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ABSTRACT

Thermally grown oxide (TGO) is a critical factor for the service life of thermal barrier coatings (TBC). Numerical
simulations of the growth process of TGO have become an effective means of comprehensively understanding the
progressive damage of the TBC system. At present, technologies of numerical simulation to TGO growth include
two categories: coupled chemical-mechanical methods and mechanical equivalent methods. The former is based
on the diffusion analysis of oxidizing elements, which can describe the influence of bond coat (BC) consumption
and phase transformation in the growth process of TGO on the mechanical behavior of each layer of TBC, and
has high accuracy for the thickness evolution of TGO, but they cannot describe the lateral growth of TGO and the
rumpling phenomenon induced. The latter focuses on describing the final stress and strain state after the growth of
a specific TGO rather than the complete growth processes of TGO. Based on the measured TGO thickness growth
curve, simulations of thickening and lateral growth can be achieved by directly applying anisotropic volumetric
strain to oxidized elements and switching elements properties from the BC to the TGO.
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1 Introduction

Thermal Barrier Coating (TBC) is effective thermal protection widely used in the gas turbine to
protect air-cooled blades or vanes exposed to high temperatures environment [1,2]. It provides thermal
insulation and oxidation resistance to the superalloy substrate from the combustion gas, which can
effectively improve the operating temperature of the turbine and reduce the requirement of internal
cooling air to enhance the engine performance. On the other hand, TBC can also extend their in-
service durability by lowering the temperature of superalloy substrate surface [3—14]. The effect of
TBC is sketched in Fig. 1.

A typical TBC system consists of a ceramic topcoat (TC) with low thermal conductivity and
an Al-rich and oxidation-resistant metallic bond coat (BC) [15-17]. In a long-term high-temperature
environment, oxygen can penetrate through the TC and oxidize with metal elements such as Al and
Cr in the BC to form an oxide film, that is, the thermally grown oxide (TGO) [18,19], as shown in
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Fig. 1. The main component of TGO is Al,O;, and its thickness is much small, generally less than
10 pm [20-27].
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Figure 1: Typical TBC system in turbine blade [15,16]

TGO plays the role of oxygen barrier due to very dense that is difficult for oxygen to penetrate
further, preventing the substrate from being oxidized and corroded. However, the coefficient of thermal
expansion (CTE) of TGO is less than that of others, which is detrimental to the internal mechanical
compatibility of the TBC system [28—39]. Studies have demonstrated that thermal growth of TGO
dominated by Al,O, at the ceramic-metal interface is one of the dominant damage mechanisms that
affect the life of the TBC system, especially for aero engines and industrial gas turbines [40,41]. Thus,
TGO is the weakest link that restricts the service life of TBC [3,42-53].

The growth of TGO is essentially a complex dynamic process coupled with chemistry and
mechanics, generally including internal oxidation, grain boundary oxidation, and external oxidation.
Internal oxidation is that oxygen anions diffuse inward through the TC and react with Al cations
from the BC at the TGO-BC interface. Grain boundary oxidation is that Al cations react with
oxygen at the grain boundaries within the TGO, and external oxidation is that Al cations in TGO
subsequently diffuse outward and react with oxygen anions at the TC-TGO interface [54—60]. Internal
oxidation is accompanied by unrecoverable volume expansion, and grain boundary oxidation induces
the lateral extension of TGO. Both are restricted by surrounding materials, resulting in additional
growth stress [55,01]. Due to the multilayer structure of the TBC system, the existing non-destructive
testing technology cannot directly measure the interface morphology under the TC layer [62-78].
Numerical simulation of the growth process of TGO has become an effective means to recognize the
progressive damage of the TBC system. Therefore, the TGO growth numerical simulation methods
are investigated and summarized in recent years herein to provide references for the approaching TBC
research.

2 Coupled Chemical-Mechanical Methods
2.1 A Coupled Framework of Oxidation-Constitutive

In 2001, Busso et al. [54] proposed a coupled oxidation-constitutive method for a plasma-
sprayed thermal barrier coating (PS-TBC) system, which can describe the influence of the phase
transformation caused by the local oxidation process on the constitutive behavior of the BC. The
growth rate of TGO is mainly affected by the internal oxidation that the inward diffusion of oxygen
along the grain boundary towards the TGO-BC interface, and by the external oxidation that the
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outward diffusion of Al cations along the alumina particle boundary reacting with oxygen anions
at the interface of TGO-TC.

For the BC made of MCrAlY material, the main oxidation reaction is the internal oxidation
reaction in 8-NiAl phase as follows:

2. 1 2 2.
Thus, the average volumetric strain caused by the internal oxidation is
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where IT is the Pilling-Bedworth ratio (i.e., PBR), Q2 is the atomic volume, V; and V are the volume of
the oxidizing material before and after the chemical reaction, respectively.

Once the material at some point starts to be oxidized, the total expansion strain of TGO inward
growth is controlled by the volume fraction of Al,O; generated by the main oxidation reaction.
Suppose BC is composed of an oxidation-resistant phase (Phase 1) and an oxidation-prone phase
(Phase 2). With the start of oxidation, a very thin layer of internal oxidation zone (I0Z) is formed at
the ceramic-metal interface, where an internal growth oxide co-exists with Phase 1 and Phase 2. The
I0Z is a thin transition zone between BC and TGO that moves inward as the oxidation progresses.
Due to the inter-diffusion process driven by the concentration gradient from one side of the IOZ to
the other, the local oxide volume fraction is increased from approximately 42% predicted by the direct
oxidation reaction, Eq. (1), to approximately 100% in growth oxide.

Based on the known volumetric fractions of each material phase before, during and after
oxidation, a constitutive framework based on a self-consistent scheme was established to describe the
mechanical behavior of an equivalent homogeneous solid in the IOZ. The inelastic deformation rate
tensor can be decomposed into the average inelastic deformation rate term caused by slip and the
irreversible phase transformation deformation rate term characterizing the metal phase oxidation,
assuming that which is controlled by the rate of change of the internal oxidation volume fraction. If
the local oxygen concentration of each material point is greater than or equal to the critical value, then
this point starts to be oxidized.

For the external oxidation, to improve the calculation efficiency, it is assumed that the oxide is
generated on the original TGO instantancously and its constitutive behavior is thermo-elastic, and
that the volumetric strain related to the external oxidation is zero in the plane of the TGO-ceramic
interface and is maximum in the out-of-plane direction. In fact, Al cations will also react with oxygen
at the internal interface of TGO, causing TGO to grow laterally at a low local defect density. However,
Busso’s model did not consider this situation to simplify the calculation.

The oxidation kinetics equation for the growth of the TGO thickness under isothermal oxidation
was established based on the Arrhenius’s equation [79], as follows:

e A {exp [%; (% _ %)“ 3)

where / is the thickness of the TGO, 4, is a proportionality factor, ¢ is the oxidation time, 7 is the
absolute temperature for oxidation, R is the uniform gas constant, AG is the activation energy, 7 is
the temperature constant and #» is the material constant. The Eq. (3) is used to verify the growth of
TGO in the diffusion-deformation coupled FE framework.
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Furthermore, Busso et al. [80,81] applied the coupled diffusion-constitutive framework to EB-
PVD TBC system. For the Ni(Pt)Al diffusion aluminide BC, the internal oxidation reaction of B-
Ni(Pt)Al is governed by the following primary oxidation reaction:

1 1 1

Then the average volumetric strain associated with the primary oxidation reaction can be
obtained, e/, = 0.08. The phase transformation strain caused by the TGO growth includes a
component perpendicular to the TGO interface, ¢/, and two components parallel to the interface,
¢} and g]. Assuming that the interface morphology has four-fold symmetry, there is the following
relationship:

g =8y =28/

[snr =InIl—2¢!. )

In Busso’s research, ¢/ /e = 87, which was inferred from experiments by Huntz et al. [82].
Assuming that the phase transformation strain is all perpendicular to the TGO interface, then in the
total thickness /2 of TGO, the in-grown component /, can be predicted by the PBR of the primary
oxidation reaction, 4, = h/I1. For the main oxidation reaction, /#,/h = 0.78, the value is consistent
with the ratio of equiaxed alumina grains to the total thickness of TGO observed in the experiment.

Hille et al. [48] used the diffusion-reaction equation to simulate the oxidation of Al in BC as
follows:

¢c— V-(DVe)=—-Mn,n=R({ —n)c (6)

where c is the free oxygen concentration, z is the TGO volume fraction between 0 (pure BC) to 1 (pure
TGO), D is the diffusivity, M is the molar concentration of oxygen atoms compounded in Al,O;, and
R is the oxidation rate parameter.

The model describes the diffusion of oxygen to Al in BC, and the sink term on the right side of
the equation relates the consumption of free oxygen to the formation of TGO, i.c., Al,O;. Both the
reaction rate and the growth kinetics depend on the availability of reactants. By reasonably selecting
the oxidation rate parameters, it can be ensured the calculated TGO morphology evolution can be
consistent with the experimental observation results. In essential, this model considers that there is an
oxidation zone, that is, a thin conversion layer (mixed TGO and BC) where the volumetric fraction of
the oxide is between the TGO volume fraction from 0 to 1, similar to the IOZ.

Assuming that the initial TGO thickness is 1 um and that the oxidation reaction only occurs
during the dwell time of the thermal cycle, the comparison of TGO thickness evolutions obtained by
the finite element (FE) model with results measured by the test are shown in Fig. 2. It can be seen that
the TGO thickness evolution predicted is basically consistent with the observations in experiments.
On the other hand, the calculated thickness of the TGO is uniform for the whole TGO, like the results
based on Busso’s methods, which does not agree with the experimental observation.

In fact, the predicted results by the above models reflect the average thicknesses of the growth
of the TGO. Shen et al. [83] also used the above diffusion-reaction Eq. (6) to describe the internal
oxidation process. The method considers there is a mixed zone between pure BC and pure TGO, where
the volumetric fraction of TGO is between 0 and 1. The Lame constant can be obtained through
the volumetric weighted of each component [84,85]. The stress and deformation during the TGO
growth are described by introducing the finite deformation theory, and the Jacobian determinant of
the growth deformation gradient is used to represent the volume ratio of stress-free state after and
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before oxidation. This method can describe the phenomenon of uneven thickness of TGO between
peaks and valleys, as shown in Fig. 3.
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Figure 2: Comparison of TGO thickness evolution calculated and results measured in tests [44]
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Figure 3: Evolution of TGO morphology with oxidation exposure time [83]

However, experimental observations show that there is a clear boundary between the BC and the
TGO, which is inconsistent with the assumption in the coupled diffusion-constitutive framework that
in the IOZ or BC-TGO mixed zone the initial phase of the alloy co-exists with the oxide. To handle this
problem, Caliez et al. [86] assumed that the element has been oxidized when the chemical activity of
the material in BC reaches a critical value, its properties are switched instantaneously, and the volume
expansion is applied simultaneously. It implies that the state variables need to be reset before the
mechanical equilibrium calculation. This study adopts the weak coupled strategy of oxygen diffusion
from the outside to the TGO/BC interface and aluminum diffusion from the BC to the TGO/TC
interface to simulate the oxidation process, the flowchart is shown in Fig. 4. In the calculation, the
nodal displacement field obtained by the mechanical sub-problem is transferred to the diffusion sub-
problem, which is used to consider the geometric evolution caused by the volume expansion.
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Figure 4: Weak coupled scheme flowchart [86]

To calculate the oxidation kinetic, global diffusivities have to be fitted by an inverse method,
considering the stoichiometric mass concentration in the critical chemical activity assessment. The
experimental observation results show that the anion growth mechanism is dominant, and the mesh
size has no effect on the results of computed kinetic if the thickness of TGO grows at least one row
within a time increment step.

It should be noted that the inverse method or iterative process is required to obtain some
parameters to maintain consistency with the experimental results when the local shape of the TGO
is established using a sine wave to assess the growth stress in the above methods. Gupta et al.
[87] established a two-dimensional TGO growth model based on the diffusion-reaction equation of
aluminum and oxygen, and effectively evaluate the stress behavior and life of TBC using the TGO
profiles extracted at different TGO growth stages in the stress analysis model. To simplification some
assumptions of the model are adapted including:

e TGO growth is occurring only during the dwell phase of the thermal cycle test;

e BC is mainly composed of aluminum, TGO is pure Al,Os;, and other oxides are neglected;

e The rate of Al,O; formation is much higher than the rate of the diffusion of the Al and
oxygen;

e The consumption of Al in BC cannot be considered during exposure;

e Only the inward growth of TGO is considered in the model;

e The oxygen diffusion rate in TC is very high because ZrO, is transparent to oxygen flow.

Based on these assumptions, a TGO growth model based on diffusion is established using the
computational fluid dynamics (CFD) method in ANSYS Fluent. Two solid domains are defined in the
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TBC system, namely a stationary gas area containing oxygen (representing TC) and a solid aluminum
region (representing BC). The system includes two initial solid scalar quantities, namely oxygen and
aluminum diffused in the solid region, and the third solid scalar quantity is Al,O; formed during the
simulation. Each of these scalar concentrations C; is described by the following equation:

pC. 9 (. 9C,
~ 2 (=) =
at 9x; ( ‘ ax,.) Soc (7

where p is the scalar density, I, is the scalar diffusion coefficient, S, _is the sink/source term related
to the chemical reaction which defines the aluminum/oxygen consumption or Al,O; formation.

Assuming that the element concentration threshold value in BC is 30%, that is, when the
concentration of Al,O; in an element is greater than 30%, the element density is switched from Al to
Al ;. The choice of this value is mainly to achieve a better convergence, and the parameter sensitivity
analysis shows that this value does not affect the final result. The aluminum diffusion coefficient in the
BC is based on the composition of the BC and calculated using the commercial software DICTRA.
The initial concentrations of aluminum and oxygen scalar are set to 1 and 0 in the BC, and 0 and 1 in the
TC, respectively. The profiles of TGO indicated by solid lines based on the growth model at different
stages are plotted over the microstructure image of a TBC sample at failure, as shown in Fig. 5, in
which dashed lines indicate the real initial as-sprayed and failure stage profile. It can be seen that not
only the profiles but the thickness of the TGO are closely following the actual TGO morphologies,
though there are some discrepancies. To a certain extent, therefore, the generated TGO profile can
capture the nature of actual TGO growth under TBC operating conditions.
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Figure 5: TGO profile obtained from the TGO growth model plotted over microstructure image at
failure indicated by solid lines for a sample [87]

2.2 A Coupled Framework of Microstructure-Mechanics

Hermosilla et al. [88] proposed a sequential coupled microstructure-mechanical FE analysis
method. In the BC constitutive model, the effects of microstructure degradation and oxidation at high
temperatures are considered. The BC material is regarded as a multiphase mixture, so some physical
properties, such as elastic modulus and thermal expansion coefficients, can be obtained based on
Eshelby’s inclusion technique. And other parameters, including the creep strain rate, oxidation reaction
PBR and so on, are calculated using the weighted average of the volume fraction of each phase. The
phase transformation strain rate £" caused by the oxidation reaction can be expressed by the following
formula:
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where f ¥ is the rate of oxide formation and f* is the volume fraction of phase g. Assuming that TGO
only contains Al,Os;, once a given element is oxidized, the alloy phase will instantaneously change to
100% Al,O; and volumetric strain is simultaneously applied.

The PBRs of y' — Ni;Al and 8-NiAl are 1.795 and 1.71, respectively. ¥-Ni and o-Cr have no
oxidative expansion, so the volume expansion caused by oxidation depends on the ratio of y’ phase to
B phase.

The growth equation of TGO thickness is as follows:

/ nox 7 /' \Nox 4Hox— / 0 —h
h= (k"™ = h=n,k)~t"k =e (TO T) 9)
where these parameters are the same as those in the aforementioned models.

The coupled microstructure-mechanics analysis process is shown in Fig. 6a. A 1D finite difference
model is used to perform microstructure calculations to generate tables of phase proportions at each
depth into the coating and the substrate as a function of time, temperature and substrate composition.
Then the results of the 1D model are mapped to the 2D axisymmetric grid of the FE model, as shown in
Fig. 6b, where interpolation is required due to the difference in grid discretization. The volume fraction
interpolation results of each phase in BC are written into the ABAQUS x.fil file as field variables, while
it is single-phase Al,O; in TGO. The field variable file is read by the ABAQUS solver and called in the
user subroutine UMAT defining the mechanical behavior of BC and TGO.

microstructural Bond coat TGO Top coat
calculation \ /
P v 1
fi=(x) 4
ASCII files % o :
r J,f .3 ol !
-4 Abaqus i'nterface geometry -:.}f [ 3 i 17T
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Figure 6: The coupled microstructural-mechanical framework in [88]. (a) The flowchart in the
sequentially coupled microstructural-mechanical analysis. (b) The linear interpolation scheme to map
the microstructural data from the 1D FD model to the 2D FE mesh. The phase proportions, f, is
interpolated based on the depth of the node, x, in the FE mesh
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The material model of each layer is defined as follows:

e The substrate is IN-713LC, which is defined via temperature-related tables of constitutive
properties in the ABAQUS input file. Although the microstructure evolution simulation of the
substrate-coating interface is carried out in the 1D finite-difference model, the influence of the
local interdiffusion between the BC and the substrate on the performance of the substrate is
ignored in the FE model.

e BC and TGO are treated as a single region in the FE model whose performances are described
by the UMAT subroutine as a self-consistent model. The constitutive model simulates the per-
formance evolving of BC with the microstructure changes, or a single-phase Al,O; representing
the TGO. This method can describe the moving BC/TGO interface when the performance
of elements changes from the multiphase BC material to the TGO. For a given BC element,
oxidation occurs instantaneously, and the BC and TGO phases do not exist at the same time
in an element. TGO growth simulation is performed by changing the BC element adjacent to
the TGO to pure Al,O; and applying volume expansion based on the PBR of the oxidation
reaction.

e The properties of the TC are defined via temperature-related tables in the ABAQUS input file,
like the substrate.

Based on a similar method, Kyaw et al. [89] described the influence of microstructure evolutions
of the BC and the sintering of the TC using UMAT subroutines. To obtain the performance of the BC
material, the volume fraction of each composition phase of the BC is calculated in advance through
the diffusion model. In addition, the amount of BC oxidation and the caused volume expansion need
to be considered in UMAT. The empirical model of the TGO thickness growth proposed by Meier et
al. [79] is used to calculate the thickness of BC oxidation at each time step.

In 2017, Kyaw et al. [90] applied the above method to the thermo-mechanical stress analysis of the
TBC with the three-dimensional interface, in which the continuous change of the BC composition ratio
caused by the oxidation during the heating and dwell time or by the inter-diffusion at the substrate/BC
interface can be evaluated through the finite difference (FD) and thermodynamic calculation. The
atom flux of aluminum at the BC/TGO interface is calculated through the empirical oxidation
equation. According to the predicted proportion of intermetallic compounds, Eshelby’s inclusion
technique and pure BC phase material properties, a constitutive model including elasticity, creep,
coefficients of thermal expansion for the aggregate properties of the BC is established.

To realize the transformation of the one-dimensional phase proportion data into the three-
dimensional FE model, BC is modeled with a multi-layer structure, as shown in Fig. 7. The thickness of
each layer is predefined in the pre-processing stage, and material points calculating the BC properties
are assumed to be located in the middle of each layer. According to the empirically derived oxidation
law [79], the BC layer is transformed into TGO, and the growth strain based on PBR of Al is applied
simultaneously. Herein it was found an important conclusion that the maximum tensile out-of-plane
stresses at the TGO/TBC interface in the 3D model is twice that in the 2D model, which agrees with
the studies of Gupta et al. [91].

Totally, coupled chemical-mechanical methods, including the coupled oxidation-constitutive
framework and the coupled microstructure-mechanical framework, can thoroughly describe the TGO
thickening process, but the influence of the lateral growth of TGO forming on the internal grain
boundaries cannot be considered. The obtained interface roughness basically does not change with
thermal cycles, so these methods cannot simulate the TGO rumpling [92—107] and stress redistribution
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that occurred in the thermal fatigue test. However, the thickness evolution of TGO predicted according
to these methods is consistent with experimental observations, indicating that they can be used to
predict the average thickness of TGO growth.

Middle profile of the
BC layer along which
I||' material points are

assumed to lie

T Nodes of
FD/thermodynamic model
for which respective phase
compositions are
calculated

Multi-layered BC

Figure 7: BC multi-layer structure model, used to realize one-dimensional FE model [86]

3 Mechanical Equivalent Methods
3.1 TGO Growth Simulation by Element Volumetric Swelling

Numerical analysis and experiments have confirmed that the BC surface morphology changes
during cyclic oxidation, driven by the mismatch strain caused by the thermal expansion misfit between
the TGO and the BC during cooling and by the strain associated with the oxide growth at the
high temperature. To deal with the above-mentioned situation, Karlsson et al. [42,108] established
a numerical model of TGO displacement instability, in which the amplitude of the concave and
convex imperfection gradually increases with thermal cycling. During the simulation of the oxidation
process, both the lateral elongation and the thickness increase in the TGO are considered based on the
anisotropic growth equation. In each cycle, the growth strain component &, controlling the increase in
TGO thickness, perpendicular to the interface, is much larger than the component ¢, parallel to the
interface, which leads to TGO elongate and to produce the growth stress.

Four-node axisymmetric bilinear elements were used for the large deformation analysis of BC
and TGO in ABAQUS. The in-plane strain component, ¢,, is uniformly distributed in the thickness
direction of the TGO. The strain component, ¢,, is applied to the TGO elements adjacent to BC to
realize the thickening simulation. The TGO thickness after N cycles is described as follows:
where £, is the initial TGO thickness and /; is the element thickness. A coefficient g independent of
the thickness of TGO is introduced to describe the lateral growth as follows [109—119]:
g=" (11)

&

The morphological changes of BC and TGO with g are shown in Fig. 8. Although values of R, /R,
are different, it can be seen that the amplitude of imperfection increases with the value of 8, where R,
and R, are the radii of curvature on the concave and convex, respectively.
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Figure 8: Morphology changes of BC and TGO [104]

Rosler et al. [120] assume that the growth rate § of TGO obeys Tamman’s law [121] as follows:

1k
S=ki=i= -2 12
» > (12)
where k' is the parabolic constant of oxide film growth, and ¢ is the time. Thus, the strain rate ¢, in

the thickness direction perpendicular to the interface is as follows:

& = - (13)
s

Based on a method similar to that of Karlsson et al. [42,108], assuming that the ratio of the
strain rate in the thickness direction to that in the lateral growth direction is 10, that is 8 = 0.1,
the growth of TGO is simulated by the anisotropic expansion of TGO elements in the FE model.
All TGO elements exhibit lateral growth and remain constant throughout the thickness of the TGO,
and only the bottom elements of TGO also grow along the thickness direction. In a FE model of a
solid cylinder with infinite axial length, the interface between BC and TC is simulated by a sine wave
and with different initial thicknesses. The typical results using quadrilateral axisymmetric first-order
elements for analysis indicate that the TGO at the peak is in compression and that of the valley is in
tension.

Similarly, considering the thickening and lateral growth of TGO at the same time, Seiler et al.
[122] conducted a multi-scale failure analysis to TBC system in ABAQUS, in which the first-order
axisymmetric four-node hybrid elements were used to establish the microscopic model to describe
the formation of initial delamination, and the four-node hybrid generalized plane strain elements
were used to establish a segmented crack model to analyze the interaction between delamination and
segmentation crack on the mesoscale, as shown in Figs. 9a and 9b, respectively.
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Figure 9: (a) Microscopic model with the first-order axisymmetric four node hybrid elements (b)
Segmented crack model with the four-node hybrid generalized plane strain element [119]

Ebrahimi et al. [123] simulated the oxidation process in the FE model used by the Echsler equation
as follows:

(1) = (Aoe—%z)” +dy (14)

where A°, E,, R and n all are constant, d, is the initial thickness of TGO, and d(¢) represents the
thickness of TGO at the time z. The swelling strain rate under the one-dimensional condition is

g =2 (15)

The FE model for simulating TGO growth under the thermal fatigue load in ABAQUS is shown
in Fig. 10. The initial thickness of TGO, d,, is 0.5 um. A local coordinate system is defined at each
point in TGO to ensure that the swelling strain is only generated in the thickness direction. Note
that the result of stress distribution obtained herein is consistent with the conclusion in the previous
investigation [124] on thermal fatigue loadings.
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Figure 10: (a) The thickness of each layer in TBC system, (b) FE model and (c) material orientation in
TGO [120]
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Jiang et al. [125] simulated the growth of TGO on the BC surface and the growth of internal oxides
in the BC, both accompanied by the volumetric swelling. The growth of the TGO is mainly controlled
by the internal diffusion of oxygen described by the phenomenological equation as follows [126—132]:

hmo = kp(tTmax)n (16)

where /i1, 1s the average TGO thickness, 77, is the holding time at the highest temperature, &, is the
oxidation coefficient, and #n is the oxidation index.

The thickening of TGO is simulated in ABAQUS, but the influence of the lateral growth of TGO is
not considered. The FE model is shown in Fig. 114, in which the plane strain thermal coupling element
(CPEGH4T) is used. Similar to the growth of the TGO, the growth of the internal oxide includes two
aspects: firstly, internal oxides grow to take the places originally belonging to the BC, which can be
modeled by switching the material properties from BC to the internal oxide; secondly, the internal
oxides also swell. Due to the lack of relevant experimental data, however, the growth of internal oxide
is only regarded as the volume swelling in the FE analysis. Considering that the internal oxidation
mechanism within BC is similar to the formation of interfacial TGO on the surface of BC, it is assumed
that the relationship between internal oxide volume expansion and dwell time can also be characterized
by a power function as follows:

F =k,(tr,,)" (17)

where F is the volume fraction of internal oxides, k, is the internal oxidation coefficient, and m is the
internal oxidation exponent. Note that it is very difficult to directly simulate the actual internal oxide
evolution process. Thus, some typical results can be achieved based on some assumptions to simplify
and strategies of simulation on the internal oxide in the FE model. Fig. 11b shows that the distribution
of the out-of-plane stress at room temperature after different dwell times, it can be seen that the stress
in BC II increases with the exposure time and the average thickness of BC II increases (from /4, to /s)
with the growing fraction of the internal oxides.

Cen et al. [133] used the following parabolic equation to describe the TGO thickening:

oo = 2k, (1, + 1) (18)
where 7, is the oxidation time and ¢, is the time offset corresponding to the initial thickness /,, namely
hg
ty= —. 19
* 7 2k, (19)

The oxidation time is from ¢,, to t,, + At,,, and the corresponding increase in TGO thickness is
Ahrgo, 80O the resulting increase in oxidation strain is as follows:

hTGO + AhTGO 1 ( Atr}x )
Agp,=In———— = —In{1+ . 20
hTGO 2 tax + ZO ( )
Then, the oxidation strain is as follows:
hTGO
o =1 . 21
S =In = (21)

Therefore, the volumetric strain rate of the TGO can be calculated. It should be noted that the
growth of the TGO is anisotropic, and the strain rate in the thickness direction is about 10 times
that in the lateral direction, which is consistent with the previous assumption [120]. A half-period
axisymmetric FE model for a cylinder structure with the TBC system is modeled, and the TGO profile
at the end of the thermal cycle is shown in Fig. 12. It can be seen that the values of the TGO thickness
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both at the valley and at the peak are more than the calculated results obtained according to the
TGO growth Eq. (18), 4.75 um, although the thickness of TGO is not uniform. The original authors
considered that the discrepancy has resulted from TGO creep, thermal expansion, and elasticity. In
addition, the maximum radial tensile stress is about 735 MPa at the peak region in BC.

TC
|
1GO

BCII
|

BC |
]

Substrate

Internal
Oxide
||

S, 8§22 (MPa)

@47h () N75h @ 3525h  (5) 799h
(b)

Figure 11: (a) Geometry and FE mesh of the two-dimensional FE model of TBC with double-layered
BC and (b) the out-of-plane stress distributions of BC II layer at room temperature after different
thermal exposure times [125]

Nayebashace et al. [134] simulated TGO growth through the swelling option in ABAQUS. The
method assumes that TGO grows uniformly in the thickness direction and the lateral direction, and
the ratio of growth rate in two directions to that in the lateral direction is 10. In the case of anisotropic
growth, the oxidation step begins with one initial value of TGO thickness, which can make TGO reach
a predefined thickness at the end of the step. The growth of TGO abides by the following equation:

& =3kt (22)
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where d is the thickness of TGO, ¢ is the oxidation time, and k is the coefficient determined by
experiments. The six-node triangular element with generalized plane strain approximation and reduced
integration is used for analysis, and a hybrid adaptive meshing is introduced to avoid the divergence or
incomplete solution caused by the excessive distortion of the interface with the small meshing region.
Fig. 13 shows the o,, and o,, stress distribution at the end of TGO growth. It can be seen that the
region with the tensile stresses becomes larger and the maximum tensile stress moves to the middle
position between peak and valley probably induced the crack growth and spallation, and there are the
compressive stresses in the valley region that can prohibit the crack to propagate downward. These
results are consistent with experimental observations.

747 um

6.64um

Figure 12: Radial stress distribution at the end of thermal cycle [130]
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Figure 13: Stress distribution considering the TGO growth [134]

Ranjbar-Far et al. [135] used the Tamman equation to describe the growth of the TGO thickness s
and its growth rate §, and assumed that the § remained unchanged throughout the calculation process.
Then, according to Eq. (13), the strain rate of TGO thickness growth, ¢&,, decreases with time since §
is taken as a constant. In the FE model, the growth of TGO at high temperature is simulated by the
anisotropic expansion of the TGO element, and the oxidation strain rate is as follows:

1
g = i3 é,i=1,2,3 (23)
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where i is the coordinate axis of the local coordinate system, axis 1 is perpendicular to the initial
TGO, and axes 2 and 3 are parallel to the initial TGO. Assuming that the thickness of TGO grows
only perpendicular to the interface direction, thus, there is

m=3rp,=ry=0. (24)

A FE model with the quadratic six-node triangular elements with generalized plane strain
approximation and reduced integration is used for analysis. The results of stress analysis for the sine
shape of TGO are shown in Figs. 14a—14c, it can be seen that the tensile stress region at the peak of
the BC is developed gradually to the middle of the TC/TGO interface with the thickness increase of
TGO, and the compressive stress is observed not only at the valley of the BC but also at the peak of
TGO/TC interface. Therefore, the crack may be nuclear and propagate at peak of the BC (mechanism
I) or the middle of the TC/TGO interface (mechanism II), then coalesce through the TGO causing
the delamination of the system (mechanism III). The stress distribution is in accordance with actual
micro-cracks propagations presented in Fig. 14d.

D

Figure 14: Out-of-plane stresses distribution in the TBC with the sine shape of TGO with § pm
amplitude: (a) without TGO growth, (b) 3 wm TGO thickness and (c) 5 pwm TGO thickness and
(d) the crack patterns in the TBC/TGO and TGO/BC interfaces [135]
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It can be seen from the above results of FE models that elements volumetric swelling is only
suitable for the small deformation of the thickness of TGO. These methods do not involve the BC
consumption process and simplify the TGO growth as the anisotropic swelling of the volume of
oxidized elements. The equivalent thickness direction strain rate is calculated through the measured
TGO thickness growth equation. Assuming the lateral growth strain rate is proportional to the strain
rate in the thickness direction, the thickening and lateral growth of the TGO can be achieved.

3.2 TGO Growth Simulation by Element Conversion

Based on Karlsson’s model, He et al. [136] introduced the effect of large-scale thickening of TGO.
Considering that the growth strain of TGO includes a small lateral component ¢, and a large thickening
component Ah/h,, the thickness increment of each cycle A/ can be considered as a variable, and its
initial value is a fixed proportion of the initial value /4, of TGO thickness. The subsequent simulation
adopts a parabolic thickening equation. For the lateral growth strain component, assuming that it is
uniformly distributed in the thickness direction, it can be embodied by applying ¢, to all TGO elements.
TGO thickening is simulated by applying ¢, to a row of BC elements adjacent to the TGO. Based on
the definition of the engineering strain, the ratio of the volume V after oxidation to the original volume
V, 1s as follows:

% =1 +e)1+¢). (25

Due to that ¢, is very smaller than ¢,, the relative volume change from the alloy phase to the oxide
phase mainly depends on ¢,. The properties of these oxidating elements are switched from the BC
to the TGO. To avoid numerical instability, the material properties are switched in linear increments
when the thickening strain is applied. The selected thickening rate determines the size of the oxidation
element. For example, to achieve the thickness increment A% of each cycle at &, = 1, the thickness of
the oxidation element in the BC is A/2, which is because the increment of TGO thickness includes
two parts: the original thickness and the volume swelling of the oxidating element in the BC.

Jinnestrand et al. [137] considered that the swelling strain caused by the increased volume during
the growth of TGO is related to the stress state. It is assumed that the stress state has the relationship
with the swelling strain of TGO as follows:

AW =, 20N _ 5y, (26)
’ I Pl —oo

where P is the hydrostatic pressure, o; is the principal stress, and o, is the temperature-dependent

material constant, which limits the stress state in the TGO during the growth period. The principal

swelling strain increment depends on the dimensionless parameter 4, which can be obtained from the

known volume increment of the current time step in the FE solution procedure.

The growth of TGO is caused by the diffusion of anions or cations. Above 1000°C, the diffusion
of anions is dominated, resulting in in-plane compressive stress closing to 100400 MPa. At lower
temperatures, the diffusion of cations is dominant, resulting in smaller growth stress. The TGO growth
simulation method proposed here does not fully describe the growth process, but by specifying the size
of some elements in the FE model to achieve the required TGO thickness, the final stress and strain
state after the specific TGO growth can be obtained. The material of these elements is initially defined
as BC until the stress is basically completely relaxed, then the material properties are switched to the
TGO, and the time-dependent expansion is applied to the equation of the TGO. Finally, the description
of the volume increase during the growth of TGO is achieved.
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Shen et al. [138] described the growth law of the TGO thickness /2 using a phenomenological model
as follows

h=B--tym)" (27)

where 7 is the number of thermal cycles, ., is the dwell time of each thermal cycle, B is the
proportional coefficient, and m is the growth exponent. A FE model is created with the plane strain
element, in which elements with a total thickness of 7 um are divided into 35 layers with 0.2 pm thick
each layer on the BC side of the TGO-BC interface. During the simulation, these elements gradually
converted from BC to TGO, which indicates the increase in the thickness of TGO from 0 um to 7 um
during thermal cycling. Assuming that TGO is completely composed of a-Al,O;, it produces isotropic
volume swelling, and PBR is 1.28. Therefore, TGO is compressed by 8.5% in the y-direction. The
flow chart of TBC stresses simulation at ith thermal cycles with FEM is shown in Fig. 15, in which
oxidation, creep, and sintering are considered. Fig. 16 indicates the 1st stress distribution in TC at
room temperature after 900 cycles, it can be seen that the region C occurring the peak of 1st stress is
consistent with that of the microcrack growth observed in the TBC morphologies, and the peak 1st
stress with 225 MPa is very close to the fracture tensile stress of 8YSZ with 215 MPa in TC in the
previous study [139].

L thermal cycle: i

]

dwell time: Ffﬂw{*l‘

]

i=i+1 TGO thickness: h

TGO swelling:

TBC creep strain 0.085h

TC sintering: E(1)

thermal-elastic-plastic |,

dwell stress/strain .
materials

as initial stress/strain
#in the beginning of
cooling

computing the peak
stress during cooling

Figure 15: The flow chart of TBC stresses simulation at ith thermal cycles with FEM [135]

Busso et al. [140,141] converted the material properties of the element around the TC/BC interface
into TGO at an appropriate time to simulate the oxidation process, as shown in Fig. 17. The converted
element is determined based on the TGO growth rate curve obtained by the experiment and the
distance from the element to the TC/BC interface. The volume swelling caused by oxidation is
determined by the PBR and the experimentally obtained ratio for the in-plane and out-of-plane
expansions.
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Figure 16: The maximum principal stresses in TC with 900 thermal cycles and crack growth in the
similar region C [13§]

T
||‘ll‘ il

Figure 17: Elements around the interface in the FE model are used to simulate TGO growth [139]

Aiming at the chemical failure caused by the growth of non-protective oxides such as NiCr,O,,
Busso et al. [141] used the phenomenological equation of the TGO growth to describe the breakaway
oxidation. Supposing after a certain time ¢, of thermal exposure, the non-protective oxide with the
thickness of 4, begins to form at the interface ridges. Then, the total oxide thickness /4 is as follows:

h = hl + hz, (28)

where 4, is the thickness of the protective alumina layer. The wave apex can be described using the
following phenomenological relationship:
K =572x10705,0<t<t,
apex —11 (29)
=218 x 10" (t —t,),t > t,.
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In fact, the protective oxide is still produced in the TGO valley region during the breakaway
oxidation. To speed up the computation process, an equation similar to the wave peak can be used
to describe wave valleys as follows:

h\l)alley =572 % 10_9t0‘5,0 < t < tb
h;alley — 278 % 1()*12(1 — L), t>t,.

The TGO thickness in the zone between apexes and valleys can be determined by the linear
interpolation. Here, the PBR of protective a-Al,O; (primary TGO) is 1.28, and the PBR of non-
protective NiCr,O, (secondary TGO) is 2.05, then the volumetric strain can be calculated. The
partitioning of this volumetric strain in the directions normal to the TGO surface is consistent with
that deduced by Huntz et al. [82]. The FE model is shown in Fig. 18.
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Figure 18: A finite element mesh and the boundary condition with initial thicknesses of the BC and
YSZ layers were 50 and 200 wm, respectively [141]
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Wei et al. [119] considered that the main reason why the TGO growth stress directly calculated
through PBR was far greater than the experiment value was a large number of atomic vacancies
generated due to the diffusion of elements during the BC oxidation process offset part of the expansion
stress. Thus, the volume swelling strain g, should be corrected as 0.0043. The relationship between TGO
thickness £, oxidation time ¢ and oxidation temperature 7 is described by the equation as follows:

h = [on e T (14 m]"” (31)

where E, is the oxidation energy, R is the ideal gas constant, 7, is the oxidation time corresponding to
the initial TGO thickness. E,, 4, and n,, can be calculated from the experimental curve.

The TGO thickness increment for each thermal cycle can be calculated according to Eq. (31).
In the simulation, after each thermal cycle, the material properties of the corresponding elements are
converted from the BC to the TGO, at the same time the corresponding thickening strain &¢ and lateral
growth strain ¢} are applied to these elements. Note that ¢ only includes the volume expansion strain,
but &} includes the volume expansion strain g, caused by the chemical reaction and the lateral strain
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&; caused by the formation of new oxides at the internal grain boundaries of the TGO. Fig. 19a shows
the schema of TGO growth in simulation.
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Figure 19: (a) The Schema of TGO growth simulation and (b) the evolution of the oxidative growth
strain of the 20th thickened layer with the total oxidation time [119]

The TGO lateral strain rate ¢, is proportional to the thickening rate h described as follows:

& =D, h (32)
where D,, is the coefficient. Therefore, the total lateral growth strain can be expressed as follows:
el =D, h+e,. (33)

Fig. 19b shows the evolution of the growing strain in the 20th thickening layer with the total
oxidation time. When elements are transformed, ¢¢ linearly increases from 0 to 0.0043, and ¢/ also
linearly increases to the corresponding value. After 20 thermal cycles, ¢¢ remains unchanged, but &}
increases with oxidation time. After all thermal cycles, both # and &} are uniformly distributed along
with the thickness of the TGO.

It can be seen that methods of element conversion transform properties of elements in the BC to
Al O, to simulate the TGO growth, which replaces the complex diffusion model with the measured
TGO thickness growth curve or the distance between the material point and the TGO interface as
the oxidation criterion of BC elements. Unlike methods of element volumetric swelling, which is only
suitable for small changes in the thickness of TGO, the larger-scale thickening of TGO can be achieved
by converting the material properties of oxidized elements and simultaneously applying the anisotropic
volume expansion strain. However, the achievement of the lateral growth of TGO is as same as that
in methods of element volumetric swelling, that is, the lateral growth of TGO is modeled by imposing
the lateral volumetric swelling to the whole TGO layer.

4 Conclusions

e The chemical-mechanical coupling method can directly or indirectly describe the element
diffusion, BC consumption, and TGO thickening during the growth of TGO. The oxidation-
constitutive coupling framework integrated the diffusion equation into the material constitutive
model to achieve the dynamic simulation of the growth process of TGO and the consumption of
oxidation in the BC, while the microstructure-mechanics coupling framework can consider the
influence of microstructure degradation caused by BC oxidation and phase transformation on
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the mechanical behavior of materials at high temperatures by treating the BC as a mixture.
However, the chemical-mechanical coupling methods are all aimed at the TGO thickening
process and do not consider the influence of the lateral growth of TGO caused by grain
boundary oxidation. The interface roughness obtained basically cannot evolve with the number
of thermal cycles, and cannot simulate the TGO wrinkling and the stress redistribution
phenomenon occurring in the thermal fatigue test.

e The mechanical equivalent method cannot describe the complete process of TGO growth, but

focuses on the final stress and strain state after the specific TGO growth. The volumetric swelling
of TGO elements is to treat TGO growth equivalently as the anisotropic volume expansion of
TGO elements, in which the equivalent thickness direction strain rate is calculated through the
measured TGO thickness growth oxidation kinetic equation, and assume the transverse growth
strain rate is proportional to the strain rate in the thickness direction, and then the description
of TGO thickening and lateral growth is achieved. This method is only suitable for the case
where the thickness of TGO does not change much. Another equivalent method is to realize the
TGO growth simulation through elements conversion in the BC, replace the complex diffusion
model with the measured TGO thickness growth curve and the distance between the material
point and the TGO interface as the oxidation criterion of the BC element, and then convert the
material properties of the oxidation element and apply the anisotropic volume expansion strain
to simulate the large-scale thickening of TGO. The simulation of the lateral growth of TGO is
realized by applying lateral volumetric strain to the entire TGO layer.

e Based on the current research progress, the subsequent numerical simulation of TBC should

focus on the following issues. Firstly, some numerical methods, such as adaptive meshing
or meshfree, should be introduced to solve the moving interface of TGO growth and the
large-deformation question due to TGO rumpling in FE models. Secondly, the effects of
structural features in turbine blades or vanes on the evolution of TGO morphology and stress
distribution should be further studied, such as the curvature of substrates, film holes, edge
effects, etc. Thirdly, advanced microscopic measurement techniques should be developed to
obtain accurate mechanical/chemical properties of each layer, considering the influence of
BC phase transformation and TC sintering. Lastly, the correlation between the progressive
damage of TBC and some factors, including the TGO growth, the interface morphology, and
the mechanical behavior of each layer, should be established to identify the driving force of
damage and provide support for the lifetime prediction of TBC system.
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