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Under extreme thermal cycling delamination initiates and propagates on the interface between top coat-
ing and bond coating in thermal barrier coating (TBC) system. The objective of this work is to study the
effects of geometrical and material parameters, such as the thicknesses and moduli of top and bond coats,
on the interfacial delamination behavior of TBC. The interfacial crack driving force is obtained as func-
tions of the Young’s moduli of top and bond coats, the thicknesses of top coat and bond coat, etc. It is
shown that in case of a stiffer top coat deposited on a relatively compliant bond coat the interfacial
delamination can emerge more easily since the driving force approaches to an enormous value while
emanating from the root of a channel surface crack. It is concluded that interfacial delamination can eas-
ily be initiated for a thick, stiff top coat. Considering the thermal barrier and mechanical loading carrying
capabilities of coatings, optimal top coat thickness exists for the optimization design of TBC structure.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal barrier coating (TBC) system is essential to protect gas
turbine blades from high temperature, oxidation and corrosion [1–
4]. The failure modes of TBC can be classified into two major cate-
gories: multiple surface cracking and interfacial delamination.
Usually, multiple surface cracks occur firstly and dominate the pre-
mature failure of TBC, which are followed by interfacial delamina-
tion initiated from roots of surface cracks [5].

Considerable work was focused on the strength and safety of
materials and structures, such as the damage mechanisms of mate-
rials [6–9], the failure mechanisms of film/substrate system and
TBC structures [10,11]. Erdogan [12] studied the singular nature
of the crack-tip stress field for bonded non-homogeneous materials
under shear loading. The periodic cracking of an elastic coating
bonded to a homogeneous substrate has been analyzed by Schulze
and Erdogan [13]. Rizk [14] considered the surface heating to
investigate the periodic surface cracking of TBC. Also, finite ele-
ment method was adopted to study the surface failure of TBC, such
as Huang et al. [15], Fan et al. [16,17] and Zhang et al. [18]. How-
ever, it is assumed in most of the aforementioned investigations
that the film is well bonded to the substrate, which ignores the fact
that interface crack may be initiated due to stress concentration.
Other studies concentrated on the fracture behavior of existing
interface cracks caused by residual stress, thermal cycling stress,
ll rights reserved.
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etc., such as Cotterell and Rice [19,20], Suo and Hutchinson [21],
He et al. [22]. Based on their results, the interfacial delamination
is believed to be the most catastrophic failure mode of film/sub-
strate systems or multilayer structures such as TBC.

More recently, investigations focus on the interaction of interfa-
cial delamination and surface cracks. Zhou and Kokini [23,24] pre-
sented an analytical model to investigate the effect of preset
surface crack morphology on interfacial fracture of TBC under ther-
mal shock loading. Using the cohesive zone model, Parmigiani and
Thouless [25] studied the effects of fracture toughness and cohe-
sive strength on the deflection of surface cracks. A semi-infinite
model was constructed by Mei et al. [26] to obtain the driving force
of an interface crack emanating from the root of a surface crack.
Fan et al. [27] investigated the effect of periodic surface cracks
on the interfacial fracture of TBC. It is concluded that in some cases
the durability of TBC can be enhanced due to the existence of sur-
face cracks.

Our experimental observation on the failure of TBC, as shown in
Fig. 1, presents that the thicknesses of top coat, bond coat and sub-
strate have significant effects on the failure mode of TBC. Both peri-
odic surface cracks and interfacial delamination appeared for a
relatively thick ceramic top coat, as shown in Fig 1a. On the con-
trary, surface cracks without interfacial delamination dominate
the failure for specimen with a relatively thin film, as shown in
Fig 1b. Similar phenomena were found for specimen with different
material properties of top and bond coats. However, the well-
known double-layer film/substrate model cannot directly predict
the behavior of multi-layer system. Moreover, despite the fact that
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Fig. 1. Failure modes of thermal barrier coating (TBC) system: (a) a dominant
surface crack with interfacial delamination and (b) surface crack without interfacial
delamination.
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interfacial delamination is the most important failure mode of TBC,
less attention is paid directly to the variation of interfacial crack
driving force for different geometrical and material parameters of
each layer [23,25,26]. In addition, the previous works mostly
focused on the choosing of appropriate coatings with excellent
material capacity (conductivity, thermal expansivity) and micro-
structure to reduce the effective thermal conductivity. Whereas,
less attention has been paid to how to choose appropriate coatings
to ensure the mechanical capability of TBC. The objective of this
work is to investigate the effects of geometrical and material
parameters of components on the initiation and propagation of
interfacial delamination as well as related interfacial fracture
mechanisms of TBC.

2. Statement of the problem

A typical TBC structure consists of four layers, i.e. top coat (TC),
bond coat (BC), a thermally grown oxide (TGO) layer between BC
and TC layers, and super alloy substrate. Obviously, unavoidable
mismatches of material and geometrical parameters exist between
adjacent layers. As a result, the induced interface stresses can be
very complex under mechanical and/or thermal loading conditions,
which may lead to surface cracks or interfacial delamination. In
practice, actual spalling failure of TBC begins with multiple surface
cracks, and then channel surface cracks form and interfacial delam-
inations appear at the roots of channel cracks, as shown in Fig. 2a.
Based on our experimental observations, the distance between
adjacent surface cracks is generally constant (roughly twenty to
thirty times TC thickness) [27]. Previous studies demonstrated that
the driving force of channeling cracks in multilayer structure is
independent of tunnel depth when the propagation of surface
cracks reaches a steady-state [28]. Therefore, a three-dimensional
(3D) TBC problem can be characterized by a two-dimensional
(2D) plane strain model while investigating its fracture behavior
[28]. Fig. 2b shows the simplified 2D plane strain model of stea-
dy-state multiple channel cracks accompanied with interface
cracks, where hTC, d and W are the TC thickness, the deflected inter-
face crack length, and the surface crack spacing, respectively.

To consider the initiation of an interface crack from the root of a
surface crack, a unit cell model can be constructed by using peri-
odic boundary conditions [29,30], as shown in Fig. 3. The geometry
mismatch between adjacent layers can be described by a non-
dimensional parameter j. Similarly, the material mismatch be-
tween adjacent layers can be represented by two non-dimensional
Dundurs’ parameters a and b [31]. For the plane strain problem,
the parameters j and Dundurs’ parameters a, b can be expressed as

j ¼ h1 � h2

h1 þ h2
ð1Þ

a ¼
�E1 � �E2

�E1 þ �E2
ð2Þ

b ¼ 1
2

l1ð1� 2v2Þ � l2ð1� 2v1Þ
l1ð1� v2Þ � l2ð1� v1Þ

ð3Þ

where �Ei ¼ Ei=ð1� v2
i Þ, Ei, vi and li (i = 1,2) are the plane strain

modulus, Young’s modulus, Poisson’s ratio, and shear modulus of
TBC components, respectively. For homogeneous materials, the
Dundurs’ parameters are written as a = b = 0.

The crack flank displacement (d1, d2) and stress fields (r12, r22)
with a distant r ahead of the kinked interface crack tip can be writ-
ten as [28].

d2 þ id1 ¼
8

ð1þ 2ieÞ coshðpeÞ
K
E�

r
2p

� �1=2
rie ð4Þ

r22 þ ir12 ¼ Kð2prÞ�1=2rie ð5Þ

where 1
E� ¼ 1

2 ð 1
E1þ 1

E2Þ, i ¼
ffiffiffiffiffiffiffi
�1
p

and rie ¼ cosðe ln rÞ þ i sinðe ln rÞ. The
constant e represents the singularity of crack tip field, which can
be defined as e ¼ 1

2p ln 1�b
1þb.

The complex stress intensity factor (SIF) K is

K ¼ K1 þ iK2 ¼ k1d1=2�k½Cða;bÞdie þ Dða;bÞd�ie� ð6Þ

where K1 and K2 correspond to the relative normal and shear sepa-
ration of crack faces, respectively, k is a real constant and depends
on Dundurs’ parameters, d is the interfacial delamination length,
C and D are dimensionless complex valued functions of a and b.

Stress is complex on the interface of two different materials,
which leads to the mixed mode nature of the propagation of inter-
facial delamination. In this case, mode mixity w is commonly
adopted to measure the relative amount of mode II and mode I
at a fixed distance ahead of the crack tip, which is defined by

w ¼ tan�1 r12

r22

����
r¼l

� �
¼ tan�1 ImKlie

ReKlie

 !
ð7Þ

where l is a reference length. To predict the mixed fracture mode of
a bi-material system, an in-plane length is preferred. The TC thick-
ness hTC is chosen as the reference length herein. Noteworthily, the
aforementioned formulas proposed for a two-layer structure are



Fig. 2. The geometry of TBC with multiple surface cracks and interfacial delaminations. (a) The three dimensional configuration and (b) the corresponding two-dimensional
plane strain model.

Fig. 3. Geometry and local coordinates of an interface crack initiating from the root
of a surface crack.
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suitable for the investigation of interfacial delamination between TC
and BC layers in TBC.

Strain energy release rate (SERR) is another basic concept to
study the driving force of an interface crack. A larger SERR value
of the interface crack tip presents the more probability of interfa-
cial delamination. Therefore, we can explain the interface fracture
of TBC by the mean of calculating SERR. Since it is intractable to
calculate K1 and K2 for an interface crack, the more convenient
calculation of SERR is applied in this paper. The energy release
associated with crack growth is characterized and calculated by
J-integral method. On the basis of linear elastic fracture mechanics,
the SIF and the SERR can be related to the value of J-integral. For a
virtual crack advance kðsÞ, the value of J-integral can be calculated
by [32]

J ¼
Z

A
kðsÞn �H � qdA ð8Þ

where dA is the total areas of a layer of elements enclosing the crack
tip, n is the outward normal vector to the corresponding integral
contour, and q is the direction of virtual crack extension, H is given
by

H ¼ WI� r � @u
@x

� �
ð9Þ

where W is strain energy. For elastic material, W is the elastic strain
energy, while for elastic–plastic or elasto-viscoplastic material, W is
defined as the sum of elastic strain energy and plastic dissipation
energy, thus represents the strain energy in an ‘‘equivalent elastic
material’’.

Herein, the finite element code ABAQUS is employed for numer-
ical calculations. For the plane strain tri-layer problem, as shown in
Fig. 2, the corresponding boundary conditions are shown in Fig. 4a.
Regarding the periodicity of the problem, nodes are allocated in
pair at the left and right boundaries of the representative cell
model with periodic conditions applied to keep the opposite edges
deform parallel in a tangential sense [29]. A tensile load is applied
to the cell model, as shown in Fig. 4a. Non-uniform mesh is
adopted for the typical finite element model of the tri-layer TBC.
Eight-node bilinear plane strain quadrilateral reduced integration
elements are selected for all three layers except the crack tip re-
gion, where very fine mesh of singular elements are constructed,
as shown in Fig. 4b. In addition, The J-integral values are indepen-
dent to the mesh configuration if the mesh configuration is fine
enough around the crack tip.

To accurately calculate the J-integral, fine mesh is set near the
crack tip and the contour integral regions, as shown in Fig. 5. In
addition, crack growth direction is assumed to be along the
TC/BC interface. In ABAQUS, the first layer of elements enclosed
the crack front is used to calculate the first contour integral. Since
the first few contour integrals is defined by specifying the nodes
close to the crack tip, the corresponding J-integral values may be
inaccurate. To get accurate value of J-integral, more contours
should be set, as shown in Fig. 5. The convergence of J-integral is



Fig. 4. (a) Finite element model of tri-layer TBC and (b) a typical mesh around the
interface crack tip.

Fig. 5. Characteristic of the contour integrals around an interface crack tip.

Fig. 6. Mode mixity w as a function of interfacial delamination length for different
TC thicknesses.

R. Xu et al. / Materials and Design 47 (2013) 566–574 569
ensured once the difference between two adjacent integral con-
tours can be ignored.

Herein, each layer in TBC is taken to be homogeneous, isotropic
and linear elastic materials. The initial geometrical and material
properties are hTC = 0.4 mm, hBC = 0.2 mm, hs = 30 mm, ETC = 50 GPa,
EBC = 100 GPa, Es = 211 GPa, mS = mBC = mTC = 0.3 and W/hTC = 20,
where the subscripts TC, BC and S represent top coat, bond coat
and substrate, respectively. In particular, wide ranges of geometrical
and material parameters of each layer are analyzed to examine
their effects on the driving force of interfacial delamination
[33,34]. The interfacial delamination length d is considered to be
in the range from zero to half of TC thickness, where the driving
force (i.e. SERR) remains stable and the edge effect can be neglected.

3. Results and discussions

3.1. Effect of geometrical parameter

Mode mixity w and SERR G can be adopted to detailedly de-
scribe the initiation and propagation of the interfacial delamina-
tion. w is an important parameter to determine the fracture
mode and the component ratio of driving force represented by
interface SERR. As mode mixity w varies, the dominant fracture
mode of an interface crack changes. In the case of w<45�, mode I
fracture, which corresponds to normal separation of crack faces,
dominates the interfacial fracture. In contrast, mode II plays a ma-
jor role in the case of w>45�. In this case, crack faces usually pres-
ent a shear separation. Fig. 6 shows the effect of TC thickness on
the mode mixity w of interface crack. The variation of w is plotted
as a function of interfacial delamination length for the case of
hBC = 0.2 mm ETC = 50 GPa, and EBC = 100 GPa. In this case, w is rel-
atively small during the initiation of interfacial delamination, as
shown in Fig. 6. However, w enhances dramatically as delamina-
tion length increases and finally reaches a stable state as the inter-
facial delamination length reaches about d/W = 0.025. According to
the stable value of w shown in Fig. 6, we can conclude that mode II
dominants the interfacial fracture for a sufficiently long delamina-
tion. In addition, the percentage of mode II is larger for a thinner TC
(e.g. w is larger for hTC = 0.1 mm than that of hTC = 0.6 mm). Note
that for a relatively thin TC case (e.g. hTC = 0.1 mm) mode mixity
w increases to its steady-state, which has been observed and de-
fined in previous work [27,28], rapidly but oscillates. On the con-
trary, w approaches the steady value slowly and monotonically
for relatively thick TC (e.g. hTC = 0.6 mm). This indicates that it is
easier for mode II to dominant the interfacial fracture in case of
thinner TC layers.

Fig. 7 shows the mode mixity w as a function of interfacial
delamination length for different BC thicknesses. In these cases,
the following materials and geometries are selected: hTC = 0.4 mm,
ETC = 50 GPa and EBC = 100 GPa. The value of w rises to a stable state
from a relatively small value as the interfacial delamination prop-
agates along the interface. Obviously, the increases of w is more
smooth than the curves shown in Fig. 6. For example, unlike the ef-
fect of TC thickness, the variation of w is monotonous for all BC



Fig. 7. The mode mixity w as a function of interfacial delamination length for
different BC thicknesses.
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thicknesses. Focused on the stable values of w that are larger than
45� for all the BC thicknesses considered herein, we can easily per-
ceive that mode II dominants the interfacial delamination inevita-
bly. Furthermore, Fig. 7 suggests that there may be an asymptotic
curve for very high values of BC thickness (e.g. hBC = 0.6 mm).

To obtain a clear understand about the dominant fracture mode
during the stable propagating of the interfacial delamination, we
compare the effects of TC and BC thickness on the steady-state
mode mixity wSS, which is essential to determine the fracture mode
after the interfacial delamination reaches a sufficient length, using
the unified geometry parameter j defined by Eq. (1). Combining
the steady-state mode mixity wSS shown in Fig. 6 and Fig. 7, the
relationship between wSS and the geometry parameter j is pre-
sented in Fig. 8. The variation of wSS is similar for different cases,
as shown in Fig. 8. For the case of setting hBC as a constant and
varying hTC, wSS decreases significantly with the thickening of
TC(the black curve), which contributes the increases of parameter
j. The decreasing of wSS may lead to the domination of mode I.
Thus the fracture mode may transform from mode II to mode I if
parameter j increases to a critical value. However, the value of
wSS also declines as the increases of parameter j (the red curve)
caused by hBC decreasing with a constant hTC. Note that the declines
of wSS in this case (hBC decreasing with a constant hTC) is not as
Fig. 8. The stable values of interfacial delamination mode mixity wSS as a function
of parameter j.
significant as the former case (hTC increasing with a constant hBC),
which means that wSS is more sensitive to TC thickness.

The effect of TC thickness on the driving force of interface crack
is shown in Fig. 9, where the SERR value varies as a function of
interfacial delamination length for different TC thicknesses. Instead
of a monotonic variation with the delamination length, SERR oscil-
lates in the processes of initiation and propagation of interfacial
delamination. The oscillation leads to a local maximum value of
SERR Gmax, which is critical to estimate the emanation of interfacial
delamination. Then, SERR declines until a steady-state is reached.
Finally, beyond a certain delamination length (roughly equal to
d/W = 0.05) SERR becomes almost independent of the delamination
length. Herein, the corresponding Gss is an important parameter to
describe the driving force of stable spreading of interfacial
delamination.

It is noteworthy that the oscillation of SERR cannot be elimi-
nated by changing TC thickness. In the case of a larger hTC, the
appearance of Gmax is postponed and the Gmax is enlarged as hTC in-
creases. For a relatively thick TC the interfacial delamination will
propagate to a longer distance before SERR rises to its maximum
value. In addition, a thicker TC layer will induce a much higher
maximum SERR which may facilitate the initiation of interfacial
delamination. It should also be noted that higher stable values of
SERR Gss are achieved as the TC thickness hTC increases. For a thick-
er TC, the interface crack is easier to propagate once it initiated
from the root of surface cracks. This is due to the fact that a much
higher stable value of SERR is achieved in this case. Considering the
effect of TC thickness on the mode mixity w in Fig. 6, it is conclude
that for thicker TC the dominant fracture mode of the easy-propa-
gating interface crack is mode I at the initiation and gradually
transfers to mode II during the propagation. The numerical results
coincide with our experiment results, as shown in Fig. 1a. The same
phenomenon has also been observed by Qian et al. [35] and Zhou
et al. [36].

The variation of SERR as a function of interfacial delamination
length is shown in Fig. 10 for different BC thicknesses. High lever
stable state SERR value is achieved as hBC increases. As might be
intuitively expected, the SERR with the interfacial delamination
only depends on the thickness of film (first layer) and is indepen-
dent to the substrate (second layer) in the film/substrate systems.
In this context, the results, plotted in Fig. 7, indicate that the BC
(second layer) plays a non-negligible role in determining the value
of SERR since there exists an extra constraint (third layer) in TBC
system. Similar to the effect of TC thickness, thicker BC may
Fig. 9. The strain energy release rate as a function of interfacial delamination length
for different TC thicknesses. The Gmax stands for the maximum value of strain
energy release rate.



Fig. 10. The strain energy release rate as a function of interfacial delamination
length for different BC thicknesses.
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obviously result in the increases of the maximum SERR (e.g.
hBC = 0.6 mm). But comparing with the enlargement of SERR caused
by TC geometry, the increases of SERR due to the thickening of BC
is much smaller. Combining the results shown in Figs. 9 and 10, we
can conclude that both the stable and maximum SERR values rise
with the thickening of TC and/or BC. The difference is that the TC
thickness is a more significant factor that affects the evolution of
SERR. The detail comparison of the effects of TC thickness and TC
thickness on SERR will be obtained from Fig. 11.

The effects of TC and BC geometries on the driving force of
delamination are shown in Figs 9 and 10, respectively, in which
the obvious increase of SERR corresponding to thickening TC and/
or BC can be noted. The effects of TC and BC thicknesses on the sta-
ble driving force of interfacial delamination are shown in Fig. 11, in
which the stable value of SERR Gss is functions of the geometry
parameter j. It is seen that the stable SERR rises with enlarging
the geometry parameter j, which may be caused by the thickening
of TC or thinning BC as the definition by Eq. (2). Noteworthily, the
stable SERR rises dramatically in the case of setting hBC as a con-
stant and varying hTC (the black line in Fig. 11) , which means that
the SERR is only affected by hTC. On the contrary, the variation of
SERR for setting hTC as a constant and varying hBC (the red line in
Fig. 11) can be almost negligible compared to the former.
Fig. 11. The stable values of interfacial delamination SERR GSS as a function of
aggregate thicknesses of BC and TC.
Obviously, it can be concluded that the driving force of stable prop-
agation of interfacial delamination is mainly determined by hTC

rather than hBC.

3.2. Effect of material parameter

Ye et al. [37] investigated the effect of material mismatch
parameter a on the driving force of interfacial delamination. They
concluded that for film/substrate systems of stiffer films deposited
on relatively compliant substrate (a > 0), the interfacial delamina-
tion could more likely to occur than relatively compliant films on
stiffer substrate (a < 0). Herein, we consider the effect of material
parameter of each layer (especially TC and BC) on the delamination
driving force. After obtaining the effect of material on the driving
force, we can explain the reason why TBC with stiff TC and soft
BC is more likely to fracture on the interface, which is found in
our test. In this section, the effects of material parameters ETC

and EBC, which determines the value of a defined by Eq. (2), are dis-
cussed in details.

Fig. 12 shows the variation of w as a function of interfacial
delamination length for different Young’s moduli of TC. The
geometries constants and materials of TC and BC except ETC are
fixed as followings, hTC = 0.4 mm, hBC = 0.2 mm and EBC = 100 GPa.
As Fig. 12 shown, w rises dramatically at the beginning of the inter-
facial delamination and then approaches to a relatively stable state
as the crack propagates along the interface. For the stiffer TC (e.g.
ETC. = 150 GPa and ETC = 200 GPa), w rises more rapidly with the
propagation of the delamination than that for more compliant TC
(e.g. ETC = 50 GPa), which implies that the domination of mode II
fracture comes much earlier. However, it should be noted that
for the case that the moduli of TC is smaller than that of BC (mis-
match parameter a < 0, e.g. ETC = 50 GPa), the steady value of w
stays negligibly higher (wss52�) when compared with the case
a = 0 (e.g. ETC = 100 GPa) or a > 0 (e.g. ETC = 150 GPa and ETC = 200 -
GPa), which both asymptotically approach to a same steady-state
value (wss = 51�). It is of interest that this is very close to the results
of Mei et al. [26], which present a value of 52� for the film/sub-
strate model that the film and the substrate have identical elastic
moduli.

The relationship between mode mixity w and interfacial delam-
ination length for different Young’s moduli of BC is shown in
Fig. 13. Fixed the material and geometry of TC and BC except EBC

as followings, hTC = 0.4 mm, hBC = 0.2 mm and ETC = 100 GPa.
Comparing with Fig. 13, we can obtain similar results that w rises
Fig. 12. The mode mixity w as a function of interfacial delamination length for
various Young’s moduli of TC.



Fig. 14. The stable values of interfacial delamination mode mixity wSS as a function
of material mismatch parameter a.

Fig. 15. The strain energy release rate as a function of interfacial delamination
length for various Young’s moduli of TC.
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rapidly for compliant BC (e.g. EBC = 50 GPa) while w rises slowly
and monotonically for stiff BC (e.g. EBC = 200 GPa). It should be
noted that EBC has a significant effect on the steady-state value of
w. Obviously, the steady-state value wSS emerges as the EBC in-
creases, which means that during the propagation of the interfacial
delamination the percentage of mode II is quite larger for the sys-
tems with a stiffer BC.

Combining the steady-state mode mixity wSS shown in Fig. 12
and Fig. 13, the relationship between wSS and material mismatch
parameter a is presented in Fig. 14. It is well know that both
Young’s moduli of TC (ETC) and BC (EBC) make contribution to the
material mismatch parameter a. While setting ETC to a constant,
the variation of a is caused by EBC solely, likewise, ETC is the only
impact factor to a if EBC keeps a constant. In this way, the effects
of material properties of TC and BC on the steady-state mode mix-
ity of delamination can be combined and compared through the
unified parameter a. In Fig. 14, wSS always drops with the increases
of a, which may be caused by either hardening TC or softening BC.
Consequently, the percent of mode II fracture reduces during the
propagation of interfacial delamination. Obviously, more attention
should be paid on the mode I fracture during delamination if the
TBC is deposited with an enhanced material mismatch parameter
a. Note that the wSS reduces more rapidly while softening the BC,
which means that the Young’s moduli of BC has a more notable ef-
fect on wSS. Therefore, the deposition of the BC also needs a special
attention.

Fig. 15 shows the SERR as a function of interfacial delamination
length for various ETC. It is seen from Fig. 15 that Young’s modulus
of TC layer has significant effect on the driving force of interfacial
delamination. The value of SERR rises with the increase of normal-
ized Young’s modulus ETC. Comparing with relatively compliant TC
(e.g. ETC = 50 GPa), the stable value of SERR for stiffer TC (ETC = 100 -
GPa) is much larger (roughly five times that of ETC = 50 GPa). More-
over, in the case of a compliant TC (e.g. ETC = 50 GPa), SERR
oscillates in the process of interfacial delamination emanation,
which coincides with the results obtained by Ye et al. [37] and
Mei et al. [26]. The non-dimensional SERR of the interface crack
in film/substrate system calculated by Ye et al. [37] and Mei
et al. [26] becomes unbounded as interfacial delamination length
approach to zero for systems having films stiffer than substrates.
However, for more compliant films, the maximum SERR exists.

However, due to the remarkable influence of Young’s modulus
of TC, the oscillation of SERR can be ignored while examining the
evolution of SERR for different elastic material mismatches (e.g.
ETC = 150 GPa). As a result, for relatively compliant TC it seems that
Fig. 13. The mode mixity w as a function of interfacial delamination length for
different Young’s moduli of BC.
the SERR varies monotonically with the increase of interfacial
delamination length until a relative steady-state is reached, as
shown in Fig. 15. On the contrary, for a relatively stiff TC the SERR
is closely related to the delamination length especially during the
initiation of interfacial delamination. In details, the SERR ap-
proaches an enormous value as delamination length approaches
to zero, which may easily result in interfacial delaminations.

The effect of EBC on the driving force of interfacial delamination
is shown in Fig. 16. For relatively compliant TC deposited on stiffer
BC (e.g. EBC = 200 GPa), the interfacial delamination driving force
approximately approaches to zero as delamination length ap-
proaches to zero, which implies that in this case the driving force
will vanish at the root of the surface channel crack. On the con-
trary, in the case of compliant BC (e.g. EBC = 50 GPa), the SERR be-
comes unbounded as delamination length approaches to zero,
which means the interfacial delamination is much easier to initi-
ate. Obviously, the SERR drops with increasing Young’s modulus
of BC, which is insignificant, however, for relatively stiff BC (e.g.
EBC > 50 GPa). As a result, in some cases (e.g. EBC = 200 GPa), the lo-
cal maximum SERR is even larger than the stable value for those
with relatively compliant BC (e.g. EBC = 100 GPa). In general, the
stable SERR value declines monotonically as Young’s modulus of
BC increases.



Fig. 16. The strain energy release rate as a function of interfacial delamination
length for various Young’s moduli of BC.
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The effects of material properties of TC and BC on the driving
force of delamination are investigated and shown in Figs 15 and
16, respectively. The effects of material properties of TC and BC
on the stable driving force (GSS) of delamination can be combined
and compared through the unified parameter a, as shown in
Fig. 17, where the stable value of the interfacial delamination SERR
are plotted as functions of material mismatch parameter a. when
EBC equals to a constant, the variation of GSS is affected by changing
ETC, which is corresponding to Fig. 15. Similarly, the red curve pre-
sents the relationship between GSS and EBC while ETC is constant.
The stable SERR rises as the elastic material mismatch parameter
a increases, i.e. the Young’s modulus of TC increases or the Young’s
modulus of BC decreases. However, as a increases, the stable SERR
value is more remarkably affected for a given constant BC modulus
EBC compared to that of given constant TC modulus ETC. For exam-
ple, changing the ETC. to make parameter a rises from �0.6 to 0.33
can lead to the steady-state SERR increasing from 13.6 N/m to
132.6 N/m (increase 875%), while the steady-state SERR increases
from 56.2 N/m to 61.2 N/m (increase only 8.9%) when change EBC.
Therefore, it is clear that the propagation of interfacial delamina-
tion can be postponed or suppressed easily by softening TC instead
of hardening BC. Combined the results of Fig. 14 and Fig. 17, it is
concluded that the steady-state mode mixity wSS is mainly affected
Fig. 17. The stable values of interfacial delamination SERR GSS as a function of
material mismatch parameter a.
by the Young’s modulus of BC and in contrast the steady-state
SERR GSS seems to be determined by the Young’s modulus of TC.
4. Conclusions

The effects of geometrical and material parameters of top and
bond coats on the failure mechanisms of thermal barrier coating
system (TBC) were investigated in this work. The results show that
the delamination driving forces are more sensitive to the thickness
of ceramic top coat than that of bond coat. In addition, interfacial
delamination can easily initiate and propagate for relatively thick
top coat since the strain energy release rate increases drastically
with the thickening of top coat. Therefore, to suppress or postpone
the interfacial failure of TBC, relatively thin top coat layer and good
interfacial shear strength are recommended for the structure de-
sign of TBC. The effects of material parameters of top and bond
coats on the interfacial delamination are also significant. In the
case of a stiffer top coat deposited on a relatively compliant bond
coat, the interfacial delamination can extend more easily since
the interfacial delamination driving force approaches to an enor-
mous value while emanating from the root of a channel surface
crack. It is also seen that softening the top coat or hardening the
bond coat can make a contribution to slow down the propagation
of delamination. Moreover it is much easier to postpone or sup-
press the initiation and propagation of interfacial delamination
by softening the top coat than hardening the bond coat because
the driving force of delamination is more sensitive to the Young’s
modulus of top coat. Considering the thermal barrier and mechan-
ical loading carrying capabilities simultaneously, optimal design of
the thicknesses of top coat and bond coat are preferable for TBC
structure. Further study is aimed to perform the optimal design
of top coat thickness for given performance requirements.
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