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Abstract

In this thesis, oxygen incorporation in M,AIC phases and TiAIN was studied by ab
initio calculations and experiments. It was shown that oxygen interstitials are
important in both material systems since they are spontaneously formed when
oxygen is present. The understanding of the effect of incorporated oxygen on phase
stability, elastic properties and bond distribution allows for quantum mechanically
guided design of materials with improved oxidation resistance and stability at
elevated temperatures.

In the first part, oxygen incorporation in the MAX phases Ti;AIC, V2AIC and CrAlC
was studied by ab initio calculations. Comparing calculated energies of formation for
oxygen incorporation indicates that oxygen substitutes carbon in TiAIC and V-AIC,
but is incorporated interstitially in the Al layer of Cr,AlIC even for carbon deficient
CrAIC. To evaluate these predictions, combinatorial DC sputtering was used to
deposit thin films with different oxygen concentrations. Two phase-regions of Cr,AIC
and Cr2Al were investigated in order to study oxygen incorporation in carbon deficient
CrAlC. X-ray strain analysis data indicate that the a and c lattice parameters
increase with oxygen content. These trends are in good agreement with the change
of lattice parameters predicted by ab initio calculations and therefore corroborate the
notion of interstitial oxygen incorporation in Cr,AIC. A metastable solubility limit for
oxygen of 3.5 at.% was determined experimentally. This is the first report on
interstitial oxygen in a MAX phase and may be of relevance during the initial stages
of oxidation.

In the second part, various point defect configurations were studied by ab initio
calculations in terms of formation energies, equilibrium volume and elastic moduli to
identify the origin of the experimentally observed nitrogen over- and

understoichiometry and as a starting point for studying oxygen incorporation in TiAIN
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thin films. From formation energies and comparison to existing experimental
equilibrium volume and elasticity data, it was shown that nitrogen vacancies and
metal vacancies are responsible for nitrogen understoichiometry and
overstoichiometry, respectively. Irrespective of the type of vacancies, the bulk
modulus is decreased by approximately 7 % as the nitrogen concentration is
increased or decreased by 3 at.%.

The third part deals with the impact of oxygen additions on phase stability and elastic
properties of TiAIN. Based on ab initio calculations, it was shown that fcc-TigsAlpsN
and fcc-TipsAlpsO show a negative energy of mixing. The lattice parameter of
Tip5Alp sN+1xOy increases with increasing x while the bulk modulus decreases by up to
35 %. The reason is the metallic bonding character which increases at the expense
of the covalent character with increasing oxygen content. It was shown that the
incorporation of oxygen in TipsAlosN1xOx on interstitial sites is energetically
favourable. This can be understood based on the compensation of metallic bonding
as the population of metal-oxygen bonds that are similar to a-Al,O3 and rutile-TiO; is
increased. Based on the oxygen incorporation induced stability increase of
Tio.sAlosN1xOx+y, @ New design concept for transition metal oxynitride based hard
coatings was developed.

In order to test the theoretical predictions made regarding the non metal substitutions,
a fast synthesis method was developed where reactive gas gradients are employed
during combinatorial thin film deposition. This method is evaluated in the fourth part
of this thesis. N, and O partial pressure gradients over the target surface were used
to deposit TiNy, TiOy, TiAIN, and TiAIN,Oy thin films with varying x and y in a single
deposition. It is shown that reactive gas gradients can be used to synthesize films
with lateral composition gradients and that such films are useful to study their

composition-structure-properties relationship. A new amorphous or nanocrystalline
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hard TiOy (y < 1) phase is reported as well as an increase of the (200) lattice spacing
of TiAIN,O, that may indicate interstitial oxygen incorporation.

Additionally, in the fifth part, an extension to the rule of mixture (ROM) to the sub unit-
cell level is reported, deriving how bulk moduli of single phases with layered crystal
structure and solid solutions can be reliably estimated. This method was tested for
MAX phases and M,Al4Cs:, phases. Based on ROM, DFT combinatorics was
developed, reducing calculation time for elastic properties by some orders of
magnitude. This is a significant step towards knowledge-based materials design
since elastic properties can be predicted based on an efficient high throughput

methodology.
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Zusammenfassung

Im Rahmen dieser Arbeit wurde durch ab initio-Berechnungen und Experimente ein
fundamentales Verstandnis der Sauerstoffeinlagerung in M,AIC Phasen und TiAIN
entwickelt. Es wurde gezeigt, dass interstitieller Sauerstoff eine wichtige Rolle in
beiden Materialsystemen spielt, da dieser spontan gebildet wird, wenn Sauerstoff
anwesend ist. Das Verstandnis des Effektes von Sauerstoff auf Phasenstabilitat,
elastische Eigenschaften und Bindungsverteilung erlaubt quantenmechanisch
geflihrtes Materialdesign von Materialien mit erh6htem Oxidationswiderstand und
Stabilitat bei erhdhten Temperaturen.

Im ersten Teil wurde Sauerstoffeinlagerung in den MAX Phasen Ti,AIC, V,AIC und
Cr,AlIC mit Hilfe von ab initio-Berechnungen untersucht. Der Vergleich von
berechneten Bildungsenergien fir Sauerstoffeinlagerung deutet darauf hin, dass
Sauerstoff Kohlenstoff in Ti;AIC und V,AIC ersetzt, jedoch interstitiell in die
Aluminium Lage von Cr,AlIC eingebaut wird, selbst fir kohlenstoffarmes Cr,AIC. Um
diese Vorhersagen zu Uberprifen, wurden mittels kombinatorischem DC-Sputtern
Dunnschichten mit verschiedenen Sauerstoffgehalten hergestellt. Um die
Sauerstoffeinlagerung in  kohlenstoffarmes Cr,AIC  zu untersuchen, wurden
Zweiphasen-Regionen mit Cr,AlC und CroAl untersucht. Daten aus réntgenbasierter
Dehnungsanalyse deuten darauf hin, dass die a und c Gitterparameter mit dem
Sauerstoffgehalt zunehmen. Diese Tendenzen stimmen gut mit der von ab initio-
Berechnungen vorhergesagten Anderung (iberein und bekréftigen somit die These
von interstitiellem Sauerstoffeinbau in CrAlC. Eine metastabile Ldslichkeit von
3,5 at.% Sauerstoff wurde experimentell bestimmt. Dies ist der erste Bericht Uber
interstitiellen Sauerstoff in einer MAX Phase und kénnte fir die Anfangsphase der

Oxidation relevant sein.



Im zweiten Teil wurden verschiedene Punktdefektkonfigurationen beziglich
Bildungsenergien, Gleichgewichtsvolumen und E-Modul mittels ab initio-
Berechnungen untersucht, um den Ursprung der experimentell beobachteten
Stickstoff-Unter- und Uberstoichiometrie in TiAIN Dinnschichten zu bestimmen.
Diese Studie diente auch als Ausgangspunkt fur die Untersuchung von
Sauerstoffeinbau in TiAIN. Basierend auf den Bildungsenergien und auf einem
Vergleich mit existierenden experimentellen Gleichgewichts- und Elastizitdtsdaten
wurde gezeigt, dass Stickstoff-Leerstellen und Metall-Leerstellen fiir die Stickstoff-
Unter- und Uberstoichiometrie verantwortlich sind. Unabh&ngig von der Art der
Leerstelle wird der Kompressionsmodul um etwa 7 % verringert, wenn der
Sauerstoffgehalt um 3 at.% erhéht oder verringert wird.

Der dritte Teil beschaftigt sich mit dem Einfluss von Sauerstoffeinlagerung auf
Phasenstabilitat und elastische Eigenschaften von TiAIN. Mit ab initio-Berechnungen
wird gezeigt, dass fcc-TipsAlpsN und fce-TigsAlp 5O eine negative Mischungsenergie
aufweisen. Der Gitterparameter von TigsAlosN1xOx nimmt mit steigendem x zu,
wahrend der Kompressionsmodul um bis zu 35 % abnimmt. Der Grund dafir ist der
metallische Bindungscharakter, der auf Kosten des kovalenten Charakters mit
steigendem Sauerstoffgehalt zunimmt. Es wurde gezeigt, dass interstitieller
Sauerstoffeinbau in Tigs5Alo sN1.xOx energetisch beginstigt ist. Dies kann aufgrund der
Kompensation der metallischen Bindung verstanden werden, wenn der Anteil an
Metall-Sauerstoff-Bindungen zunimmt, die denen in a-Al,O3 und Rutil-TiO2 &hnlich
sind. Basierend auf der durch Sauerstoff hervorgerufenen Stabilitdtserhéhung von
TiosAlosN1xOxsy Wird ein neues Designkonzept fur Ubergangsmetall-Oxynitride
entwickelt.

Um die Vorhersagen aus den theoretischen Berechnungen bezuglich der

Nichtmetall-Substitution zu Uberprifen, wurde eine schnelle Synthesemethode
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entwickelt, wurden Reaktivgasgradienten  benutzt, um  kombinatorische
Dunnschichtabscheidungen durchzufiihren. Diese Methode wird im vierten Teil
dieser Dissertation bewertet. N, und O, Partialdruckgradienten entlang der
Targetoberflache wurden benutzt, um TiNy, TiOy, TiAIN und TiAIN,Oy Diinnschichten
mit varilerendem x und y in einer einzigen Beschichtung abzuscheiden. Es wird
gezeigt, dass Reaktivgasgradienten benutzt werden kénnen, um Schichten mit
lateralem Zusammensetzungsgradienten herzustellen und das diese Schichten
benutzt werden kénnen, um die Zusammensetzung-Struktur-Eigenschaften-
Korrelation zu untersuchen. Die Existenz einer neuen amorphen oder
nanokristallinen harten TiO,-Phase (y < 1) wird berichtet sowie eine VergréfRerung
des (200) Gitterabstandes von TiAIN,Oy, welche auf den interstitiellen Einbau von
Sauerstoff hinweisen kdnnte.

Zusétzlich wird im funften Teil eine Erweiterung der Mischungsregel auf eine Ebene
kleiner als die Einheitszelle berichtet, indem gezeigt wird, wie der
Kompressionsmodul von Phasen mit geschichteter Kristallstruktur und von
Mischungen zuverldssig abgeschéatzt werden kann. Diese Methode wurde fur MAX-
Phasen und M,Al:Cs:n Phasen getestet. Basierend auf der Mischungsregel wurde
Dichtefunktionaltheorie-Kombinatork entwickelt, wodurch die Berechnungszeit fiur
elastische Eigenschaften um mehrere GréRenordnungen reduziert wird. Dies ist ein
wichtiger Schritt in Richtung wissensbasiertes Werkstoffdesign, da elastische
Eigenschaften durch eine Methodologie mit groRem Durchsatz vorhergesagt werden

kénnen.
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Introduction

1 Introduction

Advances in theory of electronic structure calculation and computational power
(during this thesis, the calculation power available at RWTH Aachen University
increased from 1 TFlops in 2007 to 300 TFlops in 2011 [1]) enabled quantum
mechanically guided materials design as a new method to develop materials
solutions. Thus, a research strategy based purely on the trial-and-error approach is
no longer the only option for discovery and optimization of materials. To enhance a
specific property of a material, the addition of several elements can be studied by
density functional theory (DFT) calculations and the most promising composition(s)
can be synthesized experimentally. At Materials Chemistry, materials with enhanced
phase stability [2-5], elastic properties [5-9] and most recently transport properties [10,
11] are designed. The design strategy is guided by quantum mechanical data. The
phase stability can be studied by comparing the calculated energies of a compound
with its constituents in the ground state (energy of formation) or even with other
compounds. While trends in stability may be predicted as well as e.g. the energy of
mixing or point defect energies, it should be noted that a purely theoretical prediction
of a phase diagram or a chemical reaction is virtually impossible as this would include
the calculation of all possible compositions in all crystal structures or all possible
transient and metastable states, respectively. Elastic properties like bulk moduli and
elastic constants can be obtained by tracing energy changes when deformations to
the ground-state are applied.

As a first step in the design process of materials for cutting tools [2, 5], phase change
memory devices [3], dielectrics [4], high strength metallic glasses [6], materials with
(an)isotropic compressibility [7], steel with tuned deformation mechanisms [8, 9],

mixed ionic and electronic conductors [10] and thermoelectrics [11] phases with
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different chemical compositions but same crystal structure [5-7] or solid solutions [2-4,
8-11] were quantum mechanically described. In all of these works metals were
substituted by other metal atoms, with the exception of [3] where N interstitials in
Ge,SbyTes were studied and [4] where oxygen in HfO, was substituted by vacancies
or nitrogen.

It is a well known fact that doping in oxides can lead to formation of vacancies, e.g. in
the case of Y doping in ZrO,, formation of oxygen vacancies is observed due to the
lower valency of Y leading to ionic conductivity [12]. Similarly, it may be expected that
oxygen doping in nitrides or carbides also leads to defects, i.e. metal vacancies or
interstitial oxygen. While the formation of defects is often used speculatively to
explain measured deviations from stoichiometry [13-15], fundamental studies proving
or disproving the formation of defects were not reported. Therefore, the goal of this
thesis is to contribute towards understanding how solid solutions of nitrides and
carbides with oxides, i.e. the variation on the non-metal sublattice, affect energetics.
Based on this understanding, design concepts for materials with improved oxidation
resistance and stability at elevated temperatures are proposed.

The outline of the thesis is as follows: it is divided into two parts, where the first deals
mostly with phase stability and the second with elastic properties. In chapters 3.1 to
3.3, phase stability of M>AIC1xOx (M = Ti, V, Cr) and TiosAlosN1xOy is studied. It is
shown that oxygen interstitials play an important role in both material systems: While
oxygen is incorporated on carbon vacancy sites in MpAIC14xOx for M = Ti and V,
interstitial oxygen incorporation in the Al layer is more stable for M = Cr, even in the
presence of carbon vacancies. This result was unexpected especially when
considering that the size of the interstitial site in the Al layer is smallest for CrAIC.
Hence, this theoretical result was validated experimentally utilizing the combinatorial

approach [16]. A slight increase in a lattice parameter of the as deposited Cr-Al-C-O
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films was observed with increasing oxygen content. This can be understood by
considering the lattice expansion caused by oxygen that is incorporated interstitially.
As oxygen incorporation on a carbon site results in a decrease of the a lattice
parameter due to the smaller atomic radius of oxygen compared to carbon, this
scenario is not compatible with the experimental data. Interstitial oxygen
incorporation may be of relevance during the initial stages of oxidation of CrAIC as it
leads to formation of Al-O bonds which may act as nucleation sites for Al,Oz. On the
other hand, oxygen substituting carbon in Ti,AIC and V,AIC leads to Ti-O and V-O
bonds, which may act as nucleation sites for titanium and vanadium oxides that are
observed experimentally [17-21].

As a starting point for the oxynitride TiAIN1.,Oy, nitrogen off-stoichiometry in TiAIN
was studied by DFT calculations. Studying several types of defects to compensate
for the nitrogen off-stoichiometry, it is shown that nitrogen and metal vacancies are
energetically most favored in nitrogen under- and overstoichiometric TiAIN,
respectively. Comparing calculated lattice parameters and elastic moduli to published
experimental results for understoichiometric TiAIN corroborates the notion of nitrogen
vacancies.

Keeping in mind that the most stable defects in off-stoichiometric TIAIN are vacancies,
the impact of oxygen additions on phase stability and elastic properties of TiAIN was
studied by DFT calculations. Fcc-TigsAlpsN and hypothetical fcc-TipsAlpsO show a
negative energy of mixing. The lattice parameter of Tips5AlpsN1.xOx increases with
increasing x while the bulk modulus decreases by 35%. The reason for this is the
metallic bonding character which increases on the expense of covalent bonds with
increasing oxygen content. In contrast to TigsAlosN it has been shown that the
incorporation of oxygen in TipsAlosN1xOx on interstitial sites is energetically

favourable. This can be understood based on the compensation of metallic bonding
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as the population of metal-oxygen bonds that are similar to a-Al,O3 and rutile-TiO; is
increased. Based on the oxygen incorporation induced stability increase of
Tio.sAlosN1xOx+y, @ New design concept for transition metal oxynitride based hard
coatings is developed.

In chapter 3.4, reactive gas gradients were used to deposit TiNy, TiOy, TiAIN, and
TiAIN,Oy thin films with varying x and y in a single deposition. Using energy
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and Nanoindentation it
was shown that reactive gas gradients can be used to synthesize films with lateral
composition gradients and to study their composition-structure-properties relationship.
A new amorphous or nanocrystalline hard TiOy (y < 1) phase is reported as well as
the observed increase of the (200) lattice spacing of TiAIN,O, that may indicate
interstitial oxygen incorporation.

In chapter 3.5, the rule of mixture has been extended to the sub unit-cell level for the
estimation of bulk moduli. It is shown how the theoretical bulk modulus of a single
phase with layered crystal structure is reliably estimated from calculated bulk moduli
data of the constituents adopting the symmetry within the individual layers of the
layered structure. This method was tested for the example of 16 MAX phases, 3
MnAl4Cs+n phases and KAg(CN), and excellent agreement with existing ab initio data
is observed. Thus, a high throughput methodology based on a combination of DFT
and combinatorial materials science was developed which allows for prediction of the
elastic properties of “sub unit-cell” composite materials: a database containing a
variety of hypothetical phases which are building blocks of the layered structure was
created. Suitable combinations of these building blocks constitute the “sub unit-cell
composite”, reducing calculation time by some orders of magnitude. This work is a

significant step towards knowledge-based materials design since the elastic
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properties of “sub unit-cell composite” materials can be predicted based on an
efficient high throughput methodology.

Furthermore, this approach is evaluated for all elastic constants of M,+/AIC, (M = Ti,
V, Cr) and it is shown that C44 and C33 can be estimated based on the extended rule
of mixture, while the other constants are prone to larger deviations. Finally, the rule of
mixture is used to describe MAX phase solutions and titanium aluminum (oxy-)nitride
solutions: varying the Ti:Al ratio (Ti1xAlkN), the N:vacancy ratio (TipsAlpsN1.x) and the
O:N ratio (TipsAlp5sN1xOx). Based on the good agreement between the extended rule
of mixture values and the bulk moduli directly calculated for the solutions, it is evident
that the extended rule of mixture can also be used for knowledge based design of
solid solutions, even if the boundary phases are hypothetical and extremely different

in bonding and, hence, stiffness.
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2 Methods
2.1 Ab initio calculations

In order to determine the electronic structure of a solid at 0 K, the time-independent
Schrédinger equation (eq. 1) has to be solved.

(1) HY=EY

For a solid consisting of N electrons and M nuclei with atomic number Z, there are
energetic contributions from kinetic energy of the electrons as well as electron-
electron, electron-nuclei and nuclei-nuclei interactions and the Hamiltonian in eq. 1

has the following form:

ZZ

=l j>1

@ ne3ivi-yyole

i=l 4=l

zi‘R iy

,-‘ A=l B>A

To give an example: for TiN (where total number of electrons is 29), the electron-
electron interaction sum consists of 406 terms all of which depend on each other.
This shows that solving the Schrédinger equation for all electrons in a system
significantly more complicated than a hydrogen atom is virtually impossible.

A different approach to obtain the electronic structure is based on the Thomas-Fermi
method [22, 23], where the electron density is studied rather than individual electrons.
However, this approach could only be used for simple metallic systems until
Hohenberg and Kohn have shown that the ground state is a unique functional of the
electron density and that the ground state electron density minimizes the electronic
energy of a system with given external (atom core) potential.

Density functional theory calculations [24, 25] have been done using the Vienna Ab-
initio Simulation Package (VASP). Generalized-gradient approximation (GGA PB91)
[26] based projector augmented wave potentials [27] were used, as well as a

Monkhorst-Pack scheme [28] for reciprocal-space integration and the tetrahedron
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method with Bldchl-corrections for the total energy [29]. The electronic relaxation
convergence was set to 0.01 meV and the energy cutoff to 500 eV. K-point grids and

supercell sizes used are given in Table 1.

supercell structural
chapter material system K-point grid
size optimization
every
3.1 MAX phases + oxygen 2x2x2 5x5x3
volume
every
3.2 TiAIN, 2x2x2 6X6x6
volume
every
3.3 TiAIN,Oy 2x2x2 6X6x6
volume
equilibrium
3.4 MAX phases, constituents 1x1x1 TXTXT
volume
equilibrium
34 KAg(CN)2 1x1x1 5x5x5
volume

Table 1: supercell sizes, K-point grids and method for structural optimization
used in this thesis.
As can be seen in Table 1, structural optimization was done iteratively for all
calculations presented in chapter 3.4. This means that structures were relaxed with
respect to internal atomic positions, lattice parameter a and hexagonal aspect ratio
c/a subsequently and the steps were repeated until convergence.
For the calculations in chapter 3.1, structural optimization was done by a least square
fitting of the total energy obtained from at least nine calculations with three different a
and c/a values with the following polynomial function:

3) E(a,c)=x,-a+x, - C?+x;-a-C+X,-a+X;-C+Xg.




For these calculations, ions were allowed to relax. Thus, both lattice parameters and

the internal free parameter were allowed to change simultaneously and the energetic

Methods

minimum could be obtained, leading to the highest accuracy.

To calculate the equilibrium volumes in the TIAINO system and to obtain the bulk

moduli in chapter 3.4, energy-volume curves were fitted using the Birch-Murnaghan

equation of states [30].

The energies of formation were calculated with respect to the elements. The total

energy and lattice parameters obtained are given in Table 2.

element | structure a[A] |cla Etotal [€V/atom]
Al fcc 4.039 | ----- -3.713
C diamond 3.575 | - -9.096
Cr bce 2.851 | -—--- -9.451
Hf hcp 3.194 | 1.592 -9.824
Mo bce 3.174 | -—--- -10.770
N N2 molecule | 10 | --—-- -8.336
Nb bcc 3.297 | ----- -10.251
o} O, molecule |10 | —-- -4.361
Sc hcp 3.300 | 1.574 -6.226
Si diamond 5.470 | —-- -5.424
Ta bce 3.313 | —-- -11.767
Ti hcp 2.936 | 1.589 -7.793
\% bce 2.992 | —-- -8.990
w bce 3.194 | —-- -12.740
Y hcp 3.652 | 1.552 -6.379
Zr hcp 3.244 1 1.600 -8.421

Table 2: calculated data for pure reference elements.
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The effective charge of each atom was obtained using the Bader analysis as
implemented in the Henkelman code [31, 32]. This algorithm allows for
decomposition of the charge density into atomic regions by dividing space along
paths with minimum electron density. It is based on a steepest ascent path along grid
points to allocate them to local charge density maxima [31]. The FFT grid density was

tested for convergence.

2.1.1 MAX phases

To study oxygen incorporation, the energies of formation of carbon vacancies,
oxygen interstitials and oxygen substitutions were calculated as shown in equations 4

to 6, respectively:

(4) AE, . = % (EMZAI(,‘H - EMZA/(,‘ +x-Ep)

(5) AE/,(Hm = %(EMZAICO\ - EMZAIC —X Eo)

6) AE, ¢ .o :%C(EMIAICH(), 7EM;A/C +x-E.—x-E,)

For carbon vacancies, oxygen substitutions on carbon sites and oxygen interstitials in
an Al layer with same x,y-coordinates as M atoms in adjacent layers [33], supercell
configurations with one and two defects per supercell were considered for Ti,AIC,
V,AIC and Cr2AIC. For Cr2AlIC, additionally, oxygen incorporation on other interstitial
sites which were also tested by Liao et al. in Ti;AIC [33], i.e. the center of an
octahedron with Cr and Al on the vertices and in an Al layer with same x.,y-
coordinates as C atoms, were studied in the presence of carbon vacancies. The
energy of the latter configurations were higher compared to oxygen substitution on
carbon sites and oxygen interstitials in the Al layer with the same x,y-coordinates as

Cr atoms in adjacent layers and are therefore not discussed further.
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Recently, Ramzan et al. and Du et al. argued that electron correlation effects lead to
an underestimation by 1.7 % of the volume of Cr,AIC calculated with GGA potentials
and proposed the usage of Hubbard corrections with the DFT+U method [34, 35].
Here, U is a measure of the energy by which filled d-states are shifted towards lower
energies [36]. It should be noted that U is an empirical constant [25] used to
overcome differences between DFT calculations and experiments. In the first
implementation in the VASP program, for example, U was varied between 0 and 8 eV
in order to fit experimental lattice parameter, band gap, magnetic moment and bulk
modulus data of NiO. As experimental data is not existing for Cr,AIC despite of lattice
parameters and bulk moduli and for the latter large differences exist between
different reports (see [37] and references therein), a DFT+U approach can only be
based on a comparison with experimental lattice parameters. For Cr,AIC, Ramzan et
al. tested different magnetic ordering but considered only two values for U and
concluded that CrAlC is a ferromagnet and that U=1 eV is a proper value to
describe the electronic structure of Cr,AlC [35]. Du et al., however, considered six
different values for U between 0 and 2.5 assuming only antiferromagnetic ordering
and determined U to be 2 eV [34]. It is confusing to note that Ramzan et al. reported
a unit cell volume which is 13 % larger than the experimentally determined volume
with U = 2 eV and antiferromagnetic ordering [35]. Due to the non-conclusive results
U was not included as a fitting parameter in calculations here. Furthermore, it is
suggested that the unit cell volume alone is not sufficient information to determine the
empirical constant U. Based on the lower total energy of paramagnetic Cr,AIC and
the comparatively small local magnetic moment of Cr in ferromagnetic and

antiferromagnetic states of Cr,AlC [38] the paramagnetic state is used here.
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2.1.2 TiAIN and TiAINO

By fitting the energy-volume curve using the Birch-Murnaghan equation of states [30],
equilibrium volume, bulk modulus B and its pressure derivative B’ were obtained. In
order to determine the trend in elastic moduli when off-stoichiometry in TiAINy is
considered, the Poisson’s ratio v was estimated from B’ according to v = 2/3-5/(3B’)
[39]. For TipsAlgsN the elastic constants were calculated from distortions according to
reference [40] and a value of 0.214 was obtained which is different from the value
obtained from B’, which is 0.270. To avoid calculations of all elastic constants, the
Poisson’s ratios were only obtained from B’ and corrected by the factor 0.214/0.270
to be consistent with the more accurate calculation of elastic constants of TigsAlo sN.
For all calculations in the TiAIN and TiAINO systems, the 2x2x2 supercell containing
64 atoms as proposed by Mayrhofer et al. [41] was adopted. This supercell (named
C#3 in the original paper) minimizes the number of Ti-Al bonds and therefore shows
highest stability [41]. Using this description, every nitrogen site is equivalent in terms
of its metal nearest neighbors. Tig5Alo5N1.x and Tig 5Alp sN1.xOx cells were constructed
using special quasirandom structures (SQS) [42] for the distribution of nitrogen and
vacancies on the non-metal sublattice. For this, the Warren-Cowley short-range order
parameter [43] within three coordination shells was used in order to account for
randomness in the non-metal sublattice as implemented in the locally self-consistent
Green’s function software package [44, 45]. The energy of formation E; was
calculated by the following formula:

E, :L(Em *Z”i -E,.)
™ 2
where Ei is the total energy of the compound, n; is the number of atoms of species i

in the compound and E; is the total energy of the species in its reference state.
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The energy needed to form a vacancy was calculated as shown in the following
formula for a Ti vacancy in TigsAlp sN:
E;FW =E (TiISAll()N}Z) +ETI 7Em: (TilﬁA116N32)'

tot

(8)
The energy needed to incorporate an atom on an interstitial site is calculated as

illustrated for interstitial oxygen in TipsAlpsN in the following formula:

tot (TilﬁAlléNHOlim ) - sz

—int . 1
E)™=E (Ti\, Al N,) —EEOE .

(9)
The energy of mixing in the TiygsAlosN1.xOx system is calculated by evaluating the
energy difference between TipsAlpsN1.xOx and the unmixed components TigsAlgsN
and TigsAlp50:

(10) AE,, = E/ (Tiys Al 5N, ,0)—-(1- x)E/ (Tiys Al sN) - XE/ (Tiy541,50)

It should be kept in mind that the Tip sAlo 5N phase itself is metastable as fcc-TiN and

wurtzite-AIN are the thermodynamically stable phases. Therefore, these calculations

will probably not show which phase forms during vapor phase condensation but it will
allow comparing different defect energies and may serve as guide for future

experiments in the Tig 5AlgsNx and Tig sAlo sNxOy systems.
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2.2 Experimental methods

To study oxygen incorporation in Cr,AlC, combinatorial thin film deposition [16] of Cr,
Al and C by DC magnetron sputtering was employed. The oxygen partial pressure
was varied in three depositions and each sample was characterized by EDX and X-
ray strain analysis (XSA).

In order to test the theoretical predictions made regarding the non metal substitutions,
a fast synthesis method was developed where reactive gas gradients are employed
during combinatorial thin film deposition. This method is evaluated for TiNy and TiO,.
Characterization of these films was done by EDX, XRD and Nanoindentation.
Additionally, TiAIN, and TiAIN,O, were deposited using nitrogen and oxygen gas

phase gradients, respectively, and analyzed by means of EDX and XRD.
2.2.1 Magnetron Sputtering

2211 CrAIC+ 0O

As it was expected that small additions of oxygen in the gas phase may change the
sputtering process in a compound target heterogeneously (inhomogeneous oxygen
coverage and/or sputtering yield) and thus may lead to composition variations in the
growing film, combinatorial DC magnetron sputtering from Cr, Al and C targets
40 mm in diameter was applied. This experimental strategy ensures areas with
similar Cr:Al:C ratios as the oxygen concentration was varied by the O,-partial
pressure supplied during deposition. Sapphire wafers (50 mm in diameter) were used
as substrates and heated to 615 °C before deposition. During 20 min deposition, the
substrate temperature stayed between 615°C and 625 °C, determined with a
thermocouple clamped onto the substrate surface. The base pressure was below

107 mbar, during the depositions the Ar pressure was 750 mPa and the O-flow was
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varied from 0 to 1 and 2 sccm, resulting in an O, pressure of 10 and 20 mPa,
respectively. The power densities at the Cr, Al and C targets were 7.2, 6.4 and
11.1 W/cm?, respectively. In the regions with composition close to the MAX phase
composition the films exhibit a thickness of 1 to 1.2 ym corresponding to a deposition
rate of 0.05 to 0.06 um/min. The ratio between condensing residual water vapor and
the flux of deposited Cr,AIC is therefore smaller than 102 which implies that oxygen

incorporation in the range of few at.% can be studied with the deposition setup used.

2.2.1.2 Gas phase gradients

The experiments were conducted in an industrial scale deposition system (CemeCon
CC800/9) using a rectangular 500 x 88 x 10 mm?* Ti and TiAl target, respectively. As
shown in the schematic Figure 1, a gas inlet was installed at the top of the long end
of the magnetron, which was used to introduce N, or O, while Ar was introduced

homogeneously.
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Figure 1: Experimental setup for combinatorial reactive magnetron sputtering using

gas phase gradients.
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A 500 x 120 x 3 mm? substrate holder was chosen with a target-to-substrate distance
of 30 mm. Float glass substrates were used covering an area of 300 x 25 mm?2. The
substrates were electrically floating at a potential of -25V to -35V. A Chemfilt
lonsputtering AB Sinex 3 High Power Pulsed Magnetron Sputtering (HPPMS)
generator was used with a pulse width of 70 ps, a frequency of 400 Hz and a set
voltage of -700 V. For TiNk, TiAINx and TiAINcO,, the substrates were heated to
260 °C before deposition and the temperature increased to approx. 370 °C during
10 min deposition. No intentional heating was used during deposition of TiO,. The Ar
background pressure was 535 mPa for deposition of TiNy and TiAINx and 1 Pa for
TiOy, leading to mean free path lengths of ~20 mm and ~10 mm, respectively. For

deposition of TiAINOy, the background gas consisted of Ar and N, with partial
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pressures of 410 mPa and 125 mPa, respectively, thus keeping the mean free path

at ~20 mm.

2.2.2 Characterization

EDX measurements were carried out in a scanning electron microscope Jeol JSM-
6480 with attached EDAX Genesis 2000 EDX detector using an acceleration voltage
of 12 kV. Each sample was measured by XRD using a Bruker AXS D8 Discover
General Area Detection Diffraction System with Cu-Ka radiation. Nanoindentation
was done with a Hysitron Triboindenter using the Oliver-Pharr method [46] and
maximum forces of 500 uN and 1 mN. The reduced modulus and hardness were
determined from the average of nine indents with constant force.

Characterization of the combinatorially deposited Cr-Al-C-O film was done with a
7x7 mm grid, resulting in 37 samples to be measured per wafer. The composition of
one sample of each wafer was measured with wavelength dispersive X-ray
spectroscopy and subsequently used as a standard for EDX to determine the
chemical composition of the other points of the sample. No evidence for texture was
observed in the deposited samples. Therefore, X-ray strain analysis (XSA) could be
performed using the sin®y method [47-49], where y is the tilt angle, assuming a
biaxial stress state and macroscopically elastic isotropy (shear anisotropic factor of
CrAIC is between 1.06 and 1.48 [50-52]). The tilt angle y* under which the strain-
free lattice spacing can be obtained is calculated according to the following equation:

sing*=[2v/(1+v)]*®

where v is the Poisson’s ratio (between 0.192 and 0.236 [50-52]). Here, v = 0.2 was
used. The strain was determined from a fit to 21 measurements of the 103 diffraction
peak under different @ angles between -90° and +90° at a detector to sample

distance of ~16 cm. In order to increase the resolution from 31 pixels/® to 47 pixels/°
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in the 20 range, the detector to sample distance was increased to 26 cm for the
measurement of the peak positions at y = 0°. Thus, together with the previously
determined strain, the strain-free plane spacings dn) of the (100), (101), (103), (106)
and (110) planes could be determined. Using a least square fitting procedure of the
inverse squares of the 5 lattice spacings 1/dx)?, the inverse lattice parameters 1/a>
and 1/c® were determined. The grain size was calculated from the peak broadening

using the Scherrer equation, where a shape factor of 0.9 was used [53].
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3 Results and Discussion

3.1 Oxygen incorporation in M,AIC (M = Ti, V, Cr)

3.1.1 Introduction

Mn+1AX, phases (M = transition metal; A = A-group element; X= C or N) are
nanolaminates that combine metallic and ceramic properties as they consist of
alternating layers with metallic (MA) and covalent/ionic bonding (MX) [54, 55]. As the
combination of properties such as resistance against thermal shock [54, 56], high
stiffness [37, 57], good oxidation resistance [17-20, 58-63] and self-healing behavior
[64-66] qualify MAX phases for high temperature applications, interaction with oxygen
-especially incorporation of oxygen in the initial stages of oxidation- is essential for
understanding and improving the performance of these materials. Yet, systematic
studies on oxygen incorporation in MAX phases are missing in the literature.
Additionally, oxygen stemming from residual gas [67] is often incorporated during
vapour phase condensation of M,+1AX, phases [58, 68] and the effect thereof has not
been investigated to date.

Recently, it has been shown that oxygen can replace carbon in Ti;AlC [68, 69].
Additionally, it has been proposed based on ab initio calculations that oxygen
incorporation on carbon sites is energetically favoured over interstitial sites [33] and
that the formation of Ti,AlC14Ox is stable compared to competing phases up to
x=0.75 [70]. This is of particular relevance in physical vapor deposition due to
oxygen incorporation from residual gas which is primarily H,O in high vacuum [67].
While it is known that the amount of incorporated H can be reduced by ion
bombardment [71], the oxygen stemming from H,O is most likely incorporated during

growth.
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The goal of this work is to explore phase stability of oxygen-containing M,AIC (M = Ti,
V, Cr) phases. In particular, the incorporation of oxygen in M;AIC was studied to
determine whether (metastable) oxygen dissolution in M,AIC may affect oxide
formation in the initial stage of oxidation. This is of relevance for the high-temperature
performance of MAX phases as oxygen dissolution may affect the nucleation of
metastable oxides during oxidation. Additionally, the oxygen dissolution is of
importance for the design of self-healing MAX phases [64-66].

It is shown by ab initio calculations that oxygen populates carbon vacancies in Ti;AIC
and V2AIC, while oxygen is incorporated interstitially in Cr,AIC. The latter result is
rather surprising as this is the first claim of stable interstitials in MAX phases.
Therefore, combinatorial thin film deposition was used to evaluate this prediction. The
comparison between theory and experiment shows that oxygen is in fact incorporated
as interstitial in the aluminium layer of Cr,AIC up to a metastable solubility limit of 3.5

at.% under the deposition conditions studied.

3.1.2 Ab initio Calculations

MAIC1x (M = Ti, V, Cr) phases were quantum mechanically described and the
energies of formation of carbon vacancies and substitutional as well as interstitial
incorporation of oxygen in M,AIC,x were calculated. Figs. 1a and 1b illustrate the

corresponding defects in the M,AIC+ supercell.
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Figure 1: Super cell configurations considered for incorporation of oxygen in MAIC.
Medium-sized blue spheres correspond to M atoms, large red to Al, small brown to
C and small yellow to oxygen. The small white sphere indicates a carbon vacancy.

For calculations, the super cells shown were additionally doubled in c-direction.

The defect energies as well as the resulting lattice parameters for x = 0.125 (this
corresponds to two defects per supercell) are listed in Table 1, together with the
energy of formation and the lattice parameters of the defect-free M,AIC phases. The
defect energies are plotted in Figure 2 together with the energy of formation of

carbon vacancies in binary MC carbides from Ref [72] .
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TiLAIC V,AIC CrAlC
AE; [eV/atom] -0.693 -0.498 -0.230
defect-free a[A] 3.071 2.911 2.847
c[A] 13.720 13.100 12.688
carbon AE¢c.vac [eV/defect] 3.0 25 0.9
vacancies a[A] 3.059 2.887 2.830
c[A] 13.757 13.152 12.657
Oxygen AE;c>0 [eV/defect] -4.1 -2.5 -1.4
replacing afAl 3.063 2.904 2.841
carbon c[A] 13.672 13.107 12.759
Oxygen AE¢o.int [eV/defect] -4.4 -3.6 -3.2
interstitial afAl 3.083 2.935 2.872
c[A] 13.679 13.068 12.719
Oxygen AE¢c.>0.int [€V/defect] -1.5 -1.1 -2.1
interstitial + afAl 3.062 2.918 2.855
carbon vacancy | ¢ [A] 13.712 13.088 12.678

Table 1 - Energy of formation and lattice parameters for defect-free M,AIC (M:
Ti, V, Cr) phases and energy of formation of defects in these phases obtained

from ab initio calculations.

Dahlqvist et al. calculated a decrease in a and c lattice parameters of 0.65 % and
0.36 %, respectively, when increasing the oxygen content from Ti,AIC to
TioAlC( 750025 [70]. The decrease observed here for Ti,AlC( 87500.125 is 0.26 % and
0.34 % and therefore in good agreement assuming Vegard's law [73]. Additionally,
the results are in agreement with Liao et al. showing that oxygen incorporation on C
sites in TiLAIC is energetically favoured over oxygen incorporation on interstitial sites

[33].
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Figure 2: Point defect energies for M,AIC phases: energy of formation for carbon
vacancy AE; c.vac, fOr oxygen incorporation on carbon sites AE;c.>0 , 0xygen

interstitials AEfo.in and oxygen interstitials in the presence of carbon vacancies
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In Figure 2, it is shown that the defect energies of carbon vacancies AEfc.yac,
substitutional AE¢c-0 as well as interstitial oxygen AE;q.ix follow the same trend,
respectively, when the valance electron concentration (VEC) in MAIC 1 is increased,
i.e. Ti is replaced by V and subsequently by Cr. AE;c.vqc is positive and decreasing
from 3.0 to 0.9, which is in agreement with the trend calculated by Music et al. for the
binary MC transition metal carbides [72] added for comparison to Figure 2. The
carbon vacancy energies calculated here for MAX phases are by 2 to 3 eV/defect

higher than for the binary MC phases which may be understood based on the fact
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that TiC and VC show a broad solubility range while MAX phases are normally
assumed to be stoichiometric phases. It is worth noting that the decrease in AE¢c.yac,
when changing from Ti to V, is much smaller compared to the decrease when
changing from V to Cr. Both the defect energies for oxygen replacing carbon as well
as interstitial oxygen incorporation are negative and decreasing in value for
increasing VEC. The energy for oxygen interstitials in the presence of carbon
vacancies, however, is increasing when Ti is replaced by V and decreasing again
when V is replaced by Cr.

Interestingly, the energy for oxygen interstitials in the presence of carbon vacancies
is more negative than the energy of oxygen substituting carbon in CraAlC1.4Ox. This
indicates that oxygen is not incorporated on carbon sites in CrAlC, as it was
observed for Ti;AIC [33, 68-70], but in interstitial sites in the Al layer. In fact, this is
the first claim of interstitial oxygen incorporation in MAX phases. In the following
section, the electronic origin of the different oxygen incorporation behaviors of the
M.AIC (M =Ti, V, Cr) phases is investigated.

The magnitude of the formation energy of oxygen interstitials in the presence of
carbon vacancies AE¢c.so-int is close to the superposition of the energy of formation of
carbon vacancies and oxygen interstitials which lead in sum to -1.4, -1.1 and -2.3
eV/atom for M = Ti, V and Cr, respectively, indicating that these defects do not
interact strongly. Therefore, both defects are discussed separately in terms of charge
transfer and relaxation of the atoms in the following to show differences between
Ti,AIC, V,AIC and Cr,AIC. No systematic change in density of states or charge
distribution (not shown here for brevity) could be observed due to interstitial oxygen
incorporation when changing the VEC. However, carbon vacancies induce different
changes in atomic and electronic relaxation for Cr,AIC compared to Ti,AlC and V,AIC

which may explain the significantly smaller energy of formation of carbon vacancies.
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Figure 3: effective charge of the atoms as function of distance from the carbon

vacancy position in M2AIC and M2AIC g7s.
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In Figure 3, the effective charges of the M, Al and C atoms in M2AIC and M2AICq g75
are plotted as a function of the distance from the carbon vacancy positions used for
the calculations of energy of formation of carbon vacancies. From the distance
between open and filled symbols in x-direction the relaxation of the atoms to and
from the vacancies may be deduced and the distance in y-direction indicates the
change in charge state. When carbon vacancies are created, the effective charge per
carbon atom (between 1.4 and 1.7 electrons for all three M2AIC phases) has to
rearrange. For Ti,AIC and V,AIC, this charge rearrangement is accommodated only
by the six nearest neighbors of Ti/V atoms, exhibiting a distance of ~2 A. The
effective charges of the nearest carbon neighbors (~3 A) as well as next nearest Ti/V

atoms (~3.6 A) and the adjacent layers of Al atoms (~3.8 A) do not change
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significantly. In the case of Cr,AIC, on the other hand, a notable charge transfer even
to the adjacent Al layers (~3.6 A) and the next layer of Cr atoms (~5.5 A) can be
observed. Only in the case of Cr,AIC, relaxation of the adjacent Cr atoms into the
vacancy site can be observed, decreasing the distance by 7%, while V atoms stay at
the same distance and Ti atoms even move further away from the carbon vacancy
position (+2.5%). The change in c-lattice parameter is reflected by the change in
distances of atoms further away (>5 A): For CrAlCog7s, ¢ is decreasing by 0.2%
whereas it is increasing by 0.3% and 0.4% for Ti,AlCo g75 and V,AIC g75, respectively.
These results indicate that the ability for larger atomic and electronic relaxation is
responsible for the lower energy of formation of carbon vacancies in CrAlC
compared to Ti;AIC and V,AIC.

Since the energy of oxygen replacing carbon is lower compared to the energy for
incorporating oxygen interstitials while generating carbon vacancies, it is likely that
oxygen replaces carbon in TiAlC4x and VAICix while oxygen is incorporated
interstitially in the Al-layer in Cr,AlC+4. The notion of oxygen incorporation on
substitutional sites in TiAIC was presented before by Liao et al. [33] and is in
agreement with Rosén et al. [68] and Persson et al.[69].

The prediction of oxygen interstitials in the Al layer of CrAlC is the first claim for
interstitial incorporation of atoms in a MAX phase. As can be seen in Table 1,
interstitial and substitutional oxygen incorporation lead to characteristic changes of
the lattice parameters a and ¢, which will be used to experimentally evaluate the

prediction.

3.1.3 Experiments

The oxygen contents measured in the three combinatorial samples are in the range

of 1 at.%, 2-5 at.% and 9-11 at.% for oxygen partial pressures of 0, 10 and 20 mPa,
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respectively. In order to determine the change in lattice parameter due to oxygen
incorporation, several contributions to the measured lattice spacing data have to be
considered: Contributions from variation of Cr-, Al-, and C-contents in the MAX phase
as well as contributions due to stresses induced during thin film growth and cooling of
the film-substrate-composite. The different contributions to the lattice parameters are

discussed separately in the following sections.

3.1.3.1 The Cr-, Al-, and C-contents in the MAX phase

As different samples on each wafer are analyzed, which exhibit different
compositions and phases, the composition of the MAX phase may change due to
defects such as Al substituting Cr [74] or C vacancies. These defects may lead to
changes in lattice parameters in the same order of magnitude as the changes by
oxygen incorporation. The effect of carbon off-stoichiometry in the MAX phase is
minimized here by only studying carbon deficient samples where Cr,AIC and CrAl
are present. Therefore, the same research question is addressed theoretically and
experimentally, i.e. whether oxygen is incorporated on a carbon vacancy site or
interstitially besides carbon vacancies. The effect of variation in the Cr:Al ratio will be

discussed later.

3.1.3.2 Stresses induced during growth and cooling

Thin films often exhibit growth-induced stresses as well as stresses due to thermal
mismatch between film and substrates, both of which are acting in-plane. These
stresses lead to strain which is dependent on the orientation: For compressive
(tensile) in-plane stresses, lattice planes which are parallel to the sample surface
exhibit larger (smaller) lattice spacings while lattice planes which are perpendicular to
the surface exhibit smaller (larger) lattice spacings. In XSA, the lattice spacing is
measured as function of the tilt angle y allowing the determination of the strain-free
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lattice spacing. Results of XSA are shown in Figure 4 for samples on the three wafers

where only Cr,AIC and Cr,Al are present.

Figure 4: Lattice spacing of the (103) peak d(103) as a function of sample tilting sin®y
for the positions of the samples where only Cr,AIC and Cr2Al are present. The
oxygen content of each sample is included in the figure. For simplicity, only results

for positive angles y are included.
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It can be seen that the stresses are on the same order of magnitude for samples
deposited with an oxygen partial pressure of 0 and 10 mPa, respectively. The
stresses are decreased significantly upon increasing the oxygen pressure to 20 mPa,
as can be seen from the decrease in slope of the linear fit functions in the upper array

of Figure 4. Additionally, the lattice spacings at sin?py =0 are significantly (up to
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0.2 %) increased upon increasing the oxygen pressure to 20 mPa. This may be

interpreted as a significant increase of the lattice spacing and thus lead to the wrong

conclusion, since the strain-free lattice spacing can only be determined from the

lattice spacing at sin*y* = 0.333. Here, only minor differences in d(103) (up to 0.09%)

can be observed as the oxygen flow is increased, underlining the importance of XSA.

oxygen |oxygen | dgoo) | oty | daosy | daosy | diroy | alAl | c[A]
pressure | content | [A] [A] [A] [A] [A]

[mPa] [at.%]

0 0.9 124771 (24282 | 2.1438 | 1.6164 | 1.4290 | 2.8583 | 12.8084
0 1224776 | 24317 | 2.1429 | 1.6178 | 1.4302 | 2.8604 | 12.8172
10 21124778 | 2.4331 | 2.1428 | 1.6191 | 1.4300 | 2.8602 | 12.8356
10 2324793 | 24339 | 2.144 | 1.6179 | 1.4305 | 2.8613 | 12.8174
10 27124791 | 2.4350 | 2.1447 | 1.6197 | 1.4317 | 2.8632 | 12.8334
10 4.2 24795 | 24317 | 2.1446 | 1.6204 | 1.4314 | 2.8624 | 12.8452
20 9.4 24795 | 2.4384 | 2.1444 | 1.6199 | 1.4312 | 2.8628 | 12.8387
20 9.5]24802 | 2.4365 | 2.1442 | 1.6213 | 1.4312 | 2.8627 | 12.8570

Table 2 - Strain-free lattice spacings and lattice parameters at the sample

positions considered as a function of the oxygen content.

The strain-free interplanar spacings of the Cr,AIC (100), (101), (103), (106) and (110)

planes are listed in Table 2, together with the fitted a and c lattice parameters as well

as the measured oxygen contents. The lattice parameters obtained at the lowest

oxygen contents are in good agreement (differences smaller 0.2%) to the a (c) values

determined by Jeitschko et al. and Tian et al., which are 2.86 A (12.82 A) [75] and

2.863 A (12.814 A) [76], respectively.
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3.1.3.3 Oxygen incorporation in Cr,AlC

Figure 5: Comparison of experimental and calculated a lattice parameter data. The

lines serve as guide to the eyes.
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Figure 6: Comparison of experimental and calculated c lattice parameter data. The

lines serve as guide to the eyes.
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The a and c lattice parameters are plotted in Figure 5 and 6, respectively, as a

function of the oxygen content. For comparison, the results from ab initio calculations
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are added. Here, substitutional oxygen incorporation as well as oxygen interstitials in
the Al layer are considered. The latter was predicted by ab initio calculations to be
more stable (cf section 3.2.2). As carbon deficient Cr,AIC is analyzed experimentally
in this work, the change of lattice parameters with oxygen interstitials is included both
in the presence and absence of carbon vacancies. Experimentally, an increase of the
lattice parameters a and c is observed when the oxygen content is increased up to
3.5 at.%. The lattice parameters do not correlate with the variation of the Cr:Al ratio of
the samples measured by EDX (not shown for brevity) which indicates that the Cr
and Al content of the MAX phase is constant at all points. At constant Cr and Al
content, only the variation in carbon or oxygen content can be responsible for the
changes in lattice parameters observed. If the increase in a lattice parameter in
Figure 5 would be due to a change in carbon content, based on ab initio calculations
(c.f. Table 1) the fraction of carbon vacancies x in Cr,AlIC,4 has to decrease.
Quantitatively, the increase in a lattice parameter of 0.17% upon increase of oxygen
concentration from ~1 to ~3 at.% would correspond to a decrease of the fraction of
carbon vacancies x in Cr,AlC 1« by 0.035 (based on the ab initio data in Table 1)
which corresponds to nearly 1 at.% as the carbon fraction in CrAIC is 25 at.%. It
should be mentioned that carbon vacancies in Cr,AlC have not been reported
experimentally to the best of the authors’ knowledge. It is not reasonable to assume
that 2 at.% oxygen incorporation in the film consisting of Cr,AIC and Cr,Al would
affect the carbon content in CrAIC by 1 at.% without incorporation of oxygen into the
MAX phase. Therefore, the change of lattice parameters indicates the incorporation
of oxygen in CrAlC. The lattice parameters do not increase further for oxygen
contents larger than 3.5 at.% which indicates a solubility limit of oxygen in Cr,AIC of

3.5 at.% under the deposition conditions studied.
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The experimentally observed increase of a is reproduced well by the ab initio
calculations assuming interstitial oxygen in the presence of carbon vacancies.
Accordingly, the trend of ¢ is between the ab initio calculations assuming interstitial
oxygen in the presence and in the absence of carbon vacancies. Thus, the changes
of both lattice parameters with oxygen content are in good agreement with the
prediction from ab initio calculations indicating that oxygen is incorporated
interstitially in the Al layer. As discussed for the calculation details in section 2.1, the
reason for the generally smaller values of the calculated lattice parameters of Cr,AlIC
could be the GGA exchange functional used in this work which is known to
overestimate the stability of delocalized states [25, 34-36]. While this leads to an
error in the absolute value for the lattice parameters, the trend is expected to depend
on geometry. As can be seen in Table 1, the lattice parameter a of the three MAX
phases studied increases between 0.4 and 0.8 % if oxygen is incorporated
interstitially, leading to MAICOg 125. This may be understood by considering the
geometry shown in Figure 1b: The interstitial oxygen widens the lattice in the basal
plane as the interstitial site is not large enough to accommodate the oxygen atom. On
the other hand, a decreases by 0.2 % if oxygen is incorporated substitutionally,
forming M2AICo 87500125, due to the smaller covalent radius of oxygen (0.66 A)
compared to carbon (0.77 A). Hence, geometric considerations are sufficient for
explaining the oxygen-induced change in a (see Figure 5) while the change in ¢ may
be significantly affected by the GGA functional leading to higher uncertainty in the ¢
values shown in Figure 6.

As mentioned above, the experimental observation that the lattice parameters do not
change when the oxygen content is increased above 3.5 at.% indicates that this is

the solubility limit of oxygen in Cr,AIC under the deposition conditions studied. As
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oxygen contents as high as 9.5 at.% were measured in the sample, a discussion on

where the additional oxygen may be located is appropriate.

3.1.3.4 Additional oxygen in the samples

Figure 7: Average grain size (squares) and the area under the Cr,AIC XRD peaks
(circles) as a function of the oxygen content.
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In Figure 7 the average grain size as determined from the broadening of the 100, 101,
106 and 110 XRD peaks is shown where the error bars indicates the standard
deviation. When the oxygen content is increased from 1 to 2 at.% the grain size
decreases from 600 to 200 A which could be due to oxygen-induced renucleation [77,
78]. For higher oxygen contents, the grain size appears to be unaffected within the
error bars. The decrease of the grain size leads to a larger grain boundary area,
which could accommodate oxygen. As a measure of crystallinity, the sum of the
integrated peak intensities of the MAX phase peaks is shown on the second axis in
Figure 7. It can be seen that the crystallinity decreases with increasing oxygen
content, while no systematic change of the area under the Cr,Al peaks has been
observed (not shown for brevity) which -together with the constant grain size for

oxygen contents larger than 2 at.% and constant thickness of the samples- indicates
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an increase of grain boundary thickness or the formation of an X-ray amorphous
(grain boundary) phase. Therefore, it is proposed that the additional oxygen is

located at the grain boundary or in an additional amorphous phase.

3.1.4 Implication: Oxidation of M,AIC

In equilibrium it is expected that high temperature oxidation of M;AIC (M = Ti, V, Cr)
results in the formation of Al,O; due to the more negative standard Gibbs energy of
formation of Al,O3 (-564 kJ/mol) compared to TiO; (-480 kJ/mol), VO, (-364 kJ/mol),
V205 (-318 kJ/mol) or Cry03 (-388 kJ/mol) [79], where all energy values refer to
oxidation by one mole of oxygen. Yet, during oxidation of these M,AIC phases
different oxides are observed: Additionally to Al,O3, the formation of TiO; + TiAl,Os
[17-20] and VO, + V05 [21] are reported for Ti,AIC and V,AIC, respectively. Similar
behaviour is reported for TizAIC, [17, 60]. It should be noted that formation of TiO,
was observed already after 3 min of oxidation at 1200 °C [18], indicating that TiO,
does not form due to depletion of Al. For Cr,AlIC, on the other hand, the oxide scale
consists only of Al,O3 with very small amounts of dissolved Cr,O3 [58, 59, 61, 62].
The occurrence of Cr,O3 during cyclic oxidation at 1200 °C - 1300 °C was argued to
be due to spallation of the initially formed Al,Os; and subsequent oxidation of the
Cr7Cs interlayer forming between the scale and the Cr,AlC matrix [63] which indicates
that Cr,O3 does not form due to oxidation of Cr,AlC.

As Al,O3 is thermodynamically the most stable oxide for all three previously
discussed M,AIC phases, the formation of Ti and V oxides has to originate in a non-
equilibrium mechanism. It has been shown on the one hand that oxygen substitutes
carbon in TizAIC (c.f. [33, 68-70] and section 3.2.2) and V,AIC (c.f. section 3.2.2).
This leads to formation of Ti-O and V-O bonds (cf. Figure 1a), which may act as

nucleation sites for titanium and vanadium oxides. On the other hand the here
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presented data suggest that in Cr,AIC oxygen is incorporated interstitially in the Al
layer (cf. Figure 1b). This leads to formation of Al-O bonds, which may facilitate the
nucleation of aluminum oxides. Hence, it is suggested that the here identified
different oxygen incorporation sites may be significant for the initial stages of
oxidation and may therefore enable different oxide formation mechanisms, i.e.
preferential nucleation of titanium and vanadium oxides in Ti,AIC and V,AIC,
respectively, and nucleation of aluminium oxide in CrAlC. Furthermore, this notion
may explain the differences in oxidation behaviour observed for Ti,AIC and V,AIC

(non-equilibrium) as opposed to CrAIC (equilibrium).

3.1.5 Summary

The energies of formation of carbon vacancies and oxygen incorporation into the
MAX phases Ti,AIC, V,AIC and CrAlC were studied by ab initio calculations. The
energy of formation of carbon vacancies is much smaller in Cr,AIC than in Ti,AlC and
V,AIC due to a larger ability of atomic and electronic relaxation. The comparison of
energies of oxygen incorporation for several configurations indicates that oxygen
replaces carbon in Ti;AlIC and V,AIC, but is incorporated interstitially in the Al layer of
Cr,AIC even for carbon deficient Cr,AIC. To evaluate these predictions, combinatorial
DC sputtering at oxygen partial pressures of 0, 10 and 20 mPa was used to deposit
thin films with different oxygen concentrations. Two phase-regions of Cr,AIC and
CrAl were investigated in order to study oxygen incorporation in carbon deficient
CrAlC. X-ray strain data indicates that the a and c lattice parameters increase with
oxygen content. These trends are in good agreement with the change of lattice
parameters predicted by ab initio calculations and therefore corroborate the notion of
interstitial oxygen incorporation in Cr,AIC. A metastable solubility limit for oxygen of

3.5 at.% was determined while it is suggested that additional oxygen is incorporated
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in the grain boundary or as an X-ray amorphous phase. This is the first report on
interstitial oxygen incorporation into a MAX phase and may be of relevance during
the initial stages of oxidation of CrAIC: interstitial oxygen incorporation leads to
formation of Al-O bonds which may act as nucleation sites for Al,Os. Further

implications for oxidation of M>AIC were discussed.
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3.2 Phase stability and elastic properties of Tig 5Alg sNx

3.2.1 Introduction

Hard titanium nitride (space group Fm3m) based coatings are commonly used for
metal cutting applications. A significant improvement of oxidation and wear
resistance and hardness was observed due to alloying TiN with Al forming TiqAlkN
[80, 81]. Recently, Rachbauer et al. measured the composition of TiAIN films by atom
probe tomography and reported it to be slightly overstoichiometric with respect to
nitrogen [82]. However, it is unclear at this point whether this is due to interstitial
nitrogen or metal vacancies. Based on residual stress data obtained by X-ray
diffraction, Oettel et al. suggested interstitial nitrogen to be responsible for nitrogen
overstoichiometry that was measured for reactive magnetron sputtered TiN and TiAIN
films by glow discharge optical spectroscopy [83]. Bujak et al. and Zhou et al.
reported the influence of nitrogen flow during deposition on composition and elastic
modulus of TiAIN using cathodic arc and reactive magnetron sputtering, respectively
[84, 85]. In both reports, a decrease in elastic modulus was observed when the
nitrogen content in the film increased above 50 at.%, however, reasons for this
behavior were not discussed. Additionally, the elastic modulus was reported to
decrease by ~15% as the nitrogen content is decreased from 50 to 44 at.% [84, 85].
Larger roughness [84] or changing texture [85] were proposed as possible causes for
this. Composition induced changes in defect structure were not considered €.
Recently, Alling et al. reported the calculated decomposition pattern for TiAIN with N
vacancies and proposed that small amounts of nitrogen vacancies enhance the
isostructural decomposition through Ti clustering around the vacancies [86]. Hence,
the origin of N over- and understoichiometry in TiAIN although experimentally clearly

established is unknown. Furthermore, the cause of the N concentration induced
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changes in elastic properties is not understood. Therefore, ab initio calculations of
several point defect concentrations were carried out to shed light on the energetics of
vacancies, interstitials and anti-sites as well as their influence on the elastic behavior
of over- and understoichiometric TiAIN. Additionally, it will be shown in chapter 3.3,
that defects become stable in TIAINO, so understanding defects in TiAIN is an

important prerequisite for studying the oxynitride.

3.2.2 Ab initio Calculations

First, it was investigated whether metal or nitrogen vacancies interact by introducing
them close to each other or maximizing their distance in the unit cell. No significant
differences in terms of energy of formation, lattice parameter and elastic properties
were observed, therefore, only the data for two vacancies with maximized distance

are reported and discussed here.

Figure 1: Energy of formation of TigsAlpsNx as a function of the nitrogen content for

different point defects.
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In Figure 1, the energy of formation of TipsAlgsNx is shown as a function of nitrogen
content for different types of defect. For all point defects, the Ti:Al ratio was kept
constant at 0.5. The points with minimum energy of formation for each composition
are connected by a line. It can be seen that for Tip s5AlpsNx with x<1 a lower energy of
formation is obtained with nitrogen vacancies rather than titanium and aluminium
interstitials or titanium and aluminium on anti-sites. From the negative curvature it
can be concluded that the decomposition into nitrogen-rich and nitrogen-deficient
regions is energetically favoured which is in good agreement with the decomposition
pattern calculated by Alling et al. [86]. On the other hand, nitrogen overstoichiometric
TipsAlpsNy (x>1) is energetically most stable if metal vacancies are created rather
than interstitial nitrogen as previously proposed in reference [83] or nitrogen on metal

sites.

Figure 2: Lattice parameter of TipsAlosNx as a function of nitrogen content.
Deviations in nitrogen content from 50 at.% are accommodated by nitrogen and

metal vacancies.
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The effect of vacancies on the lattice parameter of TigsAlgs5Nx is shown in Figure 2.

For comparison, experimental data was added [87-91]. The lattice parameter
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decreases linearly with decreasing nitrogen content. It should be noted that the
experimental data from reference [87-90] in Figure 2 was determined without stress
analysis, although it is known that stresses evolve during thin film deposition and may
change with nitrogen content [83, 88, 89]. Nevertheless, good agreement (deviations
smaller 0.5%) is obtained between theoretical and experimental data. Comparing the
same deviation from stoichiometry, the decrease of the lattice parameter is with
0.23 % for x = 0.533 larger for nitrogen overstoichiometric TigsAlgsNx compared to
0.11 % for x = 0.467. This may be understood based on the fact that titanium and
aluminum atoms have larger radii than nitrogen and hence titanium and aluminum
vacancies lead to larger decrease in the lattice parameter. To the best of the authors
knowledge no experimental study is published to date where lattice parameters are

reported for TigsAlp 5Ny with x>1.

Figure 3: Elastic modulus of TipsAlpsNy as a function of nitrogen content. Deviations

in nitrogen content from 50 at.% are accommodated by nitrogen and metal

vacancies.
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The influence of nitrogen and metal vacancies on the elastic modulus is illustrated in
Figure 3, together with experimental data [84, 85]. Good agreement is obtained
between calculated and experimental data. Irrespective of the type of vacancy, the
bulk modulus is decreased by approximately 7 % when x in TigsAlgsNx is 1.067 or
0.9375, corresponding to an increase or decrease of nitrogen content by 3 at.% or
one vacancy per 16 formula units. This may be understood based on the fact that six
bonds are broken when a vacancy is formed irrespective of the type of vacancy. Due
to a decreasing Poisson’s ratio, the elastic modulus decreases only by 4% for
x=1.067 in TigsAlosNx while the elastic modulus decreases by 7% for x=0.9375. The
reported experimental elastic modulus [84, 85] decreases for overstoichiometric (x>1)
TiosAlosNx which corroborates the notion of metal vacancies in deposited TiAIN films.
Considering also the calculated energies of formation, it may be inferred that nitrogen
overstoichiometry observed in thin films [82, 84, 85] is due to metal vacancies rather

than nitrogen interstitials or nitrogen atoms on anti-sites.

3.2.3 Summary

In conclusion, the origin of nitrogen over- and understoichiometry in TiAIN observed
experimentally was studied. To this end, energies of formation, lattice parameters
and elastic moduli of TipgsAlosNx (x = 0.5 - 1.14) were determined by ab initio
calculations. For nitrogen as well as titanium and aluminium, vacancies, interstitials
and anti-sites were considered. Based on energies of formation and a comparison of
lattice parameter and elastic moduli to existing experimental data, it is shown that
nitrogen understoichiometry in TiAIN is due to nitrogen vacancies while nitrogen
overstoichiometry is due to metal vacancies and neither interstitials nor anti-sites are
stable in TiAIN. Vacancies lead to a decrease in bulk modulus: irrespective of the

type of vacancies, the bulk modulus is decreased by approximately 7% when x in
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TiosAlosNx is 1.067 or 0.9375 as the nitrogen concentration is increased or

decreased by 3 at.%.
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3.3 Phase stability and elastic properties Tig sAlg sNxOy

3.3.1 Introduction

The chemical stability and cutting performance of TiN hard coatings was improved
considerably by alloying with Al forming Ti1xAlxN [80, 81]. Significant improvements
with respect to the tribological behaviour of TiixAlkN based coatings has been
reported due to alloying with oxidation and wear resistance and hardness was
observed due to alloying with V [92], Mo [93] or W [93] as suggested by Erdemir [94].
To date, there are only few reports on titanium aluminium oxynitrides: Luthier and
Lévy deposited TIAINO coatings using radio frequency magnetron sputtering of a
Al;03 + 1.5 TiN compound target [95]. They show that the as deposited TIAINO
exhibits a microstructure consisting of (Ti,Al)Nx nanocrystallites embedded in an
amorphous oxide matrix [95]. Ténshoff et al. reported that multilayer TiAIN/TiAION
coatings synthesized by magnetron sputter ion plating and high ion sputtering exhibit
superior wear behaviour during dry driling of tempered steel compared to
conventional TiAIN coatings with the same microhardness [96]. This is proposed to
be due to an improved oxidation resistance of TIAINO compared to TiAIN [96].
Kawata et al. showed that TIAION coatings exhibit smaller corrosion loss in contact
with molten JIS ADC 12 aluminium alloy than TiN or TiAIN coatings [97].
Improvement in wear resistance caused by up to ~7 at.% additions of oxygen to
TiAIN was reported by Sj6len et al. who synthesized TiAINO by arc evaporation with
varying nitrogen and oxygen contents [14]. Additionally, they show that TiAINO grows
epitaxially on TiAIN which served as a buffer layer up to an oxygen content of 35 at.%
(O+N =100 at.%) [14]. As the oxygen concentration is increased, a decrease of the
ratio between metals and non-metals is observed [14]. Vacancy formation or the
formation of oxides (which could not be detected by XRD) was proposed as

43



Results and Discussion

explanation for the change in stoichiometry [14]. The proposal of metal vacancies
was also employed by Fabreguette et al. and Guillot et al. in order to explain the
composition of TiNxOy films with x+y = 1.2 as measured by XPS and RBS [98, 99]. To
the best of the author’s knowledge, the effect of oxygen on phase stability of TIAINO
is not understood, including the reason for the increase in non-metal to metal ratio
with increasing oxygen content [14, 98, 99]. The aim of this work is to contribute
towards understanding the effect of oxygen additions on structure, phase stability
and elastic properties of TIAINO. Thus, it is implicitly intended to identify the origin of
the non-metal overstoichiometry reported experimentally for oxynitrides [14, 98, 99]

as well as the influence of oxygen on elastic properties.

3.3.2 Ab initio Calculations

3.3.2.1 Defect energies in TiAIN

The lattice parameter, energy of formation per defect and bulk modulus of TigsAlgsN
and TipsAlpsN with one and two Ti, Al or N vacancies studied in chapter 3.2 are
provided in Table 1 together with the data for one N or O interstitial in TipsAlpsN.

These data will serve as reference for defects in Tig.sAlp 5N1xOx.
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defect a[A] Efefect B [GPa]
[eV/defect]

none 4.175 - 261
1 Ti vacancy 4.169 2.47 247
2 Ti vacancies 4.160 2.71 243
1 Al vacancy 4.172 1.99 251
2 Al vacancies 4.169 2.19 243
1 Tiand 1 Al vacancy 4.165 2.31 241
1 N vacancy 4.174 3.41 248
2 N vacancies 4.173 3.44 241
1 N interstitial

tetrahedron gap 4213 4.52 245
1 O interstitial

tetrahedron gap 4209 0.69 248

Table 1 - Results of calculations of one and two defects in TigsAlgsN: Lattice

parameter a, energy of formation per defect £, bulk modulus B.
It has been investigated whether vacancies interact by introducing them close to
each other or maximizing the distance in the unit cell. No significant differences in
terms of energy of formation, lattice parameter and elastic properties were observed,
therefore, only the data for two vacancies with maximized distance are reported and
discussed here. The energies of formation of a Ti, Al or N vacancy are 2.5, 2.0 and
3.4 eV/vacancy, respectively. The energy of formation for a second vacancy
increases slightly (up to ~0.25 eV/vacancy). The energy needed to incorporate one

nitrogen atom interstitially in a tetrahedron gap was determined to be 4.5 eV.

3.3.2.2 Phase stability of TiAIN1.xOx

The energy of mixing in TiAIN¢+4Ox with x = 0, 1/32, 1/16, 1/8, 1/4, 1/2 and 1 was
investigated. For x = 1/16, where two nitrogen atoms replaced by oxygen in the
2x2x2 supercell, the interaction of oxygen atoms with each other was analyzed.
Configurations were tested with the two oxygen atoms placed as far from each other
as possible; next to each other with two Ti atoms as common neighbours; next to
each other with two aluminium atoms as common neighbours; next to each other with

one Al and one Ti atom as common neighbour. The energy of mixing AEnx for these
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configurations is -23.7, -24.0, -23.0 and -22.8 meV/atom, respectively. AEmix obtained
from the SQS configuration with the same amount of oxygen is -24.0 meV/atom,
hence no indication for ordering on the non-metal sublattice is observed. Therefore,
random distribution of nitrogen and oxygen on the non-metal sublattice was assumed

for the following calculations.

Figure 1: energy of mixing as a function of x in Tip5AlpsN1.xOx. For comparison, the

data reported by Graciani et al. [100] for titanium oxynitride TiN1.xOx is added.

T -
S o0b & AE_ for Ti Al N, O )
S . o AE_ for TiN, O from [a]
[ 204
g 2014 o
E 0]
4 ¢ 0
8) o}
=z % °
S .
% -804
3
@ -100- *
{=
L T T T T
0.0 0.2 0.4 0.6 0.8 1.0

xin Ti Al N, O, and TiN, O,

[a]: [100]

The energy of mixing for TiAIN1xOy is shown in Figure 1. The negative values of
AEmix indicate full miscibility of TiAIN and the hypothetical phase TiAIO with an
interaction parameter Qriano [101] of -0.390 eV/atom (-37.6 kd/mol). For comparison,
the data reported by Graciani et al. for TiN1xOy [100] is added to the figure. It should
be noted here that the data from Graciani includes entropic contributions to energy,
where a temperature of 10K was considered [100]. However, it was reported that the
entropic contribution is rather small (-TAS in the range of 1 meV) and can therefore
be neglected [100]. Comparing Qriano to the interaction parameter Qrino in the

TiN1.xOx system (-0.210 eV/atom or 20.26 kJ/mol, neglecting the value for x = 0.83)
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[100] shows that aluminium leads to a more exothermic mixture and therefore should
facilitate the formation of TiAIN44Oy solid solution. One possible reason could be a
higher oxygen affinity of aluminium compared to titanium: The energies of formation
per oxygen molecule are -1055 kJ/mol for Al,O3 and -890 kd/mol for TiO, [79]. The
higher affinity of oxygen to aluminum is also reflected in the by a factor of 40 higher

oxygen content in AIN precipitates than in TiN after decomposition of TiAIN [82].

Figure 2: interatomic distances and lattice parameter of TipsAlo5N1xOx as a function

of x.
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This notion is also consistent with the changes in non-metal-titanium and non-metal-
aluminium bond distances as the oxygen population on the non-metal sublattice is
varied. Generally, the N-Al and O-Al distances are shorter than the N-Ti and O-Ti
distances, as shown in Figure 2. If the oxygen content is increased, the N-Ti bonds
are enlarged while the N-Al bonds shorten. As the oxygen content x in TiAIN1Ox is

increased past 0.25, the O-Ti and O-Al bond lengths increase and decrease,
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respectively. The decrease in non-metal-Al bond length is not enough to compensate
for the larger distance between non-metals and Ti, therefore, the lattice parameter
increases from 4.175 A to 4.241 A with increasing x from 0 to 1. A slight negative
deviation from Vegard’s law [73] is observed in Figure 2 which may be due to the

negative energy of mixing (cf. Figure 1).

Figure 3: total and partial density of states (DOS) of a) TigsAlosN, b)
Tio.5Alo.5sNo.87500.125, €) Tio.sAlo.sNosOos, d) TiosAlosNos7sO0219. Partial DOS were

enlarged by a factor of 4/3 for clearer representation.
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The higher affinity of aluminium to oxygen and nitrogen is also reflected in the
calculated density of states (DOS). The DOS is plotted in Figure 3 for TipsAlpsN (a),

Tio.5Al0.5N0.87500.125 (b) and TigsAlp5No500.5 (C) For TipsAlpsN, an energy interval
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between the Fermi level and -1.8 eV belonging to metallic states may be
distinguished from a region belonging to covalent/ionic bonds between N and Al and
Ti located between -1.9 eV and -9 eV (all energies given here and in the following
text are referring to the Fermi level). The decomposition of DOS into partial density of
states shows that the metallic states almost exclusively belong to Ti atoms. The
integrated density of states between -1.9 eV and the Fermi level is 16 states per
supercell which means that one electron per Ti atom is forming a metallic bond. This
indicates that the other three valance electrons of Ti contribute to covalent bonding to
nitrogen. When oxygen is introduced on the non-metal sublattice, an increase in
energy difference between the hybridized states and the Fermi energy is observed,
shifting the hybridized states to energies between -2.2 and -9.4 eV for
Tio.5Alo.5N0.87500.125 (Figure 3b) and -3.6 and -10.6 eV for TigsAlgsNo.500 5 (Figure 3c).
The metallic character due to Ti-d states increases to 20 and 32 states per supercell,
respectively. Hence, two of four valance electrons of Ti are contributing to metallic
bonds rather than to covalent/ionic bonds in TigsAlosNosOos. This may be
understood based on the fact that oxygen has six valance electrons while nitrogen
has five which results in a transfer of only two valance electrons to oxygen and three
valance electrons to nitrogen when covalent/ionic bonds are formed. Therefore, the
substitution of nitrogen by oxygen results in a smaller number of metal valance
electrons which form covalent or ionic bonds which increases the metallic character
of the oxynitride. Based on the atomic radii of covalently bound O and N, which are
0.66 and 0.70 A [102], respectively, a decrease of atomic volume would have been
expected when substituting N by O. The increase in volume observed (Figure 2), can
be explained by the increase in metallic character by increasing the oxygen content.

As already indicated by the smaller distance between Al and O compared to Ti and O,

oxygen preferably bonds to aluminium as can be inferred from the hybridized states
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between -8 and -10.6 eV in TiosAlosNos5005 (Figure 3c) that belong both to O and Al.
This notion is also consistent with the more negative energy of mixing (cf. Figure 1) of
Tios5AlosN1.xOx compared to TiN1xOy [100] and explains why Al does not form metallic

bonds.

Figure 4: bulk modulus B as a function of x in TigsAlgsN1xOx and Tig.5Alo.5N1-xOx+y.
For comparison, the bulk modulus data reported by Graciani et al. [100] for titanium

oxynitride TiN4xOy is added.
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In Figure 4, the bulk modulus is shown for TiAIN14Ox together with the bulk modulus
data for TiN44xOx [100]. The bulk modulus of TiAIN1.xOx decreases with increasing x,
showing a similar behaviour as TiN{xOx. The smaller bulk modulus of TiAIO
compared to TiAIN may be understood based on the increase in metallic bond
character at the expense of covalent bonding with increasing x, as was deduced from

the DOS (Figure 3).

50




Results and Discussion

3.3.2.3 Defects in Tig5Alp.5No.87500.125

By studying defects in TipsAlo5No.87500.125, the origin of the experimentally reported
non-metal overstoichiometry [14, 98, 99] is investigated. Different configurations had
to be considered here because of the complexity of the task: one Ti (Al) atom
surrounded by 6 N atoms was removed, forming a Ti (Al) vacancy distant from
oxygen. This was compared to a configuration where one Ti (Al) atom surrounded by
4 N atoms and 2 O atoms was removed, forming a Ti (Al) vacancy close to oxygen.
Non-metal overstoichiometry may also be due to the formation of interstitials.
Therefore, configurations were studied where one O atom was introduced in a
tetrahedron gap with 2 Ti, 2 Al and 4 N atoms as nearest neighbours, with 2 Ti, 2 Al,
2 N and 2 O as nearest neighbours, with 4 Ti, 2 N and 2 O as nearest neighbours or
with 4 Al, 2 N and 2 O as nearest neighbours, respectively. Additionally, one
configuration was studied where 1 N atom was moved from a normal lattice site into
a tetrahedron gap with 2 Ti, 2 Al, 2 N and 2 O nearest neighbours and one O atom
simultaneously filled the N vacancy, which allows for comparison of energetics of N
and O interstitials without referring to N, and O, molecules. The lattice parameter and
bulk modulus of configurations containing these defects and energy of formation of

these defects are listed in Table 2.
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defect a[A] Ederect B [GPa]
[eV/defect]

none 4.181 0 247
1 Ti vacancy close to O 4171 0.83 241
1 Ti vacancy distant from O 4.175 1.97 240
1 Al vacancy close to O 4.175 0.65 241
1 Al vacancy distant from O 4.179 1.52 239
1 N interstitial tetrahedron gap

close to 2 Ti, 2Al, 2N, 20 and 4.220 0.61 231

1 more O on N site
1 O interstitial tetrahedron gap

closeto 2 Ti,2 A, 4N 4216 0.73 233
1 O interstitial tetrahedron gap
close to 2 Ti, 2 Al, 2 N, 20 4212 063 239
1 O interstitial tetrahedron gap
closeto 4 Ti,2N,20 4210 133 242
1 O interstitial tetrahedron gap 4.210 1.33 243

closeto4 Al,2N,2 0O
Table 2 - Results of calculations of one and two defects in Tip5Alo.5No.87500.125:

Lattice parameter a, energy of formation per defect £ and bulk modulus B.
The energy of formation of a Ti vacancy is reduced from 2.5 eV/vacancy in TigsAlpsN
to 0.8 and 2.0 eV/vacancy in TipsAlg 5N s7500.125, depending on whether the vacancy
is close to or distant from oxygen. The same trend is observed for Al vacancies,
indicating that oxygen significantly reduces the energy penalty for forming metal
vacancies. The energy needed to incorporate oxygen into a tetrahedron gap
surrounded by nitrogen is the same for TigsAlgsN and TigsAlosNo.87500.125, 0.7 eV.
There is, however, an important change if oxygen is incorporated into a tetrahedron
gap with 2 N and 2 O nearest neighbours: There is no energy penalty but energy is
gained, -0.6 eV if oxygen is surrounded both by Ti and Al atoms and -1.3 eV if
oxygen is surrounded by only Ti or Al atoms. This is a clear indication for oxygen
being spontaneously incorporated interstitially in Tip5Alp5No.87500.125. Comparing the
latter energies with the energy of the configuration where a nitrogen atom is moved to
an interstitial site and the vacant lattice site is filled by oxygen (+0.6 eV), it is

expected that only oxygen is incorporated interstitially in Tig5Alo5No.s7500.125. Hence,
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it is proposed here that the reason for the non-metal overstoichiometry observed
experimentally [14, 98, 99] is the formation of oxygen interstitials, rather than
formation of metal vacancies which was proposed in [14].

An interesting question remaining to be answered is how much oxygen may be
incorporated interstitially. While the solubility limit is probably a function of oxygen
population on the non-metal sublattice, here, only the energetics of oxygen

interstitials in Tip 5Alg 5No.87500.125 was investigated.

Figure 5: energy of incorporation of oxygen interstitials as function of y in

Tio.5AlosNo.87500.125+y. FOr comparison, energy of formation of oxygen interstitials in

Tio.sAlosNOy and TiNOy [103] was added.
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Figure 5 shows the energy of incorporation per oxygen interstitial in
Tio5Alp5No.87500.125 together with the data for TiAIN (cf. Table 1) and for TiN taken
from Tsetseris et al. [103]. The configurations for Tig sAlo sNo.87500.125+y Were designed
as follows: for y = 0.0625, one O atom was introduced into the configuration with

lowest energy for y = 0.03125. The position of the additional oxygen atom was
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chosen ad hoc in the vicinity of other oxygen atoms, where two configurations were
tested. This procedure was repeated up to y = 0.125. As can be seen in Figure 5, the
energy of incorporation is constant up to Tips5AlpsNos750025. This indicates that at
least the same number of oxygen atoms can be incorporated interstitially as oxygen
atoms populate non-metal sublattice sites. Whether or not this is a general rule as
well as the magnitude of the solubility limit of interstitial oxygen will be addressed in
future work.

Interstitially incorporated oxygen reduces the bulk modulus as also shown in Figure 4.
As y in Tig.sAlo.sNo.87500.125+y increases from 0 to 0.125, B decreases from 247 GPa to
184 GPa. This is probably due to the increased unit cell volume (+10% for that
change in y) which leads to bond elongation. This change in unit cell volume could
also be a direct way to provide experimental evidence for the interstitially
incorporation of oxygen as it can be directly measured by X-ray diffraction.

The increased stability of Tig5Alo5No.87500.125+y over Tig.sAlgsNo.g7500.125 + y/2 O2 may
be understood based on the DOS of TipsAlosNos7500219 shown in Figure 3d.
Compared to TiosAlosNos7500.125, the interstitial oxygen leads to a significant
reduction of the metallic character (14 states per supercell compared to 20)
combined with an increase in Ti states corresponding to covalent Ti-N bonds
between -3 and -5 eV. Additionally, the average distances between O and both Al
and Ti in Tio5AlosNo.s7500.125+y are reduced from 2.06 A and 2.24 A (y=0) to 1.97 A
and 2.02 A (y=0.094), respectively. These values are very similar to the ones
observed in a-Al,O3 and rutile-TiO,, which are 1.87 A (1.98 A) [2] and 1.95 A (1.98 A)
[104] for the first (second) nearest neighbours, respectively. This may also contribute

to the high stability of interstitially incorporated oxygen.
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3.3.3 Implication: Design of Hard Coatings

Based on the oxygen incorporation induced stability increase of Tig5AlosN1xOx+y, @
new design concept for transition metal oxynitride based hard coatings is proposed in
the following. Efficient hard coatings for e.g. cutting applications have to be stable
even at high temperatures that evolve during service. Here, TiAIN is attractive even
though it is not energetically stable due to kinetic limitation of the decomposition.
Additionally, the decomposition of fcc-TiAIN into fcc-TiN and w-AlIN is spinodally in
the beginning, leading to high hardness of TiAIN coatings due to formation of fcc-TiN
and fcc-AIN rich domains that act as obstacles for dislocation movement [91, 105].
One way to increase the kinetic limitation of decomposition could be to introduce
oxygen into the system causing the formation of TiAIN1.xOy. While it was shown that
there is no energetic limitation for the oxygen incorporation, an indication for the
impact of oxygen on the decomposition kinetics can be found in [82], where after
annealing of TiAIN at 900°C only a slight segregation of oxygen impurities into AIN
rich regions was observed. Only after annealing to 1350°C, i.e. after the cubic to
hexagonal transformation of AIN, oxygen mobility is high enough to lead to
significantly different oxygen contents in TiN and AIN of 0.004 at.% and 0.16 at.%,
respectively [82]. This shows that the solubility limit of oxygen in TiN is extremely
small, therefore, it is feasible that oxygen and nitrogen will diffuse simultaneously with
the metals, forming TiN-rich and AlO-rich regions. Thus, oxygen may act on
aluminum similar to the solute drag effect [106]: As the mobility of oxygen is smaller
than that of the metals, substantial incorporation of oxygen may decrease the
diffusivity of aluminum and therefore lead to an increase in decomposition
temperature. This would be technologically important as it would lead to a sustained

high hardness at temperatures above the h-AIN formation temperature during the
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decomposition of TiAIN. This design concept will in the future be evaluated

experimentally.

3.3.4 Summary

The impact of oxygen additions on phase stability and elastic properties of titanium
aluminium nitride was studied by ab initio calculations. Fcc-TigsAlpsN and fcc-
Tios5Alo 50 shows a negative energy of mixing with an interaction parameter Qriano of
-37.6 kd/mol. The lattice parameter of TigsAlosN1xOx increases with increasing x
while the bulk modulus decreases by 35%. The reason for this is the metallic bonding
character which increases on the expense of covalent bonds with increasing oxygen
content. In contrast to TigsAlosN it has been shown that the incorporation of oxygen
in TipsAlosN1xOx on interstitial sites is energetically favourable. This can be
understood based on the compensation of metallic bonding as the population of
metal-oxygen bonds that are similar to a-Al,O3 and rutile-TiO; is increased. Based on
the oxygen incorporation induced stability increase of TigsAlgsN1xOx+y, @ Nnew design

concept for transition metal oxynitride based hard coatings is developed.
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3.4 Reactive gas gradients

3.4.1 Introduction

Reactive magnetron sputtering is often used to synthesize stable as well as
metastable phases by sputtering of a metal target in reactive gas atmosphere (e.g.
N2 or O3). Using two or more metal targets, lateral metal concentration gradients can
be achieved and the influence of metal composition on properties of e.g. oxides or
nitrides can be studied by spatially resolved methods. This method is called
combinatorial magnetron sputtering [16]. To date, a method where lateral non-metal
concentration gradients can be achieved by magnetron sputtering has not been
reported. However, it is known that gas phase gradients can be used in atmospheric
pressure chemical vapor deposition (CVD) [107]. Combinatorial CVD has been used
in few cases to study TiOxNy [108], VOyN, [109] and Ti\W,O, [110]. Combinatorial
CVD uses localized gas inlets where a gas is introduced into the reactor at the
vicinity of one end of a substrate while other reactive gases are homogeneously
distributed [107]. To the best of the author's knowledge, a similar approach has not
been reported to date for reactive magnetron sputtering besides some experiments in
the late 1980s and early 1990s: van Zon et al. pointed out that gas gradients exist
during reactive magnetron sputtering and can be substantial: a 4.5 times larger O,
partial pressure was measured 20 cm away from the substrate center than in the
substrate centre [111]. Vossen et al. applied a gas inlet localized on the substrate to
study the efficiencies of different oxygen containing gases to produce oxides [112]. A
similar experimental setup was used by Niwa et al. to estimate the flux ratio of
oxygen molecules to tantalum atoms needed to form Ta,Os [113]. Here, it is shown
that reactive gas gradients can be used for combinatorial reactive magnetron

sputtering to study the effect of off-stoichiometry in nitrides or oxides. As study

57



Results and Discussion

systems, TiNx and TiO, have been analyzed by EDX, XRD and Nanoindentation. For
TiAINx and TiAIN,Oy, only initial EDX and XRD results are reported and discussed
here. In the following text, the reported distance always refers to the distance from

the gas inlet along the target surface.

3.4.2 Experiments

3.4.2.1 Deposition of TiNy

Optical inspection of the deposited film (a photograph is provided in Figure 1) showed
golden colour close to the N2 gas inlet changing to grey at a distance of ~15 cm. This

can be understood by considering the EDX data shown in Figure 1.

Figure 1: Photograph of the TiN, samples and the corresponding EDX results.
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The nitrogen content in the film measured by EDX decreases slightly up to a distance
of ~12 cm and strongly between 12 and 24 cm from the gas inlet. The relation
between nitrogen content and colour has been described before and optical results of
the films deposited in this work are in good agreement with the data shown in [114]. It
should be noted that Si, Na, O and other glass additives were detected in varying
concentrations in the EDX spectra due to low film thickness. Therefore and because
of limited reliability of EDX for light elements, the Ti and N contents shown in Figure 1
can only be discussed qualitatively. It may be that the decrease in N:Ti ratio between
0 and 12 cm does only reflect a thickness gradient leading to different information
depths (the intensity of the Si signal decreases from 790 counts to 146 counts
between 0 and 12 cm, indicating larger film thickness), hence this decrease is not
discussed further. Between 12 and 24 cm, however, the change in N:Ti ratio can be
correlated to large changes in thin film composition (the intensity of the Si signal
decreases only from 146 counts to 27 counts between 12 and 24 cm, indicating
rather constant film thickness). This indicates that reactive gas gradients can be used
for combinatorial reactive magnetron sputtering. The diffractograms taken at selected
distances are shown in Figure 2. Due to the incidence angle of 15° and the
integration width of +10 ° and -10 ° in tilting, the (111) planes detected are tilted by
3.3° to 10.5 ° from the surface normal and the (200) planes detected are tilted by
6.3° to 11.8 °. Even for fibre textured samples, a significant fraction of grains is
commonly misaligned by 5-10 ° from the surface normal [115, 116], therefore, the
intensities of the (111) and (200) planes are a good indication of the texture of the
film. It can be observed that a (111) fibre texture is dominant at all distances but
~14 cm from the gas inlet. Here, the (200) peak becomes dominant. It is interesting
to note that the transition from an (over-)stoichiometric to an understoichiometric

nitride is also at this distance. This could indicate that the stoichiometry of the
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growing film is another decisive factor for texture evolution. It may be argued that
(111) terminated nuclei are energetically favoured if the Ti:N ratio is different from
unity as then closed packed planes of Ti (Ti:N > 1) or N (Ti:N < 1) can be formed

while a (100) plane would include surface vacancies.

Figure 2: XRD results of TiNx samples taken at selected distances from the N inlet.
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A slight peak shift can be observed in Figure 2 as well that can be related to a
decreasing lattice parameter with increasing distance from the N, gas outlet. As
stresses may evolve in the film and change with composition, the lattice parameter
was not determined. Only small changes in reduced modulus and hardness were

determined by nanoindentation and the influence of changing film thickness on these
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could not be determined. Therefore, the nanoindentation results are not shown here

for brevity.

3.4.2.2 Deposition of TiOy
A photograph of the Ti target after sputtering is shown in Figure 3. In the enlarged
part with increased contrast, arc spots can be distinguished. The arc spot density

exhibits a maximum at around 17 cm.

Figure 3: Photograph of the Ti target after sputtering with O, gas phase gradient (up)
and the same photograph enlarged and with decreased brightness and increased

contrast (down). The numbers indicate the distance from the O, gas inlet in [cm].

The EDX results and a photo of the TiOy samples are shown in Figure 4. At distances
smaller 7 cm, the film was too thin to analyze by EDX and the data points are omitted.
At distances larger 23 cm the sample is essentially Ti with small amounts of oxygen

that could not be quantified by EDX.
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Figure 4: Photograph of the TiOy samples and the corresponding EDX results.
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It can be seen that the film is transparent up to a distance of ~10 cm. At this distance,
the O:Ti ratio concurrently drops to values smaller than 2 and a transition from dark
grey to metallic appearance can be observed at the target shown in Figure 3
indicating the transition from a poisoned to a metallic target. The gradient in
composition is significantly steeper than for TiNx which can be explained based on (l)
the by a factor of 2 larger Ar partial pressure, resulting in a factor of 2 smaller mean
free path, (Il) a higher reactivity of oxygen compared to nitrogen and (lll) the fact that
two oxygen are bonded to one Ti atom in TiO, while only one nitrogen atom is
bonded to one Ti atom for TiN.

The XRD data is shown in Figure 5 as a contour plot.
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Figure 5: Contour plot of XRD intensities of TiO, samples taken at spacings of

10 mm.
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In Figure 5, five regions can be distinguished: From 0 to 9 cm from the O; inlet, Rutile
and Anatase TiO, can be observed (the amorphous hump that is seen between 22 °
and 34 ° at 0 to 7 cm results from the glass substrate). At 11 cm from the O, outlet,
peaks are observed at 20 of 32.6 ° and 38.7 °. These could stem from Ti2O3 (104)
and (006) planes, for which the diffraction angles are 33.0 ° and 39.5 ° according to
JCPDS card No. 10-0063. Textured growth of isostructural CroO; with the basal
plane parallel to the surface was reported when floating bias potential was used [117,
118] which could explain the sole occurrence of (104) and (006) peaks for Ti2O3
observed here. Between 12 cm and 13 cm from the O; outlet, cubic TiO is observed
with a peak shift towards smaller 20 angles with increasing distance. Between 13 cm
and 15 cm, a broad hump is observed between 38 ° and 43 ° 20 which indicates an
amorphous or nanocrystalline TiOy phase with y < 1. With decreasing oxygen content,

the hump sharpens and hexagonal Ti is detected. The results from Nanoindentation
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measurements of hardness and reduced modulus with loads of 500 uN and 1000 uN

are shown in Figure 6, where the stability regions of the phases are also marked.

Figure 6: Hardness and reduced modulus of the TiOy films. The phases formed are

included for clearer representation.
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Close to the O, gas outlet, the film is too thin leading to smaller hardness and
modulus values at a force of 1000 uN compared to 500 uN. The largest hardness of
20 GPa is observed for the amorphous TiOy phase qualifying it as a hard phase [119].
For the hexagonal Ti with dissolved oxygen, hardness and reduced modulus
decrease with increasing distance from the gas inlet. This may be due to larger grain
size -as can be speculated from the decrease in XRD peak broadening between
15 cm and 17 cm- combined with a decreasing solute hardening effect of interstitial

oxygen.
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These results show the power of reactive gas gradients as a combinatorial approach
for exploring the phase space of oxides or nitrides. In principle, it is expected that the
approach can be transferred to other reactive gases. In the proof-of-concept reported
here, a new hard amorphous phase with composition TiOy (y < 1) was observed.
Additionally, this new combinatorial approach can be expanded easily from binary to

ternary and quaternary systems as is shown in the next two sections.

3.4.2.3 Deposition of TiAIN,

Experiments were conducted similar to those reported in section 3.4.2.1 using a TiAl

target. The EDX results are shown in Figure 7.

Figure 7: Composition of TiAIN films as function of the distance from the N inlet

measured by EDX.
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In contrast to TiNy, the nitrogen content in the film decreases constantly which could
be either due to increased power at the target when working with the same set
voltage or a larger sputter rate of aluminum and hence faster consumption of Na.
Unfortunately, the peak current and voltages at the target were not measured.

Additionally, it can be observed that the Ti:Al ratio changes with distance. This
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indicates different poisoning behavior of Ti and Al. Different poisoning (and -to be
more precise- sputtering, scattering, sticking) behavior will limit the applicability of
gas phase gradients for combinatorial deposition of ternary phases when using
compound targets.

In Figure 8, XRD results are shown for selected TiAINy films with decreasing nitrogen

content.

Results and Discussion

Figure 8: XRD results of selected TiAINy films. On the right, the 20 range of the

(111) peak is enlarged for clearer visibility of the peak shift observed.
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It is interesting to note that the all peaks detected can be attributed to a NaCl
structure, indicating a high metastable solubility limit for N vacancies of the already
metastable phase TiAIN. In the enlarged 20 range shown on the right of Figure 8, a
peak shift to larger 20 angles and an increase of the peak width can be seen that
may be interpreted as smaller lattice spacings and smaller grains or non-uniform
strains, respectively.

In the following, the lattice parameter is obtained from the peak position in Figure 8,
thus assuming that the stress does not change significantly with changing N content.
A more precise analysis should include strain correction as well as N content
determination by a method with higher accuracy than EDX. The lattice parameters

obtained are shown in Figure 9.

Figure 9: Lattice parameters obtained from the (111), (220) and (311) XRD peak

position as a function of N content.
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The lattice parameters obtained from the (111), (220) and (311) peaks show a similar
change with nitrogen content. Therefore, the average lattice parameter was

calculated and used for comparison with ab initio data. As shown in Figure 7, the
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Ti:Al ratio changes with N content. As this will affect the lattice parameter [41], the
change of the Ti:Al ratio was compensated for by using a second order polynomial fit
through the data shown in Figure 2 of [41]. The resulting lattice parameters are

shown in Figure 10 together with the data from Figure 2 in section 3.2.2.

Figure 10: Lattice parameters obtained experimentally using a N2 gradient in
comparison to the experimental data reported by Shew et al. [87] and the ab initio

data reported in section 3.2.2.
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Good agreement is observed between the experimental and the calculated lattice
parameter of TiAINx for the whole composition range calculated with deviations
smaller 0.5 %. At nitrogen contents of 35 at.% and 30 at.% changes in slope are
observed which may be due to lattice distortion, stresses or phase transformations.
An advantage of combinatorics by gas phase gradients over individual experiments is
immediately visible in Figure 10: In the report by Shew et al., six growth experiments
were conducted to determine the relationship between lattice parameter and N
content [87] while only one growth experiment was required using a N, gradient.

Furthermore, the data point density is clearly higher using the combinatorial setup.

68



Results and Discussion

3.4.2.4 Deposition of TiAIN,Oy

The variation of Ti:Al ratio with nitrogen due to different poisoning behavior indicated
already one limitation for the combinatorial setup. To explore whether two reactive
gases could be used in the same setup and what would be the resulting composition
gradient, N, was introduced in the deposition chamber together with Ar
homogeneously and O, was let in through the gas inlet located on top of the elongate

target. EDX results of the films are shown in Figure 11.

Figure 11: Composition of TiAIN,O, films as function of the distance from the O, inlet
measured by EDX.
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As expected the O content in the film decreases with distance from the O, inlet. At
distances below 3 cm, the film was too thin for a meaningful analysis by EDX. With
decreasing O content the N content as well as the Al:Ti ratio increase due to a
transition from an oxidic to a nitridic poisoned target. It is interesting to note that the
O content is slightly increasing at a distance of 27 cm from the gas inlet with
concurrently decreasing N content and Al:Ti ratio. Selected diffractograms of

TiAIN,Oy are shown in Figure 12.
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Figure 12: XRD results of selected TiAIN,O, films. On the right, the 20 range of the

(200) peak is enlarged for clearer visibility of the peak shift observed.
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The O-rich films show poor crystallinity while with larger N content the (200) peak
intensity of a NaCl structured phase is increased, indicating textured growth. In the
enlarged 20 range shown on the right of Figure 12, a peak shift to smaller 20 angles
-even lower than the peak position for TiN- is observed. This may be an indication of
increasing lattice parameter to values larger than 4.24 A. Decomposition of TiAIN
during deposition was reported at substrate temperatures larger 540 °C, which is
significantly larger than the 370 °C maximum substrate temperature used here.

Therefore, decomposition into Ti- and Al-rich regions is not likely during deposition
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and the reason for the increased lattice parameter is probably oxygen incorporation.
As shown in Figure 2 of section 3.3.2.2, the lattice parameter increases when oxygen
substitutes nitrogen in TiAIN. However, for an O:(O+N) ratio of 0.18 (upmost
diffractogram in Figure 11), a lattice parameter of only 4.18 A is expected based on
the ab initio data for substitutional oxygen incorporation, which is significantly smaller
than the value derived from the lattice spacing of the (200) peak of 4.246 A. The
difference may be due to stresses or interstitial oxygen incorporation as suggested in

section 3.3.2.3. For clarification, further experiments are needed.

3.4.3 Implication: Gas phase combinatorics

The results shown above indicate that gas phase combinatorics can be used for
several purposes:
1. Binary composition spread: The metal to gas ratio arriving at the substrate
and thus the composition can be varied continuously to study the composition-
structure-property relationship.
2. Multinary composition spread: Using a binary target or several reactive
gases the composition can be varied continuously, however, the cut through
the multinary phase space is not a straight one due to changing poisoning
behavior.
3. Arc control: Counting the number of arc spots on the target after deposition,
the connection between reactive gas partial pressure and arcing behaviour

could be studied in a single deposition.
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3.4.4 Summary

Reactive gas gradients were used to deposit TiNy, TiOy, TiAINy and TiAIN,Oy thin
films with varying x and y in a single deposition. Using EDX, XRD and
Nanoindentation it was shown that reactive gas gradients can be used to synthesize
films with lateral composition gradients and to study their composition-structure-
properties relationship. A new amorphous or nanocrystalline hard TiOy (y < 1) phase
was observed as well as an increase of the (200) lattice spacing of TiAIN,O, that may

indicate interstitial oxygen incorporation.
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3.5 Elastic properties of nanolaminates

3.5.1 Introduction

Of all the material characteristics, the bulk modulus is one of the most fundamental,
reflecting the mean bond strength. The bulk modulus is therefore not only a measure
of the elastic properties but can also be correlated, for example, to hardness [120],
the activation energy for self diffusion [121] and thermal properties, e.g. melting
temperature [122] or Debye temperature [123]. Experimental bulk moduli are
measured with a diamond anvil cell, a nanoindenter or instruments for velocity-of-
sound analysis. Much effort has been invested in compiling simple models for fast
and efficient determination of bulk moduli, allowing for the estimation of bulk moduli
based on atomic distances [124], lattice energy densities [125] or plasmon energy
[126] for simple phases. Also, bulk modulus data is readily available from ab initio
calculations using DFT [24, 30] within an accuracy of ~20% [127]. Although
calculation speed increased considerably in the last years and will increase further,
the calculation of crystals with large unit cells or supercells is still a challenging task
since computational time scales with the number of electrons to the power of three.

Phases with layered crystal structure -here referred to as nanolaminates [55]-
generally exhibit large unit cells. One example for nanolaminates systematically
studied in this work are the M,+1AX, phases (M designates transition metal, A is IlIA
or IVA group element, X stands for C or N, and n =1-3). They may be described as
phases consisting of n MX layers interleaved with one MA layer [55]. M,+1AX,
(henceforth MAX) phases exhibit both metallic and ceramic properties such as large
elastic moduli [50, 54, 128], oxidation resistance [59], thermal and electrical

conductivity [54] as well as damage tolerance [129]. As previously reported, the bulk
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moduli of MAX phases can be correlated to the one of the corresponding MX binary
in NaCl structure [128, 130, 131].

Further investigations have been performed on M,Al4C,.3 phases (where M is Hf or
Si and n = 1-3) using solely data published by others [132, 133] and on the cyanide
KAQ(CN),. The latter was chosen as an extreme case to test the validity of the
methodology proposed here. KAg(CN), is known to dissociate into Ag(CN), and K*
in aqueous solutions [134] and exhibits a significant ionic contribution to bonding, that
is expected to cause errors in Madelung energy when long-range interactions are

omitted [102].

3.5.2 Theory

Based on the properties of the constituting phases the rule of mixture (ROM) allows
for estimating a variety of composite properties ranging from the heat capacity of
ivory [135] to effective Young’s modulus of concrete [136]. For the calculation of the
bulk modulus, for example, the only input data needed are the bulk moduli of the
constituting phases and their volume fractions. This approach is commonly adopted
to describe macroscopic composites [137] as well as multilayers, with layer
thicknesses of a few nanometers [138]. The applicability of the rule of mixture on
smaller length scales, i.e. on the atomic level has not been considered. In the
following section, the to the sub unit-cell level extended rule of mixture for the
calculation of the bulk modulus B of nanolaminates is derived. The elastic energy
E®™ is a quadratic function of the strains [102] at the equilibrium volume V.
Therefore, assuming uniform deformation, the total energy of a crystal can be written

as follows:

0

2
Emm[ :Eflasnc +E0 :k(;d/lj +E0, (1)
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where EC is the ground state energy of the undeformed crystal, and k is a measure
for the energy needed for deformation, i.e. the elastic response of the crystal. This
means, knowing the second derivative k of the total energy with respect to relative

dv

volume change 7 yields important information on the elastic properties, e.g. the

bulk modulus, which may be seen in Eq. (2):

dZEmta[ 1 dZEmml Zk
BV =V°(de2:V”(2)

yo

Given a laminate made of two binary phases AB and AC with a one to one
stoichiometry and the repeating period A, the total energy of the compound may be

calculated from:

Emm[ — E;n];a[ +E;agﬂ + Emt(‘ract (ﬂ), (3)

comp

where Einteracl

(A) is the interaction energy between AB and AC in the compound as a
function of A.

While long-range interactions are crucial for the crystal stability - as can be seen by
the stability difference between the hexagonal closed packed and face centered
cubic crystal structures - the elastic properties may be described on the basis of
short-range interactions, as can be seen from the independence of Young’s moduli of
carbon nanotubes on tube radius and chirality [139, 140] or from the possibility to
estimate bulk moduli on the basis of nearest neighbor distances [124]. Therefore, the
contribution of interaction energy to elastic energy may be considered negligible and
the elastic energy of the compound may be estimated from a superposition of the

elastic energies of its constituents. Thus, the bulk modulus of the compound may be

calculated using an extended rule of mixture (EROM):
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2 1 dlEjz’;,’, 1| dEY +d2Ef;g“/ 1
W (AVY V| (aV Y (a7 Y| Vi
VO W W

Using the approximation, that the volume of the compound is the sum of the volumes

V5B, +VB,)  (4)

of its constituents, what is true for compounds on the macroscopic scale, Eq. (4)

results in the classical rule of mixture (ROM):

LIE )

Brow :W

The most important requirement for dividing nanolaminates into smaller constituents
is that the coordination number of nearest neighbors has to be conserved, in order to
take all nearest-neighbor interactions into account. Therefore, the M,+1AX,, phase unit
cell (see Figure 1 (b) for n= 1) can be divided into two binary phases MX and MA in
such a way that the coordination number and arrangement of neighboring atoms for

X and A is conserved, as can be seen in Figure 1 (a) and 1 (c), respectively.

Figure 1: Unit cells used for calculation: binary carbide MX in TiAs-structure (a),
ternary phase M,AX (b) and binary MA in WC-structure (c). The MX octahedron is

marked in light green, the MA trigonal prism in purple.
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This procedure results in the TiAs structure for MX and WC structure for MA. Using
this description, M-X and M-A interactions are considered as well as all interactions
within M, A and X layers. The methodology is evaluated by comparing to data

obtained by ab initio for the whole cell in the following sections.

3.5.3 Evaluation: Bulk moduli of Nanolaminates

In Figure 2, the elastic energy per formula unit (f.u.) of CrAl (WC structure), CrC (TiAs
structure) and Cr,AIC is plotted versus relative volume change in the interval of +1%.
The dashed, dotted and solid lines in Figure 2 are parabolic fits using Eq. (1) for CrAl,
CrC and CrAlIC with k being 12.96, 17.71 and 31.34 eV/f.u., respectively. The
dotted-dashed line is a superposition (i.e. Ksuperpos = Kcrai + Kerc) of the elastic-energy-

fits for CrAl and CrC.

Figure 2: The elastic energy per formula unit of CrAl, CrC and Cr,AIC plotted versus

relative volume change. The solid line and the dotted-dashed line coincide.
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This line coincides well with the fit function of Cr,AlC (solid line). The bulk moduli

calculated from k using Eq. (2) are 156, 340 and 225 GPa for CrAl, CrC and Cr,AIC,
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respectively. Using the superposition of CrAl and CrC, the bulk modulus of Cr,AIC is
220 GPa, which is with a 2% difference in excellent agreement. Hence, the
methodology appears valid for Cr,AlC. The computational time per calculated elastic
energy per formula unit using one processor was 34 s, 130 s and 931 s for CrAl, CrC
and CrAIC, respectively. Thus, the computational time was reduced by over 80%
using the here proposed methodology.

The lattice parameter, hexagonal aspect ratio, volume per formula unit V and bulk

modulus B of the binary phases calculated in this work are given in Table 1.

Phase a(A) cla V (A%f.u.) B (GPa)
ScC 3.444 1.451 25.7 157
ScAl 3.236 1.427 41.9 67
TiC 3.156 1.501 20.4 245
TiAl 2.891 1.599 335 106
TiSi 2.924 1.406 30.4 136
VC 2.962 1.612 18.1 296
VAI 2.771 1.581 291 141
CrC 2.782 1.791 16.7 330
CrAl 2.694 1.565 26.5 162
CrSi 2.705 1.415 243 200
YC 3.730 1.468 33.0 123
YAI 3.592 1.388 51.0 53
ZrC 3.464 1.461 26.3 218
ZrAl 3.148 1.507 40.7 93
NbC 3.186 1.615 22.6 293
NDbAI 2.931 1.599 34.9 140
MoC 3.011 1.758 20.8 340
MoAl 2.875 1.527 31.4 174
HfC 3.314 1.593 251 236
HfAI 3.127 1.498 39.7 102
TaC 3.153 1.661 22.5 317
TaAl 2.926 1.597 34.7 153
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wC 2.996 1.798 20.9 371
WAI 2.824 1.619 31.6 192

Al4C3 165 [132]
HfC 267 [132]
a-SiC 3.036 [133] 9.936 [133] 19.8 [133] 226 [133]

Table 1: Lattice parameter a and aspect ratio c/a of the unit cell, volume per
formula unit V and bulk modulus B of binary phases MC, MA and SiC [133]
and bulk moduli of Al4C3 [132] and HfC [132].

The volume per formula unit and theoretical bulk modulus values of the MAX phases

studied are provided in Table 2, as well as the bulk modulus calculated with Eq. (4)

using the bulk moduli of the binary phases.

MAX phase | Vuax Vrom Bumax (GPa) | Brom (GPa) | Berom (GPa)
(Afu) | (A%

SC,AIC 716 [141] | 67.6 99 [141] 101 95
Ti,AIC 558[7] | 53.9 160 [7] 159 153
TizAIC, 74.3 74.3 182 182 176
TizSiC, 73.4[131] | 71.2 187 [131] 198 193
V,AIC 48.4 [7] 47.2 202 [7] 200 196
CrAIC 4477 | 432 221[7] 227 220
CrsAIC, 59.9 59.9 246 256 245
CrsAIC; 79.6 76.6 263 272 262
Cr,SiC 42.7 41 243 253 243
Y,AIC 177.6 84 80 81 77
Zr,AIC 70171 67 144 [7] 142 136
Nb,AIC 588[7] | 575 203 [7] 200 197
Mo,AIC 543[7] | 522 232[7] 240 231
HR,AIC 670[7] | 648 159 [7] 154 149
Ta,AIC 57.8[7] 57.2 222[7] 218 215
W-AIC 53.5[7] 52.5 262 [7] 263 259

Table 2: Volume per formula unit Vyax and bulk modulus Byax of MAX phases

as obtained directly from energy-volume curves and volume per formula unit

Vkom and bulk modulus Bgrou calculated from rule of mixture and Beroum

calculated from the extended rule of mixture.
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Figure 3 shows the linear dependence between Bgrou as well as Broy and Bpyax for
all MAX phases investigated here. The maximum deviation of values calculated via
extended rule of mixture as well as via the classical rule of mixture from the ones
obtained directly from DFT is 6 %. This indicates that the bulk modulus of M,+;AX,
phases can be obtained from the values for the binary MA and MX phases alone

using both the extended rule of mixture and the rule of mixture.

Figure 3: The bulk moduli of different MAX phases calculated from corresponding
binaries MC and MA via the extended rule of mixture Beroy and from the rule of
mixture Brown plotted versus the bulk moduli calculated directly by DFT Byax. The

straight line is a guide to the eye with Broy = Buax-
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As from one combination of MA and MX bulk moduli of three different M,.+;AX,
phases can be calculated, the reduction on computational time is even larger than
the above mentioned 80%. Considering again the calculation time in the Cr,.+/AIC,
system, the computational time per calculated elastic energy per formula unit using
one processor was 3623 s and 7667 s for CrsAIC, and CrsAlC3, respectively, which
accounts to a 99% time reduction for bulk modulus calculation of Cr,.+;AIC, phases
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using the methodology proposed here. Furthermore, nanolaminated phases usually
possess internal free parameters that have to be relaxed, which also is not necessary
using this methodology.

The methodology was tested further on the nanolaminated carbides Hf3Al4Ce,
Hf,Al4Cs and AlsSiCy4 consisting of Al4C3; and HfC or SiC slabs, respectively, using
already published data [132, 133]. Table 3 gives the bulk moduli and constituent’s

volume fractions for these compounds.

Phase B (GPa) V;“acx Vfo“ /V,S’C Browm (GPa)
Hf3Al4Cs 213 [132] 0.506 0.494 215
Hf2Al4Cs 206 [132] 0.605 0.395 205
Al4SiCy 179 [133] 0.793 0.207 178

Table 3: Bulk moduli B of Hf3Al4Cs, Hf2AI4Cs and Al4SiC4 as well as volume
fractions of Al,Cs (V““) and HfC/SIiC (V" /¥ ) in the ternary carbides.

The bulk moduli reported in references [132, 133] are 213, 206 and 179 GPa,
respectively. Using the data given in Tables 1 and 3, the bulk moduli calculated from
ROM are 215, 205 and 178 GPa, respectively, and therefore within 1% deviation of
the ones directly obtained from ab initio calculations [132, 133]. This indicates that for

these three phases the rule of mixture is also sufficient to calculate the bulk modulus.

The applicability of the rule of mixture may be limited by the properties of the
boundary layer between the constituents. By dividing the unit cell in such a way that
an atomic layer, which is part of both constituents, forms the boundary between them,
all nearest neighbor interactions are included. In the MAX phase system, the
boundary layer is the M element, while carbon forms the boundary layer in the
ternary carbides studied in the previous section. The rule of mixture is expected to
result in larger deviations when charge transfer becomes important, i.e. for

compounds containing ionic bonds. To identify a limiting case, the nanolayered
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cyanide KAg(CN), was investigated using ab initio calculations. The crystal structure

of KAg(CN); is shown in Figure 4.

Figure 4: Unit cell of KAg(CN).. Three ways of dividing into building blocks are
marked: AQC+KNC (left), KN+AgC:N (middle) and KN+NC+AgC (right).

Due to the layer sequence K-N-C-Ag-C-N-K, KAg(CN), may be divided into
constituting building blocks in three different ways, as marked in Figure 4 in red, blue
and green, respectively: AgC and KN2C; KN and AgC,N; KN, NC and AgC. Hence,
the atoms in the boundary layers are carbon, nitrogen and nitrogen as well as carbon,
respectively. Table 4 gives the calculated data for KAg(CN), and the phases which

may be considered constituents, i.e. KN,C, AgC2N, KN, NC and AgC.

Phase V (A%.u.) | B (GPa) effective charge per atom

K Ag C N
KAg(CN), | 440.9 56 +0.88 +0.40 +0.74 -1.38
KN2C 229.1 69 +0.87 +1.43 -1.15
AgCoN 359.8 57 +0.51 +0.52 -1.55
KN 135.8 28 +0.78 -0.78
NC 142.9 79 - - +1.23 -1.23
AgC 131.6 56 +0.37 -0.37

Table 4: Volume per formula unit V, bulk modulus B and effective charges of
each atom for KAg(CN),, KN2C, AgC;N, KN, NC and AgC.
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KAgQ(CN), is known to dissociate into Ag(CN),” and K* [134], so an ionic bond is
expected between potassium and the cyanide. According to Bader decomposition[31,
32], the effective charge of potassium is between +0.8 and +0.9 -depending on the
phases considered-, which is close to +1, being the formal charge expected. The
sum of the constituents’ volumes Vgowy is 410 A¥f.u. (KN+NC+AgC), 361 A%f.u.
(KN,C+AgC) and 496 A%f.u. (AgC,N+KN), respectively. For comparison, the values

Vrowm are included in Figure 5.

Figure 5: Sum of constituents volumes Vgon for MAX phases as well as KAg(CN),
plotted versus the volume of the compound. For KAg(CN),, the volume was divided

by 5 in order to compare the relative changes in volume with the MAX phases.
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It can be seen that the difference between Vgoun and the volume of the compound is
larger than in the case of the MAX phases, with deviations of -18% to +12%, so using

the classical rule of mixture would result in larger deviations because of volume

differences.
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Using the extended rule of mixture yields the following values for the quaternary’s
bulk modulus, depending on the constituting building blocks considered: 51 GPa
(KN+NC+AgC), 53 GPa (KN2C+AgC) and 56 GPa (AgC.N+KN), while the values
from the rule of mixture are 54 GPa, 64 GPa and 49 GPa, respectively. The values
from the extended rule of mixture are within 9% deviation of the bulk modulus for
KAg(CN), of 56 GPa and therefore in excellent agreement, while the rule of mixture

leads to deviations up to 14% due to the large volume differences.

3.5.4 Implementation: DFT combinatorics

These results are significant because they enable the prediction of elastic properties
of “sub unit-cell composite” materials based on a combination of DFT and
combinatorial materials science. This approach may be useful to guide the design
process of materials with tailor-made properties. Thus, this knowledge-based
approach may replace the trial-and-error methods designing nanolaminates, reducing
the computational time requirement by some orders of magnitude.

As an example for DFT combinatorics, bulk moduli of 78 M,+1AX, phases have been
estimated based on the binary constituents for n = 1-3; M = Sc, Ti, V, Cr, Y, Zr, Nb,
Mo, Hf, Ta, W; A= Al, Si (for M = Ti and Cr); X = C, N and are shown in Table 5.
Where available, comparison from ab initio calculations of the whole cell has been
given, as well as bulk moduli calculated from published data for MX in NaCl structure

(where M has the same coordination number as in TiAs structure) [142].
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M-A calculation B B B B B B
elements | method (M,AC)  (MsAC,)  (M4AC3) [(MpAN)  (MAN,)  (MLANS)
Brow-this work [ 101 117 125
Brow-NaCl 100 114 123 113 135 148
Sc-Al Buax 100, 107[143]
88 [143],
99 [141]
Brow-this work | 158 182 196
Brow-NaCl 158 181 194 164 191 206
TiLAl Buax 138 182, 172 155 177 199
[143], 159 [144] [143], [144] [144]
160 [7]  [144] 181
[130]
Brow-this work  |201 227 242
Brou-NaCl 203 231 247 205 235 251
V-Al Buax 175 255 180[143]
[143], [145] )
202 [7] 215[130]
Brow-this work | 227 256 272
Brou-NaCl 225 252 268 225 252 267
CrAl Buax 224, 246 263 184[143]
186 )
[143], 249[130]
221[7]
Brow-this work |81 93 100
Brou-NaCl 83 95 103 92 110 120
Y-Al
Buax 80,
78 [146]
Brow-this work | 142 164 176
Brow-NaCl 143 165 178 151 178 193
Buax 125 141
Zr-Al [143], [143],
144 7] 155
[130]
Brow-this work  |200 226 241
Brow-NaCl 203 231 246 205 233 250
Buax 173 247 194
Nb-Al [143], [145] [143],
203 [7] 209
[130]
Brow-this work | 241 269 285
Brow-NaCl 239 267 283 234 260 275
Mo-Al Buax 196 229
[143], [130]
232 [7]
Brow-this work | 154 177 190
Brou-NaCl 155 178 191 164 192 209
Bumax 138[143] 158
HE-Al , 159[7] [143],
171
[130]
Brow-this work  |217 245 261
Ta-Al Brow-NaCl 220 249 266 220 250 267
Buax 193 250 264 217
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[143], [147] [147] [143],
222 [7] 234
[130]
Brow-this work  |263 294 311
Brou-NaCl 261 291 307 256 284 299
Buax 214 251
W-AI [143], [143],
262 [7] 273
[130]
Brow-this work | 180 199 209
Brou-NaCl 179 197 207 186 208 220
Ti-Si Buax 179, 197, 209,
167 187 245
[148] [131] [149]
Brow-this work  |253 276 288
Cr-Si Brou-NaCl 251 272 283 250 271 283
Buax 243 234
[131]

Table 5: Bulk moduli of M,+/AC , and M,+;AN , phases calculated in different
ways: Using the rule of mixture approach as proposed in this work with MA
and MX data input from Table 1 (Bgrom-this work); using the rule of mixture
approach as proposed in this work with MA data input from Table 1 and MX
data input from calculations of MX in cubic NaCl structure taken from Isaev et
al. [142] (Brom-NaCl); ab initio calculations of the whole cell (Byax).

The results from rule of mixture calculations of bulk moduli show very good
agreement with the existing ab initio data for the whole cell for both approaches: In
Figure 6, the bulk moduli data from ROM are compared with the data from references
[7, 130, 131, 141, 143-149]. Larger deviations up to 19% are observed when
comparing with Cover et al. [143]. This may be explained by the fact that in [143] the
bulk modulus was obtained by a fit through stress-volume data obtained from
relaxation calculations, whereas in the other references included in Figure 6 as well

as in this work energy-volume data from static calculations have been considered.
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Figure 6: The bulk moduli Byax of 34 different MAX phases calculated directly by
DFT plotted versus the corresponding bulk moduli Bgoy calculated by DFT
combinatorics from binaries MX [142] and MA via the rule of mixture. The straight

line is a guide to the eye with Broy = Buax-
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[a]: [143]  [b-k]: [7, 130, 131, 141, 144-149]

3.5.5 Evaluation: Elastic Constants of Nanolaminates

As it was shown above, the average of the nearest-neighbor interactions determines
the resistance against isotropic elastic deformation. However, it was proposed that
shear resistance of some MAX phases is determined by MC-MC coupling [51, 128,
150, 151]. The applicability of the extended rule of mixture for calculation of the bulk
modulus indicates that this coupling does not contribute to the stiffness of MAX
phases or is simply another description of the M-A interaction which is consistent with
[128, 150]. To evaluate the influence of coupling on shear resistance, the elastic
constants were calculated based on lattice distortions [40] for Ti;AIC, V,AIC and
Cr2AIC and for the binary constituents. The values for the MAX phases are compared
to the values calculated by the extended rule of mixture. It should be noted that CrAl

was metastable in the WC structure so that it was not possible to obtain values for
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C11, C12 and Cgs. Additionally, elastic constants of other Mn+1AIC,, phases with M = Ti,
V, Crand n = 1-3 are compared to values obtained from the extended rule of mixture.
All the data is plotted in Figure 7 for the different elastic constants. The dashed lines
indicate a 30 % deviation from the extended rule of mixture values, which is the

accuracy of elastic constant calculations [40].

Figure 7: Elastic moduli of M,+1AIC, phases with M = Ti, V, Cr and n = 1-3 calculated
based on lattice distortions [40] as a function of the extended rule of mixture value
from elastic constants of MAI and MC. The solid line is a guide to the eye with C;; =
ROM value and the dashed line marks the deviation of +/- 30 % which is reported as

accuracy of elastic constant calculations [40].
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First, it should be noted from Figure 7 that the accuracy of +/- 30 % [40] is a
reasonable number considering the ratios of highest to lowest value of individual
elastic constants of Ti,AlC calculated here and in [50, 51] which are 1.3, 1.4 and as

large as 1.7 for C44, C12 and Cy3, respectively.
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As can be seen in Figure 7, the extended rule of mixture-values for C11 and Cs3 are
within the 30 % accuracy of ab initio calculations. This can be understood based on
the fact that the related deformations are symmetry conserving and volume changing
and thus similar to the calculation of bulk moduli.

For the elastic constants related to shear in the basal plane, Cq2 and Cgs (Which is
defined as (C11-C12)/2), systematic deviations -but still within or close to the 30 %
accuracy- are observed: Cgs is underestimated by the extended rule of mixture while
C+2 is overestimated (which is a consequence of Cgs being underestimated and Cq4
showing reasonable agreement). This could be due instability of the hypothetical
phases as it was observed for the binary CrAl in the WC phase.

For C44 and C43, which are the elastic constants related to shear perpendicular to the
basal plane, larger deviations can be observed. Considering C44 it can be seen that
the extended rule of mixture leads to a reasonable estimation for Ti,AIC but large
underestimation (50 to 80%) for V,AIC and CrAlC. By analysis of the electronic
structure shear resistant bands coupling the MC layers across the MAI layer have
been identified which are empty for Ti,AIC but filled for V,AIC and Cr,AIC [151].
Regarding the otherwise reasonable agreement of estimations from extended rule of
mixture, it can be argued that the boost in shear resistance of V,AIC and CrAIC is
due to MC-MC coupling and hence in good agreement with references [51, 128, 150,
151].

When increasing n in Mn+1AIC, from 1 to 2, it is interesting to note that Cu4 is strongly
reduced for Cr,+1AIC, (approaching the extended rule of mixture value) while it is
conserved for Vnh+1AIC,, indicating that VC-VC coupling is still active in V3AIC,. For
V4AIC3, the a and B phases have to be considered. Based on the comparison to the
extended rule of mixture values VC-VC coupling is only observed in a-V4AIC3, which

is the more stable configuration. The reason for this is not understood to date.
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In summary, the elastic constants C¢y and Cs3 can be described by the extended rule
of mixture for Mn+AIC, phases with M = Ti, V, Cr and n = 1-3. However, the
predictive power for the other elastic constants is rather weak. Especially, when
considering that the formation of shear resistant bands [151] is disregarded when
using the extended rule of mixture, which may lead to strong underestimation of
elastic constants. It should also be kept in mind that the constituting phases may be
unstable with respect to a lattice distortion, thus making it impossible to obtain the
elastic constants. Additional elastic constant calculations for MAX phase constituents
and other nanolaminates, e.g. the M,Al4Cn+3 phases, may be needed for a more

conclusive evaluation of the extended rule of mixture.

3.5.6 Evaluation: Bulk Moduli of Solid Solutions

Alloying pure phases is a routine concept for materials design [2-4, 8-11]. Alloying
can lead to formation of a second phase, in which case the classical extended rule of
mixture is commonly applied for prediction of the elastic properties. If the alloying
agent is soluble, a solid solution is formed, where the applicability of the extended
rule of mixture is not known. Therefore, the applicability of the extended rule of
mixture is tested for the phases of interest to this thesis in the following.

In Figure 8, the bulk moduli for solid binary solutions of M,AIC phases for the
transition metals Ti, V and Cr taken from [154] are plotted against the values
calculated via extended rule of mixture from the boundary phases. The same was
done for TiixAlkN, TiAIN1x and TiAIN14O. In the case of TiiAlkN the lattice
parameters and bulk moduli reported in [41] were used as input for the extended rule
of mixture. For TiAIN1y, the extended rule of mixture was used with TiAIN and
hypothetical fcc-TiAl (V = 66.8 A3, B = 100 GPa) as boundary phases and for TiAIN;.

xOx TIAIN and TiAlO.
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Figure 8: The bulk moduli Bg, of solutions calculated directly by DFT plotted versus
the corresponding bulk moduli Broum calculated from the boundary phases via the

extended rule of mixture. The straight line is a guide to the eye with Bcac = Brow-
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For the MAX phase solutions, excellent agreement between bulk modulus calculated
by DFT [154] and extended rule of mixture is observed with deviations smaller than
2%. Similarly small differences of up to 3% are present for the mixtures TiyxAlxN [41]
and TiAIN1xOx. Even if the bulk modulus is interpolated between TiAIN and fcc-TiAl,
i.e. a mixture on the non-metal sublattice between nitrogen and vacancies, is
considered, the maximum deviation is 11% for a mixture of each 50% nitrogen atoms
and vacancies and hence still in reasonable agreement. It should also be noted that
the bulk moduli of TiAIN and TiAl are with 259 and 100 GPa different by a factor of
2.6 which is a large number for a solid solution. The pure phases for the other solid
solutions plotted in Figure 8 exhibit bulk moduli that are different by factors between
1.1 and 1.5. Additionally, the boundary phases of the TiAINk solid solution exhibit
completely different bonding: metal-nitrogen bonds in TiAIN and metallic bonding in

TiAl. Thus, the reasonable agreement for this extreme case of solid solutions renders
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the extended rule of mixture useful for knowledge based design of solid solutions,
even if the boundary phases are hypothetical and extremely different in bonding and,

hence, stiffness.

3.5.7 Summary

In summary, the rule of mixture has been extended to the sub unit-cell level for the
estimation of the bulk modulus. It is shown how the theoretical bulk modulus of a
single phase with layered crystal structure is reliably estimated from calculated bulk
moduli data of the constituents adopting the symmetry within the individual layers of
the layered structure. This is method was tested for the example of 16 MAX phases,
3 M,Al4Cs+, phases and KAg(CN). and excellent agreement with existing ab initio
data is observed. Thus, a high throughput methodology based on a combination of
DFT and combinatorial materials science was developed which allows for prediction
of the elastic properties of “sub unit-cell” composite materials: a database containing
a variety of hypothetical phases which are building blocks of the layered structure
was created. Suitable combinations of these building blocks constitute the “sub unit-
cell composite”, reducing calculation time by some orders of magnitude. This work is
a significant step towards knowledge-based materials design since the elastic
properties of “sub unit-cell composite” materials can be predicted based on an
efficient high throughput methodology. Additionally, the applicability of the extended
rule of mixture for estimation of bulk moduli of solid solutions was shown. For elastic
constants of M,+4AIC, with M = Ti, V, Cr and n = 1-3, the extended rule of mixture
values are in good agreement for C11 and Cs3 and overestimate Cq,. The elastic
constants related with shearing out of the basal plane are in good agreement for M =
Ti, however, MC-MC coupling leads to increased shear resistance of V and Cr

containing M,+1AIC,, phases.
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4 Conclusions

In this thesis, oxygen incorporation in M,AIC phases and TiAIN was studied. It is
shown that oxygen interstitials play an important role for both material systems since
they are spontaneously formed when oxygen is present. While oxygen is
incorporated substitutionally in Ti;AIC and VAIC, it is argued that oxygen is
incorporated interstitially in Cr,AIC due to the larger ability of atomic and electronic
relaxation upon carbon vacancy formation. The different oxygen incorporation sites
may be significant for the initial stages of oxidation and may therefore enable
different oxide formation mechanisms, i.e. preferential nucleation of titanium and
vanadium oxides in Ti2AIC and V,AIC, respectively, and nucleation of aluminium
oxide in CrAIC.

When oxygen substitutes nitrogen in TiAIN, the additional formation of oxygen
interstitials becomes energetically favoured. The reason for interstitial oxygen
incorporation in TIAINO is the increase of metallic bonding character when nitrogen is
replaced by oxygen. The latter may be understood based on the fact that oxygen has
six valance electrons while nitrogen has five which results in a transfer of only two
valance electrons to oxygen and three valance electrons to nitrogen when
covalent/ionic bonds are formed. Therefore, the substitution of nitrogen by oxygen
results in a smaller number of metal valance electrons which form covalent or ionic
bonds which increases the metallic character of the oxynitride. Experimental
validation of the presence of oxygen interstitials in TIAINO is missing to date and is
thus one of the most important tasks for future work. Initial results from sputtering
TiAl in Ar-N»-O, atmosphere with gas gradients indicate the formation of a phase in
NaCl structure with a (200) lattice spacing measured under Bragg-Brentano condition

larger than that of TiN. Whether this is due to formation of oxygen interstitials or
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stresses remains an open question. The possible process window in which TIAINO
with oxygen interstitials could be formed is probably narrow, as increasing the
temperature too much will lead to de-mixing. TIAINO may be technologically
interesting as diffusion processes will be heavily altered due to chemistry change
upon substitutional and interstitial incorporation of oxygen as well as the large
increase in lattice parameter upon significant incorporation of oxygen interstitials.
Therefore, oxygen incorporation may be a new variable to affect the technologically
important decomposition of TiAIN.

It was shown that titanium and aluminium clustering is taken place in TiAIN already in
the as deposited state [155, 156], so it may be expected that the oxygen distribution
is not homogeneous. Based on the atomic distance and density of state data in
chapter 3.3.2.2, oxygen is bonded preferably to aluminium in TiIAINO while titanium
forms metallic bonds. This may have a similar impact on oxidation as it was
discussed for MoAIC phases: the nucleation of aluminium oxide may be facilitated
and formation of otherwise observed titanium oxide [81] may be suppressed.

As already indicated above, the potential of reactive gas gradients for combinatorial
thin film deposition was evaluated in order to test the predictions made. N, and O
gas gradients were used to deposit TiNy, TiOy, TiAIN, and TiAIN,Oy thin films with
varying x and y in a single deposition. It is shown that reactive gas gradients can be
used to synthesize films with lateral composition gradients and to study their
composition-structure-properties relationship. A new amorphous or nanocrystalline
hard TiOy (y < 1) phase is reported as well as an increase of the (200) lattice spacing
of TiAIN,O, that may indicate interstitial oxygen incorporation.

In the last part of the thesis it is shown how the theoretical bulk modulus of a single
phase with layered crystal structure is reliably estimated from calculated bulk moduli

data of the constituents adopting the symmetry within the individual layers of the
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layered structure. Thus, a high throughput methodology based on a combination of
DFT and combinatorial materials science was developed which allows for prediction
of the elastic properties of “sub unit-cell” composite materials: a database containing
a variety of hypothetical phases which are building blocks of the layered structure
was created. Suitable combinations of these building blocks constitute the “sub unit-
cell composite”, reducing calculation time by some orders of magnitude. This work is
a significant step towards knowledge-based materials design since the elastic
properties of “sub unit-cell composite” materials can be predicted based on an

efficient high throughput methodology.

These conclusions show how quantum mechanical calculations can enable
knowledge-based materials design: Studying the energetics of oxygen incorporation
by DFT calculations several interesting implications have been identified, e.g. the
potential of oxygen for the design of new TiIAINO based hard coatings or the possible
role of interstitial oxygen for the initial oxidation of Cr,AIC. Now, key experiments can
be done to test the predictions made, as it was shown for the case of oxygen
incorporation in CrAIC (c.f. chapter 3.1). Further experiments are described in the
future work section of this thesis.

With the extended rule of mixture bulk moduli of sub unit-cell composites and solid
solutions can be estimated. Hence, lengthy DFT calculations to obtain bulk moduli
can be omitted and bulk modulus databases as shown for the MAX phases can be
built. Also, this rule may be used to predict unknown or explain experimentally
measured elastic modulus data of mixtures by interpolation between two known

boundary phases.
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5 Future work
Based on the conclusions drawn above, several directions for future work are
possible. It has been shown that nitrogen and metal vacancies are present in off-
stoichiometric TiAINk. Hence, the decomposition of TIAINx should be studied
experimentally for x < 1 as well as x > 1. For understoichiometric TiAINx (x < 1), the
decomposition pattern has been calculated, however, the influence of off-

stoichiometry on decomposition kinetics is still unknown.

It was shown that additional oxygen is incorporated interstitially in TiAINg g750¢.125, at
least up to TiAINgg7500.25. To contribute towards a better understanding of the effect
of the defect structure on the phase stability of TiAIN1.xOyx+y large ranges of x and y
should be studied experimentally. Part of the explanation for the high stability of
TiAINg 8750025 was based on the number of valence electrons. This argument would
predict highest stability for TiAIN14O1 5« as this leads to the same number of metal
valance electrons bonded to nitrogen and oxygen as in TiAIN. If TiAIN1xOx.y in NaCl
structure can be formed experimentally, the mechanical properties and thermal
stability should be studied to test the materials design concept for hard TiAIN1.,Oxsy
coatings described in chapter 3.3.3, which is based on proposed decreased
diffusivity of the metals due to a solute drag effect, assuming that oxygen hinders
diffusion of the metals in TiAIN;xOxy. Additionally, the oxidation resistance of
TiAIN1xOx+y should be investigated experimentally to determine whether oxygen in
the as deposited film changes the oxidation products and thus kinetics. As it was
argued in the conclusions, preferential formation of Al-O bonds in the as deposited
state may lead to preferential formation of aluminum oxides instead of titanium oxides,
thus decreasing the oxidation speed due to lower diffusivities in Al,O3 compared to

TiOs.
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Initial experimental results [157] indicate the formation of an amorphous oxynitride
phase when sputtering Ti and Al in nitrogen and oxygen atmosphere. Therefore, an
interesting extension of the calculations reported above would be to study phase
stability of an amorphous titanium aluminum oxynitride phase with varying nitrogen to
oxygen ratio. DFT calculations of amorphous are possible today [6, 158, 159] and are
done according to the following recipe: Annealing an ad hoc structure at
temperatures significantly higher than the melting temperature followed by quenching
to 0 K and subsequent relaxation [158]. Comparing the energies of formation to the
ones obtained for TiAIN1,Oy+y, a crossover may be obtained where the amorphous
phase is more stable than the crystalline phase in NaCl structure. By comparing this
crossover to the composition of the experimentally observed amorphous phase, it
may be concluded whether the formation of amorphous titanium aluminum oxynitride
is due to energetic or kinetic reasons. If kinetic limitations are dominant for the
formation of the amorphous phase, the influence of oxygen on surface diffusivity
could be studied by ab initio calculations similar to the ones reported for TiN [160].
Thus, recommendations for changing experimental parameters, e.g. using bias
voltage or changing Ar, O, and N partial pressures or substrate temperature, could

be made.

Oxygen incorporation mechanisms in MAX phases should be studied further to check
whether it is a general rule that substitutional oxygen incorporation is connected to
formation of M oxides while interstitial oxygen incorporation in the A layer leads to A
oxides. If it is a general rule, quantum mechanically guided design of oxidation
resistant Ti;AIC may be possible: Based on ab initio calculations, alloying elements
may be identified that reduce the energy of formation of interstitial oxygen or that
increase the energy for substitutional oxygen in Ti;AlC. This alloying scenario may

then suppress the formation of TiO, during oxidation as Ti-O bonds are avoided in
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the MAX phase and thus the oxidation speed may be reduced. Additionally, oxygen
incorporation in other well-studied MAX phases as Ti3SiC, or Ti4sAIN3 should be
studied to check whether oxidation resistance can be tuned by incorporation of

oxygen in the Al layer.

It is hoped that the extended rule of mixture will in the future be used for prediction of
bulk moduli of nanolaminates or solid solutions thus avoiding extensive and time-
consuming calculations of these. Thus, the extended rule of mixture may be used to

investigate the bulk modulus in the framework of the materials genome project [161].
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