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ABSTRACT

Future industrial gas turbines will be requiredberate at higher temperatures
to increase operating efficiencies and will be satgd to more frequent thermal cycles.
The temperatures that the substrates of componerposed in the harshest
environments experience can be reduced using almgo systems coupled with
ceramic thermal barrier coatings (TBCs); howevew &tudies have been carried out at
the substrate temperatures encountered in indugagaturbines (e.g. 900 — 1000 °C).
Better understanding of their behaviour during mervand, their various potential
failure mechanisms, would allow more accurate mtezh of TBC lifetimes and
improve coatings.

The aim of this research, as a part of the SupeRjent Life Extension (PLE)
project, was (a) to investigate the influence alustrial gas turbine blade geometry on
TBC system lifetimes, and (b) to extend knowledge the effect of bond coat
composition on the oxide growth at temperatureswwdl000 °C.

The main results of this thesis, obtained usingsr@ange and characterisation
techniques, increase the understanding of the fmigni interactions between the
different coating layers, samples’ geometry, inféudion and failure mechanisms
involved during oxidation. Curvature was found tieet the quality of manufacture and
thus promoted premature failure at the convex featwf modified aerofoil-shaped
samples. In parallel new bond coat compositiongalsie for industrial gas turbines
were suggested from the wide range investigateakidation exposures. The selective
growth of protective GOs; or Al,O3 oxides or other mixed oxides was observed and
mapped in ternary diagrams. Furthermore two na@hriques were successfully used
during this project. Pulsed flash thermography pwbto be efficient in identifying areas
of sub-surface TBC delamination non-destructivélfagnetron co-sputtering using 2
and 3 targets was found to be a flexible methodeoosit thick coatings with a wide

range of compositions.
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Introduction

CHAPTER I - INTRODUCTION

1.1Challenges of electricity generation

World energy consumption has been continually easing over the past
decades (Figure 1.1) and is expected to increasd 8% from 2004 to 2030, in order to
satisfy the demand by industrial, transportatioomestic and commercial service
sectors. Thus, the consumption of fuels employegravide energy is projected to

increase as well, but by different degrees fovélméous fuels types (Figure 1.2) [1-3].
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Figure 1.1 World energy consumption in TWh from 199 to 2010 [2].
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Figure 1.2 Evolution from 1971 to 2008 of world tadl final consumption by fuel (Mtoe) [3].
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Europe, whose energy intensity (gross consumptionded by domestic
product) dropped for six consecutive years (2003920is facing great challenges,
including regulations to reduce its impact on themate change, its increasing import
dependence and higher energy prices. EU energyring@pendence is expected to
reach 65 % by 2030. Reliance on imports of gagpeogcted to increase from 57 % to
84 % and of oil from 82 % to 93 % by 2030 (gas aih@re the main type of fuels used

in Europe (Figure 1.3)) [4].

Nuclear
13.3%

Lignite
5.5%
Natural Gas

24.9%

Figure 1.3 Europe gross inland consumption of res@aes in 2009 [5].

Combine Cycle Gas Turbines (CCGTSs) are a suitappgoach to the challenge
of electricity generation because their cost is @8-45 €/ MWh compare to 40-50
€/MWh for coal (Integrated Gasification Combinedc(&y), they are highly efficient
(50 % compared to 30 % for IGCC), and release fem@ssions (400 Kg C&&q/MWh

compared to 750 Kg Cg/MWh for IGCC) [4]. However, the price of gas plips,
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RAMO (reliability, availability, maintainability ash operability) and the political risk
accompanying the increasing need to import natyaal will dominate their ability to
supply electricity profitably [4,6]. The solutiow this issue is to increase the cyclic
operation as well as the inlet temperature of #etgrbine and to use cheaper (and thus

more corrosive) gases, while optimising engine nete[6].

1.2What is a Gas Turbine?

The gas turbine, which has found increasing serwicthe past 40 years in the
power industry, is a critical component within vars combined cycle power plant
[1,7,8]. It is composed of three main parts [7BigUre 1.4). Firstly, the compressor
pressurizes (pressure ratio of 1.05 to 1.3 peresf@p a working fluid (air or gas).
Secondly, the compressed working fluid (up to ~ba6s) enters a combustion chamber
where fuel is injected. All gas turbine combustoesform the same function which is to
increase the temperature of the compressed gad) (t80~1430°C). Thirdly, the
combustion products expand through multiple turbiede rows, and the spinning
shaft generates electricity and drives the air aesgor. The first stage (combination of
stator and rotor) experiences the most severe ttonsli{10]. Hot gases leave the gas
turbine via the exhaust at temperatures around®@0d a pressure of 1 bar [1].

The simplest gas-fired power station uses an apele gas turbine (OGCT)
that ideally operates according to the Brayton e\Eligure 1.5(a)). However, in real
life, the hot exhaust gases are vented to the gineos and most of the heat energy they
contained is wasted causing their efficiency telsarise above 33% [1,11]. In order to
improve that number, it is possible to combine twanore thermodynamic cycles. In a

CCGT, the exhaust gases are reused to heat wamodlnce steam which drives a
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steamturbine and electricity generator. In that case,Riankinecycle (Figure 1.5(b)) of
a steam turbine and Brayton cycle of a gas turlimeused simultieously and the

efficiency can be improved to -65 % [1,7,11].
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Figure 1.4 (a) A frame type gas turbine engine [7] (b) schemit of the main components of a ga
turbine engine [1].
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Figure 1.5 (a) Ideal Brayton cycle describing cyclef gas in a gas turbine and (b) Ideal Rankine
cycle describing cycle of steam in a boiler [11].

1.3How to improve gas turbine efficiency?

The efficiency ) of a gas turbine is defined in terms of the maxm
temperature (Jay Of the working fluid and the minimum temperat(fg,,) at the end

of the thermodynamic cycle.

( Tmax - Tmin)

Tm ax

T]:

An improvement in efficiency requires either arcrgase in the maximum
temperature or a decrease of the minimum, which lmandone by four different

approaches [10]:

Improve the high temperature strength of the satesalloy,
- Improve the cooling of the blades and vanes,
- Useprotective coatingsto improve the corrosion resistance and the stheofy
the blades,
- Usethermal barrier coatings (TBCs) to reduce the temperature of the substrate

metal surface.
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1.4 The project

To improve their efficiency, gas fired gas turldngill be subjected to more
frequent thermal cycles in more corrosive environteeThis is why, it is critical to
perfect the TBCs protecting turbine parts and tdemstand failure behaviour.

Material issues focus on the assessment of trenpak behaviour of coatings, as
it is important to avoid expensive and unpredictalilure. Research also focuses on
the production of improved coating meeting new fifiee requirements.

The Engineering and Physical Sciences ResearchaldEPSRC) supports the
SUPERGEN Consortium on “Conventional Power Plarfetitne Extension”. This
project including several industrial partners aadrfuniversities investigates increased
efficiency and extending components lifetime in powplants. Cranfield University
concentrates on the influence of oxidation andasdon on components behaviour.

This PhD project will investigate the oxidativegdadation mechanisms of air
plasma sprayed (APS) TBCs coated CMSX4 and thetedfehe components’ shape on
its behaviour. Experimental data will be generatednprove existing models for the
prediction of turbine components’ lives. In a setpart, new coating compositions will
be deposited by magnetron sputtering and oxidisedrder to achieve a better
knowledge of MCrAlYs behaviour under oxidation.

After this introduction, the second chapter ofsthhesis is a literature review
covering current state of the art of TBC systemxsjlation mechanisms, understanding
and modelling of the degradation modes, and cudemélopment in new type of high
temperature protective coatings for industrial akine environment.

The second chapter will describe in detail the amd objectives of this thesis.
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The results and discussion concerning the effectiovature of the substrate on
the behaviour and failure of APS/TBCs will be ga#itkin Part I. This section is
divided into Chapter V, VI and VII. Chapter V debes the effect of the macro-
geometry of the samples on the oxidation mechanisitisn the APS/TBC and on the
failure of the coating system. Chapter VI focuseste effect of the micro-geometry of
the interface between the ceramic and metallic bopatings on failure mechanisms.
Finally, Chapter VIl is a general discussion of the previous chapters.

Part Il, made of Chapters VII, IX and X covers therk done on the study of
new bond coating compositions for industrial gabihe applications. Chapter VIII
focuses on the behaviour of Ni-Cr-Al coatings a0 %hd 950 °C while Chapter IX
describes the behaviour of Co-Ni-Cr-Al ones atshme temperatures. The results are

then discusses in Chapter X.
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CHAPTER Il - LITERATURE REVIEW

2.1Thermal barrier coating systems

Commercial advanced TBC systems are typically -fayer structures
(Figure 2.1) [12]. A ceramic top coat (TC) is usedthermal protection of components
exposed to hot gases (e.g. turbine guide vanesbkutks). Coupled with an active
cooling system, they are known to lower the substtamperature by about 100 to
150 °C [7,12-14]. Beneath the ceramic TC is depdsé metallic bond coat (BC). It
enhances the adhesion of the TC and provides axdand/or corrosion protection.
Under exposure to high temperature conditions, @eptive alumina (AlO3) layer
(thermally grown oxide, TGO) is formed. Its struet@nd morphology is defined by the
chemistry and microstructure of the BC. The BC ntessufficiently rich in Al to form
a protective TGO scale af-Al,O3. Underneath these three layers is the superalloy
substrate [12]. The first TBC systems were designethe 1950s for aircraft engine
components. They were A); and ZrQ ceramics applied directly to the component
surface by flame spraying. Important developmemsluded new depositing
technologies such as plasma spraying and eleceamb- physical vapour deposition
(EB-PVD), the introduction of a BC (usually MCrAlgverlay coatings) and a new
ceramic TC made of YDs-stabilized ZrQ (YSZ) [12]. Up to the 1980s, TBCs were
only used in low risk regions of the turbine sectguch as vane platforms since they
still had poor surface finish, high heat transfeefticient, low erosion resistance and
poor mechanical compliance [13,14]. Because ofpbential for TBCs to improve
components life, they have been used in the eadges of power turbines for

components, such as blades and vanes, that expetien highest gas temperatures (i.e.




Literature review

the earliest stages of the combustion turbindjast only been since the early 2000s that
such coating systems have been used on highlysettemmponents within commercial
gas turbines [15].

Section 2.1 introduces the four different layer§BC systems, explaining their

role, properties and conditions of use.

Top coat

Substrate

Figure 2.1 Schematic representation of a TBC systeft2].

2.1.1 The superalloy substrate

In a gas turbine, the high pressure turbine btgubrates under the most arduous
conditions of temperature and stress compareddother components. The stresses
imposed on the blades are complex, being a mixderveentrifugal stresses due to the
high angular rotational speed; bending stressesechaly the high pressures involved;
and high vibrations. The metal has to experiena®uthh thickness temperature
gradients, rapid temperature transients and theghses surrounding the blade are
highly oxidising and corrosive. The blades expereena complex thermal and

mechanical history during a typical cycle operaticonsisting of start-up, steady-state
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operation, shut-down and emergency shut-down [Y8hen temperatures exceed
~540 °C, steels and Ti alloys are no longer strengugh for this application [17,18].
Nickel based superalloys are the only materialsg@&sing the properties required for
turbines blades [9]. Their advantage comes fronir thestenitic face centred cubic
(FCC) (they phase) structure which has the capability of naamittg good tensile,
rupture and creep properties. Al, Ti and Nb areeddo the alloy to help the formation
of the FCCy’-phase (Ni(Al,Ti)) which is the main strengthening phase. [##ice is
derived from they phase by ordering Al/Ti atoms on the cube coraexs Ni atoms at
the face centres [1,19]. Three main classes ofetlsoperalloys exist: Ni-base, NiFe-
base (Inconels - Fe is substituted in part of Nidost purposes) and Co-base (less
subject to hot corrosion) [20].

Grain shape and orientation affect greatly thelraeial and physical properties
of any metal/alloy. The way alloys are processedammtrol the growth of the grain and
therefore enhance the qualities of a chosen mhat@&ha evolution of the processing of
turbine blades went from polycrystalline to directlly solidified gains and finally to
single crystal directionally solidified. The latdo not show grain boundaries (but still

show a dendritic structure) and are endowed witta tligh strength [17].

2.1.2 The ceramic top coat

The material used for the ceramic TC must posseggerties criteria in order to
be a potential candidate for a TBC. It should beaotory, chemically inert, have a
good wear resistance, good mechanical strengthm#ieshock and erosion resistance,
be phase stable, but most of all, it must possés® @ahermal conductivity and have a

thermal expansion coefficient similar to the nickeked superalloy substrate [14]. ZrO
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is the best oxide fulfilling all the requirementtht needs to be alloyed with other
oxides because of it polymorphisms [14].

The main function of the ceramic TC is to redute heat transfer to the metal
substrate. It has a low thermal conductivity (~1mA/K) which is an order of
magnitude below the one of Ni-based superalloysZ Y&s one of the lowest
conductivities at elevated temperatures of all kmaeramics [13,21,22].

Air plasma spray (APS) and electron beam physieglour deposition (EB-
PVD) are the two main techniques used to deposCSTEEB-PVD/TBCs are usually
found in aeroengine turbine vanes and blades, WhiR&/TBCs are mainly used to
protect larger components in stationary gas-turtengines because their different
properties are appropriate to the different condgiand requirements encountered in
those fields [23]. Current industrial gas turbinfes power generation application
operate with temperatures going up to an averagk480 °C, while jet engines use
hotter firing temperatures that can reach 1550 @Oatings used for aeroengine
applications undergo shorter thermal cycles atdrnigbmperatures (around 950 °C with
peaks of up to 1100 °C) compared to those depositegdarts used in industrial gas
turbines (800 to 900 °C). Industrial gas turbinesgontrast to aeroengines, should be
ramped slowly to their operating temperature amdaia there for thousands of hours
[24].

The EB-PVD coatings, as shown in Figure 2.2(apsi of columnar grains
with multiscale porosity. During their processitige oxides are evaporated from ingots
and the vapours directed onto preheated substiidiescolumnar structure brings strain
tolerance to the coating [12,13]. When tested fmoangines conditions, it has been

found that the EB-PVD TC systems also improve tligegion to the bond coat, have a
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better surface finish and erosion resistance [PBg¢ APS coatings as shown in Figure
2.2(b), consist of layers of splats. This can bplared by the different processing
route in which a powder is fed into a plasma, heté&betil molten) and sprayed onto the
substrate. This produces a porous and microcrabatihg. The cracks are necessary for
an improved strain tolerance and the pores allogdaction in the thermal conductivity
of the coating as it increases the phonon and phstattering. APS is a lower cost

process compared to EB-PVD [12-14].

EB-PVD TC

BC
BC

Substrate .
- Substrate
2 ————— 200 pm

Figure 2.2 SEM images of (a) an as-deposited EB-PYIBC system [25] and (b) an as-deposited
APS/TBC system.

The majority of TCs are Zr{stabilized with 7-8 wt% of ¥O3. Above 1050°C
and under equilibrium conditions, this amount @Y enters the Zr@solid solution
and stabilizes its tetragonal crystal structureemiwhen cooling, the t-phase can
transform to a blend of monoclinic and cubic YSaisT transformation causes an
unwanted cracking of the ceramic. For kinetic reas@and because of the rapid
deposition rate of the TC, the YSZ exists in a istefale tetragonal-prime structure.

This phase does not change when cooled down [14,23]
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2.1.3 The bond coating

Evans et al. [21] affirm that the BC is the mostatal component of the TBC
system as it influences the durability of the awogti Indeed, its chemistry and
microstructure define the structure and morpholofjthe TGO created as it oxidises.
Moreover, as the TC has high oxygen permeabilitjaans that the metallic BC has to
be resistant to oxidation attack. As a consequetheebond coat must be sufficiently
rich in Al to form a protective TGO scale @fAl ;03 [23].

BCs are of two categories. One is based on adiliifucoating, such as Pt
aluminides. As it is not the main interest of tthissis, it will only be presented briefly.
The components’ surface is enriched by diffusiohe BC is fabricated by first the
electroplating of a thin layer of Pt onto the saley and then, aluminizing by pack
cementation (a relatively low cost process) or doamvapour deposition. The
microstructure of the coating as-processed congjiptsally of single-phas@; with Pt
in solution and this evolves into phase at th@ grain boundaries as Al diffuses when
oxidised [21,26,27].

The other category consists of overlay MCrAIX syss, where M is Ni, Co or a
combination of Ni and Co, and X is an active oxygément such as Y, Si, Ta or Hf.
The composition of this kind of BC influences thddation resistance, the corrosion
resistance and the coating ductility. It is therefnportant to select one that provides a
good balance between those properties. The ackiygeo element improves the oxide
scale adhesion and decreases the oxidation rat@8]19t was observed that the
addition of Y resulted in flat TGOs, promoted tlef columnar growth of AD; and
favoured the diffusion of oxygen anions over Aligas helping the formation of slow

growing a-Al,03 [29,30]. Methods to deposit MCrAlY coatings inctu@B-PVD, APS
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and more recently, high velocity oxy-fuel sprayift¢p/OF) and low pressure plasma
spraying (LPPS). All those processes bring advastagd disadvantages to the coating.
Commercial EB-PVD, despite its high capital codipva the uniform deposition of a
dense coating with good adhesion. APS has the &alyarof being able to deposit a
wide range of materials and generates homogeneoatings with a fine equiaxed
grained microstructure. Yet, the process requioespiex robotic manipulation, reactive
elements often oxidise if the spraying is condudtecir and the coating contains a
porous structure. HVOF spraying has the inconvex@est a spraying process but on
another hand has the advantage of lowering the potetnperature and increasing the
kinetic energy of the particle impacting. The résgl coating is denser with less
degradation of the powder during spraying. The B€ngith is higher and the porosity
reduced [15]. Also, HVOF plasma spraying deposiatively smooth coating
compared to other spraying techniques (e.g. LPPShoouded Air Plasma Sprayed)
[31].

The key property of a BC is to provide oxidationdacorrosion resistance.
Classic overlay coatings, with 18-22 wt% Cr and28At% Al, are designed to perform
better at temperatures above 900°C where oxidasiotihe dominant failure mode.
Whereas CoCrAlYs are more efficient against typeolrosion (650-800°C), NiCrAlYs
and NiCoCrAlYs perform better under highly oxidigitonditions [15]. Figure 2.3

sums up the performances of the different typesoafing systems [32].
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NiCrAly

Oxidation Resistance

Aluminides

High Chromium

Corrosion Resistance— Cr Content e

Figure 2.3 Relative oxidation and corrosion resistace of different high temperature coatings
systems [32].

2.1.4 The thermally grown oxide

The TGO is a layer, consisting predominantly ofG| which forms between
the ceramic TC and the BC. It has a major influeonethe TBC lifetime [21]. The
presence of a-Al,O, layer is preferred because its growth rate is lthanks to the
highly stoichiometric structure of AD; and its large bad gap which makes electronic
conduction difficult [33], and its adherence istbef34]. ALO3 at high temperatures
transforms from an amorphous state through vari@rsient polymorphs to the stable
form, a-Al,O3 [35]. Its crystallography consists of hexagonallgse-packed oxygen
ions with two thirds of the octahedral intersti¢éled with trivalent cations [33]. While
a-Al,03 is the most favourable oxide to protect the systerm oxidation, other less

protective oxide forms can grow on the alloy, ahdis been reported that mixed
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(Al,Cr),03 oxides, spinels (Ni(Cr,A}D4) and nickel oxides (NiO), were also produced

during oxidation, as shown in Figure 2.4 [36].

Figure 2.4 SEM image of spinels present in TGO

Spinels are ionic compounds formed from strondécteopositive metal ions
and strongly electronegative non-metal ions. Thechaeisms of spinel formation
depend on the nature of the spinel. Ni and Co alates (solid-state formation between
(Ni,Co)O and AJO3) are formed by an inverse cation diffusion. Ithislieved that

chromites can be explained by vapour phase tranep@r,Os; to the (Ni,Co)O [37,38].

2.20xidation

Oxidation denotes the reaction between a metabhamat oxygen in the absence
of water or an aqueous phase. High temperaturedvisde most metals to oxidation and
may cause loss of material, failure of componentservice, etc. Thus, for gas turbine
application, it is a necessity to understand ancbtarol the high temperature oxidation

behaviour of a material.

17




Literature review

2.2.10xidation mechanism:

The total chemical reaction for the reaction ofrayt clean metal (M) an
oxygen gas (@) to form the oxide M,Op may be written as [12]:

aM + (b/2)0, = M0,

In order to understand the oxide scale formatibis necessary to consic that
the oxidation process must e place by the migration @bth ions and electronsither
the anion or the cation exhibits \able valence on its suhbttice: for exampl¢ giving
rise to the formation of vacancies on the catidticka together with electron holes. ¢

the diffusion of iongor vacanciesis rate determining (Wagner thepfigure 2.5).

Metal - Sc_a,le Gas

Cations

or or

M = M2+ + 2¢~ } Cation vacancies. {M2+ +2e” 4‘%‘02 =MO
M+ 0% = MO+ 2¢~ 10,+28% 0%

Electrons: N e

Figure 2.5Simplified model for diffusion-controlled oxidation [12].

The simplest growth mechanism of an oxide on medal be described as t

combination of five steps3f):

- The adsgstion and dissociationf oxygen onto the surface of existing oxide
surface (external interfac

- The transfer of the adsorbed oxygen from the sariiaio the oxide lattic
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- The transport of the adsorbed oxygen through theedattice,

- Reaction of the oxygen with the metal surface. $r@anof metal atoms into the
oxide lattice which leads to the creation of vatasi the metal lattice,

- Annihilation of cation vacancies through the climdpiof interfacial dislocations

at the oxide-metal interface.

The oxidation of an alloy must take into accouaingnmore parameters than for
the oxidation of a metal alone. Different composem the alloy have different
affinities for the oxygen and there are also déferdiffusion rates through the metal
lattice(s) and the oxide(s). Moreover, the oxidatimechanisms can change during
exposure, according to the establishment of diffeneetal activity gradients (as a result
of preferential consumption of one element) andgyassure [40]. Reactants may travel
through short-circuit paths such as dislocationgram boundaries for example [41,42].
Rapid, short circuit, gaseous entry from the atrhesp is favoured by porous layers.
When the layer is less porous, the oxide neareptiter surface has a higher oxygen
potential than the one at the inner surface, anddessociate to provide gaseous supply
to build oxide nearer the metal [43].

When an alloy is oxidised, the oxides produced mmayompletely miscible or
partially miscible enabling, respectively, oxiddidsolutions or multiphase scales [43].
For the Ni-Co alloys, NiO and CoO give a singleigatolution of composition
(Co,Ni)O. Certain Ni-Cr alloys form a double oxitdger which may give a complete
surface layer of variable composition. If the réactis incomplete, particles are

incorporated into a matrix of NiO. If the Ni-Cr @yl is reasonably rich in Cr, an

19




Literature review

external layer of GOsis formed [43] Oxides formed on NAlI and N-Cr-Al systems

are described in section 2.:

2.2.2 Diffusion of elements between the differenayers of a TEC system

MCTrAIY coatings typically consist of a mixture @-NiAl, y’-NizAl and y-Ni
phases, depending on the initial compositi44,45]. Thep-NiAl, which acts asan Al
reservoir for the formation of the TGO, depletesimy oxidation and transfors
gradually into ay’-Ni3Al phase less Al-rich) and then into &Ni solid solution The
differences incomposition between the BC and tfig¢'substrate (also rich in rare a
heavy elements such as Co, Ta, Hf, W, Re and Majp the diffusion of elements
their interface. The interdiffusion zone betweba BC and the substrate, also ca
the Secondary Reaction Zone (SRZ) has got a distinctasiructure. It can conta
intermetallic topologically close packed (TCP) pdsmssuch ass, p and P phas
[17,21,19,44,46]lt is believed that the precipitation of Ta in thebstrate close to ti

interface is caused by the diffusion of Al from B€ to the superallc [47].

Outward
depletion
Remaining
p-phase

Inward
depletion

Figure 2.6 SEM image of thep-NiAl phase in the BC ina sample oxidised at 900°C for 4000
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As a result of the Al diffusion, twf-phase depletion zones develop, one close
to the substrate and the other next to the TGOu(Eig.6), and after longer exposure
time, thep-phase disappears completely [48].

The composition of the depletion zone does noy wath the test temperature
and time; its Al content is around 4 wt% [49]. Raland Evans [48] have oxidised Ni-
based superalloy samples coated with a CoNIiCrAlY @@ APS/TBC at 1100°C and
observed their cross-sections after different exposimes. Using EMPA scans they
found that the depleted zones coincide with redwoedtentration of Al, reinforcing the
idea that the-phase is the Al reservoir and implying that diftusof Al towards the

substrate as well as towards the TC controls tleeastiructural evolution.

2.2.3 Growth of a TGO

Prior to oxidation, the TGO is a very thin laybetthickness of which does not
exceed 0.5 um. After exposure, its thickness caohr@n average of 7 um (depending
on the type of coating and substrate). Wu et &l] flave measured, TGO thicknesses
reaching 12 um just before spalling.

The growth of the TGO between the TC and BC cardivaled into three
stages: a transient stage, when all thermodynalyistable oxides can form; a steady-
state stage, when the long-term most stable oXdse -Al.O3) is established; and
finally a breakaway stage, when protective oxides r@o longer produced anymore
resulting in the failure of the scale. The transigiage lasts from only seconds to days
and is defined by rapid weight gain, whereas far skeady-state stage, the oxidation

kinetics decrease to a near parabolic rate [51].
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In the early stages of oxidation, the fast growmnegtastable oxidegAl,O3, 6-
Al,O3 and8- Al,O3 grow. Brumm and Grabke [52] observed that cybfd,03 ands-

Al, Oz were the first forms of ADs. A few hours later (16 hours at 900 °C) those esid
transformed to the monoclinig-Al,O3. The first traces of hexagonalAl,O; mixed
with 6-Al,O3 were found after 135 hours of oxidation at 900&t@ after 60 hours at
950 °C. At higher temperaturegAl,O3, 6-Al,03 and6-Al,0O3 were more difficult to
detect [52].

The TGO growth becomes more important to the kemgy TBC stability during
the steady-state oxidation stage, the durationfothvdepends on the alloy system, the
oxidizing atmosphere and the temperature [23].iRdustrial turbinesp-Al,Os is the
most stable oxide only at the highest operatingptmatures, whilex+6 Al,O3; or 6-
Al, O3 co-exist at lower temperatures. In 1999, Grabl3d] ffeveloped a temperature-
time transformation diagram for the high tempemtaxidation off3-NiAl describing
which phases form at given time and temperaturegure 2.7 illustrates the ADs;
transformation.

During the formation of transient ADs, the outward transport of Al is preferred.
These oxides exhibit special features during grosubh as needle-, pyramid-, plate-
like grains and whiskers. The transformation of ahstable AJO;into a-Al,O3 causes
stresses which result in a ridge structure, as sedngure 2.8 [54,55].

Where growth is diffusion controlled, rather tharterface controlled, the
growth of the TGO is theorized to be in most caseabolic until spalling occurs:

2l At + C 1)
where h is the thicknesst time, k, the parabolic rate constant and C a constant

depending on the system and oxidation conditiohs. ALO3; component of the TGO is

22




Literature review

known to growmostly by inward diffusion of anions along the T@@in boundaries
However, an outward growth, sensitive to catiorssalved in theAl ,03, is also thought

to contribute tahe overall rate constak,[21,57,58].
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Figure 2.7 Schematic temperatur«time transformation diagram for th e high temperature oxidation
of B-NiAl [53].

Figure 2.8 SEM image of the NiAl surface morphology after 10@ours at 1000 °C [56]
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Niranatlumpong et al. [57], observed that for l@xgposure (up to 1000 hours at
1100 °C), the growth kinetics went from paraboticstib-parabolic. This was associated
with the depletion of Al from the BC and the formoat of less protective oxides
beneath the AD; layer. The oxidation behaviour of the TGO varissadunction of the
exposure temperature and the composition of th¢4B(59]. Kvernes and Kofstad [40]
by oxidising a range of Ni-Cr-Al alloys at 800 °C1300 °C for 50 hours found that at
lower temperatures (up to 900 °C), the oxidatiamekics tended to be linear and then
became parabolic. Also the rate of reaction wertuh a maximum between 1000 and

1200 °C, reflecting a change in oxidation behaviwilh temperature [40].

2.2.4 The effect of BC composition on the TGO growut

Variation in coating compositions provides differ@rotective properties due to
the nature of the oxides growing on them. The caitjpm of the MCrAlY, as well as
the exposure time and temperature, greatly inflaghe oxide layer(s) created. Ni-Cr-
Al and Co-Cr-Al ternary systems undergoing oxidatiabove 1000 °C have been
subjected to extensive studies since the origirakvef Talboom et al. [60] in 1970.
However, this is not the case for oxidation at Iowemperatures. Information on the
oxidation performance of the Co-Ni-Cr-Al quaternaggtem is also difficult to find. Co
is added to the NICrAl system for its high corrosimesistance properties and high
strength at high temperatures. It has a good lagipérature resistance to softening as
well as good wear resistance compared to Ni aléhe It reduces the solubility of
aluminium in the Ni-Cr matrix, thus increasing thesolvus temperature, which allows

the maintenance of strength at higher temperaf@8ds
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When looking at the Ni-Al binary system at temperes above 800 °C, only
Al, O3 forms onp-NiAl. On y’-NizAl, an external layer of Ni-rich oxide, either NiO
and/or NiAbO,, grows above the AD; layer. The addition of Cr to the Ni-Al system
promotes AJO; formation by the “third element effect”, i.e. Cas the effect of
increasing the Al activity so that protective .84 scales are formed at lower Al
concentrations. A possible mechanism to explas phienomenon is that £ initially
develops, and reduces the entry of oxygen intoalh®y, thus helping preferential
oxidation of AbO3, which requires less oxygen to form. It promotes growth of a
complete external layer of AD; beneath the GD; layer rather than its precipitation as
an internal oxide [43,52,62,63]. Brumm and Grab&®] [also proposed that a higher
fraction of Cr accelerates the transition from siant0-Al,O3 to stablea-Al,Os. This
was confirmed by Klumpes et al. [56] as they fotmat Cr particles i-Al O3 oxides
acted as nuclei for this transformation. Howeviee, amount of Cr did not influence the
nodular morphology of the scale, indicating thenartd growth of thé-phase, and the
ridged structure, associated with tiphase [56]. As the “third element effect” reduces
the Al concentration needed in the alloy to formAdsO3 scale, it therefore helps avoid
brittleness, a common issue in high Al concentratiboys [64]. In the early stages of
oxidation (transient oxidation), NiCrAl alloys groan outer layer of NiO and an inner
layer consisting of mixed oxides (Ni(Al,GO,), Cr,O3 and6-Al,0Os, regardless of the
temperature of exposure. However, the same allppsed for longer oxidation times
and at higher temperatures forms a continueud O3 layer, while at temperatures

between 900 °C and 1000 °C, layers of NiOydzrand ALO;3 are still present [40,59].
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+— Criwt%)

Figure 2.9 Compositional effects on the oxidationofer 1000 °C) of Ni-Cr-Al ternary alloys [40],
cited in reference [12] and [63]. I) NiO + internaloxidation of Al and Cr ; IlI) Cr ,O3; + internal
oxidation of Al ; 1ll) an Al ,03 external scale.

Over 1000 °C, the Ni-Cr-Al compositions that ldadthe formation obi-Al,Os
scales have been well researched and documentesinasarized in Figure 2.9, an
oxide predominance diagram. Three primary oxidatimygions are observed,
corresponding to: (I) a NiO external scale »@JCr,O; internal oxides; (II) a GO3
external scale + AD; internal oxides; and, (lll) an AD;external scale [12,65,66].

For temperatures below 1000 °C, only one Ni-Ctekhary oxide predominance
diagram exists. This is at 950 °C from the work&Nafholls et al. [63] who studied the
behavior of a range of Ni-Cr-Al compositions (dejped by magnetron sputtering)
using combinatorial techniques to create an isataEoxidation map as a function of
alloy composition (Figure 2.10). By comparing Figsi2.9 and 2.10, it can be seen that
lower temperatures would appear to promote the dtion of mixed oxides. The

optimum oxidation resistance observed in this stwdys obtained for coatings
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containing between 20 and 30 at% Al and above %3Gt (values were converted from
wt% to at% for the purpose of this thesis) [63k. iat Al levels greater than the

minimum observed to form an A5 scale, which was found to be 15 at%.

Isothermal Oxidation 950 °C
100h (For this study)

O Published data, 950 °C
e NiO + AL, O,

A NiO + Al,04+ NiAL O,
W NiO + l\'i.-\1304 +- C[’:Oj

50

50 60 70 we-geni 80 90

Figure 2.10 Oxide morphology map for ternary NiCrAl alloys at 950 °C [63].

2.3Failure of a TBC system

The lifetime of a TBC system can be affected Wgteaof factors depending on
operating conditions. However, it is well understdbat the BC oxidation stands as a
crucial parameter for the coating’s life. The tinoefailure depends on the oxidation
temperature and on the thermal loading conditidmanova et al. [67] observed that
pure thermal cycling caused spallation of the c&zah® with cracks within the TBC
itself, while isothermal exposure led to crackspagating mainly in the TGO. The
coating system failure was generally associatell thi¢ Al-depletion in the BC causing

the formation of spinel/mixed oxides. However, ifajl of the coating prior to critical
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depletion in most of the cases shows this phenomenats own does not explain the
process [68].
Indeed, failures of APS/TBC systems under oxigatme complex processes
involving several general phenomena [69]:
- thermal expansion mismatch stress,
- growth of a TGO at an undulating BC/TC interface,
- depletion of Al in the BC leading to the formatiohspinels (more brittle oxides
than ALO3),
- sintering of the porous ceramic TC leading to a&detation of strain tolerance
and thermal resistivity,
- degradation of the metal/ceramic interface tougknes

- cracking, crack coalescence and delamination.

2.3.1 Depletion of the Al reservoir in a BC

Shillington and Clarke [70] suggested, amongst roteeearchers, that the Al
depletion from the BC could lead to failure of tbeating system. They associated
depletion with a compositional change in the TG@nfin-Al ;03 to a mixture of GiO3
and spinels. Their observation of failed sampldas@s, exposing BCs, revealed high
concentrations of Cr compared to low amounts of @d, Ni, Ti and Nb. A more
accurate EDX analysis showed that the surface waslyncomposed of GO; and a
(Co,Ni)(Cr,Al) spinel phase. Less A); and ZrQ were present. It had been noticed that
failure of the TC occurred during cooling, when th&O had converted from a
continuous AJO; layer to a scale of @03 and spinels. The delamination, driven by

increasing stresses from the rough shape of théngpasuggested that the fracture
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resistance of the interface of spinels/mixed oxiité the TC was lower than the one of
an AbO3/TC interface.

The formation of a spinel/mixed oxide layer is kak to the Al-depletion
occurring during the oxidation of the coating. lade as the Al activity in the BC
decreases, those Cr phases can form more eas]lyH@0the Ni-rich phases to form,
the oxygen must be higher than the one favourieggiiowth of the AIO; layer [71].
Their location between the A); and the TC are caused by the cracking of th©Al
layer during cooling. The ADs; layer cracks because of its high curvature and
expansion mismatch [70]. On re-heating, those &rgubkvide a direct transport path
through the layer for oxygen to react with the BChigh oxygen partial pressure is
maintained at the interface. If the BC is localgpteted in Al, other oxides can form.
This leads to further cracking of the 8% scale, enhancing the formation of,G and
spinels. This phenomenon is found more for coatimgdergoing cyclic oxidation, as
they are more subject to cooling and reheating esyfdd0]. Renusch et al. [72]
developed a model confirming the effect of the Aplktion on the system’s lifetime;
predicting that TC systems with larger Al resersdiad longer lifetimes. They assumed
that lifetime was limited by the BC properties, B@&s: temperature dependent oxidation
kinetics, the BC thickness, the Al content andititer-diffusion of Al into the substrate.
Their model took into account the substrate actisga part of the Al reservoir,
assuming that the Al could come from tieNisAl phase. Evans et al. [73,74],
suggested that the BC, especially the sprayed arwdained regions diffusionally
isolated from the bulk of the coating as a restithe formation of AJO3 layers at splat
boundaries. Such regions would experience diffe®ntdepletion and the overall

reservoir consumption would be enhanced.
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The failure caused by severe depletion of Al frira BC can divided in two
categories: (a) intrinsic chemical failure (InCFhave the formation of AD; is
replaced by Cr mixed oxides or Ni-based spinel¥;nflechanically induced chemical
failure (MICF) where the AD; layer cracks and then cannot heal [73,74]. Esdtlai.
[75] assumed that those two types of failure, wleawling to spallation, have different
mechanisms with different temperature dependernn€d: is based on BC properties
while MICF depends mostly on the TC properties. risvat al. [73], while studying
diffusion cells in MCrAlY BCs, produced the hypotiee that MICF happened before
INCF if the ALO3 layer cracked. If the integrity of the A); layer was maintained,
MICF could not be initiated and the system lifetimeuld depend on InCF. Evans et al.
[73] also wrote that chemical failure would triggardifferent times along the sample
because of different diffusion cells (depositionasy) sizes in the BC. However,
subsequent study of LPPS coatings showed that theempce of diffusion cells
depended on the type of spraying deposition useéfd No splat boundaries were found
within the BC after oxidation but only “bead-likéihes of internal oxidation having no
influence on the diffusion of Al to the TGO [76].

The growth of the less protective spinels/mixeddes instead AD; is
frequently reported [36,48,51,59,68,70,77-81] andatrimental for the integrity of the
coating for several reasons. First, their poro@tynuch higher than the AD; layer
[48,79,81] providing an easy path for the oxygerrdach the BC and enhance the
oxidation kinetics [69,81]. Also, a higher growtite of these spinel/mixed oxides could
be due to the high amount of Cr promoting diffusié,77]. Secondly the high volume
increases that accompany the growth of the spimnetthoxides result in the build-up of

stress between the TC and the BC [36,59,80], aisdfitally leads to the initiation of
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cracks, followed by crack propagation and the dedatron of the TC [36,50,78,79].
However, it has also been reported that spinel®€digxides had no effect on the
adhesion of the ceramic TC [51] and the crack pa{ié8], showing that the influence

of these oxides on the lifetime of the TBC systatilsneeds to be understood.

2.3.2 Roughness and uneven growth of the TGO

The TC/BC interface roughness can be caused befadation purposefully by
the deposition process (to improve adherence) andgloxidation (by the deformation
of the layer due to stress formation and relaxation

Previous research has shown that the TC/BC imtenfaughness influences the
depletion of Al. Taylor et al. [74] believed thdg¢pletion happened at a higher rate in
BC asperities promoting the formation of less prtwe oxides (Figure 2.11). Their fast
growth led to larger out-of-plane stresses betwtwen asperities and added to the
stresses generated by the growth of the TGO. Tleamsurface profile of the BC
caused an upward displacement of the TC and assequence, the TC experiences a
range of strains to maintain continuity.

Taylor et al. [74] proposed a model to explain riteid depletion of Al and the
formation of less-protective oxides around BC peakisey assumed that “the Al
concentration was determined by the balance betteefiux of Al entering the oxide
layer and that arriving at the asperity from thékbaf the coating” and that the high
surface to volume ratio in BC peaks acceleratedéfdletion resulting in a gradient of
Al concentration. Their model predicted the bulkloé BC asperity would only contain

1 at% of Al [74].
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Protective alumina

(a)

Aluminium depletion
in asperity

N2

Breakaway oxides

Aluminium diffusion routes

Protective alumina

(b)

(c)

Figure 2.11 Schematic diagram describing the mod@roposed by [74]. (a) Sufficient Al present in
asperity to grow Al203, (b) rapid depletion and refricted replenishment reducing Al levels in

asperity, (c) remaining BC oxidise rapidly and formnon protective oxide. Rehealing occurs at the
base of asperity where Al levels are high enough.

Y ErEfeay fallva

— y-phase

B-phase

B Al203

1 Yttrium-Aluminate

Figure 2.12 Schematic of alumina scale formation @hY-Al precipitation [82].

On the effect of roughness, Naumenko et al. [68hil that it was causing the

inhomogeneous growth of the TGO. Convex surfacasaveere showing a thin AD;

scale accompanied by the formation of spinels/mixgdies. On the other hand,
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concave surface areas were growing thickefOAlcontaining Y-rich pegs and few if
any spinels/mixed oxides. They explained these emeMGO thicknesses by the high
fraction of Y-Al oxides in concave areas enhandimg scale growth rate (Figure 2.12)
[68,82].

Uneven growth of the TGO was also observed andettestiby Che et al. [83]
who stated that the TGO was thicker at “peaks” Yeanareas) than at “valleys”
(concave areas) of the undulations. They did noyédver, differentiate the AD; from
spinels/mixed oxides in their measurements whichmaghat they are not contradicting
Naumenko et al. [68]. Another reason for local acalation of the TGO can be the
cracking and rehealing of the oxide layer duringlaton (Figure 2.13) [84], happening
generally during thermal cyclic oxidation at tengiares above 1000 °C. After
cracking of the first TGO layer, oxygen penetrdatesugh the cracks in the delaminated
TGO layer and reacts with the fresh BC, and thsy éagress of oxygen accelerates the

BC oxidation, thus reforming a TGO [68,69,84].

S g B T R i
: T -Jﬂf,.fl' < APs/TBC.,
A o (R e

repeated crackin

Figure 2.13 SEM image of repeated TGO-cracking/reqgwth during cyclic oxidation at 1050 °C in
an APS/TBC system with NiCoCrAIY/BC [68].
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2.3.3 Evolution of stresses in a TBC system

The amount of stress generated during oxidatiora imetal system is so
considerable that it is common to observe that hsetdaces do not stay flat but instead
wrinkle (or buckle) because of the presence ofdarxgmpressive stresses in the oxide
scale [85]. The understanding of the generatiostedsses and their evolution in the
complex four layered TBC system is challenging betessary to forecast and delay
TBC failure.

There are two main sources of stress during théatrn of the TBC system.
The most important of them are the thermal expansicsfit upon cooling (Table 3.1)
and the strains caused by the TGO growth [21,86¢ 3tress caused by the thermal
expansion misfit depends on the rate at which yis¢emn cools down. The slower the

sample is cooled, the more time there is for cre&gxation to happen [87].

Material ~ Thermal expansion coefficient (C* ppm)

TGO 8-9
BC 13-16
TC 11-13

Table 3.1 Thermal expansion coefficients of the didrent layers of a TBC system [21].

2.3.3.1 Stresses in the TGO and BC

The strains involved during the TGO growth repneésthe overall volume
increase when the alloy is converted into@land other oxides. Formation of new
TGO at the BC interface produces normal thickersingins with a corresponding rigid

body displacement, meaning that lateral strainsirslaced on the grain boundaries
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normal to the interface [86]. Those strains indwoenpression, which when large
enough suppress internal TGO formation. Eventualhg growth stresses reduce
because of the creep strength of the TGO [86]. ¥adilan can also happen in the BC
through metal deformation and the proportion ofsthawo simultaneous stress-
relaxation processes in the BC and in the TGO aterohined by the stress values in
both layers, which will change depending on thadexnetal thickness ratio [86]. The
displacement of the TGO, called “buckling” (Figu2el4), increases the roughness of
the TC/BC layer and induces tensile stresses ndwortak interface, especially on crests
(convex areas) and valleys (concave areas) of thkhmg, which in the end can cause
delamination [85].

The oxidation temperature also affects greatlyaitm@unt of stress developing in
the oxide scale. Above 950 °C, creep in the matatd the stresses in the oxide while

at lower temperatures, elastic thermal-stress betiais maintained [84].

} Reduce
TGO |-—» ] ==

J Stress
(Strain Energy)

Figure 2.14 Sketch illustrating the attempt of thecompressed TGO to lengthen in order to reduce
stress [21].

2.3.3.2 Stresses in the ceramic

Ceramic spallation is known to be caused by tleficyhermal stresses resulting
from the differential thermal expansion between ¢eeamic and metal [21,60,88-94].

The evolution of residual stresses in the ceran@icgfeatly affects the lifetime of the
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APS/TBC system. Residual tensile stresses tenddiace coating failure normal to the
TC/BC interface (vertical cracking through thickegswhile compressive residual
stresses can provide a driving force for bucklingew the in-plane stresses exceed a
critical value [95]. Thermal expansion misfit inégisccompression stresses reaching 3 to
4 GPa. Non-planarity of the rough plasma-spayedimpacauses those stresses to
redistribute. Shear stresses exist at inclined@ec{34]. This local TC/BC interface
geometry (roughness) has been found to greatlyenfie the nature and evolution of
stresses in the ceramic as well as in the TGO.ri&ions of ZrQ into the BC are
preferred sites for damage initiation (Figure 2,183 the sintering effects at high
temperature in such a small volume fixed by thengetoy of the BC will produce
localized tensile stresses. In the same time héertal shrinking of the substrate during
cooling determines the strains in the axial dimttiHoop stresses are created by the

displacement of the layer system in the radialatioa [90].

AlLO, TGO

———— 10 um

Figure 2.15 SEM image of damage introduced by therail cycling at TC/BC interface [91].

The coefficient of thermal expansion of the Bdarger than that of the TC.

Therefore, the BC induces tensile stresses in “pegions” (convex areas) of the layer
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and compressive ones in “valleys” (concave arelagjufe 2.16). However, the TGO
has the opposite effect and causes tensile strestes “valleys” and compressive ones
in the “peaks” because of its smaller coefficiehth@rmal expansion. It determines the
stresses occurring in the system during the coglimgse of a thermal load [89,90,96].
These tensile out-of-plane stresses on the “peak#tie rough surface, lead to crack
initiation at the TGO/BC interface. The resistarafethe interface to delamination
depends on the toughness of the interface, the Tikness and the radius of the
curvature [68]. Heating stresses tend to count@@uipressive residual cooling stresses
near the TC/BC interface. Cooling stresses are llysuo@re compressive near the
interface and get more tensile towards the surfscthe case of isothermal oxidation)

[92,93].

Model microstruture

Figure 2.16 Model microstructures and the calculate residual stress (sy) for the TBC system [91].

Also at temperatures over a 1000 °C, the propediethe initially tetragonal
ceramic, gradually evolve because of sintering eimahges in microstructure into the

monoclinic phase (more precisely during coolind)isTmechanism is controlled by the
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grain size and the chemical composition (amounY 93) of the tetragonal phase. In
APS systems, more monoclinic phase develops abattem of the ceramic TC. The
monoclinic phase is not the preferred form for th8Z as it is responsible for a
toughening of the ceramic [94].

Oxidation also causes the microcracks and porédeeoAPS ceramic to close.
The reduction of porosity increases the value & Young modulus resulting in a

ceramic less tolerant to strain and more subjectaoking [97].

2.3.4 Initiation and propagation of cracks

The zones of the coating that experience normalileeistresses are the most
important from a life predicting viewpoint, becau$®se stresses are responsible for
nucleating and propagating cracks. For exampldgalragacks form in the TC as the
TGO thickens but, the creep ductility of the TGCeyants the TC cracks from
penetrating the TGO, even with appreciable hoopsiten as it redistributes
concentrated stresses at the front of the radadkcm the TC. This phenomenon is
helped by the compressive stresses at the TGO/Bffane. Cracks forming during
thermal exposure should be thus confined to thg4BT However, during cooling, the
“peaks” lead to the generation of tensile stregsdéise TGO, which in turn lead to crack
initiation at the TGO/BC interface. Cracks propa&galong the interface following the
rough profile, and when they propagate towards al€y”, the out-of-plane tensile
stresses decrease and in-plane shear stressessencAd some point, a critical shear
stress is reached and fracture of thgQilscale happens, after which the crack, initially
confined to the TGO/BC interface, penetrates thé&exayer [68]. Figure 2.17

represents schematically the crack growth procddse oxidation temperature
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influences the rate of crack propagation. It alspethds on the microstructure of the
TGO and the TC. Porosity in the TC is known to lits elastic modulus and thus
decrease the driving force for crack propagatiof].[€chsler et al. [98] reported that
for APS/TBC systems undergoing isothermal oxidatiartemperature of 1050°C or
higher was needed to produce failure within an eyp®time of 5000 hours. Tests were
carried out at 950, 1000, 1050 and 1100 °C. Theagenmobserved in samples’ cross-
sections prior to final failure was representednhigro-cracks in the vicinity of the

TGO. Those cracks were oriented parallel to theTBT)/TC interface and seemed to
start in the TGO or at the TGO/BC interface (Type When the samples underwent
longer exposure, longest cracks were spotted withen TGO (Type B) and these
penetrated into the ceramic TC (Type D). Figure82shows the different types of

cracks identified by Echsler et al. [98]. Trunovak [67] also noticed that some cracks
initiated at the TC/TGO Iinterface after only 100ut® of isothermal exposure. After
longer time cracks were found within the TGO aslvasl at the TGO/BC interface.

Further exposure of the samples led to crack coates and formation of macroscopic
cracks in the TGO. It was found that when reaclbfgo of the total coating life,

cracks penetrated into the ceramic TC, leading étardination crack propagation

through the TGO and the TC [67]. TC spallation a a sudden fracture but rather the

result of continuous damage evolution.
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Figure 2.17 Cracking sequence suggested by the stses due to growth and thermal misfit [21].
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Figure 2.18 Schematic illustration defining variougypes of cracks in the TGO and its vicinity in an
APS/TBC [98].

2.3.5 Effect of blade curvature on the failure oftie TBC systems

Over the past few years, the effect of blade genmat the lifetime of TBC
coating systems has aroused curiosity. It is wabvin that during service in a gas
turbine, the blade features are exposed at diffelnperatures causing temperature
gradients around different geometries (as welhasuigh the walls). The hottest regions
exposed are the leading edge of the blade anddhied edge (Figure 2.19) (from a
maximum of 1100 °C to 600 °C in the centre of tleeo#oil, in the case of a use in
aeroengines), causing the oxidation extent to beenoo less aggressive at different
location of the blade [1,18,99].

Several researchers have observed the spallatidBGf system from service
blades reaching the end of their lifetime. Sjostaind Brodin [100] explained that three
sorts of spallation happen around a blade: (i) lapah on convex surfaces; (ii)
spallation on flat surfaces; and (iii) spallatiansharp edges (Figure 2.19). Sohn et al.

[101] observed that failures were localized near tth of blades on both the pressure
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and suction surfaces ax-serviced high pressure turbine blades coated whB-

PVD/TBC. Compressive residual stresincreased in concave and flat regions &
testing the blades, whilose it the convex region remained unchangeo investigate
the samples’ geometry influence on the microstmactf the layers present in a TE
Altuncu et al. [10P tested dis-shaped and squasktaped substrates coated v
APS/TBC under aeroengine conditions. They found $pallation was concentrated
the edges of the sampleDis-shaped sampée failure appeared as chipping in the

while failure in squarshaped samples curred at the TC/TGO and TGO/Einterfaces
[102]. DeMasi [103 also thought thathe componengeometry was aimportant life
variable. He stated that normal stresses introducedin the coating of a curve
surface by the tangential compres stresses present resultingdaramic spallatic.

Koomparkping et al[104], observed spallation of the ceramic TC in the legdind
trailing edge as welland als noticed that spinels/mixed oxides were present rat
those two convex location

2 Spallation from
flat surfaces

Suction side

e e ¥
//’.W N R __ Trailing edge

Leading edge &\’ | D
|:n '
S S====="" Pressure side -

L

>4 -~
| Spallation from convex 3 Spallation at sharp
surfaces edges

Figure 2.19Basic failure mechanisms of a TBC; example: turbindlade [100]
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Observations of different aspects of the effecg@dmetry on coating lifetime
can be easily found in the literature. However, disic mechanism has not been
identified to include the stress and microstrudtiehaviour of the different layers of
the coatings at different curvatures, to explaie way the TBC systems fail around

blades.

2.4Prediction of TBC systems lifetime through modelijn

The ability to predict the lifetime of TBC is a higriority for industrial gas
turbine manufacturers and users, and a lot of relsdeas been carried out with the aim
of modelling the behaviour of coatings and creapnedictive models for their failure.
Those models generally require data to be acquired material systems exposed to
“similar” conditions to real components in opergtiplant, and then cover different
aspects of the failure processes such as: envinuahgegradation, mechanical factors,
synergistic effects and component end-of life catd6,105]. However models are
usually “simplified” to deal with only one aspedttbe coating failure mechanism. For
the effect of oxidation different models concerdrain the stress distribution in the
different layers and how this affects the initiatiand propagation of cracks [105-107].
Other models predict the depletion of elements gqusohiffusion calculations
[72,108,109] and some relate the end of a comptmkietime to a critical oxide scale
thickness [1,110-115]. It is believed that differdfBC systems (AP&EB-PVD and
MCrAlY # Pt-Aluminides) behave differently; making predictimodels very specific
of the system that was studied in the first plafeis section presents examples of

modelling methods used in research (different TB&esns).
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2.4.1 Models based on stress distribution

This research does not focus on the stress difityiis in the TBC system so
such modelling is only described briefly. Using firete element and starting with an
undamaged TBC system, calculations allow the sstges and deformation inside the
individual layers to be predicted. The superpositid several kinds of strains leads to
prediction of the mechanical failure of the TBC ahe& TGO (Figure 2.20). These
failures result from the external loading during thperation of the component, from
temperature changes (as a result of the diffeferital expansion coefficients of the
different materials) and from the formation of th@O. When the total strain exceeds a

critical value, strain relief mechanisms occurha teramic layer [106,107].
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Figure 2.20 Schematic illustration of the main step that lead to the field stress due to oxide
formation [106].
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Busso et al. [105] thought of a methodology todpmrethe lifetime of EB-

PVD/TBC based on stress measurements, which usssgteps:

- Step 1: Quantifying TBC damage and integrating ithisrmation into a model.
This links the damage measurements at each tinaectitical roughness for a
given thermal cycle.

- Step 2: Interpolating the finite element resultobtain a relationship between
time and the accumulation of local stress resp&a&i crack initiation.

- Step 3: Predict lifetime by using a curve generatgtinite element analysis.
Such TBC system finite element models are unfereiy often simplified

(Figure 2.21) and do not take into account the anewughness and growth of the TGO
or the imperfections found into the oxide layer ethimay make estimations, if not

inaccurate, then at least have a high error mafidie.system is often assumed to be in
a stress-free state before oxidation even thougjldual stresses exist in an APS coating

[96].
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Figure 2.21 Finite Element model of the out-of-plae stress in a component cooled down from
1000°C to room temperature for 61, 167 and 241 hoar(from left to right) [105].
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2.4.2 Models based on elemental diffusion

The rate and mechanism of consumption of the #ém&ir from the BC as been
proven to influence greatly the lifetime of the wdeystem (e.g. through an inability to
re-heal protective oxide layers or formation ofslggotective oxides rich in Cr, Co or
Ni). Numerical models describing the diffusionarsport through the different layers
of the scale and coating can bring further undedsitey to the growth mechanisms of
the oxide layers and also predict when the systalinr@ach a critical shortage of
crucial elements [72,108,109].

These diffusional processes are described by tle kmown Fick's laws of

diffusion:
= DaC (First Law) (2
J = o (FirstLaw (2)
and,
BC_ d (DGC) s d Law) (3
7t~ ax\Pax econd Law) (3)

Where J is the flux andC is the concentration of the diffusing elemebt,is the
appropriate diffusion coefficient, and andt refer to distance and time respectively.
Often,D is assumed independent of the concentration anddbond Fick’s law can be

written:

ac 0%C
- Plag (4)

When D cannot be assumed to be independent of stvatien, the equation becomes:

oc _ 9°C 9D <ac>2 :
ot~ 9X*>  0C\oX )
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Solutions to Fick's laws can describe many situeionvolving high-temperature
processes such as solute oxidation in binary aratgralloys, internal oxidation and
moving boundaries. However, simplifying assumptidois the diffusion coefficients,
the isothermal conditions, the geometry and thentaty condition are required for
such models to be solved [108]. Recently Renuschl.ef72] proposed a model to
predict the failure of the TBC system due to thplegon of the aluminium. They used
the Fick’s laws to describe the diffusion of Alltoth the BC and the substrate (Figure
2.22(a)) and then related it to the growth andsstigeneration of the TGO layer, thus
allowing the prediction of the end-of-life of theating (Figure 2.22(b)). In a general
manner, such models have demonstrated that TBGHibelld be longest for coatings

with the highest amount of Al in the BC [114].
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Figure 2.22 (a) Plots of Al diffusion into the subtsate and consumed by TGO growth, and (b)
spallation lifetime due to BC depletion of Al withinternal oxidation of different APS/TBC systems
at 850-1250 °C (CMSX4 coated with 150 um Abler Ni9R-8; IN738 coated with 150 um Abler Ni
192-8 and IN738 coated with 150 pm SC2231) [72].
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2.4.3 Models based on the TGO growth

Initial crack growth is believed to be relatedtthe thickness of the TGO on the
BC. After exceeding a critical thickness, crack gagation is governed by stresses
induced by thermal mismatch and TGO growth [58fetliines can be predicted using
equations taking into account the oxide growth ,rdbe initial Al content, oxide
adherence and the component geometry [110]. This-empirical method requires the
data from long term oxidation of commercial andfardel TBC systems.

Such models can be based on the mass gain of ssicguised by the growth of
the TGO and use the equations describing the grkivdtics of the oxide layer:

An? =kt (6)

where4m s the mass gain per unit area at tina@dk, the parabolic rate constant [111-
113]. The parabolic rate constdgis temperature dependant and follows the Arrhenius

law:

k,(T) = C.exp (R_("I?") (7)

where the paramete@andQ are determined and used for the interpolatiok,ahdR

is the gas constant [58]. Newer models considertétee stages of oxidation, the
transient stage which has a higher rate and casacndth the formation dd-Al,O3 (and
other transient oxides) followed by the steadyeststige characterised by the slow
growth ofa-Al,03 using two equations [1]:

AWQ

(jf)=QWQ+CUH<%)(@

2

(Aj:lva)z _ <AZ(90) +kpo(t — to) (if t>1t) (9)
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whereAw is the mass change in mAy,the material surface area in %;rkpg, the rate
constant for th@-Al,Ozin mgf/cni*h, k,,, the rate constant for theAl,Ozin mgf/cni'h,

W the critical weight in mg/cfy t the time, t. the critical time andC an integration
constant. This model was used by Nalin [1] andadpced accurately the mass gain of
coated systems oxidized at 850°C and 900°C, but lgas accurate at higher
temperatures. Also a gradual transition betweeriviloeoxidation rates is not taken into
account.

Another attempt to describe the mechanismu-#f,0; failure and to predict
lifetime was made by considering both the diffusadrAl from a FeCrAlY material to
a-Al,03 and the thickening of this oxide layer (e.g. tlglouhe mass gain of samples)
[112,115]. The model is formulated based on ceaitherstanding such as:

- A FeCrAlY, with a density op,and a surface to volume ratio \@fA, initially
gains mass due to the uptake of oxygen in formirsyirdace scale of density
pox(formation ofa-Al,03),

- The scale growth leads to the loss of Al from theya

- After a critical timet., the Al content of the alloy may decrease belomeso
critical level C. such thata-Al,O3 can no longer form (i.e. the beginning of

breakaway oxidation).

In this model, the onset of chemical failure isgicted by modelling the rate of
Al depletion in the alloy. An accelerated rate eplétion caused by the spallation of the
oxide scale (and growth of new oxide on freshly asqul depleted alloy) is also
accounted for. The equation is composed of two gerame describing the oxide

spallation and the other the oxide growth and gse®llow:
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thC 1/2 _ Pm (Co - Cc) |4
B+ (1 - B)(kyt,) '* =0.89 o (=C) A

(10)

wheref is the statistical function that defines the ljk&kaction of surface area to spall
and Ax the mean oxide thickness that spalls. If no spalaoccurs,f=0 and if it
dominatesp approaches 1 and equation (10) suggests a linkdionship between the
time to breakaway and the geometry of the sampl&)(Mt is important to note that in
this study, kp is in pfts in equation (10) meaning that it is calculatesirf the oxide

thickness [112,115]. It could be similarly calceldtfrom mass change data. The second

term describing the oxide growth is based on tlieviang equation and equation (6):

Al reservoir = K M (11)
fmaa=co
p=0.1 MICF
1x10 ¥ //,.r‘ .
. . Py A p=1.0
__//’ 7
T - g
1x1CP 2 /:‘ s /,/
& /‘ ys
= / F gl '
3 a’—l f/f |
4—!0 & /r/ f"‘f |
o £ ,-“'f 4
A 1x1C : " ;:J,.-;'f
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Figure 2.23 Model of breakaway oxidation, based oaquation (10) [115].
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A simplified validation of the model is providedl Figure 2.23. Data for a range
of FeCrAl alloys are plotted at 1300 °C. The emptynbols represent samples that did
not go into breakaway oxidation while filled symboépresent the ones that did. MICF
and InCF refer to the different mechanisms of thatiog system failure caused by Al
depletion [73]. Prior to the onset of spalling, @0 growth follows a generalised rate
law. However, in areas that have spalled, the osegairs following either parabolic or
sub-parabolic kinetics. To allow this model to loerect, several assumptions on the Al

diffusion, the initial condition and the oxidatisrere made (given in reference [115]).
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CHAPTER Ill — AIM AND OBJECTIVES

3.1 ' part: Experimental evaluation of the integrity ciPS/TBCs

The first task of this thesis was to obtain quatitie data on the failure modes
that can lead APS/TBCs to spallation after exposureemperatures similar to those
found in gas turbines (900-1000 °C). The thesisuses on the effect of the
components’ shape, i.e. macro and micro geometrit, feas appeared recently that the
bulk sample shape affects the TBC's integrity (BecR.3.5).

The modelling of the modified aerofoil-shaped skaspbehaviour will be
established from the data obtained from their ciota and observation of the
progression of TBC spallation. Moreover, asses$iiegbehaviour of several features
such as the TGO, spinels, tlfiephase in the BC, TC microstructure and crack
propagation, will enable the understanding of tbke rof aerofoils’ curvature. With
exposure to high temperatures, the change of tferet layers’ microstructure, of the
TGO thickness and the evolution of stress stat#geimce the integrity of the whole
system in ways that were more or less explainetitenature. Indeed, the separate
mechanisms happening in the BC, TC and TGO areeimem@ well understood.
However, the way they interact, coupled with thie@fof geometry still needs to be
investigated. In addition improving an existing T@@wth model with this input will

enable the prediction of their lifetime in induatrgas turbines.
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3.2 2% part: Improving the efficiency of MCrAlY bond coatundergoing

oxidation

As a second task of the thesis, different MCrANC Bompositions were
obtained by magnetron sputtering and were analyZkd.extensive research that has
been undertaken over many years to find the bestdfposition has been targeted at
aero-engines and so assumed bond coat temperatteed000 °C. Few studies have
been carried out at temperatures encountered usindl gas turbines (e.g. bond coat
temperatures of 900 — 1000 °C).

This is why, a profile indicating the best compiosi resisting 900-950°C
oxidation will be drawn. This will include mass clyge data and the mapping of the
oxides created at those temperatures. An improvedt@lored to be used in industrial
gas turbines will results from this project, addedx better understanding of the effect
of composition and temperature on the nature adesigrown on the coatings. Also, the
manufacturability of such coatings using 2 or jgdmmagnetron co-sputtering will be

assessed as well as the limitations of this techiq
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CHAPTER IV - EXPERIMENTAL PROCEDURE AND
EQUIPMENT

4.10xidation of the modified aerofoil-shaped samples

4.1.1 The modified aerofoil-shaped samples

Modified aerofoil-shaped samples were designednaawufactured (by Siemens
Industrial Turbomachinery Ltd) to recreate curvastufound on industrial gas turbine
blades (Figure 4.1). A CoNIiCrAlY BC was deposited the CMSX4 Ni-superalloy
substrates (Table 4.1) by HVOF spraying of AMDRYs9%wder (Table 4.1). On top
of the BC an YSZ TC was deposited by APSing. TC B@dwere deposited by Praxair
Surface Technologies Ltd. The manufacturing preceaused the TC and BC
thicknesses to vary with curvature. The BC thickn@seasured between 50 and
135 um, while the TC measured between 130 and &5(Tjable 4.2). In the as-sprayed
conditions, the ceramic coatings were grey. Thrs loa explained by the formation of
Zr,03 in the reduced gas atmosphere during APSing. pendl@ds on the Ar/kratio
during deposition [116-118]. The TC regained itstevisolour during exposure (oxygen
stoichiometry restored). The locations’ curvatu@@ble 4.2) chosen around the
modified aerofoil-shaped samples for observatiathe inverse of the radii calculated

from the samples’ design sheet (Appendix I).

Alloy Ni Cr Co Al W Ti Mo Ta Re Hf Y
CMSX-4 base 65 96 56 64 1 06 65 3 01
AMDRY 995 32 21 base 8 0.5

Table 4.1 Composition (in wt%) of modified aerofoitshaped sample’s substrate and BC.
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Figure 4.1 Picture of a modified aerofoi-shaped sample (a) and its schematic representatidb).
Upper case letters correspond to convex areas, lomease to concave. This figure can also be four
at the end of thesis (Appendix I

Location TC thickness (um BC thickness(pum) Curvature (mm™)
A 190 90 0.85
B 190 50 0.14
C 220 110 0.01
D 210 100 0.18
E 170 80 Theoretical O
F 130 50 2.86
a 220 130 -0.06
b 230 130 -0.05
C 250 135 -0.20

Table 4.2TC, BC thicknesses and curvatures at different posbons around the modified aerofoi-
shaped sample (Approximation aftr measurements carried out on 23sample: (Appendix C).
Upper case design convex curvatures and lower casencave one:

4.1.2 Experimentl procedure

Laboratory oxidation experiments consisted of ekpgpshe samples in furnau
assemblies for various temperatures and times pdsexe, under oxidative conditio
similar to those found within operating gas turlsi Long cycle exposure tests we
carried out on 37 sampl@sresistanc heated furnaces from 900 to 1000 °C. After €
cycle, lasting 150, 250 or 500 hours dependingeomperatur¢Table 4.3), th samples
were slowly removed from the hot furnace over0 minute period and cooled in &

Selected samples were removed for destructive exaion after periods of 100, 3C
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1050, 1500, ~ 3000, 4000, 7000, 10,000, 15,00@&@DO hours (Table 4.3). Table 4.4
summarises the oxidation conditions for every samphe oxidation tests employed
horizontal tube furnaces in which the samples wecated within a zone where the

temperature is within £5°C of the target test terapee.

Oxidation temperature (°C) Cycle length (hours)  Total exposure time (hours)

900 250 then 500 < 20,000
925 250 <10,000
950 250 <5000 (failure)
975 150 <4000 (failure)
1000 150 < 1500 (failure)

Table 4.3 Exposure of APS/TBC system on modified exfoil-shaped samples.

Total
81- Oxidation exposure time 81- Oxidation  Total exposure
BSYA- Temp. (°C) (hours) BSYA- Temp. (°C) time (hours)
1 900 4000 20 1000 1050
2 900 10,000 21 1000 1050
3 900 2780 22 1000 1050
4 900 2780 23 1000 1500
5 900 20,000 24 1000 1050
6 900 4000 25 925 10,000
7 900 7000 26 925 100
8 900 15,000 27 925 4000
9 950 4000 28 925 >10,000
10 950 5000 29 925 2740
11 950 5000 30 925 2740
12 950 2780 31 925 7000
13 950 4000 32 925 >10,000
14 950 2780 33 975 4000
15 950 5000 34 975 3000
16 950 5000 35 975 300
17 1000 1500 36 975 3000
18 1000 1050 37 975 2700
19 1000 1500

Table 4.4 Modified aerofoil-shaped samples’ identi€ations, oxidation temperatures and total
exposure times.
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Metrology was applied to the samples before atet afkxposure. This consisted
of an accurate measurement of samples dimensioggatatify material degradation in
terms of mass gain. The most useful data for atewmad reliable material life time
predictions were identified as oxide thickness gaiterdiffusion zone thicknesses,
depletion depths and TC/BC microstructures; thfsrimation could only be collected
through a destructive method of analysis.

Both scanning electron microscopy (SEM) and epedispersive X-ray
spectroscopy (EDX) were used to observe samples-@®dtions in order to characterize
their microstructure (as described in Section 4S#lected samples were etched for 5
seconds with a solution of hydrochloric acid angper sulphate diluted in distilled

water to reveal and then observe the grain boueslarithe BC.

4.1.3 Additional curved samples

Additional APS/TBC samples were provided by Réllsyce (RR) in order to
gather more information on the initial stages oidakton. The BC deposited on top of
the CMSX-4 substrate is a diffused Al coating cedplith a LPPS MCrAlY. The BC
was heat treated for 1h at 1100°C before depositiorBC which is an APS YSZ. As
shown in Figure 4.2, each sample comprises 2 fedsaand a concave bend enabling
the study of the geometry effects if needed.

In order to investigate the initial stages of @tidn, those samples were
oxidised isothermally for a short time, specifiadTiable 4.5. Similarly to the modified
aerofoil shaped samples, the RR samples were weigb®re oxidation and between

cycles. SEM and EDX were used to observe crossesstimicrostructure.
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Figure 4.2 Pictures of as received Rolls-Royce satap, (a) RR1 and (b) RR5.

RR- Oxidation Temperature ( °C) Total exposure time (hours)
1 925 0
2 925 0
3 925 0
4 925 50
5 925 200
6 925 150
7 925 100
8 925 100
9 925 150

10 925 50
11 925 200

Table 4.5 RR samples identification, oxidation temgratures and total exposure times.

4.1.4 Flash Pulsed Thermography

4.1.4.1 Flash pulsed thermography system

The flash thermography system used was based eatNt#itional Physical
Laboratory (NPL). It consisted of a 316 x 255 pikteonix FLIR system MWIR
camera, 12 bit data, 50 Hz frame rate infrared cam&h a Thermalwave commercial
image processing software package called Mosai® ftal pulse duration was

measured to be 31 ms, with a radiant power of 281%°. The wavelength distribution
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of the emitted light ranges between 350 nm to 1&®0with some 80 % in the region

400 to 800 nm [119].

4.1.4.2 Principle of flash pulsed thermography

Flash thermography looks at a sample’s thermalorese to heating (or cooling)
to determine the presence of subsurface defect®ratite material properties of the
target. Thermography (Figure 4.3(&@)based on measuring the temperature loss on a
sample surface after heat is applied with a puliggdl. The heat is gradually conducted
through the sample and an infrared camera recdraisges in the surface temperature.
Irradiating the cold TBC sample with infra-red ratitbn causes its surface to warm up
quickly, because its thermal capacity is small aadhermal conductivity low (Figure

4.3(b)). The coating conducts some of this hethi@csubstrate below [120,121].

a) b) c)
Ik camera IR camers IR camers
flash R came flash amera 4ash R camera
lamp lamp lamp
. /.r\ /f'n“_- /‘\\ /,-x\_ /a\‘
4 > g 1 > <N
L.——/ ‘:\"\_\_J l - \\‘“\_J - "\_\__J

temperalure

'.\}[Illjl,r'rlﬁ!l.lrtl

termnperalure

EE s 2

sample sample sample

Figure 4.3 Representation of pulsed flash thermogghy [122].

As the sample cools down, any loss of bondindhendoating creates additional
interfaces that interfere with the heat flow thrbube system, so that the local surface

temperature is affected by internal flaws such &binding, voids or inclusions
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(Figure 4.3(c)). In the absence of any defectsstitéace cools down uniformly. If the
propagating heat encounters a defect with diffetteertmal properties, it will flow either
faster (if it has higher thermal diffusivity) or meo slowly (lower diffusivity). The
camera, which can only see the surface temperanakes such defects appear with a

different contrast on the pictures taken of theliogosample surface. [120,121].

4.2Deposition of new BC compositions

4.2.1 Principle of magnetron sputtering

The mechanism of sputtering consists of ejectimgatoms from a target
(cathode) which then land on a substrate. To beeraocurate, the charged ions travel
through an Ar plasma where they acquire energy fiteenvoltage drop. Then, they hit
the target’s surface with a momentum that is immedly transferred to the cathode
material. Neutral atoms are therefore ejected fthiw surface, fly back through the
plasma and are deposited on the substrate.

The most important concern in sputter depositisnto enhance the ion
bombardment rate on the cathode so that a goodsitigporate can be achieved. That is
why means to increase the secondary electron ptioduare designed to improve the
sputtering rate. The invention of magnetron spunte¢Figure 4.4), where the use of an
electromagnetic field improves the trapping of glats, greatly assisted the deposition
rate and made sputtering the leading techniquepligsical vapour deposition (PVD)
[123].

In magnetron sputtering, the electrons are codfitlese to the cathode (which
they normally tend to move away from), making itahweasier to sustain an electrical

discharge at low pressure. Consequently, the reduiesidual gas pressure can be
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reduced to enable the transfer of sputtering nadtevithout so many collisions. A
better deposition rate is reported, as well asaal gpality coating [124].

Instead of applying a direct current (DC) field aeeate the plasma, a radio
frequency (RF) field can be used to achieve spaogein the latter case, only electrons
can respond to the alternating current whereasotieact as if the field was DC. The
advantage of rf sputtering is that no charge actat®si at the target since the electrons
are oscillating with the field. The RF technique nwstly used for deposition on
insulating or semi-conducting materials [123]. Aratway to raise the deposition rate
is to provide an additional amount of power to freplasma. Most of this power is

absorbed by the target which needs to be wateredool

Power supply
Magnets [‘
<+— Cooling water
Ceramic T \i . [? ¢ :
! Target
IS
M E‘,// Plasma ‘“~__/ ____ /!
Ar_ t ) Wafer
‘ Heater }
Pumps

Figure 4.4 A schematic representation of a DC-magt®n sputtering system [120].

In the case of magnetron co-sputtering, severgketa (up to 3 in this thesis),
connected to different power supplies, are usethatsame time in order to create
coatings that are composed of a blend of the tsrgeimpositions. For example, in

Figure 4.5, substrates located beneath target lexpected to be rich in elements
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present in that target. Reciprocally, samples pladese to target 2 will be rich in

elements from this target. Such process allows sigpg a range of compositions

depending on the location of the substrate witlpeesto the targets. The fact that
magnetron sputtering achieves deposition atom tay ahnd due to the high amount of
energy involved in the process, coatings createdcersputtering are homogeneous.
Each target however behaves differently and needset calibrated separately. The
interaction between plasmas, while running the @mgent, also affects deposition rates
and must therefore be taken into account duringpredion. 3 target co-sputtering is

shown in Figure 4.6.

Power supply 1 Power supply 2
Cooling water — ﬂ < Cooling water
Ar —— Cathode 1 Cathode 2
[:] magnets|:| | | magnets ]

— ~ I

rarget 1 Target 2
Plasma —  Pumps
— 1

Sample holder - |

Substrate holder

Figure 4.5 Schematic representation of a depositioothamber in a 2 targets co-sputtering system
(side view).
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Target 1

Target 2

Al Target

Figure 4.6 Schematic representation of the 3 targetco-sputtering process (top view).

4.2.2 Sapphire substrates

A PVD technique, magnetron sputtering, was usedefposit the coatings. A
range of Ni-Cr-Al-Co coatings have been depositethbd0 mm diameter and 3 mm
thick sapphire substrates. Sapphire substrates evergen instead of metallic alloy to
reduce diffusion between the MCrAlY and substrdteey were manufactured by Pi-

Kem Ltd.
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4.2.3 Magnetron sputtering equipment

Research work was undertaken in CVCI (Figure ¥)7dad Leybold L560®
(Figure 4.7(b)) coaters equipped with two and th&exch (75mm) magnetrons

respectively.

\

e Sample holder 3

Figure 4.7 Picture of deposition chambers of (a) C¥ | (2 target co-sputtering) and (b) Leybold
(3 target co-sputtering).

The first stage of experimentation using onlyrgéd co-sputtering was achieved
sputtering of 76.2 mm diameter and 6.35 mm thicgdts: (1) either a Ni-10wt%Cr,
Ni-20wt%Cr, Ni-50wt%Cr, Ni-20wt%Co-40wt%Cr or Ni-2@%Co-40wt%Cr target
(changed between successive deposition runs) anguf2 Al target. Targets were
supplied by Testbourne and Pi-Kem (Table 4.6).

Ni, Ni-10wt%Cr, Ni-20wt%Cr, and Ni-50wt%Cr targgtsoupled with a pure Al
target) were chosen for these combinatorial studgesuse they allow investigation of
the different potential oxidation behaviours in thieCr-Al system. Figure 4.8 presents
a ternary diagram, superimposed on Figure 2.9, evhiee dotted lines represent the
alloy ranges obtained with the different target borations (Ni + Al, Ni-10%Cr + Al,

Ni-20%Cr + Al).
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Deposition Target 1 Target 2 Target 3

Setl Ni Al

Set 2 Ni-10wt%Cr Al

Set 3 Ni-20wt%Cr Al

Set 4 Ni-50wt%Cr Al

Set5 Ni-2@vt%Co-40wt%Cr Al

Set 6 Ni-4@vt%Co-20wt%Cr Al

Set 7 Ni-10wt%Cr Ni-50wt%Cr Al

Table 4.6 Targets used to deposit NiAl, NiCrAl and NiCoCrAl matings using c-sputtering.

% ;
30 20 10 Ni
«— Criwt%)

Figure 4.8 Composition lines of deposit superimposed on -Cr- Al ternary oxidation diagram [12,
40, 63].

The addition of Co, with the use of the-20wt%Co40wt%Cr or N-40wt%Co-
20wt%Crtargets, was intended to exti these studies to quaternary systems in cto

deposit coatings with compositions closer to contumaéMCrAIYs.
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4.2.5 Sample holders

In this combinatorial study, 158amples with varying compositions were
produced by magnetron sputtering. They were pratiutéatches of 20 to 40, with the
substrates arranged between two sputtering taofelifferent compositions, to produce
a range of BC compositions. Specially designed $ainplders, shown in Figures 4.9
and 4.10, allowed precise substrate location. figige also shows the sample labeling

scheme used in this study.

4.2.6 Calibration

Several deposition runs were carried out on giidss instead of sapphire discs
in order to find the best parameters to give adaange of coating compositions, as
well as the best deposition rates. It was not ptesgo deposit very thick films of the
Ni-Al alloys using magnetron sputtering becausepheamagnetic nature of Ni reduced
the Ni deposition rate. To achieve deposition,dh@mber was pumped to a vacuum of
23 mTorr under the inert Ar gas. A DC plasma wasdusith plasma densities of 0.8 x
10%- 1.7 x 1 W/ (details in Table 4.7). Once, the best depositiarameters were
found, sapphire discs were used. Energy dispebsikay (EDX) analysis was used to
characterize the exact composition of each sampde @ oxidation. Compositions are
plotted for each set of experiment in Figures 4dM.15. The compositions of the

samples used for exposure can be found in Tales @hapters VIII and IX.

67




Influence of curvature on failure, diffusion anddexgrowth mechanisms

DO
OXC:
DEOE

&F!

[

11 mun

Figure 4.9 Location of samples on the sample holdeised for 2 target co-sputtering.

200mm

160mm
O

80mm

Figure 4.10 Location of samples on the sample holdaesed for 3 target co-sputtering.

Power Power Power
density density Target  density
Set  Targetl (W/m?) Target 2 (W/m?) 3 (W/m?)
1 Ni 1.7 x 16 Al 0.5 x 1d
2 Ni-10wt%Cr 1.4x 10 Al 1.1 x 1d¢
3 Ni-20wt%Cr 1.4x 10 Al 1.1 x 1d¢
4  Ni-50wWt%Cr 0.9x 10 Al 1.1 x1d
Ni-20wt%Co-
5 40Wt%Cr 1.4x 16 Al 0.8 x 1¢
Ni-40wt%Co-
6 20wWt%Cr 1.1x 16 Al 1.1x1d
7  Ni-10wt%Cr 55x1b  Ni-50wt%Cr 10 x 16 Al 1.4 x 1¢

Table 4.7 Process conditions used to deposit Ni-Ai-Cr-Al and Ni-Co-Cr-Al coatings using 2 and
3 targets co-sputtering (chamber pressure 23 mTorand 10mTorr respectively).
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Sample
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Figure 4.11 Compositions along the sample holderf@ target co-sputtering (Ni-10wt%Cr+Al).
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Figure 4.12 Compositions along the sample holderf@ target co-sputtering (Ni-20wt%Cr+Al).
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Figure 4.13 Compositions along the sample holderf@ target co-sputtering (Ni-50wt%Cr+Al).
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Figure 4.14 Compositions along the sample holder fo2 target co-sputtering (Ni-40wt%Co-
20Wt%Cr+Al).
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Figure 4.15 Compositions along the sample holder fo2 target co-sputtering (Ni-20wt%Co-
40wt%Cr+Al).

The X-axis of the graphs in Figures 4.11 to 4.]&esent the locations of the
samples between the targets; 0 being under theQdiwK%-Ywt%Cr target (X= 0, 20
or 40 and Y=10, 20 or 40) and 200 being under théarget. For example in Figure
4.11,sample A has got the following composition: ~90 &i%~10 at% Cr and ~0 at%

Al. Similarly, sample F would have the followingraposition: ~ 55 at% Ni, ~ 5 at% Cr

70




Influence of curvature on failure, diffusion anddexgrowth mechanisms

and 45 at% Al. The variation of composition verlicaalong the sample holder was

found to be negligible.
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Figure 4.16 Atomic Percentage of Ni (a), Cr (b) and@l (c) along the sample holder for 3 targets co-
sputtering (Ni-wt%10Cr+Ni-50wt%Cr+Al). The top left corner of the sample holder is located
above the Ni-50wt%Cr target and the top right corne above the Ni-wt%10Cr target.
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Figure 4.16 shows the gradient of elemental coitiposalong the sample
holder, measured with EDX analysis of the sampdesface, used during the 3 target
co-sputtering deposition of coatings (with the Rwi%Cr, Ni-50wt%Cr and Al

targets).

4.2.7 Oxidation of coated sapphire discs

Sample metrology showed that the magnetron co-eugt method successfully
deposited 30 to 50 um thick coatings dependingutrstsate placement. The coatings
were then isothermally oxidised in air for 500 reur furnaces set at 900 and 950 °C.
All samples were weighed every 20 hours, which vedid the evaluation of the
oxidation kinetics. Energy dispersive X-ray (EDX)adysis was used to characterise the
composition of the oxides post-exposure. Additibnak-ray diffraction (XRD) was
used to identify the oxides formed during theseosypes. The selective growth of
protective C§O3 or Al,O3 oxides, or less protective NiO, CoO and mixed egjdvas

observed depending on the initial coating compmsiti

4.3Analytical and observation tools

4.3.1 Scanning Electron Microscopy (SEM)

SEM was extensively used in this study becauselksapreparation is fast and
high magnifications allow the observation of featupresent in TBC systems which

can measure less than a micron.
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Two different kind of SEM were used during thejpob: first by a SFEG-SEM
(FEG stands for Field Emission Gun): FEI XL30 SFH@is alternative to a classical
SEM with a W filament source of electrons, givesnach narrower electron beam
allowing high resolution pictures, up to 300,00B¢€condly an ESEM (Environmental
Scanning Electron Microscope): FEI KL30 ESEM. T8EM uses a classical source of
electrons, but the chamber can be doped with waigour, which allows observations
to be carried out in a relatively low vacuum. Is@lmakes it possible to image non-
conductive materials, as water vapour preventdrelecharge build up; this was used
for surface observations on oxidised samples, whuchld not be coated with a
conductive carbon or gold/palladium coating. Howetle resolution of this SEM is
lower than the SFEG's.

Energy Dispersive X-ray Analysis (EDX) was extee$y used to identify and
quantify the chemical species in the substratetirogs or oxide scales. The X-Ray
detector is an addition to the SEM chamber. Thenatof the material react to the
electron irradiation caused by the X-Ray bombardrbgmreleasing a photon during the
energy relaxation of electrons from the electrarouid surrounding the atom core. The
energy of the dispersed photon is equal to thesrdiffce in energy level between the
excited and the standard status of the concerrexdreh, which is typical for each
element of the periodic table [125]. The size @& thgion observed using the EDX is
1um? for the SEM whereas spatial resolution is 0.2imTEM.

Modified aerofoil-shaped samples were mountedaird lresin (filled with glass
beads (ballotini)) in a specially design mould (&pdix A), cut in half, polished and
then coated with a thin coating of Au and Pd befoetng put in the SFEG-SEM

chamber. Observations were usually carried usitighge of 20 KV and a spot size of
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5. Single point quantitative analysis, concentratime Iprofiles (number of points per
line depending on the area to characterise) anghmgpvere carried out using EDX.
NiCoCrAl coatings deposited on sapphire discs vafrgerved under the ESEM
and their compositions characterised using singlmtpEDX quantitative analysis.
Since they are metallic coatings, they did not megthe application of any conducting

film. Cross-sections were mounted in Durocit resmd polished.

4.3.2 X-Ray Diffraction (XRD)

XRD was used as an analytical tool. XRD of coaapphire discs, as deposited,
or oxidised were carried out in order to make ditpieve analysis of the compounds or
oxides in the system. The diffractometer was maudgd with a typicah/20 layout in
vertical diffractometer mode. The XRD system isieangns D5005 loaded with a Cu

K-alpha X-ray tube [125]. 2-2-1 slits were usedidgithis project.

4.3.3 Focussed ion beam (FIB)

FIB system use a finely focused beam of galliumsithat can be operated at
low beam currents for imaging or high beam currdotssite specific sputtering or
milling (unlike SEMs that use a beam of electrodg)low current, typically between 1
and 70pA, FIB is used for imaging, as the sputtgyiield is very low for these values.
Above 70pA, the beam is energetic enough to ndilgeaill the substrate. Increasing
the current transfers more energy to the surfacereasing the current reduces the

milling time. However, it increases the thermakated zone around the milled section.
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The FIB facility at Cranfield is a single beam Fiore recent systems have a
dual beam with integrated SEM in the chamber (abéel at Bristol University (FEI
Helios) and used for this thesis as well). Thigwall the user to observe the sample
while it is sputter etched by the ion beam. Thiatdee is particularly useful for
transmission electronic microscope (TEM) sample ufecturing. On Cranfield
apparatus, the operator works “blindly”: imaging toe sample at low current, then
programming the milling pattern, and closing théedwr when actually milling (the
high contrast created by high energy milling wobidst the single secondary electron
detector). [125]

FIB was used in Bristol University to prepare sagspior TEM analysis. They
were lifted-out from the cross-sections through #éxposed and mounted modified-
aerofoil shaped samples in order to observe th@ &0/ and TGO/BC interfaces. The
manufacture of the TEM samples was very delicatabee it had to mill 3 different
types of materials (YSZ, AD; and MCrAlY). Pt was deposited on the area of gger
(20 x 1 um). High beam current was used to mill erttact the slice (6.5nA operating
at 30kV). When the lift-out section was 1-2 pm, therent was lowered to prevent
cracking of the sample in the YSZ layer or compldigappearance of the sample
(because of the faster milling rate of the metskin (Figure 4.17(a)). The sample is
tited in order to cut the section so it is almdste standing, it is attached to a
microscopic needle with platinum in order to béelif out (Figure 4.17(b)) and welded
on a Cu grid. It is then further thinned down (Or2Z8 93pA and 48pA) until it reaches
a thickness of 100 nm. The FIB lift-out is thenaatted in-situ to a sample holder in

order to be transported to the TEM.
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Figure 4.17 FIB images of the preparation of a liffout sample. (a) the thin section at the TC/TGO
and TGO/BC interface being thinned down and (b) thesample being lifted-out.

4.3.4Transmission electronic microscopy (TEM)

TEM is used for high resolution imaging, and can go up to a magnification of
1000kX in transmission mode with the facility used. TEM was not extensively used
in this study, and observations were carried out with a specialised operator. The

machine used was a Philips CM20 transmission Electron Microscopecoupith an

Oxford Instruments INCA X-ray Microanalysis systéEaDX).

The samples lift-out using the FIB were observsmgithe TEM and had to be
extremely thin. For observations, the beam of l@gargy electrons was driven through
a series of electromagnetic lenses, through thstiatb and then focused onto a screen.

The acceleration voltage was 200kV.
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PART | - EFFECT OF THE SAMPLE
GEOMETRY ON THE APS/TBC SYSTEM’S
OXIDATION BEHAVIOUR

The effect of aerofoil geometry on the behaviour TC systems at the
microscopic scale is of interest due to its possibffect on their life. Coating
detachments have been noted on blades’ leading epigessure sides and trailing edges
[100]. To account for this DeMasi and Sheffler [L88ted that normal stresses could
be introduced to a curved surface’s coating by tdregential compressive stresses
present and these could result in ceramic spatlatio

The oxidative degradation mechanisms of an APS/TtBated superalloy and
the effect the aerofoil shape had on its behavims been investigated. Details of the

TGO’s microstructural evolution, the BC and theendiffusion between the BC and

77




substrate were characterized (Chapter V). In otdedetect and track the spread of
cracks beneath the TBCs before spalling, flashnibgraphy, a novel non-destructive
examination (NDE) technique was used (Chapter Ve following results describe
the experimentation done on a range of modifiedfagrshaped samples, coated with a
HVOF sprayed BC plus an APS/TBC and tested undeditions appropriate for an
industrial gas turbine TBC system (exposure intdmaperature range of 900 to 1000
°C). While initially focussing on the effect of aature, the investigations expanded to
consider the effect of BC and TC thicknesses atetface roughnesses on the diffusion
behaviour of the different elements present inctb&ting system. An attempt to explain
the intricate influence of curvature, thickness andghness of both BC and TC is
presented in this chapter (Chapter VII).

To begin with, the damage evolution on the modierofoil-shaped samples is
presented along with the results of the pulsedcfth®rmography experiments. Then,
after explaining the evolution of the BC microsttue with exposure time and
temperature, the effect of curvature will be comregato BC behaviour. Part of the
following discussion is aimed at explaining why teometry affects the BC and how it
modifies the lifetime of the whole system, by fosing on the TGO growth (protective
Al,O3; and less-protective spinels/mixed oxides) and #fusion as well as the TC
microstructure. Some of the work in this chaptes baen presented in a published

paper (Materials at High Temperatures) [126].
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CHAPTER V- THE INFLUENCE OF CURVATURE ON
FAILURE, DIFFUSION AND OXIDE GROWTH
MECHANISMS

5.1The influence of geometry on the failure of moditieaerofoil-shaped
samples

The effect of the modified aerofoil-shaped sampjepmetry on the behaviour
of the APS/TBC system subject to oxidation at 9004l °C was investigated. The
initiation and propagation of cracks on samplesevarserved using NDE methods (i.e.
optical microscopy and pulsed flash thermograpimg) destructive methods (i.e. SEM).
Coating characteristics such as the BC, TGO amikipivere compared as a function
of curvature. The different features of the modifiaerofoil-shaped samples are
described using the nomenclature given in Figurlk 4r in a reference sheet in
Appendix I. In figures describing the samples, thacave side refers to the pressure

side of the blade and convex to the suction side.

5.1.1 Evolution of damage on the oxidised modifieglerofoil-shaped samples

Important damage occurred on samples oxidisedeab6® °C and was characterised
by the appearance of cracks initiating at the edgfethe samples. Figure 5.1 depicts the
evolution of cracks on sample 81-BSYA-15, oxidisgd50 °C for up to 5000 hours. Cracks
were first spotted on this sample after 1350 hd&igure 5.1(a)) and were located on the
leading edge of the blade (locations A and B). Af@00 hours, these cracks had propagated
toward the suction side of the blade (Figure 5)1(®nally after 5000 hours, damage appeared

at location D and E of the sample and after a daybthe furnace, critical delamination of the
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ceramic TC happened on the blade’s suction sidmaga was located at the same locatiol
the sample oxidised at 1000 °C, as showiFigure 5.2In these pictures of sample-BSYA-

23, the TBC coating gradually delaminated at lacaf and E, between 1350 and 1500 hc

Figure 5.1 Photographs oample 81-BSYA-15 oxidised at 950 °C for (a) 375Qb) 4000, and (c) (d)
5000 hours.Black arrows point to coating delamination.

Figure 5.2 Photographs osample 81-BSYA-23 oxidised at 1000 °C for (a) 135@nd (b) 1500 hours.
Black arrows point to coating delamination

Such damage could be seen when the cracks prodagmeatly and sample
approached the end of their life. Ordinary charéaton methods do not enable the exter
failure propagation to be checked without destrgyihe sample. This is why a noWNDE
technique (called pulse flash thermography) wasl tie@bserve the extent of cracking ben

the ceramic TC.
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5.1.2 Pulsed flash thermography of the modified aefoil-shaped samples

Samples were regularly taken to NPL to observenatedamage using pulsed
flash thermography. As a result of the alteratibheat conduction with cracks present
beneath the ceramic, the IR camera could detecaganOn the thermographs, flaws
appeared with a different contrast to the reshefsample, making identification easy.

The damage evolution on modified aerofoil-shapedmas oxidised at 1000°C
is shown in Figures 5.3 to 5.5he light grey colour represents cracking in thaticm.
The dark grey colour represents coating delaminat®amples were observed after
1050, 1350 and 1500 hours oxidation. Looking atufég5.3, after 1050 hours of
oxidation of sample 81-BSYA-17, a small crack appdat B (position given in Figure
4.1 and Appendix Ipn the right hand side of the sample (Figure 5)3@0)0 hours
later, the crack in B propagated and another teiian A (Figure 5.3(b)). After 1500
hours of oxidation, the crack starting at A andobh¢d. The sample also began to be

damaged at D and E (Figure 5.3(c)).

a) Edge b) Edge c) Edge

Convex Concave

81-BSYA-17
1000°C - 1050 h

Convex

Concave

81-BSYA-17
1000°C - 1350 h

Convex

Concave

81-BSYA-17
1000°C - 1500h

Figure 5.3 Schematic representation of the damagev@ution in sample 81-BSYA-17 oxidised at
1000 °C. Sample was oxidised for (a) 1050; (b) 1358nd (c) 1500 hours. Damage beneath the

ceramic TC appears in grey.
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Unlike sample 81-BSYA-17, sample 81-BSYA-19 (Fig&.4)showed damage
in D and E after 1050 hours of oxidation while remthge could be observed in A or B
(Figure 5.4(a)). After further oxidation, cracks tdme “bump” propagated and some
appeared in A, as for the other sample (Figureb}.4Finally after 1500 hours, large
cracking occurred at region F on the sample’s cor{gaction) side. The damage at D
and A did not seem to propagate. New cracks apgeareegion B (Figure 5.4(c)). It
was considered that sample 81-BSYA-17 had failégl 4500 hours of oxidation since

damage covered more than 20% of its surface.

a) Edge b) Edge C) Edge

Convex Concave Convex Concave Convex Concave

81-BSYA-19 §1-BSYA-19 81-BSYA-19
1000°C - 1050 h 1000°C - 1350 h 1000°C - 1500h

Figure 5.4 Schematic representation of the damagev@ution in sample 81-BSYA-19 oxidised at
1000 °C. Sample was for oxidised for (a) 1050; (K850 and (c) 1500 hours. Damage beneath the
ceramic TC appears in grey.

Sample 81-BSYA-23 was more damaged than the tweraamples when it
was first analysed after 1050 hours. In Figured,5{amage could be seen in region B
on both edges of the sample. On the left hand theéecracks extended towards A. Like
the other samples, damage was present in regiarsdE. After 1350 hours, in Figure
5.5(b), propagation occurred through regions A Bnand started on the suction side
following the edges. Cracks were also entirely ciogeregions D and E. After 1500

hours, parts of the coatings detached from thetsatbsn D, E and A (as represented by
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dark grey colour in Figure 5.5(c)gracks propagated on the suction side of the sample

and in region F.

a) Edge

na info

Convex Concave Convex Concave Convex Concave

81-B5YA- 23 81-BSYA-23 81-BSYA-23
1000°C - 1050 h 1000°C - 1350 h 1000°C - 1500h

Figure 5.5 Schematic representation of the damagev@ution in sample 81-BSYA-23 oxidised at
1000 °C. Sample was oxidised for (a) 1050; (b) 1358nd (c) 1500 hours. Damage beneath the
ceramic TC appears in grey. Delamination of the cemmic TC appears in dark grey.

The damage evolution in samples oxidised at 97 ¥hown in Figures 5.6 and
5.7. For sample 81-BSYA-36, after 1950 hours ofosype, the first signs of cracking
could be seen in locations A and B (Figure 5.6(a))ocation A, the crack propagated
across the leading edge of the sample. Damage beusdso observed on the pressure
side of the blade in region a. After further oxidat it did not propagate and was
therefore considered not to be caused by high teahpe exposure. The cracks
propagated greatly between 1950 and 2850 hours@reted most of the suction side
of the sample as well as location D, E and c orptiessure side (Figure 5.6(b)). Finally
after 3000 hours, when the sample exposure wasnatea, the damage propagated on
the bump and initiated at location F (Figure 5.5(c)

In sample 81-BSYA-37 (also oxidised at 975 °C),ckgasimilarly propagated
on the convex side of the blade and on the bungu(€i5.7). After 2850 hours, damage

could be spotted in location F (Figure 5.7(b)). Extent of oxidation of this sample
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after 2700 hours, was much more significant thanpda 81-BSYA-36 since none of

the convex side of the sample was free of cracingure 5.7(c)).

a) Edge b) Edge c)

Convex Concave Convex Concave Convex Concave

81-BSYA- 36 §1-B5YA- 36 #1-BSYA- 38
g75°%C - 1950 h 975°C - 2850 h g75°C - 300Ch

Figure 5.6 Schematic representation of the damage@ution in sample 81-BSYA-36 oxidised at 975
°C. Sample was oxidised for (a) 1950; (b) 2850; and) 3000 hours. Damage beneath the ceramic

TC appears in grey.

a) Edge b) Edge c)

feinfe

Convex Concave Convex Concave Convex Concave

81.BSYA- 37 81-BSYA- 37 81-BSYA- 37
975°C- 900h Q7ECLAQEN K 975°C- 2700h

Figure 5.7 Schematic representation of the damage@ution in sample 81-BSYA-37 oxidised at 975
°C. Sample was oxidised for (a) 900; (b) 1950; ar{d) 2700 hours. Damage beneath the ceramic TC

appears in grey.

The damage evolution on modified aerofoil-shapea@es oxidised at 950 °C
are shown in Figures 5.8 and 5.9. Samples werengdsafter 4500 and 4760 hours of

oxidation. Figure 5.8 describes the evolution omdge in 81-BSYA-10. After 4760
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hours, damage had initiated in region B on the trigand edge of the sample
(Figure 5.8(b)). This was similar to sample 81-BSY¥7 in Figure 5.3 oxidised at

1000°C. No other damage could be seen in this sampl

b)

Conves Concave Conves Concave

@1-BSYA-10
F50°C - 47600

21-BSYA-10
950°C - 4500 h

Figure 5.8 Schematic representation of the damage@ution in sample 81-BSYA-10 oxidised at 950
°C. Sample was oxidised for (a) 4500; and (b) 4@éhours. Damage beneath the ceramic TC
appears in grey.

a) b)

Edge

3

7

Convex Concave Convex: Concave

21-B8va- 11
950°C - 4500 h

81-B5YA- 11
350°C - 4760h

Figure 5.9 Schematic representation of the damage@ution in sample 81-BSYA-11 oxidised at 950
°C. Sample was oxidised for (a) 4500; and (b) 47®&@urs. Damage beneath the ceramic TC appears
in grey.
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Much more cracking was recorded on sample 81-B3YAexposed at 950 °C
(Figure 5.9). After 4500 hours oxidation, damages whserved at regions A, D and E.
There were also cracks on the right hand side gibrneC. Cracks were always located
on the edges of the sample (Figure 5.9(a)). Aftestlaer cycle, these cracks had not
spread much but new ones had appeared in regibigéré 5.9(b)).

The evolution of cracks at 950 °C was slower tha@7% and 1000°C. Cracks

usually initiated in regions A and B first, thenDnand E.

a] Edge b} Edge C] Edge

no info na info

Convex Concave Convex Concave Convex Concave

§1-B5YA. 28
925°C - T40h

81-B5YA- 28
925°C - 5500 h

81-B5YA- 28
925°C - 8740 h

Figure 5.10 Schematic representation of the damagsvolution in sample 81-BSYA-28 oxidised at
925 °C. Sample was oxidised for (a) 740; (b) 5508nd (c) 8740 hours. Damage beneath the ceramic
TC appears in grey.

At 925°C samples, against expectations, some staatage could be observed
on the concave side of the blade at region a &€r hours of oxidation (Figure
5.10(a)). After further oxidation, this damage didt propagate and was therefore
considered not to be high temperature exposurahgyehduced cracking. As for a
similar feature observed at 975 °C, it was suppdeelde damage caused during the
manufacturing of the sample. The first signs of aype induced cracking appeared
after 5500 hours of exposure and were located enldft hand edge at location B

(Figure 5.10(b)). After 8740 hours, this crack @gated and another one appeared on
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the right hand edge of the sample at location Bufe 5.10(c)). After 18,000h of
oxidation, no damage could be seen on samplessexidit 900 °C.

The presence of cracks identified by flash themaplyy was partly verified by
optical microscopy on the edges of samples, as shawFigure 5.11 which shows
microcracks at location B and location E of the gmCracking away from the edges

was later confirmed by the observation of polisbexbs-sections through the samples.

Figure 5.11 Optical microscope image of cracks in anodified aerofoil shaped sample exposed at
950 °C for 3000 hours with flash thermography data.

5.1.3 Observations of crack development using SEM

A range of crack profiles were observed, around dhmples’ cross sections
using a SEM (Figure 5.12). The coatings’ oxidattemperature, exposure time and
curvature did not seem to induce a particular patbé failure. Cracks ran through the
TGO (Figure 5.12(a)), at the TGO/BC interface (Fegb.12(b)) or at the TBC/TGO
interface (Figure 5.12(c)) and in some cases crekshrough spinels (Figure 5.12(e)).
When a lot of TGO surface undulation was preseatks ran through the TBC (Figure
5.12(d)). Echsler et al. [98] observed similar &rgwofiles. The only apparently
consistently observed crack feature influenced lnywature was the vertical cracking

through the TC at the trailing edge (Figure 5.)J@ER6].
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Crack at TGO/BC
interface

F—— 20 pm 1 20 pm

Crack in TGO

Crack through TC

Crack at TC/TGO
interface

50 pm

.e)

Crack through spinel

1 20 pm

Figure 5.12SEM image of a crack running(a) through the TGO (b) at the TGO/BC interface(c) at
the TGO/TC interface (d) through the TC (e) through spinel and {) vertically through the TC.

5.1.4 Summary

To summarise, the use of flash thermography shahatdat high temperatur

cracks initiated first at the leading edge and he tbump” (region D) and the
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propagated along the edges and across the san@desage also propagated at the
trailing edge and finally on the flat convex sudaaf the sample (Figures 5.13 and
5.14). This indicates that the sample shape hamfarence on crack initiation and

propagation. The amount of damage varied betweemplea with the same exposure

times/temperatures [126].

a)

Convex

Concave

81-B3YA-23
1000°C - 1050 h

Convex Concave

81-BSYA-23
1000°C - 1350 h

c)

Convex Concave
8§1-B5YA-23

1000°C - 1500h

Figure 5.13 Flash thermography data showing damagevolution in a sample isothermally oxidised
at 1000 °C for exposure times of (a) 1050; (b) 1350and (c) 1500 hours. Light contrast

indicates sub-surface damage.

a)

b)

c)

81-BSYA-15
950°C - 4000 h

Concave
81-BSYA-15

Convex

950°C-4500 h

81-BSYA-15

950°C-4760 h

Figure 5.14 Flash thermography data showing damagevolution in a sample isothermally oxidised
at 950 °C for exposure times of (a) 4000; (b) 450and (c) 4760 hours. Light contrast indicates sub-

surface damage.
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5.2 Influence of the curvature on the evolution of tH®C microstructure

5.2.1 Understanding the effect of exposure time dhe oxidation behaviour
of an APS/TBC system

All TBC coating systems exposed to high tempeshave a common oxidation
behaviour which is well established in literatu@hépter II). In this section, the basic
diffusion/inter-diffusion mechanisms occurring irhet modified aerofoil-shaped
samples, such as the BC depletion of fHgiAl phase, the TGO growth and the SRZ
formation, are characterised, described and exgdaiifhe first stage of observation
ensures that samples have behaved as expectedpi@riously reported research
carried out on similar materials, in order to allavcomparison of the results.
Furthermore, testing the modified aerofoil-shapathgles at a range of temperatures
(900-1000 °C) enabled the comparison of oxidatioacmanisms under different

exposure conditions.

5.2.1.1 Depletion of thg-NiAl phase and the growth of the protective@l
layer with exposure

Within the MCrAlY BC, theB-NiAl phase constitutes the Al reservoir which is
used to grow the protective A3 during exposure at high temperatures [12]. As the
TGO thickens, the amount of Al in the BC reduceassaag the gradual depletion of the
B-phase. Figure 5.15 depicts the evolution of BAsaition C (with this region chosen
as an example because of its relatively flat cumegtin samples oxidised at 925 °C for
up to 7000 hours. Before exposure, flRghase grains, in dark grey contrast within the
BC (Figure 5.15(a)), were fine and evenly distrdzlin the layer. At this stage, the

TGO was non-existent (or very thin) and the SRZ,ciwhwas formed during
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manufacturing, smaller than 10 pm. After 100 haxposure (Figure 5.15(b)), tifle
NiAl grains present in the BC increased in size arwbne free of-phase, of 15 pm
thickness at the outer edge of the BC, accompayatie growth of the TGO layer, in
dark grey contrast, at the TC/BC interface. ThalexXayer (TGO) at this stage was 1.5

pum thick.

Figure 5.15 Evolution of the APS/TBC system under>adation at 925 °C. SEM images of the BC
and TGO in location C of (a) an as-deposited sampland samples exposed for (b) 100 hours; (c)
4000 hours; and (d) 7000 hours. Dotted white arrowsidicated B-depletion zones.

This p-depleted zone, called the outward depletion zdvaes, ay-Ni matrix
(confirmed by EDX analysis), and is created bydktusion of Al from the BC to the
TGO. Beneath the BC, the SRZ remained the sameasideno inward3-depletion,

from the BC to the substrate, could be observeterAf000 hours (Figure 5.15(cps

NiAl grains continued to increase in size and app®are scattered than on as-
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deposited coatings. The outwdrdiepletion zone progressed deeper into the BCn22 p
thick, as the TGO thickened up to 3.7 um. Closdéh® BC/substrate interface, an
inward B-depletion zone, characterising the diffusion oftélthe substrate, appeared
and measured 35 um. This zone hasg-Mi/y’-NizAl matrix (confirmed by EDX
analysis). Finally, after 7000 hours (Figure 5.)h(the outward and inwargtdepletion
zone joined together, leaving the BC totally degadein f-NiAl. The TGO was 5.3 um

thick.

TGO thickness (um)
w £ ol

N

=

Average

0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (hours)

Figure 5.16 Median TGO thickness at different locion around samples oxidised at 925 °C against
time. Plain, dotted and dashed lines respectivelyoorespond to convex, flat and concave curvatures.

The growth of the TGO, which was measured at evecation around the
modified aerofoil-shaped samples (Appendix D), Wasded in two stages, as seen on
Figure 5.16. In the graph, the trend appears ab-garabolic curve which is composed
of a first part with a higher slope and a second gzt was less steep. The fast
oxidation rate described by the high slope, thesient stage, correspond to the rapid
growth of transien®-Al,Os; and it is followed by the steady-state stage, sequart of

the curve, during which stable slow growingAl,Osz replaces totally or partially
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(depending on temperature) the transient oxidde tiend is the same at every location
around the sample meaning that growth mechanismsineidentical regardless of

geometry. This aspect will be investigated in geedetails later in this chapter.

5.2.1.2 Identifying the less protective mixed oxdsiginels in the TGO layer

The depletion of Al from the BC, as a result oiesgve oxidation to maintain
the protective AlO; layer, causes a compositional change in the T@é@ &-Al,03to
include a mixture of chromia and spinels ((Crz8) and (Ni(Cr,AlxO,)). Under the
SEM those less protective oxides appear in a ligltentrast than the ADs
layer (Figure 5.17). Usually located close to t@OV'TC interface as isolated clusters
or more rarely a continuous layer, they are made ome single phase
((Co,Ni)(Cr,Al),QO4) (Figure 5.17(a)) or of two phases ((Co,Ni)(Cra8) and
(Co,Ni)O) (Figure 5.17(b)). In the ADs layer, Ti associates with Al to form Ti
aluminate precipitates which appear as white phasdbe dark TGO layer. These

different phases were identified using EDX analyBigures 5.18 and 5.19).
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Figure 5.17 SEM images of TGO layer in sample oxided at 950 °C for 4000 hours. Pictures of
spinels/mixed oxides at (a) location D and (b) lotian c.
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EDX mapping highlighted the concentration of Cal &r in the spinel/mixed
oxide. Spinels/mixed oxides contain very small antswf Al and Ni concentrated at
their cores (Figure 5.18). The compositions ohegaltase are given in Figure 5.19. The
compositions of these mixed oxides are consistetht @bservations made by Chen et
al. [36] who found levels of Ni+Co up to 5-16 at¥daAl+Cr of 28-43 at%.

These less protective oxides have a detrimentattebn the coating’s life as
they are believed to help the initiation and praiem of cracks [36,50,78,79].
However, their presence highlights a change oldifin behaviour in the coating and
can be used to understand oxidation mechanismeethdhey require different oxygen
partial pressure to grow compare to@4[12], they need more space between the TC
and the oxide due to their larger volume changethenl location seems to be dictated
by the TC microstructure as well as the TC/TGO riatee profile [36,56,80]. Even
though they are extensively described in literagttheir effect on the coating system’s

lifetime still needs to be clarified. This will lakscussed later in Chapter VI.

Electronimage O Kgy AlKa,

Cr a1 ~ Co Kag Ni Ka,

Figure 5.18 EDX mapping of spinel/mixed oxides in GO from location a in sample oxidised at 925
°C for 7000 hours. Spinel/mixed oxide is circled imed.
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Figure 5.19 Composition in at% of different phasesconstituting a spinel/mixed oxide and
precipitates present in the TGO. The black bars she the composition of the dark grey phase. The
dark grey bars show the composition of the light ggy phase. The light grey bars show the
composition of a white precipitate.

5.2.1.3 Evolution of the SRZ at the BC/Substratsfimce with exposure

The diffusion of Al from the BC to the substradads to an increase of the SRZ
thickness with time at the BC/substrate interfdodially the SRZ was only a few
microns thick and composed of the substragesli ;Al (light grey phase)p-NiAl (dark
grey phase) and intermetallic TCP phases, richeswi elements such as W, Ta or Re
(white phase) (Figure 5.20(a)). With further expestime at 900-1000 °C the SRZ
increased in size and changed microstructure. Ei§u20(b) shows the microstructure
of the SRZ after 7000 hours at 900 °C and is remtasive of most samples. The size of
the SRZ increased greatly with exposure time, riegch7 pum thick after 15,000 hours

(Figure 5.20(c)). Under the BC/substrate interfaceone free of TCP phases formed
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and in the rest of the SRZ light grey precipitadgpeared and the white precipitates

increased in size.

Substrate ' ‘
. . Y .
v-NizAl (matrix) Substrate TCP phase

——— 20 pm

’ TCP phase

F— 50 um

Figure 5.20 Evolution of SRZ with time. SEM image®f BC/Substrate interface in location C on as-
deposited sample (a) and samples exposed at 900f6€7000 hours (b); and 15,000 hours (c).

Figure 5.21 shows the results of EDX mapping danéhe SRZ at location F on
the same sample. The sample was etched in ordezetohe phase structure of the BC
and the SRZ. The analysis showed the SRZ was cadpafsa Ni and Al-rich matrix
(y phase, which was etched away leaving raised phasaking grain boundaries).
Indeed accordingly to the composition of the CMSXubstrate and the AMDRY 995
BC (which can be found in Table 4.1), more Ni wasrded in the SRZ and more Cr

was present in the BC. However, more Al should lbgeoved in the BC rather than in
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the SRZ, confirming that Al had diffused from omagér to the other and that the SRZ is
partly made of/’-Ni3Al.

A phase rich in Cr and low in Al and Ni-Cr) gathers at the grain boundaries.
EDX analysis showed that the white phases appeamimgFigure 5.21(f) were
intermetallic TCP phases, rich in W and Ta. Laterirty exposure, the SRZ was still
made of two zones and increased in size, reachingr8 after 15,000 hours (Figure
5.20(c)). The grain size of the precipitates aksensed bigger but this was not the case
for every sample and quantifying their size to aomfthe trend could not be achieved

accurately enough.

Etche

CrKal Ni Kal SRZ (no etching)

Figure 5.21 EDX mapping of the SRZ. Image of locatn F on an etched sample exposed for 7000
hours at 900 °C. (a) and (b) are SEM images of artohed sample. (c),(d) and (e) are the scans of (a)
and (b). (f) is a SEM image of the SRZ at locatiof before etching. Dotted lines represent the limit
between the SRZ and the BC. Red circles corresporid a Cr rich precipitate in the SRZ.

The thickness of the SRZ in samples exposed at@00as measured at every

location around the sample (Appendix H) and plotigdinst time in Figure 5.22 (the
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SRZ thickness of the samples exposed at higheremnpes can be found in Figure
5.29). While the TGO growth followed a sub-parabdiehaviour, the SRZ’s evolution
was described by parabolic trend composed of aafadia steady state. The fast growth
rate in the first stages of oxidation might be eyexgted by the heat treatment processes
carried out before deposition of the TC. This ilase of the SRZ with time is common
to each modified aerofoil shaped sample regardiésse exposure temperature. Even
though TGO and SRZ follow a different growth trenfdye suppose that they both
grow parabolically (as described by equation ()% growth ratekrcoy of the TGO
would average around 1.5xiQunf/s while the SRZ growth ratesrz)would average

around 4.0x18 pun/s.
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Figure 5.22 SRZ thickness as a function of time isamples oxidised at 900 °C. Plain, dotted and
dashed lines respectively correspond to convex, fland concave curvatures. See nomenclature on
reference sheet at end of thesis.
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5.2.2 Understanding the effect of exposure tempenate on the oxidation
behaviour of an APS/TBC system

5.2.2.1 The effect of exposure temperature on @@ drowth

Modified aerofoil-shaped samples were exposecerperatures between 900
and 1000 °C to allow the investigation of the dffet temperature on the oxidation
behaviour of the APS/TBC system.

The samples were weighed regularly between eaaaion cycle (Appendix
B) to give an indication of the extent of oxide @tb for each sample. The average
mass gain of the samples at each temperature, éet@@0 and 1000 °C, is plotted
against time in Figure 5.23. For each temperatutée graph, the trends appeared as a
combination of parabolic and linear curves whichreveomposed of a first part with a
higher slope and a second part that was less skapthe first hundred hours of
oxidation, the mass gain was quick, correlatinghwilie fast growth of thé-Al,O3
oxide during the transient stage of oxidation. Thkee mass gain slowed down in
accordance to the formation of the slow growinrgl ,Os. As the temperature increased,
the mass gain rate increased as well which canxprieed by looking at the TGO
growth equation found in literature [1]:

P =2kt+C (1)
whereh is the thicknesg, time andk, the parabolic rate constant. Sirgeollows the
Arrhenius law, the increase of temperature willagieinfluence the rate at which the

TGO grows and so, the mass gain of the samplesAirhenius equation fdk,is [1]:

ky, = k,exp(— E/RT) (12)
where k is the standard rate constant, T is the temperatrthe activation energy

(J/mol) and R the gas constant (J/mol/K). The act@O thickness of the modified
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aerofoil-shaped samples can be seen in Figure 312d.similar trend of the curves

confirms the relation between mass gain and TGQvitroModelling of the TGO

growth is described in more detail in Chapter VII.
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Figure 5.23 Average mass change of samples exposed to temperagibetween 900 and 1000 °C as

a function of time.
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Figure 5.24 Average TGO thicknesses of samples exgal to temperatures between 900 and
1000 °C as a function of time. Errors bars represdrthe standard deviation.
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5.2.2.2 The effect of exposure temperature op-thepletion and the SRZ

The accelerated growth of the TGO with temperawineech was shown by the
accelerated mass gain (Figure 5.23) and TGO thak(fegure 5.24) was accompanied
by an accelerated depletion of {pNiAl phase from the BC (Appendix F). Figure 5.25
plots the amount dgi-phase remaining in the BC at location C as a fanabf time for
temperatures between 900 and 950 °C. The timehfrsamples’ BC to be depleted
decreased as the temperature increased. Samptseokat 950 °C were completely
depleted after 4000 hours of exposure while thesooridised at 900 °C were
completely depleted after 15,000 hours. The peagendfp-NiAl remaining in the BC
of samples oxidised over 950 °C could not be pibtiecause at the time the samples

were taken out to be observed under the SEM, irt nases the BC was already totally

depleted.
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Figure 5.25 B-NiAl depletion in location C on samples oxidised tatemperatures between 900 and
950°C. The dotted line is an estimation of thp-depletion trend.
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As well as accelerating the depletion BNIAl from the BC, the oxidation
temperature seemed to modify the diffusion mecmasisf Al from phases other th@én
in the BC. It is important to note that accordilmgthe Ni-Al binary phase diagram
(Figure 5.26), as the fraction of Al diminishes ihe Ni-Al system at constant
temperature, starting from theNiAl phase, it gradually transforms in{o-NisAl and

then intoy-Ni.
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Figure 5.26 Al-Ni binary phase diagram [127]. Addeddashed lines represent the temperatures of
900 and 1000 °C. Grey arrow represents the phaseamge when the amount of Al decreases.

In Figure 5.27 SEM images with enhanced contr&s Bre shown with similar
thickness at location C in samples oxidised at @G and 1000 °C. The exposure
times of 15,000, 2700 and 1050 hours, respectiwebre chosen because they were
close to the end of samples’ life or the startasiufe. Also, the TGO thickness, around
5 pm thick, was similar on each of them meaning #ghsimilar amount of Al diffused

from the BC to form the oxide layer. Below 950 °@e B-NiAl depleted BC was
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divided into two different zones (Figure 5.27(djirst, a zone close to the BC surface
contained only the-Ni matrix, whose Al level is the lowest in the B&round 10 at%),
as Al had been used to grow the TGO. This zonebeaassociated with the outwdgid
NiAl depletion zone and measured around 35 um. Ttlensecond zone, beneath the
Al-depleted one, was made of a mix1eNi and y'Ni3Al, appearing as a light grey
phase on the SEM image. Because this zone’s boyedarcided with the boundary of
the outward Al depletion zone on a large majorifytke SEM pictures, it was
considered to correspond to the inwg@rdepletion zone (in case of a totally depleted

BC).

Figure 5.27 SEM images of phases present in the B@ location C on samples exposed at (a) 900
°C; (b) 975 °C; and (c) 1000 °C for 15,000, 3000 @ri050 hours respectively (samples are close to
failure). Black arrows correspond to the outward aml inward depletion zones.
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In parallel with the change of diffusion behavidarthe BC with increasing
temperature, made obvious by the re-precipitatioth® f-phase from the substrate to
the BC, a modification of the microstructure in tBRZ at the BC/substrate interface

was observed.

Figure 5.28 Effect of the temperature on the micrdsucture of the SRZ. SEM images (enhanced
contrast) of the BC/substrate interface in locationC on (a) samples exposed at 950 °C for 4000
hours (b) exposed at 975 °C for 2700 hours; (c) arekposed at 1000 °C for 1050 hours. The black
dotted lines represent the BC/Substrate interfacelThe white arrows represent the SRZ.

Figure 5.28 shows the SEM images, with enhancetrast, of SRZ at location
C, at increasing temperature in samples close ¢ ethd of their lifetime. With
increasing temperature, the amount of TCP closthéoBC/Substrate interface rose,
indicating a more pronounced diffusion of heavynedats towards the BC. The

precipitation of the white phase could be causearbyncrease in Al content since Al
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reduces the solubility of some heavy elements, sischa [47]. At the same time, TCP
close to the SRZ/substrate interface possessed-kkelanicrostructure and seemed
evenly scattered unlike at lower temperatures (iga20) suggesting a change of
lattice orientation. Moreover the progression fritva BC to the SRZ of theNi phase,

characterised by the dark grey matrix, accompahiethe disappearance of the light
grey y-NizAl, confirms the diffusion of Al (mechanisms willebexplained in

section 6.1). Finally, as a remark, the absendéraich phase in Figure 5.28(c), is not
representative of other samples. As for the TG®,gitowth rate of the SRZ increases
with temperature (Figure 5.29). The growth ratewalated from the SRZ thickness data,
considering the behaviour parabolic (as describedduation (1) and shown in Figure
5.29), the growth ratiksgz)increased from 7.7x10unt/s at 900 °C to 9.8x1tunt/s at

1000 °C (Table 5.1).
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Figure 5.29 Average SRZ thicknesses of samples egpd to temperatures between 900 and 1000 °C
compared to a model derived from a parabolic behaweur (Equation (1)) as a function of time.
Error bars represent standard error.
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Temperature (°C) 900 925 950 975 1000

Ksrz (LMP/S) 7.7E-05 12E-04 22E-04 57E-04 9.8E-04

Table 5.1 Table 1 Value of SRZ Growth rate with terperature.

The measured inward and outwgsetlepletion zone thicknesses are plotted
against time in Figure 30. Important scatter in tteda was caused by the rough
TGO/BC and SRZ/BC interfaces. However, generallg thend described by the
outward B-depletion zone thickness as a function of time wiasilar to the trends
obtain from the TGO thickness data in Figure 5.24levthe trend described by the
inward B-depletion zone thickness as a function of timsimsilar to the SRZ growth
trend shown in Figure 5.29. This is in accordawdé known TGO and SRZ growth
mechanisms which rely respectively on the outwand iaward Al diffusion from the

BC.
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Figure 5.30 Inward (plain line) and outward (dashedine) B-depletion zone thickness at 900 (black),
925 (red) and 950 (grey) as a function of time.
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5.2.3 Discussion

Most of the observations made in section 5.2 wemgccordance with previous
results found scattered across the literature. groeith of the TGO was sustained by
the diffusion of Al from the3-NiAl phase [44,45] which caused the creation ofAdn
outward diffusion zone close to the TGO/BC integfdd2,48]. In parallel, Al also
diffused to the substrate, creating the SRZ, comghad y/y', a-Cr and TCP phases
[17,19,21,44,46]. An Al inward diffusion zone clogethe substrate resulted from this
diffusion. After longer exposure, tifiephase disappeared completely from the BC [48].

The effect of temperature was in accordance wibldetling equations found in
literature [12,21,57,58]. Higher temperatures ameed the diffusion mechanisms
resulting into faster depletion of tiffeNiAl phase and faster growth of the TGO and
SRZ (more detail in section 7.2).

The depletion of Al and the growth of the TGO ammsidered as important
factors leading to the failure of APS/TBC syste®B]] Indeed the lack of Al in the BC,
augments the risks of growing less protective axi@pinels/mixed oxides) in the TGO,
and prevents the oxide layer re-healing in caseracking; while the growth of the
TGO increases the stresses between the differgatslaf the coating system. As a
consequence, with increasing temperature, the réaif samples occurred earlier
(Figure 5.31). The first sign of damage in samm@rposed at 1000 °C were noticed
after 1050 hours whereas samples exposed at 9&Q&tted cracking after 15,000
hours. Moreover, the extent of damage was greategher temperatures. At 1000 °C,
the first cracks were spotted after 900 hours gbosyre and samples were then
removed after 1500 hours due to significant ceraf@icdelamination;, meaning that

critical failure was reached within 600 hours oftial cracking. At 975 °C this
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happened between 1950 and 4000 hours, and at 95@tieen 2780 and 5000 hours.
At those temperatures, critical failure was reachwétiin 2050 and 2220 hours of first
cracking observation respectively. Under 950 °Gngas still haven't experienced

critical failure.
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Figure 5.31 Time of exposure after which damage wasbserved for the first time (by eye, under
SEM or using pulsed flash thermography) for sample®xidised at temperatures between 900 and
1000 °C.

5.2.4 Summary

To summarise, when an APS/TBC system is exposetligb temperature
oxidation, the amount di-NiAl phase, whose purpose is to provide Al for trewth
of the protective AlO; layer, reduces with exposure. This produces pagepletion
zones: one close to the TGO/BC interface (outwaplation of Al) and another close
to the BC/substrate interfaces (inward depletionAdf Lack of Al leads to the
formation of spinels/mixed oxides in the TGO whiahe believed to promote the

coating system’s failure. Moreover, in parallel tee TGO growth at the TC/BC
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interface, a SRZ is produced at the BC/Substraezfate. The difference in Al activity
between the coating and the substrate cause the ddplete from the BC toward the
substrate. It was also found that, increasing tkidadion temperature increased the
oxidation rate of the coated system. This is actlimnsequence of the accelerated
diffusion of Al and other elements with temperatuféhe mechanisms of oxidation
change with increasing temperature. This was suggdsy different microstructure
observed in the BC and SRZ.

Knowing the basic behaviour of the modified aellesbaped samples, it is now
possible to investigate the effect of the sampesmetry on the integrity of the coating

system.

5.3 Quantification of APS/TBC features as a functiorf ourvature

The curvature of nine different locations arouné tamples (Table 4.2 or
Appendix 1) was calculated to investigate theifuehce on the TC and BC thicknesses,
B-NiAl phase depletion and TGO and spinel growthrn@ture was defined as the
inverse of the radius. Many of the results havenbaéblished in a journal paper (see

[126]).

5.3.1 Influence of curvature on TC and BC thickness

Plotting TC and BC thicknesses against sample tumwashowed that at any
temperature, the more convex the surface, the ¢hitire TC and BC (Figures 5.32 to
5.36). Only the BC in location B with a curvature @14 mm', did not follow this

tendency and appeared thinner (regardless of exptisie and temperature).
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These results reflect the nature of the coatindiegipn processes used in the
manufacture of these samples. The decreasing teg@®ximated in Figures 5.32 to
5.36 seem almost parallel and are similar for each teatpee confirming that the
thickness reduction with curvature was a resulthef reproducibility of manufacture
and how the coating thickness varied with anglaofdence and deposition efficiency.

More details about the manufacturing process iti@e6.2.
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Figure 5.32 Thickness of the TC (black symbols) anthe BC (grey symbols) as a function of sample
curvature. As deposited sample (diamond) and sameoxidised at 900 °C for 2780 (squares), 4000
(triangles), 7000 (circles), 10,000 (crosses), 1@)0(stars) and 20,000 hours (empty diamonds). Red
circles highlight location B and red dashed line is trend estimation, excluding the data at location

B.
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Figure 5.33 Thickness of the TC (black symbols) anthe BC (grey symbols) as a function of sample
curvature. As deposited sample (diamond) and sampeoxidised at 925 °C for 100 (cross,) 2740
(squares), 4000 (triangles), 7000 (circles) and DOQ hours (stars). Red circles highlight location B

and red dashed line is a trend estimation, excludmthe data at location B.
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Figure 5.34 Thickness of the TC (black symbols) anthe BC (grey symbols) as a function of sample
curvature. As deposited sample (diamond) and sampeoxidised at 950 °C for 2780(squares), 4000
(triangles) and 5000 hours (circles). Red circlesighlight location B and red dashed line is a trend
estimation, excluding the data at location B.
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Figure 5.35 Thickness of the TC (black symbols) anthe BC (grey symbols) as a function of sample
curvature. As deposited sample (diamond) and sampeoxidised at 975 °C for 2700 (squares) and
4000 hours (triangles). Red circles highlight loc&n B and red dashed line is a trend estimation,

excluding the data at location B.
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Figure 5.36 Thickness of the TC (black symbols) anthe BC (grey symbols) as a function of sample
curvature. As deposited sample (diamond) and sampeoxidised at 1000°C for 1050 (squares) and
1500 hours (triangles). Red circles highlight loc&n B and red dashed line is a trend estimation,

excluding the data at location B.
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5.3.2 Influence of curvature on the-phase

The amount off-NiAl remaining in the BC was quantified using amaige
analysis software (Image J) (Appendix F), wheréediint phases were distinguished by
their different gray scale values, and was linkethe BC thickness as well as exposure
time/temperature (Figures 5.37 to 5.39NiAl remaining in the BC was measured at

900, 925 and 950 °C, i.e. in samples whephase was not completely depleted, after

various exposure times.
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Figure 5.37 Comparison of the-NiAl concentration with the BC thickness (black synbols) and the

B-NiAl concentration with the sample curvature (grey symbols). Samples oxidised at 900 °C for

2780 (squares), 4000 (triangles), 7000 (circles),@00 (diamonds), 15,000 (stars) and 20,000 hours
(crosses). Dashed lines are trend estimations.
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Figure 5.38 Comparison of the-NiAl concentration with the BC thickness (black synbols) and the
B-NiAl concentration with the sample curvature (greysymbols). Samples oxidised at 925 °C for 100
(cross), 2740 (squares), 4000 (triangles), 7000r¢tes) and 10,000 hours (diamonds). Dashed lines

are trend estimations.
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Figure 5.39 Comparison of the-NiAl concentration with the BC thickness (black synbols) and the
B-NiAl concentration with the sample curvature (greysymbols). Samples oxidised at 950°C for 2780
(squares), 4000 (triangles), and 5000 hours (cirge Dashed lines are trend estimations.
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For short exposure times, curvature did not affieetamount op-phase present
in the BC. However, after further exposure, the amioof B-phase remaining was
related to sample curvature and it was found tie&t,more convex the curvature, the
lessB-NiAl was present. As well as being smaller in tBi@, the Al reservoir in convex
locations can be affected by faster oxidation ratassed by a more rapid transport of
oxygen through the thinner TC [116], explaining theduced amount op-phase

observed in thin/convex regions.
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Figure 5.40 Thickness of thegp inward depletion zone (black symbols) and th@ outward depletion
zone (grey symbols) as a function of sample curvatl Samples oxidised at 900 °C for 4000
(triangles), 7000 (circles), 10,000 (diamonds) 190 (stars) and 20,000 hours (crosses).

The depletion zones’ thicknesses were also compgaréae curvature (Figures
5.40 to 5.43) (Appendix E). At 900 °C, the outwaditfusion from the BC to the TGO
did not appear to follow any pattern related tovature. For less than 7000 hours of

exposure, the inward diffusion did not follow ansgtiern either. However after 7000
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hours, the inward diffusion of Al from the BC toetlubstrate reduced for more convex
curvatures (Figure 5.40).

Similarly at 925 °C, the outward diffusion from ti8C to the TGO did not
follow any obvious pattern with respect to curvatudnder 4000 hours of exposure, the
inward diffusion did not follow any obvious pattegither. However after 7,000 hours,
the inward diffusion of aluminium from the BC toetlsubstrate reduced for more
convex curvatures (Figure 5.41). At 100 hours gfesure, the data does not follow any
trend and this may be explained by the system hieirlge transient stage of oxidation
rather than the steady-state stage. The abnorrttafiymicrostructure of th@-phase
grains might also have lead to inaccuracy in thasueements.

At 950 °C, there was a clear trend for the inwaftision of Al from the BC to
the substrate, which reduced for more convex cureaf whereas the outward diffusion
from the BC to the TGO did not follow any obviouatiern related to curvature as
shown in Figure 5.42. Due to the high oxidatiore rat the coating over 950 °C, only a
few data could be measured for samples oxidis@@&t’C and 1000 °C. In Figure 5.43
it can be seen that the outward and inward diffueibAl from the BC to the substrate
reduced for more convex curvatures.

Generally, the diffusion of Al did not seem to @l any obvious pattern as a
function of curvature. Diffusion is expected to ipduenced by the micro-geometry
(roughness) of the interfaces between the diffelaygrs of the TBC systems rather

than the macro-geometry (curvature) of the samples.
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Figure 5.41 Thickness of thegp inward depletion zone (black symbols) and th@ outward depletion
zone (grey symbols) as a function of sample curvater Samples oxidised at 925 °C for 100 (crosses),
2740 (squares), 4000 (triangles), 7000 (circles)cah0,000 hours (diamonds).
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Figure 5.42 Thickness of thegp inward depletion zone (black symbols) and th@ outward depletion
zone (grey symbols) as a function of sample curvatl Samples oxidised at 950 °C for 2780
(squares,) and 4000 hours (triangles).
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Figure 5.43 Thickness of thegp inward depletion zone (black symbols) and th@ outward depletion
zone (grey symbols) as a function of sample curvail Samples oxidised at 975 °C for 2700 hours
(squares) and at 1000 °C for 1050 hours (diamonds).

5.3.3 Influence of curvature on TGO growth

The TGO thickness was observed not to vary withpd@ansurvature (Figure
5.44). The outward diffusion of Al from tHephase, that supported the growth of the
TGO, was not influenced by the geometry of the daptpence the lack of any noticed
trend in the TGO thickness with curvature.

The values ok, for different exposure temperatures and locatiarmsind the
modified aerofoil shaped samples were also caledléfable 5.2 and Figure 5.45). At
temperature below 950 °C, the oxidation kinetick bt vary with curvature. However,
scatter in the results can be seen above 950 °G.céh be explained by the few data
obtained from the samples exposed at higher termyperbecause of their early failure.
Moreover, important cracking on these samples iadugrrors in the measurement of

the TGO thickness.
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At each temperature, the valueskpseemed to decrease slightly for curvatures
close to 0 (Table 5.2). Higher TGO/BC roughnesmofeasingly concave locations and
the extreme convex geometry of location F expldiy ¥he oxidation kinetics increased

in these regions (see Chapter VI for further exatiam).
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Figure 5.44 Thickness of the TGO thickness as a fation of sample curvature. Samples oxidised at
900 (black symbols), 925 (dark grey symbols), 95éni{d grey symbols), 975 (light grey symbols) and
1000 °C (empty symbols) for 1500 (diamond), ~ 27(8quares), 4000 (triangles) and 5000 hours
(circles).

Location Curvature (mm™) ko, (UM/S)
Exposure temperature (°C)

900 925 950 975 1000
A 0.85 41E-07 7.2E-07 1.5E-06 3.6E-06 4.3E-06
B 0.14 3.2E-07 7.8E-07 1.6E-06 3.5E-06 4.3E-06
C 0.01 57E-07 b5.7E-07 1.6E-06 2.8E-06 5.6E-06
D 0.18 3.9E-07 6.5E-07 1.8E-06 3.1E-06 5.0E-06
E Theoretical O 3.3E-07 7.6E-07 1.3E-06 3.4E-06 E38
F 2.86 49E-07 7.4E-07 1.7E-06 2.7E-06 5.2E-06
a -0.06 3.5E-07 7.1E-07 1.5E-06 2.6E-06 5.6E-06
b -0.05 2.6E-07 6.5E-07 1.7E-06 2.3E-06 4.7E-06
C -0.20 4 8E-07 8.0E-07 1.7E-06 2.5E-06 6.0E-06

Table 5.2 Oxidation kinetics (values of g at different locations and exposure temperaturesf the
BCs on the modified aerofoil-shaped samples.
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Figure 5.45 Values of kp at 900 (black symbols), 83dark grey symbols), 950 (mid grey symbolss),
975 (light grey symbols) and 1000 °C (empty symbglas a function of curvature.

It was observed that the amount of spinel at 908 860 °C reduced
significantly for more convex curvatures (Figurd®. (Appendix G). The high fraction
of spinels in location F, with a curvature of 2.83&n be explained by the relatively
sharp trailing edge geometry. Al depletion in ttegion occurred more rapidly because
of diffusion in multiple directions to support TG@owth resulting in more rapifl-
phase depletion, spinels form earlier and aregitdri concentration than in other areas

of the samples.
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Figure 5.46 Fraction of spinel as a function of sapie curvature. Samples oxidised at 900 (black
symbols), 925 (red symbols), 950 (mid grey symbal$75 (light grey symbols) and 1000 °C (empty
symbols) for 1500 (diamond), ~ 2700 (squares), 40@fiangles) and 5000 hours (circles). Red arrow
points to the curvature of location F.

5.3.4 Distinction between effect of BC thickness dreffect of curvature

The graphs in Figures 5.32 to 5.46 indicate thatrfore convex curvatures, the
BC and TC thicknesse$-NiAl fraction and spinel fraction all decrease. w&ver,
because of the relationship between the BC thickaesl the3-NiAl fraction it is not
possible to separate geometry effects from BC mtoucture and BC thickness itself.
To investigate the actual influence of geometryg tegions on the samples, which have
approximately the same BC thickness but a diffe@nvature (Figure 5.47), were
compared. In this comparison, the temperature iamel of exposure were not taken into
account but rather the relative behaviour at locetiC and D. It was found that
irrespective of exposure conditions (Table 5.3) thwevature did not influencéhe

inward Al diffusion (Figure 5.48), the outward Alffdision (Figure 5.49) or the TGO
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thickness (Figure 5.50). However, the fraction pinels appeared to be greater in

location C, in most cases (Figure 5.51).
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Figure 5.47 Relative comparison of the BC thickness region C (diamonds) and D (squares).

Sample Temperature (°C) Time of exposure (hours)

1 900 2780
2 900 2780
3 900 4000
4 900 7000
5 900 10,000
6 900 15,000
7 900 20,000
8 925 100

9 925 2740
10 925 4000
11 925 7000
12 925 10,000
13 950 2780
14 950 4000
15 950 5000
16 975 300

17 975 2700
18 1000 1050
19 1000 1500

Table 5.3 Oxidation conditions of data used in Figies 5.45 to 5.49.
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Figure 5.48 Relative comparison of the-inward diffusion depletion zone thickness in regio C
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Figure 5.49 Relative comparison of the-outward diffusion depletion zone thickness in regin C
(diamonds) and D (squares).
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Figure 5.50 Relative comparison of the median TGOhickness in region C (diamonds) and D
(squares).
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Fraction of spinel

Samples

Figure 5.51 Relative comparison of the amount of $pel in the TGO in region C (diamonds) and D
(squares).

In Figures 5.47 to 5.51, samples have been ardahgeseverity of oxidation,
plotting the data by increasing exposure tempegatand exposure times. Oxidation
conditions of each set of data were summarisedeeanl Table 5.3. By considering this
table of exposures, further remarks to the effectemnperature and time on the
behaviour of the coatings may be made. For examptking at Figure 5.49, the
outward diffusion of Al for the formation of the Tiiseemed to be depended of the
severity of oxidation. Increasing oxidation tempera and time increased, almost
linearly, the depletion in the BC @fNiAl phase. However, this trend was not followed
by the inward diffusion of Al to the substrate winiseemed rather parabolic with time
for each temperature examined, as seen in Figd& (fgnoring point 8 because of the
low exposure time). Finally, the TGO growth reach&dplateau when thickness
exceeded 5 um (Figure 5.50). This did not coincidth the linear growth of the
outwardp-depletion zone in the BC suggesting that an exoe#d was used for other

purposes than growing ADs.
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5.3.5 Discussion Why is spinel and mixed oxideformation influenced by

curvature?

Figure 5.52 showthe state of the TGO around the “bump” (locatiofd) of
the modified aerofoil shapesamplesafter 2740 hours of exposure at 92¢. Travelling
from region D (Figuré.E2(a)), to E (Figure 5.52(b)) and to c (kig 5.122(c)), the
curvature becomegradually more conca; while the TGO thicknessremained

essentiallyjunchanged, its undulatis and irregularities were observed to incr.
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Figure 5.52SEM images of a TGO and spinels in samples exposati925 °C for 2740 hours a(a)
location D, (b) location E and(c) location c.

Spinels and/or mixed, less protective, oxides anftirm of clusters, were mo

frequently identified in concave regions. Thesensls were observed to form at 1
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TC/TGO interface as well as within the TGO its&@lDX analysis showed that spinels
and mixed oxides growing at the interface contaihgdand Cr as well as Al i.e.
(Cr,Al)203 and Ni(Cr,AlbO4 while the phase formed within the alumina layelswa
rich (Figure 5.19). Unlike the TGO, tilephase outward diffusion zone border did not
undulate which could be explained by Taylor etsal74] theory of an accelerated Al
depletion in asperitiesNaumenko et al. [68] highlighted the influence oGO
roughness on the growth behaviour of various oxidé®y found that TGO “peaks”
consisted mainly of pure ADs; occasionally covered with spinel nodules and they
associated it with a faster depletion of Y and Aber those regions compared with
TGO “valleys”. The influence of the geometry of tliedified aerofoil shaped samples
on the observed fraction of spinels may be assatiaith the increased undulation of

the TGO in the concave locations.

5.3.6 Summary

To summarise, decreasing TC and BC thicknesses fasction of curvature
indicated that geometry of the modified aerofoigysed samples had an impact on the
deposition process of the coating, which in tusoahfluenced the depletion of tife
phase. However, further investigation showed thé& phenomenon was related to
thickness of the BC rather than the curvature ef shbstrate. Concave geometries
around the sample (and the sharp trailing edgenedeo be more prone to spinel
formation. The influence of the geometry of the ified aerofoil shaped samples on
the concentration of spinels could be associatdt am increased undulation of the

TGO in the concave locations. This statement howieaels to further questions:
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- How does BC thickness and TC/BC interface roughnessact with each
other?

- Why do spinels/mixed oxides grow more easily inaae region where the Al
reservoir in the BC is more important?

- Cracking of the coating system does not appeamppén in concave regions.
What factor, more important that the spinel/mixeide concentration, reduces

the lifetime of the samples as a function of geoyret

Focus needs to be drawn on the mechanisms oagumritifferent regions of the
samples in order to identify the intricate effeofscurvature, thickness and roughness
on the behaviour of the different layers of the AHEBC coating system and finally
understand why failure location seems dictated dxyngetry. In parallel, the change of
TC structure, and consequent effect on the coatiregrity, with curvature needs to be
identified. The following sections explore the es@nd corresponding discussions on
a more detailed study of the influence of the rowagls of the TC/BC interface and the

BC thickness on the behaviour of the TBC system.
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CHAPTER VI — INFLUENCE OF BC, TC/BC INTERFACE
AND TC MICROSTRUCTURE ON THE BEHAVIOUR
AND FAILURE OF APS/TBC

6.1Influence of Roughness of the TBC/BC interface aB(C thickness

This chapter shows how blade curvature influeri8€sthickness and TC/BC
roughness during manufacture and how this afféesehaviour of the system during
oxidation. In an attempt to separate the effe¢himkness and roughness, thin and thick
BCs with various TC/BC interface roughness wererattarised. Ultimately, the
purpose of this investigation is to show whether Bfitkness affects the failure
mechanisms of the TBC system and in what way. Sesnpkidised at 900 °C were
chosen to study the influence of interface rougbnasd BC thickness, since all
mechanisms happened more slowly at 900 °C thamghehtemperatures. Also, these
samples were exposed for up to 20,000 hours, ailpwie collection of more pictures

and data to support this analysis.

6.1.1 Roughness as a function of curvature

HVOF thermal spraying has been found to depogitively smooth coatings
compared to plasma spray techniques (e.g. LPPBrouded air plasma spraying) [31].
The TC/BC interface at most locations around thalifrexl aerofoil-shaped samples
had small undulations and was relatively smootltasvn in Figure 6.1(a). However,
roughness increased greatly on concave samplerdsafiigure 6.1(b)) (Chapter V).
Generally, during manufacture, the spraying guprsgrammed to travel around the

sample and deposit an equal amount of molten powdevery location. As a molten
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particle hits the sample surface, it creates at.spl@und convex sample features, a
small part of the splat might spatter the adjacemicave side. That could explain the
greater BC thickness as well as greater interfacghness on such concave features.
The two SEM images in Figure 6.1 were taken frooomavex and a concave region of
the same sample. In location ¢, a concave regn@en] GO undulated more and was also
highly uneven in thickness. On the contrary, inatean D, a convex region, the TGO
was relatively smooth and even in thickness.

As the geometry of the sample is the main paramefie@encing BC thickness
and roughness, the TGO microstructure at locatwith different curvatures was
characterised in order to investigate the influeoicehickness and/or roughness on the
diffusion behaviour of the coating system. The wwdu fraction and size of
spinels/mixed oxides in the scale increased theernoncave the location (section 5.3).
Even early during exposure (4000 hours), their osituctures were more complex than
those found at more convex locations (microstrectimilar to an example at 950 °C is

illustrated in Figure 5.17).

{50 um

Figure 6.1 SEM images of the TGO and spinels in apple exposed at 900 °C for 4000 hours. (a)
110 um thick BC at convex region D and (b) 125 punhick BC at concave region c.
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Thick BCs seemed to be associated with greateghmess and greater
roughness was accompanied by the formation of pestective oxides. The high
fraction of spinels/mixed oxides suggested thatAhdiffusion was also influenced by
the roughness of the TC/BC interface.

The growth of AJO3, with large fractions of spinels/mixed oxides lve fTGO of
thicker BC, was a strong indication that the caatayer was either critically depleted
in Al or physically defective. Two phases of spimeked oxides started to appear in the
TGO at locations with thicker BC on exposed samplitgsr 4000 hours, when tife
NiAl outward depletion zone measured around 30 |@n. locations with slightly
thinner and smoother BCs, two spinel phases wesergbd after 7000 hours of
exposure. In that case, the depletion zone wasidrdd pum thick, as well and for these
reasons, 30 um was considered the critical outwagepletion width of B-NiAl

promoting the chemical failure for this study.

6.1.2 The influence of BC thickness: the case ofithBCs

6.1.2.1 Canp-depleted thin BCs grow an8l; scale?

In location B, the BC was only 50 um thick on imge and the absence of the
dark grey phase in SEM pictures showed that it degdeted off-phase after only 2780
hours of exposure at 900°C (Figure 6.2(a)). Chitidadepletion was assumed to have
been reached in an early stage of exposure. Betiagiskepletion of th@-NiAl phase is
often associated to the formation of less proteatixide according to literature [68-71],
it was expected that a high fraction of spinelsadixxides would grow in this region of
the sample and that chemical failure would ultiyatecur very rapidly. However, not

only did the sample continue to resist oxidationto20,000 hours at 900 °C without
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major failure, but from examination of cross-seati, the TGO was found to grow
steadily and mostly formed a protective®@d scale (Figure 6.2).

Figure 6.3 is a plot of the TGO thickness in theedocations around the sample
as a function of exposure time. The TGO at locaBowas as thick as the TGO at any
other region of the sample, within measurementreffbis suggested that the TGO
grew at the same rate at location B as arounddsieaf the modified aerofoil-shaped
sample, indicating that the TGO fed on a sourcélobther than solely thé-NiAl
phase. This source could be thbli rich phase of the BC and/or thie NisAl phase of

the substrate as they both contain Al.

BC/Substrate
interface

BC/Substrate
interface

BC/Substrate
interface

—— 20 um

Figure 6.2 SEM images of location B’s BC in samplesxposed at 900 °C for (a) 2780 hours; (b)
7000 hours; (c) 10,000 hours and (d) 15,000 hourBhe BC is respectively 54, 45, 64, and 54 um
thick on average.
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Figure 6.3 TGO thicknesses against exposure time &00 °C for different locations around the
modified aerofoil-shaped samplesPlain, dotted and dashed lines respectively correspd to convex,
flat and concave curvatures.

In location F, where the BC was found to measugrétte as 20 um for some
samples, the TGO growth followed the same tendemxythe other regions. The
particular geometry of the trailing edge suggeshed Al could diffuse laterally as well
as inward and outward. Added to the hypothesisecbsdary Al reservoirs, this can

explain how the thin coating (20 um) could maintgoxide and integrity.

6.1.2.2 In thin BCs, where does the additional iKude from?

The Al concentration EDX line traces recorded asrocation B’'s depleted BC
are presented in Figure 6.4. Between 7 and 10guwiate measured across the BC from
the TGO/BC interface to the BC/substrate interfiacerder to record the amount of Al
present in the BC. The amount of Al in the middiehee BC decreased from ~12 at%
after 2780 hours of exposure to ~4 at% after 7@ffrhof exposure. This tendency was
confirmed after further exposure to 15,000 houtse Al concentration was observed to

increase again close to the substrate as a rdsille anward diffusion which occurred

133




Influence of BC, TC/BC interface and TC microstmueton the behaviour of APS/TBC

in the first stages of high temperature exposuadifeg to the formation of the SRZ. The
continued TGO growth observed in Figure 6.3, despié low levels of Al in the centre
of the BC means that some Al from thg@hase must have been used to sustain TGO
growth and repair it when damaged. EDX analysisfopered on other depleted
locations around the modified aerofoil-shaped sampidicated that the amount of Al
remaining in these depleted areas had generalgnfab around 8 to 10 at%. After
20,000 hours of exposure, no significant reductbthe amount of Al in the BC was
found. This implied that the source of Al was nog -phase in the BC and that this

was also being replenished with the Al from anofitease.
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Figure 6.4 Amount of Al (at%) in depleted BCs at legation B from the TGO/BC to the BC/substrate
interface after exposure at 900 °C for 2780 to 2000 hours.

The possible source of Al to sustain the TGO ghowtuld be the substrate
itself. In section 5.2.2.2, evolution of the SRZwiime and temperature highlighted the
existence of a zone rich i+ NisAl close to the BC/SRZ interface. Etching of BCs
helped identify 3 different phases present in tiffergnt layers$-NiAl left deep pores
(appearing black in contrast) in the BC, whjle NisAl, in the SRZ and BC could be

seen as light grey cavities (Figure 5.21). Theegmes of the’-phase in the BC close to
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the BC/SRZ interface (Figure 5.27(a)) indicatedhesit that less Al diffused,
transformingB- into y'- instead of the-phase, or that the Al could diffuse from the SRZ
back into the BC.

The evolution of the BC in location B with timeskown in Figure 6.5. Before
oxidation (Figure 6.5(a)), location B had the samierostructure as other locations
around the sample. The BC was made qgf matrix with B-NiAl precipitates (noy'-
NizAl observed) and the SRZ was composed of a mix gf p and TCP phases.

Black inclusions at the BC/substrate interfaceysed by grit-blasting before
deposition of the MCrAIlY, are an indication of theerface between the BC and the
SRZ, which is delimited by the red dashed lineeA#000 hours at 900 °C, the BC was
depleted of3-NiAl and left ay/y’ mix, as explained in section 5.2.2.2. In the SR
TCP phase was observed to form further into the EMSubstrate, and this element
diffusion left a zone composed gfandy only close to the BC (Figure 6.5(b)). In the
BC, they’-Ni3Al phase disappeared after 7000 hours of exposlue,to the inward
diffusion of Al into the SRZ (Figure 6.5(c)). Alsthe amount of dark grey phase in the
v'ly zone of the SRZ seemed to increase, suggestnagstarmation of' intoy. At this
point, the BC was only composed of thphase, therefore containing very low levels of
Al. However, pictures of the BC in location B aft€$,000 hours showed that only
Al, O3 was growing on the BC. At the BC/SRZ interface,pagation ofy’-phase back
into the BC could be seen, and this is more eviednc the hypothesis of reversed
diffusion of Al back into the BC (Figure 6.5(d)).

To summarise, the TGO grew in locations B and EhefBC for 20,000 hours
without critical crack formation, despite compl@telepletion after 2780 hours. As the

oxide layer only had a low fraction of less-proteetoxides, the low amounts of Al (~4
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at%), coming from the’-NisAl in the substrate, in the BC/substrate were sidfit

enough to grow and heal the,® TGO.

T

Figure 6.5 SEM images of BC and SRZ at Location Bro(a) as-deposited sample and on samples
exposed at 900 °C for (b) 4000, (c) 7000 and (@%p,000 hours. Red dashed line delimits the
BC/SRZ interface. White arrows represent the propagtion of the y-NizAl phase. White circle
indicate intrusion of SRZ into BC.

6.1.3 The influence of BC thickness: the case ofith BCs

Thicker BCs were shown to be located in concaeasof samples (section 5.3)
and their interfaces with the TC had a high proldgbof being rougher than other
interfaces around the sample. This is why the siiéfia behaviour of Al in thicker BCs

differs from that observed in thinner BC [126].
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Cross-sectional images from samples around aréhsthick BCs showed that
the inner interface of the outwapedepletion zone did not follow the undulations foé t
TGO. In Figure 6.6 it can be seen that more Al s@ssumed under the TGO “peak”
(2) than in a place where the TGO did not unduldfe The TGO “peak” grew
protective A}O3; as well as less protective spinel/mixed oxideci@il). Also, while the
Al consumed in (1) was used to grow.®4 only, the Al provided by the same amount
of B-depletion allowed a much thicker TGO with spineked oxides to be grown at (3)
and a thinner TGO with spinel/mixed oxides at (Bjom a 3D point of view, this
difference in Al diffusion might be explained byett8D roughness of the TBC/BC
interface, which increases the surface-to-volunt® ram contact with the supply of
oxygen locally. This changes the local Al activityrcing the Al to diffuse in all
directions down activity gradients. A lack of Al wld result in the growth of less-

protective oxides.

Figure 6.6 SEM image of location C’s BC in a samplexposed at 900 °C for 7000 hours. Dashed line
indicates limits of outward g-depletion. Dashed circles indicate spinels/mixedxles. White arrows
are used as reference to show the distance betweba TGO and the limit of the p-depletion zone.
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Grains of they- andp-phases in the BC could be observed on etched sampl
(Figures 6.7 and 6.8). On as-coated samples (Fgije they- andp- phase grains are
fine and evenly distributed in the BC but etchinighvwphosphoric acid did not allow the

two phases to be distinguished easily.

Figure 6.7 SEM image of (a) the BC and (b) the TC/B interface at location A on as-coated sample
etched with phosphoric acid.

At the TC/BC interface, before the formation ot thGO, the grains looked
deformed and elongated as if they were following thugh geometry of the interface.
This was caused by the HVOF deposition of the M@tAduring which the molten
particle travels with enough energy to deform therastructure of the alloy upon
impact. After oxidation, as shown in Figure 6.8& tirains generally measured between
1 and 6 um in diameter. In most cases, smallengi@ily-Ni) were present close to the
TGO (Figure 6.8(a)) and BC asperities usually coeth very fine grains (Figure

6.8(b)).
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Figure 6.8 SEM image of the BC in (a) location D ah(c) location c in an etched sample oxidised at
900 °C for 2780 hours (cracking caused by etchingith hydrochloric acid).

6.1.4 FIB results and study of TGO/BC interface gran boundaries.

To look at grain microstructure in more detairass-sectional TEM sample of a
sample oxidised at 900 °C 15,000 hours taken frooation B, was prepared using
focused ion beam (FIB) thinning. The location ameration was chosen so that the
FIB lift-outs would comprise three different layestthe TBC system: BC, TGO and
TC, enabling both interfaces to be examined orséime sample (Figure 6.9).

In Figure 6.10, the TC appears in dark grey cahted the top of the image.
Beneath it, in light grey contrast, is the TGO wihd®&o microstructures can be seen
clearly. Close to the BC, appearing in dark grentast at the bottom of the picture, the
TGO scale has the typical columnatAl,O3 microstructure [29,30,68,134] with an
overlying fine-grained layer which has been ideadifin literature as a mixettAl,Os-
ZrO, zone (confirmed by EDX analysis) [128]. EDX arsiyof this zone detected ~ 45
at% of Al, ~ 45at% of O, ~ 1 at% of Zr and tracésCs, Co and Ni. Pores at the
TGO/BC interface appeared in a very light contrastEM imaging (Figures 6.10 and

6.11). They can also be seen on the SEM imageginr&i6.15.
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Figure 6.10 TEM image of a FIB lift-out from sample81-BSYA-8 exposed for 15,000 hours at 900
°C. Light grey contrast corresponds tou-Al,03, dark grey at the top of the image to the cerami@dC
and at the bottom of the image to the BC.
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Figure 6.11 TEM image of a FIB lift-out from sample81-BSYA-8 exposed for 15,000 hours at 900
°C. (a) Light grey contrast corresponds tou-Al,O3; and dark grey to y-Ni. Areas analysed by EDX
appear in red in (b).

As well as revealing the TGO’s microstructure, TEMaging enabled the
observation of the grains inside the BC (Figurel@)). These were fine grains
measuring around 1 pum. To verify if grain boundarfeave a direct effect on an
accelerated diffusion of Al, EDX analysis was perfed along these grain boundaries
as shown in Figure 6.11(b). The aim of these measents was to check the variation
of the Al amount between the grains and their baded. Results are summarised in
Table 6.1.

Analysis of area 1 in the TGO, confirmed the pneseof pure AlOs, containing
only traces of Cr and Ni. Moving on to the BC, #mount of Al drastically diminished
from 54.2 at% in the AD; TGO to 2.6 at%, representative of th&i phase. The
difference in Al values detected using the EDXha SEM, where around 8 at% of Al

was found (Figure 6.4), and the EDX system in tleM] can be explained by the
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reduced depth of analysis in the TEM. Cr, Ni and|&als were much higher in the
BC. Traces of heavy elements, such as Re, W, T¥ angre detected as well, but their

fraction did not exceed 2 at%. The presence ofZand Si might be contamination of

the sample.
Arle a Ar2ea Ar;a Afa Area5 Area6 Area7 Area8
distance
from TGO  -1000 0 100 200 300 400 900 2250
(nm)
@) 45.0 2.6 2.5 1.9 1.7 2.1 1.8 40.8
Al 54.2 3.6 3.2 2.7 2.7 2.6 2.8 27.5
Cr 0.6 257 26.0 26.2 26.3 25.9 25.8 9.3
Ni 0.2 370 37.7 373 37.7 38.4 37.4 11.0
Co 0.0 279 28.3 286 29.2 29.0 28.4 8.7
Zn 0.0 1.0 0.0 1.2 0.0 0.0 1.3 0.0
w 0.0 15 15 15 1.3 1.3 1.4 0.0
Re 0.0 0.2 0.9 0.0 1.1 0.9 0.0 0.0
S 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0
Ta 0.0 0.0 0.0 0.7 0.0 0.0 0.7 0.0
Y 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0
Si 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7

Table 6.1 Results of EDX analysis conducted on areandicated in Figure 6.11.
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Figure 6.12 Element composition along a grain bouraty in the BC.
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The graph in Figure 6.12 plots the change of teemental concentration along
the grain boundary, moving away from the TGO anchgares it to the composition of
a grain (area 7). The horizontal lines show tharghwas no difference between

boundaries and centre of grains, in terms of eléaheomposition.

6.1.5 Discussion — Difference in Al diffusion behaour depending on BC
thickness.

In section 6.1.2, the study of thin locations athe modified aerofoil-shaped
samples, showed that, despite a smaller Al reseavail the reported possibility of
accelerated oxidation because of thinner TCs [1th@],TGO grew as quickly as at any
other location around the samples. ObservationEdfl 3nages at location B, led to the
conclusion that after long exposure times Al diibusfrom the substrate to the BC
could be maintaining the Al flux and thus the imiggof the TGO. Following these
observations, a mechanism for Al diffusion in tB@s is proposed in Figure 6.13. In
as-coated samples, the system starts with a BC assdpofp-NiAl and y-Ni phases
and a thin SRZ made d¥-NiAl, y-NisAl, y-Ni and TCP phases. The substrate is
characterised by a dendritict y' structure (Figure 6.13). Pictures (Figure 6.14BGs
taken in the transient stage of oxidation showeat th the first stages of oxidation
(Figure 6.13(b)), Al from thep-phase diffused outwardly to form the TGO and
inwardly towards the SRZ with precipitation of theNizAl phase being observed
towards the BC/SRZ interface. Figure 6.13(b) alsows they+y'+TCP layer being
thicker. The microstructure of the SRZ itself diot thange much but an increase in
thickness (~10 um +/- 5) was observed. During tteady-state stage of oxidation,

corresponding to the growth of stakleAl,O; above the BC, tw@-depletion zones
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were observed: one close to the TGO and the othee ¢o the SRZ (Figure 6.13(c)).
The outward depletion zone thickened with time andsisted ofy phase, while the
inward depletion zone, whose thickness also inedtdsad a/y' mix. At this point, in
the SRZ, the TCP were found to be located further the substrate, rather than close
to the BC interface and-Cr started to appear. The TCP phase free zonse ¢tothe
BC interface, was composed of tfig phases (Figure 6.13(c)). Steps (b) and (c) were
only observed in thick BCs but may have happenethim BCs too rapidly to be
detected within the time steps used. Figure 6.1&pjesents the completely phase
depleted BC, at which point the outward and inwdegdletion zones join in the BC. The
size of the BC'g/y' zone decreased with time as the outward and ohdi#fiusion of Al
continued. In the SRZ, the amountjophase in the TCP phase free zone increased.
Finally, in the case of thin BCs, the diffusion Alf from the BC to the SRZ reversed
and they'-NizAl phase was observed to form back into the BC yfg6.13(e)).
Reduction in Al concentration in the SRZ was alsghlghted by the increase m
phase (Ni rich) in the TCP phase free zone. Thig surce of Al to the BC maintains
the growth of the TGO on thin BCs and, therefane, integrity of thin coating systems.
If we consider that the concentration gradient leetw the BC and the substrate
provides a driving force for Al diffusion [128], ¢h the diffusion of Al back into the
depleted BC appears likely.

It is believed that TBC systems with larger Aseevoirs have longer lifetimes
[129,130]. Al Badairy et al. [129] studied the braaay oxidation of FeCrAlY wedge
samples and observed that an increased Al contientfad to an increase in alloy life.
Chemical failure along with crack initiation wouddways occur at the thinnest part of

their samples. They associated an increase ofcaitéavolume ratio with an increase
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of Al depletion during exposure [129]. Renusch &t [&30] developed a model
confirming the effect of the Al reservoir on thesegm'’s lifetime. They also proposed a
hypothesis that the substrate could provide the T¥#® Al. Results shown in section
6.1.2 and Figure 6.13 confirm that, when considgtite Al depletion, the BCsphase

and the substrateis-phase must also be taken into account.
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Figure 6.13 Schematic mechanism of the evolution @hases caused by the diffusion of Al in thin
BC. (a) Represents the coating system as-depositét) to (d) show the evolution of phases with
exposure and (e) illustrates the hypothesis of rekse diffusion of Al after Al depletion of the BC
reduces levels to below those in the substrate.
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Diffusion of Al from the substrate to the BC doest prevent failure of the
system, but only delays its onset. Indeed, crackihghe modified aerofoil-shaped
samples oxidised at 900 °C was first spotted ortrdikng edge, after 15,000 hours of
exposure. It probably initiated at the tip of thaling edge where the BC and TC were
the thinnest. The crack then propagated along G@/BC interface by the coalition of

microcracks (Figure 6.15).

Figure 6.14 SEM image of BC at location C after oxlation at 925 °C for 100 hours. Arrows
represent the Al outward diffusion depletion zone ad the zone containingy’ close to the BC/SRZ
interface.

\ . Microcracks
. o ' F

Figure 6.15 SEM image of the tip of a crack propaging at the TGO/BC interface at location F in a
sample oxidised at 900 °C for 15,000 hours.
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In section 6.1.3, the greater roughness of theTBQ) interface on the thicker
coatings, corresponding to concave locations, waad to locally affect the diffusion
of Al. Taylor et al. [74] proposed a model to expléhe rapid depletion of Al and the
formation of less protective oxides around TGO peakhey assumed that “the Al
concentration was determined by the balance betweefiux of Al entering the oxide
layer and that arriving at the asperity from thélaf the coating”. The high surface-to-
volume ratio at TGO peaks would accelerate Al depteresulting in a steeper gradient
of Al concentration. Their model predicted the baofkthe asperity could only contain
1 at% Al.

Figure 6.16 shows that this model needs to bensedered and that the
mechanisms of Al diffusion in rough coatings arerencomplex than for those with a
smooth interface. EDX line scans performed throwgh BC asperities and into the BC
show that the level of Al was constant, within ttesolution of the scan, from the
TGO/BC interface to the middle of the BC (at arour@ at%). No or very little Al
gradient could be observed. Another explanatiorttierrapidp-phase depletion in BC
asperities must be found and the answer may weieliby the grain microstructure of
the BC near the TGO/BC interface.

SEM images of etched samples revealed the preséficer grains close to the
TGO (Figure 6.7 and 6.8). Diffusion of elements s faster when grain boundaries
are more numerous. Indeed, the expected bulk tffusf elements, switches to short-
circuit diffusion at the grain boundaries as theesf the grains is reduced. This could
explain why Al depletion happened faster in aspeyiand thus when the TGO/BC
interface was rough. Moreover, as Pint et al. [1BBkerved while studying the

relationship between the adhesion of,@y and substrate composition, spallation
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resistance was affected by the BC grain size. Tiesilts showed that finer grains in
the BC were more likely to lead to spallation of fhGO at 1150 °C than similar BCs
with larger grains [128].

TEM coupled with EDX analysis did not give anyiication on how boundaries
affected the diffusion of elements such as Al ando@ly demonstrating that the
composition was constant and consistent both withie grains and at the grain
boundary. However, it enabled a better view of TRETGO (discussed later in section
6.2.3) and TGO/BC interfaces. For this coating exystthe chemical bonding of A

seemed stronger with the Zr@an with the MCrAlY and this might explain why

cracks appeared first at the TGO/BC interface.
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Figure 6.16 SEM image of BC asperities in locatio® on a sample oxidised at 900 °C for 7000 hours

(a) and measurements of Al concentration along Lind and Line 2 (b). Line 1 was repeated at
higher magnification in (c).

148




Influence of BC, TC/BC interface and TC microstmueton the behaviour of APS/TBC

6.1.6 Summary

Thick BCs were observed to be more likely to hapene/mixed oxide
formation, but the BC roughness and TGO undulatiarnthis region were believed to
aid the growth of those less-protective oxides.nTBCs were able to maintain the
integrity of their TGO by using Al from other soesc after theg-phase depletion (Al
from y-phase in BC and then Al from the substrate).

The depletion of Al at rough interfaces is believede eased by the abundance
of fine grains in BC asperities. However, this asption could not be verified using the
SEM and the TEM. In generakphase grains were smaller close to the TGO. Howeve
in thick BCs, larger grains were found away frora TGO whereas in thin BCs, grains
had the same size from the TGO/BC interface to B@¥substrate interface. This
probably explains why Al diffuses more easily asrtfsin plasma or thermally sprayed
BC to sustain the TGO layer (Figure 6.8).

Finally, it is important to consider the BC thiclasewhen assessing the lifetime
of an APS/TBC system. Thin and thick BCs give tséifferent mechanisms of failure
(Chapter V). It is essential to study the oxidatadrBCs to identify failure mechanisms
since the TGO growth and change in microstructar&nown to promote interfacial
debonding. However, to understand fully the APS/T8Gtem, it is also important to

study the ceramic TC as well.
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6.2 Effect of the modified aerofoil-shaped sample’s ogeetry on the
behaviour of the TC and the TC/BC interface.

TCs’ particular microstructure, composed of depmsi splats, inter-splat
boundaries, microcracks and pores (Figure 6.17¢agkes the APS YSZ a delicate
material to study. Indeed, the presence of thosectieaffects local residual stresses,
oxygen diffusion and as a consequence, failure am@sims (as well as heat transfer
through the coating). Moreover, the porous mictattire makes mechanistic
experimentation difficult and induces a large sratt results.

Section 6.2 presents the results of the obsenatd modified aerofoil-shaped
samples’ TCs and the impact of geometry on thegrosiructure and behaviour. The
main focus is on the ceramic layer as a whole dad an the region close to the
TC/TGO interface. As for the work on BCs, the efffe€ TC thickness and interface
roughness is looked at and failure mechanismstheapropagation of cracks) taking
those parameters into account are suggested.

Samples oxidised at 925 °C were used as a @qase example because the
kinetics of the mechanisms were slow at this teaipee and data on the transient stage
of oxidation was available (from a sample taken after 100 hours of exposure). The
fast growth of the oxide during the transient stag@xidation and the large volume
change that this involved, between the BC and T{@htrresult in a particular TC
behaviour, and so is worth considering. For thigopse, additional samples provided
by Rolls-Royce (section 4.1.3) were exposed at°@r up to 200 hours and the TGO

growth behaviour as a function of roughness wasstigated (section 6.2.3).
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6.2.1 Influence of the geometry on TC microstructue

6.2.1.1 Flat locations

Because of its flat curvature, TC’s microstructatdocation C was taken as a
reference. Figure 6.17 shows the evolution of tl@@ Getween O and 7000 hours.
Features common to plasma sprayed coatings, sudiora=ontal splat boundaries,
microcracks into the splats and pores could berabde(Figure 6.17(a)). 6 deposition
layers separated by thick splat boundaries weratedu(Figure 6.17(b)). They were
created as the powder particles cooled down betweaeh passage of the spray gun

during manufacturing. In early stages of expos#igure 6.17(c)), a lot of short splat

boundaries, microcracks and pores were preseheii €.

Figure 6.17 SEM image of TC in location C in (a) asleposited sample and (b) its schematical
representation as well as SEM images of samples diged at 925 °C for (c) 100 hours and (d) 7000
hours. White arrows on left hand side represent degsition layers.
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After 7000 hours (Figure 6.17(d)), the numbermasboundaries decreased but
their length increased suggesting the coalescehdtleose splats, or the formation of
cracks linking them together. Also, fewer micro&mand fewer pores indicated a

reduction of porosity (slight sintering).

6.2.1.2 Convex locations

The ceramic microstructure in convex areas of rtiadified aerofoil-shaped
sample was different to that found on flat regioas,highlighted by images taken at
location A, representative of a sample’s convexuiea(Figure 6.18). As for areas of
flat curvature, 6 deposition layers could be codnte the early stages of exposure, the
ceramic TC contained numerous short inter-splatnbaties that seemed to link
together with exposure. Simultaneously, the pomes$ microcracks, very present in
Figure 6.18(a), disappeared with further oxidatidlowever, unlike flat regions, splat
boundaries were not all parallel to the BC surfacg present in a more random
organisation.

After 7000 hours, cracks started to propagategatbea TGO/BC interface of the
sample’s convex regions. At the same time, thengierastarted to crack vertically,
driving inter-splat boundaries of different depmsit layers to link together (Figure
6.18(c)). The widening of these vertical crackejrirthe BC to the surface, associated
with cracking in the TGO, promoted delamination #meh the coating system’s failure.

Wide vertical cracks through the TC were only olsedron convex regions.
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Crack at TGO/BC

Figure 6.18 SEM image of TC in location A in sampl@xidised at 925 °C for (a) 100, (b) 4000 and
(c) 7000 hours. White arrows on left hand side (aepresent deposition layers. Red arrows (c) point
at vertical cracking.

Figure 6.19 (a) SEM image of TC in location F in gaple oxidised at 925 °C for 4000 hours and (b)
its schematic representation.

Moving on to the trailing edge (location F), whehe curvature is extremely

convex, the deposition layers, which amount reduoesl rather than 6, did not follow
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the thin geometry of the blade (Figure 6.19). ladtenter-splat boundaries linked with
the surface. This feature of the manufacturing @seavas not observed at less convex
curvatures (presumably as a result of the motiothefspray gun around the sample).
Large inter-splat boundaries or microcracks opethéosurface would be expected to
ease the propagation of cracks trough the TC aidbation and the eventual spallation

of the TC during the course of the exposure.

6.2.1.3 Concave locations

Concave curvaturess explained in section 6.1, have the potentiaktoougher

than other areas (because of the spraying process).

Figure 6.20 SEM image of TC in location a in (a) ams-deposited sample and samples oxidised at
925 °C for (b) 2740 and (c) 7000 hours. Red arrowmint at vertical micro cracks.
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Counting deposition layers was more difficult bhesm of this roughness, but
seemed to be around 6 in most cases. The TC sudagbness amplitude can be seen
in Figure 6.20. Roughness seemed to be relatdtetiotmation of vertical cracks at the
surface of the TC (red arrows on Figure 6.20). Byithe first 2740 hours of exposure,
these vertical cracks grew open (Figure 6.20(bjlerA7000 hours, it was more difficult
to observe these cracks, suggesting that a condninat compressive stresses and the
concave curvature had forced their closure. Thacatrcracks did not propagate to the
lower region of the TC. It is not clear if thesaaks have a detrimental effect on the
lifetime of the coating.

The particular microstructures observed on sanptpssed at 925 °C were also
spotted on the modified aerofoil-shaped sampledissd at other temperatures, as is
summarised in Table 6.2. Vertical microcracks incave TCs were present on all the
concave locations of every modified aerofoil-shapathple used for experimentation.
The manufacturing features found at the trailingesdwere more difficult to observe
but were present in most cases. Concerning thé&cakerhacro- cracking of the TC in
convex locations; these could not be observed omples oxidised at 900 °C and most
of the ones exposed at 925 °C because they hackacihied the end of their life at the
time of observation. These preliminary results teéadshow that convex features
promote the development of critical cracks in tl&sTwhich eventually lead to failure

(section 6.2.4).
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Vertical Vertical crack
Temperature  Time microcracks in Abnormal deposition  through convex
(°C) (hours) concave TC layers in convex TC TC
0 0 + + +
900 2780 + +
4000 +
7000 +
10,000 + +
15,000 + +
20,000 + +
925 100 + +
2740 + +
4000 + +
7000 + + +
10,000 + +
950 2780 + + +
4000 + +
5000 + +
975 300 +
2700 + + +
3000 + + +
1000 1050 + + +
1500 + + +

Table 6.2 Summary of observations of particular femres observed in ceramic TCs depending on
curvature, made in samples oxidised from 900 °C td000 °C.

6.2.2 The TC/TGO interface’s microstructure

6.2.2.1 YSZ splats configuration at the TC/TGOrfate

In APS/TBC systems, the roughness of the TC/B@riate is one of many
factors promoting the failure of the whole coatgygtem. One explanation is that rough
surfaces produce convoluted scales with higherobptane stress, contributing to
spallation [128] (section 2.3.3.2). To investig#te effect of roughness at the TC/BC
interfaces, SEM images at every location aroundstraples oxidised at 925 °C were

compared.
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As a result, four types of TC protrusion into tB€ were observed. Their

microstructures depended on the splat particlesutagFigure 6.21).

Figure 6.21 SEM image of TC/BC interface from (a)dcation B, (b) location D, (c) location F and
(d) location A, in sample oxidised at 925 °C for ®hours. Highlighted areas represent YSZ powder
particles.

Type 1, in Figure 6.21(a), occurred on deep amddmundulations filled by a
single splat particle. This type of protrusion agmeel during manufacture when a single
molten TC powder particle was deposited on the IBe After exposure, the TGO
contoured that protrusion. Type 2 protrusions, iguFe 6.21(b), were also filled by a
single splat particle but unlike Type 1, the pretom was convoluted and small. This
configuration was the result of an initial rough BGrface on which the YSZ molten
particle landed, coupled to TGO growth stresseateceduring oxidation causing the

protrusion to deform and the ceramic to be tragpedl.Os. Type 3 in Figure 6.21(c)
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occurred when the protrusion was deep and broad splats particles following the
shape of the BC surface. Unlike Type 1, the partaid not keep a round shape but
flattened and elongated. Type 4 protrusions, Figiu®l(d), were observed to be
shallow and narrow undulations filled with one ewaral small splat particles; with the
upper boundary of the splat usually being aligneth ihe edges of the protrusion.
These four types, (and their combinations), descimost all the kinds of TC
asperities encountered at the TC/BC interface. sSkresses gradient generated between
the TC and the TGO is most likely to differ arouratious kinds of protrusions, leading

to different crack profiles as shown in Figure 6.22

10 pum —— 20 um

Figure 6.22 SEM image of cracks running into the T® at TC/TGO in the case of (a) Type 2, (b)
Type 3 and (c) Type 4 microstructures. (d) WithoutTGO undulation cracks were located at
TGO/BC interface.
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In Figure 6.22(a), Type 2 protrusions caused akciaitially propagating in the
TGO (or at the TGO/BC interface, depending on pgagpian direction), to travel
through the TC and caused the ceramic to crackidrpresence of a Type 3 asperity
(Figure 6.22(b)), the crack followed the inter-sgdaundary and travelled through the
TC instead of propagating in the TGO. For Type #Fe 6.22(c)), undulation of the
TGO was wider than a Type 2 layout, but acted ansame way. No examples were
found of cracks encountering a Type 1 asperitygsstjng that they do not promote the
formation and/or propagation of cracks. When theOT@as less rough, cracks would

propagate along the TGO/BC interface as seen unr€&i§.22(d).

6.2.2.2 Presence of spinels at the TC/TGO interface

Spinel/mixed oxides change the mechanical prageeaif the TC and the TGO
and reduce the TC/TGO and TGO/BC adhesion [36,508519]. Added to the large
volume change of those particles at the TC/BC fater, recognised to induce stresses,
the Ni, Co and Cr contained in the spinels (esfigdarge ones in concave locations of
samples) grew into the TC (infiltrating micro-cragkand created oxides in the cracks
and/or splat boundaries (Figures 6.23(a) and 61249cally increased the amount of
stress in the TC eventually leading to cracking ihie TC (Figure 6.23(b)).

It was interesting to notice that in almost allcakes, spinels/mixed oxides were
connected to a crack/splat boundary in the TC (eigu25). The isolated islands of
spinel present into the TC suggested that spinégfasdd along such cracks. The
oxygen partial pressure was higher in these amshgh could help the growth of

spinels instead of AD; (Al,O3 needs a lower minimum oxygen partial pressuremm f
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[12]). Although, spinels were associated with cec&racks did not always lead to

spinel formation.

RIEats S et S
~ Crack through TC with ik
infiltrated spinel/mixed oxide

A a s 0 ¥

(Cr,Al),(Ni,C0)O,

Figure 6.23 SEM image of (a) spinel/mixed oxides iRGO at location b in sample oxidised at 925 °C
for 7000 hours and (b) crack propagating through ifiltrated TC at location c in sample oxidised at
975 °C for 2700 hours. Black dashed arrows point tdiffusion of oxide into the ceramic TC.

Electronimage O Ky AlKa;

\
W

CrKgy Co Kgy Ni Ka,

Figure 6.24 EDX mapping of oxide showed in Figure.g3(a).
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Spinels linked to a crack/splat boundary

Spinels into TG

{20 pm

Figure 6.25 SEM image of spinel/mixed oxides in TG@&om location a in sample oxidised at 925 °C
for 7000 hours. (a) Original image. (b) Red dashetines are cracks/splat boundaries linked to
spinels.

The same features were observed on samples aXidisether temperatures as
summarised in Table 6.3. The different types of d¥perities were not observed at
every temperature or exposure time which might eaggghat stress states and/or
oxidation mechanisms change with exposure conditidrype 2 asperities) and that
some Types of asperities have lower probabilitggdormed during manufacture (Type
1 and Type 3). Lower temperature oxidation (e.@2Ga °C) involves longer exposure
times which could leave enough time for the TC/T@ad TGO/BC interfaces to
accommodate stresses. Also, ceramic TCs oxidiséiyhattemperatures (1000 °C) are
more likely to sinter, making it more difficult tmbserve micro-cracks and pores in the

YSZ.
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Type 1 Type2 Type3 Type4d Spinel Spinel
Temp. Time TC TC TC TC into linked to
(°C)  (hours) asperity asperity asperity asperity TC TC crack
0 0 + + + +
900 2780
4000
7000
10,000
15,000
20,000
925 100
2740
4000
7000
10,000
950 2780
4000
5000 + + +
975 300 +
2700 +
3000
1000 1050
1500

Table 6.3 Summary of observation, made in samplexidised from 900 °C to 1000 °C, of particular
features observed at the TC/BC interface.

+ + +

+ + + + + |+ + + + + 4+
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6.2.3 Study of the initial stages of oxidation (Rtd-Royce samples)

6.2.3.1 Evolution of TC/BC interface and TGO onlfkBloyce samples

Additional APS/TBC samples were provided by Rétisyce in order to gather
more information on the initial stages of oxidatidrhe areas of main interest were
around the interface between the YSZ TC and MCrB[¥, and the adhesion between
the two layers. Moreover, the evolution of the T®®@he first hours of oxidation would

provide information on how the microstructures lo¢ {fTC and the BC influence the
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nature of the TGO and could promote the growth esfsiprotective oxides. These
samples were exposed at 925 °C for up to 200 Heaction 4.1.3).

SEM observations of an as-coated sample showedéfare exposure a TGO
was already present between the TC and BC. Thiso@3® pum thick layer was mostly
continuous (Figure 6.26(a)), but could become disnaous in some places (Figure
6.26(b)). This was due to a significant differermween the manufacturing of the
Rolls-Royce and modified aerofoil-shaped sampleattreatment before deposition of
TBC). EDX analysis detected the presence of Alo(2& at%), Zr (2 to 20 at%), Co (1
to 13 at%), Ni (1.5 to 14.5 at%) and Cr (2.5 toal%) oxides suggesting that the TGO
was a mix of AdOz;, ZrO, and spinels in various places. Similar mixed oxalgers
were observed in the literature between EBPVD/TBG® MCrAlYs and were found to

be caused by the BC heat treatment before depositithe ceramic [134-137].

Figure 6.26 SEM images of as-received RR sample,ken at a flat location, showing a (@)
continuous and (b) discontinuous TGO between the AHTBC and BC.

According to Murphy et al. [135], the formation tble ALOs+ZrO, mixed zone
is promoted by the presence of transienfOAy or 0). This was confirmed by Levi et
al. [135], as well as Jarayam et al. [138], whaestdhat ZrQ is much more soluble in

metastable AO; than in stablen-Al;Os. Indeed, an initial layer of-Al,Oz could
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dissolve and contain up to 17 mol% YSZ; @édl,Oz; up to 40 mol%. Levi et al. [135]
made the hypothesis that Zr and Y were able to slown the conversion from to a-
phases and thus delay the transition between TG@@tgrmechanisms by Al outward
diffusion and O inward diffusion [134]. Exposuresthese studies were usually over
1000 °C [134-137], making the solid state diffus@relements easier between the two
layers. However, the Rolls-Royce samples in thissith were exposed at 925 °C,
suggesting that the initial mixed zone was creatadng a short heat treatment at
1100 °C (carried out during the manufacturing pssgend further growth of the mixed
zone would be more a physical phenomena (growtixigfes in TC micro-cracks) than
a chemical one (interdiffusion of Zr and Al). THeetmodynamically stabl@-Al,O3
phase present in the TGO at this temperature gegween the micro-cracks in the TC,
this creating a fine network of AD; and ZrQ.

In concave areas of the RR samples, what initeglgeared to be TGO in some
places was just in fact an absence of cohesiondegivthe BC and TC (no TGO)
(Figure 6.27). Also, the high roughness of the TCfBomoted the presence of pores in

the BC and at the interface (Figure 6.28(a)).

Figure 6.27 SEM image of as-received RR sample, tak at a concave location, showing the absence
of TGO between the TBC and BC.
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Upon further oxidation, the gradual growth of TGfb big pores at the TC/BC
interface caused splats of MCrAlY to be stuck betweoxides and ceramic
(Figure 6.28(b)). These islands were good candsdébegrow spinels with further
oxidation. After 150 hours of exposure, they wdreast completely depleted gENiAl
(Figure 6.28(c)).

At the same time, the TGO layer at the TBC/BC riaize became more
continuous and it reached thicknesses of betwenadd 4 um after 200 hours at
925 °C. SEM images of the oxide layer showed thatas not composed of pure,8k.
Indeed, diffusion of elements from the TBC into 10O and/or diffusion of elements
from the BC into the TGO seem to be occurring atiogy to the network of light

contrast into the dark ADs (Figures 6.29).

Pore in BC

v Isolated BC

Figure 6.28 SEM images of (a) as-received RR sampad samples exposed for (b) 50 and (c) 150
hours at 925 °C, showing the presence of pores inet BC close to the TBC/BC interface.
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Figure 6.29 SEM images of RR sample exposed for B0urs, taken at a flat location, of the TGO
(a). Image is magnified in (b). Red numbers indic&t location of EDX analysis.

Figure 6.30 SEM images of samples exposed for (6§Qland (b) 200 hours, taken at a flat location,
of the interdiffusion between TC and TGO.

The local roughness of the interface between thaiid the TGO was found to
influence greatly the interdiffusion between the ®8d the TGO. Indeed, in the
presence of fine protrusions of ceramic into theOTGhe ALO; seemed to infiltrate
deeper into the YZS than around areas of lessaghreass or bigger undulations by
filling physical holes present in the TC. In soneses, it led to the isolation of TC

islands into the TGO as in Figure 6.30(a), or fwatrusion of TC laced with channels
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of Al,Ozas shown in Figure 6.30(b). The question is: hasrttixed zone a detrimental

effect on the coating’s adhesion and integrity @if?r(section 6.2.4)

6.2.3.2 Comparison with the modified aerofoil-sthpamples

The observations made on the Rolls Royce APS/Td8fptes were compared to
the modified aerofoil-shaped samples, concentratingfeatures such as the mixed
zones, the presence of pores caused by the rowggbhéise TC/BC interface and the
growth of spinels. Some TGO was present on the fieddaerofoil shaped samples
before exposure at 925 °C. However, it was notinants (Figure 6.31(a) and (b)) and

internal oxidation seemed to prevail (Figure 6.3Hed (d)) regardless of the location

around the sample.

Internal oxidation

Internal oxidation|

Internal oxidation

Figure 6.31 SEM images of as-coated modified aerdfshaped samples’ TC/BC interface at
locations (a) B, (b) C, (c) c and (d) F. Sample st in (d) was etched using phosphoric acid.
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This level internal oxidation causes some islanfdBC to be isolated from the
rest of the MCrAlY with exposure, as seen in Figér82. In the case of the Rolls-
Royce samples, the isolation of these islands sgédmde as a consequence of the
roughness of the TC/BC interface (Figure 6.28), mhs for the modified aerofoil-
shaped samples, it happened around relativelyntiatfaces.

The ALOs-ZrO, mixed zone was observed on the 925 °C modifiedfaibr
shaped sample exposed for 100 hours indicatingptbeence of transient A in the
first stages of oxidation. Figure 6.33(a) showg thast of the TGO layer was made of
the ALOs-ZrO, mixed zone. The infiltration of AD; into Zr is characterised by its
lighter contrast. After longer exposure at 900 €Gnfparable to 925 °C), the thickness
of the ALOs-ZrO, mixed zone was equal or smaller than the one-Af,O3; and not
present all around the samples suggesting that sémevas converted into the most
stable form of AlO;. However, some particles of Zr could still be alved in the TGO

as well as some diffusion of AD;into the TC as shown in Figures 6.33(b) and 6.34.

Figure 6.32 SEM image of internal oxidation isolatig islands of BC on a modified aerofoil-shaped
sample exposed for 100 at 925 °C.
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Figure 6.33 SEM image=f the interdiffusion between TC and TGC on modified aerofoil-shaped
samples exposed (a) fot00 hours at 925 °(and (b) for 7000 hours at 900 °C.

Sample holder

Al,04+Zr0,

Figure 6.34 TEM imageof the TC/TGO interface taken on sample exposed foit5,0(0 hours at
900 °C.

A series of EDX analysis were carried out alonma through the interdiffusio
zone observed on the TEM sample shdn Figure 6.34. These rdssiare summarize

in Figure 6.5 and sho\ that the amount of Zr, which initially reached ~#5a
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gradually diminished until disappearing in &l ,03. At the same time the fraction of
Al gradually increased on going from the TC to #®O (increasing from ~1 at% to
~45at%). Only traces of Cr, Co and Ni were deteatedfirming the absence of spinel

in the area investigated.

TBC AI 203+ZI'02 9-A| 203 (’.‘AI 203
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Points of EDX analysis

Figure 6. 35 EDX measurements along a line througtne TBC, mixed zone and AlOs.

Another feature shared by the Rolls-Royce and fieatiaerofoil-shaped
samples was that pores at the TC/BC interface \wexe by the growing TGO (Figure
6.36). After short exposure times big pores wenentb at the TC/BC interface, as
shown in Figure 6.36(a) taken on a sample oxidfeed.00 hours at 925 °C. The BC
surface around these pores grew@lmore or less thick depending on the roughness
of the surface. Depletion of tifleNiAl from the BC around these pores was beliewed t
be more important. Also, the pores can be fillethyarticles of ceramic which become
embedded into the growing Ab;. As the exposure continued, these pores were
completely filled by a mixed of AD; and spinel/mixed oxide, as shown in Figure

6.36(b) taken on a sample exposed at 925 °C fdd #00rs.
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Figure 6.36 SEM images of modified aerofoil-shapedamples exposed for (a) 100 and (b) 4000
hours at 925 °C, of pores between TC and BC beindléd by the growth of the TGO.

Comparison of the Rolls Royce and modified aetafbaped samples showed
that although they were initially different due toanufacturing processes (a heat
treatment growing an initial TGO on the RR samplesinilarities were found on
samples after exposure for a few hours. Theseaiitigls comprised the presence of an
Al>,03-ZrO, mixed zone in the TGO close to the TC, the fororabf isolated islands of
spinels and the formation of thick clusters of T@€rause of the growth of the TGO

into large pores between the BC and the TC.

6.2.4 Discussion — The effect of micro and macro gmetry on the TC/BC

interface behaviour.

Observation of the TC in flat locations on the ified aerofoil shaped samples
in section 6.2.1, showed that the amount of smaltls in the ceramic reduced with
exposure at 925 °(Residual stress measurements, on the modified clesbhped
samples, done using Raman Spectroscopy in Bristotdisity [131], showed that the

ceramic was becoming more and more compressive axithation. Tensile stresses in
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the first stages of oxidation could promote theesppnce of pores and the creation of
microcracks while compressive stresses (causechdygtowth of TGO and thermal

cooling) later during exposure explained the clesaf microcracks and pores. The
linking together of TC splats indicated stress xatemn. Thompson and Clyne [132]

also observed an increase of stiffness with exgogsar temperatures higher than
1000 °C, divided in two stages: a rapid initialrigese followed by a more progressive
rise. This change in mechanical properties wascassaol with sintering of the ceramic

[75]. Generally expected at temperatures above I40)0sintering was detected at

temperatures as low as 800 °C [133].

The macro-geometry of the substrate seemed tdl\ygedtect the microstructure
of the TC which in turn affected parameters suclstesss generation and relaxation,
crack initiation and propagation, as well as thensport of oxygen. Irregularities in
manufacture, caused by the different curvaturesiratdhe modified aerofoil shaped
samples, produced ceramic coatings with varyingktiess and roughness which
eventually promoted the localised generation oftie@r and life limiting cracks.
Moreover in literature, thin TCs were found to emtethe gas permeation of oxygen
because of a greater density of interconnectedogrniacks shortening diffusion paths
[116] which would eventually affect the oxidaticsie of the system. Spallation of the
ceramic did not happen on concave regions of tihepkss (observed through pulse
flash thermography in section 5.1). Failure hapdednst on the convex features of the
sample, and then propagated along the flat curegtwction side). Propagation through
the concave locations was more difficult and alwagppened last. To understand fully

how cracks were created in the coating systemag necessary to study the TC/BC

172




Influence of BC, TC/BC interface and TC microstmueton the behaviour of APS/TBC

interface which micro-scale topology is now wellokn to affect the way cracks
initiate and propagate.

On the effect of local TC/BC interface roughnedisgh et al. [90] observed the
damage evolution at the TC/BC interface of a simii8C system and found that
damage was preferentially initiated in areas whbee ZrQ protruded into the BC
because of the different stress state of the ceramd AbOs;layer. Combination of the
compressive stress in the TGO and the tensilessiresIC protrusion (because of
shrinkage caused by sintering), made the convoluneeifaces preferred damage
initiation sites. They added that spallation ocedrthrough the linkage of micro-cracks
rather than because of the rapid propagation ofghescrack [90].

In line with the findings of Singh et al. [90], thevestigation of the BC/TC
interface was focussed on TC asperities into the IBGection 6.2.2, 4 recurrent TC
asperity types were found to affect the crack pgagpian at the TC/TGO interface
(Figure 6.22). Figure 6.37 is a schematic represiemt of the 4 asperity types. The red
arrows represent the crack paths observed on SEfMres. Type 1 did not allow cracks
to propagate through the TC. The large asperiy alisence of short splat boundaries,
and the unlikely formation of micro-cracks, made firopagation of a crack difficult
into this asperity. In that case, the crack wowdcekpected to travel around through the
TGO. It is highly likely that Type 2 allowed a lot stress to concentrate in a small area
of the TC. Micro-cracks often developed in the asgys convoluted space and cracks
propagating in the TGO continued their path atgblat boundary as well as across the
fine strip of ceramic. The large undulation enceved in Type 3 did not stop cracks
from propagating at the splat boundary. Howeveth#t splat boundary was too far

away from the TGO/TC interface (bringing them clageType 1), cracking occurred in
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the TGO. In Type 4, again a lot of stresses wetieggad within the asperity causing the
formation of micro-cracks. A propagating crack froine TGO would travel along the

splat boundary at the edge of the asperity. THa{ie of microcracks with the asperity
was also observed. Finally, in the absence of watidul, the cracks propagated mainly

at the TGO/BC interface or in the middle of the T@yure 6.22).

Figure 6.37 Schematic representation of YSZ splatonfigurations found in TC protrusions into the
BC. Red arrows and lines are potential cracks paths

The residual stresses around the different typgsodrusions were measured by
D. Liu as part of a collaborative work done betwd@sistol University and Cranfield
University on the modified aerofoil-shaped sampléswas found that the local
geometry had a large effect on the stress intemradietween the TGO and the TC
resulting in large stress mismatches and leading physical stress accommodation
(closure or opening of micro-cracks in the TC) @rdebonding of the two layer and
crack imitation. The nature of the TC/TGO interfdpaire ALOz or a mix of AbOs-
ZrQ,) greatly affected the stress accumulated in thelayers. In a general manner, it
was found that the protrusion of TC into the TGQutted in a large residual stress
difference between the two layers which, when rech high value, led to cracking,
either in the TC or at the TC/TGO interface depegdin the local geometry.

Work done by Karadge et al. [139] can help explomw cracks propagating at

either the TC/TGO or the TGO/BC interface managétowhen they encounter highly
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convoluted features in the oxide layer (Figure 6@pRand (c)). Karadge et al. [139]
studied the microstructure of the oxides growingelB-PVD and APS/TBC systems
and found that cracks nucleated either at the TO/D&at the TGO/BC interfaces, but
were able to traverse inter-granularly across tl@OTthickness around severely
rumpled geometries (in the case of EB-PVD/TBCskdAltheir research showed that
the texture of the TGOs in APS/TBC systems ledatgd inter-granular stresses that
could explain micro-cracking in the oxide layer $1.3

Added to the local undulation of the interfaceg firesence of an ADs-ZrO,
mixed zone in the TGO, affected the integrity & thPS/TBC system. At temperatures
over 1000 °C, because of the rapid transformatioth@y-Al,O3; and6-Al O3 into a-
Al,O3[53], the mixed zone is only formed during the gatages of oxidation and is
therefore very thin [134-137]. However, between 88@d 1000 °C, transient and stable
forms of ALOs; can thermodynamically co-exist [53], thus enablifig), to stay
dissolved into the TGO. The TEM images of a sangxeosed at 900 °C for 15,000
hours in Figures 6.10 and 6.34 showed the larggidra of mixed zone present in the
TGO. Moreover, the mixed zone was found to formemeasily around fine protrusions
of TC into the TGO (Type 2) which would be expectedhave a large affect on the
stress states at the TGO/TC interface and therefdras potential decohesion points.

Tuan et al. [140] studied the mechanical propertie Al,Os-ZrO, composites
and reported that the toughness of3lwas enhanced by adding t-Zr@r m-ZrQ, but
at the same time, reduced its strength. They fdbatlincreasing the Zrcontent led
to a reduced densification of the,®%, a reduction in its elastic modulus and refined it
grain microstructure [140]. Moreover, Leyens et HI36] reported some spinel

formation between the mixed oxide and the TC, af a& some pronounced pore
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formation within the mixed oxide helping crack pagation. This has led to the
suggestion that the ADs-ZrO, can in some cases promote the diffusion of spetiek

as Cr, Co and Ni which will eventually convert irgpinels at the interface between the
TGO and TC.

The effect of the TC/BC interface geometry on finenation of spinels/mixed
oxides was also investigated. The islands of B@terkin the early stages of oxidation,
by the internal growth of AD; around BC protrusions into the TC (Figure 6.38(c))
were believed to be one route for the formatiosmhels/mixed oxides. To explain this
hypothesis, it is important to go back to thermayics of oxide formation. The

stability of oxide product for the Ni-Al-O systems presented in Figure 6.38.

S EET

Figure 6.38 Thermodynamic stability diagram of theNi-Al-O system [21].

The diagram represents the equilibrium betweemth®;, NiAl,O4, NiO and Ni-Al
phases with the oxygen activity and the Al activityas. In the diagram, the important
equilibria are as follow:

- (1) represents AD; in equilibrium with Ni-Al by the reaction: 2Al +@ = Al,Os;
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- (2) refers to NiAJO4 in equilibrium with the alloy by the reaction: Mi2Al + 40
= NiAl,0y;

- (3) involves NiO in equilibrium with the alloy kthe reaction: Ni + O = NiO;

- (4) is defined by the reaction: 3Ni + 4,85 = 3 NiAl,O,4 + 2Al,

- and (5) is defined by the reaction: 3 Ni + NiB@} = 4 NiO + 2Al [21].

In the BC islands at the beginning of exposure, parameters assure that
reaction (1) (Figure 6.38) is occurring. The oxygetivity is too low at the interface to
form oxides other than ADs. However, as the amount of Al in the BC reduchs, t
oxygen activity increases along line 1 in Figurg86 At the intersection of lines 1 and 2
the ALO3; converts into NiAJO4. Thermodynamics might explain as well the preserice o
spinels/mixed oxides close to microcracks and patethe TC/TGO interface in the
modified aerofoil-shaped samples. Indeed Fox angneCl[116] found that the
permeation of oxygen through the TC was enhancethdyresence of these flaws in
the ceramic, as they act as discrete oxygen dglsitgs and shorten the diffusion path.
This would increaspo.locally and promote the growth of spinels/mixedd2s.

The diffusion of Al out of these BC islands to @ré\l,O3; changed the initial
composition of the MCrAlY which may eventually me#mat the mixed (Al,CgOs
become the more stable oxide to grow. Referringk btacthe Ni-Cr-Al oxidation
diagram in Figure 2.9 (Wallwork et al. [12,65]), tatmperatures of over 1000 °C, the
amount of Ni, Cr and Al present in the BC influenice nature of the growing oxide.

Figure 6.39 is a schematic representation of tirendtion of spinel/mixed
oxides in the particular case of BC islands. Afteshort exposure time, the TGO

(mainly transient oxides) is thin and follows thedulations of the TC/BC interface,
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with the BC being rich irg-NiAl phase (Figure 6.39 (a)). After longer expassjrthe
TGO thickens as a result of the outward diffusiébfrom the B-NiAl phase reacting
with the oxygen to form transient A);. As observed on the Rolls-Royce samples,
internal oxidation occurred in the BC close to &0, narrowing the asperity’s neck
(Figure 6.39 (c)). Further exposure caused the tetmsolation of the upper part of the

undulation, creating a BC island still rich in Aigure 6.39(d)).

TC
TGO (Al,0,)

Internal oxides

Outward B-NiAl
depletion zone
boundary

BC

Island of BC with
remaining B-NiAl

Depleted BC island

Al, O oxides join

As amount of Al

Assumption :
growth of mixed and Cr decreases,
(Al,Cr) ,05 BCisland is

replaced by mixed
oxides/ spinels

Figure 6.39 Schematic representation of spinels/mexl oxides growth in isolated BC islands with
exposure at high temperatures (chronologically fronfa) the initial stage of oxidation to (f) the fina
form of the spinel/mixed oxide).

The increasing thickness of the TGO eventuallytedhe depletion of thé-
phase from the BC island (Figure 6.39(d)), thusicath the Al activity and promoting

the formation of MCrAIlY increasingly rich in Cr gnong (Al,Cr),O3 (Figure 6.39(e))
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and then the formation of spinels in a second tmi# the whole coating is converted
(Figure 6.39(f)).

Liang et al [142], studied the grow mechanismsCofO; and NiCpO4 on
NiCoCrAlYs at the lattice scale and found that lditéice mismatch between tleNi/y'-
NizAl phases and GD; was less than for the-Ni/y'-NizAl phases and AD; [142].
This meant that, GD; would grow more easily on a depleted BC, givingtaer reason
why (added to the fact that the BC is running dualp the creation of AlO3is replaced
by the creation of mixed (Al,Gips. As the BC is further depleted in Al and Cr, the
growth of (Co,Ni)O becomes possible and the reactietween (Ni,Co)O and
(Al,Cr),03 forms the spinels. Going back to the EDX mappihg spinel/mixed oxide
in Figure 6.24, this would explain the presencéAdfCr),O3; oxides with changing Al
contents on the outer region of the spinel/mixed®xand the core of the spinel/mixed
oxide being rich in Ni. The study of model BC depes by magnetron sputtering in
Part Il of this thesis will show the influence ofCBcomposition on the nature of the

oxide and that the Cr/Al ratio dictates the fractad (Al,Cr),O3; created on the surface.

6.2.5 Summary

On the effect of the substrate macro-geometryas found that life limiting
vertical cracking happened more easily on conveatufes. The initiation of these
vertical macro-cracks happened after cracking efit€@/TGO and TGO/BC interfaces.
In the case of extreme convex curvature (trailidged, a particular TC microstructure
could be observed; the deposition layers did ndibviothe geometry of the blade
around the trailing edge. Concave curvatures werg wugh and as a consequence,

vertical micro-cracking was located at the surfadfethe ceramic. These cracks,
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however, did not seem to propagate towards the Ba@h exposure, pores and micro-
cracks present in the coating closed and intet-§gmlandaries grew in size, suggesting
stress accommodation and maybe sintering.

Looking at the TC/BC interface, 4 types of TC a#jees into the BC could be
recognised, caused by the interface roughness.eThd&erent configurations are
believed to change crack propagation paths andtes@nto promote the formation of
vertical macro-cracks into the ceramic layer. Sisiineixed oxides were found to form
by diffusion into the ceramic coating, changing timechanical properties of the
interface and also giving an indication of the wsibn mechanisms occurring around
the TC/TGO and TGO/BC interfaces. The high oxygertial pressure at the TC micro-
cracks and splat boundaries promoted the formaifospinels. The roughness of the
TC/BC interface in concave curvatures was alsodaorbe important in promoting the
formation of thick TGO and spinels/mixed oxides. éxtension on the study of spinels
at lower exposure temperatures is presented inllPart

Finally, the fraction of AlOs-ZrO, mixed zone in the TGO is expected to have
an effect on the adhesion of the coating, the uadidtress concentration and on the
formation the spinels/mixed oxides by helping thiudion of species such as Cr, Ni

and Co toward the TC/TGO interface.
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CHAPTER VII - GENERAL DISCUSSION (PART 1)

7.1Why does failure of the modified aerofoil-shapednsples occur in
convex locations?

In section 5.1, Flash Thermography showed thatnbelified aerofoil-shaped
samples delaminated (and cracked) at the leadiddrailing edges and at the “bump”,
i.e. around convex features. Then the comparisofeatures such as TC and BC
thicknesses, Al diffusion and TGO growth (sectioB)5against curvature, highlighted
the role of geometry on the physical quality of ttwating (section 5.3). Indeed, the
thicknesses of the TC and BC were highly dependemurvature, and TGOS in convex

areas grew less spinels/mixed oxides than con@iens of the samples.

7.1.1 Thickness of BC influences the type of faile

The results in sections 5.3 and 6.1 led to the@wahg conclusions:

- Substrate curvature, TC/BC interface roughnessB@dhickness are factors
that affect each other and influence the behawbtine TBC coating system.

- In thin BCs, more likely to be found around convexrvatures, inward Al
diffusion mechanisms eventually reverse in ordem#ontain the growth of the
TGO.

- In thick BCs, more likely to be found around coreasurvatures, the high
roughness of the TC/BC interface seems to increaseamount of mixed

oxides/spinels in the TGO despite a larger Al resier More rapid depletion of
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Al in BC asperities was explained by short-ciradiffusion promoted by finer

grains close to the TGO.

One question is: how does BC thickness (and intlyrethe substrate’s
curvature) influences the failure of the TBC system

In the case of thin BCs, where the supply in Abeleds on phases other thHan
NiAl, the diffusion rate from the andy' phases might be too slow to grow.@4 in
case of cracking. Indeed when the partial presstioxygen increases i.e. formation of
crack, a minimum amount of Al is needed to repaér axide layer. This critical amount
is likely to be in the range of 4 to 5 at% Al [74#or that reason, thin BCs are more
vulnerable to the formation of cracks which wouladuse the rapid growth of less
protective oxide and eventually the failure of ttmating system, i.e. mechanically
induced chemical failure (MICF).

MICF and intrinsic chemical failures (InCF) areetliwo types of failure
associated with the depletion of Al from the BCclider et al. [75] affirmed that those
two types of failure, when leading to spallatioadhdifferent mechanisms with different
temperature dependences. INCF was based on BCrpespehile MICF depends
mostly on the TC properties. Evans et al. [73] sstgd that MICF happened before
intrinsic chemical failure if the ADs layer cracked. If the integrity of the A layer
was maintained, MICF could not be initiated and skistem lifetime would depend on
INCF. They also wrote that chemical failure woulttar at different times around a
sample because of different deposition splat sioesed during manufacturing of the

BC.
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In thick BCs often associated with high roughness, failuréhef coating wa
associated with InCFIndeed, depletion of the Al reservoir happenestefiain BC
asperities and using sources of Al other tharB-phase seemed more difficult buse
of the higher distance to diffuse through. ThicksBf@ere more prone to form spin
and/or mixed oxides. This might be explained bygran size of the-phase in the BC.
Figure 7.1 shows two SEM pictures taken in locafoof an etched sample. Ty were
taken on the tip of the trailing edge where the Bf€ame thicker. In the thin BC
location F, it was very difficult to distinguishedlgrains even with higher magcation
suggestinghat they were very small. On the contrary, in khBC away rom location
F, the grains were coarser. Bigger grains wouldemHifficult for elements like Al tc
diffuse quickly across the BC due to the relatiegluction in grain boundaris
explaining wly thicker BCs do not bene from the diffusion of Al from hases other
than thep-phase as much as thin coatings do. That could feasoon why the failur

mechanisms of thin and thick coatings are diffe

Figure 7.1 SEM image of the BC in location F on an etched sanw® oxidisec at 900 °C for 278C
hours. Tip of the trailing edge (a) and adjacent tahe tip of trailing edge (b)
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7.1.2 Higher probability of failure in convex area

The results in section 6.2 led to the following doisions:

- TCs in convex curvatures were more likely to crackstically through their
thickness.

- TCs in concave curvature did not promote the prapag of vertical cracks
through the ceramic.

- Undulation of the TC/BC interface and different BSperity microstructures
influence the propagation of cracks. Cracks inte TC promote the critical
failure of the TBC system by initiation life limitg vertical macro-cracks into
the ceramic.

- High roughness of the TC/BC interface promotes gresence of large pores
which in turn promote the growth of large .8 clusters mixed with

spinels/mixed oxides.

Crack initiation and propagation mechanisms amapiex as they depend on
several parameters, such as: the stress state 8fdffferent layers of the system, their
microstructure and the local geometry. Those fachoe in turn influenced by oxidation
temperature and time. Mechanisms suggested imtitex [21,68,94,98] (section 2.3.4)
agree that the stress caused by the growth of @@ Tould cause the initiation of
cracks in the TC and/or the TGO, and that undutaof the interface create out-of
plane and shear stresses causing micro-crackski@mhd propagate. It was also agreed
that cracks preferentially propagated at the TC/TGQO/BC interface, through the
TGO and in the TC depending on the local roughi@s®8]. Researchers understand

the importance of roughness on failure mechanistogever, little research, if any, has
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been carried out into the effect of the layout istete splats in the TC at the TC/TGO
interface on the residual stress state of the ABS/3ystem. In this study, the particular
layout of the YSZ splats and the TGO were founchéwe a great effect on crack
propagation. This, in turn, was dependent on therosaopic geometry of the turbine
blade.

Indeed, in regions of concave curvature, the raegh of the TC/BC interface
was more important and the amplitude of the TGOulatthn between the two layers
was higher than in regions of convex curvaturegeaiamplitudes were more likely to
promote Type 1 and Type 3 ceramic microstructufggufe 6.37), configurations
making cracks formation and propagation more diffic The flash thermography
experiments confirmed this hypothesis by showireg ttamage at concave locations of
the samples did not propagate as quickly as in @omreas. Moreover, when critical
failure happens, the TBC coatings in concave regisually stayed attached to the BC
(Figure 7.2).

On the other hand, the TC/BC interfaces at corowexatures were more likely
to promote Type 2 and Type 4 (Figure 6.37) TC aspsrbecause of the smaller
amplitude of the TGO undulations dictated by a nabughness. These two types of
TC microstructure at the TC/BC interface were fotmghromote cracking into the TC,
the creation of an ADs;-ZrO, mixed zone and high residual stress gradient ketwe
both sides of the interface. The probability ofc&rgropagation inside the ceramic
when the curvature of the coating was convex wasefbre higher. Figure 7.3 is an
SEM image of a cross-section through the trailidgeeof a modified aerofoil shaped
samples (location F) and shows how a crack propagatside the TGO continued its

path in the ceramic when encountering a Type 4rgsain. The 3 concave undulations
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highlighted in red demonstrate the fact that aroties$e protrusions, the cracks do not
always continue propagating into the TC but onlyréase the probability of creating a

critical crack into the ceramic.

a) Edge b) Edge

Convexe Concave Convexe Concave

81-BSYA-37 81-BSYA-37
975°C-900 h 975°C—- 1950 h
c) Edge d ) Edye
Cc

— |

G propagation Convexe till
81-BSYA-37 81-BSYA-34

975°C— 2700 h a75°c—a000h attached

[9%

Figure 7.2 Thermographs of sample 81-BSYA-37, oxisied at 975 °C for 4000 hours. Light grey
contrast corresponds to detached ceramic.

The higher probability of cracks generating catidamage close to the TC/TGO
interface at convex features of the modified aeksloaped sample, combined with the
poorer physical state of the whole TC caused byspray deposition in these areas
(thinner coating not following the geometry of thlade), make it a preferential location

for critical cracking which will dictate the lifetie of the entire system.
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Figure 7.3 SEM image taken at location F of samplesxidised for 2780 hours at 950 °C showing

cracks propagating at TGO/BC interface and throughthe TC. Red circles highlight TC protrusions
into the TGO.

7.2TGO thickness development model

7.2.1 Modelling the TGO growth on the modified aesfoil-shaped samples

The oxidation at 5 different temperatures betwe@h &d 1000 °C for times up
to 20,000 hours on modified aerofoil-shaped samplkes enabled the collection of
significant data to improve the modelling of TGOrel®pment in industrial gas turbine
conditions (Chapter 5).

In the literature [1,58,110-113,115], modelling tbridation behaviour was
conducted by considering that the ideally parabinéod was actually composed of two
stages: a transient stage, which had a higheraratecorresponded to the formation of
0-Al,03, followed by a steady state stage correspondirntda-Al,O; formation. The

entire process deriving from the transition of stege to the other can be described by

the following equations [1]:
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(A%)z = (kpg.t) +C ift<t, (8)
<AZ“)2 = (%)2 + kpg (t—t.) if t > t, 9)

Where,Aw is the mass change (md);the material surface (¢jnk the rate
constant fo®-Al20s (mg/(cny h)); kp. the rate constant far-Al20s (mg/(cny h)); wic
the critical weight fol-Al20s (mg/cm); t the time; andc the critical time for theé- to
a-Al 03 transformation to happen. The first equation dbssrthe growth 06-Al203
and the second, the growthwfl20s.

In this simple initial model, the influence of teerpture orwy. (critical weight
at which6-Al O3 starts transforming inta-Al,0O3) was not taken into account. It meant
that the mass of the grown oxide at the transipiomt between formation d¢f anda-

Al, O3 was the same at every temperature. Howeverwelsknown, that the stability
of metastable AD; and their rate of transformation is highly deperiden temperature
[53]. This assumption led to an inaccurate desompof growth behaviour as it can be
seen in Figure 7.4. In this first trial, the expeental data was well represented by the
model for the first stages of the oxidation but wasfor the second stage especially for

temperatures above 925 °C.

188




General discussion (Part I)

Ly
©

1.6 n -
# p
+ AA
1.4 :’1 'Y -
+
1.2
&
O
>
E1o0
[
(=]
G
<
G 0.8 od ——900C data
ﬁ g ,«*’M --#--900C mo
= ** —=—925Cdat
0.6 --8--925C mod
A—950C data
0.4 --4--950C mot
975C dat
975C mode
0.2 ——1000C dat
--+--1000C mod
0.0 =
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Time (hrs)

Figure 7.4 Inaccurate comparison of experimental mss change data and model.

Figure 7.5 shows the model after temperature Spevdlues of w. were
calculated. The new model describes the mass chafggmples oxidised at 900, 925
and 1000 °C much better. The new values @f ave plotted against temperature in
Figure 7.6.

The critical mass of the oxides, at which the titsors betweenp-Al20s and o-
Al203 happened, reduced when the exposure temperatureshigber. The inaccuracy
remaining at temperatures 950 and 975 °C couldkpkamed by a change of oxidation
mechanism and means that further adjustments ohtdel are needed. Changes could
include the rate constant km function of the temperature or even transpogsing

parabolic trend to a cubic one.
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Figure 7.5 Comparison of experimental mass changeath and corrected model.
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Figure 7.6 w.as a function of temperature.
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7.2.2 Modelling the transition betweer9- Al20zand a- Al203

The critical weight w, represents the weight at which the transformatiotine
transient AJO; occurs during the oxidation. More than a weighintewy. can be
interpreted as a time and temperature term, desgrithe nucleation and growth
kinetics ofa-Al,Oz. Indeed, plotting In(w(T)) against 10000/T describes an Arrhenius
function as seen in Figure 7.7.

0
-0.2

-0.4

In(wge )

-0.6

-0.8

7.8 7.9 8 8.1 8.2 8.3 8.4 8.5 8.6
1/T (10000/K)

Figure 7.7 Arrhenius plot of In(wy.) for the oxidation of the APS/TBC system.

The transformation ob- into a-Al,O3 is a solid-state transformation whose
kinetics, for a set temperature, can be descrigdddAvremi equation as follow [141]:
y=1— e ¥" (12)
wherek andn are time-independent constants describing thetiomacThe Arrhenius
function must be incorporated into equation (12piider to add the temperature factor

to the phase transformation of28%, which leads to equation (13):

10,000 10,000 n
Woe = Ax( - )— Bx (1 — exp(—Cx( T ) )) (13)
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where, according to the data, A =0.7267, B =641 =0.05and n = 6.

7.3 Conclusion (Part I)

An advanced approach was developed for the urashelisty of complex coating
systems, taking into account metallurgical, mianostural and mechanical evolutions.
It is now possible to predict where failure willaae first around an aerofoil shape,
potentially making gas turbines overhaul quicked anore efficient. The effect of
different coating shapes on as-deposited coatisy@wing the dependence on
curvature, highlighted the importance of having @lwontrolled manufacturing route.
Despite the high level of interest in TBCs, theas lbeen relatively little work on the
TC/TGO interface geometry of APS/TBC systems asdeifect on mechanisms of
crack initiation and propagation [90,91]. This mmeiswork highlighted the effect of
local TC/BC interface geometry on the state ofdbeamic layer and the propagation of
cracks in and around the TGO.

The improvement of NDE techniques and their pdssdpplication in industry
will save time during gas turbine maintenance, #mas reduce costs, by quickly
indicating which blades are still serviceable oediéo be changed. Shorter shut-downs
and better estimation of damage on the bladesredllice the downtime and increase
the availability of industrial gas turbines.

Plasma spraying imperfections, causing a scattédnanfC and BC thicknesses
of the TBC systems were found to cause prefereatidlthen critical failure on convex
features of modified aerofoil-shaped samples, leading and trailing edges. During
operation, the temperature experienced by a singiéne blade can vary from 600 to a

maximum of 1100 °C around the different geometbesause hot streaks from the
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combustor flow into the turbine making the tempamatfield highly heterogeneous
[1,18,99,143]. Furthermore, modelling of the aermiyics of turbine blades, carried
out by researchers specialised in Computationaid§llDynamics (CFD) [143,144],

showed that hot spots were generally concentratdtieleading edge of turbine blades

(Figure 7.8).

\1 gr y IV i
& " Hot spot

Figure 7.8 CFD simulation of hot spots in a high pessure turbine stage [143].

Past studies on the coating failure on turbinedddaalso indicated that
compressive stresses states were modified by aergéommetry, explaining the
spallation of the protective ceramic generally beiound on convex and flat surfaces as
well as on sharp edges [100,101,103,104].

The combination of higher temperatures and hightezss gradients on the
leading edge of blades make such locations highlgerable. It is therefore crucial to
improve the spraying process of the BC and TBCraeoto avoid the deposition of

thin coatings in areas likely to experience thetsesere conditions during service.
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PART Il - OPTIMISING BOND COATINGS
FOR GAS TURBINE APPLICATION

Overlay coatings, or BCs in the presence of a T@Gyide different protection
properties depending on their composition becafiskeonature of the oxides growing
on them. The time and temperature of their expoalse greatly influences the oxide
layers created. Ni-Cr-Al and Co-Cr-Al ternary systeundergoing oxidation have been
the subject of extensive studies. Since researalserally operate at high temperatures
in order to accelerate the oxidation of samples, la@cause of the important support
and interest of aeronautical industry, the behavafuthese alloys above 1000 °C is
well understood and mapped [12,40,63,65,66]. Howetlds is not the case for
oxidation at lower temperatures. Information on @weNi-Cr-Al system is also difficult

to find.

195




New coating compositions deposited by magnetronittespng (method
described in Chapter V) were oxidised in orderathieve a better knowledge of
MCrAlYs behaviour under oxidation in industrial gasbine operating conditions.
Oxidation rate for the Ni-Co-Cr-Al system and detaration of oxide types at 900 and
950 °C have been outputs from these experimentslyfBig a range of Ni-Cr-Al and
Ni-Co-Cr-Al has also highlighted the role of eacleneent concentration on the
preferential oxidation and the growth of protectosedes (such as €z and AbOs) or
less protective oxides (such as NiQy).

Firstly the results of the oxidation and analy#idNi-Cr-Al coatings exposed at
950 then 900 °C are presented: including, mass gaives, EDX and XRD analysis.
This leads to the creation of oxide predominanc€€NAlI maps at both the exposure
temperatures, and a comparison of the coatingsvimirawith exposure temperature
and composition.

Secondly, the effect of Co addition to the Ni-Ar-Aystem has been
investigated. Again, mass change curves, EDX aisaaysd XRD graphs are presented
and their analysis has led to the creation of opigelominance maps at 900 and 950°C.
Some of the work presented in this chapter has pablished in a paper in Surface and

Coating Technology [145].
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CHAPTER VIII — OXIDATION OF Ni-Cr-Al COATINGS
AT 900 - 950 °C

8.10xidation of Ni-Cr-Al systems at 950 °C

Around 10 samples from each batch of the two targesputtering deposition
experiments were chosen and oxidized in air at 950n a horizontal furnace for
exposure times of up to 500 hours. They were umldaglery 20 hours for weighing,
XRD and visual inspection. Samples with appareatking and/or significant weight
loss were taken out of the experiment. The contiposi of the samples produced using
the Ni-10wt%Cr+Al, Ni-20wt%Cr+Al and Ni-50wt%Cr+Atargets are presented in
Table 8.1. A dozen samples were sufficient to regme the range of compositions

deposited by sputtering from each combination wjets.

8.1.1 Physical changes of samples with exposure

Pictures of the sapphire discs were taken regulaegkween exposure cycles
(Figures 8.1 to 8.3). Before oxidation all coatigsl a homogeneous grey colour, the
shade of which depended on the amount of Al preJdr@ more the Al the lighter the
grey shades. In the Figures 8.1 to 8.3, 4 to 5 Emmpere chosen as representative
examples of the physical changes happening dumdaton. They are described in
terms of increasing amounts of Al. Samples fromNir@¢Owt%Cr+Al batch are shown
in Figure 8.1. Sample 130510B3 (10.6 at%Cr, 1.9 &®6 rich in Ni, had an

increasingly rough surface with ongoing exposure.

197




Oxidation of Ni-Cr-Al coatings at 900-950 °C

Exposure
Targets Sample Ni (at%) Cr (at%) Al (at%) Cr/Al (hours)
Ni-
10wt%Cr
+Al 130510 B3 87.5 10.6 1.9 5.58 220
170510 d2 84.5 9.7 5.8 1.67 200
130510 E2 81.4 9.2 9.4 0.98 300
130510 e3 76.3 8.2 15.5 0.53 500
170510 F2 61.6 6.7 31.7 0.21 500
170510 f3 49.5 4.7 45.8 0.10 500
170510 G3 37.3 3.3 59.4 0.06 100
170510 g2 23.5 2.3 74.2 0.03 500
130510 H2 15.9 1.6 82.4 0.02 500
130510 h2 10.7 0.9 88.4 0.01 20
130510 i2 6.0 0.4 93.6 0.00 20
Ni-
20wt%Cr
+Al 080710 B2 77.4 22.1 0.5 44.20 80
080710 D2 77.2 20.2 2.6 7.77 500
080710 F2 63.9 14.6 21.5 0.68 500
080710 f2 52.5 115 36.0 0.32 500
080710 G2 41.2 8.4 50.4 0.17 500
080710 g2 29.1 6.1 64.8 0.09 80
080710 H2 17.1 3.7 79.2 0.05 500
080710 h2 14.0 2.5 83.5 0.03 500
080710 i1 8.4 2.1 89.5 0.02 500
Ni-
S50wt%Cr
+Al 290610 C3 37.7 59.7 2.7 22.53 500
290610 D2 38.1 55.9 6.0 9.36 500
290610 d3 36.1 51.8 12.1 4.28 500
290610 E3 33.5 48.2 18.2 2.64 500
290610 F2 22.5 44.9 32.6 1.38 500
290610 f3 15.8 22.5 61.6 0.37 500
290610 G2 10.3 14.7 74.9 0.20 60
290610 H3 4.1 5.1 90.8 0.06 500
290610 h2 2.8 2.8 84.4 0.03 500

Table 8.1 Compositions of Ni-Cr-Al coatings resultig from 2 target co-sputtering and oxidised at
950 °C.
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Detachment of the coating happened after 200 haw@s0 °C as indicated by
the red arrow. Sample 130510e3 (8.2 at% Cr, 1534bAd), obtained a green coloration
after 20 hours of oxidation which became more pumwed after 500 hours. 170510 F2
(6.7 at% Cr, 31.7 at% Al), kept a grey colour tlgbout its exposure. Finally,
130510h2 (0.9 at% Cr, 88.4 at% Al), composed maifill, was cracked and seemed
to have melted at high temperature and solidifiedng) cooling. Overall, samples
changed colour during the first stages of oxidaama then stayed unchanged during
the reminder of the 500 hours exposure (or untilife).

Samples from the Ni-20wt%Cr+Al batch are showrkigure 8.2. Similarly to
130510B2, 080710B2 (22.1 at% Cr, 0.5 at% Al), bezamugher with exposure.
However before cracking at 80 hours, green crygiedsipitated on the surface of the
coating and then disappeared. This could be exgdaby the higher amount of Cr in
this sample. With increasing amount of Al, in saen@80710D2 (20.2 at% Cr, 2.6 at%
Al), the green coloration was not observed anymimistead the progressive growth of a
light grey oxide occurred, and after 500 hours,eted the entire surface of the coating.
Like 170510F2, 080710F2, composed of 21.5 at% Al &4.6 at% Cr, kept the same
grey colour throughout its exposure at 950 °C. Adsmilar to the Ni-10wt%Cr+Al
batch, samples with a high amount of Al, represkie 080710h2 (2.5 at% Cr, 83.5
at% Al), showed a molten then solidified surfacawdver, its higher amount of Cr
seemed to have avoided cracking and failure. Agairdifference could be spotted
between the transient stage and the steady-séafe sf oxidation at 950 °C.

The samples from the Ni-50wt%Cr+Al batch showeat thigh amounts of Cr
(above 45 at%) resulted in a green surface cotorgfrigure 8.3). Indeed on sample

290610d3, containing 51.8 at% of Cr and 12.1 at%aAjreen oxide grew progressively
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toward the edges of the sapphiiisc between 300 and 500 houvéhile on sample
290610E3, with 48.2t% of C and 18.2 at% Al, the edge of the disc also me
green. As previous|yhigher amount of Al(above 30 at%)ead to greycoloured
surfacesas seen on sample 26091((44.9 at% Cr, 32.6 at% Ajnd very high level c
Al (above 75 at%)ead to molten coatings (29061C with 5.1 at% Cr and 90.8 at
Al). Most of the samplefrom the N-50wt%Cr+Al batch lasted 500 hourindicating
that higher amounts of Cr ithe coating provided bettedhesion properties ar/or

oxidation protection.

As depaosited 20 hours 200 hours 500 hours

130510h2

Figure 8.1 Pictures showing evolution of 13051C3 (10.6 at%Cr, 1.9 at% Al), 130510e (8.2 at%
Cr, 15.5 at% Al), 170510F2(6.7 at% Cr, 31.7 at% Al) and 130510h2 (0.9 at%Cr, 88.4 at% Al) (Ni-
10wt%Cr+Al) with exposure time at 950 °C. Red arrows point at damage in coating
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As deposited 20 hours 80 hours 200 hours 500 hours
080710B2 - _ »” *®

y » 3 v I !r;‘.

080710h2

Figure 8.2 Pictures showing evolution of the oxidesn 080710B2 (22.1 at% Cr, 0.5 at% Al),
080710D2 (20.2 at% Cr, 2.6 at% Al), 080710F2 (14a8% Cr, 21.5 at% Al) and 080710h2 (2.5 at%
Cr, 83.5 at% Al) (Ni-20wt%Cr+Al) with exposure time at 950 °C. Red arrows point at damage in

coatings.
As deposited 300 hours 500 hours
29061043 -
290610E3 .
b

290610F2

=
cox 2

7

290610H3

Figure 8.3 Pictures showing evolution of the oxidesn 290610d3 (51.8 at% Cr, 12.1 at% Al),
290610E3 (48.2 at% Cr, 18.2 at% Al), 290610F2 (448% Cr, 32.6 at% Al) and 290610H3 (5.1
at% Cr, 90.8 at% Al ) (Ni50Cr+Al) with exposure time at 950 °C.
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8.1.2 Mass change of samples

Weighing the coated sapphire discs allowed calicmaof the sample mass
changes, which are representative of oxide growlifferent types of oxides have
different oxidation rates. Therefore, mass changplts plotted against time can be
correlated with the nature of the oxide growinglog coating.

Figure 8.4 presents the mass changes as a funofiohme for the Ni-
10wt%Cr+Al coatings. Two types of behaviour could dbserved. Oxides on samples
containing large amounts of nickel, 130510B3 (1&%Cr, 1.9 at% Al) for example,
grew very quickly, while oxides on samples withaege amount of Al, 170510F2 (6.7
at% Cr, 31.7 at% Al), grew slowly. Slow growing dgi curves were divided in two
parts: an initial fast growing part followed by teady growth part. This describes the
two stages of AlD; growth well (transient oxide growth, e@Al,Os or possibly NiO,
followed by a-Al,O3). An abrupt reduction of a sample’s mass corredpdnto the
spallation of part of the oxide or coating. SamB®510e3 (8.2 at% Cr, 15.5 at% Al)
is believed to have had a particularly unusual el Indeed, XRD analysis (which
will be presented later in this chapter), showeat thmix of NiO and transieftAl,03
grew on the coating’s surface. The presence of WadDId suggest a quick mass gain,
however, this sample behaved like a slow growingdAformer.

The mass change of the Ni-20wt%Cr+Al coatingsresented in Figure 8.5,
showed the same behaviour apart from sample 08 18H at% Cr, 79.2 at% Al)
which did not appear to follow the trend. 080710tdls into the composition range
that is expected to be molten at the 950 °C taspésature and this is believed to
account for the high observed oxidation rate fas gample [61,147]. In Figure 8.5,

080710h2 (2.5 at% Cr, 83.5 at% Al) does not follthis trend, even if it contains a
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large concentration of Al. At 950 °C, it might forandifferent liquid or partially liquid

phase which behaves differently than the othergiémmed by the rest of the batch.
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Figure 8.4 Mass change of Ni-10wt%Cr+Al coatings ajnst time of exposure at 950 °C. Red curves
represent samples growing protective oxides.
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Figure 8.5 Mass change of Ni-20wt%Cr+Al coating agast time of exposure at 950 °C. Red curves
represent samples growing protective oxides.
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The addition of Cr to the alloy system reduceddkient of oxidation. Indeed, in
Figure 8.4 (Ni-10wt%Cr + Al), the mass change afinpkes mainly growing A3
reached 0.2 to 0.4 mg/énafter 500 hours of exposure while in Figure 8.8li-(
20wWt%Cr + Al) their masses only went up by 0.1 mf/cCr-rich coatings from the Ni-
50wt%Cr+Al batch produced slow growing oxides watinaximum weight gain of 0.35
mgl/cnf after 200 hours of exposure (Figure 8.6), presiynab a result of these
compositions favoring the growth of £r and AbO3; scales over faster growing NiO.
Samples 290610C3 (59.7 at% Cr, 2.7 at% Al) and 29D@ (55.9 at% Cr, 6.0 at% Al)
produced GiOs; sample 290610d3 (51.8 at% Cr, 12.1 at% Al) predug mix of C§Os
and AbOg; the rest of the Ni-50wt%Cr+Al batch tested, gralyOs. In Figure 8.6 it
can be seen that £;, even if protective, grows slightly faster than,®@d over 500
hours. The Ni-50wt%Cr + Al samples growing,®% (and not melting) only reached a
maximum gain weight of 0.1 mg/éncomparable to the mass change seen in Figure
8.6.

Although plotting the mass changes against timetified coating compositions
that produced slow growing oxides, it did not shekch samples had the lowest extent
of oxidation. To this end, mass changes were mlagginst the Cr/Al fractions in the
coatings (Figure 8.7). Low levels of Al led to haghlevels of oxidation, as did high
levels of Al. From the three graphs, the optimumACfraction (at%) producing the
least oxidation was between 0.1 and 0.5. The gooreting samples are listed in Table

8.2 [145].
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Figure 8.6 Mass change of Ni-50wt%Cr+Al coating agast time of exposure at 950 °C. Red curves
represent samples growing protective oxides.

Targets Sample Ni (at%) Cr (at%) Al (at%) Cr/Al
F2 61.60 6.70 31.70 0.21
Ni-10wt%Cr+Al f3 49.50 4.70 45.80 0.10
f2 52.50 11.50 36.00 0.32
Ni-20wt%Cr+Al G2 41.20 8.40 50.40 0.17
F2 22.45 44.93 32.61 1.38
Ni-50wt%Cr+Al 3 15.83 22.54 61.63 0.37

Table 8.2 Ni-Cr-Al samples producing slow lowest adation levels.
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Figure 8.7 Mass change of (a) Ni-10wt%Cr+Al, (b) NROwt%Cr+Al and (c) Ni-50wt%Cr+Al
coatings against Cr/Al content (in at %). Gaps intie curve correspond to sample failure (absence
of data).
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8.1.3 Identification of oxides

XRD was used to identify the oxides present ondbatings after exposure.
High concentrations of Ni in the samples led to gh@wth of NiO oxides (Figure 8.8).
High concentrations of Cr were needed in ordeotefCrO3 instead (Figure 8.9). No
Cr,0O3 was formed on samples containing less than 20CGxt% he first traces of AD3
were observed on sample 130510e3 (8.2 at% Cr,at%%Al) (Figure 8.10). However,
the high amount of Ni in the composition of thisating led to the formation of NiO as
well, which reduced the oxidation protection prdasr of the coating. Pure and
protective A}Os; was observed on samples F2 (from the Ni-10wt%CraAd Ni-
20wt%Cr+Al batches) as shown in Figures 8.11 ad@.8W\hen the amount of Cr was
low (6.7 at%) , 32 at% Al was needed to form@Jd However, higher amounts of Cr
(14.6 at%) reduced the required Al to 21.5 at%.h#&gh Cr levels (56 at%), ADs
oxides were found when the alloy contained 6 at%{Fdure 8.13). This tendency is
described in literature, where it is called thardhrelement effect” [63] and is consistent
with current understanding of the oxidation perfanoe of Ni aluminide coatings and
MCrAIY overlay coatings used in industrial gas fndgs. XRD analysis of samples
170510F2 (6.7 at% Cr, 31.7 at% Al) and 080710F26(&4#% Cr, 21.5 at% Al) detected
the presence AD; with two different microstructures, hexagonal andnoclinic. A
study from Levin and Brandon [147] identified thexagonal A0z asa-Al,O3 and the
cubic one a$-Al,0s. This confirms that, at temperatures below a 1G0Qhe oxide
layer is constituted of two different forms of 8. Higher amounts of Al led ta-

Al,O3 forming coatings [145].

207




Oxidation of Ni-Cr-Al coatings at 900-950 °C
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Figure 8.8 XRD spectrum from the surface of sampled30510B3 (10.6 at% Cr, 1.9 at% Al)(Ni-
10wt%Cr + Al) after 220 hours exposure showing th@resence of NiO.

|

— Cr,04
— NiO

N |

Counts

5 20 40 20-scale 60 80

Figure 8.9 XRD spectrum from the surface of sampl90610D2 (55.9 at% Cr, 6.0 at% Al)(Ni-
50wt%Cr + Al) after 500 hours exposure showing theresence of NiO and CsOs.
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Figure 8.10 XRD spectrum from the surface of sampld30510e3 (8.2 at% Cr, 15.5 at% Al)(Ni-
10wt%Cr + Al) after 500 hours exposure showing thdirst traces of Al,Oa.
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Figure 8.11 XRD spectrum from the surface of sampld70510F2 (6.7 at% Cr, 31.7 at% Al)(Ni-
10wt%Cr + Al) after 500 hours exposure showing Ala.
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Figure 8.12 XRD spectrum from the surface of sampl@80710F2 (14.6 at% Cr, 21.5 at% Al) (Ni-
20wt%Cr + Al) after 500 hours exposure showing AlOs.
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Figure 8.13 XRD spectrum from the surface of sampl@90610E3 (48.2 at% Cr, 18.2 at% Al)(Ni-
50wt%Cr + Al) after 500 hours exposure showing thdirst traces of Al,O; growing with Cr,0s.
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A few samples grew less protective oxides, sudhi@s,0,and NiALO, spinels

or NiO.CrOj3 oxides. Spinels observed on samples having faifechaturely may be a
result of transient oxidation, such as sample 08B21(22.1 at% Cr, 0.5 at% Al)(Figure
8.14). However, after longer exposure, the fornmatid spinel between the coating and
the substrate may well reflect Al exhaustion af@® hours of oxidation testing at 950
°C (Figure 8.15). At 950 °C, less protective oxidesre observed on a few samples
with Cr contents higher than 5 at% (in the absaidéiO). Samples oxidised at 950 °C
indicate either that these oxidation conditionsndb promote the formation of spinels,
or that exposure at this temperature might helpttévesformation of transient spinels
and mixed oxides into protective 83 or Cr0O3[145].

The XRD results for all the samples oxidised at 980are summarised in

Table 8.3.
7
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Figure 8.14 XRD spectrum from the surface of sampl®80710B2 (22.1 at% Cr, 0.5 at% Al)(Ni-
20wt%Cr + Al) after 80 hours exposure showing the gesence of CsOsas well as spinels.
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Figure 8.15 XRD spectrum from the surface of sampl290610d3 (51.8 at% Cr, 12.1 at% Al)(Ni-
50wt%Cr + Al) after 500 hours exposure showing theresence of CsO3, as well as spinels and
mixed oxides.

The cross-sections through samples from the Nit%@v+Al, Ni-20wt%Cr+Al
and Ni-50wt%Cr+Al batch were mounted and observetkuthe SEM (Figures 8.16 to
8.18). According to literature [63], the magnetrgputtering had deposited coatings
with a columnar microstructure because of the roegh of the sapphisubstrates.
Even if the deposition rate was dependant on tigetaall the coatings were between
~30 and ~50 um thick. As Figure 8.17(a) shows, sidinebetween the Ni-Cr-Al and the
sapphire disc was more or less adequate dependingomposition, which might

explain why some coatings detached earlier thaersttiuring exposure.
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Targets Sample NiO Cr,O; Al,O, Mixed oxides Spinels
Ni- 130510 B3 +
10wt%Cr+Al 170510 d2 +
130510 E2 +
130510 e3 +
170510 F2 o-,0-
170510 f3 o-,0-
170510 G3 o-
170510 g2 o-
130510 H2 o-
130510 h2 o-
130510 i2 o-
Ni- 080710 B2 + + NiCr,O,
20wt%Cr+Al 080710 D3
080710 F2 o-,0-
080710 f2 o-
080710 G2 o-
080710 g2 o-
080710 H2 a-,0-
080710 h2 o-
080710 i1 o-
Ni- 290610 C3 +
50wt%Cr+Al 290610 D2 + +
290610 d3 + + NiO.Cnr0O, NiCr,0,
290610 E3 + o-
290610 F2 o-,0- NiCr,O,
290610 f3 o-,0-
290610 G2 o-
290610 H3 o- NiCr,O,4
290610 h2 o-

Table 8.3 Different oxide phases identified using RD on the samples exposed at 950 °C.

Figure 8.16(a) shows a cross-section through sarhp0510d2, from the Ni-
10wt%Cr+Al batch which was initially rich in Ni (88t% Ni, 9.7 at% Cr, 5.8 at% Al).
The oxide scale that grew on the coating surfaceacsanposed of an external NiO layer
above a mixed GOs;+Al,O3 layer. An external NiO layer above a £ layer is
consistent with the literature [40,43,59]. Indetfte establishment of the £; would

have happened when the partial pressure .0fv@s reduced by the growth of NiO.
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Figure 8.16(b) highlights the fact that oxide coaldo grow between the columns
constituting the coating and at the coating/subsirgerface. The high oxidation rate of
the oxide could be an explanation for the formatbpores inside the Ni-Cr-Al overlay
coating. Decreasing the amount of Ni to 81 at %sample 170510E2 (9.2 at% Cr,
9.4at%Al) still led to the formation of a NiO layeFhe (Al,CryO3 was thicker on this
sample and failure occurred between the two diffieoxide layers. Gradual increase of
the Al content caused the external NiO layer tapiear, being replaced by a two
layered (Al,Cr)}O3 oxide with different Cr contents (Figure 8.16(a)Nith still more Al
(31.7 at%), a pure AD;zlayer formed (Figure 8.16(d)).

Sample 080710D3 (20.2 at% Cr, 2.6 at% Al), from Ni-20wt%Cr+Al batch,
is shown in Figure 8.17(b). (Cr,AQs; and NiO were identified on this sample by XRD
analysis and this was confirmed with EDX analy$ise oxide layer typically measured
around 20 um. Figure 8.17(c), presents an image aacross-section through sample
080710G2 (8.4 at% Cr, 50.4 at% Al), which was fodadgrow ALOs; and traces of
spinels. The oxides were typically very thin, <pnd thick, and grew on top on the Ni-
Cr-Al, between the columns and at the interfacehwifie sapphire substrate. The
spinels were usually found close to the substratechw indicated that the Al
concentration was very low in this region of thatiog. Finally, Figure 8.17(d) shows
the picture of a sample containing a high amounflpf080710H2 (3.7 at% Cr, 79.2
at% Al). In this case the growth of the oxide cansd most of the Ni-Cr-Al to create
an ALOs; which did not survive sample preparation. The glowt this oxide was

promoted by the melting of the coating.
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Figure 8.16 Cross sections SEM images of (a) 170820 (b) 130510E2, (c) 130510e3 and (d)
170510F2.

Cross-sections of samples chosen from the Ni-5@wv#Al batch are shown in
Figure 8.18. High amounts of Cr avoided the fororatf an external NiO layer and led
to the growth of a mixed (Al,CiQ; layer (Figure 8.18(a)). Increasing the initialchian
of Al up to 32.61 at%, enabled the growth of a pAirgD; layer as seen on the cross-
section through sample 290610F2 (44.9 at% Cr, 82Al) in Figure 8.18(b).

The use of analytical techniques, to identify tia¢ure of the oxides growing on
the Ni-Cr-Al coatingsconfirmed the hypothesises from the weight charega.dndeed,
the various extents of oxidation shown by the défeé mass gain curves, reflected well
the oxides formed. The only feature that mass ohangasurements did not show was

the presence of spinels or mixed oxides beneatutar oxide layer.
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Figure 8.17 Cross sections SEM images of as depesdit(a) 080710A2, (b) 080710D3, (c) 080710G2
and (d) 080710H2.
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Figure 8.18 Cross sections SEM images of (a) 290a80and (b) 290610 F2.

The chemical composition obtained by EDX analysisthe oxide layers

observed on example samples are summarised in able
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Sample Oxide O (at%) Ni (at%) Cr (at%) Al (at%)
130510 B3 outer layer 52.5 32.9 1.1 13.5
inner layer 57.2 14.9 13.9 14.0
170510 d2 outer layer 52.8 25.7 1.9 19.7
inner layer 56.2 16.2 8.3 19.3
130510 E2 outer layer 52.3 33.0 2.3 125
inner layer 50.4 17.0 8.9 23.7
130510 e3 outer layer 529 23.9 2.1 21.2
inner layer 53.2 12.6 8.4 25.9
170510 F2 single layer 61.2 3.9 1.2 33.7
170510 f3 single layer 62.0 1.8 0.9 35.2
170510 g2 single layer 61.6 1.8 0.0 36.6
080710 D3 outer layer 53.2 25.6 15 194
inner layer 62.0 8.5 14.1 155
080710 F2 single layer 60.3 3.2 1.6 35.0
080710 f2 single layer 56.0 4.8 2.6 36.7
080710 G2 single layer 58.5 2.4 2.0 37.1
080710 H2 single layer 60.3 1.7 0.4 37.6
290610 d3 single layer 62.1 15 18.7 17.7
290610 E3 single layer 54.4 3.4 10.8 31.4
290610 F2 single layer 54.0 2.1 8.4 35.5

Table 8.4 Composition (obtained by EDX analysis) ofthe oxide layers observed on the cross-
sections of selected Ni-Cr-Al samples exposed atBg&.

Table 8.4, indicated that, all the oxide layersitamed variable levels of Ni.
Comparison with Table 8.1 shows that this deperadethe initial amount of Ni in the
deposited coating. Lower levels of Ni could be fridra beam spread in the EDX. High
initial amounts of Ni (130510B3) led to the fornmatiof a two layered oxide scale,
whose outer layer was composed of 32.9 at% Nildh8 at% Al (mixed NiO.AIO;)
and inner layer was composed of 14.9 at% Ni, 14 At%and 13.9 at% Cr (NiO +
(Al,Cr)203). The reduced amount of Ni in samples from the50i%Cr+Al batch

coupled with the high fraction of Cr, avoided tleenhation of a double layered oxide.
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Increasing the initial amount of Al in the coatsngd to mixed (Cr,ApPOs layers
increasingly richer in Al until the layer formed svanainly pure AlO; (Figure 8.19).

SEM and EDX did not allow identifying different fois of ALOs.
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Figure 8.19 Effect of the initial Ni-Cr-Al coating composition on the (Cr,Al»O3; oxides formed at
950°C.

8.1.4 Oxidation of the coatings obtained from 3 taget co-sputtering

To complete the information provided by these @9sles, 9 additional samples
from the Ni-10wt%Cr+Ni-50wt%Cr+Al 3 targets co-sparing batch were also exposed

at 950 °C. The composition of the coatings seletdedhe oxidation at 950 °C, are in

Table 8.5.
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Sample Ni (at%) Cr (at%) Al (at%)

251111 02 46.3 20.7 33.1
251111 06 32.4 28.9 38.7
251111 07 55.2 16.3 28.5
251111 08 30.7 38.0 31.3
251111 _16 44.8 28.4 26.8
251111 20 57.6 26.0 16.4
251111 24 48.9 37.8 13.3
251111 25 45.4 33.7 21.0
251111 27 44.2 39.4 16.4

'SI)'gSIECS.S Ni-Cr-Al compositions of coatings resultig from 3 targets co-sputtering and oxidised at

After verification under the SEM, it was found tharior to oxidation, the
coatings were only 10 um thick, despite modifyimgadsition parameters. Therefore, to
avoid their complete destruction, the samples w&rdised for 40 hours instead of 500.
They were then analysed using XR®summary of the oxides detected in the samples
is shown in Table 8.6. A majority of the transiéitOsz present consisted 6f Al,Os
instead of thed-Al,O3; obtained on the previous samples after 500 houppsxe
suggesting that thé- phase appears later during oxidation. Also, fe@nels were
observed. Few spinels were detected on the sanspiésace.

Sample NiO Cr;03 @a-Al,O3 transient Al,O3 spinels

251111 02 + + 0-Al,05

251111 06 + 8-Al,05

251111 07 + + + 5-Al 03

251111 08 + + 5-Al 03 Ni(Cr,Al),04
251111 16 + + 5-Al 03

251111 20 + + NiCr,04
251111 24 + +

251111 25 + + 5-Al 03

251111 27 + + 8-Al 03

Table 8.6 Different oxide species identified usingkRD on the samples exposed at 950 °C for 40
hours.

219




Oxidation of Ni-Cr-Al coatings at 900-950 °C

8.1.5 Discussion - Ni-Cr-Al ternary oxidation map 4950 °C

Figure 8.20 summarises the oxides found on theingsaafter oxidation at
950 °C for 500 hours of exposure. It shows thathigéer the amounts of Al, the more
likely Al,O3 will grow on the coating. Samples 17051092 (29 &, 74.2 at% Al) and
130510H2 (1.6 at% Cr, 82.4 at% Al) from the Ni-10v@r + Al batch differ from this
tendency, but both of these coatings are expeatedbet molten when tested at
950 °C [61,146]. Superimposed on Figure 8.20 is a proposed boundigfiging the
limiting coating composition for AD3; scale formation at 950 °C. It should noted that at
high concentrations and temperature’s Al tends éactr with the Ni to form
intermetallics and that this will modify the &3 activity and therefore the propensity
of the coating to form AD; scales. XRD showed the presence gfANor NiAl phases
in the coatings initially containing more than @%0aAl. Oxidation of N3Al at 950 °C
does not encourage the growth ob®@d[148] and this could explain the presence of
spinels in some of the samples. An Al depletiorysed by either the formation of
Al,Os in the first stages of oxidation or the formatmintermetallics, may have led to
the growth of Ni oxides and mixed oxides towards #nd of the oxidation tests.
Moreover, because of the columnar microstructureéhef sputtered coating, in some
cases oxides grew between the substrate and theeé®@een columns and on top of the
BC. The higher oxygen partial pressure at the botddthe BC caused by the growth of
Al,O3 between columns, could contribute the growth ofoXides, and therefore the
formation of NiALO,, instead of Al oxides as the Al reservoir in tloating is depleted

as the oxidation progresses [145].
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Ftiog/u)re 8.20 Oxide compositions grown on Ni-Cr-Al catings after 500 hours at 950 °C (diagram in
atvo).

In 1989, Nicholls et al. [63] also oxidized spudigrNi-Cr-Al discs at 950 °C
and studied the rates of oxidation and the oxidesiéd. Coatings of similar thickness
to those studied for this thesis (i.e. over 30 jrok), showed the first traces of 2815
on samples containing 52.4 at% Al and 6.4 at% Endagh, from the performances of
commercially available BCs they anticipated that bloundary may well exist at 35 at%
Al and 7 at% Crwhich is very comparable with the results of thisdy as can be seen
from Figure 8.21).

For coatings with higher amounts of Cr, the amairAl needed to form AlD;
was only 15 at%; comparable to the results obtainekis thesis. However, Nicholls et
al. [63] were able to observe £g oxides even with low concentrations of Cr (4 at%)
in their alloys, in contrast to the data obtained this thesis (Figure 8.21). Typical
commercial Ni-Cr-Al-Y coatings have 18 — 22 at%dadd 16 — 24 at% Al, and so they

are expected to grow AD; when oxidized at temperatures of 950 °C. In theaey
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diagram (Figure 8.21), these coatings would betémtabove and right of the two

hypothetical AJO3; boundaries. In addition, the high amount of Cthi@ most oxidation

protective compositions found in this study miglgngy that such coatings would be

capable of both oxidation and hot corrosion prabectThis would be very useful for an

industrial gas turbine application [145].

¢ b B & # ¢ B & & o

°

a-Al203

a-Al203 +6-Al203

o-Al203 +NiCraO4

a-Alp03 +8-Alp03 + NiCrpOy
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NiO + 6-Al, 03

NiO + Cr203

NiO + Cr03 +NiCr04 + NiO.Cry03
NiO+ Crp03 + NiCr204
Cry03

NiO

A£203 +NiO [63]

Al703 [63]

NiO + Cr203 +NiCr204 [63]
NiO + AlpO3 +NiAl2 04 [63]

Boundaries of AL O,

Shaded area:
100 molten or partially
molten Al rich
coatings [61,146]

Boundaries of
AL O, formers

formers [63]

0

70 80 90 100 at% Cr

Figure 8.21 Oxide compositions grown on Ni-Cr-Al catings after 500 hours at 950 °C compared to
data obtained by Nicholls et al. [63](diagram in &%).

Data obtained from the oxidation of the coatingpadited with 3 targets was

added to the previous ternary map and are showhigare 8.22. Apart from the

exception circled in red, samples confirm the@lformer domain boundaries drawn in

Figure 8.20.
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Figure 8.22 Oxide compositions grown on Ni-Cr-Al catings after 500 hours at 950 °C completed
with the data obtained from 3 target co-sputteringand compared to data obtained by Nicholls et al.
[63](diagram in at%).

8.20xidation of Ni-Cr-Al systems at 900 °C

As for the experiments carried out at 950 °C, acbl0 samples from each batch
of the 2 target co-sputtering deposition experimemtre chosen and oxidized in air at
900 °C in a horizontal furnace for exposure timésup to 500 hours. They were
unloaded every 20 hours for the same inspectiopgeagously. Samples with apparent
cracking and/or significant weight loss were takeut of the experiment. The
compositions of the samples from the Ni-10wt%Cr+AMi-20wt%Cr+Al and Ni-
50wt%Cr+Al targets are presented in Table 8.7. Gusitipns as close to the ones
chosen previously were taken for exposure in otdecompare the behaviour of the

coatings at different temperatures.
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Ni Cr Al Exposure
Targets Sample (at%) (at%) (at%)  Cr/Al (hours)
Ni- 130510 D2 86.1 9.9 4.0 2.49 100
10wt%Cr+Al 130510 d2 84.5 9.7 5.8 1.67 120
170510 E3 81.4 9.2 9.4 0.98 60
170510 E2 81.4 9.2 9.4 0.98 460
130510 e2 76.3 8.2 155 0.53 60
170510 e2 76.3 8.2 155 0.53 100
170510 F3 61.6 6.7 31.7 0.21 500
170510 f2 49.5 4.7 45.8 0.10 500
130510 i3 6.0 0.4 93.6 0.00 500
Ni- 080710 c2 77.2 20.9 1.9 11.00 100
20wt%Cr+Al 080710 d3 77.0 18.5 4.5 411 500
080710 E3 74.3 17.9 7.8 231 220
080710 e2 69.1 16.3 14.6 1.11 500
080710 F3 63.9 14.6 21.5 0.68 500
080710 f3 52.5 115 36.0 0.32 500
080710 G3 41.2 8.4 50.4 0.17 500
080710 h3 14.0 2.5 83.5 0.03 500
080710 i4 10.2 2.1 87.7 0.02 100
Ni- 290610 C2 37.7 59.7 2.7 22.53 500
50wt%Cr+Al 290610 c3 37.9 57.8 4.3 13.41 500
290610 D3 38.1 55.9 6.0 9.36 500
290610 E2 33.5 48.2 18.2 2.64 500
290610 e3 29.7 41.6 29.1 1.43 500
290610 F3 22.5 32.6 44.9 0.73 500
290610 G3 10.3 14.7 74.9 0.20 60
290610 g3 6.8 9.0 84.2 0.11 500
290610 H2 4.1 5.1 90.8 0.06 500

Table 8.7 Compositions of Ni-Cr-Al coatings resuibhg from 2 target co-sputtering and oxidised at
900 °C. Numbers in italic correspond to samples reaved prematurely for observation purposes.

224




Oxidation of Ni-Cr-Al coatings at 900-950 °C

8.2.1 Physical changes of samples with exposure

Lowering the exposure temperature from 950 to 9DCcaused the oxidation
mechanisms to slow down, leading to particular playschanges of the coatings
surfaces. Pictures of the samples at differenogue times are shown in Figures 8.23
to 8.25.

Samples from the Ni-10wt%Cr+Al batch are presemteéigure 8.23. As at 950
°C, light grey crystals grew on the surface of o containing over 85 at% Ni
(130510 D2 (9.9 at% Cr, 4 at% Al)). Increasing Mie€oncentration led to a spectacular
change of colour during the first stages of oxwmatiThe surfaces of samples 170510E2
(9.2 at% Cr, 9.4 at% Al) and 170510 e2 (8.2 at%1Gr5 at% Al) evolved from grey to
iridescent pinks and greens. These colourful shddegppeared with further exposure
to leave a light grey colour. On the other hand)das with higher amounts of Al (over
30 at%), like 170510F3 (6.7 at% Cr, 31.7 at% Abgcame black in the first stages of
oxidation. Finally, as for samples oxidised at 960 the samples essentially composed
of Al such as 130510i3 (0.4 at% Cr, 93.6 at% Ahpwed a molten/re-solidified profile.
The early detachment of most of the coatings froenNi-10wt%Cr+Al batch at 900 °C
confirm that low amounts of Cr are life limiting.

Only pictures of the transient stage of oxidatiere taken for the samples from
the batches of Ni-20wt%Cr+Al (Figure 8.24) and Nwg%Cr+Al (Figure 8.25). They
show the unchanged coloration of 080710d3 (18.5 @t%4.5 at% Al), the slightly
iridescent edge of 080710E3 (17.9 at% Cr, 7.8 atyaAd the black shade of 080710e2
(16.3 at% Cr, 14.6 at% Al) which confirmed the difint nature of the oxides growing

on those three samples. The iridescent shade orfilO&3 disappeared with oxidation
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as it was observed on sample 130510E2. As for smmipbm the Ni-10wt%Cr+Al
batch, 080710h3 (2.5 at% Cr, 83.5 at% Al) showetbien/re-solidified profile.
The same observations were made for samples fed@nthe Ni-50wt%Cr+Al

batch (Figure 8.25). As the amount of Al in thetowgaincreased, samples went from a
grey (290610D3 (55.9 at% Cr, 6.0 at% Al)), to adascent (290610 E2 (48.2 at% Cr,
18.2 at% Al)), to a dark colour (290610F3 (32.6 a® 44.9 at%Al). Again, the
iridescent colour, faded with exposure. This iseffact of oxide thicknesses when they
are approximately the same as the wavelength bf. Ilgnally high amounts of Al (91
at%) lead to the same molten/re-solidified coati(@#0610 H2 (5.1 at% Cr, 90.8 at5

Al).

As deposited 20 hours 100 hours 500 hours

130510D2

13051013

170510e2

Figure 8.23 Pictures showing the evolution of thexades on 130510D2 (9.9 at% Cr, 4 at% Al),
170510E2(9.2 at% Cr, 9.4 at% Al), 170510e2 (8.2 at% Cr, 15.at% Al), 170510F3 (6.7 at% Cr,
31.7 at% Al ) and 130510i3 (0.4 at% Cr, 93.6 at% A(Ni-10wt%Cr+Al) with exposure at 900 °C.

Red arrows point at damage in coatings.
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As deposited 20 hours 60 hours

Figure 8.24 Pictures showing the evolution of thexides, during the first stage of oxidation, on
080710d3 (18.5 at% Cr, 4.5 at% Al), 080710E3 (1788% Cr, 7.8 at% Al), 080710e2 (16.3 at% Cr,
14.6 at% Al) and 080710h3 (2.5 at% Cr, 83.5 at% A{Ni-20wt%Cr+Al) with exposure at 900 °C.

080710h3

As deposited 20 hours 60 hours

o . . .
o . . .
o . . .

Figure 8.25 Pictures showing the evolution of thexides, during the first stage of oxidation, on
290610D3 (55.9 at% Cr, 6.0 at% Al), 290610E2 (48&% Cr, 18.2 at% Al), 290610F3 (32.6 at%
Cr, 44.9 at%Al) and 290610H2 (5.1 at% Cr, 90.8 at?Al) (Ni-50wt%Cr+Al) with exposure at
900 °C.

290610H2 |
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8.2.2 Mass change of samples

Once again, weighing the coated sapphire disasvall the sample mass
changes to be calculated. Different types of oxitledsl different oxidation rates.
Therefore, the mass change graphs of sample oyariad of 500 hours could be

correlated with the nature of the oxide growingilog coating.
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Figure 8.26 Mass change of Ni-10wt%Cr+Al coating aajnst time of exposure at 900 °C.

Figure 8.26 presents the mass changes of the Wi4O0r+Al coatings. As at
950 °C, two types of behaviour were observed. Hanethe mass changes associated
with these two behaviours were very close to eatierp reaching from 0.2 to 0.4
mg/cnt after 100 hours. Oxides on samples containing 8@eat% of Ni, 130510D2

(9.9 at% Cr, 4 at% Al) for example, grew quickly ilghoxides on samples with
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contents around and above 9 at% Al, 170510E2 @®CGr, 9.4 at% Al), grew more
slowly. The mass change curves were once agaidedivin two parts: an initial fast
growing part followed by and a steady growth pafhis describes the two stages of
Al, O3 growth (transient oxide growth, e.@:Al,Os3 or possibly NiO, followed byu-
Al,Os3). The particular behaviour of 130510d2 (9.7 at%338 at% Al) can be explained
by a late appearance of NiO oxides which changedi#idation mechanisms after 80
hours of exposure until failure of the sample a® I®urs. Reducing the oxidation
temperature did not reduce the mass gain of théngsa The average mass change

remained around 0.2 mg/érafter 500 hours.
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Figure 8.27 Mass change of Ni-20wt%Cr+Al coating agjnst time of exposure at 900 °C.

The mass change of the Ni-20wt%Cr+Al coatingsyespnted in Figure 8.27,

showed a similar behaviour to the Ni-10wt%Cr+Al srapart from samples 080710d3
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(18.5 at% Cr 4.5 at% Al) and 080710E2 (17.9 at%A38,at% Al) which, even if they
were later found not to grow pure 8; (XRD analysis), still had a very slow growing
oxide. Samples falling into the composition ranigat were expected to be molten at
the 950 °C test temperature (red and black datatgpoin graph) did not show a high
oxidation rate at 900 °C. However, pictures of ¢hesatings confirmed that they had
melted during exposure indicating that it mightnfioa different liquid or partially liquid

phase which behaves differently compared to thergihases.
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Figure 8.28 Mass change of Ni-50wt%Cr+Al coating agjnst time of exposure at 900 °C.

The addition of up to 50 at% Cr to the alloy systeeduced the extent of
oxidation at 900 °C in a less dramatic manner tfonsamples exposed at 950 °C.
Indeed, in Figure 8.26 (Ni-wt%10Cr+Al), the massmpe of samples mainly growing

Al,O3 reached 0.2 mg/cmafter 500 hours of exposure while in Figure 8.Zi-
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20wWt%Cr+Al) their masses only increased by 0.1fdZcnf. Cr-rich coatings from the
Ni-50wt%Cr+Al batch produced slow growing oxidegiwa maximum weight gain of
0.35 mg/cm after 500 hours of exposure (Figure 8.28), prediynas a result of these
compositions favoring the growth of £Lx and ALO; scales over faster growing NiO.
The Ni-50wt%Cr+Al samples growing AD; (and not melting), such as 290610F3
(32.6 at% Cr, 44.9 at%Al) only reached a maximunn gaeight of 0.1 mg/cf
comparable to the mass change seen in Figure &@8imilarly to samples exposed at

950 °C (Figure 8.6).

8.2.3 Identification of oxides

XRD analysis was used to identify the oxide phgsesent on the coatings after
exposure. On samples from the Ni-10wt%Cr+Al bategh concentrations of Ni (over
80 at%) in the samples led to the growth of NiOdesi and GOs; (Figures 8.29 and
8.30). A peak typical of-Al,O3; was even observed on sample 130510d2’s (9.7 at%Cr,
5.8 at% Al) spectrum but the presence of this oxadeld not be confirmed (Figure
8.29). Increasing the concentration of Al up to a® led to the formation of
NiO.Al,O3 and a further increase, to 15.5 at% Al, to thenfatron ofa-Al,O3 (Figure
8.31). The composition of the Ab; oxide layer seemed more diverse when the initial
amount of Al in the coating was around 32 at% asoua transient forms of the Al

oxide were observed on 170510 F3 (6.7 at% Cr, 8®4/Al)(Figure 8.32).
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Figure 8.29 XRD spectrum from the surface of sampld30510d2 (9.7 at% Cr, 5.8 at% Al) (Ni-
10wt%Cr+Al) after 120 hours exposure, showing the pesence of CyOsz NIiO and presumably
transient y-Al ;0.
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Figure 8.30 XRD spectrum from the surface of sampld70510E2 (9.2 at% Cr, 9.4 at% Al) (Ni-
10wt%Cr+Al) after 500 hours exposure, showing the gesence of CyOs, NiO and mixed oxides.
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Figure 8.31 XRD spectrum from the surface of sampld30510e2 (8.2 at% Cr, 15.5 at% Al)(Ni-
10wt%Cr+Al) after 100 hours observation, showing tle presence of NiO andi-Al ;0.
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Figure 8.32 XRD spectrum from the surface of sampld70510F3 (6.7 at% Cr, 31.7 at% Al) (Ni-
10wt%Cr+Al) after 500 hours oxidation, showing thepresence of transienty- and 0-Al,03 as well
asa-Al 203.
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Figure 8.33 XRD spectrum from the surface of sampl®80710d3 (18.5 at% Cr, 4.5 at% Al) (Ni-
20wt%Cr+Al) after 500 hours exposure, showing the gesence of CpO3, NiO and spinels.
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Figure 8.34 XRD spectrum from the surface of sampl®80710e2 (16.3 at5 Cr, 14.6 at% Al) (Ni-
20wt%Cr+Al) after 500 hours exposure, showing the gesence of CyOzand a-Al,Oa.
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Figure 8.35 XRD spectrum from the surface of sampl@80710F3 (14.6 at% Cr, 21.5 at% Cr) after
140 and 500 hours exposure (Ni-20wt%Cr+Al) showinthe presence of transiend-Al,O; as well as
a-Al 203.
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Figure 8.36 XRD spectrum from the surface of sampl290610D3 (55.9 at% Cr, 6.0 at% Al) (Ni-
50wt%Cr+Al) after 500 hours exposure, showing the msence of CyOs;, transient 8-Al,0; and
spinels.

235




Oxidation of Ni-Cr-Al coatings at 900-950 °C

— Cr,04
NiCr ,0, l
§-Al,0,

— (l-A| 203
NiAl

Counts

88 3EREEEEIEREERREEEIREREEREEEEEEEEE

Lol bbby Lol bbb bbb b bbb b b bbb

20-scale

Figure 8.37 XRD spectrum from the surface of sampl@90610E2 (48.2 at% Cr, 18.2 at% Al) (Ni-
50wt%Cr + Al) after 500 hours exposure, showing thepresence of CsO;, transient §-Al,Os, a-
Al,O3 and spinels.

Low concentrations of Cr (minimum of 5 at%) wereeded in order to form @D;
(Figures 8.29, 8.30, 8.31, 8.32, 8.36 and 8.37)thl@nNi-20wt%Cr+Al batch, the first
evidence of AIO; was observed on sample 080710e2 (16.3 at% Cr, dt%6Al) as
shown in Figure 8.34. Once again, increasing theusiof Al up to 21.5 at%, lead to
the growth of the transietAl,O; along witha-Al,O3 (Figure 8.35). Figure 8.35 also
highlights the growth of the AD; oxides with time. Between 140 and 500 hours, the
transient phases seemed to grow as much as tHe gtpbhase which confirms that at
the lower temperature different forms of@ can co-exist.

Finally on the samples from the Ni-50wt%Cr+Al batél,03; was first spotted
on 290610D3 (55.9 at%Cr, 6.0 at% Al) (Figure 8.8&nerally, a higher initial amount

of Cr reduced the amount of Al necessary to foraO4las was observed at 950 °C, but
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also seemed to increase the probability of forngpmels/mixed oxides. Indeed, most

of the samples for this batch grew NiOj or NiO.Al,O3 (Figures 8.30, 8.33, 8.36 and

8.37).
The XRD results for all the samples oxidised a@ 9€ are summarised in
Table 8.8.
Targets Sample NiO Cr,O;  a-Al,0O4 Mixed oxides Spinels
Ni- 130510 D2 + +
10wt%Cr+Al 130510 d2 + +
170510 E3 + +
170510 E2 + + Al,03.NiO
130510 e2 + o-
170510 e2 + o-
170510 F3 a,y,0-
170510 f2 a,0,0-
130510 i3 -
Ni- 80710 c2 + + NiCr,04
20wt%Cr+Al 80710 d3 + + NiCr,04
80710 E2 + Al,05.NiO
80710 e2 o-
80710 F3 a,0-
80710 f3 a,0-
80710 G3 ay-
80710 h3 -
80710 i4 o-
Ni- 290610 C2 + +
50wt%Cr+Al 290610 c3 +
290610 D3 + 0- NiCr,04
290610 E2 + o,y- NiCr,0O4
290610 e3 - Al,03.NiO NiCr,0O4
290610 F3 o- NiCr,04
290610 g3 a,0- Al,03.NiO
290610 H2 -

Table 8.8 Different oxide phases identified using RD on the samples exposed at 900 °C.

The first traces of AD; were observed on samples 130510e2 (8.2 at% &, 15.

at% Al), 080710e2 (16.3 at%Cr, 14.6 at% Al) and@dID3 (55.9 at%Cr, 6.0 at% Al),
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showing that the amount of Al needed to grow thistgrtive oxide decreased with
increasing proportions of Cr. Three different tians Al,Os (3, y, and6) were detected
but they did not seem to depend on the compositidhe coating (for example, a lower
amount of Al did not lead to a particular transiphaise). Initial contents of Cr above 18
at% increased the chance of detecting spinelsth@@xide layer and mixed &D3;.NiO
oxides were present even with high amounts of AdXimum of 84.2 at%).

The oxide microstructure of the exposed coatings wbserved under the SEM

and is shown in Figures 8.38 to 8.40. It confirntleat coating were generally between

~20 and ~50 pum thick.
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Figure 8.38 Cross sections SEM images of (a) 130820 (b) 170510E2, (c) 130510e2 and (d)
170510F3.

The first pure AIO3 layer in the Ni-10wt%Cr+Al batch was observed ample

170510F3 (6.7 at% Cr, 31.7 at% Al) (Figure 8.38@hyd contained 38.6 at% of Al.
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Samples containing high amounts of Ni (over 84 aty®w a two layered TGO
composed of an outer mixed NiO,8k layer and an inner mixed (Al,GOs layer
(Figure 8.38(a)). Increasing the initial Al conteftom 5.8 to 9.4 at% in the coating led
to the growth a mixed (Al,Csps; layer (Figure 8.38(b) and (c)). Samples 170510E2
(9.2 at% Cr, 9.4 at% Al) and 130510e2 (8.2 at% XG5 at% Al) respectively failed
after 460 and 100 hours of exposure, explainingviiry thin remaining oxide layer.
This indicates either that failure occurred witktve oxide layer or at the oxide/coating
interface and was followed by re-growth of the exid

From the Ni-20wt%Cr+Al batch, a pure /85 layer could not be seen at
compositions lower than sample 080710F3 (14.6 at%2T5 at% Al) (Figure 8.39(d)).
Lower amounts of Al (14.6 at%) led to the formatmira mixed C§O3.Al,O; layer, the
composition of which was dependent on the init@hposition of the coating (Figures
8.39(b) and 8.39(c)). Even with high amount of Ni080710d3 (18.5 at% Cr, 4.5 at%
Al), the double oxide layer system made of NiO &mgD; could not be found as easily
as on samples oxidised at 950 °C (Figure 8.394d3h, spinels were largely present on
the coatings and usually had two sorts of micrastimes. They could appear as very
voluminous oxides consuming most of the overlaytiogaas in Figures 8.39(a) and
8.39(d), or be very small and located in the oXx&er next to the overlay coating as in

Figure 8.39(b) and 8.39(c).
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Figure 8.39 Cross sections SEM images of (a) 080dB0Q (b) 080710E2, (c) 080710e2 and (d)
080710F3.
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Figure 8.40 Cross sections SEM images of (a) 290&and (b) 290610E2.

Cross-sections through samples from the Ni-50wt#ACbatch showed that a

pure AbO;3 layer could not be observed on samples with an amauAl smaller than
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18 at% as in 290610 E2 (48.2 at% Cr, 18.2 at% Rigyre 8.40(b)). Even if traces of
Al, O3 were found on 080710D3 (55.9 at% Cr, 6.0 at% AlhgisXRD analysis, SEM
coupled with EDX analysis showed that the oxidestayas rich in Cr and Al instead
(mix of CrO3 and AbOs) (Figure 8.40(a)). The size of spinels in the exidyer

increased and they also seem to be present made ithe overlay coating.

Sample Oxide O (at%) Ni (at%) Cr (at%) Al (at%)
130510 d2 outer layer 50.2 30.9 1.4 17.5
inner layer 54.7 19.2 9.2 16.9

170510 E2 outer layer 46.4 21.5 8.4 23.7
130510 e2 outer layer 54.4 9.2 2.7 33.6
170510 F3 outer layer 56.2 4.2 1.2 38.4
080710 d3 outer layer 55.3 5.0 20.7 19.0
080710 E2 outer layer 57.1 4.0 22.8 16.2
080710 e2 outer layer 58.9 5.5 13.9 21.8
080710 F3 outer layer 52.6 3.8 2.6 41.
290610 D3 outer layer 59.4 1.8 18.8 20.1
290610 E2 outer layer 59.2 2.6 6.8 315
290610 e2 outer layer 43.8 8.6 14.5 33.1
290610 F3 outer layer 57.9 1.7 4.0 36.4

Table 8.9 Composition (obtained by EDX analysis) ofthe oxide layers observed on the cross-
sections of selected Ni-Cr-Al samples exposed at®C.

The compositions of the oxide layers were deteechinsing EDX analysis and
the results are summarised in Table 8.9. As forréfselts in Table 8.4, all the oxide
layers contained a fraction of Ni (probably becaofsthe resolution of the EDX which
is around 3-5 pm). High initial amounts of Ni (130612 with 9.7 at% Cr and 5.8 at%
Al) led to the formation of a two layered oxide lecavhose outer layer was composed
of 30.9 at% Ni and 17.5 at% Al (mixed NiOa8k) and inner layer was composed of

19.2 at% Ni, the same amount of Al and 9.2 at%niikéd (Cr,AlxOs enriched in Ni).
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The amount of Ni present in the oxides layers redueith the lesser amounts of Ni in
the coating before oxidation.

At the same time, as for coatings exposed at @50-fgure 8.19), increasing the
initial amount of Al in the coatings led to mixe@r(Al),Os layers increasingly richer in

Al until the layer formed was mainly pure 8 (Figure 8.41). SEM and EDX did not

allow identifying different forms of ADs.
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Figure 8.41 Effect on the initial composition on tke oxides formed at 900°C.

8.2.4 Oxidation of the coatings obtained from 3 taget co-sputtering

To complete the information provided by these &ngles, 8 additional samples
from the Ni-10wt%Cr+Ni-50wt%Cr+Al 3 target co-spering batch were also exposed

at 900 °C. The compositions of the coatings setetme the oxidation at 900 °C are

given in Table 8.10.
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Sample Ni (at%) Cr (at%) Al (at%)

251111 01 41.1 39.8 19.1
251111 _04 39.3 36.3 24.5
251111 09 52.3 23.2 24.6
251111 10 39.4 45.3 15.3
251111 12 35.9 39.9 24.2
251111 15 30.5 33 36.5
251111 17 60.9 15.2 23.9
251111 23 44.1 42.8 13.1

Table 8.10 Ni-Cr-Al compositions of coatings resulhg from 3 targets co-sputtering and oxidised at
900 °C.

After verification under the SEM, it was found tharior to oxidation the
coatings were only 10 um thick, despite modifyimgasition parameters. Therefore, to
avoid their complete destruction, these sample® we&rdised for 40 hours instead of
500 hours. They were then analysed using XRBummary of the oxides detected in
the samples is shown in Table 8.11. The majorityth@d transient AlD; present
consisted ob-Al,O3 instead of thé-Al,O3 obtained on the previous samples after 500
hours exposure, suggesting that this phase appats during oxidation at this

temperature. Also, spinels were detected on masteofamples.

Sample NiO Cr,03 a-Al,0O; transient Al,O; spinels
251111_01 + + 5-Al,03 NiCr,O4

251111 04 + + 8-Al,03 NiCr,04
251111_09 + + 5-Al,03 NiCr,O4
251111 10 + + 8-Al,03 NiCr,04
251111 12 + + 8-Al,03 NiCr,04
251111 15 + + 8-Al,03 NiCry04
251111 17 + + +

251111_23 + + 0-Al>,03

Table 8.11 Different oxide species identified usingRD on the samples exposed at 900 °C for 40
hours.
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8.2.5 Discussion- Ni-Cr-Al ternary oxidation map at900 °C.

Superimposed on Figure 8.42 is a proposed boundefining the limiting

composition for AJO3z scale formation at 900 °C. Samples identified imagany form

of Al,O3 are represented in red in the diagram. As fordkiglation at 950 °C, an

increase in the Cr fraction in the initial coatirgduced the amount of Al needed to

grow Al,Os, extending the AD; domain toward the Cr rich corner.

¢+ 0-AlpO3
+  0-AlpO3 + transient A12O3

Cr203

Crp03 + mixed oxides

NiO + Cr203+ spinel

NiO + Crp03 + mixed oxide
NiO + 0‘,—A1203

& NiO+CryO3

o BB

>

a-Al203 + spinel + mixed oxide
¢  0-AlpO3 + transient Al2O3 + spinel
" Cr203 + 0-Al203 + transient Al2O3 +spinel
Crp03 + transient _Aleg + spinel

0 Shaded area:
molten or partially
molten Al rich
coatings.

Boundaries of
ALO, formers

at% Ni 0

10 20 30 40 50 60 70 80 90 100

0
at% Cr

Figure 8.42 Oxide compositions grown on Ni-Cr-Al catings after 500 hours at 900 °C (diagram in

at%).

Less melting of the Al rich samples was notice®@® °C suggesting that the

melting domain in the Al rich corner is smaller quamed to the one at 950 °C (Figure

8.42 compared to Figure 8.20). Spinels were prasene in coatings with a high initial

Cr content while transient AD; seemed to form more easily with lower amounts iof C

and Al (Figure 8.42).
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Data obtained from the oxidation of the coatingpadéted with 3 targets was
added to the previous ternary map and are showigure 8.43. These data confirm the
boundaries drawn by the results from the coatirgggosited by 2 target co-sputtering.
The presence of gD; in the ALO3 domain could be explained by the fact that the
coatings were only exposed for 40 hours. At low gematures such as 900 °C, the
conversion of the GOs, spinels and transient A); might be too slow to disappear
after short exposure times [12,149]. It can be mesuthat the GO; will cause the @
partial pressure at the surface of the BC to redhos promoting the formation of
Al,Os. This needs to be confirmed by depositing thick@aitings and oxidizing them

for longer periods of time.

o at% Al

o.-AlLO, + transient ALO,
0.-AL O, + spinels ~ mixed oxides

*» * ¢ 9

: 0 Shaded area:
a-ALO, + transient ALO, 100 :
molten or partially

+ mixed oxides 10
B0+ -ALO, FirRte AL, molten Al rich
coatings.

+ spinels
Cr,0, + transient ALO, + spinels 20
Cr.0,
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NiO * a-ALO;
NiO + Cr,0,
NO + Cr,0; + spinels
Cr,0, T0.-AL O, + transient ALLO
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Figure 8.43 Oxide compositions grown on Ni-Cr-Al catings after 500 hours at 900 °C including the
data obtained from 3 target co-sputtering(diagram mn at%).

245




Oxidation of Ni-Cr-Al coatings at 900-950 °C

8.3 Discussion - Influence of Ni-Cr-Al compositions @nexposure temperature
on the nature and growth of oxides.

Both domains for the samples oxidised at 900 &@l°@ are drawn on the Ni-
Cr-Al diagram in Figure 8.44. Reducing the oxidattemperature expanded the.®@d
formers domain a little, promoted formation of smmt ALO; and reduced the
transition to stable ADs. The difference of oxidation behaviour increas@th an
increasing amount of Cr in the initial coating. ¢edl, less Al was needed at 900 °C to
grow Al,O5; than at 950 °C for the same amount of Cr. Howeyang back to the mass
gain graphs in Figures 8.6 and 8.28 showing théuéwa of the oxide layer for the Ni-
50wt%Cr+Al batch of samples, at both temperatunesbehaviour was almost identical,
unlike the Ni-10wt%Cr+Al and Ni-20wt%Cr+Al samplébigure 8.4, 8.5, 8.26 and

8.27).

o-Al203
a-Al> O3 + transient Al;O3 at% Al Shaded area:
o-Alp03 + spinel + mixed oxide 0 x 100 molten or partially
a-Al203 + transient Al203 + spinel 10 # molten Al rich
CryO3 + a-Alp O3 + transient Aly O3 +spinel Y. coatings.
Cry03 + transient Al O3 + spinel 20
Cr03 !
Cro03 + mixed exides A7 Boundaries of
e Al O, formers

NiO + Cr203+ spinel

NiO + Crp O3 + mixed oxide
NiO + a-Al, O3

NiO + Cr,03

Cr203 + a-Al203 + transient Al203 +spinel
Cr203 + a-Al203 + transient Al203
NiO + a-Al, O3 + trasient Al, O3

P B & b B E B & F €& @

P & =B P

ol T ———

Boundaries (green) of

ALO), formers [63] W%Ni 0 10 20 30 40 50 60 70 80 90 100  at%Cr

Figure 8.44 Oxide compositions grown on Ni-Cr-Al catings after 500 hours at 900 °C Boundaries
of Al,O3; formers are compared to those obtained at 950 °Qhithis work and by Nicholls et al.
[63](diagram in at%).
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This leads to the idea that at high Cr contelhis,seame quantity of oxygen had
reacted at both temperatures, but the slower agidahechanisms allowed the growth
of different oxides. Or, the slower oxidation megisans enabled transient A8); to
remain in the oxide layer, instead of being repddog a continuous layer of €33, as at
950°C. For lower amounts of Cr, reducing the oxatatemperature reduced the overall
mass gain of the samples and did not affect thereaif oxide grown on the surface.
Unlike Brumm and Grabke [52], the beneficial eff@étCr on the transformation of
transient AJOz into stable AJO3; was not observed here.

At the lower temperature, more forms of transi&hO; were observed (Table
8.8). This is consistent with research carriedasuthe oxidation of NiAl which showed
that with decreasing temperature transient formalgD; could co-exist withu-Al,03
because of their slower oxidation kinetics (Figaré) [52]. Lowering the temperature
from 950 to 900 °C, increased the probability oé tystem being in the transient
domain of this diagram (Figure 2.7) and thus tkelilhood of forming different phases
of Al,Os.

Reducing the oxidation temperature from 950 to 8D@&lso reduced the extent
of the melting samples domain in the ternary diagréhis enables higher amounts of
Al to be included in coatings if a very pure. 8§ layer is needed for protection
purposes at lower temperatures. However, in rdéal dperation, these coatings are
exposed to the risk of overheating and too higbrgent of Al will lead to melting and
premature failing of the system.

At both temperatures, the domain of protectiveleXormers (GOs, Al,Os or a
mix of the two), comprises the usual Ni-Cr-Al-Y cpasition found commercially (18-

22 wt%Cr, 8-12 at% Al) which suggests that evethdy are not the most efficient
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composition available for overlay and BCs at lowamperature, they will still grow
protective oxides and extend the lifetime of thiesttate they are supposed to protect.

Lowering the temperature from 950 to 900 °C alfected the formation of
spinels and mixed oxides. More NpOy and AbOs3.NiO were detected using XRD
(comparing Tables 8.3 and 8.8) at 900 °C. Thisadea caused by the lower oxidation
kinetics at 900 °C delaying the formation of contns and protective AD; and/or
Cr,03 layer(s) and thus promoting the formation of sfarj&2]. Or it could be caused
by the higher amounts of transient@4 at 900 °C, helping the diffusion of Ni and Cr
species to form less protective oxides [136].

The data gathered from the samples with the Nit%@r+Al, Ni-20wt%Cr+Al
and Ni-50wt%Cr+Al coatings were also compared ®wlork reported by Wallwork et
al. [65] on samples oxidised at 1000 °C and oveguife 2.9). In this case, instead of
just taking into account the growth of 8k, the Ni-Cr-Al compositions were divided
into 3 categories: () the NiO formers; (Il) the,Of formers; and, (lll) the ADs
formers. The diagram for the samples exposed at°@5@5 shown in Figure 8.45:
boundaries between the 3 different domains at T@D@re in black, while the ones at
950 °C are traced in red. Domain sizes changedtlgreath the reduction of
temperature from 1000 to 950 °C. Indeed, the eatddO domain was much bigger at
the lower temperature and more Al was needed to groexternal layer of ADs.

Reducing the exposure temperature to 900 °C (Ei§u6) altered the domain
boundaries in a similar way as for 950 °C. Anotthi€ierence is that at 1000 °C, it was
stated that the oxides were composed of two lag®en; in domain II, which was found
in the literature [40] to grow an external layer@Os; and an internal layer of ADs.

At lower temperatures, only the coatings contairaniggh amount of Ni grow an outer
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layer of NiO above a layer of mixed (Cr,ADs. In other cases, only one mixed oxide
layer was created at the lower temperatures ancbitgposition varied with the initial

Cr/Al ratio.

s a-AlO3
+  «-AlO3 +8-Al203
a-Aly03 +NiCr204
a-Aly03 + 8-Al703 + NiCrp04
. Crp03+ a-Alp0O3
+  NiO+Cr03
+ NiO+Cr03+ 8-ALO3
+NiCr204 + Ni0.Cr203
+ N0+ Crp03+NiCr204
s Cr203
& N0
a  Cry0; + a-Al 05 + trans-Al O, (targets)
s 0-AlLO, + 8-Al,0, (3targets)
& CI":O3 + OI-A1303 + 5-A1303 + NiO(3targets)
+  Cr,0; + a-AlO; +7-AL O,
+ I;H(CT:AD304 (3targets)
+ Cr,0; +NiO + NiCr,0, (3targets)

(o=
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atteNi 0 10 20 30 40 50 60 70 80 950 100 at% Cr

Figure 8.45 Compositional effects on the oxidationf Ni-Cr-Al ternary alloys, at over 1000 °C [65],
cited in reference [12] and [63], compared to the ata gathered at 950 °C on the coated sapphire
discs. Black doted lines represent the boundarieg 4000 °C and the red ones, the boundaries at 950
°C. I) NiO + internal oxidation of Al and Cr ; Il) Cr,03 + internal oxidation of Al ; Ill) an Al ,03
external scale.

Boundaries between domains Il and Il in Figu#b8and 8.46 were established
according to the data obtained from the 3 targespdtered coatings. Because these
samples were only exposed 40 hours, the oxide lesyer essentially composed of
transient oxides (NiO, spinels, £z and transient ADs3). Therefore, the red dotter
boundaries on the ternary diagrams might shift tdwawer Al concentrations with

longer exposure. Indeed, research carried out e@rMl samples at 1000 °C in the
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literature [12, 149] showed that the initial formoat of NiO, spinels and @D; was
gradually replaced by stabdeAl ,O3; because of the reduction of the @artial pressure.

This transformation is expected to take place nstoely at lower temperatures.
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Figure 8.46 Compositional effects on the oxidationf Ni-Cr-Al ternary alloys, at over 1000 °C [65],
cited in reference [12] and [63], compared to the ata gathered at 950 °C on the coated sapphire
discs. Black doted lines represent the boundarieg 2000 °C and the red ones, the boundaries at 950
°C. I) NiO + internal oxidation of Al and Cr ; II) Cr,0; + internal oxidation of Al ; Ill) an Al ,03
external scale.

8.4Summary

The physical vapour deposition technique, magnespritering, has been used
successfully to deposit a range of Ni-Cr-Al coasingn 10 mm diameter sapphire
substrates. This was achieved through co-sputtefiogn two targets: a NilOCr,
Ni20Cr, Ni50Cr target (changed between depositiomsy and a pure Al target. X-ray
diffraction (XRD) was used to identify the oxidemrhed during exposures at 900 and

950 °C. The selective growth of protective,@4 or Al,O3; oxides (depending on the
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initial coating composition) was observed. At 93D, the first traces of AD; were
observed on samples containing 32 at% Al (at adowoncentration, 6.7 at%) and 21.5
at% Al (at a higher Cr concentration, 14.6 at%yréasing the Cr content to 56 at%
confirmed that for all high Cr alloys the critical level to form ALO; was below 6
at%. Decreasing the exposure temperature to 9@keeézased the amount of Al needed
to form ALOs.The first traces of AD; were observed on samples containing 15.5 at%
Al (at a low Cr concentration, 8.2 at%), 16.3 at%(& a medium Cr concentration,
14.6 at%) and 6 at% Al (at a high Cr concentratlfhat%). Decreasing the oxidation

temperature promoted the formation of transienOAlnd spinels.
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CHAPTER IX — OXIDATION OF THE Co-Ni-Cr-Al

COATINGS AT 900-950 °C

9.1Study of the Co-Ni-Cr-Al system — oxidation at 950

The addition of Co, with the use of the Ni-20wt%@@wt%Cr or Ni-40wt%Co-

20wt%Cr targets, was intended to extend theseesudiquaternary systems in order to

deposit coatings with compositions closer to conuaémMCrAlYs. Similar oxidation

experiments were conducted on the Ni-40wt%Co-20wtPAC and Ni-20wt%Co-

40wt%Cr+Al samples. The names, compositions and®xe times of the coated

sapphire discs are collated in Table 9.1.

Targets Sample Co(at%) Ni(at%) Cr(at%) Al(at%) Cr/Al Co/Ni
Ni- 130910 d3 18.3 31.3 41.6 8.8 4.75 0.58
20wt%Co- 130910 E2 18.0 30.9 40.6 105 3.88 0.58
40wt%Cr 130910 e2 16.4 28.8 38.1 16.7 2.28 0.57
+Al 130910 F2 12.3 21.9 29.2 36.6 080 0.56

130910 f3 11.8 20.2 27.8 40.2 0.69 0.58
130910 G2 7.9 14.0 18.3 598 031 0.57
130910 g3 4.2 7.5 9.0 79.3 0.11 0.56
130910 H2 2.7 5.2 5.8 86.3 0.07 0.53
130910 i4 1.7 2.8 3.1 924 0.03 0.57
Ni- 160810 d2 36.6 34.4 21.6 7.4 293 1.06
40wt%Co- 160810 E4 314 30.3 18.2 201 091 1.03
20wt%Cr 160810 e3 26.0 25.1 154 335 046 1.04
+Al 160810 F4 24.0 21.7 134 409 033 1.16
160810 f2 16.3 15.8 8.9 590 0.15 1.03
160810 G4 10.7 10.5 5.8 73.0 0.06 1.02
160810 g1 8.5 8.5 4.5 785 0.06 1.00
160810 H1 4.4 4.4 2.4 88.8 0.03 1.01
160810 hl 3.5 3.6 1.9 91.0 0.02 0.99

Table 9.1 Compositions of Co- Ni-Cr-Al coatings radting from 2 target co-sputtering and oxidised

at 950 °C.
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9.1.1 Physical changes of samples with exposure

Pictures of the Ni-40wt%Co-20wt%Cr+Al and Ni-20WE%-40wt%Cr+Al
samples were taken regularly between exposure £yuid are shown respectively in
Figures 9.1 and 9.2.

Fractions of Co above 30 at% in the initial cogtited to very specific coating
morphology. Indeed on samples 160810d2 (21.6 at%r @rat% Al) and 160810E4
(18.2 at% Cr, 20.1 at% Al) in Figure 9.1, after @ 40 hours of exposure, features
looking like crystals started to nucleate on thatims’ surface and grow with time.
These crystals eventually covered the whole sarsphéace. Increasing the initial
amount of Al to 16.7 at% created a grey surfacecwklid not change during exposure.
Failure on sample 160810e3 (15.4 at% Cr, 33.5 atVstarted on the edges of the
sapphire disc after 280 hours at 950 °C. As for NixCr-Al system (section 8.1.1),
coatings containing a very high content of Al (abdb at%) melted at 950 °C. Sample
160810H1 (2.35 at% Cr, 88.8 at% Al) has got a nmoled re-crystallised layer (as
previously observed on Ni-Cr-Al samples).

Physical changes on the coatings from the Ni-208a-40wt%Cr+Al batch,
shown in Figure 9.2, were not as spectacular a®nles presented above (Figure 9.1)
but still depended on their initial compositionsghlevels of Cr (around 40 at%) grew
green oxidation products whose colour became nmiease with exposure, indicating a

thickening of the oxide layer (e.g. 130910 d3 wifh6 at% Cr and 8.8 at% Al).
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As deposited 20 hours 40 hours 220 hours 500 hours

16081042

160810E4

160810e3

160810H1

Figure 9.1 Pictures showing the evolution of oxidesn 160810d2 (21.6 at% Cr, 7.4 at% Al),
160810E4 (18.2 at% Cr, 20.1 at% Al), 160810e3 (15a4% Cr, 33.5 at% Al) and 160810H1(2.35
at% Cr, 88.8 at% Al) (Ni-40wt%Co-20wt%Cr+Al) with e xposure at 950 °C. Red arrows point at
damage in coatings.

As deposited 20 hours 40 hours 220 hours 500 hours

130910e2

130910H2 |

Figure 9.2 Pictures showing the evolution of oxidesn 130910d3 (41.6 at% Cr, 8.8 at% Al),
130910e2 (38.1 at% Cr, 16.7 at% Al), 130910f3 (27a8% Cr and 40.2 at% Al) and 130910H2 (5.8
at% Cr and 86.3 at% Al) (Ni-20wt%Co-40wt%Cr+Al) wi th exposure at 950 °C. Red arrows point
at damage in coatings.
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Sample 130910e2 (38.1 at% Cr, 16.7 at% Al) becslightly iridescent in the
first stages of exposure and then turned greenchwbluggests a thickening oxide
(interference colours). Again, increasing the amairAl led to the formation of grey
surface oxide layers (130910f3 with 27.8 at% Cr &2 at% Al)) and melting
occurred on samples with the fraction of Al excagdB0 at% (130910H2 with 5.8 at%

Cr and 86.3 at% Al)).

9.1.2 Mass change of samples

As carried out previously for the Ni-Cr-Al systdsections 8.1.2 and 8.2.2), the
samples mass changes were plotted against timesdmples coated with the Ni-
20wt%Co-40wt%Cr and Al targets, no obvious trendoghavior could be deduced
(Figure 9.3), except that samples 130910f3 (27% &r and 40.2 at% Al) and
130910G2 (18.3 at% Cr, 59.8 at% Al) which resuliedhe slowest oxidation and
corresponded to a Cr/Al atomic ratio between 0134 @69. It should be noted that all
the samples had alternatively high Cr and/or Alteots, thus all would be expected to
produce relatively slow growing oxides.

As previously reported, the high Al concentratmratings may well be molten
at the test temperature of 950 °C. Indeed, whi@918i4 (3.1 at% Cr, 92.4 at% Al) was
the sample with the most Al, its mass increased) iy mg/cm after 500 hours of

exposure while sample 130910f3, with less Al, anbreased by 0.1 mg/cm
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Figure 9.3 Mass change of Ni-20wt%Co-40wt%Cr+Al coting against time of exposure at 950 °C.
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Figure 9.4 Mass change of Ni-40wt%Co-20wt%Cr+Al coding against time of exposure at 950 °C.
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In systems containing more Co, two rates of oxihatcould be observed
(Figure 9.4). The faster growing oxides on sam@i@810d2 (21.6 at% Cr, 7.4 at% Al)
were believed to be the result of a mix of CoO Bim@. The lowest level of oxidation
was obtained with sample 160810G4 (5.8 at% Cr, &% Al), a coating which
contained a very high amount of Al and on Cr/Alnato ratio of 0.06. The sample with
the second lowest oxidation, 160810e3, containefl 836 Al and 15.4 at% Cr, giving
a Cr/Al atomic ratio of 0.45. Both of these high @datings would be expected to be

brittle [146].

9.1.3 Identification of oxides

XRD was used to identify the oxides present onctbegtings after exposure. On
samples from the Ni-20wt%Co-40wt%Cr+Al batch, higbncentrations of Cr in the
samples led to the growth of L. In sample 130910d3 (41.6 at% Cr, 8.8 at% Al)
(Figure 9.5), 31 at% Ni and 18 at% Co were enoogirow NiO and CoO. The spinel
NiCr,O, was also detected. Against expectations, 8.8 at%ed\to the formation of
transients-Al,0s. It was surprising because in the Ni-50wt%Cr+gétem (section
8.1.3) a minimum of 18 at% Al was needed to growQAalat 950 °C. Increasing the
fraction of Al, as shown in the spectrum of sampB®910F2 (29.2 at% Cr, 36.6 at%
Al) in Figure 9.6, decreased the strength of theOgmeaks while increasing the
strength of the AlD; peaks (bothu- and transiend-phases). Although no Co and Ni
oxides could be detected on 130910F2, a furtheease of Al in sample 130910f3
(27.8 at% Cr, 40.2 at% Al) (Figure 9.7) created edixCo,Ni)O oxides and CoO.

Finally, coatings containing a very high levels Aff (above 80 at%) grew ADs.
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Depending on the sample, both transient and siases could be detected, or omly
Al, O3 was present. The composition of spinels changeth fNiCrO4 to NiAl,O4
because of the low amount of Cr in coatings such3®910H2 (5.8 at% Cr, 86.3 at%

Al) (Figure 9.8).
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Figure 9.5 XRD spectrum from surface of sample 1309d3 (41.6 at% Cr, 8.8 at% Al) (Ni-
20wt%Co-40wt%Cr+Al) after 500 hours exposure, showig the presence of CiOs, transient 8-
Al>O3, spinels, NiO and CoO.
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Figure 9.6 XRD spectrum from surface of sample 13A9F2 (29.2 at% Cr, 36.6 at% Al) (Ni-
20wt%Co-40wt%Cr+Al) after 500 hours exposure, showig the presence of CGOs, transient 8-
Al 203 and a-Al 203.
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Figure 9.7 XRD spectrum from surface of sample 1309f3 (27.8 at% Cr, 40.2 at% Al) (Ni-
20wt%Co-40wt%Cr+Al) after 500 hours exposure, showig the presence of transien® and y-
Al O3, a-Al,03, spinels and CoO.
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Figure 9.8 XRD spectrum from surface of sample 130®H2 (5.8 at% Cr, 86.3 at% Al) (Ni-
20wt%Co-40wt%Cr+Al) after 500 hours exposure, showng the presencar-Al,03 and spinels.

The high content of Co in the coatings coming frahe Ni-40wt%Co-
20wt%Cr+Al batch led to the formation of NiO, Co@damixed (Co,Ni)O oxides
(Figure 9.9). No GOj3 could be detected with the high amount of Co (26%) and Ni
(34.4 at%) present in coating 160810E4 (18.2 at%®Cr at% Al). The non-protective
oxide layer growing on these coatings might bettock to detect an underlying §0s
layer. A mix of NiCpO, and CoCyO, spinels was detected as well in Co and Ni rich
coatings. Higher levels of Al (a minimum of 41 at&)abled the coatings to graw
Al,03(160810F4 with 13.4 at% Cr and 40.9 at% Al).

Another sort of Co oxide was also detected on fewatings:
C0304(Figure 9.10). Only on two samples, 16081012 (&% &r, 59.0 at% Al) and

16081091 (4.4 at% Cr, 78.5 at% Al), were transfenins of Al203 observed (Figure
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9.11). In both case, their crystal structure wasioatinic, characteristic of th@phase,
according to Levi and Brandon [147]. On sample8l@Q1, containing 4.4 at% Cr,
peaks of tetragonal €D; were detected. These are different from the ukseghgonal

form present in oxidised coatings (Figure 9.11).

All the oxides observed on the Ni-20wt%Co-40wt%&Ir-and Ni-40wt%Co-

20wt%Cr+Al samples using XRD analysis are summedrnsd able 9.2.
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Figure 9.9 XRD spectrum from surface of sample 160®E4 (18.2 at% Cr, 20.1 at% Al) (Ni-
40wt%Co-20wt%Cr+Al) after 500 hours exposure, showig the presence of NiO, mixed (Co,Ni)O
and spinels.
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Figure 9.10 XRD spectrum from surface of sample 1&10F4 (13.4 at% Cr, 40.9 at% Al) (Ni-
40wt%-Cowt%20Cr+Al) after 500 hours exposure, showig the presence o0é-Al,0; and Cg;0,.
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Figure 9.11 XRD spectrum from surface of sample 1@&10g1(4.4 at% Cr, 78.5 at5 Al) (Ni-
40wt%Co-20wt%Cr + Al) after 500 hours exposure, shwing the presence ofi-Al,O3 , transient 6-
Al ,053 CoO and Cr0s.
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Targets Sample NiO/CoO NiO.CoO Cr,0; Al,O; Spinels
Ni- 130910 d3 + + o- NiCr,04
20wt%Co- 130910 E2 + 0- NiCr,0O,4
40wt%Cr 130910 e2 + -
+Al 130910 F2 a,y,0-

130910 f3 + a,y,0- NiCr,04
130910 G2 a-
130910 g3 a-
130910 H2 o- NiAl .04
130910 14 o-
Ni- 160810 d2 NiO + NiCr,0O,4
40wt%Co- 160810 E4 + (Ni,C0)Cr0O,
20wt%Cr 160810 e3 -
+Al 160810 F4 C0:04 -
160810 f2 CoO -
160810 G4 + a,0-
160810 g1 -
160810 H1 a,0-
160810 hl -

Table 9.2 Different oxide species identified usingRD on the surface of samples exposed at 950 °C.

The oxide microstructures in cross-sectioned G&INAI coatings after
exposure at 950 °C were observed under the SEMaenghown in Figures 9.12 and
9.13. These confirmed that coating were generatwben 20 and 30 pum thick.

In the Ni-20wt%Co-40wt%Cr+Al batch of samples, thades had formed in a single
mixed layer. High initial amounts of Cr (41.6 at%d to the growth of a mixed
(Al,Cr),03 layer whose thickness varied between 3 and 12 yentad the presence of
oxide “lumps” (Figure 9.12(a)). Increasing thetiadi Al fraction to 16 at% still created
a layer of mixed (Al,CpOs. However, the Cr content in this layer reducedri@average

of 5 at%, with the amount of Al increasing up to &86. Also, the thickness of the
oxide layer was thinner (1.5 um) and more homogesd&igure 9.12(b)).A further

increase in Al (36.6 at%) led to similar resultgy(ffe 9.12(c)).
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Figure 9.12 Cross sections SEM images of (a) 130880 (b) 130910e2 and (c) 130910F2.

High fractions of Co in the initial composition afoatings from the Ni-

40wt%Co-20wt%Cr+Al batch led to different oxide mustructures. Above 26 at% Co,

a two-layered oxide grew on the surface (Figur8@J)). EDX analysis identified the

upper layer as a mix of (Co,Ni)O while the loweeomas mixed (Al,CpOs. The upper

layer corresponded to the coloured crystals appgam the surface of the sample, as

shown in Figure 9.1, but was not continuous. Thégh porosity indicated that they

were fast growing oxides and therefore not protecsigainst oxidation. With increasing

initial amounts of Cr (15.4 at%) and Al (33.5 at%hd decreasing amounts of Ni (25.1

at%), the upper oxide layer disappeared and ontyxad (Al,Cr)O3 oxide was formed.

On sample 160810e3 (15.4 at% Cr, 33.5 at% Al), Wwhias identified as the first
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sample growing AlO;, a discontinuous double layered oxide was observudus:
compositions of the two layers were very similauf the inner one contained a little
less Cr (7.7 at%), Co (1.6 at%) and Ni (2.2 at%ntthe outer one (Figure 9.13(b)).
The higher the initial Al content, the purer the;®@{ layer. Indeed sample 160810F4
(13.4 at% Cr, 40.9 at% Al) grew pure 8% together with few spinels, while 1608102
(8.9 at% Cr, 59.0 at% Al) did not produce any o fess-protective oxides. Unlike
XRD results, no CoO or GO, were found on 160810F4 and 160810f2 under the SEM.
The Co detected by XRD might correspond to the hestating instead of the actual
oxide layer grown during exposure.

(CoN)O Mixed (AI,Cr) ,0,

RS 74 Aﬁk) 3 B8 X
B Mixed (Al,Cr) ,05
- e i . § | containing more Al

1 (richin Co) B

NiCoCrAl

Saphie :

NiCoCrAl
NiCoCrAl

Sapphire
Sapphire

Figure 9.13 Cross sections SEM images of (a) 160820 (b) 160810e3, (c) 160810F4 and (d)
160810f4.

The results of EDX analysis carried out on thedesiof selected samples are

summarised in Table 9.3. They showed that the $ag€fpure” ALOsin fact contained
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small amounts of Cr (~2 to 6 at%). Samples comgimhéss initial amounts of Cr (from
the Ni-40wt%Co-20wt%Cr+Al batch) formed purer,@. The double oxide layers
formed on samples with high initial amounts of @bdve 30 at%) were composed of
an outer layer containing equal contents of Co ldndHowever, the inner oxide layer
contained around 10 at% Co and no Ni amongst ~24%4tCr and Al. Co had a better

affinity with the mixed (Al,Cr)O; oxide than Ni.

Sample Oxide O (at%) Co (at%) Ni(at%) Cr (at%) Al (at%)
130910 d3 single layer 57.7 4.9 2.5 17.2 17.8
130910 e2 single layer 57.6 1.1 24 5.5 33.5
130910 F2 single layer 57.0 1.6 3.1 6.4 31.8
160810 d2 outer layer 50.1 12.9 18.2 2.2 16.7

inner layer 56.6 10.1 3.1 15.8 14.5
160810 e3 single layer 58.8 1.6 2.2 7.7 29.7
160810 F3 single layer 63.0 0.8 0.8 1.3 34.2
160810 f4 single layer 61.7 15 0.6 2.5 33.4

Table 9.3 Composition (obtained by EDX analysis) ofhe oxide layers observed on the cross-
sections of selected Co-Ni-Cr-Al samples at 950°C.

9.1.4 Discussion - An attempt to map the oxide coropition as a function of
the Ni-Co-Cr-Al content at 950 °C.

The identification of the oxide layers grown oe tio-Ni-Cr-Al coatings at 950
°C are summarised in Figure 9.14, in a graph plgt€r/Al against Co/Ni atomic ratios.
The domain under the red dotted line on the gragbresents the Co-Ni-Cr-Al
compositions capable of formingAl,O3; after 500 hours when exposed at 950 °C. The
black dotted line delimits the samples capableasiing transient forms of ADs.
Samples needed a ratio of Cr/Al (in at%) under th Wio/Ni equal to 0.5 to grow a pure
a-Al,03 layer at 950 °C. Without Co present this Cr/Aigalid not change much and
was still around 5. Increasing the amount of Cadased the amount of Al needed to

grow Al,O3 and no CiOs could be produced. Ni and Co oxides were moreikelbe
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formed with a higher initial Co level and some loé$e non protective oxides could be
found in the AJO3; domain. Not appearing in the graph, mixed oxides spinels were
observed in a lot of samples (more details in FeduR8(a)). Adding Co to the Ni-Cr-Al

increased the likelihood for the formation of spehAmixed oxides (see Figure 9.28(a)).
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Figure 9.14 Effect of Cr/Al and Co/Ni ratios (at%) on oxide compositions observed after 500 hours
at 950 °C. Red diamonds correspond ta-Al,O3, black squares to transient AJO;, green dots to
Cr,03 and grey crosses to Ni or Co oxides. Beneath bladotted line are samples capable of
forming transient Al ,03. Beneath red dotted line are samples capable ofrfoing a-Al,Os.
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9.2 Study of the Co-Ni-Cr-Al system — oxidation at 900

Two other sets of Ni-20wt%Co-40wt%Cr+Al and Ni-409C0-20wt%Cr+Al
samples were exposed at 900 °C for up to 500 holingir denominations and

compositions are given in Table 9.4.

Targets Sample Co (at%) Ni(at%) Cr(at%) Al(at%) Cr/Al Co/Ni
Ni 130910 c2 19.1 33.0 44.3 3.6 12.46 0.58
-20wt%Co 130910 d2 18.3 31.3 41.6 8.8 4.75 0.58
-40wt% Cr 130910 E1 18.0 30.9 40.6 10.5 3.88 0.58
+Al 130910 e3 16.4 28.8 38.1 16.7 2.28 0.57
130910 F3 12.3 21.9 29.2 36.6 0.80 0.56
130910 f2 11.8 20.2 27.8 40.2 0.69 0.58
130910 G1 7.9 14.0 18.3 59.8 0.31 0.57
130910 g1 4.2 7.5 9.0 79.3 0.11 0.56
130910 H1 2.7 5.2 5.8 86.3 0.07 0.53
Ni 160810 c2 38.7 35.4 22.9 3.0 7.69 1.09
-40wt%Co 160810 D3 38.0 35.1 224 4.5 5.02 1.08
-20wt%Cr 160810 E2 31.2 30.3 18.2 20.1 0.91 1.03
+Al 160810 E3 31.2 30.3 18.2 20.1 0.91 1.03
160810 e2 26.0 25.1 15.4 33.5 0.46 1.04
160810 F1 23.2 22.5 134 40.9 0.33 1.16
160810 f3 16.5 15.8 8.9 59.0 0.15 1.03
160810 G2 7.9 14.0 18.3 59.8 0.06 1.02
160810 g3 4.2 7.5 9.0 79.3 0.06 1.00

Table 9.4 Compositions of Co-Ni-Cr-Al coatings redting from 2 target co-sputtering and oxidised
at 900 °C.

9.2.1 Physical changes of samples with exposure

Pictures of the Ni-40wt%Co-20wt%Cr+Al and Ni-20WE-40wt%Cr+Al
samples exposed at 900 °C are shown in Figuresastd®.16.

Initial levels of Co above 30 at% in the Ni-40wt@€0wt%Cr+Al samples
(Figure 9.15) led to the formation of shiny crystah the coatings surface. In sample

160810c2 (22.9 at% Cr, 3.0 at% Al) these crysttasted to appear after 100 hours
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exposure while in sample 160810D3 (22.4 at% Cratb Al) they nucleated after only
40 hours exposure. The coverage increased witheumxposure until the samples’
surface was fully covered. Sample 160810E2 (1822 @r, 20.1 at% Al) grew two

distinct types of oxides, because of an initial position gradient across its surface.
The half of the coating with a higher Co and Crteahgrew a green oxide which was
later covered by the same sort of shiny crystals|eathe part of the coating with an
higher Al content grew a grey oxide. After 300 roexposure, failure was located on

the grey half of 160810E2.

As deposited 20 hours 40 hours 100 hours 300 hours

160810E2

160810¢2

1608102

Figure 9.15 Pictures showing the evolution of oxideon 160810c2 (22.9 at% Cr, 3.0 at% Al),
160810D3 (22.4 at% Cr, 4.5 at% Al), 160810E2 (1842% Cr, 20.1 at% Al) and 160810e2 (15.4 at%
Cr, 33.5 at% Al) (Ni-40wt%Co-20wt%Cr+Al) with exposure at 900 °C. Red arrows point at
damage in coatings.

Similarly 160810e2 (15.4 at% Cr, 33.5 at% Al), evkit could not be seen on
the as-deposited coating, had a gradient of cortiposiwhich led to the growth of

different oxides in different areas. The oxide fednwent from light grey to a mix of
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pink, dark grey and light grey depending on the am@f Al present initially. Failure at
the sapphire/coating interface occurred after 180rd in the dark grey area in the

coating while other parts stayed attached to thplsee substrate.

As deposited 20 hours 40 hours 100 hours 300 hours

R D . .

Figure 9.16 Pictures showing the evolution of oxideon 130910c2 (44.3 at% Cr, 3.6 at% Al),
130910e3 (38 at% of Cr, 16.7 at% of Al), 130910f27.8 at% Cr, 40.2 at% Al) and 130910H1 (5.8
at% Cr, 86.3 at% Al) (Ni-20wt%Co-40wt%Cr+Al) with e xposure at 900 °C. Red arrows point at
damage in coatings.

130910¢2

13091012

Increasing the amount of Cr in all coatings upldoat% led to the growth of
homogeneous grey oxides (e.g. 130910c2 with 44@ Gt and 3.6 at% Al in Figure
9.16). 130910e3, containing 38 at% of Cr and 1874 af Al, grew a very vivid blue
oxide during the first 20 hours of exposure at 900 The colour faded with further
exposure, to be replaced by an iridescent colooxetk. Higher amounts of Al (over 30
at%) created grey to black surface colours, e.g130010f2 (27.8 at% Cr, 40.2 at%

Al). Finally, excessive amounts of Al (over 80 af%ited the lifetime of the coatings
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to a few cycles. 130910H1 (5.8 at% Cr, 86.3 at% @)y lasted 60 hours. The coating
did not have the molten profile that could be obsdron samples from the Ni-Cr-Al
system, suggesting that the Co had changed itsingetioint, however, the short
lifetime of the coating still indicated that theghilevel of Al had limited its mechanical

properties.

9.2.2 Mass change of samples

The mass change data from the Co-Ni-Cr-Al coatiexjsosed at 900 °C were
plotted against time. Figure 9.17 shows the resldtained with samples deposited with
the Ni-20wt%Co-40wt%Cr and Al targets. Most of Samples lasted until 500 hours,
apart from 130910H1 (5.8 at% Cr, 86.3 at% Al) whiditially contained a high
fraction of Al. The oxides grew slowly and could $glit into two categories. Oxides
from the coatings with a higher amount of Cr (abe\ at%) reached a maximum
growth of 0.3 mg/crafter 500 hours while the ones grown on coatinth i higher
amount of Al (above 16 at% Al) did not exceed @ng/cnf. This indicated that
coatings 130910c2 (44.3 at% Cr, 3.6 at% Al) to 131 (40.6 at% Cr, 10.5 at% Al)
grew oxides with compositions dominated by@yand coatings 130910e3 (38.1 at%
Cr, 16.7 at% Al) to 13091091 (9 at% Cr, 79.3 afPogrew purer AbOs.

The batch of samples resulting from sputter dejposusing the Ni-40wt%Co-
20wt%Cr and Al targets showed a range of diversaweurs (Figure 9.18). The most
peculiar was observed on sample 160810c2 (22.9Cxt%8.0 at% Al), which initially
contained 38 at% Co. Starting at a slow rate @ttihours exposure, the mass of the
oxide increased almost exponentially until 200 kowhen it slowed down again. At

that point the curve showed a parabolic trend,esponding to the growth of protective
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oxides. This radical change of behaviour could kplaened by the appearance and
propagation of the crystals on the surface of thatings as seen in Figure 9.15. The
growth rate of the oxide slowed down when thosatatg covered the whole surface of
the sample. However, sample 160810D3 (22.4 at %Gr,at% Al) also grew these
crystals but the mass gain curve described a plcdihaviour divided into an initial
rapid growth (up to 100 hours) and a second padrg/ithe sample didn’t gain much
weight. After 500 hours, the mass gain of the samwpith the most Co reached 1.3

mg/cnt while the other one reached 0.8 mgicm
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Figure 9.17 Mass change of Ni-20wt%Co-40wt%Cr+Al cating against time of exposure at 900 °C.

Increasing the amount of Al (over 20 at%) changesl nature of the

oxides growing on the coatings and therefore redidlce extent of oxidation. Samples
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160810E2 and E3 (18.2 at% Cr, 20.1 at% Al), whield khe same composition grew
oxides at a different rate. Samples that were e@rpgeto grow A}O3, red curves in the

graph, reached an average growth of 0.2 mgéfter 500 hours.
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Figure 9.18 Mass change of Ni-20wt%Co-40wt%Cr+Al cating against time of exposure at 900 °C.

9.2.3 ldentification of oxides

XRD spectra of selected Ni-20wt%Co-40wt%Cr+Al séespexposed at 900°C
are shown in Figures 9.19 to 9.21. High amouniSrof44.3 at%) added to the presence
of Co (19.2 at%) enabled the formation of trans®inO; with very low initial contents
of Al (3.6 at%). Indeed XRD analysis of sample 1BO& (Figure 9.19) detected the
presence 08-Al,0O3 as well as GOz and spinels. No fast growing oxides such as NiO
or CoO were detected on the coating’s surfadee first traces ofu-Al,Os; were

observed on sample 130910e3 (38.1 at% Cr, 16.A§t%s seen in Figure 9.20. At the
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same time, the peaks corresponding to transiex@sAbse intensity compared to Figure
9.20. Coating that were possibly molten during expe, because of their high level of
Al (over 80 at%), grew a mix of stable and transiglOs. NiCr,O,4 spinels could also
be detected (Figure 9.2No Cr,Oz;was observed with such low levels of Cr (below 10

at%) in these coatings.
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Figure 9.19 XRD spectrum from surface of sample 1310c2 (44.3 at% Cr, 3.6 at% Al) (Ni-
20wt%Co-40wt%Cr + Al) after 500 hours exposure, shwing the presence ob-Al,03, Cr,0O3 and
NiCr,0,.
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Figure 9.20 XRD spectrum from surface of sample 1310e3 (38.1 at% Cr, 16.7 at% Al) (Ni-
20wt%Co-40wt%Cr + Al) after 500 hours exposure, shwing the presence ofa-Al,O3 §-Al,0s3,
Cr,03 and Nin204.
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Figure 9.21 XRD spectrum from surface of sample 1310H1 (5.8 at%Cr, 86.3 at% Al) (Ni-
20wt%Co-40wt%Cr + Al) after 500 hours exposure, shwing the presence off-Al,03, a-Al,O5; and
NiCr ,0..
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XRD spectra of selected samples from the Ni-40wt920wt%Cr+Al batch are
shown in Figures 9.22 to 9.24. High amounts of (887 at%) in sample 160810c2
(22.9 at% Cr, 3.0 at% Al) enabled the formationaofange of Co oxides, including
Co0, mixed (Ni,Co)O and GO (Figure 9.22). Peaks of £; were weak compared to
the Co oxides ones, suggesting that the Cr oxides &n inner layer beneath a thick
(Ni,Co)O outer layer. The first traces of.8k were detected on sample 160810E2 (18.2
at% Cr, 20.1 at% Al), as shown in Figure 9.23. W¢se levels of Co, Cr and Al, the
coating still grew an outer layer of non-protect@eO, this time above an inner layer of
mixed (Cr,Al»Os. Spinels were detected as well. Initial levelsGd needed to be
reduced to 26.1 at%, e.g. in sample 160810e2 @t5ACr, 33.5 at% Al) (Figure 9.24),
to avoid formation of the fast growing externaldayAt the same time, the increased
amount of Al enabled the formation of stahlé\l,O3; as well as transientAl,Os. The

absence of GO; suggests that the oxide layer is essentially nogeire ALOs.

— Cr,04
— CoO
C0,04
CoO.NiO
c \4
3
C
C.
|
| | Iy
5 20 40 60 80

20-scale

Figure 9.22 XRD spectrum from surface of sample 1@&10c2 (22.9 at% Cr, 3.0 at% Al) (Ni-
40wt%Co-20wt%Cr + Al) after 500 hours exposure, shwing the presence of CjO;, CoO, (Co,Ni)O
and Co,03.
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Figure 9.23 XRD spectrum from surface of sample 1@&10E2 (18.2 at% Cr, 20.1 at% Al) (Ni-
40wt%Co-20wt%Cr + Al) after 500 hours exposure, shwing the presence of-Al,O; Cr,03,
(Co,Ni)O and (Co,Ni)Cr,0,.
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Figure 9.24 XRD spectrum from surface of sample 1@&10e2 (15.4 at% Cr, 33.5 at% Al) (Ni-
40wt%Co-20wt%Cr + Al) after 500 hours exposure, shwing the presence ofy-Al O3, a-Al,O3; and
NiCr ,0..
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Table 9.5 is a summary of all the oxides obsewedhe Ni-Co-Cr-Al samples

exposed at 900 °CMost of the samples from the Ni-Co-Cr-Al batch feunspinels as

well as their other oxides. Ni-20wt%Co-40wt%Cr+Adngples only formed NiGOy,

while adding more Co (30 at%) led to the growtlColCrO, as well. Coatings from the

Ni-20wt%Co-40wt%Cr+Al batch grew transient,® with only low initial levels of Al

and an increased fraction of Al was needed to gstable a-Al,Os;. The same

phenomenon could be observed on the Ni-40wt%Co2@wvtAl coatings, with the

only difference being that more Al was needed &t gjrowing any form of AO;. Co

and Cr oxides gradually disappeared as the itiraation of Al increased.

Targets Sample NiO/CoO NiO.CoO Cr,03 Al,O;3 Spinels

Ni- 130910 c2 + o- NiCr,04

20wt%Co 130910 d2 + o-

40wt%Cr 130910 E1 + -

+Al 130910 e3 o- NiCr,04
130910 F3 o- NiCr,0O4
130910 f2 o- NiCr,0O4
130910 G1 o- NiCr,04
130910 g1 a,0- NiCr,04
130910 H1 a,y- NiCr,O,4

Ni- 160810 c2  Co00,Ca0s +

40wt%Co 160810 D3 CoO +

20wt%Cr 160810 E2 + 0- CoCr204

+Al 160810 E3 + 8- (Ni,C0)Cr0O,
160810 e2 ,0,0- NiCr,04
160810 F1 a,0- Ni(Cr,Al) 0,
160810 G2 a,0- NiCr,0O4
160810 g3 a,y- NiAl ;0,4

Table 9.5 Different oxide species identified usingRD on the samples exposed at 900 °C.
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The oxide microstructures of the exposed Ni-CoACcoatings at 900 °C were
observed under the SEM and are shown in FigureS arl 9.26. These images
confirmed that coatings were generally betweenr2D3® pm thick.

Cross-sections of samples from the Ni-20wt%Co-40@Gt+Al batch are shown
in Figure 9.25. High initial amounts of Cr in samdl30910d2 (41.64 at% Cr, 8.8 at%
Al) led to the formation of a single layer of mixéall,Cr),O;. The presence of spinel
was also identified (Figure 9.25(a)). Decreasirg itiitial amount of Cr down to 40.6
at% in the coating and increasing Al to 10.5 at%yegsimilar results. The mixed
(Al,Cr),03 contained a small fraction of Co (~ 2at%) and NB(at%) (Figure 9.25(b)).
The first layer of AJO; was observed on sample 130910e3 (38.1 at% Cr,at%7Al)
(Figure 9.25(c)). A further increase in the initiavel of Al in the coating, reduced the
amount of Cr in the AD; layer, as shown for example on sample 130910F&twhi
contained only ~ 6 at% of Cr in its A layer (Figure 9.25(d) and Table 9.6).

The microstructures of the oxides grown on sampies the Ni-40wt%Co-
20wt%Cr+Al batch are shown in Figure 9.26. As foe samples exposed at 950 °C,
high amounts of Co in the initial composition (o3& at% Co) of samples exposed at
900 °C led to the formation of double layered ogid®n the top, a porous mixed
(Co,Ni)O containing ~10 at% Al. Beneath this layesis a mixed (Al,CpOs (Figure
9.26(a)). Amongst the range of composition acrbes doating on sample 160810E2
(average of 18.2 at% Cr and 20.1 at% Al), is thheghold over which a double layer is
no longer formed and is replaced by a single lafemixed (Al,Cr)Os. Clusters of
mixed oxides rich in Co are still present (Figur@egb)). A further increase in the
initial Al content enables the growth of an @k layer, as observed on sample

160810e2 (15.4 at% Cr, 33.5 at% Al). Although snsglinels precipitated within the
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Al,O3 layer, the latter was almost pure, containing dhigt% or less of Co,Ni and Cr

(Figure 9.26(c)).

b) Mixed
Mixed (AlLCr) ,04
(AI,Cr) ,04

NiCoCrAl

' Spphire ' - ' Sapphire

f—— 20 um F——— 20 um

NiCoCrAl NiCoCrAl

Sapphire Sapphire

f———— 10 um f————-A 10 pm

Figure 9.25 Cross sections SEM images of (a) 130820(b) 130910E1, (c) 130910e3 and (d)
130910F3.

The results of EDX analyses carried out on thelexiof the selected samples
are summarised in Table 9.6. Oxides growing at ghdace of the Ni-20wt%Co-
40wt%Cr+Al batch samples always contained very karabunts of Co (> 2 at%) and
Ni ( > 4 at%) and as the Cr/Al atomic ratio deceggghe amount of Al present in the
oxide increased, making the ,8i; layer purer. The two layers of oxide growing on
samples from the Ni-40wt%Co-20wt%Cr+Al batch coméai a significant amount of
Al which increased with the increasing initial fan of Al in the coating. Ultimately,

when reaching an initial fraction of Al of ~33.3%atthe oxide layer becomes almost

281




Oxidation of Co-Ni-Cr-Al coatings at 900-950 °C

pure AbOs. Also, at equal initial fractions of Co and Ni,arpexposure, the outer oxide

layer formed was always richer in Ni.

a)
(Co,Ni)O

(richin Al)

Mixed

Al,Cr) ,O
Mixed (AL,Cr) ,05 ((richincz)z $

| (AI,Cr) ,0,

w04 (richin Co)

NiCoCrAl

Sapphire ) Sapphire & ?

——— 20 um

Iy«

Sapphire gt

f———— 10 um

Figure 9.26 BSE SEM images of cross-sections thrduga) and (b) 160810E2, and (c) 160810e2.

Sample Oxide O (at%) Co (at%) Ni(at%) Cr (at%) Al (at%)
130910 d2 single layer 60.9 0.6 1.2 19.2 18.1
130910 E1 single layer 55.8 1.9 3.9 20.1 18.3
130910 e3 single layer 53.3 1.4 4.0 10.0 31.3
130910 F3 single layer 55.8 1.0 1.9 4.6 36.9
160810 D3 outer layer 54.1 11.6 17.8 1.6 14.9

inner layer 58.6 10.7 3.8 13.8 13.2
160810 E2 outer layer 53.6 10.6 12.0 15 22.3

inner layer 58.7 2.6 2.4 15.5 20.9
160810 e2 single layer 59.9 1.6 1.6 1.9 34.9

Table 9.6 Composition (obtained by EDX analysis) ofthe oxide layers observed on the cross-
sections through selected Co-Ni-Cr-Al samples at 90C.
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9.2.4 Discussion-An attempt to map the oxide compition as a function of
the Ni-Co-Cr-Al content at 900 °C.

The results concerning the analysis of the Co-NACsamples exposed at 900
°C are summarised in Figure 9.27. The domain utitered dotted line on the graph
represents the Co-Ni-Cr-Al compositions capabldoofing a-Al,O3; after 500 hours
when exposed at 900 °C. The black dotted line didithe sample capable of forming
transient forms of AlD;. Samples needed a ratio of Cr/Al (in at%) underith Co/Ni
equal to 0.5 to grow a puteAl,O3 layer at 950 °C. Without Co present this Cr/Aloat
did not change much and was still around 5. Thevtiraf transient AIO; as 900°C

seems to be promoted by the addition of Co, inangabke Cr/Al ratio up to around 7.

Cr/Al

0.1 =

0.01
0 0.2 0.4 0.6 0.8 1 1.2

Co/Ni

Figure 9.27 Effect of Cr/Al and Co/Ni ratios (at%) on oxide compositions observed after 500 hours
at 900 °C. Red diamonds correspond t@-Al,O3, black squares to transient AJOs, green dots to
Cr,03 and grey crosses to Ni or Co oxides. Beneath bladotted line are samples capable of
forming transient Al ,03. Beneath red dotted line are samples capable ofrfoing a-Al,Oa.

However this tendency reverses with further insesaof the initial Co
concentration. More Co also increased the amoudt ofeeded to grow-Al,Os. Not

appearing in the graph, mixed oxides and spinelse wbserved in a lot of samples
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(more details in Figure 9.28 (b)). Adding Co to tieCr-Al increased the likelihood
for the formation of mixed oxides (see Figure 9DB(

9.3 Discussion - Effect of Co-Ni-Cr-Al compositions dntemperature on the
coating behaviour

9.3.1 The effect of temperature on the Co-Ni-Cr-Asystem

Comparison of Tables 9.2 and 9.5, summarisingpttaks identified using the
XRD, shows that the nature of the oxides changeid @iposure temperature.

The coatings from the Ni-20wt%Co-40wt%Cr+Al batgiew more (Co,Ni)O
oxides when exposed at 950 °C than at 900 °C. kample, sample 130910d3 (18.3
at% Co, 41.6 at% Cr, and 8.8 at% Al) grew an exletayer of mixed (Al,CrOs
containing less Co (5 at% less) than the simild@918d2 that was oxidised at 900 °C
(Tables 9.3 and 9.6). Similarly, samples from the4Bint%Co-20wt%Cr+Al which
were more likely to grow NiO and/or CoO, did notrfoas much of these fast growing
oxides when oxidised at lower temperatures. Indae®00 °C, samples initially
containing below 30 at% Co, did not grow CoO oxiddsle they were detected on
samples initially containing as little as 8 at% &0950 °C. More GOs; oxides were
observed on samples oxidised at 900 °C. They gresamples from the Ni-40wt%Co-
20wt%Cr+Al with an initial Cr content above 18 at@flike at 950 °C.

Changing the exposure temperature did not affleet formation ofa-Al,O3
(Tables 9.2 and 9.5). The first traces of the stablide where observed on samples
130910e2 and 130910e3 (38.1 at% Cr, 16.7 at% Abhi Ni-20wt%Co-40wt%Cr+Al
batch, and on samples 160810e3 and 160810e2 (aB#Cr, 33.5 at% Al) for the Ni-

40wt%Co-20wt%Cr+Al batch. However, at the lower pamature, transient ADz; were
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detected earlier on samples containing less imtiand Cr (e.g. 160810E2 with 18.22
at% Cr and 20.1 at% Al).

Finally, a lot more spinels were detected at 90QHan at 950 °C (Tables 9.2
and 9.5). This phenomenon is more pronounced inpkesrfrom the Ni-40wt%Co-
20wt%Cr+Al coating batch. The coatings only forneCr,O, and (Ni,Co)CsO,4 on
the samples containing the most initial Co at 960(160810d2 (36.6 at% Co) and
160810E4 (31.3 at% Co)) while at 900 °C, spinelmsagon most of the samples. Also
the nature of the spinels varied depending on th&ali amounts of Al and Cr.
Gradually, more initial Al led to the formation dfiAl,O4, and more Cr to NiGO,.
This is discussed further in Chapter X.

An alternative method of comparing the oxidationadabtained from the
sputtered coatings is presented in Figure 9.28edasof plotting the Cr/Al ratio over
the Co/Ni ratio as in Figures 9.14 and 9.27, data wrganised in a ternary diagram
similar to the ones used for the study of the NiACrsystem. To simplify the
guaternary system into a ternary one, the atomica@od Ni contents were added
together. Also, the experimental data were comp&wecbmmercial Co-Ni-Cr-Al-(Y)
compositions found in literature and summarisedable 9.7 [60,150,151]. The ternary
diagrams show that decreasing the oxidation tenmyrerancreased the AD; formers
domain for coatings containing less Cr in theitisicomposition. It could be assumed
that the domain is also larger for coatings comaimround 50 at% Cr, but more data is

needed to confirm this assumption.
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Figure 9.28 Compositional effects on the oxidatiogathered at (a) 950 °C and (b) 900 °C on the
coated sapphire discs. Black doted lines represetite Al,O; formers boundaries and the circles
highlight commercial coatings out of A}O; formers domain at 950 °C.
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At 950 °C, commercial Co-Ni-Cr-Al-Y caotings thate expected to grow 4D
upon exposure, did not coincide with the resultsntbwith the coated sapphire discs
exposed at 950 °C (circled in red on Figure 9.28(k)deed, three compositions
corresponding to AMDRY 995/L.C022, LN21 and LC02@ aut of the AIO; formers
domain at 950 °C. This could indicate that thosatings are not ideal for exposure at
950°C or that they behave differently when used@s instead of overlay coatings.
Covered by a YSZ TC, these coatings might grow qutote oxides because of the
reduced oxygen partial pressure. This could alsbcate that the real BC surface
temperature are lower than 950 °C, as at 900 “€¢ctimpositions are well within the

Al,O3; domain.

Co(at%) Ni(at%) Cr (at%) Al (at%) Reference

AMDRY 995 34.7 28.6 21.2 15.5 -
LN11 20.0 40.3 16.4 23.3  [150]
LN21 21.3 42.9 20.2 15.6  [150]
LN33 0.0 59.7 19.5 20.7  [150]
LN46 13.7 45.5 18.4 22.4  [150]
LN49 12.7 45.1 18.2 24.0 [150]
LCO7 54.5 0.0 23.2 22.3  [150]
LC022 34.7 28.6 21.2 15.5 [150,151]
LCO022Al 33.6 25.1 20.5 20.7  [150]
LC029 67.7 0.0 18.4 13.8  [150]
LC040 55.5 0.0 25.6 18.9  [150]
LC049 24.4 35.5 14.3 25.7 [150]
TM309 21.7 36.7 22.7 19.0 [150]
Talboom et al. 50.9 0.0 23.6 255 [60]
ATD2B 53.6 0.0 24.1 22.3  [151]
ATD5B 61.5 0.0 17.7 20.8  [151]
ATD10 0.0 59.7 19.5 20.7 [151]

Table 9.7 Commercial overlay coatings used as comme@&l reference in ternary diagrams in Figure
[60,150,151]. Y (at%) is not taken into account.
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9.4Summary

As for the Ni-Cr-Al system, magnetron sputteriragtbeen used successfully to
deposit a range of Co-Ni-Cr-Al coatings onto 10 mhisameter sapphire substrates. This
was achieved through co-sputtering from two targetsli-20wt%Co-40wt%Cr or Ni-
40wt%Co-20wt%Cr target (changed between deposiims) and a pure Al target.
XRD was used to identify the oxides formed duringdation exposure at 900 or 950
°C for 500 hours. High levels of Co in the coatipgsmoted the formation of (Co,Ni)O
oxides at both temperatures. At 950 °C, the fratds of Al were observed on samples
containing 33.5 at% Al (at low Cr concentration,4Lat%) and 9 at% Al (at high Cr
concentration, 41.6 at%). At 900 °C, the first &m®f Al were observed on samples
containing 33.5 at% Al (at low Cr concentration,4.5t%) and 20 at% Al (at high Cr
concentration, 18 at%). Lowering the oxidation temapure increase the size of the
Al,O3 formers domain (larger composition range fos@l formers) and prevented the
formation of (Co,Ni)O oxides (with high concentmats of Cr). Adding Co to the Ni-Cr-
Al systems promoted the formation of diverse spptedses the compositions of which

depended on the initial compositions of the coating
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CHAPTER X — GENERAL DISCUSSION (PART II)

10.1How does composition and temperature affect spimeked oxide
formation?

Looking at Figures 9.14 and 9.27 (from sections49dhd 9.2.4), adding Co to
the Ni-Cr-Al gradually required more initial Al coantration (at lower Cr contents) to
enable the exposed coating to grow a protectiy®@Alayer. While the system was not
affected by up to 20 at% Co, increasing the amaprb 40 at% led to a diminution of
the ALO; formers domain area. This is confirmed by the terrdhiagrams in Figure
9.28 (section 9.3) which shows that as the Ni+Catexat increases, the amount of Al
needed to grow ADs is higher (the effect of Co and Ni are separatgddmparing
Figure 9.28 to Figure 8.44). Thermodynamic studieshe effect of Co in MCrAlY,
carried out by several groups of researchers (ssscMa and Schoenung [152] and
Liang et al. [153]), led to the conclusion thatrgesing the amount of Co in the Co-Ni-
Cr-Al system reduced the formation wfNizAl phase and increased the fractionpef
NiAl and y-Ni. As a consequence, Co additions increasedxttabon resistance of the
different alloys studied. These conclusions comttatthe result found in this chapter
and could be explained by the fact that it is raggible, using the data generated in this
thesis, to separate the effect of the increaskeoCb fraction and the decrease of the Cr
fraction. Indeed in Chapter VI, it was found thatreasing the amount of Cr in the
coating, was reducing the amount of Al needed towgAl,Os. Reciprocally, by
decreasing the amount of Cr, a higher amount o§lduld be required to grow the

protective oxide layer.
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In order to investigate the effect of Co additias the growth of the oxide,

samples with similar Cr and Al initial contents rfrtothe Ni-Cr-Al and Co-Ni-Cr-Al

batches were compared. The samples chosen areasigadhin Table 10.1.

Temperature Co Ni Cr Al Oxides formed
(°C) Sample (at%) (at%) (at%) (at%) (XRD)
950 080710 B2 0.0 77.4 22.1 0.5 NiO, Cr0;, NiCr,0,4
080710 D3 0.0 77.2 20.2 2.6 NiO, Cr0s
160810 d2 36.6 34.4 21.6 7.4  NiO, (Co,Ni)O,
NiCI’zO4
080710 F2 0.0 63.9 14.6 21.5¢-Al,03, 0- Al,05
160810 €3 26.1 25.1 15.4 33.5¢- Al,O3
080710 h2 0.0 14.0 2.5 83.5¢- AlL,O3
160810 H1 4.5 4.4 2.4 88.8 ¢- Al,Os3, 0- Al,O3
200 080710 c2 0.0 77.2 20.9 1.9 NiO, Cr0s;, NiCr,04
080710 d3 0.0 77.0 18.5 4.5 NiO, Cr,O3, NiCr,0,4
160810 c2 38.7 354 22.9 3.0 NiO, (Co,Ni)O,
Co,03, CrO3
160810 D3  38.0 35.1 22.4 45 NiO, (Co,Ni)O,
Cr0s
080710 F3 0.0 63.9 14.6 21.5¢- Al,O3, 0- Al,05
160810 e2 26.1 25.1 154 33.5a- Al,03, 6,6- Al,Og,
NiCrzO4
290610 g3 0.0 6.8 9.0 84.2a- Al,O3, 6- Al,Os,
Al,03.NiO
130910 g1 4.2 7.5 9.0 79.30-Al,03, 6- AlOs,
NiAl ;04

Table 10.1 Chosen samples for comparisons betwetie Ni-Cr-Al and Co-Ni-Cr-Al systems, their

compositions and oxide formed.

At 950 °C, the comparison of sample with a highabd/or Ni content, medium

Cr content and low Al content (samples 080710B2.1(2at% Cr, 0.5 at% Al),

080710D3 (20.2 at% Cr, 2.6 at% Al) and 160810d2621% Cr, 7.4 at5 Al)) showed

that XRD could not detect €3 in the sample containing Co (Tables 8.3 and @&hfr

sections 8.1.3 and 9.1.3). However, SEM cross@extconfirmed the presence of a

mixed (Cr,AlxO3 layer beneath the (Co,Ni)O outer layer (Figurd§ @) and 9.13(a) in

section 8.1.3 and 9.1.3). In the three cases, tlw@ent of the mixed layer was around

290




General discussion (Part II)

15 at% (Tables 8.4 and 9.3 from sections 8.1.3%hd) suggesting that the effect of
Co addition here is to grow a thicker outer oxidger. A comparison of the images of
the outer oxide layers in both systems revealeddtidition of Co create a more porous
and discontinuous outer oxidelayer (Figures 8.)a(l 9.13 (a)).

At 950 °C, samples with medium initial contents@fand Al (080710F2 (14.6
at% Cr, 21.5 at% Al) and 160810 e3 (15.4 at% Crb38% Al)) both grew AlO;
(Figure 8.12 and Table 9.2). In the sample withQm(080710F2), XRD detected the
presence of transient Ab;. More Al was needed to grow the 8 on the coating
containing Co and microstructure of the oxide laglserved under the SEM revealed
that the layer contained Cr, unlike the layer grawnthe Ni-Cr-Al coating (Tables 8.4
and 9.3). Also, the sample containing Co failedyeafter only 260 hours of exposure
(Figure 9.4 in section 9.1.2), suggesting weak&le@adhesion properties.

At 950 °C, samples containing high levels of ABQU10h2 (2.5 at% Cr,
83.5 at% Al) and 160810H1 (2.4 at% Cr, 88.8 at% dugw similara-Al,O3 layers.
Transientd-Al ,O3 was detected on the surface of the Co-Ni-Cr-Altioga(Table 8.3
and 9.2).

At 900 °C, medium Cr contents and low Al contedB8q710 c2 (20.9 at% Cr,
1.9 at% Al), 080710d3 (18.5 at% Cr, 4.5 at% Al) a&d810 d2 (22.9 at% Cr, 3.0 at%
Al) led to the growth of a double layered oxide looth Ni-Cr-Al and Co-Ni-Cr-Al
coatings (Tables 8.8 and 9.5 and Figure 8.39(a3eictions 8.2.3 and 9.2.3). XRD
detected GO; on each samples suggesting that the outer layax® Isimilar
thicknesses, and EDX quantified the content ofrCthe mixed (Al,CrO; layer to be

around 18 at% in the case of 080710d3 and 14 attteicase of 160810d2 (Tables 8.9
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and 9.6 in sections 8.2.3 and 9.2.3). The extenuwel-protective oxide layer was
continuous in both cases.

At 900 °C, for samples with an higher level of(8BB0710F3 and 160810e2), the
oxide layers present in both cases were mixesanktent and stable AD; coupled with
some NiCsO, spinels (as detected by the XRD and confirmed BMB Both layers
were very similar (Figures 8.39(d) and 9.26(b) écteon 9.2.3). As for the samples
containing very high amounts of Al exposed at 90029061093 and 130910g1), XRD
detected similar AD3 oxides layers and NiAD, on both the Ni-Cr-Al and Co-Ni-Cr-
Al sample (Tables 8.9 and 9.5).

In a general manner, comparing the@J domains (in ternary phase diagrams)
drawn from the data obtain from the sputtered ogatiFigure 10.1), adding Co to the
Ni-Cr-Al system promoted the formation of proteetiAl,Os. Indeed, for higher Cr
concentrations, at 900 and 950 °C, the amount afe&lded to grow AD; was reduced
by adding Co to the coatings.

In Chapter VIII, the oxidation of the Ni-Cr-Al cbag systems showed that the
spinels/mixed oxides grown (and identified using DJRwere essentially NiGO,
(Tables 8.3 and 8.8). Lowering the oxidation terapge promoted their formation, as
did increasing the initial amount of Cr in the cogt(Figures 8.22 and 8.43). The Ni-
Cr-Al coatings with enough Al to start growing-8k, formed a mixed (Al,Cg03 layer
instead of pure AD; (at Cr levels of 6.7, 14.6 and 56 at% at 950 °@ &2, 14.6 and
56 at% at 900 °C). The initial Cr/Al ratio neededdachieve a pure protective ,8;
layer needed to be below 1, meaning that the iratisount of Al had to be quite high

(Figures 8.19 and 8.41).
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In Chapter IX, after the oxidation of the Co-Ni-&F a more diverse selection
of spinel/mixed oxides was detected. Dependingheririitial amount of Co, Cr and Al,
the spinels could be Cof,, NiCr,O, or NiAl,O4 (Tables 9.2 and 9.5). Also, the
formation of an outer (Ni,Co)O layer prevented tbiamation of spinels at 900 °C. In
the absence of this outer layer, adding Co to the&CNAI system inhibited the
formation of a mixed (Al,CpOs layer. Indeed, the AD; formed always contained

around or less than 2 at% Cr (Tables 9.3 and 9.6).

Ni-Cr-Al system ALO;
formers lower boundaries 4 Co-Ni-Cr-Al system AJO,

30 formers boundaries

~ =

at% Cr

Figure 10.1 Comparison of the AIO; forming domains at 900 (black) and 950 °C (red) fothe Ni-
Cr-Al (plain lines) and the Co-Ni-Cr-Al systems (dated lines).

The temperature shift of the &); former boundaries on the Ni-Cr-Al and Co-
Ni-Cr-Al ternary diagrams are significant in terro$ the compositions chosen for
commercial MCrAlYs and also for BC temperaturesduse industrial gas turbines.
Relating to the study of the modified aerofoil-sbdpsamples exposed at 900 to 1000

°C in Part |, this could explain the formation ofONand (Al,Cr}Os clusters instead of
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the expected protective Abs. For Ni-Cr-Al and Co-Ni-Cr-Al systems, as oxidatio
goes on and the Al depletes from the coating, tlvallfraction of Cr increases and
promotes the localised growth of mixed oxides.

In the literature, various types of commercial tase and bond coatings have
been exposed at temperatures above 1000 °C [36,88,37-81]. The results
concerning spinels and mixed oxides that were tedpwhether they were obtained
from EXD, XRD analysis or SEM imaging, were moreless precise. However, they
showed that Ni-Cr-Al-Y coatings promoted the forioatof a double layer of mixed
(Al,Cr),03 over a-Al,03 with small amounts of NiO and NifD, [51,80]. Observation
of oxidised Ni-Co-Cr-Al-Y highlighted the presener not) of a mixed (Al,CgOs
layer above a protectiveAl,03 as well, but no spinels were mentioned [77,79]ré0
research carried out on Co-Ni-Cr-Al-Y coatings 80Q °C and above, and describes
the TGO as a mix o#-Al,03, and clusters of mixed (Al,GKs, spinels and (Ni,Co)O
[77,78]. Different types of spinels were detecteul aeported as (Co,Ni)(Al,GQ,
[36], and the mixed oxides/spinels seemed to foromeneasily as clusters rather than
continuous layers [36,48,77,78,81]. It was alsamfbthat depositing YSZ on top of the
overlay coatings promoted the formation of spinalsd mixed/oxides [51,81].
Thickness measurements of the TGOs grown on diffexges of BCs did not show
which was more inclined to form more spinels/mixeddes [50]. The results found in
literature showed that above 1000 °C, adding Ciné¢oNi-Cr-Al system promoted the
formation of spinels and correlate with the behavimbserved on the coatings
deposited on the sapphire discs using magnetrottesipg and exposed at lower

temperature in this study.
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The amount of spinels/mixed oxides, growing on ifed aerofoil shaped
samples used in Part | (Figure 5.44) after expoatu890 to 1000 °C, was measured in
9 different locations on 26 samples. The fractibrsminels/mixed oxides in the TGO
decreased from ~21 to ~16% as the temperatureasede This would help confirm the
effect of temperature on the formation of spinelsnid with the coated sapphire discs,
but the scatter in the measured data (error 06%) were too important to take this

result into account.

10.2What would be the best coating?

The coatings compositions growing the slowest axi¢f@inimum mass gain
after 500 hours) and without NiO and/or CoO oxides summarised in Table 10.2 for
950 °C, and Table 10.3for 900 °C. From an oxidapoimt of view, these coatings are
considered to have the most suitable compositiona tise in industrial gas turbines.

In order to eliminate more candidates, mechanidhlermal stability
(interdiffusion) and corrosion properties must &leeh into account as well as oxidation
properties. High levels of Al are expected to praa high volume fraction @FNiAl
which is a desirable phase to form a protectivel@tut could also be detrimental by
making the coating too brittle. At high operatingmiperatures, high brittleness is
avoided due to the brittle to ductile transitionf In gas turbines, the coatings have to
survive thermal cycling (start up and shut downgjclw would expose them to lower
temperatures. Moreover, at high temperatures, CG#NAl coatings containing
contents of Al that are too high will melt (FiguBe44) [151]. Achar et al. [154],

modelled the phase equilibria in different MCrAl¥iogs at 950, 1000 and 1050 °C.
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Their work proved that the phase constitution esthalloys changed with temperature,
which could partly explain why in Part Il of thibesis, the oxides formed differed
somewhat with temperature. From their study of MHAC alloys [154] it can be
deduced that 170510F2 microstructure would be mi>aof B-NiAl + y'-NisAl phases,
170510f3 and 080710G2 would be made3-dliAl phase and 080710f2 af-Cr + -
NiAl + y-NisAl (Table 10.2). It is not possible to determines thhases present in
290610F2 and 290610f3 from their work, but it cam dstimated that they would
containa-Cr andp-NiAl.

Along with Ma and Schoenung [152] and Liang et[Bh3], Achar et al. [154]
found that Co additions stabilised thandp phases, explaining why lower levels of Al
are needed to grow ADs;. They also added that levels of Co around 10 at8pted
the formation ofa-Cr [154]. Mechanical testing of Ni-Cr-Al-Y and Qd-Cr-Al-Y
alloys proved that the former crept faster at Idvess than the latter, but that the
tendency reversed in the case of high stresseq,[866wing that either type of BC

could be desirable from a mechanical point of view.

Co Ni Cr Al Weight gain
Sample (at%) (at%) (at%) (at%)  Spinels (mg/cnr)
170510F2 0.0 61.6 6.7 31.7 0.31
170510f3 0.0 49.5 4.7 45.8 0.22
080710f2 0.0 52.5 11.5 36.0 0.05
080710G2 0.0 41.2 8.4 50.4 0.07
290610F2 0.0 22.5 44.9 32.6 0.11
290610f3 0.0 15.8 22.5 61.6 + 0.15
130910G2 7.9 14.0 18.3 59.8 + 0.13

Table 10.2 Coating compositions forming AlO;, with the lower final mass gain after 500 hours at

950 °C.
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Co Ni Cr Al Weight gain
Sample (at%) (at%) (at%) (at%) Spinels (mg/cnr)
17051012 0.0 49.5 4.7 45.8 0.23
080710e2 0.0 69.1 16.3 14.6 0.16
080710F3 0.0 63.9 14.6 21.5 0.17
080710f3 0.0 52.5 11.5 36 0.14
290610e3 0.0 29.7 41.6 29.1 0.12
290610F3 0.0 22.5 44.9 32.6 + 0.13
160810E3  31.2 30.3 18.2 20.1 + 0.33
16081013 16.5 15.8 8.9 59.0 + 0.23
130910e3 16.4 28.8 38.1 16.7 + 0.13
130910F3 12.3 21.9 29.2 36.6 + 0.13

Table 10.3 Coating compositions forming AlO;, with the lower final mass gain after 500 hours at
900 °C.

Adding in this information, at 950 °C, the best B@mpositions for industrial
gas turbine use are, in terms of high temperattotegtion properties, Ni-11.5Cr-36Al
and Ni-6.7Cr-31.7Al (in at%).

At 900 °C, higher levels of Cr are preferable heseasuch low temperature
could induced corrosion attacks (in the presenceepbsits and corrosive gas) as well
as oxidation one. Contents of Co above 10 at% lacereeeded in order to stabilize the
B-NiAl phase. This is why, the best BC compositionprder of oxidation protection

efficiency is, Ni-12.3C0-29.2Cr-36.6Al (at%).

10.3 Conclusion (part II)

In Part Il, the oxidation of a range of MCrAl coosations at 900 and 950 °C
confirmed the effect of temperature on the highgerature protection of these coatings
and the potential to use alternative alloys in stdal gas turbines where the exposure
temperatures are lower than those for which comiaeBCs are designed. The new

BC, needs to contain more Cr and Al than the orpesed at 1000 °C or over.
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On an (Ni+Co)-Cr-Al ternary diagram, commercial B€ located near to the
boundaries (at 900 °C) or out of thex®4 former domain (at 950 °C) meaning that they
would be susceptible to forming species less ptiwedthan the desired ADs; during
exposure (mixed (Cr,AlDs or spinels).

Magnetron co-sputtering was found to be an efficraethod to deposit a large
quantity of small samples with different composiso However, it was not a good
technique for the deposition of Ni alone, becaukéhe paramagnetic nature of this
metal. Films containing contents of Cr higher thHHwt% were also less adhesive.
Targets of any chosen composition can be used gneteon sputtering, making this
technique very flexible to coat small parts. Itlimited by the deposition rate of the
coatings, which is quite slow (20 hours to depe€0 um) and by the size of the

substrate (dependant on the size of the depositiamber).

298




Conclusions

CHAPTER Xl — CONCLUSIONS

TBCs are a key part of the high temperature ptioie©f industrial gas turbines
parts. Although they are extensively used in indushany challenges still remain in
understanding their failure mechanisms and in dged better performing materials.

This PhD project was divided in two parts. Firstthe effect of the bulk
geometry of the components on the microstructuwralugion of APS/TBC systems and
their failure was studied. Secondly, new BC comjmss, which could be used as
coatings for high temperature protection of indastgas turbines, were manufactured
and investigated.

In part I, 40 modified aerofoil-shaped samples wexposed in air at 900, 925,
950, 975 and 1000 °C for up to 20,000, 15,000, 50B@00, and 1500 hours
respectively. Pulsed (flash) thermography has lseecessfully used to detect cracked
and delaminated areas below APS/TBCs on modifieaf@iéshaped samples. Multiple
samples cracked at the leading edge and on a cdeaéxre on the “pressure side”,
suggesting an impact of geometry on coating fail®&€M and EDX characterisation
enabled to gather data at 9 different locationgao§ing curvature around the sample on
the different layers of the TBC system. Concave nggdes around the sample
promoted the formation of less protective oxideginals and mixed oxides. BC
roughness and TGO undulations were found to cduesgrowth of those less-protective
oxides. The overall sample curvature also affedieel quality of manufacturing
explaining the higher thicknesses and higher roagb@es on concave features. In the
case of extremely convex geometry, TBC depositayeis did not follow the substrate

curvature resulting in uneven coatings which coddse crack formation and
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propagation. Thinner BCs at convex locations wéte o grow AbO3 at the same rate
as thicker BCs by using the Al from thieNisAl instead of the3-NiAl phase. They were
however found to be more sensitive to mechanigatlyced failure which made convex
locations more likely to crack first. Additionallghe investigation of the TC/TGO
interface highlighted the significant effect of thiglat layout on the residual stress state
at the interface and therefore the initiation armppgation of cracks.

The oxidation of samples at 900 to 1000 °C fotau@0,000 hours, enabled the
collection of an important amount of data, whichtum, allowed the optimisation of an
existing oxidation prediction model. It highlightélde dependence of the transition to
stable AbO3; growth on temperature and the importance of thiké model.

Premature failure of the APS/TBC at the leading &rading edge of a blade,
which are locations subject to higher temperataresstresses in the gas turbine, could
be reduced by monitoring the manufacture of thdigganore effectively. Roughness
of the TC/BC interface is compulsory for the adbasproperties of the APS/TBC so
cannot be avoided. However, the difference of T@ &C thicknesses around the
blades should be reduced to prevent preferentakang at the thinner locations.

In part Il of this thesis, the PVD technique, magme sputtering, has been used
successfully to deposit a range of potential CaZHAI coatings on sapphire substrates.
Around 200 samples were created using this teclenaoa half of them were exposed
in air at 900 and 950 °C for up the 500 hours. 3&lective growth of protective @3
or Al,O; oxides or other non-protective oxides (dependimg tioe initial coating
composition) was observed. The oxidation tempeeatvais found to have great effect
on the nature of the oxides formed on the coaturfpses. It increased the domain (on

ternary phase diagrams) of NiO formers for coatiogstaining low levels of Cr while
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increasing the AD; formers domain for higher initial levels of Cr. wering the
oxidation temperature from 950 to 900 °C promoteel formation of transient ADs
and spinels. At the same time, adding Co to th&€NAlI system allowed coatings to
form Al,O3 with lower Al levels (at 900 °C) and also encowagpinels growth.

At 900 °C, the composition with the lowest extehbridation and therefore the
best oxidation protection properties was (in at%}1RI3C0-29.2Cr-36.6Al. This
coating contained less Al and more Cr than the rafistient coatings at 950°C which
were Ni-11.5Cr-36Al and Ni-6.7Cr-31.7Al. All thesempositions have high levels of
Al suggesting that the most oxidation resistantioga at 950 and 900°C contain high

volume fractions of nickel/cobalt aluminides.

Recommendations for further work:

The work presented in this thesis opens many dmest for further

investigations:

e The deposition and oxidation of APS/TBC systemshwegual thicknesses all
around aerofoil-like samples will verify whetheetpreferential cracking on convex
locations is caused by geometry or by the thickésise coating.

» Further investigations of the transient stage aflatkon at 900-950 °C using FIB
and TEM techniques would generate detailed infalnatabout the growth
mechanisms of- and6-Al,O3 and spinel/mixed oxides, as well as their chemical
interaction with the YSZ TC and the resulting ci@atof the AbOs-ZrO,. More
studies are needed to understand the effect oAk@s-ZrO, mixed zone on the

integrity of the TBC coating systems at lower terapgres.
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Nano-indentation should be used to evaluate thehamecal properties of the
TC/BC interface and verify the effect of the TCatdize/shape on the toughness of
the TC material. Also, the elastic moduli of YSZpoeted in literature are not
representative of the TC material due to the defpitsent in the TC ceramic.

New BC compositions should be deposited onto a lheetaubstrate to study the
effect of interdiffusion on the nature of the oxslegrown on the overlay coating
during exposure. A variety of CoCr targets should used in magnetron co-
sputtering to investigate further the effect of Go the oxidation protection
properties of CoNiCrAl systems. They should thercbated with an APS/TBC in
order to verify their efficiency under conditionbger to the ones encountered in

practise.
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APPENDIX A — MOUNTING MOULD (DESIGN)
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APPENDIX B — MASS CHANGE CURVES OF MODIFIED
AEROFOIL-SHAPED SAMPLES
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Data at 950 °C:
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Data at 1000 °C:
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APPENDIX C — MEASURED BOND COAT AND TOP COAT

THICKNESSES ON MODIFIED AEROFOIL-SHAPED
SAMPLES (um)

na: data non available

BOND COAT:

Sample (81-BSYA) ref 1 2 3 4 5 6 7 8
Temperature (°C) 0 900 900 900 900 900 900 900 900
Exposure time (hours) 0 4000 10,000 2780 2780 20,000 4000 7000 15,000
A 105  91.3 85.6 1127 962 887 97.1 792 70.1
B 40 543 64.2  49.3 348 59.2 58.5 45.4 53.8
C 108 113.3 1044 108.7 1123 1041 101.0 100.7 95.8
D 105.6 116.1 950 108.9 1154 938 1137 1141 76.4
E 486  61.2 60.5 117.9 48.0 67.6 112.0 84.1 71.7
F 27 385 63.0 68.3 440 457 88.6 57.3 37.9
a 120 1419 987 na 1359 136.4 na 1329 106.0
b 141  127.7 136.3 na 146.8 117.9 na 1189 1157
Cc 111.6 1222  106.0 na 1051 115.0 na 1380 913
Sample (81-BSYA) 12 13 14 15 18 19
Temperature (°C) 950 950 950 950 10am®m00
Exposure time (hours)2780 4000.0 2780.0 5000 1050 1500
A 99.8  90.7 92.7 80 69.1 887
B 535  56.1 58.5 50 104.4 68.7
C 109.9 106.3  106.8 110 1209 1222
D 113.7  94.3 97.2 100 111.1 105.6
E 61.1  104.7 79.3 75 846 820
F 456  50.8 50.4 50 60.8 52.0
a 117.5 145.0 na 140 140.4 143.2
b 147.2 985 na 140 133.7 152.4
Cc 1225 1525  139.3 145 1316 1477

3
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Sample (81-BSYA) 25 26 27 29 31 35 36 37
Temperature (°C) 925 925 925 925 925 975 975 975
Exposure time (hours)10,000 100 4000 2740 7000 300 3000 2700
A 1054 1006  92.9 103.0 101.2 104.6 106.8  116.1
B 41.2 40.0 62.0 37.3 42.3 58.8 49.0 52.2
C 1124 1082 1025 120.0 120.0 121.3 120.0 1311
D 107.3  106.6  98.6 123.5 97.4 100.0 129.4  134.7
E 54.3 104.7  107.6 91.5 91.9 108.5 60.5 105.6
F 29.2 47.2 40.7 51.7 49.3 50.0 45.9 52.4
a 124.7 1382 1465  150.1  140.1 153.6 157.1  160.1
b 161.9 1246 1274 1451  106.6 146.0 165.7  135.6
Cc 99.3 147.7 1469 1459  136.4 154.1 96.7 142.1
TOP COAT:

Sample (81-BSYA) ref 1 2 4 5 7 8
Temperature (°C) 0 900 900 900 900 900 900
Exposure time (hours) 0 4000 10,000 2780 20,000 7000 15,000

A 188 160 211 200 201 180 206
B 202 190 201 180 234 150 208
C 245 210 232 210 232 250 231
D 216 220 216 200 236 200 212
E 202 190 172 170 166 210 201
F 152 150 139 150 148 130 115
a 240 270 270 230 234 220 237
b 250 250 257 230 252 200 245
Cc 225 250 252 250 229 220 192

Sample (81-BSYA) 12 13 16 18 19
Temperature (°C) 950 950 950 1000000

Exposure time (hours)2780 4000 5000 1050 1500
A 205 200 205 200 240

B 200 170 160 180 160

C 250 240 235 250 270

D 205 250 230 240 220

E 170 210 180 180 180

F 120 170 180 180 150

a 190 230 240 250 300

b 230 235 240 260 250

c 245 290 300 300 260
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Sample (81-BSYA) 25 26 27 29 31 35 36 37
Temperature (°C) 925 925 925 925 925 975 975 975
Exposure time (hours)10,000 100 4000 2740 7000 300 3000 2700
A 198 218 216 200 199 235 196 196
B 169 192 171 172 161 250 175 159
C 279 258 287 257 245 270 255 254
D 259 198 247 210 212 220 204 218
E 204 193 216 218 184 170 212 213
F 204 165 204 155 160 198 148 161
a 272 247 258 260 253 256 235 258
b 261 220 253 260 209 258 226 224
Cc 290 284 307 251 278 246 97 228
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APPENDIX D — TGO THICKNESSES MEASURED ON
MODIFIED AEROFOIL-SHAPED SAMPLES (um)

Data in red: presence of cracks

na: data non available

Sample ID Thickness at location (um)

81-BSYA-1 A B C D E F a b c
900°C 2.51 3.11 3.21 2.6 2.8 2.86 3.09 2.43 3.16
4000 hours  2.53 3.23 3.28 3.23 2.96 2.96 3.28 3.38.52
3.09 3.36 3.29 3.34 3.04 3.15 3.47 3.45 3.53
3.58 3.4 3.6 3.34 3.21 3.34 3.57 3.67 3.61
3.62 3.51 3.68 3.51 3.42 3.35 3.62 3.77 3.74
3.65 3.53 3.72 3.56 3.59 3.48 3.76 3.96 3.79
3.8 3.64 3.8 3.6 3.63 3.5 3.76 4.18 3.83
3.81 3.84 4.14 3.88 3.76 3.66 3.88 4.2 3.83
4.15 3.87 4.44 4.07 3.77 3.71 3.96 4.29 4.51
4.51 3.98 4.93 4.16 3.91 3.83 4.6 5.43 4.55

Sample ID Thickness at location (um)

81-BSYA-2 A B C D E F a b c
900°C 3.82 3.96 2.7 4.38 3.09 3.75 3.94 3.49 4.46
10,000 hours 3.91 4 3.43 5.11 4.2 3.92 4.41 3.76 4.61
3.98 4.04 3.92 5.11 4.42 4.1 4.62 3.92 4.76
4.03 4.54 4.16 5.11 4.64 4.29 4.87 4.06 4.76
4.29 4.89 4.69 5.6 4.65 4.42 5.1 4.42 5.06
4.53 5.22 4.78 5.84 4.86 4.65 5.66 5.03 5.21
4.96 5.22 5.23 6.57 4.87 4.78 5.68 5.82 5.36
5.25 5.22 5.39 7.3 5.08 4.95 6.39 5.94 5.8
5.51 5.41 5.88 7.54 5.08 5.5 6.49 6.33 5.95
5.77 5.45 6.01 8.03 5.52 5.79 7.66 7.34 6.55
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Sample ID Thickness at location (um)
81-BSYA-3 A B C D E F a b C
900°C 2.82 2.27 2.69 2.83 2.62 3 na na na
2780 hours 3.1 2.61 2.93 3.03 2.68 3.06 na na na
3.14 2.66 2.97 3.19 2.69 3.07 na na na
3.2 2.83 3.02 3.41 3.01 3.27 na na na
3.47 2.9 3.12 3.42 3.09 3.32 na na na
3.53 3.22 3.28 3.5 3.21 3.36 na na na
3.56 3.34 3.45 3.55 3.29 3.95 na na na
3.69 3.41 3.51 3.56 3.43 3.96 na na na
3.79 3.7 3.69 3.58 3.61 4,53 na na na
4.38 3.99 3.78 3.82 3.75 4.61 na na na
Sample ID Thickness at location (um)
81-BSYA-4 A B C D E F a b C
900°C 268 253 225 249 2.72 265 2.01 2.65 2.68
2780 hours 2.75 3.07 248 257 3.01 278 2.13 2.9 3.38
3.09 3.2 2.61 2.57 3.2 283 2.69 3.07 3.39
3.39 351 298 262 336 288 274 318 361
348 352 3.03 301 354 292 278 3.21 3.67
367 357 304 314 364 3.01 2.86 3.31 3.97
3.79 362 309 314 374 313 314 382 422
416 373 338 331 3.78 3.2 344 383 451
424 384 349 379 404 336 346 385 4.73
4.98 3.9 3.54 3.8 476 3.37 3.64 4.3 5.23
Sample ID Thickness at location (pum)
81-BSYA-5 A B C D E F a b C
900°C 494 452 5.81 4.53 4.81 4.75 4.05 3.09 4.44
20,000 hours 5.02 4.98 6.09 453 4.83 4.87 4,18 4.23 5.74
5.28 5.08 6.15 4.63 5.02 5.27 4.76 4.31 5.91
573 5.21 6.3 4.64 5.21 5.92 5.28 4.4 5.99
585 5.32 6.75 5.49 5.23 6.12 5.3 4.63 6.37
5,99 5.85 6.82 5.79 5.62 6.52 5.86 4,73 7.12
6.1 5.94 6.92 6.2 5.91 6.87 6 6.4 7.27
7.96 6.04 7.38 6.45 6.75 7.02 6.43 6.77 7.35
8.3 6.16 8.2 6.75 7.1 7.27 6.75 7.2 7.97
9.72 6.48 8.37 6.97 9.74 8.13 8.39 8.75 8.88

334




Appendices

Sample ID Thickness at location (um)
81-BSYA-6 A B C D E F a b c
900°C 2.71 2.41 3.26 2.49 2.07 3.19 na na na
4000 hours 3.02 3.06 3.38 2.75 2.7 3.21 na na na
3.13 3.26 3.48 2.86 2.71 3.34 na na na
3.25 3.32 3.7 2.95 2.78 3.42 na na na
3.36 3.45 3.88 2.99 2.88 3.58 na na na
3.42 3.49 3.98 3.04 2.94 3.59 na na na
3.44 3.52 4.12 3.45 2.99 3.77 na na na
3.55 3.69 4.13 3.64 3.05 3.8 na na na
3.77 3.74 4.3 3.67 3.52 3.84 na na na
3.88 3.81 5.2 4.01 3.68 4.02 na na na
Sample ID Thickness at location (um)
81-BSYA-7 A B C D E F a b C
900°C 3.55 415 3.34 3.28 3.04 3.18 3.38 4.01 3.71
7000 hours 3.79  4.22 3.39 3.66 3.65 3.19 3.88 4.03.81
3.98 425 3.64 3.68 4.29 3.59 4.18 424 3.84
429 441 3.66 3.8 4.31 3.95 453 4.59 3.93
431 448 3.89 448  4.39 4 4.74 471  4.25
441 498 3.96 4.77 449 416 4.87 492 444
4.58 5.07 4.08 4.89 4.5 4.29 4.96 493 453
4.63 514 4.28 5 4.56 4.7 5.18 5.01 5.41
4.9 5.79 4.31 509 483 5.21 5.68 544 544
5.39 5.92 4.66 563 494 522 6.08 5.82 6.14
Sample ID Thickness at location (um)
81-BSYA-8 A B C D E F a b C
900°C 4.18 3.11 4.52 3.09 3.52 398 3.49 3.68 4.44
15,000 hours 4.28 3.5 4.56 4.44 3.67 4.3 3.64 4.25 4.66
4.66 4.07 4.73 4.45 422 463 471 441 4.75
5.14 4.47 5.22 4.53 456 465 4.73 4.66 5.02
5.15 4.47 5.43 4.98 482 534 479 4.84 5.23
5.56 4.52 5.5 5.13 484 575 4.89 4.84 5.35
5.58 4.71 5.92 5.41 5.02 579 5.72 5.39 5.38
6.04 5.21 6.48 5.75 544 6.28 6.17 5.54 5.57
6.34 6.17 6.76 5.98 55 6.7 6.65 5.81 5.61
6.41 6.56 7.48 6.29 6.18 6.71  7.33 7.38 5.95
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Sample ID Thickness at location (um)
81-BSYA-9 A B C D E F a b C
950°C 4.14 3.99 3.64 3.98 342 3.65 na na na
4000 hours 4.21 4.06 3.81 439 4.13 3.76  na na na
4.38 4.13 3.87 4.46 4.26 414 na na na
4.64 4.24 3.9 454 477 422 na na na
4.66 4.26 4.06 454 4.8 434 na na na
4,72 4.31 4,12 472 4.83 478 na na na
4.93 4.41 4.27 481 4.9 485 na na na
4.97 4.46 45 526 492 4.87 na na na
5.07 4,71 5 537 5.15 517 na na na
5.14 4.72 5.17 577 5.36 576 na na na
Sample ID Thickness at location (um)
81-BSYA-11 A B C D E F a b C
950°C 4.37 4.12 4.38 4.26 4.78 4.46 na na na
5000 hours 5.41 4.16 4.56 4.29 4.84 451 na na na
5.42 4.34 4.67 4.75 4.86 4.7 na na na
5.72 4,74 5.05 5.48 5.01 5.02 na na na
5.84 4,78 5.27 5.99 5.06 5.05 na na na
6.53 5.75 5.28 6.25 5.14 517 na na na
6.67 5.91 5.55 6.42 5.26 5.38 na na na
6.72 5.92 5.76 6.44 5.33 5.39 na na na
6.87 6.35 5.79 6.46 5.37 576 na na na
6.89 6.65 5.84 6.64 5.81 5.99 na na na
Sample ID Thickness at location (um)
81-BSYA-12 A B C F a b C
950°C 4.02 3.8 3.98 4.23 4.06 3.86 4.65 4.02 4.44
2780 hours 4.42 4.04 4.63 4.27 4.59 3.88 469 452 4,77
469 411 4.76 4.91 4,73 426 469 4.78 4.84
488 416 4.78 4.92 5.46 441 4.89 4.87 4,92
495 417 4.95 5.09 5.58 455 499 4.88 5.49
497 424 501 5.09 5.72 499 531 5.13 5.8
498 428 5.01 5.45 5.76 5.16 547 5.34 5.98
506 437 5.08 5.56 5.79 519 5.71 5.4 6.17
551 4.76 5.2 5.76 5.81 543 5.8 6.03 6.18
5.8 484 5.86 5.97 6.28 544 6.43 6.27 7
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Sample ID Thickness at location (um)
81-BSYA-13 A B C D E F a b C
950°C 4.21 4.28 4.25 4.9 5.05 4.28 3.93 4.69 4.28
4000 hours 4.26 4.82 4.31 4.95 5.05 4.35 4.014.78 4.29
4.55 4.97 4.32 5.16 5.11 4.38 4.75 4.82 4.46
4.84 5.01 4.65 5.37 5.32 4.45 476 5.2 4.48
5.25 5.22 4.95 5.42 5.4 4.63 4,92 5.31 5.01
5.29 5.26 5.13 5.46 5.82 5.24 5.02 5.38 5.08
5.34 5.41 5.23 5.84 5.85 5.74 512 5.7 5.22
5.35 5.66 5.27 5.87 6.07 5.76 5.415.72 5.79
5.51 573 5.34 5.99 6.3 6.4 6.28 6.03 6.09
5.68 5.97 5.81 6.29 6.57 6.81 6.34 6.29 6.97
Sample ID Thickness at location (um)
81-BSYA-14 A B C D E F a b C
950°C 4.75 3.83 3.87 4.06 3.49 3.74 na na na
2780 hours 4.91 3.86 4.16 4.07 3.88 4,01 na na na
4,92 4.23 4.22 4.14 4.06 4.23 na na na
4.96 4.31 4.29 455 4.23 4.38 na na na
5.01 453 4.34 4,73 4.58 4.39 na na na
5.16 4,75 4.42 491 4.67 441 na na na
5.18 4.83 453 4.96 4.68 4.63 na na na
5.64 4.9 4.62 5.8 5.04 4.74 na na na
5.66 4.92 5.09 5.86 5.35 4.83 na na na
5.76 5.18 5.33 5.95 5.36 6.04 na na na
Sample ID Thickness at location (um)
81-BSYA-16 A B C D E F a b (o
950°C 4.12 4.89 4.4 4.87 3.28 4.4 4.09 4.66 4.51
5000 hours 4.59 4.9 4.6 4.9 3.83 4.73 4.45 4.75 4.92
4.8 4.93 4.98 5.28 3.93 5.14 4.81 4.87 5.22
4.83 5.04 5.36 5.57 4.05 5.46 5.04 5.15 5.42
4.86 5.23 5.38 5.69 4.52 5.6 5.18 5.45 5.53
4.89 5.32 5.43 5.94 4.58 5.66 5.35 5.49 5.65
4.93 5.42 5.87 5.98 4.79 5.86 5.59 6.18 6.25
5.19 5.49 6.18 6.04 4.83 6.04 5.79 6.75 6.68
5.22 5.65 6.4 6.37 4.94 6.74 6.29 6.76 6.96
5.89 6.42 7.64 6.7 5.63 6.87 6.39 7.53 6.98
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Sample ID Thickness at location (um)
81-BSYA-17 A B C D E F a b C
1000°C 4.34 3.02 3.92 4.59 3.79 3.21 na na na
1500 hours  4.75 3.92 4,61 4.9 3.85 3.49 na na na
4,78 4.1 4.61 5.19 3.91 3.95 na na na
4.86 4.16 4.83 5.23 4.22 426 na na na
4.88 4.25 4.84 5.31 4.55 461 na na na
5.09 4.47 5.03 5.35 4.68 475 na na na
5.48 4.58 5.11 5.41 4.83 481 na na na
575 4.87 5.38 5.69 4.95 5 na na na
5.93 4.95 5.65 5.79 5.06 5.12 na na na
6.04 4.96 57 6.09 517 515 na na na
Sample ID Thickness at location (um)
81-BSYA-18 A B C D E F a b C
1000°C 3.57 4.2 3.29 3.9 3.28 451 3.07 3.41 3.74
1050 hours 3.81 436 3.93 3.99 4.01 4.64 3.39 3.81 4.25
3.99 443 3.98 4.03 4.13 4.67 3.49 4.44 4.49
4.01 452 4.06 4.67 4.2 486 3.82 4.82 4.83
4.43 498 4.16 4.76 4.48 499 4.63 4.82 5.08
4.43 499 461 4.82 4.51 5.03 4.99 4.98 5.16
4.65 5.07 4.76 4.9 4,53 5.04 5.07 5.17 5.37
5.19 524 486 4.94 4.58 5.89 5.19 5.31 5.64
5.49 55 488 5.01 4.6 6.05 5.59 5.45 5.73
5.59 551 5.27 5.13 4.6 6.39 6.41 5.79 5.88
Sample ID Thickness at location (um)
81-BSYA-19 A B C D E F a b (o
1000°C 3.86 398 455 4.09 4.06 4.39 4.25 4.69 4.03
1500 hours 4.19 4.04 5.04 4,77 4.28 4.49 4.47 4.75 4.9
443 4.09 5.05 4.92 4.31 4.67 5.04 4.78 491
4.5 4,09 524 5.01 4.34 491 5.4 4.9 5.52
474 455 5.63 5.06 4.37 5.13 5.49 4.9 5.58
5.17 463 5.66 5.16 4.56 5.2 5.64 5.02 5.65
5.44 472 5.77 5.21 4.85 5.55 5.81 5.22 6.23
6.16 4.79 5.91 5.23 4.87 5.57 6.2 5.49 6.53
6.28 5.24 6.33 5.36 4.94 5.63 6.26 5.92 6.54
6.42 5.43 6.4 5.43 5.19 6.16 6.36 5.94 6.78
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Sample ID Thickness at location (um)
81-BSYA-20 A B C D E F a b C
1000°C 4.07 3.35 4.05 4.12 3.67 3.91 na na na
1050 hours 4.19 3.51 417 4.2 3.71 4.07 na na na
453 3.74 4,18 4.23 3.91 4.13 na na na
4,71 3.88 4.24 4.69 4.01 4.23 na na na
481 4.39 4.31 4.73 4.12 4.49 na na na
4,94 451 4.81 4.81 4.15 457 na na na
4.99 4.6 4.83 5.07 4.31 475 na na na
5.21 4.67 491 511 4.42 4.85 na na na
5.66 4.69 5.03 5.18 4.49 4.88 na na na
5.86 4,78 517 5.49 5.49 5.07 na na na

Sample ID Thickness at location (um)
81-BSYA-22 A B C D E F a b C
1000°C 3.58 3.22 3.94 4.03 4.52 3.48 na na na
1050 hours  3.66 3.87 4.42 4,93 4,54 3.93 na na na
3.87 4.2 453 5.02 4.62 418 na na na
417 4.38 4.6 5.07 4,78 4.4 na na na
4,18 4.6 4.69 512 4,98 4.89 na na na
4.38 4,72 4.83 5.24 5.04 494 na na na
4.75 4,73 4.86 5.29 521 495 na na na
5.27 4,76 4.9 5.57 5.55 5.25 na na na
5.38 491 4.97 5.58 5.61 5.52 na na na
571 5.03 5.25 6.98 5.69 5.68 na na na

Sample ID Thickness at location (um)
81-BSYA-23 A B C D E F a b C
1000°C 511 4.44 4.3 4.15 4.75 4.29 na na na
1500 hours 5.13 4.8 451 4,93 4.83 5.18 na na na
5.32 4.83 4,71 4.96 4.97 5.38 na na na
5.39 5.74 4,92 541 4,99 5.95 na na na
5.77 5.95 5.05 5.6 54 6.42 na na na
5.88 5.98 5.08 5.61 5.45 6.44 na na na
5.91 6.28 5.43 5.7 5.59 6.75 na na na
5.92 6.29 551 5.81 5.8 6.84 na na na
5.93 6.42 577 6.46 5.82 7.42 na na na
6.37 6.9 6.18 6.67 6.1 8.01 na na na
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Sample ID Thickness at location (um)

81-BSYA-24 A B C D E F a b C
1000°C 4.14 4.02 3.83 4.04 3.77 3.88 na na na

1050 hours 4.4 419 4.15 4.07 3.9 413 na na na
4.58 4.3 4.34 412 4.04 441 na na na

4.84 4.39 441 4.18 4.2 4.48 na na na

5.03 4.41 4.43 4.3 4.27 459 na na na

5.26 4.58 5 4.31 4.8 49 na na na

5.61 4.76 5.09 4.69 4.9 493 na na na

5.65 4.9 5.35 5.3 5.14 496 na na na

5.67 5.39 5.8 6.08 5.16 5.53 na na na

5.95 54 6.53 6.09 5.52 5.62 na na na

Sample ID Thickness at location (um)
81-BSYA-25 A B C D E F a b C
925°C 354 264 3.32 3.11 328 3.99 2.84  3.56 3.96

10,000 hours  3.81 4.06 3.77 3.77 3.32 4.16 4.1 3.88.77
4.14 4.1 3.77 4.06 3.99 4.18 4.64 4.1 5.21
4.47 4.77 3.77 4.28 4.1 4.28 4.71 4.5 5.37
4.71 5.22 3.81 4.37 4.71 4.47 4.87 4.59 5.43
4.84 5.24 4.06 4.64 5.3 4.64 5.23 5.01 5.6
4.95 5.26 4.06 4.65 5.99 4.65 5.4 5.12 5.6
4.97 5.57 4.47 4.71 6.17 4.81 5.58 5.15 5.79
5.95 5.97 4.95 5.15 6.52 4.89 6.23 6.18 6.1
6.42 6.14 5.08 5.26 7.46 6.1 6.58 7.1 6.6

Sample ID Thickness at location (um)

81-BSYA-26 A B C D E F a b c
925°C 0.71 1.43 0.9 1.93 0.9 1.29 0.9 1.55 0.8
100 hours 1.01 1.47 1.3 2.06 1.66 1.43 1.77 1.77 18 1.
1.55 151 1.35 2.09 1.8 1.53 1.77 1.95 1.48
1.64 1.58 1.53 2.19 1.82 1.55 1.82 1.98 1.61
1.82 1.69 1.55 2.44 1.91 1.57 1.93 2.14 1.77
1.88 1.84 1.66 2.58 2.14 1.83 2.25 2.17 1.8
2.08 1.89 1.74 2.59 2.32 1.84 2.37 2.68 2.26
2.23 1.89 1.96 2.59 2.6 1.86 2.64 2.74 2.42
2.39 2.03 1.97 2.94 2.89 2.17 2.77 2.75 2.58
2.96 2.38 2.66 3.5 3.12 2.3 3.23 3.13 2.7
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Sample ID Thickness at location (um)
81-BSYA-27 A B C D E F a b C
925°C 3.36 3 3.11 2.53 2.89 3.04 3.26 4.05 4.25
4000 hours 3.42 3.24 3.12 3.12 3.18 3.34 3.5 43591 2
3.69 3.34 3.14 3.4 3.7 3.53 4.19 4,71 3.11
4.11 3.35 3.31 3.6 3.73 3.98 4.23 4.84 3.45
4.41 3.38 3.98 3.71 3.77 3.99 4.65 4.84 4.17
4.61 3.65 4.02 4.1 3.77 3.99 4.95 5.02 4.44
4.83 3.86 4.18 4.14 4.36 3.99 4.97 5.08 4,79
4.88 4.46 4.23 5.14 5.47 4.42 5.79 5.21 4.9
5.21 491 4.3 5.58 5.53 4.44 6.04 5.22 4,94
5.31 5.43 4.41 5.66 5.96 4.58 6.18 5.92 4,94
Sample ID Thickness at location (um)
81-BSYA-29 A B C D E F a b C
925°C 2.94 3.34 2.65 2.93 3.7 2.64 3.02 3.73 2.44
2740 hours 3.32 3.47 2.72 3.08 3.81 2.66 3.27 3.88.49
3.46 3.56 3.38 3.18 3.91 2.77 3.43 4.06 3.53
3.55 3.6 3.6 3.25 3.95 2.84 3.47 4.19 3.77
3.55 3.8 3.74 3.87 4.01 2.93 3.56 4.21 3.8
3.78 4.07 3.81 3.89 4.04 2.98 3.6 4.28 3.97
3.8 4.44 4.25 3.96 4.1 3.35 3.86 4.29 4.07
3.99 4,56 4.55 4.08 4.22 3.44 3.86 4.52 4.77
4.06 4.68 5.04 4.3 4,55 3.76 4.36 4.87 477
5.36 4,92 5.06 451 5 4.68 4.49 5 4.98
Sample ID Thickness at location (um)
81-BSYA-31 A B C D E F a b C
925°C 4.84 407 555 494 325 284 394 3.94 451
7000 hours 5.21 441 583 5.06 448 4.11 3.96 4.39 2.72
5.33 485 579 544 473 472 4.07 4,55 4.43
5.41 494 6.04 554 481 548 454 4,73 4,53
5.41 515 535 559 502 564 461 4,78 4,59
5.8 526 5.49 5098 5.4 5.69 4.85 4.99 4,72
5.91 5.6 5 6.08 541 583 524 5.25 5.68
6.32 562 492 652 541 587 5.49 6.05 6.48
6.53 6.01 436 794 6.39 6.24 551 6.07 6.78
7.21 773 483 859 695 6.68 6.08 6.78 7.25
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Sample ID Thickness at location (um)
81-BSYA-35 A B C D E F a b C
975°C 2.41 1.95 1.73 2.01 2.62 2.5 1.97 2.72 1.45
300 hours 2.65 2.13 1.79 2.21 2.77 2.59 2.24 2.75.07 2
2.78 2.44 2.27 2.31 2.97 2.61 2.37 2.79 2.37
3.05 2.63 2.54 2.48 2.99 2.65 2.79 3.02 2.6
3.08 2.79 2.76 2.51 3.01 2.87 2.89 3.16 2.62
3.11 2.92 2.86 2.81 3.03 3.1 2.97 3.21 2.72
3.15 2.93 2.89 2.89 3.17 3.15 2.98 3.28 2.74
3.25 2.98 3.07 3.1 3.19 3.32 3.21 3.57 3.54
3.33 3.08 3.18 3.15 3.24 3.43 3.37 3.58 3.73
3.88 3.64 3.38 4.04 3.26 3.64 3.62 4.06 3.77
Sample ID Thickness at location (um)
81-BSYA-36 A B C D E F a b c
975°C 5.24 517 4.52 4.81 4.86 na na na 3.63
3000 hours 5.38 5.59 4.56 5.26 5.06 na na na 4.24
5.78 577 5.02 5.63 5.66 na na na 4.46
6.68 5.85 5.26 5.85 571 na na na 4.59
6.69 5.99 5.41 5.98 5.84 na na na 5
7.69 6.03 5.73 6.02 5.89 na na na 5.13
7.84 6.32 5.91 6.38 6.2 na na na 5.36
9.4 6.85 6.18 6.83 6.61 na na na 5.58
10.2 6.88 6.28 7.04 7.43 na na na 5.79
10.87 7.47 6.95 8.86 7.48 na na na 6.13
Sample ID Thickness at location (um)
81-BSYA-37 A B C D E F a b (o
975°C 4.65 4.4 4.38 3.88 4.17 3.81 4.58 4.59 4.15
3000 hours 4.79 4.52 4.68 4.83 4.95 4.81 4.84 4.69 4.49
4.87 5.12 4.83 4.86 5.9 4.99 4.98 4.88 4.8
4.94 5.68 5.11 4.89 5.95 5.45 5.11 4.97 5.06
5.08 6.07 5.23 5.18 5.98 5.5 5.32 5.06 5.21
5.91 6.09 5.31 5.33 6.59 5.52 5.56 5.19 5.34
6.36 6.34 5.36 5.45 6.84 5.65 5.74 5.43 5.41
6.76 7.05 5.98 5.83 6.9 5.8 6.17 5.45 5.66
6.85 7.37 6.17 6.2 7.05 7.59 6.84 5.52 5.79
7.23 7.63 6.27 7.07 7.46 8.61 6.86 6.51 6.84
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APPENDIX E — MEASURED OUTWARD AND INWARD B-
DEPLETION ZONES THICKNESSES ON MODIFIED
AEROFOIL-SHAPED SAMPLES (um)

na: data non available
in red: BC was completely depleted by depletionezoould be measured thanksytiNisAl
phase

no : BC was completely depleted iNiAl

OUTWARD B-DEPLETION ZONE:

Sample (81-BSYA) 1 2 3 4 5 6 7 8
Temperature (°C) 900 900 900 900 900 900 900 900
Exposure time (hours)4000 10,000 2780 2780  20,0004000 7000 15,000

26.6 26.6 26.6 27.3 34.7 29.6 nop 36.2
23.3 23.3 23.3 24.9 29.9 26.0 nop nop
26.9 26.9 26.9 19.8 42.1 29.6 305 34.9
23.7 23.7 23.7 22.7 32.9 26.4 27.3 29.3
27.8 27.8 27.8 41.8 41.1 36.9 39.9 305
24.1 24.1 24.1 24.6 31.3 nopP 27.9 nop
294 294 na 31.3 63.9 na 476 36.7
24.9 24.9 na 24.1 47.1 na 35.6 28.7
36.9 36.9 na 46.7 61.5 na 54.1 45.6

OCT O TMUOOm@>

Sample (81-BSYA) 12 13 14 16 18 19
Temperature (°C) 950 950 950 950 1000 1000

Exposure time (hours)2780 4000.0 2780.0 5000 1050 1500
53.0 58.0 48.4 nof noP nopP
nop nopP nof noPf noPB nopP
50.4 445 50.6 nopB 70.5 noB
376 52.0 425 nof 59.3 noP
nofp 599 noB nof noPf noP
nofp 459 46.8 noBf nof noP
86.1 56.8 na ng 108.3 nop
38.3 629 na nop 554 90.0
61.6 45.0 na ng 976 nop

OO TMTMOO T >
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Sample (81-BSYA) 25 26 27 29 31 35 36 37
Temperature (°C) 925 925 925 925 925 975 975 975
Exposure time (hours)10,000 100 4000 2740 7000 300 3000 2700

45.5 14.2 30.2 30.9 m 34.3 nop nop
11.0 nop 239 nof nop 42.3 noP nop
36.6 13.3 34.2 33.9 38.6 288 fpo 615
35.1 14.8 30.1 277 414 350 noP 59.1
34.4 18.8 30.6 36.2 40.3 299 po nop
20.9 4.9 29.3 32.5 37.7 46.0 noP nop
25.6 16.0 325 37.7 46.3 25.0 83.4 68.2
28.0 14.8 41.8 30.6 55.4 30.0 69.3 75.7
11.8 19.2 36.6 40.8 58.0 350 fpo 787

oOT O TMTMUOUO m™>

INWARD B-DEPLETION ZONE:

Sample (81-BSYA) 1 2 3 4 5 6 7 8
Temperature (°C) 900 900 900 900 900 900 900 900
Exposure time (hours) 4000 10,000 2780 2780 20,08000 7000 15,000

21.0 45.0 9.1 140 574 154 nop 42.4
27.3 25.4 10.5 12.0 28.8 29.7nop nop
19.0 29.8 7.8 11.9 58.1 155 436 61.9
13.2 50.1 16.4 139 589 189 294 47.4
23.9 38.2 6.4 26.2 165 299 299 38.6
17.7 29.9 32.8 19.3 42,5 nof 252 nop
12.8 52.8 na 10.5 65.9 na 12.8 65.0
8.1 15.6 na 6.6 38.4 na 18.3 78.2
13.1 56.8 na 205 47.3 na 149 39.0

oOT O TMTMUOUQO >

Sample (81-BSYA) 12 13 14 16 18 19
Temperature (°C) 950 950 950 950 10am00
Exposure time (hours)2780 4000.0 2780.0 5000 1050 1500
46.2 28.3 36.5 noB noB nopP
nopf nop nof noPf noB noP
495 547 48.8 noPf 154 nop
55.4 335 56.0 noB 17.5 nop
nofp 479 nopf noBf noB noP
nop 26.0 30.0 noPf noB noP
24.7 429 na ng 149 nop
30.6 364 na nogp 18.6 24.8
66.2 19.7 na ng 17.5 nop

OO TMTMUOO >
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Sample (81-BSYA) 25 26 27 29 31 35 36 37
Temperature (°C) 925 925 925 925 925 975 975 975
Exposure time (hours)10,000 100 4000 2740 7000 300 3000 2700

45.5 3.4 29.2 27.6 nd 0.0 nop nop
11.0 nop 23.8 nof nop 8.3 nop nop
36.6 2.5 22.4 15.6 38.6 13.7 po 43.8
35.1 2.6 34.6 15.7 414 5.0 nop 35.3
34.4 2.6 11.0 32.6 40.3 4.9 flo nop
20.9 19.3 16.7 30.1 377 7.0 nop nop
25.6 3.0 51.6 17.9 46.3 5.0 28.3 27.2
28.0 3.1 27.3 15.2 55.4 5.0 19.4 51.1
11.8 4.1 9.9 154 58.0 0.0 fo 33.3

oOT O TMTMUOUO m™>
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APPENDIX F — REMAINING B-PHASE MEASUREMENTS ON
MODIFIED AEROFOIL-SHAPE SAMPLE

Sample (81-BSYA-) refl ref2
Temperature (°C) 0 0
Exposure time (hours) 0 0
A 51.66 58.01
B 34.71 37.36
C 41.29 53.53
D 61.33 24.65
E 49.99 53.19
F 38.63 44.14
a 38.66 na
b 49.95 na
C 52.87 na
Sample (81-BSYA-) 1 2 4 5 7 8
Temperature (°C) 900 900 900 900 900 900
Exposure time (hours) 4000 10,000 2780 20,000 7000 15,000
A 8.98 0.77 9.52 0.00 0.00 0.00
B 0.00 0.00 0.00 0.00 0.00 0.00
C 13.34 9.81 12.04 0.00 4.22 0.00
D 12.09 3.46 13.15 0.00 4.93 0.00
E 0.00 0.00 0.00 0.00 0.72 0.00
F 0.00 0.00 0.00 0.00 0.00 0.00
a 13.35 0.00 10.48 0.00 13.45 0.00
b 17.64 13.42 25.51 3.90 7.28 0.00
c 7.94 0.00 1.29 0.00 15.38 0.00
Sample (81-BSYA-) 9 12 13 14 16
Temperature (°C) 950 950 950 950 950
Ox. Time (h) 4000 2780 4000 2780 5000
A 0.73 0.00 0.00 0.00 0.00
B 0.00 0.00 0.00 0.00 0.00
C 9.48 0.28 0.00 0.21 0.00
D 6.20 0.41 0.00 0.00 0.00
E 4.64 0.00 0.00 0.00 0.00
F 0.00 0.00 0.00 0.00 0.00
a na 0.00 1.97 na 1.71
b na 8.85 0.00 na 0.00
(o na 1.49 7.58 na 0.00
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Sample (81-BSYA-) 17 18 19 20 22 23 24
Temperature (°C) 1000 1000 1000 1000 1000 1000 1000
Ox. Time (h) 1500 1050 1500 1050 1050 1500 1500
A 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C 0.21 4.33 0.00 2.63 4.00 0.00 0.00
D 0.00 2.54 0.00 1.11 2.65 0.00 0.00
E 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a na 1.19 0.00 na na na na
b na 9.93 1.49 na na na na
C na 151 0.00 na na na na
Sample (81-BSYA-) 25 26 27 29 31
Temperature (°C) 925 925 925 925 925
Ox. Time (h) 10,000 100 4000 2740 7000
A 1.03 33.35 3.72 4.78 0.00
B 0.00 0.00 0.00 0.00 0.00
C 5.55 24.26 6.85 7.10 0.00
D 7.24 22.69 4,73 10.89 0.00
E 2.57 15.68 9.09 3.17 0.00
F 0.00 0.00 0.00 0.00 0.00
a 9.04 18.78 12.00 13.65 7.79
b 9.36 24.21 6.04 11.85 0.00
c 7.62 29.99 5.89 14.26 5.53
Sample (81-BSYA-) 35 36 37
Temperature (°C) 975 975 975
Ox. Time (h) 300 30002700
A 8.98 0.00 0.00
B 1.78 0.00 0.00
C 13.96 0.00 0.00
D 9.11 0.00 0.00
E 8.54 0.00 0.00
F 4,16 0.00 0.00
a 0.00 3.17 0.00
b 0.00 6.53 224
c 0.00 0.00 0.00
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APPENDIX G — FRACTION OF SPINELS/MIXED OXIDES IN
TGO ON MODIFIED AEROFOIL-SHAPE SAMPLE

Sample (81-BSYA) 1 2 4 5 7 8
Temperature (°C) 900 900 900 900 900 900
Exposure time (hours) 4000 10,000 2780 20,000 700015,000
A 0.15 0.10 na 0.02 0.11 0.02
B 0.17 0.38 0.45 0.12 0.27 0.12
C 0.12 0.26 0.19 0.19 0.31 0.13
D 0.18 0.23 0.20 0.27 0.21 0.08
E 0.38 0.44 0.29 0.29 0.24 0.20
F 0.08 0.10 0.27 0.04 0.17 0.23
a 0.20 0.36 0.14 0.28 0.34 0.15
b 0.16 0.25 0.11 0.22 0.28 0.05
c 0.19 0.49 0.38 0.40 0.31 0.26
Sample (81-BSYA) 9 12 13 14 16
Temperature (°C) 950 950 950 950 950
Exposure time (hours) 4000 2780 4000 2780 5000
A 0.06 0.16 0.11 0.15 0.02
B 0.23 0.29 0.25 0.18 0.19
C 0.04 0.48 0.16 0.29 0.21
D 0.02 0.04 0.03 0.09 0.12
E 0.28 0.26 0.19 0.35 0.45
F 0.17 0.06 0.30 0.12 0.18
a na 0.35 0.41 na 0.20
b na 0.26 0.23 na 0.32
(o na 0.27 0.32 na 0.28
Sample (81-BSYA) 17 18 19 20 22 23 24
Temperature (°C) 1000 1000 1000 1000 1000 1000 1000
Exposure time (hours) 1500 1050 1500 1050 1050 1500 1500
A 0.02 0.04 0.14 0.02 0.18 0.11 0.03
B 0.09 0.14 0.10 0.13 0.06 0.17 0.11
C 0.25 0.23 0.23 0.09 0.07 0.38 0.29
D 0.26 0.04 0.09 0.14 0.06 0.18 0.02
E 0.40 0.19 0.46 0.43 0.38 0.27 0.35
F 0.26 0.04 0.13 0.37 na 0.22 0.02
a na 0.24 0.27 na na na na
b na 0.35 0.34 na na na na
C na 0.29 0.39 na na na na
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Sample (81-BSYA) 25 26 27 29 31
Temperature (°C) 925 925 925 925 925
Exposure time (hours) 10,000 100 4000 2740 7000

A 0.06 0.13 0.03 0.16 0.04
B 0.09 0.17 0.08 0.11 0.18
C 0.20 0.28 0.25 0.19 0.30
D 0.19 0.12 0.17 0.05 0.14
E 0.25 0.14 0.18 0.28 0.40
F 0.21 0.25 0.22 0.22 0.34
a 0.20 0.08 0.25 0.26 0.26
b 0.27 0.04 0.43 0.19 0.21
c 0.30 0.11 0.31 0.37 0.41

Sample (81-BSYA) 35 36 37

Temperature (°C)

Exposure time (hours) 300

975 975 975

3000 2700

OT O TMTMUOUO m™>

0.25
0.04
0.26
0.05
0.23
0.14
0.33
0.23
0.43

0.02
0.14
0.16
0.04
0.12
0.16
0.27
0.18
0.40

0.07
0.08
0.12
0.14
0.18
0.02
0.20
0.00
0.09
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APPENDIX H—- MEASURED SECONDARY REACTION
ZONE THICKNESSES ON MODIFIED AEROFOIL-SHAPED
SAMPLES (um)

na: data non available

Sample (81-BSYA) 1 2 4 5 6 7 8
Temperature (°C) 900 900 900 900 900 900 900
Exposure time (hours)4000 10,000 2780 20,000 4000 7000 15,000

A 53.2 64.2 50.7 97.5 63.8 67.3 87.7
B 50.8 67.9 43.4 61.9 44.4 44.5 72.5
C 58.1 69.1 50.7 97.5 57.6 57.1 81.4
D 57.1 83.1 46.5 100.3 62.4 36.8 83.1
E 50.7 43.0 42.0 61.6 42.3 62.6 83.6
F 44.7 44 .4 34.5 53.5 49.4 65.0 61.1
a 64.4 na 57.0 72.8 na 67.9 61.9
b 47.3 66.8 34.2 67.6 na 48.4 80.7
c 57.3 66.1 47.0 76.3 na 70.9 85.2

Sample (81-BSYA) 9 12 13 14 16 18 19
Temperature (°C) 950 950 950 950 950 10Qa000
Exposure time (hours)4000 2780 4000.0 2780.0 5000 1050 1500
68.7 716 827 67.7 80.0 54.0 87.3
38.4 2428 51.1 51.7 75.0 52.6 257
815 786 844 71.6 90.0 51.3 84.8
76.1 829 788 71.6 90.0 625 80.0
74.1 49.8 76.7 546 60.0 34.7 794
58.6 51.7 847 68.9 65.0 434 756
na 748 77.2 na 75.0 596 916
na 77.0 65.8 na 90.0 67.1 794
na 893 67.2 na 80.0 495 89.7

OT O TMTMUOUO m™>
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Sample (81-BSYA) 25 26 27 29 31 35 36 37

Temperature (°C) 925 925 925 925 925 975 975 975
Exposure time (hours)10,000 100 4000 2740 7000 300 3000 2700
A 75.9 344 544 56.9 85.2 452 103.0 985

B 47.7 29.2 69.1 45.3 52.4 34.7 46.3 324

C 71.5 15.0 68.5 67.5 94.6 43.1 1165 92.6

D 748 315 69.2 46.5 101.0 65.0 1127 78.0

E 50.0 10.1  39.1 49.6 75.1 47.8 80.8 82.2

F 38.2 20.8  55.7 53.2 60.8 50.0 61.4 57.1

a 75.3 115 625 65.8 74.0 59.3 82.5 80.4

b 77.1 16.0 65.8 63.7 95.1 48.3 89.3 87.0

c 66.2 26.2 83.1 52.9 69.4  48.3 83.7 79.7
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APPENDIX | — MODIFIED AEROFOIL -SHAPED SAMPLES
(REFERENCE SHEET)

Location Curvature (mm™)
A 0.85
B 0.14
C 0.01
D 0.18
E Theoretical O
F 2.86
a -0.06
b -0.05
C -0.20
Jil shap rrent positions aroun
resental samg
d to cor
81- Oxidation Total exposure 81- Oxidation Total exposure
BSYA- Temperature ( °C) time (hours) BSYA- Temperature ( °C) time (hours)
1 900 4000 20 1000 1050
2 900 10,000 21 1000 1050
3 900 2780 22 1000 1050
4 900 2780 23 1000 1500
5 900 20,000 24 1000 1050
6 900 4000 25 925 10,000
7 900 7000 26 925 100
8 900 15,000 27 925 4000
9 950 4000 28 925 >10,000
10 950 5000 29 925 2740
11 950 5000 30 925 2740
12 950 2780 31 925 7000
13 950 4000 32 925 >10,000
14 950 2780 33 975 4000
15 950 5000 34 975 3000
16 950 5000 35 975 300
17 1000 1500 36 975 3000
18 1000 1050 37 975 2700
19 1000 1500

Modified aerofoilshaped samples denomination, oxidation temperatamed total
exposure times
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