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ABSTRACT

EXPERIMENTAL INVESTIGATION OF THE FAILUREOF AIR PLASMA
SPRAYED THERMAL BARRIER COATINGS

K¢t ¢koj |l u, Bakar
M.S., Department of Aerospace Engineering

SupervisorAssoc Pr of . Dr . Demirkan ¢°ke
Decembef015 111 pages

In this thesis, mexperimental method is developed to determine the interfacial fracture
toughness of air plasma sprayed thernaalibr coatingsThe thesiss composef

three major parts. In the first partanoindentations used to measure the elastic
modulus and hardness of the APS TBC specimens composed of three magr layer
Inconel 718 substrate, NiCrAlY based metallic bond coat (BC) and YSZ based ceramic
top coat (TC) Microscopy, XRD and EDS are used for metallurgateracterization

In the second part, a model material system of bonded AI/PMMA composite beam is
used to develop a-@gt bending test to measure the critical interfacial energy release
rate as proposed by Charalambides et al. in conjunction with digagkirrorrelation
(DIC) method. In the third part, the properties measured in the first part and the
experimental method developed in the second part are usagryoout4-pt micro-
bending test on an APS TBC systento determine interface toughneks three
different coating thicknesses. The failur@rogressis recorded in-situ using a
microscopen conjunction witha DIC system.Failure mechanism is comprised of
nucleation and i@wth of vertical cracks in theTC followed by interfacialcrack
growth The criticalinterfacialenergy release ratenseasured and fsund to increase

with thickness. The developed experimental mettandbeusedby jet turbineengine

companies to develggiandarized quality assessment procedsifer coatings

KEYWORDS: Thermal barrier coatingnergy release ratdigital image correlation,

nanoindentationinterfacial toughness
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CHAPTER 1

INTRODUCTION

In the first part of this chapter, the sequence of evbatencourage the industry focus

on thermal barrier coatingsreanalyzed in parallel with a brief history of aviation.
Next, cooling methods used in propulsion systems are depicted and as a pas,of the
the anatomy of thermal barrier coatings are examinédter, failure modes of a
thermal barrier coating are dissesl.Then the fundamentals of failure are correlated
with the underlying problemfiindefinite Durability and Lack of Quantifiable
Evaluation of Thermal Barrier CoatingsAt the end of this chapter, literature review

of the relatedto experimentaktudies are presentad a logical orderSome of the
literaturerelated ofexperiments and methodologye presentednderther related

chaptes.

1.1.Modern Challenge: Green Aircraft

Mankind has dreandf flying since the beginning of time. Unfortunately, they had to
wait until the end of 19 century to see this lucid dream became real. In the days of
the first flight of man, flying was nothing batbalance between the weight and lift.
The first 50 yearsverespent to set the fundamentals of aeronautics and to invent new
ways and vehicles for flyingfhe nvention of propulsion systems altered the way of
thinking, it overhaled the materials that aircraftade of. Replacing wood and textile
with sheet metl changed the concepts and limits of flyiRtying was no longer a rich
menhobby, but it was a new industryaviation Each innovation in aviation claimed
better engineering and thereby better conditions of flight. After 50 years of research
and the boming decade of aviation the 1930s, flying formed something that we are
very familiar with today. The sound barrier was penetratedlheavy lift airplanes

were built. In the pursuit of best aircraft, countless experimental researches were
1



conducted orthe aerodynamics, propulsion, and material science. Mankind increased
its experience as a practitioner and engineer and built létteaft

In the first 100 years, the beseantnothing more than a show of power with speed,
dimension and so omMAs a esult of the oil crisis in the 1970s and 1990fuel
consumption ofircraftbecome a significant factor in both military and commercial
aviation[44, 79. Engineers had spent more than 30 years to depelprfulaircraft,

but they were in danger to becemonefficient and noreconomica[55]. Theideaof
overdosing aircraft by fuel consumptijust to gain more power, space, range or speed
ended dramaticallyThe secondcenturyof flight will be dominatedoy whom thinks
more d performanceefficiencyand greentogether Indeedtoday,the best flight will

be the cheapest flight while claimirtge bestboth onconditions and timg51].
However,theferocious demandn power remains. Thus, engineering needs more on
aerodynamics, material and propulsioot just to buildmore powerful and greener
aircraft but to keep going innovativd oday, developmendf a green aircrafthat
consumes less fuel while generates more power everg dag ultimate challenge in

engineering

1.2. Propulsion and Green Aircraft

In the concern of propulsion science, conceptually, it is very simple to harvest more
power and more efficiendyom an engineincrease the inlet air, increase the burning
quality and exploit the exhaust enerdg¥6]. Practically, increasing the burning
tempeature of fuel wouldncrease théurning quality and create axtra exhaust
energy br turbine. Therefore, increasing thel burning temperature woulsbthgive

more power per unit fuel and decrease the fuel consumption of an afcoraft
specified powerHowever, exposing combustion chamber and turbine to elevated
temperatures arouss additional cooling need in these stagepartsstart working
above theirmelting temperature$68]. Today, a typical combustion chamber is
exposedo 1400°C during the operation that is far more than the melting temperature

of structural parts.

Theidea ofthermal barrier coatings basically coatingtructural parts by a ceramic
powder toinsulate the tsuctural parts from hot air arehsure themot to melt during
operation. Thermal barrier coatings impact the propuls@enseand shifted the

limits on allowable gagemperatures in the combustion chamibeg.[1.2.]. At that
2



point, thermal barrier coatings occupy a significant space in the dieaviation to
accomplish the historical motivationgreen aircraft Ceramic coatings are
unpredictable in service because of their brittlenBssthermore, applications are
completely based on trial and error experience and-sdieice part investigmns.
Eventually, the mechanical durability of a thermal barrier coating become a primary
issue in design. Today, there is still a lack of evaluation of thermal barrier coatings via
testing before flightAs a result,lie desire of costfficient, powerflland green flight

leads us to develop new methods to evaluate TBC systems.
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Figurel.21 Effect of cooling methods in an aeengine parts in the sense of
allowable temperaturi@8].

1.3. Cooling Methods

The primary goal of a green aircraft is to generate more power with less fuel.
Increasing the burning quality diefuel-air mixture is the key factdor both power

and efficiencyconcerns Therefore, fuel air mixture Bao be burned at maximum

temperaturgossible in the combustion chaerb

Today, a typical combustiachamber is exposed to 1480 during the operation that

is far more than the melting temperature of structural parts. Any metal or alloy

3



available in the world camot resist such temperatweavithout any additional cooling
system. Thus, integrated cooling &yss are essential to susttie structural integrity
of an engine. There are three fundamental cooling methods for hot stages of an engine:

internal cooling holes, film coolingndthemal barrier coatings.
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Figurel.31 (a) A typical turbojet engine structure, @®)TBC coated turbine blade
before operation, (c) Cutiew of a TBC coated turbine blade after operation, (d)

Cooling methodsn turbine blade in operation
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1.3.1. Internal Cooling Holes

Internal cooling holes cosldown the part from inside bymsll cooling holes
embedded insidevhich is also illustrated in Fig. 1.3.1(cyhere is aninternally
circulating air which is relatively coer than the ambient temperature of the
combustion chamber. This air interndtbyversthe overalcomponehtemperature but
could not affect the surface temperature. Internal cooling holes are very efficient and

sustainable but limited to overall temperat of parts.

1.3.2. Film Cooling

Film cooling is an innovative cooling methedich is mostly used in aerodynamic
parts.A set of microholesin Fig. 1.3.1 (b)aredrilled on partsat a certain angléy
using aprecision lasebeam drilling machine. Thedwles provide an air leakge
sourcedrom theinternal cooling holes. The leaked gats tirough the surface of the
part andcreates a cool air stream on the pattis phenomengarovidesboth extra
cooling a0 the surfacewhere internal cooling is not sufficie and boostthe

aerodynamic efficiency of the aerodynamic part.

1.3.3. Thermal Barrier Coatings

Thermal barrier coatings (TBCgre passive cooling systems which work as an
insulationlayer between hotir and structural parffBCs contairfour major layers
andillustrated in Fig. 1.3.1 (d a metallic substrate, a metallic bond coat (BC), a
ceramic top coat (TC) and a thermally grown oxide (TGO) layer lying at the TC/BC

interface

Most of theengine parts anmade of a nickebased superallasince they havegrfect
creep properties, excellent higiemperature resistance and quite good elastic
properties.First step is to coat thaickelbased superallopartsby a nicketbased
powder NICrAlY bond coat,using air-plasma spraying (APS) technique. The
application of NiCrAlY undercoat both increasbe adhesion of ceramic top coat and
protecs the nicketbased superalloy substrate from extreme environmental factors.
Second,an insulating ceramid¢op coatcan be manufactred by two different
technique air plasma spraying (APS) and electron beam physical vapor deposition
(EB-PVD). Yttrium stabilized zirconia (YSZ) ceramis usedn bothmanufactiring
techniquebutboth manufacturing techniques enddifferent appearance dhermal

properties.Hot ambient temperature in operation and manufacturing process increase
5



the diffusion of alurmum in the BCand permeability of oxygen througleramicTC.
As a resultof this, the ambient oxygen penetrates throughTleandoxidizes the
diffusedaluminum inthe BC andorm an &umina (AkQOs) layerbetween top coat and

bond coat

1.3.3.1. Air Plasma Sprayed TBCs

Thermal spraying processentain four subsystes [82]: composition of the
enveloping atmosphere, flame or plasma stream, substraterial and powder
material. Air plasma spraying or atmospheric plasma spraying (APS) is a thermal
spraying techniquevhich processed undeatmospheric conditions usingpasma
stream. A typical APS applicatiors illustratedin Fig.1.3.2 (a). A plasna gun
structured bya cathode bar and an anode shell covering gtrédam of plasma gas
pushed between theo oppositechargego form the plasmatream Then,the powder

is injectedinside the plasmastream and pushed through the surface. The powder
particles get melt in the plasma stream and acceleratggth the surfacdhey splash

the surface and cool down instantaneously. Powder particles piled up one on another
and formathicknesf coating Each pile of cooled powdgarticleis calledassplat

APS technique is a simple application that used in many industries for thermal,

corrosion and wear protection of the substrate.

A typical structure has shown in Fig312 (b). APS TBCs havéwo major features.
First, APS TBCs are randomly structured coatings that result flaws appeared inside of
the coating layer (porositynicro-crack9. Second, APS TBCs has wrinkled TC/BC

interfacewhich also increases the adhesion of TTCBC.

Powder injection -

Coatin E2 2, ol > .
g Top-Coat

Plasma Gas

= M‘%ww" BB

Spray stream of molten particles

Figurel.3.2 (a) Components catypical air plasma spraying (APS) application

showing (b) a typical resultant coating structure from its esestion.



1.3.3.2. Electron Beam Physical Vapor Deposition TBCs

Electron beam physical vapor depositicn basedon physical vapor deposition
techniquewnhichis illustrated in Fig. 1.3.3(a)fhere is an anode electrode to generate
an electron beamnder high vacuum targeted to the ingot supplement of the ceramic.
The high energyis transmitted through electron beam and vaporizes the ingot
supplement of the coating. The specimen is showered by the vapor of the coating
material to form a thicknes3his method is an energy consuming and a very slow
technique to form a @ting. However, different from any other coating methods, a

featherlike structure can be achieveg EB-PVD process.

A typical EB-PVD TBC structureis presentedn Fig. 1.3.3 (b).The featherlike
structure has a more compact and free of largegaps sucture. The thermal
insulation performance is way better than any coating because of its microporous
structure.Howeverthe resultant interfaces are very smooth whea @¢omparedo

APS TBCs and as a result of this, the interfacial crack propagat@sigmificant
problem in the industry. The formed ceramic layer byl hasa smoothinterface

and the bond coat metallurgy had to innovate to satisfy the superior need$vTEB

processes top coat.
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Figurel.3.3 (a) Components of a typical electrbeamphysicalvapor deposition
(EB-PVD) application showing (b) a typical resultant coating structure from its

crosssection.



1.4.Failure of Thermal Barrier Coatings

Thermal barrier coatgs are brittle ceramic coatings deposited on ductile substrates
They operatender extreme conditiongherecreep thermal fatigue and sintering may
becane critical. Failure of TBCs is a major problem for the insulated parts and the
system. Mechanicahflure of TBCs arecategorized undéy fundamental mechanisms
[25]; alumnum depletion,nickel diffusionthrough TGQ foreign object damage,

planar interface witimperfectionsandundulating/wrinkled interface.
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Figurel.4.1 Categories of mechanical failure of TB[2%].

1 Aluminum depletion and nickel diffusion based faikiaee chemically driven
failure mechanisms. Both chemical mechanisms are fundamentally weakening
the TC/BC interface by caing interface crackinglhe elevated temperature
in the combustion chamber increasiéfusibility and reactivity of atoms and

molecules. This cause a continuous modification of the material content and



property of the interface. Formation of more britiles at the interface by the
chemical reactiongailure of theinterface is inevitable.

TBCs canbe damagedrom particle or objectsravelingthrough the engine.
These type of damagese evaluatednder foreign object damage (FOD). For
instance enginesucls the dust in the ambient and burn the dust in the
combustion chamber while working. The melted dust particles stick on the
turbine bladesr combustion chamber parts and chip off small pieces from the
ceramic coating and bare metallic compaseCorrosive effectscausea
substantial amount of coating loss during operation by corrosion.

Air plasma sprayed TBCs have undulating/wrinkled interfaces. Typical failure
mechanisms in APS TBCare illustratedin Fig. 1.4.2(a). There are four
fundamenal submechanisms depicted in the following figure. As a result of
the manufacturing technique, there are peaks and valleys at the TC/BC
interface. Because of the thermal mismatches between the materials of TGO,
BC and TC, peaks and valley are under-fgesion and pr&ompression
stresses, respectively. The femsion at peaks cause an opening stress at
BC/TGO (I) and TGO/TC (ll) interfaces. As a matter of fact, most of the
interface failure occur at the ptensioned (peaks) parts of the interface. The
interface cracks can propagate and pass through the BC or TC and lead to
ultimate failure of the coating (lIl). Moreover, porosities in TC and BC may
act like a precrack and propagate through the coating (V).

Electron beam physical vapor deposition TBCs have planar interfaces. A
typical failure of EBPVD TBC interfaceis illustrated in Fig. 1.4.2.
Imperfectiors, such as porosities, local wrinkles, foracks at the interfaces
mostlydrive thefailure. The smodtinterface of EBPVD TBCsis vulnerable

to any opening stresses. Thermal mismatches between TC and BC during the
cyclic heating and cooling may initiate an opening at the interface (I). TC/BC
interface of EBPVD TBCs camat even limited imperfections cannot be
tolerated. A tiny interface porosity can initiate a crack (ll, 1ll) and cause
spallation of TBC. Different from APS TBCs, BHBVD TBCs fail because of

a perfect interface failure at the TC/BC interface.



e
APS Top-Coat EB-PVD Top-Coat

@ (b)

Figurel.4.2 (a) Failure of an APS TBCs by (I) BC/TGO interface opening crack (Il)
TC/TGO interface opening crack (I1l) TC opening crack (IV) Crack propagation
through TC (b) Failure of E®VD TBCs by (I) BC/TGO interfacepening crack

(I TC/TGO interface cracking (IIl) Interface porosity opening crgtq.

1.5. Studies onExperimental Evaluation of Thermal Barrier Coatings

1.5.1. Historical Background
South African Airlineshad firstused thermal barrier coatings to extend theiserof
their engine turbines in late 197[84]. This dtempt made a huge differencetire
service life of engine parts attie enginendustry had to adapt this technology to their
engines.After fuel consumption had become a major problem for airliners, TBCs
became more populathe unit fuel consumption for a specified thrs$iould be
reducel. This meansthat aero engine manufactureskould increase the burning
guality and as a naturals@t increase the turbine inlet temperatUilge extensive use
of TBCs on engine parts arise new problems to qualgs in the manner of fracture
and failure In more than 30 years of experience on TBCs, industry still suffer from
the lack of evaluationf TBCs by quantifiable methods and lack of fracture mechanics
based life prediction mode[48, 51, 81]. There are numerous studiggt focus on
experimental methods and analytic models to saltiemate problemofii ndef i ni t e
durability of thermal barrer coating® .
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1.5.2. Experimental Studieson TBCs
In this part relevant experimental studies were presented from general to specific order.

In the papei Measur ement of the adhesion of a
i nd e ntrdryiandriHatchinsof21] followed a testing procedure to measure an
interface toughness of a diameodated titanium allp where diamond acts dke

brittle coating anditanium acts as a ductile substrate. More important than their
definite results of interface toughness under particular conditions, they illdsrate
listeda series of adhesion measurement technigudstail They also discussdtle
characteristics of each test method. They alade clear and objective juggents on

both advantages and disadvantages of each testing method.

In Fig. 1.5.1, there are 8 different possible testing methods to measure the adhesion
quality of various combinations of coating and substkatequantitative methods
These tests are examtheccording to their limitations ospecimengeometry,

dominant mechanisms leading to delamination etc.

First, the film adhesion can be measured by lifting the coating by a tape glued on the
coating. This application can only be used for flexible coatiogssery brittle
interfaces. Second, a scratch test can be conducted as illustrated in the following figure.
Moreover, an improved version of this test also develdpedKagawa and Evan
devel oped a i blavhith istareismproved vensior theOscratch test.

They measured the fracture toughness of TC/BC interface ¢?\AB TBCs. Third

test is pulling the coating layer perpendicular to its surface with the help of a rod
adhered on itThe adhesion quality can be measured by measuring thetdiaof the

ripped part of the coatingnd the applied loadvoreover, his testhas already been
using in the industryo qualify the APS productions. The first three tests are based on
the impact size of the load and applied load on rod or the tape dhias the
delamination. These methods are more suitable to measure the adhesion of very brittle
and weak interfaces such as polymeric or dissimilar material interfaces. In addition to
that, these methods can only supply consistent data if the testidgi@es and
material couple was set. Therefore, these methods mostly used by the industry to
qualify thar regular production. In terms of research studies, these testing methods
require some technical improvements on measurements as well as the defintiien

mechanism leads tbe failure ad.iu et al.[43] did in their study.
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measurement

characteristic limitations on  of interface
test aspect for film  specimen fracture sign of
technique  schematic delamination  geometry toughness  filmstress  film  substrate comments
tensile i X X ol
1 tape load tensile force none no TIC ductile ductile/ analysis is
8 brittle  complex;
adhesive + film not for
tape / brittle
I films
substrate
2 scratch m"'"“:’(;adv sliding none no T/C  ductile ductile/ analysis is
S penetrator brittle  complex;
film not for
hardcoatings
substrate
3 pull tensile tensile force none no TIC ductile ductile/ strength
load brittle measurement
adhesive film
substrate
4 cut residual film none yes T ductile/ ductile/ precracking
induced film  stress brittle  brittle  difficult for
“blister” hardcoatings;
2 Q limited range
of interface
substrate toughness
S four-point select mixed- yes yes TIC ductile ductile/ pre-cracking
bending mode loading (special brittle  difficult;
pre-crack film geometry) involved
specimen
( C ) preparation
substrate
6 blister film film yes yes T ductile ductile/ complex
& pressurization (special brittle  specimen
geometry) preparation
and
pre-cracking
A applied pressure
etched substrate
7 inden- [compressive substrate yes yes TIC ductile/ ductile/ requires
tation— load plasticity (requires brittle  brittle smooth
sharp film  (induced smooth surface; for
penetrator ¥ residual interface) limited
: stress) interface
toughness
substrate
8 inden- comlp re;swe substrate none yes C brittle  ductile for ductile
tation—- 04 plasticity substrates
blunt film  (induced
penctrator residual
o stress)
|substrate

Figurel.5.1 A set of adhesion measurement techniques analyzing each test method
by their characteristics, limitations, capabilities, material couples and loading
conditions where C and T are compressive and tensile, respegitely
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Measurement of interface frackutoughness is possible for the rest of the methods
listed in Rg. 1.5.1 unlike methods-3 Therefore, rest of the methods were used
examinedn academic studies on TB(22, 23, 43, 73, 78, 882]

One of the most comprehensive study on-point bering was conducted by Zhou

et al [43] in 2002.Zhou etal. conducted tensiland fourpoint bending tests on APS
TBCs to characterize and compare the fracture behavior of APS TBC systems with
different properties (bond coat roughness, substhétknessand material etc). In

both tests the fracture behavior of each specimen is found to be similar. When the
substratewas plastically deformedcracks initiated at the top of the coating and
propagated through the thickness up to the bond coatfanterface where cracks
either kinked and ran through or passed the TC/Bfterface and kinked at the
substrate/bond coat interface. Gross delaminatamurred when multiple interfacial
cracks coalescedZhou et al [43] used two analytic fracture moddis calculate
interfacial fracture toughnesblu & Evan® $1988) shear lag model (whids only
usedf or uni axi al tensile testing) and Suo
model. Zhou et al. [43] mainly aimed tocalculate interfacial toughness from
experimental data. They came to a clear conclusion that bond coat roughness positively

affects the cohesion betwetap coat and bond coat.

Indentation is another testing method that catriggepotential. Vasinonta et dI73]
published a statef-the-artarticle in 2002 which proposes a complete methodology to

measure interface toughness in-EBD TBCs.

1.6. Scope of theStudy

Thermal barrier coatings are insulating ceramic coatings that mechanically and
thermally protects the base material from hot gadsesn aeroengine, the most
requiredocations of TBCs are where the temperature and its stiactructural parts

are severe. From this perspective, TBCs are directly correlated with the fuel
efficiency, performance and service life of the engine. Laickacture models and
standard testing methods on TBCs force the industry tonase experience based
techniques in desigrEngine industry in Turkey has no decisive criteria or testing
procedure to develop new TBC systeifisis study is focusing odevelopment of a
quantifiablemethod to measure fracture toughness of thermal barrier co&iaigang

the ability to measure fracture properties of TBGs improve the understanlg of
13



thermal barrier coatings. This woulé a significant step throughe accomplishment
of the ultimate aimgreenaircraft. Hopefully, further TBQresearchewill lead more
durable propulsion systems by ensuring their performance in maximumdssibie

in the future.

This stug is organized under foumajor chaptersn chapter 1, first the fundamental
motivation of this study is introduced which is the development of a better aircraft with
better fuel efficiencyfi g r e e n  &hen, cantablutiordaf the propulsion science

to the ultimate motivation is discussed. Frtme propulsion point of view, the fuel
efficiency was directly correlated with the cooling systems and by means that with
thermal barrier coatings. Then the available thermal barrier coating systems were
introduced and failure of TBCs were discussed. Brighe experimental studies in

the literature is surveyed. In chapter 2, the metallurgical and mechanical
characterization of TBC specimens were @onMethods used during the
characterization procedure was given in conjunction with their literature siivety

the specimen set was introduced and metallurgical characterization were done by
microscopy, EDS and XRD. Then, mechanical characterization was done by
nanoindentation. At each layarharacteristicelastic modulus and hardnegalues

were measurefilom large data setssing appropriate statistical approaches. In chapter

3, the method used in chapter 4 for the measurement of the fracture properties of TBCs
was developed. A four point bending test procedure was introduced with the theory
and formulaunderneath. APMMA composite beam is used to model a similar
material couple and used three different adhesives to demonstrate different interface
properties. In chapter 4, the developed four pointiteshe previous chaptexas
applied on TBC specimenBrom these tests, two major results were achieved. First,
the fracture mechanism for three different coating thicknesses can be visualized by

DIC. Second, the critical energy release rate of the TC/BC interface can be measured.

14



CHAPTER 2

METALLURGICAL AND MECHANICAL CHARACTERIZATION OF
THERMAL BARRIER COATING SPECIMENS

In this chapter,TBC specimens wereharacterizedy analyzing the microstructure
and measuringhe elastic modulus and hardnesfseach layefrom the crosssection

of mounted specimenbefore any coupottest First of all, specimen preparation
methodalogy and imaging techniques used in microstructural analysis were
introduced. Thepbenchmark testenergy dispersive spectroscopy (EDS) anrth)X
diffractometer (XRD) usetb analyze powder forms of top coat and bond coat were
interpretedfor nonmetallurgists After the metallurgical methodkadbeencovered,
details of nanoindentation testinged to measure elastic modulus and hardness
introduced in conjunction witktatistical data analysis methods. Finathechanical

properties of the layers measured by nanoindentatese presented.
2.1. Methodology

2.1.1. Specimen Preparation andviicroscopy

Failure mechanisms of TBCs aattached to the microstructucé TBC layersas
discussed in Chapter. Microstructural characteristics ofBC specimens (Fig.
2.1.1(a)) areinterpreted fromcrosssectioral microscopyof cut (Fig. 2.1.1{b)) and
mounted TBC speciman(Fig. 2.1.{c)).
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Figure2.11 (a) Assprayed TBC coupon (b) Cut specimen from the esession (c)
Epoxy mounted TBC specimen

Surface qualityof mountedspecimenss very essentiaboth foroptical and electron
microscopiesVisual improvement betweeun-polishedsurface Fig. 2.1.26)) and
polishedsurface Fig. 2.12(b)) microscopy demonstrates thentribution ofsurface
quality to thestudy Surfacedefects like in the Fig. 2.1.(8), may cover valuable
information and changghe vital remarksfor the stug. Therefore,samein Fig.
2.12(b), flattened, mirroflike polished, norscratch surfacesre postulated for

microstructural analysis.

Figure2.12 Typical optical microscopy (50X) from the cressction of epoxy

mounted TBC specimens to qualify surfaces after (a) cutting and (b) grinding and
polishing.

There are certain rules and standards $pecimen preparatiojl, 3], and
microstructuralanalysis of materialget, the procedure igery dependent to series of
subjectiveobservations andeductionsTherefore, tandardizedpecimen preparation
takes an importanplaceto achieve consistent results from microscopy.
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In this study, surface preparation is essentialbi@th microstructural aalysis and
nanoindentationests to measure elastic modulus and hardness and for after failure
analysiscoveredin Chapter 4 Crosssectional surface preparation of dissimilar
layered materials is quite different from surface preparation of monolithigiadate
Therefore, athe very beginning of thistudy, the following standardizedspecimen
preparation procedumgaspreparedo avoid inconsistency in the analysis of different

specimen sets

[.  Cutting
TBC specimens were cut usingetkon Micracut 151 and Micracut 201
precision cutting machine®iamond saw cuttewas operated undavater
basedantirust bathenot to damage the brittle coatihayerswhile cutting.
Specimes cut at 20002500 rpmsaw speed iMicracut 201 machine anat
900 rpmsaw speedn Micracut 151. Feed rate of the specimenbith
machiness arounds0-100em/min.

[I.  Mounting
Two component goxy resin wasised to mount the specimens because of its
low shrinkage rate andhortroom temperatureuring period [1]. Metkon
Vacumetvacuum cabinvas usd to mount the specimens while anbble
removalprocedure was followeit avoid air bubbles in the specimfrersonal
communication with |. Karagléd2].

lll.  Grinding& Polishing
Grinding and polishingvas donéby Metkon Forcimat&andPresi Minitec 23
polishing machinesGrinding and polishing procedure Table 1for TBC
specimensvas developednd standardizedith the collaboration of Metkon

R&D Laboratory[personal communication with I. Karaali, METKQHN].
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Table2.11 Grinding and polishing steps of the standardized esestional surface
preparation procedure for TBC speciméritowed after cutting and mounting.

Step | Vet | Coolant/ Sattion | B25¢ Speed “Eorce’ | Duretion
1 400 Grid SiC Water 250 rpm 30N 2 min
2 800 Grid SiC Water 200 rpm 25N 2 min
3 1200 GridSiC Water 200 rpm 25N 2 min
4 Metapo B 3 Om Dia 150rpm 30N 3 min
5 Metapo V 1 Om Di a 150rpm 20N 3 min
6 Collo Colloidal Silica 150 rpm 15N 1 min
7 Fedo 1N 0,25 Om | 150rpm 15N 2 min

Opticalmicroscopy was used tpalify the surfaces after preparatitmmeasurd BC
layer thicknesses and to analytee microstructure of layers and interfac&ptical
microscopy was practiced on Atz HDS-5800 digital automated imaging systein
the Mechanics of Materials Laboratory in METU Research Center for Wind Energy

Scanning electron microscopy wased tomeasure particle sizeto define particle
sha and structure of BC and TC powde8&M was practiced 080 kV FEI 430
nanaescanning electron microscopethe Department of Metallurgical and Materials
Science and QUANTA 400feld emissionSEM inthe Central Laboratory at Middle
East Technical Universitylso, energy dispersive Xay spectroscopy feature of both

machines were used to run an elemental analy8S£and TC powders.

2.1.2. X-ray Diffraction Crystallography

X-ray diffraction (XRD) crystallography is a common technique to study the
crystaline structure of materials. Mamyaterials are made of crystals structured by a
lattice of atoms. The crystalline structure cannot be seen by optical microscopy since
visible light cannot penetratdairough a material. Xays are small enough to pass
through surface of a material. In XRD crystallography, a beammafyX sends to the
material at certain angles, asrXys hit the material it diffracts from the crystal plane

at a certain angle. The dag of diffraction are recorded, and the crystal planes can be

calculated from the diffraction angles.
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In this study, XRD crystallography is used to study the crystal structure of TC and BC
powders. The crystal structure of TC powder would interpret #iglization of the

ceramic.

2.1.3. Energy Dispersive XRay Spectroscopy

Energy dispersive Xay spectroscop(EDX or EDS) isan elemental analysimsethod
that relieson energydissipatedrom thematterunderX-ray excitation[27]. Material
content in the specimenteracts with theX-ray beamand dissipate someof the
energy as photons. A siliconbased sensor collects all dissipated photand
measures their energy in mV scalée reliability of the collected data is dependent
to the sensitivity of energy sensor. Acquired energy data istogggherate an energy
spectrumEach element has characteristic energy levels in the energy spdetais.

at certain valuet the energy spectrum indicate particular elemerterefore the
elemental content and percentaggsmaterial can beobtainedfrom the energy

spectrum.

In this study, EDSs used tacharacterize and map elementahtent ofBC and TC

powders.

2.1.4. Nanoindentation

Johan August Brineltleveloped first indentatiotechniquein 1900to measurehe
hardnessf steelby correlatingnaximumappliedload, penetratiodepthandresultant
indent size. Since thenindentationgained acceptancasan easy tamplementnon
destructivein-situ material testing techniqueAs thin films and coatings were
developedin-situ nondestructivetestingbecane a necessity fothese materialand
componentsThereforeresearchers focused on finding new ways to measure valuable

material properties by indentation.

Nanoindentation is a pioneering material testing conttegitpromisesneasurement

of material properties by probing materials tie nanemicro scales.With this
technique elastic modulus and hardness of materials can be measured by monitoring
the appliel loadat the loading scale ofiN and depth of penetratia@h the length scale

of nm. Moreover, wittadvanced sensing capabilitiesaihoindentemanoindentation

is used to generate 3D imaginfsurfacefeatures and resultant indents which can be

further used to determine fracture toughness and plastic propefriesterials.
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2.1.4.1. Studies oninstrumented Indentation

Instrumented indentatiae a method based a@ontinuous measurements of depth and
load applied on a surfaggobed byan indenter tip.fAstrumented indentation studies
underlaythe classical solutions @bntactproblems [9, 3L Hertzd s  s[31]wfithe
contact problem is particularly importaintthe manner of indentation.eHlefined a

reduced modulufl5] or contact modulus between two elastic bedigen by

P pAf phh.

wheresubscripts ands denotethe indenter and the substratespectively.

Tabor [65] in 1948 conducted instrumented indentation testsmetalsby using
conicalindenters This studystated four considerable observationstosm mechanics

of indentatiorbeyond the loadlisplacement curyellustrated in Fig2.1.3

1. The existence of plasticity during indentation was proven for both camcihal
spherical indenters from tlelapeadifferenceof the resultant inderghape and
the indenter shape

2. Therebound ofthe indengd surfaceduring unloadingwas observedvhile
keeping theontact impressiothe same

3. Plasticity effecs werediminished byloading and unloading theetalsurface
severakimes.

4. Therelationship between applied load and penetration depth can be explained

byHert z6s reduced modulus in Eq. 2.1.
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Figure2.13 (a) Crosssectional viewof the indentation profile of a conical indenter
lying in the indent formed in duralumimhich is illustrated in (c) showing the
contact depth y, measured depth Y amdGrosssectionaliew of a resultant

indentation impressioaf aconical indentem a solid polymer which is illustrated in

(d) showing the rebound of the ind¢&5].

As a result of thesebservatios, Tabor[65] statedthat elastic modulus and the area
of the indent can be related to the unloading curve of the iatilemtand the total
amount of the rebound of the indented surf&tilwell [58] repeated the same study

for spherical indenters in 1961.

In the1970s, tudies covered by Bulychev, Alekhin, Shorshorov anevookers[6, 7,

57, 66]focusedon measuring aktic modulus fromaload-displacement curviey using

an instrumented micrehardness machin&he typical loading and unloading curve
depicted in Fig. 2.1(4) was analyzed baden the elastic contact models. As a result,
the very first unloadingortion of datavas correlated with the reduced modulus of
two bodiegEq. 2.1.1)
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3 Re %J/I' (2.12)

Theusabilityof Eq. 2.1.2was verified by Buylchev et dor spherical and cylindrical
indents and verified by Phar@liver and Brotzen[50] for any indenterthatis a
revolution of a smooth functiorMoreover, Buylchewt al. arguedthat pyramidal
indentersshould demonstrat¢the behavior of Eq. 2.1.%ithout any significant
deviatiors. Therefore, the relationship between area of contact, reduced modulus and

theslope of the initial unloading curve is not limited to any indenter geometry.

Instrumented indentation techniques becamey vgopular in the 1980s after
requirement for g@racticaltechniquecapable of measuring mechanical properties of
thin films and layered electronicomponents arous& the industry There are
particularlyimportant studies conducted by Oliver, Hutchingsl &ethicd49] and
Doernerand Nix[20]. Oliver, Hutchngs andPethica[49] indicated a new method to
predict the indent area of the indenter. The methasbased on a simple assumption
that the indent shapeseexactly the same shapsthe indenter a& certain level of
penetration. If this depth can Ineeasuredrom load-displacement curvethenthe
resultant area of the indenter can be calculated fr@shape or area functions of the
indentersusing Eq 2.1.2 Theyfound that the veryirst assumgpon is wrongand
insteadthe final depth of the contharea gives better results thdre depth at peak

load.

Doener and Nif20] collectedmany studies from the literatute produce a method

of nanoindentation tdeterminehardnes and elastic modulifsom load penetration
curve They proposed a comprehensive method to measure elastic modulus from load
penetration curve whichrebased on observations of steadiness of the contact area at
the initial stages of unloading which is similarth@ contact lehavior ofcylindrical

flat punch They also proposedn empirical method to determinke area. The
estimation of contact area based on the extrapolation of the linear part of the
unloading curve to the zero load and using the depth with the incéatee function

to calculate the contact area aely. As a result, Doerner & Niguccessfully

calculatel the elaic moduli of silicon and nickel.
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Finally in 1992, Oliverand Pharr[45] published a landmarlarticle with their

remarkable conclusions dhe behavior of contagroposinga complete newnethod

of analysisto determine elastic modulus and hardness from-pagktration curve.

Briefly, they took the Doerner & Nix method amtrived an area function for
Berkovich indenter and derived a modéltest setup to calculate the compliance on

depth measurements. Then, they justified the area function for six different materials

by nondimensionalizing the calculated area and imaged Al@a, i Ol i ver & Pha
Me t h & dhe fundamental analysis methofl nanoindentatioriests to calculate

elastic modulus and hardnessnost materials

2.1.4.2. Oliver & Pharr Method

In Fig.2.14, a typicaload-displacement curve ohanstrumented indentation testd

a sketch of the corresponding impression of the indentas presented. In Fig.
214@, the |l oading and unloading curves we
to the slope of the tangent line of the unloading curve at maximum lgadl (R Fig.
2.1.4Q), the surface profiles were indicated at thregas$ of indentation: the initial
surface profile at the beginning of the test, surface profile under loading and the
residual surface profile after the load removed. The penetration depticated as

h, the depth of the residual indentation impresssoimdicated asy, the depth of the
contact of indenter and surface under the isaddicated a$. and thedisplacement

of the surface at the vicinity of indentatiaindicated a%s. Therefore, the rebound

of the indenéd surface can be described Hwachi where hmax is the degh of the

indenter at maximum loaahd the total measured deptthishs.
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Figure2.14 (a) A typical load displacement curve used to analyzentteumented
indentation, (b) the behavior of indent impression by the means of loading and
unloading[45].

There are three important assumptions that Oliver & Pharr made before the arfalysis

the loaddisplacement curve:

1. Theflat punchapproximationis notsufficientto explain the contact behavior
of unloadingcurve for Berkovich indenters.

2. Sneddondés analytical conthbygct solution for
0 4F (2.13)

gives a more accuratdescriptionof the elastic unloading of an indentation
made with a Berkovich indentaihereUand m are unique shape constants for

an indenter tip

3. The equations describing the elastic unloading of a flat-gémite half-space
are the same as those for an inderstedlr f ace t hat Sneddonés so

equally well to a flat surface or a surface with hardness impression.
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There are three fundamental equations used to calculate the elastic modulus of a
material by using a nanoindentation: the reduced modulus ¢tdataefined in Eq.
2.1.1, Sneddondés <cl assical power | aw sol
relationship between stiffness of the unloading curve and contact stiffness defined in

Eq. 2.1.2.

At the very beginningf the analysis of unloadincurve,the stiffness of contact
definedin Eq. 2.1.2is rewrittenas

QU . — —
go M 3.

% —h (2.19)
¢! !

is a solution for reduced modulus or the contact moduhere the area of contact is

defined as a function aontact deptin;

| & . (2.15)

Two importan practical questions that arisethe measurement procedure of elastic
modulus of a material: how the stiffes of the unloading curve will be determiaed

how the area function of Berkovich indenter tip is foudtiver and Pharr proposed a
power law approximation to determine the contact stiffness from an unloading curve
of any kind of material and a detemation method to find the area function of the

indenter.
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2.1.4.2.1. Determination of Contact Stiffness

Oliver and Phariconducted series of nanoindentatians tungsterand noted two
considerablefeatures from the stiffness measurements by using linear fit of the
unloading curve. First, theshowed that thetiéfness of the unloading cunehanges

as which fraction of the unloading curveused tdfit the unloading curveSecond

they showed thafirst and last unloading curves of successive indentations are
completely different since the creep at indentations are more dominant at first
indentation and then diminish after a few indentatidih®y proposea power law fit

to the unloading curve whicdescribes the behavior tdfe unloading curvenore
precisely. Alsothe power law approximation tiie stiffnesf the unloading curve

is lesssensitive to creepApproximation of the contact stiffness of unloading curve
can be described as the derivatof Sneddonds power | aw of

with respect to the depth of indentation:

Ao . . ...

—_— I % 2.16
3 3 10 E&L *h (2.16)

whereU m and hare all determined by a least squares fittffigally, the stiffness of
contact can be calculated at the very first fraction of the unloading curve by taking the

derivative at maximum applied load.

2.1.4.2.2. Determination of Contact Area
To determine the area function in Eq 2.1.4 the contact depth should be calculated
which can be defied from the sketch of the indentatiorFig. 2.1.4as;

Ex B adoh (2.17)
where the maximum depth hmax, is measured from the experimeniait the
displacement of contact surfacasstill an unknownAs introduced before, Sneddon
analytically solved the contact problem of two elastic bodies whereetthection of
surface is dependetd the indenter geometrys a result, ér a conical indentethe

surface displacemertis can be expressets

Bo 2 e (2.18)
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Then the relationship between the actual depth aeditial depth can be expressed
fromS n e d d o n-displacéneent cekadinship for conical indenters as,

~

e 5 h (2.19)

where P is the load at the depth of h and S is the stiffness at that load. The stiffness
the initial unloading curve was calculated by following the procedure introduced in the
previous sectionPutting Eq. 2.1.9 into EQ.1.8 would givehe displacement of the

contad surface for conical indenters,

By = A% QTM’X EAQAS Az &l O ATTEA (2110
fitois 0.72 for a conical indenter and 1 for a flat pugebmetry. The estimateddata
in the study of Doerner & Niis the same as for an epsilon of 1 whigrey already
made a flat punch estimation for the contact behavior. This shows that the method that
Oliver & Pharr suggestetb estimate displacement ¢fie contact surface is also

applicable foDoerner & Nix.

One of the ultimate measurement goal is to measure hardness without imaging the
indent impressionThe hardness of a materiel described as the penetration of
indenter at that loadl'herefore,the hardness can be expresssda proportion o

maximum load applied and the impression area at that load:
( Lig (2.1.11)

For high modulus materials, the compliance of machine may become imp®dHant.
area of contads still unknown. To estimate a good area, the compliance of the system
is used. The total compliance is the summatigthefcompliance ahespecimerand

the compliance of the testing frame, @hichis the inverse of the stiffness:
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VA P

wz. 0P 2.114

Y Wil ( )

By reorganizing the above equation, the area function ofdenter can be described

in terms of compliance and reduced modulus, as,

AP_P
% #& xS

8 (2.115)

For a specified indentesubstrate couple, contamodulus should remain constant for
any applied load where ot of C and A2 should also be linear. To determine the
area function of an indenter and the load frame compliance, it is assumed that for
relatively large indentations the area function of the Berkovich indenter is converging
to the following relatio which isthe area function of a perfect Berkovich indenter is

given as,

| Ex ¢ THR& (2.116)

Two of the largest indentations on aluminum is used to get the slope of the linear plot
of C vs AY? explained above. Then all other indentations were fit to the initial guess
of perfect Berkovich indenter area function expressed in Eq. 2Rraétically, thee
appear deviations at some levels of indentation, theraftineately, the area function

will be fit to the power series of contact area, as,

| Bx C TER WBR #.E2T “HERTT 8 #,B27°8Y (2.117)

which is converging to the perfect indenter for large indentations. Then for other
indentations the fit to new area function containing 8 different perturbation constants
from the ideal conditionAs, perturbation constants were found, the indenter tip are

function is calibrated on aluminum which should be used for any substrate.

Oliver & Pharr showed the applicability of the area function of an indenter tip for 5
other materials. Each material yields the constant modulus assumption and also fits to

the area function shown below as a line.
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Figure2.15 Oliver & Pharr resultant findigure [45].

After the stateof-the-art article in 1992, they refined and discussed the method

according to the development of newetimods and new materials2004[46)].

2.1.4.3. Nanoindentation on TBC Cross-section

In this study, nanoindentation is usedrteasur@verallelasticmoduliand hardness

of three fundamental layers of a TBC systanetallic substrate and two overlaid
plasma sprayedoatingson it. Elastic modulus resulsf TBC layers vereused in the
analysis of fracture toughsgand energy release ratasalysis in Chaptsr3 and 4

The standard practice of an instrumented indentation application on metallic substrates
was set by ASTM E25467 [2] and ISO 14577 serig87-40] standardsASTM
E254607 [39] standards wallowed to calibratetwo different nanoindenters used

in this study which areCSM Nanoindentein METU Central Laboratories and

Hysitron Nanoindenter in Mustafa KemahWersity Central Laboratories.

The entire measuremsnweredone by Berkovich indenter tip at varying maximum
loads apfed by setting the loading and unloading time at 30 seconds and pause time
10 seconds to 20 seconds for coatings and metallic substrate respettiectiata
analysis methods were detened after the preliminary measurements were taken for

each layer from CSM nanoindenter in METU Central Laboratories.

The preliminaryhardness and elasticodulus measurements on Inco718 substiee
very consistentThereforethe mean value of theeries of measurements will be used

as the characteristicadulus and hardness of Inco718 in further mechanical analysis.
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The preliminary BC and TC measurements havkargescatterbecause of high
porasity and heterogeneityfo cometo a conclusiveslastic maulus value on these
layers a Weibull distribution based statisticdtaanalysismethod vasfollowed as

the literature suggestétl8, 19. Series of measurement were done on the @esson

of the TC and BC layers of TBC specimens at 5 different maximum loads varying
between 10mN to 500mN. The large scattered data were analyzed to come to a
characteristic elastic moduli and hardness vaduddth TC and BC as introduced in

the following section.

2.1.4.4. Scattered Data Analysis by Weibull Distribution

Weibull distribution is a widely used statistical metj@é] to calculate mechanical
properties of heterogeneous and porous matesiaish containhigh scattered data
sets such as thermal barrier coatinf@8, 30]. In this study,Weibull distribution
function is used taletermine conclusive values of E anduHere atwo parameter
Weibul distribution function defineghe probability, p, as,

@
= f (2.118)

whereM, is Weibull constantx is a given parameter the measured dagad X is

b PAon

the characteristic value of the data set. The Weibull constant is a dimensionless number

indicates the scatt@nd increases as the scatter decreases.

First of all the survival probability of the"imeasurement of E and H in the data

arranged in agnding order is expressed as,

~

b ZziBu F. h (2.119)

where N is the number of total observations. Tlheseries ofmanipulationsvere done
to linearizeEq. 2.1.18 with respect to the parameter, x, and protyat¥dfined in Eq.
2.1.19 as,
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The above equatiors the linearized form of Eq. 2.1.1@hich can be plottean f(i)

vs. In(x) plane where indicates E or Hor nanoindentation tessés in Fig 2.1.6If the
data series were linearly fitted by a least square method, theitimex slope ofm
represents the scatter of datal » indicates the characteristic value of E and H which
is the intersection dhe fit line tox axis.

y = 25,683x - 33,222

N
T

—_—
T

o

In(Ip(1I1 -p))
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I}
=37 X
(T

4 F X

-5

In(H)
Figure2.16 A typical plot based on Weibull distribution which ised inthe
analysisof scatteredhardnesslata poing to determinethe characteristic value d)xof
parameter Fand the measure of scaftht , which are 1.295Paand 25.683 for this

plot, respectively.
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2.2.Characterization

2.2.1. Powder Form of Top Coat and Bond Coat
EDS, XRD crystallography and EDS mapping techniques used to characterize the BC
and TC powders in the manner of elemental content, crystal structure arehtzlke

distribution.

The elemental contemif BC and TC powderare demonstrated ifable2.21 and
Table 2.22, respectively, with weight and atomic distributsonf the dominant
elements EDS resultsshowedthat BC powder is an alloy of nickel (Ni), chromium
(Cr), aluminum (Al) andsttrium (Y). EDS results of C powdershowed thaparticles
containsubstantial amount gttrium (Y), zirconium(Zr) and oxygen (O)The atomic
proporion of oxygen and zirconiuni2:1) andsmall amount ofyttrium showedthat

thepowder materiails yttrium stabilized zirconium oxid&rO: -zirconia) ceramic

Table2.21 Weight and atomic percentage distribution of the elemental content of
the bond coat powdgarticles.

Ni Cr Al Y
% Wt | 6217 | 2231 | 14.02 | 1.48
% At | 8296 | 33.61 | 40.74 | 1.30

Table2.22 Weight and atomic percentage distribution of the elemental content of

the top coat powdgrarticles.

Y Zr O
% Wt 7.88 | 68.50 | 23.61
% At 3.82 | 3240 63.74
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In Fig. 2.2.1and Fig. 2.2.2the elemental scattering of BC and PpGwdersare
presentedespectivelywith respect to the dominant elemental conténtsising ECS

(or EDX) mapping It is important to notice that ED8apping is a time&onsuming

and nonrprecision techniqudor instancehe trace amount of yttrium in the bond coat
powder canot be observed in themappingof bond coat particle iRig.2.2.1 The ECS
mappinganalysis was done on powder particles stuck on a carbon tape. Therefore
carbon distributionn Fig. 2.2.1(f) and Fig.2.2.2 (e) are showing the spacing between
powder particlesdVloreover, as a resulf the angled position of the sensor with respect

to the mapped surface, first there appear shadows on particles and carbon tape as in
Fig.2.2.1(f), second the dpft surfaces of particles are owerapped, as in Fig.
2.2.2(c).In Fig. 2.2.1 the fundamental elements of BC powdeckel, chromium and
aluminumare equally distributd throughparticles. Furthermore, there appear some
spots of oxygen on the particles which may refer to small oxide dpdtgg. 2.2.2

the fundamentallements of TC powder: yttrium, zirconium and oxygen are equally
distributed through particlet contrast to elemental map of BC powder, yttrium can

be observed since it is dominant in the TC powd@ersum up, EDS mapping of BC

and TC powder particleshowed that both powders are elementally homogeneous
whichTC and BQayerscan be considered chemically homogeneous after production.
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(d) (e) ®

Figure2.21 EDS mapping resultat 600X magnificatiorshowing theelemental
scattering ofa) bond coat powder particles in terms(bf nickel, (c) chromium (d)

aluminum, (e)oxygen andf) carbon.

(b) ©

(d) (e)

Figure2.22 EDX mapping results at 600X magnification showing the efdaie
scattering of (a) top coat powder particles in terms of (b) zirconium, (c) yttrium, (d)
oxygen and (e) carbon.
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BC and TCpowderhigh-pressure 300)SEM images are presented in Fig. 2.2r8

the manner of shape and sitegre ardundamentatlifferencesbetweenBC and TC
powders First, BC powderparticleshave perfect sphericashapewhere most of the

TC powder particles are egipaped. Second, BC powder particles are sized between
50 Gm and 1000m where TC powder contain miscellaneous sirgsreen1Zm and

87 Om. Third, there areusface defects, shape irregularities and crack$C powder
particles These imperfectionsausdrregular microstructurand increase the agap

in theassprayed specimens.

Figure2.23 High pressure 300X SEM images of powder particles used to
manufacture (a) bond coat (BC) and (b) top coat (TC).
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2.2.2. Microstructural Analysis of As-sprayed TBC System

TBC coated rectangular (4 X 2 cm) coupons were manutattor three different sets
of specimen for three different coating thicknessgmcBnensetshaving different
coating thicknesses Fig. 2.2.4a, b and cwill be mentionedasthin, standardand
thick, respectivelySpecimens irrachset manufactred umer same conditionst the
same time Ore specimenfrom eachthicknesswas reserved fomicrostructural

analysis.

The overdl layerthicknesse®f specimersets are presented ifiable 2.2.3 with the
thickness deviation of each layeBetween different coating thicknesses, layer
thickness distribution stays consta@trosssectional microscopies of thistandard
and thick specinens are shown irfFig. 2.2.48), Fig. 2.2.4p) and Fig.2.2.4¢),
respectively Surface roughness of TC and BC wealculated from 1 mm portion of
each microscopy. The roughness agey close to the thickness deviation of layers.

This meant that the rohigess of plasma sprayed layers are equally distributed.

Table2.23 Overall thickness and deviation betwekim, standard and thickets of

TBC specimen

Thin Standard Thick
TC 260 N 24 374.4 K 569. 4 N
BC 54 N 35 106.5 N 169.1 N
S 1597.5 N| 1602.55 1580.8 N
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Figure2.24 (a) A typical mounted and polished TBC specimen ready for the-sexdsonal microscopgnd(b) a tiled cosssectional

microscopy of a TBC specimen showing the region of microscopiexiany d Crosssectional microstrcture of TBC containing superalloy
substrat€A) for three different bond cogB) andtopcoat C) t hi cknesse3d aDOb) 3¢ HB502% @a®@m, , wkti c h
labeled as thinstandard and thickespectively.
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BC and TC were applied on a nickehsed sheet superalloy substrate: Inconel 718
(Inco718) Before the BC was applieche surface energy of the substriatencreased

by shot peening to improve the adhesion between BC and subAsdtés shown in

Fig. 2.2.5 this application create undulations at the BC/S interface. As a result,
interface flave appear at all along the BC/S interface. gaips inheritindpetweerthe
wrinkles of BC/S interfacevereobserved for all specimen set

Figure2.25 Microstructure of typical interface flaws appear in the vicinity of
undulations at the interface between bond coat (A) and substrate (B).

Microscopy of TC/BC interface of an asprayed specimeis shownin Fig. 2.26.
Typically, interface porosities, interface cracks and thermally grown oxide layer
appear at thélfC/BC interface andcontributeto the mebanics of TBC system.
Moreover, TC/BC interfaceroughnessand flaws arehe key feature othe failure
mechanism®f TBC from the interface Interfaceair gapgporosities inheriff C/BC
interface as welhey inherit at the BC/S interfac€he size of air gaps increase as the
roughness increaseSome of these porosities are shallow enough to the interface that

thesefeatures directly act like preracks undefoading.
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Interface
Porosities

Interface Pre-cracks

Figure2.26 Microstructure of typical flaws appear in the vicinity of the interface
between top coat (A) and bond coat)(B

To grow the TGO layera mupleof TBC specimen waexposed to 300 °C for 24
hoursin a temperature controlled furna¢kencooled down to the room temperature
One of them is mounted and prepared for microstructural andlygtsy. 2.2.7dark
field microscopyimages of the assprayed BC specimen (a) andhe thermally
exposed TBC specimen (b) are shoamd asadvantage of DF microscopyly the
ceramic ingredients are visible.Fig. 2.2.7@), a healthy TC is apparent with its white
color, but in the left imagethereareapparentlytwo layers TC (A) (white)and TGO
layer (B) (dark blue) The specimen, inFig. 2.2.7@) demonstrates a typical
microstructure of an asprayed TCHowever, in Fig.2.2.8p) the microstructure of
thermally exposed TBC specimebviously degradedhen it is comparetb the as
sprayedcondition Thermal exposurdegraded TC anthe ceramic TC crumbled and
alsogot thinnerHowever, TGO layer appeared at the TC/BC and measuredms.10
Thereis alsoa massive interface crack goes all along the Ti&0nhterface In Fig.
2.2.8 before (ajpnd afteb) conditions of the unmounted couple of thermally exposed
specimen can be seérhe interfacerackpropagated and TC of teemounted couple

of thermally exposed specimen popped out unddoading andn room temperature.
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A)

Figure2.27 Crosssectional darkield microscopy of (a) TC (A) layer of an-aprayed TBC specimen and (b) TC (A) and TGO
(B) layers of 24 hours of thermally exposed TBC specimen at 300

@A)

Figure2.28 (a) Assprayed TBC specimen before thermal exposure amabfipedout TC (A) and BES couple
(B) after 24 hours of 130 exposed TBC specimen.



Microstructuresof TC and BC are shown in Fig.2.2.9a) and Fig. 2.2.9(b, )
respectively. Both TC and BC contain simifl@ws, such aporositiesandpre-cracks

and have similar microstructural featur&oth layers have a porousand splatted
structure as a result of APS techniqlibe splatted structure of BC is shown in Fig.
2.2.9c) to make it more visible by an etching process with Kalling No.2tisolLAir
gaps between splats can be seefign2.2.9a) and Fig 2.2.9b). Both layer contain
intersplatmicro cracks These cracks are fundamentally different from the intersplat
porosities. The inter splat poeacks appear because of the thermal ratshes

between splatduring production

Thesurface quality of BC is an indicator ohfitureresistance of the TBO here are
imperfections in the BC, these are porosities between splasspidt precracks and
interface porositiesThere are existing interface porosities but these are very rare
microstructural imperfectiondn TC, it is well known that there is a splat like

structure. But the porosity of this layevers the splat like structure.
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Figure2.29 Microstructure of top coat (a), bond coat (b) and etched bond coat (c)

showing typical layer flaws: porosities, preacks and intesplat oxides.
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2.2.3. Determination of Elastic Moduli and Hardnessof TBC Layers

Elastic modulus anddndnessof TBC layers weraeterminedby using Oliver and
Pharr method and data obtained fraranoindentatiorntests Different statistical
approachemtroduced in the previous sectitor each layer, whicivereusedto come

to conclusivevaluesof elasticmodulus and hardness.

2.2.3.1. Substrate: Inconel 718

Inconel 71&hee{Inco718)nicketbased superalloyas use@sthesubstrate material
of the TBC system Inco718 indentationswere conductedt the crosssection of
mounted specimens following the standardsifstrumented indentation on metals
[39]. Nanoindentationsvere conducted d50 mN maximum load applied and 20 s of
pausewhile keeping the loading and unloading time at 30 secoAdsypical
penetration depth vs. load curve obtained from one of the Inco71&tpetsenteth
Fig. 2.2.10@) showing the corresponding optical images of the resuitalent (Fig.
2.210(b)). Every indentation impressiamn Inco718aresymmetric anaqudly sized
same as in Fig. 2.100), which means thahe indenter tiperpendicularlyenetrated

the specimen surface

200

Loading Rate 5 mN/s
150 | |Max. Applied Load| 150 mN

Pause Time

100

Load (mN)

o
o

(b)

0 250 500 750 1000 1250 1500
Penetration Depth (nm)

Figure2.210 (a) Penetration depth (Pd) vs. load curve of a nanoindentation test on
Inconel 718 substrate and the resultant indent (b) after indentation applied at 150 mN
by 5 mN/s loading/unloading rate and 28condf pause at maximum load.
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Nine sets of indentations, containit@al of 29 indentations were conducted 6% M
Nanchardness Tester (NHT)L7] at METU Central Laboratoriesn different days.

One data sewas disregardedue to uncalibrated measurements and 2 data sets were
disregardediue to high deviation. Thaverageddata of neasurements presented in
Fig. 2.2.12(a) and Fig.2.2.12 (dihd raw data ar@bulated irFig. 2.2.12(c) Average

of 9 measurements obtained from Hysitid@50 Triboindentef67] (Mustafa Kemal
University, Hatay is also shown in the table where the nueasent is conducted at

50 mN.

CSM and Hysitron results are consistent for elastic modulus measurements. However,
since the hardness of materieslependent to depth, the hardness data are not alike.
Hysitron cata were obtained from Resultants are converging around 200 GPa for
elastic modulus and 3.8 for hardndsslentation modulus and hardness are plotted in

Fig. 2.2.11using the 26 data points. The average of indentation hardness and
indentation moduli whiclare designated as dashed dimeFig.2.2.11 are found to be

3.57 GPa and 205 GPa, respectively. For homogeneous metals, nanoindentation results
at same conditions should be focused around their average EIT and HIT. EIT vs HIT

plot is used to recognizinthe mistaken data and tests and to eliminate these data from

analysis.
300 T
|
1
250 !
1
1
— @400 X
G200 F~~ """ """"TTTTTTTTY 6’““* """
o
1
o 150 | I
S— oCSM1 !
OCcsSM 3 I
111 100 | | oCSMB-7 '
L ACSMS8 !
+CSM 9 I
50 * Hysitron 1 :
x Hysitron 2 '
0 1 ! 1
0 6

2 4
HIT (GPa)

Figure2.211 Indentation hardness (HIT) vs. indentation modulus (EIT) plot of Fig.
2.12c¢ showing data scattering around the average values of EIT (205 GPa) and HIT

(3.57 GPa) which were indicated as dashed lines.
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Figure2.212 (a) Average indentation moduli of Inconel 718 measured from a group of tests conducted on CSM and Hysitron nanoindenters in
conjunctionwith the standard deviation of EIT at each test, (b) Average indentatiamelsaes$ of Inconel 718 measured from a group of tests
conducted on CSM and Hysitron nanoindentersoimunctionwith the standard deviation of HIT at each test, (c) EIT and HIT data sets used in
(a) and (b) measured by CSM nanoindenter.



Detailed material data of Inco718 that contains the elastic properties is available on
material data shef26]. Youngdés modul us o%and?98007 18
ksi at 100 °F corresponding to 199.94 GPa at 2@ and 2%.46 at 31°C.
Nanoindentations were conducted under°@5to 34 °C at most. Elastic modulus
obtained from nanoindentation has %2.5 deviation from the stated elastic modulus

value for design.

2.2.3.2. APS Layers: NiCrAlY Bond Coat and YSZ Top Coat

There are two different layers manufactured by air plasma spaying technique. Both
layers have porous structures and require different indentation technique than the tests
conducted for the metallic substrate Inconel 718. Both BC and TC indentation tests
were conducted according to instrumented roadmap describptbjnFirst trend
chartsof EIT and HITwere plottedvhich contairsmall sets of indentations conducted

at different maximum loads then a stabilization load was decided and large sets of tests
were conducted to determine characteristatues of EIT and HITof layersfrom

Weibull distributionmethod Every single indentation test was condudigdhesame

test cycle: loading and unloadingthe materialvas appliedn 30 seconds armhused

for 10 secondsit maximum load

A typical penetration depth vs. load cusvebtained from one of BC and TC
indentationgpresented in Fig. 2.2.13(a) and in Fig. 2.2.14(a), respectively. Moreover,
microscopy of theesultanindentsof BC and TC indentationserealso presented in

in Fig. 2.2.13(b) and in Fig. 2.2.14(bg¢spectivelyOnly the curves without any dents
were used in statistical analysBvery indentation impressiowas checked by the
integrated microscope in case of any symmetry problem and siatiorabetween

indents (clue for dent).
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Figure2.213(a) Penetration depth (Pd) vs. load curve of a nanoindentation test on
NiCrAlY bond coat and the resultant indent (b) after indentation applied ahii50

by 5 mN/s loading/unloading rate and 10 second of pause at maximum load.
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Figure2.214 (a) Penetration depth (Pd) vs. load curve of a nanoindentation test on
YSZ top coat and the resultant indent (fi¢indentation applied at 150 mN by 5

mN/s loading/unloading rate and 10 second of pause at maximum load.
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Eight indentations were done at five different maximum |ldad$wo APS layerso
determine thecritical load where porosityheterogeneityand sze effects diminish.
Variation of EIT and HITwith the changinghe appliedload was shownn Fig.
2.2.15(a) and Fig. 2.2.15(bEspectivelyln both plots, there are five data points which
represent the overall EIT and HIT measurements from 8 indamatio

In Fig. 2.2.15( there is a dramatic drop in the measured EIT data as the applied load
increases. This behaviour was also presented in Inconel 718 measurements where
Hysitron measurements were little bit higher than the CSM measurements as the
applied maximum loads are 50 mN and 150 mN, respectively. The bidTatlata

drops until 150 mN and between 150 mN and 300 mN it converges to arl vakrel

This behaviour of porous materials under indentation is very similar to the size effect

mentionedm [46].

In Fig. 2.2.15(b), there is a continuous drop in the measured HIT sl#ta applied
load ircreases. For BC, overall value drop is not as drastic as TC because BC is less
sensitive to size effect by its metallic structure. This phenomena is also well explained

in [46]. The HIT results came as how they expected.

200

15

o - ABond Coat
—_ L —_— ) Top Coat
- 150 . o m 5 OTop Coa
o B a o o a
O 100 | A o
= = ® A ° Q
L so ABond Coat L 3 A A A

OTop Coat A
0 - : : . 0 : . . .
0 100 200 300 400 500 0 100 200 300 400 500

Figure2.215 Average(a) indentation moduli (EITand (b) indentation hardness

(HIT) results of BC and TC from 40 indentatidosal at five different maximum

Max. Load (N)
(@

loads
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2.2.3.2.1. Bond Coat: NiCrAlY

From the preliminary measurements conducted atrdiffdoads, it was shown that
consistent EIT and HIT measurements can be achieved between 150 mN and 300 mN
applied load. Therefore, as a second phase of the BC measurethetydive
indentations where conducted at 300 mN maximum load. In Fig. 2.@/&ihull
distribution plots are presented which are also used in the determination process of the
characteristic EIT and HIT values for BC. In the following plots, each indentation was
added into the Weibull distribution plots as explained in the methoggiag of this
chapter and each EIT and HIT data designated as a cross. In both figures, the data
points are linearly fit and the equation of this line was also attached at the top of each

plot.

According to the data set containing 35 measurem#r@scharacteristic indentation
modulus of NiCrAlY based bond coatig&5.6 GPa where the mean of the data set is
108 GPa with 17.9 GPa standard deviation. And, the characteristic indentation
hardness of BC is 3.27 GPa where the mean of the data set is 3.05%G@&WGPa
standard deviation.
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Figure2.216 Weibull distribution plots of a set of indetions at BC layer

containing 35ndentations at 300 mN maximum load appkédhe rate of 600 mN/s

and 10seconds of pause time for (a) indentation moduli (EIT) and (b) indentation
hardness (HIT).
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2.2.3.2.2. Top Coat: YSZ

From the preliminary measurements, it was shown that consistent EIT and HIT
measurements can be achieved between 150 mN and 300 mN applisdritad

bond coat Therefore,at the second phase measuremdiftts indentations where
conducted at 30N maximum loadWeibull distribution plots are presentedFig.
2.2.18(a) and (b) for EIT and HIT measurements, respectiletize following plots,
eachEIT and HIT data designated as a cross. In both figures, the data points are

linearly fit and the equation of this line was also attached at the top of each plot.

According to the dataet containing 5Gneasurements, the characteristic indentation
modulusof YSZ based togoat is118 GPa where the mean of the data sétlBGPa
with 19.86GPa standard deviation. And, the characteristic indentation hardngSs of
is 7.07 GPa where the mean of the data se6.B9 GPa with2.06 GPa standard

deviation.
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Figure2.217 Weibull distribution plots of a set of indentationsT&: layer

containing50 indentations at 300 mN maximum load apphéthe rate of 600 mN/s
and 10 seconds of pause time for (a) indentation moduli (EIT) and (b) indentation
hardness (HIT).
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CHAPTER 3

DEVELOPMENT OF 4-PT BENDING TEST METHODOLOGY FOR
INTERFACE FAILURE

In this chaptertwo different approaches to firah interface toughness and energy
release ratef a brmaterial composite beam interfaogder4-pt bendingare validated

by using an AIPMMA bi-materid composite beam. Firsthe geometry of a typical
specimen and the loading case is introduced. SeaaldilerBernoulli Beam Theory
based energy release rdt@mula for a composite bearns derived for four point
bending caseThird, fracture mechanics based mixedde interface toughness and
energy release rate formula is derived as briefly introducefllih Then, the
benchmark test setup and the literature review of the instrumentation used in the
validation test is introduced. Finally, tests conducted for aiPMMA fracture
toughnesand energy release rate of thePMMA interface was calculated frotests
conducted by using 2D DIC and anrhinusebuilt acoustic emission crack detector by
using the correlationThen, the availability of these correlations is discussed for a

relatively smallscale 4pt bending tests of TBCs.

3.1. Geometry

In Fig. 3.1.1, ai-material composite flexural beam is demonstrated. Timedberial
beam consist of a notautting the material 1 to two piecasthe openingide of the
loadingand asymmetricpre-crack lyingalongboth sides othe interfacewhich is
positioned ingde the inner loading point3he precrack is subjected to a constant

opening moment between the inner loading points.
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The failure of this system should exhibit steady state failure characteristiagpare

strainconditions.
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Figure3.11 lllustration of a typical bmaterial beanwith a notch and an interface
pre-crack under 4t bending11].

3.2. Analytic Solution Based on EulerBernoulli Beam Theoryfor Energy Release

Rate of aComposite Beamunder Four-Point Bending
The geometry introduced in Fig. 3.1.1 is symmetric with respect to the notch.
Therefore, a frebody diagram of half of the beam is sufficient for further analysis. In
Fig. 3.2.1., the fre®ody diagram and the portions of the beameamadnstrated to
proceed with EuleBernoulli Beam Theory based analysis. The beam depicted in
Fig.3.2.1(a) can be portioned into three pieces from where the interface crack ends.
The first portion is a beam composed of two materials without any intertade @he
second portion of the beam is the notched and cracked beam made of only material 1.
Each side of thibeam is traction free except the left hand sidea result, this beam
carries no load in Fig. 3.2.1(b)he thirdportion is the cracked paof the material 2

which can carry load at its both ends.
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Figure3.21 (a) Freebody diagram of half of the compositerbaterial beam
illustrated in Fig. 3.1.1 (b) Superposed parts of the composite bemhnuthe
EulerBernoulli Beam Theory based energy release rate formulation
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Each of these beams contamn strain energy with respect to load they carry. From
EulerBernoulli Beam Theory the strain enermgnsitycan be expressed as,

5 p&s - T ¢ %) (3.21)
When the above equationapplied on the system defined in Fig. 3.2.1, the total strain
energy of the system can be found as a
that the energy releasate can also be defined as the total energy needed to create new
surfaceq46]. Therefore, the energy release rate of a composite beam with an initial

interface crack with a length of a can be defined as,

B -Sp&k- p_l .

oo I PHC P (3.22)
%A % )c Z)A
where,
% PA,°
— — P 3.23
o (3.23)

As the moment is constant at the magnitude of PI/2b, the analytic solution of the energy
release rate can be expressed dsnation of material properties (EE, 31, 32),
geometry (1, I2, lc, hy, b, I) and the applied load (P)

0%a p& S p_} S

. _ P 3.2.4
% ub % )cz)z\ (3.2.4)
where
B IR IEEE E S 30
YT TE, IE n (3:25)
E 3.26
) pq8 (3.26)

53



3.3.Analytic Solution for Energy Release Rate and MixeeMode Interface
Toughnessof a Bi-material Interface under Four-Point bending

In monomaterial problems or composite beam solutions each material is defined by

its own properties. However, a-fiaterial solution does require a constant which

defines the elastic properties of thenmaterial system. Charalambides et [all]

solved he bimaterial interface problem for both energy release rate and interface

toughness of a composite beam under four point bending with an interfacewgke

and a notchThe derivation of what Charalambides et(aB89 article is explicitly

introducedbelow.

The derivation starts -nateriadehstafil8lng t he Ri ce a

o4y, p
P o
X C/\l I oZu. P h (3.31)
S P

and R iompmel stress intensity factor, Krelated to the crack opening

displacemen(35], as depicted in Fig3.3.1and as introduced below.

OB PR G

/e N7 () p c
& B, —ET o °

(3.32)

® E1, V«‘

_Interface

Interfacial Crack Crack Tip

Figure3.3.1 Mixed-mode cack tip opening displacements and ge®metric

parameters to calculate stress intensity factor of the interfagel K
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Since this is a mixethode cracking, &ith complex stress intensity factor and crack tip
openingdisplacements can be written in exponential fasriollows,

+ B s h (3.33)

w h e Iy @s thie phase angle of stress intensity faciod

B — ~
VG, BQ, YO ¢ YR C AR (3:34)

where ifis t he p hcaasktip dsplageiment fon€tiont h e

Then Egs. 3.3.1, 3.3.2, 3.3.3 and 3.3.4 can bembined to find acrack tip

displacemats equation can be written as follows,

. (B 0E, B

VA C v G ¢ B D C (33.5)
V& ¢ VG, ° K T oF h
o T RM PE g gE RE
SJ/Q;C SJ/QJQQAE p S 8 (33.6)
p XAl QK

To simply this equationthe highlighted complex terms have to be writtenan
exponential form. To do this following fundamental calculus and complex number

manipulations should be followed. A complex number can be definedny ways

as,
U @ B GAIO E PEIZER (3.37)
where

P U N
J AOAGAT (3.39)
2 @ res (3.39)
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The highlighted coplex term at the numerator Eq. 3.3.6 is manipulated as follows,

&e BEh (3.360)

K § 110 112 E, (3.371)
~P v o

2 1@ [ ATIONA (3.382)

where

e A og (3.393)

Aside, the highlighted amplex term in the denominatdn Eq. 3.3.6 is also

manipulated as follows

0 XE EW U cBROAGA (3.3100)
g p Ah A U (3.3115)
where

0 REp X cHAOAGAR (3.316)

After the complex numbenanipulations where done, the Eq. 8.Become as,

p TR BR gge g o

VO ¢ Yq, © A ; 3 (3.317)
p X (FROAMART QE
Let the highlimphted terms wil/ be n
\ c_hpfﬂ p,i’krm KXE 8 (3.3128)
P q
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Y

P SO

Y0 ¢ QA gRoReAT [y 2 € qef gOF (3319

e 5y L ,

VO ¢ Y AR R 5 Oxc ¢ srs A7 R (3.320)
where
1 % AOAGARTA 711 8 (3.313
Reorganize the equation to obtairg

-
X Y& Yo ¢ .

s % P ((?)6 Q7 e g (3.3142)

Since9) Sis a scalar value and corresponds to the magnitude obthplex stress

intensity factor, complex term should be unit multiplier, as,

J SR (3.323
when,
¢ 5. (3.324)

As a result sis in the following form,

P
v~ S
p X Cc?;a“ Q" g (3.3.25)

St

Zl©

Then from Kanninen and Popelar J4&tress intensity factor and energjease rate

of a mixed mode crackan be correlated as follows,

Py Ak

, B S (3.3.26)
TA|l OEX

where

++ DS (3.3.27)
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Therefore, the energy release rate can also be calculated and compared with the energy
release rate calculated from Eq. 3.2.4, introduced in the previous section.

ph, ph - o
ST, '_QQB P X ¥ Y (3.3.29
1Al OB N o)
, - p XY @ YOS
W P4, phic 0 (3.3.29)
p 4

3.4.Benchmark Four Point Bending Test
A berchmark four point bending tesd designed to verify both analytic methods
introduced in previous sections. The following figure illustrates the test setnical

bi-materialspecimenthe coordinate system aride simultaneous instrumentation

There arethree different instruments used to measure displacerappliedload,
crack opening displacemeanand exact time of crack occurrenes depicted in
Fig.3.4.1 First, theappliedload and displacemenft the upper supports angeasured
from Shimadzu universal testing machis&cond, crack opening displacements in x
and y axis is measuré&y GOM Digital iImageCorrelation systerand Aramis analysis
software Theexact position ofhe crack tip can also be obtained aftiee DIC based
stressanalysis. Third, an smousebuilt acoustic emission sensor placed at the interface
to detect small cracks occurred during loadifgcorrelate althesedatain time,three

lab personnéhave to initialize each instrumesitmultaneously.
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Figure3.4.1 Benchmark 4ot bending test showing the instrumentation for crack
detection strain and loadisplacement measurements operagtabVIEW, Aramis

and Shimadzu Trapezeum respectively.

3.4.1. Digital Image Correlation

Strain gages and extensometers are traditional strain measurement devices that are
essential for experimental studies in mechanics. These classical methods are practical
in operation but limited to poiAvise measurements. Device dimensions, sensor
capabilities and environmental conditions may become a significant obstacle in front
of the experimental studies. Traditional methods are also insufficient to satisfy the full
field measurement needs of solid mechanics. Development of optical measurement
methods, such as photoelasticity and digital image correlation (DIC) has had an impact
on the field of experimental mechanics. Optical methods can providéetdll
measurement datfrom surfaces without touching it. Independent from scale and
environmental conditions, such as higimperature and corrosive environmdst,
engineers can experiment on their studies. These operational advantages and growing
academic access make fti#ld optical measurement methods maa@ttractive every

day.
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Figure3.4.2 (a) A typical stereo (3D) type DIC imaging system and (b) a typical DIC
analysis result showing stress by coloring the facets.

Digital image correlation method is a fdikld optical displacement measurement
method that was first applied to experimental mechanics by Sutton amorkers in

1983 at the University of South Carolif@#]. In Fig. 3.4.2, a typical stereo (3D) type

DIC system is illustrated with a typical result image of a composite beam bending
showing different stresses in different coloffie method measures displacement
fields of stressed surfaces from the image series obtained during the expesiznent [
64]. The ease of use and vast application areas have made the DIC technique one of
the most fundamental measurement techniques, especially in the field of nano/micro
mechanical testing. For instance, Hemker ¢2al.23]conducted state of the art micro
mechantal tests on thermal barrier coatings to investigate the failure and to calculate

interfacial fracture toughness by using DIC as a solid measurement tool.

DIC method is based on the analysis of images recorded by camera(s) to calculate
deformations of smigportions of the surface. Common to all digital imaging systems,

the image is acquired by an optical sensor that is made of many sensing nodes (pixels)
sensitive to light. Pixels generate an output signal corresponding to the color of the
sensing light.Color values of pixels indicate blagkhite intensity for grayscale
images or redyreenblue (RGB) intensity for color images of the acquired light. Data
(image) received by the optical sensor are stored in a data set containing color values
and coordinateof pixels. Image recognition is based on analysis of pixelated series of
images applying different numerical methods. In the analysis, color values and
coordinates of pixels are used to recognize the geometric patterns. However, there are

fundamental métodological problems in image analysis, and DIC is not an exception.
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Figure3.4.3 A typical stochastic patterof a cracked surface to calculate crack

opening displacements on facets at each side afrtiod tip.

In DIC method, pixels should be traced through the image set to get a displacement
field. Indeed, determination of pixel correspondence between images becomes a
critical issue. The grayscale value of a pixel is used to identify it between images

However, a pixel may not have a unique grayscale value. Multiple pixels, have the

same grayscale value (uniqgueness probl em

of a pixel in the image s§b3]. Pixels should be traced with further data provided by

neighboring pixels. Furthermore, orientation of motion vector of a traced pixel still

may not be wunique, w h i [@3h The aperture probleraser t ur

simply the uncertainty of the motion vector of a repeating pixel pattern where

endpointsar e out of the aperture. This probl

dilemma inAppendix A.

Measuring strain from pixels of a surface requires some special treatment on it in order
not to face the above problems at any stage of analysis. Theesshitadd be uniquely

and irregularly textured6, 70]. Furthermore, the texture should be able to deform
with the surface. Random (stochastic) speckle pattern is well suited to these needs. A
random speckle pattern can both provide the neighboring peta deeded to
eliminate the uniqueness and correspondence problem, and give irregular texture to
surfaces to overcome aperture problem. Two application techniques (laser and spray

paint patterning) of the speckle pattern may vary with the size of the¢igates area.
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Depth of field cannot be perceived from an image set obtainedsmgke camera.
Therefore, monaamera DIC (2D DIC system) can only deteepiane deformations.
However, the depth of field can be perceived by using simultaneously aceuagel

sets from dual camera systems. Thus, stereo camera systems (3D DIC system) can also
measure the owdf-plane deformation fields. Analysis of 3D DIC experiments requires
large processing and storage capacity. Latest advances in computer beaeace
increased the data processing capacity of computers and allowed enhanced analyzes
of large data sets in a few minutes. In addition, digital camera technology has
dramatically improved since DIC first developed. Today, digital cameras used in daily
life have more than enough features (resolution, frame rate) for a DIC analysis.
Consequently, DIC has become a standard measurement method in the field of

experimental solid mechanics.

Image sets analyzed in DIC can be obtained by different imaging systerfferandli
scales of space and time. Higheed camera systems can be used to obtain
measurements of highly dynamic phenomena occurring in nano/microseconds.
Scanning electron microscope (SEM) or atomic force microscope (AFM) can be used
to detect displacem&nat nano/micrometer scale. Even satellite images can be used in

the field of geophysics to observe deformations in land forms.

In this study, DIC was used to measure crack opening displacements and to determine
the position of crack tifDeformed surfae is traced through the image series starting
from the basis image (which is preliminarily defined). The basis image is taken as
undeformed state of the experiment, and the deformation field of the stressed surface

can be achieved from an analysis software
3.5.Results

3.5.1. Bi-material Specimen

AL-PMMA bi-material couple was used as a specifoerthe 4pt bending testThe
specimen geometry and interface ateown in Fig.3.5.1. First, loth PMMA and
aluminumbar is machined to 8 X 10 X @%nm rectangulaprism as depth, thickness
and length respectivebnd glued surfaces are roughened by 80rgathlsandpaper.

Aluminum ismachined fronb083seriesrolled aluminum block which has 72 GPa of

Youngo6s Modul us an dThéritiBaBload dplie®i®setso8@OM6 s r at i
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not to cause any permanent deformatianng testsPMMA is a standard transparent
PMMA sheewwhi ch has Youngds Modul u$®MNWAbarwe e n
was cut to two pieces equally and glued 1mm apart from each other onecee pi
aluminum barTo create a prerack, the tip of PMMA strips are masked by a paper
tape and unmasked after the glue is applied. Therefone dppear an wglued

portion at middle of the material couget as a prerack under loading

10mm$ AFl Glue
A L i L BT b b5 b5 4
10mmy, ” PMMA
- e — >
250 mm

Figure3.5.1Typical specimen geometry and interface.

Bonding two dissimilar material is a difficult proce3®sted adhesives alisted in
Table 3.5.10To prepare the specimgirst sections of aluminum and PMMA bars are
masked by a paper tapecept the surface that adhesive applied. Then, a portion of
that surfacas alsomasked to craa a precrack. Adhesives were applied on surfaces
according to the instructions of the adhesividsen, the material couple clamped and
let the adhesive curéfter eachadhesivaesed, the adhesive wateaned by acetone

and the surfaces are grinded to remove residuals of the adhesive.

3.5.2. Adhesive Materials

Five different adhesives were tested in pinecess of verification. It is important to
notify that at each adhesiveas different adhesion performance and cracking
mechanism. FirshisphenolA based Pattex universal mix epoxy is used to bond Al
PMMA couple.The Pattex universal mix epoxy used@pen was broke in hand by

a small loading. After the crack propagated, it was inspected that the applied epoxy
only stacked to PMMA surface. Second, 1 Ton Devcon Epoxy is applied as an
interface but similar to Pattex universal mix epoxy, the crack propagary easily.

Third, Bison Metal epoxy which is developed special for repair of metal parts was
applied on both surfaces according to the instructions. Metal epoxy adhered both
surfaces and test was done successfully for 10 mm initial crack lengthveiowes

seen that the crack gradually propagated. Fourth, Bison universal contact adhesive is
applied to both surfacesiowever,the adhesive was still very elastic even after the

ultimate cure time. As a result, the adhesive layer between Al and PNigighed
63



during the test and the crack didt propagated. Finally, Loctite 469 instant nteta
adhesive is applied on both surfaces. The adhesion was successful but the crack

dynamically propagated at an instant of time.

Table3.5.1 Tested adhesives aotbservations

Adhesive Observation
Pattex Universal Mix Epoxy Unsuccessfubhdhesion
1 Ton Devcon Epoxy Unsuccessfuhdhesion

Bison Universal Contact Adhesive| SuccessfuhdhesionandNo Cracking
Bison MetalEpoxy SuccessfuhAdhesionandGradual Cracking
Loctite 469 Instant Metal Adhesive| SuccessfuRAdhesionand SuddeCracking

3.5.3. Testing Procedure

There are three differemmtstruments used ithe test setuprhese are universal testing
machine, digital image correlation system and the acoustic emission testing system.
Aside, there are three successful tests for three different adhesive intdftacesch

test, 5 mm prerack is used except the test of Metpoxy.

All three tests were conducted on the same test setup under displacement controlled
loading with a 0.5 mm/mitoading rate when a Photron 1 MP camera is recording a

25 mm X 25 mm frame. The acoustic emission system is also recording the sound by
30000 Hz. Each instrument was initiated at the same time by three different operators.

3.5.4. Load-Stroke Results

The applied load and the stroke of the testing head is measured from Shimadzu
universal testing machinelhe load vs stroke cung of three differentadhesive
interfaces arshown in Fig.3.2 (a).The slope of the loadtroke curve in Fig. 3.5.2

(a) represents the overall elastic modulus of theadierial couple with the intended
adhesive interfaca he change of load at each time stepaseshownin Fig. 3.5.2

(b), (c) and (d)for metal epoxy, contact adhesive and Loctite 4fifhesive,
respectively The change in the slope of the cursealculated by taking derivatives

at each time step. Therefomots in Fig. 3.5.2 (b), (c) and (dyeboth representing
thedynamicchange in the elastic modulus of the systhkmring testingand theexact

time ofcrack propagations as where the slopthe loadstroke curvas negative.
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In Fig. 3.5.2a), it is clear that each system with different adhesives had similar overall
elastic modulusit the first steps of the test where the-qnack stays stable. However,

each system has diffefecharacteristic behavior through the test.

In Fig.3.5.2(c), lhe first load drop in metal epoxy interface is detected in 28&8nd

at 114.85 N loading and 0.284 mm stakeresponding to 0.2852 Nm moment around
the crack tip.After the first load dropit is observed that the crack length stays stable
until the second load drapccurredin 49.5 second at 185.2 N loading and 0,46 mm
stroke corresponding to 0.4626 Nm moment. The slope of thestoake curve does
not change drastically until the load ob®s around 300 N he crack length increases

steadily that the change in overall elastic modulus of the system changes linearly.

Second adhesive interface is the contact adhesive. Thestimke results of the
contact adhesive showed that theradssany crack propagation through the tete
derivative of the loadtroke curve stays positive which means the contact adhesive

used bimaterial system keeps the load carrying capacity through the entire test.

Third tested adhesive interface is Loctite 48€tant glue The super glue adhesive
interface cracked dynamically with dramatic load drops occurred in thestoaide
curves. The failure of Loctite 496 interface is very similar to the interface failures of
composite laminateg1]. The first load drp in 7.65secondat 37.15 N loading and

0.92 mm stroke corresponding to 0.0929 Nm moment around the crack tip. The first
load drop is very limited since the slope of the ls&rdke curve didhot change. Then

the ultimate failure of the interface occurredhreedynamic drack propagations. First
failure is in 42.6second at 154 N loading and 0.486n stroke corresponding to
0.3858Nm moment around the crack tifgecond failure occurred in 50.3 second at
176.6 N loading and 0.4726 mm stroke corresponding to 0.4415 Nm moment around
the crack tip. Thirdailure occurredn 69.65 second at 213 N loading and 0.63 mm
stroke corresponding to 0.53 Nm moment around thekdip.The cracks propagated
through the interface arslopped at the nearest loading point.
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3.5.5. 2D DIC Results
The location of the crack tip and mixeabde crack tip opening displacements

measuredrom 2D DIC results.

3.5.5.1. Bison Universal Contact Adhesive

Bison universal contact adhesive is a one component adhesive. The contact adhesive
was chosen to increase the interface strength and increase the initial crack load.
According to the technical data sheet of contact adhesive, this material kavogtic

on plastics and metal$he contact adhesive was applied on both surfaces according
to the instructions by giving 10 mm peeacksymmetricallyat both sides of the Al
PMMA interface. Loading rate set to the minimum of the tensile testing machine and
cameraacquire image a¢achsecondThe test was folloed up to the critical load not

to deform aiminum bar permanently. Totally, 185 images were acquired from the test.
The loadstroke data was analyzed in the previous section and it was observed that
there & no load drop at any part of the loading. From this evidence, it was assumed
that the crack stood stable. Fig. 3.53, Von Misesstrain and yaxis displacement
contoursachieved from DIC analysis of the test imagese presentedt columns C

and B, repectively The designated stage point is the estimated location of the tip of
the 10 mm prerack. At the column B of Fig. 3.8, the yaxis displacements were
presented. As the load increases first the bar startéefdom under loading and in the

20 seonds of the testing, crack location can be detected by-éxésydisplacements.

The designated estimated crack tip location is very close to the estimated crack tip
from y-axis displacement results. After the first 20 seconds of the test, the contact
adhesive interface starts to stretches and opens, but no crack propagation. This
phenomena is also supported from Yran Misesstrain results in Fig. 3.3.column

C. Strain concentration increases at all along thefageras the loading increases.
Another mportant remark is that the contact between two bars and the interface never
lost in all DIC results. Occasionally, if there is a crack and opening, some of the facets
would deform over its maximum allowable deformation rar@mntact adhesive test
does nat properly suit the preliminary estimations of the energy release rate
calculations, since the terface plastically deforms and overrules the fully elastic
estimation. Therefore, neither EulBernoulli beam bending theory based analytic
solution nor thebi-material solution can be applied on the case of contact adhesive

interface.
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Stage 160

Stage 170

Figure3.5.3 Contact adhesiviest results showing (A) image as a stage data at every
10 seconds (B) measured displacemen y-axis and (C) calculatedon Mises
strain contours generated by ARAMIS DIC analysis software wherstage point
designates the estimated location of thequeek tip at 10 mm inside the middle of
the AFPMMA bi-material couple.

3.5.5.2. Bison Metal Epoxy

Bison metal epoxis developedor repairing purposes of metal parts. The Bison metal
epoxy chemically contairs adhesive and filler propertiest the cured stateThis
materialwas chosemtentionallyin the first place to achieve a good adhesion between
aluminum and PMMA bars. According to the technical data sheet, the Bison metal
epoxy is capable of bonding metals to synthetics and resistant to extreme conditions
like loading, vibration, so on. Simple sibjective observations of the adhesive
capabilities of the tested adhesives whach presenteth Table 3.5.1 also confirms
these properties.

The metal epoxyas appliedaccording to théenstructionsintroduced in the technical
sheet of the material byiving 10 mm pre-crack at both sides of the APMMA
interface, symmetrically. The loading rate set to the minimum of its range and at each
0.1 mm stroke one image of the specimen was shot by the camera setup for DIC
analysis. 17 images including the initial stage of the experimerg shotvhich starts
with fAStage 00 stayeld ionagesare carrésponding to 1.6 nar total
stroke applied on the specimen. The twats stoppedafter the crack propagation

reached one of the loadipgints where the crack cannot growyemore.
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In the previous section, the loattoke data isnalyzedand some hypothesis is made
to decide when the crack propagat@édcording to the load drop histgrypetween
which stages the crack grew known However, to confirm this information and
ersure the location of the crack tip for further fracture mechanics analysis,
displacement ithey-axis(vertical axis) and th€on Mises strainareneededIn Fig.

3.5.4 Bison metal epoxy test results showing the image as a stage data, measured
displacenent inthe y-axisand the calculatedon Misesstrain contours generated by
ARAMIS DIC analysis softwarare presentefibr 13 stages including the initisfage

The stage imageare takenat every 0.1 mm stroke applied, as discussed before.
Moreover, astagepoint is used tgoint the estimated location of th@ecracktip
which is at 10 mm inside the middle of thee AMMA bi-material couple. Thetage
point canbe shownas long as théacetthat they attached is shown. Therefore, for

further stages, thetagepoint is lost.

The yaxisdisplacement was used to locate the crack tip and crack propagation through
the images. A 10 mm part of the bar moves in the three dimension as a bar supporting
from one end under bending, since the cracked surfaces aterré&ee. If the
interface bonding is gocghoughthe stress can transmit throutle interfaceand the
bonded parts of the composite beam can act like a whole bidusrefore
displacement irthe y-axis can be used to locate the crack tip. Moreoveis well-

known that 1 a stress concentration occurred around the crack tip, measured strain
would cacentrate around the crack tip. For this purpose, Von Mises strains can also

be used to locate the crack tip like displacement in thes,

According b the loaddisplacement curve, there are 2 load drops which corresponds
to the time interval betweestages 23 and 45 in Fig. 3.5.4However, according to-y
axis displacement and Von Mises strain, crack tip location changes as it grows.

Therefore to mease a better energy release rate, both DIC results will be analyzed.
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Figure3.54 Bison metal epoxy test results showing (A) image as a stage data at
every 0.1 mm stroke , (B) measured displacememtariy and (C) calculatédon
Misesstrain contours generated by ARAMIS DIC analysis software where stage
point 40 designates the estimatiocation of the prerack tip at 10 mm inside the
middle of the AIPMMA bi-material couple.
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In Fig. 3.5.5the measured crack lengths are presented with respect to the load applied.
The crack lengths were measured by using Von Mises strain contoorIC. As
load increases the crack length increases gradually. These load and crack length data

will be used for analytical solutions it is seen from stage 2 crack length, the initial

crack length is 8 mm.
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Figure3.5.5 Crack length of metal epoxy interface through the test measured by

using Von Mises strain contours.

In Fig. 3.56, energy release rate of the metal epoxy interface was calculated by two
differentanalytic solutionsvhich are EuleBernaulli beam bending theoryna the bi

material solution of thepecified geometry. In Eukdernoulli method, energy release

rate can be calculated by using the losplacement curve and the geometric
parameters of the specimen. Innbaterial solution ofmetal epoxy interface, energy
release rate can be calculated at different locations behind the crack tip by using load,
crack opening displacements and some specimen and material constants. Therefore,
exactly locating the crack tip by DIC becomes critital the bimateral based
solution. Two different DIC results can be used to locate the crack tip: displacement

y data and Von Mises strain data. Averaged energy relaet@sepresented in Fig. 3.5.6

are the data measured by using Von Mises strain @iddbe crack tipFirst, Von

Mises strains used to locate the crack tip anthdierial based energy release rate
calculations were done afterwards. Each data point contains 4 different energy release

rates at different distances from the crack tip. Seécdhe same procedure was
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followed expect yaxis displacements were used to locate the crackgip.result Von
Mises strairdatagive more consistent results. There are slight difference between Von
Mises strain based 4onaterial solution and Eulderroulli based analytic solution.

Both energy release rate results exhibit an increasing trend as the load increases.
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Figure3.5.6 Energy release rate of the metal epoxy interface averaged by calculating

the Gsa t di fferent iro and different crack

As introduced in Fig. 3.5.4, energy release rates were calcalaftear different loads

which also corresponds to 4 diféart crack lengths. In Fig. 3.5.6he energy release

rates calculated by fmaterial method using Von Mises strain to locate the crack tip
were presented. The energy release rate of the interface increasing as the crack length
increases. At different locations energy release rate calculations varies but they vary
in a specific band. As commented on load displacement curve, metal epoxy interface
cracks very gradually. The same cracking medmrgan be observed in Fig. 3.5.6

The energy release rate increases as crack length increases.
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Figure3.5.7 Bi-material method based energy release rates (crack located by Von
Mises strain) at different distances from the crack tip and fatr€lift crack length

which corresponds to different loads.

3.5.5.3. Loctite 496

Loctite 496 is an instant glue whicsimore brittle than the previous two adhesives.
Loctite 496 was applied on both surfaces of the bars by givingnan initial crack at
one side oflte symmetric specimen. Loading rateaehe minimum of the machine
while cameraacquiring one image per secorfkide, herewere 3 dynamic crack
growths recordedrom the loaéastroke dataln Fig. 3.5.8 the images showing that the
crack growth is presented in column A, thexis displacement results are presented

in column B and th&on Misesstrain contours presented in column C.

According to the yaxis displacement andon Misesstrain results obtained from DIC,

the cracking mechanism of Loctite 496 interface was ocddaster than the previous

tests The crack propagation started at the stagich corresponds to"secondof
testingand grow a lite bit. Then, after thetage 35, the crack started propagated
rapidly and followed by the third and fourth cracking aft' 42d 50" secondsEven

the cracking seem to be very dynamic, between images it can be seen that the crack

increases sadily at a point and then prageieddramatically.
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Figure3.5.8 Loctite 496test results showing (A) image as a stage data at &Qery
seconds (B) measured displacement irayis and (C) calculatédon Misesstrain
contours generated by ARAMIS DIC analysis software whezestage point
designates the estimated location of thegoeek tip at 10 mm inside the middle of
the AFPMMA bi-material coups.
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