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Abstract

Thermal barrier coating system (TBCs) must withstand the most demanding high temperature conditions where state-of-the-art top coat
material Y,0;—stabilized ZrO, may undergo significant sintering and phase change. The concept of double-ceramic-layer (DCL) TBCs seems to
be an effective way to meet the need for both thermal stability and transformation toughening. In this paper, a virtual crack closure technique
based interface element method is introduced to study the mechanics associated with the interfacial delamination of DCL TBCs. The evolution of
energy release rate of interfacial delamination is explored for DCL TBCs with various geometrical and material parameters. Analysis of fracture
mechanisms of delamination reveals that considering the integrated thermal and mechanical functionalities of coatings an optimal thickness ratio
of outer to inner ceramic layers exists, which can be preliminarily evaluated by running numerical calculations of fracture parameters and
performing thermal life experiments over a wide range of thickness ratios of outer to inner coating layers. In addition, the influence of separation
centered at the interface of two ceramic layers is also examined. It is demonstrated that the local separation between two ceramic layers makes

delamination readily to form and propagate at the interface between the inner coating and the underlying layer.

© 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The thermal efficiency of gas turbine for power generation
relies on the development of heat resistant materials as well as
turbine cooling technology and thermal barrier coating system
(TBCs). It has been proved that the turbine inlet temperature
increase facilitated with the application of TBCs, in conjunc-
tion with advanced air-cooling technology, is much greater
than that enabled by heat resistant materials development [1,2],
which driving researchers to make every effort to pursuit
advantaged TBCs [3]. Due to its low thermal conductivity and
high environmental durability, Y,O5-stabilized ZrO, (YSZ) is
increasingly used as the thermal resistant material of TBCs on
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the surface of metallic parts in the hottest part of gas turbine
engines. Further improvement in the energy efficiency of
future gas turbine engines makes the surface temperatures of
the top coat (TC) and the bond coat (BC) are higher than those
in today's conventional TBCs, which may lead to the dete-
rioration of material properties and thus the decreases of
efficiency and reliability [1,4]. The state-of-the-art TC material
YSZ performs quite well up to current service temperatures.
However, at still higher temperatures, the YSZ mainly undergo
two significant detrimental changes: sintering and phase
change [5,6]. Over long time high temperature operation,
YSZ strongly sinters which leads to microstructure changes
and increases in the thermal conductivity and Young's mod-
ulus, and hence a reduction of the strain tolerance [5]. On the
other hand, the phase transition in YSZ is accompanied by an
undesirable volume expansion of about 4% and a considerable
reduction of thermal cycling life of TBCs [6].
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As a consequence, these disadvantaged high temperature
properties of YSZ promoted a worldwide search for candidate
materials with superior low thermal conductivity, high melting
point, resistance to sintering, and long life properties [3]. Over
the past decades, various materials have been developed and
considered to be the candidate materials for the future coating
[1,7]. A detailed overview on the development of new TBCs
material systems was given by Clarke and Levi [3]. It has been
proved that the coefficients of thermal expansion (CTE) of
these promising candidate materials are typically lower than
that of YSZ, which results in higher thermal stresses and thus
premature failure of TBCs [8]. Previous studies showed that
the need for thermal stability seems contradict with the ability
of transformation toughening. Since no single material satisfies
all requirements for advanced TBCs, the concept of multilayer
seems to be an effective way to overcome this shortcoming.
Due to its relatively high CTE and high toughness, traditional
YSZ layer is coated to the BC layer. Meanwhile, to protect the
inner YSZ layer an additional outer layer with high phase
stability and low thermal conductivity is coated on the top of
traditional YSZ layer. As a result, a double-ceramic-layer
(DCL) coating is formed.

Most of investigations focus on the preparation, characteriza-
tion, and thermal shock resistance of multilayer thin film/substrate
system [8—12]. Relatively little effort has been devoted to the
mechanisms governing failure of DCL TBCs. Since the DCL
TBCs are composed of multilayer materials with obviously
different material properties, relatively large thermal stresses can
be induced inevitable in the coatings [13,14]. As a result,
interfacial delamination forms, which is believed to govern the
durability of coating system [15,16]. The final failure of TBCs
happens by spallation of coatings when a separation becomes
large enough to create a large scale buckle or an edge delamina-
tion [17-19]. The delamination failure is driven by the difference
between the stored energy of the debonded and adhered systems.
This energy is released during the propagation of the delamina-
tion at weak interfaces. Therefore, the central scientific and
engineering issue for the application of new developed DCL
TBCs is to understand the mechanics of interfacial delamination
in terms of energy. Lacking detailed knowledge of failure
mechanisms will preclude the application of DCL TBCs in
practical gas turbine engines.

In this paper, the evolution of interfacial delamination as
well as its dominated material and geometrical parameters is
explored numerically. Section 2 briefly reviews the interface
fracture mechanics and the concept of an interfacial delamina-
tion emanating from the root of a long, straight channel crack.
In addition, a user defined element technique based finite
element method (FEM) is introduced to calculate the strain
energy release rate (SERR) for interfacial delamination. In
Section 3, the interfacial delamination of a DCL TBCs
structure is investigated by analyzing the effects of material
and geometrical parameters of an additional outer coating
layer. The influence of separation centered at the interface
between two coating layers on the evolution of SERR is also
analyzed. Finally, some discussions and concluding remarks
are presented in Section 4.
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2. Statement of the problem
2.1. Bi—material interface crack

In thin film/substrate structures, two dominate failure modes
have been investigated extensively, one for cohesive fracture
and the other for interfacial delamination [20]. Multiple surface
cracking is the common form of cohesive fracture in thin film
structure [21-24]. Once the surface cracks grow sufficiently
long compare with the film thickness, a steady state is reached
where the energy released per unit advance keeps constant and
the crack driving force become independent of the surface
crack length and initial flaw geometry [25]. In this case, the
steady state SERR of the surface channeling crack can be
calculated from a two-dimensional (2D) model [26], which
provides a simplified solution that is directly relevant to design
against fracture. The previous research found that depending
on the elastic mismatch and interface roughness delaminations
can be triggered at the roots of the surface channeling cracks
[27-29]. In this paper, we consider the mechanisms governing
the failure of an interfacial delamination emanating from the
root of the surface channel crack at each side in the DCL
TBCs, as shown in Fig. 1.

Since the interface of different components is usually a low—
toughness fracture path, the delamination is assumed to
propagate along the interface. As a sequence, the problem
must be concerned with mixed mode crack propagation.
Dundurs (1969) has observed that the fracture behavior of an
interfacial crack depends on only two non-dimensional com-
binations of the elastic modulus, known as the Dundurs' elastic
mismatch parameters a and f. For the studied 2D plane strain
problem, the Dundurs' parameters @ and f are expressed as

E\ —E;
A= ——
E\+E
_ 1#1(1—2"2)—#2(1—2"1)
2 (1 =va)+py(1—vy)

where E; = E; /(1 — viz), E;, v; and pi(i=1,2) are the plane strain
modulus, Young's modulus, Poisson's ratio, and shear modulus
of the respective materials, respectively. For most problems, a
is more important than f. In case of E;=E,, we have a=p= 0,
in other words, the material mismatch vanishes, and the problem
reduces to the conventional homogeneous isotropic fracture
problem.

The singularity at the crack tips along the interface between
two dissimilar isotropic materials is of the form (2 + ie) where
the bi—material constant ¢ is defined as

1 1-p
e=—In —
27 1+p

(1)

p 2)

€)
The singular stress, ¢, on the interface directly ahead of the

crack tip can be written in the following form [30]

Oy iy = (Ky +iKy)Q2mr) ' 2r )

where i=+/—1, r*= cos(e Inr)+i sin(e Inr) is the so-
called oscillatory singularity parameter for bi—material interface
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Fig. 1. (a) Schematic of interfacial delaminations emanating from the root of a
surface channel crack in a double-coating-layer thermal barrier coating system
(TBCs); and (b) two-dimensional (2D) geometry model of the problem.

crack problem. The interface stress intensity factor (SIF) compo-
nents K; and K, play the same role as their well-known counter-
parts in fracture mechanics for homogeneous, isotropic elastic
solids.

And the relative displacement, u, behind the crack tip as

8 Ki+iK r\1/2 .
Oy Fi0y = (1+2ie)cosh(ﬂs)( 1;* s (ﬂ) ’w 3)
where
a1
E. 2 [El * E_z]
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Based on Irwin's crack closure integral over a virtual crack
closure length Aa the SERR, G, for the interface crack can be
calculated from Egs. (4) and (5), as [30]

Aa

G = lim

1 1\ KI+K3
Aa—02Aa o

o(r)d(Aa—r)dr= <_— + =

E, E,) 2cosh’ze

(©)

where Aa is the virtual crack closure length. It can be seen
from Eq. (6) the SERR value depends on the elastic mismatch
only through e. Accordingly, the individual SERR components
take the form

N . '
G = AIHIIEO 7Aa /0 0y (r)dy(Aa—r) dr = AI;TORC [C+D(Aa)”]

™

i ! & : ie
Gy = AlaH—I}OE/O Oxy(r)0y(Aa—r) dr = Al;llloRe [C—D(Aa)”]
®)

where the parameters C and D are complex constants [31].

Note that the SERR components depend on the virtual crack
closure length Aa due to the presence of oscillatory terms and
have no well-defined limits. However, the total SERR value is
independent of Aa, and has a definite converged value [32].
The independence of the total SERR value was also reported
by others researchers [33,34]. Due to its independence of
virtual crack closure length, the evolution of total SERR value
is the main concern of the present work.

2.2. Virtual crack closure technique (VCCT) based interface
element technique

To predict the delamination advance within interface, the
SERR value should be firstly calculated numerically and then
compared to the interfacial fracture toughness properties. It has
been proved that the SERR value can be calculated numeri-
cally by finite element (FE) analysis using the virtual crack
closure technique (VCCT), firstly proposed by Rybicki and
Kanninen [35]. Based on the formulation of 2D VCCT, for the
four-node rectangular element shown in Fig. 2, the SERR
value can be approximated as the product of the nodal forces at
the crack tip and the nodal displacement opening immediately
behind the crack tip

Y,-(Vj— Vj')

Gr= “2BAa )
Xi(Uj— Uj')

Gy = “BAqd (10)

where B is the thickness of the body (in case of 2D model,
B=1), Aa is the length of the elements ahead of the crack tip,
and X; and Y; are the shear and opening forces at the crack
tip (node i), U and V are the shear and opening nodal dis-
placement components along x and y axis, respectively. Node
points at upper and lower surface (nodes j and j') have identical
coordinates. The new created crack surface is calculated as
Aa x B.
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Fig. 2. Virtual crack closure technique (VCCT) for four-node element.

For the 2D problem studied, the total SERR can be
calculated from the individual mode components as

G=G;+Gy (11)

Since there is no additional requirement for the stresses and
displacements to fulfill, VCCT can be used with non-singular,
linear, FE simulation to get accurate SERR values [34].

To separate the initially bonded nodes, the following general
form fracture criterion can be selected to determine the fracture
of crack

G=>Ge (12)

where G¢ is the critical SERR (fracture toughness), which
should be measured via experiments.

In this work, the interfacial delamination in TBCs is
numerically studied using the VCCT based interface element
technique. The interface element idea follows the methods
proposed by Xie and Biggers [36], and Mabson et al. [37],
which has been proved to be simple, efficient and robust in
crack growth problems.

Fig. 3 shows the definition and node numbering of a typical
2D interface element. Each interface element has five nodes, in
which the node pair at the crack tip (N1 and N2) is modeled to
calculate the internal forces. A relative stiff spring is allocated
between Node 1 and Node 2 to output the internal nodal
forces. The node pair immediately behind the crack tip (N3
and N4) is used to extract displacement information. In
addition, in order to define the crack growth direction and
length the node ahead of the crack tip (N9S) is introduced. As a
result, two node sets are contained in the interface element: the
top set (nodes 1, 3, and 5) and the bottom set (nodes 2 and 4).
In practice the top set nodes coincide with the bottom sets
before fracture happens. Note that the thickness of interface
element is exaggerated for clarity in Fig. 3.

For the studied 2D four-node element, the displacement
array of the five-point interface element can be expressed as
{U;, V;, Uy, V,, Us, V3, Uy, Vy, Us, Vs}. Then the nodal forces
at the crack tip reads.

Fy =K. (U-Uy),F,=K(V-V>) (13)

where (U;, V;) (i=1,2) are the displacement components for
node i referring to the global coordinate system. K, and K, are
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Fig. 3. Definition of VCCT based interface element for 2D four-node element.

T N4 N2

—_— —_ 4 — =

the stiffness components of the spring allocated between node
pair N1 and N2. The stiffness is initially assumed to be a large
value and becomes zero once the fracture criterion is satisfied.
An empirical validation of the assumption of initial stiffness
has been performed in Ref. [36].

Nodes 3 and 4 are introduced to extract displacement
information, which do not have contribution to the stiffness
matrix of the interface element. Based on the displacement
information of Nodes 3 and 4, the shear and opening nodal
displacement components behind the crack tip are determined

Au=Us-Us, Av="V3-V, (14)

The crack growth direction is defined by node N5 and node
N1, while the crack jump length equals the distance between
N5 and N1 and is

Aa=|Us—U,| (15)

Then, the SERR values can be obtained immediately by
substituting Eqgs. (13) to (15) into Egs. (9) to (11). Since the
node force and displacement fields are basic information for
most of the numerical methods, SERR values can be output
directly using the numerical methods such as the FEM in
conjunction with the VCCT.

2.3. Finite element model

Numerical calculations are carried out to study the inter-
facial degradation of DCL TBCs, where the introduced
procedure for the VCCT based interface element has been
implemented into ABAQUS with its user subroutine UEL. The
TBCs structure to be tested is assumed to be sufficiently thick
compared to its in-plane geometry such that 2D plane strain
model can approximate it. Due to the symmetry of the studied
problem, only half of the DCL TBCs structure is modeled with
proper boundary conditions imposed (Fig. 1b). User defined
elements, which are adopted to characterize the bonding
condition of interface, are placed at the interface between
BC layer and traditional YSZ layer. For typical FE model of
the DCL TBCs structure, non-uniform mesh is adopted with
fine mesh constructed around the interface. All layers are
treated as isotropic and elastic materials. Their material
properties are listed in Table I(after Refs. [14,38]).

A reference DCL TBCs structure is selected as a benchmark,
where the material properties are presented in Table 1 while
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Table 1
Material properties of the double-coating-layer thermal barrier coating system.
Outer ceramic coating (TC1) Inner ceramic coating (TC2) Bond coat Substrate
Young's modulus (GPa) 90 60 200 211
Poisson ratio 0.25 0.1 0.3 0.3

the thicknesses of theTC1, TC2, BC and substrate are assumed
to be 50 pm, 250 pm, 100 pm and 3 mm. To evaluate the
mechanisms governing the interfacial delamination, different
geometries and material properties of outer ceramic layer have
been considered, where TC1 thickness varies from 0 to
250 pm, while its Young's modulus varies from 30 to
150 GPa [14,38].

3. Results and discussion

In this section, systematic studies of the influences of
geometrical and material properties on interfacial delamination
are presented. Note that when the material properties of the
outer and inner ceramic layers are assumed to be identical the
DCL TBCs structure will reduce to a traditional single-
ceramic-layer (SCL) TBCs, where the coating thickness h,
equals to the total coating thickness, hzc;+ hyco, of the DCL
TBCs (Fig. 1). For comparison, the Young's modulus, Pois-
son's ratio and stress of the uniform YSZ coating layer of SCL
TBCs are represented by Ej v o respectively.

3.1. On material parameter effect

Even the smallest increase of turbine inlet temperature can
result in considerably large amounts of energy produced,
which drives the further improvement of the efficiency for
next generation gas turbine engines. As a result, TBCs must be
operated at high temperatures, under which coating materials
undergo severely sintering phenomenon and the changes of
both coating microstructure and material properties [5,6].
Especially, it has been proved that sintering has a significant
effect on the mean Young's modulus and hardness of coatings.
It is essential to clarify the influence of Young's modulus of
outer coating layer on the fracture mechanisms of interfacial
delamination. Therefore, numerical calculation of crack driv-
ing force has been carried out over a wide range of Young's
modulus of outermost ceramic layer. In this section, all of the
parameters except for the Young's modulus of outermost layer
are held the same with those of the reference DCL TBCs
structure.

Due to the well-defined and independence on the virtual
crack closure length Aa of total SERR value [32-34], it is first
examined as a function of delamination length (Fig. 4). The
presented SERR values are normalized by O'j%hf/Ef, where
Er=E;/(1 —v%) is the plane strain modulus of the uniform
YSZ coating of SCL TBCs. The delamination length is
normalized by the total coating thickness /.

The basic feature of the SERR evolution history is that as
delamination length increases a local maximum value will be
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Fig. 4. Normalized strain energy release rate (SERR) for interfacial delamina-
tion as the function of Young's modulus ratio of outer to inner coating layers,

ETCI/ETC2-

reached for a relatively short crack length (about 6% of the
total coating thickness for the studied problem). However,
once the delamination propagates sufficient long, less than half
of the total coating thickness in this studying, a steady state is
reached where the crack driving force becomes independent of
the delamination length. As a consequence, the evolution of
SERR for an interfacial delamination oscillates instead of a
monotonic variation with respect to crack length.

On one hand, the maximum SERR is critical since it
determines an interfacial delamination will grow or not. For
practical TBCs, the interfacial fracture toughness is constant
and determined, an existing separation or delamination grows
if the maximum SERR exceeds the fracture toughness, and
otherwise, no propagation or coalescence happens. Another
key point is that for typical material combination of practical
TBCs (the coating is relatively compliant than the underlying
layer, that means Dundurs' parameter a < 0), the crack driving
force approaches zero for very small interfacial delamination
(d/hy<1). In other words, in case of a <0, typical TBCs
satisfy this condition, a critical size is necessary for the
initiation and propagation of interfacial delamination. How-
ever, since multiple local separations or deleminations are
inevitable even before thermal cycling begins [15,16], the
initiation, propagation, linking up and coalescence of small
damages can hardly be avoided in practical TBCs. In others
film/substrate structure such as microelectronics and stretch-
able electronics, the substrate can be stiff than the film, which
leads to different fracture mechanisms [27,28,39,40].
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Fig. 5. Variations of the normalized maximum and steady state SERR values
presented as the function of the Young's modulus of outer most coating layer,
Erci.

On the other hand, the stead state SERR value is vital to the
final failure of TBCs, which is characterized by a large portion
of the coating delaminated from the underlying layer. The
larger the steady state SERR values the easier a macro-sized
separation forms. Moreover, comparing the curves for different
material combinations in Fig. 4, we can conclude that depo-
siting a relatively compliant outermost layer can reduce both
the maximum and the steady state SERR values. This suggests
that better mechanical performance can be achieved by
replacing part of the traditional YSZ with relatively compliant
ceramic material.

More details can be seen from Fig. 5, where the normalized
maximum and steady state SERR values for interfacial delamina-
tion are plotted as the function of the Young's modulus of TCI.
From Fig. 5, clearly, the elastic mismatch between two ceramic
coatings has remarkable effects on the maximum and steady state
SERR values. In detail, both the maximum and steady state
SERR values increase as the Young's modulus of TC1 increases.
Throughout the wide range of elastic moduli, the maximum
SERR as well as the steady state SERR displays an approxi-
mately linear increase behavior with respect to the Young's
modulus of outer ceramic layer. This is caused by the fact that a
stiff outermost layer can significantly increase these energy stored
in the adhered part, which means more energy will be released by
per unit of coating debonding. Hence, we can conclude that due
to the sintering-induced stiffening of ceramic coating interfacial
delamination can be more easily triggered at elevated tempera-
tures. This can partially explain the premature failure of TBCs
under high operation temperature since the elastic modulus of
ceramic layer increases with the sintering of coatings at elevated
temperatures, more explicitly explain will be left for future
studies.

The preceding SERR accounting does not provide any
information of the opening and shearing components. The
SIF components can be obtained by coupling the Irwin relation
with linearity and dimensionality. In this work, the real and
imaginary parts of the complex SIF are calculated based on the

X. Fan et al. / Ceramics International 40 (2014) 13793—13802

SERR value. In Fig. 6, the normalized SIF components are
plotted against the normalized delamination length for different
material mismatches of two coating layers, where the SIF
components are normalized by a7/

Analysis of the variation of SIF components indicates that
the effects of Young's modulus of TC1 on the SIF components
are similar to those of on SERR values. Fig. 6a shows that the
opening mode SIF component increases from zero to a
maximum value and then decreases to a steady stage value
as interfacial delamination propagates. However, instead of an
oscillatory variation with respect to crack length the mode II
SIF component varies monotonically as the interfacial delami-
nation propagates (Fig. 6b). Therefore, the oscillatory of
interfacial crack driving force is mainly caused by the open
fracture of coatings. The information of relative amount of
mode II to mode I crack driving force at the crack tip is
necessary to clarify the mixed mode fracture mechanisms
governs the delamination propagation.

Q

Normalized Mode | SIF Component
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Fig. 6. Influence of the Young's modulus ratio of outer to inner coating layers,

Etci/Ercz, on the normalized stress intensity factor (SIF) components for
interfacial delamination.
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The fracture of delamination should be concerned with
mixed mode crack propagation since the interface crack is
constrained to evolve along the low-toughness crack path. The
material mismatch across the interface as well as non-
symmetric geometry and boundary condition induces a mixed
mode fracture. One concept, in particular, that plays a central
role is the idea of phase angle of mode mix ¥'=tan™ YKHIK)),
which measures the relative amount of mode II to mode I crack
driving force at the crack tip [25]. In general, the values of
total SERR associated with the mode mixity are presented in
discussing the interface failure of joined solids. Therefore, the
material dependence of mode mixity is also studied in this
work. Due to the steady date of SIF components for
sufficiently long delamination (Fig. 6), a constant steady state
phase angle is expected for relatively long interface cracks and
the variation of mode mixity is confined within a small range
of delamination length. Therefore, only the steady state mode
mixity is plotted with respect to the Young's modulus of TC1
layer (Fig. 7). Observe that the steady state mode mixity
strongly depends on the elastic modulus of outer most ceramic
layer. In particular, the reduction of steady state mode mixity is
approximately proportional to the increase of elastic modulus
of TC1 layer. A decrease in the mode mixity suggests that the
effect of opening mode becomes more significant, which is
undesirable because it may cause relatively large out-of-plane
displacement. Regarding the possibility of sintering induced
densification in outer most ceramic layer at high temperatures,
coating endurance may be reduced significantly, which makes
novel microstructure coatings or more efficient candidate
materials valuable.

3.2. On geometrical parameter effect

Attention is confined in this section to the effect of relative
thickness of two ceramic layers on the SERR values for
delamination at the TC2/BC interface (Fig. 8). The presented
SERR values in Fig. 8 is again normalized by a7hy/Ey, while
the delamination length is normalized by the total thickness of
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Fig. 7. Variation of steady state phase angle of mode mix as a function of
Young's modulus of outermost ceramic layer thickness.
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two coating layers hy. Herein, the material properties of TCI
layer are assumed to these presented in Table 1.

As discussed in the previous section, oscillation occurs for
all considered situations. Similar to the variation of SERR with
respect to the elastic modulus of outer most coating layer, the
SERR value approaches to zero as d/hy— 0, which implies that
for very small interface defects the crack driving force will
vanish in case of a relative compliant film deposited on a stiffer
substrate. As interfacial delamination length increases, a steady
state is approached for sufficient long crack. According to
Fig. 8, the steady state SERR value increases remarkably with
the thickening of stiff outer ceramic layer. Consequently,
accompany with its basic function of thermal isolation an
additional stiff outer coating layer yields a high risk of coatings
debonding as compared to SCL TBCs. This suggests that the
need for additional coating layer to avoid severely sintering
and phase transformation contradicts with the need for lower
interfacial crack driving force. As a result, an optimal thickness
of outer coating layer may exist, which points to important
challenges and directions for the future work.

Again, we focus on the variations of the maximum and the
steady state SERR values. We can notice that both the
maximum and the steady state SERR values increase with
the thickening of outer most ceramic layer. Further, it seems
that the increases of the maximum and the steady state SERR
values are approximately linear with respect to the normalized
thickness of outer coating layer. As stated by Dai et al. [41]
based on their experimental observations, a critical thickness
ratio of outer to inner layers exists for DCL TBCs, above
which the thermal life is dramatically decreased and below
which the thermal life is relatively long. Fig. 9 will play some
role in extending the application of thermal life data of DCL
TBCs, such as these presented in Ref. [41]. In other words,
Fig. 9 provides a preliminary evaluation method for the
determining of interfacial toughness of a multilayer coating
TBCs. The purpose can be achieved by performing the
following steps. First, thermal cycling tests of DCL TBCs
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with different thickness ratios of outer to inner layer should be
performed. Then, identify the experimental data of the thermal
life in the numerically predicted plot of SERR against outer
layer thickness, such as Fig. 9, and draw a vertical line from
the critical thickness ratio where thermal life jump is observed.
Then, a horizontal line can be drawn from the intersection of
the SERR curve with the vertical line. As a result, the y—axis
intercept can be obtained, which is believed to correspond to
the normalized interfacial toughness of the studied DCL TBCs.
Consequently, the key outcome of Fig. 9 is that the interfacial
bonding strength of a DCL TBCs can be evaluated by
comparing the experimentally observed critical outermost
coating thickness, which separates the thermal life into higher
and lower regions, with the numerically predicted SERR
values against coating thickness. In addition, notes can be
made as to whether the propagation of interfacial delamination
is stable or unstable after running numerical calculations of
SERR and performing burner rig test of thermal life over a
wide range of outer layer coating thicknesses. On the other
hand, after experimentally determining the interfacial tough-
ness of a DCL TBC:s it is also possible to preliminary evaluate
the optimal thickness of outer most coating layer based on the
variation of SERR with respect to the relative thickness of two
coating layers.

3.3. On interfacial separation effect

Due to the inherent weakness of interface, local separations
or defects at interfaces are inevitable in TBCs [42]. Analysis of
experimental observations reveals that final failure of TBCs is
results of the initiation, propagation, linking up and coales-
cence of small, isolated regions of damage [15,16], which
makes it meaningful to study the effect of local separations on
the interfacial delamination. Due to their significant effects
on the interfacial fracture behavior of TBCs, as discussed in
above sections, the evolutions of maximum and stead-state
SERR values are examined to illustrate the influence of local
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separation (Fig. 10), where a single delamination of size w is
assumed to be centered at the TC1/TC2 interface.

Fig. 10 shows the normalized SERR values for interfacial
delamination at TC2/BC interface as a function of separation
size at the interface of TC1 and TC2. These results clearly
show the significant effect of defect at theTC1/TC2 interface
on the crack driving force of delamination at the TC2/BC
interface. As evident in both of the curves in Fig. 10, increase
of the maximum and stead state SERR values for the
interfacial delamination are nonlinear as the defect size
increases and a suddenly rising up occurs once the separation
size becomes sufficiently large (about one millimeter, three
times of total coating thickness in this work). Large scale
buckling may occur due to possibly unstable propagation of
delamination associated with out-of-surface stresses. More-
over, compared to that of local maximum SERR value, the
effect of defect on the steady state SERR values is more
significant. This is straightforward since the maximum value
occurs for very short interfacial delamination, which means the
distance between the separation and the delamination is so
large that the influence of defect is relatively insignificant.
However, as the distance decreases between two delaminations
the influence on the maximum SERR values become signifi-
cant and have to be considered. Since the maximum SERR
value and the stead state SERR value play decisive roles in the
initiation and propagation of delamination, respectively, the
existing of defects makes delaminations readily to form and
coalescence with others. However, the complexity of failure
mechanisms makes it difficult to quantitatively describe this
relationship, and further experimental data is needed to
determine the most appropriate physically based mathematical
description.

4. Conclusion

The demands and promises of still high efficiencies and to
operate at much higher temperatures of most advantage gas
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turbines, are driving new thermal barrier coating system
(TBCs) based on coating materials development and innova-
tive multi-layer evolving system. Various candidate materials
have been explored but it seems that the requirement for
thermal stability contradict with the ability of transformation
toughening, which motivates the concept of multi-layer TBCs.
However, relatively little effort has been devoted to under-
standing of the mechanisms governing the failure of multi-
ceramic-layer TBCs.

In this paper, a virtual crack closure technique (VCCT) based
interface element method is used to study the interfacial
delamination of a double-ceramic-layer (DCL) TBCs. Numerical
analysis is performed by implementing the interface element
with the commercial finite element analysis software ABAQUS
with its user subroutine technique UEL. The variation of strain
energy release rate (SERR) for interfacial delamination is
examined. In addition, the influences of material and geometrical
parameters on the interfacial crack driving force are studied.
Some main conclusions are summarized as follows.

(1) The evolution of SERR for interfacial delamination oscil-
lates with respect to crack length, which leads to the
existences of local maximum and stead state SERR values.
Both the maximum and steady state SERR values increase
with the thickening of outer most coating layer.

(2) Approximately linear increases of the maximum and the
steady state SERR values are observed with respect to the
relative elastic modulus of outer to inner layers. It is
believed that interfacial delamination can be more easily
triggered at elevated temperatures due to the sintering-
induced stiffening of outermost ceramic coating.

(3) The optimal thickness ratio of outer to inner coating layers
can be preliminarily evaluated by combining the experi-
mental thermal life data with the numerically predicted
SERR values against outer most coating layer thickness.

(4) Defect at the interface of two ceramic layers has significant
effect on the interfacial delamination at the interface of
coatings and bond coat. In detail, the increases of the
maximum and stead state SERR values for the interfacial
delamination are nonlinear as the defect size increases and
an abrupt rising up appears once the separation length
increases to a critical size of millimeter magnitude.
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