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Abstract

This thesis explores different strategies to improve the oxidation resistance of novel protective
ceramic thin film materials. Material degradation in extreme environments poses a critical
challenge in aerospace, energy, and other high-temperature applications. The durability
and operational efficiency of components exposed to oxidative environments/conditions
can be significantly improved through advanced deposition techniques, optimized coating
architectures, and tailored material compositions. This work systematically investigates
three key approaches: MoSis-based coatings as stand-alone protective coating materials,
architectural coating concepts incorporating protective Al-Si-O and Si-O top coatings, and

alloying strategies to improve the oxidation behavior of transition metal carbides and borides.

The study of MoSis-based coatings focused on their phase formation and oxidation resistance,
using both direct current magnetron sputtering (DCMS) and high-power pulsed magnetron
sputtering (HPPMS). The microstructural evolution of these coatings has been studied based
on their deposition parameters, revealing that HPPMS synthesized thin films exhibiting
improved density and oxidation resistance at high temperatures (above 1200 °C). These
results highlight the formation of a continuous protective silica scale that effectively limits
oxygen diffusion, preventing accelerated oxidation and oxygen inward diffusion. However,
oxidation performance at lower temperatures (around 600 °C) remains a challenge due to the
so-called pesting phenomenon, where competing MoO, and SiO, oxide formation results in
porous, non-protective oxide scales. Despite this minor limitation, HPPMS deposited coatings
exhibit superior performance (only 650 nm oxide scale after 100 h at 1200 °C), highlighting
the critical influence of deposition parameters and microstructure in optimizing the oxidation

resistance of MoSis-based coatings.

To further improve the oxidation resistance of oxidation-prone thin film materials, architectural
coating concepts using Al-Si-N, Al-Si-O, and Si-O protective top coatings on transition metal
diborides (TM = W, Ti, Hf) were explored. A Si interlayer was introduced between the
oxide-based top coatings and the diborides to prevent in-situ oxidation during growth by
reactive (plasma enhanced) cathodic arc evaporation. Experimental results show that Si-O
and Al-Si-O top coatings provide exceptional oxidation resistance for TiBs7; and HfBs 4

diborides, maintaining stability up to 1200 °C. Transmission electron microscopy (TEM)
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ABSTRACT

analysis confirmed the stability of the dense oxide scales that effectively block oxygen diffusion,
highlighting the superior resistance against oxygen inward diffusion of these coatings. In
contrast, Al-Si-N top coatings exhibited accelerated oxidation above 1000 °C. However, the
results underscore that Al-Si-O and Si-O protective top coatings provide excellent long term
oxidation resistance (up to 30 h at 1200 °C) for transition metal diborides that are otherwise

highly susceptible to oxidation.

The final part of this study focused on alloying strategies for transition metal carbides (TMCs)
and borides (TMB3) to enhance their oxidation resistance. As a first step, a high-throughput
combinatorial approach was used to investigate ternary TM-X-C (TM = Ti, Zr, Hf, Ta, W and
X = Al Si) thin films. Experimental results, supported by density functional theory (DFT)
calculations, confirmed that metastable face-centered cubic (fcc) solid solutions with Al and
Si alloying up to 25/30 at.% could be synthesized. The oxidation behavior of these coatings
was subsequently investigated, revealing that TMCs alloyed with Al and Si demonstrated
significantly improved oxidation resistance at 750 °C. A two-layer scale consisting of a metal
oxycarbide layer followed by an outer mixed Ti-(Al/Si) scale was exemplarily proven on top
of the unoxidized Ti-Al/Si-C films. In comparison, their binary counterparts oxidized at
temperatures below 600 °C. A similar alloying strategy was applied to TMBy, where ternary
Cr-Al-B, Cr-Si-B, and quaternary Cr-Al-Si-B thin films were synthesized by combinatorial
co-sputtering. Si showed a limited solubility limit of about 4 at.% in the AlBs-structured thin
films. Beyond this threshold, the formation of a secondary CrSiy phase was observed in the
ternary and quaternary coatings. Isothermal oxidation at 1200 °C for 1 h proved the crucial
role of Si in improving the oxidation resistance. While binary CrBs-based systems oxidize at
around 600 °C, Cr-Al-B was unable to withstand these conditions. However, in the quaternary
Cr-Al-Si-B system, Si also acts as a key element, facilitating the formation of protective
alumina scales. TEM analysis confirmed a layered oxide structure in the quaternary system,
consisting of Si-O, Cr-O, and Al-O, which contributed to the improved oxidation resistance
of TMBs.

Overall, this thesis provides a comprehensive evaluation of novel coating materials, architec-
tural approaches and alloying concepts to enhance oxidation resistance of protective ceramic
coating materials. These findings contribute to the development of advanced high-temperature
materials for applications in extreme environments, offering pathways to increase component

lifetimes and improve operational efficiency in diverse high-temperature applications.
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Chapter 1

Introduction

For millions of years, innovation has been closely linked to the discovery of new materials:
From 2.5 million years BCE, when wood and stones were used as tools, to coal, iron, brass
and bronze at the end of the 18" century, which enabled industrial growth and steam power,
to today’s Industry 4.0, which is driven, for example, by optical and sensing materials that
empower connectivity, autonomy, big data and artificial intelligence [1|. Research into new
materials has the potential to set new technological standards. By using advanced material
systems and continuously improving their properties, it is possible to achieve higher operating
temperatures and thus unlock new efficiency windows in industrial processes. One example is
gas-fired power plants [2, 3]. Gas turbines are still indispensable today, as more than 20 % of
the world’s electricity is still generated with gas [4-6], also because gas-fired power plants can
primarily compensate the fluctuations in the variable deficit of renewable energies and enable
the balancing of load peaks |7, 8]. As the efficiency levels achieved to date are only around
60 % (i.e., at large combined-cycle gas turbine plants [9, 10]), there is still an open window
for improvement and a clear need to make this energy conversion more sustainable. The
call for sustainable development has also been explicitly made by the United Nations and
emphasizes the need to improve gas turbines. In 2015, they have called on all participating
countries to achieve 17 goals by 2030, with major emphasis on the three key topics: Ensuring
sustainable production and consumption, Creating sustainable industrialization, Ensuring
access to sustainable energy for all |11, 12]. These three points highlight how important it is
for the industry to push the boundaries of existing technologies, products and materials to

new limits and overcome challenges such as ensuring efficiency and longevity.

Protective coatings that form a robust barrier against corrosion, oxidation, wear and other
forms of degradation are an important solution to meet these challenges by improving the
performance of products/materials/turbine components and extending their lifetime, such as
for Ni-based superalloys. Ni-based superalloys are still used today for turbine blades and

have limitations mainly related to their low creep, diffusion and temperature resistance. To
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1. INTRODUCTION

overcome this problem and increase the maximum operation temperature from 900 °C to
1100 °C, an initial improvement was achieved by alloying with refractory metals [13, 14].
Even higher operating temperatures of up to 1500 °C were achieved through targeted forced
cooling of the components [15] and the application of thermal barrier coatings (TBCs). TBCs
play a decisive role in shielding component surfaces from extreme temperatures. They usually
consist of a top layer of yttrium-stabilized zirconia (YSZ), characterized by excellent heat
resistance and low thermal conductivity, and a bonding layer of NiCrAlY or NiCoCrAlY,
which acts as corrosion barrier [14]. The presence of a thin thermally grown oxide (TGO)

layer can further increase the high-temperature oxidation resistance of the compound layer.

To achieve higher operating temperatures in aero engines such as gas turbines (> 1500 °C)
and thus directly increase performance/efficiency, research is currently being conducted into
ultra-high temperature resistant ceramic-based materials (e.g., ceramic matrix composites
(CMC)) [16, 17]. In the context of gas turbines used in the transportation sector and
aerospace, NASA also reports [18] that reduced emissions and fuel savings of 10 % are
possible by the use of CMCs in gas turbines. Ceramic-based materials are significantly
lighter [19] compared to currently used Ni-based superalloys and are known for their ultra-
high temperature stability [20], promoting new operation temperatures and a higher level
of efficiency. CMCs usually consist of ceramic fibers embedded in a ceramic matrix. Due
to their structural composition/design, CMCs are known by their high strength, improved
crack resistance and fracture toughness [20]. Common material classes for the fibers and
the surrounding matrix are carbon-based materials, especially SiC, alumina and mullite [20].
However, the challenge is to improve the poor oxidation resistance of carbon-based ceramic
bulk materials, characterized for excellent mechanical stability, and protect them from the
operating environment while maintaining high strength. Based on that, research nowadays is
pursued into environmental barrier coatings (EBCs) [21, 22]. The second generation of EBCs
currently in use consists of mono- and disilicate top layers of rare earths with a silicon (Si)
interlayer that serves as an adhesion layer [23|. However, since Si has a relatively low melting
point of 1414 °C, it acts as the limiting factor [23]. More recent investigations with higher
temperature resistant bond coatings are necessary as even higher operating temperatures
(i.e., T > 1500 °C) are desired.

Therefore, there is still a great need for research into new material systems acting as protective
coatings, and novel coating architectures to enable the full potential of carbon-based bulk
materials. The class of ultra-high temperature ceramics (UHTCs) represents an interesting
material class in that regard, especially due to similar coefficient of thermal expansion (CTE).
In general, UHTCs are a group of refractory ceramics formed from an early Group IV or V
transition metal (e.g. Ti, Zr, Hf, Nb, Ta) and a non-metal (e.g., B, C, N). Theses transition
metal borides, carbides or nitrides (also carbonitrides) are characterized by their high melting
points of over 3000 °C [24].
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1. INTRODUCTION

This study investigates different alloying approaches (for finding new material families) and
coating concepts, that significantly improve the oxidation behavior of UHTCs under harsh
conditions. Therefore, the influence of strong oxide formers (e.g., Al, Si), different coating
architectures and other promising material systems (e.g., MoSiy) are screened. However,
a strong focus of this work is on the comprehensively researched novel material class of
fee-structured alloyed transition metal carbides (TM-X-C). They differ significantly from
MAX phases based on their crystal structure but are similar in their chemical composition.
The great advantage of fcc solid solution TM-X-C films is that they are correctly structured
directly in the as deposited state and the crystal structure does not have to be formed by
heat treatment and annealing tests. Physical vapor deposition (PVD) technology was used
to produce and characterize these wide variety of coatings. They were thoroughly examined

for their structural-mechanical properties and their oxidation characteristics.
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Chapter 2

Oxides as protective surface layers

The range of application of metallic components, alloys and especially UHTCs at high
temperatures can be considerably extended if their corrosion and oxidation behavior is
improved [25]. Protective surface oxides, which essentially have high melting points, are
phase-stable at high temperatures, have good adhesion (i.e., similar CTEs), and are free of
cracks and pores are suitable for improving oxidation resistance |26, 27|. In general, protective

surface oxides can be divided into two categories based on their formation mechanism [28].

Firstly, protective top coatings, also known as overlay coatings, in which the protective layer
is applied directly onto the substrate. A commonly used deposition technique for this is

physical vapor deposition, in which a variety of compositions can be specifically adjusted [28].

Secondly, diffusion coatings in which the substrate/coatings are enriched/alloyed with the
protective/oxide-forming element (e.g., chromium, aluminum, silicon). The alloyed coatings
are integrated into the process of forming thermally grown oxides (TGOs) by forming a
diffusion zone. This alloying approach not only provides useful storage of the protective
element, but also protects against renewed breakthrough oxidation, as a new scale can
form again [28|. For practical applications, it is therefore important to understand a basic
understanding of the oxidation mechanism and key concepts such as oxidation rate and

reaction conditions [25].

2.1 Fundamentals in oxidation mechanisms

In general, oxidation is driven by a negative Gibbs free energy [28|, and occurs at the atomic
level where chemical bonds are broken, atomic diffusion takes place and a new surface
structure is formed [29]. PVD thin films often contain a high concentration of defects, such
as vacancies, dislocations or grain boundaries (see Fig. 2.1), which result from the vapor
condensation process and enable diffusion [30]. The oxidation mechanism primarily takes

place at interfaces I and II (see Fig. 2.1), where the thin film (for simplicity, the oxidation of
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2.1 FUNDAMENTALS IN OXIDATION MECHANISMS

metals M is described in the following) interacts with oxygen Os, leading to the formation of

an oxide layer (metal oxide, M O) between the interfaces.

| Diffusion

Surface

{ Rate laws -
0, -+ Transp. mech. |-
Mass gain Am, =
thickness x i N type,
P type

i
Fundamentals in L \ ————— 1 ~~~~~~ \ L\ \

"|_oxidation mechanism [
o Interface I: MO-0O O,
| Interface Il: M-MO IMO Oxide layer |
M \ L1 =
I .//+ Polycrystalline
‘ Columnar grains +/ thin film
‘ Grain boundary +”/ Substrate |

Figure 2.1: Schematic sketch of a thin film morphology, highlighting interfaces I and II,
relevant for understanding the oxidation mechanism. Oxidation is based on diffusion processes;
scale formation is based on rate laws; on small scale, transport mechanisms determine scale
formation.

If, as in Fig. 2.1, a thin film or a metal M comes into contact with oxygen-containing
atmosphere, the reaction that occurs can be explained using the following reaction equation
Eq. 2.1 |27, 28]:

1

After the reaction of a (divalent) metal M with oxygen Os, the reaction product MO is
formed in between, on top of the metal [27, 28]. The above reaction equation Eq. 2.1 is a
redox reaction that can be divided into an oxidation and a reduction term. The oxidation
reaction describes the formation of the metal ions and takes place at the interface between
M and MO (Eq. 2.2) |27].
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2.1 FUNDAMENTALS IN OXIDATION MECHANISMS

M — M** 4 2¢e” (2.2)

The reduction equation describes the formation of oxygen anions and takes place at the

interface between MO and the atmosphere/oxygen (Eq. 2.3) [27].

1
502 +2e” — O* (2.3)
Fig. 2.2 shows a schematic overview of the processes involved [28].

(a) (b)

1 1
O, _M2*+2e” + 50, = MO 502 +2e7 =07

. . 0
o Interface I o i ° Interface I: °
MO M2+ 2e° MO 0% 2e
o Interface II: 4 o_Interface II: _.
M M = M2t + 2e” M M + 02~ = MO + 2e”

Figure 2.2: Overview of the reactions that take place during high-temperature oxidation. (a)
shows the cation mobility and (b) the anion transport. Both figures are adapted from [28].

For the oxidation to continue, at least one reactant (i.e., M*" or O*~) must be able to diffuse
through the scale. In addition, the electrons must be conducted to the MO /atmosphere
interface. An oxide layer can therefore protect metals from further oxidation if it acts as
diffusion barrier and electrical insulator — the diffusivity though the reaction product MO is

a key characteristic of how quickly oxidation takes place [27, 28|.

2.1.1 Ion diffusion in thin films

Diffusion in thin films occurs by two primary mechanisms: vacancy and interstitial diffusion.
For both mechanisms, the atom must have sufficient energy (vibrational energy) for the
change of position, so that bonding can be broken and any disturbances in lattice structure
during movement can be overcome. In addition, an unoccupied, neighboring lattice position
or interstitial site must also exist, so that the movement of atoms across lattice defects can
take place [27].

The cause of macroscopic transport and position changes of atoms — diffusion — is the thermo-
dynamic disequilibrium of a material system. This imbalance can arise from compositional
inhomogeneities, where the free energy on a microscopic scale differs from point to point.

With these atomic concentration gradients, a force emerges that drives the material systems
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2.1 FUNDAMENTALS IN OXIDATION MECHANISMS

towards equilibrium. A. Fick established a relationship between the concentration gradient
¢ and the diffusional transport through Fick’s first law [27, 30]:

de
=—-D— 2.4
J T (2.4)

In Eq. 2.4, the minus sign results from the fact that the concentration gradient points in
the opposite direction to the diffusion current density J [kgm2s~!| (diffusion takes place
in the direction of decreasing concentration). The proportionality factor D is referred to as
the diffusion coefficient [m?s~!] and c is the concentration [kgm —3|. Fick’s first law is valid
if the diffusion current density is time independent — stationary diffusion. However, since
most of the occurring processes are non-stationary, it should be noted that the diffusion
current density as well as the concentration gradient are time-dependent quantities. This

non-stationary process is described by Fick’s second law [27]:

de D d*c

Eq. 2.5 can be used to determine the concentration as a function of time and position. With
specific assumptions and boundary conditions (e.g., consideration of a semi-infinite solid,
diffusion process begins at t = 0, ¢ = ¢y at t = 0: a concentration ¢ is already evenly
distributed in the solid at ¢ = 0, etc.), the following solution of Eq. 2.5 can be determined [27]:

Cy — Cp T
=1—er
Cs — Cy f(2\/Dt

In Eq. 2.6, ¢, stands for the concentration at position x after the time ¢ has passed, ¢, is the

) (2.6)

surface concentration, ¢ stands for the time, and er f(; \}ﬁ) is the Gaussian error function.

Since the left-hand side of Eq. 2.6 is a constant for a specific concentration ¢, = ¢, the
right-hand side of the equation must also be a constant and the following relationship can be

found [27]. Eq. 2.7 enables the calculation of diffusion processes.

x
————= = constant 2.7
2v Dt 27
In general, diffusion is the result of random movement of many individual atoms. As already
mentioned, these atoms oscillate in their equilibrium state with a characteristic lattice
frequency (vibrational/oscillation frequency). With sufficiently high vibrational energy, it
is possible for an atom to actually jump from one position to another. In this respect, the

diffusion coefficient D provides an indication of the rate of atomic transports/jumps |27, 30]:
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D= Doexp(—%) (2.8)

In Eq. 2.8 Dy is the temperature independent pre-exponential factor [m?s~!], Qp is the
activation energy for diffusion [Jmol™!], R is the universal gas constant [Jmol=*K '] and
T the temperature [K|. Eq. 2.8 shows that the temperature has a strong influence on the
diffusion rate. The Boltzmann factor emp(—%—g) can be regarded as the fraction of atoms
with sufficient energy for jumps (diffusion) in the crystal [27, 30]. The diffusion rate is largest

along surfaces, followed by phase and grain boundary diffusion, dislocation and bulk diffusion:

Dsurface > Dphaseboundary > Dg’r’ainboundary > Ddiscloation > Dvolume/bulk [31]

2.1.2 Rate laws of oxidation kinetics

The rate laws describe the rate of oxidation and thus the kinetics of oxidation. The rate of an
oxidation reaction is considered to be the increase in thickness/mass of the reaction product
MO per unit time or area. As mentioned above, in the oxidation process, the two reactants
M and O, are separated by the reaction product MO. For oxidation to occur, ionic and
electronic transport through MO must be possible. Consequently, the diffusion of ions and

electrons is the driving force behind the formation of an oxide scale |27, 28|.

Assuming that the diffusion of the ions determines the rate of oxide growth, and assuming a
thermodynamic equilibrium on each interface (scale-gas and scale-metal), the outward cation
flux jy2+ must be equal to the opposite occurrence of metal vacancies jy,, (inward flux of

cation defects). This relationship can be expressed as follows [28]:

M

e
jM2+ = _jVA{ = DV M - - (29)

In Eq. 2.9, Dy,, is the cation vacancy diffusion coefficient, C, ~and CY. represent the vacancy
concentrations at the two interfaces, and z is the scale thickness. Eq. 2.9 can be further

expressed to become Eq. 2.10, where V. is the molar oxide volume [28]:

1 dx v — Chn,

Jmz+ = Vg Pvm (2.10)

X

Eq. 2.10 includes the fact that with increasing scale growth ‘fl—f per molar oxide volume, the
outward cation flux increases and vice versa. Assuming the thermodynamic equilibrium at
the two interfaces Cy, — CY, is constant, the following Eq. 2.11 can be obtained, which

indicates the rate of oxide growth [28]:

ar _ W (2.11)

10
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with

!/ __ 1/ /
k - DV]VI‘/O-77< %V V]w)

Integrating Eq. 2.11 and considering that at time ¢ = 0 the scale thickness is still x = 0 leads
to Eq. 2.12 [28]:

r? =2kt (2.12)

Eq. 2.12 is also known as the common parabolic rate law (see Eq. 2.13) [27, 28]:

2 =kt (2.13)

In Eq. 2.13 x is the scale thickness, &, is the parabolic rate constant, which is also dependent
on the oxygen partial pressure and the temperature, and ¢ is the time. And of course, the
smaller k, the better the protective properties of a scale. This theory is called Wagner’s theory
of ozidation [32], which states that ionic and electronic transport are the rate-controlling

factors for oxide scale formation [28, 31].

However, if oxide formation follows a constant rate step, such as in the initial stages of an
oxidation process, or if the oxide thickness is very thin, the scale formation obeys a linear
rate law, which can be expressed by Eq. 2.14 27, 28, 31]:

T = k‘lt (2.14)

In Eq. 2.14 x is the scale thickness, k; is the linear rate constant and ¢ is the time. With
linear oxidation kinetics, the scale cannot inhibit the diffusion of ions or electrons, as in the
case with porous oxides for example [28, 31]. When metals are for example oxidized at low
temperatures (up to 400 °C), or even during the initial formation of oxides (up to about
1000 A, scale formation and oxidation kinetics are governed by a logarithmic rate law, see
Eq. 2.15, where A and ¢, are constants at constant temperatures, and k4 is the logarithmic

rate constant [28]:

x = kg log (t +tg) + A (2.15)

All these trends in oxide scale growth and the associated kinetics are sketched in Fig. 2.3 [33].
As shown in Fig. 2.3, break-away oxidation can also occur. In this case, scale formation
follows the parabolic rate law. However, spalling occurs (e.g., due to compressive stress) and

some of the metal is again exposed to the gas (e.g., oxygen). This again means accelerated

11
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oxidation according to the parabolic law until spalling occurs again. This behavior must be

avoided at all costs, as it can lead to significant material loss and damage [31].

A Parabolic
break-away i
5 N€Ar _ parabolic
v o -
v -
3} -
c I —
= E P e . .
2| L= Logarithmic
= | P
4
Y4
/
=
Time t

Figure 2.3: Schematical illustration of the rates of oxidation. The figure is adapted from [33].

In addition to the three rate laws described (parabolic, linear and logarithmic), metals can
also follow other rate laws. These trends can be described by a general power rate kinetic,
see Eq. 2.16, where z is the layer thickness, k' is the power law rate constant, ¢ is time and n

is the power law exponent for the scale growth [34].

z = k't" (2.16)

In addition to diffusivity and kinetics, the Pilling-Bedworth ratio (PBR) is a parameter
that describes the ability of the scale to protect the metal from further oxidation so that no

parabolic break-away oxidation takes place [27]:

‘/;Ja:i e Moxi eMmeta
PBR = —ozide _ “lovidePmetal (2.17)
nvmetal Mmetalnpomide

In Eq. 2.17, M denotes the molar mass, p the density, V' the (molar) volume, and n the
number of metal atoms in the sum formula of the oxides. The scales can therefore be divided
into well-protective (PBR = 1 — 2) and non-protective (PBR < 1, PBR > 2). PBR < 1
means that the metal oxide does not cover the surface of the metals well, or the scale is
porous. If PBR > 1, this means that compressive stresses are occurring (up to a certain
degree this is conducive to dense film growth). However, if the PBR is too high (PBR > 2),
the compressive stress can lead to cracking or flaking of the oxide scale. Strong oxide formers
such as Al, Cr, and Si have PBRs of 1.28, 2.07, and 2.27, respectively [27, 31].

2.1.3 Transport mechanism

Metal oxides are usually ionically bound. It therefore makes sense to describe the transport of

ions instead of elements (natural metals, etc.). In general, defects in the crystal are responsible

12
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for the transport mechanism, as free sites enable the transport and diffusion of ions. For
stoichiometric MO reaction products with ionic bonding, Schottky (i.e., equal number of
cation and anion vacancies) and Frankel (i.e., cation vacancies with cation interstitials) defects
are the most common. Depending on which defects are present, the diffusion capacity of the
cations or the mobility of the anions can be increased. This leads either to M?** diffusion
out and forming a compound with O, on the MO/O, interface, or O*~ diffusion in and
forming the oxide at the interface with the metal. However, since electrons must also diffuse
through for the reaction to take place, it must be assumed that the ionic MO reactants do
not have to be stoichiometric and can be described as negative (n-type) or positive (p-type)
semiconductors. Non-stoichiometry in this case means that the ratio of metal to non-metal
deviates from the chemical formula, while still being electrically neutral, and has an anionic or

cationic variable valence (metals or cations tend to have a variable valence more likely) [28].

Negative (n-type) semiconductors

N-type semiconductors are formed by MO reaction products with metal excess or non-metal
deficiency. The chemical formula is therefore M;,,O. In this type of semiconductor, the
electrical charge is transferred by negative charge carriers, when electrons are entering the
conduction band [28].

If the MO reaction product has metal excess, interstitial cations (e.g., M, MZ-2+ for single
or doubly charged interstitial cations) with the same number of electrons (e.g., e~, 2e™) are
present. These excess electrons are transferred to the conduction band and become quasi-free
electrons. However, this defect can be associated with absence of oxygen (when having a
perfect MO crystal) and can be described by Eq. 2.18, which is valid for doubly charged

cation interstitials [28]:

1
MO = M} +2e + 50 (2.18)

Eq. 2.19 applies equally to singly charged cation interstitials:

1
MO =M +e + 5O2 (2.19)

Similarly, the absence of the non-metal (absence of an incorporated oxygen ion in the oxide)
creates an oxygen vacancy, 2e~ quasi-free electrons can enter the conduction band, and
oxygen is released as %02. It should be noted that there can also be singly and doubly
charged vacancies, as the cations can attract electrons and as a result only one quasi-free

electron can enter the conduction band [28].

13
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In the following, the equilibrium condition for metal excess in Eq. 2.18 (and Eq. 2.19) are
used to derive the dependence between the electron concentration and the oxygen partial
pressure, obtaining the same results for non-metal deficiency. Based on Eq. 2.18 as well as
using thermodynamic and Henry’s laws (the partial pressure of a gas in a liquid is directly
proportional to the concentration of the gas in the liquid [35]), the following relationship
(Eq. 2.20) can be found where the concentration of the cation interstitials Cyp2+ and the

concentration of the electrons C,- are correlated with the partial pressure of Oy [28].

K1 = Cy2 CFpp, (2.20)

Considering the fact that 2C, 2+ = C.- and adding up the constants, C,- is proportional to

_1
po. for doubly charged anion interstitials.

The following relationship (Eq. 2.21) can be stated for singly (n = 4) and doubly (n = 6)
charged n-type semiconductors, where the electrical conductivity x is proportional to the

electron concentration and this is inverse proportional to the oxygen partial pressure [28|.

ko Com X poy (2.21)

This means that the electron concentration is the highest where the partial pressure of oxygen
is low (at the interface between the metal and the MO). The difference in the electron
concentration between the metal-M O and atmosphere-M O interfaces is also the decisive

reason why the diffusion of electron and ions take place [28].

Positive (p-type) semiconductors

In contrast to the n-type semiconductor, a p-type semiconductor is formed in the absence of
metal or an excess of the non-metal, and the charge transfer takes place through positive
charges. The chemical formular for the metal oxide is M;_,O, with well-known examples

being chromium oxide Cry03 or alumina Al,O3 [28|.

The principle is because metals can occur in different valance states. Transition metals in
particular are known to be able to change from M?* to M?3*, for example, relatively easily
with the release of electrons. If 0, adsorbs to a perfect MO crystal (consisting of M**
and O?7), chemisorption occurs, in which (two) existing M>" transfer electrons to the now
incorporated oxygen ion in the oxide, and as a result O?~ is formed. This creates two so-called
electron holes (two M3*, which present low energy positions for electrons) and a vacancy in
the cation lattice as one M?* moves to the new O?~. These vacancies in the cation lattice
and the electron holes enable electrical conductivity for a p-type semiconductor. In general,

the process can be described by Eq. 2.22, where an incoming %Og leads to an incorporated

14
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oxygen ion in the oxide Op, (two) positively charged electron holes (2h™) and negatively

charged metal vacancies (V) [28].

1
502 =00+ 2hT + Vi (2.22)

In the case that a cation vacancy attaches to an electron hole, Eq. 2.22 is adjusted to one
electron hole (A1) with a singly charged metal vacancy (V,;). The equilibrium condition from
Eq. 2.22 can be assumed again with the use of Henry’s laws [35] as follows (Eq. 2.23) [28]:

1
O} Cya = Kapp, (2.23)

Assuming electrical neutrality, C+ = 20‘63[’ and summarizing the constants it follows for
n-type semiconductors that the electrical conductivity x is directly related to the electron-hole
concentration and this is directly related to the oxygen partial pressure, see Eq. 2.24. It
should be noted that the power of the oxygen partial pressure is positive and n = 4 for single

electron holes and n = 6 for double electron holes/doubly charged cation vacancies [28].

1

ko< Chr o< pi, (2.24)

In addition to the classic n-type and p-type approaches, there are also so-called intrinsic
or transitional semiconductors, in which the electrical conductivity does not depend on the
oxygen partial pressure. In this case, an electron is transferred from the valence band to the

conduction band (excitation) and an electron hole is created at the same time [28].

2.2 Strong oxide formers

Strong oxide formers are characterized by the fact that the associated oxides have strong
protective properties. These include thermodynamic stability, phase stability (e.g., phase
transition within the oxide could cause detrimental volume changes) and proper oxidation
kinetics. Such properties are exhibited by Al/Al,O3, Cr/CryO3, and Si/SiOy. Their oxidation
kinetics are characterized by the parabolic rate law, where the diffusion of the ions through
the scale is the rate determining step. Fick’s first law (diffusion) can be used to establish the

relationship to the parabolic rate law constant k, [31]:

k, = koe ET (2.25)
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In Eq. 2.25 kg is a constant, @) is the activation energy, R is the universal gas constant and
T is temperature. The oxidation rate is therefore an exponential function of the activation
energy and temperature and can be represented using an Arrhenius plot, see Fig. 2.4 28, 31].
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Figure 2.4: Logarithmic plot of parabolic rate constants for several oxide growths [28].

The larger k,, the faster oxidation occurs; the smaller k,, the greater the protection effective-
ness of the corresponding oxide. As can be seen in Fig. 2.4, Al;O3, SiO5 and CryO3 have
a low k,, which stands for slow growing oxides and their protective properties. Therefore,
in this subchapter, the three strong oxide formers aluminum, silicon and chromium are
described [28, 31]. In addition, mullite, a compound formed out of alumina (Al,O3) and silica
(SiO,), is described.

2.2.1 Aluminum

The investigation of bare aluminum (Al) substrates and Al-alloys that tend to form passivating
protective scales based on AlyO3 has been part of many scientific efforts. The process of
oxidation is complex and depends on many factors such as chemical composition (alloy
content), microstructure or oxidation kinetics. Understanding the characteristics of the
growth and structure of an Al,Og layer is crucial to derive significant benefits from passivating
scale formation for industrial applications (e.g., gas turbines). In addition, it is important
that these forming scales are resistant to mechanical stress to ensure the longevity of the
scale [36].

Recent studies on the growth kinetics and mechanisms of alumina (Al,O3) formed by thermal
oxidation of aluminum substrates have provided valuable insights into the oxidation process
and its dependence on temperature. When aluminum is exposed to oxygen at temperatures
above 300 °C, oxide islands form on the surface, which indicate that the process involves
lateral diffusion of mobile oxygen species over the bare aluminum surface. At temperatures

below 200 °C, the mobility of the oxygen species is low, so that island formation is hindered.
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As a result, the bare Al substrate becomes covered with a uniform oxide film that is 2-3
monolayers thick (approximately 0.4 to 0.6 nm). As the temperature increases, the lateral
diffusion and the rate of oxide formation increases, resulting in a decrease in the density of
oxide islands. At temperatures of 300 °C and above, a closed oxide film forms over the entire
surface of the Al substrate. Thereby, a uniformly thick scale establishes (of approximately
10 to 30 nm), still having local leftovers of the initial island-by-layer growth mechanism.
Once a closed oxide film has formed on an aluminum substrate, the growth of the oxide film
requires transportation of Al substrate atoms and/or chemisorbed oxygen atoms through
the establishing scale. This movement typically involves ionic species [37|. Polycrystalline
alumina thereby can exhibit both, n-type or p-type behavior, which depends on the local
oxygen potential. Due to the large oxygen gradient along the forming scale, a p- to n-type
transition can occur within the growing Al,O3. Therefore, the electronic structure of the

forming alumina is directly relevant to its oxidation resistance [36].

To achieve oxidation at high temperatures (i.e., 700 to 1200 °C), typically Al-based alloys are
examined (the melting point of pure Al is already at 660 °C). The formation of a protective
a-Al;O3-based thermally grown oxide (TGO) provides excellent oxidation resistance in this
high temperature regime. However, before the stable a-phase (high-temperature phase) is
formed, several other phases of aluminum oxides are often formed in the early stages of
the oxidation process, such as §-Al,O3 (tetragonal), e-Al,O3 (hexagonal), v-Al,O3 (cubic),
0-Al;0O3 (monoclinic). The transformations between the polymorphs and the stable a-phase
are associated with structural changes such as volume changes, which are accompanied by

mechanical stresses within the forming scale and can weaken the protective properties |26, 36].

The oxidation kinetics of the forming alumina is largely determined by the oxygen partial
pressure and morphology-dependent factors such as diffusion at grain boundaries. In general,
the morphology of the Al-alloyed bulk materials is characterized by a columnar structure.
Through targeted grain boundary design, i.e. by alloying reactive elements, which usually
sit at grain boundaries and act as diffusion blockade. Alloying with these reactive elements
such as yttrium (Y), zirconium (Zr) and hafnium (Hf) can therefore increase the oxidation
resistance. By that, the diffusion of aluminum to the outside, the oxidation process and thus

the oxidation kinetics can be slowed down significantly [36].

Aluminum is also often alloyed into thin film materials to improve their resistance to oxidation
at high temperatures. Again, this is primarily due to the ability of Al to form a protective
alumina-based scale (Al,O3) that acts as a barrier to further oxidation. Bakhit et al.
improved the oxidation resistance of Al alloyed TiBs thin films [38]. While the unalloyed
TiBy 4 coating forms a porous Ti-based scale (mainly due to the evaporation of ByO3) of
about 1900 nm during oxidation at 800 °C for 30 min, a TiggsAlg.32B1 .35 thin film forms a

thinner Al-containing scale of approximately 470 nm under the same air-annealing conditions.
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Similar results and an improvement in oxidation resistance at 600 °C were also obtained for
Tig9Alp1B1.3 and TiggAly1B14 thin films, forming a mixed Al,O3-TiO5 scale by Thornberg
et al. [39]. Banakh et al. additionally demonstrated an improvement in the oxidation of
Al-alloyed CrN thin films, where he showed that Al helps to increase the oxidation properties
with contents between 0.2 < x < 0.6 at.% of Al on the metal sublattice [40].

2.2.2 Silicon

Silica, which has the chemical formula SiOs, has a covalent bonding nature and is a natural
occurring material. Under atmospheric pressure and depending on temperature conditions,
a distinction is made between the crystalline a-quartz structure (T < 870 °C), tridymite
(870 — 1470 °C) and the p-cristobalite (T > 1470 °C) phase. The high-temperature phase
B-cristobalite is stable till 1700 °C and transforms into amorphous silica glass at higher
temperatures [41]. Silica is mainly used in semiconductor technology as an oxide layer for
insulation protection, and, due to its dense crystal structure, it is widely used as diffusion

barrier for corrosion protection [42].

The dry oxidation of silicon takes place in a pure oxygen atmosphere according to Eq. 2.26.
Common production variants of silica are produced by thermal oxidation or separated from
the gas phase (e.g., sputtering or thermal evaporation). After synthesis of silicon dioxide

layers, e.g. by PVD processes, the films are usually in an amorphous, glassy-like state [42].

The oxide growth is limited by the oxygen diffusion through the already existing oxide to
the reaction partner (silicon). The oxidation process can be described by a simple model

consisting of a parabolic and a linear part (Eq. 2.27) [42].

2+ dy = Bt + ) (2.27)

Here, o and [ are temperature-dependent variables. 8 describes the parabolic growth and g
the linear growth. ¢ is also used to take into account the already existing (negligible) surface
oxides [42].

The diffusion of oxygen through SiO, is very different from Al,Os-based oxides, where ion
transport takes place. For SiO,, oxygen diffusion is dominated by O, molecules. This was
shown in a theoretical study by Hoshino et al. [43], who determined the activation energy for
atomic (O) and molecular (Os) oxygen diffusion through the a-quartz and the §-cristobalite

SiO, structure. For both crystalline phases, Oy diffusion is associated with a significantly
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lower activation energy, which does not require to break the existing covalent Si-O bonds in
the SiO5 phase.

Figure 2.5 shows the diffusion of the Oy molecule through the cristobalite SiO5 structure.
In (a), the Oy molecule is embedded in the stable SiO, state. The numerical values in the
figure also describe the bond length of the individual compounds, whereby that of O-O is
approximately 1.21 A (b) describes the unstable transition state, in which the Os molecule
migrates through a 12-atom Si-O ring and then reintegrates into the stable state in (c),
whereby no new chemical compounds need to be formed. Therefore, the activation energy
is also relatively low (approximately 0.3 eV for molecular O, diffusion and approximately

1.3 eV for atomic oxygen diffusion) [43].

Figure 2.5: Schematic representation of the diffusion of an Os molecule through SiO5 and the
associated atomic changes. The numerical values represent the bond length of the individual
compounds. (a) represents the stable state, where an O, molecule is embedded in the SiO,
structure. (b) shows the unstable transition state. In (c), again a stable state is formed [43].

2.2.3 Chromium

Chromium is well known for its protective properties, especially in stainless steel, protecting
it from oxidation by forming a passivating CryOg3 layer [44, 45]. It is also widely used as an
excellent alloying element for thin films to improve corrosion and oxidation properties [46, 47|,

and also has been used in thermal barrier coatings [48-50)].

In general, the oxidation of pure chromium (Cr) is primarily characterized by the formation
of a single oxide, Cry03. Under certain conditions, however, this seemingly straightforward
process becomes complex. These complications are crucial for technical alloys whose oxidation
resistance depends on a CryO3 protective layer. The main challenges are the thinning of the
oxide layer due to the evaporation of CrO3 at high oxygen partial pressures, which can be
described by Eq. 2.28 [28].

CryOs () + ;og (g) = 2CrO4(g) (2.98)
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The formation of CrOjz occurs at elevated temperatures (above approximately 1000 °C)
and high oxygen partial pressures, which leads to a thinning of the chromia (CryO3) scale,
which in turn enables faster ion diffusion through the scale and increase the oxidation rate,
displayed by Figure 2.6. This process of volatilization significantly influences the kinetics of
oxidation |28, 51].

. Interfacel:,ozT TT Te ]
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Figure 2.6: Schematic representation of the CrOjs volatilization. The figure is adapted
from |[28].

The change in oxide thickness over time is influenced by two processes: Thickening (oxide
growth) by diffusion and thinning by volatilization. Initially, diffusion is the predominant
process as the oxide layer grows and the effects of CrO3 volatilization are negligible. However,
as the scale becomes thicker, the rate of CrOj volatilization begins to match the rate of oxide
growth, leading to a phenomenon known as paralinear oxidation, which establishes a limiting
thickness of the oxide. This limiting thickness x( is determined by the ratio between the

diffusion constant k4 and the volatilization constant k, [28|.

Although reaching a limiting thickness of the oxide layer means effective protection, it can
also lead to increased metal consumption. Once the oxide layer has reached its limiting
thickness, the metal substrate continues to be consumed at a constant rate. This problem is
particularly problematic in environments with fast-moving gases and is a significant limitation

for the use of CryOs-forming alloys at high temperatures [28].

Another important problem with chromium oxidation is the development of compressive
stresses within the chromia scale that leads to buckling, sketched in Fig. 2.7. In general, the
type of surface preparation affects both the rate of oxidation and the build-up of stresses.
Electropolished chromium samples tend to oxidize faster and develop compressive stresses
within the polycrystalline CroO3 scale. In contrast, etched samples can form thinner, single-
crystalline CryOj3 scales with less compressive stresses [28, 51, 52|. This studies carried out by
Caplan and Sproule [52] have shown that polycrystalline oxides grow by transporting cations
outward and anions inward. The anion transport takes place along the grain boundaries in
the oxide and generates compressive stresses though the oxide formation at the metal-oxide
interface 28, 51].
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2.2 STRONG OXIDE FORMERS

(&

Figure 2.7: Schematic representation of the buckling of a chromia scale. The figure is adapted
from [28].

2.2.4 Mullite

Mullite is a silicate mineral and a compound formed out of alumina and silica, see phase
diagram Fig. 2.8. It has remarkable properties, such as low density (~ 3.2 gem™3 [53]),
high strength (~ 200 M Pa), low thermal conductivity, good fracture toughness (K. ~
2.5 M Pay/m [53]), and excellent thermal stability (T7); ~ 1830 °C [53]) as well as high

chemical resistance at high temperatures [53-55].
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Figure 2.8: Phase diagram Al,03-SiOy showing the mullite phase [54].

The crystal structure of mullite, characterized by Fischer and Schneider [56, 57|, is based on
chains of edge-sharing octahedra in tetragonal arrangement within a orthorhombic alumi-

nosilicate system, see Fig. 2.9.

The fundamental building blocks of mullite are AlOg octahedral chains running parallel to the
c-axis, connected by doubly chains of (Al,Si1)Oy tetrahedra. The structure is defective, allowing
compositional variation between 2Al,03 - SiO4 (called 2/1 mullite) and 3Al,O03 - 25104 (3/2

mullite), mostly dependent on the synthesis temperature [54].

In the past two decades, advanced mullite ceramics have become increasingly important, par-
ticularly in high-temperature applications such as composite matrix materials and protective
coatings. Mullite can be synthesized using the sintering method or melted in an electric

furnace to produce fused mullite. Multi fibers, usually manufactured by the sol-gel method,
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2.2 STRONG OXIDE FORMERS

b ﬁ 7 (ALsioy L
L., '

Figure 2.9: Schematic representation of the crystal structure of mullite [54].

offer excellent high-temperature insulation used for electrical insulation. Mullite whiskers, a
bundle of mullite fibers is often employed as reinforcement in ceramics or metals. Monolithic
bulk mullite ceramics are suitable for silicon solar cells or even refractories, crucibles and hot
gas filters [53, 54, 56].

Mullite has also attracted significant interest as a material for environmental barrier coatings
(EBCs), particularly for protecting silicon-based ceramics and composites used for components
in the hottest regions in gas turbines [58-60]. Mullite coatings are highly beneficial because
of its unique combination of properties including excellent oxidation as well as hot-corrosion
resistance (for example in NapSOy-rich environment) [56]. Additionally, mullite can maintain
stability in water vapor-rich conditions (stationary systems at low pressures). Although
mullite’s constituents (Al,O3 and SiOy) can form volatile (oxy-)hydroxides, but the high
chemical activity of silica lead to the preferred formation of Si-O-H species on top of mullite.

This release creates a gas boundary layer that slows further decomposition [56].

Mullite coatings can be synthesized via chemical vapor deposition (CVD) with aluminum and
silicon chlorides as starting materials, in combination with COy and Hy [61-63], or plasma-
and flame-sprayed [64-67|. For both deposition techniques, SiC could effectively be protected
from rapid oxidation up to 1500 °C, even in water vapor (HyO) environment (at 1200 °C),
highlighting its applicability for diffusion barriers in environmental barrier coatings. The
low thermal expansion of mullite (~ 4.5- 1076 °C~! between 20-1400 °C [53]) also minimizes
the risk of delamination or spallation at high temperatures when the material is subjected
to temperature shocks. Additional its low fracture toughness helps to resist cracking and

mechanical damage, helping to enhance the durability [54, 56].
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Chapter 3

High-performance ceramic coating

materials

This chapter presents the material systems investigated in this study, with a focus on
molybdenum disilicide (MoSiy), transition metal diborides (TMBj) and transition metal
carbides (TMC). These materials were synthesized by physical vapor deposition (PVD),
particularly by magnetron sputtering. Various strategies have been applied to improve
their high temperature oxidation resistance by using strong oxide formers, as explained in
Chapter 2. The MoSi, phase benefits from Si contained in its structure. In contrast, the
transition metal carbides and diborides, which are more susceptible to oxidation, have been
improved in terms of oxidation resistance by various alloying processes and architectural
designs (application of top coatings). These approaches aimed to utilize the properties of
the material systems to create a protective oxide barrier and thereby improve their overall

performance et elevated temperatures.

3.1 Molybdenum disilicide (MoSi,)

Molybdenum disilicide (MoSiy) is a transition metal silicide valued for its unique combination
of metallic and ceramic properties that make it ideal for high temperature applications. Its
structure includes a metal bond between molybdenum atoms and a covalent bond between
molybdenum and silicon atoms [68], which gives MoSiy excellent chemical stability, oxidation

and corrosion resistance, as well as good electrical conductivity [69].

An important property of MoSi, is its excellent oxidation resistance at elevated temperatures.
Additionally, it is characterized by its high melting point of approximately 2030 °C [68].
Above 800 °C, MoSiy forms a protective silica scale (SiOg), which prevents further oxidation
of the underlying material. This process is described by the following reaction equation
Eq. 3.1 [68].
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3.1 MOLYBDENUM DISILICIDE (MOSI,)

5MOSi2 -+ 702 — M05Si3 + 7SZ02 (31)

The silica scale effectively protects MoSiy from oxygen [70, 71|, making it highly suitable for

high-temperature applications such as heating elements and aerospace components |72, 73|.

However, MoSi, is not without its limitations. At medium temperatures (300 to 800 °C),
an unfavorable oxidation mechanism can occur due to the mixed oxide scale formation of
molybdenum trioxide (MoO3) and silica, described by Eq. 3.2 [68]. This so-called pesting
behavior, a destructive oxidation mechanism, occurs most likely at defects such as pores and
grain boundaries. This reaction leads to volume expansion, which destroys the protective

SiO4 scale and makes the material susceptible to further oxidation [68, 74].

QMOSiQ + 702 — 2M003 + 4SZ02 (32)

MoSi, exists in two crystallographic forms: a-MoSi,y (body-centered tetragonal type C11b
structure) and $-MoSiy (hexagonal type C40 structure), as displayed in Figure 3.1 [75]. The
a-phase is stable at low temperatures, while the S-phase transitions at 1877 °C and is stable
at high temperatures [76]. MoSi, is known for its strength at high temperatures and its
brittleness at room temperature. The transition from brittle to ductile occurs at around
1000 °C [68, 77].

(a)

Figure 3.1: Schematic respresentation of the crystal strucutre of (a) hexagonal MoSiy (beta,
SG180, CrSiy prototype) and (b) tetragonal MoSiy (alpha, SG139, MoSis prototype).

In practice, MoSi, is often used in thin-film technology for protective coatings. Various
deposition methods are used, including plasma spraying, hot-dip siliconizing, chemical vapor
deposition, and physical vapor deposition (PVD) [70, 78-81|. PVD, particularly magnetron
sputtering, has been shown to produce MoSiy coatings with excellent oxidation resistance |70].
The sputtered films, which are initially amorphous, can be crystallized by annealing. Annealing
at around 700 °C achieves the metastable 5-MoSiy phase, while higher temperatures (800 °C)
produce stable a-MoSis and MosSis phases [82]. Further research is needed to improve the
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3.2 TRANSITION METAL DIBORIDES (TMB,)

oxidation resistance of MoSiy and to optimize deposition parameters and techniques for even

better performance.

3.2 Transition metal diborides (TMB>)

Transition metal diborides (TMB,) are of great interest due to their potential as coatings
for refractory metals and high-temperature structural materials [38, 83-85|. In particular,
the compounds of group IV to VI transition metal diborides are the focus of interest, which
can have a primitive hexagonal crystal structure known as the AlBy type (a-structure).
This structure is shown schematically in Fig. 3.2, and consists of alternating layers of boron
atoms arranged in two-dimensional graphite-like networks and metal atoms in a hexagonally
close-packed formation [83, 85, 86].

(a) (b)

Figure 3.2: Schematic representation of the AIB, prototype crystal structure (SG191). In (a)
the unit cell is shown, in (b) the 2x2x4 supercell, with the hexagonal B-networks highlighted.

Interestingly, early TMB, (e.g., TiBs, VBy) are more stable in the AlB, structure, while
late TMB, (e.g., WBg, ReBy) prefer the WyBs-based structure (w-type). Point defects like
vacancies can significantly impact phase stability and structural preferences (AlBy or WyBj5-
based structure). Additionally, metastable diboride structures are generally more ductile
than their stable forms [87]. The bonds in TMB; are complex and include covalent, ionic
and metallic bonds. The strong covalent bonds between the boron atoms (B-B) contribute
significantly to the high strength and hardness of the material. The bonds between the
transition metals and boron (TM-B) are a combination of ionic and covalent bonds, and a
metallic bonding nature predominates between the transition metals (TM-TM), providing
moderate fracture toughness [84, 88]. Hexagonal TMB; thin films exhibit remarkable hardness
anisotropy. In coatings such as a-stabilized WB,_, coatings, the hardness is significantly
influenced by the crystal orientation. Thereby, the (0001)-orientation is preferred (with
super-hardness values above 40 G'Pa), while the (1011)-orientation has a significantly lower
hardness around 25 G Pa [89].
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3.8 TRANSITION METAL CARBIDES (TMC)

TMB; coatings exhibit excellent mechanical properties, but also have some limitations. While
they are highly valued for their high hardness and thermal stability, their oxidation resistance
is limited due to the competing formation of porous TM-based oxides (TMOy) and volatile
boron oxides (By03) at temperatures up to 1000 °C [90]. Boron-rich tissue phases, typical
for magnetron sputtered diborides, additionally promote the evaporation of BoO3 along grain
boundaries and strongly affect the oxidation kinetics. X. Cai and S. Dorri |91, 92| have
shown that TiB, for example can achieve a stable oxide formation at around 600 °C, as
Ti forms a dense crystalline TiO; scale covered by an amorphous B,O3 layer. At higher
oxidation temperatures, between 1000 and 1800 °C, a different scale formation occurs as
B,O3 evaporates and a partly porous TMOy is remaining [90]. To improve the oxidation
properties of TMB,, studies have already suggested that alloying with Al and Si could
increase the oxidation resistance and improve performance at higher temperatures (T <
1000 °C). For example for chromium diboride, alloying 16 at.% Si shifts the oxidation onset
temperature form 600 °C (CrBsyo7) to 1300 °C [93], while the addition of Al improves the
oxidation resistance of TiBy at 800 °C as the scale thickness is reduced to ~470 nm compared
to ~1900 nm for TiBy 4 [38].

3.3 Transition metal carbides (TMC)

Transition metal carbides (TMC), which are formed by group IV to VI TM, are known for their
high hardness, brittleness, high melting points and their electrical and thermal conductivity.
Their diverse properties result from a mixture of covalent, ionic and metallic bonds [94]. The
growing interest in TMC can be attributed to several factors, above all the demand for the
aerospace industry for next-generation high-temperature materials. These carbides include
compounds such as the solid solution TaC-HfC, which has the highest known melting point
of around 4000 °C. Its exceptional hardness, which is already used in the abrasives industry,

underlines its potential as material for high-temperature applications [94, 95]|.

TMC exhibit a range of structures from simple to complex. Simple structures include body-
centered cubic (bcc), face-centered cubic (fcc), hexagonal close-packed (hep) and simple
hexagonal (sh) arrangements. Complex structures include, for example: TM3Cy, TM3C,
TM;5C,, TM,C3, TMy3Cq, TMgC. Group IV transition metals such as Ti, Zr, and Hf generally
form carbides of the fcc group, while group V 'TM form carbides of both the fcc and hep
structures. Mo and W from group VI are known to form carbides with fcc, hep, sh structures

and Cr forms complex carbide structures (e.g., Cr3Csq, Cr;Cs, Crg3Cs), see Tab. 3.1 [94].

The structure of fce-type carbides (exemplified by TiC) is illustrated in the next Fig. 3.3,
where metal atoms are shown as blue circles and carbon atoms occupy the positions of the

smaller grey circles in the octahedral interstices [94].
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3.8 TRANSITION METAL CARBIDES (TMC)

Table 3.1: Overview of TMC structures [94].

Group IV TM Group V' TM Group VI TM
(Ti, Zr, Hf) (V, Nb, Ta) (Cr, Mo, W)
fee bce fcc hep fcc hcp sh complex
TiC - VC VQC (CFC) - - Crgcg, CI“7Cg, Cr23C6
ZxrC - NbC NboC a-MoCyx [B-MoC  ~-MoC 17-MoCy, v-MoC
HIC Ta0,64C TaC TagC 5—W2C OZ—WQC WC (W5C3)

I
O.0 -
0°.0,9 o-

0°.9

°“Q 0° ©9¢
a0 % o
;O-\o Oo

Figure 3.3: Schematic representation of the crystal structure of fcc TiC (SG225, NaCl
prototype).

For stoichiometric TMC, all octahedral sites are filled with carbon, resulting in a NaCl-type
structure. Typically, NaCl-type carbides exhibit a range of chemical compositions and are
typically non-stoichiometric, see Tab. 3.2. Additionally, as can be seen in Tab. 3.2, the lattice
parameter increases with carbon content, reaching up to 50 at.% C. Generally, their chemical
formula is represented as TMCy (where z < 1), indicating that some octahedral interstices

remain unoccupied [94].

Table 3.2: Overview of the crystallographic data of fcc-TMC [94].

Carbide Composition range (at.% C) Type Lattice parameter (A)

TiC 33 to 50 fce 4.296 to 4.326
ZrC 35 to 50 fce 4.677 to 4.696
HfC 37 to 50 fee 4.614 to 4.631
VC 38.6 to 44.1 fce 4.118 to 4.141
NbC 41.8 to 49.7 fce 4.443 to 4.470
TaC 41.5 to 49.5 fce 4.410 to 4.456
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Chapter 4

Coating synthesis

This chapter describes the method used to synthesize the thin films investigated in this thesis.
The focus is on magnetron sputtering, a physical vapor deposition (PVD) process. In PVD,
atoms or molecules are transferred from a material source (target) to a substrate through
a vacuum by physical processes such as ion bombardment with high energy, evaporation,
sublimation or condensation. In this process, a continuous film with a few nano- to micrometers
is deposited, with a deposition rate between 1 to 10 nanometers per second. Common PVD
processes include vacuum /thermal evaporation, sputtering, cathodic arc evaporation and ion
plating [96-98]. PVD can be carried out in inert atmospheres such as argon or helium, or
with reactive gases such as nitrogen, acetylene, silane or oxygen to deposit compounds like
nitrides, carbides, silicides, or oxides, respectively. The PVD process comprises three main
steps: the generation of the vapor phase, the material transport to the substrate and the

nucleation and growth of the thin film [98].

4.1 Direct current magnetron sputtering (DCMS)

In sputter deposition, atoms or molecules are vaporized from a target through a physical
process. In this process, the target atoms are ejected by momentum transfer when high-energy
ions from a surrounding plasma are accelerated towards the target and bombard the target

surface (97, 98], see Figure 4.1.

Direct current magnetron sputtering (DCMS) is a common method in which a negative DC
voltage of several hundred volts is applied to the cathode, which is normally located behind
the target, while the chamber wall serves as the anode. In this setup, the plasma is generated
by passing an electric current through the sputtering gas, usually argon, resulting in a glow
discharge between the electrodes |98, 100]. The high-energy ions (e.g., Ar") are attracted by
the cathode and hit the surface of the target and cause atoms to be ejected and deposited on

a substrate, creating a thin film. This requires that the target material must have a certain
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4.1 DIRECT CURRENT MAGNETRON SPUTTERING (DCMS)

i

Vacuum
system

Target

-V (high voltage)

Figure 4.1: Schematic representation of the sputter process [99].

electrical conductivity. In DCMS, additional magnets are placed behind the target to keep
the electrons close to the target surface and therefore enhance the efficiency of the plasma
generation and increase the sputtering rate. The applied magnetic field cause the electrons to
move in a circular/helical motion along the target surface, which is described by the Lorentz
force (ﬁ = q(ﬁ + U % 5), with E the electrical field, B the magnetic field, ¥ the electron
velocity and ¢ the negative charge of the electron) and results in the formation of a racetrack
on the target surface (e.g., planar magnetron and target configuration) [98|. A schematic

illustration of a planar magnetron is given in Fig. 4.2.

I

Vacuum
system

-V (medium voltage)

Figure 4.2: Schematic representation of a planar magnetron configuration [99].

After the sputtered atoms leave the target, they are transported through the gas phase before
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4.2 HIGH POWER PULSED MAGNETRON SPUTTERING (HPPMS)

reaching the substrate. On their way, gas scattering can occur. The degree of gas scattering
depends on several factors, including the target to substrate angle, the distance between
them, or the deposition pressure in the chamber. Gas scattering effects are particularly
pronounced when sputtering a compound target, such as transition metal borides or carbides,
where the elements have significantly different masses and atomic radii. These differences can
significantly affect the chemical composition of the deposited thin film. This phenomenon
was investigated by studying Ti-B thin films deposited from a compound target, where the
chemical composition could be controlled by adjusting parameters such as pressure, distance,
and target to substrate angle. For instance, by varying the target to substrate distance alone,
Ti/B ratios in the deposited thin film could be tuned within a range of approximately 1.3
to 2.1, sputtering a target with a Ti/B ratio of 1.66 [101]. Similar effects have also been
observed in sputtering a TiBs target. A flux of B is directed centrally, while Ti experiences a

larger sputtering angle [102].

Applying a negative bias potential to the substrate during thin film deposition can additionally
influence thin film growth by directing argon ions onto the substrate. The negative potential
applied is significantly lower than the potential applied to the cathode. This ion bombardment
transfers the kinetic energy to the sputtered adatoms and thus promotes their diffusion ability,
which can contribute to the formation of dense coatings. However, a too high bias voltage can
lead to argon implantation, which causes defects, stresses and lower film quality. Alternatively,
substrate heating can also control the energy and mobility of the adatoms and thus the
morphology of the growing thin film [97, 98, 103]. All these properties of thin film growth
are described in the structure zone diagram by A. Anders, see Fig. 4.3 [104]. On the y-axis,
Anders plots the normalized energy flux £*, which represents the energy of the incoming
particles on the substrate, influencing the layer growth. This energy flux is particularly
relevant for techniques such as arc evaporation or advanced high power pulsed magnetron
sputtering (discussed in the next section), where highly ionized species can be attracted to
the substrate (e.g., with a bias potential). On the x-axis, Anders represents the generalized
temperature T, which reflects the thermal energy during film growth. The z-axis corresponds
to the film thickness ¢*. The etching zone is shown as the red area, indicating that excessive
E* can lead to material removal. In the structure zone diagram, our magnetron sputtered
thin films are mainly located in the transition zone T and zone 2, where dense, columnar

grains are formed [104].

4.2 High power pulsed magnetron sputtering (HPPMS)

High power pulsed magnetron sputtering (HPPMS) is an advanced version of magnetron
sputtering. This method operates with short pulses, low duty cycles (usually below 10 %)

and frequencies (usually below 10 kH z), resulting in high peak power densities on the target
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4.2 HIGH POWER PULSED MAGNETRON SPUTTERING (HPPMS)
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Figure 4.3: Structure zone diagram by A. Anders [104].

(several kW ¢m™2) [103]. The peak powers achieved can be 2-3 orders of magnitude higher
than with conventional sputtering (see Fig. 4.4 [105]), which is advantageous for the target

due to the lower thermal load.
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Figure 4.4: Classification for DCMS and pulsed power sputtering techniques [105].

Using HPPMS, ultra-dense plasmas are created with almost complete ionization of the
sputtered atoms [103, 105]. Additionally, applying a negative bias potential to the substrate

enables precise control of the film growth due to the ionized sputtered species (e.g., TM™),
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4.3 GROWTH CONCEPTS FOR OXIDATION RESISTANT COATINGS

which is a key benefit of HPPMS and a big advantage over conventional magnetron sputtering,
in which mainly neutral species are sputtered [105, 106]. HPPMS thin films generally have a
dense and strong pronounced columnar structure. One disadvantage of HPPMS is the lower
deposition rate compared to DCMS at the same average power. One possible explanation for
this is self-sputtering, where atoms that have already arrived at the substrate are re-sputtered
due to the high energy input from the ionized incoming species [105]. The deposition
characteristics for HPPMS are strongly influenced by pulse parameters, including the on-time
ton, off-time t,¢¢, pulse duty cycle (tOT”, with the pulse duration 7"), and frequency f. These
parameters play a crucial role in shaping the HPPMS signal (target current, target voltage),
which is illustrated in Fig. 4.5 [103].

30

sl (@) _— 50/450
o0l = .~ - - 501450
15} semq == 50/2450
10 r g - .

Target voltage (V) Target current (A)

0 20 40 60 80 100
Time (us)

Figure 4.5: HPPMS signal including target voltage and target current at different on-/off-time
configurations [103].

4.3 Growth concepts for oxidation resistant coatings

This section discusses various alloying strategies and explores additional methods, such as
architectural design of thin films, which aim to protect oxidation-sensitive materials and thin
films from high-temperature oxidation. When low-melting materials such as Al, Si, and Cr
are alloyed into refractory ceramics (considering bulk materials), several challenges can arise.
One key issue is the difference in sintering behavior, as low-melting metals often have different
sintering behavior than ceramics. While ceramics typically require much higher sintering
temperatures, the metals may already be melting at these high temperatures, which can lead
to inhomogeneous densification. In addition, differences in the CTE of metals and ceramics
can cause significant stress, potentially leading to cracking. Furthermore, the contrasting
thermal conductivities of the metals and refractories can further complicate the sintering
process, which in turn can lead to cracking due to differences in thermal shock resistance.

PVD synthesis offers the advantage of overcoming these difficulties [107-109]. Therefore,
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4.3 GROWTH CONCEPTS FOR OXIDATION RESISTANT COATINGS

several approaches to improve oxidation resistance have been investigated and tested in this
work and are briefly discussed in the following subsections. Tab. 4.1 gives an overview of the

melting points of Al, Si, Cr and some of the refractory ceramics synthesized in this work.

Table 4.1: Melting points of elements and compounds.

Element/compound Bulk melting points (°C)

Al 660 °C [110]
Si 1414 °C [110]
Cr 1907 °C [110]
SiC 2730 °C [111]
MoSis 2030 °C [68]
TiB, 2980 °C [83]
HfB, 3250 °C [83]
CrB, 2170 °C [83]
TiC 3067 °C [83]
7rC 3420 °C [83]
HfC 3928 °C [83]
TaC 3950 °C [83]

4.3.1 Non-reactive DCMS/HPPMS

One approach to alloying low-melting strong oxide formers (Al, Cr, Si) into ceramics by PVD
synthesis techniques includes the target production and magnetron co-sputtering. These
methods do not require a reactive gas, such as silane for alloying silicon, and are therefore
classified as non-reactive deposition techniques. A brief overview of these processes is provided

in the following subchapters.

Target production

The addition of Al or Si in ceramics can be achieved during target production. Common
manufacturing processes for producing ceramic targets (bulk materials) include hot pressing
(HP) and spark plasma sintering (SPS). SPS, an electric field assisted joining technique, is
widely used to produce (joint) carbides, borides, nitrides, or oxides [112-116]. In SPS, the
starting materials (powder) are placed in graphite molds, and a high current (1500-2000
mA mm™?) is passed through the material. The electrical resistance of the materials generates
significant heat, leading to atomic diffusion and chemical reactions whereby (dense) targets
and bulk materials can be formed. These processes are typically very fast, often taking less
than an hour, with temperatures ranging from 1100-2000 °C during the process [112, 117].

At these high temperatures, metals such as Al and Si would melt (see Tab. 4.1). Because of

the high temperatures involved, materials such as SiC, which have a much higher melting
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4.3 GROWTH CONCEPTS FOR OXIDATION RESISTANT COATINGS

point of 2730 °C, are often used as alloying partner for ceramics [118]. This high melting
point allows for densification with other ceramic precursors. Another potential candidate is
MoSis [119], which also has a high melting point of over 2000 °C.

Using this target production method, thin films can then be deposited by PVD (magnetron
sputtering), allowing elements such as Si to be alloyed into borides or carbides in a non-
reactive deposition process. To evaluate the alloying properties of MoSiy (acting as a strong

alloying partner), this study primarily examines the oxidation resistance of MoSiy coatings.

Co-sputtering

Co-sputtering is an effective method for synthesizing different alloying states, making it ideal
for exploring the properties and phase formation of different (novel) chemical compositions.
A magnetron configuration, such as the one used to synthesize the thin films investigated in

this work, had a target to substrate arrangement schematically shown in Fig. 4.6.

Figure 4.6: Schematic illustration of the target to substrate (thin films) arrangement during
magnetron co-sputtering.

In recent years, the co-sputtering technique has been successfully used to alloy Al or Si
into nitrides or borides using pure Al, Si or AlB, and SiBs compound targets [120-122].
In another study, Cr-B-C thin films were synthesized by co-sputtering from pure B and a
compound CrB, target [123|. These examples highlight the growing trend of material systems
in which co-sputtering is used to deposit various elemental configurations. A common feature
of these studies is that co-sputtering allows precise control over the chemical composition of

the deposited materials.

In this study, we used the co-sputtering technique, and additionally kept the substrate holder
(and the targets) stationary during the deposition process, creating a compositional gradient
across the substrates. This approach allows the study of multiple chemical compositions

within a single deposition run, providing an efficient method for screening and researching
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4.3 GROWTH CONCEPTS FOR OXIDATION RESISTANT COATINGS

novel coating materials. Furthermore, the technique poses no target fabrication challenges,
as it can easily be performed using a variety of targets with different melting points, allowing

the alloying of materials without technical complications.

4.3.2 Plasma enhanced deposition

In this work, plasma enhanced deposition was used as an additional method for alloying Si
into ceramic thin films using silane (SiH,) as a reactive gas and Si precursor. This technique
was also applied to deposit Al-Si-based oxides and nitrides. The deposition process combines
PVD and chemical vapor deposition (CVD) and was performed on a modified Oerlikon
Balzers Innova system at Oerlikon Surface and Solutions AG. Both CVD and PVD can also
be used independently to deposit thin films (and with other reactive gases such as oxygen
and nitrogen) [124, 125].

This enhanced deposition technique introduces a low-voltage arc discharge in the center
of the chamber, significantly increasing the plasma intensity beyond the levels achieved
in standard sputtering processes. The high plasma density results in enhanced ionization,
excitation, and dissociation of molecular species (silane) [125]. The deposition process is
shown schematically in Fig. 4.7. In this figure, position 1 represents the center of the chamber
where the low-voltage arc discharge occurs between the auxiliary anode at the bottom and the
electron filament at the top. The targets are arranged in a 90° configuration. The (cathodic
arc) evaporated target atoms then combine with silicon from the silane source, for example,
and form the thin film material, which is then transported to the substrate (see position 2 in
Fig. 4.7), where it condenses. With this advanced technique, for example, YhySioO7/Si bilayer
stacks have been successfully deposited on SiC to serve as an EBC [126], that withstood
cyclic oxidation in water vapor (1000 cycles for 1 h each) at 1316 °C. For the deposition,
an ytterbium Yb target was subjected to arc evaporation, while Si and O were introduced
though silane and oxygen reactive gases. The Si layer was deposited only using the CVD
process, while for the YbySioO7 the combined version of PVD/CVD was used.

4.3.3 Architectural design — top coatings

An architectural design of thin films involves the development of a layered structure. This
approach also includes the application of top coatings to oxidation-prone base materials to
provide protection against high-temperature oxidation, see Fig. 4.8. In this figure, the TM
boride represents the oxidation-sensitive base material (blue), which is layered with a Si
interlayer (orange) and a protective top coating (yellow). The motivation behind this strategy
is inspired by TBCs and EBCs, which have a multi-layered structure. The current generation
of EBCs, for example, are typically composed of rare earth (Re) mono- or disilicates (RexSiO5

for mono- and ReySi;O7 for disilicates, Re = yttrium, ytterbium, scandium, or lutetium)
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Figure 4.7: Schematic representation of plasma enhanced deposition. The figure is adapted
from [125].

with a Si interlayer, which provides enhanced adhesion to the CMC substrate and acts as
a diffusion barrier to protect the substrate from oxidation [127]. In contrast to thermally
grown oxides (TGOs), sharp interfaces occur here, which can offer a significant advantage by

acting as an effective (oxygen) diffusion barrier.

Protective layer

(Al-Si-O, Si-0)
Siinterlayer
TM boride AN A TN/ Ay \
(TM = W, Ti, Hf) AZLLNLALANZL
Substrate material

Figure 4.8: Architectural concept of protective coatings: Designing a layered coating archi-
tecture.
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Chapter 5

Chemical analysis: challenges in

heavy-light atomic mass combinations

This chapter deals specifically with the methods used to determine the chemical composition
of the coatings investigated within this thesis. The fundamentals and the basic principles are
explained in each case. The X-ray fluorescence (XRF) analysis was performed at the TU Wien,
while the Rutherford backscattering spectroscopy (RBS) and the Elastic recoil detection
analysis (ERDA) were performed at the Tandem Laboratory at the Uppsala University [128].

5.1 X-ray fluorescence (XRF)

X-ray fluorescence (XRF) is a highly effective method for identifying and quantifying almost
all elements in a sample, from Be with the atomic number 4 to U with the atomic number
92. The technique is particularly valued for its non-destructive analysis, its high precision
and its ability to analyze multiple elements simultaneously with a short irradiation time,
enabling high sample throughput. In XRF, the material is irradiated with high-energy X-rays
(photons) that penetrate the material and interact with the atoms in the sample. This
interaction also leads to the ionization of electrons from the inner shell (K, L, M, etc.). The
majority of the electrons remain in the bulk of the analyzed sample, and a few are emitted
via the photoelectric effect (see Fig. 5.1), creating vacancies. When electrons from the outer
shell fill these vacancies, they emit a characteristic fluorescence radiation that is specific to

each element and enables their identification [129].

In addition to the emission of characteristic X-rays during the relaxation process, there
is another possibility: the emission of Auger electrons. Typically the generation of Auger
electrons is more likely for lighter elements, while the emission of X-ray fluorescence is more

dominant for heavier elements [129].

In general, the interaction between the high-energy X-ray photons and the inner-shell electrons
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5.1 X-RAY FLUORESCENCE (XRF)
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Figure 5.1: Schematic representation of photoelectric ionization resulting in the emission of
characteristic fluorescent X-rays or Auger electrons. The figure is adapted from [129].

of the atoms (photoelectric effect) relies on the principle that the energy of the incident
photon must be equal or greater than the binding energy of the electron for this to happen.
The energy E of an X-ray photon is inversely proportional to its wavelength A, expressed
by the following Eq. 5.1, and typical radiation within XRF is between 1 and 50 kel (1 to
0.02 nm) [129].

1.24
A = —" 5.1
("m) = Fkev) (5:1)
XRF analysis can be performed using either wavelength dispersive (WDXRF) or energy
dispersive (EDXRF) spectrometers. In WDXRF, the intensity of the emitted X-rays is
measured as a function of the wavelength, while in EDXRF the photons are sorted according

to their energy [129].
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5.2 RUTHERFORD BACKSCATTERING SPECTROSCOPY (RBS)

5.2 Rutherford backscattering spectroscopy (RBS)

Rutherford backscattering spectroscopy (RBS) is a widely used method for quantitatively
assessing the composition, thickness and depth profiles of thin films and bulk materials,
especially near their surfaces. RBS has become an important technique for material charac-
terization, valued for its accuracy and its ability to set standards for other techniques. In this
technique a beam of monoenergetic ions (e.g., H", He") with energies between 0.5 and 2.5
MeV is focused on the sample. When these ions collide with the atoms of the sample, they
are scattered back and their energy after scattering is measured. The scattering is elastic and
occurs between the nuclei of the incoming ion (e.g., He™) and the target atom. The ratio
between the energy of the scattered ions F; and the original energy of the incident ions Ej is
expressed by the kinematic factor K, which originate from the theory of binary collisions
(elastic scattering), see Eq. 5.2 [130].

1 2
2 Nf2ein20)\3
By (M5 — Misin®0)? + Mlcose) (5.2)

K= 1 —
Ey ( M, + M,

In Eq. 5.2, M; and M, are the masses of the incident ion and the sample atom, respectively,
and 6 is the scattering angle. This equation shows that the energy of the backscattered ion
results only from the masses involved and the scattering angle, so if M;, Ey and 6 are given,

M, can be calculated and identified as the sample element [130].

If 6 = 180°, the energy ratio is simplified to Eq. 5.3 [130].

M, — M, 2

£y
- 5.3
M, + Ml) (5:3)

K = — =
Ey (
This equation states that if the masses of the incident ion and the sample atom are the same,
My = M, the incident ion transfers its entire energy to the sample atom. Additionally, also

important for RBS, if M, < M, no backscattering occurs [130].

With RBS, it must also be considered that the incident ions are not only scattered back from
the atoms on the sample surface, but also from internal atoms along the direction of the ion
beam. Thereby, the ions lose energy on their way due to interactions with electrons (e.g.,
excitation or ionization of the sample atoms). This energy loss, known as stopping power
(%), leads to a broadening of the peaks in the RBS spectrum, as illustrated in Fig. 5.2 [130].

RBS is particularly sensitive to heavy elements, which can be understood by the Rutherford
scattering cross-section op, see Eq. 5.4. The scattering cross section op indicates the
probability that an incident projectile (M;, Z;, Ey) is scattered by a target atom (M, Zs) by
an angle 6 (into a given area d@)), and the sensitivity of RBS per se depends on the scattering

cross section. Since the scattering cross section is proportional/linear to Z2, this means that
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5.3 ELASTIC RECOIL DETECTION ANALYSIS (ERDA)
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Figure 5.2: Schematic illustration of an RBS spectrum, where a 100 nm Ni thin film deposited
on an Si substrate was analyzed using an MeV He' ion beam. AE represents the film
thickness. Kg; is smaller than Ky; because of the mass difference. The Si signal approaches 0
because of an infinite depth. The figure is adapted from [130].

the scattering cross section is larger for heavier elements (and also varies with the mass and

energy of the incoming ions) [130].

20 Zo(My + Mp)? 2 1
Ms>FE, cos30

op =518 x 10727( (5.4)

5.3 Elastic recoil detection analysis (ERDA)

Elastic recoil detection analysis (ERDA) is another technique that enables quantitative
elemental analysis and elemental depth distribution of thin films. While RBS analyzes
backscattered ions (which are lighter compared to the sample atoms) at an angle of more
than 90°, ERDA focuses on backscattered sample atoms that are directed forward by an
incident ion (f < 90°). Since the scattered incident ions also move in the forward direction,
the analysis of ERDA spectra is complex due to the overlap of the energy spectra of both
the recoiled sample atoms and the scattered ions. Therefore, the ERDA spectra must be
split into these two spectra: the AFE — E method that uses the specific energy loss of the
particles AE to determine their atomic number, and the time-of-flight (TOF) method, which
distinguishes the particles based on their velocity. While RBS also provides simpler depth
profiles, the complexity of ERDA often requires computational analysis to accurately evaluate
the spectra. However, the big advantage of ERDA is that it can profile light elements, which
is almost impossible with RBS [130].

Like RBS, also ERDA relies on important physical mechanisms such as the kinematic factor,

which describes the two-body collision, and the stopping power to quantify the depth profiles.

40



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

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

[ 3ibliothek,
Your knowledge hub

5.3 ELASTIC RECOIL DETECTION ANALYSIS (ERDA)

ERDA is versatile and uses different incident ions with different energies depending on the
sample elements to be analyzed: From light projectiles (e.g., He, C ions with 2-10 MeV)
for analyzing very light elements (e.g., H), to medium ions (e.g., Cl with 30 MeV) for light
elements (where the TOF method is commonly used), to heavy projectiles (e.g., Au with
>100 MeV) for a wide range of elements where the AE — E method is typically used [130].

The schematic representation of an ERDA geometry setup is shown in Fig. 5.3 and includes
an incident ion beam hitting a sample at an incident angle . After the ions collide with the
atoms of the sample, they are either recoiled or scattered and are detected at an angle 5. 0

represents the scattering angle [130].

M-], Z-], E1 Mz, er Ez
o e
e.)e
Target

Figure 5.3: Schematic representation of the ERDA geometry setup. The figure is adapted
from [130].

In ERDA, the kinematic factor for elastic recoil Kz can be determined by the conservation
of energy and momentum during the two-body collision and is expressed in the following
Eq. 5.5 [130].

E2 . 4M1M2

Kp— 22 7172
"TE T (M + M)

050 (5.5)
In Eq. 5.5, My, E;, and Z; stand for the mass, the energy and the atomic number of the
incident ion, respectively, see also Fig. 5.3. After the collision, the sample atom emerges
with the mass M,, atomic number Z,, and energy F,. This equation illustrates how the
energy transfer depends on the masses of the incident ion and the sample atom as well as the
scattering angle . The maximum recoil energy occurs when the mass of the sample atom is
equal to the ion mass (M; = M,), represented by EJ** = Ejcos?). In addition, scattered
ions have a higher energy than recoils when M, > M;, making heavy ions ideal for analyzing

elements in the surface region [130].

Another important parameter, which emphasizes that even particularly light elements (e.g., C)
can be detected well with ERDA, is the recoil cross-section, which represents the probability
of the recoil effect/indicates how likely the recoil by the incident ion occurs at a certain
scattering angle #. With considerable deviations, the recoil cross-section for Rutherford

scattering o can be considered, see Eq. 5.4 [130].
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5.3 ELASTIC RECOIL DETECTION ANALYSIS (ERDA)

The cross-section is proportional to (1\24—22)2 for light elements (where My < M;) and almost
constant because the ratio ]ZVI—QQ is roughly 0.5 for all elements. This makes ERDA with heavy
ions an effective tool for profiling different elements (also light elements), although specific
deviations from this ideal Rutherford cross-section can occur due to nuclear interactions or
other effects [130].
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Chapter 6

Scientific Contributions

This chapter presents the publications resulting from this work, each accompanied by a
brief description. The publications are divided into three sections. The first section focuses
on a disilicide-based material and its exceptional oxidation resistance. The second section
investigates layered coating systems (architectural coatings), and the third section examines
alloying approaches, both sections designed to improve oxidation resistance of oxidation
prone materials (transition metal borides and carbides). In addition, the chapter includes
a co-authored peer-reviewed publication, a patent, the list of students supervised and a

summary of international conferences attended.

6.1 Silicides as stand-alone protective coating materials

Publication [

Tuning microstructural and oxidative characteristics of direct current-

and high-power pulsed magnetron sputtered MoSis-based thin films

S. Richter, A. Bahr, P. Kutrowatz, T. Wojcik, S. Kolozsvari, P. Polcik, C. Jerg, J. Ramm,
H. Riedl, J. Vac. Sci. Technol. A 42, 053407 (2024).

This study investigates the microstructural evolution and oxidation behavior of MoSi,-based
thin films deposited by direct current magnetron sputtering (DCMS) and high-power pulsed
magnetron sputtering (HPPMS). This research explores how deposition parameters such as
substrate temperature and plasma ionization affect the phase composition, microstructure,
mechanical properties and oxidation resistance of the thin films, especially under extreme
conditions up to 1500 °C. In general, MoSi, is well known for its high temperature stability
and excellent high-temperature oxidation resistance, mainly due to the formation of a
protective silica (SiOq) scale. However, at lower temperatures, a so-called pesting phenomenon,

characterized by mixed MoOy and SiOy oxide growth, poses a challenge.
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6.2 ARCHITECTURAL CONCEPTS FOR ENHANCING OXIDATION RESISTANCE

Using DCMS, amorphous thin films could be synthesized at a substrate temperature of
200 °C, with a transition to hexagonal MoSiy as the substrate temperature increases to
300-400 °C. At temperatures above 500 °C, dual-phase structures consisting of hexagonal
MoSi; and tetragonal MosSiz are formed. HPPMS, on the other hand, provides better
control over phase formation and allows the deposition of very dense thin films. In detail,
coatings deposited at 1000 Hz exhibit a dense microstructure with a hexagonal MoSiy phase.
Mechanical testing (nanoindentation) also showed differences between the two sputtering
modes. The highest hardness of 22.8 GPa was measured in the HPPMS thin films deposited
at 1000 Hz, which correlates with their fine-grained, dense morphology. Young’s modulus

values for the crystalline films consistently ranged from 360 to 400 GPa.

Long-term oxidation tests were carried out at 600 °C, 850 °C, and 1200 °C for up to 100 h.
At 600 °C, pesting-related phenomena such as small cracks and porous oxide scales were
observed. At 850 °C, the oxide scale consisted of amorphous SiO, with embedded MoOy
clusters. At 1200 °C, all coatings showed excellent oxidation resistance and protection due
to the formation of a dense SiO, scale. Among the coatings tested, the dense HPPMS thin
film grown at 1000 Hz exhibited the lowest scale thickness of approximately 650 nm. The
HPPMS coating grown at 500 Hz was further tested up to 1500 °C for 1 h. Even with a Si
substoichiometry (Si/Mo ratio of 1.86), the coating showed excellent oxidation resistance
under these extreme conditions. This highlights the potential of HPPMS to grow dense,
single-phase hexagonal MoSi, coatings with exceptional oxidation resistance and mechanical
properties. In addition, the results demonstrate that MoSis-based materials are suitable for

applications in ultra-high temperature environments.

6.2 Architectural concepts for enhancing oxidation

resistance

Publication I1
Reactively grown Al/Si-based top coatings protecting TM-diborides
(TM = W, Ti, Hf) against high-temperature oxidation

S. Richter, T. Glechner, T. Wojcik, B. Widrig, S. Kolozsvéari, P. Polcik, O. Hunold, L.
Zauner, J. Ramm, H. Riedl, Surface & Coatings Technology 476 (2024) 130191.

This study investigates architectural coating concepts to improve the high temperature
oxidation resistance of transition metal diboride (TMBy, TM = W, Ti, Hf) thin films. The

poor oxidation resistance of TMB,, caused by volatilization of BoO3 and the formation of
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6.3 ALLOYING APPROACH TO ENHANCE OXIDATION PROPERTIES

porous transition metal oxides, is addressed by the application of reactively grown Al-Si-N,
Al-Si-O, and Si-O protective top coatings. These topcoats are applied to sputter deposited
WBi 4, TiBy7, HfBy4 thin films and designed to suppress oxidation while maintaining
superior mechanical properties of TMB, under extreme conditions. The investigated coating
architecture includes a Si interlayer for the oxide-based top coatings to enhance adhesion and
prevent in-situ oxidation during deposition. Structural characterization of the as deposited
thin films revealed a a-TMB, phase formation for the diboride base layer and amorphous Al-
and Si-containing top layer, with the Si interlayer exhibiting a partial crystalline structure.
The study analyzed the oxidation performance of the coatings through dynamic oxidation
tests up to 1400 °C and isothermal oxidation tests at 1200 °C up to 30 h.

Dynamic oxidation tests showed that Al-Si-N top coatings provided limited protection, with
oxidation resistance decreasing above 1000 °C due to accelerated mass increase/oxide growth.
Contrary, Al-Si-O and Si-O top coatings showed excellent performance with minimal mass
changes and the formation of a (stable) protective scale. Isothermal oxidation experiments at
1200 °C revealed significant differences between the TMB, systems: The WB; ¢ thin films
experienced delamination due to poor film adhesion. However, TiBy 7 and HfB, 4 retained
their layered structures with excellent adhesion and stability against the high temperature
oxidation conditions. Detailed microstructural TEM analysis of the HfB, 4 sample showed
that the Al-Si-O layer formed a porous Al,O3-SiO5 mullite structure, while the Si-O top layer
remained dense and amorphous with embedded SiO, crystallites. Notably, the Si-O layer
inhibited the recrystallization of the HfB, 4 base layer, maintaining its fine columnar mor-
phology. These results demonstrate that Al-Si-O and Si-O protective top coatings, especially
with a Si interlayer, provide outstanding high-temperature oxidation resistance for oxidation
prone TMB, thin films. Both Al-Si-O and Si-O top coatings are promising candidates for
extending the operating limits of TMB, in extreme environments such as aerospace and

energy applications.

6.3 Alloying approach to enhance oxidation properties

Publication I11
High-throughput phase exploration of ternary transition metal car-
bide TM-X-C (X=AIl/Si) thin films

S. Richter, C. Gutschka, D. Danner, R. Hahn, T. Wojcik, E. Ntemou, C. Jerg, J. Ramm, P.
Polcik, S. Kolozsvari, D. Primetzhofer, H. Riedl, under review at Acta Materialia A-24-4225R1
(2025).
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6.3 ALLOYING APPROACH TO ENHANCE OXIDATION PROPERTIES

Transition metal carbides (TMCs) are of great interest due to their high thermal stability,
exceptional hardness and resistance to mechanical wear, making them crucial for extreme
environments such as aerospace and high-performance tooling applications. However, their
sensitivity to oxidation requires research into solutions to overcome this problem. Therefore,
the motivation was to study Al and Si alloyed ternary TM-X-C (TM = Ti, Zr, Hf, Ta, W
and X = Al, Si) systems. In this study, as a first step, the phase formation is systematically
investigated by combining density functional theory (DFT) calculations with X-ray diffraction
(XRD) analysis of magnetron sputtered thin films. In addition, the mechanical properties are

investigated by nanoindentation.

Theoretical predictions were used to determine trends and solubility limits of metastable Al
and Si alloying in face-centered cubic (fcc) TM-X-C (solid solutions) based on the energy
of formation and lattice parameter/cubic cell symmetry. DET calculations suggested that
Si preferentially occupies both transition metal (TM) and carbon sites, while Al primarily
substitutes sites on the TM sublattice. Experimentally, over 260 different chemical com-
positions were synthesized by combinatorial sputtering. Structural analysis confirmed the
formation of single-phase fcc TM-X-C solid solutions up to 25-30 at.% Al/Si. Beyond this
threshold, amorphization or the formation of second (metallic) phases was observed. In
contrast, DFT predictions for W-X-C did not emphasize the formation of fcc solid solutions
(hexagonal W,C is the stable ground state structure). XRD analysis also showed that the
W-X-C systems form a nanocrystalline — even amorphous — structure. Mechanical testing
by nanoindentation revealed a strong correlation between phase stability and mechanical
properties. The highest hardness values of 30 to 40 GPa were observed for fce-structured
TM-X-C thin films, especially for Ta-X-C and Hf-X-C systems. However, when the Al or
Si content exceeded the solubility limits, the hardness decreased significantly due to a more
metallic character of the thin films or amorphous coating states. The Young’s modulus
followed a similar trend, with values around 500 GPa for single-phase Hf-X-C and Ta-X-C
coatings but decreased for dual-/multi-phase or amorphous thin films. These results from a
high-throughput phase screening provide a systematic mapping of physical vapor deposited
(PVD) ternary carbide phase formation. Using this information, further research is being
conducted to evaluate their oxidation behavior to further expand their application potential

in high temperature and extreme environments.

Publication 1V

Exploring the oxidation characteristics of binary and ternary transi-

tion metal carbide coatings

S. Richter, P. Kutrowatz, T. Wojcik, S. Kolozsvari, P. Polcik, C. Jerg, J. Ramm, H. Riedl,
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6.3 ALLOYING APPROACH TO ENHANCE OXIDATION PROPERTIES

Plansee Seminar Conference Proceeding (2025).

Transition metal carbides (TMCs) are widely recognized for their ultra-high temperature
stability and exceptional mechanical properties, making them critical for aerospace, energy
and advanced tooling applications. However, their poor oxidation resistance remains a major
drawback. This study systematically investigates the oxidation behavior of binary TMC and
ternary TM-X-C thin films, where TM = Ti, Zr, Hf, Ta, W and X = Al, Si, serving as a

strong oxide-forming element.

Dynamic thermogravimetric analysis (TGA) up to 1400 °C revealed that most binary TMC
oxidized below 600 °C. To improve the oxidation resistance, Al and Si alloyed TM-X-C
coatings were synthesized by a combinatorial deposition approach (stationary co-sputtering of
TMC and Al or Si targets). Subsequently, the oxidation behavior of the ternary systems was
investigated by performing isothermal oxidation tests at 750 °C for 1 h. The results show that
Al and Si alloying significantly improves the oxidation resistance: For Al alloyed thin films,
Ti-Al-C and Ta-Al-C emerged as the most promising systems, forming protective oxide scales
< 750 nm with alloying contents above 25 at.%. For the Si alloyed coatings, Ti-Si-C thin films
withstood the annealing conditions as well as the high alloyed dual-phased Zrg 92Si.46Co.32
sample. In contrast, Ta-Si-C and W-Al/Si-C coatings failed at 750 °C (spallation of the
coatings), highlighting the different oxidation performance of the different transition metal
systems. Transmission electron microscopy (TEM) and electron energy loss spectroscopy
(EELS) analyses of Tig2sAlg32Co42 and Tig29Sip.26Co.45 provided further insight into the
oxidation mechanisms. A two-layer scale structure was observed, consisting of a metal
oxycarbide (MC;_,Oy) at the interface to the nonporous, unoxidized Ti-X-C film, followed by
a Ti-(Al/Si)-oxide based scale. While both Al and Si effectively inhibited complete oxidation
of the thin films, the Al-alloyed coatings exhibited lower oxygen inward diffusion, suggesting

a stronger protective effect.

Publication V

Assessing the effectiveness of strong oxide formers (Cr, Si, Al) in
diboride thin films

S. Richter, A. Bahr, T. Wojcik, E. Ntemou, S. Kolozsvari, P. Polcik, J. Ramm, D. Primet-
zhofer, H. Riedl, Manuscript draft for Materials Research Letters (2025).

Transition metal diborides (TMB,), such as CrBsg, are widely used for high temperature
applications due to their exceptional hardness, wear resistance and thermal stability. However,
their oxidation resistance remains a limiting factor, especially for thin films in temperature

regions above 500 to 600 °C, where B,O3 gets volatile and porous (transition metal) based oxide
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6.3 ALLOYING APPROACH TO ENHANCE OXIDATION PROPERTIES

scales are formed leading to accelerated degradation. This study systematically investigates
the effect of strong oxide formers (Si, Al) in CrBy-based thin films to enhance the oxidation
resistance. The coatings were synthesized using a combinatorial magnetron sputtering
approach to deposit ternary (Cr-Al-B, Cr-Si-B) and quaternary (Cr-Al-Si-B) coatings. X-ray
diffraction (XRD) analysis confirmed that all coatings crystallized predominantly in the AlB,
prototype structure, with Si solubility limits of about 4 at.%. At higher Si alloy contents,
secondary CrSiy phases were observed. Thermogravimetric analysis (TGA) in synthetic air
up to 1400 °C showed that CrB, films alloyed with > 20 at.% Al exhibited an improved
oxidation onset temperature of approximately 800 °C (compared to around 600 °C for almost
unalloyed CrBs thin films, e.g. Crg52Alp.01Bo.47 and Crg4sSip.01Bos1). In contrast, Cr-Si-B
coatings with > 11 at.% Si exhibited exceptional oxidation resistance up to 1300 °C, due
to the formation of a dense silica (SiOs)-based protective scale. The quaternary Cr-Al-Si-B
(Crg.29Alp.18510.10Bo.43) also showed outstanding resistance during dynamic oxidation testing
up to 1300 °C (almost stable mass signal over the entire temperature range tested). Isothermal
oxidation at 1200 °C for 1 h provided further insight into scale formation: Transmission electron
microscopy (TEM) and electron energy loss spectroscopy (EELS) analyses of Crg 355i0.16B0.49
and Crg.o7Alp22510.09Bo.42 revealed a layered scale structure, with a Si-O scale forming directly
above the diboride film, followed by Cr-O and Al-O in the quaternary systems. Notably,
Cr-Si-B exhibited localized Si clustering, but the coating remained structurally intact. Cr-
Al-Si-B showed a reduced recrystallization compared to Cr-Si-B. At higher temperatures
(1300 and 1400 °C), Cr-Al-Si-B experienced spallation, while Cr-Si-B withstood 1300 °C
before complete oxidation at 1400 °C. In summary, Si acts as a perfect alloying element in
terms of enhancing oxidation resistance of TMB, thin films, outperforming Al. Furthermore,
small additions (approx. 8 at.%) in Cr-Al-Si-B coatings promoted additional Al,O3 scale
formation, highlighting the key effect of Si in diborides. These findings provide a basis for
designing oxidation resistant diboride coatings. Especially Al-alloying could be beneficial

when considering environments with water vapor.
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6.4 Further peer-reviewed publications

Oxidation behaviour and mechanical properties of sputter-deposited TMSi, coat-
ings (TM = Mo, Ta, Nb), A. Bahr, S. Richter, R. Hahn, T. Wojcik, M. Podsednik, A.
Limbeck, J. Ramm, O. Hunold, S. Kolozsvari, H. Riedl, J. Alloys Compd. 931 (2023) 167532.
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Si- and Al/Si-containing top coatings
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S. Richter, L. Zauner, H. Riedl, B. Widrig, J. Ramm
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6.6 Supervised students

Norma Salvadores Farran

Oxidation behavior and mechanical properties of Al alloyed HfC thin films
Master’s student (Intern)

Finished 09/2022

Andrew Rofaiel
Ozidation behavior and mechanical properties of Si alloyed HfC thin films

Bachelor thesis
Finished 09/2023

David Danner

Exploration of Hf-Al-C thin films for high-temperature applications
Bachelor thesis

Finished 09/2023

Tobias Reining

WC-based thin films synthesized by PVD techniques
Master’s student (project work)

Finished 02/2024

Nikolaus Tonn

Exploration of ternary and quaternary Cr-Al-Si-B thin films
Bachelor thesis

Finished 09/2024

David Danner

Mechanical properties and oxidation resistance of MoSis alloyed TMC thin films (TM = Ti,
Zr, Hf, Ta, W)

Master thesis
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6.7 Participation at international conferences

OGV Seminar 2022

Leoben, Austria, 11.07.2022

Mechanical properties and high-temperature behavior of non-reactive synthesized MoSis thin
films by PVD techniques

S. Richter, A. Bahr, T. Wojcik, J. Ramm, O. Hunold, P. Polcik, S. Kolozsvari, H. Riedl

Junior Euromat 2022
Coimbra, Portugal, 19.-22.07.2022
Phase formation and oxidation resistance of physical vapor deposited MoSis thin films

S. Richter, A. Bahr, T. Wojcik, J. Ramm, O. Hunold, P. Polcik, S. Kolozsvari, H. Riedl

PSE 2022
Erfurt, Germany, 12.-15.09.2022
Mechanical properties and oxidation resistance of sputter deposited MoSiy thin films

S. Richter, A. Bahr, T. Wojcik, J. Ramm, O. Hunold, P. Polcik, S. Kolozsvari, H. Riedl

Heart of Europe — Thin Films Workshop 2023
Bratislava, Slovakia, 13.-14.03.2023

Mechanical properties and oxidation resistance of sputter deposited MoSis thin films
S. Richter, A. Bahr, T. Wojcik, J. Ramm, O. Hunold, P. Polcik, S. Kolozsvari, H. Riedl

ICMCTF 2023

San Diego, USA, 21.-26.05.2023

The architectural design of high-temperature protective coatings: Improving the oxidation
resistance of TMBy (TM = Hf, Ti, W) thin films

S. Richter, T. Glechner, L. Zauner, T. Wojcik, B. Widrig, O. Hunold, S. Kolozsvari, P. Polcik,
J. Ramm, H. Riedl

High-temperature stability and mechanical properties of non-reactive PVD-synthesized MoSis

coatings

S. Richter, A. Bahr, T. Wojcik, O. Hunold, S. Kolozsvari, P. Polcik, J. Ramm, H. Riedl
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OGV Seminar 2023

Vienna, Austria, 13.06.2023

Ozidation-prone TMBy (TM = Hf, Ti, W) thin films protected with Al/Si-based top coatings
S. Richter, T. Glechner, L. Zauner, T. Wojcik, B. Widrig, O. Hunold, S. Kolozsvari, P. Polcik,
J. Ramm, H. Riedl

IUVSTA Workshop 2023

Seggau, Austria, 15.-19.10.2023

Analysing the pore formation in ternary and quaternary diborides during high-temperature
oxidation

S. Richter, A. Bahr, L. Zauner, T. Wojcik, S. Kolozsvéri, P. Polcik, O. Hunold, J. Ramm, H.
Riedl

ICACC 2024

Daytona, USA, 28.01.-02.02.2024

Architectural coating design to improve the oxidation resistance of TMBy (TM = Hf, Ti, W)
thin films at harsh conditions

S. Richter, T. Glechner, L. Zauner, T. Wojcik, B. Widrig, O. Hunold, S. Kolozsvari, P. Polcik,
J. Ramm, H. Riedl

ICMCTF 2024

San Diego, USA, 19.-24.05.2024

Structural evolution and oxidation resistance of Al/Si alloyed transition metal carbide thin
films

S. Richter, E. Ntemou, D. Primetzhofer, T. Wojcik, O. Hunold, S. Kolozsvari, P. Polcik, J.
Ramm, H. Riedl

Unravelling diffusion processes and morphology changes of ternary and quaternary diborides

during high-temperature oxidation
S. Richter, A. Bahr, T. Glechner, T. Wojcik, S. Kolozsvari, P. Polcik, O. Hunold, J. Ramm,
D. Primetzhofer, P. Felfer, H. Riedl

PSE 2024

Erfurt, Germany, 02.-05.09.2024

Ezxploring the phase space and oxidation mechanisms of TM-X-C thin films

S. Richter, D. Danner, R. Hahn, E. Ntemou, D. Primetzhofer, T. Wojcik, S. Kolozsvari, P.
Polcik, C. Jerg, J. Ramm, H. Riedl

61



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

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

M 3ibliothek,
Your knowledge hub

6.7 PARTICIPATION AT INTERNATIONAL CONFERENCES

ICACC 2025

Daytona, USA, 26.-31.01.2025

Phase exploration of TM-X-C (X = Al, Si) thin film materials: Correlation between theory
and experiments

S. Richter, C. Gutschka, R. Hahn, T. Wojcik, E. Ntemou, D. Primetzhofer, S. Kolozsvari, P.
Polcik, C. Jerg, J. Ramm, H. Riedl
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Chapter 7

Concluding Remarks

The development of protective coatings for high temperature applications is essential to
improve the durability and performance of components exposed to extreme (oxidative)
environments. High-temperature oxidation can cause severe material degradation, affecting
the functionality and lifetime of critical components, particular in aerospace applications,
automotive or tooling industries. To address this challenge, this thesis investigates novel thin
film materials, alloying strategies, and coating architectures designed to improve oxidation

resistance.

The first part, Publication I, focuses on MoSis-based thin films, which belong to the
disilicide family and are known for their excellent high temperature oxidation resistance
(even above 1600 °C) and suitable mechanical properties. However, at lower temperatures
(around 600 °C) MoSi, suffers from poor oxidation resistance due to the pesting phenomenon,
where mixed oxides (e.g., MoOy and SiOy) grow simultaneously, resulting in internal stresses
due to the significant volume expansion and hence to cracking and porous scale formation.
Despite this limitation, MoSi, remains a promising stand-alone protective coating material
for high temperature applications. This study investigates how deposition parameters — such
as substrate temperature and ionization — affect the phase formation, microstructure and
oxidation resistance of MoSi, thin films using DCMS and HPPMS. The results prove that
amorphous coating states are formed at a substrate temperature of 200 °C, while dense
hexagonal MoSi, structures are formed between 300 and 400 °C as well as with HPPMS at
1000 Hz (2.5 to 10 % duty cycle). At higher temperatures (500 to 600 °C) and enhanced
plasma states (500 Hz, 2.5 to 10 % duty cycle), dual phase coatings consisting of hexagonal
MoSi; and tetragonal Mo;Si3 with underdense grain boundary regions are observed. In
particular, the application of HPPMS at 1000 Hz significantly increases the film density,
leading to highest hardness values (22.8 GPa). The oxidation behavior was studied from
600 to 1500 °C, revealing minor cracks at 600 °C and a combination of amorphous SiO,

and MoQy clusters at 850 °C, indicating some pesting. Above 1200 °C, especially films
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7. CONCLUDING REMARKS

with a predominant hexagonal MoSi, phase constitution and a highly dense microstructure
demonstrated excellent oxidation resistance with thin SiO, scales (650 nm after 100 h at
1200 °C). Even at high temperatures up to 1500 °C, effective protective mechanisms were
observed for short-term oxidation tests with 30 min. In conclusion, a predominant hexagonal

MoSi, structure and a highly dense morphology are the keys to excellent oxidation protection.

The second part, Publication II, investigates architectural coating concepts, specifically Al-
Si-N, Al-Si-O, and Si-O protective top coatings for oxidation prone transition metal diborides
(TM = W, Ti, Hf). These reactively (plasma enhanced) cathodic arc evaporated top coatings
were applied to sputter-deposited diboride thin films, with a Si interlayer introduced to prevent
in-situ oxidation of the diborides during the growth of the oxide-based top coatings and to
improve film adhesion. While Al-Si-N coatings undergo accelerated oxidation at temperatures
above 800 to 1000 °C, TGA highlighted that Si-O and Al-Si-O coatings significantly improved
the oxidation resistance of the underlying diborides up to 1400 °C. Long-term oxidation tests
at 1200 °C for up to 30 h further confirmed the resilience of Si/Al-Si-O and Si/Si-O top
coatings, especially for the TiB, 7 and HfB, 4 samples. TEM analysis showed that the Al-Si-O
protective layer formed a porous AlyO3-SiO, mullite structure and the Si-O layer remained
dense, where SiO, crystallites are embedded in an amorphous Si-O matrix. Nevertheless,
both top coating approaches (Si/Al-Si-O and Si/Si-O) acted as an excellent oxygen diffusion
barrier, protecting the underlying TMB, thin film.

The third section explores alloying strategies to improve the oxidation resistance of transition
metal carbides and borides. Publications III and IV use a high-throughput combinatorial
screening approach to effectively investigate a broad compositional range of ternary transition
metal carbide thin films, where TM = Ti, Zr, Hf, Ta, W and X = Al Si. As a first
step, Publication III explores the phase formation and mechanical properties of more
than 260 different chemical compositions. Density functional theory (DFT) calculations,
together with structural analysis by X-ray diffraction (XRD), confirm that Al and Si can
be alloyed up to about 25 to 30 at.% in fcc TM-X-C thin films. However, in W-X-C
films, a nanocomposite or even amorphous structure is predominant. At higher Al and Si
concentrations, additional metallic phases are prevalent or the coatings transition to an XRD
amorphous state. Nanoindentation shows a strong correlation between phase formation and
mechanical properties, with fce-structured TM-X-C thin films achieving the highest hardness
values of 30 to 40 GPa. Reaching the transition zone between single phased fcc-TM-X-C
solid solutions and dual phased or amorphous states, the hardness decreases to about 10 to
20 GPa. Building on these findings, Publication IV focuses on the oxidation mechanisms of
ternary TM-X-C thin films. While binary TMC systems oxidize at temperatures below 600 °C,
ternary films successfully withstand isothermal oxidation tests at 750 °C for 1 h. The most
promising material systems are Ti-Al-C, Ta-Al-C, and Ti-Si-C. For the Al alloyed thin films,

compositions containing 25 at.% Al improve oxidation resistance by protective oxide scales
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7. CONCLUDING REMARKS

< 750 nm. Similarly, Ti-Si-C coatings show improvements in oxidation resistance starting at
20 at.% Si. TEM analysis of oxidized Tig26Alg.30Co.42 and Tig29Sig26Co.45 coatings, reveals a
two-layer scale formation consisting of a metal oxycarbide layer on top of the unoxidized,
non-porous Ti-X-C thin film, followed by an outer mixed Ti-(Al/Si) oxide scale. Electron
energy loss spectroscopy (EELS) line scans indicate that Al provides a superior oxygen
diffusion barrier, as no oxygen gradient is detected within the underlying film proven for
Ti-Al-C.

In Publication V, the oxidation behavior of Al and Si alloyed CrBy thin films was inves-
tigated. A similar high throughput deposition approach allowed the synthesis of ternary
Cr-Al-B, Cr-Si-B and quaternary Cr-Al-Si-B thin films by co-sputtering a CrB,, AlB,, and
Si target. Structural analysis confirmed that all films crystallized predominantly in the
hexagonal AlBs prototype structure. Si exhibited low solubility in the hexagonal CrB,
structure, with a maximum of approximately 4 at.%. Beyond this limit, additional CrSi,
phases were observed. Al alloying above 20 at.% increased the oxidation onset temperature of
CrB, from 600 °C to about 800 °C. Notably, Si alloying above 11 at.% significantly improved
the oxidation resistance, with TGA demonstrating stability up to 1300 °C. This highlights
Si as a key protective oxide forming element in diboride structures. Interestingly, Si also
promoted alumina formation, which improved the oxidation resistance of the quaternary
Cro.29Alg.18510.10Bo.43 up to 1300 °C, as confirmed by TGA. Detailed TEM analysis of isother-
mally oxidized Crg 35519.16Bo.49 and Crgo7Alp22519.00Bo.42 at 1200 °C for 1 h revealed a layered
oxide growth. The Cr-Si-B developed a Si-O layer on top of the diboride, followed by a
Cr-O scale. The quaternary Cr-Al-Si-B systems formed an additional Al-O on the outer
surface. Both coatings exhibited excellent high temperature oxidation resistance at 1200 °C,
demonstrating the potential of PVD to alloy low melting metals into ceramic diboride based

phases.

In summary, this thesis presents a comprehensive evaluation of coating strategies designed
to enhance the oxidation resistance of ceramic thin film materials. By utilizing advanced
deposition techniques, alloying approaches, and architectural coating concepts, this work
has demonstrated significant advances in the development of protective coatings for high
temperature oxidative environments. Through the studies, Si has emerged as a critical
element for improving the oxidation resistance of ceramic thin films. From MoSis-based
coatings over Si-O top coatings to the improved oxidation performance of Cr-Si-B thin films,
Si played a key role due to its ability to form rapidly protective silica-based oxide scales.
In addition, Si contributed to the improved oxidation resistance of Al-containing thin films,
as observed in Al-Si-O top coatings where mullite structures (Al;O3-SiO9) formed, and in
the quaternary Cr-Al-Si-B system where Si enhanced the effectiveness of protective alumina
scales. While transition metal carbides have so far demonstrated greater oxidation resistance

with Al, there remains significant potential for further research, particularly to optimize the
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7. CONCLUDING REMARKS

oxidation kinetics of TMCs at even higher temperatures. These results provide a robust basis
for future research and create new possibilities for developing advanced high-temperature
oxidation resistant coating materials. Ultimately, this work paves the way for innovations

that could significantly impact various industries.
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Tuning microstructural and oxidative characteristics of direct current- and
high-power pulsed magnetron sputtered MoSiz-based thin films

S. Richter, A. Bahr, P. Kutrowatz, T. Wojcik, S. Kolozsvéri, P. Polcik, C. Jerg,
J. Ramm, H. Riedl

J. Vac. Sci. Technol. A, 42, 053407 (2024).
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ABSTRACT

| ¥20zZ 1snbny 1z

A comparative study on nonreactively direct current magnetron sputtered (DCMS) and high-power pulsed magnetron sputtered ¥
(HPPMS) MoSi,-based coatings has been implemented with the objective of advancing the knowledge on the growth conditions and §
oxidation resistance of MoSi, thin films. The energy supplied during the growth process (i.e., deposition temperature and ionization
degree) exerts a significant influence on the phase formation and morphology. At 200 °C, highly dense but x-ray amorphous films are
prevalent, whereas an increase up to 400 °C leads to dense and fine-columnar structured hexagonal MoSi, films. Increased growth tem-
peratures (>500°C for DCMS) and strongly ionized plasma states result in the formation of dual-phase structures (h-MoSi, and
t-MosSi3), accompanied by slightly underdense but strongly columnar grains. The MoSi; 9, HPPMS film (1000 Hz, 10% duty cycle)
grown at 500 °C exhibits the maximum hardness of 22.8 GPa and an elastic modulus of approximately 400 GPa. In long-term oxidation
tests conducted at 600, 850, and 1200 °C (up to 100 h), all MoSi,-based films exhibited a temperature-dependent scale formation. Up to
850 °C, the formation of a continuous, dense protective scale is disrupted by the competing growth of MoOy and SiOy. At temperatures
exceeding 1200 °C, all MoSi,-based coatings analyzed demonstrate exceptional oxidation resistance, resulting in the formation of a con-
tinuous, dense SiO, scale. At 1500 °C for 30 min, the initially slightly underdense and dual-phased MoSi; ¢, coating achieved a scale
thickness of only 670 nm, thereby demonstrating the exceptional oxidation resistance capabilities of HPPMS-grown MoSi,-based

coatings.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0003833

. INTRODUCTION

The potential of intermetallic Mo-Si compounds as ultrahigh
temperature materials has attracted the attention of researchers due
to their exceptional thermal properties beyond 1600°C." Given
their versatile properties, including extremely high phase stability,

tribological ~characteristics,” and optoelectronic properties,”’
Mo-Si-based materials are suitable for a wide range of applications.
The binary Mo-Si system comprises three distinct intermetallic
compounds: MoSi,, MosSi3, and MosSi, respectively. While the
Mo-rich phases, such as MosSi; and Mo;Si, exhibit superior

J. Vac. Sci. Technol. A 42(5) Sep/Oct 2024; doi: 10.1116/6.0003833
© Author(s) 2024
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Publication I

JVST A

Journal of Vacuum Science & Technology A

mechanical properties, the Si-rich phase, MoSi,, displays enhanced
oxidation resistance." The oxidation behavior of MoSi, has been
extensively studied for bulk materials, with the formation of a
highly protective silica scale (SiO,) being responsible for the
enhanced oxidation resistance.”™ It is evident that MoSi, materials
display unfavorable oxidation resistance at low temperatures (below
600 °C), which can be attributed to the so-called pesting phenome-
non, well-known for Mo-based alloys.'’""” The pesting phenome-
non typically manifests when mixed oxides (e.g., metallic and
silica-based) grow simultaneously, resulting in internal stresses due
to the significant volume expansion of the respective oxides.” A
substantial body of research has demonstrated that microstructure
and structural defects exert a profound influence on the pesting
behavior of MoSi, bulk and coating materials. Typically, accelerated
oxidation occurs as a result of the formation of cracks and pores,
which leads to the formation of a poorly protective and porous
oxide layer comprising mixed amorphous Si- and Mo-containing
oxidation products.'”'* Nevertheless, the remarkable high-
temperature oxidation resistance of MoSi,—which forms a dense
and protective scale that inhibits oxygen inward diffusion up to
1400 °C—indicates that it is a promising candidate for applications
at elevated temperatures.”

The value of this feature has been demonstrated in numerous
studies of MoSi, coating materials produced through a variety
of deposition techniques, including chemical vapor deposition,'®
as well as vacuum and atmospheric plasma spraying.'’ ">’
Nevertheless, these deposition techniques are not without limita-
tions. In plasma spraying, the unintended addition of oxygen
during film growth, which is provided by atmospheric conditions,
weakens the protective effect of the coatings with regard to oxygen.
Moreover, the formation of a uniform MoSi, phase throughout the
entire film thickness has not been demonstrated to be a straightfor-
ward process in hot dipping siliconizing.”' This inconsistency
results in a limited oxidation resistance, as reported by Liu et al.”
Magnetron sputtering, a physical vapor deposition (PVD) tech-
nique, represents an alternative approach for the synthesis of MoSi,
thin films. While the existing literature addresses the mechanical
properties and phase formation of direct current magnetron sput-
tered (DCMS) MoSi, thin films,”*™* there are no reports on the
growth of MoSi, films using other PVD methods, such as high-
power pulsed magnetron sputtering (HPPMS). In the comparative
study conducted by Bahr et al, DCMS-grown TaSi,, NbSi,, and
MoSi, were primarily investigated with regard to long-term oxida-
tion kinetics at 1200 °C."”

In the context of oxidation resistance, HPPMS-grown
MoSi, thin films are of interest as highly ionized plasmas have
the potential to positively influence the microstructure. A den-
sified and more perfect morphology may prove to be a crucial
factor during scale formation (e.g., pesting behavior) and
retarded oxygen inward diffusion. The objective of this study is
to gain a deeper understanding of the growth and oxidation
characteristics of nonreactively sputtered MoSi, thin films using
different sputtering techniques (i.e, HPPMS versus DCMS).
Furthermore, the objective is to examine the coating perfor-
mance of even higher oxidation temperatures, up to 1500 °C,
with the aim of providing a comprehensive characterization of
the observed phenomena.

ARTICLE pubs.aip.org/avs/jva

Il. EXPERIMENTAL
A. Deposition process

All MoSi,-based thin films were synthesized in a laboratory-
scale magnetron sputtering system. A 3” MoSi, compound target
with a purity of 99.34%, provided by Plansee Composite Materials
GmbH,”® was operated in DC- and HPPMS modes with 99.999%
pure argon as the working gas. Prior to all deposition processes, a
base pressure of less than 4 x 107*Pa was attained. For DCMS
depositions, the substrate temperature was varied from 200 to 600 °
C, while the bias potential was maintained at —50 V. The target
power density for DCMS was kept at 5.6 W/cm®, and the deposi-
tion pressure was set at 0.4 Pa by introducing 21 sccm of argon.
Moreover, two HPPMS series were synthesized, with the frequen-
cies varying from 500 to 1000 Hz, and the pulse duty cycles (to,/T)
adjusted to 2.5%, 5%, and 10%, respectively. All HPPMS films were
deposited at a substrate temperature of 500°C and a DC bias
potential of —50V. The resulting peak power density for the
HPPMS films exhibited a range of 150-600 W/cm?, based on an
average power of 7.8 W/cm® set at the generator. The deposition
pressure was maintained at a constant value of 0.4 Pa by introduc-
ing a flow rate of 21 sccm of argon. Single-crystalline silicon (100
orientation, 20 x 7 x 0.38 mm), single-crystalline Al,O; (sapphire,
1-102 orientation, 10 x 10X 0.53 mm), and polycrystalline Al,O;
(20 x 7 x 0.38 mm) substrates were positioned parallel to the target
at a distance of 70 mm and rotated at 0.23 Hz. Prior to the deposi-
tion process, an ultrasonic bath was utilized to clean the substrates
in acetone and ethanol for a duration of 5 min each. Subsequently,
an argon ion etching step was conducted, lasting for 15 min and
employing a substrate bias potential of —800V, along with an
argon flow rate of 180 sccm. The resulting etching pressure was
approximately 4.9 Pa. Prior to deposition, the target surface was
subjected to presputtering at a power density of approximately
2.2 W/cm? for the final 2 min, with the shutters closed. The deposi-
tion time for the samples in the DCMS series was 30 min, with the
exception of the thin film deposited at 500 °C, which required
60 min. The deposition time for the HPPMS coatings was 60 min,
except in the case of coatings deposited at 500 Hz with a 10% duty
cycle, where the deposition time was 45 min. Overall, the deposi-
tion times were adjusted to achieve film thicknesses between 3 and
4 um.

B. Coating characterization

A microstructural analysis of the MoSi, films was conducted
using a scanning electron microscope (SEM) instrument of varying
specifications. The analysis was performed on cross sections of the
films in their both as-deposited and annealed states. The SEM
instruments utilized were the FEI Quanta 200 FEGSEM, operating
at 10kV, and the Zeiss Sigma 500 VP SEM, operating at 3kV.
Additional cross sections of the oxidized samples were prepared
using a dual-beam focused ion beam/scanning electron microscope
(FIB-SEM) system (Thermo Scientific Scios 2). The cross sections
were prepared using Ga* ions at an acceleration voltage of 30 kV
and an ion beam current of 7-15nA for rough milling. The final
fine milling was conducted with a beam current of 1nA. The
chemical composition was analyzed by energy-dispersive x-ray
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spectroscopy (EDX) using a FEI Philips XL30 scanning electron
microscope (SEM) operated at an accelerating voltage of 20 kV. For
the transmission electron microscopy (TEM) analysis, a FEI
TECNAI F20 microscope equipped with a field emission gun was
utilized to generate bright-field (BF) images. The TEM lamellas
were prepared with the same dual-beam FIB-SEM system that was
used for the preparation of the oxidized samples. To analyze the
phase evolution of the deposited MoSi, films, a Panalytical X’Pert
Pro MPD X-ray diffractometer was employed in a Bragg Brentano
configuration with a Cu-Ko radiation source (wavelength
L =1.5418 A). All measurements on coated single-crystalline Al,O;
were conducted with an offset of 3° to reduce the influence of sub-
strate peaks.

The mechanical properties, including hardness and elastic
modulus, were determined by nanoindentation on sapphire sub-
strates using an Ultra Micro Indentation System (UMIS) with a
Berkovich diamond tip. In order to calculate the respective modulus,
the Poisson’s ratio of MoSi, was assumed to be v =0.25. A line mea-
surement of 30 indentations at various loads between 3 and 45 mN
was conducted to ensure that the penetration depths did not exceed
10% of the film thickness, thereby minimizing the influence of the
substrate. The load-displacement curves were evaluated in accor-
dance with the methodology proposed by Oliver and Pharr.””**

Long-term oxidation tests were conducted on single-crystalline
AlL,O3 substrates in ambient air at temperatures of 600, 850, and
1200 °C for 100 h in a conventional furnace. To gain further insight
into the high-temperature oxidation behavior, selected coatings on
polycrystalline Al,O3 substrates were subjected to a synthetic air
atmosphere in a Netzsch STA 449 F1 setup with a rhodium
furnace. The isothermal oxidation tests were conducted at tempera-
tures of 1300, 1400, and 1500 °C. The annealing time was 60 min,
except in the case of the test at 1500 °C, where the annealing time
was reduced to 30 min to prevent the system and equipment from
overheating. During the oxidation test, a constant supply of oxygen
(50 ml/min) and helium (20 ml/min) was maintained, the latter
with the objective of protecting the oxide scale formation.

11l. RESULTS AND DISCUSSION
A. Phase evolution and morphology

To study the microstructure and growth morphology of the
as-deposited MoSi,-based thin films, SEM cross sections have been
prepared for all DCMS and HPPMS coatings. Figure 1 depicts the
cross-sectional morphology of the DCMS MoSi, films deposited at
varying substrate temperatures (with a constant DC bias potential
of =50V for all conditions). The dashed line represents the
interface between the Si substrate and the respective coatings
[Figs. 1(a)-1(e)]. The chemical composition of selected coatings
was determined by EDX and is presented in Fig. 1. Additional
TEM lamellae were prepared for the coating deposited at 400 and
500 °C, respectively.

The cross section in Fig. 1(a) displays a featureless, dense MoSi,
thin film, which exhibits a slight Si super-stoichiometry. As the sub-
strate temperature exceeds 300 °C, the morphological appearance
changes to a more columnar state, indicative of a mixed island
growth mode of crystalline features, see Figs. 1(b)-1(e). In all
observed columnar morphologies, the grains are arranged in a
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fibrous shape, perpendicular to the substrate according to the
growth direction. The coatings deposited at 300 and 400 °C appear
denser in comparison to those grown at higher temperatures, as the
columns are closely arranged, leaving no pores. In contrast, the
coatings depicted in Figs. 1(d) and 1(e) exhibit straight and more
continuous columns but with small open porosities in-between. In
more detail, this can be also seen by the TEM bright-field images
in Fig. 1(f) (400°C) and Fig. 1(g) (500°C). In particular, the
coating depicted in Fig. 1(g) exhibits larger and continuous
columns with underdense grain boundary regions. These morpho-
logical changes are related to enhanced diffusion processes with
increasing temperatures, whereas in the medium temperature
range, a competitive growth between different oriented nuclei pro-
motes the formation of densely overgrown grains. At higher tem-
peratures, recrystallization and restructuring lead to the elimination
of overgrown and closest arranged features. In accordance with the
temperature-related alterations in the growth mode, the coatings
deposited at 300 and 400 °C exhibit a more fine-grained morphol-
ogy in the vicinity of the substrate, thereby corroborating the afore-
mentioned competitive growth. From a compositional standpoint, a
slight decline in the Si/Mo ratio can be discerned with rising
temperature.

The influence of ionized species within the plasma on micro-
structural evolution is illustrated in Fig. 2, presenting fracture cross
sections of the as-deposited HPPMS MoSi, thin films. Once more,
the bias voltage and substrate temperature were maintained at
500 °C and —50V, respectively, for all HPPMS films. The coatings
depicted in Figs. 2(a)-2(c) were synthesized at a pulse frequency of
500 Hz, with duty cycles of 2.5%, 5%, and 10%, respectively (as
indicated in the lower right corner of each cross section). The mor-
phologies of these coatings are comparable to those of the DCMS
coatings grown at 500 and 600 °C, as evidenced by the presence of
straight columns with grain boundaries that are not fully dense.
The combination of the enhanced plasma conditions accompanied
by the relatively high deposition temperature predominates the
growth mode. Nevertheless, increased duty cycles, such as 10%,
maintain decreased peak power densities, which result in slightly
denser morphologies by retarding morphological reorganization
effects. Furthermore, all coatings grown at 500 Hz display slight
indications of a finer morphology in the substrate interface region.
In comparison, the films deposited at 1000 Hz exhibit notable dif-
ferences in their appearance, as illustrated in Figs. 2(d)-2(f). The
growth morphology is more densely arranged, with columns of a
smaller size. The small, interrupted features suggest the presence of
a more competitive growth mode involving the overgrowth of mul-
tiple nuclei, which is analogous to the DCMS coatings deposited at
300 and 400 °C. However, the mean column size appears to be
even smaller.

The diverse growth conditions, encompassing the deposition
temperatures for DCMS and the ionization degree through varying
parameters for the HPPMS states, exert a considerable influence on
the phase formation of MoSi,-based thin films. The phase evolu-
tion of all as-deposited thin films was investigated via x-ray diffrac-
tion in Bragg-Brentano geometry (offset of 3°) on single-crystalline
Al,O5 substrates, as illustrated in Fig. 3.

While an x-ray amorphous state was only observed for the
films grown at 200 °C, higher deposition temperatures resulted in
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FIG. 1. SEM cross sections of the as-deposited DCMS MoSi,-based thin films at different substrate temperatures are presented, with the chemical compositions (analyzed
by EDX) indicated for selected states. The temperatures are (a) 200, (b) 300, (c) 400, (d) 500, and (e) 600 °C, respectively. Additional TEM cross sections are presented

in (f) and (g), which depict the coatings deposited at 400 and 500 °C, respectively.

HPPMS 500 Hz

HPPMS 1000 Hz

FIG. 2. SEM cross sections of the as-deposited HPPMS MoSi, thin films. The
specific HPPMS parameters utilized are indicated on the left-hand side of the
figure as well as within the cross sections. The first line represents the 500 Hz
sample synthesized with a (a) 2.5%, (b) 5%, and (c) 10% duty cycle, respec-
tively. The second line displays the 1000 Hz sample, again with a (d) 2.5%, (e)
5%, and (f) 10% duty cycle, respectively. The interface between the substrate
(Si) and the coating is delineated by the dashed line.

the formation of single- or dual-phase structures. The predominant
phases are also indicated on the right-hand side of all diffracto-
grams. The evident structural evolution from x-ray amorphous to a
single-crystalline hexagonal (h) MoSi, phase at 300 °C is in accor-
dance with the morphology observed in Fig. 1.

At temperatures between 300 and 400 °C, the MoSi,-based
films can be assigned to the metastable h-MoSi, phase.
Nevertheless, there are already peak overlaps with MosSis, as evi-
denced by the peak observed at 26.1°. However, all other orienta-
tions exhibit perfect alignment with the hexagonal structure, and
the observed stoichiometry strongly suggests the formation of the
h-MoSi, phase. Even so, there is a slight indication of the forma-
tion of the tetragonal (t) MosSis phase, albeit in small quantities, at
29°. Moreover, the metastable h-MoSi, phase exhibits different ori-
entations as a result of a predominant competitive growth mode.

An additional increase in deposition temperature results in the
formation of a dual-phase structure comprising h-MoSi, and
t-MosSis, which aligns with the chemical changes observed in
Fig. 1. This trend is also observed in the peak intensities of the
MosSi; phase, which increases with temperature. The pronounced
preferred orientation of the 600 °C film at 41.5° is particularly note-
worthy, aligning with the morphological changes observed (Fig. 1).
However, due to peak overlap, it is challenging to definitely assign
a specific phase. This is because the (202) orientation of the
t-MosSi; phase partially overlaps with the (111) h-MoSi, phase.
Nevertheless, a more detailed examination of the peak shoulder
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@D h-MoSi, B t-MosSi, appearance, the '500 Hz coatings also exhibit comparable crystal
structures and diffractograms to those of the DCMS grown at
@ o = N O = oo 600 °C. All coating states are predominantly dual-phase structured,
o (= (e 0= e o O
= = = moE S e comprising primarily h-MoSi, and t-MosSi;. The predominant
¢ @ $© B g 5P I8 growth orientation (as indicated by the peak at 41.5°) is consistent
HEH =22 ,Ej EI with the observed pronounced columnar morphology. In contrast,
g s S o '_: the 1000 Hz HPPMS coatings obtain h-MoSi, predominated struc-
| ik ) o tures with small indications of the t-MosSi; phase for the 2.5% and
; i 1 8 10% duty cycle states, respectively. All three coatings grown at
g ; 600 °C o 1 2, 1000 Hz exhibit a random oriented structure [see Fig. 3(c)].
5 LA : h Lt Rl e
E (a) N \ 500 °C h ﬂJL [ B. Mechanical properties
g v 11 ]e ' = The morphological and structural differences of the
A ___J\_J \,_+400°C| ‘@ 'k N 'fé as-deposited MoSi, films, resulting from the distinct synthesis
=2 e : L 5 = routes (DCMS and HPPMS), are clearly reflected in their mechani-
& _JL » 300°C| - J = cal properties. Figure 4 illustrates the hardness (depicted on the left
_é“ ! 200 °C 2 i I axis, rep'resentt?d by square symbqls) and elastic @odulus (siepicted
a ; |t Nl on the right axis, represented by circles) of the various MoSi, films.
Q EELY RAEE) EEERS REIENEXLAN NEEE The amorphous coating deposited at 200 °C exhibits low hard-
E=R() & ness (13.8+0.7 GPa) in combination with a low elastic modulus
- [Nk ; o (275 £ 20 GPa) [see Fig. 1(a)]. This finding aligns with the data pre-
8| I ‘ 259 = sented by Chou and Nieh,” who determined a hardness of 10—
o [F= Bk i i 12 GPa and a modulus of 225-232 GPa for amorphous sputtered
-L-E 3 : 5 9 o~ MoSi, films. The elastic modulus exhibits a notable increase with
S| = s | the formation of the hexagonal MoSi, structure, reaching approxi-
ol & 10% = mately 400 GPa for all crystalline MoSi,-based films. In contrast,
9 g = the hardness is found to exhibit a stronger dependence on the sub-
ARN RELRN RERRN RN strate temperature and the prevailing phases. The coatings depos- =
(c) L ited at 300 and 400 °C exhibit a peak hardness within the DCMS 3
E Co series, with values of 22.3+1.6 and 21.4 +1.9 GPa, respectively. %
= _ﬁ \ L 25% G Subsequently, there is a notable decline in hardness to approxi- S
= — 20 mately 18 GPa at 600 °C. This finding is in good agreement with g
g J‘ r o 5% = the phase evolution observed in Fig. 3 and the morphological E
o & &
= 2 10%
I"'.J..LWJK.’T'T]_.TTT. T T T ——Hardness —O— Elastic modulus
20 25 30 35 40 45 50 (a) DCMS (b) 500 Hz| |(c) 1000 Hz|
Diffraction angle, 26 (°) 241 1 i (A0 =
=22 ] H 1440 5
FIG. 3. X-ray diffractograms of the as-deposited MoSi, coatings are presented % &
in (a) as a function of the substrate temperature during DCMS deposition. The =204 F H r400 =S
various HPPMS films are illustrated in (b) for 500 Hz and (c) for 1000 Hz, with a _g
different duty cycles varying from 2.5% to 10%, respectively. The reference pat- @184 H H r360 o
terns for the hexagonal beta MoSi, (C40, CrSi, prototype) phases are repre- g =] =
sented by hexagons and continuous lines, as referenced in Ref. 29, whereas ©16 H F320 v
the tetragonal MosSis (D8 m, WsSi; prototype) phase is labeled by squares with T n
dashed lines, as referenced in Ref. 30. 144 M H -280 2
- T T T T — —- 240
200 300 400 500 600255 10 255 10
° 9
indicates the presence of a dual-phase structure. Furthermore, the Temperature (°C) duty cycle (%)
tetragonal MosSi; phase is thermodynamically stable, and there is a
tendency for Si to form substoichiometric compositions at higher FIG. 4. Depiction of the hardness (on the left axis) and elastic modulus (on the
temperatures.ls right axis) of the (a) DCMS and (b) anq (9) HPPMS coatings as a function of
Figures 3(b) and 3(c) illustrate the phase evolution of the ?ggztrste tempergture and duty cycle variation for different frequencies, 500 and
: . . . z, respectively.
HPPMS coatings. In accordance with their morphological
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changes in Fig. 1. The formation of dual-phase structures (h-MoSi,
and t-MosSi3) and larger grain/column sizes with underdense grain
boundary regions, resulting from the enhanced surface diffusion,
contribute to a decrease in hardness values. Nevertheless, it is chal-
lenging to discern the impact of orientation relations in the context
of phase changes and overlapping peak positions.

For the HPPMS coatings, please refer to Figs. 4(b) and 4(c).
The elastic modulus is approximately 400 GPa for the 1000 Hz
series, which is comparable to the crystalline films produced by the
DCMS series. Additionally, the 500 Hz series exhibits an elastic
modulus of 360 GPa. The observed trend is in accordance with the
phase evolution, as the 1000 Hz coatings and DCMS at 300 and
400 °C are predominantly randomly oriented h-MoSi, structured.
The decline to 360 GPa for the predominantly t-MosSi; structured
500 Hz series can be attributed to the phase transition. However,
this phenomenon is not discernible for the DCMS coatings at tem-
peratures ranging from 500 to 600 °C.

In terms of hardness, a more pronounced difference is evident
between the two HPPMS series at 500 and 1000 Hz, as illustrated
in Figs. 4(b) and 4(c). The highest hardness, 22.8 +1.2 GPa, is
observed for an h-MoSi, structure coating grown at 1000 Hz and a
duty cycle of 10%, respectively. In contrast, the same duty cycle at
500 Hz results in significantly lower hardness values, namely,
15.3 + 1.4 GPa. The discrepancy of approximately 8 GPa between
the two HPPMS series can be primarily attributed to their disparate
morphologies. The films deposited at 1000 Hz exhibit a denser and
finer morphology compared to those grown at 500 Hz (see also
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FIG. 5. FIB-prepared cross sections of isothermally oxidized MoSi, thin films
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Fig. 2). grown on sapphire substrates for 100 h in ambient air at temperatures of 600, ~
In addition to the observed morphological differences, the 850, and 1200 °C were analyzed. The first line depicts the HPPMS coating at >
measured hardness and modulus values are also dependent on the :c?ooreHzrezgtrjn: 1;20/6 g'l\lﬁté zﬁt?n[(ac}esggztéz)a?%%oagg [((Z)) nggo(;(;]éége amnlt;’(zi‘(; e
- w i i , , 0
crystal structure and texture. It was observed that films exhibiting 1200 °FE)], and the bottom row il?ustrgtes the HPPMS coating at 500 Hz and a E
dual—phase structures demonstrated lgwer hardness values than 10% duty cycle, respectively [(g) 600, (h) 850, and () 1200 °C]. The interface
films displaying a predominant h-MoSi, phase and random orien- between the substrate and the coating is indicated by a white dashed line. The &
tation. The highest hardness values were observed for the DCMS oxide scale is delineated by two short, dashed lines. N
thin film deposited at 300°C and the 1000 Hz 10% duty cycle
coating. Both exhibited an h-MoSi, dominated structure with a
more or less random orientation but also contained the (100)
orientation. Following the oxidation of the coatings at 600 °C for 100 h, an
oxide layer was observed to form on the surface of all selected
. . L. MoSi, coatings, as indicated by the turquoise dashed lines. It is
C. Oxidation characteristics notable that z%he 500 Hz HPPI\}/’IS seriesqsample, as illustrated in
The objective of this investigation was to examine the long- Fig. 5(g), exhibited the most substantial oxide layer, reaching
term oxidation resistance of selected MoSi, films exposed to approximately 400 nm in thickness. Furthermore, the film dis-
ambient air at temperatures of 600, 850, and 1200 °C for 100 h. To played a relatively underdense morphology and a low Si content of
provide a variation in different morphologies and predominant MoSi, g6 in comparison to the DCMS sample (i.e., a Si/Mo ratio of
crystal structures, two HPPMS coatings deposited at 500 and 1.97) and the 1000 Hz sample (i.e., a Si/Mo ratio of 1.92). However,
1000 Hz, each with a 10% duty cycle, and the DCMS coating the MoSi g¢ film is the only one to exhibit the formation of cracks
grown at 500 °C was selected for analysis. The 1000 Hz 10% duty = within the oxide layer when subjected to oxidation at 600 °C. This
cycle MoSi; o, is primarily h-MoSi, structured with a dense, small- behavior is consistent with the observed morphology and may indi-
grained morphology, as illustrated in Figs. 5(a)-5(c). In contrast, cate the presence of slight pesting phenomena. In this lower tem-
the DCMS coating grown at 500 °C [Figs. 5(d) and 5(e)] exhibits a perature range (approximately 600°C), the interaction between
dual-phase h-MoSi,/t-MosSi; structure with a partly open-porous MoOy and SiOy impedes the formation of a continuous, dense pro-
morphology. Figures 5(g)-5(i) depict the dual-phase coating grown tective oxide layer. The disparities in thermal and volume expan-
at 500 Hz and 10% duty cycle after oxidation at different tempera- sion between these oxides contributed to the instability of the oxide
tures. It is noteworthy that all of the coatings exhibited robust scale, as evidenced by previous research.””'~** Typically, the onset
adhesion to the substrate (sapphire) throughout the oxidation of pesting in MoSi, is triggered by local microstructural irregulari-
process. ties, such as cracks, pores, or grain boundaries, which subsequently
J. Vac. Sci. Technol. A 42(5) Sep/Oct 2024; doi: 10.1116/6.0003833 42, 053407-6
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affect the entire sample. It is imperative to minimize these defects
in MoSi, in order to prevent the pesting phenomenon.” During
the pesting process, MoSi, may also decompose into so-called pest
oxide products, which contain amorphous SiO, and MoO; clus-
ters.”’* These products were not observed at 600 °C. In contrast to
the 500 Hz HPPMS sample, the DCMS MoSi, g7 and the 1000 Hz
MoSi; 9, coating state exhibited enhanced resistance to crack for-
mation and deterioration in oxidation behavior, which can be
attributed to their superior structural, chemical, and particularly
morphological design.

In contrast to the oxidation behavior observed at 600 °C, the
coatings oxidized at 850 °C exhibit a slightly different behavior,
with considerably thicker oxide scales. This is illustrated in
Figs. 5(b), 5(e), and 5(h). In detail, the dual-phased states that are
less dense [see Figs. 5(e) and 5(h)] demonstrate a notable increase
in oxide scale thicknesses and an open porous scale formation.
These observations are related to a slight pesting behavior, whereby
the competing formation of MoOy and SiOj scales result in the for-
mation of a rugged scale. The morphological appearance suggests
that the SiOy is glassy in nature and contains inclusions of molten
MoOy clusters (the melting point of MoO; is approximately
795°C*). The HPPMS coating, which was grown at 1000 Hz and a
10% duty cycle, exhibited superior performance relative to the
other coatings, as evidenced by a markedly reduced scale thickness.
Nevertheless, it displayed a comparable scale formation pattern to
the other coatings to a certain degree. In general, the oxide scales
formed at 850°C on the three different coatings do not appear
completely dense at first glance. However, upon closer examination
of the FIB cross sections, it becomes evident that the underlying
coating is adequately protected, resulting in the MoSi,-based
coating surviving for up to 100 h.

At elevated temperatures (1200 °C), all MoSi,-based coatings
demonstrate exceptional oxidation resistance, which is attributed
to the formation of a continuous, dense SiO, layer of approxi-
mately 500 nm. Any MoOj; products that form at high tempera-
tures evaporate rapidly (the boiling point of MoO; is
approximately 1155°C’”), leaving a protective SiO, scale.”””* A
comparison of the three oxidized samples at 1200 °C reveals
notable contrasts with regard to the structural and morphological
differences observed in the as-deposited state. Of particular note
is the formation of pores, which was predominantly observed in
the HPPMS 500 Hz 10% duty cycle sample [see Fig. 5(i)]. This
phenomenon is attributed to the outward diffusion of silicon and
the inward diffusion of oxygen along underdense column bound-
aries,’” which is consistent with the observed slight underdense
morphology. In contrast, the formation of pores was markedly
diminished in the 1000 Hz sample subjected to 1200 °C, as illus-
trated in Fig. 5(c). This is also due to the notable improvement in
the microstructure of the 1000 Hz series sample, as evidenced by
a denser film in the as-deposited state [see Figs. 2(c) and 2(f)].
Furthermore, the lower Si content in the 500 Hz film results in a
reduced capacity for Si to form a protective scale in comparison
to the 1000 Hz film. A greater flux of Si outward diffusion is nec-
essary for the formation of a protective SiO, scale. The DCMS
coating [see Fig. 5(f)] exhibits an intermediate behavior, as the
microstructure and phase evolution in the as-deposited state are
well situated between the other two samples.

ARTICLE pubs.aip.org/avs/jva

A further notable observation is the existence of discrete
regions of darker and brighter appearing contrast within the resid-
ual MoSi, coating beneath the formed oxide scale. This effect is
associated with the formation of Mo-rich MosSi; (brighter areas
based on mass contrast), which persists in the coating due to Si
outward diffusion.'” These observations indicate that the decompo-
sition and phase formation of MosSi; associated with Si deficiency
can be observed not only during the deposition process (as evi-
denced by the 500 Hz and 500-600°C DCMS states) but also
during annealing treatments. This finding is substantiated by the
observation that the as-deposited 1000 Hz 10% duty cycle coating
is predominantly composed of h-MoSi, and that brighter
Si-depleted areas form subsequent to the oxidation experiment [see
Fig. 3(c)].

The presence of Mo-rich phase (MosSi;) in the long-term
annealed coatings is further corroborated by XRD analysis. Figure 6
depicts the diffractograms of all long-term annealed samples at
varying temperatures (600, 850, and 1200 °C) for 100 h.

Figure 6(a) provides a summary of the phase evolution of the
long-term (100h) oxidized 1000 Hz HPPMS sample. Following
annealing at 600 °C, the MoSi, thin film continues to exhibit the
metastable hexagonal MoSi, phase, with the presence of additional
tetragonal MosSis. Following annealing at 850 °C, a phase transition
from hexagonal to the stable tetragonal MoSi, phase occurs. Even
at 1200 °C, the stable tetragonal MoSi, phase remains the dominant
phase, accompanied by the formation of the MosSi; phase due to
Si outward diffusion. Furthermore, additional minor peaks can be
attributed to the cristobalite SiO, phase following annealing at
1200 °C. These peaks are distinctly present at diffraction angles
(20) of 21.9°, 31.5° and 36.1° and are not superimposed upon any
other peaks belonging to the tetragonal MoSi, or MosSi; phase.
The phase evolution resulting from the oxidation of the DCMS and
500 Hz HPPMS thin films is illustrated in Figs. 6(b) and 6(c),
respectively. In general, a comparable trend is observed, albeit with
slightly disparate initial conditions, as a result of the different
phase constitution of the as-deposited state in comparison to the
1000 Hz HPPMS coating. Following oxidation at 600 °C, both coat-
ings exhibited a mixture of h-MoSi, and t-MosSis. It is notable that
the HPPMS 500 Hz sample [Fig. 6(c)] retains a pronounced orien-
tated structure, as evidenced by the peak at 41.5° that emerges fol-
lowing oxidation at 600°C for 100h in ambient air. Both the
DCMS and the 500 Hz HPPMS coating then undergo the same
phase transformation into tetragonal MoSi, after oxidation at
850 °C, with the additional MosSi; still present. Following anneal-
ing at 1200 °C, the samples also exhibited the tetragonal MoSi, and
MosSi; peaks, as observed in the 1000 Hz HPPMS sample.
Furthermore, the initial indications of a crystalline SiO, oxide layer
can be identified through the presence of tetragonal cristobalite
SiO, peaks.

To gain insights into extreme oxidation conditions, the
HPPMS coating, which was grown at 500 Hz and a 10% duty cycle,
was selected for investigation of its oxidation behavior and scale
formation even at higher temperatures (1300, 1400, and 1500 °C).
Despite the suboptimal initial condition, characterized by an
underdense morphology and Si deficiency, the experiments should
yield the exceptional oxidation behavior of MoSi,-based coating. It
should be noted that the measurement at 1500 °C was limited to
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FIG. 7. SEM cross sections of an annealed MoSi,-based thin film deposited
on a polycrystalline Al,O; substrate at 500Hz and a duty cycle of 10%.
Oxidation experiments were conducted in synthetic air at (a) 1300 °C (60 min),
(b) 1400 °C (60 min), and (c) 1500 °C (30 min). The interface between the
substrate and the coating is delineated by the white dashed line. The oxide
scale formed is indicated by two short, dashed lines.

following exposure to these extreme conditions, despite a discern-
ible substoichiometry of Si (Si/Mo ratio of 1.86). The thickness of
the oxide layer exhibits a slight increase with elevated temperatures.
The scale formation on the sample oxidized at 1300 and 1400 °C
exhibits a glassy, wavy character, whereas the scale on the sample
oxidized at 1500°C displays a more uniform appearance.
Additionally, the SEM images in Fig. 7 demonstrate minimal pore
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FIG. 6. X-ray diffractograms presented here depict the phase formation of long- Ha o
term annealed MoSi,-based coatings in ambient air for 100 h. The samples 4= T
were annealed at 600, 850, and 1200 °C. Panel (a) depicts the diffractograms of = Fiap o o
the annealed 1000 Hz HPPMS films synthesized with a duty cycle of 10%, (b) -O :1 300 oc' i
of the annealed DCMS samples deposited at a substrate temperature of o \ ; i i
500 °C, and (c) the data of the annealed 500 Hz films synthesized with a duty 3 B EEEEEREE s e me
cycle of 10%. All measurements were conducted on coated single-crystalline
AlLO; substrates in Bragg-Brentano configuration with an offset of 3°. 20 25 30 35 40 45 50
Hexagonal MoSi, is represented by hexagons (Ref. 29), tetragonal MoSi, by . . &
circles (Ref. 36), tetragonal MosSi; by squares (Ref. 30), and tetragonal SiO, Diffraction angle, 20 ( )
(cristobalite) by triangles. (Ref. 37).
FIG. 8. X-ray diffractograms of oxidized MoSi-based coatings deposited at
500 Hz and a duty cycle of 10%. The oxidation experiments were conducted in
synthetic air environment at 1300 °C (60 min), 1400 °C (60 min), and 1500 °C
30 min to protect the heating system, in comparison to 60 min for (30 min). All measurements were conducted on coated polycrystalline Al,O3
the other temperatures. Following the completion of the annealing substrates [depicted by star symbols, as referenced in (Ref. 38)] utilizing a
tests, SEM cross sections were prepared and are presented in Fig. 7. Bragg-Brentano configuration. The circles represent tetragonal MoSi, (Ref. 36),
. o . Sy the squares represent tetragonal MosSi; (Ref. 30), and the triangles represent
As illustrated in Fig. 7, the cross sections after oxidation dem- . > h
. - . . tetragonal SiO; (cristobalite) (Ref. 37).
onstrate the exceptional oxidation resistance of the coating
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formation in comparison to the FIB-prepared cross section in
Fig. 5(f), indicating an enhanced Si outward diffusion at elevated
temperatures. Moreover, following isothermal testing at tempera-
tures up to 1500°C, all annealed coatings demonstrated robust
adhesion to the polycrystalline Al,O5 substrate.

Following the high-temperature oxidation tests, the samples
were also subjected to phase analysis. This was conducted to inves-
tigate the formation of oxide phases and to ascertain the phase
stability of MoSi,. As illustrated in Fig. 8, the XRD analysis clearly
demonstrates the stability of the tetragonal MoSi, phase up to
1500 °C. Furthermore, the tetragonal MosSi; phase was formed, as
previously observed during the 100 h oxidation at 1200 °C. At all
temperatures up to 1500 °C, the cristobalite SiO, phase could be
clearly identified, particularly by the peaks at around 21.9°, 31.5°,
and 36.1° a peak shoulder at 42.6°, and possibly further overlap-
ping peaks with the MosSi; phase.

IV. CONCLUSIONS

The objective of this study was to conduct a comprehensive
investigation on the phase formation, structure-mechanical proper-
ties, and high-temperature oxidation resistance of DCMS and
HPPMS MoSi,-based coatings. A particular emphasis was placed
on the utilization of HPPMS in comparison to DCMS, which
enabled the deposition of dense, h-MoSi, dominated thin films
through the precise regulation of the ionization degree.
Subsequently, the coatings were evaluated for their oxidation prop-

ARTICLE pubs.aip.org/avs/jva

frequency of 1000 Hz with a 10% duty cycle. The formation of
pores was markedly diminished through the strategic implementa-
tion of HPPMS. With regard to the outward diffusion of Si during
oxidation, the formation of MosSis-rich phase regions has been
confirmed through structural analysis. Short-term tests (up to one
hour) in the high temperature regime from 1300 to 1500°C
revealed effective protective oxidation mechanisms, namely, the for-
mation of dense SiO, scales below 670 nm. This was observed even
in films with a Si substoichiometry (Si/Mo ratio of 1.86).

The findings underscore the exceptional oxidation resistance
up to 1500 °C and the valuable mechanical properties of nonreac-
tively grown MoSi,-based coatings, particularly for films deposited
via HPPMS at 1000 Hz. In conclusion, the primary determinants of
these remarkable properties are a predominant hexagonal MoSi,
phase constitution and a highly dense microstructure.
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ABSTRACT

Keywords:
Diborides

PVD
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Oxidation

Silane

Architectural designs involving Al- and/or Si-containing top coatings present an effective approach to protect
oxidation-sensitive materials such as binary transition metal (TM) diborides against high-temperature oxidation.
Using reactive arc evaporation, Al-Si-N, Al-Si-O, and Si-O top coatings were applied on sputter-deposited WBj o,
TiBy 7, and HfBy 4 thin films, respectively. A pure Si adhesion layer was introduced prior to the deposition of both
oxide-based top coatings (Al-Si-O & Si-O) to prevent in-situ oxidation of the diboride base layers. During thermal
annealing up to 1200 °C, Al-Si-O and Si-O provided outstanding oxidation resistance on top of TiBy 7 and HfB; 4,
while limited adhesion was observed on WB; ¢ at elevated temperatures. Contrary, Al-Si-N protected architec-
tures suffered from accelerated oxidation beyond 800 to 1000 °C. Isothermal annealing in ambient air at 1200 °C
for 30 h confirmed the long-term stability of the oxide-based top coatings, revealing no decohesion or oxygen
inward diffusion beyond the Si interlayer. Complementary TEM analysis showed that the Si-O top coating forms a
dense SiO, scale above the columnar HfB; 4, while the formation of a mullite scale (3Al303-2Si03) and pro-
nounced recrystallization is recorded for the Al-Si-O protected HfB, 4. In summary, the Al-Si-O- and Si-O-based
top coatings demonstrated exceptional high-temperature oxidation resistance, fully protecting the TM-diborides
from oxidative attack.

1. Introduction

resistance, as well as super-hardness and chemical inertness [3-6]. Their
suitability for applications under extreme thermal and mechanical loads

Decreasing the environmental footprint is of utmost importance
when striving for more sustainable industrial processes and products.
Besides the focus on decarbonization and reduced primary energy con-
sumption, extending the lifetime of high-performance components is
considered as a highly efficient approach [1]. In this context, physical
vapor deposited protective coatings offer attractive possibilities to
extend the operating range of highly stressed materials by enhancing the
surface hardness, corrosion-, wear-, and in particular the high-
temperature oxidation resistance [2].

Research on novel protective coatings withstanding extreme me-
chanical and thermal loads is strongly focused on the class of ultra-high
temperature ceramics (UHTCs) such as transition metal diborides. In
addition to their outstanding thermal stability with melting tempera-
tures beyond 3000 °C, TM-diborides feature excellent wear and creep

* Corresponding author.
E-mail address: sophie.richter@tuwien.ac.at (S. Richter).

https://doi.org/10.1016/j.surfcoat.2023.130191

[7,8] is proven by today's use in e.g., atmospheric reentry vehicles, gas
turbine combustors, or rocket engine nozzles [4-6,9].

Despite their outstanding mechanical properties, the application of
TM-diborides as protective thin films is generally limited due to their
poor oxidation resistance related to the competitive growth of volatile
boron- and porous TM-oxides [10]. For unalloyed diboride based thin
films, the adverse volatilization of B,O3 as well as the formation of
porous TM-oxides is predominantly observed between 400 and 800 °C
[11-13]. Interestingly, these environmental reactions are shifted to
higher temperatures for bulk TM-diborides, which is mainly attributed
to altered oxidation kinetics and microstructural differences (i.e., boron-
rich grain boundary phases) [14-17].

To improve the oxidation resistance of bulk TM-diborides, an
approach via co-sintering of Si-based compounds (e.g., SiC, MoSiy, etc.) is

Received 24 July 2023; Received in revised form 27 October 2023; Accepted 9 November 2023
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80

=
o
s}
1]
=

Publ




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

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

[ 3ibliothek,
Your knowledge hub

Publication II

S. Richter et al.

commonly selected [15,18]. This enhances the oxidation resistance
significantly through the formation of a dense SiOx-based scale. Simi-
larly, for PVD synthesized TM-diboride thin films, Al- and Si-based
alloying showed great potential in improving the high-temperature
oxidation behavior [12,19]. Contrary to bulk materials, these concepts
usually target the formation of AlBy-structured solid solutions to main-
tain sufficiently high mechanical properties [20]. Glechner et al.
[19,21,22] showed that Si alloying in transition metal diborides (TMB3)
increases the oxidation onset temperature by around 400 °C providing
long-term oxidation resistance at 1200 °C for up to 100 h. Moreover,
TiBy thin films alloyed with Al in [12] were investigated up to 800 °C,
demonstrating a reduction in oxide scale growth by 75 % after
isothermal annealing for 30 min. A particular disadvantage of solid-
solution alloying routes is, however, the accompanying pore formation
within the unaffected material upon extended oxidation periods, which
is caused by the outward diffusion of the protective scale forming ele-
ments (ie., Al or Si) [19,20,23]. In order to avoid this chemical/
microstructural separation, Wu et al. used a multilayered coating ar-
chitecture of sputtered TiB, and Cr, achieving slightly improved low-
temperature oxidation resistance up to 600 °C due to the direct supply
of Cr to the coating surface [24].

Within this work, we suggest an alternative architectural approach
consisting of a single protective thin film applied on top of TM-diboride
base layers to drastically improve their long-term oxidation resistance.
For this purpose, a matrix screening involving three TM-diborides (i.e.,
WB,, TiBy, and HfB,) and three Al- and/or Si-based top coatings (i.e., Al-
Si-N, Al-Si-O, and Si-O) is studied in detail.

2. Experimental
2.1. Deposition process

All coatings were deposited on single-crystalline (1102, 10 x 10 x
0.53 mm) and polycrystalline Al,O3 (20 x 7 x 0.38 mm) substrates,
which were ultrasonically cleaned in acetone and ethanol for 10 min
before all depositions. The coating process was conducted in two steps,
starting with the synthesis of three different TM-diboride thin films,
followed by the deposition of three different Al- and/or Si-based pro-
tective top layers. Overall, nine different coating architectures were
investigated.

The synthesis of the TM-diboride thin films (i.e., WB2, TiBy, or HfB5)
was performed in a laboratory-scale magnetron sputtering system using
the corresponding 3-inch compound target (Plansee Composite Mate-
rials GmbH [25]). The targets were powered in direct current mode
(DCMS) at around 4.8 W/cm? using Argon (purity of 99.999 %, Linde
Gas GmbH) as a working gas. A base pressure below 3-10~* Pa was
ensured before all depositions. Prior to the coating processes, the sub-
strates were additionally cleaned through an Ar-ion etching step for 10
min, conducted at a total Ar pressure of 5 Pa and a substrate bias po-
tential of —800 V. The target surface was further sputter-cleaned during
the final 3 min of the Ar-etching sequence with a shutter placed between
the target and substrate. The coating process was operated at a target-to-
substrate distance of 90 mm at a constant substrate temperature of
550 °C. The substrates were placed in a rotating substrate holder (0.25
Hz) with a constant substrate bias potential of —40 V. The deposition
pressure was maintained at 0.56 Pa. The coating times varied depending
on the material system to obtain a consistent thickness of 2 pm, being 80
min for WB, and HfBy, as well as 180 min for TiB,.

An industrial-scale Oerlikon Balzers INNOVA system was used to
deposit the Al- and/or Si-based top layers (i.e., Al-Si-N, Al-Si-O, and Si-
0) onto the TM-diboride thin films. For all top coatings a base pressure
below 0.05 Pa was provided. The substrates were rotated using a two-
fold rotating carousel. The chamber was heated to a substrate temper-
ature of 450 °C for the deposition of the Si-O and Al-Si-N coatings,
whereas a temperature of 550 °C was used to deposit the Al-Si-O top
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coating. To protect the TM-diboride thin films from immediate oxidation
during the reactive deposition of Al-Si-O and Si-O as well as to achieve
enhanced adhesion on the coating-coating interface, a 0.45 pm thick Si
interlayer was introduced. The Si layer was deposited in a reactive
process based on the Oerlikon Blazers central beam technology (average
current of 120 A) using a mixture of silane and argon gas (90 sccm SiHg,
80 sccm Ar, 99.999 % purity from Linde Gas GmbH). A bipolar substrate
bias with a potential of +40 V was utilized during the deposition.

The deposition conditions of the Si-O layer were analogous to the Si
interlayer, however 180 sccm of O, were additionally introduced. The
Al-Si-O and Al-Si-N top coatings were produced by reactive arc evapo-
ration without the central beam technology using a pure Al target (pu-
rity of 99.5 %, Plansee Composite Materials GmbH) operated with a
source current of 140 A. Si was added via SiH, gas at a flow rate of 50
sccm. A bipolar substrate bias potential of +60 V was applied for the
deposition of Al-Si-O, with again an oxygen flow rate of 180 sccm.
Moreover, the Al-Si-N layer was synthesized using a bipolar substrate
potential of +£40 V, with the nitrogen introduced at a constant pressure
of 2 Pa. The deposition conditions of the individual top layers were
determined in pre-studies on monolithic coatings.

2.2. Coating characterization

The chemical composition of the TM-diboride thin films was deter-
mined using inductively coupled plasma optical emission spectroscopy
(ICP-OES) prior to the deposition of all top coatings. Details on the
procedure can be found in Ref. [19]. Additionally, the chemical
composition of the top layers was determined by standard-free energy
dispersive X-ray spectroscopy (EDS) in top-view using a FEI Quanta 200
FEGSEM system at an acceleration voltage of 10.0 kV.

Cross-sectional characterization of the as-deposited coating archi-
tecture and growth morphology was performed by scanning electron
microscopy (SEM) using a Zeiss Sigma 500 VO. Investigations of the thin
films after oxidation treatments were conducted using a FEI Quanta 200
FEGSEM system. The fracture cross sections of all samples were inves-
tigated with an acceleration voltage of 5.0 kV to minimize charge build-
up. Additionally, to examine the structure and pore formation of the
oxidized coatings, focused ion beam (FIB) cross sections were prepared
using a FIB-SEM dual beam system (ThermoFisher Scientific Scios 2).
The cross sections were milled by a Ga™ ion beam with currents ranging
from 7 to 17 nA for fine milling, at an acceleration voltage of 30 kV.

Structural information as well as the phase composition of as-
deposited and oxidized samples was obtained by X-ray diffraction
(XRD) using a Panalytical X'Pert Pro MPD system operated in Bragg-
Brentano geometry with Cu-K, radiation (wavelength 4 = 1.5418 A).

To investigate the high-temperature behavior, dynamic oxidation
tests in a mixture of synthetic air (50 ml/min) and helium protective gas
(20 ml/min) were carried out in a combined DSC/TGA system (Netzsch
STA 449 F1) equipped with a Rhodium furnace (TGA signals were
processed only). The dynamic oxidation tests were performed from room
temperature up to 1400 °C with a heating rate of 10 °C/min. Before each
sample measurement, a baseline measurement was carried out with an
empty crucible under equivalent conditions. The TGA data was recorded
from coatings synthesized on pre-weighed polycrystalline AloO3 sub-
strates, which allowed for a precise measurement of the coating-only
mass after the deposition process. Since the substrate material is inert
in the investigated temperature range [19], any mass-change is directly
related to oxidation/spallation/evaporation effects of the actual thin
film material.

Additional long-term oxidation experiments up to 30 h were con-
ducted in a conventional box furnace in ambient air at 1200 °C. The
samples were placed directly into the preheated oven, removed from the
high-temperature chamber after 30 h, and then allowed to cool to room
temperature. Before these isothermal experiments, the adhesion be-
tween the TM-diboride and the protective layer was increased through
vacuum annealing at 800 °C for 30 min. The annealing was conducted in
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a CENTORR VI LF Series vacuum furnace at a heating rate of 20 °C/min
and a base pressure below 1-10~° Pa.

Finally, transmission electron microscopy (TEM) of two selected
samples was performed to investigate the oxide-scale formation and
coating architecture after long-term oxidation treatments using a FEI
TECNAI F20 (S)TEM system (operated at 200 kV acceleration voltage).
Selected area electron diffraction (SAED) images were taken for crys-
tallographic analysis. The TEM lamellae were prepared via a standard-
ized focused ion beam (FIB) lift out procedure on a ThermoFisher Scios
II. The local chemical composition was further determined by electron
energy loss spectroscopy (EELS). The EELS data was quantified using the
Digital Micrograph software package (Gatan Microscopy Suite, version
3.22).

3. Results and discussion

In Fig. 1 the architectural design of the three different TM-diborides
(TM = W, Ti, Hf, blue layer) in combination with the three different
protective top layers is summarized (yellow layer). As mentioned above,
an intermediate Si layer was introduced for the oxide-based top layers to
prevent in-situ oxidation of the diboride thin films during the reactive
deposition process, as well as to improve adhesion (see Fig. 1, orange
layer). The following sections contain a comprehensive analysis of all
sample configurations with respect to their growth morphology and
oxidation resistance in high-temperature oxidative environments.

3.1. Chemical composition & growth morphology

The chemical composition of the TM-diborides was determined by
ICP-OES, revealing a slight boron deficiency for the WB; g layer, while
both the TiBy 7 and HfB; 4 thin films contain excess boron. Hence, it can
be expected that especially the latter two variants exhibit boron-
enriched grain boundary sites — typically susceptible to BoO3 volatili-
zation [26,27]. These deviations from the stoichiometric TMB,, structure
in the target materials originate from different scattering angles and
mass ratios between the involved species, as previously detailed by
Neidhardt et al. [20,26,28]. Additionally, the chemical composition of
the top layer was determined using standard-free EDS, which resulted in
an Al-Si-N layer composition of Alg 20Sip.15No.65, an Al-Si-O composition
of Al 22Si0.0900.69, and a Si-O composition of Sip 2200 7g. For further use
in the text, the abbreviated form (i.e., Al-Si-N, Al-Si-O, and Si-O) is used.

In Fig. 2 the SEM fracture cross sections of all coating configurations
are shown in the as-deposited state. The layered structure is indicated
with colored dashed lines on the left side of each image as a guide to the
eye. The single-crystalline Al,O3 substrate is followed by the TM-
diboride layer (WB; in Fig. 2a-c, TiByy in Fig. 2d-f, and HfBy 4 in
Fig. 2g-i), a Si interlayer (only present for Al-Si-O and Si-O top layers)
and the protective surface layers (Al-Si-N in the left column, Al-Si-O in
the center column, and Si-O in the right column).

All TMB,, coatings show a dense and rather featureless morphology.
TiB, 7 exhibits slight indications for a columnar morphology in top most
regions. The average thickness of the TM-diboride films was determined

Protective layer
(Al-Si-N)

Si interlayer

Substrate material

KA 'ﬁ ! TM boride
' (TM = W, Ti, Hf)
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with 2.3, 1.7, and 1.8 pm for WB; g, TiBy 7, and HfBy 4, respectively. The
Si interlayer introduced for all samples with Al-Si-O and Si-O top layers
were grown to a thickness of ~450 nm. Moreover, the different pro-
tective top layers were determined with an average thickness of 4.5, 3.6,
and 4.8 pm for Al-Si-N, Al-Si-O, and Si-O, respectively. The top coatings
further appear as homogenous and dense without any texture on all TM-
diboride thin films. In contrast to the TiBy 7 and HfB; 4 thin films, pores
can be observed at the coating-coating interface between the Al-Si-N and
WB; ¢ coating, indicating poor layer adhesion. In addition, due to the arc
evaporation process from elemental Al targets, both the Al-Si-N and Al-
Si-O coatings contain metallic macro particles which contribute to
increased surface roughness.

3.2. Phase formation

The phase formation of each layer during the successive deposition
stages was investigated by X-ray diffraction in Bragg-Brentano geome-
try, as presented in Fig. 3. The diffractograms are grouped according to
the TM-diboride base layer, with the data in Fig. 3a corresponding to
WBy o, in Fig. 3b to TiBay, and in Fig. 3c to HfBg 4, respectively. In
addition, each subfigure is arranged from bottom to top, starting with
the bare TM-diboride followed by the samples having an additional Al-
Si-N, Si/Al-Si-O, or Si/Si-O top coating. All TM-diborides were synthe-
sized as single-phased, a-TMBy-structured (AlB; prototype) thin films. In
particular, WB; 9 and TiBy 7 exhibit a clearly preferred (001) growth
orientation. Contrary, the HfBy4 containing samples reveal a poly-
crystalline grain orientation. Both sample configurations with the Si
interlayer further contain diffraction peaks corresponding to pure Si,
suggesting that the Si interlayer is in a partly crystalline state.

However, the most striking observation in the diffractograms is that
irrespective of the TM-diboride, all protective top layer variants were
deposited in a fully X-ray amorphous state, as suggested by the lack of
additional diffraction peaks. Solely two reflexes indicative of metallic Al
[29] are observed for the samples containing Al-Si-N and Si/Al-Si-O top
coatings. Following the SEM fracture cross section in Fig. 2, these peaks
can be assigned to Al-rich macro-particles formed during the arc evap-
oration process.

3.3. Dynamic oxidation

The oxidation behavior of all coating variants including the bare
TMB; thin films without protective top layer was investigated by dy-
namic oxidation experiments in synthetic air up to 1400 °C (10 °C/min
heating rate). Fig. 4 presents the mass change of the coating material
normalized to the coated area as function of the temperature. Please
note, that the inert substrate material does not contribute to the recor-
ded mass signal.

The reference measurements of the bare TMB, thin films clearly
highlight the necessity for additional measures to sustain these materials
in oxygen containing environments at elevated temperatures. While
WB1 ¢ and TiB, 7 reveal a similar oxidation onset temperature of about
500 °C (see Fig. 4a-b), HfBy 4 is able to tolerate temperatures between

Protective layer
(Al-Si-O, Si-0)

Substrate material

Fig. 1. Architectural design preserving TMB,.., coatings against high-temperature oxidation by introducing different protective top layers. The Si interlayer is solely

present for Al-Si-O and Si-O top layers.
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Fig. 2. SEM fracture cross sections of the as-deposited coatings on single-crystalline Al,O3 substrate. The upper image row depicts the WB; g-based thin films with an
(a) Al-Si-N, (b) Al-Si-O, and (c) Si-O protective top layer. The center and bottom image rows display the same top layer sequence for (d-f) TiBy 7 and (g-i) HfB, 4 thin
films, respectively. White arrows in (a) indicate small pores at the interface between the Al-Si-N and the WB, o layer. An additional Si interlayer (as exemplarily

marked in (b)) is present for all Al-Si-O and Si-O top layers.

700 and 750 °C before noticable mass gain is recorded (see Fig. 4c). The
data confirms that the bare diboride materials (irrespective of the stoi-
chiometry) are incapable of forming protective oxide scales, with the
coating mass increasing to a respective maxima between 900 and
1200 °C. At temperatures beyond 1200 °C all TMB thin films show a
decreasing mass signal, which correlates to the volatilization of ByO3
[16,19].

Adding a protective Al-Si-N top coating to the TMB, thin films results
in increased oxidation resistance for all samples, visible in a pronounced
shift of the oxidation onset temperature to the range between 800 and
1000 °C. Interestingly, not only the oxidation onset temperature varies
between the samples, also the recorded oxidation kinetics are markedly
different. While the Al-Si-N coating on WB g suffers from accelerated
mass gain — even exceeding the WB; g reference data above 950 °C (see
Fig. 4a) — the identical coating on TiBy 7 and HfB; 4 allows for enhanced
oxidation resistance up to ~1000 °C before continued oxide scale
growth is observed (see Fig. 4b-c). This drastic oxidation of the Al-Si-N
on top of WBj g is suggested to be caused by any unobserved micro-
structural defect/feature causing this kind of break away oxidation. The
variations in CTE values (o, and o, with a and c standing for the
different crystallographic directions within the hexagonal system)
among the three different diborides concerning the Al,O3 substrate may
also play a role in the observed discrepancies in the oxidation kinetics.
Considering theses distinctions (WB5: 6.0-107 and 9.4-107® K1 at 300
K for a, and a, respectively; TiB: 5.9:107° and 8.5-107° K™! at 300 K
for a, and a, respectively; HfBy: 5.2:10 % and 6.0-10 7% K~ at 300 K for
o, and a, respectively [30,31]; AlpOs: 7.10°° K1 at 300 K [32]), it is
reasonable that WB, exhibits the least favorable substrate adhesion.
Furthermore, the difference between the top layers/Si and the diborides
also influence the behavior (Si: 2.6:107° K~ at 300 K [33]; AIN:
4.2:10 "% and 5.3-10 ® K~! at 300 K for o, and a, respectively [34]; Al-
Si-O (mullite): 4-6-10"° K~! at 300 K [35,36]; SiO2: 0.6 -107® K~! at

300 K [37]). In addition, the small pores at the interface further supports
rapid scale formation of the underlying boride, see cross section in
Fig. 2a. Moreover, the Al-Si-N protected TiB,; reveals a step-wise
oxidation behavior with a stable mass plateau of ~0.10 mg/cm? be-
tween 850 and 1050 °C (see Fig. 4b), suggesting the temporary forma-
tion of a stable oxide scale prior to a full oxidation of the remaining
coating material. In general, the step-wise oxidation is a combined
process of an initial oxidation and a subsequent break away phenome-
non. The general difference in oxidation behavior between these sam-
ples may be seen in varying growth morphologies of the Al-Si-N coating
—note the absence of a uniform interlayer in the architecture — as well as
from differences in thermal expansion to the base TMB; coatings.
Overall, the dynamic oxidation tests involving Al-Si-N protective top
layers did not result in the formation of a sufficient oxygen barrier above
1000 °C, hence these sample configurations were excluded from the
following isothermal oxidation treatments (see Section 3.4).

In clear contrast to the Al-Si-N coated TMB, samples, both the Si/Al-
Si-O and Si/Si-O coatings enable outstanding oxidation resistance irre-
spective of the diboride base layer, as indicated by negligible mass gain/
loss over the entire temperature range. In detail, thin films with a pro-
tective Si/Al-Si-O top layer experience a total mass gain between 0.05
and 0.07 mg/cm?, particularly in the temperature range above 1150 °C.
This performance is even exceeded by Si/Si-O coated samples, which
reveal a maximum mass change of 0.02 mg/cm?. These results suggest
that both protection layer concepts provide a stable, dense scale for-
mation which prevents a continued and fast oxygen inward diffusion
towards the unaffected coating material.

3.4. Isothermal oxidation

The long-term performance of the Si/Al-Si-O and Si/Si-O top coat-
ings was further assessed by isothermal oxidation tests at 1200 °C for 3
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Fig. 3. X-ray diffractograms of all samples with (a) WB; 9 (red hexagon,
a-structure, [38]), (b) TiB,; (green hexagon, a-structure, [39]), or (c) HfB, 4
(blue hexagon, a-structure, [40]) coating as base layer. Each subfigure is ar-
ranged from bottom to top, starting with the pure TM-diboride coating followed
by sample configurations with additional Al-Si-N, Si/Al-Si-O, or Si/Si-O top
coating. All measurements were performed on coated polycrystalline Al,O3
substrates (light-grey triangle, [41]) in Bragg-Brentano geometry. Additional
diffraction peaks correspond to metallic Al (dark grey circle, [29]) and Si
(yellow diamond, [42]). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

and 30 h in lab-air conditions, respectively. The resulting oxide scale
formation was then investigated by cross-sectional microscopy analysis
and in terms of phase formation by X-ray diffraction. Prior to these tests,
vacuum annealing treatments were performed for 30 min at 800 °C to
improve the adhesion of the Si interlayer to the TM-diboride as well as
the protective top coating. This pretreatment was performed to mini-
mize spallation of the oxide scale during sample cooling from 1200 °C.
However, the oxidized WBj o-based samples were found to have fully
delaminated from the polycrystalline Al;O3 substrates for both oxida-
tion periods, indicating limited adhesion under the tested conditions and
thus preventing further investigations. It should be noted, that WBy has
the largest discrepancy of the CTE values in the c-axis direction, which
may contribute to the observed delamination.

Fig. 5 displays the SEM fracture cross sections of all oxidized samples
with a TiBy 7 base layer. The upper image row (see Fig. 5a-c) corresponds
to the Si/Al-Si-O top coating, whereas the bottom image row (see
Fig. 5d-f) contains the Si/Si-O protected samples. From left-to-right the
images are aligned with increasing duration of the oxidation treatment.
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Fig. 4. Thermogravimetric analysis of the coating mass during dynamic
oxidation up to 1400 °C in synthetic air. The data is grouped into (a) WB; o, (b)
TiB, 7, and (c) HfB, 4 based coatings, with each section containing reference
data of the bare TMB, thin film as well as with the three top layer variants Al-Si-
N, Si/Al-Si-O, and Si/Si-O.

After 3 h of isothermal oxidation (see Fig. 5a-b), the protective Si/Al-Si-
O layer exhibits a significant change in morphology. The protective
coating shows increased porosity — in particular within the Si interlayer
—and a pronounced increase in surface roughness when compared to the
as-deposited state. The underlying TiBg 7 coating, however, visually
remains unchanged after the first annealing treatment. Furthermore,
adhesion to the polycrystalline Al,O3 substrate appears to be intact.
After 30 h oxidation at 1200 °C (see Fig. 5c¢), the pore formation within
the Si interlayer progresses, whereas porosity in the Al-Si-O top coating
appears reduced. Additional visual information is provided by FIB cross
sections in the supplementary part (see Fig. S1), highlighting that frac-
tured cross sections (as presented) in Fig. 5 also depend on the crack
path compared to the FIB milled ones — obtaining a more continuous
trend in scale thickness and pore formation.

Fig. 6a contains the corresponding X-Ray diffractograms, arranged
from bottom to top with increasing oxidation time. The data recorded
after 3 h already indicates the formation of several crystalline structures
within the protective coating architecture. Comparison to standardized
reference patterns suggests that the Al-Si-O coating crystallizes into an
3Al,03-2Si0, mullite-based structure. In addition, the presence of both
tetragonal and hexagonal SiO2 as well as hints for a TiO, phase are
observed. Also, the partly amorphous Si interlayer crystallizes at this
temperature range. After 30 h, the intensity of all diffraction peaks
including that of TiB, increases, suggesting continued crystallization
and grain growth. Overall, the presence of the TiB, phase after the
oxidation treatment shows the oxygen barrier capabilities of the pro-
tective layer concept.

The SEM images in Fig. 5d-f show TiBy 7 coatings protected by Si/Si-
O. The top coating has a dense, featureless morphology in the as-
deposited state (see Fig. 5d), which is maintained throughout the
oxidation treatment (see Fig. 5Se-f). Moreover, the coating surface re-
mains significantly smoother than for Si/Al-Si-O coated samples after
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Fig. 5. SEM fracture cross sections of TiB,; thin films protected with (a-c) Si/Al-Si-O and (d-f) Si/Si-O top coatings. (a) and (d) show the as-deposited state for
reference (AD), (b) and (e) after 3 h, (c) and (f) after 30 h of isothermal oxidation at 1200 °C in ambient air. All images were recorded on coated polycrystalline

Al,O3 substrates.
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Fig. 6. XRD diffractographs of TiB, ; thin films protected with (a) Si/Al-Si-O
and (b) Si/Si-O top coatings. In each group, the lower diffractograph repre-
sents the as-deposited state, followed by the data recorded after 3 and 30 h of
isothermal oxidation at 1200 °C in ambient air, respectively. The data was
collected from coated polycrystalline Al,O3 substrates (grey triangles, [41]).
The following standardized reference patterns are included: hexagonal TiB,
(green hexagon, a-structure, [39]), cubic Al (grey circle, [29]), cubic Si (yellow
diamond, [42]), orthorhombic 3A1,03-2Si0, (mullite, half-filled, orange dia-
mond, [43]), tetragonal TiO, (dark red cube, [44]), tetragonal SiO, (blue dia-
mond, [45]) and hexagonal SiO, (light blue, open hexagon, [46]) (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

oxidation. The data further shows that after 3 and 30 h, the Si interlayer
exhibits initial signs of pore formation — indicative of accelerated
diffusion processes — while the TiBy7 coating maintains a dense
morphology throughout the full oxidation treatment. Overall, good
adhesion between the individual layers is still recorded after 30 h at
1200 °C (see Fig. 5f), underlining the excellent protective character of
the Si-O based top coat. The respective XRD data in Fig. 6b again shows
the (re-)crystallization of all individual layers, with the initially amor-
phous Si/Si-O coating transforming into tetragonal- and hexagonal-
structured SiO, next to the recrystallized Si interlayer after 3 and 30 h
at 1200 °C, respectively.

Fig. 7 shows SEM fracture cross sections of the HfB, 4-based coating
architectures after identical isothermal oxidation treatments at 1200 °C
for up to 30 h in ambient air. Following the arrangement of Fig. 5, all
images corresponding to HfB, 4 protected by Si/Al-Si-O top coatings are
given in Fig. 7a-c, whereas the Si/Si-O coated samples are displayed in
Fig. 7d-f. Moreover, from left-to-right the images refer to increasing
durations of the oxidation treatment.

After 3 h of annealing at 1200 °C, HfBy 4 protected by Si/Al-Si-O (see
Fig. 7b), exhibits a more textured and granular morphology throughout
all layers. In addition, the top surface of the protective Al-Si-O layer
shows a pronounced increase in surface roughness. After 30 h of
annealing (see Fig. 7c¢), all layers obtained a globular morphology with
small pores formed throughout the HfB 4 as well as the Al-Si-O coating
close to the Si interlayer. Additional visual support is provided by FIB
cross sections, see Fig. S2 in the supplementary part. Nevertheless, the
initial layered structure is distinctly maintained and the layer adhesion
between the polycrystalline Al;O3 substrate and the subsequent layers is
still given.

Similar to the TiBy7-based coating, the corresponding X-ray dif-
fractograms in Fig. 8a reveal the formation of a crystalline 3Al,03-2Si0y
mullite phase after 3 and 30 h of isothermal annealing. Moreover, both
the tetragonal- and hexagonal-structured variants of SiOy are formed
next to hints for a monoclinic HfO, phase. Still, the hexagonal HfB 4
phase is well present after the entire annealing treatment, suggesting a
recrystallization due to decreasing peak-width.

The final configuration of HfB, 4 protected by a Si/Si-O coating is
studied before and after oxidation in Fig. 7d-f. Analogous to the TiB3 7-
based coatings, both the Si-O and the TM-diboride layer maintain a
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Fig. 7. SEM fracture cross sections of HfB 4 thin films protected with (a-c) Si/Al-Si-O and (d-f) Si/Si-O top coatings. (a) and (d) show the as-deposited state for
reference (AD), (b) and (e) after 3 h, (c) and (f) after 30 h of isothermal oxidation at 1200 °C in ambient air. All images were recorded on coated polycrystalline

Al,03 substrates.

@ HfB, @A s 7 ALO;
P 3A1,0,:25i0, mullite O HfO, @ tetr-Si0, O hex-SiO,

Log. diffracted intensity (arb. units)

20 25 30 35 40 45 50 55
Diffraction angle, 20 (°)

Fig. 8. XRD diffractographs of HfB, 4 thin films protected with (a) Si/Al-Si-O
and (b) Si/Si-O top coating. In each group, the lower diffractograph repre-
sents the as-deposited state, followed by the data recorded after 3 and 30 h of
isothermal oxidation at 1200 °C in ambient air, respectively. The data was
collected from coated polycrystalline Al,O3 substrates (grey triangles, [41]).
The following standardized reference patterns are included: hexagonal HfB,
(blue hexagon, a-structure, [40]), cubic Al (grey circle, [29]), cubic Si (yellow
diamond, [42]), orthorhombic 3Al,03-2Si0, (mullite, half-filled, orange dia-
mond, [43]), monoclinic HfO, (dark red cube, [47]), tetragonal SiO, (blue
diamond, [45]) and hexagonal SiO. (light blue, open hexagon, [46]). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

highly dense morphology even after 30 h of annealing at 1200 °C. The
porosity within the Si interlayer appears less pronounced, with excellent
adhesion recorded for all layers.

Looking at the phase formation in Fig. 8b, next to an intact and
recrystallized HfB, 4 phase, again the formation of tetragonal and hex-
agonal SiO, is observed. In addition, the monoclinic HfOy structure
appears to contribute to the excellent oxidation resistance observed for
this coating architecture.

3.5. Scale formation on HfBz 4 at 1200 °C

Based on the previously discussed dynamic and isothermal oxidation
treatments, both the Si/Al-Si-O and Si/Si-O protective coatings showed
exceptional high-temperature oxidation resistance up to 1200 °C on
TiBy7 and HfBy 4. In particular, the HfBy 4 samples excelled with an
intact layer structure, exceptional layer adhesion and a dense micro-
structure — especially within the Si interlayer — after annealing for 30 h
in air at 1200 °C. Therefore, a more detailed investigation on the scale
growth, chemical distribution, and microstructure was conducted on
oxidized HfBy4 coatings with Si/Al-Si-O and Si/Si-O protective top
coatings.

Fig. 9a shows a bright-field TEM micrograph of the HfB 4-Si/Al-Si-O
coating architecture after 30 h of isothermal oxidation at 1200 °C. As
suggested by the X-ray diffraction data (see Fig. 8a), large globular
grains within the HfBy 4 base layer confirm a recrystallization of the
material, however, hardly any pores are visible within the diboride
coating. The image also shows a perfectly continuous adhesion of the
recrystallized Si interlayer to the HfB, 4 and Al-Si-O coatings. Moreover,
in agreement with previous SEM fracture cross sections (see Fig. 5a-c),
the nanostructured protective top layer appears as rough and slightly
porous, with large inclusions holding pure Si as determined by localized
EDS analysis. The observed structure is strongly connected to the crys-
tallization of the complex orthorhombic 3Al;03-2Si0, mullite phase
from the initially amorphous coating (compare with Fig. 8a).

To get an insight into the diffusion processes after annealing in the
high-temperature regime, an EELS line-scan was recorded covering the
entire coating architecture. In Fig. 9a the position and direction of the
line-scan is indicated by a blue arrow. The chemical distribution
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Fig. 9. TEM analysis of an oxidized HfB, 4 thin film protected with an Al-Si-O
top coating. The sample was annealed in ambient air at 1200 °C for 30 h. (a)
Bright-field image of the sample cross section showing the polycrystalline Al,O3
substrate, the HfB, 4 base layer, the Si interlayer, as well as the Al-Si-O pro-
tective coating from bottom to top. The blue arrow in (a) indicates the position
and direction of the (b) EELS line-scan. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

underlines an intact, layered structure after annealing at 1200 °C, with
the individual coatings fully separated from each other. Hf appears to be
slightly depleted towards the Si interlayer, with an average concentra-
tion of 30 at.% recorded close to the substrate near interface (note the
close correlation with the chemistry determined by ICP-OES). Moreover,
the HfO, observed during X-ray diffraction could not be identified in this
localized analysis.

Furthermore, the line-scan shows a clear demarcation of the HfB; 4
layer from the substrate and the adjacent Si interlayer. The absence of
interdiffusion between HfB, and Si is in good correlation with previous
works, where limited solubility was determined for Si in TMB, thin
films, leading to a chemical separation upon thermal annealing [20,22].
Interestingly, the Al-Si-O-based protective layer shows pronounced
porosity within the crystallized AlyO3-SiO2 matrix. The pores are partly
filled with Si, pointing towards excess Si (see Fig. 9b) within the mullite
scale which subsequently concentrates in distinct locations.

Nevertheless, it can be stated that the selected coating system shows
excellent oxidation resistance, tested at 1200 °C for up to 30 h. The
oxygen diffusion into the diboride coating is fully suppressed, with only
minor concentration detected within the Si interlayer. Hence, it can be
concluded that the Al-Si-O layer served as a good protective barrier
against oxygen at the tested conditions.

The bright-field image in Fig. 10a depicts the cross-sectional
morphology of a HfBy 4 thin film protected by a Si/Si-O top coating
during 30 h of isothermal oxidation at 1200 °C. In contrast to the pro-
nounced recrystallization of the diboride coating in Fig. 9a, the HfBy 4
coating maintained a fine columnar morphology, typical for sputter-
deposited thin films. Furthermore, the entire coating architecture ap-
pears as dense without noticeable pores in the microstructure or be-
tween the individual layers. Contrary to the Al-Si-O based top layer, the
Si-O coating remained mostly amorphous with small SiO; crystallites
embedded in the matrix.

As for the previously described sample with Al-Si-O top coating, an
EELS line scan was recorded for HfB; 4 protected with Si-O. Irrespective
of the relative low Si solubility in TM diborides, a Si diffusion of about
5-10 at. % into the diboride layer can be indicated, which could possibly
be the reason for inhibiting the recrystallization of the HfBy 4 layer

Surface & Coatings Technology 476 (2024) 130191
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Fig. 10. TEM analysis of an oxidized HfB 4 thin film protected with a Si-O top
coating. The sample was annealed in ambient air at 1200 °C for 30 h. (a) Bright-
field image of the sample cross section showing the polycrystalline Al,O3
substrate, the HfB, 4 base layer, the Si interlayer, as well as the Si-O protective
coating from bottom to top. The blue arrow in (a) indicates the position and
direction of the (b) EELS line-scan. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

during the oxidation process. This is a highly interesting observation, as
Si typically tends to separate within HfBy structures [22]. The ratio
between B to Hf is nearly constant over the entire thickness of the
diboride layer. At the interface to the Si layer, a very narrow O peak is
visible, that may indicate a pore. Nevertheless, this layer also impres-
sively withstood the challenging oxidative environment at 1200 °C since
the diboride thin film remained entirely unaffected by O.

4. Conclusions

In this study, an effective architectural design is demonstrated to
protect TM-diboride coatings against high-temperature oxidation.
Reactively grown Al-Si-N, Al-Si-O, and Si-O top layer provide long-term
stability for oxidation sensitive binary diborides up to 1200 °C. These
architectural designs were applied to sputter deposited WB; g, TiBy 7,
and HfBj 4 thin films. A pure Si adhesion layer was introduced to prevent
in-situ oxidation during the synthesis of the oxide based top layers.

e Structural analysis of the as deposited coatings showed a-structured
diborides in the base layers and X-ray amorphous top layers. The
introduced Si adhesion layer obtained a crystalline character.
During thermo-gravimetric screening up to 1400 °C, the Al-Si-N
protective layers exhibited accelerated mass gain beyond
800-1000 °C, while Si-O and Al-Si-O experienced significantly fewer
mass changes.

In long-term isothermal oxidation tests as 1200 °C for 3 and 30 h, the
WB, g architectures delaminated. In contrast, the TiB, 7 and HfB; 4
thin films, protected by Al-Si-O and Si-O, maintained their layered
structures even after 30 h.

Detailed microstructural analysis of the HfBy 4 based architectures
confirmed the outstanding oxidation resistance, with no oxygen in-
ward diffusion beyond the Si adhesion layer. The Al-Si-O layer on
HfBs 4 displayed more pronounced diffusion processes, forming a
phase-separated Al»O3-SiO» scale. Additionally, the underlying
HfBy 4 was strongly recrystallized. In contrast, the fully dense Si-O
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protective layer showed no pores, and the HfB; 4 base layer remained
unaffected.
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In addition, FIB cross sections were prepared of the samples oxidized at 1200 °C for 3 and 30 h in ambient air. In Fig. S1 as well as in Fig. S2, the
layered structure consisting of TM diboride, Si interlayer and the two top coatings (Al-Si-O and Si-O) can be clearly seen, even after oxidation. The top

layers are overexposed due to charging during imaging.

Based on the FIB cross sections, there is a clear tendency for the layer thickness to increase with increasing oxidation time. For the Al-Si-O top layer,
more pronounced pore formation can be seen in (b—c) in both Fig. S1 and Fig. S2, which is partly due to phase transformation into the mullite structure
3Al,03-2S5i0,. However, for the Si-O protected coatings, less pore formation is evident. In the oxidized state after 30 h, see (f) in Fig. S1 and Fig. S2,
SiO; crystals are embedded in an amorphous Si-O matrix, which was verified by XRD and TEM investigations.

(@)

& +3h ©

Fig. S1. FIB cross sections of TiBy 7 thin films protected with (a—c) Si/Al-Si-O and (d-f) Si/Si-O top coatings. (a) and (d) show the as-deposited state for reference
(AD), (b) and (e) after 3 h, (c) and (f) after 30 h of isothermal oxidation at 1200 °C in ambient air. All images were recorded on coated polycrystalline

Al,O3 substrates.
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Fig. S2. FIB cross sections of HfBy 4 thin films protected with (a—c) Si/Al-Si-O and (d-f) Si/Si-O top coatings. (a) and (d) show the as-deposited state for reference
(AD), (b) and (e) after 3 h, (c) and (f) after 30 h of isothermal oxidation at 1200 °C in ambient air. All images were recorded on coated polycrystalline
Al,03 substrates.
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ARTICLE INFO ABSTRACT

Keywords:
Ternary carbides

Transition metal carbides (TMCs) are highly valued for their exceptional thermal stability (melting temperatures
up to 4000 °C), refractory character, and outstanding mechanical properties, particularly hardness. These
PVP . properties make TMCs crucial for applications in extreme conditions, such as in aerospace and tooling industries.
SD‘;],;d solutions Striving for novel oxidation-resistant ternary carbides, we systematically screened the phase formation of TM-X-C
Phase analysis (where X = Al or Si) using a combined theoretical and experimental high-throughput approach. Density func-

tional theory (DFT) calculations forecast the phase formation of (meta)stable TM-X-C solid solutions (with TM =
Ti, Zr, Hf, Ta, W) using the formation energy and lattice constant ratios as structural key parameters. These
theoretical predictions are experimentally validated by synthesizing over 260 compositions across the 10
different TM-X-C material systems by combinatorial magnetron sputtering. The DFT calculations indicated that Si
preferentially occupies both C and TM sites, while Al tends to fill TM sites. Structural analysis experimentally
confirmed the formation of face-centered-cubic TM-X-C solid solutions up to alloying contents of 25-30 at.% — for
all material families except W-X-C. Additional TEM investigation confirmed the formation of fcc solid solutions.
A strong correlation between prevalent phases and mechanical properties is observed, with the highest hardness
values (30-40 GPa) found for fcc structured TM-X-C thin films, followed by a significant decrease entering multi-
phased or amorphization phase regions — typically occurring above 25 at.% Al or Si. This comprehensive phase
screening paves the way for a targeted development of novel TM-X-C ceramic thin film materials.
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1. Introduction

Ultra-high temperature ceramics (UHTC) are a class of materials
known for their exceptional thermal stability and mechanical strength,
making them indispensable in extreme environments [1-3]. These ce-
ramics, which comprise early transition metal (TM) borides, carbides,
and nitrides, are typically defined by their melting temperatures above
3000 °C [2,4]. Among them, the solid solution system TaC-HfC
(Tag gHfp 2C) is particularly noteworthy as one of the highest known
melting materials with Ty of almost 3960 to 4027 °C [5-9]. Next to this
exceptional feature, UHTCs obtain further properties, making them
resilient to extreme temperatures, heat fluxes, radiation levels, me-
chanical loads, and chemical attacks beyond the capabilities of existing

* Corresponding author.
E-mail address: sophie.richter@tuwien.ac.at (S. Richter).

https://doi.org/10.1016/j.actamat.2025.120839

materials. These remarkable characteristics of UHTCs are attributed to
the strong covalent bonds between transition metal atoms and
non-metals and the non-metals themselves [2,10]. Consequently, con-
ventional UHTCs play a critical role in applications where temperatures
exceed 2000 °C, such as aerospace (e.g., hypersonic vehicles, atmo-
spheric re-entry vehicles), plasma-facing materials or cutting tools,
where materials must maintain their strength under extreme conditions
[1,11,12]. Although UHTCs are highly resistant to high temperatures
and are characterized as refractory, they reflect a weakness: their poor
oxidation resistance in Op-containing atmospheres. Primarily TM car-
bides are known to form metal oxycarbides with Oy environments,
providing only partial protection, as gaseous volatilization of CO and
CO;, causes cracking even at low temperatures [13].
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Therefore, the exploration of novel oxidation resistant transition
metal carbide-based materials is crucial to further increase their us-
ability and fully utilize their potential. In this context, My, 1AX,, phases —
a class of nano-layered (ternary) early transition metal carbides and
nitrides with hexagonal structure (M refers to a transition metal, A is a
metal mostly from groups IIIA or IVA, and X stands for carbon or ni-
trogen, n = 1, 2, 3, short form MAX) — have attracted attention due to
their improved oxidation resistance, especially when A is aluminum or
silicon [14-19]. Among MAX based materials [15,18,20-25], Ti>AlC is
extremely resistant as oxidation temperatures of about 1400 °C can be
reached. However, MAX phases and protective coatings based on them
usually need to be annealed after deposition to preserve their unique
ordered crystal structure and associated properties [26,27].

A promising alternative is the creation of disordered face-centered
cubic (fcc) solid solutions of transition metal carbides and strong oxide
formers such as silicon and aluminum. Previous studies on plasma-
sprayed TiC thin films alloyed with Si (Ti-Si-C system, using Ti and Si
powders, as well as sucrose as carbon precursor) proved the formation of a
TiC phase alongside TisSis and TiOs after fabrication (as deposited state)
[28]. Wilhelmsson et al. [29] observed a solid solution for the Ti-Al-C
system at low substrate temperatures (300 °C) during DC magnetron
co-sputtering of Ti, Al, and C, respectively. At higher deposition tem-
peratures, phase-pure MAX phases (Ti3AlCy and TizAlC) and TizAlC
(perovskite phase) could be stabilized. In another study by Lauridsen et al.
[30], the formation of nanocrystalline TiC (single crystalline phase)
together with amorphous C and SiC was demonstrated after magnetron
sputtering of a TizSiC, compound target. The formation of ternary
fee-structured TM-X-C solid solutions (X = Al or Si) was highlighted in
different studies [22,31-38] focusing on various synthesis routes and
properties. However, for thin films a compositional variety up to 15 at. %
was screened by various studies [39,40], obtaining predominantly
amorphous structures. For example, Gaydaychuk et al. [38] have syn-
thesized Hf-Al-C fcc solid solution thin films between 5 and 10 at.% Al, or
Lindquist et al. [35] sputter deposited (Ti,Al)C nanocomposites in an
amorphous C matrix targeting only one specific composition of about 29
at.% Al at 45 at.% C. Furthermore, Du et al. [34] have investigated the
Ta-Si-C systems varying the Si content between 0 and 31 at. %, whereas
Andersson et al. [41] focused on a similar range for Zr-Si-C. Nevertheless,
the phase space of combining low melting materials such as Al and Si (and
their ability to form strong oxides) with refractory transition metal car-
bide thin films is still uncharted and requires more in-depth exploration
and therefore systematic screening.

Therefore, this work systematically explores the phase space through
combinatorial sputtering of Si and Al alloyed TMC (TM = Ti, Zr, Hf, Ta,
W) thin films, guided by density functional theory (DFT) calculations.
Specifically, DFT is used to determine solubility trends for metastable
solid solutions and the structural stability of the cells. A simple synthesis
route using a combinatorial physical vapor deposition (PVD) approach is
employed, allowing the sophisticated combination of low melting ma-
terials (Al, Si) and refractory TMCs based on conditions far from the
thermodynamic equilibrium. This not only identifies new coating ma-
terials but also creates a comprehensive database. The study examines
over 260 compositions describing the phase boundaries of face-centered
cubic solid solutions using a high-throughput approach, comparing
theoretical predictions with experimental observations of the phase
evolution. Additionally, the findings are supplemented by mechanical
property data, specifically hardness and Young’s modulus, which were
measured through nanoindentation experiments (CSM technique). This
comprehensive approach enhances the understanding of novel UHT
ceramics, TM-X-C solid solutions. These coatings have the potential for
numerous applications, including implementation as adhesion layers in
environmental barrier coatings [42] and as protective coatings in
aerospace or tooling industry. By exploring the alloying behavior and
the potential for incorporating Al and Si into TMCs, we aim to identify
promising candidates for future studies focused on their oxidation
behavior.
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2. Methods
2.1. Computational details

In this study, 3 x 3 x 3 supercells were constructed from the car-
bide’s primitive trigonal cells (space group 225), comprising 27 tran-
sition metal (TM) and 27 carbon sites. In these supercells, TMs
comprise Ti, Zr, Hf, Ta, and W. The Special Quasi-random Structure
(SQS) method [43] using the sqsgenerator python suit [44] was used to
model the random alloying with Si or Al (denoted as X). The X atoms
were distributed either on the transition metal sublattice or on the
carbon sublattice. In addition, a mixed sublattice alloy was investi-
gated in which the Si and Al were evenly distributed on both sub-
lattices. The DFT calculations were performed using the Vienna Ab
initio Simulation Package (VASP) [45] and the electron-electron
exchange-correlation interactions were treated with the Generalized
Gradient Approximation (GGA) [46]. Further details of the calcula-
tions are given in Appendix A.1.

The energies of formation Ef of the compounds were calculated by
using the total energies per atom of hep-Ti (SG 194), hep-Zr (SG 194),
hep-Hf (SG 194), fee-Ta (SG 225), bee-W (SG 229), fee-Al (SG 225), and
diamond-Si (SG 227), respectively. A resulting negative Ef was used as
an indicator for chemical (meta)stability, with respect to the unary el-
ements. Deviations of the lattice symmetry were additionally used to
track the distortion of the compounds, with a threshold of +5 % of the
ratio a/b or a/c set as a breakdown of a (meta)stable solid solution
phase. However, a decomposition of the ternary compounds into binary
and/or unary phases, according to the convex hull, was not taken into
account in the discussion of this study.

2.2. Deposition process

All Al and Si alloyed TMC thin films were synthesized using an AJA
Orion 5 [47] deposition system with 3" TMC targets. Stoichiometric
powder metallurgically produced compound target materials including
TiC, ZrC, HfC, and TaC, as well as a WC/C target (70/30 mol%) for
W-X-C coatings have been utilized. The system was additionally equip-
ped with two 2" cathodes, one for Al and the other for Si, respectively.
The cathodes and targets were confocally aligned. All targets have been
provided by Plansee Composite Materials GmbH [48] and operated in
magnetron sputtering mode with Ar (purity of 99.999 %) as the working
gas. Following a combinatorial screening approach to achieve a broad
variety of chemical compositions within the ternary phase space, the
TMC target was co-sputtered with Al or Si without substrate rotation,
resulting in the formation of TM-Al/Si-C thin films. Further details of the
coating synthesis are given in Appendix A.2.

2.3. Coating characterization

Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA) and
Elastic Backscattering Spectrometry (EBS) were used to obtain the
chemical composition of selected TM-X-C thin films. The experiments
were performed at the 5 MV Pelletron Tandem accelerator at Uppsala
University [49]. Subsequently, ERDA-calibrated XRF measurements
were performed at TU Wien to determine the chemical composition of
all samples. The phase formation was determined using X-ray diffrac-
tometry in Bragg-Brentano geometry, the crystal structure and
morphology were examined using transmission electron microscopy
(TEM, FEI TECNAI F20). The mechanical properties such as hardness
and Young’s modulus were determined using an FT-I04 Fem-
to-Indenter and the continuous stiffness measurement (CSM) tech-
nique. Further details of the coating characterization techniques can be
found in Appendix A.3.

92

=
.
)
[}
o
o
=
(a




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

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

[ 3ibliothek,
Your knowledge hub

Publication III

S. Richter et al.

3. Results and discussion

Initially, DFT calculations for binary and ternary TM-X-C provided a
crucial theoretical foundation for the experimental work. Using a
combinatorial high-throughput approach, we synthesized and charac-
terized over 260 samples across 10 material systems, which include 5
transition metals (TM = Ti, Zr, Hf, Ta, W) and 2 alloying elements (X =
Al, Si) with varied compositions.

3.1. Phase boundary exploration by DFT

First-principles calculations serve as the basis to assess the phase
boundaries of ternary fcc-structured TM-X-C ceramics, using simple
measures such as the lattice parameters and energy of formation, Eg, as
evaluation criteria. In the first step, the focus was set on stoichiometric
compounds with a transition metal to carbon ratio TM to C of 1/1,
without considering the presence of defects or non-stoichiometric vari-
ations. To gain insights for different sub-lattice occupations Al/Si have
been positioned on the metal (TM) sites, resulting in the designation
(TM,X)C, or on the non-metal sublattice (C sites), resulting in the la-
beling TM(X,C). In addition, a scenario in which both the TM and C sites
were equally occupied by X (Al or Si) was studied, motivated through
their high configurational entropy, labeled as (TM,X)(X,C).

Fig. 1 presents the theoretical solubility limits of Al and Si in the fcc
NaCl structure of TiC, focusing on two important limiting cases: (i)
chemical instability, where the E¢ exceeds 0 eV/atom, and (ii) structural
instability, where significant lattice distortion occurs, disrupting the fcc
symmetry. Structural instability is identified by deviations of the lattice
parameter ratios a/b or a/c from the ideal value of 1 (a/b = a/c = 1 for
fee), indicating the loss of fcc (meta)stability: a threshold of +5% de-
viation from a/b = a/c = 1 was assumed. These limits for the structural
stability was motivated by NaCl structured nitrides, such as TiAlIN,
ZrAIN and HfAIN, and their lattice parameter changes as a function of
the AIN mole fraction with respect to decomposition [50]. The structural
stability is illustrated in Fig. 1a, b for Ti-Al-C, where the green shaded
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areas represent the stability range of (meta)stable fcc phases.

Regarding the underlying structural meta(stability) criteria, Fig. 1a,
b clearly proves that the fcc structure remains (meta)stable over a range
of 0 to 45 at.% Al when Al replaces Ti atoms, indicated by almost con-
stant a/b and a/c ratios close to 1. In contrast, when Al occupies both Ti
and C lattice sites or C sites exclusively, the lattice is significantly dis-
torted and the structure loses fcc symmetry — even at low Al concen-
trations (around 5 at.%). For the Ti-Al-C system, the solubility limit is
not only constrained by structural instability but also by chemical
instability. As illustrated in Fig. lc, Ef for the (Ti,Al)C phase crosses
0 eV/atom at approximately 27 at.% Al, thereby defining the theoretical
solubility limit with respect to the unary species. It is important to note
that these calculations do not consider any potential competing phases
and focus solely on the trends of the Ti-Al-C system. Fig. 1c also evi-
dences that the formation energy for the binary TiC is —0.809 eV/atom
and increases with increasing Al content for all different occupation
types. Up to 10 at.% Al, the E¢ for Al occupying Ti, C, or both sites is
almost similar, with the differences becoming more pronounced with
increasing Al content. These curves show lower E¢ values than (Ti,Al)C
but remain unstable due to the lack of fcc symmetry, consistent with the
observed structural instability in Fig. 1a, b.

A similar trend is observed in the Ti-Si-C system. Fig. 1d, e illustrates
the lattice parameter ratios (a/b and a/c) for Si alloying in the Ti-Si-C
system over a range from 0 to 45 at.% Si. As shown in Fig. 1d, e, the
fce structure remains (meta)stable when Si replaces Ti atoms and
maintains fcc symmetry over the entire composition range. The
maximum solubility limit in this case is also defined by chemical
instability, as highlighted in Fig. 1f, where the Es for (Ti,Si)C at about 25
at.% exceeds 0 eV/atom. Remarkably, the (Ti,Si)(Si,C) curve also shows
only small deviations from a/b = 1 in the low-alloyed region (< 20 at.%)
and the Ef remains negative in this region, indicating that Si at low
concentrations could occupy both Ti and C sites, with Ti sites being
preferred. Similar to the Ti-Al-C system, the energy of formation in the
Ti-Si-C increases with increasing Si content.

Fig. 2 illustrates the energy of formation for all further transition
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Fig. 1. Evolution of the solubility limit (shaded area) of X=Al/Si in fcc-structured Ti-X-C using E; as an indicator for chemical stability and the lattice constant ratios

as structural indicators. (a) and (b) represent the structural stability for fcc structured Ti-Al-C considering the ratios of lattice constants a/b and a/c, whereas (d) and

(e) show the structural modifications of Ti-Si-C, respectively. (c¢) and (f) represent Eg,of Ti-Al/Si-C with the following labels: (TM,X)C: X is located at a TM site, TM(X,
C): X is located at a C site, and (TM,X)(X,C): X is evenly distributed between TM and C sites.
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Fig. 2. Energy of formation (Eg) and solubility limit (shaded area) of Al/Si for various ternary fcc TM-Al/Si-C systems (solid solution), including (a) Zr-Al-C, (b) Zr-Si-
C, () Hf-Al-C, (d) Hf-Si-C, (e) Ta-Al-C, (f) Ta-Si-C, (g) W-Al-C, and (h) W-Si-C, with the following labels: (TM,X)C: X is on a TM site, TM(X,C): X is located at a C site,

and (TM,X)(X,C): X is equally distributed between TM and C sites.

metal carbide systems investigated (TM = Zr, Hf, Ta, W) as a function of
alloy content (X=Al/Si), with solubility limits indicated based on
criteria for structural and chemical instability. Following the method-
ology outlined in Fig. 1, chemical instability is characterized by an en-
ergy of formation exceeding 0 eV/atom, while structural instability
occurs when the fcc structure experiences significant deformation. Fig. 2
provides a comprehensive overview of these findings, and additional
structural details, including lattice ratios a/b and a/c, can be found in
Appendix B.

Fig. 2a, b illustrates the formation energy for the Zr-Al-C and Zr-Si-C
systems. In the Zr-Al-C system, investigations of the lattice parameters
(Fig. B. 1 in the appendix) showed that (Zr,Al)C retains the fcc structure
over the entire composition range (0-45 at.% Al) with the solubility
limit defined by chemical stability at around 27 at.% Al where Efexceeds
0 eV/atom. For the Zr-Si-C system, however, the limit is determined by
structural instability, as the (Zr,Si)(Si,C) phase retains fcc symmetry
only up to 30 at.% Si. At higher concentrations, the a/c ratio deviates
significantly from 1, indicating low stability of an fcc structured com-
pound, even though Ef remains negative at over the whole alloying
range.

Fig. 2c-f displays the behavior of the Hf-X-C and Ta-X-C systems,
which shows similarities to the Zr-X-C systems. In the Al-alloyed sys-
tems, the solubility limit is clearly determined by chemical instability, as
fcc symmetry could be sustained over the whole alloying range and set
by Ef approaching 0 eV/atom between 25 and 30 at.%. It is noteworthy
that Al in these systems preferentially occupies TM sites. In the Si-
alloyed systems, however, Si shows a preference for both TM and C
sites, with a stronger tendency to occupy C sites. Detailed information on

structural stability in the appendix shows that the (TM,Si)(Si,C) phase
retain fcc symmetry over a wide range, but at high alloying levels,
structural instability becomes apparent: For the Hf-Si-C system, the
solubility limit is around 25 at.% Si, while the Ta-Si-C system has a lower
solubility limit of around 15 at.%, far beyond which deviations from fcc
symmetry are observed.

The W-X-C system stands out as a significant outlier. It exhibits posi-
tive formation energy values (0.326 eV/atom) even for binary WC, where
the thermodynamically stable phase is hexagonal W5C. Structural in-
vestigations (see Appendix) confirm that in the W-AI-C system Al pref-
erably occupies W sites and is (meta)stable in the fcc structure over the
entire composition range from 0 to 45 at.% Al. The energy of formation of
(W,ADC reaches a minimum at about 22 at.% Al. Above this concentra-
tion, Efincreases again. In contrast, the fcc structure is only retained up to
about 5 at.% Al when Al occupies C sites. The W-Si-C system behaves
similarly, with positive values of the formation energy over the entire
composition range (up to 45 at.% Si). Structural investigations show that
the W-Si-C system is most stable when Si occupies W sites. However, this
structural (meta)stability is only maintained up to about 11 at.% Si.
Beyond that, the a/b and a/c ratios deviate from 1 (perfect cubic),
marking an additional solubility limit beyond the chemical instability (E¢
> 0 eV/atom).

3.2. Phase formation
Based on theoretical predictions for stoichiometric TM-X-C compo-

sitions, the experimental depositions also include a variety of transition
metal to carbon (TM:C) ratios, as the sputtering behavior of all involved
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elements varies accordingly. This approach facilitated a more compre-
hensive phase analysis within the TM-X-C material family (TM = Ti, Zr,
Hf, Ta, W and X = Al, Si).

Fig. 3 shows the chemical compositions obtained in the ternary phase
diagram of TM-Al/Si-C systems and illustrates the variety of composi-
tions obtained by the combinatorial sputter deposition process. The
samples show a “loss” of carbon with higher alloying content of Al/Si,
which is primarily related to the position of the target to the substrate
during co-sputtering of ceramic TMC targets together with Al/Si,
respectively. This also allows the assessment of varying carbon contents
on the fcc phase formation of ternary solid solutions.

In Fig. 3, the distribution of all data points highlights the capabilities
of a combinatorial PVD deposition approach, yielding a wide range of
chemical compositions. This wide variety is crucial for thoroughly
exploring novel TM-X-C systems. Especially for the Ti-X-C, Zr-X-C, and
W-X-C systems, a broad domain of Si/Al alloying could be achieved. In
general, higher Al contents could be reached (see full diamond symbols),
which is related to the inherently higher sputtering rate of metals such as
Al For example, the Al content in the Ti-X-C system reaches 64 at.%, in
accordance to the Zr-X-C and W-X-C systems obtaining 71 and 61 at.%
Al respectively. In contrast, the chemical variety was less pronounced in
Hf-X-C, where the Al content only hit 44 at.%. The Ta-X-C system
exhibited even less chemical diversity, with most thin films containing
only 0-10 at.% Al or Si. For all Si alloyed systems, the content reached is
lower compared to Al. For the Ti-Si-C system, the Si content hit about 44
at.%, while the Zr-Si-C, Hf-Si-C, Ta-Si-C, and W-Si-C systems obtain
maximum Si contents of 57, 43, 18, and 22 at.%, respectively. These
high alloying contents of Al/Si in TM-X-Cs already suggest the formation
of more metallic coatings, in accordance to TM to C stoichiometry.

In addition, the results in Fig. 3 show a clear trend of increased
carbon loss for heavier transition metals (Ti < Zr < Hf < Ta < W).
Generally, the sputter yields at i.e. 600 eV (kinetic energy of the striking
Ar atom) for the individual metals and C are as follows [51]: 0.6 for Ti,
0.7 for Zr, 0.8 for Hf, 0.6 for Ta, 0.6 for W, 1.2 for Al, 0.5 for Si, and 0.2
for C. It should be noted that the deposition parameters (e.g., applied
current) were the same for all TMCs during the combinatorial sputtering
process. This trend can be related to scattering effects and different
sputtering angles in combination with varying atomic masses of the
transition metals. The comparatively light Ti exhibits lower carbon

100

full symbols Al alloyed
open symbols Si alloyed

0 20 40 60 80 100

Al/Si (at.%)

Fig. 3. Ternary phase diagram showing the chemical compositions of Ti-X-C,
Zr-X-C, Hf-X-C, Ta-X-C, and W-X-C systems (X = Al or Si) synthesized by co-
sputtering a TMC and Al/Si target.
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losses compared to Hf-X-C and Ta-X-C, which is reflected in their
respective positions in the ternary phase diagram (diverging from the
TMC to the Al/Si rich corner line). In more detail, the Ti-X-C data points
in Fig. 3 are above the stoichiometric tie line, while the Ta-X-C and
Hf-X-C data points are below. An exception to this trend is the W-X-C
systems, whose data points are located near Ti-X-C and Zr-X-C. This
deviation is attributed to the use of a carbon-enriched WC/C target
(70/30 mol%) during deposition, to compensate the expected carbon
lose during magnetron sputtering [52].

All synthesized samples (more than 260 different chemical compo-
sitions) were subjected to phase analysis using XRD. To streamline the
discussion, the phase analysis is presented schematically using the Ti-X-
C system as a representative case. The XRD diffractograms for all other
TM-X-C thin films (TM = Zr, Hf, Ta, W) are available in Appendix C.
Fig. 4 shows the XRD diffractograms of Ti-Al-C thin films with different
Al alloy contents ranging from 16 to 64 at.% Al (from top to bottom). In
these diffractograms, the hexagonal symbols correspond to the sapphire
substrate material. Up to an Al content of 27 at.%, the thin films have a
pure fcc-TiC structure. In this domain, slight variations in the intensity
and sharpness of the fcc-TiC peaks can be seen, reflecting differences in
crystallinity and defect density. In particular, the peaks become sharper
as the TM:C ratio approaches the stoichiometric ratio of 1:1, as can be
seen for Tip 24Alp.27Co .49, indicating a well-ordered crystalline thin film
material. On the other hand, the high C coatings show a peak shift of the
fcc-TiC peaks: For example, for the top coating in Fig. 4
(Tig.25Al0.16Co.59), the fce-TiC peaks are initially shifted to the left
compared to the perfect stoichiometric reference fce-TiC, indicating that
C occupies interstitial sites (C super-stoichiometry), leading to a larger
lattice parameter and thus a decrease in the 26 [53]. Furthermore, the

c-TiC QO substrate @ t-ALTi, O c-Al

go 9 Lo

Tig25Aly15C0 59
Tip26Al0.18C0.56
Tig 26l 21Cos3
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Fig. 4. XRD diffractograms of Ti-Al-C thin films with different chemical com-

positions. The observed phases include ¢-TiC [55], c-Al [56] and t-AlsTi, [57].
The hexagons belong to the substrate (sapphire) [58].
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additional carbon can also form C-rich grain boundary domains causing
less coherently diffracting domains, and hence weaker intensities
(alongside to carbon interstitials) [54]. With increasing Al content and a
TM:C ratio of 1:1, the peaks are gradually approaching the stoichio-
metric reference TiC, as can be seen for Tig 24Alp.27Co 49, suggesting the
formation of solid solutions in the NaCl rock salt structure. This is sup-
ported by the theoretical results presented in Fig. 1, where the solubility
limit is also found around 27 at.% Al content (where Al is occupying Ti
lattice sites) indicated by the dashed vertical line.

As the Al content increases above 31 at.%, the metallic cubic (c) Al
phase starts to form alongside to fcc TiC. In this compositional range (>
31 at.% Al), the DFT calculations show that the cubic cell remains (meta)
stable only when Al sits on TM sites. The energy of formation in this
range turns positive, suggesting the formation of second phases such as
c-Al. By further increasing in the Al content to 35 at.% (and 45 at.% C),
the formation of the metallic AlsTi; phase becomes more evident. For
these high Al containing films, the intensity of the (111) peak of TiC
decreases. With further increasing Al contents and decreasing Ti and C
contents, the metallic peaks become more pronounced. This corresponds
to a decrease in the intensity of the fcc-TiC peaks, indicating a shift in
phase formation from TiC to Al-rich phases. In particular,
Tip.13Al0.64Co.23 exhibits solely pure metallic phases during XRD anal-
ysis, resulting in a dual phase structure of c-Al and t-AlsTi,.

Fig. 5 presents the XRD diffractograms of the Ti-Si-C thin films and
the effects of Si alloying on the crystalline cubic TiC structure. The
chemical composition of these samples ranges from 4 to 44 at.% Si. Up to
about 25 at.% Si, the diffractograms indicate crystalline fce-TiC thin
films. However, when the Si content exceeds this threshold, the intensity
and sharpness of the fcc-TiC peaks decrease, indicating a transition to an
XRD amorphous structure. This transition is particularly evident be-
tween 25 and 26 at.% Si (with about 45 at.% C), where the diffraction

c¢-TiC Q substrate
cc O ©®O

TIC 3337“3 DACD.GE
TiO 3‘.\Sji‘l UE-CU.‘:H
Tig235100Co 56

Tiﬂ ’.TSiCI 1 E-CCI.')E

— Tig3551042Co 56
n G
= Tio31Si012Cos7
c % ,
S Tig32510.13C0s5
2 Tig 355i0.17Co50
L Tig315115C0 51
.'é\ l Tip3¢5i015Co 50
2 Tig 3551020048
] [~ .
z 024C0as
S Tig 30Si025C0.45
o
i}

w

=

[s)

=

B

Qo

£

©

T T T T ! Tr T I T I‘ T I T I‘ T I ‘I T 2 T T
30 35 40 45 50 55

Diffraction angle, 26 (°)

Fig. 5. XRD diffractograms of Ti-Si-C thin films with different chemical com-
positions. The films show the presence of ¢-TiC [55]. The hexagons belong to
the substrate (sapphire) [58].
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peaks become broader and less defined. This experimental observation
can, in turn, be supported by theoretical DFT calculations (Fig. 1), which
clearly show that Si has a solubility limit of about 25 at.%, after which it
inhibits the formation of an ordered crystalline structure (and promotes
amorphization). Interestingly, no additional crystalline phases such as
silicon carbide (SiC) or other Si-containing phases such as disilicide can
be seen in the diffractograms of the Ti-Si-C system. Si is either incor-
porated into the TiC lattice or contributes to the amorphization as part of
a disordered grain boundary phase, especially at higher concentrations,
preventing the formation of distinct crystalline Si-containing phases.

Additionally, an important observation in Fig. 5 is the shift to lower
20 angles compared to the fcc-TiC peaks, especially for samples with
high carbon contents (~ 60 at. %), reflecting a similar trend compared
to the Ti-Al-C system in Fig. 4. Again, C can be expected to occupy
interstitial sites, resulting in a larger lattice parameter and smaller 26
angles. As the Si content increases and the coating compositions
become C stoichiometric, the peaks approach the stoichiometric at
around 17 at. % Si, reflecting a similar trend to Ti-Al-C. Despite the
increasing Si content, the intensity and sharpness of the fcc-TiC peaks
remain almost constant up to a Si concentration of about 25 at.% (with
a corresponding carbon content of 48 at.%), indicating that the TiC
lattice remains well defined.

For a more detailed proof of the solid solution formation in TM-X-C
thin films, one material system (Ti-Al-C) out of the ten material families
was selected for detailed TEM analysis. Fig. 6a shows a top view BF-TEM
image of the Tig 24Alp.26Co.50 coating, reflecting the boundary between
the single-phase solid solution and the dual-phased structure (a solubi-
lity limit of about 27 at.% Al in TiC was determined by DFT calculation,
Fig. 1c, and XRD analysis, Fig. 4). The sample itself shows a dense
morphology in Fig. 6a, and the structural analysis by SAED could verify
the fce-TiC structure as the prevalent phase (Fig. 6b and 6¢). For a more
detailed understanding, chemical mapping (EELS) was employed
(Fig. 6d, EELS mapping in the region of about 100 x 100 nm) to
determine the distribution of Ti, Al, and C, respectively. Contrary to the
case described in [35], where Al alloying in TiC leads to the formation of
nanocomposite films ((Ti,A1)C crystals embedded in an amorphous C
matrix), we are dealing with a single-phase ternary compound. On a
small scale (100 nm), there is no completely homogeneous distribution
of Ti, Al, and C (Fig. 6d). Nevertheless, this local inhomogeneous dis-
tribution does not negatively affect the formation of a Ti-Al-C solid so-
lution. In addition, a similar investigation was done for Tig 31Si0.19Co.50
obtaining a homogeneous distribution of Ti, Si, and C as well as a clear
fee structure during SAED - see Appendix D.

Fig. 7a provides a comprehensive overview of the phase analysis
performed on various TM-X-C thin films, highlighting the 2 big domains
in the ternary phase diagram where fcc phases predominate (single
phase) versus amorphous or multiphase structures. In Fig. 7a, full
symbols represent compositions where fcc structured TM-X-C solid so-
lutions are predominant, while open symbols indicate the presence of
additional phases (multi-phase thin films) or amorphous coatings.

From a general perspective, Fig. 7a highlights that fcc TM-X-C solid
solutions (single-phase) with Al/Si contents up to around 25 at.% can be
formed. Within this compositional range, the C content varies between 33
and 63 at.%, indicating considerable compositional flexibility to maintain
the face-centered cubic TMC structure. However, notable exceptions are
observed in the Ta-Al-C and Ta-Si-C systems, where the formation of
hexagonal TayC is observed at low alloying contents promoting dual
phased characters. Furthermore, Hf-Al-C obtains a very limited solubility
to Al. In addition, both the Ta-Al-C and Hf-Al-C systems exhibit c-Al peaks
even at low alloying contents (1-5 at.% Al). This indicates that fcc
structured solid solutions do not form at the prevalent deposition
conditions.

When the Al/Si content exceeds 25 at.%, the tendency to form
additional phases or amorphous states becomes more pronounced. In
the Ti-Si-C system, increasing Si content leads to a gradual transition to
an amorphous structure, while in the Ti-Al-C system, increasing Al

96

=
o
)
[}
=

Publ




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

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

M 3ibliothek,
Your knowledge hub

Publication III

S. Richter et al.

Acta Materialia 288 (2025) 120839
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Fig. 6. (a) shows a top view BF-TEM image of the Tip 24Alo 26Co.50 sample (as deposited) with the area for SAED marked. (b) and (c) only show the ¢-TiC phase [55]
determined by SAED. (d) features the STEM HAADF image with the area marked where the chemical mapping was determined by EELS for Ti, Al and C.
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Fig. 7. (a) Ternary phase diagram illustrating the compositional regions where fcc phases (full symbols) are stable and where dual-/multi-phase or amorphous
coatings (open symbols) are present in the Ti-X-C, Zr-X-C, Hf-X-C, Ta-X-C, and W-X-C (X = Al or Si) systems. The Al and Si alloyed systems are distinguished by the
diamond and circle symbols, respectively. For Ti-Al/Si-C, the DFT solubility limits of 27 and 25 at.% Al/Si are marked as an example. (b) Phase boundary guidelines
for comparing the experimental XRD data with the Al/Si solubility limits determined by DFT calculations for all systems.

content leads to the formation of coexisting metallic phases such as c-
Al and t-AlsTi,. Similar tendencies can be observed for other TM-X-C
systems (the corresponding XRD diffractograms are shown in the Ap-
pendix). The comparison of experimentally observed phase regions and

theoretically predicted solubility limits is depicted in Fig. 7b. In the Zr-
Al-C system, metallic phases such as c-Al and t-AlsZr start to form
between 28 and 35 at.% Al compared to the DFT predicted solubility
limit of 27 at.% Al see Fig. 7b (and Fig. B. 1 for more details). In the Zr-
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Si-C system, ZrSi, forms between 23 and 31 at.% Si. DFT calculations
support these experimental results and showed a solubility limit of
about 30 at.% Si, see Fig. 7b and Fig. B. 1. In contrast, the Hf-Al-C
system exhibits low Al solubility, which is evident from the presence
of metallic phases even at low alloying contents (< 16 at.% Al). In
addition, rhombohedral Al4Cs is detected at Al contents above 17 at.%.
Interestingly, these experimental results differ from the theoretical
calculations, as for the Hf-Al-C system a theoretical solubility limit of
27 at.% Al was suggested (see Appendix Fig. B. 2). There may be de-
viations due to competing phases (whose Ef is lower) that were not
considered in the calculation, but the expansion is surprisingly larger.
The Hf-Si-C system follows a similar trend as Zr-Si-C and forms the
disilicide phase HfSi; above 23 at.% Si. Again, the result can be sup-
ported by DFT analysis, as the solubility limit was also theoretically
determined for 25 at.% (see Fig. 7b and Fig. B. 2 in the Appendix). For
the Ta-Al-C system there are again deviations between the DFT cal-
culations and the experimental results (as in Hf-Al-C). Here a fcc-TaC
phase could only be detected experimentally at low alloying contents
(up to 3 at.% Al), while metallic c-Al peaks can be seen from 5 at.% Al.
Again, competing phases were not considered in the theoretical
calculation. In contrast, the theoretical predictions for Ta-Si-C agree
with the actual experimental phase formations: experimentally, the
fce-TaC phase could be stabilized up to 18 at.% Si, while DFT calcu-
lations indicate a solubility limit of about 15 at.%, see again Fig. 7b.
Finally, in the W-Al-C system, broad peaks associated with the fcc-WC
phase could be observed (indicating almost amorphization). For Al
contents above 40 at.%, additional c-Al peaks appear. For the W-Al-C
system, the formation energy was found to be greater than 0 eV/atom,
which also favors amorphization and prevents the formation of an
ordered cubic WC crystal structure. The same behavior (almost
amorphization and broad WC peaks) was observed for the W-Si-C
system, whose Ef was also determined to be above 0 eV/atom. The
phase studies carried out so far have shown that for most of the systems
the experimentally determined phase solubility can be accurately
predicted using DFT. Only the Hf-Al-C and Ta-Al-C systems show sig-
nificant deviations from the predicted solubility limits.

3.3. Mechanical properties

Fig. 8 illustrates the mechanical properties of TM-X-C thin films,
determined through nanoindentation using the continuous stiffness
measurement (CSM) technique. This method allows ultra-fast mapping
of hardness and elastic modulus, which is a key for the combinatorial
high-throughput approach investigating more than 260 compositions.
Like the previously discussed phase analysis, closed symbols in Fig. 8
represent single-phased fcc TM-X-C thin film materials, while open
symbols indicate dual-/multi-phase or amorphous structures.

In Fig. 8a, the hardness of the different TM-X-C systems is plotted
against their Al/Si alloy content. A striking trend emerges: the fcc-based
TM-X-C systems exhibit a significantly higher hardness compared to
their dual-phase/non-cubic or amorphous counterparts. This trend is
particularly evident at alloy contents up to about 25 at.%, which is
closely related to the previously identified phase boundaries. Among
these systems, the Ta-X-C coatings are characterized by the highest
hardness values of over 40 GPa. Interestingly, the coatings with these
high hardness values exhibit a dual phase structure consisting of cubic
TaC and hexagonal Ta,C phase (indicated by open symbols). This super
hardness is consistent with the results of [59], which also found hard-
ness values above 40 GPa for dual phase TaC thin films (c-Ta and
h-TayC).

The Ta-X-C thin films are followed in terms of hardness by the low-
alloyed Hf-X-C thin films (0-5 at.% Al/Si), which exhibit values around
40 GPa. Beyond 5 at.% Al/Si content, the hardness values scatter signif-
icantly due to variations in phase composition and carbon content. These
deviations also reflect the difficulties in achieving a prefect homogeneous
chemical composition within single samples using combinatorial co-
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Fig. 8. Shows the (a) hardness and (b) Young’s modulus of the different TM-X-
C (TM = Ti, Zr, Hf, Ta, W and X = Al, Si) systems determined by nano-
indentation. The closed symbols represent fcc phases, and the dual-/multi-
phase or amorphous coatings are marked by open symbols.

sputtering. The Zr-X-C thin films exhibit hardness values around 35
GPa, especially for alloying contents up to approximately 15 at.%. The
relatively constant hardness of about 35 GPa across this range suggest a
strong capability to form solid solution formation within the Zr-X-C sys-
tem. However, this trend weakens as the alloy content increases above 15
at.%, leading to a decrease in hardness. In the Ti-X-C and W-X-C systems,
the hardness values reach almost 30 GPa, with both systems showing an
almost horizontal trend up to an alloy content of about 25 at.%, where the
single-phase fcc structure starts to diminish. Beyond this threshold, the
hardness drops to around 20 to 10 GPa as multi-phased structured films
strongly differ in their specific properties. This reduction in hardness to
approximately 20 to 10 GPa is consistent across all TM-X-C systems when
the cubic phase transitions into dual-phase or amorphous structures.

Fig. 8b presents the Young’s modulus as a function of Al/Si alloy
content, with similar trends to those observed for the hardness. The Ta-
X-C system again exhibits the highest values, with moduli exceeding
550 GPa for the nearly unalloyed coatings. As with hardness, the dual
phase coatings consisting of c¢-TaC and h-Ta,C have particularly the
highest Young’s modulus values and are indicated by open symbols
(Fig. 7b: Ta-X-C, 0-5 at.% Al/Si). Modulus values above 550 GPa have
also been discussed in [59] for TaCg 7g thin films (sub-stoichiometric in
C, dual phase structure consisting of c¢-TaC and h-TayC) and are com-
parable to our results.

The Hf-Al-C system ranks second in terms of Young’s modulus with
values around 500 GPa for low-alloyed coatings (up to 5 at.%). The other
systems, including Zr-X-C, Ti-X-C, W-X-C, shows a similar trend with
Young’s moduli around 400 GPa up to an Al/Si content of about 25 at.%.
Beyond this point, the modulus drops, with values scattering between 150
and 350 GPa due to the different phase composition and carbon content.
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The strong correlation between the mechanical properties and phase
formation is particularly evident and underlines the importance of fcc
TM-X-C solid solutions in achieving excellent mechanical properties over
a wide range of stability. Furthermore, the TEM results (Fig. 6, formation
of a single-phase solid solution) correlate with the high hardness values
for alloying contents up to about 25 at.% Al/Si.

4. Conclusions

This study provides a thorough high-throughput exploration of the
prevalent phases in Al and Si alloyed ternary transition metal carbide
(TM-X-C) thin film materials, with an emphasis on the formation of fcc
solid solutions. The combination of aluminum and silicon, both of which
are strong oxide formers, with refractory transition metal carbides
(TMCs), is expected to facilitate the development of alternative oxida-
tion resistant ternary TM-X-C ceramics. Using 5 different transition
metals (TM = Ti, Zr, Hf, Ta, W), 10 different ternary material systems
were systematically investigated in an in-depth phase analysis and me-
chanical property assessment. In a combinatorial co-sputtering
approach with carefully aligned targets, over 260 chemical composi-
tions have been deposited. The prevalent thermodynamic conditions in
PVD growth allowed for the alloying of up to 60 to 70 at.% Al/Si and
encompassed a broad range of carbon contents (20-60 at.%), enabling a
thorough mapping of the ternary phase diagram.

In first-principles DFT calculations, the formation of fcc solid so-
lutions is suggested for all investigated materials systems except the W-
X-C system, for which the hexagonal W5C is the ground state. For all
structural and chemical stable systems, the calculations proved that Si
preferentially occupies both TM and C sites, while Al preferably re-
places TMs. Furthermore, the solubility limits of Si alloyed fcc systems
are dominated by their structural limit (symmetry of the fcc cell is
maintained when a/b = a/c = 1 + 0.05), while the TM-Al-Cs are
restricted by their thermodynamic stability (Ef > O eV/atom). Experi-
mentally, fcc solid solutions are validated up to 25-30 at.% Al or Si, as
determined by XRD phase analysis of more than 260 different com-
positions. Only the TaC and HfC systems exhibit limited solubility for
Al, leading to the early formation of c-Al at low alloying contents (up to
10 at.%). And, in contrast to all other systems, the XRD analysis of the
W-X-C system exhibits a slight tendency towards a nanocrystalline
structure or even amorphization, which is in partial agreement with
the DFT predictions of forming no fcc solid solutions. The mechanical
properties, in particular hardness and Young’s modulus, have been
investigated by nanoindentation utilizing the continuous stiffness
measurement technique. A clear and strong correlation was found: the
fcc phases consistently exhibited a higher hardness (30-40 GPa) and a
high modulus of elasticity. Conversely, disruption of the fcc structure
by higher alloy content (> 25 at.% Al or Si) — whether by the devel-
opment of more metallic coatings or amorphization - led to a sharp
decrease in hardness to around 10 GPa.

In summary, this study combines a theoretical and experimental
high-throughput approach to explore X = Al and Si alloyed fcc-
structured ternary TM-X-C solid solutions. For both alloying routes 25
to 30 at.% Al or Si limits the formation of single-phased (meta)stable fcc-
TM-X-Cs. Preserving the cubic single phase structure in TM-X-C systems
is essential for achieving optimal mechanical performance. These in-
sights could lead to significant advancements in high performance ma-
terials for various applications and may also open up possibilities for
innovative ternary oxidation resistant TM-Al/Si-C ceramics. In partic-
ular, Al and Si alloyed fcc structured ternary coatings with their prom-
ising mechanical properties are compelling candidates for further
oxidation testing. Among them, Ti-Al/Si-C, Zr-Al/Si-C, Hf-Si-C and Ta-
Si-C proved to be excellent systems for future oxidation studies,
obtaining a wide solubility range (approx. 25 at.%) for the strong oxide
formers with promising mechanical properties.
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Appendix

A. Supplementary experimental details
This section contains technical and detailed information on the computational details, the

coating synthesis as well as the coating characterization.

A.1 Computational details

The Vienna Ab initio Simulation Package (VASP) [1] applies the Projector Augmented Wave
(PAW) method [2,3]. The PAW potentials were selected according to the recommended
parameters listed in the VASP wiki [4]. The electron-electron exchange-correlation
interactions were treated with the GGA in the form proposed by Perdew, Burke and Enzerhof

(PBE) [5].

Following experimental results, spin polarization was excluded from the calculations and
Spin-Orbit-Coupling (SOC) was not explicitly considered. The Kohn-Sham wave functions
were represented using plane waves with a cutoff energy of 520 eV. A Monkhorst Pack k-
mesh with the '-point as the center was automatically generated, resultinginan 8 x 8 x 8
grid in reciprocal space for the supercells. A Methfessel-Paxton [6] smearing of 0.2 eV was
applied. The convergence criterion for the total energy and forces on ions were set to 10°®
eV, while structural relaxations were considered convergent when reaching a threshold of

10%eV.

The following Tab. A.1. provides additional information about the theoretically studied
chemical compositions. Tab. A.1. applied to all 10 material systems (TM = Ti, Zr, Hf, Ta, W

and X = AL, Si).
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Tab. A.1. Chemical compositions theoretically investigated

TM (at.%) X (at.%) C (at.%) Atoms (54 in total)

46 4 50 TM25X2Co7
43 7 50 TM23X4Co7
39 11 50 TM21X6C27
31 19 50 TM17X10C27 X occupies
28 22 50 TM15X12Co7 TM sites
20 30 50 TM11X16C27

13 37 50 TM7X20C27

6 44 50 TM3X24C27

2 48 50 TMX26C27

50 4 46 TM27X2Cos

50 7 43 TM37X4Co3

50 11 39 TM27X6C24

50 13 37 TM2,X7C2

50 15 35 TM27XsCrg

50 17 33 TM37XoCs X occupies
50 19 31 TM27X10C17 C sites
50 22 28 TM27X12C 15

50 30 20 TM27X16C11

50 37 13 TM27X20C5

50 44 6 TM27X24C3

50 48 2 TM27X26C+

48 4 48 TM6X2Coe .
44 11 44 TM24XsCoe X occupies
41 19 41 TM22X10Coz TMCiZ‘: C
35 30 35 TM19X1GC19 (equauy
28 a4 28 TM15X24C1s distributed)
26 48 26 TM14XZGC14

A.2 Deposition process

The substrates used for deposition were single-crystalline ALO; (sapphire, 1-102
orientation, 10 x 10 x 0.583 mm). Before deposition, the substrates were cleaned in an
ultrasonic bath with acetone and ethanol for 5 min each. The substrate holder was set to
approx. 80 mm. The base pressure was maintained at less than 2 x 10 Pa before each

deposition process. Prior to deposition, the substrates were subjected to anion etching step
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for 20 min, at a bias potential of -750 V and an argon flow rate of 27.8 sccm, resulting in an
etching pressure of approximately 4.0 Pa. After etching, the target surfaces were cleaned in
a 3 min pre-sputtering step with closed shutters. The parameters for the pre-sputtering were
identical to those for deposition: a current of 0.3 A was applied to all TMC targets, resulting
in power densities of approximately 2.3 W/cm?for TiC, 2.0 W/cm?for ZrC, 3.2 W/cm?for HfC,
2.5 W/cm?for TaC, and 3.2 W/cm? for WC/C (70/30 mol%). The 2”’ cathodes were operated
with a current of 0.2 A for the Al target, resulting in a power density of about 4.1 W/cm?. The
Si target was operated in pulsed mode with a frequency of 150 kHz and a pulse duration of
257 ns, resulting in an average power density of about 3.1 W/cm?. For all depositions, the
substrate temperature was set to 420 °C, the bias potential to -50 V and the argon flow rate
to 27.0 sccm, resulting in a deposition pressure of about 0.5 Pa. In relation to different
sputter yields, the deposition times varied depending on the TM-X-C system: 120 min for Ti,
Zr and Ta systems, 180 min for Hf and 60 min for W. These times were chosen so that layer

thicknesses of 500 nm to 1.5 ym were achieved.

A.3 Coating characterization

ToF-ERDA was carried out using '¥I®" ions with a primary energy of 36 MeV, with an incident
angle of 67.5° relative to the surface normal and recoils were detected in an angle of 45° with
respectto the incident beam direction. For EBS, 4.35 MeV “He* ions were used to employ the
2C(*He,*He) elastic resonance at ~4.26 MeV [7]. The detection angle was 170° and the
incidence angle was 5°. The ToF-ERDA data were processed with the CONTES software [8],
while the EBS results were analyzed with the SIMNRA software [9], employing the
information on the light species from ERDA as input parameters. The total systematic and
statistical uncertainties were estimated to be 5-8 % of the deduced value for the major

constituents.

X-ray fluorescence analysis (XRF) was performed using a Panalytical AXIOS system in
wavelength dispersive (WDXRF) mode with a rhodium anode under vacuum conditions at
room temperature. The ERDA/EBS data were used as standards for the quantification of the
elements. In XRF, the estimated systematic uncertainties for these measurements were

expected to be around 5 %.
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The phase evolution of the as deposited TM-X-C coatings was investigated using a
Panalytical X’Pert Pro MPD X-ray diffractometer in Bragg-Brentano geometry with Cu-Kq
radiation (wavelength A =1.5418 A).

To further investigate the crystal structure and morphology, transmission electron
microscopy (TEM) analysis was performed on an FEI TECNAI F20 microscope with a field
emission gun. Prior to this, the TEM lamellas were prepared using a dual-beam focused ion
beam (Ga* ions)/scanning electron microscope (FIB-SEM) system (Thermo Scientific Scios
2). Using the TEM, bright field (BF) images, selected area electron diffraction (SAED) and
EELS Mapping were then obtained.

The Young’s modulus and hardness were measured using a FT-104 Femto-Indenter with a
Berkovich diamond tip calibrated against a fused silica reference sample. The continuous
stiffness measurement (CSM) technique was used with an applied maximum force of 20
mN, which allowed rapid measurements of the large number of compositions. To reduce
the influence of the substrate, data points with indentation depths greater than 10 % of the
coating thickness were not considered. The Young’s modulus of the coatings was derived by
fitting the raw modulus data and extrapolating to a zero indentation depth, in accordance

with the guidelines given in references [10,11].
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B. Supplementary DFT results

Supplementary DFT results of the TM-X-C systems (TM =Zr, Hf, Ta, W and X = Al, Si) are given
in Appendix B. The structural changes of the cubic structure (changes of the lattice

parameters considered as ratios a/b and a/c respectively) with increasing alloying element

X are shown.
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Fig. B. 1. Solubility limit of AU/Si (shaded area) in fcc-structured ZrC. (a) and (b) represent the
ratios of lattice constants a/b and a/c, respectively, and (c) reflects the formation energy (Ex)
of the Ti-Al-C system. (d) and (e) show the structural modifications of Ti-Si-C (a/b and a/c),
respectively, and (f) shows the chemical stability and E: of Ti-Si-C.
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Fig. B. 2. Solubility limit of Al/Si (shaded area) in fcc-structured HfC. (a) and (b) represent the
ratios of lattice constants a/b and a/c, respectively, and (c) reflects the formation energy (Ex)
of the Hf-Al-C system. (d) and (e) show the structural modifications of Hf-Si-C (a/b and a/c),
respectively, and (f) shows the chemical stability and E; of Hf-Si-C.
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Fig. B. 3. Solubility limit of Al/Si (shaded area) in fcc-structured TaC. (a) and (b) represent the
ratios of lattice constants a/b and a/c, respectively, and (c) reflects the formation energy (Ex)
of the Ta-Al-C system. (d) and (e) show the structural modifications of Ta-Si-C (a/b and a/c),
respectively, and (f) shows the chemical stability and E; of Ta-Si-C.

107

=
.
)
[}
o
o
=
(a




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

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

[ 3ibliothek,
Your knowledge hub

Publication III

(a) —O— (WANC—o— WADALD- & — WALD)  (d) —O— (W.SHC—®— (W,Si)(Si,C)— @ — W(SI,C)
1

1.4 - —
b g 12
210 2 ‘ 10 -
- \ ‘_‘. . @ N = .
0.8 & & * Y ."'-. ‘ﬁ v 0.8 B _
(b) —0—(WA|)C ~$> (WAI)(AI C)* » - W(AI Q) (e) —0—(WS|)C @ (WSl)(Sl C)* o - W(Sl C) _C
14 7 ] 9
~12 - 12 =
. . o
£ 1.0 1.0 — —
| ! =
08 — 0.8 —
4 4 o
T ""I R R R s B L R R
(c) @ - (WA (f) (W Sl)C ----- @ (W,SI)(SI,C)— @ — W(Si,0)
e qE>0 P/ E>0 structurally unstable |
50-8'—_ " ' 0-8'—_ f £ ."l..-.
206 — 06 - XA
=~ E ] !
3, 04 04
uir 0.2 - 02 -
BRaaaa s o o e e e e s ] 1 ;
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Al (at.%) Si (at.%)

Fig. B. 4. Solubility limit of AU/Si (shaded area) in fcc-structured WC. (a) and (b) represent the
ratios of lattice constants a/b and a/c, respectively, and (c) reflects the formation energy (Ex)
of the W-AL-C system. (d) and (e) show the structural modifications of W-Si-C (a/b and a/c),
respectively, and (f) shows the chemical stability and E; of W-Si-C.
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C. Supplementary phase analysis

Appendix C shows the XRD diffractograms of TM-X-C thin films (TM =Zr, Hf, Ta, W and X = Al,
Si).

B czZrC O h-ALO; I c-Al t-Al,Zr
B0 O

Z1535Al005Co 56

Zr533Al0.10Co57
Zr535Al012Co 56
Zrp 33815 14C0s3
Zry35Al5 15Co 53
7.4 Ry .\ NN ol
:"5' r.rh 0.17~=0.51
= Z1535Al018C0 50
=
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5, Zrg31Aly 19Cos1
> g0,
g\ Z19306Al20C050
L Zr556Al55:Ch48
£ 0290254 0.6
o Zry 26Al 26C0.43
o
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L] T L) T I L] T T - T I L) T T 3 L] I T l‘ L] T ]- ‘I T . L] T
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Fig. C.1. XRD diffractograms of Zr-Al-C thin films with different chemical compositions. The
observed phases include c-ZrC (00-035-0784), c-Al (00-004-0787), and t-Al;Zr (04-003-
4015). The hexagons belong to the substrate (sapphire, 00-005-0712).
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Fig. C.2. XRD diffractograms of Zr-Si-C thin films with different chemical compositions. The
observed phases include c-ZrC (00-035-0784) and o0-ZrSi, (00-032-1499). The hexagons
belong to the substrate (sapphire, 00-005-0712).
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Fig. C.3. XRD diffractograms of Hf-Al-C thin films with different chemical compositions. The
observed phases include c-HfC (00-039-1491), c-Al (00-004-0787), t-Al;Hf (00-037-0891),
and r-AlLC; (00-035-0799). The hexagons belong to the substrate (sapphire, 00-005-0712).
Based on the total systematic and statistical uncertainties of 5-8 % of the deduced value for
the major constituents the chemical composition of very low Al containing films can be
misinterpreted — therefore the Hf-Al-C thin films with supposedly 0 at.% Al already show c-
Al peaks. Nevertheless, we kept the same labeling as for the other systems and used the

following denotation as described above.
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Fig. C.4. XRD diffractograms of Hf-Si-C thin films with different chemical compositions. The
observed phases include c-HfC (00-039-1491), and o-HfSi, (00-038-1373). The hexagons

belong to the substrate (sapphire, 00-005-0712).
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Fig. C.5. XRD diffractograms of Ta-Al-C thin films with different chemical compositions. The
observed phases include c-TaC (00-035-0801), t-Al;Ta (04-014-2301), c-Al (00-004-0787),
and h-Ta,C (01-073-1321). The hexagons belong to the substrate (sapphire, 00-005-0712).
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Fig. C.6. XRD diffractograms of Ta-Si-C thin films with different chemical compositions. The
observed phases include c-TaC (00-035-0801) and h-Ta.C (01-073-1321). The hexagons

belong to the substrate (sapphire, 00-005-0712).
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Fig. C.7. XRD diffractograms of W-AL-C thin films with different chemical compositions. The
observed phases include c-WC (01-084-4476) and c-Al (00-004-0787). The hexagons belong

to the substrate (sapphire, 00-005-0712).
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Fig. C.8. XRD diffractograms of W-Si-C thin films with different chemical compositions. The
films show the presence of c-WC (01-084-4476). The hexagons belong to the substrate
(sapphire, 00-005-0712).
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D. Supplementary TEM analysis

Appendix D shows the TEM analysis of fcc structured Tio31Sio.19Co.50 With @ homogeneous
distribution of Ti, Si and C.
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Fig. D.1. (a) shows a top view BF-TEM image of the Tiy31Si0.19Co.50 Sample (as deposited) with
the area for SAED marked. (b) and (c) only show the c-TiC phase [12] determined by SAED.
(d) features the STEM HAADF image with the area marked where the chemical mapping was
determined by EELS for Ti, Si and C.
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Abstract

This study explores the oxidation properties of binary and ternary Al/Si alloyed transition metal carbide
(TMC) thin films, focusing on group IV to VI metals, specifically Ti, Zr, Hf, Ta, and W. TMCs are
classified as ultra-high temperature ceramics (UHTCs) and are recognized for their high melting
temperatures, exceeding 3000 °C, along with their exceptional thermal stability. However, they typically
suffer from poor oxidation resistance. Binary TMC thin films start to oxidize at temperatures below

600 °C. To expand the application possibilities of TMCs, particularly in high-temperature fields such as
aerospace, automotive, and tooling industries, alloying concepts with Al and Si are being explored to
enhance their oxidation resistance. In detail, ten different sputter deposited ternary TM-X-C coating
families were isothermally oxidized at 750 °C for 1 h and their oxidation kinetics have been
benchmarked. For Al alloyed thin films, the best performing systems are Ti-Al-C and Ta-Al-C, forming
scales below 750 nm at alloy contents above 25 at.% Al. In contrast, Ti-Si-C only requires around 20
at.% Si to form a dense and adherent scale (below 300 nm). Both Tio.26Al0.32Co.42 and Tio.20Si0.26Co.45
exhibit a two-layered oxide scale, consisting of a metal oxycarbide zone at the interface to the
unaffected, nonporous Ti-Al/Si-C coating, followed by a mixed Ti-(Al/Si)-oxide scale on top. Based on
detailed TEM analysis Al alloyed TiC obtains a better ability to act as an oxygen diffusion barrier.

Keywords

Transition metal carbides, Aluminum, Silicon, Oxidation resistance, UHTCs, Thin films, Coatings

120



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

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

[ 3ibliothek,
Your knowledge hub

Publication IV

Introduction

Transition metal carbides (TMCs) are known for their exceptional thermal stability and high melting
points, making them ideal candidates among ultra-high temperature ceramics (UHTCs) for high-
temperature applications [1]. Not just that, the HfC-TaC material system has been intensively studied
and is known for having one of the highest melting temperatures [2,3], various TMCs ceramics are used
under extreme conditions [4]. However, TMCs suffer from insufficient oxidation resistance compared to
their boride-based counterparts: Bulk diborides, such as ZrB, and HfB;, exhibit oxidation resistance up to
1100 °C due to the formation of dense, glassy oxide scales of B2Os [5]. In contrast, bulk TMC (TM = Ta,
Nb, Zr), experience oxidation onset temperatures below 760 °C, and TiC has shown a steadily
increasing mass signal indicative of oxidation from room temperature up to 1000 °C [6]. This poor
oxidation behavior limits TMCs for potential applications, especially in extreme environments such as in
energy and aerospace industries [1,6]. Improving their oxidation behavior would greatly expand their
usability in diverse high-temperature applications.

Current research in high-temperature materials is increasingly focused on new material concepts that
are both lightweight and capable of withstanding higher operation temperatures (< 1500 °C). Ceramic
matrix composites (CMCs) have emerged as a promising alternative to conventional used Ni-based
superalloys due to their lower density and superior thermal properties [7-9]. A widely used, promising
CMC material is SiC/SiC, which form protective silica scales of 8 um after 48 h oxidation at 1400 °C [10].
However, for high-temperature applications (> 1200 °C), CMCs with carbon fiber are particularly suitable,
as they have higher creep resistance (in contrast to SiC and oxide fibers). These carbon fibers, however,
start to oxidize at around 500 °C [11]. To ensure long-term stability, CMCs require effective protection
against oxidation and corrosion. In this context, protective coatings play an important role in enhancing
oxidation resistance of CMC based substrates/components. Among various coating techniques, physical
vapor deposition (PVD) stands out as a powerful and versatile method for efficient synthesis and
screening of new coating materials. Additionally, PVD provides precise control over composition, phase
formation, and microstructure. It also enables various alloying approaches, allowing for the incorporation
and alloying of low-melting metals, such as Al and Si, with ultra-high temperature ceramics (UHTCs)
[12].
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Previous studies have shown that alloying with strong-oxide forming elements, such as Cr, Al or Si, can
drastically improve the oxidation resistance of various material systems and thin films (e.g., borides,
carbides, nitrides). HfC-SiC ceramics, for example, showed extreme high-temperature oxidation
resistance above 2500 °C [13]. In the context of improving the oxidation resistance of CMC-based
components, TMCs are particularly well-suited based on their similar coefficients of thermal expansion
with CMCs, providing good coating adhesion [7]. By alloying Al and Si into face centered cubic (fcc)
structured TMCs (TM-X-C, X = Al, Si), the formation of silica (SiO2) or alumina (Al03) based scales is
expected to act as a protective barrier against (oxygen) diffusion and further accelerated oxidation.
Ternary fce-structured TM-X-C solid solutions differ from their ordered counterparts, known as MAX
phases. Due to the preference of the PVD process to stabilize fcc structures, these solid solutions are
anticipated to be easier to stabilize using plasma-based growth techniques. This stabilization offers
significant advantages for synthesis and industrial applications.
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In this study, a combinatorial sputter deposition approach comprising 10 different TM-X-C material
systems is performed to screen their oxidation resistance in relation to their binaries. Furthermore, a
detailed microstructural analysis of the formed oxide scales was performed using transmission electron
microscopy (TEM) to gain insight into the oxidation mechanism and appearance of the scales.

Experimental

All binary and ternary TMC (TM = Ti, Zr, Hf, Ta, W) thin films were synthesized in an AJA Orion 5 [14]
deposition system. The binary systems were magnetron sputtered from 3” TiC, ZrC, HfC, TaC, and
WC/C (70/30 mol%) targets, respectively (provided by Plansee Composite Materials GmbH [15]). During
sputtering, argon with a purity of 99.999% was used as the working gas. For the ternary systems, the
same TMC targets were co-sputtered with pure 2” Al or Si targets. The targets were confocally aligned
for co-sputtering. In order to deposit a chemical variety and different alloying states, a combinatorial
deposition approach was chosen for this study, i.e. no substrate rotation was applied during co-
sputtering. Thus, a chemical gradient along the substrate holder could be achieved. All detailed
deposition parameters can be found in [12]. For the binary carbide coatings, the same deposition
parameters were used as in [12], but without co-sputtering Al and Si.
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To determine the chemical composition of the binary and ternary TMC thin films, standards were
measured using Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA) and Elastic Backscattering
Spectrometry (EBS) at the 5 MV Pelletron Tandem accelerator at Uppsala University [16]. These
standards have been used for further chemical analysis using X-ray fluorescence analysis (XRF) at the
TU Vienna. All details for measuring the chemistry are described in more detail in [12].

To study the phase formation of the binary and ternary TMC thin films, X-ray diffraction (XRD) was
performed using a Panalytical X'Pert Pro MPD X-ray diffractometer. The measurements were carried out
in Bragg-Brentano geometry with Cu-Ka radiation (wavelength A = 1.5418 A).

To investigate the oxidation characteristics of the binary TMC thin films, dynamic oxidation tests were
conducted in a combined differential scanning calorimetry (DSC)-thermogravimetric analysis (TGA)
system (Netzsch STA 449 F1) equipped with a Rhodium furnace. Only the TGA data was recorded from
coatings deposited on sapphire (single crystalline Al.O3) substrates. The dynamic tests were performed
from room temperature up to 1400 °C (heating rate of 10 °C/min), in a mixture of synthetic air (50 ml/min)
and helium (protective gas, 20 ml/min). Before each measurement, a baseline measurement was
performed with an empty crucible with the same testing conditions. Based on the fact that the substrate
material is inert against oxidation in the investigated temperature range [17], the mass change detected
can be directly related to the oxidation effects of the coating material. Additional isothermal oxidation
tests were performed for the ternary coatings. The coatings were oxidized in a DSC/TGA Mettler Toledo
system in lab-air at 650, 700 or 750 °C (depending on the TMC) for 1 h.

After the oxidation experiment, focused ion beam (FIB) cross sections were prepared using a FIB-
scanning electron microscope (SEM) configuration (ThermoFisher Scientific Scios 2). The cross sections
were prepared using Ga* ions with a current between 7 and 17nA for fine milling, at an acceleration
voltage of 30kV. Using the FIB cross sections, the oxide scale thickness was measured. In addition,

energy-dispersive X-ray spectroscopy (EDX) line scans were performed.
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To study the oxidation characteristics more detailed, transmission electron microscopy (TEM) was
performed using a FEI TECNAI F20 (S)TEM system, operated at 200 kV acceleration voltage. The TEM
lamellae were prepared via a standardized FIB lift out procedure on a ThermoFisher Scios 2. Additional
electron energy loss spectroscopy (EELS) line scans were used to further determine the chemical
composition and coating architecture.

Results and Discussion

A comprehensive structural analysis is essential to evaluate the oxidation behavior of binary and ternary
TM-X-C thin films. All binary thin films, except TaC, display a single-phase face-centered cubic (fcc)
structure in their as-deposited state, as determined by XRD illustrated in Figure 1. Additionally, Figure 1
presents the chemical composition of the binary systems. Besides fcc-TaC, the hexagonal Ta.C
coexists, which can be related to the sub-stoichiometry in C (46 at.% C), being in accordance to other
studies [18]. In addition, Wo.41Co.50 and Hfo50Co.50 Obtains a very fine-grained morphology, as the XRD
peaks appear relatively broad. The same applies to the Tip25Co 75 thin films, which have a super
stoichiometry in C.
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Figure 1: XRD diffractograms of binary TMC thin films. The solid vertical lines represent the reference lines of each TMC
system (fcc-TiC [19], fcc-ZrC [20], fce-HfC [21], fee-TaC [22], fcc-WC [23]). TaC appears dual phased, with the co-

existence of hexagonal TazC (dashed reference line, [24]). The triangles belong to the substrate (sapphire, [25]).

The oxidation behavior and onset temperature (Toxonset) fOr the binary transition metal carbides (TMCs)
have been evaluated using thermogravimetric analysis (TGA). The coatings were dynamically oxidized in
synthetic air at temperatures up to 1400 °C, and the mass change was recorded as a function of
temperature, as shown in Figure 2. Unfortunately, the measurement for TiC failed, and after 1400 °C, the
sample was no longer present, indicating a complete oxidation of the thin film. For this reason, the TGA123
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curve for TiC is not shown in Figure 2 and reference is made to literature data. For both, bulk TiC [26] as
well as TiC thin films [27], a parabolic oxidation behavior between 600 and 800 °C has been described —
therefore indicated with an oxidation onset of 600 °C in Figure 2 (see blue vertical line). Zro37Co.63
presents a stable mass signal up to 550 °C, after which a mass increase can be recognized. The
oxidation is complete at around 680 °C indicated by the dotted vertical line Toxsaturates in Figure 2. The
subsequent slight decrease in mass can be related to the volatilization of CO and COz [2]. Furthermore,
the formation of ZrO, is associated with significant volume changes, which can lead to oxide layer
cracking and thus underlying ZrC is unprotected and gets oxidized. In this sense, a constant mass signal
is established after approximately 700 °C up to about 1400 °C. A similar behavior is observed for
Hfo.50Co.50. The increase in mass/oxidation also appears around Toxonset = 550 °C, and reaches its peak

at around Tox_saturated = 800 °C. The subsequent decrease in mass is again related to the volatilization of
carbon. Taos4Co.46 demonstrates a consistent increase in mass between 150 °C and 700 °C.
Subsequently, a substantial mass increase occurs at approximately 750 °C, which aligns with existing
literature [2]. Ta20s is well known for its significant increase in volume, which can lead to cracking of the
scale and further oxidation of the underlying material. Wo.41Co.59 shows a constant TGA signal up to
about Toxonset = 550 °C, followed by a continuous increase in mass up to about 1100 °C, followed by a

drop due to a suggested volatilization of both W and C.
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Figure 2: TGA signals for dynamic oxidation experiments on Zro.37Co.63, Hf0.50Co.50, Tao.54Co.46, and Wo.41Co.59 up to 1400 °C.

The oxidation onset temperatures for the different TMCs are given as Tox_onset (full triangle symbols with dashed

vertical lines). Literature data were used for TiC [26,27], Tox_onset = 600 °C. For TaC Tox_onset is already at about 150
°C. ZrC, HfC, WC start to oxidize at approx. 550 °C. Furthermore, half-filled triangles with dotted vertical lines

represent the fully oxidized state (Tox_saturated).

For the oxidation tests of the 10 different ternary TM-X-C material systems, 3 different alloying states
each in correspondence to our previous study [12] have been selected. All ternary Al/Si alloyed TMC thin
films were isothermally oxidized at the same temperature for 1 h to compare their oxidation behavior.
Based on the TGA results, the oxidation experiments were performed at 750 °C, representing an
interesting range based on the oxidation behavior of the binaries. However, for Ta-Si-C, an oxidation
temperature of 700 °C was chosen, since the films were fully oxidized at 750 °C. The same applies to

124



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

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

[ 3ibliothek,
Your knowledge hub

Publication IV

the W-AI/Si-C thin films, which were oxidized at 600 °C. In this context, both TaC and WC also showed
the poorest oxidation behavior after TGA.

Figure 3a shows the XRD diffractograms of the selected three compositions for Ti-Al-C: Tio.24Al0.26Co 50,
Tio.26Al0.32Co0.42, and Tig.24Al0.45Co.31, both in the as deposited and oxidized state, respectively. In the as
deposited state, Tio.24Alo.26Co.50 indicates a single-phase fcc structured coating (solid solution). For higher
Al contents (> 32 at.%), dual-phased structured coatings are representative, which additionally comprise
the tetragonal AlsTi; phase — such as for Tio.26Al0.32Co.42 and Tig24Alo 45Co.31. After oxidation, the
Tio.24Al0.26Co.50 sample still shows the fcc TiC structure. The higher alloyed samples also withstood the
oxidation experiment and exhibit fcc TiC peaks next to fractions of the metallic AlsTi> phase. For all three
compositions no oxide based structures could be identified after oxidation at 750 °C for 1h.

Figure 3b presents the XRD diffractograms of the as deposited and oxidized Ti-Si-C thin films with the
compositions: Tio.32Si0.20C0.48, Ti0.20Si0.26C0.45, Tio.27Si0.40Co.33. Ti0.32Si0.20C0.4¢8 ShOws a single-phase fcc
structure in the as-deposited state. For higher Si contents, the films tend to become XRD amorphous, as
described in more detail in [12]. The same trend applies to the oxidized states, Tio.32Si0.20Co.4s also
obtains fcc peaks after oxidation, whereas the coatings with higher Si alloying contents (> 26 at.%)
appear fully amorphous after oxidizing at 750 °C for 1 h. Similar to the Al alloyed TiC, no oxides could be
indexed after oxidation at 750 °C for 1h.

v/ substrate O c-TiC t-AlgTi, v/ substrate O c-TiC
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Figure 3: XRD diffractograms of (a) Ti-Al-C and (b) Ti-Si-C thin films in their as deposited and oxidized state (750 °C, 1h).
The triangles belong to the substrate (sapphire, [25]). The squares and the crossed squares belong to cubic TiC [19]

and tetragonal AlsTiz [28], respectively. The as deposited XRD diffractograms have already been published in [12].

For the other TM-X-C systems (TM = Zr, Hf, Ta, W), the XRD diffractograms can be found in the
appendix (Figure A.1 to A.4). In summary, it can be stated that for the Zr-Al/Si-C systems, only the

highest alloyed variants (Zro.23Alo.46Co.31 and Zro.22Sio0.46Co.32, both thin films being dual-phased) withstood 25
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oxidation at 750 °C for 1 hour. In contrast, the lower alloyed Zr-X-C thin films (with aluminum content
less than 24 at.% and silicon content less than 33 at.%) were completely oxidized after the oxidation test.
X-ray diffractograms showed an amorphous structure, and EDX line scans along the film growth
revealed an oxygen content of 40-45 at.% throughout the entire coating thickness. For Hf-X-C, only
Hfo.36Al0.41Co 23 resisted the oxidation test and was not fully oxidized after 1 h at 750 °C. All Hf-Si-C thin
films and all Al alloyed coatings with Al < 27 at.% appear XRD amorphous after annealing, while
Hfo.36Al0.41Co 23 still exhibits peaks corresponding to the fcc HfC and metallic tetragonal HfAl; phase. For
Ta-Al-C, thin films having Al > 27 at.% withstood the annealing experiments and fcc TaC and metallic
tetragonal TaAl; were detectable in the oxidized state. In contrast, the Ta-Si-C thin films only withstood
annealing temperatures at 700 °C for 1 h. However, for two alloy contents investigated (Tao.46Sio.10Co.44
and Tao.39Si0.18Co.43) XRD peaks corresponding to o-Ta;Os were already detected after oxidation. The W-
X-C coatings were oxidized at 650 °C for 1 h; the thin films did not withstand higher oxidation
temperature. Wy 24Alo.41Co.35 was completely oxidized after the annealing test, Wo.29Alo.32Co 39 showed
hexagonal WAI, and tetragonal WO3 peaks after oxidation, and Wo.24Alo.41Co.35 withstood the oxidation
test (no t-WO3 phase visible in the XRD). However, the coating appears XRD amorphous in both the as
deposited as well as the oxidized states.

Figure 4 summarizes the scale formation and respective oxide scale thicknesses of the various Al- and
Si- alloyed TM-X-C systems. The solid symbols represent coating systems that passed the oxidation test
based on the XRD (prevalent fcc structures) and oxygen content evaluated during cross sectional
analysis in the SEM/EDX. Cross symbols indicate that the coating was completely oxidized. Open
symbols indicate the systems Ta-Si-C and W-AI/Si-C, as they only withstood the oxidation temperatures
of 700 and 650 °C. For Al alloyed TM-X-C coatings an alloying content higher than 25 at.% is necessary
to withstand the oxidation treatment at 750 °C for 1 h — see Figure 4a. In contrast, for Si alloying only the
Ti-Si-C and the highly alloyed Zr-Si-C thin film (Si > 45 at.%) withstood 750 °C — see Figure 4b. Based
on these tests, Ti-Al/Si-C shows highly promising results in terms of scale thickness and oxidation
resistance at 750 °C. Also Ta-Al-C obtains an interesting behavior. Based on the structure-mechanical
properties [12] the oxidation characteristics of Tig.26Al0.32Co.42 and Tio.20Si0.26Co.45 Were examined in more
detail using TEM analysis. The two selected coatings are single phase fcc structured in the as deposited
state and exhibit hardness values > 20 GPa [12].
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Figure 4: represents the scale thickness in relation to the (a) Al and (b) Si alloying content in ternary transition metal carbide
thin films TM-X-C after the isothermal oxidation test (1h). The data were taken from FIB cross sections after the
oxidation experiment. The crosses symbolize samples that were completely oxidized but still present after the
annealing test. Open symbols indicate TM-X-C systems that only withstood lower oxidation temperatures (e.g., 700
°C or 650 °C).

Figure 5a presents a bright field (BF)-TEM cross section of the oxidized Tio.26Al0.32Co.42 thin film at 750 °C
after 1 h. From bottom to top, the sapphire substrate, the Ti-Al-C film with an oxide scale can be
recognized, topped with a W protection layer from FIB lamella preparation. The cross section already
indicates an oxide scale consisting of two different layers. The two layered scale formation is also
reflected in the EELS line scan taken from bottom to top along thin film growth (see Figure 5b) containing
the substrate, followed by the non-oxidized Ti-Al-C coating, and the layered scale, respectively. This
layered scale is similar to what is described in the literature for oxidized TMCs [29]. At the interface to
the unaffected coating, a metal oxycarbide (MC+xOx) is formed, and a carbon depleted oxide scale
develops on top towards the surface. In more detail, the C content in the first oxide layer is about 40 at.%
(at a distance between 700 and 800 nm in Figure 5b), whereas in the second region of the oxide (from a
distance of 800 nm in Figure 5b) the C content decreases to below 20 at.% and the oxygen content
increases to about 60 at.% - being in good relation to the abovementioned literature. Furthermore, the
MC+xOx based region is dominated by Ti, whereas the outermost region obtains a more mixed Ti-Al-
based oxide. In Figure 5a and 5b, the oxide scale thickness (comprising both zones) is approximately
300 nm, which differs from the film thickness determined using FIB cross sections. This is due to the
inaccuracy of thickness measurements by FIB/SEM cross sections and the fact that the coating
thickness may differ at different locations on the coated substrate.
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Figure 5: TEM analysis of an oxidized Tio.26Al0.32Co.42 thin film. The sample was annealed in ambient air at 750 °C for 1h. (a)
shows a Bright-field (BF) image of the sample cross section. The arrow in (a) indicates the position and direction of
the (b) EELS line scan.

Figure 6a shows the BF-TEM image of the oxidized Tio.2Si0.26Co.45 thin film after 1 h at 750 °C. In
principle, the appearance after oxidation is similar to Tig.26Al0.32Co.42 presented in Figure 5, containing the
sapphire substrate, followed by an unaffected Ti-Si-C zone, and an approx. 300 nm thick oxide scale
topped with the W protection layer. Again, a closer look at the BF image reveals a layered oxide scale
containing two different zones, which is also represented in the EELS line scan in Figure 6b. Again, a

transition between a metal oxycarbide towards a carbon depleted oxide scale can be identified. 127
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Interestingly, the outermost part of the scale is dominated by Ti and oxygen, and the added strong oxide
former (Si) is not prevalent. However, small additions of Si can be recognized. Please note also that the
high Si signal at the end of the EELS line scan is assigned to the W protection layer. In contrast to
Tio.26Al0.32Co.42, the EELS line scan reveals residual oxygen inward diffusion into the Ti-Si-C zone.
Nevertheless, both coating systems Tig.26Al0.32Co.42 and Tio.20Si0.26Co.45 Clearly withstand the oxidation test
and show no pore formation, indicating that the oxide formers enhance the oxidation resistance.

Based on these initial studies, the oxidation resistance of Al alloying seems to work better for most of the
TMC thin films. Al-alloyed TiC thin films exhibit enhanced capabilities to act as a diffusion barrier for
oxygen. Based on the line scans in Figure 5b and 6b, Ti-Al-C obtains a sharp interface at the
coating/scale interface, proving a suppressed oxygen inward diffusion/oxidative attack. In contrast, for Ti-
Si-C minor oxygen diffusion into the unaffected zone can be seen.
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Figure 6: TEM analysis of an oxidized Tio.29Si0.26Co.45 thin film. The sample was annealed in ambient air at 750 °C for 1h. (a)
shows a Bright-field (BF) image of the sample cross section. The arrow in (a) indicates the position and direction of
the (b) EELS line scan.

Conclusions

Within this study, Al/Si alloyed ternary transition metal carbides are investigated with respect to their
oxidation resistance. The oxidation properties were first investigated for all binary TMC thin films,
obtaining predominantly fcc structure. Only Tao.42Co.46 (Sub-stoichiometric in C) was dual phased with the
coexistence of hexagonal Ta>C. Dynamic oxidation tests for the binary systems yielded oxidation onset
temperatures of around 150°C for TaC, as well as 550 °C for ZrC, HfC, and WC. For TiC, reference data
were taken from the literature, which indicate oxidation starts from 600 °C. To investigate the oxidation
properties of the ternary TM-X-Cs, isothermal oxidation experiments were performed at 750 °C for 1 h.
Only Ta-Si-C and W-AI/Si-C did not withstand these temperatures (no coating was left after the oxidation
experiment). In general, the results of these oxidation experiments highlighted that an alloying content of
about 25 at.% Al is crucial to sufficiently protect TM-AI-Cs at these conditions. The best systems were
Ta-Al-C and Ti-Al-C, which were characterized by a thin oxide scale (less than 750 nm). Among the Si
alloyed TM-X-Cs, Ti-Si-C (studied between approximately 20 to 40 at.%) was able to withstand the
oxidation test at 750 °C. Detailed TEM analysis of Tio.26Alo.32Co.42 and Tio.20Si0.26Co.45 revealed layered
oxide scale architectures with a metal oxycarbide at the interface to the pore-free Ti-Al/Si-C, and a Ti- 128
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(Al/Si)-based oxide scale on top. For Tig.26Al0.32Co.42 N0 0xygen inward diffusion could be identified after
the scale region. In summary, the study identifies Al as a more effective scale former (i.e., for Ti-Al-C and
Ta-Al-C), whereas Si requires lower contents to form adherent but not so dense scales (i.e. Ti-Si-C).
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Figure A.1: XRD diffractograms of (a) Zr-Al-C and (b) Zr-Si-C thin films in their as deposited and oxidized state. The triangles
belong to the substrate (sapphire, 00-005-0712). The squares belong to cubic ZrC (00-035-0784). In (a) the
crossed squares represent tetragonal ZrAls (04-003-4015). In (b) the crossed squares highlight orthorhombic ZrSiz
(00-032-1499). The as deposited XRD diffractograms have already been published in [12].
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Figure A.2: XRD diffractograms of (a) Hf-Al-C and (b) Hf-Si-C thin films in their as deposited and oxidized state. The triangles
belong to the substrate (sapphire, 00-005-0712). The squares belong to cubic HfC (00-039-1491). In (a) the
crossed squares represent tetragonal HfAl; (04-027-9400). In (b) the crossed squares highlight orthorhombic HfSiz
(00-038-1373). The as deposited XRD diffractograms have already been published in [12].
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Figure A.3: XRD diffractograms of (a) Ta-Al-C and (b) Ta-Si-C thin films in their as deposited and oxidized state. The
triangles belong to the substrate (sapphire, 00-005-0712). The squares, crossed squares, and circles represent
cubic TaC (00-035-0801), tetragonal TaAls (04-004-2211), and orthorhombic Ta20s (00-025-0922), respectively.
The as deposited XRD diffractograms have already been published in [12].
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Figure A.4: XRD diffractograms of (a) W-AI-C and (b) W-Si-C thin films in their as deposited and oxidized state. The triangles

belong to the substrate (sapphire, 00-005-0712). The squares, crossed squares, and circles represent cubic WC

(01-084-4476), hexagonal WAI2 (04-015-6886), and tetragonal WOs3 (04-025-0268), respectively. The as deposited

XRD diffractograms have already been published in [12].
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Abstract

This study focuses on phase screening of strong oxide formers, particularly Aland Si, in CrB, thin
films. Various chemical compositions were explored using a high-throughput combinatorial PVD
deposition approach, including hexagonal structured ternary (Cr-Al-B and Cr-Si-B) and
quaternary (Cr-Al-Si-B) films — all below 2 pym thickness. Dynamic thermogravimetry showed
excellent oxidation resistance for Cro.34Sio.18Bo.4s and Cro.26Alo.18Si0.10Bo.43 thin films up to 1300 °C.
Isothermal oxidation tests at 1200 °C for 1 hour indicated no film decomposition and a reduced

recrystallization in the quaternary system, compared to Cr-Si-B. Interestingly, small amounts of
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silicon (8 at.%) could enhance the formation of protective aluminum oxide scales, highlighting

the key effect of Si. Transmission electron microscopy revealed a layered scale architecture
featuring Si-O on the diboride surface, followed by Cr-O and Al-O, for the quaternary system,

towards the surface.

Key words

Diborides; Oxide formers; Chromium; Aluminum; Silicon

Impact statement

Screening strong oxide formers (Cr, Al, Si) in diborides reveals that Si significantly enhances the

protective properties, with the additional characteristics to promote the formation of alumina.
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Introduction

Transition metal (TM) diborides, such as TiB, [1], ZrB> [2,3], and CrB, [4] are known for their high
melting points, phase stability, and exceptional mechanical properties, including high hardness,
wear resistance, and moderate fracture toughness [3,5,6]. These properties make them ideal for
demanding applications in industries such as aviation and aerospace, where performance under
extreme conditions is critical [1-3,6]. However, their oxidation resistance is often considered as
a weak point [7-9]. Specifically, boron typically forms B,0O;, which undergoes a temperature-
dependent transition to a volatile state. This transition competes with the formation of the
corresponding metal oxide [10]. This oxidation mechanism exhibits distinct morphological and
kinetic characteristics for bulk and thin film diborides. For bulk diborides, a glassy, amorphous
B,O; layer is typically formed in a lower temperature regime — also known for self-healing effects
based on the partly viscous state [11] — while in the high temperature regime, the volatile B,O3
predominates the formation of a non-protective, porous TM oxide skeleton [3]. This transition
temperature is reported to be between 900 to 1000 °C [3,11,12]. In comparison, for thin film
diborides the volatilization of B,O; predominates already at low temperatures —i.e. at 500 to 600
°C for TiBa,-, varying with the presence of boric acid [13] - resulting in the formation of porous TM
oxide structures. In thin film materials, the boron concentration also plays a crucial role, as
super-stoichiometric films form B-rich tissue phases, which accelerate the oxidation kinetics and

hence shift the oxidation onset to lower temperatures [12,14].

To enhance the oxidation resistance of TM diborides, the use of strong metal oxide formers is
crucial, as they promote the formation of dense, slow-growing protective scales which generally
obtain parabolic or logarithmic growth trends [15]. This protective layer effectively prevents
progressive oxidation by inhibiting the volatilization of B,O3; [16]. Among these, Cr, Al, and Si are
particularly effective due to their high stability as indicated by the Ellingham diagram [17] and
their favorable Pilling-Bedworth ratios [15]. In general, these factors ensure the formation of
stable, dense, non-porous oxide scales that are free from unfavorable residual stresses that
could cause breakaway oxidation [15,16]. Bulk CrB, is known to oxidize around 1000 °C [18], while
for physicalvapor deposited thin films the oxidation onset is around 600 °C [8] due to accelerated
B,O; formation caused by B-rich grain boundaries [12,19]. To overcome the pronounced oxygen
transfer through the porous TMO, scales, bulk TM diborides are typically alloyed with secondary
phases such as SiC [20-22]. For thin film materials various concepts are discussed in literature,
whereas Cr [23], Si [8,24,25] and Al [26-28] containing transition metal diborides thin films
represent the most promising approaches enhancing the oxidation resistance. For example,

Lellig et al. was able to increase the oxidation behavior of TiB, thin films up to 900 °C by alloying
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21 at.% Al (pure TiB; initially oxidizes between 400 and 500 °C [11,29,30]), since Al promotes the
formation a passivating oxide scale [31] - mainly composed of Al, O, and B, respectively. At 700
°C, these oxide scales are amorphous, but after 8 hours at 900 °C, a (nano-)crystalline
aluminoborate layer forms. In this context, also Thornberg et at. [32] investigated the oxidation
behavior of Ti-Al-B thin films. It has been shown that a thinner oxide layer is obtained with lower
B contents and again Al promotes the formation of an Al,O;-TiO, based scale which acts as a
diffusion barrier against further oxidation at 600 °C. In contrast to this, also Si-alloyed diboride
systems show promising results with regard to improved oxidation behavior: For example, the
oxidation resistance of Cr-Si-B with 8-16 at.% Si alloying content could be increased to 1300 °C
(compared to 600 °C for CrB,) [8,25] due to the formation of a protective silica beneath a Cr,0;
scale. This drastic improvement is related to the enhanced diffusivity of Si and the tendency to
form Si and TM-Sirich clusters during oxidation [8,33]. Furthermore, Kiryukhantsev-Korneev et al.
[34] showed the oxidation resistance of Cros1Alo.0sSio.02Bo.4oNo.o1 at 1200 °C. Nevertheless, the
existing studies lack a comprehensive overview of the oxidation behavior of Cr, Al and Si in

transition metal diborides.

This study examines the effectiveness of Cr, Al, and Si as oxide formers in diboride thin films
grown by physical vapor deposition (PVD). Using CrB, as a base material, the research evaluates
how alloying with Al and/or Si influences oxidation mechanisms while minimizing structural
effects (strong AlB, prototype stabilizer during magnetron sputtering). Ternary (Cr-Al-B, Cr-Si-B)
and quaternary (Cr-Al-Si-B) compositions are synthesized via combinatorial co-sputtering. The
films are subjected to phase analysis (XRD), oxidation testing (dynamic thermogravimetry up to
1400 °C and isothermal oxidation at 1200 °C for 1h), and transmission electron microscopy (TEM)
analysis to investigate the detailed scale formation and oxide layer architecture. Especially alloys
with Al could be of interest for high temperature applications in water vapor [35,36], in

comparison to the already described Cr-Si-B system.
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Materials and methods

All Al and/or Si alloyed CrB; thin films were deposited in an AJA Orion 5 deposition system using
Ar (99.999 % purity) as the working gas, and a 3" CrB,, a 2" AlB, and a 2" Si target, provided by
Plansee Composite Materials GmbH [37]. A combinatorial deposition approach was chosen in
which the targets were operated in co-sputtering mode. No substrate rotation was applied so that
a chemical gradient was deposited across the substrate holder. The coatings were grown on
polycrystalline Al,O; substrates (20 x 7 x 0.38 mm) which were pre-cleaned in an ultrasonic bath
for 5 min each in acetone and ethanol. Prior to the deposition process, a base pressure of 1-10*
Pa was reached, the substrate temperature was set to 420 °C, and the substrates were subjected
to an Arion etching step at a bias voltage of -800 V, an etching pressure of 6.0 Pa (20 sccm Ar flow
rate) for 10 min. In addition, all targets were pre-sputtered with closed shutters and the same
parameters as for the actual deposition process to remove surface contaminants. The substrate
to target distance was set to approximately 80 mm. For the deposition of the films, a current of
0.4 Awas applied to the CrB, target, resulting in a power density of 4.5 W/cm?. The AlB, target was
operated at 0.2 A resulting in a power density of 6.1 W/cm?. The Si target was operated in pulsed
mode (150 kHz frequency, 257 ns pulse duration), resulting in an average power density of 3.1
W/cm?. The bias potential during deposition was set to -40 V, the argon ion flow was set to 10
sccm to maintain a deposition pressure of 0.4 Pa. The deposition time for all coatings was 150

min.

For chemical analysis, ion beam analytical techniques at the 5 MV Pelletron tandem accelerator
at Uppsala University [38] were selected to provide standards for further X-ray fluorescence (XRF)
analysis: Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA) and Rutherford
backscattering spectrometry (RBS). ToF-ERDA was performed with '?’I8* ions at a primary energy
of 36 MeV and an 67.5° angle of incidence relative to the surface normal. The angle of recoil
detection relative to the incident beam was 45°. RBS was performed with 3 MeV “He" ions and a
detection angle of 170 °. ToF-ERDA data was analyzed using the CONTES software [39], while RBS
was analyzed using the SIMNRA software [40,41]. The total systematic and statistical
uncertainties were estimated to be 5-8 % of the deduced value for the major constituents. XRF
measurements were performed on a Panalytical AXIOS system with a rhodium anode in
wavelength dispersive mode und vacuum conditions at room temperature. For XRF, the

systematic and statistical uncertainties were expected to be around 5 %.

Phase analysis was conducted using X-ray diffraction (XRD) and a Panalytical X’Pert Pro MPD X-

ray diffractometer in Bragg-Brentano geometry with a Cu-K, source (wavelength A= 1.5418 A).
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To study the oxidation characteristics, dynamic oxidation tests (continuous temperature
increase fromroom temperature to 1400 °C) were performed using a Netzsch STA 449 F1 Thermo-
Gravimetric Analysis (TGA) system equipped with a rhodium furnace. For these experiments, a
heating rate of 10 °C/min was provided during a steady flow of synthetic air (50 ml/min) and
helium (20 ml/min) to protect the scales. Moreover, isothermal oxidation experiments in ambient
air were carried out in a conventional box furnace. The coatings were placed in the preheated

furnace at 1200 °C for 1 h.

For detailed investigation of the coating morphology and scale formation, transmission electron
microscope (TEM, FEI TECNAI F20) analysis was used. The TEM lamellas were prepared using a
standardized focused ion beam (FIB) lift out in a dual-beam FIB/scanning electron microscope
(FIB-SEM) system (ThermoFisher Scios Il). The FIB was operated with Ga+ ions. The TEM was
equipped with a field emission gun and employed at an accelerating voltage of 200 kV to perform
bright field TEM (BF-TEM) imaging. Electron energy loss spectroscopy (EELS) was performed in
scanning TEM (STEM) mode to gain insight into the chemical composition. For EELS, a Gatan GIF
Tridiem energy filter was used. Elemental quantification was performed at the Si K, ALK, Cr L, O
K, and B K edges. Additional FIB cross sections were prepared in the same FIB-SEM dual beam
system. The system was performed at currents from 7 to 17 nA (for fine milling) at an accelerating

voltage of 30 kV.
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Results and discussion

Fig. 1 summarizes the chemical compositions of all ternary (Cr-Al-B and Cr-Si-B) and quaternary
(Cr-Al-Si-B) thin films derived from ERDA-calibrated XRF. The exact compositions for the
quaternary systems can be found in the Appendix A (see Fig. A3). In the Cr-Si-B system, Si could
be alloyed up to approximately 24 at.% while maintaining a boron content of at least 44 at.%. For
the Cr-Al-B system, Al could be alloyed up to 31 at.%. In the quaternary Cr-Al-Si-B system, the Al
and Si content reached up to 34 at.% in total (25 at.% Al and 9 at.% Si). This dissimilarity is likely
due to different sputtering rates during co-sputtering of CrB,, AlB,, and Si. Despite these
variations, the combinatorial deposition approach allowed the synthesis of a wide range of

chemical compositions.

A Cr-Al-B
O Cr-5i-B
a  Cr-Al-Si-B

Al/Si (at.%)

Fig. 1. Ternary chemical composition map of the Aland/or Si alloyed CrB, thin films — please note,
that the axes are zoomed in.

Phase analysis confirmed that the coatings in all systems predominantly adopt the preferred
hexagonal AlB, structure (corresponding XRD diffractograms are included in the Appendix). No
additional phases were identified for the Cr-Al-B system, as confirmed by XRD patterns (see
Appendix A1). A notable shift in thin film growth orientation was observed, moving from (001) for
low or no alloying to (101) with increasing Al content. This trend is consistent with the findings of
Dorri et al. who reported a (001) orientation in binary CrB, thin films deposited by magnetron
sputtering [42]. For the Cr-Si-B system (XRD data in Appendix A2), h-CrSi, peaks emerge in the
diffractograms with increasing Si content, indexable at about 3 to 5 at.%, but with relatively small
intensities. The quaternary Cr-Al-Si-B system showed similar behavior (Appendix A3), with the h-
CrSi, phase appearing at approximately 4 at.% Si and an increase in CrSi, peaks with higher Si

contents. Also, for the quaternary system, increasing Al content induced a shift in the preferred
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growth orientation from (001) to (101). The solubility limit of Si within the ALB, prototype structure,
about 4 at.%, is in agreement with the findings of Zauner et al. [25], who determined this limit

experimentally using atom probe tomography.

To evaluate the impact of oxide formers (Cr, Al, Si) on oxidation behavior, TGA was conducted in
synthetic air up to 1400 °C, as shown in Fig. 2. Fig. 2a illustrates the oxidation behavior of the Cr-
Al-B coatings. The low-alloyed CrB, based coatings (Cros2Al0.01Bo.47) exhibit an oxidation onset at
approximately 600 °C. However, as the Al alloying content increases, the oxidation resistance
improves. For coatings with Al contents above 20 at.%, the oxidation onset temperature
increases to about 800 °C. Fig. 2b displays the effect of Si alloying in the Cr-Si-B coatings. Also,
with small Si addition (1 at.%), the oxidation onset temperature is near 600 °C. With increasing Si
alloying to 18 at.% the oxidation resistance improves significantly. The stable mass increase up
to about 1300 °C reflects outstanding oxidation resistance of Cr-Si-B, consistent with previous
findings reporting excellent oxidation stability above 11 at.% Si alloying [8,25]. This distinct
improvement correlates with the role of Si in forming protective silica-based oxide scales. Fig. 2c
shows the oxidation performance of quaternary Cr-Al-Si-B coatings. Notably, the coating with a
composition of Cro.27Alo.24Si0.04Bo.4s achieves excellent oxidation resistance despite having lower
Al and Si contents than the ternary coatings in Fig. 2a and 2b, respectively. Increasing the Si
content from 4 to 10 at.% further suppresses the mass gain (while having only 18 at.% Al),
suggesting the effectiveness of Si for the scale formation. Similar behavior has been observed in
Ni-based superalloys, where small Si additions promote protective alumina scale formation

during oxidation at 1200 °C [16].
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Fig. 2. TGA curves (mass change Am over temperature) in synthetic air up to 1400 °C showing the
oxidation behavior of (a) Cr-Al-B, (b) Cr-Si-B, and (c) Cr-Al-Si-B thin films.

To thoroughly evaluate scale formation and oxidation resistance under high-temperature
conditions, one coating system was selected from each alloy system based on the dynamic
oxidation tests. Each thin film demonstrated a similar phase formation and chemical
composition in relation to the best performers during dynamic oxidation. These films were then
isothermally annealed at 1200 °C for 1 hour in ambient air. TEM analyses were conducted to
investigate scale formation, concentrating on the architecture and protective properties of the

scale.

The Cr-Al-B system already showed limited oxidation resistance during dynamic
thermogravimetry, with partially improved oxidation properties up to 800 °C, even for Al alloying
contents above 31 at.%. Consistent with these results, the isothermal oxidation test at 1200 °C
showed that the Cro27Alo2sBo4s Sample was completely oxidized after 1 h. Corresponding EELS

line scans and a cross section of this sample are shown in Appendix B (Fig. B1).

In contrast, Cro.35Sio.16Bo.49 (Fig. 3) and Cro.7Alo.22Si0.0sBo.42 (Fig. 4) showed exceptional oxidation

resistance at 1200 °C for 1 h, due to the formation of non-porous, protective scales. The STEM
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images of the two systems (Figs. 3a and 4a) reveal differences in scale morphology and thin film
recrystallization. The Cr-Si-B system exhibits enhanced recrystallization compared to the Cr-Al-
Si-B system. Additionally, EELS line scans along the thin film growth (see Appendix B, Fig. B2)
indicate also Si clustering and a concentration of Si towards the substrate in the Cr-Si-B coating.
However, the Si clusters might protect the underlying thin film from further oxidation. Here, an
intact coating is present under the Si clusters [33] (hardly any oxygen could be detected in the
EELS line scan, see Fig. B2). Furthermore, the outward diffusion of Si facilitates the formation of
a silica-based protective scale [43], as can be seen in Fig. 3c and d, respectively. In the Cr-Al-Si-
B, no Si clustering was observed, although B-rich regions were detected (Appendix B, Fig. B3),

appearing as darker areas in the coating (Fig. 4a).

(b) BF-TEN (d) HAADF

&
o
!

Composition (at. %)
no
o

o

0 100 200 300 400 500
Distance (nm)

Fig. 3. TEM analysis of the oxidized Crg.35Sio.16Bo.4s thin film after 1h at 1200 °C in ambient air. (a)
shows the sample cross section (STEM image, overview) with the marked area for the detailed (b)
BF-TEM image of the scale formation and the position of the (c) EELS line scan. (d) shows a
detailed HAADF image (position marked in (b)) and an EELS mapping of B, Si, Crand O.

When comparing the scale formation, Cr-Si-B shows a more pronounced sharp triangular scale
structure while Cr-Al-Si-B shows a less sharp, more homogeneous scale morphology. Detailed
examination of the oxide layers revealed layered scale growth in both systems. For Cr-Si-B, the
EELS line scan (Fig. 3c) as well as the EELS mapping in Fig. 3d indicated that the scale consisted
of a Si-O-based layer above the boride, followed by a Cr-O-based layer on the outer surface. The
Cr-O layer on top appears crystallized, whereas the Si-O layer beneath is amorphous [33].
Similarly, the Cr-Al-Si-B system exhibited a Si-O scale directly above the boride (see Fig. 4c and

4d), followed by a Cr-O scale, with an Al-based oxide forming on the outmost region. This layered
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oxide growth align with previous studies [34], which reported Al-based oxide formation atop Cr-
based oxide in Cr-Al-Si-B coatings. However, the current results of this study and a comparison
of the three systems and their chemical compositions suggest that small amounts of Si (about 8
at.%) promote the formation of additional protective alumina scales. It can therefore be seen that
Si has a key effect on the oxidation resistance of diboride thin films, even for Al-containing
coatings. Si, with a low solubility in diboride structures, and, as shown here, a tendency to dual-
phased structures (formation of CrSi,), seems to be readily available for scale formation,

favorable for the formation of protective oxide scales.

]

Si

o
o

Cr-Al-Si-B Si-based scale Cr-based Al-based

& ‘
¥ 804 scale scale ,"‘
L

W prot
S 60+ layer
g 40 .
b 0 '”-""“““"“4/ ‘\ /J‘/'\f‘\.« ""V'"M 3 =¥ T mb“

0 100 200 300 400

Distance (nm)

Fig. 4. TEM analysis of the oxidized Crq.27Alo.22Si0.0sBo.42 thin film after 1 h at 1200 °C in ambient air.
(a) shows the sample cross section (STEM image, overview) with the marked area for the detailed
(b) BF-TEM image of the scale formation and the position of the (c) EELS line scan. (d) shows a
detailed HAADF image (position marked in (a)) and an EELS mapping of B, Si, Cr, Aland O.

Both coatings, Cr-Si-B and Cr-Al-Si-B, showed excellent oxidation resistance at 1200 °C for 1 h,
despite their relatively thin film thickness (1.5-2 pum). However, the oxidation behavior at higher
temperatures (1300-1400 °C) showed limitations. At 1300 °C, Cr-Si-B withstood oxidation without
significant degradation at the first glance of FIB cross sections (Appendix C, Fig. C1a). In contrast,
Cr-Al-Si-B exhibited significant delamination from the substrate (Appendix C, Fig. C1b). None of
the two coating systems were able to withstand 1400 °C, as both coatings were completely

oxidized at the end of the test.
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Conclusions

In this paper, a combinatorial deposition technique has been used to synthesize a chemical
variety of Si and/or Al alloyed CrB. thin films. This study focuses on the effectiveness of the
strongest oxide formers on the scale formation and oxidation resistance of AlB, structured
diborides. The ternary system Cr-Si-B as well as the quaternary system Cr-Al-Si-B show small
peaks of the CrSi, phase in the as deposited state (starting from about 3-4 at.% Si), which is due
to the low Si solubility in hexagonal CrB,. Nevertheless, all thin films have a clear hexagonal AlB,
dominated structure. After an initial screening by dynamic thermogravimetry, the oxidation
behavior of different Cr/Al/Si ratios was investigated. The oxidation resistance of CrB, could be
increased from 600 °C to 800 °C by adding about 20 at.% Al. But with an additionalincrease in
the Al content to 31 at.%, an oxidation onset at 800 °C could not be avoided. In contrast, Si
alloyed CrB, coatings exhibit excellent oxidation properties due to the formation of a protective
silica scale. In our study, the threshold value was between 11 and 18 at.% Si content, where the
oxidation behavior up to 1300 °C was significantly improved. Interestingly, for the quaternary Cr-
Al-Si-B system, the combination of (lower) Si and Al alloying (compared to the two ternary
systems) could also lead to significantly improved oxidation behavior up to 1300 °C. In both
cases, a layered scale was formed consisting of a Si-oxide based scale (on top of the diboride),

followed by a Cr-oxide based scale, and an Al-oxide based scale (for the quaternary system). At
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oxidation testing at higher temperatures (1300 and 1400 °C), significant spalling of the

quaternary coating from the alumina substrate occurred and only the Cr-Si-B system could
withstand temperatures up to 1400 °C. In summary, while the Cr-Si-B system exhibits excellent
resistance to high-temperature oxidation, the quaternary system also shows promising results,
particularly for high-temperature applications involving water vapor, taking into account the

instability of SiO in these environments.
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Appendices

A. Phase analysis (XRD)
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Fig. A1. X-ray diffraction patterns of all Cr-Al-B thin films. The chemical composition of the films
is shown to the right of the diffractograms, which are arranged from top to bottom with increasing
Al content. The peaks are correlated to standardized reference patterns: the squares represent
hexagonal CrB, (space group 191, AlB, prototype, 04-003-6127) and the triangles represent the
polycrystalline Al,O; substrate material (00-046-1212).
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Fig. A2. X-ray diffraction patterns of all Cr-Si-B thin films. The chemical composition of the films
is shown to the right of the diffractograms, which are arranged from top to bottom with increasing
Si content. The peaks are correlated to standardized reference patterns: the squares represent
hexagonal CrB; (space group 191, AlB, prototype, 04-003-6127), the circles represent hexagonal
CrSi, (03-065-9705), and the triangles represent the polycrystalline Al,O; substrate material (00-
046-1212).
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Fig. A3. X-ray diffraction patterns of all Cr-Al-Si-B thin films. The chemical composition of the films
is shown to the right of the diffractograms, which are arranged from top to bottom with increasing
Si content. The peaks are correlated to standardized reference patterns: the squares represent
hexagonal CrB; (space group 191, AlB, prototype, 04-003-6127), the circles represent hexagonal
CrSi, (03-065-9705), and the triangles represent the polycrystalline Al,O3; substrate material (00-
046-1212).
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B. Additional TEM analysis
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Fig. B1. (a) STEM cross section of the oxidized Crg2;Alo.2sBo4s thin film after 1 h at 1200 °C in
ambient air with the marked area for the (b) EELS line scan. The coating is completely oxidized
after the oxidation test.
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Fig. B2. (a) STEM cross section of the oxidized Crg35Sio.16Bo.4s thin film after 1 h at 1200 °C in
ambient air with the marked area for the (b) EELS line scan. After the oxidation test, Si
accumulates towards the substrate and Si precipitates form.
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Fig. B3. (a) STEM cross section of the oxidized Cro27Alp.22Si0.00Bo.42 thin film after 1 h at 1200 °C in
ambient air with the marked area for the (b) EELS line scan. No segregation occurs after the
oxidation test. The dark areas in the STEM image (between substrate and scale) indicate B-rich
regions.
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C. Oxidations tests at higher temperatures (1300 and 1400 °C)

(a) Cr-Si-B after ox. at 1300 °C, 1h
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Fig. C1. FIB cross section of the oxidized (a) Cro3sSio.16Bo4s coating after 1 h at 1300 °C, (b)
Cro.27Alp.22Si0.09Bo.42 coating after 1 h at 1300 c’C, (C) Cro.35Si0.16Bo.49 Coating after 1 h at 1400 °C, and
(d) Cro.27Alo.22Si0.09Bo.42 coating after 1 h at 1400 °C. The coating in (a) appears to be intact after the
oxidation test, (b) has suffered spallation, (c) and (d) appear to be completely oxidized.
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