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The interfacial failure mechanism of the thermal barrier coating system (TBCs) was numerically investigated by
considering the role of mixed oxides (MO), whichwas induced by the discontinuousα -Al2O3 at the interface be-
tween top and bond coatings. It is shown that MO has a significant effect on the interface integrity. High growth
rate of MOwill induce the initiation and propagation of interface cracks and eventually results in the debonding
of ceramic coating. The high coverage ratio of MO at the interface will accelerate the propagation of an interface
crack. Therefore, suppressing the formation of MO can effectively improve the durability and performance of
TBCs. The results obtained herein canwell explain some previous observations in the thermal shock experiments
of TBCs and could offer the potential for improving the durability of TBCs.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The increased thermal efficiency of advanced gas turbine is always
associated with the dramatic increase of the turbine entry temperature.
This high inlet temperaturemay induce the premature failure of turbine
components, especially the turbine blades. Thus, an excellent thermal
protection system for turbine blades is of the essence. The thermal bar-
rier coating system (TBCs), commonly consisting of an yttria partially
stabilized zirconia ZrO2–8%Y2O3 ceramic top coat (TC) and a metallic
bond coat (BC) deposited onto a superalloy substrate, is widely used
as a thermal insulation system to protect gas turbine blades from oxida-
tion, corrosion, etc. [1,2].

There are many damage mechanisms for materials and struc-
tures [3–6]. Spallation of TC caused by interface debonding is one of
themajor failuremechanisms in TBCs [7–11]. Experimental and numer-
ical results show that a thermally grown oxide (TGO) layer forming at
the interface of BC and TC during high temperature operation plays an
important role in the failure of TBCs [12–15]. During the service, the
thickness of TGO increases with the thermal exposure time, which has
a strong influence on the stress distribution within TC, TGO, BC and
their interface [16–18].

Various constituents of TGO have been observed recently [14,19] in-
cluding α-Al2O3, Cr2O3, NiO, and (Ni, Co) (Cr, Al)2O4 (spinels), which
have different effects on the failure mechanisms of TBCs. With the uni-
form and densemicrostructure and low growth rate,α-Al2O3 formed at
the TC/BC interface is desirable for the durability of TBCs [20] since it
contributes to the protection for BC from further oxidation. Moreover,
the low growth rate ofα-Al2O3 has less potential to induce high growth
stress in TBCs. Usually, Cr2O3, NiO and (Ni, Co)(Cr, Al)2O4 (spinels) are
referred as mixed oxides (MO) [21–24]. The MO has a deteriorating ef-
fect on the protection of BC and the integrity of the interface [19,25],
which is related to the undesirablemicrostructure andmaterial proper-
ty of MO. For example, the growth rate of NiO in the air at 1100 °C is
three times higher than that of α-Al2O3 [26]. Clearly, the high growth
rate of NiO may easily result in a high level stress in TBCs. Spinels, usu-
ally stoichiometrically expressed as (Ni, Co)(Cr, Al)2O4, are porous and
brittle and also have a high growth rate, which are greatly harmful to
the integrity of the TC/BC interface [20]. In addition, MO exhibits a
worse adhesion to the ceramic coating. Therefore, MO is regarded as
the most undesirable oxides at the TC/BC interface.

More recently, investigations focus on the effects of MO. Chen et al.
[27] observed that when exposed in a low-pressure oxygen environ-
ment the formation of MO can be partially or fully suppressed, which
is useful to increase the durability of TBCs. To investigate how MO af-
fects the durability of TBCs, Li et al. [23] prepared a series of TBCs spec-
imens deposited under different conditions, and they confirmed the
deteriorative effect of MO on TBCs durability. Also, they revealed the
qualitative relationship between the surface coverage ratio of MO and
the lifetime of TBCs.

It is shown in the previous thermal shock experiments that there is a
relationship between the lifetime of TBCs and the contents of MO at
the TC/TGO interface [18,22,23]. However, it is still unclear how the
MO growth affects the stress distribution and damage evolution at the
TC/TGO interface, and then results in the eventual interfacial delamina-
tion. The objective of this work is to numerically investigate the effect of
MO growth on the interfacial fracture mechanisms of TBCs such as the
stress distribution, crack initiation and propagation. It is important for
the engineers to predict the stress distribution and damage evolution
in TBC, which is usually unavailable in real TBC thermal experiments.
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Fig. 1. (a) The TBCs model with MO at the TC/TGO interface. (b) Simplified cell model with local coordinates of an interface crack.
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In Section 2, the problem is formulated, inwhich the physicalmodel, the
material models and fracture criterion are presented. In Section 3, the
numerical procedures are presented. In Section 4, the effects of surface
coverage ratio and growth rate of MO on the interfacial failure mecha-
nism of TBCs are presented and discussed in detail. The concluding re-
marks are presented in Section 5.

2. Formulation of the problem

A typical TBCs consists of four layers: TC, TGO, bond coat (BC),
and superalloy substrate. So, two-dimensional plane strain model is
adopted to investigate the interface fracture behavior of TBCs, as
shown in Fig. 1(a). The TC consists of yttria partially stabilized zirconia
ZrO2–8%Y2O3 and the BC on the Ni-based superalloy substrate consists
of MCrAlY. The thicknesses of the substrate, BC and TC are 30 mm,
0.1 mm, and 0.5 mm, respectively, for ZrO2–8%Y2O3 TBCs. To analyze
the effect of MO on the interfacial fracture of TBCs, TGO is decomposed
into two components, i.e. α-Al2O3 andMO (Cr2O3, NiO, and spinel). The
α-Al2O3 regarded as a flat layer between TC and BC is the dominant
component of TGO.¶ The MO, an isolated and semi-circle domain, lo-
cates at the TC/TGO interface and penetrates into the TC. Unless other-
wise stated, the initial thickness of TGO is 2 μm and the ratio of initial
MO radius to TC thickness (a/hTC) is 0.4.

As discussed earlier, the coverage ratio ofMOat the TC/TGO interface
is a key parameter and should be considered, which is defined as,

κ ¼ 2a
W

ð1Þ

The debonding ratio of the interface is defined as

η ¼ 2 aþ dð Þ
W

ð2Þ

where a is the radius ofMO,W is thewidth of the cell and d is the length
of the interface crack.
¶ Inwhat follows, the TGO is particularly referred to the dominant componentα-Al2O3.
2.1. The material models

In multiple-layer TBCs model, it is assumed that each layer is homo-
geneous, isotropic, elastic and viscous materials. The thermo-elastic
properties of the each layer are presented in Table 1 [28–31]. Note
that all these layers obey Norton power-law of creep, i.e. ε̇cr ¼ Bσn

whereε̇cr is the strain rate (s−1) and σ is the stress (MPa). The material
constants B and n are temperature independent as listed in Table 1.

The TGO andMO growth behaviors at the holding time of high tem-
perature (1200 °C) are simulated and regarded as the crucial factors to
the interface failure of TBCs. The oxide growth is presented by a user
subroutine UEXPAN in ABAQUS code [32], imposing a growth strain
that contains two parts: εt and εg. For TGO, εt is normal to the TGO/BC
interface and εg is parallel to the interface [12]. The growth
strain is assumed to vary within the experimentally determined range
of 10−4 b εg b5 × 10−3, and the thickening strain is usually considered
as one-tenth of the growth strain [12,33]. Herein, εg is treated as a con-
stant value of εg =2.4 × 10−3. For MO growth, a homogeneous growth
rate εu is assumed, i.e. growth strain εg and thickening strain εt are equal
to εu. To investigate the effect of MO growth on the interface failure
of TBCs, εu is treated as a variable with the initial value of ten times of
εg and then is set to twenty times and thirty times of εg [26],
respectively.

It should be noted that the growth rate of TGO is much smaller than
that of MO [26], and it seems that the thickening of the TGO layer may
not induce a considerable increase of stress at the interface. While MO
growth results in a huge normal stress, which plays an important role
in the interfacial delamination of TBCs. Therefore, MO growth is
regarded as essential to the interfacial delamination. Certainly, the
rough TGO layer would induce totally different results, which will be
discussed in the future work.
2.2. Interface fracture criterion

Due to the complexity of stress distribution on the interfaces of
TC/TGO and TC/MO caused by MO growth, finite element calculations
are performed by using the commercial ABAQUS code, in which a
stress-based criterion is employed. The criterion says that interfacial



Table 1
The thermal–elastic properties of TBCs components.

Component Young's modulus, E (GPa) Poisson ratio, v Thermal expansion coefficient (CTE), α (10−6K−1) B(s−1MPa−n) n

TC 50 0.1 9–11 1.8e−9 1
MO 100 0.3 5–8 5e−9 1
TGO(α-Al2O3) 350 0.3 6–9 7.3e−9 1
BC 200 0.3 12–17 2.15e−8 2.45
SUB 210 0.3 12–15 2.25e−9 3
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debonding initiates as the parameter f at a characteristic distance ahead
of the crack tip equals to one [36,37].

The parameter f is defined as [32]

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ̂n

σ f

� �2

þ τ1
τ f
1

 !2

þ τ2
τ f
2

 !2
vuut ; σ̂n ¼ max σn;0ð Þ ð3Þ

where σn is the normal component of local stress across the interface at
the specified distance, τ1 and τ2 are the shear stress components, andσf,
τ1f and τ2f are the normal and shear failure stresses, respectively.

In the case of two-dimensional analysis, the second component of
the shear stress τ2 equals zero. Therefore, for the present two-
dimensional problem, the critical stress criterion can be simplified as

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ̂n

σ f

� �2

þ τ1
τ f
1

 !2
vuut ; σ̂n ¼ max σn;0ð Þ ð4Þ

3. Numerical calculations

Considering the periodicity of multilayer TBCs, a unit cell model
shown in Fig. 1(b) is constructed to investigate the initiation and
propagation of an interface crack around the MO. For the numerical
calculations, nodes are allocated in pair at the left and right bound-
aries of the unit cell model with periodic boundary conditions [10,
34] applied to keep the opposite edges deform parallel in a tangential
sense.

Also, the local coordinates of the interface crack are shown
in Fig. 1(b). The crack flank displacements (δ1, δ2) and stress fields
Fig. 2. Schematic illustration of“debond”technique a
(σ12, σ22) with a distant r ahead of the interface crack tip can be written
as [35],

δ2þ iδ1 ¼ 8
1þ 2iεð Þ cosh πεð Þ

K
E�

r
2π

� �1=2
riε ð5Þ

σ22 þ iσ12 ¼ K 2πrð Þ−1=2riε ð6Þ

where 1=E� ¼ 1
2 1=E1þ 1=E2
� �

, i ¼
ffiffiffiffiffiffiffiffi
−1

p
, and riε = cos(ε ln r) +

i sin(ε ln r) with ε ¼ 1
2π ln 1−β

1þβ representing the singularity of the

crack tip field. K is the complex stress intensity factor (SIF) and can be
obtained through the J-integral around crack tip by using finite element
method (FEM). According to the crack stress field and the fracture crite-
rion, one can analyze the initiation and propagation of the interface
crack.

The propagation of a pre-existent crack at the TC/TGO interface can
be simulated by using the “Debond” tool in ABAQUS/Standard code
[32], as shown in Fig. 2, in which the separation of adjacent surfaces
can be predicted. The stress at a constant distance ahead of the crack
tip is considered as a pertinent value in the criterion, which can be op-
timized to neglect the effects of crack tip singularity (1 to 3 elements)
[38], as shown in Fig. 2. Indeed, to verify the reliability of numerical so-
lutions for the problem studied herein, the convergence of mesh config-
uration and characteristic distance has been checked before the normal
computations.

The previous investigations [39,40] have shown that the MO/TC in-
terface has a weak strength while the TC/TGO interface has a strong
one. So, we can choose the critical normal stress for the interfaces of
TC/MO and TC/TGO being 20 MPa and 200 MPa, respectively [8,17,39].
dopted to simulate interface crack propagation.

image of Fig.�2


Fig. 3. Finite element model of TBCs with a typical mesh along the predetermined crack
path.
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On the other hand, it is observed that the normal stress σ22 perpendic-
ular to the interface can be used to accurately predict the propagation of
the interface crack and eventually the coating debonding [30,40]. There-
fore, we assume that the shear stress almost has no effect on the inter-
face fracture, whichmay slightly overestimate the lifetime of TBCs. Non-
uniform meshes are adopted in the finite element calculations, as
shown in Fig. 3. The four-node bilinear plane strain quadrilateral re-
duced integration elements are selected for all the layers. To ensure
the calculation accuracy, very finemeshes along the pre-determined in-
terface crack path are used.

It is well known that the ceramic coating surface in TBCs is directly
exposed to the hot gas in the turbine, so there is a gradient distribution
of temperature in the thickness direction of TBCs. Herein, we consider a
homogeneous distribution of temperature to simplify analysis. This sim-
plification appears to slightly overestimate the effect of MO growth on
the interfacial delamination. The total thermal loading time is T and
the thermal loading history consists of three stages, as shown in Fig. 4.
Firstly, the model is imposed to ambient temperature gradient from
20 to 1200 °C in Th = 100 s. In this stage, the thermal stress induced
by the CTE mismatch of layers dominates the stress distribution. Then,
to simulate the working environment of the blades in a gas turbine
Fig. 4. The thermal loading condition used in FEM simulation.
the ambient temperature is maintained at 1200 °C for a sufficient long
dwell-time Td = 8000 s. During the dwell-time Td, the TGO and MO
grow, respectively. Finally, the model is imposed to a decreasing ambi-
ent temperature from 1200 to 20 °C. This cool stage is regarded as the
contrary counterpart of the heating stage. The cooling time Tc is equal
to the heating time Th.

4. Results and discussions

4.1. Interface failure associated with MO growth

The initiation and propagation of interfacial delamination consist of
three stages, as shown in Fig.5. At first, the weak interface of MO/TC
debonds as the heating process continues, which is induced by the
mismatch stress of different components especially that of MO and TC
[28,29]. As might be intuitively expected, the expansion of MO with
low CTE and TC with high CTE can induce considerable tensile and
shear stresses around MO, and then the weak interface of MO/TC
could be delaminated. It should be noted that the debonded MO/TC in-
terface makes a great contribution to the eventual spallation failure of
TBCs. This is because the debonding could result in an analogous buck-
ling behavior during the subsequent heatingprocess [41]. Also, the anal-
ogous buckling could induce a compressive zone in TC and a tensile
zone across the interface, as shown in Fig.5 step A, inwhich the normal-
ized loading time t/T is about 0.0144. Therefore, a pre-tensile stress ex-
ists at the crack tip of TC/TGO interface before MO growth,§ which is
undoubtedly detrimental to the interface property. This observation is
consistent with the results of He et al. [41–43]. Secondly, TBCs is im-
posed to a constant temperature about 1200 °C during the dwell period,
whereMOand TGO are oxidated simultaneously. In this stage, the thick-
ening of the TGO layer has a negligible influence on the normal stress
distribution at the interface. The fast growth of MO perpendicular
to the circumference results in the increase of tensile stress at the
TGO/TC interface and then plays a major role in the subsequent interfa-
cial delamination. In detail, the normal stress σ22 in the tensile zone
(the crack tip of TGO/TC interface) increases continuously with enlarg-
ing of MO until it reaches the critical strength, as shown in Fig.5 step
B, in which the normalized loading time t/T is about 0.3228.Meanwhile,
MO growthwill induce a compressive zone in the YSZ coating above the
protrudingMO and themagnitude of this compressive is determined by
the growth rate ofMO, as shown in the stress distribution of Fig.5 step B.
Interestingly, these tensile and compressive zones have been predicted
by the experiment of Li et al. [23]. They stated that there is a compres-
sive force acting on the YSZ coating by the local protruding MO at the
YSZ/bond coat interface and the higher the growth rate the higher the
compressive force, which is in agreement with the present numerical
results. Sequentially, the interfacial delamination initiates and extends
with the growth of MO once σ22 ahead of the interface crack tip reaches
the critical strength, as shown in Fig.5 step C, in which the normalized
loading time t/T is about 0.7480. Obviously, in the last two stages, a com-
pressive state appeared in MO and TC deforms like a film being jacked
up by an inclusion from the substrate. Therefore, this work would be
an important consideration in the practice applications where the
interfacial failure emerges in the film/substrate system caused by an
inclusion at the interface. Interestingly, this simulation can be demon-
strated by the experimental results of Ali et al. [21,44]. In their experi-
ments about the degradation of TBCs due to thermal cycling up to
1150 °C, crack initiated and propagated in the MO near the YSZ coating
and mixed oxide increased its thickness until the spallation of the YSZ
top coating. The crack propagation path shown in their scanning elec-
tron micrographs fits well with the present numerical predictions
shown in Fig.5. Moreover, we can obtain the stress distribution before
and during the spallation of the YSZ top coating, as shown in Fig.5.
§ MO growth is considered during the process of heating dwell. So in this stage MO
growth plays an ignorable role in debonding.

image of Fig.�3
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Fig. 5. The interface failure behavior associatedwith theMO growth: (a) schematic of the growth of theMO and the interfacial delamination; (b) the normal stress distribution around the
MO. In the first stage, the thermal expansion dominates the interface failure. The low CTE of MO and a high CTE of TC induce a tensile force at the MO/TC interface and subsequent
debonding(stage A). In the second stage, theMO growth plays a great role in the interface failure. The growth ofMO jacks the TC up and induces the tension stress at the TGO/TC interface
(stage B). Then, interfacial delamination appears if the tension stress exceeds the interfacial strength (stage C).
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This stress distribution can act as mechanical description and explana-
tion for the failure of TBCs in the experimental results of Ali et al. [21,
44] and provide a better understanding of the failuremechanism caused
by MO growth.

Spallation of the ceramic coating caused by the convergence of the
interface crack in services is a significant factor that limits the applica-
tion and improvement of TBCs. Fig. 6 schematically shows the coales-
cence of interface cracks emanating from the tip of neighboring MO
and the corresponding normal stress distributions. Also, Fig. 6 shows
the whole failure process of TBCs including interface crack initiation,
propagation and coalescence, and final spalling of ceramic coating.

To obtain a quantitative understanding of the effect ofMOgrowth on
the interfacial delamination, we show the variation of interface crack
length as a function of the normalized time in Fig. 7 for different MO
growth rates. Fig. 7 shows that the interface crack propagatesmore dra-
matically for high growth rate ofMO,which indicates that the interfacial
delamination is promoted by the high growth rate of MO. It is generally
accepted that MO (Cr2O3, spinel ((Ni, Co)(Cr, Al)2O4)) has high growth
rate and it would be accelerated if large ingredient of NiO is contained
within MO, leading to an extremely high growth rate [23,26]. In con-
trast, a dense TGO mainly consisting of α-Al2O3 has a much lower
growth rate, which is even lower than the lowest growth rate presented
in Fig. 7. Thus it is obvious that the growth of MO is detrimental to the
interface integrity, and higher growth rate ofMOwill deteriorate the in-
terface integrity more seriously. Conceivably, this result can be verified
by the experiments of Ali et al. [21], in which the substantial increase in
the oxidation rate easily led to the formation of cracks and induced the
spallation of the TBCs. This result has also been demonstrated by exper-
iments [23,27]. Our result also implies that if the component of TGO is
only α-Al2O3, the potential of interface delamination is very low even
though the geometry imperfections of the interface appeared. There-
fore, improvement of the deposition technique and pre-treatment pro-
cess to form a uniform continuous α-Al2O3 at the TC/BC interface is
strongly recommended for improving the durability of TBCs.

4.2. Effect of the surface coverage ratio of MO

It is of interest to note that a marked rise in the slope of some curves
in Fig. 7 appears as the length of the interface crack reaches a critical
value. It indicates that the propagation velocity of delamination in-
creases dramatically once a sufficient length of crack is reached. This ac-
celerating behavior generally occurs in the case of TBC with a small MO
space (e.g.W/hTC = 1). It implies the effect of MO space on the interfa-
cial delamination of TBCs, which corresponds to the various coverage
ratios of MO. It is clear from Fig. 7 that interfacial delamination initiates
in the region of normalized loading time between 0.2 and 0.3 for
larger space of MO (e.g. W/hTC = 4 and 2, which corresponds to a
relatively fewMO at the interface). However, the interface crack occurs
earlier for the relatively small value of MO space (e.g. W/hTC = 1). As
shown in Fig. 7(c), the TGO/TC interface begins to delaminate at
certain normalized loading time. Therefore, it is concluded that interfa-
cial failure emerges earlier for the TBCs with a larger MO space at the
interface.

Asmentioned above, MO space has a strong influence on the interfa-
cial delamination of TBCs, especially on the coalescence of interface
cracks. To explore the effects of MO space on the interfacial delamina-
tion, the interface crack length is plotted as a function of the normalized
time for different MO space, as shown in Fig. 8. It is seen that a smaller
MO space (e.g.W/hTC=1, 1.2 and1.5) accelerates the propagation of in-
terface cracks. Furthermore, for different MO space the interfacial

image of Fig.�5


Fig. 6.The coalescence of interface cracks emanating from the tip of neighboringMO. (a) Schematic of the coalescence of interface cracks; (b) the normal stress distribution during coalescence.
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delamination accelerates sharply at obviously different normalized
loading time. For the smallest MO space (e.g.W/hTC = 1), the interface
crack increases dramatically at the normalized loading time 0.293. Sub-
sequently, the interface crack propagates at a high velocity until the
neighboring cracks coalesce and then the spalling of TC occurs. The
final spalling state corresponds to the last numerical data points on
the curves in Fig. 8. Herein, earlier accelerated propagation and then
high propagating velocity of the interfacial delamination imply that
small distance of neighboring MO may result in a premature interface
failure of TBCs. However, in the case of relatively large MO space,
the propagation of the interface crack appears to be postponed (e.g.
W/hTC = 1.5 and 2) and even be suppressed (e.g. W/hTC = 3, 4 and 6)
for a given normalized loading time. It indicates that the TBCs with a
large MO space have a high tolerance to the interfacial delamination.
Therefore, the present numerical results can well explain the previous
experimental observations that the lifetime of TBCs decreases dramati-
cally for a large ratio of MO [18,21,23].

Furthermore, Fig. 8 suggests that there exists an asymptotic curve of
crack length for large MO space (e.g. W/hTC = 3, 4 and 6), which
indicates that the difference between the evolution of interface crack
length can be neglected for the TBCs with sufficiently large MO space
under certain load condition. On the other hand, there may be a critical
value of MO space, below which the propagation of the interface crack
will be accelerated. As pointed out earlier, the propagation of the inter-
face crack will be accelerated once the crack length reaches about
0.2 mm for the smallest MO space (e.g. W/hTC = 1) studied herein. In
comparison, for relatively larger MO space (e.g. W/hTC = 2), the inter-
face crack propagates steadily until it extends to 1.6 mm. This interest-
ingly implies that the critical MO space may be determined by the
current length of the interface crack.

To clarify the effect of the current length of the interface crack on the
critical MO space, we plot the normalized failure time as a function of
the normalized distance of MO for different non-dimensional current
crack lengths, as shown in Fig. 9. As expected, there is a stable
value of spalling time, as shown in Fig. 9, for sufficiently large MO
space, e.g. W/hTC = 3 to 6. This stable behavior indicates that if MO
space reaches a critical value, approximately two times of thefilm thick-
ness, i.e. W/hTC ≥ 2 for the smallest interfacial delamination (d ¼ 0:04)

image of Fig.�6


Fig. 7. The interface crack length as a function of the normalized time for different MO
growth rate. T is the total loading time. (a) W/htc = 4, (b) W/htc = 2 and (c) W/htc = 1.

Fig. 8. The interface crack length as a function of the normalized time for different MO
spaces. The green cross means the point at which TC spallation occurs. For relatively
large MO space, there exists an asymptotic normalized loading time–crack length curve.

Fig. 9. The normalized failure time as a function of normalizedMO space for different non-
dimension crack lengths. Formodels of any given interface crack lengthwith differentMO
spaces (also means different MO coverage at interface), there always exist two states:
steady-state in which normalized failure time is independent on MO space, and
unsteady-state in which the cracking behavior significantly depends on the MO space.
The dependence in the unsteady-state indicates that the propagation of cracks in the
modelwith relatively lowMO space (also highMOcoverage)will be dramatically promot-
ed with the decrease of MO space (higher MO coverage).
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studied herein, the spalling time of the coating becomes independent of
MO space for a given crack length (see the steady state in Fig. 9). Over
the critical value, the effect of MO space is not significant and can be
neglected. Conversely, for a small MO space or in other words the high
surface coverage ratio of MO, it has a notable effect on the spalling
time for a given crack length. The normalized failure timedrops dramat-
ically with the decrease of MO space (see the unsteady state in Fig. 9),
which means that the crack can easily propagate along the TGO/TC in-
terface and then results in the premature spallation of coating.

It is worth noting in Fig. 9 that the critical MO space, also regarded as
the breaking point of unsteady and steady state regions, is markedly
affected by the current length of interface crack. In the case of the rela-
tively short current length of the interface crack (d ¼ 0:04), the critical
MO spaces approximately less than two times of the film thickness
(e.g. W/hTC = 1.8) and it rises to two times of the film thickness (e.g.
W/hTC = 2) as the crack length d increases to 0.2. The critical MO
space is W/hTC = 3 for a relatively long interface crack d ¼ 0:5. It can
be concluded that the critical space of MO is significantly affected by
the crack length and it appears to be enlarged as the interface crack ex-
tends. For a certain value of MO space (e.g.W/hTC=2 ~ 3), the interface
delamination may not exhibit accelerative coalescence in the case of a
small interface crack (e.g. d ¼ 0:04), but the coalescence may be possi-
bly accelerated as the short crack propagates to a relatively long one
(e.g. d ¼ 0:5). In the case of large MO space (i.e. W/hTC = 3 to 6), the
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Fig. 10. The interfacial debonding ratio as a function of the normalized time for different
MOspaces. The red dash line relates to 50% interfacial debonding,which is usually adopted
to evaluate the failure of TBCs in thermal shock experiments.
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crack gradually propagates to a sufficiently large size, which indicates
that TBCs with large MO space (a low surface coverage ratio of MO)
has good tolerance to interfacial delamination.

The interfacial debonding ratio η defined in Eq. (2) is an important
parameter to characterize the interfacial failure behavior of TBCs.
Fig. 10 shows the numerical results of η as a function of the normalized
time for differentMO space, which follows an intuitive expectation that
TBCs with a small MO space at the interface have a higher interfacial
debonding ratio than that with a largeMO space at the surface. The rea-
son has been discussed; see Figs. 8 and 9 for more details. In Fig. 10, we
can also obtain the relationship between normalized loading time and
interfacial debonding ratio. According to the previous experimental in-
vestigation [23], we use 50% interfacial debonding ratio as a critical
value to define the TBCs failure, as the dash line in Fig. 10 shows. In
this case, the normalized lifetime of TBCs equals to the normalized load-
ing time when interfacial delamination reaches to 50%. So, we can plot
the relationship between normalized lifetime and coverage ratio of
MO, as shown in Fig. 11. Herein, the coverage ratio κ of MO at TGO/TC
interface plays a key role in determining the normalized lifetime of
TBCs. It is clear from Fig. 11 that the normalized lifetime of TBCs drops
dramatically as the coverage ratio increases. That is why many
Fig. 11. The normalized lifetime versus the coverage ratio of MO.
experimental results show the normalized lifetime of TBCs is relatively
lowwhen there existmanyMO at the interface [19,23,24,27]. Specifical-
ly, for TBCs with 40% coverage ratio of MO (calculated by Eq. (1) for the
case of W/hTC = 1), the normalized lifetime is about 0.33. However, for
the TBCswith 20% coverage ratio ofMO (forW/hTC=2), the normalized
lifetime is 0.7 which is about twice the normalized lifetime of TBCswith
40% coverage ratio of MO. Therefore, it is concluded that the lifetime of
TBCs can be improved effectively by reducing the coverage ratio of MO
at interface. Li et al. [23] experimentally showed that the thermal cyclic
lifetime of TBCs dramatically increases with the decrease of surface cov-
erage of MO, which confirms the present numerical results. Moreover,
Chen et al. [14,45] employed pre-oxidation treatments in low-
pressure oxygen environments to suppress the formation of the detri-
mental MO. They found that the TBCs species with a low coverage rate
ofMOhave better durability. The relation between lifetime andMO cov-
erage rate shown in Fig. 11 can explain their experimental observation
well.

One images from the above analysis that if we can control the oxy-
gen environment during the depositing process of TBCs or choose a dif-
ferent thermal spray technique, then we can control the space of MO or
in other words the surface coverage ratio of MO. And furthermore we
can obtain long life TBCs. It is seen from Refs. [14,23,45] that this is pos-
sible but difficult.

5. Conclusion

The effect ofmixed oxides (MO) growth on the interfacial fracture of
the thermal barrier coating system (TBCs) is investigated in this work. A
finite elementmodel incorporating the “Debond”method and user sub-
routine UEXPAN in ABAUQS code is adopted to study the initiation and
propagation of interfacial delamination.

It is concluded that MO has a deteriorative effect on the interface in-
tegrity of TBCs. The high growth rate of MO will induce a huge growth
stress, subsequent interface crack propagation and eventual failure of
TBCs. The high coverage ratio of MO will accelerate the propagation of
the interface crack. Therefore, suppressing the formation of MO can ef-
fectively improve the durability and performance of TBCs.

The results obtained herein are in agreement with the previous ex-
periments [23,27], can explain some failure phenomenon observed in
experiments [14,18,21,23], and could offer the potential for improving
the durability of TBCs.
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