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ABSTRACT

FINITE ELEMENT MODELLING OF TBC FAILURE MECHANISMS BY
USING EXTENDED FINITE ELEMENT METHOD AND COHESIVE ZONE
METHOD

Bostanci, Safa Mesut

M.S., Department of Aerospace Engineering, METU

Supervisor: Assoc. Prof. Dr. Ercan Giirses

DECEMBER 2019, 96| pages

Thermal Barrier Coatings have been widely used in modern turbine engines to pro-
tect the nickel based metal substrate from the high temperature service conditions,
1600-1800 K. In this study, failure mechanisms of typical Air Plasma Sprayed Ther-
mal Barrier Coatings (TBC) used in after-burner structures composed of three major
layers: Inconel 718 substrate, NiCrAlY based metallic bond coat (BC) and Yttria
Stabilized Zirconia (YSZ) based ceramic top coat (TC) are investigated. Investiga-
tion of the cracking mechanism of TBC in terms of design and performance is very
important because the behavior of TBCs on ductile metallic substrates is brittle. To
this end, four-point bending experiments reported in [[1]] are analyzed by using the Ex-
tended Finite Element Method (XFEM) and the Cohesive Zone Method (CZM). All
the analyses are conducted with the commercial finite element software ABAQUS.
Three different models with varying TC and BC thicknesses are studied. It is ob-
served that multiple vertical cracks are initiated in the TC. Cracks initiate at the top of
YSZ and propagate through the whole TC until they reach the interface between the
TC and the BC. Then, delaminations at the interface between the TC and the BC start.



It is observed that the average spacing of cracks in TC increases with the increasing
thickness of the TC and the delamination becomes prominent with the increasing TC
thickness. Numerical results are found to be consistent with the experimental [1]

results.

Keywords: thermal barrier coatings, extended finite element method, cohesive zone

method, fracture mechanics

vi



0z

ISIL BARIYER KAPLAMALARDAKI GOCME MEKANIZMALARININ
GENISLETILMIi$ SONLU ELEMANLAR YONTEMI VE YAPISKAN ALAN
METODU iLE MODELLENMESI

Bostanci, Safa Mesut
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi, ODTU Boliimii

Tez Yoneticisi: Dog. Dr. Ercan Giirses

Aralik 2019 , 06| sayfa

Termal bariyer kaplamalar(TBK), nikel bazli metal alt tabakay1 1600-1800 K mer-
tebesindeki yiiksek sicaklik servis kosullarindan korumak i¢in modern tiirbin motor-
larinda yaygin olarak kullanilmaktadir. Bu ¢alismada, Inconel 718 alt tabaka, NiC-
rAlY bazl metalik yapistirici ara kaplama ve Yttria Stabilize Zirkonya (YSZ) bazhi
seramik iist kaplama ile birlikte {i¢c ana katmandan olusan briilor sonrasi1 yapilarda
kullanilan tipik Hava Plazma Piiskiirtmeli Termal Bariyer Kaplamalarinin (TBK) ki-
rilma mekanizmasi incelenmistir. TBK’lar siinek metalik alt tabakalar iizerinde ki-
rilgan bir davranig gosterdiklerinden dolayi tasarim ve performans agisindan kirilma
mekanizmalarinin incelenmesi olduk¢a 6nemlidir. Bu amacla, literatiirde yer alan [11]]
dort-nokta biikkme deneyleri genisletilmis sonlu elemanlar yontemi ve yapigkan alan
metodu kullanilarak analiz edilmigtir. Tiim analizler ticari sonlu elemanlar yazilimi
ABAQUS ile gergeklestirilmistir. Ust ve yapiskan kaplama kalinliklarinin degistigi
tic farkli model incelenmistir. Analizler sonucunda, iist kaplamada ¢oklu dikey kirik-

larin bagladig1 goriilmiistiir. Catlaklar YSZ’nin en iist kisminda baslamakta ve YSZ

vii



ile ara tabaka arasindaki arayiize ulasana kadar tiim {iist tabaka boyunca ilerlemek-
tedir. Kiriklar iist tabaka ile yapistirici tabaka arasinda yer alan arayiize ulastiginda,
bu arayiizde delaminasyonlar baglamaktadir. Yapilan ¢calismada deney sonuglarindaki
[[1] gibi, artan iist tabaka kalinlig1 ile ortalama kiriklar aras1 mesafenin azaldig1 ve
list tabaka ile ara tabaka arasinda gerceklesen delaminasyonun daha belirgin oldugu
gozlemlenmistir. Bagka bir deyisle; niimerik sonuglarin deneysel sonuglarla [1] tutarli

oldugu goriilmiistiir.

Anahtar Kelimeler: termal bariyer kaplamalar, genigletilmis sonlu elemanlar yontemi,

yapiskan alan metodu, kirik mekanigi
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CHAPTER 1

INTRODUCTION

In this chapter aero jet engines and their working principle are briefly explained and
the main motivation of using thermal barrier coatings (TBCs) in the jet engine parts
is given. The typical TBC system, the materials used in the TBC layers and the
historical evolution of them are presented. The deposition techniques of the TBCs
are also explained and the main failure sources depending on the deposition technique
from the literature are summarized. At the end of the chapter, a literature review about

numerical studies of the TBC failure are presented and the scope of this study is given.

1.1 Thermal Barrier Coatings (TBCs)

From past to present, in recent decades, studies have been trying to find answers in
order to increase the efficiency of the hot section components, such as vanes and
blades, of an advanced turbine or an engine in modern aerospace applications. At
this point, thermal barrier coating systems (TBCs) are now of a great interest for
many researchers since these coatings under optimum conditions enable all kinds of
components to operate even at higher gas temperatures [18]. Besides, TBCs also
improve the lifetime of the parts and they prevent the hot corrosion failures during

operation [8].

As can be seen from Figure [[.I] an engine basically works with a fan at the front
through sucking the air. Then, the pressure of the air increases with the help of a
compressor made by many blades attached to a shaft. When blades spin at consider-
ably high speeds, they squeeze the air and then the compressed air is sprayed with the

fuel and an electric spark light. The burnt gasses expand and spark through the noz-

1
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Figure 1.1: Representation of an Engine Alliance GP7200 aircraft engine [2]]

zle at the back of the engine. This results in a momentum where jets of gas shooting
backward on the reverse side of the engine and creates a thrust force which pushes
the aircraft forward. During the travel of the hot air going through the nozzle, it
also passes through the blades, in other words turbine which is attached to the same
compressor. Therefore, fuel-to-power efficiency is strongly related with the tempera-
ture level at which the engine operates, meaning higher temperatures generally mean
higher efficiencies. A typical engine can reach temperature levels around 1260°C.
However, the metal parts in the engine can only withstand temperatures around 815°C
to 927°C. Therefore, in such conditions metallic parts become rubbery and failures
are expected to occur. It is now known that introduction of TBCs on that high pres-
sure and high temperature sections of the engine can help to protect the metallic parts,
hence high temperatures can be reached and the efficiency can be increased. Due to
this reason, up to a certain point, at lower operating temperatures TBC application re-
duces the temperature of the metal part and therefore, the engine component becomes
more durable. Based on this, fuel economy and cleaner exhaust gases can also be
obtained according to the developing investigations [3]]. Therefore, coming to 1950s
and starting from this date, TBCs laid the foundation as the very first ceramic coatings

[2]. The first ceramic coatings for the aviation industry and hence aerospace appli-
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cations were frit enamels that were developed by the National Advisory Committee
for Aeronautics (NACA) in cooperation with National Bureu of Standards (NBS)
[19,20]. After 10 years from this date, first flame sprayed ceramic coatings that have
NiAl as a bond coat were used for commercial aero engines [21]. During this period
of time zirconia-calcia was also found to be an effective ceramic coating for such
thermal barrier applications [19]. Then by, in 1980s the importance of TBC systems
significantly increased and during this decade, standard interest turned into yttria sta-
bilized zirconia (YSZ) as a topcoat metarial for TBCs [21} 22]. When a 100 to 150
um thickness TBC applied together with the internal cooling of the underlying super-
alloy component, the surface temperature of the substrate superalloy can be reduced
around 100-300°C which also provides a great efficiency of performance for a jet en-
gine as mentioned previously. TBCs, must ensure to maintain thermal protection for
prolonged thermal cycles and also service times without any failure [2]. Hence, the
lifetime and the firing temperature of the engine or turbine increases resulting with
the increase in efficiency [21]. Figure [I.2] presents the increasing efficiency by the

use of TBCs extending to years and proves an improvement by developing advanced

superalloys.
1700 " . . : .
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Figure 1.2: Improvement of the capabilities of superalloys by using TBCs depending

extending to years [2]

Further investigations additionally proved that for cooling the parts in the interior



regions, the heat transfer through the TBC must be kept as low as possible. According
to the studies of several research groups [23| [7] it was found possible to obtain a
temperature drop around 170°C between the topcoat and the substrate with around
300 um YSZ topcoat. Therefore, basically the heat insulation can be utilized by
applying TBCs for the metallic engine parts [24, [25]. Schematically, the process can

be represented in Figure [I.3] which will be mentioned later in detail.

Engine
Therma'ly grown gas
oxide temperatura

Interior
coolant
gas

%

Hot

Coaoling —/

gas
temperature

Interior
coolant
gas

Temperature * ‘ *

Insulative
thermal
barrigr
coating

Mickel
superalloy R
turbine blade Oidation
resistant
bond coat

Turbing
blade

Figure 1.3: Conventional methods in order to produce TBC system [3]]

As shown in Figure |'1;3'|, TBCs, basically, are ceramic coating materials [26]] that are
mostly a duplex-type consisting of a metallic bond coat (BC) and a ceramic topcoat
(TC) [21]. The first application of TBCs were the rotating blades and today they are
still the most critical component. Even though the failure of the TBCs, depending
on coupled interaction of mechanical property difference and the diffusional effects
between the top coat and the superalloy, can hazard the substrate material, TBCs are

still evolving and their use is vital [2]].

In order to imagine the structrure of TBCs, a schematic representation is given in

4



Figure [1.4] with the thermally grown oxide layer (TGO) formed during service op-
erations. Considering the major functions of each coat, the bond coat (BC) mainly
protects the substrate material from the tough oxidative and corrosive environment
and further it plays a role as improving the bonding between the ceramic topcoat and
the substrate. The functions of each coat will be mentioned in subsequent sections.
As shown in Figure [[.4] the BC layer is more resistant to oxidation than the metal
substrate and owing to oxidation of the BC during in-service conditions the TGO

forms, as an effective barrier to oxygen diffusion [2, 27].

TBC

TGO

BC

Substrate | L

Figure 1.4: Schematic representation of a TBC system consisting of substrate coated

with a BC and TBC in which during service conditions a TGO is seen, [4].

1.1.1 Bondcoat (BC) and Formation of Thermally Grown Oxide (TGO) Layer

The BC is the first layer that is in contact with the substrate material, the metallic part
has two major functions that are being an interlayer between the TC and the substrate
by increasing the adherence and protecting the substrate from chemical attacks since

the TC has a porous structure 28]]. The first step for a proper BC is to select

5



the correct materials having the thermal expansion coefficient close to the substrate
material and the TC. Hence in this way, the stresses forming during in-service con-
ditions via shrinkage or expansion while heating and cooling can be kept minimum
[7]. BCs are commonly produced from metal alloys and TCs are ceramic materials
as will be mentioned in[I.1.2] Therefore, there is relatively large expansion mismatch
between bondcoat and ceramic layer this imposes a tension stress in the ceramic on
heating. the tension on ceramic film layer can be decreased by decreasing the thermal
expansion coefficient between these two layers [29]. As a result of porous structure
of the TC itself, oxygen has a chance to diffuse through this layer and this enables
a formation of an oxide layer between the TC and the BC that protects the substrate
against the chemical attacks. This layer is called as the thermally grown oxide (TGO)
layer having thickness between 1-10 um [25, 30] which acts as an excellent diffusion
barrier having a low oxygen diffusivity. Most of the time, the inward diffusion of
the oxygen through TGO plays an important role for TGO growth however, in some
cases, TGO growth can also be controlled by the outward diffusion which Al causes
a TGO formation at the TGO/TC interface [11]. It is very critical to understand the
properties of the TGO while understanding the performance and the failure of the
TBCs. It is known that the TGO is slowly growing at high temperatures with per-
fect mechanical integrity. Hence, TBC failure can occur when the TGO exceeds the
previously mentioned critical thickness values. This failure mechanism has the same
background with the critical thickness for the loss of coherency of epitaxial thin films
depending on the mismatch between the elastic strain energy in the growing films [2].
Hence, the TGO, should be homogeneously distributed to the surface with a continu-
ous and a dense structure. According to the year-to-date applications and the studies
conducted by Richer et.al. [31], the TGO can be made of a-0-Al,O3 and if so, there is
also some other metallic oxides apart from alumina [31]]. In Figure the formation
and followed by thickening of TGO can be seen according to the studies of Heeg and

colleagues [J].

As mentioned before in order to understand the failure mechanism of TBCs, it is im-
portant to know the geometry of the TGO. Aktaa and coworkers hence, simulated the
volume growth of the TGO which it is in the perpendicular direction to the interface

[6]. In their research the interface is modelled by a sinusoidal wavy interface which



Figure 1.5: SEM image of TGO formation and thickening a) after 25 cycles b) after
50 cycles c) after 100 cycles d) after 180 cycles locally by using the electron beam
physical vapor deposition method of 7 wt% yttria-stabilized zirconia thermal-barrier

coating (TBC) on a Pt-modified nickel aluminide bond coat [3].

is commonly seen in literature. The wavelength of the interface was around 0.06 mm
with the amplitude around 0.01 to 0.06 mm [6]. After introducing a crack in the TBC
close to the peak region in the sinusoidal rough interface, it was noted that the TGO
growth increases the equivalent strain energy release rate G, the relation is given in
Equation [I.1] at the end of the thermal cycle by almost 50%. Additionally, mode-II
strain energy release rates, Gj; according to the study conducted, also increase as a

result of the oxidation of BC and TGO growth [6]].

1 /
Geq = 5 (G] + 3G + G% + 6GIGII> 6] (L.1)

Furthermore, according to the study of Richer and his colleagues, oxides other than
a-Al, O3 form in time at the TGO layer when the bond coat is CoNiCrAlY. Having
o -0-Al,O;5 in the TGO is advantageous due to the fact that oxygen permeability of
a-0-Al, O3 is low and then the growth rate is low. Then, the failure arising from the
TGO is postponed [31]]. Therefore, the selection of the bond coat material is a critical

issue in TBCs.
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Figure 1.6: TBC system model of Aktaa et.al. [6]

1.1.2 Top Coat (TC)

The outermost layer of the TBCs is the topcoat which is indirect contact with the hot
working gases in a gas turbine or other hot working components. Hence, the main
task of this layer is to provide a thermal insulation [25,32]. The essential requirement
of the topcoat is a high melting temperature since it is the contact point to the hot gas
temperature. Furthermore, a low thermal conductivity in order to satisfy the perfect
insulation, a similar thermal expansion coefficient with the substrate to prevent the
mismatch between the layers during in-service thermal cycles, a good strain tolerance
for good resistance to thermal shocks during each thermal cycle and above all, a good

oxidation and corrosion resistance are desired properties for the TC.[25} 30, 33].

In consideration of the required properties, different from BC materials, ceramic ma-
terials are the most suitable type of materials that can be used as a topcoat. As can
be seen in Figure [[.7] considering the thermal expansion coefficient and the thermal
conductivity properties, tetragonal zirconia is the most conventionally used ceramic
material. Zirconia transforms into a monoclinic phase at temperatures around 1170°C
leading to a volume expansion [34]. This expansion has a negative effect, residual

stresses. Hence, yttria addition to zirconia has been a convenient method in order to
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Figure 1.7: Representation of thermal expansion coefficient and thermal conductivity

properties of various materials, [7]]

avoid the transformation and the tetragonal phase is stabilized at low temperatures
[25]. Yttria stabilized zirconia (YSZ) has a high thermal stability, high thermal ex-
pansion cofficient with a low thermal conductivity making it a desirable material to be
used as a topcoat. Further, as shown in Figureother ceramics like a-Al,O3, MgO,
mullite and SiO, are unstable at high temperatures as a result of their polymorph
properties [7, 25]]. The success of the topcoat also depends on the strain tolerances
according to the deposition method. While different methods result in different strain
tolerances, in plasma spray coatings the tolerance is related with porosities in between

splats and voids resulting with cracks [19} 23].

1.1.2.1 Yittria Stabilized Zirconia (YSZ)

Yittria stabilized zirconia (YSZ) has a numerous advantages and due to this reason
it is the most widely used material for TBC applications. YSZ structure is basically
formed by a high point defect that substitution of Zr** ions by Y** ions in the flu-
orite structure, producing a small spacing between point defects [18]. It is known
that, YSZ is more resistant to corrosion than ZrO, coating stabilized by CaO or MgO
[33L135]. In addition, 18-20YSZ coatings are another variation of YSZ that has been

studied by Troczynski and coworkers [36]. According to their studies, the most ex-
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plicit disadvantage of YSZ is the limited operation temperature which is less than
1473K for considering long term applications. This is due to the fact that, increase in
temperature results in a phase transformation from the tetragonal (t) structure to the
tetragonal (t) and the cubic Fluorite (F) structure given in Figure and followed by
monoclinic (m) structure leading to a crack formation in the coating [8, 133]]. Further
to say, when there is silica as impurity in the YSZ coating, the thermal cycling life
of the coating decreases since silica segregation to the grain boundaries is seen in the
bulk zirconia-based zirconia and these segregates become excessive and collect at the

triple points.
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Figure 1.8: Phase diagram of YO1.5-ZrO2 [8§]]

These silica segregates cause a shape and size change of the grains, further Y,03
dissolve from the YSZ and finally a localized destabilization can be seen [33] [37].
Moreover, a thin layer of silicates on the top of the bond coat acting as an oxygen
barrier may improve the oxidation resistance of the bond coat since they have lower

oxygen conductivity [37]. Still, these kind of problems could have been eliminated to
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a large extend by using alumina and mullite as the BC that are acting more oxidation

resistant [38]].
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Figure 1.9: Thermal cycling lives of TBC depending of the substrate, [9]

The dependence of the thermal cycling lives on the substrate temperature is presented

in Figure. 1.9/ [9].

1.2 Methods for TBC Deposition

Contemporary applications show that there are two main methods to produce TBCs.
These are known as the air plasma spraying (APS) and the electron beam physical
vapor deposition (EB-PVD). The YSZ coatings are produced by either Air Plasma
Spray (APS) and/or Electron Beam Physical Vapor Deposition (EB-PVD). Design
considerations for the selection of coating method depends on the requirements such
as component size, cost and performance. Each coating method has its own advan-
tages and disadvantages. Conventional APS is relatively inexpensive but limited to
porous or dense YSZ coatings, whereas filamentary strain tolerant coatings can be

produced by EB-PVD method but it is more expensive compared to the APS method.
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1.2.1 Air Plasma Spraying (APS)

Air plasma spraying, in other words atmospheric plasma spraying is basically a ther-
mal spraying method consisting of composition of the cladding environment, the
plasma steam, the powder material to be deposited and the substrate material in order
to provide thermal, wear and corrosion resistances. During APS, the powder is in-
jected inside the plasma steam which is formed by a steam of plasma gas between the
two oppositely charged bars and the powder particles melt in the plasma steam while
with the acceleration they are pushed to the surface. Pushed particles are cooled when
they hit to substrate surface forming a layer-by-layer structure. In this structure each
layer is called as a “splat” [[1]]. Figure[I.I0]shows a schematic representation of the

APS method. A representative microstructure after APS method can also be seen in

Figure [[.T1]
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Figure 1.10: Schematic representation of air plasma spraying (APS), [[10]

1.2.2 Electron Beam Physical Vapor Deposition (EB-PVD)

Electron Beam Physical Vapor Deposition (EB-PVD) method is based on a positively
charged anode generating an electron beam under a high vacuum chamber which is
targeted to the ingot supplement consisting of ceramic materials to be coated. This
high energy is transmitted via the electron beam and the ingot supplement vaporizes

forming a coating on the substrate material as seen in Figure [I.13]

Since vaporization of ceramic supplement is required during the process, this method

is defined as a very slow and energy consuming method compared to the APS. On the
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Figure 1.11: SEM image of TBC with 120 thermal cycles by using APS method, [[11]]
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Figure 1.12: SEM image of a cross section of a TBC system by using EB-PVD as a
deposition method showing the temperature reduction provided by the TBC [[11]]

other hand, the advantageous microstructure given in Figure [I.13bis more feather-

like and more compact with free of large gaps.

As a result of this compact structure, the EB-PVD method shows a better insulation
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Figure 1.13: (a) a schematic representation of EB-PVD method [12]] (b) typical mi-
crostructure of EB-PVD deposited TBC system

performance compared to the APS method and other TBC coating techniques which
are not mentioned in this study. Furthermore, the interfaces are also very smooth
in the EB-PVD compared to the APS method. Therefore, the main disadvantage
is the smooth interface causing coming from this occurrence is the interfacial crack

propagation easier that is a great problem in industry.

1.2.3 Failure in TBC Systems

TBC systems consist of ceramic coatings so as to protect the substrate metal from
creep, fatigue, especially thermal fatigue and corrosion. Therefore, a homogeneous
and an effective coating system without any failure increases the efficiency of the
turbine or the engine providing a long lifetime despite of the exterior environment.
Since these coatings are ceramic materials, it is possible to observe several defects
other than porosity coming from the ceramic structure. Furthermore, the coating
thickness is an important parameter controlling the thermal insulation in as sprayed
conditions of TBCs. An increase in thickness of the ceramic coating layer increases
the thermal insulation efficiency. However, this increase in thickness also results in

an increase in the residual stresses which become the main topic for many studies.
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In order to investigate the thickness effect some studies were conducted with thick
TBCs. Segmentation cracks and spallation have been reported as common failures
[26]. Additionally, during service conditions, TBC failure by spallation of the top
coat can also be seen in engines. The factors resulting in TBS failure can be sum-
marized as: the thermal expansion coefficient mismatch, the oxidation of the metal
substrate and the change in the microstructure, composition and interfacial morpholo-
gies and therefore the properties of the TBC system. This is the reason why failure

mechanisms seen in TBCs are not completely understood [11]].

Chemical Thermomechanical
(@) AL Depletion @) "Planar” Interface With Imperfection
a-Al,0, Failure
3 Plane
(ag<10") | Spinel ‘;}:‘;’:
‘
T
(@ Ni Diffusion Through TGO @ Undulating/Wrinkled Interface
TBC —
TGO Delaminaton Fabae
Failure Plane

Failure
Plane

Figure 1.14: Different failure modes of TBC coatings [[13]]

Aluminum depletion, imperfections in the planar interface, nickel diffusion via TGO,
foreign object damage and finally wrinkled interface can be named as different failure
modes of TBCs [[1]. These failure modes can be seen in Figure [I.14] In aluminum

depletion failure and nickel diffusion chemical effects are observed resulting in an
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interface cracking due to weakening of the topcoat and the BC. The major driving
force for atoms to diffuse is the high temperature. This diffusion causes a composition

change in the interface and therefore the interface properties change to brittle leading
to failure [1]].

EB-PVD Top-Coat

300 um

Figure 1.15: TBCs by EB-PVD (I) BC/TGO crack opening at the interface (II) Top-
coat/TGO crack at the interface and (III) Interface porosity opening crack, [11]]

The planar interface occurs as a result of the TBC coating produced by EB-PVD. As
a result of the process, porosities and wrinkles can be seen at the interface, see Figure
[[.13] Although the surface is very smooth, it is easy to see cracks. These cracks may

start with a small porosity leading to a spallation of the TBC. Furthermore, if there

16



APS Top-Coat

Bond-Coat

T - S NN e
- .
Top-Coat [ 4

e W
o
A
I L A

']
a ]

-
-‘\
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is a considerable mismatch of the thermal expansion coefficients of the topcoat and
the BC, heating and cooling in service conditions give rise to an interface opening.
When TBCs are deposited by using the APS method, the interface becomes wrinkle.
As a result of the thermal mismatch between the topcoat and the BC together with
the TGO, peaks and valleys formed by the APS method, are under pre-tension and
pre-compression. These cycling pre-tension at the peak region forms a crack opening
at the bondcoat and the TGO interface and the TGO and the topcoat interface. Studies
showed that, interface openings mostly seen at the peaks where there is a pre-tension.

Followed by the pre-tension, cracks may propagate at the interface and pass through
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the BC or even topcoat leading to failure, see Figure

The final failure represented in Figure [I.14]is the foreign object damage based on
the particles in the service environment. This failure is an exterior type of damage
that can be caused by any kind of dust in the ambient. Therefore, failure occurs as a
result of corrosion causing melted dust particles crumbling of small pieces of ceramic

coatings and metallic substrates.

1.3 Numerical Studies on TBCs

The extended finite element method (XFEM) and cohesive zone model (CZM) have
been used in last decades to simulate the crack initiation and propagation behavior of
the TBCs. The failure patterns of the TBCs can be monitored using these methods
and eventually the life predictions of the TBCs under the actual service conditions are

expected to be realized [39].

The XFEM can be used to simulate the propagation behavior of the cracks at the
ceramic film layer of the TBCs while the cohesive zone model (CZM) can simulate

the degradation of interface stiffness and delamination of the TC/BC interface [39].

Fan et al. [40] have investigated the relation between the periodical surface crack
spacings in the top coat layer of TBC system and the interface delamination. The co-
hesive zone model is used to model the interface delamination and to this end cohesive
elements are created at the TC/BC interface. The main outcome of their study is the
calculation of critical surface crack spacing or in other words the distance between
vertical cracks in the film layer that reach to interface. It is found that the critical
surface crack spacing value at which the delamination starts is about twenty times of
the film layer thickness. Their experimental studies supports the critical surface crack
spacings values as well. It is proposed in this study that the TBC performance and
durability can be enhanced by increasing the surface crack density which reduces the

possibility of the interfacial delamination.

Leo et al. [41] have investigated the delamination behavior at TBCs’ interface with

the CZM using a bilinear traction-separation interface constitutive relation with two
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dimensional simulations. They modeled their standard tension, shear and asymmetric
four-point bending mixed-mode experimental specimens with zero initial thickness
four-noded cohesive elements (COH2D4) in Abaqus. FEM simulations are incorpo-
rated with experiments and the interfacial failure initiation and propagation param-
eters used in the simulations are iteratively varied to match the load-displacement
results of the experiments for all three experiments. It is proposed in this study that
the interfacial material parameters of the APS-TBCs for FEM simulations can be

determined with the FEM and experiments incorporated methodology represented.

Zhang et al. [42] have used the XFEM to investigate the relation among the interface
roughness, the strain energy release rate and the film layer cracking behaviour of the
APS-TBCs. It is shown in the study that periodical vertical film layer cracks are
affected by the interface roughness. It is proposed that the roughness of the interface
has an important effect on the cracking patterns, the strain energy release rate and
the distribution of the interfacial stress. According to the results of the study the
distributions of the stress and the strain energy release rate in the regions of convex
and concave asperities of the substrate are diverting each other. The XFEM is used to
perform for the numerical study to determine the crack propagation path in the TBC
system, developing stresses and the strain energy release rate. The study basically
argues that the interface roughness has a tremendous effect on the development of
the stress and changes the values of the strain energy release rates. Furthermore, the
study defends that the durability of TBCs can be improved by controlling the interface
morphology artificially.

Yang et. al [43] combined single-edged notch bending tests by using the digital im-
age correlation technique with the XFEM to calculate the fracture strength and the
fracture toughness of 8YSZ. In their study notched finite element model is used to
simulate fracture mechanisms of a single edge notched beam of 8 YSZ. It is a comple-
mentary material characterization study using the XFEM and show that the XFEM
technique could be used with determined experimental data to predict the TBC fail-
ures in complex geometries. However, the values calculated for the fracture stress

and fracture toughness are not used in this study.
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1.4 Scope of the Study

Thermal barrier coatings are ceramic insulation coatings that shield the substrate su-
peralloys mechanically and thermally from the extreme environment that consists of
hot gasses. TBCs directly affect the performance of a jet engine in terms of fuel effi-
ciency and service life because they are used in locations in a typical aero jet engine
where the most extreme environment being encountered. Therefore, the durability of
TBCs directly correlates with the the durability of jet engines. Understanding their
complex fracture mechanisms is significant for the design stage. This study focuses

on the investigation of the fracture mechanisms of the TBCs.

In this study, it is aimed to investigate the failure mechanisms of APS-TBC numeri-
cally under four-point bending loading by using a combined XFEM/CZM model in
the commercial software Abaqus. The study can be considered as a complementary
numerical study of the experiments in the literature [1]. In order to simulate exper-
imental conditions two different techniques combined to simulate complete fracture
mechanisms of TBCs which consist of initiation and propagation of the surface cracks
followed by delaminations at the interface. Three different thickness models are cre-
ated for the FEM simulations according to the data obtained from the experimental
study [1]. The XFEM is used to monitor the crack initiation and propagation at the
top coat and the CZM is used to model the delamination at the top coat/bond coat
interface. In simulations and experiments cracks first initiate at the uppermost layer
of the TC and propagate through the TC. Then, delaminations occur at the interface
after vertical cracks reach the TC/BC interface. The average crack spacing increases
as the thickness of the YSZ layer increases. Furthermore, the delamination failure
becomes more prominent as the YSZ layer thickness and the surface cracks spacing

in the TC layer increase.
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CHAPTER 2

METHOD

In this study, finite element models are created to simulate four-point bending ex-
periments in the literature [[1]] to investigate the cracking mechanisms of the TBC by
using the Extended Finite Element Method (XFEM) and the Cohesive Zone Method
(CZM). In this chapter the history, theoretical background and general formulations
of the XFEM and CZM methods are presented. Furthermore, the implementation of
these methods to Abaqus and the limitations of Abaqus while using the XFEM and
the CZM are explained. Finally, the level set method, which is used for tracking crack

surfaces and monitoring their progress, is explained.

2.1 Extended Finite Element Method

While solving fracture mechanics problems by using analytical methods, many lim-
itations emerge, simplifications and assumptions are required. In order to simplify
the problem, generally homogeneous and isotropic linear elastic materials are used
in an infinite domain with boundary conditions in the simplest forms. However, in
real-world problems of sophisticated structures, the material itself contains small de-
fects and discontinuities. Boundary conditions are more complicated and material
properties are heterogeneous. Generally, the materials in real-world problems, are
not homogeneous and isotropic linear elastic compared to most analytical methods’
assumptions. On the other hand, satisfactory fracture mechanics simulations could be
executed through numerical methods. Among these applications, the finite element
technique is the most common and adopted method, and it is mostly used in complex

engineering problems. Therefore, several different software packages are developed
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throughout the years on the basis of the finite element technique [14].

In the finite element method, non-smooth stress and strain fields around the crack
tip can be monitored by refined meshes leading to a sudden increase in the number
of degrees of freedom of the finite element model. Especially in three dimensional
problems the situation becomes worse. Even though the finite element method seems
to be well-suited for fracture mechanics problems, these defects are the obstructions

of its use.

XFEM has been used to investigate crack initiation and propagation behaviour of dif-
ferent engineering materials in recent years and it became one of the most popular
computational tools to analyse crack problems because of its computational advan-

tages.

The XFEM is a numerical technique which is able to model internal and external
boundaries such as holes, cracks etc. without requiring the mesh to comply to these
boundaries. XFEM uses the partition of unity concept [44, 45] to adapt the inter-
nal boundaries in the discrete model and the technique itself is based on a standard
Galerkin procedure. XFEM was originally proposed by Belytschko and Black [46].
They provided this method for enriching finite element solutions in order to solve
crack propagation problems with minimum remeshing. Moes et al. [47] and Dolbow
et al. [48], 49]] presented an enhanced technique by adapting an enrichment that in-
cludes the asymptotic near tip field functions and a Heaviside function H(x). Later,
the concept was adapted to three dimensional static crack problems by Sukumar et
al. [S0]. Belytschko introduced the technique to model arbitrary discontinuities in
finite element approximation. The technique contemplates both the derivatives of the
discontinuities and the discontinuity itself in the function [S1]. In contrast to the ele-
ment enrichment procedure of Benzley [52], the advantage of this enrichment process
is the fact that it provides a response nearly independent of element size for a wide
range. However, there is a drawback of the presented method which is the need for a
variable number of degrees of freedom per node. Furthermore, the enriched elements
with the asymptotic-near tip field functions require transition element. These are the

most significant weaknesses of the technique [S3]].
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2.1.1 Partition of Unity Method

The accuracy of finite element solution can be improved by using the so-called enrich-
ment procedure. In other words, if a priori known analytical solution of the problem
is included in the finite element formulation the accuracy of the results can be in-
creased. The number of the nodal degrees of freedom increases as this concept is
adapted to fracture mechanics problems because the analytical crack-tip solution is
incorporated to the framework of the isoparametric finite element discretization to

improve the crack-tip field prediction, see [54]].

The partition of unity property is satisfied by the set of isoparametric finite element
shape functions N;
D> Nj(x) =1 2.1)
j=1
The partition of unity finite element method (PUFEM), proposed by [55], uses the
enrichment functions concept in conjunction with the partition of unity feature given
in Equation (2.1). PUFEM, as given in Equation provides the approximation of
the displacement within an element by using the enrichment functions p;(x) and the
complementary degrees of freedom a;; related to the enriched solution.

m

ul(z) = Z Nj(x) (Uj + Zpi(l‘)@ji) (2.2)

j=1
The total number of nodes of each element is determined by m and the number of
enrichment functions p; is determined by n. Equation (2.2) can be written for an

enriched node x;

u(zy) = (Uk: + sz‘(l'k)aji) . (2.3)

=1

However, Equation (2.3)) does not satisfy the interpolation property at node k. There-
fore, the enriched displacement field is modified as follows in Equation (2.4)) [54] to

get around this problem

u"(z) =) Nj(@)

uj + Z(pl(x) - Pz’(%))ag’i] : (2.4)
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Figure 2.1: (a) smooth crack (b) kinked crack. Figure is adapted from [14]

2.1.2 Generalized Finite Element Method

In generalized finite element method (GFEM), see [56]], shape functions are used for
the ordinary and enriched parts of the finite element discretization independently to

increase the order of integrity, i.e.

u'(z) = Z Nj(x)u; + ZN](I) (Z pi(x)aji> (2.5)

J=1

where N;(x) are the shape functions related to enrichment basis functions p;(x).
However, the interpolation at nodal points are not satisfied in Equation (2.5)) as well.
Therefore, the same procedure explained in previous section is applied to get around

this problem
u (@) = Y Nj@)us + Y N;) | 3o eile) — pile)ag| - 26)

2.1.3 Enrichment Functions

Cracks are modelled by two different types of enrichment functions in two-dimensional

problems.
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e Heaviside Enrichment Function

1 for (x—7) - n>0
H(z,y) = (2.7)
-1 for (x—7) n<0

For Heaviside enrichments, only the nodes that belong to an element split by
a discontinuity may be used. The Heaviside function is able to model a jump
in the displacement field which is caused by the seperation of the domain by a
crack. In a deformable body (2 in Figure the continuous curve ' represents
a crack in the domain, and x(x, y) is an arbitrary point in the body, X(z, y) is
the closest point to x(x, y) that belongs to I' and n is the outward normal vector
of the I at point X(x, y). The Heaviside function can be defined as in Equation
in order to assign the position of x(x, y) relative to the crack location. The

Heaviside function includes the discontinuity across faces of the crack.

o Asymptotic Near-Tip Field Function

The Heaviside function could not be used to estimate the displacement field in
the elements which are partially cut by the crack, in other words elements that
contain the crack tip. In this case asymptotic near-tip field enrichment func-
tions initially introduced by [57]] for the use in Element-Free Galerkin method
(EFG) can be used. These functions have been extensively used for fracture
problems and later they were employed by [58] in XFEM formulation. Follow-
ing four functions expressed in local crack tip polar coordinate system (r,0)

are responsible to define the fracture tip displacement field

(R 0L, = (Vi cos(3), Visin(3),
(2.8)

NG sin(g) sin(#), \/Fcos(g) sin(#)}.

By using four enrichment functions in Equation (2.8) new degrees of freedom
are added to each node in every direction. The term /7 sin(6/2) defines the
discontinuity in the approximation over the crack tip because it is the only dis-
continuous function through the crack surface. However, other three functions

are used in the neighbourhood of the crack tip only to improve the solution
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of the finite element approximation, especially to improve the accuracy of the

calculation of stress intensity factors, see [39].

Following expression could be used based on the four enrichment functions

given in Equation (2.8))

u"(x) = uppm(z) + upnr()

3 Nuw) | S F (@) -

keKy Li=1

4

+ Y Nil) | D 0EF (2)

ke Ko Ll=1

Note that Equation (2.9) is written for a domain that contains two distinct crack
tips. Furthermore, Equation (2.9) can be reformulated to satisfy interpolation

property as follows

u'(x) =Y Niw)ui + Y N;[H(z) = H(;)] a

+ 37 Ni(w) | Db [F(x) — F2(x)]

where J represents the set of nodes of the elements which are splitted by the
crack completely and enriched with the Heaviside enrichment function. /'; and
K, are the sets of nodes whose support domains include crack tips 1 and 2, and
their near tip enrichment functions are F'(z) and F?(x), respectively. b} and
bﬁj are the vectors of additional degrees of freedom used to model fracture tips.
u; indicates the conventional degrees of freedom and a; describes the additional

degrees of freedom used to model crack faces.
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2.1.4 Traction-Separation Law

The linear traction-seperation law proposed by [60] as shown in Figure 2.2 is used
for the XFEM enriched region in TC. In Figure [2.2p, the horizontal axis of the graph
refers to the separation and the vertical axis is the traction. The slope of the initial part
k is the cohesive stiffness. The damage initiation occurs at point X, therefore k gives
the value of the cohesive stiffness which is the ratio of traction stress to separation
at point X. At point Y, an unloading occurs and the cohesive stiffness decreases to
(1—D)k for the next time increment. D refers to the damage parameter and the value
of D is zero before damage initiation. The damage initiation occurs at point X and
it finishes at point Z. The values of D are 0 and 1, respectively at points X and Z. In
Figure 2.2b derivation of the damage parameter D is shown. The loading stiffness is
given as m = (1 — D)k derived in Equation from Figure

TU
m=(1—D) <—> (2.11)
Oy
T%/(6,) gives the undamaged crack stiffness value k. 7™ refers to traction stress if

cohesive damage does not occur and 7' refers to actual traction stress with cohesive

damage. Then the following condition could be derived from Figure 2.2]

(0. —dy) T
Ly 5,(1— D) <E) (2.12)

The damage parameter DD can be written in terms of seperation (9), by simplifying

Equation (2.12) as

(2.13)

The ultimate failure arises when the energy release rate due to the crack opening
exceeds the critical energy release rate G¢. G¢ can be determined by calculating the
area under the curve in Figure[2.2] The failure type relies strongly on the value of G¢;
high G¢ is related to the ductile failure and low G is related to the brittle failure. The

critical crack opening d., depends on the fracture stress 7" and the fracture toughness
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K IC, and the relationship for mode I failure is as follows
2( KC )2
5, ==L 2.14
ET (2.14)
Detailed discussion on relations given in Equations (2.11), 2.12)), (2.13), (2.14) can

be found in [15]].
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Figure 2.2: (a) Linear traction-seperation law; (b) Damage parameter and unloading

process. Figure is adapted from [15]].

2.2 Cohesive Zone Method

The Cohesive Zone Method (CZM) has been introduced in the early sixties to anal-
yse damage process under static loading beyond the crack tip by [61]. A cohesive
zone law, also known as traction-separation law, describes the constitutive behaviour
between the relative displacement J between two points and the traction 7, see [62].
Abaqus allows two different alternatives to utilize the cohesive zone method in a fi-
nite element model. These are surface based and element based cohesive behaviour.
In this study, surface based cohesive behaviour is used to model delamination at the

TC/BC interface.

The surface-based cohesive behavior is defined as a surface interaction property and
can be used to model the delamination at interfaces directly by using a traction-

seperation constitutive model. Unlike the element based cohesive behaviour, the
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surface-based cohesive behavior ensures a simplified way to model cohesive con-

nections with zero thickness interfaces.

Abaqus current traction-seperation model assumes linear elastic behaviour initially,
followed by damage initiation and evolution. Elastic constitutive matrix is given in
Equation (2.15) describes the elastic behaviour and it gives the relation between the

normal and shear stresses with normal and shear separations.

tn Knn Kns Knt 6n
= ts = Kns Kss Kst 55 = K(S (215)
tt Knt Kst Ktt 5t

For two dimensional problems nominal traction stress ¢ has two components; normal
traction ¢,, and shear traction ¢,. For three dimensional problems third component;
second shear traction #, is added to the relation and 6,,, d,, J; given in Equation (2.15)

denotes the corresponding separations.

2.3 XFEM implementation in ABAQUS

As it is explained in previous sections, the XFEM was first proposed in 1999. There-
fore, there are not many commercial codes that use XFEM method. However, XFEM
implementation provides enormous potential to the users. The most significant capa-
bility of the XFEM is that the finite element mesh does not need to conform the crack
surface exactly. Several attempts have been made over the years to implement XFEM
both in commercial FEA software and user developed codes. Abaqus and LS-DYNA

are the most popular ones among them.

In 2009, Dassault Systems released version 6.9 of Abaqus software which includes
basic XFEM functions. The implementation of the XFEM in Abaqus is based on
phantom node method which was introduced by Hansbo [63] and later modified by
by Song [64] and Rabczuk [16]. There is a fundamental difference between origi-
nal XFEM formulation and Abaqus implementation; in Abaqus implementation the
presence of the discontinuity is reproduced by superposing the phantom nodes to the

classical finite element nodes. Phantom node method is explained in Section 2.3.1.
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2.3.1 Phantom-node method
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Figure 2.3: The principle of the phantom-node method. Figure is adapted from [16]

A discretized body which contains a discontinuity is shown in Figure 2.3 Further-
more, an element which is cut by the crack is shown. ) and €, refer to real and
phantom domains, respectively. The parts of the damaged elements which belong to
the real domain (), is extended to the phantom domain (2, to be able to interpolate
the displacement in the ), by using the degrees of freedom of the phantom nodes in
the €2, which are presented empty circles in Figure 2.3] Phantom nodes are linked to
corresponding real nodes as long as the enriched element is intact. When a crack cuts
the element, it is separated into two parts each of which include phantom and real
nodes, see Figure[2.3] The following expression given by Song [[64] approximates the

displacement field

u"(X,t) = Z ur(t)Nr(X)H(f(X))

Ie(war,w;)

+ ) uwBNS(X)H(-f(X)),

Je(wg wp )

(2.16)

where f(X) refers to the signed distance with respect to the crack and H(x) refers

to the the Heaviside enrichment function. w0+ , Wo w; and w, are the nodes regard-
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Figure 2.4: Classic XFEM and phantom-node method. Figure is adapted from [16]

ing to Qf, Q, Q]‘f and (2, respectively. The comparison of the shape functions
between original XFEM and phantom node method is illustrated in Figure for a
one-dimensional phantom node superimposed element. By integrating over the area
from the original nodes end up to the crack, i.e. €} and Qg the jump in the displace-

ment field is accomplished [16]].

Principally, if the equivalent strain energy release rate exceeds the critical strain en-
ergy release rate at the crack tip in an enriched element, the process of separation
starts. Once this requirement has been met, every phantom node is no longer re-
stricted to its corresponding original node, and thus, phantom nodes can freely move

apart.

2.3.2 Level Set Method

The discontinuities are modelled almost independent of the finite element mesh in
the XFEM framework. The issue is how to monitor the initiation and propagation of
these discontinuities, as the the finite element mesh does not explicitly define them.
In order to track cracks, voids and holes the level set method has been used which

was initially introduced by Osher and Sethian [65] for tracking the development of
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moving boundaries and later it was used in XFEM. The narrow band level set method
proposed by Adalsteinsson and Sethian [66] can be used to decrease the computa-

tional costs associated with the level set method.

The important point of the level set method is to treat to the interfaces as the zero
level set of some functions [67]. In order to fully characterize a crack, two different

level set functions are defined as follows

e A normal level set function, ()

e A tangential level function, ¥ (z).

The normal level set function for a closed curve takes the following form

p=(—-7)n (2.17)

where = which belongs to I'. given in Figure is the closest point to an arbitrary

point z(x,y) € € and n describes the normal vector of 7.

For an interior crack, tangential level set function ¢ (x) is computed by finding the
minimum signed distance to the normal at the crack tip and two different functions

can be discriminated [[14] which can be written as follows

U(x) = maz {4y (2), Ps(x)} (2.18)

The tangential level set function 1) is used to track the crack surface, while the normal
level set function ¢ is used to track the crack tip [68]. In conclusion, the normal and

tangential level set functions are defined such in the following way

IN

0) and ¢(x <0)
for x €Ty, @@=0) and P(x=0).

for x €T, z
o (2.19)



Figure 2.5: Construction of level set functions

2.3.3 Limitations of the XFEM in ABAQUS

Due to its recent introduction, there are some limitations [68]] of XFEM implementa-

tion in Abaqus. The most significant ones are listed below;

e implemented only for the static stress analysis procedure

e can use only linear continuum elements

e contour integrals for stationary cracks not currently supported

e cannot model fatigue crack growth

¢ intended for single or a few non-interacting cracks in the structure
e an element cannot be cut by more than one crack

e crack cannot turn more than 90 degrees in one increment
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crack cannot branch

the first signed distance function must be non-zero

only frictionless small-sliding contact is considered

only enriched regions can have a material model with damage

o
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function and the crack tip singularity
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A : Nodes enriched with the crack tip
singularity functions

Figure 2.6: Abaqus/Standard enrichment procedure

Furthermore, the enrichment process of the nodes performed in Abaqus is of consid-
erable interest. There are important differences for stationary and propagating cracks
in XFEM implementation of Abaqus. In the first case, it seems evident that the crack
can not propagate in the body, and only a static analysis can be performed. The crack
tip can be located anywhere in an element domain for stationary cracks but it can only
be located along an element edge for propagating cracks, because while crack prop-
agates through the element it requires to cut the supporting domain of the element
completely. Therefore, the crack tip of the propagating cracks can not be located ar-
bitrarily in the element but only along an element edge. In other words, the crack tip

cannot be located inside the element domain for propagating cracks.

There is a significant difference in the enrichment procedure between stationary and
propagating cracks. To be more specific, the number of enriched nodes and the adop-
tion of the enrichment functions are different for those two crack types. In propagat-

ing cracks, only Heaviside enrichment functions are governed, and as a consequence,
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the crack can be located everywhere in the finite element model while the crack tip
itself has to lie on an element edge. On the contrary, for the stationary cracks, XFEM
discretization consists of both the Heaviside and asymptotic near-tip singularity func-
tions. According to Figure[2.6] the nodes of the elements divided by the crack entirely
are enriched only with the Heaviside enrichment function, while the single element
containing of the crack tip has its nodes enriched with the Heaviside function and
asymptotic near-tip singularity functions. Abaqus allows the user to define the en-
richment region, and it is illustrated in Figure 2.6as R.,,,. Increasing the number of
enriched elements or in other words expanding the enriched area boundaries increase

the accuracy of the finite element discretization and the computational cost as well.

35



36



CHAPTER 3

FINITE ELEMENT MODEL

In this chapter, the method followed in generation of FEM models of four-point bend-
ing experiments shown in Figure is explained in detail. Damage parameters used
in the XFEM enriched region for the crack initiation and the cohesive region for the
delamination are explained. The procedure developed to assign random maximum
principal stress (MAXPS) properties to the elements in the uppermost layer of the
TC is presented. In order to verify the FEM models a mesh verification study is

conducted, the details and the results of the this study are also explained.

3.1 Model

Two-dimensional finite element models of the symmetric four point bending exper-
iments conducted in [1] are created. There are three different TBC specimens with
different BC and TC thicknesses. The geometry and the coating thicknesses of three

different specimens are given in Table 3.1

Table 3.1: Substrate and coating thicknesses of the specimen

Specimen Top Coat [mm] Bond Coat [mm] Substrate[mm]
Thick 0.60 0.16 1.60
Standard 0.38 0.10 1.60
Thin 0.26 0.05 1.60

Two-dimensional models are created, because of the limited computational resources

and three-dimensional effects are considered to be negligible for the problem. In the
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Figure 3.1: Experimental four-point bending setup [1]]
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Figure 3.2: Schematic view of the finite element model of four point bending test

four point bending tests given in Figure [3.2] the substrate thicknesses are same for
all three models, while BC and TC thicknesses vary. The models are constrained
by four circular rigid bodies, the two of them are used to support the beam and the
other two are used to apply the load. Frictionless contacts are used between the rigid
bodies and the specimens. The rigid body supports are constrained with encastre
boundary condition and a displacement controlled loading in y-direction is applied
with two rigid bodies from the TC. When analyses have been run with these boundary
conditions rigid body motion problems have been occurred. To overcome rigid body
motion problem of the specimen in finite element analysis, an artificial boundary
conditon which does not exist in the experiment is added to the model. The model is
also constrained in the x-direction by adding an artificial boundary condition to the

vertical axis in the middle of the substrate section, see Figure [3.3]

According to the deposition technique either air plasma spraying and electron beam
vapor deposition residual stress occurring in the TBCs. The most important factor of
the residual stress is the temperature at which the coating process is formed. Depend-
ing on the temperature and deposition technique the residual stress field varies from
compressive to the tensile. In addition to these differences stress field can also vary in
the thickness direction. Generally stress is higher at the surface close to the substrate
comparing to the outermost surface of the coating [69]]. In this study, residual stresses

are not taken into account.

Four node plane strain elements with reduced integration (CPE4R) are used through-
out the model. In the TC and the BC 0.05 mm mesh size is used. In substrate layer of

the model mesh size varies through the thickness direction and increases from 0.05
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Figure 3.3: Boundary conditions of the finite element model

mm up to 0.2 mm. The employed mesh sizes are determined by a mesh convergence

study explained in Section[3.2]

3.1.1 Material Properties

Table 3.2: Material Properties

Layer E [GPa] v[-] MAXPS [MPa]  GiticalkJ/m?]
Substrate (Inconel 718) 205 0.284 - -
Bond Coat (NiCrAlY) 115 0.3 - -
Top Coat (YSZ) 45 0.157 1000 8

Material properties given in Table [3.2] are taken from the literature [I]] except the
Young’s modulus of the TC. The Young’s modulus of the top coat layer is calculated
by nanoindentation test in [1] as 118 GPa with a 17 GPa standard deviation. On the
other hand [70] conducted cantilever beam experiments for similar systems. Since the
bending experiments for the determination of the Young’s modulus is more relevant

for the problem considered in this study, the Young’s modulus of 45 GPa found in

[70] is used.

3.1.1.1 Damage Properties for the XFEM Region

In Abaqus XFEM, damage initiation and propagation criteria have to be assigned
to the material model to be able to observe expected crack initiation and propaga-
tion phenomenon. In order to predict the expected damage initiation in the region

which consists of XFEM enriched elements, the Abaqus/Standard User’s Manual
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recommends to implement in material specifications either the Maximum principal
stress damage criterion (MAXPS) or the Maximum principal strain damage cri-
terion (MAXPE). In this study, the first criterion has been utilized. The maximum

principal stress criterion can be represented as

f= {%} (3.1)

In other words, MAXPS criterion assumes that a crack will nucleate within the body
once the ratio reaches a value equal to 1. In Equation (3.1), o7,,, represents the
maximum allowable principal stress, while 0., 1s the maximum principal stress. The
symbol () indicates the Macaulay brackets, used to signify that a purely compressive

stress state does not lead to any damage initiation [[14/],[[17].

The Maximum Principal Stress Criterion (MAXPS) is used as a damage initiation
criterion for the failure model of the YSZ in the XFEM enriched region. The pa-
rameter MAXPS is determined according to the experimental results of [[1] and it is
adjusted by iterations based on the crack nucleation times found in experiments. The
bending tensile strength is calculated by [71] as 1000 MPa for 3YSZ and the results
of the iterative study is validated for 3YSZ. The porosity of TBC coatings is one the
most important properties, see [/2]. To model the porosity or micro cracks in the
YSZ a script is written and MAXPS value of uppermost layer elements is fluctuated
around 1000 MPa by this script. The script randomly distributes MAXPS parameter

in user-defined limits in the uppermost layer elements of the TC layer.

3.1.1.2 Damage Properties for the Cohesive Region

The beginning of degradation process of the cohesive response at contact surfaces,
in other words damage initiation, begins when the criterias defined by user either
as contact stresses or contact separations are satisfied. In Abaqus several damage

initiation criteria exist.

The damage initiation criterion given in Equation (3.2)) and the damage evolution law

used in surface-based cohesive behavior are very similar to those used for cohesive
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Figure 3.4: Damage evolution for XFEM region in Abaqus

elements with the traction-separation constitutive model. A linear elastic traction-
separation behavior, relates the normal and shear stresses to the normal and shear
separations across the interface before the initiation of any damage. The damage

evolution describes the degradation of the cohesive stiffness.

The Maximum Stress (MAXS) damage initiation criterion given in Equation (3.2)) is

used in this study.

max { (tn) s t—t} =1 (3.2)

to, 12 7

In Equation (3.2)) ¢, describes the normal contact stress in the pure normal mode,
describes the shear contact stress along the first shear direction and ; is the shear

contact stress along the second shear direction [[17].

3.1.1.3 Damage Evolution

Once the damage initiation criterion is satisfied and the damage process is started, the
degradation rates of the stiffness of the material and the cohesive surface are defined

by the damage evolution law [[17].
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Figure 3.5: Damage evolution for cohesive surface in Abaqus
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Figure 3.6: Linear damage evolution. Figure is adapted from [17]

There are two components to the definition of damage evolution. The first component
involves specifying either the effective separation at complete failure, 6/, , relative to
the effective separation at the initiation of damage, J;,; or the energy dissipated due
to failure, G°, see Figure

Damage evolution can be defined based on the energy that is dissipated as a result of
the damage process, also called the fracture energy. The fracture energy is equal to
the area under the traction-seperation curve, see Figure [3.6] The fracture energy is
specified as a property of the cohesive interaction and either a linear or exponential
softening behaviour could be chosen. Abaqus ensures that the areas under the linear

or the exponential damaged response is equal to the fracture energy [17].

In this study damage evolution parameter is assigned both to the XFEM region el-
ements in the TC layer as a material property and the cohesive surface between the
TC and BC layer as a contact property. In Figure 3.4 and [3.5] selection menus in the

Abaqus user interface both for the YSZ and cohesive contact property are given.

3.1.2 Randomness

After some initial simulations of four point bending tests in Abaqus by using the

XFEM, cracks are initiated and propagated. However, the cracks initiated almost at all
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Figure 3.7: Four point bending moment distribution

Figure 3.8: Bending stresses

elements of the uppermost layer of the top coat simultaneously, see Figure[3.11] This
result is indeed expected because Abaqus is working according to the user defined
damage initiation criterion. The XFEM enriched region which is shown in Figure[3.2]
in the top coat is modelled as homogeneous and the damage initiation criteria is set

to a single value for the whole region.

In the four point bending tests pure bending condition occurs and the bending moment
is constant between the loads, see Figure |3;7[ Therefore, the maximum tensile stress
is at the uppermost part of the top coat region. Pure bending is a stress state in which
a bending moment is applied to a beam without axial, shear, or torsional forces being
present simultaneously [73]. The bending stress state of the beam is shown in Figure

[3.8and the equation of the normal stress o, is as follows;
Op = —Z0m (3.3)
C

In Equation (3.3)) 0,,, denotes the maximum absolute value of the stress. This equation
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Figure 3.10: Crack initiations at the top coat of the TBC specimen in the literature [[1]]

shows that, the normal stress varies linearly with the distance from the neutral surface

and it reaches the maximum value at outermost surface [73]].

Oy = —— (3.4)

Equation (3.4) shows o, is inversely proportional to the ratio — which is called the
c

elastic section modulus. [ is the moment of inertia, or second moment, of the cross

section with respect to a centroidal axis perpendicular to the plane of the couple M.

Note that the ratio depends only upon the geometry of the beam cross section.

According to the Figure and Equation (3.4) maximum tensile stress occurs at the
outermost surface of the beam between supports where the moment is constant and
maximum. It is also seen in finite element results in Figure[3.9)as well. Therefore the
results shown in Figure[3.1T]are expected because the same MAXPS value is assigned
to every element in the XFEM enriched region and once the stress value reaches the

assigned value cracks nucleate and start to propagate.

However, the results in the literature [I]], see Figure [3.10] are not similar to the ini-
tial FEM results. A certain amount of spacing is seen between two adjacent cracks

in experimental results in the literature [I]. Unlike the experiments, in FEM anal-
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Figure 3.11: Crack initiations in homogeneous model

ysis cracks initiate almost in every element at the outermost layer, see Figure 3.11]
Considering the Abaqus XFEM damage initiation logic and the theory of four-point
bending tests, simultaneous crack initiations is expected at the outermost layer ele-
ments of constant moment region of TBC specimens. Furthermore, assigning same
MAXPS value to every element is not realistic because of the nature of the ceramic
material. 3YSZ is not homogeneous and the porosity is one of the most common

sources of inhomogeneity in ceramics, see [72]].

Therefore, a script is written and the damage initiation property of the uppermost
layer element of the top coat is manipulated. By this script MAXPS parameter is

fluctuated around a nominal value.
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Figure 3.12: Material properties assignment diagram of FEM models

3.1.2.1 MAXPS Variation Procedure

By default, when a job is submitted associated with a model for analysis, Abaqus/-
CAE generates an input file representing the created model and then Abaqus analyzes
that input file. Input file of the Abaqus is written in ASCII format and can be viewed
and edited using a text editor [17]. In addition, the contents of the input file can be
modified externally. For example, the magnitude of the load applied, material prop-
erties, element types assigned in the model can be changed by editing the input file.
By importing the edited input file Abaqus analyzes the model according to the edited
features. In this study input files of the generated models are modified according to

the procedure explained as follows;

e 2D planar, deformable, shell geometries are created for substrate, bond coat and
top coat separately in Abaqus/CAE. For the geometrical dimensions of the TBC
layers, specimen dimensions in the literature [1]] are used and the geometrical

dimensions of the specimens are given in Table[3.1]

e Different materials are created according to the material properties given in the
literature [1]], see Table [3.2] Inconel 718 properties are assigned to the sub-
strate material and NiCrAlY properties are assigned to the bond coat material.
However, because of the problem mentioned in the Section [3.1.2] two different
materials are created for the top coat layer. One of them is for the outermost
layer elements and the other one is the remaining elements at the top coat except

the outermost layer elements between the loading supports, see Figure [3.12]

e Different sections are created for every layer to be able to assign different ma-

terial properties for the created geometries. For substrate and bond coat layers
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this procedure is pretty straightforward and easy. Then, created sections are

assigned to the substrate and bond coat part.

For the top coat layer randomly some finite elements are selected from the out-
ermost layer to create section from these elements. Then, remaining elements
are selected to create second section. This step is done to open an interface for

the script to be able to edit the input file of Abaqus.
Then the model is created and input file is generated by Abaqus/CAE.

The input file of the model can be read and edited by the written script and
the coordinates of elements can be determined. According to the element co-
ordinates, outermost layer elements can be extracted and the initially assigned

material properties can be edited.

New materials and sections are created in the number of outermost layer ele-

ments of the top coat.

MAXPS parameter is fluctuated in the user defined limits randomly and random
MAXPS parameter is assigned to the elements at the outermost layer of the top

coat.

3.2 Mesh Verification

One of the main objective of this study is to simulate the variation of the crack spacing

with the thickness of TC. This variation was reported in the literature [1]]. To verify

the finite element model and to decide the mesh size different mesh densities are used

in simulations and the results are compared.

As it is explained in the Section [3.1.1.T) maximum stress and the maximum moment

occurs in the uppermost layer between the supports in the four-point bending tests.

It is also seen in the experiments [1] that cracks are only initiated in this region.

Therefore, the most significant area of the beam is the middle region of the TC layer

between the loads, so only elements in this region are enriched for the crack initiation

and propagation, see Figure
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Figure 3.13: Mesh density map of the FEM model
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Table 3.3: Number of elements for different mesh densities

Mesh Density | Substrate BC Tc Tc Total
Normal Region XFEM Enriched Region

Coarse 1538 514 899 980 3931

Medium 4114 1378 1794 3640 10926

Fine 10417 4998 3630 14000 33045

In order to reduce the computational cost finer and structured meshes are assigned
only in this related region. In adjacent regions of the top coat a biased mesh is as-
signed. The same technique is used in the bond coat layer of the model as well. In the
substrate layer, whole region is assigned with a biased mesh and the concentration is
reduced from the bond coat interface through the bottom surface which supports the
loads. This approach is followed for different mesh densities in the mesh verification

study and the rest of this study as well.

The distance L between the supporting points, see Figure [3.12] is 14 mm. In the
coarse mesh model, 0.1 mm sized square shaped, structured elements are used. Con-
sequently, 140 elements in the longitudinal axes of the beam are created between
supporting points at the outermost layer of the elements. For the medium mesh, the
size of the meshes in this region is halved and the number of elements at the outer-
most layer of the mesh is doubled to 280. For the fine mesh, the size of the elements
is further halved again and the number of elements at the outermost layer is doubled
compared to medium mesh. Total number of elements of each FEM model are given
in Table 3.3l

As it is explained in Section [3.1.2] for the crack initiation MAXPS parameter is as-

signed to the elements at the outermost layer randomly in user defined limits. In this
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Figure 3.14: Variation of the MAXPS parameter of the elements in the outermost

layer of models with different mesh densities
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way it was intended to see average crack spacing change with the changing thick-
nesses of the TC. However, creating different mesh density models would cause a
problem; since there is different number of elements in the models with different
mesh densities, the random MAXPS parameter assigned to these outermost layer el-
ements would also have a different number. This would change MAXPS variation
pattern for different mesh densities. Therefore, the script is modified to assign same

MAXPS parameter for the same region in different mesh density models.

It is started with the coarse mesh model which has 140 elements in the longitudinal
axes between the supporting loads. This means that 140 different random MAXPS
parameter in the user defined limits should be created. For the medium mesh density
model as it is explained previously, this number increases to 280. In order to keep the
same damage initiation parameters at the same coordinates in each model; MAXPS
parameters assigned to 140 elements of the coarse mesh density model randomly and
the same MAXPS values are assigned to two adjacent elements in the medium density
mesh. Similarly, the same MAXPS values are assigned to four adjacent elements in

the fine mesh, see Figure[3.14]

In Figure [3.14] different mesh densities are seen, and the meshes are drawn by the
script written in MATLAB. Squares in the elements at the outermost layer refers to
different MAXPS values. Colour scale of the squares is chosen such that lighter
color tones like gray to white refer to higher MAXPS values and darker color tones
like gray to black refer to lower MAXPS values. The numbers above the outermost
layer elements in Figure [3.14] represents the order of the random MAXPS number.
Considering the element sizes for different mesh densities, same regions in every

model are assigned to the same MAXPS values by applying this method.

In order to check the validity of FEM models, 4 different random patterns of MAXPS
are assigned to each different density and hence 12 models are created in total for
mesh verification analyse. Cohesive surface approach also applied every model and
XFEM and CZM used together. These two methods requires high computational
power even they are used separately because of the number of the cracks initiation
and propagation in the TC layer. Furthermore, the combination of the two methods

requires even higher computational power, considering the delamination at the inter-
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Table 3.4: Number of cracks for different mesh densities

Model Number | Coarse Medium Fine

Model - 1 6 5 No converged

Model - 2 5 6 9

Model - 3 6 6 5

Model - 4 6 6 6

Average 5.75 5.75 6.67
face between TC and BC.

Variation of average crack spacing with the TC layer thickness change is one of the
outputs of the four-point experiments in the literature [1l]. Therefore, in the mesh
verification study variation of the average crack spacing among different meshes is
investigated. Only cracks that reach to the interface between the TC and the BC layers
were counted as cracks in this study. Results of the mesh verification study is given in

Table The crack patterns for Model-3 and Model-4 for different mesh densities
are given in Figure [3.16] and Figure respectively.

The load-displacement behaviour of the different mesh densities are compared in Fig-

ure [3.15]and all three meshes are in a good agreement with each other.

The number of cracks results of the coarse and medium meshes are in good agreement
with each other. However, the second model with fine mesh density shows different
behaviour compared to medium and coarse meshes, in the fine mesh of the second
model more cracks initiate. On the other hand, the fine mesh of the fourth model has
a good agreement with the coarse and medium mesh density models. Furthermore,
convergence issues raised during the analysis of the fine mesh models which requires
more computational resource compared to medium and coarse meshes. For these
reasons, it would not be reasonable to continue with the fine-mesh models for the rest

of this study.

Even though the coarse and the medium mesh density models are in good agreement
in terms of the average crack spacing, the medium mesh density model is chosen

for the rest of the study because of the geometrical sizes, see Table of different
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Figure 3.15: Load-displacement behaviour comparison of different mesh densities

layers in different TC thickness models. In the thin specimen the BC layer is thinner
compared to the standard and the thick specimen. Therefore, employment of the
coarse mesh would lead to aspect ratio differences between the TC and the BC layer
elements and this could effect the reliability of the results. Even though it has an

advantage for the run times of the analyses medium mesh model is a better choice.

54



e

(a) Coarse mesh Model-3 results

(b) Medium mesh Model-3 results

(c) Fine mesh Model-3 results

Figure 3.16: Model-3 results with different mesh densities
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(a) Coarse mesh Model-4 results

(b) Medium mesh Model-4 results

(c) Fine mesh Model-4 results

Figure 3.17: Model-4 results with different mesh densities
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CHAPTER 4

NUMERICAL RESULTS

In this chapter, TBC specimens with different thicknesses are analyzed under a dis-
placement controlled four-point bending test by using an approach that combines the
XFEM and the CZM. An artificial parameter is created in order to constitute random-
ness effect of the ceramic material used at the TC layer. Numerical results of the
parametric studies for the cohesive zone at the TC/BC interface and the TC layer are
presented and the fracture mechanism of the TBCs are investigated numerically. The

results of the study are compared with the experimental results in the literature [[1].

4.1 Effect of the Cohesive Stiffness

The cohesive surface behaviour is used at the interface between the TC and BC lay-
ers instead of cohesive elements to simulate the degradation of the interface, as it is
described in Chapter [3] The cohesive zone method enables the initiation and propa-
gation of the delamination at the interface. In Abaqus there are two options to model

constitutive response of the cohesive zone:

e Traction-separation approach

e Continuum approach

the continuum approach is used if the actual thickness of the interface is modelled,
contrarily the traction-separation approach is used when the interface thickness is
modeled as zero. In this study, the thickness of interface between the TC and the BC

considered as zero [[74]].
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The traction-separation relationship at the interface is characterized by three critical

parameters;

e Cohesive stiffness
e Damage initiation threshold

e Damage evolution parameter

The initial stiffness value of the cohesive interface between the TC and the BC layers
is accepted as a penalty parameter in Abaqus and it is not a measurable physical
parameter. Preferably the cohesive stiffness value should be very large even it should
be infinity. However, in FEM models a sufficiently high but a finite value must be
assigned to the cohesive surface stiffness. It is important to note that a very high value
of stiffness may result in convergence problems [74]. Thus, the interface stiffness
should be large enough to prevent an artificial compliance but also small enough to
reduce the risk of numerical problems such as spurious oscillations of the tractions at

the interface [75]].

Abaqus allows user to assign cohesive surface stiffness as an uncoupled or coupled
relationship between tractions and separations. In the literature, for cohesive zone
problems generally uncoupled relationship is chosen unless there is a data set avail-
able for the coupled elastic response. Therefore, in this study uncoupled relationship
is chosen for the cohesive zone stiffness. The uncoupled relationship in Equation

(2.15) becomes the following

t=<t;p=10 K, 0 b, ¢ = Ko 4.1)
tt O O Ktt 5t

where K,,,, K.;, K refer to the normal, the shear and the second shear stiffness
components. By default, the normal and tangential stiffness components are not cou-
pled: pure normal separation by itself does not give rise to cohesive forces in the
shear directions, and pure shear slip with zero normal separation does not give rise

to any cohesive forces in the normal direction [17]]. In our problem Mode-I fracture
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Table 4.1: Cohesive Stiffness Iterations for Thin Model

THIN
Cohesive Stiffness Model - 1 Model - 2 Model - 3
[KN/mm?] Small Cracks Int. Cracks | Small Cracks Int. Cracks | Small Cracks Int. Cracks
200 6 8 10 7 8 7
300 9 8 11 7 8 7
400 9 8 11 7 10 7
500 9 8 11 7 10 7
600 10 7 12 7 10 7
800 10 8 11 9 11 7
1000 8 9 9 10 11 7
1200 9 8 12 7 11 7

is dominant at the interface between the TC and the BC layers and delamination is
investigated in the experiments [1]. Therefore, it is assumed that the normal and the
shear stiffness components are equal to each other and the same values are assigned

to K,,,, and K, in all analyses.

Analysis are started to set the cohesive zone stiffness value for the rest of the study.
Three different models are created according to the procedure given in Section[3.1.2.1]
For every TC and BC thickness values those three models with different MAXPS dis-
tribution patterns are used in the analyses. In the analyses all the material parameters
other than the cohesive stiffness are fixed to investigate the effect of the cohesive

stiffness on the results. Furthermore, +3% variation of MAXPS parameter is used.

One of the main output of the experiments [[1] is the variation of the average crack
spacing for different thickness specimens. Although the delamination and cracking
mechanisms of the TBCs are also investigated in the experiments [[1] at this stage
of the current numerical study the delamination is not considered. To prevent the
damage initiation at the interface a very high value of 2000 MPa is chosen for MAXS

parameter which describes the cohesive strength.

It 1s aimed to see that the number of cracks at the TC layer is not affected by the
change of the cohesive stiffness values. In the literature, very large values of cohesive
stiffness, 3—4 orders of magnitude larger than the Young’s modulus of the neighbour-

ing bulk materials are recommended [/6l]. Therefore, the analysis is started with the
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Table 4.2: Cohesive Stiffness Iterations for Standard Model

STANDARD
Cohesive Stiffness Model - 1 Model - 2 Model - 3
[KN/mm?] Small Cracks Int. Cracks | Small Cracks Int. Cracks | Small Cracks Int. Cracks
200 9 6 14 7 13 6
300 10 6 14 8 15 6
400 10 6 14 8 15 6
500 10 6 14 8 15 6
600 11 6 14 8 15 6
800 11 6 14 8 15 6
1000 11 6 14 9 15 6
1200 11 6 14 9 15 6

relatively high values as recommended. However, when large values are assigned to
K, and K, parameters numerical instabilities and convergence issues experienced

especially in thick model.

In order to overcome this problem, the analysis are continued by decreasing the K,
and K, values to one order of magnitude larger than the Young’s modulus of the
BC layer and convergence is satisfied in thin and standard models but instabilites
and convergence issues are not solved in the thick model. The stiffness values are
decreased one order of magnitude more and convergence is achieved for the each
thickness. As it is mentioned in the literature [[75]], the cohesive stiffness values should
be selected as high as possible while convergence can still be achieved. Therefore,
the analyses are continued by increasing the stiffness until convergence problem is

occurred.

Table and [4.3| show the number of cracks obtained in the analyses. Number
of small cracks are also given in the tables but for average crack spacing calculation
number of all cracks are not taken into account as in the experiments [1], only the
cracks that reach to the TC/BC interface which are given in the tables as "Int. Crack"
columns are counted as cracks. The number of crack results are very consistent for
the standard model for the considered range of cohesive stiffness values. Even though
the number of cracks results show some variations for the thin model. In most cases

there is a tendency of rise in number of cracks with an increase of cohesive stiffness.
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Table 4.3: Cohesive Stiffness Iterations for Thick Model

THICK
Cohesive Stiffness Model - 1 Model - 2 Model - 3
[KN/mm?] Small Cracks Int. Cracks | Small Cracks Int. Cracks | Small Cracks Int. Cracks
200 31 6 27 5 30 5
300 29 6 27 5 29 6
400 31 6 28 5 29 6
500 7 6 27 7 7 6
600 N/A N/A 28 6 1 5
800 N/A N/A N/A N/A 28 6
1000 4 4 N/A N/A 28 6
1200 N/A N/A 25 6 27 5

However, it is not the case for the thick model and convergence problems are experi-
enced for large interface stiffness values. Therefore, 500 kN/mm? is chosen as the
cohesive interface stiffness value for the rest of the study for all models. Although the
units of the cohesive stiffness and the Young’s modulus are not comparable, selected
K value is one order of magnitude higher than the Young’s modulus of the TC layer

and five times higher than the Young’s modulus of the BC layer numerically.

One can conclude that the cohesive stiffness value is not the most important parameter

for the traction-separation relation for the crack initiation and propagation.

4.2 Effect of the Maximum Principal Stress (MAXPS) Parameter

In Abaqus, the crack initiation in the XFEM enriched region elements is based on the
stress or the strain value at the center of the enriched element. As it is mentioned in
Section[3.1.T.T, MAXPS parameter is chosen for the prediction of the crack initiation
in the TC of the TBCs.

The FEM model created for the simulation of the experiments in [1] is a complex
model because it is a composite beam consisting of three different materials with
different thicknesses and different material parameters. Note that crack initiations
and propagations are expected only at the TC layer of TBC beams. The TC layer of

the TBC is almost three times thinner than the substrate for the thick model and this
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Table 4.4: ASTM A109 Steel material properties for a XFEM study

ASTM A109 Steel

Yield Strength [MPa] 305.3 | MAXPS Damage | Maximum Principal Stress: 345 MPa

Ultimate Tensile Strength [MPa] 437.7 | Damage Evolution | Type: Energy

Young’s Modulus [GPa] 204.8 Softening: Linear
Strain at Ultimate Failure [-] 18.0 Degradation: Maximum
Poisson’s ratio [-] 0.29 Mode mix ratio: Mode-Independent

Fracture Energy: 5.3 kN/m

» | »

Figure 4.1: Finite element model of the three-point bending

ratio is higher for the standard and the thin models. Furthermore, it has a modulus
of elasticity almost five times smaller than the substrate material. There is also a
cohesive surface at the interface between the TC and the BC layer which increases the
complexity of the model. Therefore, investigating the load-displacement behaviour
and getting comparable results would be more difficult for a realistic TBC model.
Thus, a simpler FEM model which is given in Figure {.T]is created to show the effect

of the maximum principal stress (MAXPS) parameter on crack initiation.

The two-dimensional FEM model given in Figure simulates a displacement con-
trolled three-point bending test. The distance between supports, L, is 40 mm and the
height, h, of the beam is 1.6 mm. Four-node bilinear reduced integration elements are
used in the model which has 4329 structured finite elements. Unlike the rest of the
study, for this 3-point bending test an initial crack which has a size equal to the length
of an element is defined at the bottom side of the beam in the middle which is illus-
trated as a small red line in Figure 4.1} The initial crack is introduced to investigate

the effect of the parameters for damage initiation and propagation better.
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Figure 4.2: Load-displacement curve of 3-point bending test for different MAXPS

values

A generic material is used for this study and material parameters given in Table §.4]

are taken from literature [[77]], which are used for fracture simulations of a grenade

handle. An elastic-plastic material model is used for the analysis. For the material

failure model MAXPS and the fracture energy are chosen for the damage initiation

and the propagation criteria respectively.

Five different analyse are run by varying the MAXPS parameter and the load-displacement

curves are compared to each other to investigate the behaviour, see Figure d.2] It is

clearly visible that the lower MAXPS values decrease the crack initiation load of the

beam. Figure[4.2]illustrates the relation between the MAXPS parameter and the crack

initiation. The crack initiation load is directly proportional with the MAXPS.

In order to show the effect of the fracture energy parameter five more analyse are
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Figure 4.3: Load-displacement curve of 3-point bending test for different fracture

energy values

run by varying the fracture energy value and the results are illustrated in Figure {.3]
The fracture energy is not related with the damage initiation, it defines the damage
evolution characteristics so the peak points of the load-displacement curves are not
changed but the post-peak behaviors are different for different fracture energy values.

As expected, higher fracture energy results in a more ductile the post-peak response.

The typical traction-separation response is illustrated by the results presented in Fig-
ure 4.2 and [4.3] very well. The MAXPS parameter defines the peak point of the
traction-separation relation and the fracture energy defines the area under the curve

between the peak point, damage initiation, and the ultimate failure point as described

in Section 2.1.4]

The crack propagation in the three-point bending simulation by XFEM is illustrated
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in Figure .4] The images in the figure are chosen arbitrarily among those 10 analyse
and they show that the crack propagates through the direction of the initial crack at

the bottom of the beam as expected.

(a) Stage-1

T
%ﬁ%* S
L ﬁﬁaﬁ%ﬁﬁﬂé

(c) Stage-3 (d) Stage-4

Figure 4.4: Crack propagation in 3-point bending test

The bending fracture stress of the TC layer was not measured in the experiments
so there is no available data to assign directly as MAXPS parameter of the XFEM
enriched region in TC layer of the TBC specimen. However, when the DIC results of
the four-point bending tests presented in [[1] are investigated an inference can be made
about the crack initiation instant of the specimens. The thick specimen is chosen for
the tuning of the MAXPS parameter and then the tuned MAXPS value is assigned to

the standard and the thin specimens as well in this numerical study.

The four-point bending tests were made in a displacement controlled manner and the
loading rate was constant in the experiments. The failure progress was recorded in-
situ using a microscope in conjunction with a DIC system [1]]. The cracks initiated at
stage 100 for the thick specimen and the ultimate failure occurred at stage 184. Using
these data the displacement of the loading supports is calculated as 1 mm. In other
words, cracks initiate at approximately 1 mm transverse displacement in four-point

bending tests [1]].

In this numerical study the time step is specified as 1 in all analyses so the maximum

displacement is applied within the time period of 1 to the specimens. Considering
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that 2 mm displacement is applied in four-point bending test in the numerical study,
cracks should start approximately at the time step 0.50. As a result of the iterations
made using this data, it is concluded that the MAXPS value should be around 1000
MPa for the TC layer of the TBC specimen. When 1000 MPa value is assigned to
the TC layer damage initiation parameter, cracks initiate approximately at time step
0.50 as desired. However, the crack initiation instant does not vary much in different

MAXPS patterns which will be explained in Section

In order to verify this approximation for the damage initiation parameter value of the
TC layer also literature is reviewed. In the study of Kondoh et al. [71] tensile and
bending tests were performed for different mol % Y,0O3 which is also used in the TC
layer of the TBC specimens investigated in this study. The experimental results in the
study [71]] show that 1000 MPa value for the MAXPS parameter used in the XFEM
enriched region of the TC layer is reasonable. This supports the approach used to
approximate the value from the experimental results of the four-point bending tests
[[1]. Therefore, 1000 MPa value is assigned to each different thickness specimen in
the numerical study because all the specimens tested in the experiments are produced

with same processes.

4.3 MAXPS Variations for Randomness Effect

As itis explained in the Section[3.1.2.T]MAXPS value of the outermost layer elements
in the TC layer can be fluctuated between certain limits by the script written for
this purpose. Ceramic materials are known to be not very homogeneous because
of their nature. Even though the global mechanical properties in bulk ceramics can
be approximated in relatively small bounds, these properties vary locally to a larger
extent because of their porous micro-structure [72]. This cardinal property directly
affects the fracture behaviour of the ceramic materials. Therefore, in this study in
order to create the randomness effect in the TC layer a fluctuation of the MAXPS

parameter in the TC ceramic layer is used for all models.

Fluctuation is applied only to the outermost layer elements of the TC layer and the

MAXPS value for the rest of the elements in the XFEM enriched region is fixed to
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Table 4.5: Number of cracks for 3%, £4% and +5% variation of MAXPS value

Fluctuation Range %3 %4 %5

Model Number | Thin Standard Thick Thin Standard Thick Thin Standard Thick

Model - 1 9 8 2 10 8 6 8 8 5
Model - 2 9 7 3 10 8 4 10 9 7
Model - 3 11 8 3 9 8 6 9 8 6

1000 MPa. This method is applied to each model with different random fluctuation
and thickness. To increase the sturdiness of the analysis three different patterns are
created for each thickness. The number of different random fluctuation patterns for
each thickness can be increased but because of insufficient computational resources

the number is limited to three.

Iterations have been started by applying +1% fluctuation to the numerical models, in
other words, the upper and the lower bounds of the MAXPS is 990 MPa and 1010
MPa respectively at the outermost layer elements. However, 1% difference leads
to cracks initiated almost every elements in the TC layer. This situation contradicts
the main aim to define the random variation procedure. Iterations are continued by
increasing +1% more the upper and the lower bound of the MAXPS values, but the

same problem is experienced with +2% variation as well.

Reasonable and acceptable results are obtained with the 3% fluctuation value. Num-
ber of cracks are low in the thick specimen compared to the standard and the thin
specimen but the results are plausible compared to +1% and +2% fluctuation cases.
The number of cracks for each specimen and each different fluctuation pattern are
tabulated in Table[4.5] Analysis are continued to increase the variation limits with 1%
resolution and the results for £4% and +5% fluctuations are also tabulated in Table
while +6% and +7% are given in Table [4.6]

The number of cracks in the thick specimen starts to decrease drastically for +7%
fluctuation. Therefore, higher fluctuation ranges are not studied. After the number of
cracks are determined from simulations the average crack spacings of the TC layer
is calculated for each specimen. As explained in Chapter [3] the cracks are expected

to initiate and propagate only in the constant moment region of the TBC beam which
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Table 4.6: Number of cracks for 6% and £7% variation of MAXPS value

% 6 %7

Model Number | Thin Standard Thick Thin Standard Thick

Model - 1 9 8 6 7 6 2
Model - 2 9 8 6 6 6 2
Model - 3 10 8 5 6 5 1

has a length of 14 mm. To this end 14 mm length is used in the average crack spacing
calculations as in the experiments [1]]. The average crack spacing definition is given

as follows

L

Total Cracks’ (4.2)

Average Crack Spacing =

The average crack spacing is calculated according to the average number of cracks
values of three different fluctuation patterns for different thickness specimens, and
the results are shown in Figure {.5] together with the experimental results [1]. Ac-
cording to the results it can be seen that the change in average crack spacing with the
TC thickness is similar in simulations and experiments. Both the experiments and
the finite element results show that the increase in the thickness of TC results in an
increase in the average crack spacing for every fluctuation value. Numerical results of
+4%, £5% and +6% fluctuations are very consistent and in a good agreement with

each other.

4.4 Cohesive Surface Damage Initiation and Propagation

One of the main objectives of this study is to see whether XFEM and CZM tech-
niques work together to simulate crack formation and propagation in the interfaces
of composite beams such as TBCs. Those two techniques work well together until
this point of the study so far but the delamination between the TC and the BC layer
is not very prominent. To investigate the delamination mechanism of the TBCs, the
cohesive damage initiation parameter MAXS value has to be changed for the crack

propagation at the TC/BC interface. So far 2000 MPa value is assigned for all mod-
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Figure 4.5: Average crack spacing comparison for different MAXPS fluctuations and

experimental results

els. For the damage evolution of the cracks at the interface 6.80 kJ/m?, 7.36 kJ/m?
and 8.27 kJ/m? fracture energy values are assigned for the thin, standard and thick

specimens respectively as it was calculated in the experiments [1]].

In order to start the iterations for the cohesive zone damage initiation paramater
MAXS, +5% fluctuation of MAXPS is selected because £5% distribution results
are very consistent with the experimental results [[1] in the manner of average crack
spacing as shown in Figure Model-3 of +5% distribution is chosen arbitrarily

and analyses are run with thick specimen.

The MAXS value of the cohesive zone is decreased 100 MPa for every iteration step

and the results start to change at 1300 MPa value. The analyse are completed with
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1300 MPa value and the results are shown in Figure d.T1] It is clearly seen that
delamination between the TC/BC layer is much more prominent compared to the
results of the analysis with 2000 MPa MAXS value shown in Figure d.10] The load-
displacement behaviour of these two analyses with the experimental results are given
in Figure 4.6] The load-displacement behaviour of the two different analyses with
different MAXS values are quite similar until 1.88 mm displacement is applied to the
beam. At this point the first delamination starts at the TC/BC interface of the beam,
and this delamination results in one more sharp drop in the load-displacement curve.
This decreases the load carrying capacity of the beam and changes the softening be-
havior. Unlike the other sharp drops in the curve this drop occurs not due to the cracks
which propagate in the TC layer vertically towards to TC/BC interface but it occurs
because of the delamination at the interface. The second drop which is only seen in
the analysis run with 1300 MPa MAXS is observed at 1.973 mm displacement level.
This is the instant of the second delamination at the interface. Numerical results are
very consistent with each other but if they are compared with the experimental results,
a good agreement is found only in the elastic region. Experimental load displacement
curves are not the main scope of these numerical simulations and FEM models are
created according to the nominal size values of the beams which are given in the study
[1] and the tolerance values are not taken into account. The XFEM and CZM damage
initiation and evolution parameters used in this finite element study are not directly
measured values in the experiments [[1]] and they are approximated to the actual val-
ues by iterations. Therefore, the difference in load displacement curves between the

experimental and FEM results are considered as plausible.

The same procedure is applied to the standard specimen but iterations are started with
1300 MPa MAXS value. The delamination at the interface is not prominent as it is
seen in Figure .12 so the MAXS value is further decreased with a resolution of 100
MPa. At 900 MPa value the delamination at the interface is observed. The crack prop-
agation and delamination results are shown in Figure {.13] The load-displacement
curves for MAXS values of 2000 MPa, 1300 MPa, 900 MPa and the experiment [1]]
are shown in Figure As illustrated in Figure the softening behaviour of the
standard specimen differs from the thick specimen, because the TC layer of the stan-

dard specimen is thinner than the thick one although the thickness of the substrate
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Figure 4.6: Load-displacement behaviour comparison of thick model for different

MAXS values with the experimental results [/1]

layer does not change for each specimen. Therefore, the load carrying capacity of
the TC layer of the composite TBC beam is lower in the standard beam compared to
the thick one. This geometrical difference between models explains the smaller sharp
drops in the load-displacement curve in Figure The load-displacement curves
of numerical results are in good agreement with each other but they all differ from

experimental results. The possible reasons of the difference are explained previously.

The procedure which is applied to the thick and the standard FEM models is applied
to the thin model as well. For the thin model iterations are started with 900 MPa
whereof the results are shown in Figure 4.14] The larger delaminations occur at the
interface with for MAXS=600 MPa and the results are shown in Figure d.15] The
load-displacement behaviour of the numerical analyses and the experiment are illus-

trated together in Figure 48] The same phenomenon which is encountered in standard
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Figure 4.7: Load-displacement behaviour comparison of standard model for different

MAXS values with the experimental results [/1]]

and thick models is observed in the thin model as well.

The main purpose of this numerical study is to investigate the cracking mechanism
of TBCs and study the variation of average crack spacing with the coating thickness
change. The cracking mechanisms of different thickness TBC specimens are similar,
1.e., first, cracks perpendicular to surface initiate at the uppermost layer elements and
they propogate through the TC layer vertically. Then, vertical cracks reach to TC/BC
interface and stop, followed by delamination initiation and propagation through the
interface. The delamination is more prominent in the thick model compared to stan-
dard and thin models as it was observed in experiments [[1], see Figure 4.9] In other
words, simulation results of combined XFEM/CZM model show similar behaviour

with the experiments [1].
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Figure 4.9: Experimental results of the four-point bending test for the thin, the stan-

dard and the thick specimen [1]]
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4.5 Overcome to Convergence Issues

Unlike the solution of linear problems, in a nonlinear analysis such as damage and
fracture problems the solution cannot be calculated by solving a single step of linear
equations. Instead, the loading is determined as a function of time to find the solution
and time is increased incrementally to obtain the nonlinear response. Therefore, the
simulation is split into a number of time increments by Abaqus/Standard and the
approximation is found at the end of each time increment. However, using the Newton
method, it generally takes several iterations to determine an acceptable solution for

each time increment [[17, 78]].

Convergence difficulties are very familiar issues for damage and fracture analysis in
Abaqus and there are several different methods which are given below to overcome

the convergence problems;

e the viscous regularization
e the automatic stabilization

e the nondefault solution controls

In this study automatic stabilization technique is used to overcome the encountered

convergence problems throughout the study.

Consider the external nodal forces P and the internal nodal forces [ acting on a body.
The source of the internal loads acting on a node is the stresses in the adjacent ele-
ments that are attached to that node. To satisfy the equilibrium for the body, the net
force acting at every node must be zero. Therefore, the basic statement of equilibrium

is that the internal forces, I, and the external forces, P, must balance each other:

P—-1=0 4.3)

However, nonlinear static problems can be unstable and the equilibrium given in

Equation [4.3]is not satisfied in every time increment during the analysis. This type of
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problems has to be solved either by dynamical analysis method or with the addition

of artificial damping to the finite element model [[17]].

Abaqus/Standard provides an automatic mechanism to stabilize unstable quasi-static
problems through the automatic addition of damping to the model. The applied damp-
ing factors can be constant over the duration of a step, or they can vary with time to
account for changes over the course of a step [[17]. In this study, constant damping
approach is preferred, because convergence could not be satisfied sustainably when

adaptive damping approach is used.

Viscous forces of the form

F, =cM*v 4.4)

are added to the global equilibrium equations, where M * refers to an artificial mass
matrix calculated with unity density. ¢ refers to a damping factor, v = Au/At is the

vector of nodal velocities, and At is the time increment [17]).

In order to ensure that the solutions are accurate and acceptable the viscous damping
energy (ALLSD) is compared with the total strain energy (ALLIE). The ratio should

be kept in a reasonable amount [17].

As mentioned before the constant damping factor is used for every analysis and the
value for the damping factor is found iteratively. After every run the values of the
ALLSD are checked for every time increment over the course of the analysis ac-
cording to recommendation of the Abaqus documentation [17]. This methodology is
applied throughout the study. The ALLSD value is tried to kept below %5 of the AL-
LIE value, see Figure which is an arbitrarily chosen example from the analysis

results in this study.

For the detailed explanation about the automatic stabilization and the other methods

to overcome convergence problems see Abaqus documentation [[17].
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CHAPTER 5

CONCLUSION

5.1 Summary

The work presented in this thesis aims to investigate the failure mechanisms of TBCs
by using the XFEM and the CZM which are already available in the commercial FEA
software Abaqus. The main motivation of the study is to investigate the complete
failure mechanism of a TBC system which consists of initiation and propagation of

surface cracks followed by a delamination by combining these two methods.

In the first chapter of the study the main motivation of the TBC use in jet engines is
briefly explained and the historical evolution of the materials used in a typical TBC
system for the aviation industry are given. The two main processes for the TBC depo-
sition and the different failure modes of the TBCs are explained. Then the numerical
studies which use the XFEM or the CZM in the literature for the investigation of the

TBC failure are also summarized and the scope of the study is presented.

In the second chapter, the solution methods of the fracture mechanics problems in
conventional finite element methods are briefly introduced and their evolution is given
in a historical order. However, the conventional finite element method has many lim-
itations in fracture mechanics problems. These defects of the conventional methods
are summarized and the basic motivation underlying the need for improvement of the
XFEM is explained. The evolution of the XFEM and its advantages against the con-
ventional finite element method are presented, and the theory behind the method is
introduced. The second method used in this study is the CZM for the investigation
of the delamination in the TBCs. The CZM is also introduced and the underlying

theory of this method is also given. The implementation of both methods in Abaqus
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are explained and the limitations of the XFEM method in Abaqus are summarized.

In the third chapter, the created finite element models to investigate the four-point
bending study in the literature [1] are introduced. The methodology of the new ap-
proach and its necessity to create the randomness effect in the TC layer ceramic ma-
terial are explained. The traction-separation approach is chosen for the damage initi-
ation and propagation in this numerical study. The parameters used for the traction-
separation approach in the XFEM enriched region and the cohesive zone for the crack
initiation and the propagation are explained. For the analyses a mesh verification

study is conducted and its results are given.

In the last chapter of the thesis the results of the numerical study by using the XFEM
and the CZM are presented, and the results are compared with the experimental find-
ings [1]. The main failure behaviour of the TBCs which is seen in the experiments
is also observed in the simulations. The cracks initiate at the free surface of the TC
layer and propagate through the TC layer vertically towards to the TC/BC interface.
When they reach to the interface the delamination starts. The variation of average
crack spacings by the thickness increase in the film layer is in a good agreement with

the experimental results.

5.2 Conclusions

The XFEM has made many improvements in the examination of the fracture mechan-

ics problems and it presents many computational advantages such as:

it eliminates the necessity of remeshing

it can solve the problems of crack propagation with non-continuous character-

1stics

the crack propagation path is not necessary to be defined

the propagation path of the crack can be traced

Even though the XFEM offers many advantages for fracture mechanics problems,

its implementation to Abaqus has still some drawbacks. In this study severe conver-
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gence problems have been encountered. The major causes of these difficulties may be
related to the complex geometry of the TBCs and their complex fracture behaviour.
It requires very small time increments for the crack propagation and this increases
the run times of the analyses. In order to overcome the convergence difficulties a
damping must be applied. According to the literature [78]] an automatic stabilization
would be appropriate. However, in this problem automatic stabilization did not work
and convergence problems continued. Therefore, throughout the study fixed damping
values are used and this parameter is determined iteratively by controlling the dissi-
pated energy to internal energy ratio below 5%. This procedure extends the process

to get acceptable results.

Even though the XFEM in Abaqus still needs enhancements it gives satisfactory re-
sults for the crack initiation and also gives the traceable crack propagation paths. The

results obtained are plausible when compared with the experimental results [[1].

5.3 Future Work

In this thesis, a numerical study is developed with a new approach by applying fluc-
tuation to the MAXPS parameter in the TC layer to observe the fracture mechanism
of the TBCs. In the future, the subjects given below can be considered for a better

understanding of the fracture mechanisms of the TBC systems:

e To increase the sturdiness of the analyses number of created patterns with the
artificial MAXPS fluctuation parameter for each different thickness model can

be increased.

e The study can be incorporated with the experiments for material characteriza-
tion of the TC and the TC/BC interface for the parameters which will be the
direct inputs for the XFEM and the CZM respectively

e According to the literature the TGO layer is quite important for the fracture
mechanism. As a future work investigation of the complete fracture mechanism
of the TBCs consisting of TC cracks, TC/BC interfacial delamination and TGO

driven delamination in the TC layer in a single model would be interesting.
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e Residual stress is an important factor for the investigation of the failure mech-
anisms of the TBCs. In this study, residual stresses are not taken into account.
The study can be extended with thermo-mechanical analysis for the investiga-

tion of residual stress driven cracks.
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