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ABSTRACT

The performance of a self-healing Thermal Barrier Coating (TBC) containing dispersed healing particles
depends crucially on the mismatch in thermomechanical properties between the healing particles and the

Received in revised form 5 July 2018
Accepted 12 July 2018
Available online 21 July 2018

TBC matrix. The present work systematically investigates this phenomenon based on numerical simulations
using cohesive element-based finite element analysis. The effect of the mismatch in Coefficient of Thermal
Expansion (CTE) and fracture strength between the healing particles and the matrix on the fracture charac-
teristics is quantified in detail. Unit cell-based analyses are conducted on a representative self-healing TBC
Keywords: ) ) system under a thermal loading step typically experienced by TBC systems in jet turbines. Two different
Thermal barrier coatings simulation setups are considered within the TBC unit cell namely (i) a single pair of healing particles and (ii)
Cohesive elements L. . . . . .
Healing particles arandomly dlstrlbuteq aTrAay.of healing particles. The results of the SImulatlons are reporteq in terms of the
Thermal mismatch fracture pattern, crack initiation temperature and crack length for various CTE mismatch ratios. Correlations
Fracture mechanics are established between the results obtained from the two simulation setups essentially revealing the effect
of spatial distribution and proximity of healing particles on the fracture pattern. The results obtained from
the analyses can be utilised to achieve a robust design of a self-healing TBC system.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal Barrier Coating (TBC) systems are protective layers
applied to critical structural components of jet engines operating at
high-temperature. A typical TBC system consists of three different
layers, (i) a Top Coat (TC), which directly faces the hot gases in the
engine,(ii) a Thermally Grown Oxide layer (TGO) and (iii) a Bond Coat
(BC) layer which is connected to the actual turbine blades. The TC
layer is a ceramic layer usually consisting of Yttria Stabilized Zirconia
(YSZ). It provides thermal insulation to the underlying components
because of its low thermal conductivity. The BC layer is an intermedi-
ate metallic layer often made of NiCoCrAlY alloy. It acts as a bonding
layer connecting the TC and the substrate and also provides oxida-
tion resistance to the substrate by acting as a sacrificial layer. The
TGO layer is a relatively thin o alumina (Al,03) layer formed due
to the oxidation of the aluminium phase in the BC at high temper-
atures. The coating system undergoes a thermal cycle during each
start and stops as the turbine’s temperature increases from ambi-
ent to operating temperature and subsequently decreases back to the
ambient temperature. During each thermal cycle, the layers of the
TBC system expand and shrink unequally due to a mismatch in coef-
ficients of thermal expansion (CTE) of the TBC layers as illustrated in
Fig. 1a. The resulting thermal stresses cause nucleation and growth
of micro-cracks in the TBC system [1,2]. In addition, cracking also
occurs due to the thickening of the TGO layer as the oxidation of
the metallic bond coating generates more alumina, see Fig. 1a and
b. After several hundreds of thermal cycles, the micro-cracks even-
tually coalesce, forming a relatively large crack originally more or
less parallel to the TBC-substrate interface. As large cracks deflect
towards the free surface via local imperfections, the TBC separates
from the substrate, which is known as spallation, as illustrated in
Fig. 1b. As a consequence, large portions of the TC separate, which
may lead to direct exposure of the critical engine components to the
high-temperature gases, ultimately resulting in a catastrophic failure
of the entire turbine.

Several efforts have been made to increase the lifetime of the
TBC system, mainly in the directions of varying the deposition pro-
cess and coating compositions in order to delay the initiation of
micro-cracks [3-5]. Incorporating self-healing mechanisms in TBC
systems is a novel approach to improve the lifetime of these coatings
[6-10]. The principle of the self-healing mechanism in a TBC system
is demonstrated in Fig. 1c [7]. A solid self-healing agent is encapsu-
lated and embedded within the TBC topcoat layer during the coating
process. When the crack induced by thermal cycling reaches the
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microcapsule, the capsule breaks and the oxidised self-healing agent
flows into the crack, where it can further react with the matrix mate-
rial and heal the crack. The best studied concept of the self-healing
TBC is based on alumina 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 inter-
act with the healing particles, resulting in fracture of the particles.
Subsequently, the healing agent within the particles oxidises and dif-
fuses into the crack to form a glassy phase which in turn reacts with
the surrounding matrix to form a load-bearing crystalline ceramic
(zircon). The resulting healing of the micro-cracks delays the for-
mation of a macro-crack by preventing crack coalescence which, in
turn, extends the life time of the TBC system. Further details of the
above-discussed self-healing TBC system such as detailed description
of the healing mechanism, type of healing particle, fabrication routes
and associated challenges can be found in the following works [6-8,
11-13].

Numerous computational studies have been conducted to investi-
gate the failure mechanisms in the TBC system. In the context of frac-
ture analysis in TBC systems, different approaches have been used,
including, classical fracture mechanics-based methods (e.g. VCCT,
energy release rate) [14,15], cohesive zone element based meth-
ods [16,17] and the extended finite element method (XFEM) [18,19].
Classical fracture mechanics approaches are suitable for crack prop-
agation studies, whereas cohesive element-based approach enables
modelling of crack initiation as well as crack propagation. XFEM is
an enriched version of the classical finite element method which
embeds discontinuities in the shape functions of a classical 2-D or 3-
D finite element. This method serves as a tool to represent initial and
evolving crack geometry independent of the finite element mesh and
the crack evolution can be modelled either using classical fracture
mechanics parameters or cohesive traction-separation laws. One of
the current shortcomings of XFEM is its limited capability in deal-
ing with multiple cracking and coalescence, which are crucial in the
current study. Cohesive elements were utilised successfully for such
multiple cracking and coalescence problems albeit with higher com-
putational costs to achieve 'mesh-independent’ solutions. A detailed
review on various modelling methodologies and failure mechanisms
in TBC systems addressed through computational modelling can be
found in [20]. A second review on the influence of modelling choices
in terms of interface morphology, boundary conditions, dimension-
ality and material models on the TBC response is presented in [21].
They provided guidelines and strategies for effectively modelling
the stress evolution and the crack propagation in TBC systems. All
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Fig. 1. Schematic of TBC failure mechanisms and principle of a self-healing TBC system.
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the investigations in the literature have contributed to a detailed
understanding of the failure mechanisms in TBC systems.

From the perspective of modelling the behaviour of a self-healing
TBC system, additional aspects need to be accounted for in the
analysis as compared to the conventional TBC systems. Specifically,
the effect of the presence of healing particles on the TBC fracture
behaviour has to be analysed from two different perspectives. Firstly,
to successfully trigger healing mechanism, the microcracks initiated
in the TBC have to interact with healing particles leading to the open-
ing of the particles for healing activation. This, in turn, depends on
the geometric and the material properties of the healing particles in
relation to the TBC layers. Secondly, it is essential to study how the
healing particles influence the thermomechanical behaviour of the
self-healing TBC in comparison with the baseline TBC without heal-
ing particles, in other words, introducing healing particles should not
significantly deteriorate the mechanical integrity of the original TBC
system. Several modelling studies have been conducted in the lit-
erature to address the above two aspects [22-27]. For instance, the
influence of mechanical properties of the healing particles on the
fracture mechanism in a self-healing material have been analysed in
detail in [28,27]. In [22], crack propagation studies were conducted
in an idealised healing capsule(s)-matrix system and the effects of
geometric and material parameters were analysed using cohesive
and extended finite 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 ther-
momechanical response [29,30]. The effect of the healing particles
on the fracture mechanisms and the mechanical properties of a par-
ticulate composite representing a self-healing TBC microstructure
were studied using cohesive element-based finite element analysis
in [31-33]. However, one critical aspect that has not been analysed in
detail pertains to the mismatch in thermo-elastic properties coupled
to a mismatch in fracture properties.

In order to design a self-healing TBC system with dispersed heal-
ing 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 the elastic and fracture property mismatch.
An ideal self-healing TBC should have healing particles with simi-
lar CTE in relation to the surrounding TC layer. Such a combination
would prevent generation of additional thermal stresses in the TBC
which would otherwise lead to microcrack formation. On a different
context, specific prerequisites on the mechanical properties of the
healing particles and the particle/matrix interface are necessary for a
successful activation of the healing mechanism [28]. With this moti-
vation, a detailed finite element analysis is conducted 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 investigated in detail using two simulation setups, one with a TBC
containing two healing particles and the other with a TBC consist-
ing of a randomly distributed array of particles. Further, the effects of
the relative strength of the particle and the interface with respect to
the TC layer are analysed using the finite element simulations on the
multiple particles setup. The present work is connected to the opti-
mal design of self healing TBCs from two distinct aspects: (1) It serves
as an analysis tool to decide the best combination of thermomechan-
ical properties of the healing particles and the matrix to achieve a
robust self-healing system and (2) it allows to choose the best spa-
tial arrangement of healing particles to control the crack and healing
patterns.

2. Finite element model of TBC
2.1. Model geometry

A 2D multiscale approach is adopted for the finite element anal-
ysis of fracture evolution in a self-healing TBC system. The system

considered is composed of two different layers of the TBC system,
namely the TC and the BC. The TBC unit cell is periodic in the horizon-
tal direction, while in the vertical 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 [34],
whose wavelength and amplitude are assigned values of 60 um and
10 um respectively. These values are representative of a typical inter-
face morphology in the air plasma sprayed TBC systems [35]. The
thickness of the TC and the BC layers are taken as hyr = 500um
and hgc = 200 um respectively. The TGO layer is usually a thin layer
whose thickness increases during operation (as a function of ther-
mal 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 negligible. Since the objective is to investigate the role
of the healing particles and the property mismatch on the cracking
pattern the TGO layer is not considered in the present analysis. Corre-
spondingly, 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, are
dispersed in the TC layer closer to the TGO layer representing the
self-healing TBC architecture reported in [6]. Dispersing healing par-
ticles close to the TGO layer would be an effective approach as
the microcracks are expected in such regions [8]. Fig. 2 shows one
of the configurations considered in the study in which a pair of
healing particles is dispersed in the TC layer, whose location is
characterised by the interparticle distance (Dp) and the orientation
(6). The modelling approach is then extended to a system contain-
ing randomly distributed 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 [36]. To model fracture, cohesive
elements are embedded throughout the finite element mesh regions
in the unit cell using a Matlab script. Finite element analysis is car-
ried out using the commercial software Abaqus. The insertion of
cohesive elements throughout the finite element mesh enables arbi-
trary crack initiation and propagation, an important requirement in
a complex system such as a TBC containing healing particles. One
important consideration while using cohesive elements everywhere
is the mesh dependency effect. A random and sufficiently fine mesh
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Fig. 2. Finite element geometry showing two healing particles.
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is a prerequisite in order to obtain a converged fracture pattern [28].
The element size is also chosen carefully to fulfill the requirements
of properly resolving the cohesive zone. The region where the cracks
are likely to nucleate and grow is finely meshed with an element
size of 1 um. The remaining regions of the TBC unit cell are meshed
with an element size of 2 um. The domain convergence analysis is
carried out to find an appropriate width (W) of the periodic unit cell
based on the convergence of critical temperature (onset of unsta-
ble crack growth). For W =480 um and W = 960 pm the percentage
error in critical temperature is around 5%. Hence, W of 480 um is cho-
sen for modelling the periodic unit cell. The finite element model
is two-dimensional which poses limitations on the scope as actual
three-dimensionality of the TBC microstructure is lost. However, a
two-dimensional approach can be used effectively to unveil the fail-
ure mechanisms in TBC as it captures the most of the important
features of the microstructure. Further, considering the size of the
unit cell and the level of microstructural details of the considered
self-healing TBC system, a three-dimensional analysis is not fea-
sible to investigate in detail the effect of geometric and material
parameters on fracture evolution.

2.2. Loading and boundary conditions

The substrate of the TBC, whose dimension is orders of magnitude
larger than the individual layers of the TBC, is not modelled explicitly.
Rather, its effect is accounted for through enforcement of boundary
conditions derived using the thermal deformations induced by the
substrate during a thermal cycle [37]. Due to its dimensions, the ther-
mal deformation of the substrate can be assumed to be unaffected by
the TBC layer. With this assumption, the induced thermal deforma-
tions can be obtained, and these displacements are then enforced as
periodic conditions in the TBC unit cell as given in Eq. (1) for the left
(L) and right (R) edges of the unit cell,i.e.,

uR —uk = (1 + v5)asATW,
R_ L
uy —uy; =0, (1)

where Vs and o correspond to Poisson’s ratio and the coefficient
of thermal expansion, respectively and the subscript s refers to the
substrate. The bottom (B) edge of the unit cell is subjected to the
following displacement field:

uy = (1 + vs)osATx,
= O’

< X

u

(2)

whereas the top surface of the TBC is modelled as traction-free.

A typical thermal cycle that a TBC undergoes during operation
consists of an ascending branch where the temperature rises more
or less linearly from room temperature to operating high tempera-
ture, followed by a constant temperature operating period and finally
cooling down phase back to the room temperature. In the literature,
it is assumed that the TBC is stress-free at operating temperature
(1100°C) as the coating is deposited at around similar temperature
range [1,38]. The third phase of the cycle corresponds to a cooling
phase in which thermal mismatch stresses develop and cracks are
expected to initiate. Hence, this cooling down phase of the cycle is
considered as the loading case whereby the temperature in the TBC
model is gradually decreased from 1100 °C to 30 °C. As the crack for-
mation 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.

2.3. Constitutive models and material properties

The behaviour of the TBC system is strongly governed by the
mismatch in the thermomechanical properties of the individual lay-
ers of the TBC system. The constitutive material behaviour of the
different layers is assumed to be linear elastic and isotropic. A bilin-
ear traction-separation law is used as the constitutive relation for
the cohesive elements with different cohesive properties assigned
for each layer and the interface in the TBC system. With cohesive
elements embedded everywhere, another important aspect to be
addressed is the way the periodic boundary conditions are applied on
the edges where at a given nodal location, there is usually more than
one node. Appropriate pairs of nodes are identified on the left and
the right edges, which upon the enforcement of the boundary condi-
tions does not prevent any crack to pass through and open the edges
when required by the process, i.e., the artificial arrest of cracking in
the edges is prevented.

The Young's modulus E, Poisson’s ratio v and coefficient of ther-
mal expansion « for the distinct phases are summarised in Table 1.
The elastic and thermal properties of the TC are chosen similar to
the values reported in [39,40]. The elastic properties and the thermal
expansion coefficient of the BC are chosen close to the values given
in [41]. The stiffness of the healing particles is assumed to be 3 times
larger than the stiffness of the TC [31]. The mode I (normal) frac-
ture strength 0" and the mode I fracture energy G'° of the TC, the BC
and the healing particles are considered in accordance with [42-44],
where the values of the fracture energies reported in Table 1 have
been calculated from the fracture toughness K'C under plane strain
and small plastic zone assumptions, i.e.,

(KP(1 - v)

IC __
= E

3)
The ratio of the shear strength to the normal strength for the TC is
taken as y;c = 4. This value is in-line with the experimental obser-
vations that the ceramic TBC fails in tension (Mode I) rather than in
shear (Mode II). For simplicity, the same value of y is also used for
the ratio between the mode I and mode II fracture toughness. For
the BC, which is a metallic layer, the ratio is taken as yp- = 1. As
indicated in Table 1 distinct 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 specified, the normal
fracture strength, (o7, o{;ﬁc) and the mixed-mode strength ratio, ("yp,
Vierre )of the healing particles and the healing particle/TC interface are
assumed to be equal and are taken as 300 MPa and 4, respectively.
The influence of the fracture properties of the particles and the inter-
face are analysed separately in Sections 3.3 and 3.4 by considering
different values for the strength of the particle and the interface.

3. Results and discussions

Three thermomechanical material parameters are considered for
the analyses, namely (a) the CTE mismatch between the healing
particles and the TC matrix, (b) the relative strength of the heal-
ing 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 described in Section 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 evolution kinetics in the TBC
layers in the following sections.

In the context of cohesive element approach, crack initiation
occurs when the traction in the element exceeds the material
strength, and the crack is said to be fully formed when the amount
of energy per unit area dissipated in the element is equal to the frac-
ture energy of the material phase. In a system containing different
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Table 1

Elastic and fracture material parameters of the TBC components.
Layers E (GPa) v (1076 1/°C) o™ (MPa) G/ (N/mm) v
Top coat 80 0.15 12.5 100 0.002 4
Bond coat 130 0.3 14.5 500 0.3 1
Healing particle 250 022  Varied Varied 0.02 Varied
Substrate 200 0.28 16 - - -

phases with significantly different fracture energy values between
the phases, it is not straightforward to define a failed state of the ele-
ment 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 that the complete fail-
ure of a particle cohesive element is reached only when the energy
dissipated in the crack opening is 10 times as compared to that of
the complete failure of the TC cohesive element. Nonetheless, in both
cases, the cohesive crack initiation would have started already. Thus,
in order to have a useful interpretation of a failed state in the cohe-
sive element, it is assumed that the cohesive element in the TC is
completely failed when the energy dissipated within the element
(per unit area) is equal to 95% of the fracture energy of the TC. For the
cohesive elements in the healing particles, an element is assumed
to be failed (or the crack is said to be formed) when the dissipated
energy in the element is equal to 10% of the fracture energy of the
healing particles.

The results of the simulations are reported in terms of crack ini-
tiation temperature. In order to have a mesh-independent definition
of crack initiation, a study was performed whereby the crack is said
to be formed or initiated in terms of a predefined crack length (sum
of the length of the failed cohesive elements). Three different crack
lengths are considered for this purpose given by 1, 2 and 3 um. It was
observed that the choice of the above crack lengths did not have a
significant influence on the crack initiation temperature (error being
less than 5%). To this end, the crack initiation temperature is assumed
to be reached when the cumulative crack length reaches a value of
3um.

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

(a) a/o,.=1.5

system. The simulation set up for the two-particle system is shown
in Fig. 2. The objective is to first study the effect of the CTE mis-
match on the local crack evolution in the presence of two idealised
healing particles whose topology/distribution is fully defined by the
inter-particle distance and the orientation. Subsequently, the second
setup containing a more realistic random distribution of multiple
particles are modelled in the TC layer, and the crack evolution is
investigated. Finally, the results obtained from 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.

3.1.1. Two-particle simulation setup

Two healing particles each of radius Rp = 7.5 pum are dispersed in
the TC layer. The interparticle distance and the orientation between
the particles are varied to study the effect of these topological/spatial
parameters on the crack 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 particles to the radius of the particle. The orientation char-
acterised by the angle 6 between the line connecting the centre of
the particles and the positive x-axis is assigned four values given by
6 = 0°,30°,60° and 90°.

Two different CTE mismatch ratios, given by op/orc = 1.5
and 0.5 are considered for the simulations. The stress fields in and
around two adjacent particles are shown in Fig. 3 at T = 30°C for
Dp/Rp = 0.5 and 6 = 30°. As shown in Fig. 3a, the crack initi-
ates between the particles when ap/arc = 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 particles (i.e., “outside”) when ap/ayc = 0.5 as
may be observed in Fig. 3b. This example illustrates that the nucle-
ation of cracks depends strongly on the CTE mismatch. The results
of all the cases considered are summarised in Fig. 4 in terms of

MPa 45
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Fig. 3. Stress distribution at T=30°C with Dp/Rp = 0.5 and 6 = 30° for two different CTE mismatch ratios: (a) ap/ozc = 1.5 and (b) ap/ctrc = 0.5.
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light grey region (Dp/Rp < 1) the cracks are initiated outside of the particles.

the crack initiation temperature in the TC layer as a function of
the topological/spatial parameters. From the figure corresponding to
ap/arc = 1.5, it can be observed that the spatial parameters have,
in general, a considerable influence on the crack initiation tempera-
ture. In particular, the interparticle orientation has a more significant
influence on the crack initiation temperature than the interparticle
distance. The crack initiation occurs earlier in the case when the par-
ticle is located one below the other as opposed to the case where they
are located side by side. The following explanation holds for such
observation. For the considered thermal mismatch and the loading
condition (cooling), when the particles are located one below the
other, given by 6 = 90°, tensile stresses are generated on the top
and the bottom interface regions of both the particles. This, in turn,
leads to further amplification of the driving force for the crack initi-
ation and evolution due to the interaction between the stress fields
associated with each particle. On the other hand, when 6 = 0°,
such tensile-tensile stress field interaction does not occur, rather a
compressive-compressive stress field interaction results from such a
spatial positioning of the particles. Thus, naturally, for the considered
thermal mismatch ratio, the temperature drop (during the cooling
process) required for crack initiation increases as the angle between
the particles is decreased from 90 to 0 °. In terms of the interparticle
distance, as highlighted above, the influence is rather less than that
of the orientation as can be observed from Fig. 4. For the orientations,
0 = 60° and 90° there is a general tendency that the crack initia-
tion is delayed as the interparticle distance is increased. On the other
hand, for 6 = 30° and 0°, the trend is not monotonic, and it can be
said that the interparticle distance does not play an influencing role
on the crack evolution on an average sense.

The results corresponding to the case of the thermal mismatch
ratio ap/oerc = 0.5 are shown in Fig. 4, where the thermal expan-
sion coefficient of the particle is lower than that of the TC matrix. In
this case, the trend is in general reversed as compared to the previous
case albeit with a distinct behaviour observed until the interparticle
distance reaches a value of 1. When the interparticle distance reaches
the value equal to 1, the temperature drop required for the crack ini-
tiation is significantly larger. The trend in the variation of the crack
initiation temperature is not monotonic, which can be attributed to
the following observation of crack patterns: Until the interparticle
distance reaches the value of 1, the microcracks are initiated in a
region outside of the particle pair, whereas when the interparticle
distance is increased beyond the value of 1, cracking occurs in the
region between the two particles.

3.1.2. Multiple particles simulation setup

In this subsection, the results for the second simulation set up
where a random distribution of healing particles is considered are
presented. The volume fraction of the MoSi, particles is approxi-
mately 15% chosen in accordance with the self-healing TBC systems
considered in [8,29]. All healing particles have the same radius
Rp = 7.5pm as used in the two-particle simulation set up. To eval-
uate the effect of the thermal mismatch parameter, five different
values are considered in the analysis given by ap/orc = 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. 5.

Upon observing the cracking patterns, it can be inferred that the
thermal mismatch ratio has a significant influence on the crack initi-
ation and evolution. In particular, the fracture patterns are distinctly
different for different mismatch values. In general, for a mismatch
ratio larger than 1, microcracks initiate at the top and bottom edges
of the healing particles, whereas for mismatch ratios lower than one,
the tendency is that the cracking occurs at the left and right sides of
the particles. As expected, no cracking is observed for the mismatch
ratio equal to 1, i.e., the particle and the TC layer having identical
values of thermal expansion coefficients. Any deviation from this
value generates thermal mismatch stresses, which in turn leads to
crack initiation, the severity of which depends upon the magnitude
of the CTE mismatch. One interesting observation is that for the case
of ap/arc = 0.75, micro-cracks are also initiated near the TC/BC
interface as observed from the figure, revealing the complex effect
that the CTE mismatch has on the failure behaviour of the TBC sys-
tems. Further detailed quantification in terms of the crack initiation
temperature and total crack length can reveal the fracture charac-
teristics in the TBC as a function of CTE mismatch. The results of
such quantification are summarised in Fig. 6 whereby the crack initi-
ation temperature and the total crack length are plotted against the
thermal mismatch ratio.

As discussed before, five realisations are considered for each 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 layer with the increase or decrease in the CTE
mismatch ratio from the value of 1 as shown in Fig. 6. The crack
initiation behaviour due to the CTE mismatch is qualitatively simi-
lar to the reported trend [45] quantified through a nondimensional
mismatch parameter in ceramic composites. From the total crack
length vs CTE mismatch plot, it can observed that for the case of ther-
mal mismatch ratio of ap/atrc = 0.5, the matrix failed completely,
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Fig. 5. Self-healing TBC system showing the degree of microcracking for various CTE mismatch ratios.

which is attributed to the fact that the crack initiates on the left
and right edges of each particle, making it far easier to grow fur-
ther. In other words, once the microcracks are formed on the left and
right edges of each healing particle, the stress fields associated with
the microcracks corresponding to each particle synergistically inter-
acts with the stress fields of the neighbouring microcracks (of the
neighbouring particle). This, in turn, results in the interaction and
further amplification of the stress fields and thus ultimately result-
ing in failure of the matrix. On the other hand, for the mismatch ratio
ap/arc = 1.5, such interactions do not occur due to the crack initi-
ation locations, thus resulting in a relatively lower total crack length.
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It is generally observed that any CTE mismatch between the particles
and the matrix would lead to thermal stresses and in turn result in
possible microcracking, thus potentially weakening the self-healing
material. In the research on extrinsic self-healing ceramics reported
in [46,47], the CTE mismatch between the healing particles and the
ceramic matrix is considered as one of the important criteria for the
selection of the healing agent. In contrast, for metal matrix particu-
late composites [48,49] the CTE mismatch between the particle and
the metal matrix is found to improve the strength and toughness of
the composite material owing to the induced plastic deformation of
the matrix.
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Fig. 6. Variation of (a) crack initiation temperature and (b) total crack length for different CTE mismatch ratios ap/arc = 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 final temperature (30°C) as indicated by a grey shade.
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Fig. 7. Correlation of crack initiation temperature of multiparticle simulation with two particle simulation case for op/atrc = 0.5 and 1.5. This figure is analogous to Fig. 4, but
the new data points mark the crack initiation temperature of multiparticle simulations (five different realisations) along with the angular dependence.

3.2. Model integration

In this subsection, a correlation is made between the results
obtained from the random distribution of multiple particles with
the two-particle case. The crack initiation temperature is used for
the correlation using the results corresponding to two thermal mis-
match coefficients namely ap/oc equal to 0.5 and 1.5. In the TBC
system with a random particle distribution, the spatial metrics of
the particles are quantified in terms of the distance and the orien-
tation between the adjacent pair of particles, which is then used to
correlate with the two-particle TBC case. The results of the compari-
son are shown in Fig. 7, in which the crack initiation temperature is
plotted for both TBC configurations as a function of the spatial met-
rics. The results corresponding to the two-particle case are plotted as
lines and those of the multiple particle cases are plotted as dark dots
superimposed onto the two-particle plots.

From the results, it can be observed that the two-particle case
correlates very well with the results corresponding to the TBC sys-
tem with a random distribution of multiple particles. For instance, in
Fig. 7 corresponding to the case of ap/a;c = 1.5, the crack initiation
occurs in the vicinity of the particles whose normalised interparticle
distance is between 0 and 1 and the angular orientation is between
60 to 90 °. In the other case for a lower thermal expansion coeffi-
cient for the particles, the crack initiation occurs in the vicinity of
the particles whose interparticle distance is between 2 and 3 and the
orientation is between 0 and 15 °. In both cases, the results from the
two-particle and multiple particle cases correlate well. This indicates
that a two-particle simulation is sufficient to study the interaction
between the healing particles and the TBC layers in terms of crack
initiation characteristics.

3.3. Effect of particle strength

The second material parameter considered in this study is the
effect of the relative fracture strength of the particle with respect to
the TC layer, defined by the ratio (0p/07¢). To investigate the effect of
the strength mismatch parameter, analyses are conducted for three
different values of particle strength ratio, 0.5, 1 and 3. Two subsets
of analyses are conducted, one with varying the ratio of normal (ten-
sile) strength of the particle relative to the TC matrix by keeping the
shear strength ratio fixed and equal to 1. In the second subset, the
ratio of the shear strength of the particle to that of the TC matrix is
varied, while the normal strength ratio is kept equal to 1. Two CTE

mismatch ratios op/arc = 0.5 and 1.5 are considered. The result-
ing fracture patterns obtained from the simulations are reported in
Fig. 8.

The results corresponding to the thermal mismatch,
ap/arc = 1.5 is shown in the upper part of the figure. From the
results, it is evident that the shear strength ratio has no influence
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 particles, 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 particular,
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 experimentally in [50] when the particles in a metal-
lic matrix are subjected to tensile stresses. In the present case, the
cracks in the particles do not grow into the TC matrix owing to the
compressive stress fields 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 and bottom proximities of the particles but
leave the particles uncracked. In the case of the shear strength ratio,
as explained above, no influence is observed, leaving similar fracture
patterns for all the three cases given by shear strength ratio = 0.5, 1
and 3.

The fracture patterns corresponding to the thermal mismatch
ratio equal to 0.5 are shown in the lower part of Fig. 8. One important
difference between the results corresponding to the CTE mismatch
0.5 and 1.5 is that complete failure of the TBC occurs when the
CTE mismatch is equal to 0.5. This can be attributed to the fact the
stress field in the TC layer adjacent to the particles (to the left and
the right) is tensile in nature leading to microcrack initiation in the
vicinity of the particles. Further, the favourable orientations of these
microcracks lead to their coalescence resulting in a large macroc-
rack, hence the complete failure of the TBC before reaching the room
temperature. To illustrate the effect of the strength mismatch the
fracture pattern shown in Fig. 8 for ap/arc = 0.5 corresponds to
the temperature 450 °C (i.e., before complete failure). Correspond-
ing to this point of the loading history and for this CTE mismatch
ratio, the role of the normal and shear strength ratios are shown in
terms of the resulting fracture patterns. In principle, the influence
of the strength ratios for the CTE mismatch equal to 0.5 reverses as
compared with the CTE mismatch ratio equal to 1.5, see Fig. 8. Specif-
ically, the ratio of the normal strength does not influence the fracture
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Fig. 8. Fracture pattern corresponding to different particle strengths and two CTE mismatch ratios, ap/oerc = 0.5 and 1.5. In this figure, low or high normal strength corresponds
to the variation of particle normal strength for a fixed shear strength ratio of 1 and vice-versa. For ap/oirc = 1.5 and the normal strength ratio (0p/07c) < 1, the particle shattering
is observed with multiple micro-cracks inside the particle. For ap/oerc = 0.5, complete failure of the TBC occurs. The fracture pattern for this case is shown at T = 450 °C which

shows particle fracture before the complete failure of the TBC.

pattern, whereas the shear strength ratio has an effect on the frac-
ture pattern. This is primarily because compressive stresses result in
the particles due to the lower CTE of the particle with respect to the
TC matrix. Thus, the shear mode of failure is dominant, and the nor-
mal stress-induced cracking is prevented due to the presence of such
compressive stress field within the particles.

3.4. Effect of interface strength

The third material parameter of interest is the strength of the
interface between the healing particles and the matrix. For instance,
the numerical study presented in [51] reveals the influence of ther-
momechanical stresses induced 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 to the strength of TC
layer (0,-[,/TC /otc) on the fracture pattern of the TBC is considered. To
explore this effect, again two subsets of simulations are carried out
for the two sets of CTE mismatch values, ap/arc = 1.5 and 0.5 as
conducted in the particle strength case. In the first subset, the inter-
face normal strength is varied for a fixed interface shear strength
ratio equal to 1. In the second case, the interface shear strength is
varied by fixing the interface normal strength with a value equal to
1. The results of the simulations for the different interface strength
ratios, Oipc /orc = 0.5,1 and 3 are shown in Fig. 9. The figure resem-
bles to Fig. 8 to a high degree for the CTE mismatch ratio of 0.5 but
instead of particle cracking, interface debonding is observed.

The fracture patterns corresponding to the CTE mismatch,
ap/arc = 1.5 are summarised in the upper part of the figure for

various normal and shear strength ratios. From the results, it can be
observed that the normal strength ratio has a noticeable influence on
the fracture pattern, whereas the shear strength ratio does not affect
the fracture pattern as can be seen from the figure. This is again due
to the effect of tensile stress fields in and around the particles for the
considered thermal mismatch. Such an effect of the normal strength
is visible from the fracture pattern corresponding to the higher and
the lower values of the normal strength ratios, in which the inter-
face debonding becomes less severe when the normal strength ratio
of the interface is increased to the value 3. The fracture patterns
corresponding to the variation in the shear strength ratios are not
altered.

For the CTE mismatch, ap/orc = 0.5, the fracture patterns are
shown in the bottom portion of Fig. 9. It is worth mentioning that
for this CTE mismatch case, complete failure of the TBC occurs, as
was the case in the particle 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 °C.
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 similar observation was made in the particle strength
study. The resulting fracture patterns reveal that changes in normal
strength ratio of the interface do not influence the fracture pattern.
On the other hand, a decrease in the shear strength leads to more
microcracks resulting from the interface debonding, as in the particle
strength study. The primary difference between the particle strength
and the interface strength studies is that the interface debonding
occurs in a stress field which is severely inhomogeneous along the
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interface debonding occurs at the top and bottom sides of the particles. For ap/arc
T =450°C which shows interface debonding between the particle and the TC before the complete failure.

interface, whereas the stress field within the particle (whether ten-
sile or compressive) is largely homogeneous until crack initiation
sets in.

In general, a weak interface can degrade the TBC mechani-

cal properties, but would possibly offer the potential of exposing
the TBC microcracks to the healing agent contained within the
particle.

4. Conclusions

Finite element simulations of fracture evolution in TBC systems

with embedded solid healing particles were conducted to investigate
the effect of geometric and material properties of the healing parti-
cles on the crack pattern. Two different configurations of the unit-cell
based TBC were analysed, one with a single pair of healing particles
and the other with a random distribution of healing particles. The
effects of CTE and strength mismatch between the particles and the
TC layer were studied using parametric simulations. The following
conclusions are drawn from the study.

o In addition to the CTE mismatch, the two-particle setup also
captures the effect of topological distribution of the healing
particles, characterised by the interparticle distance (Dp/Rp)
and the particle orientation (0) on the important fracture deter-
mining parameter (crack initiation temperature) quite well.

o In the two-particle case, for the higher CTE mismatch ratio
(ap/arc = 1.5), the particle orientation has a more significant

effect on the crack initiation temperature than the inter-
particle distance whereas for the lower CTE mismatch ratio
(ap/arc 0.5), both the orientation and the interparti-
cle distance has a substantial effect on the crack initiation
temperature.

From the results of the multiple-particle simulations, it can
be inferred that introducing the healing particles in a TBC can
significantly 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 heal-
ing particles and the TC layer. In the present study, significant
cracking is induced when ap/arc > 1.25 or ap/ac < 0.75. 1t
is worth mentioning that for ap/arrc < 1, microcracks appear
to the left and the right of the healing particles, whereas for
ap/arc > 1, the cracks appear on the top and the bottom of the
healing particles.

Very good correlations between the dual particle TBC setup and
the TBC set up with a randomly distributed array of particles
were observed in terms of the crack initiation temperature.
The fracture strengths of the particle and the particle/matrix
interface have a strong influence on the fracture mechanism in
the TBC. Further, for the higher CTE mismatch ratio, the nor-
mal strengths of the particle and that of the interface have a
prominent effect on the crack pattern as compared to the shear
strengths ratios and for the lower CTE mismatch ratio, the shear
strengths of the particle and that of the interface have a promi-
nent effect on the crack pattern as compared to the normal
strengths ratios.
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From the perspective of a successful self-healing TBC design,
it can be suggested that aip/arc < 1 along with lower relative
fracture strength of the healing particles are desirable. Under
such conditions, healing activation is favoured as the observed
fracture patterns reveal that the particles are open for the crack
to heal in the TC layer. However, significantly lower values of
ap/arc ( <0.5) will lead to deterioration of the integrity of the
TBC system resulting in premature failure. If the coefficient of
thermal expansion of the particle is greater than the CTE of
the TC ( ap/airc > 1), the simulation suggest to avoid multiple
layers of particles.

Data availability
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