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The thermal cyclic behavior of self-healing thermal barrier coatings (SH-TBC) is analyzed numerically to
develop a lifetime prediction model. Representative microstructures are studied adopting a unit cell
based multiscale modeling approach along with a simplified evolution model for the thermally-grown
oxide layer (TGO) to study the evolution of damage and healing in a self-healing TBC system. The fracture
and healing process is modeled using the cohesive zone-based healing model along with a crack tracking
algorithm. The microstructural model includes splat boundaries and a wavy interface between the Top
Coat and the Bond Coat, typical of Air Plasma Sprayed TBCs. A particle-based self-healing mechanism
is accounted for with a random distribution of healing particles subjected to a numerically accelerated
thermal cyclic loading condition. Lifetime extension of the self healing TBCs is quantified by conducting
thermal cyclic analyses on conventional TBCs (benchmark system without self-healing particles).
Parametric analyses on healing parameters such as crack filling ratio and strength recovery of the healed
crack are also conducted. The results are presented in terms of the evolution of the crack pattern and the
number of cycles to failure. For self-healing TBCs with a suitable healing reaction (i.e., cracks being par-
tially filled and a minimal local strength after healing), an improvement in TBC lifetime is observed. In
contrast, if the healing mechanism is not activated, the presence of the healing particles is actually detri-
mental to the lifetime of the TBC. Correspondingly, in addition to superior crack filling ratio and healed
strength, significant improvement in lifetime is achieved for self healing TBCs with a higher probability of
crack-healing particle interaction. This highlights the importance of a robust activation mechanism and a

set of key material requirements in order to achieve successful self-healing of the TBC system.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Thermal Barrier Coatings (TBC) are protective material systems
applied onto the hot sections of gas turbine engines (e.g. turbine
blades) in aircraft and industrial applications. A typical TBC system
is made of three distinct layers, namely, a Top Coat (TC) made of a
ceramic material, a metallic Bond Coat (BC) layer and a Thermally
Grown Oxide (TGO) layer formed during operation as a result of
oxidation of the BC layer (Padture et al., 2002). Such a inhomoge-
neous system undergoes thermal cyclic loading, where each ther-
mal cycle for a jet turbine corresponds to take-off, cruise and
landing phases of a flight. As a result, thermal stresses develop
within the layers due to a mismatch in the thermomechanical
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properties. In addition, continuous growth of the TGO layer leads
to further stress development in the TBC system (Rabiei and
Evans, 2000). These stresses, in turn, induce the formation of
microcracks in the TBC layers, ultimately resulting in complete fail-
ure of the TBC system upon coalescence of the microcracks, typi-
cally referred to as spallation (Evans et al., 2001). This has a
direct consequence on the lifetime of the TBC system warranting
cost-intensive maintenance operations involving re-deposition of
the coating. Among several techniques explored in the literature
to improve the TBC lifetime, a recent approach is to incorporate a
self-healing mechanism whereby, the resulting self-healing TBC
possesses the capability of autonomously heal the microcracks
and in turn delay the final failure (Nozahic et al., 2018).

The self-healing TBC system considered in the present study is
based upon MoSi healing particles that are dispersed into the TC
layer (made of Yttria-Stabilized Zirconia, YSZ) during the deposi-
tion process. The healing mechanism relies on a multi-step process
in which microcracks appearing in the TBC system can encounter

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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healing particles in their paths, triggering their oxidation and flow,
forming silica in the cracked regions, followed by load-bearing zir-
cone formation. Early research of such system is reported in Sloof,
2007. Further studies have focused on understanding the material
requirements, oxidation behavior, deposition and fabrication pro-
cess of the self-healing TBC (van der Zwaag and Brinkman, 2015;
Derelioglu et al., 2015; Sloof et al., 2015; Kulczyk-Malecka et al.,
2016; Nozahic et al., 2016, 2018; Carabat et al., 2015, 2018; Jeon
et al,, 2017; Ouyang et al., 2016; Portilla-Zea et al., 2019; Golim
et al., 2018; Wang et al., 2019; Chen et al., 2019).

From the modeling perspective, the effect of mismatch in
thermo-mechanical properties on fracture behavior of self healing
TBCs is studied in Krishnasamy et al. (2018). In Ponnusami et al.
(2019), the mechanical behavior of a MoSi,/YSZ composite is inves-
tigated using finite element analysis and the influence of healing
particles on the overall mechanical performance is quantified. Geo-
metric parameters and composition of TBC for favorable self-
healing effect are identified using finite element simulations in
Wang et al. (2018).

It is clear from the literature that obtaining an efficient self-
healing TBC design is difficult due to the various (non-linearly)
interacting factors. In this regard, there exists a demand to have
a tool that can simulate the cracking and healing behavior of the
TBC system, which in turn can be used to achieve an optimal con-
figuration of self-healing TBC. Multiple efforts to develop healing
models to simulate the recovery of mechanical properties have
been reported in the literature (Oucif et al., 2018; Pan et al,,
2018; Sanz-Herrera et al., 2019; Zhu et al., 2016; Voyiadjis et al.,
2011; Alsheghri and Al-Rub, 2016; Ponnusami et al., 2017).

Nonetheless, for the self-healing TBC system under considera-
tion, a constitutive healing model for each separate phase in the
TBC is not sufficient as multiple physical and geometrical factors
influence the deformation and failure of TBC systems. For instance,
taking into account the stresses induced by the TGO growth and
representing the TBC microstructure with healing particles
requires a modeling framework that integrates multiple ingredi-
ents required for determining the lifetime of TBC systems, which
has not been presented in the literature. The present research arti-
cle aims to close this gap and develops a simulation tool for deter-
mining the TBC lifetime and its enhancement due to healing
particles. In particular, the enhancement in the lifetime of the
self-healing TBC system is quantified and compared with the life-
time of a conventional TBC system. The simulation framework
involves integrating the following four key modeling aspects:

e Setting up a multiscale model of the self-healing TBC with ran-
domly distributed healing particles

o Implementation of a model to mimic the TGO layer growth and
its associated internal stress generation.

e Incorporating a cohesive crack healing model with multiple
cracking and healing events

¢ An efficient crack tracking algorithm which deals with activa-
tion of healing mechanism and tracks the local history of crack-
ing and healing events.

With the above integrated simulation tool, the objective to con-
duct thermal cycling simulations is to evaluate the effects of key
parameters such as the distribution of healing particles, crack fill-
ing ratio and properties of healed material phase on the lifetime of
the self-healing TBC system.

The article is organized as follows: Section 2 describes the mod-
eling setup and explains the key ingredients of the simulation
framework such as self-healing TBC model geometry, crack healing
model, TGO growth and crack tracking algorithm. Section 3 sum-
marizes the results and insights derived from the lifetime simula-
tions of TBC with healing particles. It further reports the results of a
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parametric study whereby the effectiveness of the healing mecha-
nism on the lifetime is assessed as the function of fracture proper-
ties of the healing material and the availability of the same. Finally,
concluding remarks and an outlook of further research is given in
Section 4.

2. Modelling and simulation setup
2.1. Self healing TBC model

The self-healing TBC modeling setup considered in this work is
shown in Fig. 1. A unit cell based multiscale model is developed in
a two-dimensional framework under plane strain condition. The
substrate is not modeled explicitly but its effect is enforced
through periodic displacement boundary conditions of the dis-
placement components ufy(y) = Uyy(w,y) and uiy(y) = Uyy(0,y) at
the right (R) and left(L) edges of the TBC as

uR —ul = (1 + vy) o, ATw,
R L _
uy —uy =0,

(1)

where v; and o correspond to Poisson’s ratio and the thermal
expansion coefficient of the substrate, respectively, AT is the change
in temperature from a stress-free reference temperature and w is
the width of the unit cell. This condition imposes on average the
thermal contraction or expansion of the (thick) substrate on the rel-
atively thin TBC system. Consistently, the displacement boundary
condition for uf,(x) = uyy(x,0) at the bottom edge (B) of the TBC
unit cell is given by (2)

ut = (1 + v5)o,ATx, 2)
up =0,

whereas the external surface of the top coat is modeled as traction-
free.

For simplicity, the morphology of the TC/BC interface (where
eventually the TGO layer appears during operation) and the
layer-wise splat boundaries are approximated using a sinusoidal
function given by

Self-Healing Thermal Barrier Coating system
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Fig. 1. Unit cell finite element model for self healing TBC system.
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Ya(x) = nh + Acos(x /60)
{ 20um if n=0, (3)
8um if n>0,

where the subscript n = 0 refers to the TC/BC interface (later TGO)
and n > 0 corresponds to the layer-wise splat boundaries. The ver-
tical spacing h between the layer-wise splat boundaries is assumed
to be constant with a representative value of 15 um. The horizontal
distances between vertical splat boundaries are chosen such that
the average aspect ratio is representative of splats appearing during
Air Plasma Spraying. Representative values for the thickness of the
TC and the BC layer are given by hrc = 500 um and hgc = 200 um
respectively. The periodic unit cell is modeled with a width of
w = 480 um, which is sufficiently large such that results remain
similar on average as the value of w is increased (i.e., convergence
of unit cell). The healing particles are distributed randomly but rel-
atively close to the TC/BC interface where the cracks are likely to
occur. The TC region where the healing particles are distributed is
called the healing layer (h;) with the thickness of 200 um. The vol-
ume fraction and healing particle diameter are fixed with values of
5% and 10 um, respectively.

The self healing TBC model is meshed with three-noded plane
strain triangular element (CPE3 in Abaqus). Cohesive elements
are inserted in all the inter element boundaries to enable arbitrary
initiation and propagation of cracks. The fracture and healing
behavior in the TC layer is modeled through the cohesive zone-
based healing model developed in Ponnusami et al. (2017). The
domain considered is discretized with a fine mesh close to the
TC/BC interface (with a characteristic element size of 1 um to pre-
dict the converged crack pattern whereas the remaining regions
are discretized with a coarser mesh (with a characteristic element
size of 2 um to reduce the computational cost. Typical meshes used
consist of about 0.5 million elements (including cohesive ele-
ments) and the corresponding computational times, depending of
the number of cycles to failure, range between 15 and 60 CPU
hours. More details about the geometry, loading condition and
finite element mesh are explained in Krishnasamy et al. (2018).

2.2. Crack healing model

Details of the crack healing model used here can be found in
Ponnusami et al. (2017). The healing model is based on cohesive
zone method and is defined by traction-separation relationships
in the fracture process zone considering original and healed mate-
rial phases. The model is capable of simulating multiple cracking
and healing events which is particularly important for the current
self-healing TBC system. In the current work, the healing model is
integrated into the simulation framework as the constitutive
behavior of the cohesive elements using a user-material subrou-
tine in Abaqus (UMAT).

2.3. Material parameters

The material parameters of the self healing TBC components are
summarized in Table 1. Prior to fracture, linearly elastic and isotro-
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pic material behavior is assumed for all the components. A bi-
linear cohesive law is used to model the TBC fracture behavior.
The material properties listed in Table 1 are corresponding to the
values considered in Krishnasamy et al. (2018, 2019b,a). The ther-
moelastic behavior of the distinct layers is taken as linear and iso-
tropic as characterized by the corresponding Young’s modulus E,
Poisson’s ratio v and coefficient of thermal expansion «. The frac-
ture properties are given in terms of the normal fracture strength
o, and the mode I fracture energy G, while the factor y is used
as a ratio between the mode Il and mode I properties. The interface
between TC with BC or TGO layer is assumed to have the same frac-
ture properties as the TGO layer.

The ratio of fracture properties of healed material to the frac-
ture properties of the TC layer is arbitrarily set to 0.75, where this
value is taken to represent a healing system with relatively good
healing properties but below the pristine (undamaged) material.
As observed in the table, the coefficient of thermal expansion of
the TGO is about two times lower than the adjacent layers. Failure
in TBCs is often ascribed to this mismatch as it generates large
thermal stresses during thermal cycling. The healing particles also
have a mismatch with the host TC layer, but the thermal stresses
generated are generally smaller. This issue has been analyzed in
detail in Krishnasamy et al. (2018).

2.4. Implementation of TGO growth

In addition to the crack healing model mentioned above, the
user material subroutine UMAT in Abaqus is used to implement
a simplified TGO growth model to simulate the TGO evolution with
respect to the number of thermal cycles. The approach is to directly
incorporate in the simulations an experimentally-determined
growth evolution for the same loading conditions. Hence, the time
history of the TGO thickness evolution, i.e., thickness with respect
to oxidation time, directly matches the experimental results. The
actual implementation in the simulations comprises two aspects.
Firstly, the increase in TGO thickness is modeled by incrementally
replacing the BC layer with TGO material. In this approach, the TGO
is assumed to grow only in the inward direction, i.e., into the bond
coat layer. Further, it is assumed that the TGO growth is limited to
the dwell phase only. Consequently, the UMAT subroutine replaces
the thermal and mechanical properties of the BC by those of the
TGO as a function of the number of thermal cycles using the
experimentally-measured TGO thickness values, denoted as
hrco = hrco(t) . For the present work, the TGO growth curve
(Shen et al., 2017; Beck et al., 2008) under isothermal oxidation
condition at 1050 °C is used to define the thickness hrco. The sec-
ond aspect in the TGO modeling is to incorporate additional strains
associated with the volume changes induced by the TGO growth.
As the growth process is considered to be volumetric, a hydrostatic
strain component (Hille et al., 2011) is added to the thermoelastic
strain field at points where the material changes from BC to TGO. A
relatively small isotropic TGO growth strain of €; = 1.0 x 10 is
assumed, which is estimated based on residual stresses.

Because of the modeling approach, a mixture zone, which is a
combination of both BC and TGO material phases, appears during

Table 1

Elastic and fracture material parameters of the self healing TBC components.
Layers E (GPa) v o (1076 1/°C) on (MPa) Gic (N/mm) y
Top coat 80 0.15 12.5 150 0.006 4
Bond coat 130 0.3 14.5 500 0.3 1
Healing particle 300 0.22 9.4 200 0.16 4
TGO 380 0.15 7 380 0.04 4
Splat interface - - - 75 0.002 4
Substrate 200 0.28 16.5 - - -
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the cycling process in the simulations. Inside this mixture zone, the
constitutive properties in the growth model are represented as the
weighted average of constitutive parameters of the BC and TGO
layer as

C =9yCrco + (1 — ’Y)CBC (4)

where C represents the effective thermoelastic parameters and the
subscripts refer to the corresponding material phases, and the
parameter y represents the volume fraction of TGO at the given
material point. For the numerical implementation in a finite ele-
ment mesh, the value of y is governed by current TGO thickness,
hrco, the thickness of the mixture layer, e;, and the distance
between the TC/BC interface and the element centroid, d;, and it
is computed as

0 if de > (hrco +es),
p=<1 if d. < hreo, (5)
% if hrgo < de < (hrco +6s).

In the current simulations, the thickness of the mixture layer is
taken to be equal to a characteristic element size (i.e., a linear
interpolation across an element on the interface between the
TGO and the TC).

2.5. Crack tracking algorithm and healing activation mechanism

As previously discussed, the essential condition for a successful
healing activation is that cracks need to open healing particles,
otherwise healing does not occur. To model this condition in the
computational framework, it is necessary to have a tracking algo-
rithm that can monitor the crack initiation and the crack growth
throughout the simulation. In the current simulation set up, the
crack tracking algorithm is implemented using an Abaqus-based
Python script. The script is executed at the end of each heating
phase using the Abaqus user subroutine URDFIL, which enables
access to the last converged state and subsequent update of the
computational model before the next loading phase. The algorithm
is comprised by a step in which it is checked whether cohesive ele-
ments connected to healing particles have been opened during the
last heating phase, which indicates that a crack has reached (or is
emanating from) a healing particle. These (newly) opened particles

Thermal cyclic loading

Three phases:

Heating Cooling
L Dwell .
Small thermal
stresses
1100 )

Temperature (°C)

Large thermal
30 stresses

I T )) L

1 2
Thermal cycles
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are included in a set of active particles. In a second step, starting
from the currently opened cohesive elements on the active healing
particles, all failed cohesive elements that form a continuous path
are identified as belonging to the same crack. This is done for all
cohesive elements, hence cracks may potentially be connected to
multiple healing particles and may comprise a single or multiple
crack branches. The crack healing area and length associated to
each healing particle is computed separately based on the available
healing volume and a maximum healing length per thermal cycle,
which is given as an input parameter in the simulation. This pro-
cess is repeated after each heating cycle, hence a crack may appear
and heal multiple times, with possibly different healing segments
and branches. Further, active particles may become inactive if
the crack that pierced the encapsulation is healed, and may be
become active again as a new crack reaches it or an old healed
crack reappears.

2.6. Virtual accelerated thermal cycling

A typical thermal cycle consist of three distinct loading phases
(see Fig. 2); a heating phase of AT = 1070 °C (heating from 30 °C
to 1100 °C) followed by a dwell phase AT =0 for 1 h and a cooling
phase of AT = —1070 °C (cooling down from 1100 °C to 30 °C).
Since, the growth of TGO and crack healing process occurs only
at high temperature, these processes are limited to the dwell phase
of the thermal cycle. Further,the TBC system is assumed to be
stress-free during the dwell phase as these coatings are deposited
under high temperature. In view of this, the most convenient way
to define a thermal cycle for simulation purposes is to start from
the high-temperature state (stress-free) and cool down to room
temperature to determine the thermal stresses generated due to
the mismatch in coefficients of thermal expansion, which are not
known a priori. Correspondingly, the simulation cycle is taken in
the following order: first cooling, then heating and finally the dwell
phase.

The average lifetime of the TBCs is several hundred cycles,
which in the current framework is computationally expensive to
simulate for all the loading cycles until complete failure. The
experimentally-measured evolution of the TGO thickness, which
drives the thermal fatigue process, is shown in Fig. 2 as a function

( TGO growth N

Actual cycles
0 200 400 600 800 1000 1200

[y
o

0o

N

« Experimental [BHT08]
— Calibrated TGO growth

TGO thickness (um)
()]

N

0
0 8 16 24 32 40 48
Simulated (accelerated) cycle
+
Crack healing
A\ J

Fig. 2. Thermal cyclic loading and calibrated TGO growth for accelerated simulation. Due to the deposition method, the thermal stress are negligible in the high-temperature

state (near stress-free condition).
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SH-TBC Simulation flowchart

[Microstructural design and material parameters]

)

Generation of FE Model (Matlab, Gmsh):
Embedded cohesive elements
Thermomechanical boundary conditions

l

Initialize: cycle n = 1, cooling phase
J
Thermomechanical analysis
(ABAQUS with self-healing UMAT)

End of heating phase for n-th cycle

d

[Crack tracking analysis (Python) ]—)

-

Thermal cycling with damage and healing

Begin of cooling phase
for next thermal cycle

i New thermal cycle T
n—mn+l

Complete TBC failure
for n-th cycle

Yes: Spallation

TGO Growth and crack healing
(Fortran)

Begin of dwell phase for n-th cycle

No: (Recoverable) Partial damage

J

v

Post-processing:
Lifetime assessment

Fig. 3. Overall simulation procedure for self healing TBC system. The TGO growth and crack healing process occurs mostly during the dwell phase, whereas most of the

damage occurs during the cooling phase.

of the thermal cycles. To reduce the overall computational time,
lifetime analysis is performed under artificially accelerated loading
condition, with each simulated thermal cycle represents several
experimental loading cycles (see Fig. 2). A simple polynomial curve
fitting is used to represent the experimentally-measured TGO
thickness as a function of number of cycles (above: actual experi-
mental cycles, below: corresponding virtual simulation cycles).
The number of virtual cycles, which ideally should be as close as
possible to the number of actual cycles, is chosen based on the
computational cost per simulation.

Thermal cycling simulations are carried out under uniform tem-
perature distribution and explicit modeling of the thermal cycles
(thermal fatigue). It is important to consider that the model deals
with thermally homogeneous steady state conditions and effects
of heating rate and dwell time (other than controlling TGO growth
step) are not included. The analysis procedure is explained in the
flow chart as shown in Fig. 3. Although the virtual thermal cycles
do not correspond to the actual thermal cycles (in terms of growth
of the TGO per cycle), it still allows to determine the relative life-
time extension since the benchmark case is subjected to the same
accelerated conditions.

3. Results and discussion

Distinct computational samples of TBC systems are subjected to
thermal cycle simulations and the fracture patterns and number of
cycles to failure are recorded. Complete failure is defined in terms
of spallation, which the complete separation of a protective layer
as a result of the coalescence of a multitude of microcracks into
one single crack that runs along a layer. For given loading condi-
tions, the lifetime of the system is taken as the number of thermal
cycles to complete failure. Only one set of cyclic temperatures is

considered, which is representative of a TBC system under operat-
ing conditions.

Two sets of analyses are considered for this study. In the first
set, simulations are carried out to quantify the extension in life-
time of self healing TBCs compared to the conventional TBCs. In
this first set of simulations, the effect of the healing particle distri-
bution on the lifetime of self healing TBC is also studied. The sec-
ond set of simulations corresponds to the parametric analysis
where the influence of healing parameters on fracture behavior
and lifetime of self healing TBCs are analyzed.

3.1. Lifetime extension of self-healing TBC

Thermal cycling simulations are conducted for five different
realizations (labeled R1 to R5) of self-healing TBC system according
to the analysis procedure discussed in the previous section. The
volume fraction of the healing particles in the TC layer is fixed at
5% and the particles are randomly distributed in the proximity of
the TC/BC interface as discussed in Section 2.1. The tensile strength
and fracture energy of the healing material are fixed with the val-
ues given by ¢, = 112.5 MPa and G;c = 4.5 x 10~> N/mm. For sim-
ulation purposes, a cohesive element is assumed to be cracked if it
dissipates 10% of its fracture energy. Complete failure of the TBC is
defined when 90% of the TC layer detached is from the TGO/BC
layer. These cut-off values are somewhat arbitrary, but numerical
experimentation has confirmed that they provide a consistent
and reproducible set of results for the cohesive stiffness and frac-
ture properties used. In particular, these values have been corre-
lated with simulations of actual experiments which were used
for calibration of numerical parameters and determination of
material properties (Farle et al., 2018).

The final failure state of all the TBC realizations are shown in
Fig. 4 along with the number of thermal cycles required to reach
the failure state. In order to quantify the lifetime extension of the
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Fig. 4. Final failure state along with number of cycles to failure of self healing TBC
system for five different realizations of the healing particle.

self-healing TBC, thermal cycling simulations are conducted for a
conventional TBC without healing particles. The final failure pat-
terns and the lifetime of such benchmark TBC are also shown in
Fig. 4 for comparison. Since only the healing particles are modified
in the distinct realizations of SH-TBCs, there is only one realization
required for the conventional TBC without healing particles. The
parts of the cracks shown in red and blue colors correspond to
unhealed and healed states respectively.

From the results shown in Fig. 4, it is clear that, for all the real-
izations, introducing healing particles extends the number of
cycles needed for complete failure when compared with results
for the conventional TBC. For the considered five self-healing TBC
realizations, the cycles to failure are obtained as, respectively, 27,
23, 28, 16, 26 as opposed to 13 cycles to failure obtained for the
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conventional TBC system. The variability in lifetime pertains to
the random distribution of the healing particles in each of the five
realizations. For instance, the least enhancement in lifetime is
observed for the self-healing TBC realization R4 as compared with
the rest of the realizations. This can be attributed to the fact that
the interaction between the microcracks and the healing particles
are minimal in R4, hence the self-healing mechanism was not
extensively activated. These simulations highlight that the lifetime
extension is dependent on the spatial distribution of healing parti-
cles and not just on the amount of healing particles present in the
TBC system as measured by the volume fraction. A complete statis-
tical characterization requires a large number of simulations,
which is currently computationally prohibitive, hence the analysis
is limited to a relatively small number of realizations.

For better understanding, the results of the simulations for all
the realizations and the benchmark case are summarized in
Fig. 5 in terms of crack evolution history and crack filling area with
respect to the number of thermal cycles. It is interesting to note
that, upon the completion of the first thermal cycle, microcracks
of equivalent length of around 0.2 mm are observed for the bench-
mark case. This cracking is attributed to the CTE mismatch
between the TC and BC layers and their wavy interface. However,
with subsequent cycling, these cracks do not evolve further until
the TGO growth starts to influence the stress field and cracking
process. For instance, for the benchmark TBC, the crack starts to
grow only after 7 thermal cycles. After which, the TGO growth pro-
cess in combination with thermal mismatch drives a phase of grad-
ual crack evolution as seen in Fig. 5a, following which a sudden
failure occurs at around 13 cycles, defining the lifetime of the
benchmark TBC considered. The crack evolution histories are also
plotted for the self-healing TBC systems in Fig. 5a. One interesting
feature is that, in self-healing TBCs, the equivalent (or total) length
of the microcracks after the first thermal cycle is always higher
than that of the benchmark TBC without healing particles. This is
expected as the presence of healing particles induces additional
stress concentrations that lead to microcracking around the parti-
cles, resulting in an increased total length of the microcracks. How-
ever, unlike the benchmark TBC, the microcracks start interacting
with the healing particles in the self-healing TBCs, resulting in
healing and thus reducing the total crack length in the next cycles
as can be seen in the figure. Similar to the benchmark TBC, the
crack length does not increase further up to a certain number of

Total crack filling area (mm?)

1 4 7 10 13 16 19 22 25 28
Thermal cycle

(b)

Fig. 5. Discrete standard deviation of the total crack length and crack filling area as a function of the simulated (accelerated) thermal cycles for five different realizations of

the self healing TBC system.
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cycles, after which, it starts to increase due to the additional stres-
ses induced by the TGO growth. It is also worth noting that, not
only the lifetime (cycles to failure) of the self-healing TBC is higher,
but also the rate of crack evolution is lower in the case of self-
healing TBC when compared with the benchmark TBC system. Such
a decelerated crack growth and enhanced lifetime are the direct
effects of the crack healing events happening throughout the ther-
mal cycling process. For the considered realizations of the self-
healing TBCs, the average extension in the lifetime is about 85%.
In Fig. 5b, the crack filling area is also shown, which indicates
the history of the degree of healing with the thermal cycling.

In each of the thermal cycling simulations conducted for five
realizations, it is important to highlight that multiple healing
events occurred during the cycling process. This situation is illus-
trated for one realization of the self-healing TBC and the bench-
mark TBC as shown in Fig. 6 (realization R5). In the figure, it can
be observed that the failure evolution involves not just cracking
and healing, but also multiple re-cracking and re-healing events.

3.2. Parametric simulation

Parametric simulations are carried out to study the effect of
healing parameters such as the length of crack filled by the healing
particle and the strength of the healed material on lifetime of self
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healing TBCs. These parameters significantly influence the damage
recovery and thus the lifetime of the self healing TBCs. For effec-
tiveness, the healing parameters are non-dimensionalized with
the corresponding geometric/material values. As customary in a
parametric analysis, while studying the influence of a given vari-
able, all the other parameters including the healing particle distri-
bution are kept constant. The results are discussed in terms of TBC
crack patterns and number of cycles to failure.

3.2.1. Effect of filling ratio (partial healing)

In this section, the influence of the filling ratio defined as the
ratio of healed crack length (Ly) to the particle diameter (Dp) on
TBC lifetime is studied. Simulations are carried out for six different
ratios given by 0, 1, 2, 3, 4 and co. The filling ratio of zero corre-
sponds to no healing case whereas the ratio of oo leads to complete
healing of all the cracks connected with the healing particle. In the
model, crack filling occurs only in the thermal cycle considered and
there is no delayed crack filling in later cycles. In principle, the
crack filling ratio is related to the volume expansion due to the
decomposition of the healing particle, but also depends on the
average crack opening distance and particle volume. In the current
model defining the crack filling ratio is used for simplicity. TBC
microstructural features such as interface morphology and distri-
bution of healing particles are kept constant. The volume fraction
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Fig. 6. Evolution of fracture state of self healing and conventional TBC system at different thermal cycles. The SH-TBC shown corresponds to the computational sample R5.
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of the healing particle is again fixed with a value of 5%. The results
are summarized in terms of crack patterns as illustrated in Fig. 7
for a common cycle number (cycle 11) for all filling ratios. From
Fig. 7, it can be seen that the amount of cracking in TC layer
decreases with an increase in filling ratio, as expected. For instance,
at the 11th thermal cycle, complete TBC failure is observed for zero
filling ratio (no healing) whereas only minimal cracking is
observed for the healing ratio of co (Complete healing).

The results of the thermal cycling simulations with various fill-
ing ratios are also summarized in Fig. 8. It shows the evolution of
failure, in terms of total crack length vs number of thermal cycles.
Upon closer look at the figure, two key observations can be made.
Firstly, the general trend is that the number of cycles to failure gen-
erally increases monotonically with increase in the filling ratio, an
expected result as discussed before. For the considered configura-
tions, the predicted number of thermal cycles to failure are 11, 15,
16, 21, 21 and 27 respectively for the ratios Lp/Dp =0, 1, 2, 3,4 and
oo. For the benchmark TBC system, complete failure is found to
occur at 13 thermal cycles. These numbers indicate an approxi-
mate 100% increase in the lifetime between the benchmark TBC
system and the one with infinite healing capability. The second
observation is that the rate of crack growth keeps decreasing with
increase in the filling ratio, thus clearly revealing the positive effect
of healing on the lifetime of TBC system. It is interesting to note
that for the self healing TBC with zero healing (Lp/Dp = 0), the
cycles to complete failure (11 cycles) is lower than the benchmark
TBC which fails at 13 cycles (see Fig. 6). This is, as stated earlier,
because of the additional cracking introduced in the TBC due to
CTE mismatch between the healing particles and the TC layer
(Krishnasamy et al., 2018). For self healing TBC with healing
(Lp/Dp > 0) the number of cycles to failure remains higher than
the benchmark case. The increase in TBC lifetime for Lp/Dp > 1 is
attributed to the partial/complete healing of the cracks. Thus, it
can be concluded that the presence of healing particle without
healing of cracks or healing activation is detrimental to the TBC
performance.

Healing with distinct healing ratios at same cycle

—— Crack
——— Healed crack

Lu/Dp=0 Lu/Dp=1
s . :,\ T g 5% — s> -_,f/'\::.'
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Maximum healing

Fig. 7. Fracture pattern of self healing TBC system at the 11

different crack filling ratios given by Ly /Dy =0, 1, 2, 3, 4 and cc.
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Fig. 8. Total crack length vs number of cycles for different crack filling ratios given
by Ly/Dy =0, 1, 2, 3,4 and cc. Values of the total crack length outside of the plotting
range represent complete failure of the TBC system.

3.2.2. Effect of fracture properties of healing material

The fracture properties of the healed material play a crucial role
in strength recovery (Zhu et al., 2015) and thus in controlling the
lifetime of the self-healing TBCs. This effect is studied by varying
the healed fracture parameter, which is represented in terms of
the fracture ratio f. The parameter fis defined in the present study
as the ratio of the apparent ductilities of two materials, with the
apparent ductility itself being measured as the ratio of the fracture
strength to the fracture energy. Hence, the parameter f for the heal-
ing material and the TC is defined

fo ot/GH
o o7C/G™C

where the superscript H refers to the healing particles and TC to the
top coat material. For simplicity, studies are conducted only for the
variations in normal fracture ratio (f,) pertaining to local mode I
failure. Also, the same fracture ratio is used to define the variations
in 6" and G" the healed material. Simulations are carried out for six
different fracture ratios given by f, = 1.5, 1, 0.75, 0.5, 0.25, 0. The
fracture ratio greater than one (f, > 1) represents that the healing
material is stronger than the TC layer. Similarly, f,, < 1 represents
that the healing material is weaker compared to the TC layer. Ther-
mal cyclic simulations are carried out for fixed TBC microstructure
and the results are summarized in terms of final failure state and
number of cycles to failure for different fracture ratios. The corre-
sponding results are shown in Fig. 9 in terms of the fracture pat-
terns at the cycle of failure for the distinct fracture ratios. Further,
the evolution of cracking is summarized in Fig. 10 as a function of
the thermal cycles. From both Figs. 9 and 10, the number of cycles
to failure increases monotonically as the fracture strength of the
healed product increases. The rate of crack growth is reduced for
higher values of the strength of the healed product. On the fracture
pattern, it can be noted that a majority of cracking occurs at the
splat boundaries close to the TC/BC interface, an expected location
where the sources of stress generation are present. It is also inter-
esting to note that, for the case of strongest healed material
(f, = 1.5), a larger crack healed zone (blue regions) appears com-
pared to the other fracture ratios considered, as observed in Fig. 9.
This is due to the fact that the healed region is stronger than the
surrounding TC layer and with, subsequent thermal cycles, new
crack surfaces are formed in the undamaged region of the TC layer.
On the other hand, for configurations with similar or lower
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Fig. 9. Final failure state and number of cycles to failure of self healing TBC system
for six different ratios of fracture properties of the healing material (particles) and
the Top Coat, f, = 1.5, 1, 0.75, 0.5, 0.25, 0.
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Fig. 10. Total crack length vs number of cycles for six different fracture properties
of the healed material, f, = 1.5, 1, 0.75, 0.5, 0.25, 0. Values of the total crack length
outside of the plotting range represent complete failure of the TBC system.

strengths of the healed phase as compared to the splat strength,
newer cracks appears in the same locations with repeated re-
cracking of the healed zones.

As may be interpreted from Fig. 6, when the fracture ratios
become lower, an early TBC failure compared to the benchmark
TBC system may occur, as such transition can be seen when the
fracture ratio is between f, = 0.25 and f, =0 . This is attributed
to the interplay between two phenomena: (i) the additional crack-
ing introduced by the healing particles because of CTE mismatch
and (ii) the strength recovery due to healing. For the lower fracture
ratios (f, < 0.25) the additional damage introduced by the healing
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particle is more pronounced, which leads to early failure of the self
healing TBC. In general, if the fracture properties of the healed
material are very low, as compared to that of the splat interfaces,
then the healing particles are detrimental to the self healing TBC.

4. Conclusions

The thermal cyclic behavior and lifetime prediction of self heal-
ing TBC were studied using a cohesive-zone based crack healing
model in a finite element framework. Fracture patterns and crack
evolution of the self healing TBC and the associated lifetime exten-
sion are analyzed in comparison to a conventional TBC system.
Parametric simulations are carried out to predict the influence of
healing parameters such as crack filling ratio and strength recovery
of the healed crack on the lifetime extension of the self healing TBC
system. From the self healing simulations, the following conclu-
sions can be drawn.

o Self healing TBC shows a significant improvement in lifetime
when compared with the conventional TBC. For a given volume
fraction and particle size, the lifetime extension is influenced by
the spatial distribution of healing particles.

o The lifetime of the self healing TBC increases with the crack fill-
ing ratio due to partial/complete healing of cracks. The number
of cycles to failure becomes higher provided a minimum crack
filling ratio is achieved.

e The number of cycles to failure increases linearly with increas-
ing the fracture properties of the healed material. However, a
strength of the healed material below that of the splat interface
leads to early failure.

e Rate of crack growth (with respect to the thermal cycle) is
observed to be decreasing with increase in the filling ratio and
the strength of the healed phase.

e The presence of healing particles in the TBC system without
healing and/or healing activation is detrimental to the TBC
performance.

In view of optimizing the design of a novel self healing TBC sys-
tem, it is recommended to focus on maximization of the crack fill-
ing ratio and the fracture properties of the healed material. Healing
fracture properties below that of the pristine material still lead to
improvements in lifetime. Additional benefits can be achieved
when the healing fracture properties rise above that of the pristine
material. Further, in view of designing a robust activation mecha-
nism, large numbers of healing particles distributed uniformly
within the first splat interface are also desirable.
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