Applied Surface Science 370 (2016) 394-402

Contents lists available at ScienceDirect

Applied
Slll)Pface Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Mechanisms governing the interfacial delamination of thermal barrier
coating system with double ceramic layers

@ CrossMark

Rong Xu, Xueling Fan*, T.]. Wang **

State Key Laboratory for Strength and Vibration of Mechanical Structures, Department of Engineering Mechanics, School of Aerospace Engineering, Xi’an
Jiaotong University, Xi'an 710049, China

ARTICLE INFO ABSTRACT

Article history:

Received 1 November 2015

Received in revised form 10 February 2016
Accepted 21 February 2016

Available online 23 February 2016

A systematic study of factors affecting the interfacial delamination of thermal barrier coating system
(TBCs) with double ceramic layers (DCL) is presented. Crack driving forces for delaminations at two weak
interfaces are examined. The results show that a thicker outermost ceramic layer can induce dramatic
increase in crack driving force and make the interface between two ceramic coatings become more prone
to delamination. The behavior is shown to be more prominent in TBCs with stiffer outmost coating. The
thickness ratio of two ceramic layers is an important parameter for controlling the failure mechanisms
and determining the lifetime of DCL TBCs under inservice condition. By accounting for the influences of
thickness ratio of two ceramic layers and interfacial fracture toughnesses of two involved interfaces, the
fracture mechanism map of DCL TBCs has been constructed, in which different failure mechanisms are
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identified. The results quanlitatively agree with the aviliable experimental data.
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1. Introduction

Improving the efficiency of gas turbines is a challenging task for
aircrafts as well as power plants. Commonly, efficiency improve-
ment is always associated with the increase of turbine inlet
temperature. However, the superalloys currently used for turbine
blades have almost reached the limits of their temperature tol-
erance, thus scientists turn to focus on the technique of thermal
barrier coating system (TBCs). TBCs consists of an yttria-partially-
stabilized zirconia (YSZ) ceramic top coat (TC), a metallic bond coat
(BC), a superalloy substrate, and a protective oxide layer forming
during service [1]. Owing to the excellent heat insulating perfor-
mance of ceramic coating, TBCs can protect gas turbine blades from
severe environmental condition through providing a temperature
gradient [2,3].

Under extremely high temperature (higher than 1443K),
YSZ TBCs may undergo several significant degrada-
tions: sintering, phase change, accelerated oxidation and
calcium-magnesium-alumino-silicate (CMAS) deposits.
These detrimental processes affect the material properties
and microstructure of YSZ TBCs, such as increasing thermal
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conductivity and Young’s modulus, and thus reduce the strain tol-
erance. A number of literatures reported that the performance and
the resilience of YSZ TBCs dramatically drop when operated under
extremely high temperature [4-6]. To overcome the remarkable
degradations of YSZ TBCs driven by high temperature, scientists
are searching for alternative materials with superior low thermal
conductivity, high melting point, good resistance to sintering, and
long life properties [7]. Cao et al. summarized the basic properties
of the advanced ceramic materials [8]. They pointed out that,
except YSZ, rare earth oxides such as lanthanum zirconate (LZ) are
promising materials for advanced TBCs. However, the coefficients
of thermal expansion (CTE) and fracture toughnesses of the candi-
date materials are much lower than traditional YSZ. Under thermal
loading, a field of stress would be induced in coatings due to the
huge CTE mismatch, which promotes the mechanical degradation
in TBCs. Therefore, rare earth oxides TBCs such as LZ commonly
appear a premature failure as well as a short life during service.

Recently, double ceramic layer (DCL) TBCs combining the advan-
tages of YSZ ceramic and its candidate materials becomes a nature
choice. The inner YSZ ceramic layer deposited on BC layer is used
to reconcile the mismatch of CTE and fracture toughness between
outermost layer and substrate superalloy, while the outermost
layer with excellent thermal stability protects the inner ceramic
layer from sintering, phase change and CMAS penetration. Previous
studies have shown that the new DCL design is able to effectively
improve the thermal stability and prolong the TBCs life.
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Fig. 1. Dominate failure mechanisms of DCLTBCs: (a) Interface cracks at LZ/YSZ interface. (b) Interface cracks at YSZ/BC interface. Reproduced with permission from Dai, et al.
Materials Science and Engineering: A, 433, 2006 by the Elsevier Limited. (c¢) Multiple surface cracks as well as interface cracks at LZ/YSZ and YSZ/BC interfaces. Reproduced
with permission from Xu, et al. Journal of Alloys and Compounds, 509, 2011 by the Elsevier Limited.

The multilayer TBCs usually consists of several phases with
a large variation of mechanical properties (i.e. metal, alloy and
ceramic layers). During high temperature exposure, different com-
ponents swell or shrink simultaneously and raise a complex field
of stresses. As pointed out by experiment studies, these stresses
induce different fracture behaviors within TBCs that can be clas-
sified into two major categories: surface crack and interfacial
delamination [9-11]. For DCL TBCs, two weak interfaces—the
LZ/YSZ interface and the YSZ/BC interface are prone to delamina-
tion during service [12,13]. The final failure of TBCs happens by the
spallation of ceramic coatings resulting from the propagation and
coalescence of interface cracks. Chen et al. observed that the inter-
facial delamination in DCL TBCs caused by thermal mismatch stress
is the essential reason for the failure of DCL TBCs [14]. They modi-
fied the interface in DCL TBCs by preparing composite coatings that
could decrease the thermal mismatch between YSZ and substrate
as well as between LZ and YSZ layers. The modified DCL TBCs exhib-
ited improved strain tolerance and thermal cycling lifetime. Besides
the composite coatings, the role of defect at LZ/YSZ interface on
the delamination at the YSZ/BC interface was also recognized and
analyzed by Fan et al. [15]. Dai et al. conducted the thermal shock
experiment to investigate the thermal stability of DCL TBCs with
various coating thicknesses [16]. In their studies, different fracture
mechanisms were observed in the DCL TBCs with variable coat-
ing thickness (i.e., interface cracks at different interfaces, as shown
in Fig. 1(a) and (b)). From thermal shock experiments by Xu et al.
[17], it is concluded that multiple surface cracks combining with
interface cracks at LZ/YSZ and YSZ/BC interfaces dominate the fail-
ure of DCL TBCs, as shown in Fig. 1(c). Although different fracture
mechanisms were observed in previous studies, a clear under-
standing of these mechanismis is still missed. Further investigation
on the essential incentive of the different fracture mechanisms is
needed.

Many previous studies focus on the preparation, characteriza-
tion, and thermal shock experiment of DCL TBCs [17,18] while
relatively little attention has been paid to the failure in DCL TBCs
governed by different mechanisms. Basic understanding of the rela-
tionship between geometry features and failure mechanisms is of
essence for the application of advanced DCL TBCs in gas turbine.
The objective of this paper is to investigate the evolution of delam-
ination at the weak interface of LZ/YSZ or YSZ/BC in DCL TBCs. The
competitive mechanism between cracks at two different interfaces
has been studied by comparing their crack driving forces. From our
results, we can predict and control the failure behavior of DCL TBCs
by optimal structure design and elaborated deposition processes. In
Section 2, we formulate the problem, in which the physical model,
the material model and the numerical model are presented. In Sec-
tion 3, the driving forces for different interface cracks are calculated
and the reasons for different fracture mechanisms are discussed.
Some concluding remarks are given in Section 4.

2. Formulation of the problem

For typical film/substrate systems under thermal and/or
mechanical loading, like TBCs, multiple surface cracking and
interfacial delamination are two dominate fracture mechanisms.
Usually, mismatch stress firstly induces multiple surface cracks in
top layer, which dominates the premature failure of TBCs. After
surface cracks reach the underlying interface, interfacial delamina-
tions initiate from roots of surface cracks due to stress singularity,
then propagate and coalesce [19-21].

For DCL TBCs, the fracture mechanisms are much complex. On
one hand, surface cracks deflect into the LZ/YSZ interface after
reaching it. On the other hand, multiple channeling cracks sequen-
tially form and approach to the YSZ/BC interface without kinking
into the LZ/YSZ interface. As a result, interface cracks are trig-
gered at the YSZ/BC interface as well. It should be pointed out that
throughout this work we use LZ and YSZ to represent the outermost
ceramic coat and inner ceramic coat, respectively. Based on previ-
ous researches [16,17], multilayer DCL TBCs with surface cracks
and interfacial delaminations can be represented graphically as in
Fig. 2. Herein, based on experimental observations and theoreti-
cal analyses about surface cracking morphologies in film/substrate
system [17,22], multiple surface channeling cracks are assumed to
periodically distribute in both ceramic coatings. Moreover, those
surface cracks reaching the LZ/YSZ interface are assumed to peri-
odically distribute in LZ layer between the channeling cracks in LZ
and YSZ layers. In Fig. 2, hysz and hyz represent the thicknesses of LZ
and YSZ coatings, respectively, d the length of interface crack and
W the spacing between two neighboring surface cracks.

For the multiple cracks in DCL TBC, we consider them as steady-
state cracks [22], which means the crack driving force becomes
independent of the crack depth once the channeling cracks reach
a critical depth along the out-of-plane direction. Thus we simplify
the real three-dimensional (3D) DCL TBCs into a two-dimensional
(2D) model in Fig. 2(a) and (b). Fig. 2(b) shows the simplified 2D
plane strain model of the DCL TBCs with multiple steady-state sur-
face cracks and accompanied interface cracks at LZ/YSZ and YSZ/BC
interfaces. Previous studies stated that, for a relatively large crack
spacing (roughly larger than twenty times film thickness), the inter-
actions between neighboring cracks can be ignored [20,21]. In this
case, the fracture behaviors are only determined by the thickness
ratio of LZ to YSZ coating as well as the interface toughness ratio
of LZ|YSZ to YSZ/BC interface. To save computation time, the DCL
TBCs with cracks at LZ/YSZ and YSZ/BC interfaces can be separated
into two cases: DCL TBCs with interface cracks at LZ/YSZ interface
and DCL TBCs with YSZ/BC interface cracks, as shown in Fig. 3.
We can respectively examine the evolution of interfacial delami-
nation at the LZ/YSZ interface or at the YSZ/BC interface and then
clarify the competitive mechanism between two fracture modes.
We point out that in this work the spacing between two cate-
gories of delamination is assumed to be large enough such that the
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Fig. 2. The geometry of DCL TBCs with multiple surface cracks and interfacial delaminations. (a) The 3D configuration. (b) Simplified 2D model. (c) Geometry and local

coordinates of interface cracks initiating from the root of a surface crack.

Fig. 3. (a) DCL TBCs with interface cracks at LZ/YSZ interface and YSZ/BC interface. It can be separated into two cases: (b) DCL TBCs with interface cracks at LZ/YSZ interface.

(c) DCL TBCs with YSZ/BC interface cracks.

mechanical interaction between interfacial delaminations can
be ignored. A previous work provides some discussions on the
interactions between the cracks at LZ/YSZ and YSZ/BC interfaces
[20,21,23].

In essence, the interfacial delamination in DCL TBCs can be
regarded as the bi-material interface crack. Linear elastic fracture
mechanic (LEFM) can be used to analysis the evolution of interfa-

cial delamination. In LEFM, the crack flank displacement (81,5, ) and
stress fields (073,027 ) with a distant r ahead of the interface crack
tip can be expressed as

. 8 K/r\"/%,
82 +idy = (1 + 2ig) cosh(me) E* (E) r M

099 +i013 = K(27r)~ V21 2)
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whereE*_z(E+§>, i=+v-1 and r cos(elnr)+

isin(elnr). E; = E;/ (1 - 1/12) E;andv;(i = 1, 2) are the plane strain
modulus, Young’s modulus, Poisson’s ratio of TBCs components,
respectively. The constant € represents the singularity of crack tip
field, which can be defined as ¢ = 21—” In % where 8 is the second
Dundurs parameter, and K the complex interface stress intensity
factor.

The stress concentration near crack tip causes the initiation of
interface crack and the subsequent growth. Total elastic energy in
the materials decreases as the interface crack advances. The reduc-
tion of elastic energy in the material associating with a unit area
of crack extension defines the strain energy release rate (SERR) G.
In this paper, the SERR is used to stand for the driving force of an
interface crack. A larger SERR value at the interface crack tip repre-
sents higher probability of interfacial delamination and vice versa.
For an interface crack, the SERR can be calculated from Eqs. (1) and

(2),as [24]
Aa 2 2
1 1\ K2+K
G= lim —— o(r)é(Aa—r)ydr= —+— ) —1L—-2 (3
Aa—»oZAa/O (ra ) (El Ez) 2cosh?me G)

where K; and K, are the real and imaginary parts of K and play
similar roles to the conventional mode I and model Il intensity fac-
tors. The mode mixity ¥ at a fixed distance ahead of the crack tip
is adopted to characterize the relative amount of mode II to mode
[ fracture at the interface crack tip, which is defined by

Y = tan~! (&| ) =tan~! <Im Klfs) (4)
022 r=i Re Kl

where [ is a reference length. To predict the mixed fracture mode

of a bi-material system, an in-plane length is preferred.

However, since the stress field at the interface crack tip is rel-
atively complex, it is intractable to calculate the SERR directly. A
convenient calculation of SERR is applied in this paper: the energy
release associated with crack growth is characterized and calcu-
lated by J-integral. On the basis of LEFM, the SERR can be directly
relevant to the value of J-integral. For a virtual crack advance A (5s),
the value of J-integral can be calculated by [25]

]:/A(s)n-H-qu (5)
A

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

ou
Hz(wlo-ax) (6)

where is o the Cauchy stress tensor, u the displacement vector,
and o the 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.

In this work, the commercial software ABAQUS is employed for
numerical calculation. For the periodic problem illustrated in Fig. 2,
periodic boundary condition (P.B.C.) can be adopted to simplify the
numerical analysis and reduce the computational effort [26,27]. We
suppose the displacements of the nodes allocated on the left and
right boundaries satisfy the relation:

ui (-W/2,y) —ug (-W/2,0) =u; (W/2,y) — ug (W/2,0)
v (-W/2,y) —vo (-W/2,0) =v; (W/2,y) — 1o (W/2,0)

where node i is allocated on the left boundary (x=—-W/2), and node
i’ allocated on the right side (x=W/2). By this way we can ensure

the parallel boundaries remain parallel in the tangential sense. A
uniform tensile elongation instead of thermal load is applied to the
model. Eight-node biquadratic plane strain quadrilateral reduced
integration elements are selected for all layers except the crack
tip region, where very fine mesh of singular elements are con-
structed, as shown in Fig. 4. Actually, under real service condition,
the thermal expansion induced by the CTE mismatch is a volu-
metric deformation which would lead to thermal strain and stress
in 33-direction. Applying the uniform tensile elongation instead
of thermal load ignores the thermal strain in 33-direction which
would underestimate the elastic energy stored in this system, as
well as the energy release rate during crack propagation. There-
fore, considering the horizontal in-plane tension loading coming
from the thermal expansion of the substrate may induce a slight
difference when compared with the result from the system under
the real boundary condition. Mesh sensitivity of the numerical
results is examined to ensure that the J contour integral values are
independent of the mesh configuration. Elaborate mesh refinement
around the crack tip ensures convergent SERR values. Specifically,
the first layer of elements enclosed the crack front is used to calcu-
late the first contour integral. Since the first few contour integrals
are defined by the nodes close to the crack tip, the values of | inte-
gral could be inaccurate. More integral contours are set to obtain
the accurate value that is ensured once the values for two adjacent
integral contours reach convergence.

A reference DCL TBCs structure is selected as a benchmark. The
material properties are presented in Table 1. The initial thicknesses
of LZ, YSZ, BC and substrate are assumed to be 50 um, 250 um,
100um and 3 mm, respectively. The width of the TBC system W
is twenty times the total thickness of the ceramic layers. In this
case the interactions between neighboring vertical cracks can be
ignored. To evaluate the mechanisms governing the interfacial
delamination, different geometric properties of outermost ceramic
layer have been considered, where the thickness of LZ layer varies
from 50 to 250 um while the total thickness of two ceramic layers
remains constant.

3. Results and discussions

During services, interface cracks appear simultaneously or
sequentially at the LZ/YSZ and YSZ/BC interfaces. Herein, we focus
on the competitive mechanism between the interfacial delamina-
tions at the two interfaces. Specifically, we numerically analyze the
crackdriving force (i.e., SERR) of interface cracks, and then construct
a failure map through systematic analysis. By this way, we can pro-
vide practical guidance for predicting and controlling the fracture
mechanisms in DCL TBCs.

Commonly, the thickness ratio of LZ to YSZ layers has a signif-
icant influence on the stored energy within the system, also the
crack driving force for delamination. The effects of the relative
thickness of two ceramic layers on the SERR values of delaminations
at the LZ/YSZ and YSZ/BC interfaces are discussed herein. Fig. 5(a)
presents the SERR as a function of the normalized delamination
length d/h¢ at the YSZ/BC interface for different thickness ratios of
two ceramic layers. The evolution of SERR in Fig. 5(a) indicates that
an oscillation exists at the beginning of the propagation of interfa-
cial delamination. The SERR would dramatically increase from zero
to the maximum value Gpax during the initiation of the interfacial
delamination, and then drops to the steady state. The Gmax value
is critical to estimate the emanation of the delamination. Interface
cracks do not advance unless the Gnax is greater than or equal to
the interfacial fracture toughness. As the crack keeps growing along
the interface, SERR declines until a steady-state is reached. During
this stage, SERR becomes independent of the interfacial delamina-
tion length, and then stays at the steady state Gss that represents
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Fig. 4. (a) Finite element model of DCL TBCs with surface crack and interface cracks. (b) Characteristic of the contour integrals around an interface crack tip.
Table 1
Material properties of the DCL-TBCs.
Outermost ceramic coating Inner ceramic coating Bond coat Substrate
Young’s modulus (GPa) 120 60 200 211
Poisson ratio 0.25 0.1 0.3 0.3

the driving force for the stable extension of delamination. Note
that the SERR evolution of delamination at the YSZ/BC interface
coincides with the evolution of driving force of interface crack in
film/substrate system with soft film and stiff substrate [21,27]. The
similarity is a result of the combination of a softer YSZ upper layer
and a stiffer BC lower layer.

Fig. 5(b) shows the variation of SERR as a function of the delam-
ination length at the LZ/YSZ interface for various thickness ratios
of two ceramic layers. Different with the SERR evolution of delam-
ination at the YSZ/BC interface, a monotone trend is observed. Due
to the relatively high elastic energy stored in the stiffer LZ layer,
SERR stays at high level even for short interface cracks. Then it
drops to a stable, lower level value as the crack propagates. The
evolution of SERR of delamination at the LZ/YSZ interface is qual-
itatively in accord with the SERR evolution of interface crack in
stiff film/compliant substrate systems [27]. In Fig. 5(a) and (b), it is
concluded that a higher thickness ratio of h;z/hys; induces larger
SERR values (including Gmax and Ggs) for both LZ/YSZ and YSZ/BC
interface cracks. Thus the initiation and propagation of interfacial
delaminations at two interfaces would be triggered more easily. It
may well explain why the lifetime of DCL TBCs with a thicker LZ
layer is often shorter than that of with a thinner LZ layer [16].

The reason why SERR would be enlarged by increasing the thick-
ness of LZ layer can be further explained through analyzing the
elastic energy stored in the ceramic layers. When increasing the
thickness of the stiffer outmost layer (e.g., LZ layer with 120 GPa
Young’s modulus), the total elastic energy stored in two ceramic
layers is enlarged even though the total thickness of the ceramic
layers still remains the same. It would dramatically raise the driv-
ing force of the crack at YSZ/BC interface, as shown in Fig. 5(a).
However, if considering the Young’s modulus of outmost layer as
same as that of inner layer (e.g., setting the Young’s modulus of
LZ layer as 60 GPa), the total elastic energy in two ceramic layers
would not be affected by different thickness ratios. In this case,

the driving force for the YSZ/BC interface crack is independent of
the thickness ratio, as shown in Fig. 5(c). However, the SERR of the
LZ/YSZ interface crack is still affected by the thickness ratio of two
ceramic layers even with same property. It should be noted that
in this case the SERR depends on the elastic energy stored in the
LZ layer instead of that in two ceramic layers. We know this part
of elastic energy is strongly affected by the thickness of LZ layer.
Therefore, we can find in Fig. 5(d) the driving force of the interface
crack between two ceramic layers with same property would rise
as the thickness ratio increases. Certainly, due to the low stiffness
of LZ layer, this influence of the thickness change is less obvious
when compared with the result in Fig. 5(b).

Since the effects of relative thickness h;z/hysz on delaminations
at the LZ/YSZ and YSZ/BC interfaces are similar, it is difficult to
explicitly clarify the governing mechanisms for interfacial fracture
in DCL TBCs from the evolution of SERR in Fig. 5. According to LEFM,
crack driving force (i.e., SERR or G) as well as interface fracture
toughness I" work together to determine the fracture behavior of
interfacial delamination. Therefore, interface fracture toughness I
should be considered to examine the fracture behavior in DCL TBCs.
The interface fracture toughness I" at LZ/YSZ or YSZ/BC interfaces
can be dramatically affected by the deposit process like different
ceramic powder and deposit velocity [28,29]. Accurate values of
I" are commonly not available in literature or manual. Herein, we
assume the facture toughness I at the LZ/YSZ and YSZ/BC interfaces
varies over a wide range considering various deposit processes and
ceramic powders.

In the case of two involved interfaces with same fracture tough-
ness (i.e. the interface fracture toughness ratio I';zysz/Iysz/pc
equals to 1), the investigation of fracture mechanism competing in
DCLTBCs can be simplified by comparing the SERR of delamination
at LZ/YSZ interface with that of at YSZ/BC interface. Fig. 6(a) shows
the SERR evolutions of delaminations at the LZ/YSZ and YSZ/BC
interfaces for hyz/hysz=0.2, in which the red line stands for the
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Fig. 5. SERR as a function of delamination length at (a) the LZ/YSZ interface and (b) the YSZ/BC interface for different thickness ratios of two different ceramic layers. SERR
as a function of delamination length at (c) the LZ/YSZ interface and (d) the YSZ/BC interface for different thickness ratios of two identical ceramic layers.

SERR of the delamination at YSZ/BC interface (i.e., Gyszpc) while
the black line stands for the SERR of the delamination at LZ/YSZ
interface (i.e., Gizysz). We can notice that except at the early stage,
Gyszysc is always larger than G zysz, which indicates that in case of
FLz/yszlrysz/BC =1 and h[_Z/hYSZ =0.2, the delamination at YSZ/BC
interface dominates the fracture of DCL TBCs. The final failure of
DCL TBCs manifests as the spallation of both two ceramic coat-
ing layers, which results in the exposure of substrate superalloy
to extreme high temperature enviroments.

Keeping the interface fracture toughness ratio fixed and varying
the ceramic layer thickness ratio from 1 to 5, we can obtain the cor-
responding SERR evolutions of the delaminations at the LZ/YSZ and
YSZ/BCinterfaces in Fig. 6(b) and (c). In Fig. 6(b), we notice that after
reaching the steady state, Gyszgc is comparable with Gjzjysz, indi-
cating that, for DCL TBCs with I';7/ysz/I'ysz/pc =1 and hyz/hysz = 1.0,
the final fracture mechanism appears to be a combination of delam-
inations at the LZ/YSZ as well as YSZ/BC interfaces. Increasing the
thickness ratio of two ceramic layers until it reaches up to 5, we
observe both Gyzysz and Gyszjgc grow, as shown in Fig. 6(c). How-
ever, Gizysz rises more rapidly than Gyszgc. This behavior infers
that the delamination at the LZ/YSZ interface are more likely to
dominate the fracture of DCL TBCs with a thicker LZ layer. As
expected, it will induce another failure mode in DCL TBCs—LZ layer
spalls while YSZ layer keeps attaching to the underlying BC layer.

As stated above, the SERR G and the interface fracture tough-
ness I" work together to govern the cracking behavior. When
G/I" reaches to 1, crack is assumed to initiate and propagagte.

Herein, we focus the comtribution of relative value of I'jzys;
and I'ysz/pc on the competitive mechanism of delaminations at
the LZ/YSZ and YSZ/BC interfaces. We calculate the SERR ratio of
cracks at the two interfaces, Gy zjysz/(Gyszjsc Jmax, and then compare
them with the interface fracture toughness ratio I'iz/ysz/I'ysz/pc-
When GLZ/YSZ/(GYSZ/BC)maX >FLZ/YSZ/FYSZ/BC' or reformulation
as: Gizyysz/Iiz/vsz> (GYSZ/BC)maX/rYSZ/BCv Gizyysz/I1z/vsz satis-
fies the failure criterion firstly. The interface crack always first
appears at the LZ/YSZ interface. We regard the relationship
Giz/ysz/(Gysz/BC)ay > 1 1z/vszI I vsz/c as a precondition for the
fracture mechanism dominated by delamination at the LZ/YSZ
interface. This approach has been used succesfully in many mate-
rials and structures, such as thin films [22], composites [30], and
ploycrystals [31].

In Fig. 7, solid lines represent the relative SERR values
Giz/vsz/(Gyszjpc)max for two interface cracks. The dash lines stand
for assumed interface fracture toughness ratios I';zysz/Iysz/Bc-
For those regions that a solid line lies above a dashed line,
also GLZ/YSZ/(GYSZ/BC)maX >FLZ/YSZ/FYSZ/BC1 the delamination at
LZ/YSZ interface appears first and dominates the failure of DCL
TBCs. In Fig. 7, we find that for DCL TBCs with hyz/hysz=0.2,
the solid line Gizjysz/(Gyszsc)max is mostly below the dashed
line I'yz/ysz/I'ysz/pc =1. Therefore, the delamination at the
YSZ/BC dominates the failure of DCL TBCs. On the contrary,
Gizjysz/(Gyszjpc)max for DCLTBCs with hyz/hysz =2.0 is mostly larger
than I'1z/ysz/Iysz/pc = 1. In this case, the dominant failure mode
of DCL TBCs is delamination at the LZ/YSZ interface. These results
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agree with the conclusions from Fig. 6. Moreover, we notice that
a horizontal asymptote alway exists for each solid line in Fig. 7. It
means a critical interface fracture toughness ratio exists, enabling
the fracture to occur at the LZ/YSZ interface only. For example, for

the DCL TBCs with h;z/hysz = 0.2, if the interface fracture toughness
ratio Iz ysz[ I "yszypc is smaller than 0.336, the fracture mechanism
is dominated by the LZ/YSZ interface delamination. As a result, the
final failure of the DCL TBCs is spallation of LZ layer while YSZ layer
keeps intact.

Through caculating a series of horizontal asymptotes for each
solid line presented in Fig. 7, we can obtain the boundry for differ-
ent fracture mechanisms and thus the fracture mechanism map can
be constructed, as shown in Fig. 8. As mentioned above, the black
line is obtained from Fig. 7 while the red line comes from the calcu-
lations of (GLZ/YSZ)maX/GYSZ/BC and FLz/yszlrysz/BC by the similar
approach. Note that the (Gizjysz)max is the maximum SERR value
in Fig. 5 for relatively short interfacial delamination (the length is
comparable with the size of interface flaw). The black line and the
red line allow us to give the boundries of fracture mechanisms dom-
inated by the delaminations at the LZ/YSZ and/or YSZ/BC interfaces,
respectively. The region between two boundries is chracterized by
a combination of delaminations occurs at two different interfaces
simutaneously. As a consequence, the fracture mechanisms in Fig. 8
can be classified into three categories: delamination at the LZ/YSZ
interface, at the YSZ/BC interface and delaminations simutaneously
appear at the LZ/YSZ and YSZ/BC interfaces. In Fig. 8, the fracture
mechanism is dominated by delamination at the LZ/YSZ interface
for low fracture toughness ratio and high thickness ratio. With the
increase of the fracture toughness ratio and/or the decrease of the
thickness ratio, the YSZ/BC interface becomes prone to debond,
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resulting in the mixed fracture mechanism. For high fracture tough-
ness ratio and/or low thickness ratio, delamination at the YSZ/BC
interface can be easily formed in the failure process of DCL TBCs.
These numerical results quanlitatively agree with the experimen-
tal observations of Dai et al. [16]. Their experiments also shown
that higher thickness ratio of LZ to YSZ layers mainly induces the
fracture at the LZ/YSZ interface while lower thickness ratio is more
likely to induce failure at the YSZ/BC interface. Meanwhile, the dif-
ferent fracture mechanims obtained by Dai et al. can be fitted well
into our fracture mechanism map.

In fact, although three fracture zones are numerically identified
in Fig. 8, it is believed that in practical applications of TBCs, delami-
nation at the YSZ/BCinterface can seldom be observed. This fracture
mechanism requires low thickness ratios and high fracture tough-
ness ratios. For relatively low thickness ratio, as shown in Fig. 5, the
driving force of interface crack is small, probably lower than the
fracture toughness. In this case, interface crack can hardly be trig-
gered at the YSZ/BC interface. Moreover, a high fracture toughness
ratio also means a high fracture toughness of LZ/YSZ interface. It is
seldom the case for currently well adopted deposition technique.
Thus the fracture toughness of LZ/YSZ interface is often limited to
a relatively low value. Based on these considerations, the fracture
mechanism of DCL TBCs is mainly governed by the delamination
at the LZ/YSZ interface, and less by the delamination at the YSZ/BC
interface.

4. Conclusion

A basic understanding of the failure mechnisms in complex
multi-layer thermal barrier coating system (TBCs) is essential for
improving its performance and durability. In this paper, the crack-
ing behaviors of the delaminations at the interfaces between
outmost ceramic coat and inner ceramic coat and between the
inner ceramic coat and bond coat have been investigated through
the examing of their crack driving forces. We discuss the compet-
itive failure mechanism between two interfaces and construct the
fracture mechanism map for double ceramic layer (DCL) TBCs.

It is concluded that the interface cracking in DCL TBCs is signif-
icantly affected by the thickness ratio of two ceramic coatings. A
higher thickness ratio, like a thicker, stiffer outmost ceramic coat-
ing with a thinner, compliant inner ceramic layer, may induce a
larger crack driving force. As a result, the delaminations at two
weak interfaces may be trigged easily. Also, for DCL TBCs with a

relatively thick, stiff outermost ceramic layer, the interface
between two ceramic layers is more prone to fracture, and thus the
outmost ceramic layer easily spalls while the inner ceramic layer
keeps attaching to the underlying bond coat layer.

Further investigations reveal that the thickness ratio of two
ceramic layers as well as the toughness ratio of two weak inter-
faces codetermine the fracture mechanism in DCL TBCs. The failure
map can be obtained based on parametric investigations of the
dependences of fracture behaviors on the geometrical and material
properties. In the fracture mechanism map, it appears that cracks
will form at the interface of two ceramic layers if the DCL TBCs has
a thick, stiff outmost layer and a low interface fracture toughness
at the interface of two ceramic layers. The numerical results can
explain some failure phenomenons observed in experiments, and
provide some design criterions for improving the performance and
durability of advanced TBCs.
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