the deposited coatings (as

determined by ToF-ERDA and XRF), displaying a nearly linear progression toward the
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metal corner within the partial section of the ternary phase diagram. However, the B content
of each of the 25 Ti-Me—-B-N coatings was maintained at almost 10 at% (which
corresponds to ~20 at% on the non-metal sub-lattice if B is solely substituting N). The
elemental composition of all deposited coatings is listed in the Supplementary Materials in
Table S1. The decrease in B and N with increasing alloying content is because upon adding
Ti, Cr, and Zr metals onto the target-race-track also the B and N source (the target itself) is

partly covered.

Metal content (al.%) Metal content (at.%) Metal content (at.%)

Figure 6.3. (a), (b), and (c) each shows a part of the (quasi)ternary phase diagram for Ti-B—N, Ti—
Cr-B-N, and Ti—Zr—B-N including the chemical compositions of the deposited samples [as
determined by ToF-ERDA (coatings marked as full-filled symbols) and XRF (indicated with half-
filled symbols)]. In each diagram the gray full-filled symbol (determined by ToF-ERDA) represents
the TiBo2Nos coating obtained from the non-reactively sputtered TiN+TiB,+Ti composite target.
For clarity, the element-specific alloys are each shown in a single diagram and distinguished by
color and shape: The addition of Ti is indicated by round symbols in blue, Cr by hexagonal symbols
in red, and Zr by diamond-shaped symbols in green. Grey-framed symbols (within the individual
panels) indicate the composition of the other alloyed coatings. The gray-shaded triangle with the
dashed line boarders indicates the TiN-TiB,-TiB phase field.

According to our previous DFT calculations™, B substitutes for N on the non-metal
sublattice, while Ti, Cr, and Zr atoms occupy the metal side. Microalloying shifts the
chemical composition of the deposited Ti—Me—B-N thin films towards an
overstoichiometric metal content (see S1), compensated by vacancies on the non-metal
sublattice. This circumstance in itself should already increase the solubility of B, as already
shown in the previous study’”. We deliberately decided to carry out an additional series with
the addition of Ti in order to confirm the previous results and also to be able to better
describe the effect of alloying with an additional element, i.e. to better separate the two

effects (vacancies on the non-metal sublattice and tuned lattice parameter). For clarity, the
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three series are shown in separate plots (a, b, and c), each color-coded for easy

differentiation.
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Figure 6.2. (a), (b), and (c) lattice plane distances dxo and (d), (e), and (f) full width at half
maximum (FWHM, I%) of the 200 peaks (at 20 ~42°). Values were determined by peak
profile fitting using a Pearson 7 function and an asymmetry type of peaks by split width and
shape. The blue circular symbols represent the Ti—-B—N coatings with incremental Ti
content. The Cr- and Zr-alloyed Ti—-Me—B—N coatings are represented by red hexagons and
green diamonds, respectively. The gray full-filled symbol (either round, hexagonal, or
diamond-shaped) represent the data point for TiBo.Nos. Each value for the other two
alloying elements is shown as half-shaded gray symbols outlined in their corresponding
shape. The dashed horizontal line in (a), (b), and (c) marks the ab initio DFT calculated
relaxed dhoo lattice plane distance for fee-Ti(N,B) (£00=2.150 A) with 20 at.% B solved at the
non-metal sublattice (see Fig. 6.2b). The alloy concentration range where the minimum
FWHM is reached is indicated by the colored range in (d), () and (f).

XRD analyses of the Ti—-Me—B—N coatings reveal that each alloying series preserves the
single-phase cubic face-centered cubic TiN structure consistently, without the emergence
of additional crystalline (metallic) phases with increasing metal content (XRD patterns are
provided in the Supplementary Materials in Fig. $6.1). Detailed XRD peak profile analysis
gives the lattice plane distances and FWHM values of the 200-peak (do and I%00) as a

function of the respective alloy content. The importance of these two parameters for the
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validation of a solid solution has already been proved in our previous study using HRTEM
investigations®® and is now applied here in a similar fashion.

Starting with Fig. 6.4a (Ti addition), the lattice spacing increases from dho=2.134 A (0 at.%)
with rising alloying content, reaching its maximum value (0=2.150 A) by adding 2.0 at.%
Ti. A further addition of Ti causes dho to slightly decrease again (presumably due to
vacancies on the non-metal sublattice and the slightly decreasing B-content in the coatings,
see Figs. 6.3a-c as well as supplementary table S1, caused by the experimental setup).
Simultaneously, as o increases, I (Fig. 6.4d) decreases concurrently until reaching a
minimum at ~5 at.% Ti (corresponding to an amount of ~54.5 at.% Ti in the coating). A
more pronounced decline in dhoo, after an initial increase, is obtained by adding Cr (see Fig.
6.4b).

The maximum lattice spacing attained, reaching 2.146 A at 1.4 at.% Ct, is below the calculated dao
value for fcc-Ti(N,B) with 10 at.% B in the lattice (illustrated by the dashed horizontal line).
Although Cr alloying results in a minimum FWHM of the 200-peak of I = 0.69° at 5.1 at.% Ct,
this is clearly above the minimum value of 0.35° obtained when adding Ti instead of Cr.
Additionally, also the alloying range where I > is minimal is much narrower when adding Cr. I %0
rapidly increases when adding more than 5.1 at.% Cr, whereas for Ti addition an increase in I is
only observed above 10 at.% Ti. Adding Zr results in a significant increase in o and a
comparatively steep decrease in [0 (Figs. 6.4c, f), reaching a minimum I by adding at least
1.8 at.% Zr. More Zr leads to a flattening of the increase in b, reaching 2.198 A at 12.2 at% Zr.
Already with the addition of 0.7 at.% Zr the day value is 2.150 A, thus meeting the value for a fcc-
Ti(N,B) with 10 at.% B, as indicated by the intersection with the dashed horizontal line. Notably,
even at alloy concentrations above 10 at.%, 1%y remains small with values consistently around

0.40°.

6.5 Discussion

The (initial) increase in o upon alloying the TiBo2Nos coating with Ti and Cr (Figs. 6.4a and b)
indicates that more of the available B is soluted within the fcc-TiN lattice, because the concomitant
decreasing non-metal/metal ratio as well as substitution of Ti with Cr would suggest for a decreased
daw, which is the case for a higher alloying content. The lattice parameter of fcc-CrN (4.15 A)™ is
much smaller as that of fcc-TiN. When alloying TiNosBo2 with Zr, the lattice spacing continuously
increases (Fig. 6.4c), because the substitution of Ti with Zr would also cause the lattice parameter
to increase (azv = 4.59 A*) and not just the promoted incorporation of B to the fcc-lattice.

Consequently, for the Zr alloying case, we have two contributions for an increased lattice parameter
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(1: Zr substituting Ti and 2: additional B substitution of N) and one for a reduced lattice parameter
(the decreasing non-metal/metal ratio like for the other two cases). A reduction of the non-
metal/metal ratio (upon the addition of Ti, Ct, ot Zr to TiNsBo.) below 1 promotes the formation
of vacancies at the non-metal sublattice, which also facilitates the incorporation of additional B at
the non-metal sub-lattice—in agreement with our previous results™. Thus, for the Zr alloying case,
the separation of the two effects (1: Zr substituting Ti and 2: increasing vacancy content at the
non-metal sublattice) promoting the B solubility is difficult when solely investigating dho. As the
N-content nearly linearly decreases with increasing Zr content, the non-metal-vacancy-induced
reduction in da®** as well as the Zr-for-Ti substitution-induced increase (according to Vegard’s
rule®) in da is suggested to be nearly linear as well. Thus, the positive deviation of o from such
a linear slope is contributed by the additional incorporation of the provided B into the fcc-lattice

than Ti addition.
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Figure 6.3. DFT calculated local misfit strain (e=dris—drin)/drin) as a function of the B content
for three fcc-TiN structural variants: 1) fcc-TiNi By (round blue-filled symbols), 2) fcc-
Ti0.94Cro06N1xBs where 6 at.% Cr substitute for Ti on the metal sublattice (hexagonal red-filled
symbols), and 3) fcc-TinouZroosNixBx where 6 at.% Zr substitute for Ti on the metal sublattice
(squared green symbols). Each calculated data point series is linearly fit and displayed with a color-
coded 68% confidence band.

Our alloying strategy has shown that—alongside with the vacancy formation on the non-
metal sublattice—the alloying element’s size affects the B solubility in the fcc-TiN lattice,
presumably by altering the spatial conditions for B on the non-metal sublattice. To support
this reasoning, we again employ ab initio calculations to evaluate the radial distribution
function (RDF) of Ti—N (drin) and Ti—B (dris) bonds (the nearest neighbor distance,
corresponding to a local dhw), in the fcc-TiNiBi or fcc-TinosMeoosNiLBy lattice.

Noteworthily, there is no strain applied and all structures are fully relaxed in terms of

78



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

6 Strategic Lattice Manipulation in Transition Metal Nitrides for Improved Solubility

volume, shape, and ionic positions (see Methodology). The RDF analysis allows quantifying
the local misfit strains™ in case of Me = Cr or Zr substitute for Ti at the metal sublattice.

Based on our experimental results showing improved B solubility when 2—12 at.% Zr, 3—
10 at.%T1i, and ~5 at.% Cr is alloyed to TiBo2Nos, we did calculations of fce-Tii;MeyNi..Bx
supercells with y=0.06 (which is equivalent to the addition of 3 at.% to the fcc-TiN lattice).
By maintaining a 1:1 non-metal-to-metal ratio, our calculations focus exclusively on the size
effect of the alloying element on the local misfit strain in the lattice, deliberately excluding
the influence of non-metal-vacancies (which we studied previously in detail®®). Fig. 6.5
shows that the local misfit strain, ¢, almost linearly increases with increasing B content in
case of fcc-TiNy B, fcc-TiposCroosN1<By, and fcc-Tipo0aZrtoosN1:B structures. While ¢ is
initially lower for the fcc-TiNi B solid solution, the fcc-Ti0.94Z10.0sN1Bx structure becomes
more favorable with >5.3 at.% solute B. For incorporating increasing amounts of B in
fcc-Tio94Cro0sN14Bs, € ranges between 0.94—1.40%, thus significantly higher than in case of
fcc-TiNiB: and fcc-TinosZroosNiBs. Notably, even for solving 1.6 at% B in
fcc-Tio94CroosN1:Bsx  (6=0.94%), ¢ is 15% (relatively) higher than for the case of a
fcc-Tio94Z10.0sN14By solid solution with 11.0 at.% B (¢=0.82%). Comparing the local misfit
strains resulting from B addition in fcc-Tio.94Z10.06N 1By and fee-Tio.04Cro.06N1Bx to the basic
fce-TiN1«By lattice, it is evident that the Zr-substituted structure becomes most favorable
with increasing B content. Although the introduction of B induces local misfit strains in all
three cases (as indicated by an increase in ¢ with increasing B content), the replacement of
6 at.% T1 with larger Zr in the metal sublattice results in a less steep increase in ¢ than in the
case of fcc-TiNi By and fce-Tio.04CroosN1Bx. In the case of fce-Ti0.94Cro.0sN1<By, substituting
6 at.% T1 with smaller Cr atoms in the metal sublattice already introduces local lattice strains
that provide even less favorable spatial conditions for B-incorporation than fcc-TiNBsx.

Simplifying the situation by representing atoms as rigid spheres, we aim to illustrate how
the size of alloying elements affects spatial conditions for B within the fcc-TiN lattice while
also considering the effect of N-vacancies. A detailed summary concerning the data from
the RDF analysis utilized for this illustration is given in the Supplementary Materials listed

in Tables S6.2—-S6.4.

Fig. 6.6a shows the fcc-TiNo70Bo2o lattice having 10 at.% vacancies at the non-metal sublattice.
Building on our prior findings, we considered a simple model with one N vacancy added for each
B atom (not necessarily in the vicinity of this B). In the fcc-TiN lattice, N occupies the octahedral

interstitial site built by six T1 atoms, which themselves construct an fcc-cell.
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Figure 6.6. Two-dimensional graphical representation of the (100) plane of (a) the fcc-TiNo70Bo.o
lattice with 10 at.% vacancies at the non-metal sublattice, (b) the fcc-Tio04Cro.0sNo.soBozo lattice, and
(), the fce-TiovaZro0sNosoBo2o lattice. The N vacancy as well as Cr and Zr are placed as the nearest
neighbor to B. The underlying lattice construction represents the initial fcc-TiN lattice with 0 at.%
B. The ratio between atomic radii” and bond length—based on our RDFs as listed in the
Supplementary Materials in Tables S6.2—-S6.4—are slightly exaggerated for clarity.

Only four of these Ti atoms are visible from the (100) plane, since the other two sit vertically, one
plane above and below the N atom. Based on our calculations, the absence of an N atom induces
local contractions at the metal sublattice (as seen in shorter Ti—Ti bonds listed in Table $6.2). In
particular, the neighboring Ti atoms experience tensile strain to compensate for the missing N
atom, resulting in local misfit strains. These local tensile strains caused by the non-metal vacancy,
compensate—to some extent—for the compressive strain induced by the larger B atom at the non-
metal sublattice. Although B substitutes for N on the non-metal sublattice, our RDF calculations
do not result in significant changes in the Ti—N bond lengths (Table S6.2). Rather, we observe
shorter (near N-vacancies) and larger (near B-atoms) Ti—Ti bonds for the introduction of B into
the fcc-TiN lattice. Although non-metal vacancies compensate for some of the compressive strains
induced by B, the fcc-TiN lattice expands by ~1% when forming an fcc-TiNo.g0Bo.o solid solution™.
Fig. 6.6b illustrates the case of fcc-TioosCroosNosoBo2o solid solution, where Cr and B atoms are
nearest neighbors in the lattice. The substitution with smaller Cr atoms causes adjacent Ti atoms
to move slightly closer together, thereby reducing the size of the octahedral sites (or the space at
the non-metal sublattice); please compare Tables S6.2 and S6.3. Consequently, the B atoms have
even less space as for fcc-TiNogoBo.o, consistent with our previously discussed results of Fig. 6.2b.

As derived from DFT, the lattice parameter of fcc-Tio.04Cro.06NosoBo2o (where 6 at.% Cr replace Ti),
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a=4.291 A (calculated), is smaller than that of fcc-TiNogoBozo, =4.304 A (calculated). Compared
to that, the calculated lattice parameter of fcc-Tio04Zr0.06NosoBo.o 1s even a=4.329A. However, these
parameters need to be rationalized with those of the B-free lattices, TiN (4.255 A), Ti0:CroosN
(4.247 A), and TioosZroosN (4.267 A). The data analysis suggests, as shown in Fig. 6.6c, that the size
of the Zr atom stretches the surrounding Ti—Ti and Ti—-N bonds so much that the additional B
incorporation only slightly affects the lattice (see Table $6.3). Expanding the fcc-TiN lattice by
substituting a larger Zr atom for Ti on the metal sublattice (and ZrN easily forms a solid solution
with TiN) partly compensates for the local strains induced by the B atom taking the place of N at
the non-metal sublattice. Conversely, replacing Ti atoms with smaller Cr atoms (also, CtN easily
forms a solid solution with TiN) further restricts the spatial conditions for replacing N with a larger
B atom at the non-metal sublattice. These data indicate (in combination with our previous findings
on the effects of non-metal-sublattice vacancies on the B solubility) that a shared loading of the
sublattices benefits the overall situation. Replacing N on the non-metal sublattice with B induces
compressive strains on it. These are partly compensated by the two effects leaving the non-metal
sublattice with tensile strains: 1) vacancies on the non-metal sublattice and 2) larger substitutional
atoms on the metal sublattice (like Zr vs. T1). On the contrary, replacing Ti with the smaller Cr
induces compressive strains on the non-metal sublattice, which are even further increased upon

the substitution of N with B.

6.6 Summary and Conclusion

This study addresses synthesis challenges in obtaining single-phase materials of immiscible
phases by overcoming spatial constraints, using Ti—B—N as model material system. First, ab
initio density functional theory (DFT) calculations are employed to demonstrate the
metastable nature of fcc-TiN.Bs solid solution. By illustrating its energetic landscape in a
quasi-binary convex hull phase diagram, we highlight the thermodynamic barrier that
inhibits B incorporation into the fcc-TiN lattice. Our ab initio predictions further reveal the
critical role of lattice strain in modulating the stability of fcc-Ti(IN,B) solid solution. The
models of fcc-Ti(N,B) solid solution with a tensile-strained or compressively-strained lattice
parameter, indicate that the former can promote the incorporation of B to the non-metal
sublattice. Specifically, a 1.5% tensile strain facilitates an incorporation of up to ~28.5 at.%
B. The proposed experimental microalloying approach meets with our theoretical
predictions regarding the spatial constraints on B incorporation within the fcc-TiN lattice.
We progressively increased the metal concentration while maintaining the B content close

to 10 at% in the 25 Ti—Me—B—N coatings by adding additional Me=T1i, Cr, or Zr pieces (0-
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15 at%) to a Ti—B—N composite target (consisting of 50 at% Ti, 40 at% N, and 10 at% B).
Although the formation of vacancies at the non-metal sublattice facilitates the substitution
of N with B within the fcc-TiN lattice, the size of the metal alloying elements further defines
the spatial conditions affecting the B incorporation. This observation is supported by
experimental data showing that the lattice parameter increases more by alloying with Zr
compared to Ti and Cr. As can be seen from the FWHM, alloying with Zr has the greatest
effect on the solubility of B (the addition of only 2 at.% Zr is sufficient to fully incorporate
the ~10 at.% B provided), while Cr is even less helpful than the addition of Ti. The observed
slightly increased solubility of B in fcc-TiN by alloying with Cr is thus exclusively due to the
resulting increased proportion of vacancies on the non-metal sublattice. This effect (due to
the additional vacancies) is even lower than in the fcc-Ti(B,N) coatings alloyed with
additional Ti. Notably, by alloying T1 it was possible to isolate the effect of vacancies on B
solubility in the non-metal sublattice. The reduced solubility can be explained by the fact
that the substitution of Ti by the smaller Cr induces additional contracting strains on the
non-metal sublattice, by which the substitution of N with the larger B becomes more
difficult. Through a detailed RDF analysis we compared the local misfit strains induced by
increasing the B concentration for 16 fcc-TiooeMeoosN 1By structures; where Me is either Ti,
Cr, or Zr. We show that the size of a larger alloying element directly affects the spatial
conditions for B within the lattice, providing more space—not only through the introduction
of N-vacancies—but also through an enlarged metal sublattice. In particular, when larger
atoms can substitute for Ti on the metal sublattice the formation of the fcc-Ti(IN,B) solid
solution is favored by reducing the local misfit strain.

In summary, we introduced a novel microalloying concept aimed at manipulating the
metallic sublattice to influence the solubility of B in the non-metal sublattice. By
systematically introducing smaller or larger atoms into the metal lattice, we addressed the
size-dependent effects of alloying atoms in forming an fcc-Ti(N,B) solid solution. The here-
presented results hold promise for advancing the synthesis and design of novel materials
with tailored properties and functionalities, not only within the Ti—B—N system, but also

potentially in other metastable material systems.
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Supplementary Figure S6.1. X-ray diffraction (XRD) patterns of Ti—-Me-B-N coatings sputtered from a
TiN+TiB>+Ti compound target with increasing Me=Ti, Cr and Zr alloy contents, shown in blue, red-orange and
green, respectively. (a) XRD patterns for Ti-B-N (+Ti), (b) Ti—Cr—B-N, and (c) Ti—Zr—B-N coatings with labeled
alloy contents determined by ERDA and XRF. The gray XRD pattern at the bottom of each panel represents the
diffraction peaks for the unalloyed TiBo2Nos coating. Standard peak positions of fcc-TiN for the (100), (200), and (220)
crystal planes (JCPDS No. 00-038-1420)! are included for reference, highlighting the peak shift caused by the
incorporation of B in the fcc-TiN lattice. A detailed analysis of the (200) diffraction peaks is provided in Fig. 6.4. No
other crystalline phases are present. ' S. Gates-Rector and T. Blanton, Powder Diffr, 2019, 34, 352-360
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Supplementary Table $6.1. Summary of experimental results from chemical and XRD analysis of the deposited
coatings in this study including TiBo2Nosg, Ti—B—N, Ti—-Ct—B—N and Ti—Zr—B-N, with the latter three each showing
increasing alloy (Me=Ti, Cr, or Zr) concentrations. The alloying content of Ti is the difference of the measured Ti

content to the reference coating TiBo.20No.so.

Coating Ti(at.%) B (at.%) :\'at.%) + Me (at.%) (B+N)/Me daoo (A) FWHM (°26)
Me=Ti, Cr, Zr left right mean
TiBosNos 49.64 1021 40.15 - 1.01 2.134 1.45 170 158
Ti-B—N 49.64 10.06 38.73 1.57 0.92 2.147 0.87 1.03 0.95
9.78  38.61 1.97 0.90 2.150 0.54 0.63 059
9.79 3851 2.06 0.90 2.149 0.49 0.55 052
9.57  37.77 3.02 0.85 2.149 0.42 036 039
8.55  37.05 4.76 0.77 2.146 0.36 034 035
849 3553 6.34 0.71 2.144 0.38 042 040
839  34.10 7.87 0.65 2.143 0.38 033 035
6.96  33.22 10.18 0.57 2.144 221 105 163
Ti—Cr—B—N 49.45 9.29  40.44 0.82 0.99 2.144 1.07 134 121
47.77 9.31 41.58 1.34 1.04 2.147 0.93 1.38 1.16
48.63 9.12 39.58 2.67 0.95 2.144 0.88 0.97 0.92
4791 8.80 38.94 4.35 0.91 2.143 0.72 0.75 0.73
49.64 7.79 37.47 5.10 0.83 2.143 0.68 0.70 0.69
47.03 8.77 36.42 7.78 0.82 2.136 0.90 0.93 0.91
47.44 7.26 35.03 10.27 0.73 2.133 1.14 1.32 1.23
40.69 7.11 34.60 17.60 0.72 2.128 1.43 1.57 1.50
Ti=Zr—B—N 51.23 9.03  39.03 0.71 0.93 2.150 0.92 112 1.02
50.31 9.51 38.61 1.57 0.93 2.157 0.51 053 052
51.85 9.00 37.18 1.97 0.86 2.158 0.39 034 (38
50.84 9.29  37.49 238 0.88 2.161 0.46 047 046
49.23 891  37.67 4.19 0.87 2.169 0.45 036  0.40
48.16 8.40  35.90 7.54 0.80 2.184 0.48 038 043
45.46 9.56  33.18 11.80 0.75 2.198 0.53 036 045
44.63 8.36  34.83 12.18 0.76 2.199 0.46 033 039
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Supplementary Table S6.2: Summary of RDF analysis results obtained for fcc-Ti(IN1—,Bx) and fee-Ti(IN1-2«,Bx)
structures, with increasing B content evaluated for the nearest neighbor Ti—Ti, Ti-B, Ti—N, B-N, and N-N bonds,
including the standatrd error (SE). B-B bonds are not listed because the B content is insufficient for two B atoms
being nearest neighbors. Values corresponding to Fig. 6.5 are highlighted in blue. All data are used to illustrate and
discuss the effect of microalloying on the fcc-Ti(B,N) lattice in Fig. 6.6.

fcc-Ti(N1x,Bx)

Ti X B N Ti-Ti (A) Ti-B (A) Ti-N (A) B—N (A) N-N (A)

(at.%) (at.%) (at.%) (at.%) d SE d SE d SE d SE d SE

50.00 0.00 0.00 50.00 3.005 - - - 2125 - - - 3.005 -
3.13 46.88 3.018 <0.001 2145 0.001 2.133 0.001 3.030 <0.001 3.016 <0.001
6.25 4375 3.044 <0.001 2147 0.004 2139 0.001 2139 0.001  3.027 <0.001
9.38 40.63 3.048 <0.001 2162 0.001 2.143 0.001 2.143 0.001 3.036 <0.001
12.50 3750 3.067 <0.001 2.173 0.002 2.147 0.002 2.150 0.002  3.046 <0.001

fce-Ti(N1-2x,Bx)

Ti X B N Ti-Ti (A) Ti-B (A) Ti-N (A) B—N (A) N-N (A)

(at.%) (at.%) (at.%) (at.%) d SE d SE d SE d SE d SE

50.79 0.00 @ 1.22 36.58 3.009 0.001 2124 <0.001 2130 0.001  3.025 0.001 3.015 <0.001

51.61 2.45 3412 2994 0001 2145 0.001 2133 0.001 3.038 <0.001 3.016 <0.001

52.46 3.68 31.65 3.013 0001 2152 0.001 2133 0.001  3.043 <0.001 3.022 <0.001

53.33 4.92 29.18 2979 0001 2177 0.001 2133 0.002 3.040 <0.001 3.027 <0.001

54.24 6.15 2670 3.012 0.002 2156 0.001 2137 0.002 3.054 <0.001 3.032 0.001

55.17 7.39 2422 2993 0002 2160 0.001 2126 0.003 3.062 0.001 3.041 <0.001

Supplementary Table S6.3: Summary of RDF analysis results obtained for fcc-Tiog4CroosNi<Bx and fec-
Tio94Z1006N1xBy structures, with increasing B content evaluated for the nearest neighbor Ti—Ti, Ti-B, Ti—N, B-N,
and N—N bonds, including the standatrd error (SE). B-B bonds are not listed because the B content is insufficient for
two B atoms being nearest neighbors. Values corresponding to Fig. 6.5 are highlighted in red and green. All data are
used to illustrate and discuss the effect of microalloying on the fcc-Ti(N,B) lattice in Fig. 6.6.

fce-Tio.9aCro.06N1-xBx

Ti Cr B N Ti-Ti (A) Ti-B (A) Ti-N (A) B—N (A) N-N (A)

(at.%) (at.%) (at.%) (at.%) d SE d SE d SE d SE d SE

46.88 3.13 156  48.44 3005 <0.001 2143 0.001 2.124 0.001  3.020 0.002  3.004 <0.001
3.13  46.88 3.011 <0.001 2140 0.000 2.126 0.001  3.026 0.001  3.008 <0.001
469 4531 3.015 0.001 2150 0.001 2.128 0.001  3.031 <0.001 3.011 <0.001
6.25 43.75 3.020 0.001 2157 0.001 2131 0.001  3.033 <0.001 3.013 <0.001
781 4219 3.025 0.001 2159 0.001 2.132 0001 3.036 0.001  3.016 <0.001
9.38  40.63 3.033 0.001 2160 0.001 2134 0.001 3.040 <0.001 3.022 <0.001
10.94 39.06 3.035 0.001 2166 0.001 2.136 0.002  3.047 0.001 3.023  <0.001

fee-Tio.eaZro.0sN1-xBx

Ti Zr B N Ti-Ti (A) Ti-B (A) Ti-N (A) B—N (A) N-N (A)

(at.%) (at.%) (at.%) (at.%) d SE d SE d SE d SE d SE

4688 3.13 313 46.88 3.050 0.001 2173 0.001 2157 0.002 3.067 0.001  3.043 0.001
469 4531 3.036 <0.001 2.164 0.001 2.148 0.001  3.053 0.001  3.040 0.001
6.25 43.75 3.038 <0.001 2162 0.001 2.152 0.001  3.058 0.001  3.042 0.001
7.81 4219 3.045 <0.001 2.168 0.001 2.154 0.002 3.063 0.001  3.040 0.001
9.38 4063 3.050 0.001 2173 0.001 2.157 0.002 3.067 0.001  3.043 0.001
10.94 39.06 3.054 0001 2178 0.001 2159 0.001  3.072 0.001  3.044 0.001
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Supplementary Table S6.4. Continuation of the summary of the RDF analysis for fcc-Tio04Cro.0sN1-Bx and fec-
Tio.94Z1006N1+By structures, with increasing B content evaluated for the nearest neighbor Cr—Ti, Cr—B, C+—N, Zr—Ti,
Zr-B, and Zr-N bonds, including the standard error (SE). Ct—Cr and Zr—Zr bonds are not listed because the alloy

content is insufficient for two Cr or Zr atoms being nearest neighbors

fce-Tio.9aCro.06N1-xBx

Ti Cr B N Cr-Ti (A) Cr-B (A) Cr-N (A)

(at.%) (at.%) (at.%) (at.%) d SE d SE d SE

46.88 3.13 1.56 48.44 3.005 <0.001 2.143 0.001 2.124 0.001
3.13 46.88 3.011 <0.001 2.140 0.000 2.126 0.001
4.69 4531 3.015 0.001 2.150 0.001 2.128 0.001
6.25 43.75 3.020 0.001 2.157 0.001 2.131 0.001
7.81 42.19 3.025 0.001 2.159 0.001 2.132 0.001
9.38 40.63 3.033 0.001 2.160 0.001 2.134 0.001
10.94 39.06 3.035 0.001 2.166 0.001 2.136 0.002

fee-Tio.eaZro.06N1-xBx

Ti Zr B N Zr-Ti (A) Zr-B (A) Zr-N (A)

(at.%) (at.%) (at.%) (at.%) d SE d SE d SE

46.88 3.13 3.13 46.88 3.050 0.001 2.173 0.001 2.157 0.002
4.69 45.31 3.036 <0.001 2.164 0.001 2.148 0.001
6.25 43.75 3.038 <0.001 2.162 0.001 2.152 0.001
7.81 42.19 3.045 <0.001 2.168 0.001 2.154 0.002
9.38 40.63 3.050 0.001 2.173 0.001 2.157 0.002
10.94 39.06 3.054 0.001 2.178 0.001 2.159 0.001
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7 Combined X-ray Microdiffraction and Micromechanical Testing

7 Actually Measuring Thin Film Elastic
Constants by Combined X-ray
Microdiffraction and Micromechanical
Testing

Experimentally assessing direction-dependent elastic constants is still far from routine and poses
significant technical and analytical challenges. While nanoindentation offers insights into reduced
polycrystalline Young's moduli, directly measuring direction-dependent elastic constants in thin
films necessitates innovative methodologies due to inherent challenges compared to bulk materials.
Although ab initio Density Functional Theory calculations offer theoretical input, discrepancies
persist between model systems and real-world properties, primarily due to a lack of available
experimental data for newly emerging—and often chemically and structurally complex—material
systems. Moreover, theoretical formulations typically rely on single-crystal elastic constants,
overlooking microstructural influences that significantly impact material behavior. Recent
advancements in in-situ micromechanical testing utilizing X-ray diffraction provide a powerful
approach for studying the stress-strain distribution in thin films, however, the stress state imposed
by these methods deviates from simple uniaxial conditions. Our study addresses this gap by
proposing a novel experimental approach to measure direction-dependent elastic constants,
combining synchrotron microdiffraction and micropillar compression testing. Our investigation
focuses on the experimental determination of direction-dependent elastic constants in a
polycrystalline face-centered cubic TiNgsBo2 thin film (H=32.1%£1.9 GPa), where linear elastic
failure prevails. We established an advanced in-situ testing environment where we continuously
recorded the load-displacement of the indenter during loading, while simultaneously collecting the
material's deformation response to uniform uniaxial compression in the form of full Debye-
Scherrer Patterns for {111}, {200}, and {220} peaks. This dynamic approach allowed for the
evaluation of the orientation-dependent elastic strain components as well as the macroscopic
uniaxial compressive stresses, each over time, enabling a differential analysis to assess the elastic
and X-ray elastic constants. By correlating our experimental results with ab initio calculations, we
provide a robust and new method for validating theoretical predictions and advancing thin film

material testing and design.
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7.1 Introduction

While searching for new materials drives progress in materials science, the journey toward their
target application requires careful evaluation and testing. In particular, ceramic coatings—fabricated
via Physical Vapor Deposition (PVD) methods—have become a central focus of modern materials
engineering owing to their superior mechanical properties, e.g., high hardness and wear resistance
[1-5]. However, to optimize their performance and ensure reliability under—oftentimes—extreme
operating conditions, it is critical to understand their mechanical behavior [6]. Among the
commonly analyzed mechanical properties of ceramic thin films such as hardness, H, and fracture
toughness, Kj¢; Young's modulus, E, and Poisson's ratio, v, serve as fundamental descriptors of a
material's response to external forces, where V quantifies the transverse deformation of a material
in response to axial loading and E reflects the material's stiffness in resisting such deformation. In
materials engineering, H and Kj; are technologically relevant quantities mainly accessible by
experimental approaches, where H is usually measured using nanoindentation techniques and Kj¢
can be derived from micromechanical tests (e.g., micro-cantilever bending tests)[7—12].

However, the complex interplay of various contributing factors—including point defects and
dislocation dynamics—across multiple length scales makes it difficult to approach these descriptors
within the modeling framework. In ceramic coatings, H is not only determined by the ease of the
dislocation movement (overcoming the Peierls barrier [13,14]) but also by several hardening
mechanisms [15-20] related to the material’s microstructure and defect density. Contrarily,
theoretical hardness and fracture toughness formulas typically take single-crystal elastic constants
as the main input [21-23], as these can be quite straightforwardly evaluated by ab initio methods
(using the stress-strain [24,25] or the energy-strain method [20] or even machine-learned using
suitable ab initio training sets [27—29]. Among the most widely used Kj; approximates is Griffith’s
formula [30], completely omitting plastic deformation [20,31] or any microstructural features that
can significantly alter resistance to unstable crack propagation. Griffith’s formula relies on the
surface energy and the directional Young’s modulus, hence, again, elastic constants.

Zero Kelvin ab initio elastic constants calculations, though computationally expensive for
chemically complex materials, can nowadays be seen as routine and have been employed to screen
across many material systems [32-34]. With the advance of computational power as well as the
rapidly developing field of machine-learning interatomic potentials for molecular dynamics, also
finite-temperature elastic constants are becoming accessible [35-37]. In a stark contrast, direct
elastic constants measurements for ceramic-type coatings are still far from routine. Distinct from

bulk materials, their inherent characteristic of being #hin films introduces additional complexities
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7 Combined X-ray Microdiffraction and Micromechanical Testing

that necessitate advanced testing methodologies. Crystallographic anisotropy and texture as well as
typical columnar/fibrous grained morphology obtained from PVD thin film growth further
complicates the mechanical behavior of ceramic coatings. Together, these structural characteristics
lead to directional dependencies in elastic properties along different crystallographic planes, as well
as direction dependence with respect to the film growth direction.

Nanoindentation, especially when performed according to Fisher-Cripps [38], provides a
convenient approach to determine the reduced polycrystalline modulus of ceramic hard coatings.
Using this method, the film-only reduced modulus at zero indentation depth can be extrapolated
by fitting a power-law function to the load-displacement data from multiple indentations of varying
depths. If the Poisson ratio of the material is known, the polycrystalline Young’s modulus can be
further calculated. The implementation of X-ray diffraction-based techniques can provide access
to the X-ray elastic constants (DECs) of polycrystalline thin films, e.g., by coupling the sin*)
method with the substrate curvature technique [39]. The work of Martinschitz et al. [40] further
accounted for the macroscopic elastic anisotropy in textured Cu and CtN thin films by
extrapolating the moduli from the experimentally determined thin film DECs. In 2020, Alfreider
et al. [41] performed in-situ micro-tensile testing in SEM in combination with a digital image
correlation technique to map the true stress-strain state of a nanocrystalline high entropy alloy,
enabling the evaluation of the polycrystalline Poisson’s ratio. Another method that has been
introduced in the last few years is the use of u-mechanical spectroscopy to determine the elastic
modulus of a material by cantilever bending. Examining the shape of the first resonance peak of
the indentation setup used, it is possible to detect changes in the damping capability of confined
volumes [42,43].

In-situ micromechanical testing methods provide a powerful tool to study material’s response to
various loading conditions, specifically tailored to investigate small-scale geometries [44]. One such
approach combines micromechanical testing and X-ray diffraction, where synchrotron facilities
provide advanced access to probe the crystallographic structure and lattice strain of thin films under
mechanical stress with exceptional sensitivity [45,46]. Advances in optics and beamline
instrumentation allow for intense and highly collimated X-ray beams of very small size—while
maintaining high brilliance—that facilitate in-situ measurements of stress-strain distributions in thin
films with unprecedented spatial resolution and accuracy, even at the nanoscale [47]. However, it
is important to acknowledge that the stress state induced by previously reported in-situ
micromechanical testing methods such as nanoindentation or micro-cantilever bending is
inherently complex and deviates from the ideally simple uniaxial loading conditions typically

assumed in classical mechanics [48-53].
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7 Combined X-ray Microdiffraction and Micromechanical Testing

In this study, we present a new methodology designed to accurately measure the direction
dependent elastic constants in thin film ceramic hard coatings. Using the combined approach of
X-ray microdiffraction and micropillar compression testing, a micropillar fabricated from a 15 um
polycrystalline face centered cubic (fcc) TiNosBo2 hard coating (prepared by non-reactive DC PVD
sputtering) to uniaxial compression testing while simultaneously recording its elastic response (to
failure) for the {111}, {200}, and {220} crystallographic planes using a high-energy
monochromatic synchrotron radiation source and fast acquisition times (0.55 s). By implementing
a high-precision continuous stiffness measurement (CSM) nanoindentation setup, we enabled real-
time monitoring of indenter displacement and force during testing. This dynamic approach allowed
a differential analysis of the time-dependent elastic deformation of the material under uniform
uniaxial loading condition, providing accurate experimental values of elastic and diffraction elastic
constants for three independent crystallographic planes for a selected face-centered cubic
polycrystalline ceramic thin film material. Supported by ab initio density functional calculations,
the experimentally determined {4/} -dependent Poisson's ratio, Young's modulus and X-ray elastic
constants (DECs) were further compared with their theoretically derived values. By bridging
experimental observations with theoretical modeling, we aim to step forward in the direction of a
fundamental understanding of the mechanical properties of thin film ceramics, using Ti-B—N as a

representative material system.

7.2 Materials and Methods

7.2.1 Thin Film Deposition

The TiNgsBo2 coating was deposited on single crystal sapphire (1102) substrates with dimensions
of 10x10%0.53 mm’ using a modified Leybold Heraeus Z400 deposition system equipped with a
3” unbalanced magnetron sputtering source holding a TiN+TiB,+Ti composite target composed
of 80 mol.% TiN + 15 mol.% TiB, + 5 mol.% Ti with 99.5 % purity from Plansee Composite
Materials GmbH. The substrates were ultrasonically pre-cleaned in acetone and isopropyl alcohol
for 5 min each, then mounted in the 3” substrate holder and loaded into the chamber. The target-
to-substrate distance was fixed at 40 mm. After reaching the base pressure of <2:10* Pa (<2-10°
% mbar), the substrates were thermally cleaned at 400 °C for 20 min, followed by Ar ion etching
using an Ar pressure (60 sccm Ar flow) of 1.6 Pa and applying a negative bias voltage of -150 V
(pulsed DC, 150 kHz, 2496 ns pulse duration). The target was operated at 0.50 A (no substrate bias
applied, floating potential -24 V) at an Ar pressure of 0.4 Pa (32 sccm Ar flow) and a substrate

temperature of 400 °C for 400 min to achieve a thickness of t~15 pm.
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7 Combined X-ray Microdiffraction and Micromechanical Testing
7.2.1 Thin Film Characterization

Structural information was obtained by X-ray diffraction (XRD) analysis using a Malvern
PANalytical XPert Pro MPD (6-0 diffractometer) in Bragg-Brentano geometry equipped with a
CuK., radiation source operating at 45kV and 40 mA monochromatized with a Malvern
PANalytical BBHD mirror suppressing Kj. Fracture cross sections were imaged using a Zeiss
SIGMA 500 VP Field Emission Gun-Scanning Electron Microscope (FEG-SEM) operating at
10 kV.

Hardness, H, and Young’s modulus, E, were determined by instrumented nanoindentation using a
FemtoTools FT-I04 Femto-Indenter system equipped with a diamond Berkovich tip (calibration
was performed on a standard fused silica sample) in Continuous Stiffness Measurement (CSM)
mode. 25 load-displacement curves were analyzed according to Oliver and Pharr [54] using a
maximum force of 20 mN. The reduced raw moduli data were fitted with a power law as a function
of the penetration depth, extrapolated to zero indentation depth, and corrected according to

Fischer-Cripps [38] to yield the film-only Young’s modulus.

Figure 7.1. A schematic view of the in-situ X-ray microdiffraction experiment performed in
transmission diffraction geometry using a monochromatic X-ray beam with a spot size of
1.5 X 1.5 um?, centered in the mid-section of the free-cut TiNgsBo. micropillar sample. The
micropillar (aspect ratio 3:1) was loaded in z direction using a diamond flat punch tip with a contact
area of ~ 80 pm?, positioned on top of the pillar along the z axis. The force, F, and the indenter
displacement, U, were simultaneously recorded during testing. 2D diffraction data were collected
during the experiment using an Eiger X 9M photon counting detector. The direction of the strain
measurement is identified by the angles 8 and &, where 8 is the angle of inclination of the
diffraction vector, Qgg, with respect to the equatorial plane defined by the incident beam and &

denotes the azimuth angle within this plane.
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7 Combined X-ray Microdiffraction and Micromechanical Testing

7.2.3 Combined Synchrotron X-ray Microdiffraction and Micromechanical
Testing

A cross-sectional lamella (~100 um thick in the beam direction) of our TiNygBo. thin film was
prepared by cutting and mechanically polishing the coated sapphire substrate. After preparation,
the lamella was securely mounted on a sample holder designed for precise alignment in the beam
direction without affecting the diffracted beam paths during the experiment. Cylindrical micropillar
geometries were fabricated from the cross-sectional lamella by Focused Ion Beam (FIB) milling
using a ThermoFisher Scios 2 DualBeam system operated at 30 kV. First, a selected area of the
coating material (~120 X 100 X 15 um’) was removed with a probe current of 30 nA, except for
three free-standing pillars of ~ 10 pm in diameter. By reducing the milling current stepwise to
500 pA, the pillar walls were refined to a final pillar diameter of ~ 5 pm with a height-to-diameter
aspect ratio of ~ 3:1 and a taper angle of less than 2°. During the in-situ XRD experiment, one
micropillar was compressed using a FemtoTools FT-NMT04 in-situ nanoindentation system
operating in intrinsic displacement-controlled mode at a load rate of 5 nm-s", equipped with a
FemtoTools FT-5200'000 diamond flat punch tip customized to a final diameter of ~ 10 pm using
the FIB system mentioned above. Force and displacement data were collected throughout the
experiment, including ~ 100 s after failure. The in-situ micropillar compression testing was
conducted at the Nanofocus Endstation of the MiNaXS (P03) beamline at the PETRA TIT (3%
generation synchrotron radiation source) at Deutsches Elektronen-Synchrotron (DESY). The
monochromatic X-ray beam with a photon energy of 19.7 keV was focused by a KB mirror setup
[47] down to lateral dimensions of 1.5 X 1.5 um®. The nanoindentation system was built into the
X-ray measurement setup to analyze the micropillar sample in transmission wide-angle diffraction
geometry. Before testing, the diamond flat punch tip was centered directly over the pillar top
surface to guarantee uniform conditions during loading (see Fig. 7.1). In order to center the pillar
mid-section to the X-ray beam, the nanoindentation-sample holder assembly was positioned using
a hexapod for tilt and rotational alignment, complemented by a linear nano-positioning high load
stage for x-, y-, and z-alignment. The diffracted photons were collected using an Figer X 9M Hybrid
Photon Counting (HPC) 2D detector, with an acquisition time of 0.55 s per frame, positioned at a
sample-detector distance of 0.236 m to record the full Debye-Schetrer ring including {111}, {200},
and {220} peaks. The exact parameters of the diffraction geometry were calibrated by measuring

a LaB; standard reference powder.
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7 Combined X-ray Microdiffraction and Micromechanical Testing

7.2.4 Synchrotron X-ray Microdiffraction Data Analysis

Strain Analysis

From the collected Debye-Scherrer ring patterns at the pillar cross-sectional position (,z) the
orientation-dependent lattice plane spacing d!(y,z) can be obtained from its relation to the

diffraction angle 2 8™*! (§) and the wave length A according to Bragg’s law,

A = 2dKL(y, z) sin oK (7.1)

whereas the X-ray elastic strain 45" (y, ) has to be calculated from

4 0,7) - di
dgkl

£55 (,2) = 72

with d{*! as the strain-free lattice plane spacing. Therefore, each of the recorded 2D patterns was
subjected to azimuthal integration using the open-source software package DPDAK [55], where
azimuthal angle § segments of 10 deg—with § ranging from -5 to 355°~were integrated. The lattice
plane spacing dik! (y, z) of the {111}, {200}, and {220} peaks was determined by fitting a pseudo-
Voigt peak shape function to the 1D intensity profiles—obtained for 36 azimuthal angles § sections
as a function of 2 ™! (§)—-according to Eq. (7.1). For each of the three crystallographic plane
families, we identified the unstrained lattice plane spacing d2*! from the intersection of the linear
fits of the 36 previously calculated d(’;’gl(y, z) data points for 62 shots plotted against sin? §, i.e.,
62 collected Debye-Scherrer ring patterns (up to one recording before failure) were considered for
an initial evaluation of the d{*! value (see Supplementary Material). Here, the rationale is that the
d2%L(y, z) which has shown to be independent on the applied load must be the strain-free value
dbkt,

Following the procedure from [51], the measured orientation-dependent elastic strain g’ (y, z)

obtained from Egq. (7.2) can be expressed as a function of six unknown strain components,

Sihjkl(y, Z), given by

o8 (y,z) = sin? 0l (y, z) + cos? 6 sin? Selk!(y, z) + cos? O cos? Sel¥! (y, z) (7.3)
— sin 26 cos & el (y, z) + cos? 0sin 28 e (v, z) — sin 26 sin § €] (y, 2)
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7 Combined X-ray Microdiffraction and Micromechanical Testing

Under uniaxial loading conditions, the pillar experiences compressive strain, €14 (y, z), along its
longitudinal z-axis. Simultaneously, due to Poisson's effect and its cylindrical geometry, the pillar

expands uniformly in all directions perpendicular to the applied load, resulting in equal lateral strain
components in x and y direction, efx'(y,2) = e)x'(y,2), negligible off-axis shear strain,
eit(y,z) =0, and equal but nearzero on-axis shear strain components, &5 (y,z) =
hkl(y, z) = 0. These simplifications assume an elastic isotropic material behavior,

facilitating/reducing the analysis of the pillar deformation from Eq. (7.3) to three unknown strain

components

eosH(y,z) = elkl(y, z) [sin? O + cos? 6 sin? §] + ef¥'(y, z) cos? O cos? § (7.4)
— el (y, z)[sin 26 cos § — cos? 6 sin 28]

During the experiment, every 5.55 s a 2D diffractogram was recorded over a period of ~450 s.
From a single Debye-Scherer ring, 36 strain values ep¥(y, z) were evaluated according to Eq. (7.2).
For each measurement/shot, we calculated the three unknown strain components £hkl(y, z),

efkl(y, z), and hkl(y, Z) by solving the linear equation system (based on 36 linear equations)

using a least-squares refinement method. Thus, the orientation-dependent Poisson’s ratio, yhit

can be extracted from

d hkl
(v, 2)
yhil = e > 77 (7.5)

d
4 iy, 2)

Poisson's Ratio and Unstrained Lattice Parameter Refinement

From uniform unidirectional loading conditions, the Poisson's ratio vdk Hx, y) of an elastic
material is related to the ratio of the transverse and axial strain components, Shkl(y, z) and

elkl(y, z), similar to Eq. (7.5)

hkl (y’ Z)

hkl —
) =~ i

(7.6)
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7 Combined X-ray Microdiffraction and Micromechanical Testing

where vdkl(x y) can be calculated for each Shkl(y, z) and e¥(y, z) value extracted from the
periodic 2D diffraction patterns collected during the compression test. In particular, when v/

obtained from the ratio of the slope between the calculated Shkl(y, z) and ¥ (y, z) data points
(according to Egs. (7.2), (7.4), and (7.5)), vl is presumed to be independent of the precise
determination of d*' from the dgk'(y,z) vs. sin? § relation. Notably, the slope-over-time

approach is only valid if the rate of deformation is constant (as provided by our indentation setup).
Using MATLAB’s “fminsearch” optimization algorithm [56] for data points between 67 and 333 s
we iteratively adjusted di*' in Eq. (7.4) to align the di¥*!-dependent vdkl(x y) values from
Eq. (7.6) by the method of least-squares to closely match the Poisson’s ratio from Eq. (7.5),
resulting in a more precise unstrained lattice plane spacing, do kL for each of the three reflections.
Thus, only refined d{;_’;’ were used for subsequent calculations including the evaluation of

hkl Ehkl 1 _hki hkl

hkl(y, z), a4 (y, z), and from there v 552 ,and Sj

Stress Analysis

Based on the continuously recorded load-displacement data from the indenter probe, the
indentation stress, 07(), Z), is calculated as the ratio between the applied force F and the area of

the pillar mid-section, 4,,(y, z)

F
0,(y,z) = —m (7.7)

Notably, the cross-sectional area of the pillar mid-section irradiated during loading is used instead
of the top surface contact area, to account for the pillar’s taper.
Considering the basic principle of Hooke's law, which connects the induced elastic strain to the

applied mechanical stress,

Okl (7.8)

where &;; is the strain tensor, Cjjy is the stiffness tensor and gy is the stress tensor, the linear

relationship between the measured strain, 55‘ (’5‘ ! (y,2), and the only non-zero deviatoric stress
component 0,, (Y, Z)— acting under uniaxial compression testing in z-direction—can be expressed

according to

99



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub
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hkl hkl
epkl(y,z) = Wazz(y, z)sin? § — WO-ZZ(}}’ z) (7.9)
Where the proportionally constant E™! is the elastic modulus. Introducing the {A£/}-dependent

(X-ray) elastic constants (DECs) [57],

. Jhk
S1 = —m (710)
and
1 14 vhkl
Rkl _
252 T T phki (7.11)

the stress-strain relation from Eq. (7.9) is given by

1
gggl(% Z) = Esgklo-ZZ(yl Z) Sinz 6 + zs{lklo-ZZ(yJ Z) (7'12)

Given the relatively small elastic anisotropy of our TiNosBo» coating material with an ab initio
calculated Zener anisotropy ratio of 0.7873 [58] and assuming a uniaxial stress state within the
radiated pillar mid-section during the experiment [59], we derive the out-of-plane stress for each

of the three {hk/} reflections, 0,,(y, ), as follow [60]

ddg5 (y,2) 1
T osin2s = 0,,(,2) Esgkldg,]fl (7.13)

Using the expression of £j&'(y,z) from the normalized lattice plane spacing difference,

dpsi(y,z) — d{;’;’, from Eq. (7.2) and plotting drsi(y, z) against sin? &, the deviatoric stress,
0¥l (y, z), can be determined from the slope of the curve, where % 5311 =2.9879 % 1073 GPa™1,

%szzoo = 2.6400 * 1073 GPa_l,and%szzzo = 2.9010 * 103 GPa™!, and, in addition, the values

for sf*! are obtained using the ISODEC software package [61] based on the inverse Kroner model

[62,63], considering the values from the ab initio calculated stiffness tensor for our deposited Ti—

B-N material system with Cy; = 548.29, C;, = 133.15, and C44 = 163.43 (cubic symmetry).
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7 Combined X-ray Microdiffraction and Micromechanical Testing

Elastic Modulus and Diffraction Elastic Constants

Theoretically, the obtained deviatoric stresses, 0,,(y,z), temain consistent across different
crystallographic planes and correspond to the {/£/}-independent macro stresses, 0;(y, z), derived
from the probe-to-sample response continuously recorded by the nanoindentation system during

loading and calculated according to Eq. 7.7. By incorporating the discrete indentation stress values,

0;(y,z), into Eq. (7.13), we accessed %S;kl directly from the experimental data. Alternatively,

%Sélkl can be expressed in Eq. (7.13) as:

Adpki(y,z)  _ 1
Seimrs = a0 (551 )dit 7
to further determine the {h&/}-dependent Young’s modulus, E"! (according to Eq. (7.11)). To

synchronize the continuous 07(y,z) values with the discrete strain, Sggl(y, z), and lattice

parameter, dglgl(y, z), data (recorded for 5.00 s adding 0.55 s acquisition time), we averaged the

hkl
1

indenter stresses, 0;(Y, ), over 5.55 s time intervals. According to Eq. (7.12), §** can be derived

similarly to %Sélkl by replacing o/%'(y, z) with G;(y, z). Notably, %Sé’kl and S denote the

. . . . . . 1
experimentally determined thin film diffraction elastic constants, where 5 sl and sPRU refer to the

single-crystal DECs derived from Cjjy;.
Additional information can be gathered by plotting the evaluated experimental and ab initio DFT

simulated DECs against the parameter 31" [64], which is defined as follows

h?k? + k212 + 12h?
W =3 e T (7.15)

where h, k, and [ are the Millers indices and 3I" is a single parameter expression for the Miller
indices in cubic crystal structures. Plotting the X-ray elastic constants obtained from the single-
crystalline ab initio DFT data using the Reuss [57,65], Voigt [66] and Eshelby/Kroner [67] grain
interaction models against the 3I" parameter will lead to 3 lines with different slopes and a single
intersection. The calculation of DECs from the single-crystalline stiffness tensor according to the
three models was taken from literature and is presented in detail in [68]. Since the theoretical

boundaries of possible X-ray elastic constants are set by (i) the Reuss and the Voigt grain-

101



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

7 Combined X-ray Microdiffraction and Micromechanical Testing

interaction models and (ii) at the intersection these culminate into a single point. In following it
will be assumed, that this specific 31" value determined for the ab initio DFT data is also valid for
the experimentally determined DECs, which will be interpolated to retrieve the experimental

polycrystalline {h£/}-independent Young’s modulus, E, and Poisson’s ratio, v.

7.2.5 Density Functional Analysis

The Vienna Ab-initio Simulation Package (VASP) [69,70] implementation of the Density
Functional Theory (DFT) was used to carry out ab initio calculations. The Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA) [71] and the plane-wave projector
augmented wave (PAW) pseudopotentials [72] were employed. Consistently with our previous
study [6], the plane-wave cutoff energy was set to 600 eV, and the reciprocal space was sampled
with T'-centred k-point meshes with a length parameter of 60A. All supercells were based on the
cubic rocksalt (Fm3m) TiN structure in which the desired number of B atoms was distributed on
the N sublattice (to model the TiB.N- solid solution) using the Special Quasirandom Structure
approach [73]. Three supercell orientations were considered: (i) x || [100], y || [010], z || [001]
(total of 64 atoms); (i) x || [110], y Il [110], z Il [001] (total of 72 atoms); and (iii) x || [111], y |l
[110], z Il [112] (total of 72 atoms). The supercells (i) and (iii), with different numbers of atoms,
are visualized in Fig. 1 of [74]. All supercells were fully optimized by relaxing their volume, cell
shape, and atomic positions.

The fourth-order elasticity tensor, C, was evaluated for the supercell (i) using the stress-strain
approach [24,25] with a strain magnitude of 1.9 %. Applying Voigt’s formalism, the tensor was
mapped onto a 6X6 matrix, Cjj, and subsequently projected onto that of a cubic crystal [75],
yielding three independent elastic constants: Cpq, Cip, and Cyy. The polycrystalline Young’s
modulus, E, bulk modulus B, and shear modulus G, were calculated as Hill’s average [76] of the
upper bounds according to Reuss’s approach (subscript “R”) [65] and the lower Voigt’s bounds

(subscript “V”) [66]. The polycrystalline Poisson ratio was calculated using:

_3'B-2-G - 16
YT 6B+2G (716
The directional Young’s modulus, E™! was evaluated following formulas in Nye [77] (p. 143—
145). Additionally, we used supercells (ii) and (iii) to simulate uniaxial [001] and [110] compression

tests with a 1% strain step, where at each consecutive step the supercell and the ionic positions
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7 Combined X-ray Microdiffraction and Micromechanical Testing

were allowed to relax in the directions orthogonal to the applied strain. The predicted lattice
parameter changes along the main crystallographic directions allowed us to directly evaluate the
(directional) Poisson ratio by calculating the negative first derivative of the resulting average

orthogonal strain over the applied strain.

7.3. Results and Discussion

7.3.1 Materials Characterization

111

200
_.--_..-_.---_-.D

220
T |

Sqrt. Intensity @
(arb. unit)

SEM Ti—Bg 55— Ng g0

Figure 7.2. (a) XRD pattern recorded for TiNosBo. showing standard peak positions
corresponding to the (111), 20 = 36.663°, (200), 20 =42.597°, and (220), 20 = 61.814°
crystallographic planes of fcc-TiN (JCPDS No. 00-038-1420) [78]. (b) Cross section morphology
of the deposited TiNosBo. coating with 15 um film thickness on a-Al,Oj substrate.

To provide a suitable base coating for in-situ micropillar compression testing, we deposited a 15 um
thick polycrystalline TiNgsBo. coating from a TiN+TiB,+Ti composite target similar to the 3 um
version characterized by elastic recoil detection analysis (ERDA) reported in [6]. The XRD pattern,
Fig. 7.2a, reveals three distinctive peaks corresponding to the crystallographic planes (111), (200),
and (220) of fcc-TiN. The peak shift towards lower 26 values is mainly due to the incorporation of
B into the fcc TiN lattice, as described in detail in previous studies [6]. We further evaluated the
residual compressive stresses in Ti—-B—N films on the order of about 2.5 GPa, accounting for ~ 1%
of the observed peak shift. Importantly, only the fcc-Ti(IN,B) structure is identified, confirming the

absence of any other crystalline phase.
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The cross section of the TiNgsBo2 coating in Fig. 7.2b exhibits a compact, dense growth
morphology different from the columnar structure commonly observed in polycrystalline hard
coatings. Instead, a refined microstructure is present with an average grain size of 18 £ 7 nm [0].
We have recently addressed the effect of B-solubility on the microstructure and mechanical

properties of Ti—B-N thin films [6], guiding our material selection for this experiment.

Figure 7.3. (a) Schematic representation of the micropillar's geometric parameters. The actual
height of the pillar, hp = 15.01 £ 0.05 pm, aligns with the film thickness with a taper angle a; <
2°. The top surface diametet, d7, measures 4.57 & 0.05 pm, while the bottom diameter, dp, is =
5.5 pm; albeit with a slight circular foot transition that complicates precise determination. The
mid-section of the pillar, measured at half its height has a diameter of d = 5.04 £ 0.05 pm with
a cross-sectional area A, = 19.96 pum?. The central region where the micropillar experiences a
nearly uniaxial stress state is marked as hy; = 7.51 £ 0.05 pm. During the experiment, the center
of the pillar was fixed in transmission geometry perpendicular to the beam direction with a cross-
section diameter Apeqm = 1.5 X 1.5 um?. Auxiliary lines were extrapolated to the foot level to
illustrate the complete pillar geometry. (b) Fractured TiNosBo. micropillar after compression
testing, displaying brittle behavior consistent with the ceramic nature of the material.

Micropillars were FIB milled from the deposited TiNosBo. thin film for subsequent compression
testing. Fig. 7.3a shows the micropillar before testing, with its geometric specifications outlined in
white. Our FIB milling protocol induces a neatly symmetrical taper (a, left side 1.94°, right side
1.81°) along the pillar, resulting in a slightly non-uniform cylinder with an aspect ratio hp: dr = 3,

proven to be practical and suitable for compression testing [59]. Notably, the selected sample
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geometry should provide a sufficient probe volume (i.e., number of grains) to interact with the X-
ray beam (Apeqm = 1.5 X 1.5 um?) in order to facilitate a comprehensive characterization of the
material response to applied loads (see Fig. 7.3a). In [59], Cornec and Lilleodon critically discussed
the aspects of determining stress-strain curves from micropillar compression tests. Their
computational models verified that a neatrly uniaxial stress state occurs in the center of the
micropillar over ~hy,, see Fig. 7.3a. However, frictional forces and constrained deformation along
the top (and bottom) surface of the micropillar result in lateral and shear stresses (i.e., non-uniform
stress distributions) due to contact with the indenter during loading. We therefore chose to irradiate
the specimen at its midpoint. Post-testing, the fracture surface of the TiNgsBo2 micropillar exhibits
characteristic features associated with brittle failure. The SEM image in Fig. 7.3b shows a distinct
fracture surface morphology characterized by smooth fracture lines, with the right side of the pillar
separated from the remaining left part. This unilateral fracture indicates an abrupt and catastrophic
failure event that propagated along the vertical axis of the pillar. The absence of significant plastic
deformation features (e.g., distortion or shear bands), further confirms that the fracture mechanism

is predominantly brittle.

7.3.2 X-ray Strain Analysis

In-situ compression testing was conducted at a constant loading rate of 5 nm*s™ while recording a
2D diffraction pattern at regular intervals of 5.00 s (adding the acquisition time of the detector of
0.55 s) for a period of 450 s, ensuring controlled loading conditions for precisely monitoring the
pillar material's mechanical response throughout the test. All experimental results were plotted for
400 s, with loading starting at ~42 s and failure occurring at ~350 s.

Fig. 7.4 presents the three resulting strain components ghit. 83’,‘3',‘1, and S%’,‘l for three
crystallographic planes {/&/}, {111}, {200}, and {220}. The strain values were determined by 2D
X-ray diffraction data analysis (as detailed in the experimental section) according to Eq. (7.4). The
predominant axial strain component, ghkt, corresponds to the loading direction, i.e., the out-of-
plane direction of the pillar, reflecting the compression of the pillar along its z-axis due to the
applied load until failure at ~2% strain; an expected value for ceramic hard coating materials [50].
Conversely, the Poisson effect implies lateral expansion in the x and y directions to accommodate
the volume change resulting from the pillar compression in the z direction. Under uniform uniaxial
loading conditions, the lateral strain components for a cylindrical pillar are equal in magnitude

(83’};,‘1 =gkl e, S,f})'fl = 8{},’6‘[ = 0 is valid) and represent the elastic deformation perpendicular to
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the direction of loading. Although the shear strain components (85‘3’,‘1 = ghkl

) are expected be close
to zero, the minimal shear deformations observed do not indicate significant deviation from

uniform loading conditions or inelastic material behavior during the experiment.
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Figure 7.4. Elastic strain components of TiNosBo2 derived from in-situ uniaxial pillar compression

testing for three distinct crystallographic planes {/£/} are shown: (a) giljll, (b) gizjoo’ and (c) gizjzo'
Each plot illustrates the calculated strain data points at load time (i) in the loading direction z, £J4

(indicated by filled circles,) (if) in the lateral direction, 83},’31,‘1 = el (filled triangles), and (iii) the

shear strain components, S%’,d = gkl (shown as half-filled diamonds). The strain values recorded

during pre-loading and post-failure of the pillar appear on a grey background.

The almost linear progression of 8{,’3',‘[ and € over the time of applied load suggests a

predominantly linear elastic material behavior that is relatively consistent across the three
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crystallographic planes (Fig. 7.4a-c). However, we observe a nuanced elastic anisotropy in the
material’s response to uniaxial compression. Specifically, 831,31,1 and 22! propagated to slightly
higher magnitudes compared to the in-plane and out-of-plane strain components recorded for the
{220} and {200} planes (compare Fig. 7.3a-c). Note that in sputtered polyctystalline thin films, the
presence of crystallographic textures can contribute to the macroscopic anisotropy of the material
[40]. The presence of (virtual) residual strains, particularly notable in the z direction for the {111}
peak, €211, may also partly stem from lattice defects favoring specific crystallographic plane
families. However, using free-standing pillar geometries for in-situ mechanical testing offer
advantages over previously reported methods [44,79] in revealing the intrinsic coating material's
mechanical properties by allowing the material to deform freely under applied load. Free-cutting a
cylindrical shaped pillar out of the deposited coating material mitigates residual
stresses—commonly observed in conventional sputtered PVD thin films—providing a uniform
stress-strain distribution throughout the specimen and reducing frictional forces during
deformation [59]. In combination with synchrotron X-ray microdiffraction this approach allowed

us to in-situ collected detailed information on the pillar’s deformation response to uniaxial

compression in the lateral and longitudinal direction for three independent crystallographic plane
families {111}, {200}, and {220}. The so-obtained elastic strain components Sl-hjk b are essential for

accessing the {h&/}-dependent elastic constants.

The Poisson’s ratio for each crystallographic plane families {111}, {200}, and {220}, as shown in

Fig. 7.5, was determined from the negative ratio of the slope between the transverse strain

components, Sf,l;,d, and the slope of the axial strain components, Mkl over a period of 61-327 s.

Eq. (7.5). The v! values obtained for v111 = 0.241, v2°° = 0.199, and v?2° = 0.222 are in
the range of 0.2—0.3 commonly observed for ceramic hard coatings and suggest a moderate level
of anisotropy in the coating's elastic response. Although {/&/}-dependent Poisson's ratios for
Ti—B—N coatings have not been studied so far, the values obtained from our experiment appear
reasonable when compared to those reported for fcc-TiN thin films [80-82]. Complementarily, the
{hkl}-dependent Poisson’s ratios for TiNosBo, wetre calculated based on Eq. (7.6), where the

negative ratio for each transverse and axial strain data point recorded over the time to failure was

derived. However, the resulting 64 vﬁ(’j ! values for each crystallographic plane significantly deviated

from the one V™! value derived from Eq. (7.5), as clearly shown in Figs. 7.5a—c. To refine the

determination of ngl, we iteratively adjusted the strain-free lattice parameter, ! — dg";l, to fit

the Vg(’fl values to V! by the method of least-squares, as detailed in the experimental part. The
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Figure 7.5. Poisson's ratio values of TiNysBo2 obtained for three crystallographic plane families

{111}, {200}, and {220} shown in panels (a) circular symbols, (b) triangular symbols, and (c)

hkl

square symbols, respectively. The dashed horizontal line in each panel represents the v™*** value

calculated from the negative ratio of the slope of the lateral and axial strain components, as

indicated in the upper right corner. All framed symbols denote the initial vﬁ(’f’ values calculated

pointwise from the negative ratio of 83},‘31,‘1 and el while filled symbols show the least squares

fitted vg(’fi values after iterative “fminsearch” optimization of the strain-free lattice parameter from

dg*t to di%!. Notably, certain initial v{}(’j ! values deviate strongly from the v**! target value and

appear (not visible) outside the plot.

Accurate determination of dP! is critical in diffraction-based stress-strain analyses, often
presenting the primary source of uncertainty [83,84]. Even minor alterations in d3*! significantly
impact the calculated parameters. In this study, the uncertainties of vf}(’fl associated with ! (see
Figs. 7.4a—c) were <0.1% underpinning the meticulous precision required in X-ray strain analysis.
Ideally, adjusting d{*! does not affect the slope of the strain data points (Fig, 7.3a-c), since the

calculation of V™! (expressed as in (Eq.7.5)), remains invariant to variations in d{*. This
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independence arises from the fundamental nature of Poisson's ratio, a material constant that
defines the material's transverse response under axial loading. Despite many other factors (i.e.,

instrumental limitations, sample preparation, or local changes in microstructure and chemical

composition [citation]) that can complicate the experimental determination of d@*!, optimizing

d*! to ensure consistency between the calculated vgéd - vg(’fi values obtained from Eq. (7.6) and

hkl
0

v appears to be a valid approach for d 1 -refinement and to enhance the precision of our results.

7.3.3 X-ray Uniaxial Stress Analysis

In our investigation of the mechanical elastic properties of the TiNo2Bos coating, we further
analyzed the deviatoric stress components of the micropillar under uniaxial compression loading
along the z-direction. This required the use of Eq. (7.9-7.13), which facilitate the calculation of 0,

based on the pre-determined strain components, Sihjkl, as described in the Methodology section.
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Figure 7.6: Uniaxial compressive stress analysis of a TiNosBo, micropillar showing the stress
components evaluated for {111} (circular symbols), {200} (triangular symbols), and {220} (squate
symbols) evaluated for the three crystallographic planes along with the continuous stress

measurements from the indenter, 07 (continuous line). The plot illustrates stress evolution over
load time to failure at 350s and -7.86 GPa.

Our results in Fig. 7.6 show that the calculated stresses for 0,,{200} and g,, {220} closely match
the indenter stress, 0y, all in GPa. The deviation of g,, {111} from an initial ~zero stress state
presumably prone to texture effects in {111} plane of the material system. Of particular interest,
however, is the observed linear increase in compressive stress in the loading direction up to failure.
The slope of the three deviatoric stresses, closely aligns with the macroscopic indenter stresses,
suggesting a coherent loading response of the {h&/} crystallographic plane families inside the

probing volume of the pillar. This observation is consistent with the assumption of uniform
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uniaxial loading conditions and suggests a linear elastic response in the micropillar during testing.
Despite the shifted values for {111} lattice plane families obsetved in the pre-loading state, as we

. . 1 . .
are interested in how well our calculated 555”"" and s values match with the macroscopic

stresses, 0y, only the coherency of the slopes is relevant. The micropillar failure at 7.5 GPa
(according to a;) adds credibility to the validation of the experiment and is in good agreement with
fracture behavior observed in other ceramic hard coatings under similar compressive loading
scenarios [50].

Since the compressive load is applied uniformly along the z axis, the resulting stress state is assumed
to be homogeneously distributed in the mid-section of the pillar according to [59]. Therefore, the
deviatoric stress components, 0,,, in our experiment are expected—and shown—to be equal in

slope compared to the macroscopic (i.e., {/&/}-independent) stress response derived from the

indenter, g;, allowing the experimental determination of %S?kl by differentiating Eq. (7.14). In

hkl
dgs

6si:2 5 from the first derivative of the linear fit. The

hkl
2

detail, we plotted over 07 and calculated % S

polycrystalline directional-dependent X-ray elastic constants link the macro stresses, gy, with the

hkl

Rkl caused by them. Therefore, %52 and SMlcan be inferred

directional-dependent strains, &;;
from the measured direction-dependent strain changes and the simultaneously recorded
macroscopic stresses generated by compressing the pillar with a constant loading rate. The
recording of data on the elastic behavior of a material over time allows for the calculation of elastic
and diffraction (X-ray) elastic constants from the slope of underlying equations mentioned in the
methodology section. This differential approach offers a more precise determination than discrete
measurements, as previously demonstrated in the calculation of the Poisson ratio. Given that
Eq. (7.12) is in the form of y = k - x + d, where S{**! is included in the in the y-intercept term,

we plotted Sg (]5( '(y, 2) at sin? §=0 against 0;(y, z). The elimination of the k - x term allows for the

linear fitting of the data points and to calculate S{*! from the slope of the line (similar to the

hkl hkl
2 E

procedure for %S ). Subsequent, values were be calculated using the fundamental

relationship between elastic and X-ray elastic constants (Egs. (7.10) and (7.11)).

7.3.4 Thin Film Elastic Constants

Following the experimental determination of the direction dependent thin film elastic constants,

h

. 1 . _
vkl and EMKL a5 well as the X-ray elastic constants 555”"" and S*! our investigation extends to

the derivation of the polycrystalline thin film elastic constants, v and E. To interpolate the
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polycrystalline values from the single crystal X-ray elastic constants, we utilized the known

coefficients from the stiffness tensor (Cy; = 548.29, C;, = 133.15, and C4y = 163.43) for fcc-

. 1 :
TiNo94Bo.os to calculate 5 SPKL and st according to each of the three models proposed by, Reuss,

and Eshelby/Kroner, as described in detail in [62,65-67,83]. Please note, that we used the stiffness
tensor for a fce-TiNgosBoos crystal to account for the insufficient B incorporation in our deposited
TiNosBo. coating. The peak shift observed in the XRD pattern in Fig. 7.2a indicates that ca. 3 at%
B is incorporated in the fcc-TiN lattice with the surplus of B segregated amorphously at the grain

boundaries [6]—only the crystals contribute to the analysis.

a b
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Figure 7.7. 3T plot of the single crystal diffraction elastic constants, (a) ST and (b) %Sgkl, derived

from the models of Voigt (dashed-dotted line), Reuss (dashed-line), and Eshelby/Kroner (solid
line) using the ab into calculated coefficients of the stiffness tensor Cyq, Ciz, and Cyy for fcc-
TiNoosBoos. The experimentally determined X-ray elastic constants (squared symbols) for {111},
{200}, and {220} are predicted to be linear over 3I'. The hypothetical 3" value (0.54) of the
unknown quasi-isotropic polycrystalline thin film elastic constants is estimated to be similar to the
calculated single crystal X-ray elastic constants (marked by the vertical small-dashed line). The
circular symbols represent sT¥! and % sHKL calculated from ISDOEC softwate (based on the inverse

Kréner model) and used for the deviatoric stress analysis.

The calculated single-crystal X-ray elastic constants can be represented by the orientation
parameter, 3I", which expresses the three Miller indices 4, 4, and /as a single parameter and ranges

from 0 to 1, where 3I'{200} =0, 3I'{220} = 0.75, and 3I'{111} = 1. Specifically for cubic

material systems, the Reuss and Eshelby/Kroner models show a linear distribution of % sPkL and

SPKL over the parameter 3T, whereas Voigt grain interaction model yields a single set of DECs that

are independent of the {/&/}-plane families (Please note, that generally the Voigt model assumes
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all grains exhibit the similar strain). The intersection between the three models in Fig. 7.7 indicates
where the {hk/}-dependent DECs, %S?kl and s are assumed to be similar to the {hk/}-

independent (macroscopic) quasi-isotropic polycrystalline thin film elastic constants, i.e., Young's

modulus, E, and Poisson's ratio, v. By interpolating the experimentally determined polycrystalline
thin film X-ray elastic constants S{*! (Fig. 7.7a) and % SPEL (Fig. 7.7b) to 3T = 0.54—obtained from

the intersection of the ab initio DFT data—we can determine E = 443 GPa and v = 0.213

according to Egs. (7.10) and (7.11).

The comparison in Fig. 7.7 indicates a strong agreement between experimentally determined thin

. 1 . . .
film X-ray elastic constants, S{*! and 55;’“, and theoretical predictions, particularly for the

Eshelby/Kroner model. Notably, the slopes of the linear fits match closely, especially for %Sé’kl

and Esélkl. This confirms previous findings indicating the improved performance of the

Eshelby/Kroner model in predicting the mechanical elastic behavior of quasi-isotropic polycrystals
[83] and that these parameters can be used for stress analysis. We further observe that the sP*!

values derived from the ISODEC software based on the inverse Kroner model follow those of

; . 1 . .
Eshelby/Kroner. However, in the case of 555’“, the latter is in better agreement with the

experimentally determined %Sé’kl values (compare Fig. 7.7a and 7.7b). The ab initio DFT data for

1 . . . .
Esgkl shows a slightly better agreement with the experimental data compared to sf*!. This

discrepancy suggests potential opportunities for refinement in the simulation methodologies,

particularly in relation to Poisson's contraction, which will be the focus of future research.

Finally, summarized in Table 7.1, we present the results of our in-situ experimental approach to
determine the {h&/}-dependent as well as the polycrystalline thin film elastic and X-ray elastic
constants for TiNosBo. compared to the theoretically predicted single crystal values. Where
possible, the standard error was calculated using Gaussian error propagation. The polycrystalline
Young's modulus, E;, was additionally extrapolated from nanoindentation measurements of the
coating with E; = 454 + 33 GPa (not added to the table) and matches the polycrystalline thin
film Young's modulus interpolated from the in-situ pillar compression experiment (E=443 GPa)
as well as the value obtained from the DFT calculations based on the Hill grain interaction model
(E=442 GPa), as described in detail in the methodology section. The residual stresses of the

TiNosBo. coating, measured at ~ 0.6 GPa, are relatively low compared to E;. Therefore, the E

112



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

@ Sibliothek,
Your knowledge hub

7 Combined X-ray Microdiffraction and Micromechanical Testing

value can be considered a valid benchmark for comparison with the other experimental and
theoretical results. The measured hardness, H = 32.1 = 1.9 GPa, also falls within the expected
range of ~ 35 GPa, in agreement with our previous experimental results [6,85]. The values are
slightly higher than those reported for pure TiN in the literature [80-82], indicating a greater
compliance for TiNosBo. compared to TiN. As previously explained, increasing the B content in
fce-TiN results in a reduction of E [6]. This decrease in E' can be attributed to the increase in lattice
spacing, leading to severe lattice distortions. Furthermore, adding B introduces lattice defects such
as N-vacancies or amorphous B-rich grain boundary phases. These irregularities disrupt the

uniformity of the fcc-TiN lattice and consequently alter the material's stiffness.

Table 7.1. Summary of the experimental values for the {/£/}-dependent and macroscopic thin
film elastic constants V! v, EM E and the X-ray elastic constants %S;lkl and Slhkl for TiNosBo.
compared to the theoretically detived {/4&/}-dependent and macroscopic single-crystal elastic and

. 1 . . ,
X-ray elastic constants, Esgkl and s*! (derived from the inverse Kréner model) for fec-

TiNo.94Bo.os. %52 and S; correspond to {hk/}-independent experimental thin film X-ray elastic

I"hkl

: : . N 1
constants interpolated from the intersection of the 3 plot in Fig. 7.7ab, where 552 and §; are

the theoretical {/&/}-independent single-crystal X-ray elastic constants from the Reuss model at

the intersection.

Experimentally determined values for TiNosBo. thin films

{hkl} {111} {200} {220} macroscopic
yhkl ) 0.241%0.004 | 0.199%0.001 | 0.222%0.001 | v (- 0.213
EPKL (GPa) 42242 46712 44612 E (GPa) 443

%Sgkl (1 03 GPa’l) 2.94%0.01 2.5710.01 2.74%0.01 %SZ (1073 Gpa—l) 2.74

SEK (10 GPa) | -05720.06 | -0.42£0.02 | -047+0.02 | 'S, (10° GPa?) | -048

Theoretically determined values for single crystal fcc-TiNo.o4Bo.os.

{hkl} {111} {200} {220} Mmacroscopic

VKL () i 0.218 0.251 VO 0.229
ERK Gy 408 496 427 E (GPa) 442
TSN (107 GPa) | 29879 2.6400 2.9010 L2 (10°GPa?y | 276
ST (107 GPa) | -0.5669 20.4556 20.5390 s; (10° GPal) | -0.51
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7.4 Summary and Conclusion

In this study, we aim to develop a new in-situ test routine to experimentally determine the direction
dependent elastic constant of polycrystalline thin films using in-situ micro-pillar compression
testing coupled with X-ray strain analysis. To provide a suitable quasi-isotropic ceramic coating for
testing, we deposited a 15 um TiNgsBo. thin film (H = 32.1+1.9 GPa, E; = 454%33 GPa),
characterized by a dense, small-grained (non-columnar) microstructural cross section. X-ray
diffraction analysis confirmed the presence of a single-phase crystalline fcc-TiN structure with peak
shifts attributed to 3 at% B incorporation within the fcc-TiN lattice, while excess B is segregated
as amorphous B-rich grain boundary phases. The micro-pillar (aspect ratio 3:1) fabricated by a
conventional FIB milling process displayed a symmetric taper (x<2°) and was qualified for
controlled compression testing. By implementing an advanced in-situ nanoindentation setup, we
subjected the TiNgsBo,-micropillar to uniform uniaxial compression with a constant deformation
rate until failure, while simultaneously performing transmission X-ray microdiffraction to detect
the {/k/}-dependent deformation response for the {111}, {200}, and {220} plane families. We
directly obtained the direction-dependent Poisson ratio, V!, from the negative ratio of the slopes

. . . d . . . .
of the linear elastic strain response, = Sl-hjk L to the applied load over time in the transverse and axial

directions until the pillar failed with absence of plastic deformation. In addition, we refined the

determination of the strain-free lattice spacing, d{*! — dgf;l , by iteratively adjusting the v (’f ! values

hkl
obtained from the negative strain ratio — —gﬁ/l to fit the differentially derived Poisson ratio v,
ZZ

Considering this deviation, we were able to refine di*! with the required accuracy of 10° nm for

X-ray diffraction stress-strain analysis. The unique ability of our experiment to simultaneously

hkl
ddgs

dsinZ &’

record deformation changes, and corresponding uniaxial macroscopic stresses, gy, allowed

. . . 1 .
to determine the thin film X-ray elastic constants, 3 S élkl, Slhkl, followed by the direction-dependent

thin film Young’s modulus E™*!, The thereby derived elastic constants such as "' = 0.241£0.004,
70 =0.199£0.001, " =0.222+0.001, E"' =42242 GPa, FE* =467+2GPa, and
E* = 44612 GPa, excellently agree with DFT-values of »* = 0.218, v’ = 0.251, E'""" = 408 GPa,
E* =496 GPa, and E* = 427 GPa.

Having successfully calculated the directional-dependent thin film elastic constants and X-ray
elastic constants from our experiments we interpolated the polycrystalline (macroscopic) thin film

. . : 1
elastic constants, v and E, from the calculated single-crystal X-ray elastic constants, Esﬁ”‘l, shkl,
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using the theoretical models proposed by Reuss, Voigt, and Eshelby/Kroner. Particulatly, the

Eshelby/Kroner model showed the best alighment with experimental data.
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Figure S7.1. (a), (b), and (c) show the linear fits of all 36 lattice parameters djs from the first
recorded diffraction pattern until one pattern before failure of the pillar for the {111}, {200},

and {220}, respectively, regarding their sin” § value. The initial d{*’ value is determined at the

intersection of all linear fits.
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{200}, and {220} shown in panels (a) triangular symbols, (b) triangular symbols, and (c) square
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hkl

value

calculated from the ratio of the slopes of the linear fit of the djj5 over sin” § over the discrete

indentation stress values, 7;(y, ), as indicated in the upper right corner.
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8 Summary

8 Summary

This thesis contains three major chapters—next to the more general description of the used model
system Ti—B-N and experimental methods used—describing and explaining the possibilities to
modify the B-solubility within the TiN-lattice and introducing a method through which the elastic
constants can fully be obtained experimentally (incl. the Poisson’s ratio, which very often is simply

assumed or calculated).

Chapter 5 focusses on the solubility behavior of B in fcc-TiN using non-reactive co-sputtering.
The addition of titanium to TiN can increase the solubility of boron by creating vacancies in the
non-metal sublattice or, more generally, by creating a stoichiometry that deviates from the TiN-
TiB; line in the ternary phase diagram. An essential aspect of this work is that detailed XRD
investigations would be sufficient to prove a so-called solid solution of boron on the non-metal
sublattice. These findings have been corroborated by DFT simulations, which predict the same
trend in the lattice parameter and elastic properties (polycrystalline Young's modulus) as obtained
by XRD and nanoindentation. The solid solution in the case of additional Ti was confirmed by
complementary HRTEM investigations, which showed us that B is uniformly distributed in the
TiN lattice with a chemistry along the TiN—TiB tie line in a coating.

In contrast, an increased occurrence of B at the grain boundaries was observed without Ti addition.
The effect of this solubility is not primarily seen in an increase in hardness of the coating, butin a
significant improvement in fracture toughness compared to the coating without additional
titanium. In conclusion, this work has highlighted the importance of correct chemical composition

and XRD's very good determinability of a solid solution.

Chapter 6 presents a concept to further modify the solubility of B in fcc-TiN. By targeted
microalloying of metals on the metal sublattice allows to manipulate the spatial conditions so that
the solubility of B was intentionally either favored or hindered. Specifically, Cr or Zr was added to
reduce (Cr) or increase (Zr) the lattice parameter of the basic Ti—-Me—N system, thus favoring or
limiting the solubility of boron (which has a larger covalent radius than N) on the non-metal
sublattice. This study was also supported by DFT calculations, which showed that stretching the
lattice improves B solubility. Such calculations were also used to determine the local strain due to
the bond distance between titanium and boron (Ti-B) compared to titanium and nitrogen (Ti-N).
These calculations support the experimental trend established by XRD, which was that the solution

of B is promoted in the case of Zr addition—more than obtained through simply adding T1, which
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8 Summary

promotes the formation of vacancies at the non-metal sublattice—and reduced when alloying Cr

to TiN.

Chapter 7 focusses on a combination of micromechanics and synchrotron beam diffraction. This
allows to entirely measure the elastic constants of materials. Specifically, a micropillar (Ti—B—N was
also used as a reference system) was loaded at constant strain rate, and scattering experiments were
performed simultaneously using a micro-focused synchrotron beam. The strains occurring in the
material are calculated by analyzing the resulting Debye-Scherrer pattern in detail to determine the
so-called Poisson's ratio. X-ray elastic constants were then obtained using the recorded force at the
indenter and the known gradients or zero crossings of d over sin20. By analyzing three different
families of planes, it was possible to determine these and subsequently calculate Young's moduli as
a function of crystallographic directions. Finally, polycrystalline values were calculated, assuming
that the intersection points of three different models for calculating the theoretical directional
constants must intersect at the same point as the measured values. The experimentally determined
elastic constants show excellent agreement with DFT obtained values, so a methodology was
successfully developed which allows the determination of elastic constants on a purely experimental
basis. This advancement represents a significant enrichment in materials research, as other

techniques use assumed or calculated Poisson’s ratios.

In summary, this thesis shows how the solubility of alloying elements can be manipulated using the
Ti—-B—N model system, and how the elastic constants (directional values such as E'"', E'"| and
Poisson’s ratio) can entirely be obtained through experiments without assumed or calculated inputs
(like often done with Poisson’s ratio). These three chapters have in common the material system,

the powerful tool of X-ray diffraction, and my passion and accuracy.
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