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Periodic surface cracks and interfacial debonding in thermal barrier coating (TBC) system may be induced
during cooling process. The objective of this work is to investigate the effect of periodic surface cracks
on the interfacial fracture of TBC system. The finite element method (FEM) incorporating cohesive zone
model is used in analysis. It is found that surface crack spacing has significant effect on the initiation
and propagation of short interface crack. Three different regions are identified for describing the effect
of surface crack spacing. In Region I the interface crack driving force is dramatically reduced due to high
surface crack density. In this case, the initiation of interfacial delamination can be delayed. Region II
applies as the surface crack spacing is moderate. Analysis of this transition zone brings to the definition
of normalized critical surface crack spacing. Region III arises for sufficient large surface crack spacing. In
this case, the interface crack driving force reaches a steady state, where the effects of adjacent surface
cracks are relatively insignificant and can be ignored. It can be concluded that an appropriately high
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surface crack density can enhance the durability of TBC system.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Multiple surface cracking and/or interface debonding are the
major failure mechanisms in materials and film/substrate systems
[1-3], e.g. inclusion/matrix in materials, thermal barrier coating
(TBC) system, etc., which are important for the strength and safety
evaluation of materials and structures. Erdogan [4] analytically
studied the problem of periodic surface cracks in nonhomoge-
neous materials under shear deformation and obtained analytical
solutions for the problem. The effects of geometrical and material
parameters were analyzed by Schulze and Erdogan [5], Kokini et al.
[6], Fan et al. [7] and Zhang et al. [8]. Periodic arrays of cracks in a
finite trip under surface heating were investigated by Rizk [9]. The
effect of compliant substrate on the periodic surface cracking was
studied by Thouless et al. [10], in which a critical toughness ratio of
film to substrate was defined to predict the catastrophic failure of
substrate. It is assumed in most of these investigations that the film
iswell bonded to the substrate, and the fact that interface crack may
be initiated due to the stress concentration at the channel crack tip
is ignored in analysis.

More recently, studies have been focused on the debonding of
pre-tensioned films from substrates and the interaction between
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surface cracks and interfacial delamination. Lu and Erdogan [11]
analytically investigated the singular fields near and at the intersec-
tion point of an interfacial delamination and a surface crack. Zhou
and Kokini [12,13] presented an analytical model and predicted the
interfacial fracture mechanism of TBC system with multiple sur-
face cracks. Wu et al. [14] numerically studied the redistribution of
interfacial stress due to periodic segmentation cracks in the coat-
ing. A failure map for the initiation of interface crack from the root
of a channel crack was proposed by Mei et al. [15] to study the effect
of interface crack on channel cracking of thin films, in which only
one dominate surface crack was considered.

The original motivation of the present study is the authors’
experimental observation to TBC system, as shown in Fig. 1, where
concomitant interfacial delamination initiates from the roots of
almost equally distributed surface cracks. However, most of the
previous studies have ignored the interaction of multiple surface
cracks and interfacial cracks, and much less attention has been
paid directly to the effect of periodic surface cracks on the coating
debonding and the durability of TBC system. Although Zhou and
Kokini [12] analyzed the effect of surface crack morphology on the
interfacial delamination, it was limited to preset and half-way sur-
face cracks instead of channel cracks and the process of initiation
and propagation of interface crack was ignored in analysis, which
is, however, most important while examining the coating debond-
ing from substrate. The present work aims to investigate the effect
of multiple channeling cracks on the formation and propagation
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Fig. 1. A photograph shows crack patterns of multiple surface cracks and interfacial
debonding.

of interfacial delamination and related interfacial fracture mecha-
nism in TBC system. In Section 2, we firstly descript the problem
of multiple surface cracks and interfacial delamination in TBC, and
then the numerical model is developed. In Section 3, the crack driv-
ing forces for both surface and interfacial cracks are calculated, and
moreover the effect of surface cracks on interfacial delamination is
discussed in detail. Section 4 summarizes the concluding remarks
and emphasizes the positive potential of periodic surface cracks to
improve the durability of TBC system.

2. Statement of the problem

Usually, a TBC system comprises a ceramic top coat, a bond
coat and a metal substrate. An appreciable temperature difference
exists between the heat resistant ceramic top coat and the load
bearing alloy substrate. Due to the difference of thermal expansion
coefficients of the elements, stresses may be developed upon ther-
mal cycling, which may cause the debonding of top coat from the
substrate. In practice, actual spalling failure of TBC is preceded by
multiple surface cracks that propagate and coalesce with interfacial
crack between the top coat and the bond coat, as shown in Fig. 1. A
steady state concept for cracks in multilayer structure is essential
for many situations, where the crack driving force of channeling
crack is independent of the tunnel length. Once the steady state is
reached, the crack driving force can be calculated by using a two-
dimensional (2D) plane strain model [16]. Fig. 2 shows the 2D plane
strain model of steady state multiple channel cracks accompanied
with interfacial cracks, in which hy, d and W are the film thickness,
the deflected interfacial crack length, and the surface crack spacing,
respectively.

Based on our experimental observation shown in Fig. 1, the dis-
tance between adjacent surface cracks is roughly twenty to thirty
times the film thickness. In other words, multiple surface cracks in
the film are equally nucleated. Therefore, a unit cell model can be
constructed by using periodic boundary conditions. As a result, a
three-dimensional periodic surface cracking problem is reduced to
a 2D plane stain model, as shown in Fig. 3.

Considering the problem shown in Fig. 3, it was observed that
the elastic mismatch of the problem can be expressed in terms
of two nondimensional parameters « and 8. Under the assump-
tion of plane strain problem, the Dundurs’ parameters « and j are
expressed as
a=bi=b (1)

E1 +E;
B 1 p1(1 = 2v5) — (1 — 2vq)
2 (1 =v2) = pa(1—14)
where E; = E;/(1 — viz), E;, v and p; (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, « is more

(2)

2d Bond coat

Fig. 2. Schematic illustration of two-dimensional plane strain problem for steady
state periodic channeling cracks with interfacial cracks.

important than 8. If material 1 has the same properties as material
2,thena=4=0.

The singularity of interface crack tip field can be developed by
using the bimaterial constant ¢ defined as

1. 1-8

-1

27 11 B

The traction on the interface ahead of the kinked interface crack
tip can be written as

(3)

Oyy(X, 0) + iony(x, 0) = (K + iKy )(27r) /2 rte (4)

wherei = +/—1, ¢ = cos(e In r) + isin(e In r) is the oscillatory sin-
gularity parameter for bimaterial interface crack problem.

For a deflected interface crack, an asymptotic solution of the
complex interface stress intensity factor (SIF) K'is [17]

K = K; +iKy = kyd'/>~*[C(a, B)d® + D(cx, B)d ] (5)

where k; is a scale factor proportional to external load applied to
the cracked body, A is real and depends on Dundurs’ parameters, C
and D are dimensionless complex functions of & and . The detail of
the solution procedure for Cand D were given by He and Hutchinson
[17]. The aforementioned formulas were originally proposed for a
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Fig. 3. Geometry and local coordinates of an interface crack initiating from the root
of a surface crack.
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Fig. 4. Schematic presentation of (a) the cohesive zone concept and (b) a mixed mode cohesive law.

bi-layer structure, which are adopted herein to study the fracture
behavior of TBC system.

According to Irwin’s relation between the strain energy release
rate (SERR) and SIF, SERR of the interface crack can be written as
[17]

1 1 K? + K?
Gd = =— + =— 1722
Ey  Ey ) 2cosh” e

) (1 i > K2 [|c|2+2Re(CD)+|D|2]

= = +=— di-2+ 6
EE (6)

2 cosh? 7re

Usually, the interface is a low-toughness fracture path. So,
the propagation of interfacial delamination between two different
materials is usually a mixed mode fracture problem. Experiments
show that the interfacial toughness in this case is not a single mate-
rial parameter but a function of mode mixity i defined by [16]

ie
) — tan-! ImKl' )
rel ReKlie

o
Y =tan™! (j

022

where lis a reference length. It is seen that ¥ is the relative amount
of mode 2 to mode 1 at a fixed distance ahead of the crack tip. For
the prediction of mixed mode fracture of a bimaterial system, an
in-plane length is preferred [16]. The coating thickness hyis chosen
as the reference length herein.

The stress fields and the evolution of crack driving force may
become quite complex for an interfacial delamination emanating
from the root of surface crack. The finite element method incor-
porating cohesive zone model (CZM) is therefore adopted to solve
the problem. The origin of CZM method goes back to Dugdale [18]
and later the cohesive zone concept was embedded into numerical
simulation schemes [19]. A cohesive zone is assumed in front of the
crack tip along the plane of potential crack propagation, as shown
in Fig. 4(a). CZM relates traction to displacement jump at an inter-
face where a crack may initiate or propagate. Damage occurs when
the maximum traction Tmax is greater than the interfacial strength
of the problem. The traction reduces to zero and new crack sur-
faces formed once the area under the traction-displacement curve
is equal to the interfacial fracture toughness G, or the critical sep-
aration &, is reached, as shown in Fig. 4(b).

Under mixed mode loading, interface crack initiates as a scalar
function of interfacial stresses reaches a limit. The following crack
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Table 1

Material parameters of the cohesive elements.
7 (MPa) ) (MPa) G J/m?) Gs (Jfm?) n
30 30 3 3 1.45

initiation criterion [20] that accounts for the interaction of traction
components is adopted in analysis,

) 2 2\ 2 2\ 2
At/ =S ft =1 8
() +<r9> *(r?) ®

where (o) is the MacAuley bracket defined as (x) = 1/2(x + |x|),
denoting that the term is set to zero if the quantity enclosed is
negative.

Usually, the criterion for damage evolution in CZM is indepen-
dent of the crack initiation. To accurately account for the variation
of fracture toughness as a function of mode mixity, the mixed mode
criterion proposed by Benzeggagh and Kenane [21] is adopted in
analysis (B-K criterion)

G+ Gy + Gy -1
Gic + (Guc — Gic)((Gi + Gn)/(Gi + Gy + Gin))"

where G; and Gj. (i=1, II, III) are SERR and interface fracture tough-
ness components, respectively, and 7 is a parameter obtained by
fitting the experimental data.

In this paper, the commercial FEM code ABAQUS [22] is adopted
to carry out numerical calculations. Fig. 5 shows a typical finite
element model for the tri-layer TBC system. Four-node plane
strain elements are selected for all the three layers. Nodes are
allocated in pair at the left and right boundaries of the model.
Regarding the periodicity of the problem, these nodes have been
constrained under periodic conditions, where the opposite left
and right edges of the representative cell model should remain
parallel in a tangential sense [23,24]. To analyze the interfacial
fracture behavior, cohesive elements are inserted between the
ceramic top coat and the bond coat, as shown in Fig. 5, and fine
meshes are used around the interface to improve the accuracy of
the numerical results. The material parameters [25] of the cohe-
sive elements are listed in Table 1. Two-dimensional forms of
Egs. (8) and (9) are used to describe the initiation and propaga-
tion of the cohesive element. Herein, each layer is taken to be
homogeneous, isotropic and linear elastic materials. The material

(9)

cohesive
elements

Fig.5. Anexample finite element model with cohesive elements along the interface
between the top coat and the bond coat.
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Fig. 6. The interface crack tip strain energy release rate as a function of normalized
interfacial delamination length d/hs for different material mismatch parameter o.

properties are Ef=48 GPa, Egc=200GPa, Es=211 GPa, v;=0.1 and
vs =vpc =0.3, where the subscripts f, s and BC represent film, sub-
strate and bond coat, respectively. Different mismatched material
properties are obtained by changing the Young’s modulus and the
Poisson’s ratio of the coating.

3. Results and discussions

3.1. Effect of material mismatch on the driving force of interface
crack

The effects of elastic mismatch parameter « defined by Eq. (1)
on SERR is shown in Fig. 6, where the evolution of SERR is a func-
tion of interfacial delamination length for three cases of material
combinations. In the case of « <0, i.e. the film is relative compliant
as most of the cases in TBC system, the SERR increases to the max-
imum value and then decreases to a steady stage as interface crack
propagates. The maximum value of crack driving force for o <0 is
an important parameter for determining the emanation of inter-
facial delamination. In this case, i.e. o <0, the crack driving force
approaches to zero as d — 0, which implies that the crack driving
force will vanish at the root of the surface crack for relative compli-
ant film deposited on stiffer substrate. In comparison, in the case
of o >0, the SERR becomes unbounded as d — 0. As expected, in the
case of no elastic mismatch between the top and the bond coats,
i.e. =0, the SERR lies between those of « <0 and « > 0. Finally, in
each case once the crack length is sufficiently long, the crack driving
force becomes independent of the interfacial delamination length.
In other words, a steady state exists for interfacial delamination.
Interestingly, although the geometry is different, the present data
have similar trend with those described by Mei et al. [15].

The mode mixity v is an important parameter to describe the
combination of interface SERR or SIF components. Fig. 7 shows
the variation of ¥ as a function of normalized length of interfacial
debonding for different material mismatch parameter . During the
process of initiation and propagation of interfacial delamination
from the root of surface crack, there is a dramatic change of mode
mixity ¥. The dependence of { on the elastic mismatch of materials
is confined within a relative small range of interfacial delamination
length. For all the possible material combinations, the effect of i
is within the scale of film thickness, as shown in Fig. 7. It should be
noted that for the positive material mismatch parameter (« > 0), Y
asymptotically approaches the case of @ =0. On the other hand, if
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Fig. 7. Mode mixity vs normalized interfacial delamination length d/hs for different
material mismatch parameter o.

« <0, then ¥ asymptotically approaches a steady value that is much
higher than those of zero elastic mismatch («=0).

The real and imaginary parts K; and K5 of complex SIF play the
same role as their counterparts in homogeneous isotropic mate-
rials. Therefore, the amplitude of the singularity of normal stress
ahead of the interface crack tip is represented by the mode I SIF
component K;, which can be used to describe the normal sepa-
ration of the interface. Similarly, the relative shear separation is
governed by the mode II SIF component K5. Also, the ratio of K, to
K7 based on a reference length is essential to obtain mode mixity ¥
defined by Eq. (7). So, the distributions of normalized SIF compo-
nents as a function of normalized length of interfacial delamination
are shown in Fig. 8 for different material combinations. For an inter-
facial crack between two dissimilar isotropic materials, K; and K>
are no longer the pure Mode I and Mode II SIF components. They are
simply the real and imaginary parts of a complex SIF. In this case, an
interaction integral method, as described in detail in “Stress inten-
sity factor extraction,” Section 2.16.2 of the Abaqus Theory Manual
[22], can be used to compute the SIF components directly for a crack
under mixed-mode loading. Herein, the SIF components K; and K;
are normalized by oy  /hf with oy being the stress in the film. It is
seen that a relatively stiff film will develop much high normal stress
and the corresponding SIF components are larger. On the contrary,
a relatively compliant film experiences lower shear stress during
the process of damage initiation and approaches a higher stable
stage when the delamination is sufficiently long. The contact of the
interface crack surfaces is more likely happened in this case.

3.2. Effect of surface crack spacing on the driving force of
interface crack

The effect of periodic channeling crack spacing on the interfacial
fracture of TBC system is discussed in this section, which is inter-
esting and may offer the potential to improve the durability of TBC
system by modifying the surface crack morphology.

For the interface crack emanated from the root of one domi-
nate surface crack, it is found that if the interfacial delamination is
long enough then SERR becomes independent of the delamination
length. In other words, a steady state exists and the energy released
per unit advance of crack no longer depends on the length of
interfacial delamination. The steady state concept plays an impor-
tant role in studying the stable and/or unstable propagation of
interfacial delamination. The variations of interface crack driving
force as a function of delamination length are shown in Fig. 9 for
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Fig. 8. Normalized stress intensity factor components vs normalized interface crack
length d/hs for different material mismatch parameter «. (a) K; for mode I crack and
(b) K> for mode II crack.

different normalized surface crack spacing. Apparently, SERR for
interfacial crack strongly depends on the surface crack spacing.
Considering the curve in Fig. 9 for w/hg=10, SERR decreases sharply
withincreasing the length of interfacial delamination, which means
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Fig. 9. The strain energy release rate as a function of normalized interfacial delami-
nation length for different normalized surface crack spacings W/hy. Gss is the steady
state strain energy release rate.
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Fig. 10. The steady state strain energy release rate as a function of normalized
surface crack spacing W/hy for different elastic mismatch parameters.

that the delamination will be arrested in this case. In contrast,
considering the curves in Fig. 9 for w/hy=20 and 100, a steady
sate is reached and the critical delamination length for the steady
state crack propagation is only about two times the film thickness.
Although there is essentially no steady state in the case of small
surface crack spacing, for ease of comparison, an effective steady
state SERR, Gss, for high surface crack density situation is defined
by the nearly steady state just before the dramatically decreases
of the SERR for high surface crack density situations. Firstly, the
effective steady state SERR for w/hy=10 is smaller than those of
w/h;=20 and 100. Secondly, for w/hg=10, the driving force mono-
tonically decreases from the effective steady state SERR to a very
small value as the interfacial delamination grows, which may lead
to the interface crack arrested after certain amount of propagation.
Finally, in the cases of w/hy=20 and w/hy=100, both the evolution
and the final steady state of SERR are comparable. In other words,
the differences are insignificant for these two cases. Therefore, the
surface crack spacing must be less than twenty times the film thick-
ness in order to yield a significant effect on crack driving force of
interracial delamination.

Curves of the steady state SERR Ggs as a function of normal-
ized surface crack spacing W/hy are shown in Fig. 10 for different
material mismatch parameter « and in Fig. 11 for various normal-
ized length of interfacial delamination d/hy. As expected for small
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Fig. 11. The strain energy release rate as a function of surface crack spacing W/hy
for various normalized interfacial delamination lengths d/hy.
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Fig. 12. The variation of the normalized strain energy release rate with short inter-
facial delamination for different normalized surface crack spacings W/h;.

interfacial delamination, surface crack spacing has a notable effect
on the crack driving force. As d — 0, the steady state SERR decreases
dramatically for each case as the surface crack spacing W decreases
(Fig. 10). In comparison, if the surface crack spacing is sufficiently
large, then the crack driving force reaches a stable stage and the dif-
ference become indistinguishable for a given material mismatch. In
other words, the results will finally merge with those of only one
dominate surface crack in the film.

It is seen from Figs. 10 and 11 that there are three different
regions identified to separate the degree of surface crack spacing
effect on the interface crack. In Region I, surface crack spacing has
a significant effect on the driving force of interface crack. In this
case, the initiation of interfacial delamination and associated film
debonding can be delayed or arrested. Region Il is a transition zone,
in which the effect of surface crack spacing gradually decreases as
the interfacial delamination propagates. In Region III, a stable stage
is reached, where the effect of surface crack spacing is insignificant
and can be ignored. It is seen that the interface crack driving force
becomes independent of surface crack spacing as the crack spacing
is large enough, approximately twenty times the film thickness, i.e.
w/h;> 20 for the present problem.

The variations of normalized SERR as a function of normalized
delamination length d/hy are shown in Fig. 12 for different normal-
ized surface crack spacings W/hy, in which the reference value of
SERR is that of only one surface crack in the coating (i.e., W/hy — o)
and the interfacial delamination length is small enough to empha-
size the markedly dependence of short interface crack on surface
crack spacing. It has been pointed out that the propagation of short
interface crack will markedly change the crack tip stress and dis-
placement fields, see Figs. 6 and 8 for detail. However, the effect of
surface crack spacing on the driving force of interfacial delamina-
tion is much more significant than that of interface crack length,
as shown in Fig. 12. For a given surface crack spacing, the effect
of interfacial delamination length can be considered as negligible
since the SERR decreases dramatically as W/h; decreases, even for
very short interfacial delamination. Take W/hg=1 as an example,
SERR approximately reduces to 20% the values for W/h;=10. Note
that all the normalized surface crack spacings in Fig. 12 are smaller
than the size of transition zone size.

3.3. Effect of surface crack spacing on interfacial delamination
behavior

The aforementioned numerical results show that the surface
crack spacing has a significant effect on the driving force of
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Fig. 13. Interfacial delamination behaviors for different cases of normalized surface crack spacings: (a) W/hg=10, (b) W/hs=20, and (c) W/h;=30.

interfacial delamination, which may determine whether or not
the surface cracks turn into the interface between the top and
bond coats. If interfacial delamination does initiate from the root
of surface crack, it believes that the damage evolution will also
be severely affected by the surface crack spacing. The interfacial
fracture behavior is therefore considered in this section. Three
typical normalized surface crack spacing W/hs=10, 20 and 30
(different regions shown in Fig. 10) are selected for the case of a
specific minus material mismatch («=-0.64). Other parameters
are the same as above.

For the case of W/hy=10 (Region I in Fig. 10), the driving force
of interface crack is much smaller than that of the stable case. Con-
sequently, no interfacial delamination occurs if the SERR is less
than the interfacial fracture toughness. In this case, W/hy is much
smaller than the critical value of normalized surface crack spacing
and no concomitant interfacial delamination occurs, as shown in
Fig. 13(a). In the case of W/h;=20 (the transition zone II in Fig. 10),
interfacial delamination emanates from the root of surface crack,
however, arrests after small distance of propagation, as shown in
Fig. 13(b). For the case of W/h;=30 (Region IIl in Fig. 10), the driv-
ing force of interface crack is stable and approaches the results
of only one surface crack in the film. Numerical results indicate
that the effect of adjacent surface cracks can be ignored in this
case. Apparently, the driving force for interfacial delamination is
significantly higher than that of high surface crack density. So,
the interfacial delamination initiates and propagates until a catas-
trophic failure occurs with increasing external loads, as shown in
Fig. 13(c). In this case, most of the interface cohesive elements are
damaged and large areas of debonding may occur. These results
are important. It means that the possibilities of concomitant inter-
facial delamination and unstable interface crack propagation may
be reduced by increasing the density of surface cracks to some
extent, which can be adopted to delay the coatings debonding in
TBC system.

4. Conclusions

The effect of periodic surface crack spacing on the interfa-
cial fracture is interesting and offers the potential for improving
the durability of thermal barrier coating (TBC) system by mod-
ifying the surface crack morphology. A finite element model
incorporating the cohesive element zone method is adopted to

study the initiation and propagation of interfacial delamination
emanating from the root of surface crack. It is concluded that
interfacial delamination can easily be initiated between a stiffer
top coat and a relatively compliant bond coat. Normalized crit-
ical surface crack spacing is an important parameter to indicate
the separatrix whether the interactive behavior of multiple sur-
face cracks and interfacial delamination should be taken into
account or not. The effect of multiple surface cracks on the inter-
face delamination is significant as the inter-space between the
surface cracks is less the critical spacing, while the interactive
behavior is insignificant and can be neglected as crack space is
greater that the critical spacing. The critical surface crack spac-
ing is about twenty times of the coating thickness, which agreed
well with our experimental observation (Fig. 1). In the case of
high surface crack density, surface crack may propagate without
interfacial delamination. In other words, the initiation of interfa-
cial delamination may be arrested when surface crack spacing is
smaller than the critical value. In case of a weak interface, how-
ever, interfacial delamination can occur concomitantly with low
density of surface cracks. Based on these results, we can conclude
that an appropriately high surface crack density can enhance the
durability of TBC system by reducing the possibility of coating
debonding.
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