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Thermal barrier coatings are ceramic materials used to coat components working at extremely high
temperatures, to protect them from heat and corrosion damage. The two finelois of application

of these coatings are gas turbines for power generation and jet engines. With the progressive trend
of raising operating temperature of these turbines to increase their efficiency, it has become more
and more important to improve pesfmances of TBCs and their lifetime. Typical thermal barrier
coating systems are composed of three layers: a topcoat TBC, a bondcoat and the substrate.

The material of choice for thermal barrier coatings#8 % Yttria Partially Stabilized Zirconia (YPSZ)
which has desirable features such as low thermal conductivity, high thermal expansion coefficient
(to match the expansion and contraction of the substrate due to temperature variations) and high
strain tolerance. Due to the inevitable growth of an oxidger between the TBC and the bondcoat
and its thermal expansion mismatch with the other layers, cracks develop inside TBCs during
thermal cycling.

A new type of sethealing thermal barrier coating has been developed in the frame of SAMBA
project, a Eurpean project which had the aim to find a way to increase TBC coating life. The idea
revolves around a selfealing mechanism promoted by Mae®articles, that has the purpose of
stopping cracks by oxidation of said particles. Different sets of sampleandttvithout seKhealing
particles have been produced by Forschungszentrum Jilich by Air Plasma Spray and distributed
among the project partners for testing. Different techniques have been employed to assess the
damage evolution inside sdiiealing TBCs.

The present thesis work deals with the investigation of damage evolution in these samples, by
means of nordestructive thermographic techniques. Two different methods have been employed
to monitor both microscopic diffuse cracking and macroscopic delamimanormalized thermal
diffusivity and apparent thermal effusivity. Both techniques have been applied to TBC samples
which underwent thermal cycling testing in a thermal oxidation furnace, to recreate the conditions
that real components experience duriogeration. Experimental campaigns have been conducted
both on selfhealing TBCs and benchmark TBCs (withouthselfing particles). Comparisons
between thermography and imaging techniques have been made to evaluate the validity of
thermographic technigug in monitoring TBC damage.

To have a better understanding of the outcomes of thermal diffusivity measurements in evaluating

the damage evolution of samples, a heuristic model has been developed using Matlab software. It



comprises different existing modelssed to estimate thermal conductivity of composites, and
experimental data obtained from benchmark samples, adapted to simulate the trend of normalized
thermal diffusivity curves in selfealing TBCs during thermal cycling. It takes into account the
influence of sintering, crack growth, crack healing, particle depletion, in a single cell modeled as a
cuboid with a thin crack propagating from its center. Different parameters can be tweaked, including
selthealing particle size volume fraction and distrilouj crack thickness, healing efficiency. Once
the code had been developed, a sensitivity study has been performed to understand the influence
of these parameters on thermography simulations. All the experimental and modeling work has

been performed at RSRicerca per il Sistema Energetico) research center.
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Le barriere termiche (TBC, Thermal Barrier Coating) sono materiali ceramici usati per rivestire
componenti sottoposti a temperature estremamentdte, per proteggerli dal calore e dalla
corrosione. Le due principali applicazioni di questi materiali sono le turbine per la generazione di
energia elettrica e i motori di aereo. Data la recente tendenza di aumentare la temperatura di
esercizio di questaurbine per aumentarne il rendimento, il ruolo delle TBC é diventato sempre piu
importante, insieme alla necessita di migliorarne le prestazioni. Tipicamente la struttura di una
barriera termicha e costituita da tre strati: topcoat (la barriera termicsg)) bondcoat e substrato.

Il materiale piu usato per le barriere termiche € la zirconia parzialmente stabilizzata con yitria (6
8%), che possiede tutte le caratteristiche necessarie alla sua applicazione, ossia una bassa
conducibilita termica, alto effiente di espansione termica (per potersi espandere e contrarre il piu
similmente possibile al substrato, a causa di variazioni di temperatura), alta resistenza alla
RSTF2NXITA2ySd | Ol dzal RSttt QAYSGAGl oA fabarrea NY I T
termica e la differenza tra il suo coefficiente di espansione termica rispetto agli altri strati, durante

f Qdza2 RSA O2YLRYSYyiA air OSNARAFAOIF f Ql OOdzydz 2 R
di cricche nella barriera termac

Un nuovo tipo di barriera termica, con proprieta atNdh LJF NI yGA X & adl Gl aga
progetto SAMBA, un progetto europeo finalizzato al miglioramento della vita delle barriere
termiche.

[ QARSI &aA o0 al & ddpadayionet&usato dayparticalle di RaSche aksidAndosi

guando vengono raggiunte dalle cricche, ne fermano la propagazione riempiendole e sigillandole.
Allo scopo di studiare tali materiali, diversi batch di campioni, con e senza particelle@aranti,

sonostati preparati dal Forschungszentrum Jilbicmite la tecnica di deposizione Air Plasma Spray
(APS) e distribuite ai partner del progetto per le attivita di test. Sono state impiegate diverse
G§SOYAOKS LISNJ Y2YAU2NINYS fQS@2tdd A2yS RSt RIY
llpresentell @2 N2 RA (GSaA GNI GGl RStf2 addGddzZRA2 RSftf QS¢
tecniche termografiche non distruttive. Due metodi diversi sono stati impiegati per monitorare

f QFyRFYSyG2 RStfF ONRXROOLI dzN) ¥ madidapiCe2 diffisdita RA T
termica normalizzata, ed effusivita apparente. Entrambe le tecniche sono state applicate ai

campioni di TBC sottoposti a ciclaggio termico in un forno ad ossidazione ciclica, per riprodurre le
10



condizioni cui i componenti realksy 2 a2 002112 adA Rdz2NI yiGS € QdziAf A
sperimentali sia sulle barriere termiche senza particelle (presi come campioni di riferimento), sia su
quelle con le particelle che conferiscono proprieta atifmaranti. E stato poi effettuat un
confronto tra le tecniche termografiche e tecniche di imaging (SEM, XCT) per valutare la validita
della termografia nel monitorare il danno nelle barriere termiche.

Per avere una migliore comprensione dei risultati delle misure di diffusivita terosat per

Gt dzi NB f QSyiaAidt RSt RIyy2 RSA OF YLA2YA ySft
RSt a2FidgINB alidflod !ffQAYGSNYy2 RA Sadaz az2yz2
conducibilita termica dei materiali corogiti, e sono stati impiegati alcuni dati sperimentali ottenuti

RFA OFYLA2YA RA NAFSNRAYSyil2z S At Gdzidz2 8§ ai
diffusivitd termica normalizzata nel caso di barriere termiche-ise#fling durante le proveli
OAOfF33A2 GSNNXYAO2d vdzSadz2z Y2RStt2 GASyS Ay O
sinterizzazione della barriera termica, la crescita della cricca e la sua sigillatura, la diminuzione del
numero di particelle selfiealing, in un sistema aaellato come una singola cella elementare con

una cricca sottile in mezzo che si propaga nel tempo. Sono coinvolti diversi parametri che € possibile
modificare, tra cui la distribuzione delle dimensioni delle particelle (modellate come sfere), la
frazionein volume delle particelle, lo spessore della cricca, il rendimento del fattore di cura. Dopo
aver sviluppato il codice, & stato condotto uno studio di sensibilitd sui parametri per capirne

f QAY Tt dzSy T | adzZ £ S aAvYdz I T VRosperinieitalelddibrddellazioBeN 2 3

e stato eseguito presso il centro di ricerca RSE (Ricerca per il Sistema Energetico) di Milano.

11
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1.1 Introduction to TBCs

With the technological advancements in aeronautical and energy production fields, modern gas

turbines have reached operating temperatures up to 1400°C, and the trend continues increasing, as

higher operating temperatures lead to a higher efficiency oflbeleBrayton cyclgl1], which is the

operating cycle for such type of machines.

A schematic of the ideal JouBrayton cycle is shown Figurel.l.

It consists of four processes:

\ /
® T=n=@
/ \

1 ¢ 2: Isoentropic compression of inlet air in the compressor (markediaghe sketch on

the left of thepicture).

2 ¢ 3: Isobaric fuel combustion (combustor marked in orange in the sketch)

3 - 4 Isoentropic expansion of combusted gas in the turbine (markebimghe sketch on

the left) and exhaust nozzle. In this phase of the cycle, part of the produoddis used to
drive the compressor, and part is used to operate the electric generator (or to generate
thrust, in the case of jet engines)

4 ¢ 1: Isobaric cooling back to initial conditions.

1 QO# 4

M _
] "

Figurel.1 Schematic of an ideal JouBrayton cycle pressuselume plot (right), describing the operating principle of

a gas turbine, shown in the sketch on the left

12



The thermal efficiency of this cycle can be expressdd]as

- p — 11

Where Tz and Tz are the temperature of gas entering and exiting the turbine, respectively. One of
the ways to increase the efficiency is by raisisgand thereforematerials able to sustain higher

and higher operating temperatures are necessary.

Turbine blades are usuglmade of a Nbased superalloy, and employ a cooling system which uses
extracted air from the compressor stage of the turbine, which passes through serpentine passages
inside the blades and is ejected through small holes on the blades to provide agcailfiim on

their surface. Nevertheless, to reach such high temperatures without the occurrence of melting or
creep deformation of the blades, an additional protection is necessary.

Thermal barrier coatings (TBCs) are widely used to protect gas turlimeponents from
combustion gases. They are porous ceramic coatings with a low thermal conductivity, that can
reduce substrate temperatures by 3 100°C, depending on their specific propertig§. A

schematic of the typical structure of a TBC system is showigurel.2.

Cooling-
Air Film

4—2 Superalloy
Thermal-Barrier- Substrate
Coated

Turbine Blade

1
1
1
1
1
1
1
1
3~
1

Distance
Figurel.2 Structure of a thermal barrier coatirjd]
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1.1.1 Structure

A typical TBC system is composed of three layers:
- Substrate
- Bondcoat

- TBC topcoat

The substrate is usually made of a Ni or Co based superalloy, cast ircsystge or polycrgtalline
form. A superalloy is a metallic alloy which can sustain high temperatures, often over 70% of the
melting temperature. Key features of such materials are creep and oxidation resistance. i all Ni
based superalloys, Ti and Al are added, usualtpmntentrations < 10%, to promote the formation
2F I 1 U LI icentBredécibic KFCQ) cryistal GtRicture, in which Ni atoms are at the face
centres and Al or Ti are at the cubic cell corners. The high order of such crystal structure hinders the
motion of dislocations, thus strengthening the material and improving its resistance to creep
deformation[8]. Other elements, such as Cr, are usually added to improve other properties, e.g.
corrosion resistance, or to control the microstructure.
Some of the common Miased superalloys for gas tuniei applications arélastelloy XNiCrFe),
Inconel 794NiCrCo),Nimonic 9QN+CrCo)[9].
On top of the substrate there is the bondcoat, whidrves two purposes: corrosion protection of
the substrate, and improved adhesion between topcoat and substrate. To achieve these, this
intermediate layer must have the right roughness to provide good adhesion, without promoting
crack formation. Another &y feature of the bondcoat is to provide a more gradual transition
between mechanical properties of the substrate and those of the topcoat. The most used material
for this application is MCrAlY (M = Ni, Co or[BE)
Between bondcoat and topcoat layers usually a thermally grown oxide layer (TGO) is formed, as
shown inFigurel.3, due to oxidation of bodcoat at high temperature. Frothe Ellingham diagram
in Figurel.4, it is possible to see that alumina is the most stable oxide in comparison to Cr, Fe, Co,
and Ni oxides, hence it is the only one that forms.
The interconnected porosity of the topcoat and the oxygen permeability of typical TBC materials
allow for the ingress of oxygen, and make the TGO formation inevitable. Nevertheless, the ideal
02y RO2FG O2YLRaAlA2y A& RSaAIySR &@and Kdravs G KA &
slowly and uniformly, providing a diffusion barrier for further oxidatj@d]. Typical thickness for
TGO is £, 10 um[1].

14
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Fi.gure1.3 Thermally grown oxide layer between topcoat and bondcoat.
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Figurel.4 Ellingham diagram, showing the stability of oxides at different temperatures
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The material of choice for the TBC topcoat is Yttria Partially Stabilized Zirconia (YPSZ). The reason
for this choice relies on its low thermal conductivity, erosion resistahigh toughness, but most
importantly on its thermal expansion coefficient (102 x 1 °C?), which should match that of the
substrate, in order to minimize residual stressed buildup during thermal cycling.
YPSZ main component is zirconia gZr®urezirconia has three crystal structures, as depicted in
Figurel.5, depending on its temperature:

- Monoclinic up to 1170°C

- Tetragonal between 1170 and 2370°C

- Cubic over 2370°C

[ /]
/[ 1170°C 2370°C T

a a a
—> — —>
azb#c a=b+#c a=h=c

Figurel.5 Crystal structures drG

The phase transformation from tetragonal to monoclinic produces a 4% volume increase of the
material. This expansion could lead to accumulation of residual stresses in the components, which
can produce cracking during service. For this reagonpnia is usually stabilized by rare earth
oxides, of which the most commonly used is yttria. WheB ®t% YOzis added to zirconia, the
stability range of tetragonal phase is extended, down to room temperatureKgpeel.6), avoiding
detrimental volume changes. A small amount of zirconia can still change its structure to monoclinic
during cooling (usually < 1%), but it is not enough to cause deyreagl instead it produces a

toughening mechanism inside the coating.
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Figurel.6 Zirconiayttria phase diagram, with the range of yttria weight fraction which increases the stability

Heat propagates in dielectric materials (such as ceramics) due to lattice vibrations. An excited state
in the quantization of vibration modes of elastic structures is called phohbermalconductivity

in typical YPSZ thermal barrier coatings is relatively independent on temperatur€i(geel.7),

and it does not follow thelassicall/T trend due tophonon scattering, caused ltlye presence of a

high number of point defects. A further explanation for such a low thermal conductivity in YPSZ have
been investigated in some research conducted in the past years about how the nature of vibrations
in YPSZ lattices is influenced by gtitoncentration$4]. It has been shown that the main vibrational
modes do not have a wetlefined wavevector or polarizatiofp], and this disorder in vibrational

modes suggested nonphonon mode with a velocity much lower than the speed of sound. This

temperature range ofdtragonal phasg6]

results in a lower, temperature indepeadt thermal conductivity
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1.1.2 Manufacturing

Temperature (K)

T2N) AaSOSNI

There are two main techniques to deposit TBCs on components:

- Air Plasma Spray (APS)

- Electron Beam Physical Vapor DepositionREB)

Each of the two produces a very specific morphology of the coatings, which produces different

NB TN OG 2 NB

mechanical and thermal properties. Choice of deposition technology depends strongly on the

application of the final component.
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1.1.2.1 Air Plasma Spray
APS is usually faster and cheaper tharPEB, and it consists in the injection of YPSZ powder in a
high velocity plasma gas (usuallyHs), produced by applying a high voltage between an anode and
acathode. Due to temperature and gas speed, YPSZ particles reach their melting point and are shot
towards the substrate, where they deposit as small splats. Since adhesion is purely mechanic a
thorough surface preparation is required, which is achievedadmgisg. The resulting morphology
is characterized by splats parallel to the substrate surface, and lamellar pores mostly oriented
perpendicularly to the heat flux, which contribute to its low initial thermal conductivity €019
WmlK?1). One of thelimitations of this technique is that APS coatings are usually less suited to
applications where the material undergoes high number of thermal cycles, due to their lower
thermal fatigue resistance. For this reason, APS TBCs are mainly used in powerrpiaestwhich
are exposed to less thermal cycling than jet engines. In fact, the latter usually empRYIEBBC.
A schematic of APS process is displayddgorel.8.
Main parameters affecting the final morphology 4i®]:
- Hydrogen flow rate has an influence on total TBC porosity. For ariglilow rate, TBC
porosity decreases
- Argon flow rate has a direct influence on patrticles velocity. For a higher particle velocity, a
worse melting behavior is observed, which leads to a lower coating thickness
- Plasma current decrease leads to a decremsdeposition efficiency and an increase in
porosity
- Spraying angle decrease leads to an increase of porosity

- Spraying distance increase leads to an increase of porosity

B Plasma gas + current
Water-cooled anode

Cathode

— -y
|’

Powder port

Coating —

Workpiece
Insulator

Figurel.8 Air Plasma Sprageposition process
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1.1.2.2 Electron Beam Physical Vapor Deposition
The deposition process requires a vacuum chamber, where pressure is held at arolra, Where
YPSZ ingots are sublimated by a pglwer electron beam. YPSZ reaches the substrate in vapor
state, and is accumulates on the substrate. For this operation, substrate is heated at 1000°C.
The resulting morphology is a columnar structure TBC, as opposed to the lamellae of the APS
technique. This produces a more strain tolerant coating, which lis tmbwithstand more severe
thermal cycling. The high strain tolerance is well suited for jet engines, where components are highly
stressed, both mechanically and thermally. Indeed, jet engines are subjected to severat@witch
and switchoffs, and theiroperating conditions are not always constant.
The main limitation, compared to APS TBCs, is the higher thermal conductivity Z M8'K?),
due to porosity being mainly vertical, which does not contribute much to thermal insulation, as
opposed to lameéar porosity. A schematic of HB/D process is shownkigurel.9.
The main parameters for the coating process are

- Substrate temperature

- Deposition rate

Some reports in literature have found that substrate temperature has an influence on
crystallographic nentation [11] [12]. At a high substrattemperature, condensing molecules have

a higher mobility, which causes them to move into more stable configurations, and this result in a
higher degree of order in the lattice. One of the preferred orientations is the vapor incidence angle
(VIA)[11], which is defined as the angle between the substrate surface normal and vapor flux
direction. At lower substrate temperature, a lower density of the TBC is pronja&id

Also deposition rate has an influence on coating density: for higher the deposition rates, a higher

density of the TBC is observg®].
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Figurel.9 EBPVD technique

1.2 Failure of APS TBCs

The main phenomenon influencing TBC failure during turbine operatitwe igrowth of the TGO.

While the components are at high temperature, oxidation phenomena can occur, and oxide growth
leads to compressive stresses due to constrained expansion, that persist both at high and low
temperature. During cooling, due to thermakgansion mismatch between TGO and bondcoat, a
buildup of these compressive stresses occurs, and reaches a maximum at ambient temperature, can
lead to failure due to cracking. Moreover, growth of TGO and the consequent buildup of
compressive stresses canusa its deformation and increase in roughness. This progressive
roughening and deformation of the interface T@0Ondcoat and TG@pcoat during thermal
cycling, contributes to the buildup of owtf-plane stresses normal to the interface with the TBC,
with the consequent onset of cracks. The formation and coalescence of microcracks can result in

ultimate failure of the TBC.
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There are several failure mechanisms in APS TBCs driven by deformation of the TGO, four of which
are shown irFigurel.10and listed below:
I.  Tensile stresses at the bondceBGO interface in correspondence of undulation crests, and
compressive at the troughs. As TGO thickness increases, cracks form wherestesssies
build up
ll. Tensile stresses at topce@GO interface crests, causing cracks in the TBC topcoat
[ll.  Same cause df, but cracks form inside th®pcoat, near undulation crests
IV. Over a certain TGO thickness, compressive stresses in the troughs are reversed to tensile

stresseg1], andcracking in the TBC topcoat occurs between two crests.

APS Top-Coat

Bond-Coat

Figurel.10 Schematic of the four diferent cracking mechanisms in APS TBC [1]
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1.3 Selfhealing thermal barrier coatings

For the first time, aselfhealing thermal barrier coating for turbines and other thermally loaded
structures has been studied and developed in the frame of the SAMBA Project.

SAMBA is a European project, which comprised different academic and industrial partners, with the
aim of studying novel solutions to increase the lifetime of thermal barrier coatings.

Ceramics do not show intrinsic sékaling properties. To achieve such feature, in fact, special
additional particles have been used. The material of choice for this capipin is MoSi By
dispersing Mo$particles in the TBC, in a zone close to the TG0oat interface, the idea is that
cracks will open these particles, and promote oxidation of MaScording to the following

reactions:

0D EYQ X5 © 0 £7Y'Q XV 12
WHEYQCH Opmél @YD 13

Glassy silica then flows inside cracks, with a net increase of volume ofwiB®@%espect to the
initial particle volume, and finally seals the cracks by reacting with zirconia to form zircon.
Selthealing particles have been coated with agG3khell to protect them from oxidation when still

intact. A schematic of this processstsown inFigurel.11.

‘ High temperature gas ‘

TGO —>}

GL'A|203
TBC damage

Substrate

Inner blade
cooling system

' Healing particles
TBC system in TBC layer TBC healing
Figurel.11 Schematic of the selfealing TBC mechanism

23



This thesis work has been performed at RSE (Ricerca per il Sistema Energetico), which as a partner
of the project had the task of performing assessment of the damage evolution in TBCs upon thermal
cycling, and on the extension of lifetime by dedfaling nechanism, as well as establishing crack
propagation and crack healing mechanisms by characterization oheglihg TBC samples
produced during the project activity.

To monitor damage evolution during thermal cycling testing, -destructive thermograplu

techniques have been used, as better described in the following chapter.
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2 9ELISNAYSY (Ll f

This chapter contains formation on samples used for testintpe equipment used to age them,
and the techniques used to perform measuremeatsl analysisAfter some preliminary
measurements, samples were aged in a cyclic oxidation furnace, and inspected every week with

thermographic technigues to investigate the damage progression dumnmg ti

2.1 Samples

To test the capbilities of sekhealing TBCs, a number of ddtaped samples, with the diameter of
one inch, have been prepared by air plasma spraytnschungszentrum Jilicboth with and
without selfhealing particlesAll the samples (both benchmarks and dedhing TBCs) were
produced by air plasma spray, and consist of8@@yttria partially stabilized zirconia (YPSZ) thermal
barrier coating on a NiCrAlY bondcpabduced by LPPS (low pressure plasma spray), on a Hastelloy
X substrate In the sekhealing samm@s, MoSiparticles were sprayed along with YPSZ in a region
close to the bondcoal BC interface, up to around 1/3 of the total TBC thickn@ssxample of the
sample used in this experimental activity can be sedfignre2.1, while a section with its structure

is shown irFigure2.2.

Figure2.1 A typicalselfhealing TBC sample used in thisrk.
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topcoat

a) centre

Figure2.2 Example of an optical metallogrhjc image of a selfiealing TBAn this image, it is possible to cleaskye
the substrate (white), the bondcoat (greyish) and the topcoat (black), with theesalihg particles as white dots,
dispersed in a portion of the TBC which amounts approximately to one third of the total thigdsess.crack, due to
the aging actity performed, can be seen.

The work was performed in two stagels a first experimental campaign, 6 disitcaped samples
without selfhealing particles (namely Benchmark A) were tested, measuring their damage with
both thermographic techniques duriraging.The aim of this preliminary experimental activity was
to get a first idea of how TBCs behave during thermal cycling withouhseling particles, and to
obtain data to fit curves which have been used during modelling activity and in thermogodsgthic
processing. Thermal diffusivity data of the freestanding coating was used to fit a normalized thermal
diffusivity curve which accounts only for sintering effecCifis was then employed both in the
thermal diffusivity approach and in the modelliragtivity. Cracked fraction obtained with the
apparent effusivity approach was used to fit a crack growth curve, also used in the modelling
activity.
Then, in a second experimental campai@B0 diseshaped samples were produce80 of which
were benchmarlsamples (namelBenchmarkB) without selfhealing particles. All 120 sdiealing
samples (divided in four batches, each one produced in different runs but with same spraying
conditions) along with the 30 benchmarks were tested wsigyed condition, anthen shipped to
Manchester University for a preliminary heat treatment, which had the aim of promoting thigun
growth of an AIOz shell around the selfiealing particles, which were previously coated with Al
during coating deposition. This shell helprotecting the particles before the interaction with
cracks, preventing oxidation of Me@nd premature expansion of particles, which could lead to
cracking. Then all the samples were again measured. The preliminary characterisation performed at
26



RSE invved thickness, surface roughness ass$prayedthermal diffusivity measurement3.hen,
after the samples have been distributed among the partners of the project, a selection of samples
from all four sekhealing batches, Benchmark B samples, and al$wrosamples from the

Benchmark A series was tested. A summary of the samples tested is shown in the table below:

Table2.1 Summary of the samples tested

Samples series First experimentalkcampaign Second exprimental ampaign
n° of samples tested n° of samples tested
Benchmark A 6 6
Benchmark B 6
Batch 1 4
Batch 2 4
Batch 3 5
Batch 4 11

2.2 Thickness and roughness

During analysis of the samplasis very important to know for each samg@e nuch accurately as

possible the TBC thickness value. For this aim, an eddy current probe was used.

e

Figure2.3 Detail of the thickness measurement.
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Since thermal barrier coatings are roanductive, itis possible to measure their thickness using
eddy currents. A probe is put on the surface of the TBC, then a coil inside the probe generates an
alternating magnetic field, which in turn will produce eddy currents in the metallic substrate,
generating an pposed magnetic field. The probe then senses this secondary magnetic field, which
intensity depends on the probsubstrate distance, and measures this distance, corresponding to
TBC thicknesS he thickness gauge used is an Elcometer 486hown irFigure2.3.

The probe is forced by TBC roughness peaks to stay on the top of the TBC surface and not on the
average TBC profile, hence it is necessary for a correct thickness evaluation to meassugfadaC
roughnessR,, and subtract the valu&/2 from thickness measurementsk: measurements were

performed by using a Taylor Hobson Talysi8éries stylus profilometer (séggure2.4).

Figure2.4 Stylus profilometer used for the roughness measurements.
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2.3 Thermographic techniques

Infrared (IR) thermography is a type of imagieghniquewhich employs infrared cameras to detect
radiation in the longnfrared range (% 14 um). Sincéhe radiationemitted byobjectsdepends on
temperature, thermographygnables the measurement of temperature distribution of an object.
Thermographic nowlestructive techniques have been applied during the experimental activity of
the SAMBA project. Their aim has been to evaluate sprantitatively the extent of micraracking

and macredelamination in sethealing TBCs due to thermal tigg, as well as the evolution of such
damage during testing, and the effectof sKIS I t Ay 3 YSOKI YAAY 2y &l YLI S
In addition to that, to have a better understanding of the influence of-Belling mechanism on
thermographic measurements and evaluate the capability of the techniques in detecting-self
healing behavior, a model has been developed using Matlab software, as better explained in

Chapter4.

2.3.1 Normalizedthermal diffusivity
Recently, a method for the semuantitative estimation of the cracked interface fraction between
bondcoat and TBC for samples subjected to thermal cyclingdes proposed1][16]. This method

is based on the estimation of the TBC thermal diffusivity:

Where 1 Zandc are the thermal conductivity, density and specific heat, respectively. The idea of
considering thermal diffusivity as a valid parameter for the integrity assessment of TBC deposited
on real blades has been recently confirmed also by KakuddEfJalThe most important feature of

this approach is that it is sensitive also to thin, small diffuse cracking, independently from the spatial

resolution of the IR images considered for the analysis.

2.3.1.1 Theoretical remarks
Themethod relies on the fact that cracks parallel to the interface represent an additional thermal
resistance for heat propagation (that increases with aging time as the damage extent progresses),

causing an apparent decrease in thermal diffusivity compéwesbund TBC. This is showrFigure
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2.5, where simulated curves of temperatures evolution in time, after heating, and specifically its
decrease, arshown for two layers without damage and with a delamination of increasing thickness
from 2 um up to 20 um. The point where the curve starts bending, used for the thermal diffusivity
evaluation through the parametdfVr I being the TBC thickness) is clearly shifted towards later
times in presence of a delamination, corresponding to an apparently lower thermal diffusivity of
TBC.

The effect of increasing delamination thickness on temperature signal
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Figure2.5. Temperature vs. time plot of &8T surface subjected to a Dirac pulse of heat

During thermal cycling, owing to sintering phenomena, a significant increase in thermal diffusivity
occurs. The decrease caused by cracks is magnified when the experimental thermal diffusivity value
is compaed to the value expected, which accounts only for TBC sintering. In particiHegune2.6

the thermal diffusivity increase (normalised by the value measured in the as sprayed condition)
caused by the sintering is shown as a function of the high temperature ageing time as dee circ
Values are normalised by that measured irspsayed condition, i.e. before any thermal cycle. On
the other hand, the real behaviour, owing to crack nucleation and propagation close to the
bondcoatTBC interface, and thermal diffusivity data show a-nmonotonic trend (see the green
triangles). At the beginning, sintering is the main effect of the high temperature exposure and
promotes a rapid thermal diffusivity increase. Only at later times, crack nucleation and propagation
start becoming the main gimomena affecting TBC thermal diffusivity, causing a drop in its value.

The differenceDa between expected and observed thermal diffusivity values can be used to
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estimate the cracked fraction of the bondcea@BC interface, using a model which can accdont
the effect of a crack on thermal diffusivity. In Chapter XX a suitable model which has been developed

for this aim will be described in details.
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phenomena occurring at high temperature, while green triangles describe the real trend for samples aged in a furnace
cycling testing facility.

2.3.1.2 Flash thermography

The technique applied to estimate thermal diffusivity of TBC, which is well suited for inspecting even
wide components without the need of any machining, is flash thermography. In particular, flash
thermographic technique allows to neaestructively measwr the thermal diffusivity of TBCs
deposited onto gas turbine hot path components such as blades and yB8lesnd in this case it

has been used fameasurements on diskhaped samples. The TBC thermal diffusivity of alawer
sample (such as the TBC and the metallic substrate) is estimated by fitting the spatial average
temperature vs. time of the sample surface after heating by a-spaped Dira pulse (typically a

laser pulse), as measured by an infrared camera. The surface area over which the average
temperature is computed must completely contain the diffusing heating spot, which is typically a
roughly circulasshaped pot with a diameter of @me mm to be able to consider the experiment as

a 1D heat conduction problem. The analytical @@mensional twelayer model adopted to fit the

experimental data is:
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Where:
T Q absorbed energy density
T T @ GKSYILt SFFTdAADAGE O0ADGSd YIGSNRIE Q&
7Y — reflection coefficient at the interface
T L coating thickness

The lowercasesandsrefer to coatirg and substrate, respectively.

2.3.1.3 Data processing

Once normalised thermal diffusivity data is obtained, to estimate the TBC cracked fraction, it is
necessary to @rform an experimental data inversion by using a suitable model representing the
effect of cracks on thermal properties. This means finding a crack size corresponding to a value of
thermal conductivity estimated with the model that matches the experimewuiaia. Since the
computation is made on thermal conductivity, and experimental data available is thermal diffusivity,
it is necessary to calculate the experimental thermal conductivity beforehand, knowing density and
specific heat.

The model used for thigurpose is based on the twitux analytical model developed by Golosnoy

et al.[18], simulating the effect of pores on the thermal diffusivity of a ceramic material, has been
applied. In that case, the structure dfie Air Plasma Sprayed (APS) TBC was assumed to be
composed of lamellar material (splats) separated by thin pores within which there are areas of
contact (bridges). This model divides heat propagation within the material into two regimes (see
Figure 2.7a): heat flows either by unidirectional -series path through material and pores or
funnelled through regions of TBC above and below the bridggsre2.7c andFigure2.7d showS

in the case of a closed pore: i.e. the area where heat is funnelled around the pore instead of
propagating straight forward through the pore. Each single unit cell contains only one pore that can
be closed or open, depending on the microstructure. The funnelling &&@as been chosen to

maximize the thermal conductivitys of the unit cell of total are&ot.
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The overall thermal conductivity of the unit cell containing a pofé8

i = Kk (S,) = mam%k@) B2

wherek: andkq are related to the thermal conductivity of the funnelling area (Begure2.7d): that

6
8 2.3

of the external square ring shaped areas lying above and below the closed pore and, far from the
bridge region, that of the -D area modelled as an-geries three layers model TRGre-TBC (see

the central area withinFigure2.7d), respectively. In particulak; (Equation2.4a) contains two
terms: the first term represents the effect of funnelling heat through the bridge, and the second

term represents the conductivity along the bridge.

where dy, Ly, andkp and ko are the thickness of the pore and of the unit cell and the thermal
conductivity of the gas inside the pore and of the bulk material, respectivelySamithe bridging
area. Furthermorekresisthe effective conductivity of the zone subjected to thehelling effect, of

area§, and it is calculated as:
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In the present application of the model, the porous TBC and the thermal fatigue ltaaekbeen
assumed as the bulk lamellar material and the closed pore, respectivigiyré2.7b). Thus, the
inversion of thermal diffusivity experimental data by using this model provides an evaluation of
extension of he square crackHgure2.7b) that is the cracked fraction of the interface between
bondcoat and TBC. The thermal properties of pores have been assumed to be the thermal properties
of air. In particular, since crackithness can be of the same order of magnitude as the mean free

path of gas molecules, the reduction of air thermal conductivity within the pore (Knudsen effect)
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has been taken into consideration in data processifige thermephysical properties of TBC are
assumed to evolve considering only the sintering effect of high temperature exposure.
In particular, the following equation, describing the thermal diffusivity increase as a function of

ageing temperature T and time t, has been assunfjigd] [19][20]]:

a =a{AT(K) @n(t(h) +1) +20)- B} 26

Where A and B are two parameters accounting for the specific ability of each TBC to sinter. The
magnitude of sintering is in fact strongly dependent from the peculiar microstructure and the
impurities content of TBCs. This means that for each TBC, a ip@atyncharacterisation of sintering
kinetics would be required to have the correct sintering curve.

The unit cell sizes can be set up as desired, but taking into consideration typical TBC samples, the
following sizes are usually considered:

() The width ofthe unit square cell is set equal to 200 pum (i.e. similar to the bond coat
roughness wavelength).

() The height of the unit cell is set up equal to 100 pum, which is always thinner than the overall
TBC thickness. To estimate the overall thermal conductilffysivity of the TBC, the unit cell and

the remaining TBC layer were considered as twsenes layers. These indications have also been
followed when developing the modelling code for simulations of thermal diffusivity measurements.
The code developeth Matlab for cracked fraction estimation requires TBC thicknesspeas/ed
thermal diffusivity, aging time and temperature as input parameters, as well as the corresponding
measured thermal diffusivity value. Since the inversion computation is perforomethermal
conductivity, due to the model it is based on, some assumptions on the specific Aepdtdensity

" are necessary. In particular, the specific heaif TBC is assumed constant and equal to the
literature value (470 J/Kg K). Although porosity usually slightly decreases during aging at high
temperatures, its value has been assumed to be the same for all samples and equal to that of the
as sprayed sampléndeed, since the densityof the porous TBC is linearly related to the porosity
fraction, and sintering usually only slightly reduces the overall porosity, the assumption of a
constant porosity fraction independent from aging causes an error in themoabuctivity
estimation which is significantly lower than the thermal conductivity variations caused by sintering

and cracking.
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Another input parameter in the inversion model is crack thickness or pore length along the vertical
axis. From previous exparental results and based on experience gained during the project, a crack

thickness of 4.5 pm has been chosen as an input parameter.
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Splats of YPSZ o - —
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The thermal bridge pore around the bridge surrounding the pore
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Figure2.7. Two-Flux Regions model. Sketch of the unit cell for (a) open and (b) closed pore, respectively. (c) Section
view of the unit cell: the heat flow path in the funnelling region around the closed pore and (d) Top viewnitf the u
cell: the funnelling region in the case of the closed pore. In () it is possible to sesdfiesrmodel to account for the
different thickness each sample has.
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2.3.2 Apparent thermal effusivity

When the delamination extent of the TBC is over a sufficiently large area (usually a few squared
millimeters, the size being related to the TBC thickness, thermal diffusivity and to the air gap of the
delamination itself), pulsed thermography is an effeethondestructive technique to assess the
adhesion of coatings such as thermal barrier coatings. As a matter of fact, this technique is used
today as quality control especially during the development of the deposition procedures for
complexshaped componets or for infield coating inspection of serviced componef§][22].

In fact, the presence of macroscopic disbonding defects beneath the surface of a coated component
can strongly modify both the spatial distribution and the time dependence of temperature within
the component during the therad transient induced by a pulsed heating, typically produced by
flash lamps. Since also the surface temperature of the coating is affected by adhesion defects, for
some instants after the flash it is possible to detect delaminations as hot spots in theges

recorded during the thermal transient by an IR caméigire2.8).

Figure2.8. TBQdelamination defects within a reference sample are clearly visible within IR images taken few instants
(about 200 ms) after the heating flash as hot (bright) spots along the edges and in the middle of the samples. The two
small defects in foreground aren2m diameters.

When serviced components require inspection, difficulties in the interpretation of the
thermographic sequences can arise from the presence of stains, rough regions, eroded areas, over
thickness of the coating and, generally speaking, femm uneven optical property of the surface.
Many algorithms like Pulse Phase Thermogrd@hy, loglog fitting[23] and Principal Components
Analysis[24] are effective in suppressing eéheffect of surface features from the sequences of

thermographic images. In fact, the visibility of delamination defects can be enhanced when one of
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these algorithms is applied to the temperature time profiles extracted from the sequence of
thermographicinages.

Unfortunately, the same situation does not apply to coating etmérkness. For coating thickness
changes which are not regarded as defects, the effect on the temperature behavior is not simply
multiplicative, and the previously mentioned algoriterare not helpful. When other nondestructive
techniques cannot be applied for estimating coating thickness changes owing to the complex
geometry of the component (a typical example is the transition region between blade airfoil and
platform) it is not posible to discriminate between ovehickness and delamination.

In most of these controversial cases, the recently developed algorithm based on the apparent

thermal effusivity[19] [25] can be applied to distinguish between delamination and ethékness.

2.3.2.1 Theoretical remarks
As explained more in details elsewhere, apparent effusivity is a parameter that can easily be

obtained from surface temperature profil€(L,t)(see Equatior2.2) for each pixel from a sequence
of infrared images ad.9][25]:

_ 1

T OWVE

2.7

€ (L)

whereT, t andLare surface temperature, time after flash and TBC thickness, respectively.

The main advantage of representing apparent effusivity instead of surface temperature is that the
thermal effect of a delamination consists in generating a minimum in the effusivity curve, not
present for sound TBCs as it can be observeBligure2.9. On the contrary, differences in TBC
thickness only promote a shift of the inflection towards later times, as better demonstrated below

and inFigure2.10.
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The effect of increasing delamination thickness on temperature signal
r T T T T

0.5

s 0 i
) Crack
10 o5 Ji
0 g thickness Iy
2 2 /|
© e
g T, 1-40um . /[ /]
E g 7
3 z, \\ LSk
10" N
2l .
25
. . - . 2 -8 6 -4 -2 0 2 4 [
10,‘ . Ll | P Log(time)
102 107" 10° 10'
log(time)
(a) (b)

Figure2.9. (a) Temperature vs. time and (b) apparent effusivity vs time for the surface temperature of TBC after a
Dirac pulse heating the surface of the TBC. Sound case and two layers samples having delamination of different
thicknesses. in the latter case delantioa promote the presence of a minimum in the apparent effusivity curves.
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Figure2.10. Apparent thermal effusivity curves for sound thick and thin coating and for delaminated coating

For a twolayer seminfinite sample, surface temperature after a spatially uniform heating Dirac
flash can be expressed as previously seen in Equatibn

It is possible to convert a change in thicknpe#n terms of time axis dilation by means of theale
factor a=1/(1+L/LY, meaning that:

(L+DL,t)=¢e,(L,at) 238

Capp Capp

When theln-In representation is adopted (whera is the natural logarithm) the effect gfL is a

simple translation of theapp curve along thén(t) axis withou changing its monotonic nature:
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In (eapIO (L+DL,In (t))): In (eapp (L.In(t)+In (a))) 29

On the contrary, the presence of an adhesion defect, i.e. a delamination, causes the appearance of
a minimum and therefore a distortion of theappcurve, as shown iRigure2.9 andFigure2.10. Thus,

to distinguish adhesion anomalies from accepted coating vianat the initial value oéapp can be

fixed as a threshold between delamination and otteckness. Any curve that reaches a value lower
than the initialeapp Value corresponds to a damaged area, while any other curve which does not

have a minimum corregmds to an intact area.

2.3.2.2 Application of the method

Once the apparent effusivity curves have been obtained for the whole sample, from surface
temperature profileT(L,t)acquired using a thermal imaging camera, it is possible to make a 2D map
of the times & occurrence for the minima in theypp curves, for each pixel of the thermal images,

as in the example shown Figure2.11.

Figure2.11. Example of apparent effusivity minimum times maps for a TBC sample inspected at different fractions of
its life. Dark blue areas refer to pixels where minimum occurs at very early times after theyflast,occurrence of
sound regions. The higher the time corresponding to the minimum the more significant the delamination damage.
Brown areas refer to fully delaminated TBC.

To quantify the fraction of delamination inside an inspected sample, it i&ciguit to define a
threshold for the time corresponding to a minimum in the effusivity curve. Since delaminations
nucleate close to interface between bondcoat and TBC, the threshold can be typically chosen as a
time a little bit shorter than that correspualing to the bending of a curve corresponding to afion

damaged area, as shownhingure2.12.
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Figure2.12. Identification of the time threshold for discriminating among sound and damage TBC areas.
When a time threshold is chosen, the map of the times corresponding to the minimum in apparent
effusivity curves can be binarized (black pixel=no damage, white pixel=delamination) as in the
example shown ifrigure2.13, and a quantitative estimation of the damaged fraction of the surface

can be performed using an image analysis algorithm.

Figure2.13. Example of binary maps of the minimum times in apparent effusivity curves for a TBC sample inspected at
different fractions of its life. White areas refer to delamination.

To make an example, we could consider an average coating thickness and themsalitlitt=500

>Y Ihy4R10" m~2/s. If a value of 10% increase in temperature caused by the delamination is
considered, the time threshold results0.135 s. This means that white pixels in the binarized
effusivity map are those with a minimum in tla@parent effusivity map corresponding to times
longer than 0.135 s.

As far as possible limitations concern, the appearance of a minimum when a delimitation is present
at the interface between coating and substrate takes place only if the thermal effusivitye
substrate is equal or higher than that of the coating. Fortunately, this condition is often met in real

coated components.
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Furthermore, as pointed out in the literature, it is essential to have very short heating pulses to
guarantee that the apparé i G KSNX It STFdzaAdAGe OdzZNBS AYYSRA
horizontal line. As a matter of fact, this is necessary to enable the definition of a thresholdlue

for identifying the presence of a minimum in the effusivity curve for eaxélp

Since usually laser energy is not sufficient for heating wide components and flash lamps duration is
too long for being considered a Dirac pulse, at least for apparent effusivity purposes, an algorithm
to compensate the flash lamps finite pulse duoat and the lack of synchronisation between IR
camera and lamg has been recently developela. fact, the time axis origirt£0 9 was chosen as

the time of occurrence of the maximum excess temperatuigs, which is the only reference
available in pradgte. Furthermore, the time of occurrence Tfaxis very close to the barycentre of

the heating pulse.

For short pulses, the thermal response can be approximateddnting a time delay in Equation

2.7, where the delay corresponds to the barycentre daf tieating pulselFigure2.14 shows how the

finite pulse duration affects the very beginning of the process causing the appearance of a minimum,
as thecase of an adhesion defect, thus making the choice of a threshold value difficult.

Another possible cause of distortion is the wrong choice of the time axis origin due to a lack of
synchronization between the heating and acquisition devices. In this tase;orrect time of
occurrence oflmaxis not available in the sampled signal. Nevertheless, the only useful reference for
the user is the actual time of occurrence of the maximum recorded temperature. This introduces an
unknown time delayq, and Equatio 2.7 becomes:

1

R AN

2.10

Let us consider the ideal case of a sampled thermal response to a Dirac pulse delivered att=0 s. The
time of occurrence offmax for the first sample after heating determines the time axis origin. The
error corresponding to the delay between such a sanip andt=0s, ranges fronf to pt wherent

is the sampling interval. The effect of this error is again the appearance of a minimum as shown in

Figure2.14.
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Figure2.14. Effect of a) finite pulse duration and b) lack of synchronisation between flash lamp and IR camera. In both
cases a minimum appeaj26].

To solvethis issue, the operator can add a positive or a negative time in order to eliminate any
bending from the effusivity curve at the very beginning after the time origin. This procedure is done
manually on three representative curves for the sample, chosatifierent points of the sample
area, which have been exctracted using an algorithm developed in Matlab. The only limitation is
that this time should be sniler than the sampling intervalThe spatial resolution of this

thermographic method is 200 pum.

2.3.2.3 Repeatability and reproducibility

Another relevant aspect for a quantitative analysis of the apparent thermal effusivity outcomes is
the evaluation of its repeatability and reproducibility. In order to evaluate these two parameters, a
specific activity hadeen carried out. For repeatability estimation, several thermal camera
sequences (acquired in a short time interval) of two TBC samples showing two significantly different
levels of damage have been considered, and the same algorithm has been appdiead 8mes by

the same operator. The main outcome is that, independently on the damage level of the sample,
the repeatability error corresponds to an absolute 1.5% delaminated fraction.

For reproducibilityjnfrared camerasequences have been acquiredradoa longer time period and
elaboration of data has been performed by two different operators. Similar result (absolute
repeatability error of 2%) was obtained also in this case, supporting the robustness of the apparent

thermal effusivity method.
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2.3.3 Instrumentation

The experimental saetip shown irFigure2.15consists in a 1064 nm wavelength Nd:YAG laser (Theta
Industries Inc.) generating pulses of about 0.5 ms, which was used as heating source. The energy
and the diameter of the heating shots artesually fixed roughly equal to 0.5 J and 15 mm,

respectively.

‘ -
aﬂ"’ ; -
Figure2.15. A closeup of the experimental setup. On the right, the IR camera used to measure the thermal profile of
the samples. On thefte one of the two flash lamps used for the apparent effusivity method. At the center, the
positioning laser beam coming from the Nd:YAG laser (not shown), used to check the spot width and position of the IR

laser flash on the sample.

A snapshot focgblane array IR camera sensitive in the Z0 um spectral range (Jade Il LW, FLIR
Systems) monitors the temperature transient of the sample surface at frame rates of 140 Hz. Owing
to the TBC translucency, a thin layer of colloidal graphite has to be paontehe front sample
surface in order to make the TBC opaque to the Nd:YAG laser radiation.

With the duration of the measurements in this project, the thermal diffusion length results greater
than 1 mm, for typical as sprayed thermal diffusivity valueSBC. Typical experimental

uncertainty of this techigue is in the range of §7% [16].

As for apparent effusivity, two flash lamps are used to produce the thermal stimulation, then the
same infrared camera images the sample, and the IR sequence is acquired and analysed using a
proprietary software othe IR camera and Matlab.

During measurements, flash lamps have been positioned as close as possible to the inspected

area, leaving the field of view of the IR camera free to image the region of interest.
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In order to nondestructively study the TBC dangamitiation and progression, and to detect the
selthealing mechanism upon thermal cycling, several samples were aged in a thermal oxidation
furnace and inspected usinthe already describedhermography as well asother imaging

techniques used for comparison purposes

2.4 Scanning electron microscopy

The scanning electron microscope (SEM) uses a beam eéh&ghy electrons to generate a variety

of signals at the surface of solid specimens. Interactions between sample and electrons generate
signals which can provide information about sample morphaleggmical composition, and crystal
structure. Accelerated electrons in a SEM have significant amounts of kinetic emdigh, is
dissipated as a variety of signals produced by eleesample interactionswhen the incident
electrons are decelerated in the solid sample. These signals include secondary electrons (that
produce SEM images), backscattered electrons (BSE), diffracted backscattered electrons (EBSD that
are used to determine crystal structures aadentations of minerals), photons, visible light, and
heat[27].

To produce SEM images during the experimental activities, a Tescan MIRA Xa&érhasdal.

2.5 X-Ray Computed Tomography

X-ray computed tomography (XCT) provides a-destructiveway of making threelimensional
measurements of structure and, by extension through repeated image acquisition, of following
structural evolution over time. Ceequently, it is becoming an important emerging tool for the
study of degradation and damage accumulation processes in a wide variety of environments.

This is achieved by producing a series-odiy radiographs, which correspond to different angles
throughthe object. These radiographs are reconstructed into a 3D image through a process called
filtered back projection. The reconstructed image can be volume rendered to provide a 3D view of
the geometry and internal structure of the object. In addition, \@ttsglices, which show sections
through the internal structure of a sample, can be produced. Therefore, porosity within the TBC
topcoat including its dimensions and the pore size distributions of open and closed porosity in 3D

along with the porosity gradr@ can be quantified.
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The XCT images with TBC damage quantitative evaluation, reported in this thesis work for
comparison with thermographic techniques as better describe@hapter3, have been obtained
in a Nikon Metrology 225/320 kV Custom Bay XCT facility. All XCT images are courtesy of Manchester

University.

2.6 Cyclic thermal oxidation

The RSE furnace cycle testing facility for the execution of cyclic oxidation testSigaee?2.16)
consists of a thregone furnace operating at tengpatures up to 1100°C mounted on a tensile
testing machine$chenk Treibglwhich enables moving up and down the furnace, according to the
cycle set up by the software that controls the machihalVIEW System Design SoftwarEhe
temperature of each zone can be set up independently. In order to guarantee that the desired
temperature is experienced by the samples, a thermocouple is positioned close to the samples and
data are continuously recorded; séaegure2.17. To cool down the samples within a short time
(when the furnace is in the upper position) four flexible pifpdswing compressed drgir were
mounted around thesample holder.

The heating time starts when the test pieces are heated by entering the furnace and ends when the
actual temperature exceeds 97% of the top temperature. A that point, the dwell time starts and the
temperature is kept constant.

Extensive nurarical calculations and comparisons between hypothetical and real temperature
cycles have shown that the temperature cycle contributes to oxidation of the test pieces only when
the temperature is close to the hot dwell temperature. The hot dwell time arms removal from

the furnace. Cooling time starts when the heating of the test piece is stopped, for example by the
removal of the test piece from the furnace, and ends when the actual test piece temperature falls
below 100°C. The cold dwell time starfteathe test pieces is cooled below 100 °C and ends when
the test piece is heated again; sEgyure2.18.

The typical temperature profile experiencbg samples during the testing activity is showFigure

2.19. Each cycle, with a duration of 120 minutes, is divided in:
- Heating time: 15 minutes

- Dwell time: 80 minutes

- Cooling time: 30 minutes
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Figure2.16 An overview of the RSE Furnace Cycle Test facility. Samples are placed in the sample holder made of
ceramic composite cylinder, coaxial with the furnace.

Figure2.17 Clase up view of TBC samples on the sample holder during the cooling phase. The thermocouple monitoring
the sample temperature is clearly visible.
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Figure2.18 Close up view of furnace and samples dutirggbeginning of the heating phase.
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Figure2.19 Typical temperature profile experienced by samples during testing at a dwell temperature of 1060°C.
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3 wSadzZ (a
3.1 First experimental campaign on benchmark TBC

Prior to the testing of selfiealing TBCs, 6 Benchmark A samples were thermal cycled in the furnace
cycle testing facility (1050°C 2 hours cycle). During cycling, samples were inspected by thermography
once a week for an overall number of 14 inspectiongvaluate the micro cracking and maero
delamination progression upon aging.

Four samples (name81, S2, S3 and S4) were tested up to the final failure, while the last two
(named S10 and S11) were stopped before the failure for comparison purposeshwe
destructive microstructural characterisation performed by Scanning Electron Microscopy (SEM).
As the semquantitative evaluation of the microracked fraction of the TBC interface can be
performed only if the curve of thermal diffusivity increase wigh temperature exposure time
caused by the sintering is known, thermal diffusivity was evaluated also on the four freestanding
failed TBC samples. Indeed, with this information it was possible to calibrate the sintering curve,

shown in orange ifrigure3.1. Thermography tests have yielded the following results.

3.1.1 Micro-cracking: thermal diffusivity

As shown irFigure3.1 , thermal diffusivity was measured several times, and after a first phase
where thermal diffusivity of all the six samples values increases, compared to the initial value (used
for the normalisation of data), a monotonic decrease is observed, owing ttk @geowing and
coalescence up to the final failure. For this set of TBC it is interesting to observe that the final TBC
failure occurs for normalised thermal diffusivity values in the rangd. 2. The evolution of micro
cracked fraction of the central ggon of TBCs samples, estimated by the appragdtribed in detail

in Chapter2.3.1, is summarised ifigure3.2.

It is worth noting that no significant damage of the central part of the TBC interface is observed
before about 200 cycles, corresponding to roughly 1/3 of the overall life. Then, damage in this area
progresses almost constantly for most of the testing time until the end of life, when an acceleration

of cracking can be observed.
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Figure3.1 Benchmark A TBC samples aged during first testing campaigerimental normalized thermal diffusivity
vS. ageing cycles. The continuous orange curve represents the expected thermal diffusivity increase caused by only

sintering phenomena occurring during high temperature exposure.
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Figure3.2 Cracked fraction vs. aging cycles for the six benchmark A samples aged in the first experimental campaign

49



3.1.2 Macro-delamination: apparent thermal effusivity

Table 3.1and Table 3.2raphically summarize the macdelaminationevolution as a function of
cycling for the six aged benchmark A samples by using the apparent thermal effusivity approach.
Delamination is clearly visible even before the first 1/3 of life all around the sample edges, forming
a circular ring. After the itial growth of this circular ring, small points representing localized
disconnected delaminations start appearing in the central area of the sample. When sample is
approaching its end of life, a partial coalescence of diffuse delaminations in centrabgether

with the external delaminated ring occurs. Before the ultimate failure, the delaminated area is in
the range of 65%1% of the overall sample surface for most of the samples. Note that for sample
S1 the delaminated value appears lower becau$aation of the external delaminated ring spalled

off rather soon, and this lack of TBC has not been automatically included in the delaminated area; a
rough estimation of spalledff area is between 10 % of overall sample area.

As shown irFigure3.3, delaminated area vs. aging cycles seems to have dimear trend, with a
significant increase in the delamination rate when samplesag@roaching their end of life. This

agrees with the outcomes of thermal diffusivity method discussed in Ch2pet
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Figure3.3 Benchmark A TBCs samples. Delaminated fraction evolution as a function of aging cycles at high
temperature.
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Table3.1 Benchmark A TBCs samples. Delamination evolutiorfuagtion of aging cycles at 1050°C for the four
samples tested up to final failure. Delamination is represented as white pixels. The quantitative estimation of
delaminated area is provided close to each binary image. Image sizes: 420x420 pixels.

# Cycles | Sample S1 Sample Sample S Sample 8
- UU t
24.3% 18.4% 23.9%
- U [ ] :
25% 31.6%
) @
27.9% 35.5%
519 . o
599
- .
41.9% 71.6%
688
42.6%
732
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Table3.2 Benchmark A samplés10 and S11 extracted from the furnace before failingelamination evolution as a

function of aging cycles at at 1050°C tloe two samples stopped before the final failure. Delamination is represented

as white pixels. The quantitative estimation of delaminated area is provided close to each binary image. Image sizes:
420x420 pixels.

# Cycles Sample S-10 Sample 5-11

57

19.5%

127

165

209

38% 40%

238

41% 43%

320

57% 47%

411

48.6%
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3.2 Second experimentatampaign orself-healing TBCs

In the main experimental activity of this workamples fromBenchmark ABenchmark Band the

four selthealing TEB batcheshave been investigated. As a preliminary step, thickness and
roughness of all the 150 samples hdeaen measured, as well as thermal diffusivity irspgayed
conditions. Then they have been distributed among the partners of the project, and a selection of
samples from all the batches has been measured during the experimental campaign.
Sampleshave then been aged in the cyclic oxidation furnace at a temperature of 1060°C and
inspected once a week, measuring the cracked fraction with both normalized thermal diffusivity
approach and apparent thermal effusivity, in order to understand the damage evoldtiang

aging time, and to observe the effect of sk#aling mechanism on samples.

3.2.1 Thickness and roughness

Thickness and roughness measurements are summarizdédgure 3.4 and Figure 3.5, with a
thicknessranging from 530 to 575 prand a t/pical roughness values of 48 um The only batch

which shows a&ignificantly differenthicknessrom the others is batci3.

Probability Plot of Batch 4 TBC Roughness
Normal - 95% Cl

99

Mean 47.28
StDev 0.8704
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Figure3.4 Probability plot of Rvalues for six samples from the same batch. Cl is the confidence interval of the
probability plot
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Probability Plot of Batch 1; Batch 2; Batch 3; Batch 4; ...
Normal - 95% CI
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Figure3.5 Probability plot othe thickness value for the three batches of-beléling TBCs, and the two series of
benchmarksCl is the confidence interval of the probability plot

3.2.2 Thermal diffusivity in assprayed conditions

Figure3.6 and Figure3.7 resume the scatter of data for each single sample and each set ohTBC i
terms of thermal diffusivity measurements. The typical precision standard deviation for five
repeated measurements ranges betweei3%, as shown also Figure3.6. The accuracy of the
thermographic technique in measuring thermal diffusivity periodically checked @iSin304

stainless steel sampldxX10’ m?/s value) is within 5%.

Benchmark Bind A samples show thermal diffusivity values generallydothan those of the SH

TBC batcheg, 3 and4. Batch 1stays in between the two benchmark sets. This difference could be
attributed to small variations of the TBC microstructure as well as to the presence of SH patrticles.
In any case these thermal diffusivity values are within typical thermal diffusivityerfamair

plasma sprayed YPSZ TBCs.

54



Probability Plot of Batch 1 sample 5; Batch 3 sample 6
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Figure3.6 Probability plot for five repeated measurements of the thermal diffusivity of twéhealing TBC samples
Cl is the confidence interval of the probabifityt
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Figure3.7 Probability plot for five repeated measurements of the thermal diffusivity of two SH TBC sdbhjdehe
confidence interval of the probability plot
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3.2.3 Aged samples

3.2.3.1 Micro-cracking: normalised thermal diffusivity

Similarly to the first experimental campaign, as showrrigure3.8, the thermal diffusivity was
measured several times during samples life.

Also in this case, after a first phase where thermal diffusivity values increased, compared to the
initial value used for the normalisation of data, a monotonic decrease is oliseoveng to crack
growing and coalescence up to the final failure. The final TBC failure occurs after different values of
normalised thermal diffusivity, depending on the analysed batch, as summariskabia3.3. In

particular, Batch 2 and Batch 4 samples reach rather low threshold values before failure.

Table3.3 Threshold of the normalized thermalfdsivity before final failure for the six set of batches
Batch 1 Batch 2 Batch 3 Batch 4 Benchmark A Benchmark B

09¢1l1 0.5¢0.7 @.9 0.5¢0.9 0.9¢1.0 >1.1

It is interesting to note that for samples from batch 1 and 2, between 500 and 700 cycles their
thermal diffusivity values remain almost constant, as sedfignire3.9. This trend is also present in

the cracked fraction estimation by apparent thermal effusivity, as se&igimre3.12.

The semquantitative evaluation of micra@racked fraction of the central region of TBCs samples is
summarised inFigure3.10. These values were estimated by using an equivalent crack thickness
equal to 4.5mm in the model for estimating the cracked fraction from thermal diffusivity data. For
some samples, when thayere close to their end of life, it was necessary to increase the estimated
crack thickness in order to enable the data processing routine, as indicated in the figure. This
occurrence can be justified not only with a real crack thickness increase, buwitsthe growth

of more cracks located on different planes above the-bB@icoat interface before the final failure,
which account for a thicker equivalent crack in the model.

It is worth noting that no significant damage of the central part of the FB&face is observed
before about 200 cycles, for benchmark B samples. On the contrary, for all the other TBC batches
micro-crack damage starts in the range 8130 cycles, and monotonically grows up to the final
failure. For almost all samples, the dageain this area progresses rather constantly for most of the

testing time up to the end of life.
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Redcircled points in plot ifrigure3.8 and Figure3.9 indicate normalized thermal diffusivity values

of freestanding coatingsmeasured after detachment from substrate. Their values are expected to

A
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on the detached coating. Contrarily to the first experimental campaign, for most of the freestanding

samples (especially from batch 1) thermal diffusivity results significantly lower than the expected
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value for sintered TBC. This occurrence ba caused by the presence of several cracks inside the

freestanding coatings beside the crack which caused final failure. The rather low threshold values

of thermal diffusivity before failure observed for these samples could be a further element

supportng this hypothesis. Images shown lateFigure3.16, provide a further confirmation of this

hypothesis.
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Figure3.8 SH and benchmark TBC samples aged at 1060°C. Normalised thermal diffusivity vs. aging cycles. The
continuous red curve represents the expected thermal diffusivity increase caused by only sintering phenomena
occurring during high temperature exposuBatacircled in red refer to freestanding samples.
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Figure3.9 Selection of samples from previdegure3.8, but with one sample for each batch (2 benchmarks, 4 self
healing batches). Data circled in red refer to freestanding samples
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Figure3.10 Cracked fraction vs. aging cycles for-belaling and benchmark samples. Numbers at the top of the plot
represent crack thickness value used in the normalized thermal diffusivity model, and is indicated when this is different
from 4.5 pm

58



3.2.3.2 Macro-delaminatian: apparent thermal effusivity

Apparent thermal effusivity maps were collected and evaluated for each sample after every
inspection during thermal cycling activity.

A selection of apparent effusivity maps vs. aging cycles for one representative sample for each
benchmark and selfiealing TBC batch is includedTiable3.4 and Table3.5.

The semiguantitative evaluation of macraracking progression for all the samples is shown in
Figure3.12.

It is worth noting that after an initial phase where a madelamination nucleates and grows
around the sample edges as an annular ring, damage progression shows a plateau. Later, when
delaminated fraction reaches a value in the range5@s (typically when samples are approaching
their end of life) a significant acceleration of damage involving even the central region of the sample
occurs. This phase corresponds to the coalescence of +oiaaks towards macrdelamination up

to values in the range 780%. Then there is a final phase where madetaminations rapidly
coalesce up to the complete spalif of the TBC. This trend is particularly evident for samples
belonging to the best batchgse. Benchmark B, Batch 1&2). A different madetamination trend

is observed only for batch 3 samples. As a matter of fact, for samples belonging to this batch,
delamination progression shows a linear trend from the beginning up to the final failure

Infew cases (seEigure3.11) TBC failed immediately after having reached delaminated fractions in
the range 30%10%. It is worth noting that also fohése samples the estimated miecoacking at

the same time resulted in the range &®0%, confirming the presence of diffuse miamcking

that suddenly coalesce all together causing the final failure.
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Table3.4 Selthealing TBC samples from batch 1, 2 anBedamination evolution as a function of aging cycles at high
temperature for a selection of samples. Delaminations are represented as white pixels. The quantitative estfimation o

delaminated area is provided next to each image. Image size: 420x420 pixels

Cycle # Batchl Batch 2 Batch 3 Batch 3
0 . . .
- 1.3% 0.3% 6%
T 2.2% 0.6% 1% 6%
: l m .
e 0% 22.2% 58%
212 @
21.6% 24.1% 49.5% 12%
} @ @
24.8%
28.3% 929%
i . .
25% 33.1% 96.3%
i @ @
26.7% 34.9%
: @ ..
27% 40%
) -.II ..
35.1% 52.6%
i -. .l
31.1% 53.8%
)
39.5% 83%
; .I
46%
:
72%
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Table3.5 Selthealing TBC Batch 4 and benchmark A and B samples. Delamination evolution as a function of aging
cycles at highemperature for a selection of samples tested. Delaminations are represented as white pixels. The
quantitative estimation of delaminated area is provided next to each image. Image size: 420x420 pixels

Cycle # Batch 4 Benchmark B Cycle#| Benchmark A
0 .
0.6% 6.2%
1 . .
0.2% 7.7%
b @ A -
- @ -
34.8% 25.3%
b .: h -
38% B ) 5%
385 I 336
‘ 44% 29.5%
b E @
B a0 | 32.7%
B
52.5% 40%
h
68% 2%
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Figure3.11 Apparent effusivity maps for sample (a) batefi,I(b) batch 43 and (c) benchmark-B7, respectively.
For these samples the delaminated fraction was in the range-df30 before reaching sudden failure.
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Figure3.12 The macredelaminated fraction as estimated by apparent effusivity approach.

100% : Ao A —Q—n ek
90%
80%
70%
60%
50%
40%

30%

Cracked fraction by apparent effusivity

20%

10%

62



3.3 Damage mechanism and comparison with image analysis

For comparison purposes, and to understand more in detel TBC damage mechanism, the
thermal cycling of a limited number of TBC samples were stopped at different fractions of their life
and XCT (Ray Computed Tomography) and/or SEM characterisation was performed.

XCT images are courtesy of Manchester Unityersihere this type of testing was performed.

3.3.1 Comparison withSEM

In the frame of the first experimental campaign, tBenchmark Aamples were stopped after 320

(S10) and 411 (81) cycles, respectively, and their sections wiekestigated by image atysis to
evaluate the cracking near the interface between TBC and bondcoat.

Figure3.13 and Figure3.14 show the whole diametrical sections for the two samples. As expected
from apparent effusivity maps (s€kable3.2) rather thick (>20ywm) and long cracks (>2 mm) in
correspondence of the sample edges can be observed. These cracks start at the interface between
TBC and bondcoat and later move into the TBC. In both samples, some thinner and shorter cracks
(see red circles) in the centralgen can be observed as well. These cracks almost never exceed 500
mm length and 3 nmm thickness. These and other even smaller cracks are responsible for the
thermal diffusivity drop, compared to the theoretical curve, observed for both sampled~{gaees

3.1). It is interesting to observe that the damage level along the section of sarrifleaBpears
slightly greater than that of sampleld, in goocagreement with the different normalised thermal
diffusivity values shown iRigure3.15.

An estimation, by image analysis, of the cracked percentages in the central region of both samples
for cracks thicker than 8m gives rather similar values (41%) for both samples; when the threshold
thickness is set up at 5 um, cracked percentages arelanthlan 6% for both samples, while
considering any thickness the cracked percentage results higher than 60% in good agreement with
estimated cracked percentages of 49% and 36%, respectively by setting up a crack thickness of 4.5

mm in the inversion modehs described in details @hapter2.3.1
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Dot 5E

Figure3.13. SEM secondary electrons images of the wBdlé sample section. The two thick and long cracks at the
samples edges can be observed. Smaller cracks in the central region are also visible.

Figure3.14. SEM secondary electrons images of the wisalmple S section. The two thick and long cracks at the
samples edges can be observed. Smaller cracks in the central region are also visible.
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Figure3.15Normalised thermal diffusivity vs the numhsrcycles for benchmark A samples, with images of cracking
typical of the central region of both sectioned sampld®@nd SL1. The difference in thermal diffusivity values
agrees with the crack features observed by Image analysis.

Another point to e addressed concerns the values of thermal diffusivity that for most of the
freestanding TBC samples tested during the second experimental campaign, which resulted
significantly lower than those expected (s€ggure3.8). A possible explanation for this occurrence

is the presence of several cracks within the TBC layer. In fact, these cracks reduce the thermal
diffusivity of the TBC. For a limited nunthe samples, the freestanding TBC layer was analysed by
SEM images, shown kigure3.16, which confirm the presence of several thick horizontal csank

the TBC aged during the second experimental campaign. These results validate the proposed
hypothesis for the low thermal diffusivity values measured on freestanding TBCs.

Several horizontal, thick and very long cracks can be observed especiallgrid (&) but not in (a)

(b). Only few cracks can be observed in (c) and (d). The presence of these crack pattern qualitatively
justifies the experimental thermal diffusivity values lower than those expected for (d) and (f)

samples and measured for samp(@$, (b) and (c).
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SEM HV:200kV  SEM MAG: 200 x MIRA3 TESCAN SEMHV: 200KV | SEM MAG: 200 x
View field: 1.44 mm Det: BSE 4Q 200 pm View field: 1.44 mm Det: BSE4Q | 200 ym
Date(m/dly): 07/29/15 | RSE Date(m/dly): 07/27/15

(f)

Figure3.16. Backscatteredmages of (a) Benchmark@6 (b) Benchmark A9 (c) Benchmark BL5 and (d) Benchmark
B-17 (e) Selhealing sample Batch-24 and (f) Selhealing Batch 1 6, aged during the (alb) first and (c¢)f) second
experimental campaigns, respectively.

More in details, if the second campaign TBCs freestanding samples are compared, it is possible to
highlight some differences$-{gure3.16). Benchmark Bamples ¢ andd images) have generally few
cracks, much similar to benchmark A sampéeandb images), as opposed to s¢léaling TBC®(

andf images). The seliealing TBCsn fact, have a large number of thin cracks in the lower region,
close to where the bondcoafBC interface was. This higher porosity level near the interface can

potentially increase the compliance of the topcoat, alleviating the driving force for deddiom.
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Metallographic investigation on samples confirms the indications provided bydestiuctive
testing about damage progression and final failure. For almost all the tested TBC samples,
delamination nucleates around 1/3 of sample lifetime all arotimelsample edges, propagating for

few millimetres inside the sample. After the initial growth of this circular ring, small diffuse not
connected cracking some hundreds of microns long and few microns thick can be observed also in
the in the central area aamples. Thus, the final failure of the system occurs in the centre of the
specimen by crack propagation at or in the near vicinity of the bondcoat. Thistage failure

mode consists the s@F £ f SR G g KAGS FI Af dzNB¢ | £ 2the3pecdimterr LI S
centre, as shown ifrigure3.17.

It is worth noting that for most of the samples, the final failure occurred near the interface between
bondcoat and TBC, but for séléaling samples a statistically significant tendency to fail more within

the TBC layer was observed.

White failure

Grey failure

Figure3.17 Typical example of macroscopic failure of benchmark TBC: left piece is the substrate with bondcoat and
some TBC, the right piece is the detached coating with remnants of TGO (in grey)
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3.3.2 Comparison with tomography

XCT (3Ray Computed Tomographig) the only true 3D nowlestructive technique able to image
delamination defects if the correct spatial resolution is adopted, but on the other hand it is time
consuming and cannot be easily applied as a routine inspection technique to real components, as
thermographic techniques have been already successfully employed. Thus, it is essential to compare
and correlate the outcomes from these two techniques to better validate thermographic analyses.
A selected number of SH TBC samples aged at diffénesttons of their life were considered for

this activity as described more in details below.

In all cases, the cracked fraction as estimated by XCT and thermal diffusivity approach in the central
area differ significantly. This occurrence can be direxdlyelated to the different spatial resolution

of each technique. In fact, normalized thermal diffusivity approach enables the detection of
microscopic cracks, much thinner and smaller in width than XCT capability, which can detect only
cracks larger thab pm.

Even when crack thickness is set up to 5 um in the normalized thermal diffusivity data inversion
model (which estimates a cracked fraction from normalized thermal diffusivity data, modeling the
overall cracked fraction as a single crack of a cettaickness), there is still a significant difference

in the two results. A possible explanation could be that while normalized thermal diffusivity
approach detects the cumulative effect of several cracks thinner than 5 um (modelled as a single
thicker crak), XCT is not able to detect them, lowering dramatically the estimation of cracking. On
the other hand, apparent thermal effusivity (with a spatial resolution of 200 um) seems to be
generally in better agreement with XCT measuring cracked fraction.

In the following paragraphs, 8amples will be taken into account for the comparison, with more

details on the results.

3.3.2.1 Sample Batch 86

The apparent thermal effusivity map for this sample after 212 thermal cycles is shéigune3.18.
This sample appears significantly damaged not only all around the edges but even in the central

area. The overall damaged area fraction estimated by the appaf@usivity map results equal to
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50% and 10%, if this estimation is extended to the whole sample surface or limited to the central
area where small diffuse cracking is present, respectively.

On the other hand, the microracking in the central area as mstted by the normalized thermal
diffusivity approach resulted to be 82%.

As also previously pointed out, the thermal diffusivity approach is able to catch the presence of
micro-cracking that cannot be imaged in the apparent effusivity map, and this espthie
significant difference among the two values.

The XCT high resolution map (minimum detectable crack thickness 5 um) shows a delaminated
fraction of about 52% for the whole sample, in good agreement with the apparent effusivity map.
When the region ofnterest is limited to the central area of the sample (defined as 50% of the
diameter) the cracked area fraction resulted equal to 33%, as showigure3.19. These values

are in between those obtained by apparent thermal effusivity maps (where spatial resolution is

lower) and thethermal diffusivity estimation.

(a) (b)
Figure3.18 Sample batch-® (a) apparent thermal effusivity and (b) XCT maps. The TBC spallation that can be
observed in the XCT map occurred during the shipment of the sdirapl RSE to University of Manchester

(@) (b)

Figure3.19. Sample batch-8. (a) Apparent effusivity and (b) XCT maps limited to the central area
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3.3.2.2 Sample Batch-3

The apparent thermal effusivity map for this sample after 279 thermal cycles is shé&igune3.20.

The overall damaged area fraction estimated by the apparent effusivity map results equal to 38%
(overall) and 20% (central area). Miaracking in the central area as estimated by the normdlize
thermal diffusivity approach is 82%.

Also here, as in Samplec36, there is a significant difference between the two thermographic
methods in terms of cracked fraction values.

The XCT high resolution map shows a delaminated fraction of about 29% drageement with

the apparent effusivity map. When the region of interest is limited to the central area of the sample

the cracked area fraction results equal to 13%, as showriginre3.21.

(a) (b)
Figure3.20. Sample batch -5 apparent effusivity maps of (a) the whole surface and (b) limited to the central area of
the sample, respectively.

70



(@) (b)

Figure3.21. Sample batch- XCT maps of (a) the whole surface and (b) limited to the central area of the sample.

3.3.2.3 Sample Batch-8

The apparent thermal effusivity map for this sample after 502 thermal cycles is shéiguire

3.22. The damage in this sample is much bigger than the other samples examined. The overall
damaged area fraction estimated by the apparent effusivity map results equal to 86% considering
the whole sample and 55% in the central area.

Micro-cracking in the central area as estimated by the normalized thermal diffusivity approach is
99% with a crack thickness 6.5 um.

The XCT high resolution map shows a delaminated fraction of about 78%, sufficieaghgement

with the apparent effusivity map. Probably the difference between effusivity and XCT maps is
related to the TBC spallation occurred between XCT and thermographic measurements. When the
region of interest is limited to the sample central arddlwe, the cracked area fraction results

equal to 24.5%, as shownkigure3.23. In this case, the cracked fraction as estimated by XCT and
thermal dffusivity approach in the central area differ significantly notwithstanding an equivalent
crack thickness thicker than 5 um had been necessary to be set up in the normalised thermal
diffusivity model. A possible explanation could be that while therm&lisiiity approach enables

to detect the cumulative effect of several cracks thinner than 5 um (modelled as a single thicker

crack) XCT is not able to detect them.
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Figure3.22. Sample batch 8 (a) apparentffusivity maps of (a) the whole and (b) limited to the central area of the
sample, respectively. Partial TBC spallation around the edges occurred before thermographic inspection.

78 % 245%

Figure3.23. Sample batci-8 (a) XCT maps of (a) the whole and (b) limited to the central area of the sample,
respectively.

3.4 Discussion

Thermographic analysis, combined with XCT and SEM images, highlited the overall behaviour of
both selfhealing and benchmark TBC samplesing thermal cycling testing. Normalized thermal
diffusivity curves show an initial increase of normalized diffusivity for all the samples due to sintering
effects, followed by a decrease due to formation of cracks, up until failure. Then, the valueretkas

for freestanding samples resulted higher than the last one before coating detachment. This general
trend isfollowed by all the sample§here is, though, a difference between the samples thermal
diffusivity, both right before failure and after detagtent. In fact, samples from batch 2 and 4 show

a significantly lower value compared to the others right before final failure.

As for freestanding samples after detachment from substrate, a clearer difference can be
highlighted between some seffealing saples and benchmarks. While all the detached
benchmarks show higher values of thermal diffusivity, closer to the theoretical curve for sound

sintered coatings, batch 1 and 2 sk#aling samples have a much lower value. The reason for such
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occurrence candexplained by the formation of several small cracks inside the TBC, as also pointed
out by SEM backscattered images of samples sections. These small cracks, which are located near
the interface in the region where sdiiealing particles are present, coydérhaps increase coating
compliance, and alleviating the internal stresses caused by thermal expansion mismatch upon
cooling.

Cracked fraction estimated by normalized thermal diffusivity showed the evolution of small diffuse
cracking in the central areaf the samples, and a monotonic trend is observed.

Byobserving also the results of apparent effusivity method, it is possible to have a general picture
of how damage evolves during testing. First, a circular ring delamination starts to form all around
the sample edges inside the TBC, then a relatively slow growth of these edge cracks is observed,
without detectable delamination at the center, while micro cracks detectable by normalized thermal
diffusivity grow in the central area. Then, ag&m cracks entinue growingat the center, becoming
detectable also by apparent effusivity approach, they start to coalesce with edge delaminations,
with a sudden increase of cracked fraction up to final detachment of the coating from substrate.
Final failure occurshithe central area of the sample close to the bondcoat. It has also been noted
that selthealing samples have a statistically significant tendency to fail more within the TBC layer
as opposed to benchmarks.

Based on the results, it has not been possibletiserve a considerable effect of the occurrence of

a proper seklhealing mechanism, and this coyp@rhapsdepend on the sample preparation. For

this reason, the modelling activity shown in the following chapter, which has taken intoraidbeu

effect of selfhealing, hasot been experimentally verifiedNevertheless, the results of batch 1
samples suggest that the sdiéaling approach applied to TBCs is promising. Further refinement of
production parameters will be needed to optimize the productionqass.

A comparison between thermography results and XCT showed good accordance between cracked
fraction estimated by apparergffusivity and by XCT, for the whole surface sample, confirming the

validity of the approach.
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Macroscopigoroperties of TBCs are strictly related to their microstructure, so modelling thermal
properties of TBCs usually revolves around a representation of porosity present inside the material
dispersed in a solid phase [1]. Through the years, several modelsbeavre developed, both
analytical and numerical, with the aim to evaluate thermal properties of TBCs.

Some of these, listed in Chaptérl, have bea applied and adapted to develop a simple heuristic
model for seklhealing TBCs, with the aim of better understanding the outcomes from the

thermographic testing of seliealing TBC samples with the normalized thermal diffusivity approach.

4.1 Examples of modls used for TBCs

4.1.1 Model for TBC sintering

During service, TBCs are exposed to high temperatures for prolonged time, which promotes the
occurrence of sintering phenomena. This leads to several changes in microstructure, e-gplister
bonding, poremorphology, and grain growth, which in turn can raise thermal conductivity.

Recently, a model has be@eveloped by Cipitria et gl29] to predict microstructural changes in
TBCs due to sintering. It is based on the variational principle, i.e. it models the microstructural
evolution of TBCs to optimize the rate of net energgiuction of the sintering phenomena.

It is divided in two domains, which model the microstructure of TBCs produced by plasma spray
techniques: the first represents intaplat porosity (sed-igure4.1), while the second represents
intra-splat microcracks (seeigure4.2). In the first domain, splats are modeled as cylinders of initial
radiusrsoand initial height 2so, with a cylindrical intesplat contact bridge of initial radiuso. Pores

are representd by the empty space between cylindrical splats. Inside each splat, columnar grains
are modeled as hexagonal prisms, of initial sijgeThe number of grains in a single splaiNis
Microstructural evolution of intessplat pores is described by variatiowd the independent
parametersh, zs, rs and Ns, while g and r, can be expressed in terms of the other four. These
independent parameters are associated with grain boundary diffusion, surface diffwsid grain
growth phenomena.The second domain represents irntsplat microcracks, and it is modeled as a
cuboid of widthay, lengthLo, and heightz. Microcracks have initial open dimensions adio(c0)

and are separated by bridges of initial widtk,@ At the center of each brge there is a grain
boundary. The independent parameters associated with microstructural evolution in this case are

andy., and the mechanism involved are grain boundary diffusion and surface diffusion.
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Globular voids, present in the microstructure of OB have also been considered, but are not

affected by sintering phenomena.

After sintering
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Figured.1 Representation of intesplat porosity. Red outline depicts the change of the system after sintgk]ng.
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Figure4.2 Representation of intra@plat porosity. Red outline depicts the change ofdygem after sinteringR9]
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The model then simulates the evolution of the whole system by applying the variational principle to
a function which accounts fohe free energy and the rate of energy dissipation.
This results in an evolution of the system which minimizes the fun¢ti@um of the rate of free

energy reductiorGand the energy dissipation rate:

~ ~ ~
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=
=K
>
g<

Mol B Ao o, BaR B RR 0 a1
Finding the minimum of this function results in:
| 1Y Tt 4.2

Which represents aet of six ordinary differential equations (ODE$).
Using a code developed by Cipitria which solves numerically this set of 6 ODEs, it is possible to
calculatethe microstructural evolution of TBCs given the initial microstructure, aging time and

aging temperature.

4.1.2 Asymmetric model for thermal conductivity of a twqphase composite

One of the most used models to estimate thermal conductivity of an asymmetrical two phase
material (which a thermal barrier coating is, if we consider the zirconia matrix and porosity as a
secondary phase) is a model developed by Bruggeman in 1935 iontextof Effective Medium
Theory[30], which can apply more generally also to other types of field other than heat. This model
considers spheres Wi a conductivitykq dispersed in a continuous matrix of conductivily. The
eqguation which relates the effective thermal conductivitpf the material to the specific thermal

conductivities of its constituents, given a volume fractiai the second phse, i431]:
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More specifically, ih=3, Equation 4.3 becom¢32]:

It is possible to generalize EquatidrBto consider an ellipsoidahaped second phase, obtaining
the general equatiofi33]:

174 o S

ak o k,-k ak+ Q
1_ f =& m 8 d % g(d 8 .5
¢ K+ Ky- Ky Byt Ky ¥ '

Where:
e F(1- 2F)
1- (1- F)cos a - 2F(1- cos a) o
_1- (1- F)coga - 2F(1- cof a) 4
~ 2F(1- cofa)+(1- F)cofa '
F(1- 2F) (1- F)2F

+ 48

h= 1- (1- F)coda - 2F(1- cofa) 2F(l- cofa)+(1- F)coda !

Fis the ellipsoid shape factor, also known as depolarization coefficient along flux dirdgtidhe
depolarization coefficients are quantities defined for ellipsoidal shapes in a uniform field to account
for their interaction with the field, more specifically they are the principal components of the
symmetrical tensor which defines the polarizailiensor. They are three, one for each cartesian
direction, and their sum is always equal to 1. They are related to the shape of the ellipsoids.

h is the angle between the field, in this case the heat flux, and the main ellipsoid axis.
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If a randomorientation of ellipsoids is considered, meaning tieagh =1/3, the Equationst.6, 47

and4.8 becomd31]:

50 4.9
[ — 4.10
— 411
In the particular case of infinitely long cylinders, hawa@/2, EquatiorlL.5 is modified31]:
p Q T 0 N0 Q 412

With these equations, it is possibte calculate the effective thermal conductivity given a pore
morphology. It can be adapted in a code where it receives the microstructural parameters calculated
with the Cipitria model as input, converts in a specific pore morphology and then calculatesath

conductivity change resulting from sintering phenomena.

4.1.3 Two flux analytical model for thermal conductivity

Another model that can be used to estimate thermal conductivity in a TBC is th#éuvanalytical
model developed by Golosnoy et §B4], already described in details i@hapter2.3.1.3 The
difference with the approach followed for lcailating cracked fraction is that the model this time is
used in a direct approach, i.e. no experimental data inversion is performed, and the output of the
model is the effective thermal conductivity, given a single unit cell in which a second phasg (pore
shaped as a cuboid is placed, accounting both for the unidirectional heat flux and the funneled heat

flux around the pore.
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4.2 Model for selthealing TBC thermographic testing

For a better understanding of the outcomes from the thermographic testingetifhealing TBC
samples with the thermal diffusivity approach, a simple heuristic model has been developed using
Matlab. In fact, it is essential to understand if and in what conditions thermographic techniques are
able to give evidence of the séitaling mechanisms occurring in a thermal cycled-ketiling TBC.

The model simulates normalized thermal diffusivity tests, representing the evolution of thermal
diffusivity during aging.

As a preliminary step, the effect of the outer alumina layer (which as&n oxygen barrier) on the
thermal diffusivity of sethealing particles was studied and later, as showrigure4.3, the thermal
diffusivity of elf-healing TBC as a function of thermal cycling has been simulated.

In particular, the following effects have been taken into consideration:

1 Effect of SH particles on the overall thermal diffusivity of the TBC
1 Sintering phenomena taking place durimigh temperature exposure
1 Crack growth during cycling
1 Selfhealing effect of particles
As deposited After some cycling After SH mechanism
SH-TBC SH-TBC SH-TBC

@ 0% @ g0 g @ é V-00 00 @ ¢ L -l B

Metallic substrate Metallic substrate Metallic substrate

Figure4.3. Different TBC conditions simulated by the thermal diffusivity modelling

As thermal cycling progresses, these effects have a different influence on the overall thermal
diffusivity value. When cracks meet skbtaling particles, the latter decrease in number as they
are oxidized and fill the crack, which in turns lowers the timardiffusivity. Also, crack stops and

is decreased in volume, which raises the thermal diffusivity. While these phenomena take place,

sintering phenomena continue raising thermal diffusivity.
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To account for these contributions, the overall scheme efshmulation code consists in the
following parts:

1 Generation of a 1x1x1 mm reference volume.

1 Dispersion of a certain volumetric fraction of ske#faling particles modeled as spheres
(the average size and the size distribution can be set up) within the unit cell, as shown in
Figured.4.

1 Identification of a smaller unit cell (200x200x1@®) with its center free of seliealing
particles. The size of this cell has been defined considering thatesalihg particles are
sprayed only within a TBC layer close to the bondd@®(€ interface, which is 14®%0
pmthick. Furthermore, it has beersaumed that inside this small unit cell only one crack
can nucleate (in the center of the cell) and grow. This assumption can be justified
considering that in several models describing crack nucleation and propagation inside
plasma sprayed TBC, cracks assumed to nucleate in correspondence of bondcoat
roughness peakEg35][40]; thus, the edges of the unit cell are assumed as long as the
typical roughness wavelength, i.e. 20@n for lowpressure plasma sprayed (LPPS)
bondcoat. Furthermore, this size corresponds to the resolution of the appaféurivity
technique, and this can lead to interesting considerations when evaluating more than
one single cell in the model, as better explained later.

1 The code routine is structured in cycles. A single cycle of the code corresponds to a
thermal cycle (dscribed in detail irChapter2.6). At each cycle, the code enables crack
growing and TBC sintering according to two laws, described in more details in the
following paragraphs. Sintering of the séléaling TBC layer is assumed equal to that of
standard benchmark TBC. To simplify the cisalkhealing particle interaction, the unit
cell is divided in four squared swells, where the crack growth is independently
considered for each of the four sutracks, as depicted iigure4.5. When all four sub

cracks have reached the maximum dimension (100% of cracketfradhe code stops.
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Figure4.4. A typical unit cell of the model without (left) and with (right) the initial crack at the center.

Crack is divided into four subacks. Units are in um

1 When any of thfour subcracks crosses a séléaling particle, the particle volume is
assumed to grow by 20% (owing to oxidation of Si in Ma8d the Sievolume increase
compared to the volume of intact particle) and enter inside the crack, reducing its size.
Crackthickness has been considered fixed, and a value can be set up in the r@nge 1
mm, considering that the crack is at an early stage of growth. The shape of each quarter
of crack is supposed to be always squared, thus when the healing agent partiate fills
crack, the crack is reduced in volume, but it maintains its shape. The partially healed
crack is allowed to grow again in the next thermal cycle, but starting from a smaller size.
If the crack is completely filled, there are different possibilitiebeéachosen:

i) no more crack growth occurs

i) crack growth stops for a certain number of thermal cycles

iii) crack starts again to grow from the initial size of 10rf@)

In this study, the crack has been assumed to stop for a certain number of thermal
cycleswhich is not known a priori, and is one of the inputs of the model. Then it starts
again to grow from its initial size.

1 Thermal conductivity of each stdell is calculated considering the number of gedéling
particles that have been emptied, and the listintact particles, by applying the
asymmetrical Bruggeman mod@&0].

The effect of the crack on thermal conductivity of each-salbis estimated by using the

two-flux analytical model proposed by Golosnoy €i3dl]. The material filling the crack,
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which is silica, has a thermal condivity (1.3¢ 1.5 Wm! K1) close to that of TBC matrix,
compared to the order of magnitude difference between TBC and M&®#5 WmK?!
vs. 1.7¢ 2.5 Wm' K?). For this reason, the material filling the crack has been considered
the same as TBC matrior what concerns thermal conductivity calculations.

1 Thermal conductivity of the whole sdikaling layer is estimated cycle by cycle by an in
parallel model of the thermal conductivities of the four scills.

1 Thermal conductivity of the whole TBCeistimated by an irseries model of the self
healing TBC inside the unit cell and the TBC above it withodhasaling particles.

1 Thermal diffusivity of the whole TBC is then estimated from thermal conductivity by
computing the density and specific heat thfe whole TBC by applying the rule of
mixtures.

1 The final outcome of the simulation code is thermal diffusivity vs. thermal cycles.

All the different steps are discussed more in detalblae

160 780

Figure4.5. A 3D representation of the unit cell used in the model, with different size of SH particles and fonaickab

propagating independentlgepresented as colored squarédnits are in um.
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Figure4.6. A sketh of the unit cell with a crack in the center and the related heat conduction model as proposed by

Golosnoy et al.

Figured.7. A sketch of the TBC with cracks and-keHling particles in the layer atehinterface between bondcoat
and TBC. Aabove the shaling layer, the standard yttria partially stabilized zirconia (YPSZ) TBC.

4.2.1 Effectof selfhealing particles on the overall thermal diffusivity of the TBC
This topic is divided into two parts: first, the study of the effect of the outer layer on a single self

healing particle, and later the effect of a dispersion of-kelling particles into the TBC matrix.

4.2.1.1 Effectof the outer layer on the thermal conclivity of a single seliealing particle.
The modelling approach, depictedhigure4.8, is to describe the two layers s¢léaling spheroidal

particle as a particle with nersotropic effective thermal conductivity.
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