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1
I NTRODUCTION

Modern day commercial aircraft are powered by jet engines du e to their high thrust
to weight ratio and ef�ciency. A typical jet engine consists of �ve main sections
namely, (1) Air inlet (2) Compressor (3) Combustor (4) Turbi ne and (5) Exhaust
nozzle. The schematic of a typical jet engine is depicted in F ig. 1.1 1. In the
compressor, the engine inlet air is compressed to a high pres sure. This high-pressure
air is then mixed with fuel and burned at constant pressure in the combustor. The
high energy hot gases from the combustor expand through the t urbine and nozzle,
through which the power necessary to propel the aircraft is e xtracted. Owing to the
nature of the function, each section of the engine operates u nder a different thermo-
mechanical loading environment. The temperature distribu tion inside a typical jet
engine is shown in Fig. 1.1, where blue color represents the coldest region and the
red region being the hottest. The engine intake and the compr essor section are in
the colder section of the engine whereas the combustor, turb ine and exhaust are
in the hotter regions of the engine. The peak temperature in t he hot region of the
typical engine is around 1500 ±C [Boy12] and it occurs in the turbine section. It
is worth mentioning that the thermodynamic ef�ciency of the turbine is directly
related to the peak operating temperature under ideal condi tions [ Spa20]. However,
the structural degradation of the turbine components sets t he limiting point to this
turbine operating temperature [ KT80]. In order to protect the turbine component
especially the turbine blades from these high temperatures , a thermal insulation
coating called as Thermal Barrier Coating (TBC) [ PGJ02, DMG94] is applied on the
blades.

1Copyright ©GNU Free Documentation License: Permission is g ranted to copy, distribute and/or modify
this document.
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Cold Section Hot Section

Air Inlet Turbine

Intake Compression Combustion Exhaust

Combustion Chambers

Figure 1.1: Schematic of a Jet Engine showing all the major co mponents along with the temperature
distribution 1

1.1. TBC SYSTEM
A typical TBC system consists of three different layers name ly, (i) a Topcoat (TC) (ii) a
Thermally Grown Oxide layer (TGO) and (iii) a Bond Coat (BC) l ayer. The Micrographs
of the TBC systems are shown in Fig. 1.2. The TC is a ceramic layer and it is usually
made of Yttria Stabilized Zirconia (YSZ)[ CVS04, SAK08]. It acts as a thermal insulating
layer due to its very low thermal conductivity and it protect s underlying the turbine
blades from the high temperature gases. The BC layer is an int ermediate metallic
layer made of McrAlY [ ET01, NSSQ09] which serves as the bonding layer between the
ceramic TC and the metallic blade, providing optimal adhesi on. In addition, it acts
as a sacri�cial layer by preventing oxidation of the underly ing blade substrate. As
a result of this process, a third layer called as Thermally Gr rown Oxide (TGO) layer
is formed between the TC and BC [ TVGÅ06, YCHÅ08, CAHM08]. The TGO layer is
a relatively thin alumina (Al 2O3) layer formed due to the sacri�cial oxidation of the
aluminium atoms in the BC under high temperature and presenc e of the oxygenated
atmosphere.

1.2. M ORPHOLOGY OFTBC SYSTEM
For jet engine applications, the protective TBC layer is dep osited using one of the
following two techniques: Air Plasma Spray (APS) and Electr on Beam Physical Vapour
Deposition (EB-PVD) [ Jon97, SB03]. A typical TBC coating thickness ranges from
300 to 600 ¹ m [ PGJ02, GS06, ASM05] depending on its application. As shown
in Fig. 1.2, the internal microstructure of the TBC vastly differs. For instance,
in EB-PVD coated TBC, the microstructure is comprised of lon g columnar and
porous TC structure and a nearly �at interface between the TC and the TGO/BC
layer[SWS02, SW05, SSFL05, SRJB07]. In contrast, the APS coated TBC consists
of splats and lamellas in the TC layer along with interlamell ar and intralamellar
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A B100 mm50 mm

TGO

BC

TC

Substrate

Figure 1.2: Microcraph of TBC systems where the TC and BC laye r are deposited using two different
deposition process (a) Electron Beam Physical Vapour Depos ition (EB-PVD) (b) Air Plasma Spray (APS)
[Hil09 ]

pores [CBMS08, Yam08, CBM09, Now14]. Further, an APS coated TBC possesses a
highly wavy TC/TGO interface caused by the deformation of th e substrate due to the
impacting particles during deposition. Such microstructu ral features in�uence the
evolution of the TBC system in terms of its failure processes and hence the lifetime. In
the current research, the most commonly used APS based TBC sy stem is considered
for the study.

1.3. FAILURE OF TBC
The TBC system undergoes a thermal cycle during each engine s tart and stops as
the turbine's temperature increases from ambient to operat ing temperature and
subsequently decreases back to the ambient temperature. Du ring each thermal cycle,
the layers of the TBC system expand and shrink unequally due t o a mismatch in
coef�cients of thermal expansion (CTE) of the TBC layers as i llustrated in Fig. 1.3.
The resulting thermal stresses, together with the microstr uctural features cause
nucleation and growth of micro-cracks in the TBC system [ RE00, SPJG03, KJH13,
RES04]. In addition, cracking also occurs due to the thickening of the TGO layer as
the oxidation of the metallic bond coat [ CAHM08, YCHÅ08, Eva11, HTS11, NSSQ09]
generates more alumina, see Fig. 1.3.a and Fig. 1.3.b. After several hundreds of
thermal cycles, the micro-cracks eventually coalesce, for ming a relatively large crack
initially more or less parallel to the TBC-substrate interf ace. As large cracks de�ect
towards the free surface via local imperfections, the TBC se parates from the substrate,
which is known as spallation, as illustrated in Fig. 1.3.b. Therefore, large portions of
the TC separate, which may lead to direct exposure of the crit ical metallic engine
components to the high-temperature gases, ultimately resu lting in a catastrophic
failure of the entire turbine.
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Figure 1.3: A schematic of APS TBC system showing the failure mechanisms and the governing loading
conditions
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1.4. SELF-HEALING TBC
The lifetime of a typical system lies between 500 to 2000 cycl es [LPW04, VGS09,
VKSÅ10], after which, a cost and time intensive maintenance operat ion is necessary
to replace the coating in order to continue safe operation of the engine. Numerous
efforts have been made in the past to enhance the lifetime of t he coating system
such as changing the deposition technique, tuning the micro structure or proposing
an entirely different TBC system such as using a functionall y graded material for
the TBC [LMKÅ14, LW19, VKSÅ10, DSZÅ13, PLH17, GMLP17]. More recently, the
concept of self-healing materials [ Slo07, STDÅ15] has gained signi�cant attention due
to the promise of enhanced lifetime through incorporation o f autonomous healing
mechanisms in a material system. The principle of the self-h ealing mechanism in
a TBC system is demonstrated in Fig. 1.4. A solid self-healing agent is encapsulated
and embedded within the TBC topcoat layer during the coating process. When the
crack induced by thermal cycling reaches the microcapsule, the capsule breaks and
the oxidised self-healing agent �ows into the crack, where i t can further react with
the matrix material and heal the crack. The best studied conc ept of the self-healing
TBC is based on alumina (Al 2O3) coated Mo-Si particles embedded in the TC layer
close to the TC/BC coat interface where the micro-cracks are likely to initiate. Upon
cracking in the TBC, the micro-cracks interact with the heal ing particles, resulting
in fracture of the particles. Subsequently, the healing age nt within the particles
oxidises and diffuses into the crack to form a glassy silica ( SiO2) phase which in
turn reacts with the surrounding matrix to form a load-beari ng crystalline ZrSiO 4

(zircon) at the crack surface. The resulting healing of the m icro-cracks delays the
formation of a macro-crack by preventing crack coalescence which, in turn, extends
the life time of the TBC system. The micrograph of the crack he aling with particles
containing Mo-Si is based on the formation of SiO 2 by oxidation when such a particle
is exposed to the ambient gas at high temperature through a cr ack in the TBC is
shown in Fig. 1.5. Further details of the above-discussed self-healing TBC s ystem
such as detailed description of the healing mechanism, type of healing particle,
fabrication routes and associated challenges can be found i n the following works
[vdZB15, STDÅ15, DCSÅ15, NECÅ18, NME16, CMBÅ18, CvdZS15, Pon18].

1.5. RESEARCHSCOPE AND OBJECTIVES

The key objective of the research present here is to develop a computational method-
ology to determine life time extension offered by self-heal ing TBC system as opposed
to conventional TBC systems. The �nal deliverable is a model ling and analysis tool
capable of simulating fracture and healing processes in the TBC system. A attention
is focussed on (1) explicitly modelling the effect of TBC mic rostructural features
such as splats and pores on fracture process, (2) simulation of the interaction of
randomly dispersed healing particles with the emanating mi crocracks, (3) developing
and implementation of crack healing model in a multiscale TB C modelling setup.
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TBC healing: delayed coalescence

Healed cracks

Top Coat 
(TC)

Thermally-
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Healing particles

Uneven deformations
due to thermal cycling
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Cooling:
contraction

TC
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BC

TGO growth strain

(a)

TBC loading conditions

Healing
particle

Figure 1.4: Schematic of proposed self healing TBC and its fr acture behavior under given loading
conditions

M ODELLING CRACK GROWTH

Nucleation and growth of microcracks will be modelled using cohesive elements
and cohesive laws for each bulk material and for each interfa ce. The choice of
cohesive elements lies on their numerical robustness in com plex fracture simulations
involving multiple cracking and their coalescence. The fra cture evolution is modelled
in a multiscale framework whereby the microstructural feat ures of the TBC such as
splats, pores, TC/TGO interface waviness are explicitly ta ken into account.

M ODELLING TBC MICROSTRUCTURAL FEATURES

An important feature of TBC systems lies in its complex micro structure morphology
characterised by the presence of pores, splats and interfac es. It is generally known
that such microstructural features signi�cantly in�uence the fracture evolution in
TBC systems and hence their lifetime. In this thesis, the fra cture evolution in TBC
is modelled in a multiscale framework whereby the microstru ctural features such
as splats, pores, TC/TGO interface waviness are explicitly taken into account. The
volume fraction, size and distribution of these features ar e appropriately chosen us-
ing experimental evidence from collaborators obtained fro m microstructural images
of TBC obtained using Scanning Electron Microscopy. Approp riate randomness of
certain features such as the distribution of pores is taken i nto account in the model.
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Figure 1.5: Crack Healing in YSZ TC with embedded Mo-Si heali ng particles after exposure at 1100 oC for
20 hours in air. (a) Backscattered electron image of the cros s section. (b) Enlarged view of the region of
interest. (c) X-ray maps of Zr distribution and (d) Si distri bution. [ Pon18]

INTERACTION OF CRACK AND HEALING PARTICLES
For the successful realisation of self-healing TBC system, a key requirement is that
the healing particles should attract cracks in order to trig ger the healing mechanism.
In the context of the TBC system under thermomechanical load ing, such triggering
depends upon the mismatch between the thermomechanical pro perties of the heal-
ing particles and the surrounding matrix. Further, it is als o important to understand
how introducing healing particles, which otherwise would b e foreign, affects the
mechanical integrity of the original TBC system without hea ling particles. From these
perspectives, the present thesis aims to investigate the in �uence of the addition of
healing particles and their mismatch in properties on the cr ack evolution.

DEVELOPMENT OF CRACK HEALING MODEL FRAMEWORK
The next key ingredient for realising the computational too l for analysing self-healing
TBC is the capability of simulating healing events and the re covery of mechanical
properties upon healing. A crack healing model based on cohe sive zone approach
is implemented in the TBC modelling framework. The model beh aviour is driven
by the local crack opening displacement (COD) obtained from the simulations and
activation of healing depends on availability of the healin g agent, which in turn is
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stimulated through appropriate COD jumps in the healed cohe sive elements. The
model is constructed and implemented such that multiple eve nts of cracking and
healing are automatically accounted for, wherever necessa ry.

LIFETIME PREDICTIONS
The ultimate objective of lifetime prediction tool for self -healing TBC systems is
achieved by integrating the above model ingredients in the m ultiscale framework. In
addition, another key aspect, namely TGO growth, is incorpo rated into the frame-
work, where the increase in the TGO thickness and the associa ted growth strains
are modelled with growth kinetics obtained from experiment al studies elsewhere.
With the fully-developed modelling tool, direct numerical simulations are conducted
in the TBC systems with dispersed healing particles to obtai n the lifetime in terms
of the number of thermal cycles to failure. Complete failure of the TBC, in the
current context, is de�ned by the total separation of the TC ( numerically 90% in the
simulations), which is called spallation. Such direct full -scale simulations (in terms
of explicit thermal cycles) are often more accurate as they d o not rely on assumptions
such as the ones required in fatigue-like models.

1.6. THESIS ORGANIZATION
The thesis is divided into the following chapters. Chapter 1 introduces the concept
of a TBC and the associated failure mechanisms followed by pr oposing a new
self-healing TBC system. In Chapter 2, detailed �nite eleme nt simulations are
conducted to investigate the effect of microstructural por es on the fracture evolution
in TBC systems. This is then followed by explicit modelling o f the effect of another
microstructural feature, namely the splats as dealt with in Chapter 3. Chapter 4
encompasses a simulation study on evaluating the effect of m ismatch in thermo-
mechanical properties between healing particles and the TB C layers on the resulting
fracture mechanisms. Having the above modelling capabilit ies, Chapter 5 focusses
on development and implementation of a crack healing model w ith capabilities
such as simulating multiple cracking, (partial or full) hea ling and recracking events.
In the end, the �nal chapter (Chapter 6) summarises the resul ts of the lifetime
simulations of self-healing TBC systems, whereby life time extension offered by
healing mechanisms is numerically quanti�ed.
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COMPUTATIONAL INVESTIGATION

OF POROSITY EFFECTS ON

FRACTURE BEHAVIOR OF

THERMAL BARRIER COATINGS

The in�uence of microstructural pore defects on fracture be haviour of Thermal
Barrier Coatings (TBC) is analysed using �nite element anal ysis involving cohesive
elements. A concurrent multiscale approach is utilised whe reby the microstructural
features of the TBC are explicitly resolved within a unit cel l embedded in a larger
domain. Within the unit cell, a random distribution of pores is modelled along with
three different layers in a TBC system, namely, the Top Coat ( TC), the Bond Coat (BC)
and the Thermally Grown Oxide (TGO). The TC/TGO and the TGO/B C interfaces
are assumed to be sinusoidal of speci�ed amplitude and frequ ency extracted from
experimental observations reported in the literature. To s imulate fracture in the TBC,
cohesive elements are inserted throughout the inter-eleme nt boundaries in order
to enable arbitrary crack initiation and propagation. A bil inear traction-separation
relation with speci�ed fracture properties for each layer i s used to model the con-
stitutive behaviour of the cohesive elements. Parametric s tudies are conducted for
various pore geometrical features, porosity, fracture pro perties of Top Coat layer and
Thermally Grown Oxide layer thicknesses. The results are qu anti�ed in terms of
crack initiation and evolution. It is found that the presenc e of pores has a bene�cial
effect on the fracture behavior up to a certain value of poros ity after which the pores
become detrimental to the overall performance. Insights de rived from the numerical
results can help in understanding the failure behavior of pr actical TBC systems and

9
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2. COMPUTATIONAL INVESTIGATION OF POROSITY EFFECTS ON FRACTURE BEHAVIOR

OF THERMAL BARRIER COATINGS

further aid in engineering the TBC microstructure for a desi red fracture behavior.

2.1. INTRODUCTION
The failure mechanisms of the TBCs are primarily in�uenced b y the its microstruc-
tural features [ SWQÅ18, LZCÅ17, SPJG03, ZKSÅ01] which are governed by processing
and spraying parameters [ Now14, KL09, GVS04, KVGÅ03, STHÅ98]. In air plasma
sprayed TBC, the microstructure is characterized by the pre sence of splats, pores and
pre-existing microcracks, in addition to the presence of ir regular and rough interface
between the layers. Various measurement techniques have be en used to quantify the
microstructural features, in particular pores and interfa ce morphology of the plasma
sprayed TBC [KECK18, ZBTÅ18, QWWÅ18, CGBÅ13, ZD05, SSW04, AILÅ01]. These
quanti�cation can be further used to correlate the microstr ucture of the TBC with its
material properties and lifetime. From an experimental vie wpoint, there has been a
signi�cant interest in understanding the in�uence of micro structure on the thermo-
mechanical properties and the lifetime of TBC [ BBPÅ19, XRHÅ18, Now14, GVS04,
KWNÅ03, WWSÅ11, SPK01, SK01, NQB00]. Numerical studies of defects in TBCs such
as pores and pre-existing cracks, have been focussed primar ily on evaluating their
in�uence on thermal conductivity [ CAVM04, GLHW01], thermo-elastic properties
[GNW13, WKDÅ03] or stress distribution [ YZWÅ17] using analytical and/or numerical
methods

Regarding the analysis of failure in TBC systems, earlier re search has been
focussed on studying the relation between interface irregu larities and interface crack
nucleation and propagation [ RfAMS11, HTS11, Bia08a]. A detailed review on �nite
element studies to model the thermal and the failure propert ies of TBC systems
can be found in [ WLYÅ16]. However, most of the existing studies do not explicitly
account for the presence of the microstructural defects, in particular pores. The
effect of pores on the failure of ceramics have been studied i n [OAOÅ18]. Their
analysis, however focusses on the bulk material under mecha nical loading and does
not include a coating system under thermo-mechanical loadi ng. In [ WFLÅ15], a
numerical sample generated from micrographs of a real air pl asma sprayed (APS)
TBC, which included pores, was used to simulate its failure. However, the analysis
was limited to a single sample under purely mechanical loadi ng and therefore could
not establish a systematic relation between porosity and fr acture properties during
thermal cycling.

It is the objective of the present research to systematicall y analyze the effect
of pores in the TC ceramic layer on the fracture mechanisms of TBC systems in
particular for the case of thermal cycling. The effect of por osity is investigated
in detail using two sets of simulation. The �rst set refers to microstructures with
controlled characteristics such as porosity, pore size dis tribution, pore aspect ratio
and pore orientation. The goal is to study the in�uence of eac h of those features
on the failure behavior of TBCs. The second set of simulation s is used to study
the interaction between the porosity, the fracture propert ies of the TC layer and the
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thickness of the TGO. To minimize the in�uence of a speci�c mi crostructural feature,
the pore size, pore orientation and pore aspect ratio are ran domly distributed in the
second set of simulations. The concurrent multiscale �nite element setup is used for
this study in order to also include free edge effect in the TBC system.

2.2. CONCURRENT MULTISCALE FINITE ELEMENT MODEL OF

TBC
The modelling setup considered in this work is based on disk- shaped APS TBC
samples used to experimentally characterize the microstru cture of APS TBC coatings
and to determine their lifetime upon thermal cycling [ Slo] see Fig.2.1.a. Most of
the modelling approaches in the literature [ KPTvdZ18, HTS11, MBFÅ06] utilize a
computational cell where the individual layers of the TBC ar e modelled in detail
without considering the substrate. The effect of the substr ate is included through
enforcing appropriate boundary conditions derived from th e substrate deformation
under thermal loading. In contrast, a concurrent multiscal e approach is adopted in
the current work which enables the effect of substrate to be a ccounted for directly.
This modelling involves a two-scale approach in which an exp licitly resolved TBC
computational cell is embedded in a much larger domain of the TBC, as shown in
Fig. 2.1. The explicitly modelled pores allow to perform a detailed s tudy of their
effect on TBC failure mechanisms. For simplicity, a plane st rain formulation is used
in the simulations. In this approach, the boundary conditio ns of the embedded
computational cell are automatically applied by the surrou nding large domain of the
TBC. Furthermore, it has been experimentally observed that damage often initiates
at the free edge of the sample [ JEYÅ17, HE02, VKS01]. In order to include the free edge
effect the explicitly resolved TBC computational cell is em bedded at the edge of the
sample, as shown in Fig. 2.1.b and Fig. 2.1.C.

The thickness of the TC, BC and substrate are given by h TC = 500 ¹ m, h BC = 200
¹ m and h sub = 5.3 mm respectively. The radius of the disk-shaped sample i s given by
W = 15 mm. The width of the computational cell is w= 480 ¹ m which is based on the
domain convergence analysis carried out in [ KPTvdZ18]. The thickness of the TGO
layer is taken as zero for the �rst set of simulations and it is varied for the second set
of simulations.

In the concurrent multiscale �nite element model, the micro structural features
related to pores and interface roughness are considered, as highlighted in Fig. 2.1. An
idealized sinusoidal curve is used to model the interface mo rphology between the TC
and the BC. The speci�ed wavelength and amplitude for the sin usoidal interface is 60
¹ m and 10 ¹ m respectively [ KPTvdZ18]. In the outer region of the TC layer the pores
are included through effective elastic properties to reduc e the computational time
by using a coarser mesh. The pores are modelled as ellipses ra ndomly distributed
in the TC layer of the embedded computational cell for a given volume fraction (i.e.,
porosity). The fracture behavior of the TBC is incorporated in the analysis using a
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Figure 2.1: A schematic of disk-shaped TBC system and the cor responding �nite element geometry

cohesive zone model that simulates fracture as a gradual phe nomenon of formation
of two new surfaces. It replaces the traditional crack tip st ress singularity with a
process zone (i.e cohesive zone) which is bounded by the cohe sive strength of the
material. The typical constitutive behavior of the cohesiv e zone model is governed by
the fracture properties of the material. In the �nite elemen t framework the cohesive
zone model is implemented by using a zero-thickness cohesiv e element. It is also
important to note the fracture process is modelled in the emb edded computational
cell only and the outer regions of the TBC exhibits only an ela stic response. The
bi-linear cohesive law [ HMP76] used in this work to describe the effective traction-
separation behavior of the cohesive surface is shown in Fig. 2.2. The values for the
maximum effective traction and area under the curve in Fig. 2.2 correspond to the
fracture strength and fracture energy of the material, resp ectively. The initial response
of the cohesive surface before damage initiation is governe d by the cohesive stiffness
(K). The arti�cial compliance introduced by the cohesive st iffness is alleviated by
choosing suf�ciently higher values for K. The elastic bulk r esponse of the material is
modelled using two-dimensional three-noded plane strain t riangular elements. The
modelling and the meshing of the �nite element model is carri ed out using the open
source software GMSH [ GR09]. The cohesive elements are inserted at all the bulk
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element interfaces of the computational cell by modifying t he initial �nite element
mesh through a MATLAB script. The process of inserting the co hesive element
through out the mesh enables the arbitrary crack initiation and propagation in the
computational cell which is a necessary condition to predic t the failure behavior
of such complex system. A �ne mesh size of 1 ¹ m is used in the computational
cell region to obtain the converged fracture pattern and to r esolve the extent of the
cohesive zone properly. As discussed above, the elastic reg ion of the TBC domain is
coarsely meshed with a size of 150 ¹ m to reduce the computational costs.

2.2.1. LOADING AND BOUNDARY CONDITIONS

A typical thermal cycle of a TBC consist of three phases namel y a heating phase, a
dwell phase and the cooling phase. In the heating phase, the t emperature of the
TBC is increased from room temperature to the operating temp erature and, in the
dwell phase, the temperature remains constant at the operat ing value. Finally, in
the cooling phase, the temperature is decreased to the room t emperature. The TBC
is assumed to be stress-free in the dwell phase as such coatin gs are deposited at
a temperature similar to the operating temperature. Hence, the loading condition
considered is a thermal contraction (cooling phase) where t he cracks are likely to
initiate and grow due to thermal mismatch stresses. For the � nite element simulation,
temperature is gradually decreased from a typical TBC opera ting temperature of
1100o C to 30o C. In addition, the symmetry of the geometry shown in Fig. 2.1.a is
utilized in the TBC �nite element setup. The simulations are conducted in software
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Table 2.1: Material parameters of the TBC components.

Layers E (GPa) º ® (10¡ 6 1/ ±C) ¾n (MPa) GIC (N/mm) °

TC 200 0.15 12.5 200 0.008 4
BC 130 0.3 14.5 500 0.3 1
TGO 380 0.15 6 380 0.06 4
Substrate 200 0.28 16 - - -

package Abaqus using an implicit Newton-Raphson iterative solver. The cooling rate
doesn't play a role as the simulations are based on quasi-sta tic analysis.

2.2.2. CONSTITUTIVE MODELS AND MATERIAL PROPERTIES

The constitutive material behavior of the different layers of the TBC is assumed to
be linear elastic and isotropic. The elastic, thermal and fr acture properties used for
individual layers are summarized Table 2.1. The material properties summarized in
Table 2.1corresponds to an air plasma sprayed Yttria Stabilised Zirc onia (YSZ)-based
TBC system. While the TC layer is composed of YSZ, the BC layer is made of NiCrAlY
alloy. The TGO layer, formed during operation, is composed o f alumina (Al 2O3) and
the substrate is a nickel alloy typically used in a aircraft g as turbine blades. The
material properties of BC and the substrate are similar to th e values used in earlier
work [ KPTvdZ18]. The elastic and fracture properties of the TC and the TGO la yer are
in accordance with [ CB05]. Different values of normal strength ¾n and shear strength
¾s are used for the TC and TGO layer, de�ned by the parameter ° , the shear strength
to the normal strength ratio. A value of ° = 4 is assumed to prevent the shear failure
of TBC. This assumption is based on experimental observatio ns of TBC failure which
shows that TBC predominantly fails in mode I. The fracture to ughness in mode I and
mode II are also varied with same parameter ° in the current study. The pore defects
in the outer (elastic) TC layer are accounted through an effe ctive (reduced) elastic
modulus of 80 GPa. The interface between TC with BC or TGO laye r is assumed to
have the same fracture properties as the TGO layer.

2.3. RESULTS AND DISCUSSIONS
As discussed in the Sec.2.1, two sets of analyses were conducted and the resulting
fracture characteristics are discussed. The �rst set aims t o study the effect of
various microstructural features governing the TBC behavi or through parametric
simulations. The second set considers a TBC computational c ell with randomly
generated microstructural features which is used to study t he interaction between
the porosity, the fracture properties of the TC layer and the thickness of the TGO. The
results are summarized in terms of crack initiation tempera ture and crack length at
the end of the considered thermal cycle for each parametric c ase. The crack initiation
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temperature is de�ned based on a prede�ned crack length (sum of the length of all
failed cohesive elements) to avoid mesh dependency. Three d ifferent lengths of 1,
2 and 3 ¹ m are considered to predict the in�uence of prede�ned crack l ength on
crack initiation temperature. The percentage of error for t he length of 2 and 3 ¹ m
is less than 5 %. Hence, the prede�ned total crack length of 3 ¹ m is considered as a
representative value for all the parametric simulations to de�ne the crack initiation
temperature. The cohesive element is said to be failed when i t dissipated 95 %
of the fracture energy. The TC layer is said to be completely f ailed if it becomes
disconnected from the BC and/or TGO layers in the computatio nal cell.

2.3.1. TBC WITH PARAMETRICALLY VARIED PORE FEATURES

In this set of analyses, various pore characteristics are va ried, including size, aspect
ratio, orientation and overall volume fraction (porosity) as listed in Table Table 2.2.
Like any parametric analysis, while studying the in�uence o f a given pore feature,
the other features are kept constant. Five realizations, ea ch with a distinct spatially

Table 2.2: Summary of pore geometric parameters used.

Pore features Geometrical Parameters

Porosity(V f ) 0, 10, 15, 20, 30
Aspect ratio(AR) 1.5, 3, 4.5
Orientation( µ) 0, 45, 90, 135 deg
Size 25, 50, 100¹ m2

random pore distribution, are considered for each parametr ic case and the results are
plotted in terms of the average along with the scatter. The re sults corresponding to
the applied single thermal cycle are reported in terms of cra ck initiation temperature
and total crack length.

EFFECT OF POROSITY

In this section, the volume fraction of the pores is varied an d its in�uence on crack
initiation temperature and total crack length are reported in Fig. 2.3. Five different
pore volume fractions given by V f = 0, 10, 15, 20 and 30 % are considered. The crack
initiation temperature remains almost constant for the ran ge of porosity analyzed. In
terms of crack length, the results indicate that there is an i nitial decrease in damage
and subsequently an increase until complete failure for a po rosity of 30%. The
porosity of 15% appears as an optimal value in terms of crack l ength (less damaged
con�guration). Note that the fully dense TC layer shows a hig her crack length
compared to the porous TBC up to 20%. This is due to the fact tha t the presence of
pores increases the TBC compliance which reduces the strain energy contribution to
the crack driving force [ ZYW10]. Experimental studies in the literature also revealed
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a positive in�uence of pores, whereby it was observed that pr esence of the pores
improved the lifetime of the TBC [ KVS11].
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Figure 2.3: Variation of (a) crack initiation temperature a nd (b) total crack length for different pore volume
fraction 0 (dense), 10, 15, 20 and 30 % with the �xed pore size o f 50 ¹ m2, aspect ratio of 1.5 and orientation
of 0 deg

EFFECT OF PORE SIZE

Three different pore sizes de�ned by a cross-sectional pore area of 25, 50 and 100
¹ m2 are considered in this analysis. The pores are assumed to be e lliptical with an
aspect ratio of 1.5 and an orientation angle of 0 deg. The pore volume fraction is
also �xed and equal to 15%. The simulation results are presen ted in terms of crack
initiation temperature and total crack length as shown in Fi g.2.4. For comparison
purposes, the results of a fully dense TBC (de�ned as a zero po re size) are also plotted
in Fig. 2.4. From Fig. 2.4.a, it can be observed that the crack initiation temperature
increases gradually with increasing pore size, thus result ing in earlier crack initiation.
When compared with a fully dense TBC (no pores),the TBC with 1 5 percent pore
volume fraction and a pore size of 100 ¹ m leads to an early crack onset, i.e., the crack
initiation temperature is increased from 300 o C to 400o C. Such a trend in the crack
initiation behavior can be attributed to the ampli�ed stres s concentration effects as
the pore size is increased. In terms of the crack length, incr easing the pore size leads
to a larger crack length at the end of the cooling cycle as show n in Fig. 2.4.b. It is worth
noting that the crack initiation temperature increases lin early with respect to the pore
size. Similar observations are also reported in [ Liu97, SGD15] based on experiment
study on ceramics with different pore sizes. Similarly, the crack length increases
approximately linearly with increasing pore size, as seen i n Fig.2.4.b. Thus, in general,
it can be concluded that an increase in the pore size is genera lly detrimental to the
TBC integrity. Nonetheless, the crack length with pores rem ains smaller than the
fully-dense case. Hence, a 15% porosity with small pores app ears to be optimal.
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EFFECT OF PORE ASPECT RATIO

To investigate the effect of pore aspect ratio, three differ ent aspect ratios are analyzed,
namely 1.5, 3 and 4.5. The values for pore size, orientation a nd volume fractions
are �xed and are given by 50 ¹ m2, 0 deg and 15 %, respectively. The results of the
simulations are summarized in Fig. 2.5 along with the results of fully dense TBC
(referred to as zero aspect ratio). A similar trend as with th e effect of pore size is
observed whereby the crack initiation temperature and the c rack length increase
with increasing pore aspect ratio. Although no experimenta l results for this speci�c
parameter seem to be available in the literature, it is worth noting that, a similar
type of behavior is reported for SiC ceramic materials in [ LJYÅ18] using discrete
element simulations under uni-axial compression. This obs ervation is due to the fact
that as the pore aspect ratio is increased, the stress concen tration around the pores
is increased leading to earlier crack initiation and increa sed total crack length. In
other words, as the aspect ratio is increased, the pores tend to act more like a crack,
resulting in easier crack initiation and propagation. Furt her, the stress concentrations
arise due to the interaction of multiple pores in their vicin ity, leading to the overall
reduced integrity of the TBC.

EFFECT OF PORE ORIENTATION

Another parameter of interest is the pore orientation for el liptical pores. To study the
effect of pore orientation, three different values are cons idered given by 0, 45, 90 and
135 degrees with 0 deg corresponding to an elliptical pore wi th the semi-axis oriented
parallel to the TGO (see Fig. 2.1.e). The volume fraction and the aspect ratio of the
pores are kept constant at 15% and 1.5 respectively.

The results obtained from the analysis from �ve different re alizations for each
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case are summarized in Fig. 2.6. Unlike in the case of pore size variations, the crack
initiation temperature and in particular in crack length do es not vary monotonically
with the orientation angle. Increasing the pore orientatio n from 0 deg (horizontally
oriented pores) delays the crack initiation as can be observ ed from Fig. 2.6.a. This is
expected as the horizontally oriented pores offers a more fa vorable con�guration for
the micro cracks to originate and coalesce as compared to the more vertically aligned
pores. The initiation temperature is symmetric with respec t to 90 deg as expected.
However, the total crack length is not symmetric, which is du e to the in�uence of the
free edge, either promoting crack extension or reducing it.
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2.3.2. TBC WITH RANDOM MICROSTRUCTURAL PORES
In this section, a TBC computational cell is considered with random pore features that
are representative of actual TBC microstructures [ Slo]. The values of the pore features
used in the modelling for four different porosity are given i n Table 2.3. Similar to the
parametric case, the pores are approximated as ellipsoidal entities with their aspect
ratio, orientation and size (pore area). The pores are distr ibuted randomly within the
TBC computational cell. Five different realizations are co nsidered for the same set of
pore features given in Table 2.3 in order to study the effect of such spatially random
distribution on the TBC fracture characteristics.

Table 2.3: Modelling parameters generated for random featu res

Geometrical features Modelling parameters (%)

Porosity (V f ) 10 15 20 30

Micro-porosity [SP]
(Size = 25¹ m2)

5 7.5 5 15

Macro-porosity [LP]
(Size = 75¹ m2)

5 7.5 15 15

Round shaped porosity
(AR = 1.5) [LP , SP]

5
[2.5 , 2.5]

8
[4 , 4]

11
[8.5 , 2.5]

16
[8 , 8]

Lamellar shaped porosity
(AR = 3)

5 7 9 4

Horizontal lamellar porosity
(µ =0 deg) [LP , SP]

2.5
[1.25 , 1.25]

3.5
[1.75 , 1.75]

5
[1.5 , 3.5]

7
[3.5 , 3.5]

Inclined lamellar porosity
(µ = § 45 deg) [LP , SP]

2.5
[1.25 , 1.25]

3.5
[1.75 , 1.75 ]

4
[1 , 3 ]

7
[3.5 , 3.5]

For each realization, the TBC system is subjected to the ther mal contraction
load as the temperature is decreased from 1100 ±C to 30±C . Stress distribution plots
along with the crack evolutions at the end of the thermal load ing step for one of the
realizations are shown in Fig. 2.7. The insets in the �gure correspond to the stress
contours for the concurrent multiscale model. In particula r, the �gure illustrates the
cracking that occurs at the TC/BC interface due to their mism atch in CTE as well as
the free edge effect whereby cracking initiates at the free s urface (see Fig.2.7.c and
Fig.2.7.d). The presence of microstructural pores in the TC layer le ads to a complex
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Figure 2.7: Stress distribution in TBC with realistically r epresented microstructural pores at T =30 ±C.
a.) Stress variations (¾xx ) in the concurrent multiscale TBC model b.) Stress distribu tion in the TBC
computational cell with explicitly modelled pores. c.) Mix ed mode Cracking of interior TC layer close
to BC due to pores and thermal mismatch stress. d.) Mode I crac king at the edge of the TC layer due to free
edge effect.

variation in stress �elds [ LZCÅ17, YZWÅ17] as expected. As shown in Fig. 2.7.a and
Fig.2.7.b, the BC region close to the free edge and near the TC/BC inte rface is under
a tensile stress in x direction ( ¾xx ). On the other hand, the tensile stress in the
vertical direction ( ¾y y) arising out of the free edge and the stress concentration du e
to pores induces the mode I edge cracking of the TC layer [ TBHÅ08] away from the
TC/BC interface as observed in Fig. 2.7.d. The shear stress distribution ( ¾xy ) for the
embedded computational cell is shown in Fig. 2.7.b which may appear to be critical
especially in the lower part of the TC layer. However, as disc ussed in Sec.2.2.2, higher
fracture values are used for mode II, in order to prevent the s hear failure of the TBC.
The interior regions of the TC layer experience the formatio n of microcracks close
to the TC/BC interface under mixed mode conditions and are sh own in Fig. 2.7.c.
The variation of crack initiation temperature and the total crack length with the
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Figure 2.8: Variation of crack length with respect to loadin g temperature for �ve different realizations of
TBC with the the same set of randomly represented microstruc tural pores.

porosity is presented in Fig. 2.8. Comparing the results shown in Fig. 2.8.a and
Fig.2.8.b with the corresponding data in Fig. 2.3.a and Fig. 2.3.b (porosity), it can be
concluded that the random microstructure predicts similar values as the controlled
microstructure but the scatter in the latter is higher. This may be ascribed to the
fact that the random microstructure contains a mix of factor s that may increase but
also decrease the initiation temperature and the total crac k length (i.e., the random
microstructure contains pores with large but also small asp ect ratios, pore sizes and
various orientations).

2.3.3. EFFECT OF TC FRACTURE PROPERTIES

The relative fracture properties of the TC layer with respec t to the other layers of the
TBC system in�uences the fracture behavior in terms of the lo cation and pattern of
crack evolution. The effect of this parameter is studied by c onsidering two distinct
parametric sets where the fracture ratio ( f ) is varied. The fracture ratio ( f ) is de�ned
as

¾TC Æf ¾TC
0 ,

GTC Æf GTC
0

(2.1)

where f is the fracture ratio and ¾TC
0 and GTC

0 are the fracture properties of the
benchmark material. Note that both properties are varied us ing the same fracture
ratio f and special attention is given to weaker materials ( f Ç 1) as stronger material
show limited damage.

In the �rst set, the normal fracture ratio ( fn ) of the TC layer is varied with values
of 0.625, 0.75, 0.875 and 1 while the shear fracture ratio ( fs) of the TC layer is �xed at
0.8. In the second set, the shear fracture ratio ( fs) is varied with values given by 0.625,
0.75, 0.875 and 1 for the normal fracture ratio ( fn ) of 0.8. The range of TC fracture
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properties considered is based on the limits of TC strength v alues used for porous
and dense TC layer [KPTvdZ18].
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Figure 2.9: Variation of total crack length of TBC with rando m microstructural pores for different (a)
Normal strength and (b) Shear strength values.

The results of the study are summarized in terms of crack init iation temperature
and total crack length in Fig. 2.9. The results corresponding to the normal fracture
ratio variation are shown in Fig. 2.9.a and Fig. 2.9.b, and those corresponding to the
variation of shear fracture are shown in Fig. 2.9.c. and Fig.2.9.d. In general, it can be
observed that the increase in normal fracture ratio delays t he crack initiation in the
TC layer as shown in Fig. Fig. 2.9.a. In case of shear fracture ratio, the effect on crack
initiation is nil (refer Fig. 2.9.c.). This is because the normal strength, being always less
than the shear strength for the TC layer, dominates the crack initiation behavior. In
terms of crack length, the results shown in Fig. 2.9.b and Fig. 2.9.d are sensitive to the
strength ratio provided the ratio is smaller than 0.9. For in stance, complete failure of
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Figure 2.10: Stress distribution in TBC with random microst ructural pores at T =30 ±C for TGO thickness of
0 ¹ m and 9 ¹ m

the TBC occurs when the fracture ratio is decreased below a va lue of 0.75 for both the
cases. In terms of the crack pattern, it is observed that with a decrease in the strength,
micro-cracks appear early in the TC layer. Upon the thermal l oading process, the
emanated micro-cracks near the TGO/TC interface tend to coa lesce in the presence
of stress concentrations due to the interface. Such a coales cence ultimately leads to
the formation of a larger horizontal macro-crack, resultin g in complete failure of the
TBC. The critical fracture properties for the complete TBC f ailure is governed by the
value of the fracture ratio with which the coalescence is fav ored.

2.3.4. EFFECT OF TGO THICKNESS

In the simulations reported above, the thickness of the TGO l ayer is considered to
be zero which corresponds to the initial thermal cycle of a TB C system. However,
during cyclic operation, the TGO layer grows to a value in the range of 8 to 12
¹ m before onset of delamination failure [ DYLÅ14, TBHÅ08]. The presence of the
TGO introduces additional thermal stresses due to its stron g CTE mismatch with the
underlying BC and TC layers, which in turn affects the crack e volution. Thus, in this
section, the effect of TGO thickness on the TBC fracture beha vior is investigated by
considering different thickness values of the TGO, given by tTGO= 0, 3, 6 and 9 ¹ m.
The simulations are carried out for the random pore features given in Table 2.3. Due
to computational limitations, the TGO thickness values are increased based on the
assumption that no cracking did occur till the thickness of t he TGO increased to the
speci�ed value.

The effect of TGO thickness on the stress �eld and cracking be havior of the TBC
is shown in Fig. 2.10 in terms of the normal stress distribution ( ¾y y) corresponding
to the TGO thickness of tTGO= 0 ¹ m (left inset) and 9 ¹ m (right inset). Upon
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Figure 2.11: Variation of total crack length for different T GO thickness 0, 3, 6 and 9 ¹ m with 15% random
microstructural pores.

examining the stress distributions in the TBC without TGO (l eft inset in the �gure),
it can be seen that two different stress concentrations occu r in the TBC, one arising
due to the pores as discussed before and the other due to the pr esence of dissimilar
layers (TC and BC). Introduction of the TGO layer ampli�es th e stress concentration
signi�cantly around the interface as seen in Fig. 2.10 (right inset) which is attributed
to the severe CTE mismatch between the TGO and the other two la yers. This, in
turn, alters the crack pattern as compared to the TBC system w ith no TGO layer. By
comparing the results with and without the TGO, several dist inctive observations can
be made. The �rst key difference is that a higher TGO thicknes s leads to cracking in
the TGO in addition to the cracking in the TC layer. This is not only because of the
additional stress concentration effects as discussed abov e, but also due to the altered
stress distribution in the proximity of the pores near the TG O layer. Upon closer
observation, it can be seen that the stress �elds near the por es are largely tensile in
the presence of TGO as opposed to the compressive stress stat e of the pores in the
case with zero TGO thickness. It is interesting to note that n ot only the presence of
TGO layer leads to micro-cracks in and around it, but also it a ggravates/accelerates
the crack growth in the TC region which is relatively far away from the TGO layer.
However, it is also worth mentioning that the stress distrib utions in the TC layer
suf�ciently far away from the TGO layer will be largely unaff ected by the presence
of TGO. In situations where there are edge cracks in the TC reg ions far from the TGO,
it can be anticipated that the crack evolution will be least a ffected by the presence of
the TGO layer.

The results of the simulations conducted for different valu es of the TGO thickness
are summarized in the Fig. 2.11. The total crack length is plotted as a function of
the TGO thickness. From the results, it can be observed that i ncreasing the TGO
thickness decreases the integrity of the TBC system [ DYLÅ14]. Indeed the total crack
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length at the end of the thermal loading step increases appro ximately quadratically
as a function of TGO thickness.

2.4. CONCLUSIONS
The effect of microstructural porosity on the fracture beha vior of the TBC is analyzed
using cohesive elements-based �nite element method. Geome tric and material
parameters such as TGO thickness, pore characteristics (su ch as aspect ratio, size,
volume fraction and orientation), and TC fracture properti es are studied through
parametric analyses. Two simulation sets are considered: o ne with a controlled
pore characteristics and one with random pore characterist ics. For the controlled
microstructure, the results of the parametric studies are r eported in terms of the
crack initiation temperature and total crack length, where by several pore features
were found to exhibit a signi�cant in�uence on the failure be havior. The following
conclusions are drawn from the parametric �nite element inv estigations.

1. Porosity plays a signi�cant role in improving the fractur e resistance of the TBC.
However, porosity above a critical value leads to early fail ure of the TBC.

2. Increasing the pore size decreases the TBC integrity wher e the crack initiation
temperature and the crack length increase with increase in p ore size. Both
the crack initiation temperature and the total crack length showed a linear
variation with respect to pore size

3. Pore aspect ratio exhibited a similar in�uence as that of t he pore size, where the
initiation temperature and the crack length increases with pore aspect ratio

4. The crack initiation temperature decreases with increas e in pore orientation
angle. In terms of the crack length, complete failure occurs for pore orienta-
tions that lie between 45 and 90 deg.

For the microstructure with random pore characteristics, t he simulations indicate
the following:

1. The porosity is the main parameter that predicts the total crack length com-
pared to other pore characteristics. Nonetheless, the rand om distribution of
pore size, pore area and pore orientation results in a large s catter in data.

2. On the effect of the material parameter, namely the TC frac ture properties,
the crack initiation temperature is slightly in�uenced. Ho wever, in terms of
crack length, complete TBC failure is observed when both the normal and shear
fracture are reduced to a value below a critical level.

3. The TGO thickness showed a signi�cant effect on the failur e behavior. The
crack initiation temperature linearly increases with incr easing TGO thickness,
whereas the crack length increased quadratically.
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The results and the insights could serve for understanding t he effect of pore
defects on failure behavior, which in turn can aid in enginee ring or designing the
microstructure for improved performance/lifetime. To sum marize the major �ndings
to help in optimizing the TBC behavior, a porous TBC system wi th smaller pore size,
circular pores (or if the pores are elliptical, it should hav e small aspect ratio), close to
zero degree orientation and higher TC fracture properties w ould result in an optimal
TBC system with enhanced thermal cycling integrity.
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NUMERICAL INVESTIGATION INTO

THE EFFECT OF SPLATS AND PORES

ON THE THERMAL FRACTURE OF

AIR PLASMA SPRAYED THERMAL

BARRIER COATINGS

The effect of splat boundaries on the fracture behavior of Ai r Plasma Sprayed Ther-
mal Barrier Coatings (APS-TBC) is analyzed using �nite elem ent modelling involv-
ing cohesive elements. A concurrent multiscale approach is utilized whereby the
microstructural features such as splats and pores are expli citly resolved within a
computational cell embedded in a larger domain. Within the c omputational cell,
splats are modelled as being located on a sinusoidal interfa ce in combination with
a random distribution of pores. To simulate fracture in the T BC, cohesive elements
are inserted throughout the inter-element boundaries in or der to enable arbitrary
crack initiation and propagation. Parametric studies are c onducted for different splat
planarity, spacing, pore volume fraction and fracture prop erties of the splats. The
results are quanti�ed in terms of crack nucleation temperat ure and total microcrack
length evolution. It is found that the presence of pores resu lt in an improved TBC
fracture behavior upto a critical volume fraction whereas t he presence of splats is
detrimental to the TBC performance. Splat boundaries with h igh planarity and
spacing results in an improved fracture behavior compared t o the splat boundaries
with low planarity and spacing. The crack initiation temper ature was found to be
linearly dependent on normal fracture strength and less dep endent on shear fracture
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properties of the splats. However, complete failure of the T C occurs when the shear
fracture properties of the splats are reduced below a critic al value. Insights derived
from the numerical results aid in engineering the microstru cture of practical TBC
systems for an improved thermal fracture behaviour.

3.1. INTRODUCTION
Conventional TBCs are predominantly manufactured either b y an Electron Beam
Physical Vapor Deposition (EB-PVD) process or the Air Plasm a spray (APS) technique
[FKTÅ08]. In EB-PVD technique, the coatings are deposited on the sub strate in
vacuum using a high energy electron beam [ GW11]. This technique produces a
uniform coating with a �ne columnar grain structure. These c oatings offer superior
strain tolerance, thermal shock and oxidation resistance w hich ultimately leads to
prolonged service life. In the APS method, ceramic particle s are melted and sprayed
onto the substrate at atmospheric pressure using plasma jet [XK11]. APS TBCs
have a shorter lifetime compared to EB-PVD TBCs due to its def ected and layered
microstructure. However, APS remains the preferred manufa cturing method in the
�elds of aerospace and power generation gas turbines becaus e of its low cost and
high production ef�ciency [ AA18].

The distinctive microstructural features of APS TBCs are sp lats in addition to
other features such as pores, microcracks and interface rou ghness. Splats are formed
during the solidi�cation process of the sprayed ceramic par ticles [WKG02]. The TC
regions between the successive splats are called lamellae, the building blocks of
the APS TBCs. Splats are usually weak interfaces/boundarie s. The characteristics
of the splats are determined by the spraying parameters [ LYLL18, LDP15, LN03].
Literature studies on TBC microstructure show that the pres ence of splats along
with microstructural pores signi�cantly in�uences the mat erial properties and failure
behavior of TBC [ MMM Å17, WKDÅ03, MS12, WMS04, LYCÅ18].

Multiple efforts have also been undertaken in the literatur e to model and predict
the in�uence of splat boundaries on thermo-elastic propert ies of TBCs [KWNÅ03,
MB06, LWMF13, GZZÅ19]. In [ KWNÅ03], real microstructural images are used to
predict the effective thermal conductivity and stiffness u sing �nite element analy-
sis. The stiffness reduction due to splats is obtained indir ectly by calculating the
difference between the stiffness values of �nite element pr ediction of as-sprayed
(with splats) and experimental measurements of thermal cyc led (no splats) samples,
respectively. Similar type of work is also carried out in [ MB06] using image based
extended �nite element modelling. In addition, the evoluti on of the stress intensity
factor and the quenching stress as a function of intra-splat cracks and substrate
temperature is also analyzed in their study. Thermal conduc tivity of splat interfaces is
obtained in [ LWMF13] through iterative �nite element computations and by mappi ng
the calculated effective thermal conductivity with the exp erimental measurements.
A �nite element model is generated using real splat interfac e distribution obtained
from fracture image analysis. Finite element analysis on id ealized YSZ model system
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to analyze the effect of splat interfaces on thermal conduct ivity of TBC is carried out
in [ GZZÅ19].

Literature studies to predict the in�uence of TBC microstru cture on its failure
behavior are limited. These studies are focussed only on the effect on TC/BC interface
and microstructural pores [ KPTvdZ19, Bia08a]. There are no numerical studies
available in the literature that explicitly account for the presence of splat boundaries.
However, the experimental observations by [ MS12, HWLL18, LZCÅ17] show that the
failure behavior of the TBC is signi�cantly in�uenced by the splats. For instance, in
addition to the microstructural pores, the morphology of th e splats and the adhesion
between the splats is important for the cracking resistance of coatings. Besides the
pore structure, the stacking morphology of the splats and ad hesion between the
splats are also important factors for the cracking resistan ce of coatings. It is, therefore,
the objective of this research to carry out a systematic nume rical study to investigate
the effect of splat topology and its fracture strength on TBC fracture behavior in the
presence of microstructural pores. Furthermore, concurre nt multiscale modelling
setup is adopted to include the free edge effect. The effect o f splats is investigated
using a parametric TBC model with realistic pore distributi on corresponding to
various splat features, namely, splat planarity, spacing, and also the strength. The
scope of this research is relevant to the TBC community for TB C microstructure
optimization by choosing the right set of processing and spr aying parameters to get
the desired splat characteristics.

3.2. M ULTISCALE MODEL OF TBC MICROSTRUCTURE

3.2.1. OVERALL GEOMETRY
The modelling of the TBC is carried out in a two-dimensional d omain under plane
strain assumptions. A two-scale concurrent multiscale mod eling approach is adopted
in which the explicitly resolved TC micro-structural featu res are embedded in a
much larger domain of the TBC with an homogenized TC layer, as shown in Fig. 3.1.
TBC microstructural features such as pores, interface roug hness and splats are
modelled explicitly in the TC layer of the embedded computat ional cell as depicted
in Fig. 3.1.b. More details about the geometry and the modelling setup c an be found
in [ KPTvdZ19].

TBC computational cell is enriched with random pore feature s that are represen-
tative of actual TBC microstructures [ Slo]. The pores are modelled as an ellipsoidal
quantity with an aspect ratio, orientation and size given in Table 3.1 for modelling
convenience. The pores are distributed randomly within the TBC computational cell.

For simplicity, the interface planarity between TC and BC an d also the horizontal
splats are represented as a sinusoidal curve and it is given b y (3.1).

Yi Æyi Å Ai £ cos(X £ 2¼/ ¸ ) [yi Æyi Å ys; Ai ÆAi £ C] (3.1)

where Ai & ¸ corresponds to the amplitude and wavelength of the sinusoid al curve,
respectively. The subscript i refers to the types of interfaces in the TC layer (i=0
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Table 3.1: Experimental porosity measurements and the corr esponding modelling parameters

Geometrical features Modelling parameters(%)

Volume fraction 10
Micro-porosity [SP] 5 (Size = 25 ¹ m2)
Macro-porosity [LP] 5 (Size = 75 ¹ m2)
Rounded shape porosity 5 (AR = 1.5)[4 LP, 4 SP]
Lamellar shaped porosity 5 (AR = 3)
Horizontally oriented lamellar porosity 2.5 (0 deg) [1.75 L P, 1.75 SP]
Inclined lamellar porosity 2.5 ( § 45 deg) [1.75 LP, 1.75 SP]

corresponds to TC/BC interface and i>0 corresponds to the sp lat boundaries). ys and
c denotes the spacing between the two adjacent interface and i nterface planarity, re-
spectively. The wavelength( ¸ ) and initial amplitude (A 0) of the interface are assumed
to be constant with a speci�ed value of 60 ¹ m and 10 ¹ m, respectively [ KPTvdZ18].
The vertical splats are modelled as straight lines, and they are distributed randomly
between the horizontal splats as shown in Fig. 3.1.c. The number of vertical splats
between any two successive horizontal interfaces is set to a value of 10 over the length
of the explicitly modelled domain.

Top-Coat
  500 !m

Bond-CoatBond-Coat
 200 !m 200 !m

x

y

Substrate

F
re

e 
ed

ge

6.
0 

m
m

a.)

b.)

c.)

d.)

Figure 3.1: A schematic of TBC system with detailed microstr ucture
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3.2.2. SIMULATION SET -UP

The microstructure is meshed with three noded plane strain t riangular elements
(CPE3) using GMSH to model the bulk response of the individua l TBC layers. The
fracture behavior of the TBC is modelled using a cohesive zon e model which is
implemented in the �nite element framework using the zero th ickness four noded
cohesive element (COH2D4). It is also important to mention t hat the fracture
process is modelled only in the computational cell and the ou ter regions of the
TBC only can respond as a homogenized featureless elastic me dium. Also, the
elastic response of the splats themselves are not considere d in the analysis since the
splats are very thin compared to the thickness of the lamella e. In other words, the
constitutive behavior of the splats is governed only by its f racture properties, de�ned
through zero thickness cohesive element. The cohesive elem ents are inserted at
every bulk element interface of the TBC computational cell u sing a MATLAB script.
The insertion of cohesive element throughout the mesh enabl es the arbitrary crack
initiation and propagation which is a prerequisite to predi ct the fracture behavior
of such a complex system. However, the cracks are allowed to p ropagate only along
inter element boundaries which lead to a mesh dependency eff ect. Hence, to obtain
a converged fracture pattern a �ne mesh size of 1 ¹ m is used in the computational
cell region. The outer elastic regions of the TBC is coarsely meshed with an average
element size of 150 ¹ m to reduce the computational time. The loading condition
considered in this work corresponds to a single thermal cycl e of as-deposited TBC
system. A typical thermal cycle of a TBC consists of three pha ses namely the heating,
dwell and cooling phase. In the heating and dwell phase of the thermal cycle, TBC is
assumed to be stress free as these coatings are deposited at h igh temperature. Hence,
only thermal contraction (cooling) phase of the thermal cyc le is considered in the
analysis, where the temperature is decreased from its typic al operating value of 1100 ±

to 30± C. The cooling rate does not play a role as the simulations are based on a quasi-
static analysis. The non-linear fracture simulations are c arried out in a commercial
FEA package Abaqus using implicit Newton-Raphson solver.

3.2.3. ELASTIC AND FRACTURE PROPERTIES FOR CONSTITUENT PHASES

The bulk response of the different layers of TBC is assumed to be linearly elastic and
isotropic. The fracture behavior of the TBC is modeled using a bi-linear cohesive law
[HMP76] which is governed by fracture strength and fracture energy . Elastic, thermal
and fracture parameters used for individual TBC layers are s ummarized in Table 3.2.
Material properties of TC, BC and the substrate are chosen si milar to the values given
in [ KPTvdZ18]. As indicated in Table 3.2, only the fracture property is considered
to model the constitutive behavior of splats. The ratio of sh ear strength to normal
strength ( ° ) for the TC layer and splats is assumed arbitrarily to have a v alue of 4 to
suppress the shear failure of TBC given the fact that the expe rimental observations
show that the TBC fails in tension (Mode I) rather than in shea r (Mode II). The mode I
fracture energies GIC reported in Table 3.2 is calculated from the fracture toughness
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values under plane strain and small plastic zone assumption . For convenience, the
same value of ° is also used to de�ne the ratio between mode II and mode I fract ure
toughness. The microstructural defects in the outer (elast ic) TC layer is accounted for

Table 3.2: Elastic and fracture parameters of the TBC compon ents.

Layers E (GPa) º ® (10¡ 6 1/ ±C) ¾n (MPa) GIC (N/mm) °

Top coat 200 0.15 12.5 200 0.01 4
Bond coat 130 0.3 14.5 500 0.3 1
Splats - - - 75 0.002 4
Substrate 200 0.28 16 - - -

through the effective (reduced) elastic modulus of 80 GPa. T he interface between TC
and BC layer is assumed to have the same fracture properties a s the BC layer.

3.3. RESULTS AND DISCUSSIONS
Parametric simulations are carried out to analyze the in�ue nce of the TBC mi-
crostructure such as splats and pores on TBC failure behavio r. In addition, the effect
of splat fracture properties is also considered in this stud y. The results are discussed
in terms of crack initiation temperature and total length of all microcracks formed
in the computational domain at the end of the cooling cycle fo r each parametric
case. The crack initiation temperature is de�ned based on a p rede�ned initiation
length to avoid the mesh dependency effect. Prede�ned initi ation length is de�ned
as the minimum total length of consecutively failed cohesiv e elements required to
form a measurable micro-crack. Based on the convergence ana lysis carried out
in [ KPTvdZ18, KPTvdZ19], a prede�ned length of 3 ¹ m is used to de�ne the crack
initiation temperature for all the parametric simulations . The failure of the cohesive
element is de�ned based on energy dissipation and the elemen t is considered to have
failed when it dissipates 95% of its total fracture energy. T he TC layer is assumed to
have completely failed if it becomes detached from the BC lay er.

3.3.1. EFFECT OF TBC MICROSTRUCTURAL FEATURES

In this section, the effect of individual microstructural f eatures on fracture behavior
of the TBC is investigated. Three different TBC models with e xplicitly represented
microstructures: (i) only pores, (ii) only splats and (iii) combined splats and pores
are considered for this analysis along with the dense (defec t free) TBC. The pores are
distributed randomly in the TC layer with features given in T able 3.1 to model the
pores in the TC layer. As discussed in Sec. 3.2.1, the horizontal splats are modelled
using (3.1) with the splat planarity and spacing of 0.8 and 12.5 ¹ m, respectively.
To include the effect of randomness of the pore distribution and vertical splats in
the analysis, �ve different realizations are considered. T o illustrate the effect of
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splats in the TBC failure process, stress distributions ( ¾y y) along with the crack
pattern at the end of the thermal loading step for two differe nt microstructural
con�gurations (namely TC layer with pores and combined spla ts & pores) are shown
in Fig. 3.2. The overall stress distribution ( ¾y y) is in correspondence with the studies
carried out in the literature [ VKS01, Bia08b]. As observed in Fig. 3.2, the peaks and
valleys of the TC/BC interface lead to tensile and compressi ve states of stress (¾y y),
respectively. The CTE mismatch between the layers and the pr esence of pores result
in a complex stress �eld especially at the vicinity of pores a s shown in Fig. 3.2. Also,
for both con�gurations, the cracks tend to nucleate and prop agate from the edge
due to tensile stress ( ¾y y) generated out of the free edge accompanied by local stress
concentration near the pores. However, as shown in Fig. 3.2.a and b, the presence of
splats has a signi�cant effect on the TBC cracking behaviour both in terms of crack
nucleation and propagation. For the TBC with combined splat s and pores, the cracks
propagate mostly along the splat boundaries. In case of TBC w ith only pores, the
crack propagation is governed by the direction of local stre ss concentration generated
by the pores. It is also important to note that the stress dist ribution in TC suf�ciently
far away from the cracked regions remains identical for both con�gurations since the
elastic response of splats is not considered for the analysi s.

•1000
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  200

  400MPa
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 •800

a.) Pores b.) Pores and splats

Figure 3.2: Stress distribution ( ¾yy ) and failure behavior of TBC at T =30 ±C for two distinct microstructural
con�gurations (a) Splats and (b) Combined splats and pores

The results are presented in terms of crack initiation tempe rature and total
crack length in Table 3.3 for the four distinct TBC microstructural con�gurations as
discussed.

It can be observed from Table 3.3 that the variations in TBC microstructural con-
�guration have a signi�cant in�uence on its failure behavio r. For the microstructural



3

34
3. NUMERICAL INVESTIGATION INTO THE EFFECT OF SPLATS AND PORES ON THE

THERMAL FRACTURE OF AIR PLASMA SPRAYED THERMAL BARRIER COATINGS

Table 3.3: Effect of TBC microstructural features.

Microstructural
features

Crack initiation
temperature ( ±C)

Total
crack length (mm)

Dense (No Defects) 330 0.16
Pores 310§ 50 0.07§ 0.01
Splats 800§ 5 0.28§ 0.03
Splats & Pores 680§ 16 0.22§ 0.05

con�gurations without splats, the presence of pores did not have a substantial effect
on crack initiation temperature whereas a positive in�uenc e of pores is observed for
the con�gurations with splats. In terms of the total crack le ngth, the presence of pores
has a positive effect for both the con�gurations (with and wi thout splats). However,
this effect is more pronounced for the microstructure witho ut splats. For instance,
the total crack length of the dense TBC is approximately two t imes higher than the
TBC with pores. This is due to the fact that the presence of por es increases the
TBC compliance which reduces the strain energy contributio n to the crack driving
force[KVS11]. The positive in�uence of the pores on TBC lifetime is repor ted in
the literature through experimental measurements[ AVSL04, CMÖÅ13]. On the other
hand, a TBC with splats leads to early crack initiation and al so larger crack length,
which is expected because of weak interface. From Table 3.3, it can be concluded
that the presence of pores result in an improved TBC fracture behavior whereas the
presence of splats is detrimental to the TBC. To understand t he effect of splats on
TBC failure behavior, parametric simulations are carried o ut in the next section for
different geometries and fracture properties of the splats .

3.3.2. PARAMETRIC SIMULATION
The parametric studies are carried out for three different p arameters such as splat
planarity, spacing and porosity and the variations are list ed in Table 3.4. The
simulation results are discussed in terms of crack initiati on temperature and total
crack length. Similar to Sec. 3.3.1, �ve different realizations are utilized for each
parametric case to obtain the statistical variation due to t he random distribution of
pores and vertical splats.

Table 3.4: Summary of splat and pore geometrical parameter u sed.

Micorstructural features Geometrical Parameters

Splat planarity 0, 0.4, 0.8, 1
Splat spacing 6.25, 12.5, 25 (¹ m)
Porosity(V f ) 0, 10, 15, 20 (%)
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EFFECT OF SPLAT PLANARITY

To investigate the effect of splat planarity, four differen t planarity values 0, 0.4, 0.8
and 1 are analyzed. The splat spacing and porosity are �xed wi th a value of 12.5
¹ m and 10 %, respectively. The planarity value of 0 results in � at interfaces in the
computational domain whereas the planarity of 1 correspond s to the cosine curve
with speci�ed amplitude of 10 ¹ m for all the splat boundaries (refer ( 3.1)). For other
planarity values, the amplitude of the splats (cosine curve ) are scaled linearly with
the increase in number of interfaces/splat boundaries. The results of the simulations
are summarized in Fig. 3.3 to show the in�uence of splat planarity on initiation
temperature and total crack length. From Fig. 3.3.a, it can be observed that the crack
initiation temperature shows a weak dependence on splat pla narity. This is due to
the fact that the crack initiation is governed mostly by the f ree edge stress which is
maximum at a region away from the TC/BC interface. In this reg ion, the change in
splat amplitude for planarity values less than 1 is minimal b ecause, with increase in
number of interface/splat boundaries there is a decrease in amplitude. For a planarity
value of 1, the amplitude of the splats boundaries remains un affected which results in
a trend towards delay in crack initiation as shown in Fig. 3.3.a. In terms of total crack
length, the splat planarity shows a signi�cant in�uence esp ecially for the planarity of
0 and 1 as shown in Fig. 3.3.b. The crack length for the TBC with �at splat boundaries
(planarity =0) is sensitive to the distribution of pores. Tw o out of �ve realization
shows complete failure of the TC with major cracking close to the TC/BC interface.
Hence, the statistical variation of total crack length for z ero planarity is represented
as inconclusive in Fig. 3.3.b. This behavior is due to the presence of �at interface
which favors the linking and propagation of microcracks. In addition, the formation
of microcracks is in�uenced by the distribution of differen t pore features. Complete
failure of the TC occurs if these microcracks reaches a criti cal length. For the splat
interfaces with planarity of 0.4 and 0.8, the total crack len gth remains almost same
and it decreases by a factor of 2 for the planarity of 1. Thus, i n general, it can be
concluded that an increase in splat planarity improves the t hermal fracture behavior
of TBC. Indentation tests on APS TBC samples [ HWLL18] show that the fracture
resistance is improved signi�cantly for TBCs with rough spl at interfaces. Similarly,
thermal cycling studies [ Now14, ESBÅ13] on TBC also conclude that the bond coat
roughness has a signi�cant effect on TBC lifetime with highe r roughness leading to
an increase in TBC lifetime.

EFFECT OF SPLAT SPACING

Another parameter of interest is the splat spacing which is a direct measure of the
TC lamellae thickness. In the current TBC modelling set up, s plat spacing affects
both the interface planarity and the number of weak interfac es within the TC layer
(refer (3.1)). Hence, the variations in splat spacing may have a signi�c ant effect on the
TBC fracture characteristics. In order to study this effect , four different splat spacing
given by 6.25, 12.5, 25 and 50 ¹ m are considered. The values for splat planarity and
volume fractions are kept constant at 0.8 and 10 %, respectiv ely. The results obtained
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Figure 3.3: Variation of (a) crack initiation temperature a nd (b) total crack length for different splat
planarity of 0 (�at), 0.4, 0.8 and 1 with the �xed splat spacin g of 12.5 ¹ m and volume fraction of 10%.

from the analysis are summarized in terms of crack initiatio n temperature and total
crack length and are shown in Fig. 3.4. As observed in Fig. 3.4.a, the crack initiation
temperature remains almost constant for the range of splat s pacings considered.
Nevertheless, for the reference con�guration with only por es (no splats) given in
Table 3.3 crack initiation temperature is signi�cantly lower than th e initiation values
reported in Fig. 3.4.a. In terms of total crack length, the results indicate that the
total crack length decreases non-linearly with the increas e in splat spacing as shown
in Fig. 3.4.b. For a spacing of 6 ¹ m the �nal crack length is highly sensitive to the
distribution of pores with three realizations predicting c omplete TC failure. This
inconclusive behavior is governed by the stress distributi on close to TC/BC interface
and the local stress concentration generated by the pores. T he decrease in total crack
length with the splat spacing is attributed to the reduced nu mber of weak interfaces
and the increase in splat planarity.

EFFECT OF PORE VOLUME FRACTION

In this section, the volume fraction of the pores is varied wi th a constant splat
planarity of 0.8 and a spacing value of 12.5 ¹ m. Four different pore volume fractions
given by V f = 0, 10, 15 and 20 % are considered. To illustrate the effect of splats
on the failure behavior of TBC along with porosity two distin ct microstructure
con�gurations are considered: one with pores and one with co mbined splats and
pores. The crack initiation temperature and total crack len gth for both con�gurations
are reported in Fig. 3.5.

For all porosity values considered the presence of splats si gni�cantly in�uences
the failure characteristics of TBC as observed in Fig. 3.5. Presence of splats leads
to early crack initiation when compared to the TC layer with p ores as shown in
Fig.3.5.a. The crack initiation temperature remains approximatel y constant for the
TC layer with pores whereas the crack initiation temperatur e decreases non-linearly
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with increase in porosity for the microstructure with combi ned splats and pores. For
the TC layer with combined splats and pores, the crack initia tion temperature of 10%
porosity decreases from 800 to 700 ±C when compared with zero porosity case. Upon
further increase in porosity, the crack initiation tempera ture remains almost constant
up to V f = 15% after which it decreases for V f = 20 %. In terms of total crack length, it
can be seen that for both the cases the trend remains almost th e same. The presence
of pores improves the fracture resistance of the TC compared to the dense TBC (refer
Fig.3.5.b). This is due to the decrease in strain energy contributio n to the crack driving
force with porosity as explained in Sec. 3.3.1. The scatter in total crack length values
between individual simulations for a nominally identical s ets of input parameters
especially for the con�guration with combined splats and po res is attributed to the
complex interaction of different pore features and also its interaction with the splat
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boundaries. Also, it is important to note that complete fail ure of TBC occurs for a
critical value of the porosity is V f = 30% for TC with pores and V f = 20% for TC with
combined splat and pores. The optimal porosity value remain s constant at V f = 15%
for both microstructural con�gurations.

3.3.3. EFFECT OF FRACTURE PROPERTIES

As discussed in Sec.3.2.2, the constitutive behavior of the splats are governed by its
fracture parameters. Hence, the variation of these paramet ers signi�cantly in�uences
the fracture behavior of the TBC system. To study this effect , the fracture ratio de�ned
in ( 3.2) is varied with �xed splat planarity of 0.8, splat spacing of 12.5¹ m and porosity
of 10 %. Two distinct normal ( fn ) and shear fracture ( fs) ratios are considered to
analyze the in�uence of normal and shear fracture propertie s of the splats. For each
fracture ratio, the simulations were carried out for �ve dif ferent values given by 0.5,
0.75, 1, 1.5 and 2. While studying the in�uence of one fractur e ratio the other fracture
ratio is �xed at the value of 1. In otherwords, to study the eff ect of splat normal
fracture properties, the normal fracture ratio ( fn ) is varied with values given by 0.5,
0.75, 1, 1.5 and 2 for a �xed shear ratio ( fs) of 1 and vice-versa.

¾TC Æf ¾TC
0 ,

GTC Æf GTC
0

(3.2)

where f is the fracture ratio and ¾TC
0 and GTC

0 are the fracture properties of the
benchmark material. Note that both properties are varied us ing the same fracture
ratio ( f ).

Crack initiation temperature and total crack length for bot h normal and shear
fracture ratios are shown in Fig. 3.6. From the Fig. 3.6.a, it can be observed that both
the crack initiation temperature decreases almost linearl y with increase in normal
fracture ratio. For the variations in shear fracture ratio ( fs), the crack initiation
temperature remains unaffected as shown in Fig. 3.6.c. This is because the normal
fracture properties, being always less than the shear fract ure properties for the splat
boundaries, dominates the crack initiation behavior. In te rms of crack length, the
results indicate that variation of total crack length with t he normal fracture ratio is
not monotonic as shown in Fig. 3.6.b. In particular, a drastic increase in damage
is observed in the TC layer when the normal fracture ratio is d ecreased to a value
of 1 (i.e. total crack length increases abruptly by a factor o f 2.5 when compared to
the fracture ratio ( fn ) of 1.5). Similarly, the results shown in Fig. 3.6.d are sensitive
particularly, when the shear fracture ratio is decreased be low a certain critical value.
For instance, the complete failure of the TBC occurs when the shear fracture ratio
is decreased below the value of 1. The critical value for the c omplete TBC failure is
decided by the value of the fracture parameters for which the coalescence is favoured.
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Figure 3.6: Variation of (a)&(c) crack initiation temperat ure and (b)&(d) total crack length of TBC with
random representation of pores for different splat normal a nd shear strength values.

3.4. CONCLUSIONS
Thermal fracture behavior of the APS TBC with explicitly mod elled splat boundaries
and pores is analyzed using cohesive elements based �nite el ement method. The
in�uence of splat geometric characteristics (such as the ro ughness of the planes in
which the splats are located and their spacing), porosity an d splat material param-
eter (fracture properties) on TBC fracture behavior are stu died through parametric
simulations. The results of the parametric studies are repo rted in terms of the crack
initiation temperature and total micro crack length in the c omputational domain
upon cooling down from the peak temperature of 1100 ± C to room temperature (30 ±

C), whereby both the splat boundaries and pores are found to e xhibit a signi�cant
in�uence on the fracture behavior. The following conclusio ns are drawn from the
parametric �nite element investigations.

1. Microstructural features of the TBCs play a signi�cant ro le in determining
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its failure characteristics. With reference to the fully de nse TBC system, the
presence of pores improves the fracture resistance whereas the presence of
splat boundaries leads to early and more extensive failure o f the TBC.

2. The in�uence of splat planarity on crack initiation tempe rature is limited. The
crack length for the �at splat boundaries is sensitive to the distribution of pores.
In general, the increase in splat planarity improves the TBC fracture resistance.

3. Splat spacing did not have a signi�cant in�uence on the ini tiation temperature
whereas the total crack length decreases with an increase in splat spacing.

4. The presence of pores improves the fracture behavior for b oth microstructural
con�gurations considered. However, porosity beyond a crit ical value leads to
early failure. The optimal porosity is estimated as 15 %.

5. On the effect of splat fracture properties, the crack init iation temperature scales
more or less linearly with normal tensile strength of the spl ats. In terms of crack
length, the results are sensitive when the fracture ratio ar e reduced to a value
below a critical level. Complete failure of TBC occurs when s hear fracture ratio
is decreased below a value of 1.

The results and insights aim to clarify understanding the ef fect of TBC microstructure
especially splats and pores on failure behaviour, which in t urn can aid in optimizing
the processing and spraying parameters for improved perfor mance/lifetime. Based
on the current simulations, TBC systems containing up to 15% pores, having the
splats arranged in non-planar con�guration, having a large splat spacing and a high
splat tensile strength perpendicular to the splat plane, sh ould give the best thermal
cracking resistance.
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M ODELLING THE FRACTURE

BEHAVIOR OF THERMAL BARRIER

COATINGS CONTAINING HEALING

PARTICLES

The performance of a self-healing Thermal Barrier Coating ( TBC) containing dis-
persed healing particles depends crucially on the mismatch in thermomechanical
properties between the healing particles and the TBC matrix . The present work
systematically investigates this phenomenon based on nume rical simulations using
cohesive element-based �nite element analysis. The effect of the mismatch in
Coef�cient of Thermal Expansion (CTE) and fracture strengt h between the healing
particles and the matrix on the fracture characteristics is quanti�ed in detail. Unit
cell-based analyses are conducted on a representative self -healing TBC system under
a thermal loading step typically experienced by TBC systems in jet turbines. Two
different simulation setups are considered within the TBC u nit cell namely (i) a single
pair of healing particles and (ii) a randomly distributed ar ray of healing particles. The
results of the simulations are reported in terms of the fract ure pattern, crack initiation
temperature and crack length for various CTE mismatch ratio s. Correlations are
established between the results obtained from the two simul ation setups essentially
revealing the effect of spatial distribution and proximity of healing particles on the
fracture pattern. The results obtained from the analyses ca n be utilised to achieve a
robust design of a self-healing TBC system.

41
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CONTAINING HEALING PARTICLES

4.1. INTRODUCTION

Several efforts have been made to increase the lifetime of th e TBC system, mainly in
the directions of varying the deposition process and coatin g compositions in order
to delay the initiation of micro-cracks [ VSS09, Dar13, KK16]. Incorporating self-
healing mechanisms in TBC systems is a novel approach to impr ove the lifetime of
these coatings [STDÅ15, DCSÅ15, NECÅ18, OFZÅ16, OWYÅ16]. The principle of the
self-healing mechanism in a TBC system is demonstrated in [ DCSÅ15]. The self-
healing TBC is based on alumina coated Mo-Si particles embed ded in the TC layer
close to the TC/BC coat interface where the micro-cracks are likely to initiate. Upon
cracking in the TBC, the micro-cracks interact with the heal ing particles, resulting in
fracture of the particles. Subsequently, the healing agent within the particles oxidises
and diffuses into the crack to form a glassy phase which in tur n reacts with the
surrounding matrix to form a load-bearing crystalline cera mic (zircon). The resulting
healing of the micro-cracks delays the formation of a macro- crack by preventing
crack coalescence which, in turn, extends the life time of th e TBC system. Further
details of the above-discussed self-healing TBC system suc h as detailed description
of the healing mechanism, type of healing particle, fabrica tion routes and associated
challenges can be found in the following works [ vdZB15, STDÅ15, NECÅ18, NME16,
CMBÅ18].

Numerous computational studies have been conducted to inve stigate the failure
mechanisms in the TBC system. In the context of fracture anal ysis in TBC sys-
tems, different approaches have been used, including, clas sical fracture mechanics-
based methods (e.g. VCCT, energy release rate) [BBBÅ10, FJLÅ14], cohesive zone
element based methods [ BMHM05 , ZYGÅ15] and the extended �nite element method
(XFEM) [HTS11, YWDÅ13]. Classical fracture mechanics approaches are suitable
for crack propagation studies, whereas cohesive element-b ased approach enables
modelling of crack initiation as well as crack propagation. XFEM is an enriched
version of the classical �nite element method which embeds d iscontinuities in the
shape functions of a classical 2-D or 3-D �nite element. This method serves as
a tool to represent initial and evolving crack geometry inde pendent of the �nite
element mesh and the crack evolution can be modelled either u sing classical fracture
mechanics parameters or cohesive traction-separation law s. One of the current
shortcomings of XFEM is its limited capability in dealing wi th multiple cracking and
coalescence, which are crucial in the current study. Cohesi ve elements were utilised
successfully for such multiple cracking and coalescence pr oblems albeit with higher
computational costs to achieve 'mesh-independent' soluti ons. A detailed review on
various modelling methodologies and failure mechanisms in TBC systems addressed
through computational modelling can be found in [ WLYÅ16]. A second review
on the in�uence of modelling choices in terms of interface mo rphology, boundary
conditions, dimensionality and material models on the TBC r esponse is presented in
[BS17]. They provided guidelines and strategies for effectively modelling the stress
evolution and the crack propagation in TBC systems. All the i nvestigations in the
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literature have contributed to a detailed understanding of the failure mechanisms in
TBC systems.

From the perspective of modelling the behavior of a self-hea ling TBC system,
additional aspects need to be accounted for in the analysis a s compared to the
conventional TBC systems. Speci�cally, the effect of the pr esence of healing particles
on the TBC fracture behaviour has to be analysed from two diff erent perspectives.
Firstly, to successfully trigger healing mechanism, the mi crocracks initiated in the
TBC have to interact with healing particles leading to the op ening of the particles
for healing activation. This, in turn, depends on the geomet ric and the material
properties of the healing particles in relation to the TBC la yers. Secondly, it is essential
to study how the healing particles in�uence the thermomecha nical behaviour of the
self-healing TBC in comparison with the baseline TBC withou t healing particles, in
other words, introducing healing particles should not sign i�cantly deteriorate the
mechanical integrity of the original TBC system. Several mo delling studies have been
conducted in the literature to address the above two aspects [GGvP17, GvTTÅ17,
QZR15, LJYY16, OON16, GGvP15]. For instance, the in�uence of mechanical prop-
erties of the healing particles on the fracture mechanism in a self-healing material
have been analysed in detail in [ PTvdZ15, GGvP15]. In [ GGvP17], crack propagation
studies were conducted in an idealized healing capsule(s)- matrix system and the
effects of geometric and material parameters were analysed using cohesive and
extended �nite element method (XFEM). Within the context of self-healing TBC
systems, few modelling studies have addressed the effect of the healing particles
on the TBC properties and the thermomechanical response [ KMZCÅ16, WSZÅ18].
The effect of the healing particles on the fracture mechanis ms and the mechanical
properties of a particulate composite representing a self- healing TBC microstructure
were studied using cohesive element-based �nite element an alysis in [ PTvdZ15,
PKTvdZ19, PKTvdZ17]. However, one critical aspect that has not been analysed in
detail pertains to the mismatch in thermo-elastic properti es coupled to a mismatch
in fracture properties.

In order to design a self-healing TBC system with dispersed h ealing particles,
an important issue that needs detailed understanding is the effect of mismatch in
CTE between the particles and the TBC layers, in addition to t he elastic and fracture
property mismatch. An ideal self-healing TBC should have he aling particles with
similar CTE in relation to the surrounding TC layer. Such a co mbination would
prevent generation of additional thermal stresses in the TB C which would otherwise
lead to microcrack formation. On a different context, speci �c prerequisites on the
mechanical properties of the healing particles and the part icle/matrix interface are
necessary for a successful activation of the healing mechan ism [ PTvdZ15]. With
this motivation, a detailed �nite element analysis is condu cted to quantify the effect
of mismatch in thermomechanical properties on the fracture evolution in the self-
healing TBC system. The effect of CTE mismatch is investigat ed in detail using two
simulation setups, one with a TBC containing two healing par ticles and the other
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with a TBC consisting of a randomly distributed array of part icles. Further, the effects
of the relative strength of the particle and the interface wi th respect to the TC layer
are analysed using the �nite element simulations on the mult iple particles setup.
The present work is connected to the optimal design of self he aling TBCs from two
distinct aspects: (1) It serves as an analysis tool to decide the best combination of
thermomechanical properties of the healing particles and t he matrix to achieve a
robust self-healing system and (2) It allows to choose the be st spatial arrangement
of healing particles to control the crack and healing patter ns.

4.2. FINITE ELEMENT MODEL OF TBC

4.2.1. M ODEL GEOMETRY

A 2D multiscale approach is adopted for the �nite element ana lysis of fracture
evolution in a self-healing TBC system. The system consider ed is composed of two
different layers of the TBC system, namely the TC and the BC. T he TBC unit cell
is periodic in the horizontal direction, while in the vertic al direction, the layers are
modelled with their respective thicknesses. The interface between the TC and the
TGO layers is modelled as an idealised sinusoidal curve [ VGS09], whose wavelength
and amplitude are assigned values of 60 ¹ m and 10 ¹ m respectively. These values
are representative of a typical interface morphology in the air plasma sprayed TBC
systems [ESBÅ13]. The thickness of the TC and the BC layers are taken as hTC

= 500 ¹ m and hBC = 200 ¹ m respectively. The TGO layer is usually a thin layer
whose thickness increases during operation (as a function o f thermal cycles/time).
The evolution of the TGO thickness is not modelled since only a single thermal
cycle is analysed during which the growth of the TGO is neglig ible. Since the
objective is to investigate the role of the healing particle s and the property mismatch
on the cracking pattern the TGO layer is not considered in the present analysis.
Correspondingly, the loading condition considered in this work represents a typical
(single) thermal cycle of an as-deposited TBC system.

As discussed earlier, the healing particles made of MoSi 2 are dispersed in the
TC layer closer to the TGO layer representing the self-heali ng TBC architecture
reported in [ STDÅ15]. Dispersing healing particles close to the TGO layer would
be an effective approach as the microcracks are expected in s uch regions [ NECÅ18].
Fig. 4.1 shows one of the con�gurations considered in the study in whi ch a pair of
healing particles is dispersed in the TC layer, whose locati on is characterised by
the interparticle distance ( Dp ) and the orientation ( µ). The modelling approach
is then extended to a system containing randomly distribute d healing particles,
whose details will be discussed in corresponding sections. The unit cell is meshed
with two-dimensional three-noded plane strain triangular elements using the open
source software GMSH [ GR09]. To model fracture, cohesive elements are embedded
throughout the �nite element mesh regions in the unit cell us ing a Matlab script.
Finite element analysis is carried out using the commercial software Abaqus. The
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Figure 4.1: Finite Element Geometry showing two healing par ticles.

insertion of cohesive elements throughout the �nite elemen t mesh enables arbitrary
crack initiation and propagation, an important requiremen t in a complex system
such as a TBC containing healing particles. One important co nsideration while
using cohesive elements everywhere is the mesh dependency e ffect. A random and
suf�ciently �ne mesh is a prerequisite in order to obtain a co nverged fracture pattern
[PTvdZ15]. The element size is also chosen carefully to ful�ll the req uirements of
properly resolving the cohesive zone. The region where the c racks are likely to
nucleate and grow is �nely meshed with an element size of 1 ¹ m. The remaining
regions of the TBC unit cell are meshed with an element size of 2 ¹ m. The domain
convergence analysis is carried out to �nd an appropriate wi dth (W) of the periodic
unit cell based on the convergence of critical temperature ( onset of unstable crack
growth). For W = 480 ¹ m and W = 960 ¹ m the percentage error in critical temperature
is around 5 %. Hence, W of 480 ¹ m is chosen for modelling the periodic unit cell.
The �nite element model is two-dimensional which poses limi tations on the scope
as actual three-dimensionality of the TBC microstructure i s lost. However, a two-
dimensional approach can be used effectively to unveil the f ailure mechanisms in
TBC as it captures the most of the important features of the mi crostructure. Further,
considering the size of the unit cell and the level of microst ructural details of the
considered self-healing TBC system, a three-dimensional a nalysis is not feasible to
investigate in detail the effect of geometric and material p arameters on fracture
evolution.
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4.2.2. LOADING AND BOUNDARY CONDITIONS
The substrate of the TBC, whose dimension is orders of magnit ude larger than the
individual layers of the TBC, is not modelled explicitly. Ra ther, its effect is accounted
for through enforcement of boundary conditions derived usi ng the thermal deforma-
tions induced by the substrate during a thermal cycle [ HST09]. Due to its dimensions,
the thermal deformation of the substrate can be assumed to be unaffected by the TBC
layer. With this assumption, the induced thermal deformati ons can be obtained, and
these displacements are then enforced as periodic conditio ns in the TBC unit cell as
given in Eq.(( 4.1)) for the left (L) and right (R) edges of the unit cell,i.e.,

uR
x ¡ uL

x Æ(1Å º s)®s¢ T W,

uR
y ¡ uL

y Æ0,
(4.1)

where º s and ®s correspond to Poisson's ratio and the coef�cient of thermal expan-
sion, respectively and the subscript s refers to the substrate. The bottom (B) edge of
the unit cell is subjected to the following displacement �el d:

uB
x Æ(1Å º s)®s¢ T x,

uB
y Æ0,

(4.2)

whereas the top surface of the TBC is modelled as traction-fr ee.
A typical thermal cycle that a TBC undergoes during operatio n consists of an

ascending branch where the temperature rises more or less li nearly from room
temperature to operating high temperature, followed by a co nstant temperature
operating period and �nally cooling down phase back to the ro om temperature.
In the literature, it is assumed that the TBC is stress-free a t operating temperature
(1100oC) as the coating is deposited at around similar temperature range [HST09,
HE02]. The third phase of the cycle corresponds to a cooling phase in which thermal
mismatch stresses develop and cracks are expected to initia te. Hence, this cooling
down phase of the cycle is considered as the loading case wher eby the temperature in
the TBC model is gradually decreased from 1100 oC to 30oC. As the crack formation is
based on an quasi-static analysis, the cooling rate does not play a role and the system
is assumed to be in thermal equilibrium at all times.

4.2.3. CONSTITUTIVE PROPERTIES
The behaviour of the TBC system is strongly governed by the mi smatch in the
thermomechanical properties of the individual layers of th e TBC system. The con-
stitutive material behaviour of the different layers is ass umed to be linear elastic and
isotropic. A bilinear traction-separation law is used as th e constitutive relation for the
cohesive elements with different cohesive properties assi gned for each layer and the
interface in the TBC system. With cohesive elements embedde d everywhere, another
important aspect to be addressed is the way the periodic boun dary conditions are
applied on the edges where at a given nodal location, there is usually more than one
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Table 4.1: Constitutive properties of the TBCs.

Layers E (GPa) º ® (10¡ 6 1/ ±C) ¾n (MPa) GIC (N/mm) °

Top coat 80 0.15 12.5 100 0.002 4
Bond coat 130 0.3 14.5 500 0.3 1
Healing particle 250 0.22 varied varied 0.02 varied
Substrate 200 0.28 16 - - -

node. Appropriate pairs of nodes are identi�ed on the left an d the right edges, which
upon the enforcement of the boundary conditions does not pre vent any crack to pass
through and open the edges when required by the process, i.e. , the arti�cial arrest of
cracking in the edges is prevented.

The Youngs modulus E, Poisson's ratio º and coef�cient of thermal expansion
® for the distinct phases are summarised in Table 4.1. The elastic and thermal
properties of the TC are chosen similar to the values reporte d in [ RE00, KBK17]. The
elastic properties and the thermal expansion coef�cient of the BC are chosen close
to the values given in [ LW03]. The stiffness of the healing particles is assumed to be
3 times larger than the stiffness of the TC [ PTvdZ15]. The mode I (normal) fracture
strength ¾n and the mode I fracture energy GIC of the TC, the BC and the healing
particles are considered in accordance with [ TSBA00, HST09, YL97], where the values
of the fracture energies reported in Table 4.1 have been calculated from the fracture
toughness K IC under plane strain and small plastic zone assumptions, i.e. ,

GIC Æ
(K IC )2(1¡ º )

E
. (4.3)

The ratio of the shear strength to the normal strength for the TC is taken as ° TC = 4.
This value is in-line with the experimental observations th at the ceramic TBC fails in
tension (Mode I) rather than in shear (Mode II). For simplici ty, the same value of ° TC

is also used for the ratio between the mode I and mode II fractu re toughness. For
the BC, which is a metallic layer, the ratio is taken as ° BC = 1. As indicated in Table
Table 4.1distinct values for the properties of the healing particles are considered. The
BC/TC interface is chosen to have the fracture properties of the BC. Unless explicitly
speci�ed, the normal fracture strength, ( ¾n

P, ¾n
i P/TC

) and the mixed-mode strength
ratio, ( ° P, ° i P/TC) of the healing particles and the healing particle/TC inter face are
assumed to be equal and are taken as 300 MPa and 4, respectivel y. The in�uence
of the fracture properties of the particles and the interfac e are analysed separately in
Sec.4.3.3 and Sec.4.3.4 by considering different values for the strength of the part icle
and the interface.
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4.3. RESULTS AND DISCUSSIONS
Three thermo-mechanical material parameters are consider ed for the analyses, namely
(a) the CTE mismatch between the healing particles and the TC matrix, (b) the relative
strength of the healing particle with respect to the TC layer and (c) the strength of
the interface between the TC matrix and the particle. Finite element analyses on
the TBC unit cell with boundary and loading conditions as des cribed in Sec. 4.2.2 are
conducted for a range of the above three material parameters , and the results are
summarised in terms of the fracture pattern and the crack evo lution kinetics in the
TBC layers in the following sections.

In the context of cohesive element approach, crack initiati on occurs when the
traction in the element exceeds the material strength, and t he crack is said to be
fully formed when the amount of energy per unit area dissipat ed in the element is
equal to the fracture energy of the material phase. In a syste m containing different
phases with signi�cantly different fracture energy values between the phases, it is not
straightforward to de�ne a failed state of the element in the different material phases.
For instance, in the present situation, the fracture energy of the TC layer is 10 times
lower than that of the healing particles. This would mean tha t the complete failure of
a particle cohesive element is reached only when the energy d issipated in the crack
opening is 10 times as compared to that of the complete failur e of the TC cohesive
element. Nonetheless, in both cases, the cohesive crack ini tiation would have started
already. Thus, in order to have a useful interpretation of a f ailed state in the cohesive
element, it is assumed that the cohesive element in the TC is c ompletely failed when
the energy dissipated within the element (per unit area) is e qual to 95% of the fracture
energy of the TC. For the cohesive elements in the healing par ticles, an element is
assumed to be failed (or the crack is said to be formed) when th e dissipated energy in
the element is equal to 10% of the fracture energy of the heali ng particles.

The results of the simulations are reported in terms of crack initiation tempera-
ture. In order to have a mesh-independent de�nition of crack initiation, a study was
performed whereby the crack is said to be formed or initiated in terms of a prede�ned
crack length (sum of the length of the failed cohesive elemen ts). Three different crack
lengths are considered for this purpose given by 1, 2 and 3 ¹ m. It was observed that
the choice of the above crack lengths did not have a signi�can t in�uence on the crack
initiation temperature (error being less than 5%). To this e nd, the crack initiation
temperature is assumed to be reached when the cumulative cra ck length reaches a
value of 3 ¹ m.

4.3.1. EFFECT OF CTE MISMATCH

For the CTE mismatch study, two different simulation setups are considered, denoted
as a two-particle system and a multiple particles system. Th e simulation set up for the
two-particle system is shown in Fig. 4.1. The objective is to �rst study the effect of the
CTE mismatch on the local crack evolution in the presence of t wo idealised healing
particles whose topology/distribution is fully de�ned by t he inter-particle distance
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and the orientation. Subsequently, the second setup contai ning a more realistic
random distribution of multiple particles are modelled in t he TC layer, and the crack
evolution is investigated. Finally, the results obtained f rom the two simulation setups
are compared in order to provide an explanation of failure in the multiple-systems
setup based on the two-particle set up.

TWO-PARTICLE SIMULATION SETUP

Two healing particles each of radius RP=7.5 ¹ m are dispersed in the TC layer. The
interparticle distance and the orientation between the par ticles are varied to study
the effect of these topological/spatial parameters on the c rack pattern. Five different
values are assigned for the interparticle distance given by DP / RP = 0.25, 0.5, 1, 1.5 and
2, where DP / RP is the ratio of the normal distance between the edges of the pa rticles
to the radius of the particle. The orientation characterise d by the angle µ between
the line connecting the centre of the particles and the posit ive x-axis is assigned four
values given by µ Æ00,300,600 and 900.

Two different CTE mismatch ratios, given by ®P / ®TC = 1.5 and 0.5 are considered
for the simulations. The stress �elds in and around two adjac ent particles are shown
in Fig. 4.2 at T Æ300C for DP / RP = 0.5 and µ = 300. As shown in Fig. 4.2a, the crack
initiates between the particles when ®P / ®TC = 1.5 and subsequently appears on the
top and the bottom of the particles (as observed with respect to the TGO interface).
In contrast, the crack initiates in the periphery of the part icles (i.e., "outside") when
®P / ®TC = 0.5 as may be observed in Fig. 4.2b. This example illustrates that the nu-
cleation of cracks depends strongly on the CTE mismatch. The results of all the cases
considered are summarised in Fig. 4.3 in terms of the crack initiation temperature
in the TC layer as a function of the topological/spatial para meters. From the �gure
corresponding to ®P / ®TC = 1.5, it can be observed that the spatial parameters have,
in general, a considerable in�uence on the crack initiation temperature. In particular,
the interparticle orientation has a more signi�cant in�uen ce on the crack initiation
temperature than the interparticle distance. The crack ini tiation occurs earlier in the
case when the particle is located one below the other as oppos ed to the case where
they are located side by side. The following explanation hol ds for such observation.
For the considered thermal mismatch and the loading conditi on (cooling), when
the particles are located one below the other, given by µ = 900, tensile stresses are
generated on the top and the bottom interface regions of both the particles. This,
in turn, leads to further ampli�cation of the driving force f or the crack initiation
and evolution due to the interaction between the stress �eld s associated with each
particle. On the other hand, when µ = 00, such tensile-tensile stress �eld interaction
does not occur, rather a compressive-compressive stress �e ld interaction results from
such a spatial positioning of the particles. Thus, naturall y, for the considered thermal
mismatch ratio, the temperature drop (during the cooling pr ocess) required for crack
initiation increases as the angle between the particles is d ecreased from 90 to 0
degrees. In terms of the interparticle distance, as highlig hted above, the in�uence
is rather less than that of the orientation as can be observed from Fig. 4.3. For the
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Figure 4.2: Stress distribution at T = 30 0C with DP / RP = 0.5 and µ = 300 for two different CTE mismatch
ratios: (a) ®P / ®TC = 1.5 and (b) ®P / ®TC = 0.5.
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Figure 4.3: Crack initiation temperature vs interparticle distance for different particle orientations and for
two different CTE mismatch ratios: (a) ®P / ®TC = 1.5 and (b) ®P / ®TC = 0.5. For ®P / ®TC = 0.5, the two
shaded regions marks the location of crack initiation. In th e dark grey region ( DP / RP È 1) the cracks are
initiated between the particles while in the light grey regi on (DP / RP Ç 1) the cracks are initiated outside of
the particles.

orientations, µ = 600 and 900 there is a general tendency that the crack initiation is
delayed as the interparticle distance is increased. On the o ther hand, for µ = 300 and
00, the trend is not monotonic, and it can be said that the interp article distance does
not play an in�uencing role on the crack evolution on an avera ge sense.

The results corresponding to the case of the thermal mismatc h ratio ®P / ®TC = 0.5
are shown in Fig. 4.3, where the thermal expansion coef�cient of the particle is l ower
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than that of the TC matrix. In this case, the trend is in genera l reversed as compared
to the previous case albeit with a distinct behaviour observ ed until the interparticle
distance reaches a value of 1. When the interparticle distan ce reaches the value equal
to 1, the temperature drop required for the crack initiation is signi�cantly larger. The
trend in the variation of the crack initiation temperature i s not monotonic, which can
be attributed to the following observation of crack pattern s: Until the interparticle
distance reaches the value of 1, the microcracks are initiat ed in a region outside of the
particle pair, whereas when the interparticle distance is i ncreased beyond the value
of 1, cracking occurs in the region between the two particles .

M ULTIPLE PARTICLES SIMULATION SETUP

In this subsection, the results for the second simulation se t up where a random
distribution of healing particles is considered are presen ted. The volume fraction
of the MoSi 2 particles is approximately 15% chosen in accordance with th e self-
healing TBC systems considered in [ NECÅ18, KMZCÅ16]. All healing particles have
the same radius RP=7.5 ¹ m as used in the two-particle simulation set up. To evaluate
the effect of the thermal mismatch parameter, �ve different values are considered
in the analysis given by ®P / ®TC = 1.5, 1.25, 1, 0.75 and 0.5. The results of the
simulations are reported in terms of the fracture pattern as shown in Fig. 4.4. Upon

• P / • TC = 1.5 • P / • TC = 1.25

• P / • TC = 1 •P / • TC = 0.75

• P / • TC = 0.5

Figure 4.4: Self-healing TBC system showing the degree of mi crocracking for various CTE mismatch ratios.
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observing the cracking patterns, it can be inferred that the thermal mismatch ratio
has a signi�cant in�uence on the crack initiation and evolut ion. In particular, the
fracture patterns are distinctly different for different m ismatch values. In general, for
a mismatch ratio larger than 1, microcracks initiate at the t op and bottom edges of the
healing particles, whereas for mismatch ratios lower than o ne, the tendency is that
the cracking occurs at the left and right sides of the particl es. As expected, no cracking
is observed for the mismatch ratio equal to 1, i.e., the parti cle and the TC layer
having identical values of thermal expansion coef�cients. Any deviation from this
value generates thermal mismatch stresses, which in turn le ads to crack initiation, the
severity of which depends upon the magnitude of the CTE misma tch. One interesting
observation is that for the case of ®P / ®TC = 0.75, micro-cracks are also initiated near
the TC/BC interface as observed from the �gure, revealing th e complex effect that
the CTE mismatch has on the failure behaviour of the TBC syste ms. Further detailed
quanti�cation in terms of the crack initiation temperature and total crack length can
reveal the fracture characteristics in the TBC as a function of CTE mismatch. The
results of such quanti�cation are summarized in Fig. 4.5 whereby the crack initiation
temperature and the total crack length are plotted against t he thermal mismatch
ratio.
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Figure 4.5: Variation of (a) crack initiation temperature a nd (b) total crack length for different CTE
mismatch ratios ®P / ®TC = 1.5, 1.25, 1, 0.75 and 0.5. For the CTE mismatch ratio of 0.5, there is a complete
failure of the TC before reaching the �nal temperature (30 oC) as indicated by a grey shade.

As discussed before, �ve realisations are considered for ea ch case of thermal
mismatch ratio. Hence an average value is plotted along with the discrete standard
deviations. The crack initiation occurs earlier in the TC la yer with the increase or
decrease in the CTE mismatch ratio from the value of 1 as shown in Fig. 4.5. The
crack intiation behavior due to the CTE mismatch is qualitat ively similar to the
reported trend [ LYSÅ91] quanti�ed through a nondimensional mismatch parameter
in ceramic composites. From the total crack length vs CTE mis match plot, it
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can observed that for the case of thermal mismatch ratio of ®P / ®TC = 0.5, the
matrix failed completely, which is attributed to the fact th at the crack initiates on
the left and right edges of each particle, making it far easie r to grow further. In
other words, once the microcracks are formed on the left and r ight edges of each
healing particle, the stress �elds associated with the micr ocracks corresponding
to each particle synergistically interacts with the stress �elds of the neighbouring
microcracks (of the neighbouring particle). This, in turn, results in the interaction
and further ampli�cation of the stress �elds and thus ultima tely resulting in failure of
the matrix. On the other hand, for the mismatch ratio ®P / ®TC = 1.5, such interactions
do not occur due to the crack initiation locations, thus resu lting in a relatively
lower total crack length. It is generally observed that any C TE mismatch between
the particles and the matrix would lead to thermal stresses a nd in turn result in
possible microcracking, thus potentially weakening the se lf-healing material. In the
research on extrinsic self-healing ceramics reported in [ BKvdZS16, BBvdZS18], the
CTE mismatch between the healing particles and the ceramic m atrix is considered as
one of the important criteria for the selection of the healin g agent. In contrast, for
metal matrix particulate composites [ THKY90, CS01] the CTE mismatch between the
particle and the metal matrix is found to improve the strengt h and toughness of the
composite material owing to the induced plastic deformatio n of the matrix.

4.3.2. M ODEL INTEGRATION

In this subsection, a correlation is made between the result s obtained from the
random distribution of multiple particles with the two-par ticle case. The crack
initiation temperature is used for the correlation using th e results corresponding to
two thermal mismatch coef�cients namely ®P / ®TC equal to 0.5 and 1.5. In the TBC
system with a random particle distribution, the spatial met rics of the particles are
quanti�ed in terms of the distance and the orientation betwe en the adjacent pair of
particles, which is then used to correlate with the two-part icle TBC case. The results
of the comparison are shown in Fig. 4.6, in which the crack initiation temperature
is plotted for both TBC con�gurations as a function of the spa tial metrics. The
results corresponding to the two-particle case are plotted as lines and those of the
multiple particle cases are plotted as dark dots superimpos ed onto the two-particle
plots. From the results, it can be observed that the two-part icle case correlates very
well with the results corresponding to the TBC system with a r andom distribution
of multiple particles. For instance, in Fig. 4.6 corresponding to the case of ®P / ®TC

= 1.5, the crack initiation occurs in the vicinity of the part icles whose normalised
interparticle distance is between 0 and 1 and the angular ori entation is between 60
to 90 degrees. In the other case for a lower thermal expansion coef�cient for the
particles, the crack initiation occurs in the vicinity of th e particles whose interparticle
distance is between 2 and 3 and the orientation is between 0 an d 15 degrees. In both
cases, the results from the two-particle and multiple parti cle cases correlate well. This
indicates that a two-particle simulation is suf�cient to st udy the interaction between
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Figure 4.6: Correlation of crack initiation temperature of multiparticle simulation with two particle
simulation case for ®P / ®TC = 0.5 and 1.5. This �gure is analogous to Fig. 4.3, but the new data points
marks the crack intiation temperature of multiparticle sim ulations (�ve different realisations) along with
the angular dependence.

the healing particles and the TBC layers in terms of crack ini tiation characteristics.

4.3.3. EFFECT OF PARTICLE STRENGTH

The second material parameter considered in this study is th e effect of the relative
fracture strength of the particle with respect to the TC laye r, de�ned by the ratio
(¾P / ¾TC ). To investigate the effect of the strength mismatch parame ter, analyses
are conducted for three different values of particle streng th ratio, 0.5, 1 and 3. Two
subsets of analyses are conducted, one with varying the rati o of normal (tensile)
strength of the particle relative to the TC matrix by keeping the shear strength ratio
�xed and equal to 1. In the second subset, the ratio of the shea r strength of the particle
to that of the TC matrix is varied, while the normal strength r atio is kept equal to 1.
Two CTE mismatch ratios ®P / ®TC = 0.5 and 1.5 are considered. The resulting fracture
patterns obtained from the simulations are reported in Fig. 4.7.

The results corresponding to the thermal mismatch, ®P / ®TC = 1.5 is shown in the
upper part of the �gure. From the results, it is evident that t he shear strength ratio has
no in�uence on the fracture pattern, whereas the ratio of the normal strength affects
the fracture pattern noticeably. This is due to the fact that for the chosen thermal
mismatch, tensile stresses are generated within the partic les, making the particle
cracking prone to tensile fracture properties, rather than shear. In the case of tensile
strength ratio, distinct fracture mechanisms are observed when comparing the crack
patterns for the normal strength ratios, 0.5 and 3. In partic ular, particle shattering
occurs when the normal strength ratio is less than or equal to 1. The same type of
failure mode (particle shattering) is also reported experi mentally in [ MTL91] when
the particles in a metallic matrix are subjected to tensile s tresses. In the present case,
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Figure 4.7: Fracture pattern corresponding to different pa rticle strengths and two CTE mismatch ratios,
®P / ®TC = 0.5 and 1.5. In this �gure, low or high normal strength corre sponds to the variation of particle
normal strength for a �xed shear strength ratio of 1 and vice- versa. For ®P / ®TC = 1.5 and the normal
strength ratio ( ¾P / ¾TC ) <=1, the particle shattering is observed with multiple mic ro-cracks inside the
particle. For ®P / ®TC = 0.5, complete failure of the TBC occurs. The fracture patte rn for this case is shown
at T = 450oC which shows particle fracture before the complete failure of the TBC.

the cracks in the particles do not grow into the TC matrix owin g to the compressive
stress �elds in the TC layer under cooling. On the other hand, for the normal strength
ratio of 3, microcracks form in the TC layer close to the top an d bottom proximities of
the particles but leave the particles uncracked. In the case of the shear strength ratio,
as explained above, no in�uence is observed, leaving simila r fracture patterns for all
the three cases given by shear strength ratio = 0.5, 1 and 3.

The fracture patterns corresponding to the thermal mismatc h ratio equal to 0.5
are shown in the lower part of Fig. 4.7. One important difference between the results
corresponding to the CTE mismatch 0.5 and 1.5 is that complet e failure of the TBC
occurs when the CTE mismatch is equal to 0.5. This can be attri buted to the fact the
stress �eld in the TC layer adjacent to the particles (to the l eft and the right) is tensile
in nature leading to microcrack initiation in the vicinity o f the particles. Further, the
favourable orientations of these microcracks lead to their coalescence resulting in a
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large macrocrack, hence the complete failure of the TBC befo re reaching the room
temperature. To illustrate the effect of the strength misma tch the fracture pattern
shown in Fig. 4.7 for ®P / ®TC = 0.5 corresponds to the temperature 450 oC (i.e., before
complete failure). Corresponding to this point of the loadi ng history and for this CTE
mismatch ratio, the role of the normal and shear strength rat ios are shown in terms of
the resulting fracture patterns. In principle, the in�uenc e of the strength ratios for the
CTE mismatch equal to 0.5 reverses as compared with the CTE mi smatch ratio equal
to 1.5, see Fig.4.7. Speci�cally, the ratio of the normal strength does not in�u ence the
fracture pattern, whereas the shear strength ratio has an ef fect on the fracture pattern.
This is primarily because compressive stresses result in th e particles due to the lower
CTE of the particle with respect to the TC matrix. Thus, the sh ear mode of failure is
dominant, and the normal stress-induced cracking is preven ted due to the presence
of such compressive stress �eld within the particles.

4.3.4. EFFECT OF INTERFACE STRENGTH

The third material parameter of interest is the strength of t he interface between the
healing particles and the matrix. For instance, the numeric al study presented in
[IRCÅ91] reveals the in�uence of thermomechanical stresses induce d by the CTE
mismatch on interface failure of the particulate composite . In the present study, the
effect of variation of the interface strength with respect t o the strength of TC layer
(¾i P/TC/ ¾TC ) on the fracture pattern of the TBC is considered. To explore this effect,
again two subsets of simulations are carried out for the two s ets of CTE mismatch
values, ®P / ®TC = 1.5 and 0.5 as conducted in the particle strength case. In th e �rst
subset, the interface normal strength is varied for a �xed in terface shear strength ratio
equal to 1. In the second case, the interface shear strength i s varied by �xing the
interface normal strength with a value equal to 1. The result s of the simulations for
the different interface strength ratios, ¾i P/TC/ ¾TC = 0.5, 1 and 3 are shown in Fig. 4.8.
The �gure resembles to Fig. 4.7 to a high degree for the CTE mismatch ratio of 0.5 but
instead of particle cracking, interface debonding is obser ved.

The fracture patterns corresponding to the CTE mismatch, ®P / ®TC = 1.5 are
summarized in the upper part of the �gure for various normal a nd shear strength
ratios. From the results, it can be observed that the normal s trength ratio has a
noticeable in�uence on the fracture pattern, whereas the sh ear strength ratio does
not affect the fracture pattern as can be seen from the �gure. This is again due to the
effect of tensile stress �elds in and around the particles fo r the considered thermal
mismatch. Such an effect of the normal strength is visible fr om the fracture pattern
corresponding to the higher and the lower values of the norma l strength ratios, in
which the interface debonding becomes less severe when the n ormal strength ratio
of the interface is increased to the value 3. The fracture pat terns corresponding to the
variation in the shear strength ratios are not altered.

For the CTE mismatch, ®P / ®TC = 0.5, the fracture patterns are shown in the
bottom portion of Fig. 4.8. It is worth mentioning that for this CTE mismatch case,
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Figure 4.8: Fracture pattern corresponding to different in terface strengths and two CTE mismatch ratios
®P / ®TC = 0.5 and 1.5. In this �gure, low or high normal strength corre sponds to the variation of interface
normal strength for a �xed interface shear strength ratio of 1 and vice-versa. For ®P / ®TC = 1.5 and the
normal strength ratio ( ¾i P/TC

/ ¾TC ) <=1, the interface debonding occurs at the top and bottom si des of the
particles. For ®P / ®TC = 0.5, complete failure of the TBC occurs. The fracture patte rn for this case is shown
at at T = 450oC which shows interface debonding between the particle and t he TC before the complete
failure.

complete failure of the TBC occurs, as was the case in the part icle strength study.
Nonetheless, to reveal the effect of the interface strength mismatch, the fracture
patterns before the complete failure are reported, i.e., at a temperature 450 oC. Upon
comparison of the fracture patterns for the two CTE mismatch values, the effects
of the normal and the shear strength ratios are reversed. A si milar observation
was made in the particle strength study. The resulting fract ure patterns reveal that
changes in normal strength ratio of the interface do not in�u ence the fracture pattern.
On the other hand, a decrease in the shear strength leads to mo re microcracks
resulting from the interface debonding, as in the particle s trength study. The primary
difference between the particle strength and the interface strength studies is that
the interface debonding occurs in a stress �eld which is seve rely inhomogeneous
along the interface, whereas the stress �eld within the part icle (whether tensile or
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CONTAINING HEALING PARTICLES

compressive) is largely homogeneous until crack initiatio n sets in.
In general, a weak interface can degrade the TBC mechanical p roperties, but

would possibly offer the potential of exposing the TBC micro cracks to the healing
agent contained within the particle.

4.4. CONCLUSIONS
Finite element simulations of fracture evolution in TBC sys tems with embedded solid
healing particles were conducted to investigate the effect of geometric and material
properties of the healing particles on the crack pattern. Tw o different con�gurations
of the unit-cell based TBC were analysed, one with a single pa ir of healing particles
and the other with a random distribution of healing particle s. The effects of CTE
and strength mismatch between the particles and the TC layer were studied using
parametric simulations. The following conclusions are dra wn from the study.

• In addition to the CTE mismatch, the two-particle setup also captures the
effect of topological distribution of the healing particle s, characterised by the
interparticle distance ( DP / RP) and the particle orientation ( µ) on the important
fracture determining parameter (crack initiation tempera ture) quite well.

• In the two-particle case, for the higher CTE mismatch ratio ( ®P / ®TC = 1.5), the
particle orientation has a more signi�cant effect on the cra ck initiation tem-
perature than the interparticle distance whereas for the lo wer CTE mismatch
ratio ( ®P / ®TC = 0.5), both the orientation and the interparticle distance has a
substantial effect on the crack initiation temperature.

• From the results of the multiple-particle simulations, it c an be inferred that
introducing the healing particles in a TBC can signi�cantly alter the fracture
pattern as compared to that of a conventional TBC system. The resulting
fracture pattern is strongly determined by the CTE mismatch between the
healing particles and the TC layer. In the present study, sig ni�cant cracking is
induced when ®P / ®TC > 1.25 or ®P / ®TC < 0.75. It is worth mentioning that for
®P / ®TC < 1, microcracks appear to the left and the right of the healin g particles,
whereas for ®P / ®TC > 1, the cracks appear on the top and the bottom of the
healing particles.

• Very good correlations between the dual particle TBC setup a nd the TBC set
up with a randomly distributed array of particles were obser ved in terms of the
crack initiation temperature.

• The fracture strengths of the particle and the particle/mat rix interface have
a strong in�uence on the fracture mechanism in the TBC. Furth er, for the
higher CTE mismatch ratio, the normal strengths of the parti cle and that of the
interface have a prominent effect on the crack pattern as com pared to the shear
strengths ratios and for the lower CTE mismatch ratio, the sh ear strengths of the
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particle and that of the interface have a prominent effect on the crack pattern
as compared to the normal strengths ratios.

From the perspective of a successful self-healing TBC desig n, it can be suggested
that ®P / ®TC < 1 along with lower relative fracture strength of the healin g particles
are desirable. Under such conditions, healing activation i s favored as the observed
fracture patterns reveal that the particles are open for the crack to heal in the TC
layer. However, signi�cantly lower values of ®P / ®TC (· 0.5) will lead to deterioration
of the integrity of the TBC system resulting in premature fai lure. If the coef�cient of
thermal expansion of the particle is greater than the CTE of t he TC (®P / ®TC > 1), the
simulation suggest to avoid multiple layers of particles.
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COHESIVE ZONE-BASED CRACK

HEALING MODEL

1A cohesive zone-based constitutive model, originally deve loped to model fracture, is
extended to include a healing variable to simulate crack hea ling processes and thus
recovery of mechanical properties. The proposed cohesive r elation is a composite-
type material model that accounts for the properties of both the original and the
healing material, which are typically different. The const itutive model is designed
to capture multiple healing events, which is relevant for se lf-healing materials that
are capable of generating repeated healing. The model can be implemented in a
�nite element framework through the use of cohesive element s or the extended �nite
element method (XFEM). The resulting numerical framework i s capable of modelling
both extrinsic and intrinsic self-healing materials. Sali ent features of the model are
demonstrated through various homogeneous deformations an d healing processes
followed by applications of the model to a self-healing mate rial system based on
embedded healing particles under non-homogeneous deforma tions. It is shown that
the model is suitable for analyzing and optimizing existing self-healing materials or
for designing new self-healing materials with improved lif etime characteristics based
on multiple healing events.

5.1. INTRODUCTION
Though extensive research has been conducted in realizing s elf-healing material
systems experimentally, efforts to develop computational models that could simulate
fracture and healing have been scarce. Simulation-based de sign guidelines can be

1This chapter also appears in the doctoral thesis of Sathisku mar A. Ponnusami entitled "Modelling fracture
and healing in particulate composite systems"
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used to optimize self-healing systems. Consequently, the g oal of the present work is
to develop a computational framework to model the effect of c rack healing behavior
on the mechanical performance of the material or the structu re under consideration.
The modelling and computational framework is kept suf�cien tly general such that it
is capable of analyzing both extrinsic and intrinsic self-h ealing materials.

In the context of a capsule (or �ber)-based extrinsic self-h ealing system, there are
two critical aspects that need to be addressed in order to ach ieve a robust self-healing
system. Firstly, a crack initiated in the host (or matrix) ma terial should be attracted
towards the healing particle (or �ber) and further should br eak the particle for healing
to occur. Crack-particle interaction, which is a crucial as pect to successfully trigger
the healing mechanism, has been analyzed parametrically in [PTvdZ15, PTZX15]
to generate design guidelines for the selection of the heali ng particles in terms of
their mechanical properties. Other studies in the literatu re have utilized analytical
and numerical techniques to investigate the interaction be tween the crack and the
healing particles or capsules [ ZJV11, GGvP17, ŠFAÅ16]. The second critical aspect in a
self-healing system, relevant for both extrinsic and intri nsic mechanisms, is centered
on how the material recovers its mechanical properties once the healing mechanism
is activated in or near the fracture surfaces. In particular , the recovery of load-carrying
capability as a function of healing parameters, crack lengt h and capsule properties is
a subject of importance but has not received adequate attent ion in the literature yet.
Consequently, one main focus of the present chapter is to sim ulate the recovery of
mechanical properties of the self-healing system.

Research efforts have been made in the literature to model th e mechanical
behavior of materials taking both fracture and healing into account. Most of the
existing models adopt a continuum damage mechanics-based a pproach whereby
cracking and healing are interpreted as a degradation or rec overy of material stiffness
and strength [ BGL05, VSLK12, VSL11, MS13, DARL12, XSKZ14, OON16]. The common
feature of these models is that the internal variables descr ibing the continuum
degradation and healing of the material refer to the effecti ve behavior of (unresolved)
cracking and healing events. Correspondingly, details at t he level of individual cracks
are not explicitly taken into account. However, a direct des cription at the level of
individual cracks and healing particles is desirable in vie w of designing or �ne-tuning
a self-healing material.

Cohesive zone-based approaches have also been proposed for modelling crack
healing. Unlike continuum damage models, the advantage of t he above cohesive
zone approaches is that the material damage is treated in a di screte manner as
cohesive cracks, which allows for explicit modelling of cra ck evolution and its healing.
In [ MG06], crack healing is simulated through an arti�cial crack clo sure technique
by introducing a wedge into the crack. The methodology is imp lemented in a
�nite element framework using cohesive elements for simula ting fracture and a
contact law that enforces the conditions for crack healing o r retardation. In [ SR06]
a Mode I exponential cohesive zone model is proposed to simul ate crack healing by
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introducing a jump in crack opening displacement. After mod el veri�cation, they
applied the framework to simulate delamination crack heali ng in a slender beam
specimen to show the capability of the model. Some limitatio ns of the model are
with regard to the multiple healing events and their one-dim ensionality. In [ UKP09],
a cohesive zone model for fatigue crack growth is developed, which also considers
crack retardation during unloading regimes. In [ AAR15] a thermodynamics-based
cohesive zone methodology is used to model crack healing beh avior by extending
previous work on continuum damage-healing mechanics [ DARL12]. The model
takes into account the effect of various parameters such as t emperature, resting time
and crack closure on the healing behavior. However, the frac ture properties of the
healed zone, upon complete healing, assume the values of the original material,
which is often not the case even for intrinsic self-healing m aterials. Furthermore,
the capability of simulating multiple healing events is not demonstrated in many of
the above-mentioned studies, which is of direct relevance f or intrinsic self-healing
materials or extrinsic systems with a continuous supply of h ealing agent. Other
modelling approaches explored in the literature to simulat e crack healing behavior
are based on the theory of porous media [ BSS15] or the discrete element method
[LS08, HL08].

To overcome the limitations in the existing models in the lit erature, a generalized
cohesive-zone based crack healing model is developed here, which can be applied to
both extrinsic and intrinsic self-healing materials. The m odel is capable of simulating
property recovery after multiple healing events and is also able to handle different
fracture properties for the healing material as compared to that of the original
material. An additional feature of the model is that the prop erties of the healing
material may be speci�ed separately for different healing i nstances. This is partic-
ularly important as the recovery of the fracture properties in the healed zone is not
always complete, resulting in varying fracture properties for each healing instance
that depend, among others, on healing time, diffusion-reac tion characteristics and
temperature. It is noted that the model developed here does n ot explicitly aim to
capture the actual healing kinetics, but to simulate the rec overy of the overall load
bearing capacity as a function of crack �lling and fracture p roperties of the �lling
material. Nonetheless, detailed healing kinetics of a mate rial can be coupled to
the present model through fracture properties and crack �ll ing behavior to simulate
speci�c materials.

5.2. M ODELLING OF FRACTURE AND HEALING
The cohesive zone-based fracture mechanics model presente d in [ CSVdB10] is ex-
tended to model both the fracture and the healing in a uni�ed c onstitutive relation.
In the present fracture-healing framework, the following m odelling considerations
are made. Firstly, the crack healing model does not include h ealing kinetics explicitly,
rather the focus is to develop a methodology to simulate crac king and the recovery
of mechanical integrity upon healing. Consequently, whene ver the healing process is
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activated at a location within the cohesive crack, the resti ng period is assumed to be
suf�ciently long such that complete healing occurs. This as sumption is not necessary
per se, but enforced in order to have a speci�c focus on recove ry of mechanical
properties using a modi�ed cohesive constitutive relation . Nonetheless, depending
upon the type of healing process involved in a speci�c healin g material system,
appropriate healing kinetics can be treated separately and coupled with the present
framework. This, in turn, can govern the effect of parameter s such as resting time
and temperature on the degree of healing, which can then be fe d as an input to the
present framework through appropriately de�ned fracture p roperties of the healed
material phases.

5.2.1. COHESIVE CRACK MODEL WITHOUT HEALING
The cohesive zone model employed in this work corresponds to a bilinear relation
given by T , which is a scalar measure of the traction t transmitted across the cohesive
surface, as a function of ¢ , which is a scalar measure of the cohesive surface opening
displacement vector ±. Though several other cohesive relations have been propose d
in the literature, a bilinear relation captures the essenti al ingredients of most cohesive
relations, namely the cohesive strength ¾c and the fracture energy Gc, which are
viewed as variable material properties in the present heali ng model. The traction T
increases with increasing cohesive surface opening displa cement ¢ up to a maximum
value given by the strength, ¾c, and eventually decreases to zero, at which point
the cohesive zone is fully-separated in the sense that no (po sitive) traction can be
transmitted across the surface. The initial (increasing) p art of the cohesive response
is useful in conjunction with cohesive elements but may be om itted for XFEM
implementations where the cohesive relation is only activa ted when the critical value
¾c is reached. The area under the traction-separation curve, w hich represents the
total work per unit area expended in creating a fully-separa ted crack, corresponds to
the fracture energy Gc of the material.

An effective crack opening displacement variable is introd uced as follows:

¢ :Æ
q

h±n i 2 Å ° 2(±s)2 , (5.1)

where ±n and ±s are, respectively, the normal and tangential components of the crack
opening displacement vector ± resolved in a coordinate system aligned with the local
normal and tangential directions of a crack surface. In ( 5.1), h¢i :Æ(¢Å j¢ j) /2 refers to
the Macaulay bracket and ° is a non-dimensional weighting factor for the normal and
tangential contributions given by

° :Æ
±n,0

±s,0
,

where ±n,0 and ±s,0 denote, respectively, the crack opening at the onset of fail ure for a
pure normal and a pure tangential opening with respect to the crack surface.
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In order to determine whether the crack opening is increasin g or decreasing due
to the external loading process, the following loading func tion f is used:

f Æf̂ (¢ ,· ) :Æ¢ ¡ · , (5.2)

where · is a damage history variable that, at a given time t , corresponds to the
maximum value attained by the equivalent crack opening duri ng a process up to that
time, i.e.,

· (t ) :Æmax
t̄ 2[0,t ]

¢
¡
t̄
¢

.

The Karush–Kuhn–Tucker relations for the loading and unloa ding conditions can be
expressed as follows:

f �· Æ0, f · 0, �· ¸ 0, (5.3)

where �· indicates the (time) rate of change of the damage history var iable with �· È 0
corresponding to an active damage step and �· Æ0 to an “elastic” step.

The equivalent crack opening is used to compute the equivale nt traction T as

T ÆT̂ (¢ ,· ) Æ

8
>><

>>:

ĝ(¢ ) if f Æ0 and �· È 0,

ĝ(· )
¢

·
otherwise,

(5.4)

where ĝ is the effective traction-separation law. The upper and low er expressions in
(5.4) provide the equivalent traction during, respectively, cr ack growth and unload-
ing/reloading.

The speci�c form of the effective traction-separation law u sed in the present work
is a linear softening relation, which corresponds to

g Æĝ(¢ ) Æ¾c
h¢ f ¡ ¢ i

¢ f ¡ ¢ i
. (5.5)

In the above expression, the parameters ¢ i and ¢ f are, respectively, the equivalent
crack opening at the onset of softening and the maximum equiv alent crack opening.
These parameters may be chosen such that, for a given fractur e strength ¾c, fracture
toughness Gc and an initial cohesive stiffness K ,

¢ i Æ
¾c

K
, ¢ f Æ

2Gc

¾c
,

where the initially linearly “elastic” loading up to the fra cture strength in a bi-linear
law can be reproduced in ( 5.4) by assigning an initial damage · (0) Æ· 0 Æ¢ i . The
parameters ¢ i and ¢ f are chosen such that the maximum of the function T̂ in ( 5.4)
equals the fracture strength ¾c and the integral of T̂ from ¢ Æ0 to ¢ Æ¢ f equals the
material fracture energy (toughness) Gc.
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After evaluating ( 5.4), the normal and shear tractions can be computed as

tn Æ

8
>><

>>:

±n

¢
T if ±n È 0,

K ±n if ±n Ç 0,

ts Æ ° 2 ±s

¢
T ,

(5.6)

i.e., for ±n ¸ 0, one has that t ¢± ÆT ¢ .

5.2.2. CRACK HEALING MODEL
The cohesive relation summarized in the previous section ca n be extended to formu-
late a cohesive crack-healing model. The single healing cas e is discussed �rst, which
is then followed by a generalized model capable of multiple h ealing events.

SINGLE HEALING EVENT

The proposed crack healing model is a composite-based const itutive model for
simulating the recovery of fracture properties upon activa tion of crack healing.
The traction components of the composite response, t̃n and t̃s, are expressed as a
weighted sum of the traction contributions from the origina l material, t (0)

n and t (0)
s ,

and the healing material t (1)
n and t (1)

s , as follows:

t̃n Æw (0) t (0)
n Å w (1) t (1)

n t̃s Æw (0) t (0)
s Å w (1)t (1)

s (5.7)

where the superscripts (0) and (1) represent the original an d healing materials,
respectively. The weighting factors w (0) and w (1) introduced in ( 5.7), which can
take values between 0 and 1, are the primary parameters in the model and can
be interpreted as the surface-based volume fractions of the original and healing
material respectively at the instance of healing activatio n. The meaning of “volume
fraction” in this context refers to the fraction of the crack area occupied by a material
per unit crack opening displacement. In a two-dimensional s etting, the crack area
fraction refers to the crack length fraction per unit depth. As indicated in ( 5.7), it is
assumed that a partially damaged area that has been healed co ntains contributions
from both the original material and the healing material. Co rrespondingly, the
weighting factors w (0) and w (1) are related to fractions of a partially damaged surface
where the original material is still capable of transmittin g a force (in the sense of
a cohesive relation) while the healing material has occupie d the complementary
region. Observe that this assumption implies that the model is essentially based on
an “equal strain” distribution among the phases (Voigt mode l), in this case with the
crack opening playing the role of a strain-like variable. Co nsequently, the tractions
in each phase may be overpredicted compared to a model based o n an “equal stress”
assumption (Reuss model), however the current Voigt-like m odel preserves kinematic
compatibility whereas a Reuss-like model does not.
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In order to develop the constitutive model, de�ne an energy- based damage
parameter D (0) as follows:

D (0)(t ) :Æ
G(0)

d (t )

G(0)
c

(5.8)

which represents the ratio between the energy dissipated G(0)
d (t ) during decohesion

of the original material up to time t and the fracture energy G(0)
c (work required for

complete decohesion of the original material). In a bilinea r cohesive relation, as
presented in Sec.5.2.1, this parameter may be approximated as

D (0)(t ) ¼
· (0)(t )

¢ (0)
f

where the initial, undamaged “elastic” response has been ne glected (namely it is
assumed in (5.5) that ¢ (0)

f À ¢ (0)
i ).

Prior to healing, the cohesive response is characterized by the cohesive relation
of the original material, i.e., with w (1) Æ0 in (5.7). If a single healing event occurs at a
time t Æt ¤ , the proposed constitutive model assumes that the factor w (1) is given by
the value of the energy-based damage parameter at the instan ce of healing activation,
D (0)¤

, i.e.,

w (1) ÆD (0)¤ :Æ
G(0)¤

d

G(0)
c

. (5.9)

Correspondingly, a value w (1) = 0 upon healing activation represents zero equivalent
damaged area fraction of the original material at a given mat erial point (i.e., the
original material is fully intact) while w (1) = 1 represents a fully-damaged original
material at a given material point (i.e., the healing materi al would occupy the fully
damaged material point upon healing). The interpretation o f (5.9) is that the volume
fraction w (1) available for the healing material in order to �ll and heal ca n be
determined from the value of the energy-based damage parame ter of the original
material, de�ned in ( 5.8) at the instance of the healing activation. Upon healing
of the available volume fraction w (1), the volume fraction of the original material,
w (0), assumes a value equal to 1 ¡ w (1), which is equal to the equivalent undamaged
area of the original material. Conversely, the energy-base d damage parameter can
be interpreted as an equivalent damaged area fraction at a gi ven material point in
the context of the cohesive zone framework. A schematic of th e traction-separation
relations for a material point under damage and healing is sh own in Fig. 5.1 depicting
the features of the model.

In accordance with ( 5.7) and (5.9), the effective fracture energy G̃c of the compos-
ite material after healing becomes the weighted sum of the fr acture energies of the
original and healing materials, given as

G̃c Æw (0)G(0)
c Å w (1)G(1)

c . (5.10)
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Figure 5.1: Traction-separation laws of original and heali ng material, which upon weighted addition,
results in a composite cohesive relation for the crack-heal ing model.

TRACTION-CRACK OPENING RELATIONS: ORIGINAL MATERIAL

The traction-separation relation corresponding to the ori ginal material after healing
is governed by a modi�ed effective displacement-based cohe sive crack model ex-
plained as follows: The effective displacement for the orig inal material de�ned in the
conventional cohesive zone model is modi�ed by introducing shifts in normal and
tangential crack opening displacements to take into accoun t the effect of healing.
These shifts in the crack opening displacements lead to a mod i�ed effective displace-
ment for the original material, ¢ (0), given as

¢ (0) :Æ

r D
±n ¡ ±(0)*

n

E2
Å ° 2(±s ¡ ±(0)*

s )2 , t ¸ t ¤ . (5.11)

The reason for introducing the shift is as follows: On activa tion of a healing
process, the healing agent diffuses/�ows through the crack and crack �lling occurs
thereby (fully or partially) reducing the crack opening. As a result, the crack opening
displacements after complete healing should be considered nominally zero. To
simulate this process, displacement shifts are introduced into the crack opening
displacements, which make the nominal opening displacemen t zero upon complete
healing. Further, a shift is also applied in the crack openin g history variable, · , which
is reset to its initial value. This is done to simulate the int act portion of the original
material point, whereas the damaged portion of the consider ed material point is
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assumed to be healed by the healing material.
In a cohesive-zone model, a partially-damaged material has a non-zero crack

opening displacement but it may still be capable of transmit ting a force. In the
present model, if healing is activated in a partially damage d surface, it is assumed
that the process occurs at constant stress provided there is no change in the external
loading.

The shifts introduced in the normal and the tangential crack opening displace-
ments for the original material are given as follows:

±(0)¤
n Æ±¤

n ¡ t ¤
n /( w (0)K ) ,

±(0)¤
s Æ±¤

s ¡ t ¤
s /( w (0)K ) .

(5.12)

In the above expressions, ±¤
n and ±¤

s are the actual crack opening displacements
in the original material at the instant of crack healing acti vation. As shifts in crack
opening displacements are introduced along with restorati on of the crack opening
history variable · , the shifts in crack opening displacements are constructed in
such a way that the tractions across the cohesive surface mai ntain their continuity.
Consequently, the traction components t ¤

n and t ¤
s across the partially damaged

surface remain the same before and after healing activation .
The normal and shear tractions corresponding to the origina l material during

subsequent loading after healing are then obtained from the corresponding traction-
separation relations ( 5.4) and (5.6) using the aforementioned equivalent opening ¢ (0) ,
i.e.,

t (0)
n Æ

8
>><

>>:

(±n ¡ ±(0)*
n )

¢ (0)
T (0) if ±n È ±(0)¤

n ,

K (±n ¡ ±(0)*
n ) if ±n Ç ±(0)¤

n ,

t (0)
s Æ ° 2 (±s ¡ ±(0)*

s )

¢ (0)
T (0) .

(5.13)

TRACTION-CRACK OPENING RELATIONS: HEALING MATERIAL

Similar to the original material, the traction-separation relations corresponding to
the healing material are governed by a modi�ed equivalent di splacement variable,
¢ (1) de�ned as

¢ (1) :Æ

r D
±n ¡ ±(1)*

n

E2
Å ° 2(±s ¡ ±(1)*

s )2 , (5.14)

where ±(1)*
n and ±(1)*

s are shifts applied to the traction-separation relation of t he
healing material. The shifts are introduced into the crack o pening displacements of
the healing material following the same approach as for the o riginal material. The
main difference is that the healing material is assumed to tr ansmit zero load at the
instant of healing activation. Thus, the shifts in crack ope ning displacements for the
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healing material are the actual crack opening displacement s at the instant of healing
activation, i.e.,

±(1)¤
n Æ±¤

n

±(1)¤
s Æ±¤

s .
(5.15)

Similar to the approach adopted for the original material af ter healing, the nor-
mal and tangential traction components corresponding to th e healing material are
obtained from an equivalent traction T (1) of the corresponding traction-separation
relations ( 5.4) and (5.6) using the equivalent opening ¢ (1), i.e.,

t (1)
n Æ

8
>><

>>:

(±n ¡ ±(1)*
n )

¢ (1)
T (1) if ±n È ±(1)¤

n ,

K (±n ¡ ±(1)¤
n ) if ±n Ç ±(1)¤

n ,

t (1)
s Æ ° 2 (±s ¡ ±(1)¤

s )

¢ (1)
T (1) .

(5.16)

It is worth noticing that, in both the original and healing ma terial phases, the shifts in
the crack opening displacements are applied at the componen t level, i.e., individually
on the normal and tangential components. The composite trac tions t̃n and t̃s,
given in ( 5.7), are obtained through a rule-of-mixtures approach analog ous to an
equal strain assumption used for composite materials (in th is case an equal crack
opening assumption) with material-speci�c responses give n by (5.13) and (5.16). This
approach provides suf�cient �exibility to specify separat e material properties and
fracture behavior for the original and healing materials.

M ULTIPLE HEALING EVENTS

The approach presented in the previous section can be extend ed to account for
multiple healing events. This generalization is capable of dealing with a complex
history of (partial) crackings and healings. In the sequel, the index p refers to the
number of healing events, ranging from 0 to m, with the convention that p Æ0
represents the undamaged original state. The index p may also be used to represent
the healing material phase that is formed during the p th healing event, again with
the convention that p Æ0 corresponds to the original material. At the end of the m th

healing event, the composite-like traction components t̃ [m ]
n and t̃ [m ]

s of the multiply-
healed material are given by

t̃ [m ]
n Æ

mX

pÆ0
w [m ](p) t (p)

n t̃ [m ]
s Æ

mX

pÆ0
w [m ](p) t (p)

s (5.17)

where t (p)
n and t (p)

s are the normal and tangential traction components of the p th

material phase and w [m ](p) is the volume fraction of the p th material phase (index in
parentheses) present or created at the m th healing event (index in square brackets).
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The relation given in ( 5.17) is a generalization of ( 5.7) for the case m È 1. For mod-
elling purposes, a separate index is assigned to each new hea ling material created at
the p th healing event even though the actual materials (chemical co mposition) may
be physically the same. The purpose is to keep track of their i ndividual evolutions
throughout a complex loading and healing process starting a t possibly different states
(i.e., every healing instance is recorded separately). In a ccordance with the proposed
constitutive model for the single healing event, it is assum ed that the volume fraction
w [m ](p) of the p th material phase is related to the energy-based damage parame ter of
that phase prior to the m th healing event, which can be expressed recursively as

w [m ](p) Æ

8
>>>>>>>><

>>>>>>>>:

1 for p Æm Æ0,

w [m¡ 1](p)(1¡ D [m ](p) ) for 1 · p Ç m ,

m¡ 1P

pÆ0
w [m¡ 1](p)D [m ](p) for 1 · p Æm .

(5.18)

In the above expression, D [m ](p) is the value of energy-based damage parameter D (p)

corresponding to the p th healing phase at the m th healing event. With this notation,
the term D (0)¤ in ( 5.9) can alternatively be expressed as D [1](0) to indicate the value
of the energy-based damage parameter evaluated at the insta nt at which the �rst
healing event is activated. It is also to be noted that the sum of all w [m ](p) is equal
to 1, where p ranges from 0 to m.

The fracture energy G̃[m ]
c of a multiply-healed composite-like crack, which is a

generalization of ( 5.10) for m È 1, corresponds to the weighted sum of the fracture
energies of the phases p Æ0,. . .m ¡ 1 available before healing activation and the
fracture energy of the latest formed healing material p Æm, i.e.,

G̃[m ]
c Æ

mX

pÆ0
w [m ](p)G(p)

c . (5.19)

At the m th healing event, there are m Å 1 material phases at a material point
within the cohesive zone for which the tractions in each phas e are governed by the
corresponding cohesive relations. The shifts in the crack o pening displacements are
obtained for each phase such that the continuity of the tract ions is maintained within
each phase, similar to the equations for the shifts given by ( 5.12) and (5.15).

For subsequent use, the expressions for the volume fraction s w [m ](p) in the case
of two healing events are obtained explicitly from ( 5.18) with m Æ2, i.e.,

w [2](0) Æw [1](0) (1¡ D [2](0) ) Æ(1¡ D [1](0) )(1 ¡ D [2](0) ) ,

w [2](1) Æw [1](1) (1¡ D [2](1) ) ÆD [1](0) (1¡ D [2](1) ) ,

w [2](2) Æw [1](0) D [2](0) Å w [1](1) D [2](1) Æ(1¡ D [1](0) )D [2](0) Å D [1](0) D [2](1) .

(5.20)
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The damage in the original material up to the �rst healing eve nt is re�ected in the
value D [1](0) whereas the subsequent damage in the original material and t he �rst
healing material is accounted for, respectively, through t he values D [2](0) and D [2](1) .
The corresponding composite traction and fracture energy a fter the second healing
event can be computed from ( 5.17) and (5.19).

5.2.3. NUMERICAL IMPLEMENTATION

The cohesive crack healing model described above can be impl emented in a �nite
element framework using cohesive elements (or using an XFEM approach). In
the context of a �nite element solution procedure performed using a Newton-
Raphson iterative approach, the contribution of the cohesi ve elements to the global
stiffness matrix is provided by their element-wise consist ent tangent matrix, which
corresponds to the derivative of the traction vector with re spect to the crack opening
displacement. With respect to a local coordinate system nor mal (n) and tangential (s)
to the crack, the components of the tangent matrix are, in vie w of (5.17), given by the
weighted constitutive (material) tangents of each phase p, i.e.,

@̃t [m ]
i

@±j
Æ

mX

pÆ0
w [m ](p)

@t (p)
i

@±j
, i Æn, s, j Æn, s . (5.21)

Correspondingly, the tangent matrix of the composite-like model requires the indi-
vidual contributions from the phases. The expressions for t he constitutive stiffness
tangents depend on the loading-unloading conditions, as in dicated in ( 5.3), applied
separately for each phase p.

UNDER SOFTENING CONDITION :

For f (p) Æ0 and �· (p) È 0, the components of the consistent tangent matrix for the

phase p are obtained, assuming that ¢ (p)
i ¿ ¢ (p)

f , from ( 5.4), (5.5), (5.11) and (5.13),
as follows:
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E³
±s ¡ ±(p)¤

s

´
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UNDER UNLOADING / RELOADING CONDITIONS

For f (p) Ç 0 and �· (p) Æ0, the components of the consistent tangent matrix are,

assuming that ¢ (p)
i ¿ ¢ (p)

f , given as

@t (p)
n

@±n
Æ¾(p)

c

"
1

· (p)
¡

1

¢ (p)
f

#

,

@t (p)
s

@±s
Æ° 2¾(p)

c

"
1

· (p)
¡

1

¢ (p)
f

#

,

@t (p)
n

@±s
Æ

@t (p)
s

@±n
Æ0 .

The case of the initial “elastic” behavior can in principle b e treated formally as a

reloading case by assigning an initial damage · (p)
0 Æ¢ (p)

i . However, since in the

previous formulas the term ¢ (p)
i has been neglected, the tangent matrix can be

separately speci�ed as

@t (p)
n

@±n
Æ

1

° 2

@t (p)
s

@±s
ÆK ,

@t (p)
n

@±s
Æ

@t (p)
s

@±n
Æ0 ,

where K is the cohesive stiffness, assumed in this case to be the same for all phases.

5.3. APPLICATION TO AN EXTRINSIC SELF-HEALING MATE -
RIAL

In this section, the cohesive healing model is applied to a un it cell of an extrinsic
self-healing material in which a single healing particle is embedded within a matrix
material as shown in Fig. 5.2. In extrinsic systems, the particle contains a healing
agent (i.e., the material contained inside the particle) th at is normally protected by
an encapsulation system to prevent premature activation of the healing process.
The working principle of this system is that the healing mech anism is activated
when a crack that propagates through the matrix interacts wi th the particle, usually
breaking the encapsulation and allowing transport of the he aling agent through the
crack. Some self-healing system may involve auxiliary mate rials that are necessary for
triggering and/or participating in a subsequent chemical r eaction to create the �nal
form of the healing material. The present simulation assume s that any additional
substance required for the process is readily available in t he matrix material (e.g.,
free oxygen transported by diffusion required for oxidatio n as found in self-healing
thermal barrier coatings [ STDÅ15]). Distinct cohesive relations can be used at
different spatial locations (matrix, particle, matrix-pa rticle interface), hence phase-
speci�c fracture properties can be speci�ed for the healing agent inside the particle
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Precrack

L

L

d = 2r

Healing
par cle

Primary!(matrix)!material

FEM!mesh!and!BC

Figure 5.2: Geometry and �nite element model of a unit cell of an extrinsic self-healing material. The unit
cell is subjected to a nominal mode I loading. A small precrac k is used to guide a matrix crack towards
the particle. A layer of cohesive elements is placed to allow for crack propagation in a prede�ned direction
given by the initial precrack.

and the healing material that appears in the cracks after act ivation of the healing
mechanism.

As shown in Fig. 5.2, the unit cell used in the simulations is an L £ L domain
with a circular particle of a diameter d Æ2r . For simplicity a two-dimensional
computational domain under plane strain conditions is chos en, meaning that the
particle should be interpreted as prismatic (�ber in the out -of-plane direction).
Despite this interpretation, the model is assumed to be qual itatively representative
of a spherical particle albeit with a different volume fract ion. In the simulations the
length is chosen as L Æ75¹ m and the diameter as d Æ10¹ m, which corresponds to
a nominal (in-plane) particle volume fraction of 10%. In the �nite element mesh,
cohesive elements are inserted along a horizontal plane in t he mid-height of the
model, by which the crack is allowed to propagate along the pr e-de�ned path. In
principle, arbitrary crack growth can be modelled by insert ing cohesive elements
along all bulk elements in mesh, although that approach is no t required for purposes
of the present study [ PTvdZ15]. The �nite element mesh is suf�ciently resolved so
that proper discretization of the cohesive zone is ensured. Displacement-driven
nominal mode I load is applied by specifying vertical displa cements at the corner
nodes on the right side of the domain while the corner nodes at the left are �xed
as shown in the �gure. Both the matrix and the healing particl e are assumed to be
isotropic and linearly elastic up to fracture. For the sake o f simplicity, the material
properties (both elastic and fracture) of the matrix and the healing particle are kept
the same and the values are given as follows:

Em ÆEp Æ150 GPa ,º m Æº p Æ0.25 ,

¾m
c Æ¾p

c Æ¾(0)
c Æ400 MPa , Gm

c ÆGp
c ÆG(0)

c Æ100 J/m2 ,

where E and º refer to Young's modulus and Poisson's ratio, respectively , and
the superscripts m and p refer to the matrix and the particle, respectively. Since
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the properties of the particle and the matrix are assumed to b e equal, the original
material, as indicated by the superscript 0, refers to eithe r the particle or the matrix
depending on location. The interface between the particle a nd the matrix is assumed
to be perfectly bonded and interface fracture is taken not to occur. It is worth pointing
out that in general the elastic and fracture properties of th e healing particle and the
matrix are different, which in fact decide whether a matrix c rack would break the
healing particle or not. This aspect of a matrix crack intera cting with healing particles
of different properties compared to the matrix is dealt in de tail in [ PTvdZ15] but is not
relevant for the simulations presented in this section. Ins tead, the emphasis is placed
here on how the crack healing behavior affects the recovery o f mechanical properties
of the material system. Further, as indicated above, the fra cture properties of the
healing particle in its initial state are in general differe nt than the properties of the
healing material that �lls the cracks, which are speci�ed se parately as explained in
the sequel.

Several parametric studies are conducted to evaluate the be havior of the unit cell
and the results in terms of global load-displacement respon se are reported in the
following subsections. In the �rst subsection, simulation s are conducted to study the
effect of variations in the fracture properties of the heali ng material. In the second
subsection, a parametric study is performed to understand h ow does the available
amount of healing agent affect the crack healing behavior. I n the third subsection,
multiple healing events are simulated and the resulting loa d-displacement response
is reported.

5.3.1. EFFECT OF PROPERTIES OF HEALING MATERIAL AND HEALING

CONDITIONS

The fracture properties of the healing material, formed as t he result of the healing
process, are often different from the surrounding host mate rial. The fracture prop-
erties of the healed zone depend on the time available for hea ling and the properties
of the healing product. A second aspect that is relevant for t he healing process is
the loading conditions during healing. Healing is a process that typically requires
time to occur, and the ef�ciency of the process is often conne cted to providing a
suf�ciently long “rest time” in which the loading rate is zer o and chemical reactions
have suf�cient time to be completed. However, even if a suf�c ient “rest time” is
provided, the (constant) loading state in�uences the subse quent material response
of the healed material. In this section, two representative loading states during
healing are considered, namely healing under zero-stress ( unloaded) conditions and
healing under �xed applied displacement (constant load dur ing healing). Different
properties for the healing material are considered for each loading state during
healing.



5

76 5. COHESIVE ZONE-BASED CRACK HEALING MODEL

0 100 200 300 400 500 600 700

0

0.5

1

1.5

2

Time [s]

A
pp

lie
d 

di
sp

la
ce

m
en

t [!m
]

Rest period

Healing

Unloading

(a) Time history of the speci�ed displacement.

0 0.3 0.6 0.9 1.2 1.5
0

3

6

9

12

15

R
ea

c 
on

!fo
rc

e!
[N

]

Applied!displacement![µm]

Healing

Unloading

• m
c• (0)

c • p
c=! =!

G
m
cG

(0)
c G

p
c=! =!

• (1)

c G=! =!0.5/ • (0)

c

(1)

c /
(0)

cG

• (1)

c G=! =!0.25!/ • (0)

c

(1)

c /
(0)

cG

• (1)

c G=! =!1.0/ • (0)

c

(1)

c /
(0)

cG

• (1)

c G=! =!0.75!/ • (0)

c

(1)

c /
(0)

cG

(b) Reaction force vs. applied displacement

Figure 5.3: Healing under unloaded condition: applied load ing to unit cell and reaction force as a function
of applied displacement for various values of the fracture p roperties of the healed material.

H EALING UNDER UNLOADED CONDITION

In the literature, most experimental studies deal with test protocols in which the
sample is unloaded and allowed to return to its unstrained st ate, hence healing occurs
under unloaded conditions [ KSW03, BSW02, WTB07, PB05, SPSÅ08]. In order to
analyze the predictions of the model under similar conditio ns, the unit cell shown
in Fig. 5.2 is subjected to a loading and healing sequence as indicated i n Fig. 5.3a.
Under this loading, the specimen is partially fractured and then unloaded. Healing
is allowed to occur in the unloaded condition, which is then f ollowed by reloading of
the healed specimen. The response of the unit cell in terms of the applied vertical
displacement and the corresponding reaction force is shown in Fig. 5.3b for various
fracture properties of the healing material, namely ¾(1)

c / ¾(0)
c , G(1)

c / G(0)
c = 0.25, 0.5,

0.75 and 1, where the superscript 1 refers to the healing mate rial. As shown in
Fig. 5.3b, the curve corresponding to equal properties of the healing and original
material predicts a recovery of the response after healing s imilar to that of the original
material. The next three curves correspond to lower values o f the fracture properties
of the healing material and hence the load-displacement cur ves fall below that of the
original material after healing.

It is to be mentioned that, after healing, recracking occurs along the same path
as the initial crack. This is due to the fact the fracture prop erties of the healing
material are lower than or at least equal to that of the origin al material properties.
Nonetheless, if the properties of the healing material are h igher than that of the
original material, the crack would propagate along a differ ent path which is weaker
than the healed zone. However, the recovered load-displace ment response would be
similar to the one with the same fracture properties, as the c rack is traversing along
the original material.
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Figure 5.4: Healing under constant loading condition: appl ied loading to unit cell and reaction force as a
function of applied displacement for various values of the f racture properties of the healed material.

H EALING UNDER CONSTANT LOAD CONDITION

In situations of practical interest, healing may occur unde r a non-zero load, which
implies that the crack opening is non-zero as the healing mat erial �lls the crack gap.
To study the effect of the loading state during healing on the post-healing response
of the material, simulations are carried out according to th e loading sequence shown
in Fig. 5.4a. In this case, the specimen is (partially) fractured, allow ed to heal at a
constant applied displacement and subsequently reloaded. As in the previous case
(healing at unloaded conditions), four different fracture properties of the healing
material are considered, given by the strength and fracture energy ratios ¾(1)

c / ¾(0)
c ,

G(1)
c / G(0)

c = 0.25, 0.5, 0.75 and 1. The load carrying capability of the he aled specimens
is shown in Fig. 5.4b, which indicates the reaction force of the unit cell as a func tion
of the applied vertical displacement.

For each set of material properties of the healing material, the state of the
specimen is the same prior to healing. After healing at a cons tant crack opening
pro�le, the specimen recovers its load-carrying capabilit y as shown in Fig. 5.4a. It
can be observed that the post-healing force peak is higher th an the force peak of
the original material for the case when the healing material has the same fracture
properties of the original material. This result is partly d ue to the equal strain
kinematic assumption of the Voigt-like composite model, as indicated in Sec. 5.2.2.1,
which tends to overpredict the force response. It is anticip ated that a more complex
composite model, which preserves both linear momentum and k inematic compati-
bility, would predict a lower post-healing peak. Although t he present model provides
an upper estimate of the post-healed behavior, it allows to c ompare the effect of the
state of the material during healing on the post-healing beh avior. In particular, the
post-healing failure in the case of healing under loaded con ditions is more sudden














































































































































































