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Abstract

Abstract

The utilisation of hard protective coatings is a growing topic in the field of materials science.
Among the reams of possible material combinations, transition metal nitrides (TMNs) are commonly
used for thin films in industry to protect tools, or surfaces, which are subject to harmful
environmental conditions. Within this class of materials, TiN, TiAIN, and CrAIN can be considered
the most important. Nevertheless, forming quarternary compounds, especially with refractory
metals like Ta, Mo, or W proofed to be a successful strategy to improve TMNs with respect to their
thermal stability, oxidation resistance, and tribological properties. Additionally, borides of transition
metals are also in the focus of research as they exhibit outstanding mechanical properties like high
melting points and superhardness (H > 40 GPa). Furthermore, also oxide coatings are investigated
as they are promising candidates as oxidation resistant coatings.

A novel alloying concept, so-called high-entropy alloys (HEAs), has gained particular attention
within the last decade. Such materials are defined as alloys with five principal elements in
equiatomic or near-equiatomic composition, leading to a configurational entropy of at least 1.5R (R
being the universal gas constant). Due to this special composition, compared to conventional alloys
(one principal element and several minor elements), properties, like hardness, strength, and
toughness are often superior to those of conventional alloys. In parallel to HEAs, also high-entropy
ceramics (HECs) moved into in the focus of research. These consist of a solid solution of 5 or more
binary nitrides, carbides, oxides, or borides and are believed to exhibit enhanced properties due to
the four core effects of HEAs (high entropy; lattice distortion; sluggish diffusion; and cocktail effect).
The main subject of this thesis is the investigation of structure and mechanical properties of thin
films based on the high-entropy materials concept, with particular emphasis on the thermal
stability—which, according to the Gibbs free energy, should be improved in the high temperature
regime.

In this PhD thesis the high-entropy concept applied to nitride, boride, and oxide thin films is
investigated. All the coatings investigated were synthesised by (reactive) magnetron sputtering
using a single powder-metallurgically produced target, with an equimolar composition of the
respective elements or compounds. For the investigation of nitrides, the targets consisted of (Hf,
Ta, i, V, Zr) or (Al, Ta, Ti, V, Zr) and were sputtered in a mixture of Ar and N,. The boride coatings
were prepared either using a compound target consisting of (HfB,, TaB,, VB,, W2Bs, ZrB;) or using a

ZrB; target and placing pieces of HfB,, TaB>, TiB2, VB2 on the racetrack. Furthermore, oxide coatings
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Abstract

were prepared using a target consisting (Al, Cr, Nb, Ta, Ti) which was sputtered in a mixture of Ar
and O,. All the coatings were investigated by X-ray diffraction (XRD), scanning electron microscopy,
and nanoindentation. Additionally, vacuum annealing treatments and subsequent XRD and
nanoindentation were carried out for every material system. Detailed investigations by transmission
electron microscopy (TEM) and atom probe tomography were done for (Hf,Ta,Ti,V,Zr)N and
(Hf,Ta,V,W,Zr)B,.

The results show that all the investigated material systems are relatively unsensitive to the
change of deposition parameters, like reactive gas flow, bias voltage, and substrate temperature.
This is especially noteworthy for the oxides, as commonly used oxide coatings such as (Al,Cr),03
show a strong dependency on the oxygen flow rate ratio regarding their structure and properties.
The mechanical properties, of all the coatings in as-deposited state, show values comparable to
binary or ternary coatings. Nevertheless, all investigated materials systems show enhanced thermal
stability compared to their respective constituent binaries or ternaries. The structural stability as
well as the hardness can be maintained to significantly higher temperatures, leading to the
conclusion that diffusion driven processes are strongly retarded in ceramics with a high-entropy

metals sublattice.
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Kurzfassung

Kurzfassung

Die Nutzung von Hartstoffschichten, hergestellt mittels physikalischer
Dampfphasenabscheidung (engl.: physical vapour deposition (PVD)), als Schutz fir Werkzeuge und
Komponenten in Hochtemperaturanwendungen ist ein wachsendes Feld im Bereich der
Werkstoffwissenschaften. Von den unzahligen moglichen Schichtzusammensetzungen, haben sich
Nitride der Ubergangsmetalle (engl.: transition metal nitrides, TMNs) als eine der am weitest
verbreiteten Materialklassen herausgestellt. Solche Nitride werden vor allem fiir Schneidwerkzeuge
und zum Schutz von Komponenten die in schadlichen Umgebungen eingesetzt werden verwendet.
Innerhalb der Klasse der Nitride haben sich Titannitrid und Titanaluminiumnitrid basierte Schichten
in der industriellen Anwendung etabliert. Das hinzulegieren von Refraktarmetallen, wie z.B.: Ta, Mo,
oder W zeigte sich als erfolgreiche Strategie zur weiteren Verbesserung, hinsichtlich der Harte, der
thermischen Stabilitdt sowie der Oxidationsbestandigkeit der genannten Nitride. Zusatzlich zu
Nitriden, gelangen auch Boride der Ubergangsmetalle immer mehr in den Fokus der Forschung, da
diese sehr hohe Harte, hohe Schmelzpunkte und damit hohe Temperaturbestandigkeit besitzen.
Zudem werden auch Oxidschichten die mittels PVD hergestellt werden als Oxidationsschutz
verwendet.

In den letzten 15 Jahren hat sich ein neues Legierungskonzept, sogenannte
Hochentropielegierungen, in der Forschung als neues Feld etabliert. Diese Legierungen setzen sich
aus mindestens 5 Elementen zu gleichen oder nahezu gleichen Anteilen zusammen. Die gleiche
Verteilung der Elemente, fihrt bei Legierungen zu einer Konfigurationsentropie von 1.5R, wobei R
die universelle Gaskonstante ist. Diese spezielle Zusammensetzung und die daraus resultierende
hohe Konfigurationsentropie, flihrt im Weiteren zu verbesserten Eigenschaften wie hoher Harte,
hoher Temperaturbestandigkeit und guter Oxidationsbestandigkeit solcher Legierungen, im
Vergleich zu konventionellen Legierungen die aus einem oder zwei Hauptelementen bestehen.

Parallel zu Hochentropielegierungen werden auch Hochentropiekeramiken untersucht. Diese
setzen sich aus 5 bindaren Keramiken wie z.B.: Nitriden, Carbiden, Oxiden oder Boriden die ebenfalls
aufgrund ihrer speziellen chemischen Zusammensetzung besondere Eigenschaften aufweisen
konnen da diese ebenfalls von den 4 Kerneffekten von Hochentropielegierungen
(Hochentropieeffekt, starke Gitterverzerrung, trage Diffusion, und der sogenannte Cocktail-Effekt)

profitieren.
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Kurzfassung

Das Ziel dieser Dissertation ist es, das Hochentropiekonzept auf Nitride, Oxide und Boride die
mittels PVD hergestellt werden anzuwenden und diese hinsichtlich ihrer thermischen Stabilitat und
mechanischen Eigenschaften zu untersuchen. Alle Schichten die untersucht wurden, wurden mittel
(reaktivem) Magnetronsputtern, unter der Verwendung von einem pulvermetallurgisch
hergestellten Target, synthetisiert. Fir die Untersuchungen an Nitride wurden Targets aus
(Hf,Ta,Ti,V,Zr) und (Al,Ta,Ti,V,Zr) in jeweils dquiatomarer Zusammensetzung verwendet und in einer
Gasmischung aus Argon und Stickstoff zerstaubt. Die untersuchten Oxide wurden aus einem Target
bestehend aus (Al;Cr,Nb,Ta,Ti) in einer Atmosphare aus Argon und Sauerstoff hergestellt. Weiters
wurden Boride entweder aus einem einzelnen pulvermetallurgisch hergestellten Target bestehend
aus (HfBy, TaB,, VB2, W2Bs, ZrB,) bzw. durch platzieren von HfB,, TaB;, TiB,, VB, Stiicken auf dem
Sputtergraben eines ZrB, Target. Alle hergestellten Schichten wurden mittel Rontgendiffraktion,
Rasterelektronenmikroskopie, Transmissionselektronenmikroskopie und Nanohdrtemessungen
untersucht. Weiters wurden ausgewahlte Proben mittels elastischer Riickstreudetektionsanalyse,
sowie Atomsondentomographie im Detail untersucht.

Die Ergebnisse aller untersuchten Schichten, zeigen, dass die Herstellung von
Hochentropiekeramiken wenig durch das dandern von Beschichtungsparametern, wie
Substrattemperatur, Bias-Spannung oder Reaktivgasfluss, beeinflusst wird. Das ist vor allem im
Bereich der Oxide erwdhnenswert, da die Struktur und Eigenschaften von konventionell
angewendeten Oxiden wie (Al,Cr),0s3 eine signifikante Abhdngigkeit der Beschichtungsparameter
zeigen. Auch wenn die mechanischen Eigenschaften direkt nach der Herstellung vergleichbar mit
jenen von bindren oder terndren Schichten ist, zeigt sich nach der Warmebehandlung durch
Vakuumglihen, dass alle untersuchten Schichten signifikant verbesserte Hartewerte und
Struktureigenschaften. Diese erhdhte thermische Stabilitat lasst sich auf die trage Diffusion, die

aufgrund des hochentropischen Metalluntergitters in diesen Materialien herrscht, zurlickfihren.
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List of Abbreviations and Symbols

Atom probe tomography
Bragg-Brentano

Bright field

Cathodic arc evaporation
Complex concentrated alloys
Charge-coupled device

Chemical vapour deposition
Energy dispersive X-ray spectroscopy
Focused ion beam

Grazing incidence diffraction
High-entropy alloys

High-entropy borides
High-entropy nitrides
High-entropy oxides

Physical vapour deposition
Selected area electron diffraction
Scanning electron microscope
Structure zoned diagram
Transmission electron microscope
Transition metal borides
Transition metal nitride
Transition metal oxides

X-ray diffraction

Burgers vector (m)
Speed of light (m/s)
Grain size (m)
Resolution (m)

Spacing between atomic lattice planes (m)

Planck constant (Js)
Boltzmann constant (J/K)
Refraction index (-)
Integer (-)

Pressure (Pa)

Particle radius (m)
Critical particle radius (m)

Probability of occurrence of a microstate (-)

Mole fraction of i-th element (%)

Vil


https://www.tuwien.at/bibliothek

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

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

thele

(]
blio
nowledge

L]
|
rk

List of Abbreviations and Symbols

* For simplicity reasons every symbol is written in capital letters and no difference between extensive and intensive

physical quantities is made

Half Aperture Angle (°)
Surface energy (J/m?)
Strain (%)

Diffraction angle (°)

Wave length (m)
Frequency (1/s)
Dislocation density (1/m?)
Tensile stress (Pa)

Shear stress (Pa)

Peierls stress (Pa)

Diffusion coefficient (m?/s)

Diffusion constant (m?/s)

Young’s modulus (Pa)

Gibbs free energy (J) or (J/mol) *

Gibbs free energy of mixing (J/mol) *
Shear modulus (Pa)

Nucleation energy (J)

Energy needed for formation of new surface (J)
Energy gain by formation of new volume (J/m3)
Enthalpy (J) or (J/mol) *

Mixing enthalpy (J/mol) *

Number of atomic lattice sites (-)

Number of equilibrium vacancies (-)
Activation energy for diffusion (J/mol)
Formation energy of one vacancy (J/mol)
Universal gas constant (J/mol K)

Entropy (J/K) or (J/mol K) *

Mixing entropy (J/mol K) *

Configurational entropy (J/K) or (J/mol K) *
Absolute temperature (K)

Internal energy (J/mol) *

Volume (m3/mol) *
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Introduction

1 Introduction

The demand on materials, which can extend the lifetime of tools and components, is

everlasting. The aim to improve the performance of tools is always present since humankind first
developed tools. Beginning in the stone age humans started to improve their tools and weapons to
increase productivity and to defend their selves against enemies or wild animals using stone and
wood. With increasing performance of the tools, native metals like gold, silver and copper were
used to make decoration and especially copper was used for tools and weapons. With the first alloy,
namely bronze, a first milestone in improving materials by alloying was set. The next significant
milestone in the development and enhancement of the performance of tools started with mining
and converting iron ore to iron. This was the basement for the invention of steel the most important
alloy in history. Since this time the concept of alloying, to enhance the performance of bulk materials
regarding their hardness, toughness, and workability, is omnipresent. Not just steel but in the last
40 years also Al, Ti, or Ni are improved by alloying and therefore converted to extreme temperature
resistant, tough or hard materials.
Within the last two decades a completely new concept of alloying was developed. Whereas
conventional alloys like the aforementioned bronze, steel, Al-, Ti-, or Ni-base alloys consist, of one
predominant element and several others in a minor composition, recently developed alloys consist
of multi-principal elements. These multi-principal element or multicomponent alloys also known as
high-entropy alloys, which were invented in the past 15 years, contain 5 or even more elements in
an equiatomic or at least near-equiatomic composition [1-3]. Therefore, these alloys exhibit
outstanding properties, like hardness, yield strength, or fracture toughness compared to alloys
based on one or two metals [1, 4-16].

To further improve the performance of bulk materials, the surface can be modified by applying
hard protective coatings. The application of protective coatings is nowadays a well-established
approach to improve the properties and increase the lifetime of tools and components and thereby
also the efficiency. Especially cutting tools and components for high-temperature applications, such
as gas turbine blades or combustion engine pistons, are subject to oxidation, corrosion and/or

mechanical load. Very common and widely applied coatings for such applications are Ti-Al — based
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Introduction

nitrides [17,18]. Such nitrides have been studied and improved over several decades by adding
refractory metals such as Mo [19,20], Ta [21-24], W [25], and Zr [26]. Furthermore, the addition of
rare earth metals such as La and Ce can improve the thermal stability and the oxidation resistance
of these coatings [27,28]. As observed from further studies, alloying helps to further improve the
properties of TMNs. Therefore, also the high-entropy concept was applied to nitrides by Chen et al.
[29], which was then also picked up by many other researchers [30-37].

Another group of materials used as protective coatings and in high-temperature applications are
transition metal borides (TMB), which count to the class of ultra-high temperature ceramics [38—
40]. Many TMBs exhibit superhardness (H > 40 GPa) which make them very suitable as protective
coatings for cutting applications. Therefore, binary or even ternary TMBs have gained attraction in
the field of thin film materials research [41-44]. Nevertheless, these materials have to be further
improved regarding their oxidation resistance to broaden the field of possible applications.

The last group of ceramic coatings applied as protection for bulk materials are (transition metal)
oxides. These materials are very useful to protect bulk materials against oxidation, as they are the
most effective diffusion barriers for oxygen if they exhibit a dense microstructure. Especially, a-
Al,Os exhibits outstanding chemical, mechanical, and thermal properties [45-48]. Although,
alumina thin films are very suitable as protective coatings they synthesis is very difficult and just
possible at rather high temperatures which might not be possible for temperature sensitive

substrates.

The scope of this thesis is to combine the two above-mentioned material concepts, namely
high-entropy alloys and PVD coatings. The aim is to enhance the performance of hard coatings by
applying the high-entropy concept and the accompanied core effects on one hand and obtaining
advantages of coating deposition also into high-entropy materials on the other hand. Therefore,
several coatings were deposited by magnetron sputtering. Within this thesis several different
nitrides, oxides, and borides were synthesised in a lab-scaled sputter deposition facility and

investigated regarding their mechanical properties and thermal stability.
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Theoretical Background

2 Theoretical Background

To get a better understanding of the presented results and the relationship between different
material properties and their dependency on bonding states, defects, temperature, and exposure
to oxygen, the most important factors and properties will be described by the following

subchapters.

2.1 Thermodynamic Basics

The stability of certain phases of materials can basically be explained by the Gibbs free-energy:
G=H-TS Eq. 1

In Eq. 1, G is the Gibbs free-energy, H the free enthalpy, T the absolute temperature and S the
entropy.

The enthalpy H can be described as the sum of the internal energy U—being the energy
required to create the system—and the system’s pressure multiplied by its volume [49], compare
Eq. 2.

H=U+pV Eq. 2

Basically, a system can be considered to be stable if the Gibbs free energy has a minimum. In this
regard it has to be differentiated between a stable system and a metastable system. A metastable
state is characterised by a local minimum of G which occurs when the first derivative dG = 0 but not
being the lowest energy state of the system, position B in Fig. 1. The global minimum of a system,
position A in Fig. 1, represents the stable state of the system. If a system is in a metastable state it
has to overcome a certain energy barrier (e.g. in form of temperature input) to reach the stable

state, compare Fig. 1.
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Theoretical Background

.
>

energy barrier

Gibbs free energy G

v

arrangement of atoms

Fig. 1: lllustration of Gibbs free energy depending on the arrangement of atoms showing a metastable
(position B) and a stable (position A) system, taken with the permission of [50].

Especially by PVD phases in a metastable state can easily be synthesised because of the high
prevailing cooling rates. However, during annealing or input of heat by the application of, e.g.
cutting tools, the desired metastable phase will transform into its stable one and therefore change
the properties of the material.

The transformation from one phase to another always leads to a decrease in Gibbs free energy:

AG:GZ_61<O Eq.3

Considering the mixture of two species A and B the of a certain phase can be estimated by the Gibbs

free energy of mixing:

AGmLx = GZ_Gl Eq. 4

Combining Eq. 1 and Eq. 4, leads to:

AGix = AHpixy — TASpix Eq. 5
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Theoretical Background

The entropy basically describes the disorder of a system. The higher the degree of disorder, the
higher is the entropy of a certain phase. By mixing several elements the disorder of the system
increases meaning the mixing entropy ASmix is always positive and therefore, the term TASix always
contributes to a stabilisation of the system which increases with increasing temperature. There are
several terms which contribute to the overall mixing entropy, namely the configurational entropy,
the vibrational entropy, magnetic dipole, and electronic randomness. As the configurational entropy
is the predominant term of the overall entropy it can be assumed that:

ASmix = ASC Eq. 6

onfig
Considering that the mixing entropy is nearly equal the configurational entropy the entropy

difference of two systems (phases) can easily be calculated by the Boltzmann equation:
Sconfig =klnw Eq 7

In Eq. 7, k is the Boltzmann constant and w are the possibilities in which the atoms can be arranged
within a certain system. Thus, considering the chemical composition, the configurational entropy of

a system of n elements with a mole fraction of x; can be calculated by:

n
Sconfig = —R Z xilnxi
i=1

Considering Eq. 8, where R is the universal gas constant and x; the molar fraction of the elements, it
is clear that for a mixture of n elements the configurational entropy reaches its maximum for an

equimolar composition.

Coming back to the stability of certain phase also the difference of the respective enthalpies, AHmix,
which can be positive or negative, has to be considered. It is defined as the energy released or
absorbed when mixing element A and B. Thus, negative values for the mixing enthalpy describe an
exothermic reaction, whereas positive values indicate that energy has to be provided (endothermic

reaction). More precisely, the enthalpy describes which chemical bonds, either bonds between A
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Theoretical Background

and B (Has) or bonds between the same species (Haa, Hgs), are energetically more favourable.

Therefore, the mixing enthalpy can be calculated as follows:

1
AHypi = Hyp — E(HAA + Hpp) Eq. 9

Considering these equations, it is possible to distinguish between four different cases of the
behaviour of AGmix depending on AHnmix (positive or negative) and ASmix together with the

prevailing temperature, see Fig. 2.

(a) (b) (©) (d)
+ + + +
AH i AHrl'\i)( AHmi)(
AHmix T Smlx
5 A mix
- . . <N
-TASmix - AGmlx AGmix AGm\x
& -TASmix
A ! - -
7 R BA BA -TAS,,, BA B
AH_ <0, highT AH_ <0, lowT AH__<0,highT AH_ <0, lowT

Fig. 2: Schematic illustration of the evolution of Gibbs free energy AGmi for negative (a and b) and positive
enthalpy of mixing AHmix (c and d) and different -TAS values (high and low temperatures), adapted from
[50].

As the term -TASmix is always negative and therefore contributes to a stabilisation of the system it is
obvious that for negative values of AHmix, Fig. 2a and b, the system is always stable independent of
the temperature. In contrast if the values of AHmix are positive the stability of a system strongly
depends on the prevailing temperature. In the case of a high temperature, the term -TASmix can
“win” against the mixing enthalpy and therefore stabilise the system over the whole compositional
range, Fig. 2c. If the temperature is low, it might be that there are compositions where the AHmix
term is larger than -TASmix leading to a sinusoidal form of AGmix and a certain compositional range
where the system is metastable or instable, see Fig. 2d. This compositional range, indicated by the
grey shaded area in Fig. 2d, represents the miscibility gap of A and B for a certain temperature.
Within this area the mixture of A and B is instable at the given temperature, leading to a

decomposition into two stable phases with different compositions than the primary phase.
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Theoretical Background

2.2 Material Properties

Different materials exhibit different properties such as hardness, toughness, electrical
conductivity, thermal conductivity, and many more. All of them are strongly depending on the
atomic structure and the bonding type of the elements or compounds. Therefore, different material
classes can be defined according to their preferred bonding state. Additional to the bonding state
the imperfections of a crystalline material are a major factor which influences the properties of
materials significantly. These occurring defects can either enhance or degrade properties like
hardness, toughness, electrical conductivity, and many more. The different bonding types and

defects as well as the respective arising properties will be described in the subsequent paragraphs.

2.2.1 Chemical Bonding

Each material class exhibits a characteristic bonding type, which is significantly responsible for
the respective properties of each material class. Therefore, the classification of materials according
to their chemical bonding is a convenient and common way. Nevertheless, most of the materials
used in industry exhibit mixed bonds and therefore also their properties can be modified by
modifying the bonding state of a specific material via alloying.

In solid materials there are three main bonding types Covalent Bonding, lonic Bonding, and
Metallic Bonding. According to these bonding types materials and their respective properties can

be divided into three material classes, see Fig. 3.
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+ hardness
+ strength
- acdhesoin

COVALENT
BONDING

covalent
hard materials

metallic
hard materials L
ionic
hard materials

METALLIC
BONDING
+ ductility

+ el. conductivity
-hardness

IONIC
BONDING

+inertness
+ stability
- brittleness

Fig. 3: Classification of hard ceramic materials according to their bonding character, taken with permission

from [50].

Covalent bonding: These bonds are characterised by electron-pairs, see Fig. 4, shared by two
atoms, in order to obtain a noble gas configuration. Materials with a high degree of covalent bonds
have a high hardness, strength, and a high melting point. An example of a material exhibiting
covalent bonds is diamond, the hardest (at least natural) material. In diamond each carbon atom is
surrounded by 4 other carbon atoms forming a so-called sp® hybrid orbital, leading to the highly
directional covalent bonding and therefore the superior hardness.

lonic bonding: In ionic materials, atoms with a small ionisation energy “donate” one or more
electrons to atoms with a large electronegativity. Thereby, both ions—the positively charged cation
and the negatively charged anion—obtain the noble gas configuration. The most prominent
example of an ionic compound is rock salt, NaCl, in which each sodium atom donates one electron,
to a chlorine atom. As a result, Na* has a full shell (neon configuration) and also each CI (argon
configuration), see the corresponding illustration in Fig. 4. As the electrons are either fully removed
or inserted, the bonding is completely non-directional. Due to the required charge-neutrality, ionic
materials tend to form very regular crystal structures e.g. cubic structure, which lead to a very brittle
behaviour, but due to the relatively large bonding energy also high melting points and a good
hardness. Perfect ionic crystals are transparent and electrically insulating as they have no free

electrons.
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Theoretical Background

Metallic bonding: In metallic materials, the positively charged atomic cores (ions) are
surrounded by delocalised electrons, also called electron gas or electron cloud, compare illustration
in Fig. 4. As the electrons are freely mobile and not allocated to one specific core the bonding is non-
directional. Due to these free electrons, metals are not transparent, because any photon can
interact with many free electrons. A further consequence of the electron gas is that materials

exhibiting metal bonds are also electrically conducting.

metallic bonding jonic boending covalent bonding
1=
 AUARES ‘
PLATINE
P
</
metal ions delocalised
electrons /'/a
@ p ::@
Na* Cl

Fig. 4: lllustration of the three main bonding types: metallic bonding, ionic bonding, and covalent bonding,
taken with permission from [50], originally from [51].

2.2.2 Defects

As already mentioned above, the imperfections or defects of materials are mainly responsible
for their specific properties. There are several types of defects which all lead to an enhancement or
degradation of the respective material property. The first class of defects are 0- dimensional defects
or point defects. Another type of type of defects are 1- dimensional defects which are line defects.
Area defects or 2-dimensional defects build the third class of material defects and 3-dimensional
defects or volume defects are the last type. These defects and their influence on material properties

will be described in the following paragraphs.
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Theoretical Background

Point Defects

Point defects or O-dimensional defects are vacancies, interstitial, or substitutional atoms.
Vacancies are simply lattice sites (usually occupied by atoms) where an atom is missing, see Fig. 5a.
All solid materials consist vacancies as it is thermodynamically impossible to produce a material
where every lattice site is occupied because vacancies increase the entropy of the material until a

minimum energy level is reached. The number of equilibrium vacancies can be calculated by

N, = Ne~(er) Eq. 10

In Eq. 10, Nv is the number or equilibrium vacancies, N is the total number of atomic sites, Qv
is the activation energy needed to form a vacancy, k is the Boltzmann constant, and T the absolute
temperature in K. As can be seen by Eq. 10, the number of vacancies increases exponentially with
the temperature, leading to a vacancy concentration of about 10 for metals for temperatures just

below their melting point.

Substitutional atoms can either be smaller than the matrix atoms, see Fig. 5b, leading to
tensile stresses in the vicinity of the foreign atom. Contrary, substitutional atoms which are larger

than the matrix atoms, see Fig. 5¢, cause compressive stresses around the foreign atom.

Interstitial atoms of course can also be smaller, Fig. 5d, or larger, Fig. 5e, than the matrix
atoms. But in contrast to substitutional atoms, both of them lead to compressive stresses. As the
name already suggests these atoms sit in the interstitial lattice sites, therefore the original lattice is

strained causing the aforementioned compressive stresses in the region around the foreign atom.

(a) (b) (c) (e)
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Fig. 5: lllustration of point defects (a) vacancy, (b) smaller substitutional atom, (c) larger substitutional

atom, (d) smaller interstitial atom, and (e) larger interstitial atom, redrawn with permission from [52].
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Theoretical Background

Pure metals consisting of only one element practically do not exist, as it is technically not possible
to produce metals without any impurities. In the field of materials science such impurities are used
on purpose to produce alloys. These can consist of an interstitial solid solution e.g.: steel (Fe-C) or a
substitutional solid solution such as Fe-Cr. Additionally, an ordered solid solution can form if the
foreign atom always sits on the same lattice site, an example for such an ordered phase is the y’-

phase in Ni-Al alloys (NizAl).

Line Defects

Line defects or 1-dimensional defects are dislocations. There are basically two different types

of dislocations, edge dislocations and screw dislocations, see Fig. 6.

b
la) additional half-plane k)

9
it
B

edge dislocation screw dislocation

Fig. 6: lllustration of line defects: (a and c) edge dislocation and (b and d) screw dislocation, redrawn with

permission from [52].

Edge dislocations are characterised by and additional half-plane introduced into the lattice,

see Fig. 6a. This leads to either compressive stresses (blue area in Fig. 6a) or tensile stresses (green

11
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Theoretical Background

area in Fig. 6a) in the vicinity of the dislocation. The line defined along the end of the extra half-
plane is called dislocation line.

Screw dislocations have their name from the spiral path that is traced around the
dislocation line (line A — B in Fig. 6b) by the atomic planes of atoms. They can be imagined as
produced by a shear stress leading to a region of the crystal shifted by one atomic distance
compared to the region below, see Fig. 6d.

The magnitude and direction of the lattice distortion associated with a dislocation is
expressed by the so-called Burgers vector, marked as b in Fig. 7. The nature of a dislocation (i.e.
edge or screw) is also defined by the relative orientations of the dislocation line and the Burgers
vector. For an edge dislocation, the Burgers vector is perpendicular to the dislocation line, see Fig.
7a, whereas for a screw dislocation they are parallel, see Fig. 7b. Dislocations observed in
crystalline materials are generally are no pure edge or screw but mixed dislocations. Therefore,

also the Burgers vector is usually neither perpendicular nor parallel.

(a) . (b) P
Edge Dislocation: bl to Screw Dislocation: b // to
dislocation line dislocation line

1= 7
5.0
£E0
g
5170 W I
£ I N R

Fig. 7: Schematic illustration of (a) an edge dislocation and (b) a screw dislocation with relative orientations
of dislocation line and Burgers vector, redrawn with permission from [52].

Area Defects

Area defects or 2-dimensional defects are boundaries or stacking faults. These can be grain
boundaries or phase boundaries, see Fig. 8.

Grain boundaries occur in polycrystalline materials and separate small grains or crystals
having the same chemistry but different crystallographic orientation. These boundaries can be,
depending on the lattice mismatch, low-angle grain boundaries or high-angle grain boundaries.

Additional area defects are stacking faults, which occur if the stacking sequence of a certain crystal

12
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Theoretical Background

structure is interrupted. For example, a face-centred cubic (fcc) structure has the stacking sequence
A-B-C-A-B-C and so on if this sequence is changed to e.g. A-B-C-A-C-B a stacking fault is produced.
Such stacking faults can lead to a special form of grain boundaries, so-called twin boundaries. Twin
boundaries occur if a stacking fault is introduced and the stacking sequence is mirrored.

In contrast to grain boundaries, phase boundaries are areas separating grains not only
differing in orientation but also in crystal structure or even in chemistry. Such boundaries are
observed in multi-phased materials or after the decomposition of a homogenous solid solution into

two or more phases.
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Fig. 8: lllustration of 2-dimensional lattice defects including: grain boundaries, phase boundaries, and
stacking faults, taken with permission from [52].

Volume Defects

In solid materials, there may be additional defects to those discussed above, which might have
a huge influence on the material properties such as hardness and thermal stability. These 3-
dimenisonal defects include pores, cracks, inclusions, and additional phases that may have been
introduced into the material during the manufacturing process.

One example for volume defects in coatings or thin films are so-called droplets, which are

macroparticles introduced during a deposition process (arc evaporation).
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Theoretical Background

2.3 Strengthening Mechanisms

Materials which are subject to mechanical load, resulting in compressive, tensile, shear, or
torsion stresses, can deform. The deformation can either be elastic (reversible), or plastic
(permanent). Strength and hardness are the resistance against any form of deformation. The elastic
deformation can be described by the Hooke’s Law:

o=FE-¢ Eq. 11
Hooke’s Law (Eq. 11) describes the correlation between the elastic deformation €, the occurring
stress o and the Young’s modulus E. The Young’s modulus is a material constant which equals the
theoretical stress needed to elastically stretch a material to its doubled length. The higher the
Young’s modulus is the lower is the ability of a material to deform elastically. Therefore, materials
considered as brittle such as ceramics, have a high Young’s modulus, whereas materials considered
as ductile, e.g. metals, exhibit a rather low Young’s modulus.
In contrast to elastic deformation, plastic deformation either occurs by the mechanical twinning or
by the movement of dislocations. Mechanical twinning usually occurs at low temperatures and at
high deformation rates and only allows for small deformation. Additionally, mechanical twinning
occurs less frequent, therefore, dislocation movement is the most important mechanism which
leads to plastic deformation. To move dislocations a certain stress has to be applied. The stress
needed to move a dislocation within a plane of atoms in the unit cell is called “Peierls stress”. If the
Peierls barrier is reached dislocations can move and the material can be plastically deformed.

To enhance the hardness and strength of materials, the dislocation movement has to be
slowed down. There are several mechanisms which lead to a reduction in dislocation movement
and therefore enhancing the hardness and strength of materials. These strengthening mechanisms

and their underlying physical principles will be described in the following subchapters.

2.3.1 Strain Hardening

The strain hardening effect is based on the generation of dislocations. As dislocations are

moving through the material under the influence of a driving shear stress, they are crossing each
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Theoretical Background

other at some point. Due to local stress fields around the dislocations the force needed to further
move the dislocation is increasing. As the dislocation density with increased plastic deformation is
increasing, the number of collisions of dislocations also increases. Therefore, the higher the number
of dislocations in a material, the harder it is to plastically deform it since the dislocation movement
is hindered by the local stress fields of neighbouring dislocations. This hardening effect is also known
as cold working as the plastic deformation, which increases the dislocation density, happens way
below the melting point.

The increase of strength by the increase of the dislocation density can be described by the
Taylor relation [53]:

T= To+const.-G-b-\/5 Eq. 12

Within this relation, t is the stress needed to move dislocations, to is the Peierls stress, G the

shear modulus, b the Burgers vector, and p the dislocation density. The Taylor relation makes clear

that with increasing dislocation density the required stress to move dislocations is increasing.

2.3.2 Solid Solution Strengthening

Solid solution strengthening occurs due to the solution of atoms in a certain element matrix.
The incorporation of such atoms can either lead to a substitutional solid solution by exchanging a
matrix atom by a foreign atom or an interstitial solid solution by incorporation of an atom between
the crystal lattice sites, see Fig. 9. Furthermore, a substitutional solid solution can either be

randomly distributed, Fig. 9

(a) (b) (c)
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interstitial solid solution substitutional solid solution ordered solid solution

Fig. 9: lllustration of solid solutions (a) interstitial solid solution, (b) substitutional solid solution, and (c)
ordered solid solution, reproduced with permission from [52].
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The dissolved atoms lead to local stress fields in their vicinity which interact with the stress
fields of dislocations and therefore the dislocation movement is hindered. The degree of

strengthening can thereby be described by the Fleischer relation [54]:
T =1, + const. G-+/c Eq. 13

In Eq. 13, T again is the required stress to move dislocations, G is the shear modulus, and c is
the concentration of the alloying element. As the shear modulus is also depending on the amount
of the alloying element, Eq. 13 is just a simplified version of the Fleischer relation. Additionally, to
G, also the distance between alloying elements changes which further hinders the dislocation

movement.

2.3.3 Precipitation Hardening

A supersaturated solid solution can form fine, homogeneously distributed particles
(precipitates) of a second phase within the matrix which leads to a certain strength and hardness
increase in alloys. This is achieved by suitable heat treatment causing the formation of these
precipitates. This mechanism is referred to as precipitation hardening or age hardening.

Alloys can be strengthened by precipitation hardening if they consist of elements which can
form intermetallic phases. Therefore, not every alloy exhibits the possibility of precipitation
hardening. The mechanism of age hardening requires three steps. Step one is the formation of a
supersaturated solid solution, meaning an alloying element is dissolved at high temperatures in the
matrix element in an amount which would not be possible at low temperatures. The second step is
subsequent quenching which forces the solute atom to stay within the alloy, leading to a
supersaturated solid solution. Upon a following heat treatment, precipitations of an intermetallic
phase form by decomposition. This heat treatment takes place at temperatures where diffusion is
possible but below the temperature where the solubility limit of the dissolved element is reached.
The amount and size of precipitations are strongly depending on the temperature and the annealing

time. As the hardening effect is based on the hindering of dislocation movement by the
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precipitations, the size and amount of them are major factors for the effectiveness of this
strengthening mechanisms.

In precipitation hardened alloys two phenomena are observable depending on size an amount
of precipitations. The first is that dislocations can “by-pass” the precipitations and the second one
would be “cutting” of the particles. By-passing takes place if the particles are rather large and partly
coherent or incoherent. If the particles are small and show coherent domains they will be cut.

According to these two phenomena, fine and evenly dispersed particles lead to maximum strength.

2.3.4 Grain Refinement Strengthening

Grain refinement strengthening is based on the increase of the amount of grain boundaries
which hinder the dislocation movement. The smaller the grains are, the more grain boundaries are
within a material and therefore the dislocation movement is slowed down. This can be described by
the Hall-Petch relation which is illustrated in Fig. 10.

A inverse
Hall-Petch

Hall-Petch

strength

A 4 -
d. grain size (nm)
Fig. 10: Schematic illustration of grain refinement hardening by the Hall-Petch effect, redrawn after [55].

The increase in shear stress needed to move dislocations depending on the grain size is

described by the Hall-Petch relation [55,56]:

1 Eq. 14
T = Tg + const.: —

Vd
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In Eq. 14, t is the shear stress required for dislocation movement, to again the Peierls stress,
and d the grain size. With decreasing grain size, the volume fraction of the grain boundaries
increases. This enables grains to glide on each other more easily which can also lead to an increase
in ductility and not just hardness. If this mechanism becomes the dominating one the hardness again
decreases, which is also known as inverse Hall-Petch effect. Therefore, there is a certain grain size

dc (compare Fig. 10) for which the strengthening mechanism has as maximum.

2.4 Diffusion

Diffusion can be described as the movement of atoms within a crystal lattice. There are several
different mechanisms how diffusion can occur, see Fig. 11. Substitutional mechanism describes the
movement from one lattice site to a neighbouring unoccupied site (vacancy), see Fig. 11a.

movement of a matrix (a)
or substitution atom

vacancy
‘ ' —
Y ) A \ A
vacancy - - -
\ A L ) ) A
position of an intersitial atom before diffusion position of an intersitial atom after diffusion

(b)

Fig. 11: lllustration of different diffusion mechanisms (a) substitutional mechanism and ring mechanism and
(b) interstitial mechanism, reconstructed with permission from [52].
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Direct exchange of atoms and ring mechanisms require an extremely high activation energy
as several atoms have to move collectively and therefore heavily distort the lattice. Furthermore,
interstitial mechanisms can take place, which means that an interstitial atom moves to a
neighbouring unoccupied interstitial lattice site, see Fig. 11b.

Diffusion can occur through a crystal lattice but also on surfaces. Thereby the diffusion rate is
much higher than the diffusion rate within the bulk material (1 — 2 orders of magnitude).
Additionally, the diffusion over defects, such as grain boundaries and phase boundaries, is also
increased compared to the diffusion rate across the bulk. Basically, the diffusion rate on the surface,

over boundaries, and in the bulk is ranked by the respective diffusion coefficient:

Dsurface > Dphase boundary > Dgrain boundary > Dbulk Eq- 15

The diffusion coefficient D for specific diffusion conditions can be calculated by:

D =D, e % Eq. 16

In Eq. 16, Do is the diffusion constant, which is frequency factor describing the total number
of atom jumping attempts. Furthermore, Qp is the diffusion activation energy, which is depending
on the diffusion mechanism and several other factors, R is the universal gas constant, and T the
absolute temperature. This equation shows that the diffusion coefficient and therefore the diffusion
rate is strongly depending on the prevailing temperature. For example, at 0K the diffusion
coefficient would also be zero and therefore no atom movement takes place, whereas with
increasing temperature the mobility and therefore the diffusion coefficient and of course the
diffusion rate increases.

Basically, the driving force for diffusion is the difference of the chemical potential, for
stationary diffusion (steady state), the driving force can be described more precisely as the

concentration gradient leading to Fick’s first law of diffusion:

dc Eq. 17

J=-D=
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Eq. 17 describes the diffusion flux J depending on the diffusion coefficient and the
concentration gradient. Fick’s first law shows that diffusion will always occur from regions of high
concentration of one species to regions of low concentration.

Most of the practical diffusion processes are non-steady state, meaning the diffusion flux and
the concentration gradient are time-dependent. This time dependence stems from the change of
the concentration gradient—enrichment or depletion of diffusing species—with ongoing diffusion
and therefore a change in the diffusion flux. The change of the concentration gradient depending

on the diffusion time is described by Fick’s second law:

dc 0% Eq. 18

ot~ ox?

2.5 Softening Mechanisms

In contrast to strengthening mechanisms there are also mechanisms which decrease the
hardness and strength of materials. There are two main mechanisms known as recovery and
recrystallisation which are diffusion driven processes and therefore active at elevated
temperatures. These two mechanisms as the name softening mechanisms already indicates act the
exact opposite way as strengthening mechanisms by decreasing the dislocation density, decreasing
defect density and/or increasing the grain size of precipitations or the material itself. Strain
hardening as well as grain refinement strengthening are strongly affected by the softening
mechanisms and high temperatures, respectively, whereas solid solution strengthening and
precipitation hardening are still at least partly active also at higher temperatures. The ongoing
processes and temperature regimes where softening takes place will be described in the following

subchapters.
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2.5.1 Recovery

Recovery is a softening mechanism occurring in any crystal which contains a non-equilibrium,
high concentration of defects. By recovery a part of the stored internal deformation energy is
relieved by rearranging of forming-induced defects (e.g., vacancies and dislocations). This occurs
upon a heat treatment due to the increased mobility of atoms and the thereby higher diffusion rate.
The result of the recovery process is a reduced vacancy concentration and a decrease of the
dislocation density, leading to a significant decrease of internal stresses. Due to these processes the
hardness and strength of a material partly decreases as the beneficial increase of dislocation density

by strain hardening is inverted.

2.5.2 Recrystallisation

The recovered lattice still contains relatively high amount of grain boundaries and small grains
keeping part of the strengthening mechanisms still active. In contrast to recovery—which has no
incubation time, meaning as soon as the activation energy is reached recovery occurs—
recrystallization takes place at a certain temperature (Tz~0.4—-0.5 Tr) and after its incubation time.
This incubation time is necessary because nucleation of recrystallization has to take place. This
happens by coalescence of preferred sub-grains, leading to a reduction of the misorientation of
neighbouring sub-grains by climbing of dislocations. The driving force for recrystallisation is the
energy stored in dislocations. Minimizing this energy forces high-angle grain boundaries to move
and form the recrystallised (stress- and strain-reduced) microstructure. This mechanism is known
as primary recrystallisation which is often followed by grain growth. The driving force for grain
growth is much lower than for recrystallisation. Therefore, grain growth and secondary
recrystallisation (abnormal grain growth) take place at much higher temperatures. To reach
secondary recrystallisation large grains—in the range of 2 — 3 times the size of the surrounding
ones—are necessary. These grains can then grow abnormal fast at the expense of smaller grains,

causing secondary recrystallisation. There is also a third form of recrystallisation taking place, for
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example, in thin sheets where beneficially oriented crystals grow because a certain crystallographic

plane is preferred due to its surface energy.

2.6 Thermal Stability

When materials are subject to high temperatures their structure or phase can change. If
materials, consisting of a solid solution, are heated in an inert atmosphere it is likely that, if they are
in @ metastable state, decompose into their thermodynamically more stable constituents. If a
reactive elements or compounds such as oxygen or acids are present metals or even ceramics as
well as thin films tend to oxidation and corrosion [57-63]. The ongoing processes during

decomposition and oxidation will be discussed in the following subchapters.

2.6.1 Decomposition

As described in 2.1 a system consisting of multiple elements can either be stable, metastable,
or unstable. For the latter ones, decomposition can occur if the energy barrier, which has to be
overcome to get to the stable state, is reached. There are two different decomposition mechanisms
which can occur in materials depending on their initial state. This can either happen by nucleation
and growth or by spinodal decomposition. The primary condition to observe decomposition is the
existence of a miscibility gap and an initial composition either within the spinodal (spinodal
decomposition) or the binodal (nucleation and growth).

A schematic illustration of a phase diagram exhibiting a miscibility gap of element A and B and
the corresponding G — x curve with the local minima (stable concentrations) at a certain
temperature is shown in Fig. 12.

The miscibility gap in the phase diagram is on the one hand defined by the spinodal (grey area in
the phase diagram in Fig. 12) which is the sum of all inflexion points of the G — x curve. Within the
spinodal a system is instable, therefore already small fluctuations in the chemical composition are
causing a decomposition. On the other hand, the miscibility gap is defined by the binodal. Between
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the spinodal and the binodal a system is metastable and thus, has to overcome a certain energy

barrier—formation of nuclei with the final chemical composition—to decompose into stable phases.

Gibbs free energy, G

spinodal

binodal

— temperature

A composition B

Fig. 12: Schematic binary phase diagram A—B with a distinct miscibility gap and the corresponding trend of
the Gibbs free energy at a certain temperature T, adapted from [50), originally from [64,65].

The initial chemical distribution for both decomposition mechanisms is shown as a horizontal
line in the top images in Fig. 13, indicated as xo” and xo for nucleation and growth, and spinodal
decomposition, respectively. During the decomposition process both mechanisms show a
completely different behaviour. Nucleation leads, as mentioned before, to nuclei already exhibiting
their final chemical composition xo—which is significantly differing from xo’—these nuclei then grow
until an equilibrium (stable) state of the chemical composition is reached. In contrast, spinodal
decomposition shows a sinusoidal chemical distribution around the initial composition xo. Thereby,
the chemical composition of the precipitations changes until an equilibrium state with the
surrounding matrix phase is reached. This form of decomposition is associated with diffusion against
the concentration gradient also called “uphill diffusion”. This leads to an enrichment of the
decomposing element in the precipitations whereas the matrix phase gets depleted. The driving
force for spinodal decomposition is therefore not the concentration gradient, but the difference of

the chemical potentials.
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Fig. 13: Evolution of chemical composition during decomposition by nucleation and growth (left) and
spinodal decomposition (right) taken with permission from [50].

2.6.2 Oxidation

If materials are exposure to oxygen containing atmosphere they will inevitably be oxidising.
Generally, oxidation is chemical reaction, where metals (oxidising species) donate electrons and
oxygen (oxidising agent) accepts them. The oxidation usually starts with the formation of an oxide
layer on the outermost metal surface. As soon as an oxide layer is formed on the surface which is,
in many cases, amorphous, the further scale growth is controlled by diffusion. Therefore, the
process of oxidation is strongly depending on the prevailing temperature. The diffusion process of
metals and oxygen ions is also depending on the material and scale morphology, leading to either
outward diffusion of cations or inward diffusion of anions, see Fig. 14. As it is impossible to
completely prevent materials from oxidation it is at least the aim to keep the oxidation process as
slow as possible. The best oxidation resistance for materials is a fast and dense growing protective

oxide scale. As the formation of such an oxide scale is accompanied with the generation of stresses,
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the oxide scale eventually can get cracks. In this regard cation outward diffusion can help to heal
the cracks of an oxide scale, whereas cation inward diffusion would lead to inner oxide growth and
growth of cracks into the metal. To avoid this a dense oxide scale can lead to protection of the bulk
material. One of the most prominent oxidation resistant layer is a-Al,O3 as the diffusion of oxygen

is really slow and it is stable up to very high temperatures.

050, +2e = O*

, ‘ i G 1 M* +2e + 0.5 0,=MO
M™ vtole 1 /
= D l

M =M" + 2e
M+ O* =MO + 2¢’

Fig. 14: Schematic illustration of diffusion-controlled oxide scale growth. M™ indicating metal cations, V™
cation vacancies, e electrons, h* electron holes, and O? oxygen anions [66], originally from [67].

To classify the scale growth during oxidation, a convenient way is to measure the mass change.
According to the, usually gain of mass, there are several different scale growth mechanisms and
corresponding rate laws which are illustrated in Fig. 15.

Linear growth takes place whenever the oxide is not able to hinder the access of oxygen to
the metal surface. Typically, linear growth occurs at high temperatures, e.g. iron at temperatures
>1000 °C shows this behaviour [68—71]. Metals which form volatile oxides in contrast, show a linear
mass loss. This happens also at relatively high temperatures e.g. for W and Mo [72,73].

Parabolic growth occurs if the oxide layer covers the metal surface completely and acts as a
diffusion barrier for metal and oxygen ions. The ion transport through the oxide scale becomes
proportionally slower as the oxide layer gets thicker. The parabolic rate law is observed for most
metals but strongly depends on the experimental conditions [69-71].

Logarithmic growth would be the slowest growth rate but only occurs at low temperatures
and when a thin oxide layer covers the metal surface. After a rapid growth of the scale at the
beginning of the oxidation process the rate becomes virtually zero as the temperature is usually low

and therefore diffusion comparably slow.
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Fig. 15: lllustration of different rate laws relevant for oxidation of metals and films, taken with permission
from [50], originally from [71].
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3 Material Systems

The materials, investigated within this thesis, are mainly designed to act as protective coatings
for tools and components which are subject to mechanical load, high temperatures, and hazardous
environments. Different classes of materials such as nitrides, borides, and oxides are very often used
for such applications. Within this thesis the concept of so-called high-entropy alloys is applied to the
well-known field of protective ceramic coatings. The definition and advantages of HEAs as well as
their properties and basic properties of commonly used nitrides, borides, and oxides will be

discussed in the following subchapters.

3.1 High-Entropy Alloys

The improvement of materials by alloying is an omnipresent topic in the world of materials
science. The latest invention regarding alloying are so-called high-entropy alloys which were first
explored by Cantor et.al who named his first investigated alloys multicomponent equiatomic alloys
[1]. Later Yeh, who connects the properties of such alloys to the high configurational entropy,
introduced the term high-entropy alloys [2,74]. The two different names also lead to several
definitions of these alloys. As the name multicomponent equiatomic alloys already suggests, the
number of elements is undefined just the composition should be equiatomic [2]. In the case of alloys
investigated by Cantor et.al the minimum number of constituent elements was five reaching to
alloys consisting of 20 elements. High-entropy alloys in contrast are defined as alloys with a
configurational entropy of at least ASconfig 2 1.5R (R being the universal gas constant) [3]. To reach
this limit five elements in a composition of 10 to 30 at.% are necessary (a five element equiatomic
alloy would exhibit a AScontig of 1.61R). Another definition, leading to an additional name for such
alloys, is the definition by a compositional range. Such alloys should consist of at least five elements
with a composition of 5 to 35 at.%, and are called compositionally complex or complex concentrated
alloys (CCA) [75].

Nevertheless, such alloys, however they are called, can exhibit four core effects making them

special and their properties significantly improve compared to conventional alloys. These effects,
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namely the high-entropy effect, the severe lattice distortion, the sluggish diffusion, and the co-called
cocktail effect can all be attributed to the unique chemical composition of such alloys.

The high-entropy effect as the name already suggests occurs due to the high configurational
entropy present in the above-mentioned alloys. As previously discussed in chapter 2.1, the stability
of a system increases with increasing entropy. The dominating part thereby is the configurational
entropy which therefore is the only contribution used for the definition for HEAs. The entropy of a
system increases with increasing number of elements an reaches a maximum for an equiatomic
composition, compare Eq. 8. Furthermore, as can be seen by Eq. 5 the stability of the system should
increase even more with increasing temperature. Therefore, the high-entropy is considered to
stabilise alloys at high temperatures making them applicable for high temperature applications.
Furthermore, as a system has its maximum entropy when the elements are randomly distributed,
the high-entropy effect should lead to the formation of solid solutions in simple structures like body-
centred cubic (bcc) or face-centred cubic), instead of the formation of ordered structures or
intermetallic compounds [2,76,77].

Severe lattice distortion occurs due to the mixture of several different elements which
strongly differ in their atomic size. The degree of distortion of course corresponds to the respective
elements. Nevertheless, the distortion is claimed to be more severe than in conventional alloys and
therefore contributes to solid solution hardening leading to a higher hardness [76,78]. Furthermore,
the lattice distortion leads to a decrease in electrical an thermal conductivity [76,78] as well as an
increased activation energy for diffusion, which brings us to the third core effect.

High-entropy alloys exhibit sluggish diffusion due to the fact that for substitutional diffusion
a significantly higher activation energy is required. This is on the one because several different
elements are involved in this process meaning the chemical environment for every atom is different
at every position. On the other hand, the lattice distortion and the therewith associated stresses
make the diffusion even more difficult, as it would be in a stress-free lattice.

The last core effect is the cocktail effect, which was introduced by Prof. S. Ranganathan [79].
It simply describes a synergistic mixture in which the result is unpredictable and greater than the
sum of parts [75].

Many different high-entropy alloys have been investigated in past 15 years. The most
prominent HEA is of course the Cantor — alloy, CoCrMnFeNi, which forms a fcc solid solution [1].
Also HEAs based on refractory metals, exhibiting enhanced properties like hardness, toughness, and

yield strength, are in the focus of bulk material research [15,16,80-86]. Furthermore, light-weight
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HEAs or even so-called high-entropy steels are investigated within this wide range of possible
compositions [87-91]. In summary the high-entropy concept gained a lot of attraction for
researchers in the past years. Although, not every investigated composition exhibits enhanced
properties just because of its entropy, the potential to produce materials with properties
outperforming those of conventional alloys is definitely present. Nonetheless, as there are reams of
possible compositions it is impossible to investigate every possible one and to find promising ones.
Therefore, also computational high-throughput search is applied in the field of HEAs to preselect

compositions and atomic ratios which might lead to an alloy with enhanced properties [92].

3.2 Transition Metal Nitrides

Among the reams of available and applied materials, transition metal nitrides (TMN) are the
most important ones. Binary and ternary and TMNs such as Ti-N, Ti-Al-N are widely applied for
cutting tools and inserts. Nowadays, additional alloying elements such as Ta, Zr, Mo or lanthanoids,
further increase the performance of those coatings. Thin films alloyed with the aforementioned
elements exhibit high hardness, high thermal stability and oxidation resistance, as well as an
increased fracture toughness and are therefore they are highly suitable for high temperature
applications [20,22,24,26-28,93—-95]. Most TMNs crystallise in an face-centered cubic (fcc) crystal
structure (B1, space group Fm3m (225), NaCl-prototype) except TaN which has a hexagonal crystal
strcture in its stable form (space group P62m (189)). The most common structure for TMNs, the

NaCl-protoype structure, is illustrated in Fig. 16.
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Material Systems

Fig. 16: Schematic illustration of NaCl-structured TMNs showing the fcc sublattice occupied by the transition
metal (blue spheres) and the octahedral interstices occupied by nitrogen (yellow spheres), visualised with
VESTA [96,97].

3.3 Transition Metal Borides

As transition metal borides (TMB), and here especially refractory borides such as HfB,, TaB,,
or ZrB,, exhibit very high melting points, they count to the class of ultra-high temperature ceramics
(UHTC). TMBs preferably crystallise in two different crystal structures the a-AlB-structure
(P6/mmm, space group no. 191) [98] or the w-WBs structure (P63/mmc, space group no. 194) [99],
see Fig. 17. Borides are a rather unexplored class of materials. Especially in the field of thin films
there is a vast number of binary borides which have not been investigated yet. Nevertheless, recent
research has been done by computational high-throughput search to scan the properties of binary

borides and combine them to ternaries to tune their properties [42—44,100]
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(a) (b)

Fig. 17: Schematic illustration of a) a-AlBy- structure (B, grey spheres and Al, red spheres) b) w-W:Bs-
structure (B, grey spheres an W, green spheres) adapted from [43].

3.4 Transition Metal Oxides

In contrast to TMNs and TMBs, transition metal oxides (TMO) crystallise in many different
crystal structures. Two prominent types of oxide structures are the corundum (a-Al>Os) structure
and the rutile (TiO2) structure, see Fig. 18. Alumina is very common used as protective coating but
is mainly synthesised by chemical vapour deposition (CVD) as it requires high temperatures to grow.
There are several other (cubic) modifications of Al,03 which are preferred at lower temperatures.
Nevertheless, the corundum structure would be the desired one when aiming for Me;0s
stoichiometry as it exhibits comparably high hardness and is the thermodynamically most stable
configuration of Al,Os. The second oxide structure possible for many TMOs is the rutile structure
[101]. Like a-AlOs3, TiO; also requires rather high synthesis temperatures to grow in the
thermodynamically stable rutile structure. Synthesised at low temperatures TiO; crystallises in the
anatase structure which eventually transforms into rutile upon annealing. As anatase exhibits a
significantly higher volume the transformation to rutile is accompanied with the generation of
undesired stresses and ablation of coatings. Therefore, if aiming for Me;0 stoichiometry the desired

crystal structure is the rutile-structure.
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(a) (b)

Fig. 18: Schematic illustration of (a) a-Al,Os -structure (Al, blue spheres and O, red spheres) and (b) rutile-
TiOz-structure (Ti, grey spheres and O, red spheres).

3.5 High-Entropy Ceramics

The aforementioned high-entropy concept can also be applied for above described ceramics.
This class of materials is defined as materials consisting of 5 binary ceramics e.g. nitrides, borides,
oxides, or carbides [102]. Depending on the stoichiometry (metal to non-metal ratio) of the
compound it can be assumed that for most of the relevant systems the non-metal past is at least 50
at.%. Based on this the configurational entropy of these compounds does not meet the required
value of 1.5R when calculated per atom, as the non-metal sublattice does not exhibit a
configurational entropy. Nevertheless, these materials count to high-entropy materials as they
have, within their material class, a high-entropy metal sublattice. Additionally, some researchers
calculate the configurational entropy per formula unit, which then also leads to a value of 1.61R
when assuming an equimolar composition. In the field of high-entropy ceramics many different
classes and compositions have been investigated as bulk materials and as thin films. For coatings,
the most prominent material class investigated are high-entropy nitrides. These exhibit besides high
hardness and oxidation resistance also promising properties for the use of diffusion barriers, which
can be attributed to one of the four core effects, namely the sluggish diffusion [7,103—-109]. In the
field of borides, there is more research on the synthesis of bulk materials [110-113]. Although

borides might also benefit from the high-entropy concept there is just one paper on HEB coatings,
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however, showing promising results with a hardness in the as deposited state of 47.2 £ 1.8 GPa [41].
Also even more investigated are HEOs where also a significant entropy stabilisation of the NaCl-
structure is reported for a bulk material synthesised by mixing five oxide powders and then heating
them up [114]. Further investigations on bulk HEOs also concentrate on electrical and thermal
properties of spinel- fluorite, or perovskite-structured oxides also partly exhibiting entropy
stabilisation [115-121]. In contrast, thin films based on the HEO concept are rarely investigated. Yeh
et al. investigated (Al,Cr,Ta,Ti,Zr)-oxides which are amorphous in the as deposited state and
crystallise in a multi-phased structure at 900 °C [122]. Additionally, Tsau et al. investigated the
electrical resistivities of HEO thin films [123,124]. Consequently, the high-entropy concept for oxide
thin films seems to be a possibility to significantly improve and tune the properties of oxide coatings

for several applications.
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4 Deposition of Thin Films

For the deposition of thin films and coatings several techniques were developed in the last
decades. Basically, there are two different techniques, namely physical vapour deposition (PVD) and
chemical vapour deposition (CVD). These two techniques differ in the way how the material which
should be deposited is transferred to the vapour phase. Within these two categories of deposition
methods, several different specified techniques are available. As the basic methods are the
industrially most relevant they will be described in the subsequent chapters. Additionally, the
magnetron sputtering and arc evaporation, the two most prominent PVD techniques will be

described in detail.

4.1 Physical Vapour Deposition

In PVD processes the transfer from solid or liquid phases to the vapour phase in only happens
by physical means. This can take place by a momentum transfer as it is the case for sputtering or
by introducing thermal energy which transfers solids or liquids to vapour. Independent of the
physical process which transforms the material to be deposited into the vapour phase, most PVD
techniques are based on a plasma discharge, resulting in a characteristic voltage-current

relationship, see Fig. 19.
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Fig. 19: Schematic voltage-current characteristics for plasma discharge PVD relevant regimes are marked
with grey background, taken with permission from [50], originally from [125].

The initial condition of a PVD process is an evacuated vacuum chamber, in which
subsequently a process gas (e.g., argon) is introduced, leading to a pressure of <10! mbar. The
region between A — E in Fig. 19, is called dark discharge, since no visible light is emitted in this
region, except for possible corona and breakdown discharges.

Although there is a really small number of particles present in the initial state, there is a low
voltage observable which arises due to ubiquitous radiation, see point A in Fig. 19. When applying
avoltage between an anode and a cathode, the current increases until all available charged species
emerging by the background ionisation is attracted, point B. For a further increase of the current
a significant higher voltage value (point C) is necessary. The region between point C and E is the
so-called “Townsend regime” which is characterised by an exponential current increase. Within
this regime the electric field strong enough to accelerate electrons, leading to ionisation of neutrals
by collisions and hence the formation of ions and secondary electrons.

Point E represents the end of the dark discharge regime. There, the first technically important
sector starts at the so-called “breakdown voltage”, characterised by a steep voltage decrease. From
this point, the energy of particles and electromagnetic radiation is high enough to promote the
emission of secondary electrons. The electrons required for the plasma are henceforth produced

autonomously, leading to a stable plasma although, the voltage is decreasing (section E-F). As the
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Deposition of Thin Films

plasma present in the region starting at E is in the range of visible light this region is called “glow
discharge”. The section between F and G, is characterised by an expansion of the plasma over the
cathode, leading to an increase in ionised species at a constant voltage level. The so-called
“abnormal glow” region, starting at G, defines the region in which (reactive) sputter deposition
(RSD) typically takes place.

At point H the energy at the cathode surface is sufficiently high for thermally induced electron
emission, so-called thermionic emission. This point is the origin of the arc discharge regime. Arc
discharges are undesirable in sputter deposition but essential for cathodic arc evaporation.
Therefore, this region, especially in the range of point J, represents the area in which arc evaporation
takes place.

As can be observed from the voltage-current characteristic the process parameters for RSD
and CAE are significantly differing. Whereas for RSD rather high voltages and a comparable low

current is used, the CAE process requires just low voltages but a quite high current to strike an arc.

4.1.1 Magnetron Sputtering

Sputter deposition processes are based on a glow discharge which leads to the formation of
an ionised inert gas. These gas ions, mainly Ar*, are accelerated towards a negatively charged
cathode equipped with the material which should be deposited. When Ar-ions hit the surface of the
base material, also called target, atoms are ejected and therefore transformed to the vapour phase.
These ejected atoms move through the plasma and adsorb on the substrate surface where the thin
film is formed. A basic sputtering system consists of a pumping system, a gas inlet, a substrate holder
with a heating element as well as the cathode where the target is mounted, see Fig. 20. The cathode
can additionally be equipped with a magnetron. The magnetron enhances the effectivity of the
sputter process as it helps to trap secondary electrons which leads to a higher amount of ionisation

in the vicinity of the target and therefore to a higher sputtering rate.
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Fig. 20: Schematic illustration of a magnetron sputter process, taken with permission from [126].

As along the magnetic field of the magnetron the sputter rate is significantly increased, a preferred
area of atom ejection evolves, the so-called racetrack. Nevertheless, the sputter rate is not just
depending on the magnetic field or the degree of ionisation but especially on the sputter yield. The
sputter yield is defined as ejected atoms per impinging ion and has a certain value for every single
element and for a certain energy with which the ions arrive. As the sputter yield is strongly
depending on element properties such as bonding strength and atomic weight, the sputter rate and
therewith the deposition rate can vary in a wide range depending on the target material.

In addition to the working gas (Ar) a reactive gas can be introduced into the chamber to form
ceramics e.g. nitrides, oxides, or carbides. In the case of nitrides, nitrogen (N2) is used as a reactive
gas. As the reactive gas also reacts with the target surface, nitride layers are not only formed on the
substrate but also on the target and within the whole deposition chamber. The formation of ceramic
layers on the target surface is also known as poisoning. This poisoning effect leads to a significant
reduction of the deposition rate as the sputter yield significantly decreases due to the formation of

the strongly bonded ceramic layers [127].
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Deposition of Thin Films

4.1.2 Cathodic Arc Evaporation

The industrially most relevant PVD technique is cathodic arc evaporation (CAE). Compared to
sputtering, CAE exhibits a much higher degree of ionisation of up to 99 %. This higher degree of
ionisation results in a much higher deposition rate and leads to significantly improved coating

properties as the ionised metal atoms help do densify the coating.

two-fold
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coolant
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Fig. 21: Schematic illustration of an arc evaporation process including essential components, taken with
permission from [50].

The arc evaporation process is characterised by a high current — low voltage discharge which
leads to the striking of an arc on the target surface. The target material, acting as the cathode, is
thereby evaporated. The active centres of the evaporation are called “cathode spots”, see Fig. 21.
As these spots are limited to a few microns, the power input in these regions is very high causing
the aforementioned high degree of ionised matter. Due to several phenomena, namely, thermionic
emission, thermionic-field emission, field emission, and thermo-field emission, taking place in the
vicinity of the active cathode spot, the conditions for a reignition of the arc are favoured. This

continuous reignition together with the prevailing cathode surface leads to a “walk” of the arc over
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Deposition of Thin Films

the cathode surface. Usually the arc follows a “random walk” just depending on the cathode surface
conditions. To control the arc’s motion, a magnetic field can be applied to the cathode leading to
the so called “steered walk” of the arc.

The evaporation of the target material by the moving arc, not only leads to evaporated species
but also causes the formation of macroparticles. These so-called “droplets” are generated due to a
melting pool in the vicinity of the cathode spot. The liquid material in these melting pools is
accelerated away from the target surface by a rapid compression induced by the plasma pressure.
The size and number of droplets strongly depends on the target material and its microstructural
composition. As these droplets are mainly metallic, also in reactive processes, and condense on the
substrates and therefore affect the film growth, they are considered to be defects leading to

reduced mechanical properties and adhesion of thin films.

4.2 Nucleation and Growth

Every film growth starts with the adsorption of atoms or ions (generated at the target) onto
the substrate surface. Nucleation can be seen as a simultaneous process of adsorption, desorption,
and adatom diffusion. If the atoms reach an energetically preferred site, they will accumulate and
as soon as they overcome the nucleation barrier (r*), grain growth will take place. The energies

responsible for the nucleation and growth mechanism are schematically illustrated in Fig. 22.
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Fig. 22: Schematic diagram of the trends of the various contributors of the Gibbs free energy depending on

the particle radius.

Particle growth takes place when the free energy AG is a negative, meaning if the system gains
energy by becoming larger. To reach this point the energy gained by the formation of chemical
bonds and increasing the volume (AGy) has to be larger than the energy which is required to form a

new surface (AGs). Assuming the formed nuclei to be spheres, this can be described as follows:

4r3m AC Eq. 19
' 14

AGy = AG,—V - AG, = 4r2m -y —

Within Eq. 19, ris the particle radius, y the surface energy, and AGythe energy gain due to the
formation of an energetically favoured phase. According to this equation it is obvious that at a
certain size of the nucleus the formation of the new form is energetically preferred and therefore
particle growth starts. The critical particle radius r* is the point where the slope of AGn equals zero.

Therefore, it can be obtained by the first derivation of AGn, dAGn/dr = 0, which leads to:

= 2y Eq. 20
"~ AGy

40


https://www.tuwien.at/bibliothek

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

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

thele

(]
blio
nowledge

L]
|
rk

Deposition of Thin Films

Particles smaller than r* are unstable and will eventually dissolve under energy gain, whereas
particles larger than r* will grow. The formation of nuclei with a size larger than ro is energetically

always preferred.

Depending on the different surface energies, and deposition parameters, there are three

different idealised growth modes which can occur:

e layer-by-layer growth
e jsland growth

e mixed growth

The layer-by-layer growth was first described by Frank and van der Merwe, see Fig. 23. This
growth mode preferably occurs if the substrate surface energy is higher than the sum of the film-
surface energy and the interface energy between substrate and film. Furthermore, the interface
energy of substrate and film has to be higher than the interface energy of film and adatomes. Strictly
speaking, the film atoms are more strongly bound to the substrate than to each other. Another
parameter which promotes layer-by-layer growth is a high diffusion rate. Due to the high mobility
of adatoms they rather migrate over the surface to form a thin layer, than accumulate to each other
and form an island. The layer-by-layer growth is for many applications the preferred growth mode
due to the high coverage of the substrate surface and thus the formation of dense films. But the
fact that diffusion, if not promoted by a high substrate temperature or kinetic ion bombardment, is
a rather slow process, the film growth rate for the ideal layer-by-layer growth is relatively low.

The second growth mode, namely island growth, was described by Volmer and Weber, see
Fig. 23b. Island growth in contrast to layer-by-layer growth occurs preferably if the adatoms are
more strongly bound to each other than to the substrate surface, and if the energy of the growth
process is too low to activate fast diffusion.

The third growth mode is, a combination of the two previous modes and referred to as
Stranski -Krastanov or mixed growth mode, see Fig. 23c. The mixed growth can be considered to be
the most common growth mode, and present in many PVD processes. It is characterised by an initial
layer-by-layer growth followed by the formation of three-dimensional islands. This again can be

explained by the surface energy evolution.
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Fig. 23: lllustration of the three basic growth modes occurring in thin films: (a) Frank-van der Merwe, (b)
Volmer-Weber, and (c) Stranski-Krastanov adapted from [125].

4.3 Structure Zone Diagram

To correlate the growth morphology of thin films with basic deposition parameters, so-called
structure zone diagrams (SZD) have been developed. Thin films, even if they exhibit a similar
chemical composition, can have entirely different properties, depending on their growth
morphology. Deposition parameters such as substrate temperature, deposition pressure, and bias
voltage can have a crucial impact on the growth behaviour of coatings. The first so-called structure
zone model (SZM)—also referred to as structure zone diagram—was already established in 1969 by
Movchan and Demchishin [128]. This SZD describes the influence of the substrate temperature
(homologous temperature Tn) on the morphology of “thick” (>100 nm) films synthesised by
evaporation. The substrate temperature is thereby represented by the term T/Tm with T being the
actual temperature and Trm the melting point of the respective material—both in Kelvin. Messier et
al. [129] and Thornton [130] extended this model by introducing the substrate bias voltage, see Fig.

24a, respectively the argon pressure, see Fig. 24b.
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Fig. 24: Structure zone diagrams after a) Messier[129] and b) Thornton [130], adapted from [50].

Whereas in the SZD of Movchan and Demchishin are only three different zones and
corresponding growth morphologies, in the SZDs of Messier and Thornton an additional zone, the
transition zone (T). In zone 1 the microstructure is porous and/or amorphous due to poor surface
mobility caused by the low temperature and low ion energy. With increasing temperature, the
mobility of the atoms increases and leads to a denser microstructure. In zone 2 atoms are able to
fill voids and overcome shadowing effects due their higher energy. Therefore, the morphology in
zone 2 exhibits columnar grains and smooth surfaces. Between zone 1 and 2, the transition zone T
is located. The particle energy in zone T is high enough to promote the surface diffusion, but
insufficient for grain boundary diffusion, leading to V-shaped grains. However, because of
competitive growth of different grains, they are subdivided and do not extend over the entire film
thickness. The morphology in zone 3 can already be attributed to recrystallisation as the
temperature is high enough for volume diffusion, leading to comparably big grains with random

orientation.

The bias voltage as well as the Ar pressure have a strong influence on to the energy of the
incoming particles. An increase of the bias voltage results in higher velocities for the impinging
particles, hence the transition from zone 1 to T shifts to lower temperatures at the expense of zone
1. The effect of the Ar pressure can be described the kinetics of particles [131]. A low pressure is
associated with a comparably long free mean path, leading to only few collisions on the way to the
substrate, hence their energy is higher when arriving at the substrate surface. In contrast if the
pressure, and therefore the number of particles, increases the corresponding energy distribution
decreases [132]. In further consequence, the transition from zone 1 to zone 1 shifts to a higher

temperature with increasing pressure.

43


https://www.tuwien.at/bibliothek

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

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

thele

(]
lio
nowledge

b

i
r

Deposition of Thin Films

More than 25 years later, Anders established a more advanced model by including plasma-
based deposition and ion-etching processes [133], see Fig. 25. This model was developed due the
rising usage of highly ionising and more energetic processes such as cathodic arc evaporation and
high-power impulse magnetron sputtering (HiPIMS). The morphology of coatings deposited with
aforementioned methods can thereby be more properly described than with other SZDs. The basic

layout of the SZD developed by Anders contains the following parameters:

a) The generalised temperature, T*, which includes the homologous temperature (quotient of
deposition temperature and melting temperature) plus a temperature shift caused by the
potential energy of particles arriving on the surface.

b) The normalised energy, E*, describing displacement and heating effects by the kinetic
energy of bombarding particles.

c) The film thickness, t*, which is shown on the z-axis, which allows to include "negative

thickness" caused by ion etching processes.
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Fig. 25: Advanced structure zone diagram according to Anders [133].
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Investigative Methods

5 Investigative Methods

Fundamental knowledge of properties of thin films such as morphology, crystal structure,
chemical composition, and mechanical properties is of utmost importance to specifically tune the
performance of coatings for individual applications. To gain this information many different
methods are available. The methods used to investigate the properties presented in this thesis, their

functionality as well as their limits will be described in the following subchapters.

5.1 Structural Analyses

Many properties of coatings are strongly related to their crystal structure as well as their
growth morphology. Therefore, X-ray diffraction and electron microscopy were used to determine
the crystal structure, grain size, coating thickness as well as the morphology of the synthesised thin

films.

5.1.1 X-Ray Diffraction

To determine the crystal structure and grain size of the coatings X-ray diffraction (XRD) is a
powerful tool. XRD is based on the diffraction of X-rays by lattice planes of a crystalline material. As
the diffraction of the beam occurs in distinct angles the lattice plane distance can according to Bragg

be determined by:
niA = 2d sin6 Eq. 21

The Bragg-equation (Eq. 21) describes the correlation between the wavelength A the lattice

plane distance d, and the diffraction angle © [134]. By solving Eq. 21, it is possible to determine
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Investigative Methods

lattice plane distances for a certain diffracting lattice plane (hkl), using the wavelength of the
incident X-ray beam and the diffraction angle. Within the Bragg-equation the integer n describes
the order of diffraction.

In this thesis two different diffraction geometries were used to determine crystal structure
and lattice parameters, see Fig. 26. The Bragg-Brentano (BB) configuration is usually used to
investigate powdered samples or bulk materials. In this arrangement the X-ray source and the
detector are placed symmetrically to the sample-surface normal. Due to the relatively high angle of
incidence, the X-ray beam is penetrating the sample quite deep, leading to a significant contribution
of the substrate to the XRD pattern. If sample peaks and substrate peaks are overlapping it is difficult
to evaluate the crystal structure and lattice parameters of the sample. Therefore, it is reasonable to
reduce the angle of incidence which leads to a lower penetration depth and therefore no
undesirable substrate peaks occur. The arrangement where a small angle of incidence of ~2 ° is used

is called grazing incidence in is illustrated in Fig. 26 on the right.

Bragg-Brentano Grazing Incidence

X-ray source detector detector

/

|
i

X t K 7% . Y-ray source

o—©0 OL/\‘O 0—0—0

Fig. 26: Schematic illustration of the two most common XRD arrangements used to investigate thin films
and powders, Bragg-Brentano (left) and Grazing Incidence (right), taken with permission from [50].

The information that can be gained from a diffraction pattern reaches from crystal structure
and lattice parameters to crystallite size and even stresses can be determined by analysing X-ray

diffractograms. Basic information that can be obtained from an XRD pattern is illustrated in Fig. 27.
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Investigative Methods

The main information like crystal structure and lattice parameters can be obtained by analysing the
peak position. Higher diffraction angles in the XRD pattern belong to smaller lattice plane distances
and therefore to smaller lattice parameters, compare Eq. 20. In contrast lower diffraction angles are
equivalent to larger lattice plane distances and therefore larger unit cells. Additionally, the peak
height can be used to obtain information about the chemistry, due to the material specific
diffraction. To gain information about the crystallite size the peak width, or more specifically the full
width at half maximum (FWHM) can be considered to calculate the coherent diffracting domain size
(CDS). Analysing the peak area can be used to get a quantification of the obtained phases. The peak
shape e.g. shoulder formation would indicate the formation of a second phase out of solid solution

as it occurs in Ti-Al-N [135]. Therefore, XRD can also be used to describe decomposition processes.

peak

area

intensity [arb. units]

20 25 30 3 40 45 50 55 60 65

peak diffraction angle [26]

position

Fig. 27: Schematic illustration of a XRD pattern including basic information used to determine crystal
structure, lattice parameters, phase composition, and grain size, taken with permission from [50), originally

from [136].
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Investigative Methods

5.1.2 Electron Microscopy

To investigate the morphology of thin films imaging methods such as microscopy are
commonly used. The magnification and resolution are limited by the wavelength of the used

radiation according to:

2 Eq. 22
~ 2nsin(a)

Within Eq. 22, A is the wavelength, n the refracting index of the respective ambient medium and the
term n*sin(a) is called numerical aperture. According to the Abbe-equation, the resolution d can
reach a minimum of around 140 nm based on a wavelength in the range of visible light of 400 nm
[137]. Considering the above-mentioned limits, it is obvious that visible light, and therefore light
microscopy, is not applicable for the investigation of coatings in the range of a view microns.
Therefore, techniques such as scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are used within this thesis to investigate the growth morphology of the

synthesised thin films.

5.1.2.1 Scanning Electron Microscopy

Scanning electron microscopy uses a focused electron beam which interacts with the specimen
surface leading to several useful phenomena. An electron source (electron gun) emits an electron
beam, due to a high applied voltage of typically 5-30 keV, which is subsequently focused on the

sample surface by magnetic lenses, see Fig. 28.
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electron gun

electron beam

magnetic lens

backscattered
electron detector

secondary
electron detector

specimen stage

© 2012 Encyclopesdia Britannica, Inc.

Fig. 28: lllustration of the basic setup of a scanning electron microscope [138].

To avoid the collision of electrons with air molecules SEM investigations are carried out under
vacuum. The focused electron beam interacts with the sample surface leading to several

phenomena which could be used to gain information about the sample, see Fig. 29.

electron beam

secondary electrons
(SE)

X-rays

backscattered electrons

(BSE)

cathodo-
luminescence

auger electrons

specimen

elastically scattered

electrons absorbed electrons

inelastically scattered

transmitted electrons electrons

Fig. 29: Schematic illustration of basic electron-matter interaction processes during SEM investigations,
taken with permission from [50], originally from [139].

Back scattered electrons (BSE) derive from to the reflection of electrons at the sample surface.
Contrary, secondary electrons originate from impact ionisation, which means that these are
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Investigative Methods

generated from the outer atomic shell (atoms of and close to the sample surface) by an incident
electron beam. Besides BSE and SE, which are the most important ones, also so-called Auger
electrons and cathodoluminescence can occur. Typically, back scattered electrons and secondary
electrons are detected by specific devices and computationally processed to generate the image.
Imaging is the main but only one possible application of SEM. It is also often used for chemical
analyses, making use of electromagnetic waves being generated through the previously mentioned
electron-matter-interaction, see Fig. 29. Additionally, to the above-mentioned formation of
secondary electrons by impact ionisation, another phenomenon due to the transition from outer to
inner occupation occurs, namely the emission of characteristic X-ray radiation. The information

gained of the occurring X-rays will be discussed in 5.2.1.

5.1.2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is due to its high resolution and magnification one of
the most important investigation techniques in materials science to gain information of materials
on the nanoscale. It allows for the analyses of extremely fine microstructural features, important
for macroscopic properties.

Transmission electron microscopes consist, similar to a SEM, of an electron source from which
electrons are emitted (e.g., a field emission gun) and subsequently accelerated towards the sample
surface. As the electron beam reaches the sample surface, different effects come into play, which
are used to gain further information/knowledge of the matter. In the basic transmission mode,
electrons which transmit through the sample without being scattered or diffracted are used to
create an image of the sample at the phosphor screen or a charge-coupled-device (CCD) camera.
When operated in bright field (BF) transmission mode, the aperture allows the direct beam to pass,
leading to images stemming from intensity reductions of the beam by interaction with the sample.
In contrast, using the dark field (DF) mode leads, as the direct beam is blocked, to diffracted
electrons which are used to create the image. Due to the strong interaction with the specimen,
causing the diffracted beams, information about planar defects, stacking faults, or particle size could

be gained from dark field images.
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Investigative Methods

Information about the crystal structure of the specimen can be obtained by electron
diffraction. By using an aperture with a defined diameter, it is possible to obtain information from
a very small sample area. The technique is referred to as selected area electron diffraction (SAED),

leading to diffraction patterns out of which structural information can be gained.

(a) (b)

< specimen =
| 1
I I
BN mmmmm <«— Oobj. aperture > BN I
fixed ‘ '
. I: -— SAD aperture~—__ E
:' -\intermediaie image 1 —: ' i
- ! 1

variable strength

intermediate image 2

+—— fixed strength ———» -

A

screen
diffraction pattern image

Fig. 30: lllustration of two TEM operation modes a) electron diffraction and b) bright field imaging taken
with permission from [50], originally from [140].

Furthermore, similar to SEM, TEM features the possibility to perform chemical analysis.
Therefore, the TEM is operated in the scanning mode. An EDS detector collects and processes X-

ray signals that are generated due to the electron-matter-interaction within the specimen.
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5.2 Chemical Analyses

To investigate the chemistry of the coatings in as deposited state and after annealing
treatments several different methods are available. A very common technique to determine the
chemical composition of coatings is energy dispersive X-ray spectroscopy (EDS). Other, more
sophisticated, techniques are elastic recoil detection analysis or atom probe tomography. All these
techniques were used to gain information of the chemical composition of the investigated coatings

and will therefore be described in more detail.

5.2.1 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy is based on the emission of characteristic X-rays caused
by irradiation by an electron beam. EDS can be conducted in combination with SEM or TEM. The
required electron beam interacts with the sample surface atoms kicking out an electron from an
inner electron shell. By replacing the ejected electron with an electron from a higher shell, the

excess energy is emitted in form of X-rays with a characteristic wavelength, see Fig. 31.

secondary

electron ]
incident o continuum X-rays

electron 7 characteristic
wavelegth

electron

Fig. 31: Schematic illustration of electron atom interaction (left) and characteristic X-rays depending
on the energy loss of the incident beam with energy E, (right) taken with permission from [50], originally
from [139].
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Depending on the energy loss of the incident beam also the emitted X-rays differ in energy
according to

E=hv=hs Eq. 23

In Eq. 23, E is the energy, h the Planck constant, v the frequency, c the speed of light, and A
the wavelength of the characteristic radiation. By detecting the characteristic X-rays and with the
knowledge of the energy (acceleration voltage) of the incident beam the constituent elements can
be determined according to the energy loss. Additionally, by analysing the intensity a quantitative
statement can be given.

Although theoretically elements with an atomic number of Z> 5 (boron) can be detected by
windowless detectors, practically EDS is used to detect elements with Z > 10 (sodium) and a quantity
of at least 0.1 wt.%. Therefore, metal contents as well as their ratio can be considered as rather
accurate, whereas the content of non-metals should be treated with caution. For non-metals such
as nitrogen, oxygen, and boron an alternative method namely recoil detection analysis (ERDA) was

used.

5.2.2 Atom Probe Tomography

Atom probe tomography (APT) is an analysis method used to generate 3D elemental maps of
a sample. The resolution of this method is on the nanometre scale, making it the perfect tool for the
visualisation nano-structures as well as precipitations in very small dimensions. Thereby, single
atoms or atom clusters are field evaporated from a needle-shaped specimen. Besides the high
positive voltage applied to the specimen, a voltage or laser pulse, depending on the electrical
conductivity (conductive or insulating), with a frequency of several hundred kHz is used to evaporate
the sample, see Fig. 32. By using a time-of-flight (ToF) setup to determine the mass-to-charge-ratio
and therefore, the chemical nature of an atom or cluster. By using computer-assisted geometric
algorithms, the position of the atom can be reconstructed, ideally in the initial tip shape, depending
on the position where it hits the micro-channel plate detector. During the measurement the

specimen is cryogenically cooled to keep a temperature of <100K to avoid diffusion.
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Specimen tip

Laser pulse

| Micro-channel
‘ plate
High Voltage Voltage pulse

Fig. 32: lllustration of the basic components and the operating principle of atom probe tomography,
adapted from [141].

However, the sample preparation has to be carried out using focussed ion beam (FIB) milling,
which is rather time demanding. For thin films, this is a state-of-art technique to guarantee for
proper specimen shapes. Limitations for APT arise from mass-to-charge overlaps, from the accuracy
of the tip reconstruction as well as from inhomogeneous field evaporation rates of the sample
material. Furthermore, it might be that strong clustering is not observable as the size of the clusters

might exceed the sample size.

5.3 Maechanical Investigations

For most applications hard coatings are used for, the hardness, the Young’s modulus as well
as the fracture toughness are very important properties. To gain information about these
nanoindentation and micro-cantilever tests are the methods of choice for thin film materials. These
methods and information which could be gained from those tests will be addressed in the following

paragraphs.
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5.3.1 Nanoindentation

The knowledge of hardness and elastic modulus of coatings for protective application is
essential. As the thickness of the applied coatings is less than 5 um conventional hardness
measurement methods like Vickers or Brinell are not applicable. Therefore, nanoindentation is a
commonly used method to gain information about the mechanical properties of thin films. In
nanoindentation tests a Berkovich indenter tip is used to penetrate the sample surface. During the
measurement the force as well as the penetration depth are simultaneous recorded. This results in

a load displacement curve, see Fig. 33.

load, P

>

max

Fig. 33: Schematic illustration of a load-displacement curve of a nanoindentation test, Pmax indicating
the maximum load applied at the highest indentation depth hmax, and h, being the residual displacement
taken with permission from [50], originally from [142].

After recording load displacement curves for a certain loading range (typically 5-35 mN) the
data is analysed after Oliver and Pharr [143]. As the influence of the substrate should be avoided to
get accurate results of the film properties it is recommended that the penetration depth should not
exceed 10 % of the coating thickness [144]. To correct the changes of the indenter geometry a so-

called “area function” is periodically recorded. Therefore, indentation tests are done on fused silica
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in different load ranges. By analysing the obtained load-displacement curves, a correction function,
the area function, can be calculated which is used afterwards to correct measurements on samples

to avoid the influence of changes of the indenter tip.

5.3.2 Micro-Cantilever Bending Tests

To gain information about the fracture toughness of thin films and coatings, micro-cantilever
bending tests are a commonly used method. Thereby, the substrate is usually removed by etching
with KOH to get free-standing coating material. Subsequently, cantilevers with an initial notch are

prepared by FIB out of the free-standing coating material, see Fig. 34 a.

Fig. 34: SEM images of a micro-cantilever bending test (a) free-standing cantilever with initial notch and
picoindenter and (b) cross-section of fractured cantilever

To evaluated the fracture toughness of the coating, the prepared cantilevers are loaded by a
picoindenter which is placed in an SEM, see Fig. 34 a. The load is continuously increased and
simultaneously the load as well as the displacement is recorded until the cantilever fractures. By
evaluating the recorded load-displacement curves and the fracture cross-section of the cantilever,
see Fig. 34 b, the fracture toughness of the coating material can be calculated according to Matoy

et al. [145].
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5.4 Thermal Analyses

To investigate the thermal stability of the deposited coatings, several techniques are available.
Within this thesis, vacuum annealing of powdered coating material as well as of coatings on sapphire
substrates with subsequently XRD and nanoindentation measurements was used to determine the
structure and mechanical properties of coatings after being heated and held at a certain
temperature. Additionally, differential scanning calorimetry (DSC) was carried out to observe the
temperature range where phase transformations occur. The detailed procedure and operating

modes will be described in the following paragraphs.

5.4.1 Vacuum Annealing

As the application of the investigated coatings usually takes place at elevated temperatures,
the information about the behaviour of the coating after being heated is of utmost importance. To
investigate the coatings’ behaviour upon heat treatment, vacuum annealing treatments were
carried out in a vacuum furnace. For the annealing treatments the vacuum chamber is pumped
down to a certain vacuum (~7*10* Pa) and then heated up to the target temperature. Holding time
as well as heating rate can be varied in a wide range. During the heating cycle, the samples undergo
phase transitions or decomposition. After the heat treatment, the samples are passively cooled
down with a cooling rate of about 50- 90 K/min to a temperature of ~300 °C. The standard annealing

program for vacuum annealing is shown in Fig. 35.

Segment 4

Segment 3
Variable holding fime

Variable heating rate Segment 5

cooling

Segment 1
Segment 2

s et it et e S . S e s ﬁ.___

Fig. 35: Schematic illustration of a standard annealing treatment cycle.
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As the cooling rate is rather high, the preceding phase transitions are non-reversible. As there
is no active cooling system the cooling rate down to room temperature is significantly decreasing
with decreasing furnace temperature. To investigate the occurring softening processes, phase
transitions as well as decomposition processes, the samples are subsequently investigated by XRD

and nanoindentation.

5.4.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermo-analytical technique that is based on the
difference of the heat amount required to increase the temperature of a sample compared to a
reference. Therefore, the enthalpy that is generated or consumed during physical processes or
chemical reactions, such as oxidation or decomposition, can be measured. This includes reactions
causing an increase of the enthalpy (endothermic reactions), like melting or evaporating, and
reactions that decrease the enthalpy (exothermic reactions), such as oxidation and crystallisation.

Additionally, the sample mass is simultaneously measured by thermo-gravimetric analysis
(TGA), allowing for an interpretation of the reactions in the temperature range of interest. This
facilitates to investigate the gain and loss of weight by the incorporation or release of a species upon
annealing (e.g., by oxidation or dissociation processes of nitrides to release nitrogen).

In this work a Netzsch Jupiter F1 differential scanning calorimeter with thermo-gravimetric
analysis (TGA-DSC) equipped with a Rhodium furnace was used to investigate powdered free-

standing coating material regarding the thermal stability and phase transformations.
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7 Contribution to the Field

7.1 First Author Publications

Publication |

A. Kirnbauer, A. Kretschmer, C.M. Koller, T. Woijcik, V. Paneta, M. Hans, J.M. Schneider, P. Polcik,
P.H. Mayrhofer

Mechanical properties and thermal stability of reactively sputtered multi-principal-metal Hf-Ta-Ti-
V-Zr nitrides
Surface and Coatings Technology, doi: 10.1016/j.surfcoat.2020.125674

Crystalline (Hf,Ta,Ti,V,Zr)N nitride thin films, with a high-entropy metal-sublattice, were
synthesised at 440 °C by reactive magnetron sputtering using an equimolar Hf-Ta-Ti-V-Zr-compound
target. The coatings show a single-phase fcc structure with a Me:N ratio of 1:1 for N2/(Ar+N,) flow-
rate-ratios (fn2) between 30 and 45 %. For higher fy2 a small fraction of an additional phase besides
the fcc-matrix is detected by X-ray diffraction (XRD) and selected area electron diffraction (SAED).
The chemical composition for all coatings studied (prepared with fn, between 30 and 60 %) is very
similar. Furhermore, also the hardness (H) values between 30.0 and 34.0 GPa and indentation
moduli of ~460 GPa are very similar for all coatings. Detailed atom probe tomography (APT)
investigations show a homogenous distribution of all elements within our fcc-(Hf,Ta,Ti,V,Zr)N even
after vacuum-annealing at 1300 °C. While H decreased from 32.5 to 28.1 GPa upon annealing, the
coating is still single-phase fcc structured and still exhibits a high defect density (expressed by XRD
and SAED features, transmission electron microscopy contrast, and grain sizes). Only after vacuum-
annealing at 1500 °C, XRD as well as APT reveal the formation of hexagonal structured (Ta,V):N. The
onset for the observed nitrogen-loss — detected by thermogravimetric analysis —is ~1350 °C.

Based on our results we can conclude that the sluggish diffusion within our fcc-(Hf,Ta,Ti,V,Zr)N
guarantees the single-phase fcc structure up to 1300 °C, although ab initio based calculations would
suggest the lower-entropy products [fcc-(Hf,Zr)N, fcc-(Ta,V)N, and fcc-TiN] and [fcc-(Hf,Zr)N and fcc-
(Ta,Ti,V)N] to be energetically more stable up to 1302 K.
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Publication Il

R. Hahn, A. Kirnbauer, M. Bartosik, S. Kolozsvari, and P.H. Mayrhofer

Toughness of Si alloyed high-entropy nitride coatings
Mater. Lett. 251 (2019) 238-240. doi: 10.1016/j.matlet.2019.05.074.

In this contribution, we present micromechanical experiments of reactively magnetron sputtered
high-entropy nitride thin films. Single-phase fcc-(Al,Ta,Ti,V,Zr)N with nearly equimolar metal-
fractions as well as a Si-alloyed sample were investigated. The (Al,Ta,Ti,V,Zr)N coating exhibits a
hardness of 30.7+1.5 GPa and a fracture toughness of 2.4 MPa+/m. By alloying 5 at% Si to this high-
entropy nitride a nanocrystalline microstructure is observed in the fracture cross-sections. Although
the hardness (29.2+0.8 GPa) and fracture toughness (2.3+0.1 MPaym) are not significantly
influenced, the increase of the elastic response leads to an increase of the elastic strain to failure of
33 %. This indicates a significantly improved damage tolerance for the Si alloyed (Al,Ta,Ti,V,Zr)N.
This is of high significance, as the elastic deformability of hard coatings also determines its damage
tolerance.

Furthermore, this study shows that the addition of Si—considering the decrease of Young’s modulus
by 100 GPa, the essentially constant Kic, and the relation Kic < /G - E—provides mechanisms to

increase the dissipated energy during fracture.

Publication Il
A. Kirnbauer, C. Spadt, C. M. Koller, S. Kolozsvari, P. H. Mayrhofer

High-entropy oxide thin films based on Al-Cr-Nb-Ta-Ti
Vacuum (2019) doi: 10.1016/j.vacuum.2019.108850

Single-phase crystalline (Al,Cr,Nb,Ta,Ti)O; high-entropy oxide thin films were synthesised at 400 °C
by reactive magnetron sputtering of an equimolar Al-Cr—Nb-Ta-Ti-compound target. All the
coatings similar chemistry as well as the same rutile structure, even when varying the relative
oxygen flow-rate ratio (foz) from 30 — 80 %. Upon increasing fo,, the hardness of the coatings slightly
increases from 22 to 24 GPa and their indentation moduli increased from 380 to 410 GPa. Annealing
treatments up to 1200 °C and subsequent X-ray diffraction measurements reveal that the coatings
stay single-phase crystalline with the rutile structure. The hardness slightly decreases upon

annealing to 21 GPa, whereas the indentation modulus increases significantly to ~450 GPa. This can
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be attributed to the strong 101-texturing occurring upon annealing. Based on our results we can
conclude, that the high-entropy effect significantly stabilises our (Al,Cr,Nb,Ta,Ti)O2 coatings in their

rutile structure (being a stable structure for TiO2, and a metastable one for CrO,, NbO3, and Ta0,).

Publication IV
A. Kirnbauer, V.Moraes, D.Primetzhofer, M. Hans, J.M. Schneider, P. Polcik, P.H. Mayrhofer

Thermal stability and mechanical properties of sputtered (Hf,Ta,V,W,Zr)-diborides
Manuscript in final preparation

Within this paper we present single-phase AlB>-structured diborides with a high-entropy metal-
sublattice, (Hf,Ta,V,W,Zr)B,, which were developed by nonreactive magnetron sputtering of a
powder-metallurgically prepared diboride target composed of 20 mol% HfB,, TaB;, VB2, W2Bs, and
ZrB,. The chemical composition, growth morphology (dense fine-fibrous), crystal structure (AlB,-
type) as well as the mechanical properties (E ~580 GPa and H ~45.4 GPa) are essentially independent
on the applied bias potential (Upias = -40, -60, -80, -100 V). The B-content obtained by EDS and ERDA
is with ~¥62 at.% close to MeB; stoichiometry, leading to a configurational entropy of the metal-
sublattice of 1.53:R for the obtained (Hfo.25Ta0.17V0.14Wo.33Zr0.11)B2, and thus these coatings can be
classified as high entropy (> 1.5-R). Ab initio based calculations indicate that the high-entropy metal-
sublattice ensures that the (Hf,Ta,V,W,Zr)B; is energetically more stable than the decomposition
products (Hf,Ta,Zr)B, and (V,W)B,, which together would have actually a lower energy of formation.

The coatings stay single-phased AlB,-structured — with essentially the same lattice parameters
and lattice distortions as in the as-deposited state — even when vacuum-annealed at temperatures
up to 1300 °C. APT indicates that also the distribution of the elements is random as in the as-
deposited state after vacuum-annealed at T, = 1200 °C. Only after annealing at higher temperatures
(Ta 21400 °C) the formation of a separate phase can be detected by XRD, which was proven by APT
to be a (V,W)B monoboride with soluted Ta, whereas the remaining matrix is mainly an AIB;-
structured (Hf,Ta,Zr)B; (with soluted V and W). Due to this decomposition the indentation modulus
and hardness of our (Hf,Ta,V,W,Zr)B, decreased to ~570 GPa and ~39.5 GPa, respectively, when
annealed at 1500 and 1600 °C. As the volume fraction of the newly-formed W-enriched regions with
Ta = 1400 °C is rather small, it has almost no influence on the mechanical properties, which are still

very high with E ~610 GPa and H ~44.3 GPa.
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Contribution to the Field

Based on our results we can conclude that our (Hf,Ta,V,W,Zr)B; coatings are superior to binary
or ternary diborides on account of their thermal stability and maintained mechanical properties.
The high-entropy metal-sublattice guarantees for a maintained severe lattice distortion even when

annealed at 1300 °C, allowing for the exceptional high hardness.

7.2 Thesis-Related Co-Author Publications

Publication V

P. H. Mayrhofer, A. Kirnbauer, Ph. Ertelthaler, C. M. Koller

High entropy ceramic thin films; A case study on transition metal diborides
Scripta Materialia, doi: 10.1016/].scriptamat.2018.02.008

Within this work, a first approach on high-entropy diborides was done by synthesising diborides
with a high-entropy metal-sublattice. The coatings were prepared by magnetron sputtering using a
ZrB; target and placing pieces of HfB, TaB,, TiB2, and VB>, on the racetrack. As benchmark coatings,
ZrB; and (Zr,Ti)B, coatings were deposited. Subsequently to the deposition, all the coatings were
investigated by X-ray diffraction, scanning electron microscopy, and nanoindentation. The XRDs of
all the coatings reveal that they crystallise in a single-phase a-structure (AIB;-prototype). The
hardness values starting from 43.2 +1.0 GPa for ZrB; increase to 44.8 + 2.3 GPa for (Zr,Ti)B, and
furtherto 47.2 £ 1.8 GPa for the high-entropy diboride. Upon vacuum annealing at 1100 °C and 1500
°C the high-entropy diboride shows significant boron loss and therefore, additional XRD peaks
related to boron depleted phases. The hardness for all the coatings is ~40 GPa after annealing at
1100 °C. For ZrB; the hardness after 1500 °C is 28 GPa and for (Zr,Ti)B2 36 GPa, whereas for the HEB
the coating spall off the substrate. However, based on the obtained results, we conclude that if B-
loss and O-uptake can be limited (or even avoided), HEB, can guarantee high thermal stability

against decomposition towards their binary or ternary diborides.
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Contribution to the Field

7.3 Further First Author Publication

Publication VI
A. Kirnbauer, V. Dalbauer, P. Kutrowatz, S. Kolozsvari, J. Ramm, C. M. Koller, P. H. Mayrhofer

Oxygen dependent morphology and mechanical properties of AleCre(Fe)-based coatings
Surface and Coatings Technology, doi.org/10.1016/j.surfcoat.2018.05.041

Al-Cr coatings alloyed with Fe were synthesised by reactive arc evaporation in order to
investigate the impact of Fe and the oxygen flow rate during deposition on the structural evolution
and mechanical properties of intermetallic as well as substoichiometric oxides (with respect to M,0s
stoichiometry).

All intermetallic coatings, prepared in non-reactive conditions, crystallise in a y2-type AlsCrs
structure with Fe substitutionally incorporated in the lattice featuring hardness values of around 11
1+ 1 GPa. By introducing oxygen to the process, the growth morphology significantly changes from
columnar to a nano-composite-like structure consisting of small Cr-enriched crystallites embedded
in an amorphous Al-enriched matrix. Simultaneously, the number of droplets and therewith
associated defects increases and accordingly the hardness values of these films decrease to 8.5+ 1
GPa. For higher oxygen flow rates, close to the transition from substoichiometric to stoichiometric
sesquioxides (~0.7-0.9 Pa), the crystallinity as well as the fraction of strong oxide bonds increase
and leading to the highest hardness values among all coatings investigated (> 20 GPa). Furthermore,
small additions (5 — 10 at.%) of Fe to Alo.sCro3 cathodes effectively improve the structural and

mechanical properties of substoichiometric oxide films.
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Thermal stability and mechanical properties of
sputtered (Hf,Ta,V,W,Zr)-diborides
A. Kirnbauer®*, V. Moraes?, D. Primetzhofer®, M. Hans®, J.M. Schneider®, P. Polcik¢, P.H. Mayrhofer?

3 Materials Science and Technology, TU Wien, 1060 Vienna, Austria

® Department of Physics and Astronomy, Uppsala University, 75120 Uppsala, Sweden

©) Materials Chemistry, RWTH Aachen University, Kopernikusstrasse 10, 52074 Aachen, Germany
9 Plansee Composite Materials GmbH, Siebenbiirgerstrasse 23, 86983 Lechbruck am See, Germany

Abstract

Nonreactive magnetron sputtering of a diboride target composed of TaB>, HfB2, VB2, W2Bs, and ZrB: with
equimolar composition leads to the formation of crystalline single-phase solid-solution diboride thin films,
(Hf,Ta,V,W,Zr)B., with a high-entropy metal-sublattice. Their growth morphology (dense and fine-fibrous), crys-
tal structure (AlBa2-type), as well as mechanical properties (indentation modulus E of ~580 GP and hardness H of
~45.4 GPa), and chemical compositions are basically independent on the bias potential applied (varied between -
40 and -100 V) during the deposition at 450 °C.

Detailed X-ray diffraction (XRD) and atom probe tomography (APT) studies indicate that our (Hf,Ta,V,W,Zr)B:
thin films remain single-phase AlBz-structured (with random distribution of the elements) during vacuum-anneal-
ing at temperatures up to 1200 °C. Only when increasing the annealing temperature to 1400 °C, the formation of
small orthorhombic structured (V,W)B-based regions can be detected, indicating the onset of decomposition of
our (Hf,Ta,V,W,Zr)B: thin films. This leads to a decrease in H to ~39.5 GPa with T. = 1500 and 1600 °C. After
annealing at 1400 °C the hardness is still very high with ~44.3 GPa, as the volume fraction of the newly formed
W-enriched domains is small and the majority of the coating is still solid-solution (Hf,Ta,V,W,Zr)B: with a severe
lattice distortion.

*) electronic mail: alexander.kirnbauer@tuwien.ac.at

Keywords: high-entropy alloys (HEAs), high entropy diborides, magnetron sputtering, multi-element diborides,
thermal stability

1 Introduction arithmetic mean value, i.e., like a cocktail being more
colourful and arched or more colourful and tastier than
its components). Together, these form the often cited
four core effects of high-entropy alloys.

The demand for materials able to withstand high tem-
peratures and mechanical loads is tightly connected
with new technological developments. Therefore, these
are in focus of many research activities. The develop-  In addition to HEAs a corresponding high-entropy con-
ment of protective thin film materials has the advantage  cept is also applied to ceramic materials including bo-
of combining basic materials science concepts with the  rides, carbides, oxides, and nitrides. Generally, ceram-
huge and versatile variety in process conditions acces-  ics are considered as high-entropy materials if they
sible through physical vapor deposition (like magne-  consist of five binary ceramics, or more precisely if
tron sputtering). A relatively new alloying concept —  they have a high-entropy metal-sublattice [3]. Based on
equiatomic multicomponent alloys with at least five this concept, borides, carbides, and oxides in bulk form
principal elements — was introduced by Cantor in 2004  have been studied regarding their mechanical proper-
[1]. As these alloys exhibit a configurational entropy  ties, thermal stability, and oxidation resistance. Also
AScont of > 1.5-R, with R being the universal gas con-  these often show significantly improved materials char-
stant, the term high-entropy alloys (HEA) was intro-  acteristics compared to their constituting binary mate-
duced by Yeh et al. [2] also in 2004. We want to men-  rials [4—10]. Later, such a high-entropy concept for ce-
tion that it is probably not the high configurational en-  ramic materials was also applied to thin films. First in-
tropy per se that leads to significantly improved mate-  vestigations concentrated on (ALCr,Ta,Ti,Zr)N coat-
rials properties like strength, toughness, thermal stabil-  ings. These actually showed only a slight dependence
ity, and oxidation resistance. But only if the single- of their structural and mechanical properties on varying
phase alloy (or its matrix) is composed of at least 5  the deposition parameters such as reactive gas flow,
principal elements (leading to AScont> 1.5-R) they out-  substrate bias potential, and substrate temperature [11—
perform conventional alloys (which are typically based  13]. Additionally, this material system shows excellent
only on 1, 2, or 3 principal elements). Connected with ~ thermal stability and diffusion barrier abilities for Cu
this condition (at least 5 principal elements) is not just ~ [14]. Studies on high-entropy thin films include also the
a high configurational entropy but also a severe lattice  investigations of amorphous or crystalline oxides with
distortion, a sluggish diffusion, and a cocktail effect = good mechanical properties and high thermal stability
(cumulative properties and positive deviation from the  [15,16]. Recent investigations on diborides highlighted
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the potential in improving also this sort of thin film ma-
terials through the high-entropy concept [17].

Here we discuss in detail the chemical and structural
development and mechanical properties of single-
phase solid-solution (Hf,Ta,V,W,Zr)B> developed by
nonreactive magnetron sputtering of a powder-metal-
lurgically produced compound target. These show no
significant dependence on the bias potential used dur-
ing deposition, based on investigations by X-ray dif-
fraction (XRD), scanning electron microscopy (SEM),
and nanoindentation. Therefore, only the coating pre-
pared with a bias potential of -60 V was further inves-
tigated with respect to thermal stability, for which we
used detailed XRD, nanoindentation, elastic recoil de-
tection analysis, and atom probe tomography (APT).

2 Experimental and methods

The (Hf,Ta,V,W,Zr)B> thin films were deposited by
unbalanced nonreactive magnetron sputtering with a
modified Leybold Z400 deposition system using four
different bias potentials (Uvias = -40, -60, -80, -100 V).
We used one powder-metallurgically produced 3-inch
composite diboride target consisting of 20 mol% HfB.,
TaB2, VB2, W2Bs, and ZrB>. The target-to-substrate
distance (in a parallel concentrically arrangement) is 6
cm. The substrates (polycrystalline Al2O3 and sapphire
(1102) platelets, and low alloyed steel foil) were ultra-
sonically cleaned in acetone and ethanol for 10 min
each prior to loading to the deposition chamber. After
reaching a base pressure of < 3 mPa they were Ar-ion
etched with -150 V pulsed DC at an Ar gas pressure of
1.3 Pa. During deposition, the substrate temperature
(Ts) was 450 °C, the Ar gas pressure was 0.35 Pa (Ar
gas flow rate of 30 sccm), the DC sputter power density
was 4.7 W/cm?, and the substrate bias potentials were
either -40, -60, -80, or -100 V. If we assume an average
melting temperature Tm of around 3240 K (from a lin-
ear interpolation of all corresponding diborides [18—
22]), the 450 °C (~723 K) substrate temperature yields
an homologues temperature (Ts/Tm) of ~0.22.

Fracture cross sections of our coatings are studied with
a FEI Quanta 200 scanning electron microscope (SEM)
— equipped with a field emission gun (FEG) and oper-
ated at an acceleration voltage of 10 keV — for their
growth morphology. Their chemical composition was
obtained by top-view investigations via energy disper-
sive X-ray spectroscopy (EDS) using a FEI Philips
XL30 SEM equipped with an EDAX EDS detector. Es-
pecially the boron content (but also the metal content)
was additionally evaluated for the sample prepared
with -60 V bias potential by time-of-flight elastic recoil
detection analysis (TOF-ERDA) with a recoil detection
angle of 45 ° using a 36 MeV 13" ion beam. This coating
was studied in its as-deposited state as well as after the
10-min-vacuum-annealing at 1200, 1400, and 1600 °C
(next but one paragraph) by TOF-ERDA.

Coatings on sapphire substrates as well as coating ma-
terials removed from their low alloy steel foil substrates
(by chemically dissolving the foil with a diluted HNO3)
are characterized by X-ray diffraction (XRD) using a

PANalytical XPert Pro MPD (6-0 diffractometer)
equipped with a Cu-Kq (A = 1.54 A) radiation source.
Mechanical properties, indentation moduli E and hard-
ness H, of our coatings on sapphire substrates (in their
as-deposited state and after vacuum-annealing, next
paragraph) were obtained by evaluating nanoindenta-
tion load-displacement curves according to Oliver and
Pharr [23]. We recorded 45 load-displacement curves
(obtained with a UMIS II nanoindentation system) for
each measurement point, starting at a load of 32 mN
and decreasing the load in 0.5 mN steps down to 10
mN.

Coatings on sapphire substrates as well as powdered
free-standing coating material (prepared with -60 V
bias potential) were vacuum-annealed in a Centorr
LF22-2000 vacuum furnace for 10 min holding time at
various annealing temperatures, T. (varied between
900 and 1600 °C in 100 °C steps). The heating rate was
20 K/min and the cooling rate (passively, by turning-
off the heater) down to 200 °C was > 50 K/min. After
these heat treatments the samples were again investi-
gated by XRD, nanoindentation, and EDS. This coating
(Uvias = -60 V and grown on sapphire) was additionally
investigated in its as-deposited state and after vacuum-
annealing at 1400 °C by cross-sectional transmission
electron microscopy (TEM) and selected area electron
diffraction (SAED), for which we used a TECNAI F20
FEG TEM operated at an acceleration voltage of 200
keV.

Coatings prepared with -60 V bias potential are studied
in detail for their chemical homogeneity in their as-de-
posited state and after vacuum-annealing at 1200, 1400,
and 1600 °C with atom probe tomography (APT). We
used a CAMECA local electrode atom probe 4000
XHR to obtain three-dimensional spatially-resolved
chemical composition analysis at the nanometre scale
of these samples, (Hf,Ta,V,W,Zr)B>. Laser-assisted
field evaporation was employed with 50 pJ laser pulse
energy, 200 kHz laser pulse frequency, 60 K base tem-
perature and 1.0% average detection rate. The required
specimen shape was obtained by focused ion beam
(FIB) milling [24], during which the region of interest
was protected with a 350-nm-thin Pt layer against Ga
implantation.

The energy of formation of (Hf,Ta,V,W,Zr)B.,
(Hf,Ta,Zr)B2, and (V,W)B2 in their AlB2 prototype
structure [space group 191 (P6/mmm), shortly a-type
structure] is obtained by density functional theory
(DFT) calculations employing the Vienna Ab Initio
Simulation Package (VASP) [25]. Structure optimiza-
tion is obtained by applying the projector augmented
wave method within the GGA suggested by Perdew,
Burke, Ernzerhof [26], of solid solutions treated with
the special quasirandom structure approach (applying
the ATAT simulation package [27]). Energy cutoff and
k-point mesh were chosen carefully, to ensure energy
convergence of a few meV/at, for all calculations of the
3x3x3 supercells (containing 81 atoms).

94


https://www.tuwien.at/bibliothek

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

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

thele

(]
lio
nowledge

b

i
r

A. Kirnbauer, V. Moraes, D. Primetzhofer, M. Hans, J.M. Schneider, P. Polcik, P.H. Mayrhofer, Thermal stability
and mechanical properties of sputtered (Hf,Ta,V,W,Zr)-diborides, (2020) manuscript in final preparation

3 Results and discussions

The EDS obtained chemical compositions of our
(Hf, Ta,V,W,Zr) diboride coatings suggest an almost
MeB: stoichiometry with boron contents between 65
and 66 at.%, independent of the bias potential used, Fig.
1. The additional ERDA of the sample prepared with
Ubias = -60 V reveals 63+1.7 at.% B, in excellent agree-
ment with EDS. The contents of the metallic elements
are ~12 at.% W, ~9 at.% Hf, ~6 at.% Ta, ~ 5 at.% V,
and ~4 at.% Zr. Due to the similar energies of W and
Zr they are hard to separate by EDS, but ERDA indi-
cates a Zr content of 6.6 at.% and a V content of 7.8
at.%. However, by ERDA the elements Hf, Ta, and W
(neighbours in the periodic table) are difficult to sepa-
rate.

—
Q
~

(b)

The individual samples show chemical compositions
within the error of measurement; therefore, we con-
clude that their chemistry is independent on the bias po-
tential used during this investigation. Based on EDS,
and normalizing to stoichiometric MeBa, our coatings
correspond to (Hfo25Ta0.17V0.14Wo.33Zr0.1)B2. Thus, the
configurational entropy AScont of the metal-sublattice is
1.53-R, and our diborides can be classified as high-en-
tropy metal-sublattice diborides (HEB) according to
the above-mentioned definition (AScont > 1.5-R). Using
the Zr and V contents from ERDA, the configurational
entropy of the metal-sublattice is even higher.
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Fig. 1: (a) EDS obtained chemical compositions of our (Hf,Ta,V,W,Zr)B: coatings on sapphire substrates, pre-
pared with Upias = -40, -60, -80, and -100 V. For comparison also the ERDA obtained B content is added for the
sample prepared with Upias = -60 V. (b) ERDA obtained depth profile for this sample.

All coatings show a very dense and fine-fibrous growth
morphology (independent on the bias potential used,
Fig. 2) with a nearly featureless appearance for the ini-

Fig. 2: SEM fracture cross-sections of (Hf, Ta,V,W,Zr)B: coatings deposited with Upias = (a) -40 V, (b) -60 V, (c)

-80V, and (d) -100 V on sapphire substrates.
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tial growth region at the sapphire substrate. With in-
creasing bias potential from -40 to -100 V the growth
rate only slightly decreases from ~110 to ~80 nm/min.
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XRD investigations of our coatings clearly show a sin-
gle-phased solid-solution diboride with a-structure, see
Fig. 3, which exemplarily shows the XRD patterns of
coatings grown on sapphire. For Ubias = -40 V these in-
dicate a preferred 112-orientation growth that changes
towards a 111-oriented growth with increasing Ubias to
-100 V, Fig. 3. The XRD peak positions of our high-
entropy metal-sublattice diborides (HEB) suggest lat-
tice parameters of a=3.09 A and ¢ = 3.28 A. These are
in very good agreement with the linearly interpolation
lattice parameters between HfB>, TaB2, VB2, WB., and
ZrB> (from ICCDD reference data) — using their above-
mentioned mole fractions — which are a=3.08 A and ¢
=324 A.

log. intensity (arb. units)
_ [ g |
<
St

20 30 40 50 60 70 80 90
26 (°)

Fig. 3: XRD patterns of (Hf,Ta,V,W,Zr)B: coatings de-
posited on sapphire substrates with Upias = -40, -60, -
80, and -100 V. The a-structure is indicated by an a-
TaB> (ICDD 00-038-1462), substrate peak positions
are indicated by grey stars. The peak positions suggest
lattice parameters of a = 3.09 A and ¢ = 3.28 A.
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Indentation moduli E and hardness H of our diborides
are ~580 GPa and ~45.4 GPa, respectively, independ-
ent on the substrate bias potential applied, Fig. 4. The
individual values are within the error of measurement
of about +20 GPa for E and +1.5 GPa for H. This is
because the growth morphology is nearly independent
on the bias potential used, and already for a relatively
low Ubias of -40 V a rather dense fine-fibrous growth
morphology is obtained, Fig. 2.

42 Jeeeeyeee————r—p
-40 -60 -80 -100
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Fig. 4: Indentation modulus E and hardness H of our
single-phased solid-solution (Hf,Ta,V,W,Zr)B: coat-
ings on sapphire substrates deposited with Upias = -40,
-60, -80, and -100 V.

Detailed cross-sectional TEM studies of our coating
prepared with Ubias = -60 V clearly confirm the dense
fine-fibrous growth morphology, Fig. 5. At the inter-
face to the substrate, their grain size is small, typical for
random nucleation, followed by a competitive growth
region. But even near to the coating surface, the column
diameters are still only about 80 — 100 nm, Fig. 5a.

Fig. 5: Cross-sectional TEM investigations of our (Hf,Ta,V,W,Zr)B: deposited with Upias = -60 V. (a) Bright field
TEM image; (b) SAED pattern of area 1 indicated by dashed circle in (a); (c) SAED pattern of area 2 indicated
by dashed circle in (a); (d) dark field TEM image; (e) high-resolution TEM image where schematically lower

density regions are indicated with white lines.

4
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The corresponding SAED investigations show distinct
diffraction spots, Fig. 5b, highlighting the oriented col-
umns with a large aspect ratio. The aperture size is in-
dicated with a dashed circle in Fig. 5a, which is easily
exceeded by a column length. Contrary, close to the
substrate interface the aperture size covers several col-
umn lengths and thus the corresponding SAED pattern
is more ring-like rather than having distinct diffraction
spots, Fig. 5c. The large aspect ratio of the columns
close to the coating’s surface is easily seen in the higher
resolution dark field TEM image, Fig. 5d, suggesting
for ~1 um long and 50 nm wide columns.

High-resolution TEM investigations reveal that the rel-
atively dense columns are separated by tissue-like
phases elongated in growth direction (indicated by
white lines in Fig. 5e). A similar (in growth direction
elongated) microstructural feature was found for over-
stoichiometric TiB2, where detailed high-resolution
TEM combined with electron energy loss spectroscopy
(EELS) line scans indicated these elongated regions as

—
L))
N

(b)

B-rich tissue phases. This B-rich tissue phase encapsu-
lates ~5-nm-wide TiB2 nanocolumns leading to their
highly oriented growth and a hardness above 40 GPa
[28]. Therefore, we envision that the darker-contrast re-
gions (aligned in growth direction) could stem from
segregated boron also in the HEB films investigated
here. However, this requires further detailed high-reso-
lution TEM studies being actually a separate standalone
research (out of the focus here).

After vacuum-annealing at T. = 1200, 1400, and 1600
°C, our coatings still show the same overall chemical
composition as in their as-deposited state, see the
ERDA results summarized in Fig. 6a. Even the boron
content stays at ~62 at.%, contrary to previous studies
on high-entropy diborides or Ti-B-N where a signifi-
cant B-loss upon vacuum-annealing was on the account
of volatile H3BO; formation [29,30]. Also, the ERDA
depth profile of the coating annealed at 1200 °C sug-
gests only for a small oxygen enriched region near the
surface (from residuals of the vacuum-annealing at-
mosphere).

i
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Fig. 6: (a) ERDA obtained chemical composition of our (Hf,TA,V;W,Zr)B: coating deposited with Upias = -60 V'
on sapphire substrates after vacuum-annealing at To = 1200, 1400, and 1600 °C. (b) ERDA obtained depth profile

of the sample annealed at 1200 °C.

Nanoindentation measurements of these coatings (Ubias
= -60 V, sapphire substrate) after vacuum-annealing
also suggest excellent thermal stability, at least up to
1400 °C. Their indentation modulus slightly increases
from 580 to 610 GPa upon annealing at Ta up to 1400
°C, respectively, Fig. 7. If no phase transformation
takes place, this indicates that the vacancy content de-
creases and/or the cohesive strength of grain or column
boundary regions increases [30]. Both would be caused
by the annealing treatment as thin films prepared by
magnetron sputtering (at low homologues tempera-
tures, as in our case) typically exhibit an extensive va-
cancy content and underdense boundary regions [31].
Further increasing Ta to 1500 and 1600 °C leads to a
noticeable reduction in E to ~570 GPa.

97

The hardness of our (Hf,Ta,V,W,Zr)B: coating initially
increases from 45.4+1.5 to 47.0+1.6 GPa upon vac-
uum-annealing at Ta = 900 °C. Upon increasing Ta fur-
ther to 1400 °C the hardness slightly, but continuously
decreases to 44.3+2.1 GPa. Similar to the behaviour of
the indentation modulus, also the hardness shows a
more distinct reduction upon further increasing Ta to
1500 and 1600 °C. After which the hardness was
“only” about 39.5 GPa, see Fig. 7.

These results indicate that a relatively small grain size
and a high defect density (point defects due to the high-
entropy metal-sublattice, the corresponding XRD stud-
ies are presented later, and dislocations) is maintained
leading to the preserved superhardness (H > 40 GPa)
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up to Ta= 1400 °C. Thermally-induced recovery effects
may essentially influence the vacancy content (to reach
thermal equilibrium) and underdense boundary regions
upon which the indentation modulus and hardness even
increase up to T. = 1400 °C. The more distinct decrease
in E and H upon annealing at Ta = 1500 and 1600 °C is
due to the decomposition of our high-entropy metal-
sublattice diboride, (Hf,Ta,V,W,Zr)B, towards a
(Hf,Ta,Zr)B: diboride and (V,W)B monoboride (the
corresponding XRD studies are presented later). The
binary ZrB: or ternary (Zr,Ti)B: (prepared with the
same deposition equipment ) show a significantly lower
thermal stability , with a more pronounced impact of
the annealing temperature especially on the hardness
[29].

660 —ff—T——TTT—
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Fig. 7: Indentation modulus E and hardness H of our
(Hf,Ta,V,W,Zr)B> (HEB) deposited with Upias = -60 V
on sapphire substrates after vacuum-annealing at Ta =
900, 1000, 1100, 1200, 1300, 1400, 1500, and 1600 °C
for 10 min. For comparison we added the data of ZrB:
and (Zr,Ti)B: from Ref. 29.

as dep.

The high-entropy metal-sublattice helps stabilizing the
solid-solution (Hf,Ta,V,W,Zr)B2 phase with respect to
the diborides (Hf,Ta,Zr)B2 and (V,W)B2 having actu-
ally a lower energy of formation (Er), Fig. 8 (y-axis
value for 0 K). This is valid for the equimolar situation
as well as the one close to our experimentally obtained
chemical composition. The y-axis values at OK repre-
sent the energy of formation of these phases as obtained
by ab initio. Simply using the configurational entropy
(with AS¢ons = —R X7-; x; In x; and xi being the molar
fraction of the constituting binary diborides) and the
energy of formation Er of the solid solutions for the
mixing enthalpy (AHmix) we obtained the Gibbs free en-
ergy of mixing (AGmix = AHmix — TASconf).

-0-5 L] T T T T
—@— (Hf,Ta,V,W,Zr)B,
8: .. —@—(HfTa,ZnB,+V,W)B,
-0.6- |
=
8
E 0.7 |
X
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Fig. 8: G vs. T curve for a high-entropy metal-sublat-
tice (Hf,Ta,V,W,Zr)B> and the sum of the diborides
(Hf,Ta,Zr)B:2 and (V,W)B:. The latter two actually have
a lower energy of formation than (Hf,Ta,V,W,Zr)B:.
The solid lines are for an equimolar composition and
the dashed lines are for a chemical composition close
to our experimentally obtained values (by ERDA and
EDS). The substrate temperature during deposition
(723 K) is also indicated.

Both scenarios (equimolar as well as that close to our
experimentally obtained chemical composition) show
that the high-entropy metal-sublattice helps stabilizing
the quinary solid-solution diboride (HEB) at elevated
temperatures (above 272 K for the experimental chem-
ical composition and 359 K for the equimolar case).
Consequently, these ab initio-based calculations sug-
gest that as long as the MeB> stoichiometry is main-
tained, the high-entropy metal-sublattice diboride be-
comes the more stable one with increasing temperature
(being one of the four core effects: entropy stabiliza-
tion). Important to mention is that upon annealing and
especially due to surface reactions with ambient atmos-
phere also phases with lower or higher boron content
can form, which are not considered here. But staying
with the material class (here diborides) the high-en-
tropy concept is beneficial in stabilising the solid solu-
tion. These calculations (leading to Fig. 8) clearly show
that already at the deposition temperature the formation
of a solid-solution (Hf,Ta,V,W,Zr)B: with a high-en-
tropy metal-sublattice is clearly preferred over the cor-
responding diborides (not shown, but these even have
a less negative energy of formation than our HEB, thus
lose already by their mixing enthalpy) and the sum of
the lower-enthalpy (Hf,Ta,Zr)B: and (V,W)B.. But
even if that is not the case, through PVD, metastable
and supersaturated phases are easily accessible due to
the restricted kinetics (especially if the homologues
temperature is low, as in our case).

Detailed XRD studies of our powdered free-standing
coating material after the individual vacuum-annealing
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treatments allow drawing a picture of their thermal sta-
bility and decomposition processes, Fig. 9. In the as-
deposited state, the pattern clearly shows a single-phase
solid solution with AIB2-prototy structure having lat-
tice parameters of a = 3.09 A and ¢ = 3.28 A. Exactly
the same as obtained for this coating grown on sapphire
substrates (Fig. 3), but here no preferred growth orien-
tation can be detected as we analysed powdered coating
material. The latter is essential to minimize (actually
completely avoid) detrimental substrate interference
and interactions during annealing at these rather high
temperatures up to 1600 °C. The coatings remain single
phased up to Ta = 1300 °C and also the XRD peak po-
sitions and shapes are relatively unaffected, suggesting
for constant lattice parameters and lattice distortions.

e (HfTazZrB, * (V,W)B o (Hf,Ta,V,W,Zr)B,

* I K K

{1600 °c

1500 °C

1400 °C

1200 °C

1100 °C

log. intensity (arb. units)

1000 °C

900 °C

~| as dep.

20 30 40 50 60 70 80 90 100
20 (°)
Fig. 9 XRD patterns of vacuum-annealed (at different
temperatures, indicated next to the individual patterns)
powdered free-standing coating material. The empty
black hexagons indicate the XRD peak positions for an
AIB:-structure with lattice parameters of a = 3.09 A
and ¢ = 3.28 A. The half-filled red hexagons indicate
the XRD peak positions for an AlBz>-structure with lat-
tice parameters of a = 3.11 A and ¢ = 3.39 A. Based on
APT investigations (presented later) this structure is la-
belled with (Ta,Zr,Hf)B:. The blue stars mark the XRD
peak positions for an orthorhombic structure with lat-
tice parameters of a = 3.16 A, b = 8.41 4, and c = 3.06
A, which is labelled with (V,W)B, also based on the
APT investigations (presented later).

Only when increasing Ta further to 1400 °C the for-
mation of additional small XRD peaks at diffraction an-
gles of ~30 and ~33 deg can be detected. After anneal-
ing at even higher temperatures these small XRD peaks
further increase in intensity and additional ones can be
detected (see the pattern for Ta = 1600 °C), from which
it was possible to identify the crystal structure. The ad-
ditional XRD peaks (indicated by blue stars in Fig. 9)
suggest the formation of an orthorhombic structure

with lattice parameters of a=3.16 A, b=841A,andc
=3.06 A. Detailed APT investigations (presented later)
indicate a separation of our high-entropy metal-sublat-
tice (Hf,Ta,V,W,Zr)B> towards (Ta,Zr,Hf)B> and
(V,W)B upon annealing at T. > 1400 °C. Therefore, we
used the WB reference pattern (ICDD 00-006-0541)
and slightly modified the lattice parameter [considering
the formation of a solid-solution (V,W)B], which per-
fectly matches the addition XRD peaks. Simultane-
ously with the formation of this new phase, the XRD
peak positions of the solid-solution AlB:-structure shift
to lower diffraction angles. Based on detailed APT in-
vestigations (presented later) we named the remaining
matrix (Ta,Zr,Hf)B2. The XRD peak positions of this
solid solution suggests for lattice parameters ofa=3.11
A and ¢ =3.39 A (indicated by half-filled red hexagons
in Fig. 9). The interpolated lattice parameters, accord-
ing to ICCDD reference data of TaB:, ZrB», and HfB»
(using mole fractions relevant for our chemical compo-
sition) are with a=3.13 A and ¢ = 3.41 A in excellent
agreement.

Even after annealing at 1400 °C — where already first
indications for a phase separation of our solid-solution
(Hf, Ta,V,W,Zr)B> could be detected by XRD — the
coating (for this study we used a coated sapphire sub-
strate) still shows a dense fine-fibrous growth morphol-
ogy. This is very similar to the as-deposited state (com-
pare Fig. 10a and Fig. 5a). However, the TEM investi-
gations suggest that the microstructural feature (being
elongated in growth direction and presumably caused
by boron segregation, already present in the as-deposi-
tion state) is more distinct after annealing at 1400 °C,
see Fig. 10b and especially the higher magnification in-
set. Although with Ta = 1400 °C, detailed XRD studies
indicated already the onset of the formation of an addi-
tional phase (Fig. 9) no such formation could be identi-
fied during TEM and SEAD investigations. Also the
columnar structure is not influenced suggesting that
their volume fraction is very small, too small to be de-
tected by SAED (not shown).

bn ) : ‘”sul;stra‘te' b
Fig. 10: Cross-sectional TEM investigations of
(Hf, Ta,V,W,Zr)B:2 on sapphire substrates after vacuum-
annealing at 1400 °C. (a) Dark field TEM image and
(b) bright field TEM image with a higher resolution in-
set illustrating the more distinct (as compared to the
as-deposited state) nanocolumnar structure elongated
in growth direction.
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Detailed APT investigations of powdered free-standing
coating material show a random distribution of the ele-
ments in the as-deposited state, represented by the re-
constructed W atomic positions in Fig. 11a. Also, after
annealing at 1200 °C the distribution of elements is still
random, whereas with Ta = 1400 °C the formation of
W-enriched clusters can be detected by APT. The con-
centration profile of the elements after annealing at
1400 °C, Fig. 11b, shows that especially Hf follows the
profile of Zr, and V follows the profile of W. Tantalum
is somehow ambivalent as it follows the Zr as well as
W profiles. Further characteristic is that with increasing
W content also the B content decreases, leading to the

(a)

formation of an almost monoboride with MeB stoichi-
ometry. Annealing at an even higher temperature (T. =
1600 °C) causes the growth of these W-enriched re-
gions indicating proceeding decomposition of our
(Hf, Ta,V,W,Zr)B: solid solution. Basically, those re-
gions with the highest W content show no Hf or Zr but
an enrichment in V, Fig. 11c. Tantalum is as well pre-
sent in these regions, however, with an opposing profile
to V. Whereas the Ta content is higher in the remaining
matrix than in the newly formed W-enriched regions
(in which Zr and Hf are essentially not soluted), the V
content is higher in these newly formed regions than in
the remaining matrix.

b o

as dep.
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Fig. 11: Local element distribution of (Hf,Ta,V,W,Zr)B: at the nanometer scale. a) Reconstruction of W atomic
positions for the as deposited thin film as well as after annealing at To = 1200, 1400 and 1600°C. W-rich regions
are indicated by isoconcentration surfaces with > 35 at.%. b) Proximity histogram of W-rich regions after anneal-
ing at T, = 1400°C. ¢) Proximity histogram of W-rich regions after annealing at To = 1600°C.

Based on these investigations we identified the remain-
ing matrix primarily as (Ta,Zr,Hf)B2 (with soluted V
and W) and the newly formed regions as (V,W)B (with
soluted Ta). Again we want to highlight that the W-en-
riched regions exhibit a lower B content, with close to
MeB stoichiometry, whereas the B content of the re-
maining matrix, (Ta,Zr,Hf)B, is essentially close to the
original MeB: stoichiometry. Remarkably now is that
ERDA indicates no B-loss due to annealing at 1400 or
1600 °C, see Fig. 6a. Hence, the overall B content is
still at the original value of ~62 at.%. This would sup-
port the formation of B-rich tissue phases, as indicated

by the TEM investigation of the 1400 °C annealed sam-
ple. As these are elongated in growth direction they
could be missed by the concentration profile analyses
of the APT data (which are taking in the same direction
like these regions are elongated).

4  Summary and conclusions

Single-phase AlBa-structured diborides with a high-en-
tropy metal-sublattice, (Hf,Ta,V,W,Zr)B2, were devel-
oped by nonreactive magnetron sputtering of a powder-
metallurgically prepared diboride target composed of
20 mol% HfB2, TaB2, VB2, W2Bs, and ZrBz. Chemical

100


https://www.tuwien.at/bibliothek

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

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

thele

(]
blio
nowledge

(]
I
rk

A. Kirnbauer, V. Moraes, D. Primetzhofer, M. Hans, J.M. Schneider, P. Polcik, P.H. Mayrhofer, Thermal stability
and mechanical properties of sputtered (Hf,Ta,V,W,Zr)-diborides, (2020) manuscript in final preparation

composition, growth morphology (dense and fine-fi-
brous), crystal structure (AlB:-type), as well as me-
chanical properties (E ~580 GPa and H ~45.4 GPa) are
essentially independent on the bias potential (Ubias = -
40, -60, -80, -100 V) used during their preparation (at a
substrate temperature of 450 °C). The EDS and ERDA
obtained B content is with ~62 at.% close to MeB: stoi-
chiometry. The configurational entropy of the metal-
sublattice yields to 1.53-R for our
(Hfo25Ta0.17V0.14Wo.33Zr0.11)B2, and thus can be classi-
fied clearly as high entropy (> 1.5-R). 4b initio based
calculations indicate that the high-entropy metal-sub-
lattice ensures that the (Hf,Ta,V,W,Zr)B: is energeti-
cally more stable than the sum of (Hf,Ta,Zr)B2 and
(V,W)B2, which together would have actually a lower
energy of formation.

The coatings stay single-phased AlB»-structured — with
essentially the same lattice parameters and lattice dis-
tortions as in the as-deposited state — even when vac-
uum-annealed at temperatures up to 1300 °C. APT in-
dicates that also the distribution of the elements is ran-
dom as in the as-deposited state after vacuum-annealed
at Ta=1200 °C. Only after annealing at higher temper-
atures (Ta > 1400 °C) the formation of a separate phase
can be detected by XRD, which was proven by APT to
be a (V,W)B monoboride with soluted Ta. The remain-
ing matrix is essentially an AlB2-structured
(Hf,Ta,Zr)B:2 (with soluted V and W). Due to this de-
composition, the indentation modulus and hardness of
our (Hf,Ta,V,W,Zr)B> decreased to ~570 GPa and
~39.5 GPa, respectively, when annealed at 1500 and
1600 °C. The rather small volume fraction of the
newly-formed W-enriched regions with Ta = 1400 °C
has almost not influence on the mechanical properties,
which are still very high with E ~610 GPa and H ~44.3
GPa.

Based on our results we can conclude that our
(Hf,Ta,V,W,Zr)B: coatings are superior to binary or
ternary diborides on account of their thermal stability
and maintained mechanical properties. The high-en-
tropy metal-sublattice guarantees for a maintained se-
vere lattice distortion even when annealed at 1300 °C,
allowing for the exceptional high hardness.
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	 Wave length (m)
	ν………………………………………………. Frequency (1/s)
	ρ………………………………………………. Dislocation density (1/m²)
	σ……………………………………………… Tensile stress (Pa)
	τ………………………………………………. Shear stress (Pa)
	τ0……………………………………………… Peierls stress (Pa)
	D……………………………………………… Diffusion coefficient (m²/s)
	D0……………………………………………. Diffusion constant (m²/s)
	E……………………………………………… Young´s modulus (Pa)
	G……………………………………………… Gibbs free energy (J) or (J/mol) *
	Gmix………………………………………….. Gibbs free energy of mixing (J/mol) *
	G……………………………………………… Shear modulus (Pa)
	GN……………………………………………. Nucleation energy (J)
	GS……………………………………………. Energy needed for formation of new surface (J)
	Gv……………………………………………. Energy gain by formation of new volume (J/m³)
	H……………………………………………… Enthalpy (J) or (J/mol) *
	Hmix………………………………………….. Mixing enthalpy (J/mol) *
	N……………………………………………… Number of atomic lattice sites (-)
	Nv…………………………………………….. Number of equilibrium vacancies (-)
	QD……………………………………………. Activation energy for diffusion (J/mol)
	Qv……………………………………………. Formation energy of one vacancy (J/mol)
	R……………………………………………… Universal gas constant (J/mol K)
	S……………………………………………… Entropy (J/K) or (J/mol K) *
	Smix………………………………………….. Mixing entropy (J/mol K) *
	Sconfig………………………………………… Configurational entropy (J/K) or (J/mol K) *
	T………………………………………………. Absolute temperature (K)
	U……………………………………………… Internal energy (J/mol) *
	V……………………………………………… Volume (m³/mol) *
	* For simplicity reasons every symbol is written in capital letters and no difference between extensive and intensive physical quantities is made
	1 Introduction
	The demand on materials, which can extend the lifetime of tools and components, is everlasting. The aim to improve the performance of tools is always present since humankind first developed tools. Beginning in the stone age humans started to improve t...
	Within the last two decades a completely new concept of alloying was developed. Whereas conventional alloys like the aforementioned bronze, steel, Al-, Ti-, or Ni-base alloys consist, of one predominant element and several others in a minor compositio...
	To further improve the performance of bulk materials, the surface can be modified by applying hard protective coatings. The application of protective coatings is nowadays a well-established approach to improve the properties and increase the lifetime ...
	Another group of materials used as protective coatings and in high-temperature applications are transition metal borides (TMB), which count to the class of ultra-high temperature ceramics [38–40]. Many TMBs exhibit superhardness (H > 40 GPa) which mak...
	The last group of ceramic coatings applied as protection for bulk materials are (transition metal) oxides. These materials are very useful to protect bulk materials against oxidation, as they are the most effective diffusion barriers for oxygen if the...
	The scope of this thesis is to combine the two above-mentioned material concepts, namely high-entropy alloys and PVD coatings. The aim is to enhance the performance of hard coatings by applying the high-entropy concept and the accompanied core effects...

	2 Theoretical Background
	To get a better understanding of the presented results and the relationship between different material properties and their dependency on bonding states, defects, temperature, and exposure to oxygen, the most important factors and properties will be d...

	2.1 Thermodynamic Basics
	The stability of certain phases of materials can basically be explained by the Gibbs free-energy:
	In Eq. 1, G is the Gibbs free-energy, H the free enthalpy, T the absolute temperature and S the entropy.
	The enthalpy H can be described as the sum of the internal energy U—being the energy required to create the system—and the system’s pressure multiplied by its volume [49], compare Eq. 2.
	Basically, a system can be considered to be stable if the Gibbs free energy has a minimum. In this regard it has to be differentiated between a stable system and a metastable system. A metastable state is characterised by a local minimum of G which oc...
	Fig. 1: Illustration of Gibbs free energy depending on the arrangement of atoms showing a metastable (position B) and a stable (position A) system, taken with the permission of [50].
	Especially by PVD phases in a metastable state can easily be synthesised because of the high prevailing cooling rates. However, during annealing or input of heat by the application of, e.g. cutting tools, the desired metastable phase will transform in...
	The transformation from one phase to another always leads to a decrease in Gibbs free energy:
	Considering the mixture of two species A and B the of a certain phase can be estimated by the Gibbs free energy of mixing:
	Combining Eq. 1 and Eq. 4 , leads to:
	The entropy basically describes the disorder of a system. The higher the degree of disorder, the higher is the entropy of a certain phase. By mixing several elements the disorder of the system increases meaning the mixing entropy ΔSmix is always posit...
	Considering that the mixing entropy is nearly equal the configurational entropy the entropy difference of two systems (phases) can easily be calculated by the Boltzmann equation:
	In Eq. 7, k is the Boltzmann constant and w are the possibilities in which the atoms can be arranged within a certain system. Thus, considering the chemical composition, the configurational entropy of a system of n elements with a mole fraction of xi ...
	Considering Eq. 8, where R is the universal gas constant and xi the molar fraction of the elements, it is clear that for a mixture of n elements the configurational entropy reaches its maximum for an equimolar composition.
	Coming back to the stability of certain phase also the difference of the respective enthalpies, ΔHmix, which can be positive or negative, has to be considered. It is defined as the energy released or absorbed when mixing element A and B. Thus, negativ...
	Considering these equations, it is possible to distinguish between four different cases of the behaviour of ΔGmix depending on ΔHmix (positive or negative) and ΔSmix together with the prevailing temperature, see Fig. 2.
	Fig. 2: Schematic illustration of the evolution of Gibbs free energy ΔGmix for negative (a and b) and positive enthalpy of mixing ΔHmix (c and d) and different -TΔS values (high and low temperatures), adapted from [50].
	As the term -TΔSmix is always negative and therefore contributes to a stabilisation of the system it is obvious that for negative values of ΔHmix, Fig. 2a and b, the system is always stable independent of the temperature. In contrast if the values of ...

	2.2 Material Properties
	Different materials exhibit different properties such as hardness, toughness, electrical conductivity, thermal conductivity, and many more. All of them are strongly depending on the atomic structure and the bonding type of the elements or compounds. T...

	2.2.1 Chemical Bonding
	Each material class exhibits a characteristic bonding type, which is significantly responsible for the respective properties of each material class. Therefore, the classification of materials according to their chemical bonding is a convenient and com...
	In solid materials there are three main bonding types Covalent Bonding, Ionic Bonding, and Metallic Bonding. According to these bonding types materials and their respective properties can be divided into three material classes, see Fig. 3.
	Fig. 3: Classification of hard ceramic materials according to their bonding character, taken with permission from [50].
	Fig. 4: Illustration of the three main bonding types: metallic bonding, ionic bonding, and covalent bonding, taken with permission from [50], originally from [51].

	2.2.2 Defects
	As already mentioned above, the imperfections or defects of materials are mainly responsible for their specific properties. There are several types of defects which all lead to an enhancement or degradation of the respective material property. The fir...
	Point Defects

	Point defects or 0-dimensional defects are vacancies, interstitial, or substitutional atoms. Vacancies are simply lattice sites (usually occupied by atoms) where an atom is missing, see Fig. 5a. All solid materials consist vacancies as it is thermodyn...
	In Eq. 10, NV is the number or equilibrium vacancies, N is the total number of atomic sites, QV is the activation energy needed to form a vacancy, k is the Boltzmann constant, and T the absolute temperature in K. As can be seen by Eq. 10, the number o...
	Substitutional atoms can either be smaller than the matrix atoms, see Fig. 5b, leading to tensile stresses in the vicinity of the foreign atom. Contrary, substitutional atoms which are larger than the matrix atoms, see Fig. 5c, cause compressive stres...
	Interstitial atoms of course can also be smaller, Fig. 5d, or larger, Fig. 5e, than the matrix atoms. But in contrast to substitutional atoms, both of them lead to compressive stresses. As the name already suggests these atoms sit in the interstitial ...
	Fig. 5: Illustration of point defects (a) vacancy, (b) smaller substitutional atom, (c) larger substitutional atom, (d) smaller interstitial atom, and (e) larger interstitial atom, redrawn with permission from [52].
	Pure metals consisting of only one element practically do not exist, as it is technically not possible to produce metals without any impurities. In the field of materials science such impurities are used on purpose to produce alloys. These can consist...
	Line Defects

	Line defects or 1-dimensional defects are dislocations. There are basically two different types of dislocations, edge dislocations and screw dislocations, see Fig. 6.
	Fig. 6: Illustration of line defects: (a and c) edge dislocation and (b and d) screw dislocation, redrawn with permission from [52].
	Edge dislocations are characterised by and additional half-plane introduced into the lattice, see Fig. 6a. This leads to either compressive stresses (blue area in Fig. 6a) or tensile stresses (green area in Fig. 6a) in the vicinity of the dislocation....
	Screw dislocations have their name from the spiral path that is traced around the dislocation line (line A – B in Fig. 6b) by the atomic planes of atoms. They can be imagined as produced by a shear stress leading to a region of the crystal shifted by ...
	The magnitude and direction of the lattice distortion associated with a dislocation is expressed by the so-called Burgers vector, marked as b in Fig. 7. The nature of a dislocation (i.e. edge or screw) is also defined by the relative orientations of t...
	Fig. 7: Schematic illustration of (a) an edge dislocation and (b) a screw dislocation with relative orientations of dislocation line and Burgers vector, redrawn with permission from [52].
	Area Defects

	Area defects or 2-dimensional defects are boundaries or stacking faults. These can be grain boundaries or phase boundaries, see Fig. 8.
	Grain boundaries occur in polycrystalline materials and separate small grains or crystals having the same chemistry but different crystallographic orientation. These boundaries can be, depending on the lattice mismatch, low-angle grain boundaries or h...
	Such stacking faults can lead to a special form of grain boundaries, so-called twin boundaries. Twin boundaries occur if a stacking fault is introduced and the stacking sequence is mirrored.
	In contrast to grain boundaries, phase boundaries are areas separating grains not only differing in orientation but also in crystal structure or even in chemistry. Such boundaries are observed in multi-phased materials or after the decomposition of a ...
	Fig. 8: Illustration of 2-dimensional lattice defects including: grain boundaries, phase boundaries, and stacking faults, taken with permission from [52].
	Volume Defects

	In solid materials, there may be additional defects to those discussed above, which might have a huge influence on the material properties such as hardness and thermal stability. These 3-dimenisonal defects include pores, cracks, inclusions, and addit...
	One example for volume defects in coatings or thin films are so-called droplets, which are macroparticles introduced during a deposition process (arc evaporation).

	2.3 Strengthening Mechanisms
	Materials which are subject to mechanical load, resulting in compressive, tensile, shear, or torsion stresses, can deform. The deformation can either be elastic (reversible), or plastic (permanent). Strength and hardness are the resistance against any...
	Hooke’s Law (Eq. 11) describes the correlation between the elastic deformation ε, the occurring stress σ and the Young’s modulus E. The Young’s modulus is a material constant which equals the theoretical stress needed to elastically stretch a material...
	In contrast to elastic deformation, plastic deformation either occurs by the mechanical twinning or by the movement of dislocations. Mechanical twinning usually occurs at low temperatures and at high deformation rates and only allows for small deforma...
	To enhance the hardness and strength of materials, the dislocation movement has to be slowed down. There are several mechanisms which lead to a reduction in dislocation movement and therefore enhancing the hardness and strength of materials. These str...

	2.3.1 Strain Hardening
	The strain hardening effect is based on the generation of dislocations. As dislocations are moving through the material under the influence of a driving shear stress, they are crossing each other at some point. Due to local stress fields around the di...
	The increase of strength by the increase of the dislocation density can be described by the Taylor relation [53]:
	Within this relation, τ is the stress needed to move dislocations, τ0 is the Peierls stress, G the shear modulus, b the Burgers vector, and ρ the dislocation density. The Taylor relation makes clear that with increasing dislocation density the require...

	2.3.2 Solid Solution Strengthening
	Solid solution strengthening occurs due to the solution of atoms in a certain element matrix. The incorporation of such atoms can either lead to a substitutional solid solution by exchanging a matrix atom by a foreign atom or an interstitial solid sol...
	Fig. 9: Illustration of solid solutions (a) interstitial solid solution, (b) substitutional solid solution, and (c) ordered solid solution, reproduced with permission from [52].
	The dissolved atoms lead to local stress fields in their vicinity which interact with the stress fields of dislocations and therefore the dislocation movement is hindered. The degree of strengthening can thereby be described by the Fleischer relation ...
	In Eq. 13, τ again is the required stress to move dislocations, G is the shear modulus, and c is the concentration of the alloying element. As the shear modulus is also depending on the amount of the alloying element, Eq. 13 is just a simplified versi...

	2.3.3 Precipitation Hardening
	A supersaturated solid solution can form fine, homogeneously distributed particles (precipitates) of a second phase within the matrix which leads to a certain strength and hardness increase in alloys. This is achieved by suitable heat treatment causin...
	Alloys can be strengthened by precipitation hardening if they consist of elements which can form intermetallic phases. Therefore, not every alloy exhibits the possibility of precipitation hardening. The mechanism of age hardening requires three steps....
	In precipitation hardened alloys two phenomena are observable depending on size an amount of precipitations. The first is that dislocations can “by-pass” the precipitations and the second one would be “cutting” of the particles. By-passing takes place...

	2.3.4 Grain Refinement Strengthening
	Grain refinement strengthening is based on the increase of the amount of grain boundaries which hinder the dislocation movement. The smaller the grains are, the more grain boundaries are within a material and therefore the dislocation movement is slo...
	Fig. 10: Schematic illustration of grain refinement hardening by the Hall-Petch effect, redrawn after [55].
	The increase in shear stress needed to move dislocations depending on the grain size is described by the Hall-Petch relation [55,56]:
	In Eq. 14, τ is the shear stress required for dislocation movement, τ0 again the Peierls stress, and d the grain size. With decreasing grain size, the volume fraction of the grain boundaries increases. This enables grains to glide on each other more e...

	2.4 Diffusion
	Diffusion can be described as the movement of atoms within a crystal lattice. There are several different mechanisms how diffusion can occur, see Fig. 11. Substitutional mechanism describes the movement from one lattice site to a neighbouring unoccupi...
	Fig. 11: Illustration of different diffusion mechanisms (a) substitutional mechanism and ring mechanism and (b) interstitial mechanism, reconstructed with permission from [52].
	Direct exchange of atoms and ring mechanisms require an extremely high activation energy as several atoms have to move collectively and therefore heavily distort the lattice. Furthermore, interstitial mechanisms can take place, which means that an int...
	Diffusion can occur through a crystal lattice but also on surfaces. Thereby the diffusion rate is much higher than the diffusion rate within the bulk material (1 – 2 orders of magnitude). Additionally, the diffusion over defects, such as grain boundar...
	The diffusion coefficient D for specific diffusion conditions can be calculated by:
	In Eq. 16, D0 is the diffusion constant, which is frequency factor describing the total number of atom jumping attempts. Furthermore, QD is the diffusion activation energy, which is depending on the diffusion mechanism and several other factors, R is ...
	Basically, the driving force for diffusion is the difference of the chemical potential, for stationary diffusion (steady state), the driving force can be described more precisely as the concentration gradient leading to Fick’s first law of diffusion:
	Eq. 17 describes the diffusion flux J depending on the diffusion coefficient and the concentration gradient. Fick’s first law shows that diffusion will always occur from regions of high concentration of one species to regions of low concentration.
	Most of the practical diffusion processes are non-steady state, meaning the diffusion flux and the concentration gradient are time-dependent. This time dependence stems from the change of the concentration gradient—enrichment or depletion of diffusing...

	2.5 Softening Mechanisms
	In contrast to strengthening mechanisms there are also mechanisms which decrease the hardness and strength of materials. There are two main mechanisms known as recovery and recrystallisation which are diffusion driven processes and therefore active at...

	2.5.1 Recovery
	Recovery is a softening mechanism occurring in any crystal which contains a non-equilibrium, high concentration of defects. By recovery a part of the stored internal deformation energy is relieved by rearranging of forming-induced defects (e.g., vacan...

	2.5.2 Recrystallisation
	The recovered lattice still contains relatively high amount of grain boundaries and small grains keeping part of the strengthening mechanisms still active. In contrast to recovery—which has no incubation time, meaning as soon as the activation energy ...

	2.6 Thermal Stability
	When materials are subject to high temperatures their structure or phase can change. If materials, consisting of a solid solution, are heated in an inert atmosphere it is likely that, if they are in a metastable state, decompose into their thermodynam...

	2.6.1 Decomposition
	As described in 2.1 a system consisting of multiple elements can either be stable, metastable, or unstable. For the latter ones, decomposition can occur if the energy barrier, which has to be overcome to get to the stable state, is reached. There are ...
	A schematic illustration of a phase diagram exhibiting a miscibility gap of element A and B and the corresponding G – x curve with the local minima (stable concentrations) at a certain temperature is shown in Fig. 12.
	The miscibility gap in the phase diagram is on the one hand defined by the spinodal (grey area in the phase diagram in Fig. 12) which is the sum of all inflexion points of the G – x curve. Within the spinodal a system is instable, therefore already sm...
	Fig. 12: Schematic binary phase diagram A–B with a distinct miscibility gap and the corresponding trend of the Gibbs free energy at a certain temperature T, adapted from [50], originally from [64,65].
	The initial chemical distribution for both decomposition mechanisms is shown as a horizontal line in the top images in Fig. 13, indicated as x0´ and x0 for nucleation and growth, and spinodal decomposition, respectively. During the decomposition proce...
	Fig. 13: Evolution of chemical composition during decomposition by nucleation and growth (left) and spinodal decomposition (right) taken with permission from [50].

	2.6.2 Oxidation
	If materials are exposure to oxygen containing atmosphere they will inevitably be oxidising. Generally, oxidation is chemical reaction, where metals (oxidising species) donate electrons and oxygen (oxidising agent) accepts them. The oxidation usually ...
	Fig. 14: Schematic illustration of diffusion-controlled oxide scale growth. Mn+ indicating metal cations, Vn- cation vacancies, e- electrons, h+ electron holes, and O2- oxygen anions [66], originally from [67].
	To classify the scale growth during oxidation, a convenient way is to measure the mass change. According to the, usually gain of mass, there are several different scale growth mechanisms and corresponding rate laws which are illustrated in Fig. 15.
	Linear growth takes place whenever the oxide is not able to hinder the access of oxygen to the metal surface. Typically, linear growth occurs at high temperatures, e.g. iron at temperatures >1000  C shows this behaviour [68–71]. Metals which form vola...
	Parabolic growth occurs if the oxide layer covers the metal surface completely and acts as a diffusion barrier for metal and oxygen ions. The ion transport through the oxide scale becomes proportionally slower as the oxide layer gets thicker. The para...
	Logarithmic growth would be the slowest growth rate but only occurs at low temperatures and when a thin oxide layer covers the metal surface. After a rapid growth of the scale at the beginning of the oxidation process the rate becomes virtually zero a...
	Fig. 15: Illustration of different rate laws relevant for oxidation of metals and films, taken with permission from [50], originally from [71].

	3 Material Systems
	The materials, investigated within this thesis, are mainly designed to act as protective coatings for tools and components which are subject to mechanical load, high temperatures, and hazardous environments. Different classes of materials such as nitr...

	3.1 High-Entropy Alloys
	The improvement of materials by alloying is an omnipresent topic in the world of materials science. The latest invention regarding alloying are so-called high-entropy alloys which were first explored by Cantor et.al who named his first investigated al...
	Nevertheless, such alloys, however they are called, can exhibit four core effects making them special and their properties significantly improve compared to conventional alloys. These effects, namely the high-entropy effect, the severe lattice distort...
	The high-entropy effect as the name already suggests occurs due to the high configurational entropy present in the above-mentioned alloys. As previously discussed in chapter 2.1, the stability of a system increases with increasing entropy. The dominat...
	Severe lattice distortion occurs due to the mixture of several different elements which strongly differ in their atomic size. The degree of distortion of course corresponds to the respective elements. Nevertheless, the distortion is claimed to be more...
	High-entropy alloys exhibit sluggish diffusion due to the fact that for substitutional diffusion a significantly higher activation energy is required. This is on the one because several different elements are involved in this process meaning the chemi...
	The last core effect is the cocktail effect, which was introduced by Prof. S. Ranganathan [79]. It simply describes a synergistic mixture in which the result is unpredictable and greater than the sum of parts [75].
	Many different high-entropy alloys have been investigated in past 15 years. The most prominent HEA is of course the Cantor – alloy, CoCrMnFeNi, which forms a fcc solid solution [1]. Also HEAs based on refractory metals, exhibiting enhanced properties ...

	3.2 Transition Metal Nitrides
	Among the reams of available and applied materials, transition metal nitrides (TMN) are the most important ones. Binary and ternary and TMNs such as Ti-N, Ti-Al-N are widely applied for cutting tools and inserts. Nowadays, additional alloying elements...
	Fig. 16: Schematic illustration of NaCl-structured TMNs showing the fcc sublattice occupied by the transition metal (blue spheres) and the octahedral interstices occupied by nitrogen (yellow spheres), visualised with VESTA [96,97].

	3.3 Transition Metal Borides
	As transition metal borides (TMB), and here especially refractory borides such as HfB2, TaB2, or ZrB2, exhibit very high melting points, they count to the class of ultra-high temperature ceramics (UHTC). TMBs preferably crystallise in two different cr...
	Fig. 17: Schematic illustration of a) α-AlB2- structure (B, grey spheres and Al, red spheres) b) ω-W2B5- structure (B, grey spheres an W, green spheres) adapted from [43].

	3.4 Transition Metal Oxides
	In contrast to TMNs and TMBs, transition metal oxides (TMO) crystallise in many different crystal structures. Two prominent types of oxide structures are the corundum (α-Al2O3) structure and the rutile (TiO2) structure, see Fig. 18. Alumina is very co...
	Fig. 18: Schematic illustration of (a) α-Al2O3 -structure (Al, blue spheres and O, red spheres) and (b) rutile-TiO2-structure (Ti, grey spheres and O, red spheres).

	3.5 High-Entropy Ceramics
	The aforementioned high-entropy concept can also be applied for above described ceramics. This class of materials is defined as materials consisting of 5 binary ceramics e.g. nitrides, borides, oxides, or carbides [102]. Depending on the stoichiometry...

	4 Deposition of Thin Films
	For the deposition of thin films and coatings several techniques were developed in the last decades. Basically, there are two different techniques, namely physical vapour deposition (PVD) and chemical vapour deposition (CVD). These two techniques diff...

	4.1 Physical Vapour Deposition
	In PVD processes the transfer from solid or liquid phases to the vapour phase in only happens by physical means. This can take place by a momentum transfer as it is the case for sputtering or by introducing thermal energy which transfers solids or liq...
	Fig. 19: Schematic voltage-current characteristics for plasma discharge PVD relevant regimes are marked with grey background, taken with permission from [50], originally from [125].
	The initial condition of a PVD process is an evacuated vacuum chamber, in which subsequently a process gas (e.g., argon) is introduced, leading to a pressure of <10-1 mbar. The region between A – E in Fig. 19, is called dark discharge, since no visibl...
	Although there is a really small number of particles present in the initial state, there is a low voltage observable which arises due to ubiquitous radiation, see point A in Fig. 19. When applying a voltage between an anode and a cathode, the current ...
	Point E represents the end of the dark discharge regime. There, the first technically important sector starts at the so-called “breakdown voltage”, characterised by a steep voltage decrease. From this point, the energy of particles and electromagnetic...
	At point H the energy at the cathode surface is sufficiently high for thermally induced electron emission, so-called thermionic emission. This point is the origin of the arc discharge regime. Arc discharges are undesirable in sputter deposition but es...
	As can be observed from the voltage-current characteristic the process parameters for RSD and CAE are significantly differing. Whereas for RSD rather high voltages and a comparable low current is used, the CAE process requires just low voltages but a ...

	4.1.1 Magnetron Sputtering
	Sputter deposition processes are based on a glow discharge which leads to the formation of an ionised inert gas. These gas ions, mainly Ar+, are accelerated towards a negatively charged cathode equipped with the material which should be deposited. Whe...
	Fig. 20: Schematic illustration of a magnetron sputter process, taken with permission from [126].
	As along the magnetic field of the magnetron the sputter rate is significantly increased, a preferred area of atom ejection evolves, the so-called racetrack. Nevertheless, the sputter rate is not just depending on the magnetic field or the degree of i...
	In addition to the working gas (Ar) a reactive gas can be introduced into the chamber to form ceramics e.g. nitrides, oxides, or carbides. In the case of nitrides, nitrogen (N2) is used as a reactive gas. As the reactive gas also reacts with the targe...

	4.1.2 Cathodic Arc Evaporation
	The industrially most relevant PVD technique is cathodic arc evaporation (CAE). Compared to sputtering, CAE exhibits a much higher degree of ionisation of up to 99 %. This higher degree of ionisation results in a much higher deposition rate and leads ...
	Fig. 21: Schematic illustration of an arc evaporation process including essential components, taken with permission from [50].
	The arc evaporation process is characterised by a high current – low voltage discharge which leads to the striking of an arc on the target surface. The target material, acting as the cathode, is thereby evaporated. The active centres of the evaporatio...
	The evaporation of the target material by the moving arc, not only leads to evaporated species but also causes the formation of macroparticles. These so-called “droplets” are generated due to a melting pool in the vicinity of the cathode spot. The liq...

	4.2 Nucleation and Growth
	Every film growth starts with the adsorption of atoms or ions (generated at the target) onto the substrate surface. Nucleation can be seen as a simultaneous process of adsorption, desorption, and adatom diffusion. If the atoms reach an energetically p...
	Fig. 22: Schematic diagram of the trends of the various contributors of the Gibbs free energy depending on the particle radius.
	Particle growth takes place when the free energy ΔG is a negative, meaning if the system gains energy by becoming larger. To reach this point the energy gained by the formation of chemical bonds and increasing the volume (ΔGV) has to be larger than th...
	Within Eq. 19, r is the particle radius, γ the surface energy, and ΔGV the energy gain due to the formation of an energetically favoured phase. According to this equation it is obvious that at a certain size of the nucleus the formation of the new for...
	Particles smaller than r* are unstable and will eventually dissolve under energy gain, whereas particles larger than r* will grow. The formation of nuclei with a size larger than r0 is energetically always preferred.
	Depending on the different surface energies, and deposition parameters, there are three different idealised growth modes which can occur:
	The layer-by-layer growth was first described by Frank and van der Merwe, see Fig. 23. This growth mode preferably occurs if the substrate surface energy is higher than the sum of the film-surface energy and the interface energy between substrate and ...
	The second growth mode, namely island growth, was described by Volmer and Weber, see Fig. 23b. Island growth in contrast to layer-by-layer growth occurs preferably if the adatoms are more strongly bound to each other than to the substrate surface, and...
	The third growth mode is, a combination of the two previous modes and referred to as Stranski -Krastanov or mixed growth mode, see Fig. 23c. The mixed growth can be considered to be the most common growth mode, and present in many PVD processes. It is...
	Fig. 23: Illustration of the three basic growth modes occurring in thin films: (a) Frank-van der Merwe, (b) Volmer-Weber, and (c) Stranski-Krastanov adapted from [125].

	4.3 Structure Zone Diagram
	To correlate the growth morphology of thin films with basic deposition parameters, so-called structure zone diagrams (SZD) have been developed. Thin films, even if they exhibit a similar chemical composition, can have entirely different properties, de...
	Fig. 24: Structure zone diagrams after a) Messier[129] and b) Thornton [130], adapted from [50].
	Whereas in the SZD of Movchan and Demchishin are only three different zones and corresponding growth morphologies, in the SZDs of Messier and Thornton an additional zone, the transition zone (T). In zone 1 the microstructure is porous and/or amorphous...
	The bias voltage as well as the Ar pressure have a strong influence on to the energy of the incoming particles. An increase of the bias voltage results in higher velocities for the impinging particles, hence the transition from zone 1 to T shifts to l...
	More than 25 years later, Anders established a more advanced model by including plasma-based deposition and ion-etching processes [133], see Fig. 25. This model was developed due the rising usage of highly ionising and more energetic processes such as...
	Fig. 25: Advanced structure zone diagram according to Anders [133].

	5 Investigative Methods
	Fundamental knowledge of properties of thin films such as morphology, crystal structure, chemical composition, and mechanical properties is of utmost importance to specifically tune the performance of coatings for individual applications. To gain this...

	5.1 Structural Analyses
	Many properties of coatings are strongly related to their crystal structure as well as their growth morphology. Therefore, X-ray diffraction and electron microscopy were used to determine the crystal structure, grain size, coating thickness as well as...

	5.1.1 X-Ray Diffraction
	To determine the crystal structure and grain size of the coatings X-ray diffraction (XRD) is a powerful tool. XRD is based on the diffraction of X-rays by lattice planes of a crystalline material. As the diffraction of the beam occurs in distinct angl...
	The Bragg-equation (Eq. 21) describes the correlation between the wavelength λ the lattice plane distance d, and the diffraction angle θ [134]. By solving Eq. 21, it is possible to determine lattice plane distances for a certain diffracting lattice pl...
	In this thesis two different diffraction geometries were used to determine crystal structure and lattice parameters, see Fig. 26. The Bragg-Brentano (BB) configuration is usually used to investigate powdered samples or bulk materials. In this arrangem...
	Fig. 26: Schematic illustration of the two most common XRD arrangements used to investigate thin films and powders, Bragg-Brentano (left) and Grazing Incidence (right), taken with permission from [50].
	The information that can be gained from a diffraction pattern reaches from crystal structure and lattice parameters to crystallite size and even stresses can be determined by analysing X-ray diffractograms. Basic information that can be obtained from ...
	Fig. 27: Schematic illustration of a XRD pattern including basic information used to determine crystal structure, lattice parameters, phase composition, and grain size, taken with permission from [50], originally from [136].

	5.1.2 Electron Microscopy
	To investigate the morphology of thin films imaging methods such as microscopy are commonly used. The magnification and resolution are limited by the wavelength of the used radiation according to:
	Within Eq. 22, λ is the wavelength, n the refracting index of the respective ambient medium and the term n*sin(α) is called numerical aperture. According to the Abbe-equation, the resolution d can reach a minimum of around 140 nm based on a wavelength...

	5.1.2.1 Scanning Electron Microscopy
	Scanning electron microscopy uses a focused electron beam which interacts with the specimen surface leading to several useful phenomena. An electron source (electron gun) emits an electron beam, due to a high applied voltage of typically 5-30 keV, whi...
	Fig. 28: Illustration of the basic setup of a scanning electron microscope [138].
	To avoid the collision of electrons with air molecules SEM investigations are carried out under vacuum. The focused electron beam interacts with the sample surface leading to several phenomena which could be used to gain information about the sample, ...
	Fig. 29: Schematic illustration of basic electron-matter interaction processes during SEM investigations, taken with permission from [50], originally from [139].
	Back scattered electrons (BSE) derive from to the reflection of electrons at the sample surface. Contrary, secondary electrons originate from impact ionisation, which means that these are generated from the outer atomic shell (atoms of and close to th...
	Imaging is the main but only one possible application of SEM. It is also often used for chemical analyses, making use of electromagnetic waves being generated through the previously mentioned electron-matter-interaction, see Fig. 29. Additionally, to ...

	5.1.2.2 Transmission Electron Microscopy
	Transmission electron microscopy (TEM) is due to its high resolution and magnification one of the most important investigation techniques in materials science to gain information of materials on the nanoscale. It allows for the analyses of extremely f...
	Transmission electron microscopes consist, similar to a SEM, of an electron source from which electrons are emitted (e.g., a field emission gun) and subsequently accelerated towards the sample surface. As the electron beam reaches the sample surface, ...
	Information about the crystal structure of the specimen can be obtained by electron diffraction. By using an aperture with a defined diameter, it is possible to obtain information from a very small sample area. The technique is referred to as selected...
	Fig. 30: Illustration of two TEM operation modes a) electron diffraction and b) bright field imaging taken with permission from [50], originally from [140].
	Furthermore, similar to SEM, TEM features the possibility to perform chemical analysis. Therefore, the TEM is operated in the scanning mode. An EDS detector collects and processes X-ray signals that are generated due to the electron-matter-interaction...

	5.2 Chemical Analyses
	To investigate the chemistry of the coatings in as deposited state and after annealing treatments several different methods are available. A very common technique to determine the chemical composition of coatings is energy dispersive X-ray spectroscop...

	5.2.1 Energy Dispersive X-Ray Spectroscopy
	Energy dispersive X-ray spectroscopy is based on the emission of characteristic X-rays caused by irradiation by an electron beam. EDS can be conducted in combination with SEM or TEM. The required electron beam interacts with the sample surface atoms k...
	Fig. 31: Schematic illustration of  electron atom interaction (left) and characteristic X-rays depending on the energy loss of the incident beam with energy E0 (right) taken with permission from [50], originally from [139].
	Depending on the energy loss of the incident beam also the emitted X-rays differ in energy according to
	In Eq. 23, E is the energy, h the Planck constant, ν the frequency, c the speed of light, and λ the wavelength of the characteristic radiation. By detecting the characteristic X-rays and with the knowledge of the energy (acceleration voltage) of the i...
	Although theoretically elements with an atomic number of Z ≥ 5 (boron) can be detected by windowless detectors, practically EDS is used to detect elements with Z ≥ 10 (sodium) and a quantity of at least 0.1 wt.%. Therefore, metal contents as well as t...

	5.2.2 Atom Probe Tomography
	Atom probe tomography (APT) is an analysis method used to generate 3D elemental maps of a sample. The resolution of this method is on the nanometre scale, making it the perfect tool for the visualisation nano-structures as well as precipitations in ve...
	Fig. 32: Illustration of the basic components and the operating principle of atom probe tomography, adapted from [141].
	However, the sample preparation has to be carried out using focussed ion beam (FIB) milling, which is rather time demanding. For thin films, this is a state-of-art technique to guarantee for proper specimen shapes. Limitations for APT arise from mass-...

	5.3 Mechanical Investigations
	For most applications hard coatings are used for, the hardness, the Young’s modulus as well as the fracture toughness are very important properties. To gain information about these nanoindentation and micro-cantilever tests are the methods of choice f...

	5.3.1 Nanoindentation
	The knowledge of hardness and elastic modulus of coatings for protective application is essential. As the thickness of the applied coatings is less than 5 µm conventional hardness measurement methods like Vickers or Brinell are not applicable. Therefo...
	Fig. 33: Schematic illustration of a load-displacement curve of a nanoindentation test, Pmax indicating the maximum load applied at the highest indentation depth hmax, and hr being the residual displacement taken with permission from [50], originally ...
	After recording load displacement curves for a certain loading range (typically 5-35 mN) the data is analysed after Oliver and Pharr [143]. As the influence of the substrate should be avoided to get accurate results of the film properties it is recomm...

	5.3.2 Micro-Cantilever Bending Tests
	To gain information about the fracture toughness of thin films and coatings, micro-cantilever bending tests are a commonly used method. Thereby, the substrate is usually removed by etching with KOH to get free-standing coating material. Subsequently, ...
	Fig. 34: SEM images of a micro-cantilever bending test (a) free-standing cantilever with initial notch and picoindenter and (b) cross-section of fractured cantilever
	To evaluated the fracture toughness of the coating, the prepared cantilevers are loaded by a picoindenter which is placed in an SEM, see Fig. 34 a. The load is continuously increased and simultaneously the load as well as the displacement is recorded ...

	5.4 Thermal Analyses
	To investigate the thermal stability of the deposited coatings, several techniques are available. Within this thesis, vacuum annealing of powdered coating material as well as of coatings on sapphire substrates with subsequently XRD and nanoindentation...

	5.4.1 Vacuum Annealing
	As the application of the investigated coatings usually takes place at elevated temperatures, the information about the behaviour of the coating after being heated is of utmost importance. To investigate the coatings’ behaviour upon heat treatment, va...
	Fig. 35: Schematic illustration of a standard annealing treatment cycle.
	As the cooling rate is rather high, the preceding phase transitions are non-reversible. As there is no active cooling system the cooling rate down to room temperature is significantly decreasing with decreasing furnace temperature. To investigate the ...

	5.4.2 Differential Scanning Calorimetry
	Differential scanning calorimetry (DSC) is a thermo-analytical technique that is based on the difference of the heat amount required to increase the temperature of a sample compared to a reference. Therefore, the enthalpy that is generated or consumed...
	Additionally, the sample mass is simultaneously measured by thermo-gravimetric analysis (TGA), allowing for an interpretation of the reactions in the temperature range of interest. This facilitates to investigate the gain and loss of weight by the inc...
	In this work a Netzsch Jupiter F1 differential scanning calorimeter with thermo-gravimetric analysis (TGA-DSC) equipped with a Rhodium furnace was used to investigate powdered free-standing coating material regarding the thermal stability and phase tr...
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