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RESUME

Les performances des moteurs d’avion et leur fonctionnement dans des environnements
particulierement difficiles ont posé un défi constant pour le choix des matériaux appropriés et de
leurs caractéristiques. En outre, avec les progres récents en termes de consommation spécifique de
carburant (SFC) et de réduction des émissions de CO», la nécessité d'augmenter les températures
d'admission (~6°C-9°C/an) pour obtenir des rendements plus élevés des moteurs et réduire le poids

des composants rotatifs a considérablement augmenté.

Dans ce contexte, la pertinence de matériaux plus légers avec une performance optimale (haute
résistance a I'oxydation et résistance mécanique €levée) au-dela de 700 °C a été élucidée, favorisant
le remplacement des superalliages a base de nickel a haute densité actuellement utilisés dans les
sections de moteurs a basse température. Dans la turbine a basse pression, des aubes de turbine
plus légeres en y-TiAl ont déja commencé a étre utilisées depuis quelques années, en particulier
dans les moteurs GEnx et CFM-LEAP.

Des progrés importants dans l'optimisation des propriétés thermo-mécaniques de ces matériaux
structurels (c'est-a-dire les alliages a base de Ni, Co et y-TiAl) ont été réalisés avec I'approche
métallurgique via la chimie des alliages. Cependant, I'amélioration de leurs propriétés et I'extension
de leurs capacités, en particulier pour la protection des surfaces (spécifiquement la résistance a
I'oxydation) nécessitent I'utilisation de revétements protecteurs.

La variété des revétements de protection et des approches d'ingénierie de surface disponibles pour
de nouveaux développements est trés importante. Ils peuvent étre distingués selon leur architecture
(barrieres thermiques de type revétement multicouche ou de type revétement a composition
graduée), par la méthode de production (techniques chimiques ou physiques en phase vapeur,
pression atmosphérique vs basse pression, techniques métallurgiques, etc.), ou la famille des
principaux composés constitutifs (siliciures, aluminures, multi-composantes ((MCrAlY; M:
métal), a base de Cr, etc.) Au-dela de la diversité des revétements, tous ces systemes necessitent
des ameliorations continues pour mitiger la dégradation, la délamination ou des effets secondaires

indésirables de nature chimique ou mécanique.

En ce qui concerne spécifiqguement le développement de revétements résistants a l'oxydation, la

stratégie de convergence pour tous les différents systemes de revétement consiste en la formation
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de ce que I'on appelle croissance d'oxydes protecteurs (c'est-a-dire Cr203z, SiO2, Al203) qui restent
thermodynamiquement stables & haute température et présentent une croissance cinétique lente.
Celles-ci sont obtenues en utilisant des éléments appropriés dans le revétement pour interagir avec

I'oxygéne, tout en limitant l'interaction de I'oxygéne avec le matériau ou I'alliage de base.

En termes de technologie et de matériaux, les composes a base de Si- et de Pt- tels que TixSiy et
PtxAly ont été associes a des applications résistantes a I'oxydation principalement en raison de leurs
points de fusion élevés et de leur résistance a I'oxydation forte et intrinséque, notamment en raison
de la nature et de la stabilité de leurs produits d'oxydation (SiO; et Al2Os, respectivement).
Cependant, leur étude n'a été abordée que séparément ; les revétements TixSiy ont principalement
été produits par des méthodes chimiques (c'est-a-dire, procédé de cémentation en caisse), tandis
que les revétements PtxAly par dépbt chimique en phase vapeur (CVD) et galvanoplastie.

De plus, a part la structure caractéristique a trois couches des revétements de barriére thermique
(TBC), le développement de revétements multicouches résistant a I'oxydation - ou barriéres de
diffusion de I'oxygéne - est resté trés limité. D'un point de vue fondamental, la compréhension des
mécanismes de transport dans les revétements de protection contre I'oxydation a haute température
est cruciale pour une compréhension plus approfondie de ces systéemes, mais ils sont rarement

étudiés, en raison de leur complexité.

Ce projet doctoral se concentre donc sur le développement de systémes de revétements
multicouches plus complexes qui présentent une composition multi-phase de composeés a base de
Si (TixSiy) ou de composés mixtes a base de Si et de Pt (TixSiy + PtxSiy+ PtxAly), produits a l'aide
de méthodes non-traditionnelles dans le domaine de I'aéronautique, spécifiquement la pulvérisation
magnétron et le traitement thermique sous vide. Une telle constitution n'a pas été rapportée
auparavant, ni dans des revétements simples, ni dans des architectures multicouches, et les
processus de transport a haute température potentiels de ces systémes ont été fortement soulignés

tout au long de cette étude.

Gréace a un suivi efficace des élements par une analyse chimique combinée de la masse et des
surfaces, ainsi que par la microscopie électronique et la spectroscopie de coupes transversales, la

compréhension des réservoirs de Si et de Si-Pt (en termes d'épaisseur et de rapport de composition),
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et leur role dans la croissance microstructurale de chaque zone/couche pour chague systeme de

revétements a été détaillée.

De plus, la disponibilite des matériaux dans les réservoirs et leur impact sur le comportement
d'oxydation et I'évolution microstructurale de ces multicouches due aux processus de transport
pendant l'oxydation a haute température ont été déterminés. La réduction de la cinétique
d'oxydation d'un ordre de grandeur a également été atteinte et confirmée sur les systemes a base de
Si (revétements TixSiy) avec de faibles réservoirs de Si (3 um), attribuée aux régimes d'oxydation
paraboliques, et confirmée par estimations cinétiques. Pour tous les systemes de revétement
développés (a base de Si- et de Pt-), un mécanisme d'oxydation protectrice a été clarifié et lié a la
formation d'oxydes protecteurs principalement de SiO> et d' Al,Os et & la formation trés restreinte
ou complétement limitée de TiOa.

Enfin, les éléments du triplet microstructure - processus de transport - comportement d'oxydation
ont été corrélés par un modele phénoménologique pour chacun des systemes étudiés, soulignant

I'auto-organisation des croissances d'oxydes protecteurs dans la structure multicouche spécifique.

Certains des chapitres suivants sont basés sur des références [180,191]. Dans lequel J’ai apporté
une contribution majeure a ces travaux en ce qui concerne la conception et la réalisation des
expériences, et le développement de revétements et leur caractérisation, ainsi que dans 1’analyse et

la discussion des résultats, et la rédaction des manuscrits.
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ABSTRACT

The performance of jet engines and their operation in particularly harsh environments has been a
constant challenge for choosing suitable materials and their characteristics. Additionally, with the
recent advancements in terms of specific fuel consumption (SFC) and reduced CO2 emissions, the
need for increased inlet temperatures (~6°C-9°C/year) for achieving higher engine efficiencies and

weight reduction in rotating components has significantly increased.

In this context, the relevance of lighter materials with optimum performance (high oxidation
resistance and elevated mechanical strength) beyond the 700 °C has been elucidated, promoting
the replacement of the currently used high-density Ni-based superalloys in the lower-temperature
jet engine sections. In the low-pressure turbine, lighter y-TiAl low-pressure turbine blades have
already started to be implemented since a few years, specifically in the GEnx and CFM-LEAP

engines.

Important progress in optimization of the thermo-mechanical properties of these structural
materials (i.e., Ni-based, Co-based, and y-TiAl based alloys) has been attained with the
metallurgical approach via alloy chemistry. However, further improvements in their properties and
extended capabilities, specifically for surface protection (i.e., oxidation resistance) demand the use

of protective coatings.

The variety of protective coatings and surface engineering approaches available for further
development is very significant. They can be distinguished according to their architecture
(multilayer or graded composition, thermal barrier coatings), the method of production (chemical
or physical vapor techniques, atmospheric pressure vs low pressure, metallurgical techniques etc.),
or the family of main constituting compounds (silicides, aluminides, multi-components ((MCrAlY;
M: metal), Cr-based, etc.). Beyond the diversity of coatings, all of these systems require continuous
improvements to mitigate degradation, delamination, or secondary undesired effects of chemical

or mechanical nature.

Specifically for the development of oxidation-resistant coatings, the strategy of convergence for
all the different coating systems consists in the formation of the so-called protective oxide scales
(i.e., Cr203, SiO2, Al203) that remain thermodynamically stable at high temperature and exhibit



slow kinetic growth. This is attained by using appropriate elements in the coating to interact with

oxygen, while restricting the oxygen interaction with the base material or alloy.

In terms of technology and materials, Si- and Pt-based compounds such as TixSiy and PtxAly have
been related to oxidation resistant applications mostly due to their high melting points, and intrinsic
high oxidation resistance, particularly due to the nature and stability of their oxidation products
(SiO2 and AlOg, respectively). However, their study has only been addressed separately; TixSiy
coatings have been mostly produced by chemical methods (i.e., pack cementation), while the PtxAly

coatings by chemical vapor deposition (CVD) and electroplating.

Additionally, apart from the three-layered structure characteristic of thermal barrier coatings
(TBC), the development of multilayered oxidation-resistant coatings — or oxygen diffusion barriers
- has remained very limited. From the fundamental point of view, the understanding of transport
mechanism in oxidation protective coatings at high temperature is crucial for a deeper

understanding of such systems, but are rarely elucidated, due to their complexity.

The present PhD project focuses on the development of more complex multilayered coating
systems that exhibit a multi-phase composition of either Si-based compounds (TixSiy) or mixed Si-
and Pt-based compounds (TixSiy + PtxSiy+ PtxAly), produced with the use of non-traditional
methods in the field of aeronautics, namely magnetron sputtering and vacuum thermal treatment.
Such particular constitution has not been reported previously neither in single coatings or
multilayer architectures, and the potential high-temperature transport processes of these coating

systems have been strongly emphasized throughout this study.

By effective tracking of the elements through combined bulk and surface chemical analysis as well
as through cross-sectional electron microscopy and spectroscopy, the understanding of either Si
and Si-Pt reservoirs (in terms of thickness and compositional ratio), and their role in the

microstructural growth of each zone/layer for each coating system has been detailed.

Also, the material availability within the reservoirs and their impact on the oxidation behavior and
the microstructural evolution of these multilayers due to the transport processes during high-
temperature oxidation have been determined. Additionally, the reduction of the oxidation kinetics
by one order of magnitude has been attained and confirmed on the Si-based systems (TixSiy

coatings) with low Si reservoirs (3 um), attributed to the parabolic oxidation regimes, as confirmed



by kinetic estimations. For all developed coating systems (Si- and Pt- based), a protective oxidation
mechanism has been clarified and related to the formation of mostly SiO, and Al,O3 scales and

very restricted or completely limited TiO2 formation.

Finally, the triplet microstructure - transport processes - oxidation behavior have been correlated
through a phenomenological model for each of the studied systems underlining the self-

organization of the scales in the specific multilayer structure.

Some of the subsequent chapters are based on references [180,191]. In which | made a major
contribution with regard to the design and performance of the experiments, including the
development of the coatings and their characterization, as well as in the analysis and discussion of

results and writing of manuscripts.
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CHAPTER 1 INTRODUCTION

The development of materials for high-temperature applications has been a need for humans since
ancient times; it dates back since humans first related to fire and heat, and up to present times
considering more complex processes such as the development of sophisticated technologies,
devices, and machines. It was mainly at the turn of the 19" to the 20™" century that very particular
applications related to high temperature were developed, among them the filament lamp, the
combustion engine, and later the jet engine. The vital role of materials (i.e., steel, stainless steel,
and nickel-chrome alloys) must be highlighted since they appeared as a driving force of such
developments. [1]

With time, the knowledge of materials has evolved, which has brought much progress to diverse
fields. Diverse families of materials with high-temperature resistance have become available; this
currently includes Ti alloys, superalloys (steel, Ni and Ni-Co), and refractory metals (W, Mo, Nb,
Ta, Re), ceramic materials, composites, etc. just to mention some. Each type of material is
contributing in a very particular way to the feasibility of high-temperature applications in severe

environments [1].

For any particular application, the optimum performance of their components is limited by the
degradation of the materials that constitute them. With an increase in temperature, the potential for
chemical reactions and their kinetics of degradation increases, as well as the possibility for
microstructural changes. Therefore, the challenge for materials to maintain long-term stability of
their properties (i.e., high strength, resistance to oxidation, etc.), particularly when operating in
harsh atmospheres, is closely related to the understanding of the process-structure-properties-

performance relationship [1].

Jet engines were originally developed in the 1930s to power aircraft propulsion, and are a precise
example of an application in which the performance of materials must rely outstanding upon
extreme conditions. Since their introduction, these have been continuously evolving; particularly,
with the advancement of structural materials and their processes, which has inherently influenced

the progress of jet engine technologies [2].

High temperatures (above 750°C) and stresses are the main parameters to consider when

implementing new materials in the jet engine components. The severe conditions at which turbine



blades (e.g., high pressure or low-pressure sections) operate, determine the selection of high-
performance materials as a critical step in the design of such complex systems. In this context, the
high-temperature oxidation conditions and materials stability above 750°C of the low-pressure
turbine blades is the main focus of this study.
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Figure 1.1 Schematics of the jet engine turbine, the low-pressure turbine section highlighted in
purple is the area of interest in this project, and the operational temperature of y-TiAl turbines is
indicated. Modified from [3,4].

The performance of aircraft engines can be summarized as follows [2]:

I The thrust-weight ratio (W/F) which is obtained by compressor blades with a high-aspect-
ratio
ii. An optimized pressure ratio per unit flow (thermal efficiency of the engine)

iii. Increase in the firing temperature

Since a higher trust (the force that pulls the aircraft forward) can be obtained with an increased
inlet temperature, there has been a constant need to raise the jet engine operating temperatures,
while increasing performance. In the low-pressure turbine blades, apart from the temperature
increase, there has been a modification of their size, toward higher dimensions, mainly due to the

increased fan size (bypass ratio), creating additional requirements for lighter materials with similar



thermal properties in comparison to the presently used Ni-based alloys [2]. In addition, low engine

weight reduces the structural requirements of the wings and decreases fuel consumption.

According to reports on turbine jet efficiency, new gas turbines have achieved inlet temperatures
as high as 1427°C, with related pressure ratios of 40:1 and efficiencies of 45% or higher. With the
aim to assure superior performance in the long term operation, the materials used for turbine blades
must exhibit certain characteristics, these include low thermal expansion coefficient, high thermal
conductivity, resistance to oxidation as well as to corrosion, high rupture strength, and limited
creep [2-5]. These characteristics are very often obtained by implementing coating technologies.
The use of coatings helps to protect the base material from the severe environment while displaying
a certain array of properties that the alloy itself could not exhibit and extending the life of the blades
[6-10].

Among the different structural materials for aircraft components, titanium aluminides (y-TiAl)
with a nominal composition of Ti-48Al-2Cr-2Nb (at.%) are intensely investigated because of their
potential use in different turbine sections of the jet engine. The lightness of Al and the mechanical
characteristics of Ti results in an intermetallic compound with great capabilities, low density (3.8
g/cm?), relatively high melting point (~1447 °C), some room temperature ductility (2-3%), and
high specific strength, high yield strength (of up to 1400 MPa depending on alloying), and stiffness
(150-175 GPa) make them a very promising material for the aircraft industry, also the Cr and Nb
incorporation in this alloy provides improved ductility and oxidation respectively [11-14].

Compared to Ni-based alloys, y-TiAl materials exhibit lower operational temperatures, but y-TiAl
alloys own half of their weight. However, low ductility and low oxidation resistance are the main

challenges to address when considering this alloy [11-15].

In the particular case of the y-TiAl alloys, which are a cornerstone in the development of
lightweight jet engines, there must be a balance of good mechanical properties and oxidation
resistance to satisfy the severe requirement of the jet engine components. From the mechanical
point of view, a significant limitation of these alloys is the low ductility at ambient temperature
and low fracture resistance, and the challenge to exhibit enough oxidation resistance at high

temperature while maintaining suitable creep and strength retention [11-15].



The use of y-TiAl alloys is still restricted due to significant oxidation at high temperatures (>750°C)
leading to the formation of mixed oxidation products of Al2Ozand TiO2. The combined growth of
these oxides results from the proximity of the metal/oxide equilibrium pressures in the Ti-A1-O
system (A1/A1,03 and Ti/TiO2) at 900°C, as detailed by Rahmel and Spencer [16]. This promotes
the growth of either TiO», Al2O3, or both oxides according to the composition of the regions in the
base material. In addition, although Al,Oz is a stable and slow-growing protective oxide, the faster
growth of TiO2 with respect to Al,O3 (due to a faster diffusivity of Ti in TiO> than Al diffusivity
in alumina), results in the formation of an unprotective oxide scale, with an outer layer of TiO, and
a mixed TiO2 /Al;Os interlayer underneath. In such a case, the high internal porosity of TiO2 acts
as a path for oxygen to diffuse into the substrate and cause severe embrittlement of the base material
[17-18].

As described above, high-temperature oxidation can result in the growth of unprotective oxide
scales which can cause severe chemical degradation of the alloy or component due to the continued
oxygen dissolution and diffusion of the elements that constitute the alloy or component. Therefore,
the use of coatings that are resistant to high-temperature oxidation is among the most essential
methods for the protection of these structural materials. These coatings work by selectively
oxidizing elements that will result in the growth of a protective oxide; the coating acts as a reservoir
of the elements that will form the protective (thermodynamically stable and slow-growing) oxides,
most frequently with Al, Cr, and Si composition [5, 8-11].

The structural stability of these coatings is then related to their thermal stability over time. The
durability of the coating is essential; it depends on the composition, thickness, and uniformity.
Diverse oxidation-resistant coatings produced by different deposition techniques have been
developed and explored over the years. Among these, are the ones containing Pt, as in the Pt
diffusion aluminide coatings for Ni-based substrates [19-22], and Si-containing ones, such as the
titanium silicides for y-TiAl substrates, have been considered very promising materials to protect

against high-temperature oxidation.

The presence of Pt in the Pt-aluminide coatings can induce an accelerated Al activity and indirectly
promote the Al>O3 formation; While in the Si-based coatings [23-26], the growth of the protective
SiO oxide is attained. Furthermore, titanium silicides (TixSiy) exhibit a high melting point (2130



°C), low density (i.e., prisi, = ~4 g/cm?), satisfactory oxidation resistance, and good

mechanical behavior (considerable strength at elevated temperature, as well a high hardness and
creep resistance) [23-26].

The required properties of the coatings depend on the particular application, and they can be
tailored by the deposition conditions and technique used. Among the coating deposition techniques,
diffusion coatings are of interest because they can provide high thickness, strong bonding to their
substrate, and a continuous grading in composition. These coatings can be obtained by depositing
a reservoir of the material of interest either by a chemical or physical deposition process and by
subsequent annealing in a suitable atmosphere, promoting in this way the diffusional transport of

elements to promote the formation of a graded layer [27].

Development of protective coatings by promoting the growth of slow-growing and
thermodynamically stable oxides (i.e., SiO2, Al203, Cr203) is essential for protecting y-TiAl used
in aero-engine components. The available protective coatings (i.e., diffusion coatings, overlay
coatings. etc.,) require mitigation of either chemical or mechanical degradation; highlighting the
lack of more complex diffusion barriers against oxygen. In addition, there is a missing
understanding of the oxidation mechanism in relationship with their microstructural design for a

majority of the coating systems.

In response to this scientific challenge and technological gap, the combined effect of Si and Pt
which has not been reported in the literature, and their promising behavior as constituents of

oxidation-resistant coatings are combined to develop a new multizone oxygen diffusion barrier.

This project proposes to build a surface reservoir of Si and Si-Pt with high precision by combining
industrially relevant magnetron sputtering, and subsequent vacuum thermal annealing to form a
multi-zone system (multilayered structure) based on the thermally activated diffusion processes,
which redistribute the elements in such way that it separates the slow and fast oxidizing

constituents, while it builds a protective oxide scale and a barrier against further oxygen diffusion.

1.1 General objective

The main objective of this study is to understand the mechanism of oxidation of a protective

coating system while considering Si and Si-Pt reservoirs (layers of particular thickness) on y-TiAl



and tailor its performance in terms of their microstructural evolution. To accomplish the project

goal, this study considers several inter-related specific objectives, as described below.

1.2 Specific objectives

i.  Understand the effect of Si reservoir and thermal annealing time, on the microstructural
characteristics of the Si-based diffusion coating, and correlate it with their oxidation
mechanism.

ii.  Explore the influence of different Si-Pt ratios (i.e Si-rich versus Pt-rich), the thickness of
the Si-Pt reservoir, and thermal annealing temperature, on the growth, microstructural
evolution, and oxidation behavior of multilayered Si-Pt based diffusion coatings.

iii. Based on the results obtained, establish/propose an optimum design of Si and/or Si-Pt
based diffusion coating system for the y-TiAl substrate.

1.3 Thesis outline

This thesis is organized into eight main sections (or chapters). The main goal and objectives are
described in this Chapter 1.

Chapter 2 presents the state of the art and offers the fundamental background to describe the
context of this research. It includes the materials aspects of Ti-Al alloys, ranging from the alloy
chemistry to their oxidation performance, followed by the fundamentals of oxidation and of solid-
state diffusion, as well as an overview of some of the existing oxidation-resistant coating systems

prepared by different methods.

In Chapter 3, the experimental methods that allow us to conduct this study are detailed. Those are
structured in two blocks, first, the overall process for the coating development is described as well
as the hybrid steps used for the coating growth, followed by the characterization techniques, with

a specific focus on microstructure, composition and oxidation performance.

Chapter 4 is the first part of the presentation of the results, particularly focused on the
characterization of the base material before any surface modification, as well as on the surface
preparation of the base material using plasma cleaning and its effect on the properties of the base

material.



Chapter 5 -Protective TixSiy coatings for enhanced oxidation resistance of the y-TiAl alloy at
900-C is devoted to the coating development, particularly the Si-based coatings that were grown
at 950°C with different annealing durations. Here the growth of the coating and their oxidation
performance at 900°C are studied, as well as the microstructural evolution due to oxidation at high

temperature. The related publication is referred as follows: Crespo-Villegas, J., Cavarroc, M.,

Knittel, S., Martinu, L., & Klemberg-Sapieha, J. E. (2021). Protective TixSiy coatings for enhanced

oxidation resistance of the y-TiAl alloy at 900° C. Surface and Coatings Technology, 127963.

Chapter 6-Auto-assembly of a multilayer structure in magnetron sputtered Si-Pt reservoirs
on y-TiAl alloy induced by high-temperature annealing and their oxidation behavior presents
the results of coating development based on thick Si-Pt reservoirs at 750°C and rich Si
compositional ratios. The growth of a Pt-Si-based multilayer coating system and its microstructural
evolution due to oxidation at 900°C is also studied. The related publication is referred as follows:
Crespo-Villegas, J., Cavarroc, M., Knittel, S., Martinu, L., & Klemberg-Sapieha, J. E. (2022). Self-
organization of multilayer structure in magnetron sputtered Si-Pt reservoirs on y-TiAl alloy

induced by high-temperature annealing and their oxidation behavior. An additional section with a

complementary study of Pt-Si multilayer system growth at 950°C, rich Pt compositional ratios, and

thinner Si-Pt reservoirs, as well as their oxidation behavior is discussed in Appendix A.

Chapter 7, provides a discussion of the main findings and relevance of this research work, the
different Si and Si-Pt coating systems developed in this PhD project, as well as their performing
behavior compared with other different approaches built in the framework of this collaborative
research FCSEL-SAFRAN.

Chapter 8 summarizes the most important contributions of this PhD work; it also highlights the

most important outcomes and provides potential perspectives for future developments.



CHAPTER 2 LITERATURE REVIEW

This chapter provides an overview of the main subjects related to this study: It first introduces the
fundamental characteristics of the base material (y-TiAl alloys), to then continue with the theory
of oxidation, including the thermodynamics, kinetics, and diffusion processes; It is at the end
complemented by a summary of the different approaches used to develop coating systems for high-

temperature applications, from the surface engineering point of view.

2.1 y-TiAl alloys

2.1.1 Properties of y-TiAl materials

y-TiAl based alloys are an intermetallic compound that has been studied since around the 1950s,
and it remains a relevant subject until now. Intermetallic compounds are a type of material whose
properties are between those of a metal and a ceramic because of the metallic-covalent bonding
that characterizes them. They possess a crystalline order and are denoted “structural” because of
their intrinsic mechanical properties [28-32]. In Table 1.1 the inherent attractive characteristics
of TiAl are compared with other intermetallics such as the Ni-Al superalloys [32,33].

Table 2.1: Comparison of titanium aluminides properties and nickel-based superalloys [32,33].

Property TizAl TiAl Nickel-based superalloys
Density, g/lcm?® 4.1-4.7 3.7-3.9 8.3

Modulus, GPa 100-145 160-176 206

Yield strength, MPa 700-900 400-650 275-1125

Tensile strength, MPa 800-1140 450-800 1,240

Creep limit, °C 760 1000 1090
Oxidation limit, °C 650 700 1090

Ductility at room temperature,%  2-10 1-4 3-5

Ductility at high temperature, %  10-20 10-60 10-20

Structure D019 L1o FeclL




Additionally, intermetallic alloys are of great interest for high-temperature applications due to their
beneficial properties such as relatively high melting point, a suitable high-temperature strength,
and low density that could decrease the weight of the jet engine components and therefore diminish

the concentration of stresses that can be originated during their operational cycles of loading.

However, besides their advantages, they also exhibit certain limitations, such as high brittleness

(low ductility) inherent to their ordered nature [33,34].

Their production, particularly for y-TiAl intermetallics is similar to those used for other metals
and alloys, which includes ingot melting, casting, forging, precision casting, and machining [13,35-
36].

2.1.2 Ti-Al alloy chemistry and phase equilibria

In the Ti-Al phase diagram of Figure 1.2 (a) [13], three main compounds can be observed,
namely TizAl (a2), TiAl (y), and TiAls; Of these, y-TiAl alloys are the ones of interest for this
study. y-TiAl alloys are characterized by their composition, with an aluminum content of 46 to 52
atomic percent (at. %). In addition, this alloy contains at least one of the following elements
vanadium, manganese, tungsten, tantalum, niobium, or chromium incorporated in a range of 1-10

atomic percent (at. %).

The central part of the Ti-Al phase diagram is shown in Figure 1.2 (b). In this range of
concentrations (expressed in at. %), the equilibrium phases are: hcp a-Ti (disordered and liquid),
bce B-Ti (disordered and liquid), as well as the y-TiAl (ordered, L1o structure), and a2-TisAl
(ordered, DOqg structure). The exact extension of each ordered phase is not defined by an absolute
composition; instead, it is a range of compositions. These uncertainties are related to the presence

of impurities such as oxygen, nitrogen, carbon, and hydrogen [13,35,36-38].

The thermal process for obtaining different TiAl alloys involves several phase transformation
reactions. It starts with the solidification of the § phase, a subsequent transformation to the o region,
which is followed by a transformation into the o + 3 region and then into the a2+ vy structure. The
strong relationship between the desired properties and the microstructure allows one to tailor and
tune their characteristics during production. There are two types of Ti alloys, the o -stabilized or
peritectoid reaction that is obtained when adding metal into the pure Ti and the -stabilized type,



10

which is obtained when incorporating a transition metal into the pure Ti lattice. Elements from the
VI-A group are well known as the B stabilizers (Cr, Mn, Mo, Si, B, C), while Al, Ga, Sn, Zr can
stabilize the a2 phase [13,35,36-38].
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Figure 2.1: (a) Ti-Al phase diagram and (b) central part of the binary Ti-Al phase diagram.
Adapted from references [13,14].

Alloying with certain elements has been widely explored, and it has allowed to make significant
progress on the limited room temperature ductility and fracture toughness of the a2 and y phases
mainly because it can (i) produce a relaxation of the restricted slip modes, as well as (ii) delay the
kinetics of ordering by changing the long-range order, this is particularly useful on a2 alloys but
still limited on y alloys. Alloying can also (iii) induce the formation of new constituent phases (i.e.,
ductile second phases) or (iv) change the transformation behavior during heat treatment and
processing [36-40]. In general, for the bi-phasic (duplex microstructure) alloys, the incorporation
of additional elements has improved their ductility (i.e., V, Cr, and Mn), and oxidation resistance
(Nb and Ta). Specifically, for the obtention of the Ti-48Al-2Cr-2Nb composition, Cr and Nb are
incorporated since the presence of Cr induces better ductility, and that of Nb results in beneficial
oxidation behavior of the alloy due to the stabilization of the Al>Os scale. However, the further
incorporation beyond a critical amount of the additional elements is restricted by the embrittlement
that can occur due to the precipitation of the a2 phase. To develop alloys with the optimum balance
of thermo-mechanical properties, the progress in the processing of the alloys continues to evolve,
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demonstrating the scientific and technological challenge that arises with the introduction of new
materials [36-40].

2.1.3 Crystal structure and microstructure of y-TiAl alloys

During Ti-Al intermetallic compounds formation, the symmetry at the lattice of the metal
element is reduced, which causes an increase in restriction for the available deformation modes.
This behavior strongly influences some of their properties shown in Table 1.1; for example,
producing higher strength at high temperatures, and a decrease in ductility as well as in fracture
toughness. With advances in alloying and processing techniques over the years, significant control
over their crystalline structure, microstructural features, grain boundary characteristics,
composition, and strength properties has been gained [13,36-40]. The y-TiAl phase has an ordered
face-centered tetragonal L10 type structure, and the a2 phase is an ordered DOj1g structure; both

crystal structures are schematically represented in Figure 2.2.

22-Ti;Al y-TiAl

®Ti 0A1

Figure 2.2: Crystal structure of the hexagonal a2-Ti3Al and tetragonal y-TiAl. Adapted from

reference [13].

The y-TiAl phase exhibits a broad range of Al content (49 to 66 at.%) and temperature-dependent
stability. The y-TiAl phase seemingly stays ordered up to its melting point. The tetragonality of the
v-TiAl phase is caused by different atomic radios of Ti and Al. For the stoichiometric compound,
the tetragonality ratio is 1.02 and can either increase to 1.03 or decrease to 1.01 when increasing

or decreasing the aluminum content, respectively [36-40].
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The o2-TizAl phase exhibits an ordered DO19 (hexagonal closed packed) type structure, the
compositional stability of the a2 phase is wide, with Al content in the range of 22-39 at.%, a2
phase owns low ductility and toughness at room T, that cause their brittleness. Mainly attributed to
the scarcity of separate slip systems that can operate simultaneously, the slip along the C axis

components requires higher shear stresses [36-40].

There are two types of y-TiAl alloys: (i) single-phase containing only the gamma (y) phase, and
(ii) bi-phasic, with a mixture of (y and y + a 2). The gamma (y-TiAl) phase possesses an equiaxed
microstructure and the (y-TiAl+ a2-TizAl) a lamellar morphology. The lamellar structure contains
flat strips of a2 alternated between thin gamma layers. A duplex microstructure that contains both
(equiaxed grains and lamellar colonies) is presented in Figure 2.3. Each of the phases confers to
the y-TiAl alloy specific properties. Then, the volume ratio of gamma to equiaxed (y)/and (y + a2)
is relevant [13,36-40].

Figure 2.3: Microstructure of a duplex (lamellar and equiaxed) Ti-48Al-2Cr-2Nb.

Ductility is strongly related to the lamellar colonies volume and their morphology. It has been
reported that content of 10 vol % of the a2 phase (with around 35 at.% of Al) is optimal for good
ductility. Higher Al content on the a2 causes brittleness. A content of 30% of the lamellar volume
provides an optimal combination of creep resistance at high temperatures while keeping an
acceptable tensile strength and ductility. The biphasic region (y + a2), which exhibits higher
ductility, is caused by the reduction of the c/a unit cell parameter when Al is decreased [13,36-40].
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The origin of the duplex microstructure (y/a2) originates from the process of fabrication. More
specifically, the duplex microstructure is produced by heat treatment in the bi-phasic region. First,
the nearly stoichiometric or Ti-rich composition is obtained either by casting or by melting, and a
polycrystalline lamellar structure is formed. Such a lamellar structure is heated or hot-worked at
high temperature (>1508°C in the bi-phasic region); during the subsequent cooling, the fully
lamellar structure is transformed into a duplex structure consisting of equiaxed grains of the single
v-phase and the lamellar structure. The ratio of equiaxed (y) to lamellar grains (a2) and the grain
size of an alloy is governed by the hot working temperature, the duration of hot work will also
influence the grain size. The alloy used in the present study exhibited a grain size in the range of
~60 to ~200 pm [13,36-40].

2.2 Oxidation at high temperature

2.2.1 Fundamentals of oxidation and diffusion processes

The oxidation process illustrated in Figure 2.4 occurs when a solid material (metal or alloy) is
exposed to an oxidizing atmosphere, most frequently oxygen or air. The oxidation reaction between

a metal and reactive gas is expressed by Equations (2.1-2.3) [41].

The main factors affecting oxidation include temperature, time of exposure, gas composition,
partial pressure, and material characteristics (i.e., composition, microstructure, surface finish,
porosity, etc.). The oxide that forms can grow externally, or internally; For external oxide growth,
an oxide scale (the layer of oxide that grows) develops outwardly. For this to occur, the reactive
elements must be transported through the metal/alloy-oxygen interface.

The oxide scale that results can be either single oxide (i.e., as in Fe oxidation, which results in
Fe»03); or multiple oxides (i.e., as in y-TiAl oxidation, which results in TiO2 and Al20z3); thin or

thick; porous or compact, etc., [17,41-44].
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Figure 2.4: External oxidation mechanism at high temperature. Adapted from reference [41].

M (s) + O2(g) = 2MO (Equation 2.1)
M (s) + Oz (g) = MO2 (s) (Equation 2.2)
4 M (s) + 302(g) = 2M203 (Equation 2.3)

where M indicates a metal

Internal oxidation can also arise when oxygen dissolves in the system being oxidized and one of
the elemental components exhibits high affinity towards oxygen — then both will interact

selectively, creating a precipitate internally [41-44].

Oxidation is commonly addressed from the (i) thermodynamic and (ii) kinetics points of view;

however, due to the complexity of high-temperature oxidation, particularly of alloys or multi-
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component systems, in addition to these approaches (i and ii), the transport of species or diffusion
is very important. As an example, the theory of oxidation rates at high temperatures proposed by
Wagner considers mass transport processes (particularly diffusion) of the species (ions or electrons)

involved in the scale growth [41-42].
According to the Wagner theory,

Q) During oxidation, mass transport originates due to an activity gradient of the species.

(i) Any microstructural defect can influence the mass transport of species.

(iii)  Diffusion processes are caused by gradients of chemical potential within the scale.

(iv)  Electrical potential gradients that occur to separate charges in the participating species are
another contribution to the oxidation rate.

(V) Chemical reactions strongly influence the kinetics of oxidation; however, they are faster
than the diffusion processes

(vi)  Since diffusion is the slower transport process (compared to chemical reactions) during

oxidation, it is the controlling rate factor in the kinetics of oxidation.

External oxidation occurs first by chemisorption processes of the oxygen (i.e., oxygen dissolution)
into the surface of the material, creating a thin monolayer of oxides as a reaction product (i.e., scale
formation), while initial growth occurs through solid-state diffusion of the metallic reactive species
towards the surface, creating lateral islands (whiskers) normal to the surface that continue to grow
by connecting those islands into a continuous film; typically underneath the first layer of oxide

scale, there is significant porosity [41-46].

The transport of the reactive species participating in the oxidation process is thermally activated,
and their driving force can be either an electric field across the oxide layer with electron transport
(for thin films) or can be due to a chemical potential gradient (for thick films). This reaction is fed
by the inward diffusional transport of either the oxygen ions towards the oxide/material interface
or by outward diffusional transport of material ions towards the oxide/gas interface. The oxidation
reaction will only stop if the oxygen partial pressure or the temperature is low. But if high
temperature and atmospheric pressure are present, the reaction will continue. The total oxidation

rate is determined by the diffusion of the active elements through the oxide scale, the transport of
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the diffusing species can be accelerated by microstructural features such as cracks, pores, or grain

boundaries, which act as diffusivity paths. [41-46]

Solid-state diffusion in pure materials is mostly controlled by the almost random movement of
vacancies. Even in intermetallics which are characterized by their ordered crystalline structures,
the presence of crystalline defects occurs while maintaining a local order. Therefore, diffusion in
intermetallics is a complex process based on the motion of atoms through the crystalline volume
or lattice. There are different diffusion mechanisms (i.e., vacancies, interstitial, impurities) that

require high energy and therefore occur at high temperatures [41-46].

There are also microstructural features or defects (i.e., grain boundaries, cracks, or specific grain
size) that are as well critical parameters affecting the diffusional transport of species during
oxidation; this includes the grain size of the base material. The latter can occur at lower
temperatures. A smaller grain size will promote faster diffusion than larger grains; this could be
beneficial to accelerate the formation of protective oxides (selective oxidation) in alloys. A higher
concentration of defects will benefit the transport of the charged species, and as there are more
grain boundaries, the diffusional paths for oxygen are favored due to the weakening Van der Waals
forces among the grains. Higher energy is associated with lattice transport, so this type of diffusion
is more often related to high-temperature environments. However, both types of diffusion (through

the lattice and grain boundaries) can be present during oxidation [41-46].

In the case of Ti and Al, these elements will oxidize preferentially according to their elemental
activity and oxygen pressure. Once the surface is completely covered by the oxide scale, the
continued oxidation will be dictated by the elemental activity at the oxide-metal interface and will
be fed by the diffusion of oxygen through the initial layers of the scale towards the metallic or alloy
surface [17,43-46].

In TiAl intermetallics, the diffusivity of Ti in rutile is faster than that of O, while Al in alumina
diffuses very slowly. Alumina growth towards the metal-oxide interface and rutile growth towards
the gas-oxide interface. When a ternary element is present in the TiAl alloy, the concentration of
the active species participating in diffusion can be modified, and the kinetics of oxidation as well.
Another effect that ternary elements induce is the influence on the oxide/alloy interface and the
oxide characteristics [17,43-46].
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2.2.2 Thermodynamics of oxidation

Oxidation can also be seen from a thermodynamic perspective. Thermodynamics is related to the
reaction products and their stability, which are controlled by the alloy system, temperature, and
the environment, which dictates that the growth of a certain oxide is governed by the standard free
energy of formation (AG) of the oxide compounds that results in the oxidation reaction [16,42,43].
According to temperature and pressure AG° for an oxide formation can be expressed [42] as

follows:

AGy,o, = Hyyo, - T ASy, 0, (Equation 2.4)
where,

G0, = Standard free energy of formation of an oxide (M, 0,)
xUy y
Huy,o0, = Enthalpy of formation of an oxide (M,.0,)

SMxOy = Entropy of the oxide reaction

When the standard free energy of formation at standard conditions (AG°) is known, the standard

free energy of formation of a chemical reaction can be related to the equilibrium constant K [42]:
AG = AG° - RT In K (Equation 2.5)

To express the AG as function of the molar components, chemical potential (i) is introduced [42]:

Hi=AG = (Z—zi) (Equation 2.6)

AG = Partial molar free energies

n; = number of moles for a respective element

For the oxide to grow, the reactive element must be present at the oxide-metal interface, and the

partial pressure of oxygen should exceed the partial pressure equilibrium for the reaction at that
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activity of the element. This equilibrium oxygen pressure p(O2) is established from the AG®, with

values of unity (1) are considered their relationship can be expressed through Equation 2.7 [42].

AG°=-RT In 1/1np02 (Equation 2.7)

The Ellingham-Richardson diagram [41] shown in Figure 2.5, presents graphically the
thermodynamic stability of a significant set of binary oxides (A+ O2 = AQO>), over a broad range of
temperatures (AG° along the Y-axis versus T along the X-axis). The higher the negative value of
AG®, the more significant the stability of the oxide; most stable oxides appear at the bottom while
those with the least stability appear at the top. The AG° values in the diagram are indicated by the
straight line, and the change in the slope at the melting, boiling, or sublimation points shows the
change of entropy for the corresponding reaction. The interception of the free energy line at 0K
(absolute zero) indicates the enthalpy change of the reaction [41,42,47].

The partial pressure of oxygen (p0,) is also provided at the Ellingham-Richardson diagram to
allow the determination of oxygen equilibrium pressures, by extending the zero free energy point
of the X-axis (AG=0) at a temperature of OK, towards the respective AGme/AGmexOy. The
dissociation pressure or oxygen equilibrium pressure of the oxide corresponds to the partial
pressure at which the metal and oxide are present in equilibrium (AG=0). Equilibrium gas mixtures
for CO/CO2 and H2/H20 are also supplemented for the scales. [41,42,47].
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Figure 2.5: Ellingham-Richardson diagram of the oxides of metals and alloys commonly used in

high-temperature applications. Adapted from reference [41].

2.2.3 Kinetics of oxidation

Oxidation Kkinetics refers to the rate of the oxygen reaction that occurs over time when a material
is exposed to an oxygen-containing environment. Kinetics of oxidation is vital to predict or
determine the lifetime of the material/component exposed, as well as reaction mechanisms and
rate-limiting process during oxidation, particularly when operating at high-temperature conditions.
There are three main types of kinetic behavior, as shown in Figure 2.6: logarithmic, parabolic, or
linear, each one expresses a particular trend of the reaction velocity between the oxygen atoms and
the atoms of the material exposed [41,48].
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Figure 2.6: Schematic of the different kinetics of oxidation. Adapted from reference [48].

When the behavior is logarithmic, there is an accelerated start and almost no reaction or very slow

oxidation rate after the initial stage (Equation 2.7).

X =kiglogt +C1 (Equation 2.7)
where,

X: mass change over surface or thickness; kiog: logarithmic rate constant;

t: time; C1 is a constant.

This is the type of behavior exhibited by metals oxidized at low temperature (and pressure) and
noble metals. For this type of oxidation, the rate-limiting mechanism is an ionic and/or electron

transport process with an electric field as the driving force [41,48].

The parabolic behavior occurs when the growth rate of the oxide is proportionally inverse to time
(Equation 2.8), revealing a decrease in the oxide growth as time progresses. Another way to
understand it is from the diffusional transport of the species, in which the diffusional path increased
with time, to reach the oxide/gas interface and metal/oxide interface for oxygen and the material,

respectively. The kinetic transports are controlled by the thermal diffusion of ionic species (inward
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and outward diffusion) strongly influenced by chemical potential gradients. Electron transport
across the oxide layer could also be present [41,48].
X?=k,t+C2 (Equation 2.8)
where,
X: mass change over surface or thickness; kp: parabolic rate constant;

t; time; C2: constant

The linear behavior is exhibited when there is a proportional growth of the oxide growth with
respect to time (Equation 2.9). This kinetic performance shows a very fast interaction between
oxygen and the material due to surface and/or phase boundary processes, and undesired effects
such as delamination, spallation, and imminent failure of the material [41,48].
X=kt+C3 (Equation 2.9)
where,
X: mass change over surface or thickness; ki: linear rate constant;

t; time; C3: constant

2.2.4 Oxidation of y-TiAl alloys

The limited resistance to oxidation at high temperatures of most of the y-TiAl alloys is due to the
preferential growth of TiO2 over the Al,O3 growth. The origin of the oxidation performance of vy-
TiAl alloys is connected to their microstructural characteristics (phase composition); more
specifically, the oxidation resistance of y-TiAl alloys is affected by (i) the decrease of the Al
content, and (ii) the increase of the fraction volume of the a-2 phase (in which the Ti activity is

higher with respect to Al).

As observed in Figure 2.7, the a-2 phase exhibits a preferential growth of TiO., over Al,O3, while
in the TiAl there is an energetic competence between Al,Oz and TiO». In addition, it has been found
that oxygen diffusivity in TiO2 occurs faster than Al diffusivity in Al20s. Making the growth of
TiO2 more effective from the kinetic point of view [16,17].



22

—-25
900°C
aTi Ti, Al TiA Tidl,
~ 307
~
(=]
_
—~
o~ | TY/Tio |

Q -354 /
A, /
™ x Al/AlL,04
Q I - -7
=)

_40_

—45 1 1 T

Ti 0,2 0,4 0,6 0,8 Al

Figure 2.7: Variation of the metal oxide equilibrium pressures in the Ti-Al-O system at 900°C.

Adapted from reference [16].

Different models have been proposed for the high-temperature oxidation of TiAl alloys,

particularly in Taniguchi’s model [49] (Figure 2.8) an initial stage in which Ti and Al are oxidized

to form,TiO2 and Al.Os grains respectively; and a subsequent stage with the growth of an inner

porous layer of mixed TiOz and Al;Os, at which TiO2 growth overpass the growth rate of Al.Os.

The porosity associated with the inner layer, as stated by Taniguchi relates to an initial normal

growth of TiO. and after a lateral growth of it.
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Figure 2.8 Taniguchi’s model for the high-temperature oxidation of TiAl alloys. Adapted from
reference [49].

The model of Shida and Anada [50] (Figure 2.9) indicated a different oxide scale formation
according to the Al content of the alloy; It describes alloys with an Al content below the 65 at.%
exhibit a multilayered oxide scale of TiO2/Al.03/TiO2+Al2Os/Internal oxide (Al.O3z in TizAl)
(Figure 2.9-a). Meanwhile, alloys with a higher Al content (>75 at.%) do not exhibit the internal
oxidation zone (Figure 2.9-b). In their model, it has been shown a correlation on the thickness of
the oxide scale as a function of the Al content, in which higher Al content decreased the total

thickness of the scale.

The oxidation kinetics of TiAl alloys appear to be a function of oxidation temperature, type of
oxidation exposure (isothermal or cyclic), Al content, and time. For isothermal exposure, nearly
parabolic behavior has been observed while at cyclic exposure mixed linear and parabolic regimes
predominate. The total mass gain has been revealed to decrease as the Al content in the alloy was
higher. Shida and Ananda have also reported the influence of ternary addition on the oxide scale

that develops on TiAl alloys [50].
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Figure 2.9 Shida and Anada’s model for the high-temperature oxidation of TiAl alloys. Adapted
from reference [50].

2.3 Development of protective coatings through surface engineering

In the area of surface engineering, there is a technological field dedicated to the deposition of
coatings with the goal to protect the base material and modify the surfaces by improving their
functionality. The surface modification can provide protection against severe environments such
as wear, corrosion, oxidation, etc., without compromising the original properties of the base
material [10,51-54].
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The most promising method to protect y-TiAl alloys against environmental degradation at
temperatures above 750 °C is the use of well adhering protective coatings that act as an oxygen
barrier. Since the areas of coating development continue to grow, the existing deposition types of
protective coatings are vast and diverse, particularly for oxidation resistant applications, it
comprehends diffusion coatings, overlay coatings, thermal barrier coatings (TBC), and halogen
effect. The specific properties required for those coatings will depend on the very particular
application and can be tailored by the deposition conditions. The selected type of coating must
satisfy the desired coating properties and be suitable for the intended application [9, 51-54].

2.3.1 Oxidation resistant coatings

The existing approaches to developing oxidation-resistant coatings are varied, [9,51-54] here is
presented an overview of the more highlighted ones through literature according to the type of
coatings. Their constitution and their main fabrication methods, as well as their operating oxidation

protection mechanism, are addressed.

Diffusion coatings (i.e., Diffusion aluminide coatings, Pt or Cr modified aluminide coatings)

Diffusion coatings [55-65] are obtained by the enrichment of the surface with the specific
element(s) and heating in a suitable atmosphere and promoting the diffusional transport of elements
to promote the formation of a graded layer. These types of coatings must be strongly adherent to
their substrates, and the compositional changes are more gradual through the different zones
obtained. These comprehend those coating systems in which an enriched surface, typically with
Al, Pt, Si or combinations of those (Al-Cr, Al-Pt, Al-Si) produces an oxidation-resistant thermally

grown oxide (or corrosion-resistant oxide).

This type of coating is obtained typically via chemical deposition methods such as pack
cementation processes (aluminizing, siliconizing, and chromizing) as well as slurry and liquid
siliconizing processes which imply spraying or dipping respectively, with process temperatures in
the range of (700-950 °C), with subsequent thermal treatment at higher temperature (1000°C-
1100°C). 30-100 um is the thickness range for these coating systems [8]. The formation of brittle

phases must be optimized in any of the processes related to diffusion coatings [9,55-65].
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These types of coatings are usually applied to Ni-based superalloy and cobalt-based materials, their
oxidation protection mechanism first arises from the formation of Ni and Al-containing compounds
(i.e., NiAl, B-NiAl) or Co and Al compounds, depending on the particular chemistry of the
substrate. Additionally, the Al content of the base material will influence the governing diffusional
growth transport. Subsequently, the Al-containing compound acts as an Al reservoir for Al2O3

formation [9].

Also, aluminide coatings [45] based on TiAls and TiAl> phases have exhibited high oxidation
resistance, and when a post-deposition heat treatment is applied to these, could evolve into a
diffusion-type coating, with increased adhesion while promoting the growth of a continuous and

stable Al,Os-scale.

The main drawback of this family of coatings involves significant interdiffusion within the
substrate which promotes the formation of secondary phases and elemental enrichment from the
alloy at the Ni-Al coating. The complete degradation of these coating occurs once the B-NiAl is
transformed into y’-NisAl throughout the thickness of the coating, and aluminum has depleted,
causing cracks at the platinum aluminide coating [9]. Diffusion coatings were originally designed
for Ni-based substrates, but their use is not limited to it and has already extended to other substrates
(i.e., TiAl-based alloys). Si-Al is the most common type of diffusion coating for TiAl substrates
[55-65].

Thermal barrier coatings (TBCs)

Consists of a three-layers structure, (1) an inner layer with oxidation and/or corrosion-resistant
layer (bond coat,) which prevents the attack of the hot gases while providing improved adhesion
between the substrate and the outermost layer; (2) a middle layer denominated as thermally grown
oxide (TGO) with Al.O3 constitution and (3) an outer insulating layer (top coat) which composition
is typically yttria-stabilized zirconia (YSZ) due to their low and stable thermal conductivity
overtime at the operating range of the temperatures and is chemically inert at the combustion
atmosphere. TBCs [66-69] are produced by atmospheric plasma sprayed (APS) or Electron Beam
Physical Vapour Deposition (EB PVD) [9].

A degradation mechanism of these coatings involves delamination of the top-coat due to excessive
growth (a cubic growth with respect to time) of about 8-10um of the TGO by inward diffusion of
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the oxygen anions which diffusional transport occurs either by permeation throughout
interconnected microstructural defects at the top-coat (i.e., cracks, pores) or lattice transport [10].
Since the TGO exhibits a mismatch of its thermal expansion coefficient (~8x10° K1) concerning
the one of the bond coat (~17x10° K™1); and additionally, the associated thermal stresses produced
in the TGO during the operational cycles, results in the TGO cracking as their thickness is
increased. Other major failure mechanisms of TBCs are related to significant structural changes at
the topcoat during the high-temperature exposure, denominated as the sintering effect of the
topcoat, which modify the topcoat properties (i.e., elastic modulus and hardness); As well as CMAS
(Calcium-Magnesium-Aluminium-Silicate) infiltration from the environment into the topcoat, that
decrease the Y203 content in the YSZ, which leads to their phase transformation, accompanied by
a volume increase with subsequent cracking and delamination. [70,71]

Overlay coatings (MCrAIX)

Overlay coatings [72-79] are oxidation-resistant protective coatings with a controlled
microstructure and composition that are usually prepared by Physical Vapor Deposition (PVD,
such as magnetron sputtering, electron beam evaporation, arc evaporation) as well as Plasma
Enhanced Chemical Vapor Deposition (PECVD), Plasma Spraying, High-velocity oxygen fuel
(HVOF), atmospheric plasma spray (APS), low-pressure plasma spray (LPPS), composite
electroplating and laser plating.

This includes the following systems: (i) MCrAIlX coating (where M=metal, X=minor additions) in
which M can be Co (highly corrosion-resistant element or Ni (highly oxidation resistant element),
and X corresponds to either Y, Hf, Si, or Ta in small incorporation (<1 weight %). MCrAIX coating
systems are designed to form Al>Oz due to the Al reservoir; particularly Cr reduces the amount of
Al needed to grow the protective Al>Ozscale. In addition, Cr induces the formation of Cr.O3z which
is as well protective, while Y and Hf can improve adherence of the formed oxide scale to the
substrate by limiting oxide spallation, and specifically Y, inducing anion diffusion oxide growth
as well as limiting the Cr.Oz oxidation rate; Si and Ta can improve both oxidation and corrosion
[68-75]. These systems are typically 125-300 um thick. A balanced amount of Cr and Al content

is required to optimize coating ductility and to limit the formation of y’-NiAlz and Ni-rich phases
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which limit their mechanical performance (fatigue life) [72-79]. Overlay protective coatings are

strongly developed for Ni and Co-based substrates.

Among these coatings, metal nitride-based composite coatings such as TIAICrYN, CrAIN, or
CrAlYN/CrN have been reported as an effective barrier oxygen diffusion barrier at 900 °C. Among
their limitation, coating spallation develops after cyclic oxidation caused by the degradation of the
nitride coatings via the Ti-N reaction and the formation of titanium nitrides, which exhibit
accelerated oxidation [72-73].

The main element of the overlay coating depends on the main element of the base material, i.e., for
Ni-based alloys, the Ni will be present in the overlay coating to reduce diffusion from the Ni present
at the substrate. Al>Os is the most protective oxide scale in these coatings (protecting up to
~1200°C) while the Cr203z scale protects up to ~900°C [10].

Halogen effect

The halogen effect [80-83] was specifically developed for titanium aluminides. It is based on the
addition of halides such as F, Cl, Br, and | into the surface of the TiAl-alloy very often in the form
of implantation or microalloying. Particularly, F promotes the oxidation of aluminum, which
results in the formation of a slow-growing a-alumina layer originated by the selective transport of

gaseous aluminum fluorides (AlF2 (g)) and their oxidation at a high temperature.

The core reaction is aluminum content-dependent (i.e., demanding for example at least 40 at. % of
Al in titanium aluminides), and is also influenced by a defined range of halogen concentration.
Since Fluorine is the halogen reported with the major improvements in oxidation resistance, the

displayed protecting behavior has been denominated the ‘halogen effect”.

Beam ion implantation (BLI?) is reported as the most established technique for the fluorine effect,
and plasma immersion ion implantation (P1%) was subsequently developed to counterbalance the
geometrical limitations of (BLI?) [45], Plasma immersion ion implantation - is suitable for complex
shapes [81]; or Liquid phase application using spraying or painting with fluoro-polymers or
immersion in diluted HF [82].
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Failure mechanism of oxidation-resistant coatings

The common failure mechanism of oxidation-resistant coatings relates to the structural stability of
coatings, which is related to their thermal stability over time.  Coatings can degrade either by the

interdiffusion process with the substrate or by depleting the elements that form the scale.

Coating degradation can therefore induce other difficulties such as the growth of brittle phases,
(i.e., as the close-packed phases) below the coating. The degradation rate of the coating due to
diffusion is strongly related to temperature, it may increase massively as the temperature rises
[10,84]. Common failure mechanisms reported for oxidation-resistant coatings are summarized in
Table 2.2.

Table 2.2: Common failure mechanism reported for oxidation-resistant coatings [10,84].
Coating Working Type of Failure mechanism

family temperature coating

M-Cr-Al-X 800°C-900°C Overlay = Discontinuous oxide layer

Al depletion
M: metal, Fe, Cracks inside the coating
Ni, Co Interdiffusion
XY, Si, Ta, Phase modifications
Hf Local spallation

Degradation

Local oxidation

Modified 900-950°C Diffusion = Interdiffusion
aluminides Al depletion
Spallation

Breakaway oxidation
Surface 900°C Halogen = Al depletion

fluorination effect | Fluorine rich layers
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2.3.2 Oxidation-resistant coatings based on oxides (SiO2, Cr20., Al>O3)

Slow-growing and thermodynamically stable oxides are fundamental in the development of
oxidation-resistant coatings. The parabolic rate constants (represented in the plot as K”) of different
oxides are compared in Figure 2.10 in the Arrhenius plots (log k, versus 1/T(K)). The slope

corresponds to the activation energy, which is also related to diffusivity [44].
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Figure 2.10: Arrhenius plot of growth rates for common oxide scales. Adapted from reference
[44].

The thermo-kinetic map in Figure 2.11 organizes the behavior exhibited by different oxide scales
as a function of their thermodynamic stability, highlighting Al.Os, SiO2, and Cr.O3 as the ones

with the slower growth rate and superior thermodynamic stability [44].
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Figure 2.11: Thermo-kinetic map of various oxide scales showing parabolic rate versus free
energy of formation. Optimum performance for stable slow-growing scales in the lower right.

Adapted from reference [44].
2.3.3 Materials for oxidation applications

Silicides (Ti-silicides and Pt-silicides)

Silicide materials had raised a lot of interest, particularly those which contain transition metals (i.e.,
Pt, Ti, among others) because of the displayed properties, like thermal stability and chemical

inertness as well as high hardness [85-93].

Ti-Silicides have been related to oxidation, corrosion, and wear-resistant applications [85-89];
While Pt-Si have been mostly related to microelectronic applications (i.e., as a diffusion barrier) in

which their chemical inertness is of benefit [90-93].

Pt-silicides and Ti-silicides are some of the compounds which conform to the coating systems

developed in this project, their phase diagrams are shown in Figures 2.12 and 2.13, respectively.
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Figure 2.12: Ti-Si Phase diagram. Adapted from reference [94].
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Platinum aluminides

Platinum aluminide materials, more precisely coatings [95,96], were first developed as diffusion
barriers to avoid Al inward migration into the Ni-based alloys (NiAl substrates) mainly due to the
difference in atomic radii (Al: 1.18 A; Pt: 1.77 A) while keeping Al diffusion towards the surface
to benefit from the Al>Os formation. Later their use of platinum aluminide was also extended due
to the effectiveness of maintaining the Al.Os well adhered to the substrate while avoiding their
spallation [15,82-84] Platinum aluminide exhibits oxidation resistance at high temperatures and
has a high melting temperature that restricts the formation of low melting phases. This intermetallic

compound is part of the Pt-based coating system developed for this study; its phase diagram is
presented in Figure 2.14.
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Figure 2.14: Pt-Al Phase diagram. Adapted from reference [96].
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CHAPTER 3 EXPERIMENTAL METHODOLOGY

This chapter presents the methodology applied for the surface engineering performed in this study,
including the surface preparation and coating development processes, as well as the applied
characterization techniques. First, the surface preparation of the base material is detailed, followed
by the description of the hybrid surface modification via magnetron sputtering and subsequent
thermal annealing (TA). Characterization of the coating-substrate system is included, with

particular focus on assessment of the microstructural evolution and the high-temperature oxidation.

3.1 Surface Engineering Process

The effective surface engineering process that first prepares and subsequently modified the surface
of the base material is schematized in Figure 3.1, while some of the experimental procedures are

detailed in the subsequent paragraphs.

(C))
TA athigh temperature: 750°Cor 950°C | Vacuum thermal annealing (TA)
Differentintervals: 2-24 h | Surface
3) 1 modification
Si reservoir: 3.0-9.5 pm | Deposition of a Si or Si-Pt reservoir
SiPf reserveir: 3.0-5.0 pm, 40Si:60Pt (at. %); | via RF magnetron sputtering
6.0-12 pm, 63-808Si:37-20Pt (at. %) |
e B e ae me e mw o mw owmw R e T
@) | - - . . Prior
Ar plasma cleaning: -800V (105W); 50 min. Base material: y-TiAl alloy surface
1 Ti-48A1-2Cr-2NDb (at. %) modification
ey ¢
Surface grinding + polishing + ultrasonic
cleaning Main properties characterized:
*Microstructure
*Composifion

*Oxidation behavior

Figure 3.1: Schematic representation of the surface preparation and coating development strategy.
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3.1.1 Surface preparation of the y-TiAl alloy

v-TiAl alloy substrates with a nominal composition of Ti-48Al-2Cr-2Nb (at. %) and a duplex
microstructure (equiaxed+lamellar grains) was the base material employed in this study and were
provided by Safran Snecma company (France). The specimens were cut by electrical discharge
machining, into rectangular shapes of 50 mm x 25 mm x 2 mm (weight: 9.1 g) and 15 mm x 8 mm
x 3 mm (weight: 1.4 g). As received substrates possess a machining surface effect, displayed as a
rough and oxidized surface appearance, which originates the need for their surface preparation

before any characterization or surface modification steps.

The surface preparation is performed using a Struers LaboPol-5 polishing machine. The process
is first started by surface grinding each face of the substrate, using SiC grinding papers in the
following order: 220, 500, 800, 1200, 2400 up to 4000, using with continuous rotation (~200 rpm).
Substrates were subsequently polished using water-based diamond suspension (particle size: 3 um)
and colloidal silica (particle size: 0.04 pwm) until a mirror surface finish was obtained.
Subsequently, the surface of the substrates was ultrasonically cleaned for 20 min in acetone and
isopropanol solutions, respectively. From the two different sizes of substrates, the flat ones (50
mm x 25 mm x 2 mm) were used for microstructural and compositional analysis, while for
thermogravimetric analysis (TGA), the smaller size substrates (15 mm x 8 mm x 3 mm) were
employed. The sample was placed in the vacuum chamber schematically presented in Figure 3.2
for (i) the Ar plasma cleaning of the base material and subsequently, (ii) magnetron sputtering

deposition technique was used to perform coating deposition of the Si and Si-Pt reservoirs.

3.1.2 Ar Plasma treatment

The plasma surface treatment was carried out inside of a stainless-steel vacuum chamber with a
cylindrical shape and dimension of 20 in diameter and 31 in height (shown in Figure 3.2). The
substrate holder was placed inside the chamber using a hook (tungsten wire of either 4 or 7 cm
long, that was used according to the dimensions of the substrate). The substrates were mounted
with polished sides facing the magnetrons at a distance of about ~ 4 inches apart from the

magnetron.
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During Ar plasma cleaning, the substrate is connected as a cathode to the RF power supply through

a matching unit, and the bombardment of the energetic species present in the plasma is impacted

into the substrate surface, removing organic or inorganic contaminants from their surface.

RF Power
supply

Magnetron

Ar gas [ ]

Working
gas feed

e

10 1pm

=
b Magnetron
o Y ot

~

y-TiAl
Substrate

Plasmz

DC Power
supply

et 07

2-inch Si target

PUMP system

Mechanical and
turbomolecular
pumps

4-inch Pt target

Figure 3.2: Schematic representation of the magnetron sputtering system used in this study for

the plasma surface treatment and coating deposition.

Before the Ar plasma cleaning, the chamber was first evacuated to a base pressure of at least 10

Torr using a pumping station (mechanical and turbomolecular pumps). Later the argon (Ar)

atmosphere is generated inside the chamber by introducing a constant Ar flow of 25 sccm while

adjusting a working pressure of 60 mTorr, which was maintained by the throttling valve.

Subsequently, the RF power supply connected to the substrate sample is turned on by applying a
105 W power and a -800 V self-induced substrate bias voltage to ignite the Ar plasma for the

cleaning of the substrate.

The plasma surface cleaning was prolonged for 50 min before coating deposition without heating.

Table 3.1 reports the conditions that were used for the plasma surface cleaning of the substrate.
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Table 3.1: Conditions for the Ar plasma cleaning of the substrate.

Substrate Plasma Plasma Chamber Power Bias
dimensions source clea?r;ni%)tlme conditions (W) V)

Pressure | Ar flow
(mTorr) | (sccm)

Ti-48Al-2Cr-2Nb
50 mm x 25 mm x 2 RF 60 60 25 105 -800

I5mmx8mmx3

3.1.3 Magnetron sputtering

Sputter deposition technique is essentially based on the generation of a plasma or glow discharge,
which requires vacuum conditions to be created and sustained. The plasma is generated within a
chamber due to the ionization of noble gas particles (usually Ar) introduced within the chamber
using a gas flow in the mTorr range. The ionization of the Ar gas occurs when a sufficiently high
electromagnetic field is generated between a cathode (i.e., source material or target) connected to

a negative voltage supply and an anode [97-98].

The ionization process consists of the liberation of energetic electrons from the Ar, which leaves
the Ar gas ionized (positively charged); Both the ionized gas and electrons conform the plasma.
The ionized particles are attracted and impacted into the cathode, which is negatively charged.
From this process of bombardment, a momentum transfer (inelastic exchange of energy) arises,
that ejects particles (ions, atoms, and secondary electrons) from the cathode. The momentum
transfer is the core of the sputtering technique. The secondary electrons generated from the cathode
promote a steady-state plasma due to their further collisions with the species within the plasma and

by increased electron interactions [97-99].

To improve the level of ionization in the plasma, a magnetron which is a fixed magnet located
behind the target also conforms to the sputtering setup. It helps to generate a strong magnetic field
around the target, that confines and accumulates the electrons within the plasma close to the target.

Which in consequence improves the ionization by increasing the plasma density as well as
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producing increased sputtering rates from the atomic surface layers of the source material. The
ejected species are mostly atoms that in the form of vapor are transported into the substrate. The
atomic particles removed from the target material due to the sputtering process will be deposited

on the surface of the respective substrate [100,101].

Typical applied voltage is in the range of 300 to 600 DC power. The typical working pressure of
the argon plasma is reported in the range of 0.133 to 13.33 Pa (107 to 10" Torr). According to the
gas pressure inside the chamber, the deposition rates of sputtering can be varied; Still, higher

deposition rates can be induced, for example using two magnetrons configuration [97,100,101].

Magnetron sputtering can be used in different modalities, according to the power source used (i.e
DC, RF) as well as the type of gases (inert or reactive). If the target is conductive, direct current
(DC) can be used to generate the plasma while radio frequency (RF, 13.56 MHz) can be applied in
all types of materials, particularly in non-conductive targets. During the RF MS, first, there is a
process in which a negative polarization of the atoms in the target and their ejection by the
bombardment of the ionized gas occurs. Secondly, the polarization of the target is inversed
(positively), causing the ejection and acceleration of the atoms and ionized particles (that were

present at the target surface due to the negative polarization) towards the substrate [102,103].

For the growth of the layer, once the atoms or particles reach the surface, they first condense from
the plasma and then migrate to nucleate and grow into a film. The obtained microstructure and
morphology will strongly depend on the source of atoms and their energy (1-100 eV).
Crystallography and microstructure of the coating are mostly determined by the nucleation and

growth mechanism of the coating [104-106].

In most PVD (physical vapor deposition techniques) including magnetron sputtering, the
microstructure and properties of the coatings are strongly determined by ion bombardment of the
coating that develops and by the defects (small microstructural irregularities such as pores, voids,
or gaps) that growth during deposition. The reported superior performance of coatings produced
by sputtering in comparison to other PVD processes is attained by the densification of the plasma
as a result of the improved ionization efficiency and ion bombardment which is achieved with the

use of a magnetron [107-110].
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High flux of ion current density (> 2 mA/cm?) at relatively low energy (<100eV) has been reported
to provide an optimum balance between effective densification of the coating while limiting the
intrinsic stresses generated, generally, such conditions can be either obtained by the magnetic
arrangement in the magnetron sputtering deposition system (i.e., unbalanced magnetron

sputtering), or by externally biasing the substrate during deposition [107-110].

Major advantages of magnetron sputtering include; (i) Enhanced uniformity of large-area surfaces;
(i) wversatility of compositions; (iii) very particular microstructures as well as structural

modifications (iv) superior surface finishing; and (v) improved adhesion [107-110].

The more challenging aspects of PVD techniques such as magnetron sputtering in comparison to
other deposition methods (i.e., Chemical vapor deposition, thermal spray, or electroplating) as
presented in Table 3.2, implies the moderate to the high operational cost associated with the high
vacuum conditions that need to be maintained as well as the target costs, and the lower depositions

rates that result in thinner coating thickness [111].

Table 3.2 Comparison of main deposition methods [111].

Characteristic | Electro/Electroless | Thermal Chemical Physical vapor
. spray vapor deposition
plating deposition
Equipment Low Low to | Moderate Moderate to very
cost moderate high
Operating Low Low to high Low to moderate | Moderate to high
cost
Process Agueous atm to low | atm to medium | High vacuum
environment solution vacuum vacuum
Coating 10 pm-mm 50pm-mm 0.1pm-mm range | <0.1 um -pm range
thickness range range
Adherence Moderate mechanical | Good Very good | Moderate
bond to very good | mechanical chemical bond to | mechanical bond to
chemical bond bond excellent good chemical
diffusion bond bond
Surface Moderate coarse to | Coarse to | Smooth to | Smooth to high
finishing glossy smooth glossy gloss
Coating Metals Powders, Metals, Metals, ceramic,
materials polymers, ceramic, polymers
metals, polymers
ceramics
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3.1.4 Deposition of the Si and Si-Pt reservoirs

The same chamber described in the plasma surface treatment (Figure 3.2) was utilized for the
deposition of the Si and Si-Pt reservoir. However, a particular configuration was used for the

coating deposition, which included either the Si or Si-Pt targets.
Deposition of the Si reservoir

(i) For the deposition of the silicon reservoirs, RF magnetron sputtering was used at room
temperature, and in pure Ar plasma at a pressure of 0.6 Pa (5 mTorr), a silicon target of 2 inches
of diameter was fixed in front of the magnetron and connected to an RF power supply (13.56 MHz,
Advanced Energy generator) at 200 W. The y-TiAl substrates were RF-biased using a power of ~
4 W. Three different sets of Si thicknesses (3.0 pm, 6.0 pm, and 9.5 um) were deposited on flat
substrates (50 mm x 25 mm x 2 mm). When small samples (15 mm x 8 mm x 3 mm) were coated
for thermogravimetric analysis (TGA), a rotation speed of 10 rpm was applied to achieve complete
coating coverage on all the faces (3D - three-dimensional samples) of the y-TiAl substrates. The

rotating sample holder was located 10 cm away from the target, facing the magnetron.
Deposition of the Si-Pt reservoir
Two different sets of conditions were applied for deposition of the Si-Pt reservoirs:

(if) Deposition of Si-Pt reservoirs was obtained by co-sputtering of Si and Pt. The first set of
conditions was established for the deposition of 6.8, 8.4, and 12.2 um reservoirs with Si-Pt ratios
of 80Si-20Pt, 63Si-37Pt, and 66Si-34Pt (at.%), respectively; It was obtained by co-sputtering of Si
and Pt in Ar plasma at a pressure of 0.6 Pa (5 mTorr), using two targets, pure Si target (2 inches of
diameter) and Pt target (which consisted of Pt stripes of 2 cm wide and 2 mm thick, mechanically
encrusted in a silicon target of 4 inches (10 cm) of diameter for mechanical support), each one
connected to an RF-power supply (13.56 MHz) and to a DC power supply respectively.

The Si target connected to an RF-power supply (13.56 MHz) was set to 200 W for the 80Si-20Pt
(at.%) composition, while 160 W resulted in approximately 64Si-36Pt (at.%) composition; The
power applied to the Pt target was 70 W. Sample was located 10 cm from the magnetron, with

continuous rotation (10 rpm).
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(iii) Si-Pt reservoirs of 3, 4, and 5 um of Si-Pt reservoirs and Si-Pt ratio of 40Si-60Pt (at. %), were
deposited by co-sputtering of Si and Pt in Ar plasma at a pressure of 0.5 Pa (4 mTorr). The one
connected to the Si target was maintained at 150 W, as well as the one applied on Pt target (150
W). The sample was hooked inside the chamber facing each of the targets from an equal distance
(of 10 cm), as in the Si reservoir depositions. Sample was maintained with rotation at 10 rpm during

the deposition.

The conditions established for the depositions of the different reservoirs (thicknesses) of Si and Si-

Pt by magnetron sputtering are summarized in Table 3.3.

Table 3.3: Selected parameters for the deposition of the Si and Si-Pt reservoirs.

Material Power (W), Source Thickness Compositional ratio
1 1 (0)
deposited Si target | Pt target Deposited (at. %)
(km)
3
Si reservoir 200, RF / 6 100 Si
9.5
Si-Pt 150, RF | 150, DC 4 40 Si - 60 Pt
reservoir
200, RF | 70,DC 6.8 80 Si-20 Pt
160, RF 8.4 63 Si - 37 Pt
160, RF 12.2 66 Si - 34 Pt

3.1.5 Vacuum thermal annealing

Vacuum thermal annealing was the subsequent step employed after sputter deposition of the films,
the two-step process (sputter and vacuum thermal annealing) resulted in a diffusion type coating.
For this purpose, it was employed a horizontal loading furnace (VAC AERO furnace) for the
thermal annealing of the samples, the system has a maximum temperature capability of 1250 °C
and a vacuum in the range of 10 Torr, with Molybdenum heating elements and chamber devoid

of contaminating elements. The Argon cooling pressure was in arrange of 637 Torrs -1500 Torrs.
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Two different thermal annealing temperatures were studied 950 °C as the upper limit temperature
and 750°C as the lower limit temperature and varied treatment times (2 h and up to 24 h) were
applied to the different samples. The vacuum atmosphere during the thermal annealing process
prevents undesired surface reactions, the vacuum then promotes only the diffusion of the elements
in the system or component exposed to the treatment, in which diffusion occurs by thermal

activation processes.

3.2 Characterization techniques

3.2.1 Optical Microscopy

Optical microscopy is a technique that allows the observation of microstructural characteristics
(i.e., morphology, grain boundaries, phase structures, etc.) using visible light that passes through
a series of lenses in a specific array with the purpose to magnify an object of small size, specifically
below the human eye. Optical microscopes (Figure 3.3) can magnify up to ~3000X times the
original size [102-105]. The image is captured by a light-sensitive camera or photodetector that
generates a micrograph. The maximum limit of optical microscopy resolution resides on particle
sizes that are near the wavelength of the visible light (400-700 nm or about 0.3 pm) [112-115].

Specimen Objective Phase plate

/ Surround light

Apertures  Condenser

Dif fracted
light

Collector Condenser

lens Annulus
Image plane

Figure 3.3: Optical microscopy in phase-contrast mode (lateral view). Adapted from [112].

The different methods of observation in optical microscopy are based on the type of interaction
between the visible light and the object, which includes transmitted light (beam light passes through
the sample or reflection (surface reflected off the surface), just to mention some. Different methods
enhance the image contrast, such as phase contrast, dark field, polarisation, and differential
interference, among others. As well as different types of optical microscopes with variations in

their setups, for example, the focal or confocal microscopes, the latter are known for improving the
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visualization resolution and contrast or the inverted wide-field type with improvements in the
scanning and observation of samples [116-120]. The Metallurgical observations on the uncoated
base material were performed using an optical microscope, Zeiss Axio Scope, equipped with filters
and a color camera. Chemical etching of the Ti-48AI-2Cr-2Nb coupons with hydrofluoric acid
(HF) solution (10 % v/v) was used to improve the phase contrast of the base material microstructure

before any plasma surface modification or thermal annealing treatment.

3.2.2 X-Ray Diffraction (XRD)

XRD is a non-destructive technique used to analyze the phase composition of materials, crystalline
structures, as well as orientation (epitaxy), and using their more advanced setups can be useful to
determine complex properties such as residual stresses and texture of very diverse materials. The
obtained properties are determined by the diffraction pattern that results from a collimated X-Ray
(high energy electromagnetic radiation) beam interacting with a powder or a film with a certain
angle of incidence, polarization, and wavelength, creating a certain scattering intensity,
characteristic of a specific set of lattice planes in the material analyzed. The peaks of those
intensities are related to the atomic positions in the lattice planes. The XRD pattern generated can
then be seen as evidence of atomic arrangement in a material. While crystalline materials will
display well-defined and sharp peaks at very precise angles, amorphous materials will exhibit a
maximum that extends over various degrees. Peak broadening can provide information related to
the crystallite size of the material [114-116].

The two main components of X-Ray diffraction equipment are the (i) monochromatic radiation,
emitted at a specific wavelength (0.2-10 nm, which is comparable to the interatomic spaces of
crystalline solid materials), and (ii) a detector, that measures the diffraction intensity pattern. The
fundamental of X-ray is based on Bragg’s law (Equation 3.1) indicating that the scattered signal of
the incident beam is the consequence of the X-ray beam interacting with a crystallographic lattice,

creating constructive interferences from the in-phase atomic layers (Figure 3.4) [114-116].

2d (sin 0) = A, (Equation 3.1)

where,
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d: interplanar spacing of the crystallographic lattice
0: X-ray beam angle of incidence

Xo: Wavelength of the X-ray beam

Intensity (a.u.)
Intensity (a.u.)
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Figure 3.4: (a) Amorphous and (b) crystalline XRD patterns; (c) X-ray beam interacting with a
crystallographic lattice, creating constructive interferences from the in-phase atomic layers.
Adapted from [117].

The crystalline structure of the substrate before and after any surface modification step is assessed
by X-ray diffraction (XRD), using a Bruker, D8-Discover system equipped with a Lynx eye CCD
accumulation detector using a 40 kV filtered copper source (Acuka 0.154 nm) in a theta-two theta

(6-20) configuration from 10° to 90°, and GIRXD at different incidence angles (1°, 2°, 4° and 6°).

To identify effects related to micro-strain on the crystalline structure in the y-TiAl material’s grain
size due to the plasma cleaning process powered by an RF-source, the full width at half maximum
(FWHM), using a Gaussian fitting of the XRD peaks with the maximum intensity was estimated

on the untreated substrate and after the plasma cleaning process.

3.2.3 Scanning Electron Microscopy (SEM)

The main purpose of the technique is to allow the magnification of surfaces with high resolution
of their topographic characteristics and to perform micro-chemical composition analysis (when
used in electron probe X-Ray microanalyzer mode). SEM can provide imaging of surface features

of up to 100000X with a resolution down to 3 to 100 nm, depending on the sample [118].
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The SEM configuration is schematized in Figure 3.5 and described below. The SEM system is
mainly composed of a (1) electron column, (2) specimen chamber, (3) vacuum pumping system,
and (4) electronic control and imaging system. The system works in a vacuum environment to

isolate the beam from any scattering (caused by the potential presence of gas atoms) [118-119].

The vacuum environment can be either low (10°-1.3x10“Torr) or UHV (10*°Torr-1.3x10®Pa)
depending on the pumping system and of the system construction. The electron gun, typically
produced from tungsten filament (0.25mm) heated up to 2500°C (4530°F), produces a high energy
beam of electrons due to the thermionic process; the beam is then oriented through the center of
the column and attracted to a positive anode with a power of 5 to 30kV. This voltage is determined

by the user accordingly to the type of measurement being performed.
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Vaccum pump electron detector

Figure 3.5: Schematic of an SEM system and its main components. Adapted from [118].

SEM technique works by directing a collimated electron beam on a sample, producing an
interaction between the electrons of the beam and the sample atoms, from this interaction different
signals are produced and collected to provide very particular information about the sample
analyzed as summarized in Figure 3.6 (i.e., secondary electrons produce the SEM image and
provide topographical information [119];
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Auger electrons give surface atomic composition; backscattered electrons provide information
related to atomic numbers and phase differences, and X-rays give atomic composition). The size
of the electron beam (1-10nm) is the root cause of the images and mappings as well as the nanoscale

resolution that can be attained by this technique [118,119].
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Figure 3.6: Pear model showing then electron beam interaction with the sample [120].

SEM observations were made on cross-sections of the coated samples using a JEOL JSM7600F
system equipped with a field emission gun (a source capable of inducing electrons emission by
tunneling process, due to a strong electrostatic field (F), F>107 V/cm), and with a backscattering
electron detector at 5-15 kV for chemical contrast. The cross-sections of the coated samples were

obtained with an automatic precision cutting machine (Minitom, Struers).

The specimens were subsequently mounted in epoxy; after 12 h of curing time at 40 °C, the
mounting epoxy was completely hardened. Subsequently, we performed mild grinding of the
mounted specimens with 800-2000 grade SiC papers, polishing with diamond and silica
suspensions, and consecutive cleaning of the surface with acetone and isopropanol. As a final step
and for improved SEM observations, the mounted samples were coated with thermally evaporating
gold for 45 s.
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3.2.4 Energy dispersive X-Ray spectroscopy (EDX/EDS)

EDS is a technique very often incorporated in SEM systems; it consists in focusing a high-energy
beam into a material, by impacting the charged particle of the beam (i.e., electrons with energies
of about 5-30kV) and producing the emission of electrons from several shells of the analyzed
sample. Electrons from the deeper shells will fill those electron vacancies (holes) while emitting
X-rays (Figure 3.7), and their energies are collected by an energy dispersive spectrometer, this
measurement expresses the energetic difference between two atomic shells in a particular material,

which is an indication of their composition [121-122].
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Figure 3.7: X-ray emission process. Adapted from [122].

EDS technique offers a fairly fast elemental semiquantitative analysis with broad coverage of
elements and exhibits limited sensitivity for detection of those elements with lower atomic mass
than Na (i.e H, He, Li, Be, B, C, N, O, F, Ne). Their detection limit is between 1-10 weight % of
the element. Lateral spatial resolution is of 1 um (with acceleration voltages >5keV) and around

50-100 nm when operating at lower accelerating voltages (<5keV) [121].

It offers the functionalities to analyze single spot or scan areas (elemental maps) that can be
converted into compositional profiles with respect to depth, for the last features described it is

required to adjust the excitation voltages and additional software processing is needed.
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EDS X-MaxN detector from Oxford Instruments was used for elemental mapping and composition
measurements, both with the Aztec software from Oxford Instruments. The EDS mappings were
obtained on cross-sections of the uncoated and coated samples by using the AZtec software to build
the compositional profiles by selecting a grid pattern that included 20 EDS line scans to obtain a

statistical average as a semiquantitative estimation of their composition.

3.2.5 XPS (X-ray photoelectron spectroscopy)

XPS is a surface-sensitive quantitative technique that provides information about elemental
analysis and molecular bonding states at the very surface since their maximum depth capabilities
go from 50 to 100 A, with energy resolution in the range of 1200-5.0 eV in survey mode. It works
by applying an X-ray of known energy, very often Al K-alpha at 1486 eV, to produce the ejection
of photoelectrons from the material analyzed. The kinetic energy of those electrons collected by
the spectrometer will exhibit characteristic energy that is influenced by the electronic transitions
of the atomic and molecular orbitals, indicating the binding energy of the element and their bonding
state [123-126].

The electronic transitions involved in XPS technique are represented in Figure 3.8. X-ray
photoelectron spectroscopy (XPS) has been used for the surface analysis of the uncleaned and Ar
plasma cleaned y-TiAl substrates using a VG ESCALAB 3 MKII system equipped with a Mg Ka
source, with a power of 300 W. The pressure in the system was 3x10° Torr and the analyzed area
was 2x3 mm. The Ar*bombardment conditions used for in situ Ar cleaning were very mild to avoid
preferential sputtering (2keV for 13 minutes). The energies were corrected to the C1s at 285.0 eV
and a Shirley background subtraction was performed. Elemental composition is calculated with
Wagner sensitivity factors [123-126].
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Figure 3.8: Schematic of electronic transitions involved in an XPS process [126].
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3.2.6 Rutherford backscattering spectroscopy (RBS) and Elastic recoil
detection (ERD)

Rutherford Backscattering Spectroscopy (RBS) (Figure 3.9) is a non-destructive ion beam
technique for quantitative mass analysis of materials (i.e., on thin films, layered structures, or bulk)
with respect to depth. It works by directing an ion beam, usually of Helium and Hydrogen ions
(>300 keV up to several MeV), into a particular sample. From the interaction between the high
energetic ion and the nucleus (i.e., ionization of electrons, collisions with electrons and nucleus),
the ion beam loses energy, and can change its trajectory (backscattering) due to the collisions, the
deflection depends on the mass of the impacted nucleus and the angle of incidence, which will
provide specific information of the material composition. RBS detects backscattered particles as a

function of depth by the energy loss occurring during the ion-nucleus interaction.

Due to the kinematic factor, mass analysis can be established, while the quantitative analysis is
possible from the different backscattering signals of the cross-section. The best performance of the
technique is when detecting heavy elements on lighter substrates; atoms with a lower atomic mass
than the incident ion can not be detected by RBS. Gradients of composition and determination of
impurities with respect to depth are some of their suitable applications. Their depth resolution goes

up to some tens of nanometers over hundreds of nanometers of depth [114,127,128].

"
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Figure 3.9: Schematic representation of the Rutherford backscattering yield from a thick target

with surface impurities [128].
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The fundamental of ERD is based on the detection of the nucleus energy in a target material, after
its collision with an ion beam (i.e. Cu®"), with a higher mass than the one typically used in RBS.
ERD also uses higher acceleration (50 MeV), which allows it to be sensitive to atoms with low
atomic mass. The energetic beam strikes on the target at a grazing angle of incidence, which causes
elastic scattering of the atoms in the target that are then detected by either a solid or gas type
detector [123].

For this project, measurements and analyses were performed in the Laboratoire de Faisceaux
d’lons, Université de Montréal. RBS measurements were performed using a 6 MV Tandem
accelerator with a 2 MeV beam of helium ions at a scattering angle of 170° to the surface of the
targeted sample. The depth profiles were measured by Elastic Recoil Detection in the Time-of-
flight mode (ERD-TOF) using the same 6 MV Tandem accelerator with a 40 MeV beam of Co

ions at a scattering angle of 30° with respect to the surface of the analyzed sample.

3.2.7 TOF-SIMS

Figure 3.10 shows a schematic representation of the Time-of-flight secondary ion mass
spectrometry (TOF- SIMS). This surface analysis technique is based on the bombardment of a
surface using high energetic ions that produce the emission of secondary ions. The mass of these
secondary ions is analyzed by a detector, by estimating the required time for the ions to arrive at
their detection point. It is suitable for the identification of trace elements (organic and inorganic)
in low concentrations and can perform compositional depth profiles in a range of few angstroms to

some micrometers [129-131].

TOF-SIMS is used for the surface analysis of the uncleaned y-TiAl and Ar* plasma cleaned
substrate. The system is equipped with Bi (25kV) and Cs+ (3 kV) sources. The profiles of the
sputtered species were built by sputtering a surface area of 250x250 um with a Cs+ source, with a

depth analysis of around 640 nm.
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Figure 3.10: (a) Collision cascade due to ion bombardment, and (b) Time-of-flight mass analyzer
schematic. Adapted from [131].

3.2.8 Nanoindentation

Indentation techniques consist in the application of a force on the surface of a material, by using
an indenter of known geometry, from indentation measurements Hardness and Elastic properties
can be obtained. Before the 1980s, the interest in indentation was mostly related to bulk materials;
However, after that time the importance of such properties on thin films became very significant,
giving place to sensing indentation or instrumented indentation, a new type of indentation
technique where depth and force are simultaneously registered during the whole measurement.
Since small forces and small impression areas are associated with this particular type of
measurement, this evolved type of indentation provided the possibility to resolve depth changes in

the range of nanometers [132-133].

There are diverse types of tips available to perform indentation measurements, according to the
specific test and mechanical properties of interest; among those Berkovich and Vickers (pyramidal
tips, i.e., for hardness and modulus), Brinell (spherical tip, i.e., for stress-strain) and Rockwell
(spherical or conical tip, i.e., for scratch). Hardness and modulus are among the most typical
properties obtained from indentation tests. Particularly for hardness (H), their estimation is made
from the impression that remains after the plastic deformation caused by indentation, based on the

load-displacement curve [132-133].

For determination of the elastic properties in a certain sample volume, indentation module (E*) is
used to describe the average of it; While Young’s modulus (E) relates to unidirectional elastic

properties of larger samples with varied orientations. The latter one is very convenient for the
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average of single-crystalline elastic constants, and both terms can be used without difference on
isotropic materials. The Olivier and Phar method is the standardized approach (since 1992) to
effectively relate surface area and penetration depth [132-133].

Nano-indentation was carried out using a Tribolndenter T1950 from Bruker (previously Hysitron)
using a Berkovich tip, radius 100 nm, and incremental loads varying from 9500 to 50 puN. A 5x5
matrix of indentations was measured for each sample. In addition, single grain indentations were

also performed.

The experimental indentation load-displacement curves (as observed in Figure 3.11) were analyzed
using the Oliver and Pharr method. From the load-displacement curves, loading and unloading
sections can be observed; Elastic and plastic deformation is associated with the loading region of
the curve due to the contact established between the tip of the indenter and the sample, the
unloading section is related to the elastic recovery response of such material. Using the known
geometry of the indenter and by fitting the unloading region of the curve, the contact stiffness

(slope of the unloading region) at the maximum load can be established.
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Figure 3.11 Typical load-displacement curves obtained through nanoindentation.

To obtain hardness, the contact residual depth must be estimated. To obtain the effective contact
radius (and the area, A), multiple unloading slopes (S) at various depths and indentations are
analyzed.
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Equations 3.2 and 3.3 [123] involved in the H and E* determination are summarized below:

L

H=«a =z (Equation 3.2)
E* = Vm s (Equation 3.3)
2 JAp

where,

H: Hardness; L: Load; D: Indentation depth

S: Stiffness (slope); Ap: projected contact area

3.2.9 Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) schematized in Figure 3.12, is a technique dedicated to the
measurement to the detection of any change in the total mass (weight) of a material over time in a
controlled atmosphere at a certain temperature as well as the rate of this change. If the total mass
gain changed towards an increase, it is an indicator of either gas absorption or chemical reaction
(i.e., oxide formation); if the change displayed a decrease in the total weight, it is then a

confirmation of volatilization of compounds or decomposition of the analyzed material.

It is often used for testing the oxidation of materials, as well as thermal decomposition and chemical
reaction processes. Their main constituents include a thermo-balance and a furnace. During the
measurement, the sample is suspended from the balance into the furnace to be heated from room
temperature up to the desired temperature. The initial weight is input into the system, and heating
and cooling rates, as well as the atmosphere (i.e., oxygen), are as well determined according to the
measurement needs. The weight of samples can be varied,; it typically goes from 5 to 100 mg and
up to 1000 mg [134].

To study the influence of high-temperature exposure on coated systems, two different sets of
experiments were prepared. For the assessment of the microstructural and compositional evolution,
flat samples were isothermally exposed to laboratory air in a furnace (model OMEGALUX LMF-
3550) at 900 °C for 100 h of total exposure time. To investigate the kinetics of oxidation, a set of
coated samples with complete coating coverage (three-dimensional (3D) were oxidized in

laboratory air at 900 °C for 100 h using a thermo-gravimetric analysis (TGA) system (model Setsys



54

Setaram). The temperature increase was 20 °C/min during the TGA test (up to 900 °C), and 5

°C/min while cooling the samples. During the test, compressed air was used at 60 mL per minute.
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Figure 3.12: Schematic of TGA system and their components [134].
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CHAPTER 4 INVESTIGATION OF THE BASE MATERIAL
PROPERTIES AND THE EFFECT OF SURFACE PLASMA TREATMENT
This chapter presents the study of the base material: the y-TiAl alloy, and the assessment of their
microstructural, compositional, and mechanical properties as well as their oxidation behavior by

different characterization techniques prior to any surface modification. It is as well described the
Ar sputter cleaning process, used as a first step of the surface preparation for subsequent coating

deposition, and its influence on the substrate properties.
4.1 Properties of the base material

4.1.1 Microstructural characterization of the y-TiAl alloy

The XRD pattern from a y-TiAl substrate is presented in Figure 4.1. The characteristic phases of
the base material are identified, corresponding mostly to the diffraction peaks of the tetragonal y-

TiAl phase, and a minor fraction of hexagonal a>-TisAl-phase, without additional phases, detected.
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Figure 4.1: XRD pattern of a y-TiAl substrate.
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Observations made by optical microscopy are presented in Figure 4.2 (a-b). Prior to observation,
the surface of the substrate was surface grinded and polished as described in the experimental
methodology section (Chapter 3) and subjected for ~ 4 minutes to chemical etching with fluoric
acid (HF) solution (10% (v/v) to improve the phase contrast. After the etching step, the
microstructure of the y-TiAl substrate is revealed. The microstructure consists of flat equiaxed y-
TiAl grains and mixed y-TiAl + a2-TizAl grains forming lamellar colonies. The contrast of the
color of the grains is produced by the selective etching process (due to the different compositions,
and orientations of the phases throughout the microstructure). The array of the microstructure

displayed is known as “duplex”.

LR LR
1000um

o,-TizAl | A y-TiAl

Figure 4.2: Optical microscopy images of a flat TiAlI48-2-2 sample after polishing and HF
etching. (a) Left: 5X, (b) right: 10X.

4.1.2 Compositional assessment of the y-TiAl alloy

The microstructure of the base material was investigated by SEM and its composition was
estimated by semiquantitative EDS measurements.

The surface of a polished y-TiAl sample at magnifications of 250x and 1000x, and the chemical
mapping of the main constituted elements are shown in Figure 4.3 (a-c). The parameters used for

EDS analysis and the estimated composition are reported in Table 4.1.
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Figure 4.3 SEM image (a) low magnification (250X); (b) high magnification (1000X) and c)
EDS mapping of a polished y-TiAl.

Table 4.1: X-ray emission peaks of Ka and La shells [135] for the elements of interest used in

EDS.
Element Ka and La shells Composition
(keV)
Ti K:4.51/L:0.45 43.3
Al K: 1.49 38.8
Cr K:5.41/L:0.57 1.6
Nb K:16.58/ L:2.17 2

From the backscattered electron imaging presented in Figure 4.3 (a-b) y-TiAl phase and the
lamellar colonies (az-TizAl) are distinguished. EDS in Figure 4.3 (c) shows the distribution of
nominal composition at the bare substrate. It was determined that the elemental contents slightly
differ from the substrate stoichiometry (48Ti-48Al-2Cr-2Nb) due to the presence of oxygen and
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carbon impurities (Ti: 38.8 at. %, Al: 43.3 at. %, Cr: 1.6 at. %, Nb: 2 at. %, O: 5.3 at. %, C: 9.1
at.%).

The contrast observed through the elemental mapping reveals a more homogeneous distribution
observed for Ti, and a lower content of Al signal in the a-TizAl phase in comparison to the y-TiAl

phase. Cr and Nb signals are observed with higher contrast through the az-TisAl phase.

4.1.3 Mechanical properties of the y-TiAl substrate

Using the nanoindentation technique the evaluation of the mechanical properties on the substrate
was performed, as well as on individual grains to see the difference between the mechanical
properties of the equiaxed microstructure (y-TiAl grains) and the lamellar colonies (y-TiAl +
TizAl).

Nano-indentation was carried out using a Berkovich tip and incremental loads varying from 9500
to 50 uN and, using a 5x5 matrix of indentations, conditions are further detailed through the
experimental methodology section (Chapter 3). Hardness and Young’s modulus were obtained
using the Oliver and Pharr method [136].

The mechanical properties of the bulk material (performed at room temperature) are presented in
Figure 4.4 (a-b). The modulus (E*) of y-TiAl was in the 135-170 GPa range, while the hardness
(H) values were 7-9 GPa. The hardness range estimated shows the influence of the duplex
microstructure, including the az-TisAl phase fraction present in the lamellar grains.

Grain by grain nano-indentations were also performed for each of the phases (equiaxed and
lamellar colonies). The results (H and E*) for the y-TiAl phase (equiaxed grains) are presented in
Figure 4.5 (a-c). Equiaxed grains excibited exhibited hardness values within a distribution of 5-7
GPa, with the higher frequency of values at 7 GPa. While the reduced modulus appear within the
135-170 GPa, being the 150-160 GPa range the one with the higher occurrence.
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Figure 4.4: (a) Hardness (H) and (b) reduced modulus (E*) of y-TiAl sample from nano-

indentation.
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Lamellar grains, which are a combination of two different phases, appear are in a close array of
alternating y-TiAl lamellae and subsequent a2-TisAl. The combined contribution of both phases to
the mechanical properties (H and E*) of the lamellar phase is reported in Figure 4.6 (a-c).

One can observe that the lamellar colonies present a broad distribution of reduced modulus, from
120 to 200 GPa, and hardness in the 4-10 GPa range. This is mainly due to the tetragonal (y-TiAl)
and hexagonal (a2-TizAl) alternating lamellae inducing a crystalline constraint at the interface,
which generates an anisotropic mechanical behavior for each lamella that adds additional

complexity to the analysis of the individual phases within the lamellar colonies.
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Figure 4.6 (a) Hardness (H) and (b) reduced modulus (E*) distribution estimated from the (c)

lamellar colonies.
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4.1.4 Oxidation resistance of the uncoated y-TiAl alloy

v-TiAl samples were exposed to isothermal oxidation in ambient laboratory air at 700, 800, and
900 °C, using a conventional oven. Their microstructure was studied by XRD after 100 h of
exposure. The XRD pattern obtained for the different temperatures are presented in Figure 4.7.
Changes in microstructure of the base material are only identified when the temperature of
exposure was at least 800 °C or higher. In those cases (800 °C and 900 °C), XRD analysis of the
oxidized samples confirmed the presence of a mixed oxide scale formation of TiO, and Al.Og,
(predominantly rutile-TiO2 phase and most probably mixed y-Al>Os and a-Al.Oz phases, as
indicated by the overlapping signals of a- Al,O y-Al>O phases). Although very thin TiO, and Al,O3
scales could have develop for the sample exposed to 700 °C, only the diffracted peaks of the

substrate were noticed.
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Figure 4.7: XRD of y-TiAl substrates exposed to different temperatures 700, 800, and 900°C for

100 h at in a conventional oven, with lab air atmosphere.
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A micrograph of the oxidized cross-section of the substrate after 100 h at the highest temperature
(900 °C) is shown in Figure 4.8. A mixed oxide scale with a total thickness of around 12 um is

confirmed at the substrate surface.

The oxide scale of the 48Ti-48Al-2Cr-2Nb alloy that growth after oxidation at 900°C, exhibits an
oxide scale with a layered structure [136,137], similar to the one excibited exhibited by other TiAl
alloys with Al content in the range of 30-55 at.% of Al. Consisting of an outer layer of TiO2, which
growths towards the oxide-gas interface, and a subsequent Al,Os layer that develops beneath the
outer TiO», towards the oxide-base material interface; while the innermost layer is Al>O3 dispersed
with TiO2 or mixed Al,Os+TiO> [137,138].

The growth of the outermost layers is sustained by outward diffusion of metals cations of Ti and
Al, via interstitial mechanism. Meanwhile for the growth of the inner layer, inward diffusion of

oxygen anions is required through the vacancy mechanism [137].

This type of growth is originated by the oxygen partial pressure required for the growth of the
respective oxides according to the regions of composition at the base material, single single-phase
region (y-TiAl), or bi-phasic region (y-TiAl+a2-Ti3Al), as has been described for the Ti-Al-O
system [16].

With more accelerated kinetics of the TiO2 with respect to the one of the Al.O3, the mixed oxide
scale composed of titanium oxide (TiO2) and aluminum oxide (Al>O3) results in a non-protective
behavior due to the porous nature of the TiO. oxide [17]. Elemental enrichments of either
chromium and/or niobium seem to accumulate at the oxide/substrate interface due to their out-

diffusion during oxidation.
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Figure 4.8: SEM cross-section image of the uncoated y-TiAl after 100h of oxidation at 900°C.

For a more detailed examination of the mass increase as a function of time, and the related kinetic
behavior, another substrate sample was exposed to 900°C, for 100 h using TGA, as presented in
Figure 4.9.

The total mass gain-for the uncoated substrate was 4.6 mg/cm? after 88.5 h of exposure, above this
time the oxide scale formed at their surface started to delaminate. The mass gain over time shows
mixed regimes, with a linear behavior (ki of 3.5x10"! g e cm™ e s) during the first 14 h and a

parabolic regime above this elapsed time (kp of 6.38x10 g> @ cm™ e s1).
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Figure 4.9: Total mass gain measured by TGA as a function of time during oxidation at 900°C of

the uncoated y-TiAl.

4.1.5 Conclusions on the base material properties

Optical and SEM imaging revealed a duplex microstructure with large y-TiAl equiaxed grains and
lamellar colonies, composed of a-TisAl +y-TiAl phases. XRD diffraction results show a dominant
signal attributed to the y-TiAl, a component of both types of phases (equiaxed and lamellar), while
the minor fraction of the hexagonal o2-TisAl exhibited a low diffraction response. The impact of
the duplex microstructure on the mechanical properties was investigated by indentation tests, and
showed the reduced elastic modulus E*, in the 150-170 GPa range, while the broader distribution
of the hardness values observed depended more on the fraction of the ao/y phases. It confirmed the
unprotective nature of the oxide scale that grew on the uncoated base material when exposed to
temperatures over 800°C. The kinetic nature, with mixed linear and parabolic regimes, was

established for uncoated substrate as well as a significant mass gain.
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4.2 Ar-plasma sputter clean treatment

4.2.1 Effect of the plasma surface treatment on the structural properties at the

surface.

The effect of Ar-plasma sputter clean treatment on the crystal structure of polished y-TiAl
substrates using an RF source (105W, 800 DC power, for one hour) is shown in Figure 4.10.
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Figure 4.10: X-ray diffraction pattern of the untreated y-TiAl sample and a sample sputter clean
by Ar plasma using an RF-power source. Cleaning conditions: 105 W (~800 V DC power) for 1
h, at 50 mTorr.

The X-ray diffraction patterns of the y-TiAl substrate before and after the Ar-plasma treatment
were obtained using a 6-260 configuration mode and confirmed the presence of the same phases and
diffraction planes for both samples (untreated y-TiAl - and sputter clean y-TiAl), suggesting the
preservation of the random crystallographic orientation of the substrate after plasma treatment.

Given the large penetration of the X-rays in 0-28 configuration (~ 6.6 um), it is expected that the
X-ray diffraction data in the Figure 4.10 comes mainly from the deeper surface of the y-TiAl

substrate with a strong effect of the bulk.
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Since the Ar-plasma treatment occurs on the substrate surface it was necessary to analyse the
structural properties of the plasma-treated substrate with X-ray diffraction in grazing incidence
mode (Figure 4.11). This operation mode allows the analysis of the substrate in a closer approach
to its surface since it has a lower penetration depth [139] (from 0.7 to 3.5 um). Then, the effect of
the plasma cleaning at different surface penetration depths was studied by orienting the X-ray beam

at different angles with respect to the surface.

The XRD patterns of an untreated (but polished) y-TiAl and of a sputter clean y-TiAl sample are
presented in Figure 4.11 (a-b). It was not observed the presence of new diffraction planes or
changes in the peak positions. This means that the effect of the plasma treatment does not cause
the formation of new phases. According to observations on the peak intensity ratios (Isputter clean y-
Tial /luntreated y-Tial) for the different X-ray penetration depths, it is not observed any preferential

crystallographic orientation.

From the estimation of the Full width at half maximum (FWHM), using a Gaussian fitting of the
peak with the maximum intensity (111), a value of 0.482 (¢= 0.008) for the untreated substrate and
one of 0.431 for the plasma cleaned sample (¢= 0.009), was calculated, this confirmed the absence
of any broadening effect of the XRD peaks and therefore no micro-strain on the crystalline
structure, neither change on the y-TiAl base material’s grain size due to the plasma cleaning

process.
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Figure 4.11: Comparison of a GIXRD pattern at different depths (6=1°, 2°, 4°, 6°) of a y-TiAl
sample (a) untreated (b) Ar-plasma treated using an RF-power source. Plasma cleaning
conditions: 105 W (~800 V DC power) for 1 h, at 50 mTorr.
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4.2.2 Effect of the plasma surface treatment on the chemical composition

With RBS-ERD techniques the original substrate composition and the thickness of the oxide layer
on the surface of the y-TiAl before any surface treatment was investigated. RBS-ERD
measurements are presented in Figure 4.12 (a-b).
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Figure 4.12: Depth profile of a polished TGA y-TiAl sample, extracted from RBS measurements.
a): full scale with Ti, Al, Nb, and O. b): enlarged scale to observe the oxygen penetration into the

substrate.
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The RBS-ERD volume analysis confirms a composition of 47Ti-49AI-2Nb-2Cr. In addition, it can
be seen that the nominal thickness of the native oxide is approximately 25 nm with an oxygen
content of about 30 at. % at the very surface. Also, this native oxide formed on the substrate is most
probably a mixture of TiO2 and Al2Os. It can be noticed that Cr is not reported in ERD due to a
low mass selectivity between Cr and Ti by this method and the large Ti/Cr ratio in the alloy. The
effect of the plasma surface treatment on the chemical composition of the y-TiAl samples was
studied by X-ray photoelectron spectroscopy.

The general survey scans (Figure 4.13) of the y-TiAl sample before the sputter clean treatment
revealed the presence of titanium (Ti), aluminum (Al), niobium (Nb), chromium (Cr), and oxygen
(O) as well as some common impurities such as carbon (C), nitrogen (N) and calcium (Ca). Please
note that XPS is analyzing the signal provided from 10 nm depth. On the sample subjected to
sputter clean treatment inside of the sputtering chamber, the removal of the impurity elements from
the surface of the substrate was confirmed, as appears in Figure 4.13, where the signals of N and

Ca do not appear on the general survey obtained after the plasma treatment.
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Figure 4.13: Chemical surface characterization: (a) XPS general survey of an untreated sample

and an Ar-plasma sputter clean of y-TiAl samples 105 W (~800 V DC power) for 1 h, at 50

mTorr.



70

In addition to the general surveys, high-resolution scans were performed in the selected binding
energy ranges for Al2p, Ti2p, Cr2p, Nb3d, and O1s to determine the elemental composition. The
chemical composition estimated from those surveys is summarized in Table 4.2. From those values,
it is observed a decrease in the atomic concentration of the common impurities (N, Ca, Na and C)

on the sample that received the Ar-plasma surface treatment.

Table 4.2: Identification and quantification of the chemical elements obtained from the general

XPS survey scans.

Relative atomic percent (At.%)

_ _ Untre_ated Sputter clean
et oo T
orbital (BE)

Al2p 74.1 6.4 9.6
Nb3d 207.4 0.3 0.3
Cls 285.1 42.8 36.3
Ca2p 347.3 1 -
N1s 399.7 1.6 -
Ti2p 458.6 4.9 7.5
O1s 530.8 41.7 45.5
Cr2p3 577.3 0.5 0.8
Nals 1071 0.8 -

Also, it was found an increase in the atomic concentration of the metallic elements (Ti, Nb, Cr, and
Al) as well as in other elements such as oxygen (O). This result revealed that the use of an Ar-
plasma treatment leads to the removal of the adsorbates at the substrate surface. While the increase
in the composition of the metallic elements indicates their exposure to the substrate surface once

the impurities are removed.

The increase in oxygen content after the surface plasma treatment suggests that after the break of

the sputtering chamber vacuum, the substrate in ambient conditions tends to be coated by oxygen
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molecules. To study a closer effect of the sputter clean on the y-TiAl samples, it was necessary to
perform the surface cleaning in-situ of the XPS chamber. In Figure 4.14 it is presented the general
survey of the sample before and after the in situ sputter clean procedure.
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Figure 4.14: XPS general survey of untreated y-TiAl and sputter clean y-TiAl inside the XPS

chamber (Ar cleaning conditions in XPS chamber: 2 KeV for 13 minutes).

As previously, by the observed decrease in peak intensity of the binding energy of carbon and
nitrogen it is confirmed that the Ar-ion etching had removed some adsorbates from the substrate
surface. It is as well observed an increase in the peak intensity of the binding energy of some
metallic elements suggesting that the in situ sputter clean treatment has led to the exposure of some
metallic elements (Ti, Al, Cr, and Nb). The Ar-ion sputter clean conditions were very mild to avoid

preferential sputtering of elements.

To obtain further information about the atomic concentration before and after the in situ sputter
clean process, high-resolution scans were obtained in the respective selected binding energy of the
chemical elements. As shown in Figure 4.15 (a) and (b), Al 2p consists of two wide peaks of Al
oxidized (~74.0 eV) and metallic Al (~71.0 eV) while three peaks are observed at ~464.0, ~459.0
and ~454.0 eV representing Ti transition oxidation states, Ti oxidized and Ti metallic, respectively,
observed in Figure 4.15 (c) and (d).
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Figure 4.15: XPS high-resolution core-level spectra (Al2p and Ti2p) obtained from untreated [(a)
and (c)] and treated y-TiAl sample [(b) and (d)].

The quantitative observation from high-resolution XPS is summarized in Table 4.3. According to
the signals from the oxidized species in the Al2p and Ti2p, a slightly lower atomic concentration
of oxidized titanium (8.8 at. %) in comparison to oxidized Aluminium (10 at. %) was detected for
the as-polished sample (untreated y-TiAl). After the in situ sputter clean process, the amount of
oxidized titanium (1.3 at. %) is much lower than the oxidized aluminium (8.2 at. %). This behavior
could be explained by considering the sputtering yield of these materials. According to their
sputtering yields values, metallic aluminum is sputtered two times faster than metallic titanium (Al
~ 2.1 atoms/ion and Ti ~ 1 atoms-ion, data obtained from Ar+ plasma at 2 KeV) [140-141]

suggesting that after sputter clean process aluminum concentration should be lower than titanium
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concentration. However, the resulting XPS data does not confirm this statement. To understand the
lower concentration of oxidized titanium signal (titanium associated with oxygen) in comparison
to oxidized Aluminium signal, their binding energy must be considered, in addition to the
sputtering yield. Even though the sputtering yield of metallic aluminum is much faster than metallic
titanium, it is more difficult to sputter aluminum oxide than titanium oxide. This is caused by the

higher energy threshold needed to sputter Al,Os molecules.

The effective atomic sputtering threshold is ~ 3.45 eV/atom for Al>Os while for TiOz it is around
~3.20 eV/atom. It is closely related to the higher binding energy between the aluminum-oxygen
bond (AI-O, 1675 kJ/mol), compared to the binding energy of the titanium-oxygen bond (Ti-O,
938 kJ/mol). This is in agreement with the tendency shown in Table 4.3 where there is more
oxidized Al with respect to oxidized Ti.

Table 4.3: High-resolution XPS analysis of untreated and in-situ treated y-TiAl samples. Cleaned
at 2 keV for 13 minutes.

Orbital Identification Uncleaned y-TiAl y-TiAl after in situ sputter clean

(at. % of elements) treatment at 2 keV.

(at. % of elements)

Al2p Metallic Al 1.6 13.6
Oxidized Al 10 8.2
Ti2p3 Metallic Ti 2.3 29.1
Oxidized Ti 8.8 1.3
O1s Al-O and Ti-O 35 27.1
Al-OH and Ti-OH 32.9 10.9

C-O0 9.4 3

TOF-SIMS analysis (Figure 4.16) revealed that the oxygen molecules coated the y-TiAl sample.
From the combined study among XPS and TOF-SIM it was found that right after the y-TiAl
samples leave the cleaning chamber, they tend to form an oxide layer which has a thickness of ~ 6
nm. It can be observed from Figure 4.17 that the oxygen molecules are mainly associated with

aluminum and titanium ions.
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Figure 4.16: Profile composition of the main species of a y-TiAl sample after cleaning at 3 keV
by cesium ions (Cs+, 640 nm, 250x250 pm) inside of the TOF SIMS chamber.

4.2.3 Effect of the plasma surface treatment on the mechanical properties

The mechanical properties (hardness, H and reduced modulus, E;) of the untreated and
sputter clean y-TiAl substrate using an RF power source are presented in Figure 4.17. In the
case of the untreated substrate, its hardness values are around 7-10 GPa and modulus in the
range of 150-175 GPa, presented in Figure 4.18 (a) and (b).

It indicates that the surface plasma treatment using an RF power source does not modify the
hardness (H) neither the reduced modulus, (Er) of the base material.
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Figure 4.17: Mechanical characterization: Hardness (a) and reduced modulus (b) for a RF
plasma-treated y-TiAl sample. Ar cleaning conditions: 105 W (~800 V DC power) for 1 h, at 50

mTorr.

4.2.4 Conclusions on the effect of the plasma surface treatment

This research work has reported the effect of the Ar-plasma treatment on the structural (crystalline
structure) and mechanical (H, Er) properties of y-TiAl based alloys. According to the X-ray
diffraction studies the Ar-plasma cleaning does not induce changes in the structural properties of
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the substrate, or the crystallinity of the y-TiAl substrate. A combination study between XPS and
TOF-SIMS determined that the plasma-treated y-TiAl substrate is naturally covered by an ultrathin
oxygen layer (thickness around 6 nm) in ambient conditions. In-situ XPS measurements revealed
that the Ar-plasma treatment removes common adsorbates from the y-TiAl substrate surface as
well as revealed that metallic aluminum (Al) is sputtered faster than metallic titanium (Ti) while
aluminum oxide (Al203) is more difficult to sputter than titanium oxide (TiO2). In terms of
mechanical properties, nanoindentation measurements showed that after the plasma cleaning, the

hardness and modulus of the y-TiAl sample remained unmodified.
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This chapter present the development of titanium silicide protective coatings using different Si
reservoirs (3.0 um, 6.0 um, and 9.5 um of initial Si thickness) deposited by magnetron sputtering,
followed by different periods (2 h to 24 h) of vacuum thermal annealing at 950 °C. The
microstructural growth of titanium silicides influenced by the initial Si reservoir and their evolution

following oxidation was investigated.

5.1 Effect of annealing time at 950 °C on the growth of TixSiy

In the first part of this work, the effect of TA on the 3 um Si coatings is evaluated. Si was deposited
on the surface of the y-TiAl substrates and vacuum annealed at 950 °C for 2 h, 8 h, 16 h, and 24 h.
Cross-sectional images of the as-deposited coating and the corresponding XRD patterns before and
after TA annealing are presented in Figure 5.1.

For the as-deposited coating, shown in Figure 5.1 (a), the diffraction peaks primarily correspond
to amorphous Si, represented by a characteristic broad hump with low intensity and a contribution
of a small amount of crystalline Si, as well as SiO. The latter one must have been formed during
the exposure of ambient conditions of the as-deposited Si, when removed from the vacuum
atmosphere of the deposition chamber. The corresponding tetragonal y-TiAl signals, which are
characteristic of the Ti-48Al-2Cr-2Nb substrate, are still visible.

The cross-sectional SEM image is shown in Figure 5.1 (b) of the as-deposited 3 um Si layer reveals

a compact and dense microstructure. After TA (Figure 5.1 (c)), the new peaks in the XRD patterns
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mainly correspond to the hexagonal TisSis phase, and some of them to the tetragonal TisSis phase,
orthorhombic TiSi2 phase, and the cubic Ti2Si, the former one is observed only with the shorter
annealing time (2 h). For all the coated and annealed samples, the TiAl2 phase is noticeable.
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Figure 5.1 (a) XRD patterns and (b) cross-sectional SEM of the as-deposited 3 um thick Si
coating on y-TiAl, and (c) XRD after their vacuum thermal annealing at 950 °C during 2 h, 8 h,
16 h, and 24 h, respectively.



79

Different durations of TA gave rise to a redistribution of the elements as revealed by SEM on cross-

sections of the TixSiy/y-TiAl systems presented in Figure 5.2 (a-d).

111 : ;
. y-TiAl substrate
s y-TiAl substrate

3 um 8i, 2 h TA 3 pm Si, 8 h TA

I | o _
‘ y-TiAl substrate y-TiAl substrate

3 pm Si, 16 h TA 3 pm Si, 24 h TA

I. TiXSiy
II. Interdiffusion
ITI. Al enrichment

Figure 5.2: SEM cross-sections of the TixSiy/y-TiAl systems after different annealing times at 950
°C:(a) 2 h, (b) 8 h, (c) 16 h, and (d) 24 h.

The SEM images in Figure 5.3 indicate the presence of three different zones: (I) The outer zone is
located further from the substrate, and it corresponds to a TixSiy coating with dense morphology.
The defects (i.e., porosity, fracture) observed at the very edge of the coating are an artifact due to
sample preparation [142] (cutting and polishing) for microstructural observations. During
annealing, the diffusional growth of the titanium silicide coating is produced by the inward
diffusion of Si towards the substrate and the outward diffusion of Ti towards the Si top layer.

Once the first titanium silicide phases are formed, the depth distribution of Si continues throughout
the titanium silicide compounds. (I1) The second (interdiffusion) zone represents an intermediate
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layer between the inner Al enriched zone and the TixSiy coating. The interdiffusion zone can be
described as traces of localized TixSiy that did not coalesce to form a continuous layer. The diffused
traces on the Ti-Al matrix are a microstructural feature related to a temperature effect [143]. Since
the diffusional transport of elements is temperature-dependent, a very high temperature (>950 °C)

is required to accelerate and balance the diffusional flux of the elements involved.

(111) The third region next to the substrate corresponds to the TiAl. intermetallic zone, which is
reported to be mechanically brittle [1]. The latter one is formed due to an enrichment in aluminum
compared to the initially balanced ratio between Ti and Al in the original composition of the
substrate (Ti-48Al-2Cr-2Nb). Different rates of diffusion (i.e., Dsi #Dti# Dai) promote this
gradient in composition. In addition, the Al enrichment is also due to the Ti consumed by its
reaction with Si, which is associated with a more negative Gibbs energy of formation for the
titanium silicides (AGoso °c TiSi2: -172.16 kJ/mol; AGeso °c TiSi: -153. 23 kJ/mol; AGgso °c TisSla: -
718.27 kJ/mol; AGoeso °c TisSis: -578.62 kJ/mol) [142] with respect to that of the titanium aluminide
phases (AGoso °c TIAl: -21.49 kJ/mol; AGgso -c TiAlo: -33.39 kJ/mol), for which the values were

estimated according to reference [145].

The thicknesses of zones I, 11, and III for samples with the 3 pum thick Si layers and annealed for
different periods were determined from the TixSiy/y-TiAl SEM cross-sections (see Figure 4). One
can observe an increase in thickness for all the different zones as the annealing time progressed
from 2 h to 8 h. Specifically, for TixSiy (zone I), the average thickness ranges from 1.9 um to 3 um.
For 2 h and 8 h of annealing, the thickness increased from 1.9 um to 2.6 pm, and it reached 3 pm
after 16 h and 24 h of TA. The thickness estimated for the interdiffusion zone (zone I1) is 1.3 um
after 2 h of annealing, reaching a stabilized range of values of about 2.1-2.3 um after 8 h, 16 h, and
24 h of TA, respectively. The silicide-forming reaction consumed the Ti atoms that outward
diffused from the substrate, leaving an Al enriched zone 111 (TiAl2) of up to 3.4-3.7 um thick. Also,
an increase in the total thickness of the multi-zones in the range of 5.3 um up to 8.9 um is observed

in Figure 5.3, as the annealing time progressed.
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Figure 5.3: Effect of vacuum annealing time at 950 °C on the thickness of the different zones:

TixSiy-zone I; Interdiffusion-zone I1; and TiAl2-zone 111; and the total thickness of the multi-

zone structures at the TixSiy/y-TiAl interface, for an initial 3 um thick.

Cross-sectional EDS measurements were used to investigate the distribution of elements (Ti, Al,
NDb, Cr, Si, and O) in the TixSiy/y-TiAl system after annealing at different times. The compositional
profiles obtained are related to the atomic transport through the y-TiAl polycrystalline structure
and the thermally activated motion of the elements over time, leading to a concentration gradient
at a certain depth. Such behavior can be generally linked to a non steady-state diffusion [146]. To
better describe the distribution of the titanium silicide phases, a compositional profile from the
surface up to the TiAl> zone, and a total depth in the range of 5-7 um range, which provided
improved resolution of the elemental distribution. is presented in Figure 5.4. The different regions
are identified throughout the compositional mappings, starting at the top layer (Zone | - TixSiy

coating), interdiffusion layer (Zone Il - Ti, Al, Si) and subsequent Al —enrichment layer (Zone I11).
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Figure 5.4: Elemental distribution at and around the TixSiy/y-TiAl interface following different
annealing times: (a) 2 h, (b) 8 h, (c) 16 h, and (d) 24 h.

Compositional profiles were obtained to determine of the atomic content of the different elements
at the TixSiy/y-TiAl system; and according to the stoichiometry of the TixSiy compounds, the most
probable TixSiy phases have been assigned. Similar methodologies have been reported previously
[142-147]. The compositional mappings reveal the influence of the thermal annealing time on the
formation of different TixSiy phases. For a short annealing time (2 h — Figure 5 (a)) in Zone I, Ti2Si
and TisSiz are the predominant phases detected within the first 1 um, followed by a minor Al
content (Ti2Si+Al) up to a depth of 1.9 um. Deeper (>1.9 um), the interdiffusion Zone II exhibits
higher Ti (55-50 at. %) and Al (25-55 at. %) contents to Si (<25 at. %), while 62 at. % of Al is
found in the Al enriched Zone Ill. As the annealing time was prolonged >2 h, we observe

progressive inward diffusion of Si.
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For the 8 h annealed sample, similar phases to the 2 h annealed sample are observed within the first
1 um. In both phases, around <10 at% of Al is found. Subsequently, there is a TisSis phase, not
observed with the short annealing (2 h), as well as TisSis with Al content.

The interdiffusion zone shows a slightly lower Ti content (50-45 at. %), while the Al enriched
zone remains very similar (65 at. %) to the previous sample. The growth and distribution of the
titanium silicide phases reveal that short TA (2 h and 8 h) promotes the growth of titanium silicide
compounds with either lower energy of formation [62,148] or lower Si content (i.e., Ti.Si and
TisSis3).

With an annealing time of 8 h or beyond (16 h and 24 h TA), the higher concentration of Si appears
deeper within the TixSiy coating (>0.5 um depth) and reveals the formation of titanium silicides
with a more balanced ratio of Ti and Si such as TisSis and TiSi. With longer TA (16 h and 24 h),
the elemental composition within the Al enriched zone indicates an increase in Al up to 67 at.%.
For both samples, interdiffusion exhibits similar elemental concentrations as those estimated for
the 8 h TA sample.

Overall, the strong coupling between Ti and Si is indicated by their elemental contents, and the
confirmation of titanium silicide formation phases after 2 h of annealing and above, suggests uphill
diffusion of Ti towards the surface, as the one indicated in the formation of NiPtAl [149]. The
driving force of uphill diffusion relates to the chemical potential gradients established between Ti
and Si [150].

Longer annealing times have induced a more restricted Ti outward diffusion, as documented by a
lower Ti content at the outer edge of the coating. This underlines the role of Si, which reacts with

Ti, while the titanium silicide formation inhibits its further outward diffusion [151].

5.2 Effect of 6 pm and 9.5 pm thick Si reservoirs on the growth of TixSiy

5.2.1 Microstructure of thick TixSiy coatings

To evaluate the effect of Si reservoir on the evolution of the TixSiy/y-TiAl system, thick silicon
coatings (6.0 um and 9.5 um) were deposited on y-TiAl. Based in the study on the 3 um Si reservoir
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samples, we chose comparable TA times. Specifically, the thick Si-coated samples were thermally

annealed at 950 °C for 8 h and 16 h, and Figure 5.5 shows the corresponding XRD patterns.

The diffraction peaks are similar to those observed in the 3 um Si coatings after TA (Figure 5.1),
with the characteristic phases of the substrate, the tetragonal y-TiAl and hexagonal o2-TizAl, as
well as the phases corresponding to the hexagonal TisSis, tetragonal TisSis, and orthorhombic
titanium silicides (TiSi and TiSi2). However, there are more peaks related to TiSi phases in
comparison to the annealed 3 pm Si samples.
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Figure 5.5: XRD patterns of 6.0 um and 9.5 pm thick Si deposited on y-TiAl and thermally
annealed at 950 °C for 8 h and 16 h.

The thicker Si reservoirs promote the growth of more varied TixSiy compounds, including the
silicon-rich (TiSi: 50Ti-50Si and TiSi2: 33.3Ti-66.6Si) and titanium-rich silicides (TisSis + TisSi3).
As the Si reservoir increase to 9.5 um, the higher availability of Si promotes the formation of the
TiSi phase, as observed by comparing the diffraction peaks. The microstructure of the coatings was
investigated by SEM is presented in Figure 5.6 (a-f).
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The as-deposited coatings appear to be compact (Figure 5.6 (a-b)), while some particles observed
at the outer edge of the 6 pm Si reservoir (Figure 5.6 (a)) are due to the specimen preparation
(cutting and polishing). After TA, three zones (I: TixSiy, Il: Interdiffusion, I11: Al enrichment),

previously described for samples with 3 um of Si are also detected (Figures 5.6 c-f).

Figure 5.6 (c) reveals the modified TixSiy/y-TiAl region for the 6.0 um thick Si sample after 8 h
of annealing, which yields a total depth of 21.2 um (zone I: 7.2 pm, zone Il: 7.4 pum and zone I1I:
6.6 um).

When annealed for 16 h (Figure 5.6 (€)), the zones become larger (zone I: 10.6 um; zone II: 9.1
um and zone I11: 10 um) with a total depth of 29.7 um. In comparison, the 9.5 um thick Si sample
yields larger zone thicknesses after 8 h of TA (zones I: 11.8 um, zone I1: 15.8 uym and zone 1l1: 8.7
um, total depth of 36.3 um) (Figure 5.6 (d)), that further grow after the 16 h annealing time (zone
I: 14.3 um, zone II: 10.2 um, zone 11I: 11.9 pum, total depth of 36.4 um) (Figure 5.6 (f)).

For samples with the 6.0 um + 16 h TA and 9.5 um + 8 h TA, we observe defects caused by the
Kirkendall effect (see Figures 7 (d) and (e)) due to which the voids appear either close to the surface
of the TixSiy layer or at the interface between the coating and the interdiffusion zone.

The origin of the Kirkendall effect relates to the differences in diffusivity rates [152] of the
participating elements through the coating-substrate interface during the high-temperature

interdiffusion processes (i.e., thermal annealing).

Formation of the Kirkendall voids is favored in boundary regions at adjacent interfaces [10], as
particularly observed in the 6.0 um + 16 h TA sample, namely in locations with the most significant
gradients of concentration, indicating higher diffusional flux and higher potential for dissimilar

diffusivities of the elements (specifically, Si and Ti in our case).
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Figure 5.6: Cross-sectional SEM images of the (a) 6.0 um and (b) 9.5 um thick Si reservoirs on
y-TiAl substrates, and (c-f) the multi zones at the TixSiy/y-TiAl interface after thermal annealing.
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5.2.2 Comparison of the TixSiy microstructural evolution of the Si reservoirs

Figure 5.7 (a-b) summarizes the effect of the Si thickness (3.0 um, 6.0 pum and 9.5 um) and the TA
time (8 h and 16 h) on the growth of the different zones at the TixSiy/y-TiAl interface.

Si reservoirs of 3 um produce thinner zones, with the narrowest interdiffusion zone (1), and the
thickest TiAl2 zone (111). This is due to the limited inward diffusion of Si (smaller thickness of the
Si reservoir). For thick Si reservoirs (6.0 um and 9.5 um) and shorter annealing time (8 h), the
interdiffusion zone (I1) is thicker since there is more Si inward diffusion (high Si reservoir). Still,
there is limited time for the titanium silicide reaction, which produces an increase in the localized
traces of the TixSiy concentration without the formation of a continuous layer. Due to the thick
initial Si reservoir (which increases the Si activity to inward diffuse), the Ti outward diffusion is

more limited, as confirmed by the lowest thickness observed for the TiAl; zone (I11).

For the larger Si reservoirs (6.0 um and 9.5 um) and longer annealing (16 h), there is both enough
time for the reaction and sufficient Si availability to produce a TixSiy layer as the thickest zone (I).
Under these conditions, the growth of the interdiffusion layer is restricted since there is more time

to promote the titanium silicide reaction.

Overall, the TixSiy coating yields a large thickness with the thicker Si reservoirs and longer times
of annealing. Similarly, the interdiffusion zone (11) gets thicker with higher initial Si thickness but
thinner when annealing is longer. On the contrary, the Ti depleted zone (I1I: TiAl>) becomes less
thick when the Si reservoir is larger. Additionally, for shorter annealing time, the thickness growth
of the zones exhibited an almost linear dependence [25], while for longer times, it approaches a
parabolic type; such kinetics tendencies have been observed in the growth of layers The total depth
of the TixSiy/y-TiAl system (zones I1+11+111: TixSiy + interdiffusion + TiAlz) increases with higher

Si reservoirs and longer annealing time.
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Figure 5.7: Effect of the initial Si coating thickness (3.0 pm, 6.0 um and 9.5 pm) on the thickness
of the different zones at the TixSiy/y-TiAl interface upon annealing at 950 °C for (a) 8 h and (b)

16 h.
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5.3 Oxidation resistance of the TixSiy/y-TiAl systems

5.3.1 Oxidation performance of the TixSiy/y-TiAl system with a 3um thick Si

layer

3 um thick Si-coated samples thermally annealed in vacuum for 2 h, 8 h, 16 h and 24 h,
respectively, have been exposed to extended oxidation in a conventional oven in lab air at 900 °C
for 100 h. The resulting XRD patterns are shown in Figure 5.8.
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Figure 5.8: XRD patterns for a system formed by an initial 3 um thick Si on y-TiAl annealed at
950 °C for 2 h, 8 h, 16 h and 24 h, and exposed to oxidation at 900 °C in air for 100 h.

The XRD patterns reveal diffraction peaks from the y-TiAl substrate for all samples, as described
in section 5.1. The coatings remain rich in titanium silicide compounds such as TisSiz and TisSis
with a presence of some TiSiz, whose peak intensity appears more pronounced than prior to
oxidation (Figure 5.1).

In addition, new phases related to SiO2 and TiO2, with a minor proportion of Al.Os3, are detected.
Diffraction peaks due to TiO2 have a very low intensity, suggesting small quantities. SiO appears

to be amorphous (metastable) on the sample after 2 h of TA, and minor diffraction peaks indicate
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the presence of crystalline (stable) SiO2 on all samples. Cross-section SEM images of the TixSiy/y-

TiAl samples after 100 h of oxidation in air at 900 °C are shown in Figure 5.9.
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Figure 5.9: SEM cross-section images of the TixSiy/y-TiAl system for the initially 3 um thick Si
on y-TiAl thermally annealed for (a) 2 h; (b) 8 h; (c) 16 h; (d) 24 h and oxidized in air at 900 °C
for 100 h.

For all coated samples with a thin Si reservoir (3 pm), one can observe the growth of an outer
surface oxide layer with a thickness between 1.6 um and 2.4 um. The oxide scale is noticed either
as a single layer or a bi-layer structure. The more external layer is constituted of brittle particles,
while the inner layer appears continuous and more compact. The bi-layer structure is well defined
on the sample with 8 h of thermal annealing. The outermost oxide layer is brittle and did not remain
continuous after the specimen preparation for microstructural observations on all samples.

A localized EDS analysis on the bi-layer oxide scale of the 8 h TA sample (indicated by green and
blue squares, respectively) shows the presence of a higher Ti content with respect to Si in the outer
oxide layer (L2: 70.6 at. % O, 13.5 at. % Ti, 8.7 at. % Si, 6.7 at. % Al, 0.5 at. % Cr), a similar ratio
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of Si to Ti at the inner oxide layer (L1: 65.4 at. % O, 16.5 at. % Ti, 14.9 at. % Si, 2.5 at. % Al, 0.7
at. % Cr), as well as low content of Al and traces of Cr in both of them.

After oxidation, the TixSiy coating decrease in thickness for all samples due to the consumption of
Ti and Si atoms to grow their respective oxides. The interdiffusion zone (I1) appears significantly
depleted for samples with short times of annealing (2 h and 8 h), and their Al-enriched zone (I11)
seems non-continuous (i.e., 2 h TA sample) or disappearing (i.e., 8 h annealed sample). Particularly
for the longer thermal treated samples (16 h and 24 h), the interdiffusion zone does not exhibit
substantial degradation, while the Al enrichment zone shows a lower thickness than prior to

oxidation.

The overall changes in the elemental distribution of the TixSiy/y-TiAl system due to oxidation were
obtained by using EDS compositional profiles shown in Figure 5.10 (a-d). The analysis was
performed on the total cross-sections (up to 20 pm of depth) of the coated samples. Although the
interdiffusion zone is indicated, it is not discussed here since it almost overlapped with the TixSiy

layer and the Al enrichment zone.

After oxidation, for the 2 h annealed sample (Figure 5.10 (a)), within the first 2 um of depth, the
atomic concentration profile reveals the presence of Ti, Si, and O (related to TiO2 and SiO;) with
an oxygen content of about 50 at. %. By comparing the Ti-Si ratio after oxidation with the one
obtained after annealing (Figure 5.4), the most probable phase transformations within the TixSiy
region can be identified. The TixSiy region is marked by a decrease in the Ti concentration (from
60 at. % to 35 at. %) and of Si (from 35 at. % to 25 at. %), suggesting phase transformation of the

titanium silicide compounds (most probably from Ti>Si to TisSis, and from TisSizto TisSia).

For the sample thermally annealed for 8 h and subsequently oxidized (Figure 5.10 (b)), the
maximum oxygen concentration at the surface is about 65 at.%. Oxygen is detected within the first
3 um of depth. The TixSiy has lower Si and Ti concentrations than before oxidation (before
oxidation 55-60Ti:30-40Si; after oxidation 35Ti:25Si), indicating phase transformation within the
titanium silicide coating, similar to the ones observed in the 2 h TA sample. At depths higher than
4 um, less significant Al enrichment is observed than before oxidation, with a Ti/Al ratio of

approximately 45 at. % / 55 at. %, closer to the original substrate composition.
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The sample annealed for 16 h (Figure 5.10(c)) exhibits about 30 at. % of oxygen. This value is
lower compared to the samples with shorter annealing time and with 24 h of annealing. The Ti/Si
content ratios are not as significantly different as in the previous samples when compared to those
observed after annealing. The sample annealed for 24 h (Figure 5.10 (d)) exhibits an oxygen
content of about 70 at. % within the first 1 um, with a tail spanning well to a depth of 2 um. The
compositional ratio of Si and Ti remained similar to those estimated prior to oxidation.
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Figure 5.10: Compositional depth profiles of the TixSiy/y-TiAl system oxidized in air at 900 °C
for 100 h for the initially 3 um thick Si on y-TiAl annealed at different temperatures for different
times: (a) 2 h, (b) 8 h, () 16 h, and (d) 24 h.
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5.3.2 Thermo-gravimetric measurements and oxidation kinetics of the 3 pm Si

reservoir

To assess the oxidation performance of the coating, thermogravimetric analysis (TGA) in the
isothermal mode was performed for 100 h in lab air at 900 °C for selected TixSiy/y-TiAl 3D coated
samples. Figure 5.11 presents the mass gain (Am/S) as a function of time (t) for the 3 um Si coated

samples, annealed for 2 h, 8 h, and 16 h, in comparison with the uncoated substrate.

The bare substrate exhibits a rapid increase of weight, up to a point when the delamination of the
oxide scales (TiO2 and Al>Os) occurred after 88.5 h, corresponding to a mass gain value of 4.6
mg/cm?. For the coated samples, Am/S was in the range of 1.3-2.2 mg/cm? for 100 h, while it was
1.6-2.1 mg/cm? for a total time of 88.5 h. None of the coated samples exhibited any delamination
up to the end of the experiment. One can observe that the application of the Si coatings and
subsequent formation of the TixSiy protective layer lead to a decrease in mass gain by 52-72 %

compared to the Am/S value of the uncoated y-TiAl.
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Figure 5.11: TGA total mass gain as a function of time during oxidation at 900 °C of 3 um Si

coated samples preliminarily and vacuum thermally annealed for different times.
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To assess the oxidation mechanism associated with the samples, we applied Equations 2.8 and 2.9
to describe the oxidation kinetics by fitting the experimental curves in Figure 5.11. The linear and
parabolic oxidation parameters, k;, and kp, were obtained from the mass change/surface (Am/S)
versus time (t) or versus square root of time (t¥?), respectively. A constant, Ci, was added to the
oxidation rate when a steady state was not reached at the very beginning of the oxidation. The
results are summarized in Table 5.1. Of particular interest are any deviations from the parabolic
behavior since they can indicate additional contributions to the oxidation mechanism occurring in

the protective TixSiy layers apart from diffusion.

Table 5.1: Comparison of the oxidation parameters for uncoated and coated y-TiAl substrates

after oxidation at 900 °C. R2 represents the quality of the fitting.

Samples Total mass gain ki R? Oxidation
(W, mg/om?) (g.cm?2.s?) regime
after 88.5 h
Kp
(g%. cm™. s
Ci
(g°- cm™)
Uncoated y-TiAl 4.6 ki: 3.5 x10°1 0.992 Linear
kp: 6.4 x10? Parabolic
y-TIAl+3um Si+2 h TA 1.6 Kp: 8.4 x10°12 0.990 Parabolic
y-TiIAl+3um Si+8 h TA 1.3 kp: 3.5 X102+ C; | 0.987 Parabolic
Ci: 2.8 x10*
y-TiIAl+3 pm Si+ 16 h TA 21 kp: 8.9 x10*2+ Ci | 0.988 Parabolic
Ci: 3.6 x10*

The uncoated y-TiAl presents a combination of linear and parabolic regimes; in the linear regime
(within the first 14 h of oxidation), the oxidation kinetics relates to interfacial reactions at the
surface and/or phase boundaries, while in the parabolic regime (above 14 h of exposure) oxidation
is governed by the diffusion processes, with kj = 3.5x101 g. cm™2. sand kp = 6.4x101 g2. cm™.
s, respectively.
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For all coated samples, the mass gains are of the same order of magnitude, and they follow a
parabolic oxidation rate behavior for the whole time of exposure. The kp value obtained for the 2 h
TA sample was 8.4x1012g%. cm™. s, while for the 8 h TA and 16 h TA, it yielded 3.5x1071? g°.
cm™. st and 8.9x102g%. cm™. s, respectively. Indeed, the kp values for the coated samples are
one order of magnitude lower than for the bare substrate confirming the effectiveness of oxidation

protection.

In Table 5.2, the oxidation kinetics of different types of coatings fabricated by similar or
complementary methods are compared with the results obtained in this work. Since each system
and measurement methodology exhibit their particularities, the parabolic constants cannot be
compared directly, but one should rather compare the improvement of the oxidation kinetics by

considering kp of the uncoated vs the coated substrate.

Specifically, a coating system produced by pack siliconizing [153] exhibited one order of
magnitude improvement (uncoated ky = 3.8x102°g?. cm™. s%; coated kp = 4.9x10 g?. cm™. s1).
However, these coatings were relatively thick (~7-24 um) compared to ours, and the oxidation
conditions were less severe (800°C). Gray et al.[154] have shown that coatings produced by the
CVD process improve oxidation kinetics by one order of magnitude (uncoated kp = 7.5x10%° g2.

cm™. s coated kp = 9.4x1076 g2. cm™. s) but after a longer exposure time of 500 h.

Although the thickness range (1-2 pm) of their coatings and the ones of the present study are close,
the higher process temperature and longer deposition time employed for the coatings in ref. [154]
could lead to differences in the thermodynamic stability of the phases present in the TixSiy coatings.
Similarly, a reduced oxidation rate by about two orders of magnitude compared to the substrate
(uncoated kp = 1.8x10% g%. cm™. s; coated k, = 1.3x102° g?. cm™. s™) has been observed for
coatings produced by pack aluminizing [155] and subsequent electrodeposition of silica, while the

coating thickness was very large (>50 um).

The comparison of the oxidation performance of the coated y-TiAl substrates presented in this work
can be completed by referring to Hindam and Whittle [156] who studied the oxide scale formation

(Cr203 and Al>O3) at a high temperature of 900-1300 °C using non-Si-containing systems.
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Specifically, these authors analyzed “chromium oxide-former” alloys (i.e., Co-Cr, Fe-Cr and Ni-
Cr) and “alumina-former” alloys (i.c., Co-Cr-Al, Fe-Cr-Al, Ni-Cr-Al, Ni-Al, and Pt-Al) for which
they reported the following range of the kinetic growth rate, kp at900°c = 102-10*2g%. cm*. st and

Ko atoo0 °c = 1013-10"% g?. cm™. s, respectively.

In the coating system developed in our study, the Kinetics of oxidation of the base material is
improved by one order of magnitude. The sputtering process of Si followed by annealing at a
moderate temperature (950 °C) used for the coating growth is beneficial due to the industrial
compatibility. In addition, the relatively small thickness of the Ti-Si coatings has the advantage of

no adhesion issues compared to very thick coating systems.

Table 5.2: Comparison of the oxidation performance at 800 °C-1000 °C of Si based coatings
(TixSiy and Si-Al) for TiAl alloys produced by different methods.

Substrate Coating Method Oxidation time ko (9> ® cm™ @ s7)
(including (includin lapsed for the k
thickness) ¢ t g i estimation and Uncoated Coated
emperature and time) oxidation substrate
temperature
Ti-6Al-1Mn TixSiy Pack siliconizing | 340 h at 800 °C 3.8x10°%0 4.9x101
(~7-24 pm) [153]
(800-900 °C, 6-20 h)
Ti-45Al-2Mn-2Nb- TixSiy CVD [154] 500 h at 900 °C 7.5x101° 9.4 x1016
18 (~12um) | (1010 °C, 50 h)
Ti-50Al Si-Al Pack aluminizing | 60 h at 1000 °C 1.8x108 1.3 x1010
[155] (1000 °C, 2 h) +
(>50 pm) electrodeposition  of
SiO;
Ti-48Al-2Cr-2Nb TixSiy Sputter-deposition 100 h at 900 °C 6.4x10! 3.5-8.9x1012
(~2-3 um) [this work]
(Ambient temp.) +
vacuum TA (950 °C,
2-16 h)
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5.3.3 Microstructural evolution of oxidized TixSiy/y-TiAl systems with 6 pm

and 9.5 pm thick Si reservoirs

Microstructural and compositional characteristics of samples with initial silicon thicknesses of 6.0
pum and 9.5 um, vacuum thermally annealed for 8 h and 16 h and oxidized in a conventional oven
for 100 h in lab air at 900 °C are presented in Figures 5.12 and 5.13.

As shown by the SEM cross-sectional images (Figures 5.12 (a,d) and 5.12 (a,d)), all samples exhibit
an oxide scale on top of the coating with thicknesses in the range from ~1.4 to ~9.5 um. However,
non-continuous oxide scale formation is observed on the sample with 8 h of thermal annealing,
compared to 16 h TA sample. After oxidation, the TixSiy coating does not exhibit significant
degradation, and neither interdiffusion zone shows depletion. Al enrichment zone appears thicker
than prior to oxidation for all thick samples.

As observed from the EDS mappings (Figures 5.12 (b,e) and 5.13 (b,e)), the main oxide scale
exhibits either a single layer or a bi-layer structure for all samples. The thicker and more common
oxide layer possesses a coarse morphology and is composed of mixed oxides of Si and Al with Cr
enrichment. Particularly, a pronounced Al and Cr enrichment was revealed throughout the TixSiy

coating for all samples with thick Si reservoirs.

A bi-layer oxide scale is well defined in the case of the sample with 6 pm of initial Si reservoir and
16 h of TA (Figure 5.13 (a)). The composition of the outer oxide scale appears similar to the other
9.5 um thick samples (Si and Al oxides with Cr enrichment), but with a minor presence of TiO>

underneath the thickest oxide layer, followed by a SiO> layer.

For these thicker titanium silicide layers, outward migration of Al and Cr from the underneath
layers (interdiffusion zone and substrate) appears to be intensified, particularly for a longer
annealing time (16 h) (Figure 5.13 (b,e)). This is probably caused by a higher Si content leading to
more Ti bonded to Si, which in turn increase the activity [157] of Al and Cr. For samples with 3

pum of Si (although not shown), this effect is weaker.
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Compositional profiles were constructed from the EDS mappings, as shown for the oxidized
samples in Figures 5.12 (c,f) and 5.13 (c,f). Their elemental composition is detailed from the outer
surface to the deeper layers. Mixed Si and Ti oxides are detected in the outer layer (Z1), for samples
with 6 um + 8 h TA (Figure 5.12(c)), and 9 um + 8 h TA (Figure 5.12(f)). The oxygen and Ti
contents appear higher for the samples with larger Si reservoirs (6 pm + 8 h TA: 36 at. % O, 27-32
at. % Si, and 18-36 at. % Ti; 9 um + 8 h TA: 54-27 at. % O, 27 at. % Si, and 18-54 at. % Ti), as

also documented by a thicker outer scale formation observed for the 9 um + 8 h TA sample.

In the TixSiy coating (Z2), the elemental Ti-Si ratio indicated TiSi, Al, and Ti-Si-Al compounds
for the 6 um + 8 h TA sample (36-45 at. % Ti, 36-27 at. % Si, and 9-36 at. % Al), and the TisSi3
compound for the 9 um + 8 h TA sample (54 at.% Ti, and 36 at. % Si).

The elemental ratios observed for samples with 6 um + 16 h TA (27-45 at. % O, 9 at. % Al, 15 at.
% Siand 45 at. % Ti, in Figure 5.13 (¢c) and 9.5 um + 16 h TA (22-54 at. % O, 9 at. % Al, 18 at. %
of Si, and 45 at. % Ti, in Figure 5.13 (f), suggests in addition to Si and Ti oxides, Al oxide within
the outer layer (Z1). The Ti-Si ratio in the TixSiy coating (Z2) indicates TisSizcompound formation
for both samples (54 at. % Ti, and 36 at. % Si).

For all thick samples described in this section, the interdiffusion zone (Z3) exhibits a slightly higher
Al content to Ti, and a lower Si concentration. The Al enrichment zone (Z4) shows twice the Al

content with respect to Ti, which corresponds to the TiAl. compound.
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Figure 5.12: Cross-sectional SEM, and EDS mapping and compositional depth profiles of
TixSiy/y-TiAl systems with initial Si thicknesses of 6.0 um (a-c) and 9.5 pum (d-f) after 8 h of TA,
and after 100 h of oxidation at 900 °C.
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Figure 5.13: Cross-section SEM, and EDS mapping and compositional profiles of TixSiy/y-TiAl
systems with initial Si thicknesses of 6.0 um (a-c) and 9.5 um (d-f) after 16 h of TA, and 100 h of
oxidation at 900 °C.
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5.3.4 Phenomenological model of the microstructural evolution and oxidation

of the TixSiy/y-TiAl system and discussion

In the following, we describe a phenomenological model that explores two different aspects of the
produced coatings: (i) the influence of the Si reservoir and thermal annealing on the oxide scale
formation, and (ii) the microstructural evolution of the TixSiy/y-TiAl system due to high-

temperature oxidation.

First, solid state diffusion processes govern the oxidation rate of the TixSiy/y-TiAl system, as
observed from the estimated oxidation growth rates (see Table 5.1) and the related parabolic
behavior. The kinetics of the oxide scale formation reaction expresses the rate of diffusional
transport of the species at the oxygen-coating interface and implies a linear relationship between
the growth rate of the oxide scale and the driving force for their growth (including concentration
and chemical potential gradients) [158-159]. The second aspect, which explores the microstructural
evolution of the deeper layers, suggests interfacial reactions [160] in the adjacent zones (inner
zones) as responsible for the observed microstructural changes via SEM micrographs, EDS
mappings, and compositional profiles, (i.e., depletion of the interdiffusion zone in the 3 pum Si

reservoir samples, or deeper Al enrichment zone in the 6.0-9.5 um Si reservoir samples).

Both types of contributions, namely diffusion and potential interface reactions, which occur
simultaneously during the oxidation of the samples, are described by the phenomenological model
proposed and schematically illustrated in Figure 5.14 that combines the theoretical aspects [158-

165] and our experimental results.

The reaction steps described in the experimental part of this work are illustrated by panels presented
in the following order: Si deposition (Panel A); Vacuum thermal annealing (Panel B);
Simultaneous processes occurring during high-temperature oxidation (Panel C); And the formation

of the final microstructure obtained after annealing and subsequent oxidation (Panel D).
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Figure 5.14: Phenomenological model of the high-temperature oxidation of the TixSiy/y-TiAl

system.
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Fabrication of the oxidation protection system starts with the deposition of a specific Si reservoir
on top of the y-TiAl substrate — in the context of this work, three different Si thicknesses are studied
(Panel A). Upon vacuum annealing, the surface region undergoes microstructural and chemical
transformations (Panel B), leading to the formation of TixSiy coating, Ti-Al-Si (interdiffusion
zone), and TiAl> (Al enrichment zone). The thickness and composition of the individual zones

depend on the annealing time and initial Si thickness.

During subsequent oxidation (Panel C1), molecular oxygen from the environment at 900 °C
dissociates (O2=> O2) and the reaction between the oxygen anions and the cations diffuses to the
top surface (either Si, Ti, Al, and Cr) leads to the nucleation of the first oxide scale layer. Its
discontinuity and porosity allow for an inward transport of oxygen and an outward migration of
the reactive species [142-144] at the oxide scale/TixSiy interface. Although the diffusivity of the
species involved is different (Dsi # Dti #Dai #Dcr), they all depend on the chemical potential
gradient (the driving force for the diffusion), which increases with a higher concentration of the

species and their flux toward the oxygen-coating interface.

For the 3 pum thick Si reservoir, the presence of the Ti2Si, TisSiz, and TisSis phases with a higher
Ti to Si ratio, induces a significant Ti gradient, that feeds the Ti+O reaction with enough outward
diffusion of Ti to produce an outer scale with significant Ti oxide content. Since titanium oxide is
porous, it allows for an inward diffusion path for oxygen and an outward path for Si. Although Al
and Cr also outward diffuse towards the oxide scale, their flux is less significant since their initial
content in the coating is much lower. The inner formation of Si oxide and outward formation of Ti
oxide (as particularly seen in Figure 5.9 (b)) is also supported by the reported variations of the
metal oxide equilibrium pressures in the Ti-Si-O system [16] in which the Si oxide is more stable

due to a decreased activity of Ti since it is fixed in the Ti-Si bonds.

For the samples with larger Si reservoirs (6.0 pm and 9.5 um), richer content in Si (due to the TiSiz,
TiSi phases), and a lower content of TisSiz and TisSis compounds, provided a more restricted
environment for the Ti oxide formation. In addition, the higher Si reservoir feeds the Si-oxygen
reaction with enough Si to grow a thick oxide scale without significant depletion of the coating (as
seen in Figures 5.12 (a,d) and 5.13 (a,d). Also due to the significant outward migration of Ti, to

form the thick titanium silicide layer, a more significant outward migration of Al and Cr toward
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the oxide scale is noticed (as seen in Figures 5.12 (b,e) and 5.13 (b,e), leading to Al oxide formation
as well as Cr enrichment. The inner growth of a thin Tioxide layer is explained by the more efficient
restriction of Ti activity, and the inner growth caused by the Si oxide formation underneath it,

which improves the Ti oxide stability [16].

Panel C2 indicates three distinct interface regions. Specifically, at the Interface region 1
(Interdiffusion zone - TixSiy layer), the concentration gradient of the Ti, Si and Al cations leads
to interface reactions that feed the Ti-Si formation, supporting the growth of the TixSiy layer while

balancing the outward migration of the elements to the top surface (mostly Si and Ti).

The reactions within the Interface region 1 can be significant. These can give rise to a depletion of
the elements (Ti, Si, and Al) within the interdiffusion zone (as observed in samples with a 3um Si
reservoir - Figure 5.9 (a, b) due to their continued consumption within the boundary regions.

Recombination of the Ti and Al cations (via solid-state boundary reactions) present within the
Interface region 2 (Interdiffusion zone - TiAlzlayer ) can balance Ti depletion in some areas of

the TiAl; layer (as observed in samples with a 3 um Si reservoir in Figure 5.9 (a,b).

Within the Interface region 3 (TiAlz layer- Substrate), the sustained Ti migration from the TiAls
layer across the Interface region 2 leads to a deeper Al enrichment (as identified in samples with
the 6.0 um and 9.5 um thick Si reservoirs — see Figures 5.12 (a,d) and 5.13 (a,d).

Panel D illustrates the two different types of microstructure that are characterized by the oxide
scales of the TixSiy/y-TiAl system after 100 h of oxidation at 900 °C, as identified from the SEM
observations (Figures 5.9, 5.12, and 5.13). The oxide scale of the samples with a smaller initial Si
reservoir (3 um) is composed of a bi-layer structure in which mixed Si and Ti oxides are detected;

Si oxide appears more abundant in the inner layer, while more Ti oxide prevails in the outer layer.

For samples with a larger Si reservoir (6.0 um and 9.5 um), the oxide scales exhibit a more
protective nature. In such a case, the thick outer layer is mostly composed of Al and Si oxides with
a significant Cr enrichment, with a very thin inner layer of Ti oxide, and SiO> also observed at the

bottom (as confirmed from compositional mappings).
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5.4 Conclusions

In the present work, we demonstrated a feasibility to fabricate effective coatings that provide
oxidation protection of y-TiAl substrates, while using a hybrid process consisting of magnetron
sputtering of a Si reservoir layer, followed by vacuum thermal annealing at 950 °C. Specifically,
we studied the influence of the initial growth conditions (Si reservoir thickness and annealing time)
on the formation of a TixSiy/y-TiAl multi-zone structure. After subsequent 100 h of oxidation at
900 °C in laboratory air, the thermogravimetry study on the 3pum Si reservoir showed that the
oxidation process is primarily controlled by diffusion, best described by the parabolic oxidation
coefficient, kp. The values of ky = 3.5-8.9 x102g? @ cm™ e sX for the coated surfaces were found

one order of magnitude lower than for the bare substrate (k, = 6.4 x10' g2 @ cm™ e ™).

In the coated samples with a larger Si reservoir (6 um and 9.5 pum), it was possible to restrict the
growth of TiO; scale by forming a multilayer oxide scale of mixed SiO2 and Al.Oz at the surface,
and inner SiO». Based on the experimental evidence, we proposed a phenomenological model that
describes the relationship between the oxide scale formation and the microstructural evolution of
the multiple zones, and that underlines the correlation between the oxidation process to the different

Si reservoirs and compositions.

The methodology and insights explored in this study contribute to the understanding of the
formation of multi-zone oxidation-resistant structures and their use in practical applications such

as the protection of jet engine components, manufacturing tools, and others.
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This chapter presents the work about the influence of Si-Pt-based coatings on a Ti-48Al-2Cr-2Nb
alloy when exposed to a high-temperature oxidation environment (900 °C). The coatings were
deposited by magnetron sputtering, using different Si (63-80 at.%) and Pt (20-37 at.%)
concentrations as well as varied thicknesses (6.8-12.2 um). The evolution of the microstructure of
the as-deposited Si-Pt layers has been tuned by thermal annealing (TA) in high vacuum (10 Torr)
at 750 °C for 16 h, and is evaluated by XRD, SEM, and EDS analyses.

6.1 Microstructural and compositional characteristics

Si-Pt coatings with different thicknesses between 6.8 and 12.2 um and with different Si-Pt ratios,
thermally annealed for 16 h at 750 °C, were analyzed by XRD and the results are presented in
Figure 6.1 (a-b). The XRD patterns of the as-deposited sample with 6 um Si-Pt are shown.

The peaks correspond to the tetragonal Pt2Si, orthorhombic PtSi, and tetragonal y-TiAl. This latter
arises from the Ti-48Al-2Cr-2Nb substrate (Figure 6.1 (a)). As observed, the presence of platinum

silicide compounds before annealing is confirmed.

This indicates that Si and Pt reaction takes place during the sputtering process, either through
sequential growth of Pt,Si (activation energy: 1.0 eV [166]; energy of formation: -28 kJ/mol [167]),
followed by PtSi (activation energy: 1.5 eV [166]; energy of formation: -33 kJ/mol [167]), or
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simultaneously [168]. It is highly probable that sublattice-diffusion and Pt occupation of the
interstitial space within the Si lattice [167] take place (Si lattice parameter: 0.543 nm; Pt lattice
parameter: 0.392 nm) [169].

After annealing, the composition of the phases revealed by XRD suggests the transport and
redistribution (diffusion) of the substrate and coating elements (see Figure 1(b)). The features
include the tetragonal y-TiAl substrate, the orthorhombic PtSi, and tetragonal Pt.Si compounds,
with the addition of a mixture of TixSiy phases (tetragonal TisSis, hexagonal TisSis, as well as the
orthorhombic TiSi and TiSiz) and the PtxAl, compounds (hexagonal Pt.Alz and rhombohedral
PtsAlz). The Pt>Si and TiSi signals became more intense for annealed samples with a higher Si-Pt
reservoir, while the brittle TiAl, and TisSis phases were detected with higher intensity on the lower

Si-Pt reservoir annealed samples.
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Figure 6.1: XRD patterns of the (a) as-deposited (6um) Si-Pt coating, and (b) the thermally

annealed samples at 750 °C for 16 h.
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Morphology and composition of the as-deposited and thermally annealed coatings were analyzed
by SEM, as shown in Figure 6.2 (a-f). A dense structure was confirmed for the as-deposited Si-Pt
films (Figure 6.2(a-c)), which appear to exhibit certain brittleness, as indicated by the fracture
observed at the cross-sectional sample (Figure 6.2 (a)) after sample preparation (cutting, grinding
and polishing) for microstructural observations. The SEM observations have also shown coarse
features (most probably agglomerated particles of Si-Pt composition) on the thicker samples (8.4
um and 12.2 um), contrary to a smoother surface observed on the thinner coating (6.8 um). The
smoother morphology of the as-deposited sample with a lower Pt content (Figure 6.2(a)) can be
related to the composition, in which mostly PtSi was confirmed by XRD (Figure 6.1) before
annealing. As the Pt content increased on the thicker samples (as estimated from EDS) a more

mixed composition can rise (PtSi and Pt,Si) and produce a coarser microstructure [167].

Vacuum thermal annealing treatment (16 h at 750 °C) resulted in the formation of sub-layers of
different thicknesses as shown in Figure 6.2 (d-f). On the micrographs the areas are identified as
follows: zone 1, zone 2, and zone 3, all of them defined as compact regions; in addition, there are
two types of interdiffusion zones denoted as interdiffusion A and B, respectively, as well as Al

enrichment.
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Figure 6.2: SEM images of as deposited samples acquired in the LEI observation mode (a-c) and
thermally annealed (d-f) acquired in the LABE mode; Si-Pt samples: (a-d) 6.8um (80Si-20Pt,
at.%); (b-e) 8.4um (63Si-37Pt, at.%), and (c-f) 12.2um (66Si-34Pt, at.%).
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After annealing, for all samples, the thickest layer is observed at the top (zone 1) and is constituted
of PtxAly and PtxSiy compounds. In the case of the sample with a higher initial Si content (80 at.%)
zone 1 (Figure 6.2 (d)) exhibits a microstructure constituted of smaller features (dendritic type).
Samples with a lower Si content (64-66 at.%) and a higher thickness (Figure 6.2 (e-f)), possess a
columnar microstructure in their zone 1. Such columns are often related to the distinct growth rates
of the phases (i.e., PtxAly and PtxSiy). The strain generated during the change of volume occurs
during the formation of platinum silicides, while Pt atoms are introduced into the Si lattice
[166,170]. This volume change is greater with a higher Pt reservoir (higher Pt content and

thickness).

The thicker coated sample (Figure 6.2 (f)), exhibits tilted mesopores between the coalescences
columns, an observation that has not been made on the samples with a lower thickness and a higher
Si content (80 at.%) (Figure 6.2(e)) in which a more compact microstructure and a lower density
of micropores has been seen. The two different types of microstructure can be related to the
difference in the Si/Pt ratio and the growth process, especially to the surface mobility of the Si and

Pt atoms during sputtering and thermal annealing.

In all cases (Figure 6.2 (d), (e), (f)) a thinner layer (zone 2) was identified just below zone 1, which
appeared denser and thicker on samples with a higher Pt content. Underneath it, the first
interdiffusion region (Interdiffusion A) appeared in which elemental traces of zone 2 (Al, Ti, Si,
and Pt) did not form a continuous layer, but formed segregated intermetallic phases which are not

easily distinguishable.

Zone 3 is a thin, compact, and continuous layer composed of Ti, Si, and Al, and it also presents a
thick interdiffusion region (Interdiffusion B). In addition, Al enrichment develops at the bottom

of the sublayers for all of the thermally annealed samples.

The different zones identified by EDS analysis for all annealed samples are described by the
compositional profiles presented in Figure 6.3 (a-c). The three main zones can be clearly
distinguished, while the interdiffusion and Al enrichment regions are partially overlapping
between zones 2 to 3, as well as between zone 3 and the substrate, respectively.



112

- )
- & = %
s Bz z =% T 2=
s i g if : i
g 23 g £2 g £5
= =T = == = =T
E-5s - & [—‘tE [Subtrate | T
v |_" 73 |22 | . 71 E" Z3 |£=| Substrat 7 2l 73 [2 2| Subs
12 ,:-54. Substrate - - E|B == | Jubsirale .E._ zz Substrate
8L 9 ib) ™ fcrat. % 1 8L ]
a)SZHCrat.fo _b)sz- o ] C)ﬂ_Crat.% ]
2% [ 26 | 1 26 [ ]
0 : = L b 0
8 FTiat. % i T [Tiat. % 1 78 L Ti at. % E
s2 [ ] 52 [ A 52 L
26 26 4 26 E
0 1 ' I I L i N [ 1 1 1 1 1 - 0 . B
g‘; FPtat. % 1 78 FPtat. % B 78 LPtat. % ]
. 1 s2 b, H ] s2 e - A ]
42 b LT S i T
2 RN, 26 p TR 1 26 pr¥ - ]
0k " 1 0k L 'M 0E I I I |-\‘—'—
78 [Siat, % y 78 - Si at.% b 78 | Siat.% ]
] PN | npoetie A, 1w ]
o TR ] 26 PommadPiwse; 1 2 peemsadimbawir® ]
0L 1 1 :"‘"‘u“— 0k L 1 1 L 1 [N L L s L I 1
78 Al at. % . 78 FAl at. % . 1 78 L Al at. % J
2r A auisgimpirs] 21 adend 2F ey
26 [ . {1 %L ; o %[ 1
o = TR EEP T S 0 Boplepel T e TR S 0 et e |
78 -Nb at. % 1 78 | Nb at. % 1 78 FNb at. % 3
52 . 52 L 4 52 [ J
26 b 26 . . e 26 | 4
0 AL rp et e A= pomiy 0 o i B vy St ety graterrehtofnt 0 ot e AR s NP S gty
78 78 e 78 L 4
mf0at% ol O at. % 3 5 _0 at. % ]
26 26 -1 26 -
0l f L MR 4 0 it : L . . ok ; ) s, y
0 3 6 9 12 15 18 21 24 0 36 9 12 15 18 21 24 ] 3 6 9 12 15 18 21 24
Depth (um) Depth (um) Depth (um)

Figure 6.3: EDS Elemental distribution of the different Si-Pt coatings after annealing: (a) 6.8 um
(80Si-20Pt, at.%); (b) 8.4 um (63Si-37Pt, at.%), and (c) 12.2um (66Si-34Pt, at.%).

Pt appears homogeneously distributed and mainly located in the top zones 1 and 2. Si diffuses
inward and deeper than Pt, and it is also seen within the top layer (zone 1) as well as underneath
(zone 2) and deeper throughout zone 3. The outward diffusion of Ti up to zones 2 and 3 leads to
the formation of titanium silicides. Al distribution is broader than Ti; it is identified at a low
concentration at the very top layer or significantly enriched in the deepest zone. Additionally, Al
outward diffusion can be limited by the low solubility of Al in silicides [171]; therefore, the
silicides can be considered an Al diffusion barrier. Cr and Nb remained mostly restrained within
the substrate, and the presence of oxygen was not significant neither in the coating or in the
substrate. The occurrence of oxygen during the growth of this type of coating is undesired because
it would promote oxygen transport inwards to the substrate and cause either the growth of

unprotective oxides or oxygen embrittlement of the base material.

Although similar elemental distributions prevail for the different samples, the total depth of their
distributions varied due to the different initial Si-Pt reservoirs. In zone 1, the elemental contents
(36 at.% Pt, 36 at.% Si, 27 at.% Al) suggest the presence of PtSi and PtsAls in all samples.
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Particularly for thick samples (Figures 6.3 (b) and 6.3(c)), the PtxAly, compound is observed
localized at the bottom of zone 1.

For the different samples, the range of the elemental contents within zone 2 (27-45 at.% Ti, 36-0
at.% Pt, 36-63 at.% Si) suggests the formation of either TiSi or TiSiz, or interdiffusion of Ti, Pt,
and Si. Particularly for the sample with a medium Si-Pt reservoir (8.4 um), a PtSi compound
formation is detected in zone 2, as indicated by a more significant Pt content. The elemental
distribution in zone 3 (36 at.% Ti, 27-0 at.% Si, 36-63 at.% Al) indicates the presence of TiSi

compound, interdiffusion of Al, Si, and Ti, as well as Al enrichment.

6.2 Microstructural evolution after oxidation

Following oxidation at 900°C for 100h of the thermally annealed samples, the microstructural
modifications were explored using XRD (Figure 6.4) and SEM (Figure 6.5 (a-c)). Most of the
phases already identified before oxidation (see Figure 6.1) remained. However, some new ones
appear, suggesting structural transformations during the oxidation process (see Figure 6.4).
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Figure 6.4: XRD patterns of the Si-Pt-based coatings after annealing and oxidation.



114

The XRD peaks related to the y-TiAl substrate, and the titanium silicide signals due to TisSi4 and
TisSi3 as well as Pt,Alz, PtsAls and PtSi phases can be identified, while TiSi, TiSiz, and Pt,Si are
no longer detected, and PtAl appears as a new phase. The high-temperature exposure in the air has

led to the development of aluminum and silicon oxides (Al2O3 and SiO>).

The microstructural evolution of the self-organized multilayer coating after oxidation is well
illustrated by the SEM micrographs in Figure 6.5 (a-c). Particularly, the appearance of the inner
layers changed in comparison to the micrographs observed after TA (Figure 6.2 (d-f)). The origin
of these changes is linked to the elemental availability (effective concentration) and their
diffusional redistribution through the layers.

The changes observed among the samples included a different morphology at the interdiffusion
zone A, now combined into zone 3, and a more compact interdiffusion zone B, with a less
scattered distribution of the diffused features and a deeper Al enrichment (due to depletion of Ti
that outward diffuses) compared to the state before oxidation.

Among the main particularities, for the sample with a medium Si-Pt reservoir (8.4 um) (Figure
6.5(b)), a thin but well-defined sublayer under zone 1 can be observed. This layer was not present
prior to oxidation. On the same sample (Figure 6.5 (b)), interdiffusion zone B seems reduced, and
it now appears merged into a dense and mostly continuous layer. For the sample with a higher
initial Si-Pt reservoir (12.2 um) (Figure 6.5 (c)) the total number of layers is now decreased, with

the region identified as zone 2 significantly thicker, and no zone 3 more observed.

The elemental partition into the layers after oxidation is illustrated by the EDS maps presented in
Figure 6.6 (a-c). Oxygen enrichment is well restricted through the top layer, or zone 1. For all
samples, the oxidized layer (zone 1) consists of a mixture of Al>O3z and SiO2, with metallic Pt
precipitation. This effect is more significantly observed for the thicker coated sample (Figure
6.6(c)) Outward diffusion of Al towards the top layers and deeper Pt distribution are noticed after
oxidation for all samples. Outward transport of Cr is observed for all oxidized samples without
particular differences among the different coatings; Nb (although not shown) does not exhibit any

significant change in its distribution after annealing or oxidation.



115

Zone 1

Zone 2
% Interdifussion A
8 Zone 3

Interdiffusion B

Al enrichment

r"f‘i*wWW«fum % d
{”:v Yadyy 3 " A A Zone 1
K- ' N

bl

Interdifussion A
Zone 3
Interdiffusion B

Al enrichment

Substrate

Al enrichment

Substrate
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Si, 20 at.% Pt); (b) 8.4 um (63 at% Si, 37 at.% Pt), and (c) 12.2 um (66 at% Si, 34 at. % Pt).

The chemical changes are further documented by compositional profiles (Figure 6.7 (a-c)).
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Figure 6.7: Compositional profiles of Si-Pt based coatings after annealing and oxidation: (a) 6.8

pum (80Si-20Pt, at.%); (b) 8.4 um (63Si-37Pt, at.%), and (c) 12.2 um (66Si-34Pt, at.%).
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For the 6.8 um thick Si-Pt sample (80 at.% 20 at.% Pt) in Figure 6.7 (a), the presence of oxygen
(~48 at.%) was confirmed within the top layer, accompanied by Si (~16 at. %) and Al (~10 at. %).
Oxygen is well restricted to the top surface (zone 1), and it is only associated with Si and Al (i.e,
Al>O3, SiOy), and surrounded by localized Pt. The elemental content within the inner layers is as
follows: zone 2 - Pt~10at. %, Ti ~45 at. %, Si ~45 at. %; this suggests the presence of the TiSi
compound with some Pt, probably related to the Ptx(Si,Al)y phases, which do not oxidize; zone 3 —
The values of Ti ~50 at. %, Si ~50 at. %; and interdiffusion (Al~ 40at. %, Ti ~35 at. %, Si ~25 at.
%) indicate significant interdiffusion of Si, Ti, and Al (probably (Al,Ti)xSiy). The deeper layer is
Ti depleted/Al enriched, with a TiAl> composition.

Analysis of the 8.4 um thick Si-Pt sample is shown in Figure 6.7 (b). A similar composition within
zone 1 was detected as in the previous sample, but a higher Pt content is found (O~43 at.%, Pt~35
at.%, Si~18-13 at.%, and Al ~5-10 at.%). In zone 2, (Pt,Ti)xSiy, is characterized by its Pt content
(~20 at.%) and by a slightly lower Ti (~40 at.%) and Si (~40 at.%) concentrations compared to the
previous sample. Zone 3 possesses similar ratios for Ti and Si, and Al is present as well (Ti ~45
at.%, Si ~45 at.%, Al~10 at.%).

The thicker (12.2 um) Si-Pt sample is shown in Figure 6.7 (c). In zone 1, a higher concentration of
oxygen (O ~ 42-48 at. %,) is accompanied by Pt, Si, and Al (Pt ~32 at. %, Si ~ 17 at. %, Al ~5-
10 at. %). In zone 2, (Pt,Ti)xSiy, which is not oxidized in any of the presented samples, possesses
a significantly higher Pt content (~35 at.%) in comparison with the previous observations; one can
also observe Ti (~30 at.%) and Si (~30 at.%), probably as a Pt-Ti-Si compound (Ptx(Si,Al)y).
Interdiffusion of Ti, Si, and Al contributes to zone 3 (Ti ~40 at.%, Si ~15 at.%, Al ~40 at.%), with
TiAl; at the very bottom as in the previous samples.

6.3 Thickness of the sublayers after annealing and oxidation

The growth of each zone after annealing and their evolution due to oxidation is schematically
illustrated for each sample in Figure 6.8 (a-f). Below, the common tendencies are first described,

followed by the particularities of each sample.



119

a) 18 1 Zone 1 ° b) 18 - Zone 2
16 - Thermal.ly a.nnealed . = 16 4 Thermally annealed
_ 14 - @ After oxidation at 900°C . 141 |- @- After oxidation at 900°C
i 12 4 i 12
2 10 . 2 10
- -
x & ® = 8
Q 9Q
= 64 = 64 .9
= =
4- 4
2 2 - [ J— .
0 04
6 8 10 12 6 8 10 12
Initial Si-Pt reservoir (Jum) Initial Si-Pt reservoir (pum)
i . . 18 1 y
c) 18 Interdiffusion A d) Zone 3
16 - 161 Thermally annealed
14] | ™ Thermally annealed _. 14 | @ After oxidation at 900°C
’E‘ After oxidation at 900°C E
5 121 3124
~ a ]
9 101 i 10
2 8 € g
= 84 X
]
2 = 64
= 64 I'E
= 4 4 e
J o
m
] A M 24
2 -~ )
0 1 01 T T T |L
6 8 10 12 6 8 10 12
Initial Si-Pt reservoir (LLm) Initial Si-Pt reservoir (Lm)
e) 184 Interdiffusion B t) 184 Al enrichment
16 16
Thermally annealed Thermally annealed
~ 144 | @ - After oxidation at 900°C g 14 4 After oxidation at 900°C
i 12 =12
~ 0
9 10 o 101
o c
£ o g
2 2 .
‘c 6 J
E =
4 — 4
2- P 2
0 0
6 8 10 12 6 8 10 12

Initial Si-Pt reservoir (1Lm)

Initial Si-Pt reservoir (um)

Figure 6.8: Thickness evolution of the individual zones due to thermal annealing and oxidation.
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After annealing, the multilayer obtained indicates that the top layer (zone 1) (PtxSiy and PtxAly)
and the interdiffusion zone B (Ti-Al-Si) grow with a higher initial Si-Pt reservoir.

The growth of zone 2 (PtxSiy and TixSiy) and the interdiffusion zone A (Ti-Pt-Si) appears more
influenced by the initial Pt content than by the Pt-Si thickness.

As observed on the sample with a higher Pt content (37 at. %), a higher thickness of zone 2 is
accompanied by a thinner interdiffusion zone A.

The thicknesses of Zone 3 (TixSiy) and of the Al enrichment zone remained very similar with no

apparent dependence on the initial Si-Pt reservoir.

After oxidation, the most significant redistribution of elements in different layers is observed on
the sample with the highest initial Si-Pt reservoir (12.2um) in which fewer sublayers are formed
(Figure 6.5 (c)) and no interdiffusion zone A (Figure 6.8(c)) neither zone 3 (Figure 6.8 (d)) are

present.

For all samples after oxidation, zone 1 continued to grow with a higher thickness than before
oxidation, related to the formation of the oxides (SiO2 and Al2QOg).

A particular tendency is observed after oxidation for zone 2 and the interdiffusion A layers. The
thickness of zone 2 significantly decreases for samples with a smaller initial reservoir, showing
depletion of elements that out diffuse to the top layer. However, the thickness of this zone

considerably increases for the sample with the highest initial reservoir (12.2 um).

This evolution is likely due to a more pronounced outward element migration at the inner layers
(Interdiffusion A and zone 3). Interdiffusion A behaves differently for each sample; its thickness
decreases for the lowest Si-Pt reservoir (6.8 um), it slightly increases for the 8.4 um sample, and it
completely disappears for the highest Si-Pt thickness (12.2 um), suggesting different solid-state

boundary reactions at this layer.

Thickness of the Interdiffusion B decreases indicating a depletion of elements due to their out-
diffusion to zones 2 or zone 3. Meanwhile, an increased thickness is noticed for zone 3, supporting
a significant outward diffusion from the deepest layers. Zone 3 remained only in samples with

lower initial Si-Pt reservoirs (6.8 and 8.4 um).
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The Al enrichment zone grows in thickness due to the continued Ti outward diffusion from the
base material. This process is faster for the sample with the lowest initial Si-Pt reservoir, suggesting

that the driving force for diffusion is influenced by the specific initial Si-Pt reservoir.

6.4 Discussion

6.4.1 Hierarchical composition of the layered system after annealing

The majority of the phases that have been identified after the initial annealing are
thermodynamically stable [14,-172,173] and they display comparable energies of formation [174].
The complexity of the hierarchical composition and phase formation observed in the multilayer
system resides in the non-equilibrium processes that occur at the interfaces, in which different
thermodynamic, diffusional (kinetic), and even crystallographic aspects must be taken into

consideration.

If only the energetic aspect is considered, then the phases displaying the most negative enthalpy of
formation (H°) values would be energetically favored to grow first due to the largest change of free
energy involved [43]. Some PtxAly, compounds exhibit the most negative free enthalpy of formation
(i.e., PtAl: -100.2 kd/mol, PtzAls: -96.5 kJ/mol, PtsAl: -63.6 kd/mol, reported for a temperature of
1200°C) [157]. However, as expressed in the effective enthalpy of formation rule [175], the growth
of the phases and particularly their growth sequence is also influenced (i) by the thermodynamic
activity (effective elemental concentration available) at a certain interface or zone, particularly that
in which the limiting element is the one required in a higher concentration for a specific compound

formation, as well as (ii) by the nucleation barriers.

In this context, silicide compounds are the ones that satisfy the highest availability in the outer
layer (64-80 at.% Si), demanding minimum diffusion transport for their growth. Among the two
different types of silicide compounds seen in the multilayer presented here, namely PtSiy (i.e.,
Pt2Si: -59.4 kJ/mol and PtSi: -61.7 kJ/mol reported for a temperature of 1200°C) [174] and TixSiy
phases (i.e., TiSi2: -57 kJ/mol, TiSi: -72.6 kJ/mol, TisSiz:-73.8 kd/mol, TisSis: -78.5 kJ/mol,
reported for a temperature of 1200°C) [174], the growth of PtxSiy is preferred due to the significant
concentration (elemental content) of both elements in the top layer, as well as due to the more
negative energy of formation of TixSiy.
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For the growth of the inner layers, either PtyAly or TixSiy could potentially grow since their energies
of formation are comparable. In addition, the growth at the inner layers is also strongly linked to
mobility or diffusional transport. Specifically, out-diffusion of Al and Ti as well as inward transport

of Pt and Si to feed the respective aluminide and silicide compounds.

With the Si/Pt ratio and initial thickness of the Si-Pt reservoir, several effects are induced: (i) The
differences in the Si/Pt ratio influence the concentration of the diffusing species; ii) As the initial
thickness of the coating increases, the consequently higher diffusional length increases the
diffusional path of the species (since diffusion is a function of distance and the square root of time
for the Kinetic transport); iii) Since the diffusion of Si and Pt is mainly related to their
thermodynamic activity (a) and their effective concentration [175], deeper Si and Pt inward

diffusion is promoted in the case of larger Si-Pt initial reservoirs.

Due to the fact that initial Pt content is lower in comparison to Si for all samples, Pt compounds
appear closer to the surface (inducing limited Pt availability with respect to Si). Also, since mobility
strongly depends on atomic size [176], and since the atomic radius of Pt is higher than that of Si, a
deeper Si inward diffusion compared to Pt has been noticed. This result is confirmed by the deeper

growth of titanium silicide compounds (TixSiy) in comparison with any Pt-containing compound.

Ti outward diffusion is more pronounced than that of Al due to a higher chemical potential gradient
between Ti and Si. As a consequence, a more significant inward transport of Si compared to Pt can
be observed. Additionally, Al outward diffusion is probably limited due to low solubility of Al in
silicides [171]. This supports faster outward diffusion of Ti with respect to Al, thus inducing TiAl:
(Al enrichment) formation at the deepest level of the layers for all samples. On the contrary, TixSiy

behaves as a barrier to the outward diffusion of Al.

6.4.2 Effect of oxidation on the compositional evolution

The oxidation mechanism observed in the coating system exposed to air (oxygen) at 900°C for 100
h is first attributed to superficial oxidation and the growth of oxides at the oxide-zone 1 interface.
Such oxidation behavior is strongly related to the composition of the top layer (zone 1), particularly
enhanced by the presence of a noble element (Pt) as well as more reactive elements (Si, Al). Oxygen
atoms dissolve into the external surface of the top layer (zone 1) to react with the less noble

elements (i.e., Si, Al) that outward diffuse from the PtxSiy-PtxAly compounds already present at
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zone 1. This leads to the formation of oxide compounds (SiO> and Al203), while causing
subsequent consumption of the Si and Al and leaving localized Pt surrounding the oxide. Once the
first layer of oxide develops, the oxygen anions continue to diffuse inward through the oxide scale,

and the reactive elements (Si and Al cations) continue to outward diffuse.

From this behavior, one can deduce that the total depth of oxidation is a function of the constant
supply of reactive species (Si and Al cations) according to a diffusion-controlled process (parabolic
contribution) and their reaction with oxygen at the oxide-zone 1 interface. In addition, solid-state
interface reactions (linear contribution) lead to the formation of mixed kinetic contributions, with
parabolic and linear regimes, suggesting that the continuous supply of the active diffusing elements
(Si and Al cations) at the oxide-zone 1 interface is the limiting oxidation step.

As estimated from the SEM images (Figure 6.5) and the thicknesses increase of zone 1 after
oxidation (Figure 6.8(a)), the samples exhibiting a higher Pt content display a higher thickness
increase of the top layer to about ~5.1 pum (37 at.% Pt) and 2.9 um (34 at.% Pt), respectively,
associated with a more pronounced Pt precipitation produced during the oxide formation, and
probably due to a higher concentration of defects (caused by the microstructural characteristic of
these samples, as observed and described after thermal annealing) that accelerated the transport
mechanism of the diffusing elements. On the contrary, the Si-rich samples exhibit a more compact
microstructure, confirmed by a lower increase (of about ~2.2 um) in thickness.

The behavior described above underlines the role of the sublayers in the multilayer structure in
which the Pt,Siy-PtxAly top layer acts as a continuous reservoir of Al and Si which supplies and
maintains the exclusive growth of protective oxides (Al2Oz and SiO2) not allowing TiO; to form.
The protective nature of such oxide scale is particularly indicated by the restriction of the TiO-
growth, which difference in their growth rate with respect to the one of Al>Os appears significant
(A1203 -Kp atg00 °«c ~ 10729107 . em™. h; TiO2- Kpats00°c ~10*g%. cm™. h) [177, 156].

The composition of zone 2 by itself offers efficient oxidation protection since it provides a
secondary Si reservoir for the SiO2 growth (by outward displacement of zone 2). In addition, the
TixSiy layer effectively captures the Ti ions (limiting Ti activity) that outward diffuse from the

substrate and hinders their interaction with oxygen to avoid TiO, formation.
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6.4.3 Oxidation mechanism and microstructural changes

To describe the oxidation mechanism and the microstructural changes due to oxidation of the
multilayer Si-Pt reservoirs, a phenomenological model schematically presented in Figure 6.9 is

proposed.

Panel A shows the multilayer arrangement obtained after the vacuum thermal treatment with a
dendritic type of structure within the top layer and a higher Si content (80 at.% Si vs 20 at.% Pt)
and a lower thickness (6.8 um Si-Pt).

Panel B shows a multilayer system for the sample with a columnar microstructure, which contained
a different Si-Pt ratio (66 at.% Si - 34 at.% Pt) and a higher Si-Pt reservoir (12.2 um).

Panels C and D present the different diffusion processes and reactions occurring during oxidation

for both types of multilayered systems after thermal annealing; they can be described as follows:

At Interface 1, located at the top surface of zone 1 in contact with the atmosphere, the oxidation
reaction occurs through outward diffusion of Si and Al cations and their subsequent reaction with
the oxygen anions at the oxygen-zone 1 interface. The mixed oxide scale growth is followed by
inward diffusion of oxygen anions throughout the oxide scale, and the inward displacement of the

elements (Si, Al) in zone 1 (towards interface 1), and zone 2 (towards interface 2).

At Interface 2, there is mostly Si outward diffusion, that continues to feed the Si-O reaction, while
depleting the thickness of zone 2 (PtxSiy) due to their continuous consumption. This is particularly
observed with a lower initial Si-Pt thickness (Panel C).In the region located between the
interdiffusion A and zone 2 (Interface 3), the interface reactions involving Si, Ti, and Pt induced
a decrease of thickness at the interdiffusion zone A, illustrated in Panel E for the sample containing
80 at.% Si and 20 at.% Pt, or their complete depletion, as illustrated in Panel F for the sample
containing 66 at.% Si and 34 at.% Pt, in which a significant thickness increase of zone 2 has been

observed.

At interface 4, for the sample shown in Panel D, accelerated interface reactions are suggested
between zone 3 and the interdiffusion zone A, which leads to recombination of both layers towards
the outer layers (into zone 2). The reactions between the interdiffusion zone B and zone 3 (interface
5) involve feeding of the TixSiy reaction for both types of multilayers, which gives rise to an

increase in the thickness of zone 3 (Panel E) or zone 2 (Panel F).
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Interface 6 involves the outward migration of Ti from the base material towards interdiffusion
zone B (with Ti-Si-Al composition), which creates deeper Al enrichment while depleting the
previous composition and decreasing the thickness of the interdiffusion zone B. The main
diffusional transport at interface 7, between the substrate and the Al enriched zone, is Ti outward

diffusion which contributes to deeper Al enrichment.

Interface 3, interface 4, and interface 5, which comprise the two interdiffusion zones,
respectively, are the ones with a high energetic disorder, and which more significantly promote the

microstructural re-organization of the multilayers.



A 6.8 um
80S1-20Pt (at.%)

Zone 1

Zone 2

Interdiffusion A |/

Interdiffusion B

Al enrichment _

C | During oxidation

PLAL (PLAD
PLSi, @1SD)

i, Pt
Ti,Si, (TiSi)

Interface 4

Interface 5

Substrate
B 12.2 um D Duri dati
668i-34Pt (at.%) uring oxidation
Interface 1
ALO; 0
sio, 0
Pt Al (PLAI -

Zone 1 Pt,Si, (PtSi)
Interface 2

Zone 2

Interdiffusion A |
Zone 3

Interdiffusion B

Al enrichment _
Substrate

Interface7r W

Interdiffusion B

Al enrichment

After oxidation

Si0,, ALO,
Pt

Zone 1

Zone 2
Interdiffusion A

(ALTi),Si,
(TiSH)

Zone 3

Interdiffusion B

Al enrichment

Substrate

After oxidation

Si0,, ALO,)
Pt

Zone 1

Zone 2

Substrate

Figure 6.9: Schematic illustration of the formation of self-organized multilayers based on Si-Pt

reservoir due to oxidation at 900°C.

126



127

6.5 Conclusions

In the present study, we investigated the protection of y-TiAl substrates by applying novel Si-Pt-
based magnetron sputtered coatings. Following vacuum thermal annealing (750 °C) and subsequent
oxidation in ambient air at 900 °C, the coatings exhibit a self-organized multilayer architecture
with varied thicknesses of the individual layers corresponding to different phases and compositions
including PtxAly, TixSiy, and PtxSiy compounds. Specifically, the surface oxidation mechanism and
interface reactions were shown to depend on the initial Si-Pt reservoir, namely its thickness and
Si/Pt ratio. The hierarchical phase formation, graded composition, and microstructural evolution
were described by taking into consideration the thermodynamic and diffusional characteristics of

the elements and compounds involved in shaping the multilayered systems.

In particular, we demonstrated that the presence of Pt«Siy, PtxAly, and TixSiy layers acts as a
diffusion barrier against Ti outward diffusion to the outer-most layer. As a result, no TiO> layer
was found at the surface, rendering the self-organized Si-Pt-based structure a promising candidate
for the protection against oxidation for different applications including aerospace, manufacturing,

energy, and other sectors.

As a future perspective for this work, a detailed evaluation of the mechanical properties (such as
tensile strength, creep, fatigue, etc.) of the Si-Pt based multilayer coating systems is necessary to
provide a holistic understanding of the microstructure-mechanical property relationship, that is a
cornerstone for their practical implementation for use in high-temperature and other harsh

environments.
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CHAPTER 7 GENERAL DISCUSSION

This chapter offers a discussion of the elements of the present Ph.D. project: (a) The main
achievements and findings attained in this work. (b) The relevance of the methodology proposed
and results in the field of oxygen diffusion barriers and related subjects are reviewed by comparing
them with available literature. (c) Limitations are acknowledged, and (d) recommendations for
future developments are indicated. (e) Further insights are established through new gquestions
linked to this research. Additionally, () the different coatings generated in the framework of this
collaborative research between SAFRAN and FCSEL are compared in terms of their oxidation
behavior.

7.1 (a) Main achievements and findings attained in this Ph.D. project

Three main objectives were established for this Ph.D. project; the 1% and 2" objectives comprised
understanding of the influence of Si and Si-Pt reservoirs (thickness, compositional ratio) and
thermal annealing conditions (temperature and treatment duration) on the microstructural
characteristics (growth and evolution) of Si- and Si-Pt based coatings respectively, and their
correlation to high-temperature oxidation.

In this context, a summary of the different multilayered coating systems developed in this work is
presented in Figure 7.1. Three main coatings architectures were effectively fabricated by
magnetron sputtering and thermal annealing processes. A multi-zone structure, TixSiy/y-TiAl, has
been obtained based on Si reservoir, and multi-layered structures, Pt,Siy, PtxAly /TixSiy/y-TiAl,

based on Si-Pt reservoirs.

For each system, it was possible to determine the very particular effect of initial growth conditions
by tracking the thickness progression for each zone/or/layer though describing their microstructural
characteristics, and by linking those to the most probable thermo-chemical factors influencing the
growth behavior of the layers; from this, more precise tuning of the growth of the layers can be

implemented when designing such types of coating systems.

Through determining the microstructural characteristics before and after oxidation, a comparative
phenomenological description for each system was established, elucidating the differences in the
oxide scale mechanism and their specific oxide scale structure, as well as the evolution of the layers

in terms of composition and thickness.
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Particularly for the TixSiy/y-TiAl multi-zone structure, the coated systems with low Si reservoirs
(3um) and diffusion-controlled oxidation process with a parabolic behavior were confirmed
according to kinetic estimations (presented in Chapter 5). Still, in such systems, Ti activity was not

decreased as effectively to completely limit the TiO2 growth.

A more protective oxide formation, with a mixed Si and Al oxide composition (SiO2+Al>03), has
been attained when increasing the Si reservoirs to >6um Si thick or higher (i.e., 9.5 um Si), in
which their interdiffusion zone (Tix(Al,Si)y) acts as a Ti trap via the Ti-Si reaction, that restricts
outward diffusion of Ti from the base material. It was demonstrated that phase transformation or
chemical reactions between the top layer and the inner zones (i.e., Interdifussion/TixSiy layer) were
strongly influenced by the initial Si reservoir. The degradation mechanism of the TixSiy/y-TiAl is
based on the depletion of the protective elements (Si) in the TixSiy layer and in the Interdiffusion
zone. A more complex system was developed with the Si-Pt-based multilayer coatings, in which
an oxide scale with a fully protective oxide nature (SiO2/Al>Os + Pt) has been observed. In this
coating architecture, each layer can serve either as a Si-Al reservoir or as a Ti trap via the TixSiy
reaction. Specifically, the role of each layer has been elucidated, the particular composition of the
top layer provided Si and Al reservoir for the SiO2/Al,O3 formation, while the second layer (PtxSiy)
acts as a secondary reservoir for Si, and the deeper inner layers [(Pt,Ti)xSiy, TixSiy, Tix(Al,Si)y

(Pt,Ti)xAly], each one, respectively, providing an effective Ti diffusion barrier.

The 3 objective consisted of the establishment/proposition of an optimum design of Si- and/or Si-
Pt-based diffusion coating systems for the y-TiAl substrate. A limited coating degradation was
confirmed for each coating system developed, and the protective oxide scale formation was
revealed (by mostly SiO2 and Al>O3 oxide formation). In addition, complete restriction of inward
oxygen transport towards the substrate or the inner layers has been shown, while each coating
system could be potentially used as a protective oxygen diffusion barrier for the y-TiAl base
material. It can be stated that the Si-Pt-based multilayered coating system with high Si content (63-
80 Si/20-37 Pt, at.%) would offer the most effective oxidation behavior in terms of full restriction
of the TiO formation while providing additional reservoirs of the protective elements due to the
inner layer compositions that remained rich in Si and Pt. Microstructurally, the dendritic type of
microstructure, attained with the highest Si content (80 at.%) would offer the most restricted
diffusional paths for oxygen, as elucidated by the lower thickness of oxide scale formation of their

more compact microstructure.
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Figure 7.1: Summary of the different coating systems developed in this Ph.D. project and their

multilayer structure. Si coatings labeled as (i) are presented in Chapter 5; Si-Pt coatings with high

Si content and labeled as (ii) are presented in Chapter 6; Si-Pt coatings with high Pt content and

labeled as (iii) are presented in Appendix A
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7.2 (b) The relevance of the proposed methodology in the field of oxygen

diffusion barriers

The relevance of this work resides in the contribution of new developments in terms of novel
compositions and multi-component coating architectures in the field of oxidation-resistant coatings

for high-temperature applications, oxygen diffusion barriers, and related areas.

As has been stated in the literature review, the already explored multilayer coating systems or smart
coating systems are relatively less often reported, in comparison to more simple coating designs
(one layer- or bi-layer structures) [10,178], due to the use of multiple processes which imply added
complexity. In this sense, the multizone Si-based/multilayer Si-Pt-based coatings fabricated in this
project demonstrate the feasibility and bring the possibility for the advancement of such coating
developments on TiAl-based alloys. This counterweighted the majority of the complex coating

systems that have been mostly optimized for Ni-based substrates [10,178].

Among the protective oxide scales, Al>Os exhibits the highest oxidation resistance temperature
(>900°C, up to the melting point of the blade). Additionally, the Cr enrichment observed in some
of the coatings, supports the beneficial AlOs formation, since Cr decreases the critical Al content
needed for Al,O3 growth [179]. Particularly, the Si-Pt multilayer system is very unique in terms
of the chemical constitution (multi-component nature), for which there are no comparable coating
systems (Si-Pt based compounds in multilayered architecture) reported in the literature. The
resulting multi oxide scale formation (SiO2, Al203, Cr) when oxidized offers a broad temperature

range of oxidation protection for high-temperature applications.

The performance attained by Si-based multizone coatings (with 3um of initial Si thickness), is
comparable (one order of magnitude lower for the coated system)[180] to the reports for coatings
of a similar constitution (tested at similar oxidation conditions) [155,181,182]. Since the oxidation
product confirmed in the Si-based coating systems developed and exhibit mostly SiO2, they could

provide a good cyclic oxidation resistance response [179] due to significant SiO, formation.

In the context of the diffusion transport mechanism, this work contributes by approaching the
diffusional process via the microstructure control which has not been explored before in coating
systems, but mostly in bulk materials [183]. Regarding the applicability of the coating systems in
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turbine blade components, the present coating systems could potentially be suitable as a bond coat
technology [184,185].

7.3 (c-d) Limitations and recommendations for future developments

In terms of characterization methods, combined chemical surface analysis techniques (i.e., EDS)
and bulk structural analysis (XRD) were applied to obtain a complete overview of the phases within
the multizone/multilayered coating systems. However, for future developments, it could be of great
benefit to include additional techniques such as Field Emission Scanning Electron Microscopy-
Electron Backscatter Diffraction (FSEM-EBSD) and lon Mass Spectroscopy (SIMS) to determine
the compositional distributions with an increased resolution that would help to describe the
diffusion transport process with improved accuracy. For compositional analysis, higher sensitivity
and improved spatial resolution could be achieved by SIMS measurements, and particularly for
oxide scales characterization, detailed crystallographic information could be acquired with
inversed pole figures (IPF) in EBSD. The implementation of RBS-ERD could also be relevant to
measuring elemental diffusivities and hence increasing understanding of the transport process in

the multilayered systems.

Further quantitative insights into the kinetics of oxidation of the Si-Pt-based coatings could be
reached by additional TGA analyses. Particularly, these sets of samples were already produced, but
not analyzed due to the unavailability of the scheduled TGA system; those kinetics results will

allow one to further study the oxidation kinetic of Si-Pt-based coatings characteristics in the future.

7.4 (e) Further work: New questions linked to this research

New questions linked to this work, are related to the evaluation of the mechanical properties such
as tensile strength, creep properties of the multilayer coating systems to clarify the microstructure-
mechanical properties relationship.

The main question to address is if the mechanical testing results (such as Young’s modulus (~185
MPa or above), high-temperature yield strength (~400 MPa or above), and high creep strain rate
(>10* s1)) [186-188] of the coating systems considered in this study would accelerate practical

implementation in structural applications in high-temperature environments.
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75 (f) Summary of coatings generated during the collaborative
research between SAFRAN and FCSEL

The coating architectures prepared by other complementary approaches in the framework of this
collaborative research project are summarized in Table 7.1. The table includes coating architecture,
oxide scale nature, and Kkinetic oxidation parameters of the base material y-TiAl and of the
coating/substrate systems. It can be observed that each methodology results in a unique coating

architecture with a very particular oxide scale formation.

In the coating system produced by the halogen effect [188], the Al.Os was attained, as confirmed
by the specific oxide scale constitution. On the other hand, for the Si-B-C-N coatings [189], the
oxide scale consisted exclusively of SiO. It is important to mention that the Si-B-C-N coatings
consist of a TixSiy interlayer, that has been developed based on the deposition of Si reservoir and

simultaneous vacuum thermal annealing process inspired by the work of this Ph.D. project.

All coated systems exhibited a protective nature, with slow growth and thermodynamically stable
oxides (SiO2, Al>03). A protective performance for the coating systems fabricated in this
framework of research [180,189-191] is confirmed by comparing their oxidation kinetic regimes
with those reported at similar oxidation conditions [192-197]. In all cases, the oxidation kinetics of

at least one order of magnitude slower than the uncoated substrate have been reached.
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Table 7.1: Summary of coating systems developed during the collaboration of FCSEL with

SAFRAN.
As deposited Coating architecture Oxidation Kinetic regime
coating system and main constituents conditions Linear: ki(g cm™s™)
/Reference and oxide Parabolic: &, (g°cm™ s™)
scale
composition

Si-based coatings Uncoated:

Graded composition, 900°C, 100 h ki 3.5x 101

Multizones 8102, ALO3 Cr TiO | 4"y oo
J. Crespo [180] TiSiy Coated:

kp: 3.5-8.9 x 1012

Si-Pt based coatings

1 o
Pt rich content 900°C, 100 h

Graded composition, Multilayer

Si-rich tent Pt.Aly, Pt,Siy, TisSiy, ALOj, SiO2 TiO2 | Not tested
~rich conten Pt,Si;, PeAlL, TiSiy $i0,, ALOs, Pt Not tested
J. Crespo [191]
Amorphous Si-B-C- . Uncoated:
N coatings with a-Si Graded composition, Bi-layer 800°C, 100 h kp: 3.1 x 1012
interlayer TiiSiy/Si-B-C-N Si0; Coated:
criaye Iyt 6.5 x 1014
V. Simova [190]
AlOF coatings Uncoated:
Graded composition, Bi-layer 875°C> 100 h kp:1.0x 108
Al/AIOF TiO2, ALOs Coated:

F. Bergeron [189]

kp:1.0 x 10
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CHAPTER 8 CONCLUSIONS AND PERSPECTIVES

This chapter summarizes the main contributions of this Ph.D. work, with particular emphasis on
the main findings, gained insights, and future perspectives for the development of oxidation-
resistant coatings for y-TiAl materials.

8.1 Conclusions

This research work has reported a novel surface engineering methodology for the development of
a multilayered oxygen diffusion barrier for the y-TiAl alloy, based on Si and Si/Pt surface

enrichment and induced diffusional transport.

Through the plasma sputter cleaning process, the surface of the base material was effectively
prepared for the deposition by removing the naturally formed oxide layer and external adsorbates,

without modifying the composition, microstructure, and mechanical properties of the y-TiAl alloy.

The proposed and investigated approaches have demonstrated a possibility to change the oxidation
mechanism of y-TiAl by effectively decreasing the formation of the titanium oxide scale; This has
been replaced by depositing Si reservoirs leading to the formation of a TixSiy/y-TiAl multi-zone
structure that prevents diffusion of oxygen from the surface toward the substrate bulk as well as

out-diffusion of Ti from the bulk while protecting against high-temperature oxidation at 900°C.

In addition, this study described the fabrication of a novel Si-Pt-based multilayer coating system
with a complex oxygen diffusion barrier architecture, in which varied initial Si-Pt reservoirs
(thickness and the Si/Pt ratio) influence their oxidation behavior. The hierarchical phase formation,
graded composition, and microstructure evolution were described taking into consideration
thermodynamic and diffusion aspects of the elements and compounds involved in the multi-layered
coating systems. The influence of each layer on the oxidation behavior was elucidated. It
particularly provided an understanding about the impact of the reservoir of the protective elements
and their interaction with the substrate materials, the mechanism of the interaction for the

multilayered growth, and their further microstructural evolution due to oxidation.

Among the Si-Pt systems, in those with Si rich compositions, the TiO2 layer was fully restricted

during the total exposure time (100 h), making this structure a potential candidate for the protection
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against oxygen inward diffusion into the y-TiAl when exposed to high-temperature environments,

such as in the low-pressure turbine of the jet engine.

This study contributes to the design of effective Si-containing oxidation-resistant coating systems
and proposes the development of new and more robust films based on Si/Pt compounds that provide
a continuous reservoir for the protective oxides to grow while restricting the undesired outward

diffusion of substrate elements, in particular Ti.

This project benefited from a holistic approach applied to the development of such systems, by
combining film fabrication methods, self-organization of the microstructure, and specifically

controlling and understanding of the oxidation process.

8.2 Perspectives

The development of new multilayered coating systems based on Si and Si-Pt reservoirs has
effectively been attained and demonstrated, and their oxidation protection mechanism has been
elucidated. Future acceptance and implementation of the demonstrated approaches will further be
enhanced by optimizing the coatings’ mechanical performance. Suitable film architectures can thus
be employed as complex oxygen diffusion barrier systems or as effective bond coats in the existing

or new thermal barrier coatings (TBCs).



137

REFERENCES

[1] Bewlay, B. P., Weimer, M., Kelly, T., Suzuki, A., & Subramanian, P. R. (2013). The science,
technology, and implementation of TiAl alloys in commercial aircraft engines. MRS Online
Proceedings Library (OPL), 1516, 49-58.

[2] Boyce, M. P. (2011). Gas turbine engineering handbook. Elsevier.

[3] https://www.compositesworld.com/articles/aeroengine-composites-part-1-the-cmc-invasion
[4] Perrut, M., Caron, P., Thomas, M., & Couret, A. (2018). High temperature materials for
aerospace applications: Ni-based superalloys and y-TiAl alloys. Comptes Rendus Physique, 19(8),
657-671.

[5] Leyens, C. (2004, August). Advanced Materials and Coatings for Future Gas Turbine
Applications. In 24th Congress of the International Council of the Aeronautical Sciences (Vol. 29,
pp. 2004-5).

[6] Parker, G. (2001). Encyclopedia of materials: science and technology.

[7] Cheremisinoff, N. P. (1996). Materials selection deskbook. William Andrew.

[8] Martin, P. M. (2009). Handbook of deposition technologies for films and coatings: science,
applications and technology. William Andrew.

[9] Rajendran, R. (2012). Gas turbine coatings—An overview. Engineering Failure Analysis, 26,
355-369.

[10] Nicholls, J. R. (2000). Designing oxidation-resistant coatings. JoM, 52(1), 28-35.

[11] Kutz, M. (2018). Handbook of environmental degradation of materials. William Andrew.
[12] Welsch, G., Boyer, R., Collings, E. W. (Eds.). (1993). Materials properties handbook:
titanium alloys. ASM international.

[13] Kothari, K., Radhakrishnan, R., Wereley, N. M. (2012). Advances in gamma titanium
aluminides and their manufacturing techniques. Progress in Aerospace Sciences, 55, 1-16.

[14] Zschau, H. E., & Schiitze, M. (2012). Surface modification by ion implantation to improve
the oxidation resistance of materials for high temperature technology. lon Implantation, 17, 409-
436.

[15] Kurbatkina, V. V. (2017). Titanium Aluminides. In Concise encyclopedia of self-propagating
high-temperature synthesis (pp. 392-393). Elsevier.

[16] Rahmel, A., Spencer, P. J. (1991). Thermodynamic aspects of TiAl and TiSi2 oxidation: the
Al-Ti-O and Si-Ti-O phase diagrams. Oxidation of Metals, 35(1-2), 53-68.


https://www.compositesworld.com/articles/aeroengine-composites-part-1-the-cmc-invasion

138

[17] Kekare, S. A., & Aswath, P. B. (1997). Oxidation of TiAl based intermetallics. Journal of
Materials Science, 32(9), 2485-2499.

[18] Meier, G. H., Pettit, F. S., Hu, S. (1993). Oxidation behavior of titanium aluminides. Le
Journal de Physique 1V, 3(C9), C9-395.

[19] Ebach-Stahl, A., & Frohlich, M. (2016). Oxidation study of Pt—Al based coatings on y-TiAl
at 950° C. Surface and Coatings Technology, 287, 20-24.

[20] Gonzalez, M. A., Martinez, D. I., Saucedo, C. T., Guzman, I., Rodriguez, J. M. (2013).
Microstructural evolution of Pt-aluminide coating influenced by cycle oxidation service
conditions. Engineering Failure Analysis, 29, 122-131.

[21] Krishna, G. R., Das, D. K., Singh, V., Joshi, S. V. (1998). Role of Pt content in the
microstructural development and oxidation performance of Pt-aluminide coatings produced using
a high-activity aluminizing process. Materials Science and Engineering: A, 251(1-2), 40-47.

[22] Angenete, J., & Stiller, K. (2000). SEM and TEM studies of PtAl diffusion coatings under
isothermal oxidation. Materials at high temperatures, 17(2), 179-184.

[23] Huang, L., Wu, X., Xie, F., Wang, S. (2017). Microstructure and growth Kinetics of silicide
coatings for TiAl alloy. Journal of Wuhan University of Technology-Mater. Sci. Ed., 32(2), 245-
249.

[24] Swadzba, L., Maciejny, A., Mendala, B., Moskal, G., Jarczyk, G. (2003). Structure and
resistance to oxidation of an Al-Si diffusion coating deposited by Arc-PVD on a TiAICrNb
alloy. Surface and Coatings Technology, 165(3), 273-280.

[25] Popela, T., Vojtéch, D., Vogt, J. B., Michalcova, A. (2014). Structural, mechanical and
oxidation characteristics of siliconized Ti—Al-X (X= Nb, Ta) alloys. Applied Surface Science, 307,
579-588.

[26] Wang, J., Kong, L., Wu, J., Li, T., Xiong, T. (2015). Microstructure evolution and oxidation
resistance of silicon-aluminizing coating on y-TiAl alloy. Applied Surface Science, 356, 827-836.
[27] Goward, G. W., & Seigle, C. L. L. (1994). Diffusion coatings. ASM Handbook, 5, 611-620.
[28] Lutjering G., Williams J.C. (2003). Titanium Based Intermetallics. In: Titanium.
Engineering Materials and Processes. Springer, Berlin, Heidelberg.

[29] Yamaguchi, M., Inui, H., & Ito, K. (2000). High-temperature structural intermetallics. Acta
materialia, 48(1), 307-322.



139

[30] Wu, X. (2006). Review of alloy and process development of TiAl
alloys. Intermetallics, 14(10-11), 1114-1122.

[31] Loria, E. A. (2000). Gamma titanium aluminides as prospective structural
materials. Intermetallics, 8(9-11), 1339-1345.

[32] Boyer, Rodney Welsch, Gerhard Collings, E.W. (1994). Materials Properties Handbook -
Titanium Alloys. ASM International.

[33] Mouritz, A. P. (2012). Superalloys for gas turbine engines. Introduction to Aerospace
Materials; Woodhead Publishing: Cambridge, UK, 251-267.

[34] Lasalmonie, A. (2006). Intermetallics: why is it so difficult to introduce them in gas turbine
engines?. Intermetallics, 14(10-11), 1123-1129.

[34] Thomas, M., Bacos, M. P. (2011). Processing and characterization of TiAl-based alloys:
Towards an industrial scale. AerospacelLab, 3, p-1.

[36] Selection and Weldability of Advanced Titanium-Base Alloys. David H. Phillips, Edison
Welding Institute. ASM Handbook, VVolume 6: Welding, Brazing, and Soldering D.L.

[37] Buschow, K.H. Jirgen Cahn, Robert W. Flemings, Merton C. llschner, Bernhard Kramer,
Edward J. Mahajan, Subhash. (2001). Encyclopedia of Materials - Science and Technology,
Volumes 1-11 - Intermetallics

[38] Totten, George E.. (2016). ASM Handbook Volume 4E - Heat Treating of Nonferrous Alloys
- 25.3 Classes of Titanium Alloys. ASM International.

[39] Clemens, H., Kestler, H. (2000). Processing and applications of intermetallic y-TiAl-based
alloys. Advanced engineering materials, 2(9), 551-570.

[40] Bewlay, B. P., Nag, S., Suzuki, A., Weimer, M. J. (2016). TiAl alloys in commercial aircraft
engines. Materials at High Temperatures, 33(4-5), 549-559.

[41] Dudziak, Tomasz (2010) High temperature corrosion studies and interdiffusion modelling in

TiAl based alloys coated with high performance surface layers. Doctoral thesis, Northumbria

University. Retrieved from https://nrl.northumbria.ac.uk/id/eprint/1880/

[42] Weiser, M. (2019). Elementary Mechanisms During the Early Stages of Scale Formation on
Single Crystalline Co-and Ni-base Superalloys at High Temperatures.

[43] Handbook of Environmental Degradation of Materials. 2012. High Temperature Oxidation

A.S. Khanna. Corrosion Science and Engineering, Indian Institute of Technology, Bombay, India.



140

[44] Smialek, J. L., & Jacobson, N. S. (2014). Oxidation of high-temperature aerospace
materials. High temperature materials and mechanisms, 95-162.

[45] Sahu, S. K., Navrotsky, A. (2014). High-temperature materials chemistry and
thermodynamics. High Temperature Materials and Mechanisms, CRC Press, 17-38. (ptsi)

[46] Meier, G. H., Pettit, F. S., Hu, S. (1993). Oxidation behavior of titanium aluminides. Le
Journal de Physique 1V, 3(C9), C9-395.

[47] Jeffes, J. H. E. (2011). Ellingham diagrams. Encyclopedia of Materials: Science and
Technology, 2751-2753.

[48] Benitez-Vélez, S.(2005). Oxidation kinetics and mechanisms in HT-9erritic/martensitic
stainless steel (Doctoral dissertation  University of Florida). Retrieved from
http://etd.fcla.edu/UF/UFE0012151/benitezvelez_s.pdf

[49] Taniguchi, S., Shibata, T., & Itoh, S. (1991). Oxidation behavior of TiAl at high temperatures
in purified oxygen. Materials Transactions, JIM, 32(2), 151-156.

[50] Shida, Y., & Anada, H. (1996). The effect of various ternary additives on the oxidation
behavior of TiAl in high-temperature air. Oxidation of Metals, 45(1), 197-219.

[51] Handbook of Deposition Technologies for Films and Coatings - Science, Applications and
Technology (3rd Edition)

[52] Pflumm, R., Friedle, S., Schutze, M. (2015). Oxidation protection of y-TiAl-based alloys—a

review. Intermetallics, 56, 1-14..

[53] Galetz, M. C. (2015). Coatings for superalloys. In Superalloys (pp. 277-298). InTech.

[54] Streiff, R. (1993). Protection of materials by advanced high temperature coatings. Le Journal
de Physique 1V, 3(C9), C9-17.

[55] C. Zhou, H. Xu, S. Gong and K.Y Kim, "A study of aluminide coatings on TiAl alloys by the
pack cementation method", Materials Science and Engineering, A 341(1) (2003) 169-173.

[56] C. Zhou, H. Xu, S. Gong, Y. Yang and K.Y. Kim, “A study on aluminide and Cr-modified
aluminide coatings on TiAl alloys by pack cementation method", Surface and Coatings Technology
132(2) (2000) 117-123.

[57] T. Nishimoto, T. Izumi, S. Hayashi and T. Narita, "Two-step Cr and Al diffusion coating on
TiAl at high temperatures”, Intermetallics, 11(3) (2003) 225-235.

[58] W. Liang and X.G. Zhao, "Improving the oxidation resistance of TiAl-based alloy by
siliconizing"”, Scripta Materialia, 44(7) (2001) 1049-1054.


http://etd.fcla.edu/UF/UFE0012151/benitezvelez_s.pdf
https://app.knovel.com/hotlink/toc/rcid:kpHDTFCSA1/id:kpHDTFCSA1/handbook-deposition-technologies/handbook-of-deposition-technologies-for-films-and-coatings---science-applications-and-technology-3rd-edition?b-q=pvd%20processes&b-subscription=true&b-group-by=true&b-sort-on=default&b-content-type=all_references&include_synonyms=no
https://app.knovel.com/hotlink/toc/rcid:kpHDTFCSA1/id:kpHDTFCSA1/handbook-deposition-technologies/handbook-of-deposition-technologies-for-films-and-coatings---science-applications-and-technology-3rd-edition?b-q=pvd%20processes&b-subscription=true&b-group-by=true&b-sort-on=default&b-content-type=all_references&include_synonyms=no

141

[59] W. Liang, X.X. Ma, X.G. Zhao, F. Zhang, J.Y. Shi and J. Zhang, "Oxidation kinetics of the
pack siliconized TiAl-based alloy and microstructure evolution of the coating" Intermetallics 15(1)
(2007) 1-8.

[60] Aglero, A., Muelas, R., Gutiérrez, M., Van Vulpen, R., Osgerby, S., Banks, J. P. (2007).
Cyclic oxidation and mechanical behaviour of slurry aluminide coatings for steam turbine
components. Surface and Coatings Technology, 201(14), 6253-6260.

[61] Aguero, A., Gonzalez, V., Gutiérrez, M., Muelas, R. (2013). Oxidation under pure steam: Cr
based protective oxides and coatings. Surface and coatings technology, 237, 30-38.

[62] Goral, M., Swadzba, L., Moskal, G., Jarczyk, G., Aguilar, J. (2011). Diffusion aluminide
coatings for TiAl intermetallic turbine blades. Intermetallics, 19(5), 744-747.

[63] Nouri, S., Sahmani, S., Asayesh, M., Aghdam, M. M. (2019). Study on the oxidation resistance
of y-TiAl intermetallic alloy coated via different diffusion coating processes. Materials Research
Express, 6(10), 106522.

[64] Nouri, S., Rastegari, S., Mirdamadi, S., Hadavi, M. (2015). Microstructure and oxidation
resistance of Si modified aluminide coating on TiAl based alloys. Surface Engineering, 31(12),
930-933.

[65] Kawamura, M., Matsuzaki, Y., Hino, H., & Okazaki, S. (1997). Evaluation of graded thermal
barrier coating for gas turbine engine. In Functionally Graded Materials 1996 (pp. 413-418).
Elsevier Science BV.

[66] Xu, H., Guo, H., Gong, S. (2008). Thermal barrier coatings. Developments in high-
temperature corrosion and protection of materials, 476-491.

[65] zhang, D. (2011). Thermal barrier coatings prepared by electron beam physical vapor
deposition (EB-PVD). In Thermal barrier coatings (pp. 3-24). Woodhead Publishing.

[66] Avci, A., Eker, A. A., & Eker, B. (2018). Microstructure and Oxidation Behavior of
Atmospheric Plasma-Sprayed Thermal Barrier Coatings. In Exergetic, Energetic and
Environmental Dimensions (pp. 793-814). Academic Press.

[67] Melendez, N. M., McDonald, A. G. (2015). Thermal spray coatings in environmental barrier
coatings. In Future Development of Thermal Spray Coatings (pp. 231-240). Woodhead Publishing.
[68] Darolia, R. (2013). Thermal barrier coatings technology: critical review, progress update,

remaining challenges and prospects. International materials reviews, 58(6), 315-348.



142

[69] Friedle, S., NielRen, N., Braun, R., Schutze, M. (2012). Thermal barrier coatings on y-TiAl
protected by the halogen effect. Surface and Coatings Technology, 212, 72-78.

[70] Mehboab, G., Liu, M. J., Xu, T., Hussain, S., Mehboob, G., & Tahir, A. (2020). A review on
failure mechanism of thermal barrier coatings and strategies to extend their lifetime. Ceramics
International, 46(7), 8497-8521.

[71] Kumar, V., & Balasubramanian, K. (2016). Progress update on failure mechanisms of
advanced thermal barrier coatings: A review. Progress in Organic Coatings, 90, 54-82.

[72] Tang, Z., Wang, F., Wu, W. (1998). Effect of MCrAIlY overlay coatings on oxidation
resistance of TiAl intermetallics. Surface and Coatings Technology, 99(3), 248-252.

[73] Hovsepian, P.Eh., Reinhard, C., Ehiasarian, A.P. (2006). CrAI'YN/CrN superlattice coatings
deposited by the combined high power impulse magnetron sputtering/unbalanced magnetron
sputtering technique, Surface and Coatings Technology, 201 4105-4110.

[74] Braun R., Fréhlich M., Leyens C., (2010). Oxidation behaviour of TiAl-based intermetallic
coatings on y-TiAl alloys, International Journal of Materials Research, 101(5) 637-647.

[75] Moser M., Mayrhofer P.H., Clemens H. On the influence of coating and oxidation on the
mechanical properties of a y-TiAl based alloy. Intermetallics, 16 (2008) 1206-1211.

[76] Frohlich, M., Braun, R., Leyens, C. (2006). Oxidation resistant coatings in combination with
thermal barrier coatings on y-TiAl alloys for high temperature applications. Surface and Coatings
Technology, 201(7), 3911-3917.

[77] Braun, R., Rovere, F., Mayrhofer, P. H., Leyens, C. (2010). Environmental protection of y-
TiAl  based alloy Ti-45AI-8Nb by CrAlYN thin films and thermal Dbarrier
coatings. Intermetallics, 18(4), 479-486.

[78] Badini, C., Deambrosis, S. M., Ostrovskaya, O., Zin, V., Padovano, E., Miorin, E., Biamino,
S. (2017). Cyclic oxidation in burner rig of TiAIN coating deposited on Ti-48Al-2Cr-2Nb by
reactive HiPIMS. Ceramics International, 43(7), 5417-5426.

[79] Bernstein, H. L. (1999). High Temperature Coatings For Industrial Gas Turbine Users.
In Proceedings of the 28th Turbomachinery Symposium. Texas A&M University. Turbomachinery
Laboratories.

[80] Masset, P. J., Schiitze, M. (2008). Thermodynamic assessment of the alloy concentration limits
for the halogen effect of TiAl alloys. Advanced Engineering Materials, 10(7), 666-674.


http://www.sciencedirect.com.etechconricyt.idm.oclc.org/science/article/pii/S0966979508001532
http://www.sciencedirect.com.etechconricyt.idm.oclc.org/science/article/pii/S0966979508001532
http://www.sciencedirect.com.etechconricyt.idm.oclc.org/science/article/pii/S0966979508001532
http://www.sciencedirect.com.etechconricyt.idm.oclc.org/science/journal/09669795

143

[81] Donchev, A., Gleeson, B., Schiutze, M. (2003). Thermodynamic considerations of the
beneficial effect of halogens on the oxidation resistance of TiAl-based alloys. Intermetallics, 11(5),
387-398.

[82] Hornauer, U., Richter E., Wieser E., Méller W., Donchev A., Schiitze M. (2003) Plasma
immersion ion implantation of TiAl using chlorine containing plasma, Surface and Coatings
Technology, 174 1182-1186.

[83] Schiitze M., (2016). The halogen effect for high temperature corrosion protection of Nickel
base and Titanium aluminide alloys, presentation Safran Tech, 2016.

[84] Ramanathan, L. V. (2007). Challenges in oxidation resistant coatings. Surface Engineering,
23:4, 239-242.

[85] Sabooni, S., Karimzadeh, F., & Abbasi, M. H. (2012). Thermodynamic aspects of
nanostructured Ti5Si3 formation during mechanical alloying and its characterization. Bulletin of
Materials Science, 35(3), 439-447.

[86] Liu, X. B., & Wang, H. M. (2006). Microstructure, wear and high-temperature oxidation
resistance of laser clad Ti5Si3/y/TiSi composite coatings on y-TiAl intermetallic alloy. Surface and
Coatings Technology, 200(14-15), 4462-4470.

[87] Chaia, N., Cury, P. L., Rodrigues, G., Coelho, G. C., & Nunes, C. A. (2020). Aluminide and
silicide diffusion coatings by pack cementation for Nb-Ti-Al alloy. Surface and Coatings
Technology, 389, 125675.

[88] Bauer, P. P., Laska, N., & Swadzba, R. (2021). Increasing the oxidation resistance of y-TiAl
by applying a magnetron sputtered aluminum and silicon based coating. Intermetallics, 133,
107177.

[89] Swadzba, R., Swadzba, L., Mendala, B., Bauer, P. P., Laska, N., & Schulz, U. (2020).
Microstructure and cyclic oxidation resistance of Si-aluminide coatings on y-TiAl at 850 C. Surface
and Coatings Technology, 403, 126361.

[90] Tanner, L. E., & Okamoto, H. (1991). The Pt-Si (platinum-silicon) system. Journal of phase
equilibria, 12(5), 571-574.

[91] Waite, M. M., Sprowls, C. J. (2016, December). Phase transformations in platinum silicide
thin films. In International Symposium on Clusters and Nanomaterials (\Vol. 10174, p. 101740I).

International Society for Optics and Photonics.



144

[92] Xu, L. L., Wang, J., Liu, H. S., Jin, Z. P. (2008). Thermodynamic assessment of the Pt-Si
binary system. Calphad, 32(1), 101-105.

[93] Strydom, W. J., Lombaard, J. C., & Pretorius, R. (1985). Thermal oxidation of the silicides
CoSi2, CrSi2, NiSi2, PtSi, TiSi2 and ZrSi2. Thin Solid Films, 131(3-4), 215-231.

[94] M.E. Schlesinger, Thermodynamics of solid transition-metal silicides, Chem. Rev. 90(4)
(1990) 607-628.

[95] Hanna, M. D. (1982). The formation of platinum aluminide coatings on IN-738 and their
oxidation resistance (Doctoral dissertation, University of Sheffield).

[96] Cornish, L. A., Suss, R., Watson, A., Prins, S. N. (2007). Building a thermodynamic database
for platinum-based superalloys: Part I. Platinum Metals Review, 51(3).

[97] Thornton, J. A. (1973). Sputter Coating—Its Principles and Potential. SAE Transactions,
1787-1805.

[98] Depla, D., Mahieu, S., Greene, J. E. (2010). Sputter deposition processes. In Handbook of
deposition technologies for films and coatings (pp. 253-296). William Andrew Publishing.

[99] Shah, S. I., Jaffari, G. H., Yassitepe, E., Ali, B. (2010). Evaporation: Processes, bulk
microstructures, and mechanical properties. Handbook of Deposition Technologies for Films and
Coatings, 135-252.

[100] Lieberman, M. A., Lichtenberg, A. J. (2005). Principles of plasma discharges and materials
processing. John Wiley & Sons.

[101] Gudmundsson, J. T. (2020). Physics and technology of magnetron sputtering
discharges. Plasma Sources Science and Technology, 29(11), 113001.

[102] Ekpe, S. D., Jimenez, F. J., Field, D. J., Davis, M. J., & Dew, S. K. (2009). Effect of magnetic
field strength on deposition rate and energy flux in a dc magnetron sputtering system. Journal of
Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 27(6), 1275-1280.

[103] Seshan, K. (Ed.). (2012). Handbook of thin film deposition. William Andrew.

[104] Thornton, J. A. (1986). The microstructure of sputter-deposited coatings. Journal of Vacuum
Science & Technology A: Vacuum, Surfaces, and Films, 4(6), 3059-3065.

[105] Petrov, I., Barna, P. B., Hultman, L., Greene, J. E. (2003). Microstructural evolution during
film growth. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 21(5),
S117-S128.



145

[106] Messier, R., Giri, A. P., Roy, R. A. (1984). Revised structure zone model for thin film
physical structure. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and
Films, 2(2), 500-503.

[107] Bréuer, G., Szyszka, B., Vergohl, M., & Bandorf, R. (2010). Magnetron sputtering—
Milestones of 30 years. Vacuum, 84(12), 1354-1359.

[108] Rossnagel, S. M., & Cuomo, J. J. (1988). lon beam bombardment effects during films
deposition. Vacuum, 38(2), 73-81.

[109] Kelly, P. J., & Arnell, R. D. (2000). Magnetron sputtering: a review of recent developments
and applications. Vacuum, 56(3), 159-172.

[110] Kelly, P. J., & Amell, R. D. (2000). Magnetron sputtering: a review of recent developments
and applications. Vacuum, 56(3), 159-172.

[111] Tucker Jr, R. C. (2013). Introduction to thermal spray technology. Thermal spray technology.
[112] Di Gianfrancesco, A. (2017). Technologies for chemical analyses, microstructural and
inspection investigations. In Materials for ultra-supercritical and advanced ultra-supercritical
power plants (pp. 197-245). Woodhead Publishing.

[113] Ebnesajjad, S., Ebnesajjad, C. (2013). Surface treatment of materials for adhesive bonding.
William Andrew.

[114] Buschow, K.H. Jiirgen Cahn, Robert W. Flemings, Merton C. llschner, Bernhard Kramer,
Edward J. Mahajan, Subhash. (2001). Encyclopedia of Materials - Science and Technology,
Volumes 1-11 Elsevier.

[115] Chapter 3 - Methods for Assessing Surface Cleanliness, Editor(s): Rajiv Kohli, K.L. Mittal,
Applications of Characterization Techniques Developments in Surface Contamination and
Cleaning, Volume 12,Elsevier,2019, Pages 23-105,

[116] Kaliva, M., & Vamvakaki, M. (2020). Nanomaterials characterization. In Polymer Science
and Nanotechnology (pp. 401-433). Elsevier.

[117] Le Pevelen, D. D. (2010). Small Molecule X-Ray Crystallography, Theory and Workflow.
[118] Scanning Electron Microscopy John D. Verhoeven, Department of Metallurgy, lowa State
University. ASM Handbook, VVolume 10: Materials Characterizations R.E. Whan, editor, p 490-
515. 1986 ASM International. DOI: 10.1361/asmhba0001767.



146

[119] Bruno, Thomas J. Deacon, Ryan Jansen, Jeffrey A. Magdefrau, Neal Mueller, Erik VVander
Voort, George F. Yang, Dehua. (2019). ASM Handbook®, Volume 10 - Materials
Characterization.
[120]https://www.gla.ac.uk/schools/ges/research/researchfacilities/isaac/services/scanningelectro
nmicroscopy/

[121] Burgess, S., Sagar, J., Holland, J., Li, X., Bauer, F. (2017). Ultra-low kV EDS-a new

approach to improved spatial resolution, surface sensitivity, and light element compositional

imaging and analysis in the SEM. Microscopy Today, 25(2), 20-29.

[122] https://projects.exeter.ac.uk/geomincentre/estuary/Main/fluorescence.htm

[123] Schmeling, M. (2007). Atomic and Nuclear Analytical Methods: XRF, Mdssbauer, XPS,
NAA and lon-Beam Spectroscopic Techniques By HR Verma (Punjabi University, Patiala, India).
Springer: Berlin, Heidelberg, New York. 2007. ISBN 978-3-540-30277-3.

[124] Verma, H. R. (2007). Atomic and nuclear analytical methods. Springer-Verlag Berlin
Heidelberg.

[125] Baer, D. R., & Thevuthasan, S. (2010). Characterization of thin films and coatings.
In Handbook of Deposition Technologies for Films and Coatings (pp. 749-864). William Andrew
Publishing.

[126] Baer, D. R., & Thevuthasan, S. (2010). Characterization of thin films and coatings.
In Handbook of Deposition Technologies for Films and Coatings (pp. 749-864). William Andrew
Publishing.

[127] ASM International Handbook Committee. (1994). ASM Handbook, Volume 05 - Surface
Engineering - 81.5.2 Thin Film and Interface Analysis. ASM International.

[128] Cole, D. A., & Zhang, L. (2008). Surface analysis methods for contaminant identification.
In Developments in Surface Contamination and Cleaning (pp. 333-394). William Andrew
Publishing.

[129] Roger W. Welker, Chapter 4 - Size Analysis and Identification of Particles, Editor(s): Rajiv
Kohli, K.L. Mittal, Developments in Surface Contamination and Cleaning, William Andrew
Publishing,2012, Pages 179-213,

[130] Konhli, Rajiv Mittal, K.L. (2016). Developments in Surface Contamination and Cleaning,
Volume 1 - Fundamentals and Applied Aspects (2nd Edition) - 8.4.4 Applications of TOF-SIMS for

Characterizing Surface Contaminants. Elsevier.


https://www.gla.ac.uk/schools/ges/research/researchfacilities/isaac/services/scanningelectronmicroscopy/
https://www.gla.ac.uk/schools/ges/research/researchfacilities/isaac/services/scanningelectronmicroscopy/
https://projects.exeter.ac.uk/geomincentre/estuary/Main/fluorescence.htm

147

[131] https://www.nist.gov/programs-projects/time-flight-secondary-ion-mass-spectrometry
[132] Chudoba, T. (2006). Measurement of hardness and Young’s modulus by nanoindentation
In Nanostructured coatings (pp. 216-260). Springer, New York, NY.

[133] Wahl, K. J., Asif, S. S. (2002). Surface mechanical measurements at the nanoscale.
In Adhesion Science and Engineering (pp. 193-220). Elsevier Science BV.

[134] Cramer, Stephen D. Covino, Bernard S., Jr.. (2006). ASM Handbook, Volume 13C -
Corrosion: Environments and Industries - 56.2.4.1 Types of Protective Coatings. ASM
International.
[135]https://www.unamur.be/services/microscopie/sme-documents/Energy-20table-20for-
20EDS-20analysis-1.pdf

[136] W. C. Oliver and G. M. Pharr, “An improved technique for determining hardness and elastic

modulus using load and displacement sensing indentation experiments,” Journal of Materials
Research, vol. 7, no. 6. pp. 1564-1583, 1992.

[137] Jiang, H., Hirohasi, M., Imanari, H., & Lu, Y. (2001). The relationship between the
morphology of the scale and the oxidation kinetics at elevated temperatures in Ti—Al alloys. Scripta
materialia, 45(3), 253-259.

[138] Lang, C., & Schiitze, M. (1996). TEM investigations of the early stages of TiAl
oxidation. Oxidation of metals, 46(3), 255-285.

[139] Stoev, K. N., Sakurai, K. (1999). Review on grazing incidence X-ray spectrometry and
reflectometry. Spectrochimica Acta Part B: Atomic Spectroscopy, 54(1), 41-82.

[140] Seshan, K. (Ed.). (2012). Handbook of thin film deposition. William Andrew.

[141] Wasa, K., Kanno, 1., Kotera, H. (Eds.). (2012). Handbook of sputter deposition technology:
fundamentals and applications for functional thin films, nano-materials and MEMS. William
Andrew.

[142] Cockeram, B. V., & Rapp, R. A. (1995). The kinetics of multilayered titanium-silicide
coatings grown by the pack cementation method. Metallurgical and Materials Transactions
A, 26(4), 777-791.

[143] Wang, J., Kong, L., Wu, J., Li, T., Xiong, T. (2015). Microstructure evolution and oxidation
resistance of silicon-aluminizing coating on y-TiAl alloy. Applied Surface Science, 356, 827-836.
[144] Lasalmonie, A. (2006). Intermetallics: why is it so difficult to introduce them in gas turbine
engines?. Intermetallics, 14(10-11), 1123-1129.


https://www.nist.gov/programs-projects/time-flight-secondary-ion-mass-spectrometry
https://www.unamur.be/services/microscopie/sme-documents/Energy-20table-20for-20EDS-20analysis-1.pdf
https://www.unamur.be/services/microscopie/sme-documents/Energy-20table-20for-20EDS-20analysis-1.pdf

148

[145] Sujata, M., Bhargava, S., Sangal, S. (1997). On the formation of TiAl3 during reaction
between solid Ti and liquid Al. Journal of materials science letters, 16(14), 1175-1178.

[146] Mehrer, H. (2007). Diffusion in solids: fundamentals, methods, materials, diffusion-
controlled processes (Vol. 155). Springer Science & Business Media.

[147] Liang, W., Ma, X. X., Zhao, X. G., Zhang, F., Shi, J. Y., & Zhang, J. (2007). Oxidation
kinetics of the pack siliconized TiAl-based alloy and microstructure evolution of the
coating. Intermetallics, 15(1), 1-8.

[148] http://ogmd.org/materials/composition/Ti2Si

[149] Audigié, P., Put, A. R. V., Malié, A., Bilhé, P., Hamadi, S., & Monceau, D. (2014).
Observation and modeling of a-NiPtAl and Kirkendall void formations during interdiffusion of a
Pt coating with a y-(Ni-13Al) alloy at high temperature. Surface and Coatings Technology, 260, 9-
16.

[150] Krishna, R. (2015). Uphill diffusion in multicomponent mixtures. Chemical Society
Reviews, 44(10), 2812-2836.

[151] Knaislova, A., Novak, P., Cabibbo, M., Jaworska, L., Vojtéch, D. (2021). Development of
TiAI-Si alloys—a review. Materials, 14(4), 1030.

[152] Nakajima, H. (1997). The discovery and acceptance of the Kirkendall effect: The result of a
short research career. JoM, 49(6), 15-19.

[153] Mitoraj-Krélikowska, M., Godlewska, E. (2018). Silicide coatings on Ti-6Al-1Mn (at.%)
alloy and their oxidation resistance. Surface and Coatings Technology, 334, 491-499.

[154] Gray, S., Jacobs, M. H., Ponton, C. B., Voice, W., Evans, H. E. (2004). A method of heat-
treatment of near y-TiAl to enhance oxidation resistance by the formation of a Ti5Si3
layer. Materials Science and Engineering: A, 384(1-2), 77-82.

[155] Wu, L. K., Wu, J. J.,, Wu, W. Y., Hou, G. Y., Cao, H. Z,, Tang, Y. P., Zheng, G. Q. (2019).
High temperature oxidation resistance of y-TiAl alloy with pack aluminizing and electrodeposited
SiO. composite coating. Corrosion science, 146, 18-27.

[156] Hindam, H., Whittle, D. P. (1982). Microstructure, adhesion and growth kinetics of
protective scales on metals and alloys. Oxidation of metals, 18(5), 245-284.

[157] Moskal, G. (2007). Microstructure and oxidation behaviour of TiAlSi coatings on TiAICrNb

alloy. Journal of Achievements in Materials and Manufacturing Engineering, 20(1-2), 263-266.


http://oqmd.org/materials/composition/Ti2Si

149

[158] Kang, S. J. L., Ko, S. Y., Moon, S. Y. (2016). Mixed control of boundary migration and the
principle of microstructural evolution. Journal of the Ceramic Society of Japan, 124(4), 259-267.
[159] Atkinson, A. (1988). Wagner theory and short circuit diffusion. Materials science and
technology, 4(12), 1046-1051.

[160] Wang, G., Gleeson, B., Douglass, D. L. (1989). Phenomenological treatment of multilayer
growth. Oxidation of metals, 31(5), 415-429.

[161] Philibert, J. (2006). One and a half century of diffusion: Fick, Einstein, before and beyond
“Diffus.

[162] Wagner, C. (1952). Theoretical analysis of the diffusion processes determining the oxidation
rate of alloys. Journal of the electrochemical Society, 99(10), 369.

[163] Wagner, C. (1956). Formation of composite scales consisting of oxides of different
metals. Journal of the Electrochemical Society, 103(11), 627.

[164] Atkinson, A. (1985). Transport processes during the growth of oxide films at elevated
temperature, Review of Modern Physics, 57(2) 437.

[165] Agren, J. (2012). Thermodynamics and diffusion coupling in alloys—application-driven
science, Metallurgical and Materials Transactions, A 43(10) 3453-3.

[166] Poate, J. M., Tisone, T. C. (1974). Kinetics and mechanism of platinum silicide formation
on silicon, Applied Physics Letters, 24(8) 391-393.

[167] Yin, J., Cai, W., Zheng, Y., Zhao, L. (2005). Effect of Pt film thickness on PtSi formation
and film surface morphology, Surface Coatings and Technology, 198(1-3) 329-334.

[168] Muta, ] H., Shinoda, D. (1972). Solid-Solid Reactions in Pt—Si Systems. Journal of Applied
Physics, 43(6) 2913-2915.

[169] Connétable, D., Thomas, O. (2013). Comparative study of metallic silicide—germanide
orthorhombic MnP systems, Journal of Physics and Condensed Matter, 25(35) 355403.

[170] P. Kofstad, Defects and transport properties of metal oxides, Oxid Met. 44(1) (1995) 3-27.
[171] V. M. Pan, V. I. Latysheva, O. G. Kulik, A. G. Popov, E. N. Litvinenko, The Nb-NnAls-
NbsSis Phase-Diagram. Russ. Metall. (4) (1984) 233-235.

[172] Cornish, L. A., Suss, R., Watson, A., & Prins, S. N. (2007). Building a thermodynamic
database for platinum-based superalloys: Part I. Platinum Metals Review, 51(3), 104-115.



150

[173] Sabooni, S., Karimzadeh, F., Abbasi, M. H. (2012). Thermodynamic aspects of
nanostructured TisSiz formation during mechanical alloying and its characterization. Bulletin of
Materials Science, 35(3), 439-447.

[174] Meschel, S. V., Kleppa, O. J. (2001). Thermochemistry of alloys of transition metals and
lanthanide metals with some I11B and IVB elements in the periodic table. Journal of alloys and
compounds, 321(2), 183-200.

[175] Pretorius, R., Vredenberg, A. M., Saris, F. W., De Reus, R. (1991). Prediction of phase
formation sequence and phase stability in binary metal-aluminum thin-film systems using the
effective heat of formation rule. Journal of applied physics, 70(7), 3636-3646.

[176] Hahn, H., Averback, R. S. (1988). Dependence of tracer diffusion on atomic size in
amorphous Ni-Zr. Physical Review B, 37(11), 6533.

[177] Kim, D., Seo, D., Huang, X., Sawatzky, T., Saari, H., Hong, J., & Kim, Y. W. (2014).
Oxidation behaviour of gamma titanium aluminides with or without protective
coatings. International Materials Reviews, 59(6), 297-325.

[178] Nicholls, J. R., Simms, N. J., Chan, W. Y., Evans, H. E. (2002). Smart overlay coatings—
concept and practice. Surface and Coatings Technology, 149(2-3), 236-244.

[179] Rajendran, R. (2012). Gas turbine coatings—An overview. Engineering Failure Analysis, 26,
355-369.

[180] Crespo-Villegas, J., Cavarroc, M., Knittel, S., Martinu, L., Klemberg-Sapieha, J. E. (2022).
Protective TixSiy coatings for enhanced oxidation resistance of the y-TiAl alloy at 900° C. Surface
and Coatings Technology, 430, 127963.

[181] Mitoraj-Krolikowska, M., Godlewska, E. (2018). Silicide coatings on Ti-6Al-1Mn (at.%)
alloy and their oxidation resistance. Surface and Coatings Technology, 334, 491-499.

[182] Gray, S., Jacobs, M. H., Ponton, C. B., Voice, W., & Evans, H. E. (2004). A method of heat-
treatment of near y-TIAl to enhance oxidation resistance by the formation of a Ti5Si3
layer. Materials Science and Engineering: A, 384(1-2), 77-82.

[183] Weiser, M., Chater, R. J., Shollock, B. A., & Virtanen, S. (2019). Transport mechanisms
during the high-temperature oxidation of ternary y/y’ Co-base model alloys. NPJ Materials
Degradation, 3(1), 1-11.

[184] Pichoir, R. (1978). Aluminide coatings on nickel or cobalt-base superalloys- Principal
parameters determining their morphology and composition. ONERA, TP no. 1978-66, 1978. 19 p.



151

[185] Evans, A. G., Mumm, D. R., Hutchinson, J. W., Meier, G. H., & Pettit, F. S. (2001).
Mechanisms controlling the durability of thermal barrier coatings. Progress in materials
science, 46(5), 505-553.

[186] Taylor, M. P., Evans, H. E., Busso, E. P., Qian, Z. Q. (2006). Creep properties of a Pt-
aluminide coating. Acta materialia, 54(12), 3241-3252.

[187] Eskner, M. (2004). Mechanical behaviour of gas turbine coatings (Doctoral dissertation,
Materialvetenskap).

[188] Eskner, M., Sandstrom, R. (2003). Measurement of the ductile-to-brittle transition
temperature in a nickel aluminide coating by a miniaturised disc bending test technique. Surface
and Coatings Technology, 165(1), 71-80.

[189] F. Bergeron, 2019. High-Temperature Oxidation Protection of y-Based TiAl by Sputtered
AIOF Films. Polytechnique Montreal. Retrieved from: https://publications.polymtl.ca/3849/
[190] Simova, V., Cavarroc, Amorphous Si—-B—C—N coatings for high-temperature oxidation
protection of the y-TiAl alloy, (2022).

[191] J. Crespo-Villegas, M., Knittel, S., Martinu, L., Klemberg-Sapieha, J. E., Self-organization
of multilayer structure in magnetron sputtered Si-Pt reservoirs on y-TiAl alloy induced by high
temperature annealing and their oxidation behavior, (2022).

[192] Xiong, Y., Zhu, S., Wang, F. (2005). The oxidation behavior of TiAINb intermetallics with
coatings at 800° C. Surface and coatings technology, 197(2-3), 322-326.

[193] Zhang, K., Zhang, T., Song, L. (2018). Oxidation behavior of a high-Nb-containing TiAl
alloy with multilayered thermal barrier coatings. Journal of Thermal Spray Technology, 27(6),
999-1010.

[194] Mitoraj-Krélikowska, M., Godlewska, E. (2018). Silicide coatings on Ti-6Al-1Mn (at.%)
alloy and their oxidation resistance. Surface and Coatings Technology, 334, 491-499.

[195] Neve, S., Masset, P. J., Yankov, R. A., Kolitsch, A., Zschau, H. E., Schiitze, M. (2010). High
temperature oxidation resistance of fluorine-treated TiAl alloys: Chemical vs. ion beam
fluorination techniques. Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms, 268(21), 3381-3385.

[196] Masset, P. J., & Schiitze, M. (2008). Improvement of the Oxidation Resistance of TiAl Alloys
Using Controlled Gaseous Fluorination. ECS Transactions, 11(15), 37.


https://publications.polymtl.ca/3849/

152

[197] Gong, X., Chen, R. R,, Yang, Y. H., Wang, Y., Ding, H. S., Guo, J. J., Fu, H. Z. (2018).
Effect of Mo on microstructure and oxidation of NiCoCrAlY coatings on high Nb containing TiAl

alloys. Applied Surface Science, 431, 81-92.



153

APPENDIX A SI-PT BASED COATINGS GROWTH BY THERMAL
ANNEALING AT 950°C ON Y-TiAl AND THEIR MICROSTRUCTURAL
EVOLUTION DUE TO HIGH-TEMPERATURE OXIDATION

This chapter presents the growth of a Si-Pt multilayer system, under the influence of an annealing
temperature of 950°C. The effect of (i) a Si-Pt reservoir in the range of 3-5 um as well as (ii) a
richer Pt content with respect to Si (40Si-60Pt, at.%) and their effect in the growth of the multilayer
system are addressed, subsequently, their microstructural evolution and oxidation behavior are

discussed.

A.1 Growth of the multilayer Si-Pt/y-TiAl system at 950 °C, influenced by Si-
Pt reservoir (thickness) and thermal annealing time

Microstructure of the coatings

Si-Pt reservoirs of 3, 4, and 5 um thick were deposited by magnetron co-sputtering and thermally
annealed in a vacuum for 8 h or 16 h respectively at 950°C. By EDS mappings (Figure A.1(a)) and
compositional profiles (Figure A.1(b)), the chemical nature of the layers before thermal annealing

was investigated.

Both elements (Si and Pt) appear homogeneously distributed throughout the as-deposited Si-Pt
coating, and their composition was estimated at around 60 at.% of Pt and 40 at.% of Si prior to

thermal annealing for all the samples.

Subsequently, all samples were thermally treated at a temperature of 950 °C, sample with 3 um of
Si-Pt reservoir was annealed for 16 h, while those deposited with 4 pum and 5 um of Si-Pt were

annealed for 8 h.

By XRD measurements (Figure A.2) the crystallinity of the as-deposited Si-Pt reservoir and
thermally annealed samples was investigated. On the as-deposited coatings, it is observed in
addition to the characteristic peaks of the base material (tetragonal y-TiAl), mostly PtSi

(orthorhombic) and some Pt>Si (tetragonal) phases.

After thermal annealing, a rich composition was confirmed by the diffracted signals. From which

the crystallographic peaks the related to y-TiAl substrate, as well as diverse platinum aluminides
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(cubic PtAl, hexagonal Pt2Als, orthorhombic PtsAls and PtAlz), platinum silicide (PtSi) compound,
and varied titanium silicide phases (hexagonal TisSis, tetragonal TisSi4, orthorhombic TiSiz) are

noticed. An Al enriched zone was also confirmed with the TiAl; diffraction signal.
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Figure A.1: (a) EDS mapping and (b) compositional profile of a 3um thick Si-Pt as-deposited

coating before thermal annealing.
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Figure A.2: (a) XRD pattern of the as-deposited Si-Pt layer, (b) XRD phases of the coating after

thermal annealing at 950°C.

EDS mappings obtained after thermal annealing are presented in Figure A.3. For all samples, the

hierarchical composition observed through the multilayers was established by the elemental

transport — diffusion — that occurs during annealing.



156

Additionally, the elemental distribution depth which determines the thickness of the different layers
was particularly influenced by the initial Si-Pt reservoir (thickness).

The top layer appeared brittle and less compact, while the deeper layers appeared very dense. The
outward diffusion of the elements from the substrate is confirmed with the presence of either Ti or
Al in some of the layers. Nb and Cr although not included in the EDS mappings below (Figure
A.3), are not observed in the multilayer after annealing, and neither is oxygen.

3 pm SiPt + 16h TA

Y~TiAl Substrate

10 pm

Y~TiAl Substrate

10 pm 10 um 10 pm

Figure A.3: SEM image-EDS mapping of (a) 3 um thick Si-Pt+16h TA; (b) 4 um thick Si-Pt+8h
TA and (c) 5 um thick Pt-Si/+8h TA.

After annealing, different regions are distinguished throughout the EDS mappings, each one is
designated according to their constitution (L1) PtxAly-PtxSiy — top layer, (L2) PtxSiy-TixSiy or
(Pt,Ti)xSiy, (L3) Pt-Ti-Al or (Pt, Ti)xAly. The compositional profile for the sample with 3um of Si-

Pt and 16 h of thermal annealing, is shown in Figure A.4.

7.5 pum of thickness is the total growth for this multilayer system, distributed as follows. On the
first layer (L1) of 2.4 um, higher Al content to Pt is identified, most probably related to PtAlz and
PtAl> compounds; the second layer (L2) of 3.9 um thick, is composed of mostly PtSi (1.5 pum thick)
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and some PtsAls; while beneath there is TiSi, TisSiz (2.4 pm thick). The deeper layer (L3) of 1.2
pm thick is related to Pt-Ti-Al.
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Figure A.4: EDS compositional profiles of 3 um thick Si-Pt +16 h TA.

The semiquantitative compositional profile for a sample with 4 pm of Pt-Si layer with 8 h of TA is
presented in Figure A.5. From it, the formation of a 12 um thick coating system is observed. The
top layer located further from the substrate, and which exhibits porosity is composed of 3.7 um of
mixed PtxAly and PtxSiy compounds (most probably: PtAl, PtAl, and PtSi). The second layer of 6.1
pum thick, is distributed in two different regions of compositions, the thickest one is related to PtSi
compound (5.1 pum) and PtsAls, with a thin layer of TiSi (1 pum). The third layer of 2.2 um thick is
associated with Pt-Ti-AL.
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Figure A.5: EDS compositional profiles of 4 um thick Si-Pt+8 h TA.

The compositional profile of the sample with 5 um of PtSi and 8 h of TA is shown in Figure A.6.
It shows the formation of 14.4 um of the coating system, the layers that grow were distributed
similarly to the previous, with their particular thickness. First 4.4 um of PtAl and PtAly, as well as
some PtSi. Subsequently, 5.6 um of PtSi and PtsAls, followed by a 1 um thick of TiSi. Pt-Ti-Al
appears as the deepest layer at 3.4 um thick.
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Figure A.6: EDS compositional profiles of 5 um thick Si-Pt +8 h TA.

Table A.1 Summarizes the thickness and main phases of the different layers identified by EDS for
each sample. From the observations performed by SEM and the semiquantitative estimation
obtained by EDS compositional profiles, it is confirmed that the higher the initial thickness of Si-
Pt reservoir, the thicker the layers that grow, as was observed for all the layers containing Pt-based
compounds, a particular growth tendency is observed on the layer constituted of exclusively TixSiy
compound (TiSi, TisSiz) at the inner layer (L2), which thickness decreased as the initial Si-Pt
reservoir becomes higher. Platinum aluminides with richer Al content are observed at the top layer
(L1) with a lower Si-Pt reservoir (3 um).
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Table A.1: Thickness and composition of the growth of the Pt-Si based coating on y-TiAl by

semiquantitative surface analysis (EDS).

Thickness and composition of the layers

Sample 3 pm SiPt +16h TA at 4 ym SiPt+8h TA at 950°C 5 um SiPt+8h TA at 950°C
950°C
Thickness | Stoichiometry Thickness Stoichiometry | Thickness Stoichiometry
Layer 1 2.4 um PtAls and PtAl, 3.7 um PtAl, PtAl; and 4.4 um PtAl, PtAl; and
(L1) PtSi PtSi
Layer 2 2.4 um PtSi, PtsAls 5.1 um PtSi, PtsAls 5.6 um PtSi, PtsAls
(L2) 1.5 pum TiSi, TisSis 1.0 pm TiSi 1.0 um TiSi
(33-6)Pt-(33)Si- (33-22)Pt-(33)Si- (33)Pt-(22-33)Si-
(22-11)Al-(22- (22-11)Al-(22- (22-6)Al-(33)Ti
55)Ti 33)Ti at.%
at.% at.%
Layer 3 1.2 pm Pt-Ti-AL 2.2 um Pt-Ti-AL 3.4 um Pt-Ti-AL
(L3) (20)Pt-(40)Ti- (20)Pt-(40)Ti- (20)Pt-(40)Ti-
(40)Al at.% (40)Al at.% (40)Al at.%

A.2 Oxidation of the Si-Pt based coatings at 900 °C and their microstructural

evolution

The thermally annealed samples (Si-Pt based coatings deposited on y-TiAl) were oxidized in the

air for 100 h in a conventional oven, at 900°C. The evolution of the samples after thermal exposure

was assessed by XRD and is presented in Figure A.7.

All the XRD signal characteristics of the substrate and related to the PtxAly, compounds (Pt2Als,

PtsAls, PtAls, PtAl) as well as TisSis and TisSiz phases remained after oxidation. TiSi was the new

signal noticed, instead of the TiSi> identified prior to oxidation, also the PtSi compound remained.

Among the diffracted signals after oxidation, the new ones correspond mainly to SiO, and Al,Os,

and in minor proportion to TiO».
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Figure A.7: Comparison of the XRD diffraction pattern of the 4 um thick+8 h TA (purple), 5
pum+8 h TA (green) and (violet) 3 um+16 h TA Pt-Si

SEM cross-sectional images obtained after oxidation and their EDS elemental mapping of the
oxygen at the multilayer system is shown in Figure A.8, while the other constituting elements it is

shown in Figure A.9.

In Figure A.8, it can be observed that the main multilayer arrangement is maintained after
oxidation, with the most significant morphological and compositional changes are observed at the
top layer, i.e., as revealed by the darker contrast in the top layer, in comparison to the one seen

before oxidation.

For all oxidized samples, oxygen distribution appears restricted into the top layers, and particularly

more effectively contained in the top layer for a sample with 5 um of Si-Pt.
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Figure A.8: (a-c) Cross-sectional SEM images and (d-f) EDS mapping of the oxygen signal for

the Si-Pt-based multilayer on y-TiAl after 100 h oxidation in air at 900 °C.
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Figure A.9: SEM image and EDS mapping of Si-Pt multilayer coating system on y-TiAl after 100
h of oxidation in air at 900°C; (a) 3 um thick Si-Pt+16 h TA, (b) 4 um thick Si-Pt+8 h TA and (c)
5 pum thick Si-Pt+8 h TA.

Compositional distribution of the layers after oxidation is described in Figure A.10, Figure A.11,
and Figure A.12. For a sample with 3pum of Si-Pt +16h of TA sample (Figure A.10) oxygen within
the first 5.5 pum of depth (top layer), in which composition is related to mixed oxides of mostly
SiO2 and AlO3 and of TiO2, as well as remanent platinum-based compounds (PtAl and PtSi). The
second layer (L2) of 3.3 um thick, exhibits a rich constitution related to PtSi, PtAls and TiSi, TisSis.
The bottom layer (L3) shows to be composed of Al, Ti, and Pt. The oxygen content estimated for

all samples is in a range of 55 to 63 at.%.

From Figure A.11 (a) and (b), it can be observed the EDS elemental mapping and compositional
profile of the 4 um of Si-Pt with 8 h of TA sample respectively. The first layer of 6.0 um thick
exhibits similar composition to the previous sample (Al.O3, SiO2, and TiO2, as well as PtSi and
PtAl). A similar thickness (5.5 um) is estimated for the second layer (L2), where it is as well noticed
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the presence of mixed composition (mostly PtSi with minor PtAl content, as well as TiSi, TisSi3
beneath). At the bottom of the multilayer (L3) an Pt-Ti-Al layer of 2 um of thickness is confirmed.

Substrate
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Figure A.10: (a) SEM and (b) EDS compositional profiles of 3 um thick Si-Pt+16 h TA based
coating growth on y-TiAl after 100 h of oxidation in air at 900 °C.
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Figure A.11: (a) SEM image and b) EDS compositional profiles of 4 um+8 h TA, Pt-Si based
coating growth on y-TiAl after 100 h of oxidation in air at 900 °C.

In comparison to previous samples, a slightly different distribution of the elemental composition is
observed for the 5 um of Pt-Si with 8h of TA sample (Figure A-12), their composition at the top
layer of 7 um thick suggest (Al.O3, SiO2, and PtAl), as well as a lower Si content than before
oxidation, suggesting none PtSi compound at the first layer. From their cross-sectional image, it
can be seen a well-defined thin layer of TiO- is located at the bottom of the first layer (L1). The
inner layer (L2) of 5 um thick exhibited a much higher Pt content, or PtsAls compound, as well as
PtSi and TiSi. A higher thickness (4 pum) is estimated for the third layer (L3), which exhibited as
well higher Pt content but was also associated with Al and Ti (Al-Ti-Pt).
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Figure A12: (a) SEM and (b) EDS compositional profiles of a 5 um thick Pt-Si +8 h TA-based
coating growth on y-TiAl after 100 h of oxidation in air at 900 °C.

Table A.2: Thickness and composition of the layers after 100 h of oxidation at 900 °C.

Thickness of the layers and semiquantitative composition

Sample 3um SiPt 8h TA 4um SiPt 8h TA 5um SiPt 16h TA
Thickn Stoichiometry | Thickness Stoichiometry Thicknes | Stoichiometry
ess s
Layer 1 5.5 um Al,Os, SiOs, 6.0 um Al,O3, SiO;, 7 um Al,O3, SiO;,
(L1) TiOy, PtAl, PtSi TiO,, PtAl, PtSi TiO,, PtAl, PtSi,
PtzSi
Layer 2 2.5 um PtSi,PtAls, 5.0 um PtSi, PtAl, 4.5 um PtSi, Pt,Si, PtAl
(L2) 0.8 um TiSi, TisSis 0.5 um TiSi, TisSis 0.5 um TiSi
(26-13)Pt-(26-0)Si- (21-28)Pt-(21-7)Si- (14-35)Pe-(21-
(6-39)Al-(26- (6-21)AL-(25-42)Ti- 28)Si-
45)Ti(16-0)0 (22-0)0 21-7)AL(17-
at.% at.% 34)Ti-(21-0)0
at.%
Layer 3 1.3 um Pt-Ti-Al 2.0 pm Pt-Ti-Al 4 um Al-Ti-Pt
(L3) (10Pt-45Ti-45) (10Pt-45Ti-45) (25Pt-35Ti-40Py)
at. at.% at.%
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A.3 Discussion about the growth of the multilayer and their evolution after

oxidation

From the microstructural observations on the multilayer system, the growth of the layers suggests
that as the Si-Pt initial reservoir increased, the total thickness of the multilayer structure increased,
as well as the Si and Pt inward diffusion. Particularly the inward diffusion of Pt appeared deeper
than Si, most probably due to the higher initial Pt content with respect to Si (60 at. % Pt - 40 at.%
Si), which could have increased the Pt flux that diffused towards the inner layers, as confirmed by
the deepest layer of Pt-based composition (Pt-Ti-Al), while the thermal annealing time influence

mostly the stoichiometry of the compounds that are formed.

For all coated systems, the layer containing platinum silicide was the thickest, promoted by their
lower energy of formation (Pt2Si: 28.8 kJ/mol, PtSi: 33 kJ/mol; PtsAl: 70 kJ/mol, Pt2Al:88 kJ/mol,
PtoAlz: 95 kd/mol PtAl,: 84 kJ/mol; TiSiz: 45 kJ/mol TiSi: 65 kJ/mol, TisSis: 72.5 kd/mol TisSis:
81 kJ/mol) [21-23]. The growth of PtxSiy at the top layer did not require diffusion paths for their
formation, since the Si-Pt reservoir is already at the surface before annealing. The lowest thickness
observed corresponds to TixSiy layer, their limited growth was primarily due to the low availability
of Si with respect to Pt, and the higher energy of formation of the TixSiy in comparison to the other

Si-containing compound (i.e., PtSi or Pt2Si).

A schematic of the microstructural evolution of the Pt rich-Si-Pt based multilayers is presented in
Figure A.13.

After oxidation, the microstructural evolution of the top layer (L1) involves a thickness increase in
the range of 2.3-2.9 um (3 um +16h TA: 2.9 um higher; 4 um +8h TA: 2.3 um higher; 5 um +8h
TA: 2.6 um higher), originated by the oxygen incorporation into the PtxAly- PtxSiy layer and the
oxide formation between O-Al as well O-Si atoms. Particularly those reactions between Al from
the PtxAly and O from the ambient, promote significant phase transformations at the top layer (1),
(i.e., PtAlz>PtAl ; PtAl,>PtAl, as well as Pt enrichment as in the Pt>Si observed after oxidation),
those type of reactions are detailed below (Equation A.l-Equation A.6). In addition, the PtSi
compound at the top layer, feeds the Si-O reaction (Equation A.7-A.8), while promoting as well

further Pt availability.
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PtAlz> [Pt] ) + [Alz] ¢5) (Equation A.1)

[Pt] 9 + 2[Al3] 5+ 3[O2](s) = PtAl +3Al03 (Equation A.2)
[Pt] 5) + 4[Al3] 5+ 9[O2](s) = Pt +6Al.03 (Equation A.3)
PtAl—> [Pt] ) + [Al2] ¢5) (Equation A.4)

2[Pt] ) + 3[Al2] 5) + 3[O2](s) = 2PtAl +2Al,03 (Equation A.5)
[Pt] 9 + 2[Al2] 5+ 3[O2](s) = Pt +2Al203 (Equation A.6)
PtSi=> [Pt] 5+ [Si] ¢s) (Equation A.7)

[Pt] ) + [Si] )+ [O2]s) =2 Pt+SiO2 (Equation A.8)

The behavior observed at the inner layer (11) involves two regions of composition, the upper PtxAly-

PtxSiy composition and beneath the TixSiy composition.

The total thickness of layer Il decreased (by 0.6-1.6 um range) in comparison to the one estimated
before oxidation, particularly influenced by the thickness decrease of the layer with TixSiy
composition; additionally, a different elemental composition (stoichiometry) was noticed after
oxidation, caused by redistributions in the mass and of the diffusional flux - solid-state boundary
reactions - between adjacent layers. Such as TiSi=>TiSi+TisSiz (Equation A.9-A.10), related to
deeper Ti and outward diffusion from the deeper layers (interface 2) and Si out-diffusion towards
the PtxAly- PtxSiy region; On the contrary the upper PtxAly- PtSiy layer remained very similar in
thickness. But with compositional changes in the PtxAly, PtsAls—>PtAl (Equation A.11-A.12), due
to Al diffusing from deeper layers. The described changes were observed for samples with 3 um,

4 um, and 5 pm of initial Si-Pt reservoir respectively.

TiSi=> [Ti] ¢ + [Si] ) (Equation A.9)
A[Ti] ) + 4[Si] 9+ 2[Ti]s) = TisSiz + TiSi (Equation A.10)
PtsAls> [Pts] ) + [Als] ) (Equation A.11)

[Pts] 5) + [Alz] 5) + 2[Al] ) > 5PtAl (Equation A.12)



169

For the bottom layer Al-Ti-Pt (I11) two different trends were noticed:

The thickness of the Al-Ti-Pt remained very similar to prior oxidation (0.2 pum), with minor
changes in the elemental distribution (prior oxidation: 40Al-40Ti-20Pt; after oxidation: 45AI-45Ti-
10Pt). These were observed for samples with 3 um and 4 pm of initial Si-Pt reservoir. Indicating,
the outward diffusion of Ti and Al from the substrate (at interface 3), Pt consumption is due to
interface chemical reaction between layers Il and Il (interface 2).

The thickness of the Al-Ti-Pt increased in comparison to the one estimated prior oxidation (0.6 pum
higher), with noticeable changes in the elemental content (prior oxidation: 40Al-40Ti-20Pt; after
oxidation: 40Al-35Ti-25Pt). These were observed for the 5 um of the initial Si-Pt reservoir sample.
Elucidating, a more significant outward diffusion of Ti and Al from the substrate (at interface 3),
and interface chemical reactions between layers 111 and Il (interface 2) that cause Ti consumption

from layer 11 and deeper inward diffusion of Pt from layer I11.
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Figure A.13: Schematic representation of the microstructural evolution at the interface coating

substrate zones after oxidation for a sample with 3 pm thick of Si-Pt and 16 h TA. (Thickness are

represented in an aspect ratio lcm:1pm).
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A.4 Conclusions

The oxygen remained restricted mostly at the top layer for the three different systems, with higher
Si-Pt reservoirs (4-5 um), the oxygen depth was less significant (in which the thickness of the top
layer increased by 62% and 59 % respectively) in comparison with lower Si-Pt- reservoir (3um)
(with a top layer thickness increasing by 120%). Indicating a more effective oxygen restriction

with increased Si-Pt reservoir.

The multilayer obtained with Si-Pt reservoir of 3-5 um thickness and vacuum thermal annealing at
950°C lead to a complex hierarchical compositional arrangement that provides (i) oxygen
dissolution in a Pt-Si-Al containing matrix, while forming Si and Al oxides (Top layer-layer I),
with a continuous reservoir of the reactive elements (Si, Al, Ti) (layer I1) and additionally an (I11)
Pt diffusional barrier layer with enough Pt content to restrict the outward migration of Ti and Al

from the substrate



172

APPENDIX B LIST OF PUBLICATIONS AND CONTRIBUTIONS TO
CONFERENCES

Peer reviewed publications related to this work

Crespo-Villegas, J., Cavarroc, M., Knittel, S., Martinu, L., & Klemberg-Sapieha, J. E. (2021).
Protective TixSiy coatings for enhanced oxidation resistance of the y-TiAl alloy at 900°

C. Surface and Coatings Technology, 127963.

Crespo-Villegas, J., Cavarroc, M., Knittel, S., Martinu, L., & Klemberg-Sapieha, J. E. (2022).
Self-organization of multilayer structure in magnetron sputtered Si-Pt reservoirs on y-TiAl alloy
induced by high-temperature annealing and oxidation. Status: Submitted to Applied Surface
Science.

Contributions to conferences

“Protective TixSiy coatings for enhanced oxidation resistance of the y-TiAl alloy at 900° C”.
ICMCTF, oral presentation, San Diego California, 2019.




