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Based on digital image processing theory and finite element mesh generation principle, a methodology is
proposed to model the micro-crack growth of thermal barrier coatings (TBCs) during thermal shock with
the aid of finite element program. Firstly, a microstructural image of plasma sprayed TBCs is transferred
to digital image; secondly, a finite element grid model is generated by thresholding segmentation accord-
ing to the actual microstructure; finally, based on the finite element grid model, the Tuler–Butcher failure
criterion is employed to model the micro-crack growth of TBCs during thermal shock. The numerical sim-
ulation result agrees well with the experimental result, and the methodology presented in this paper is
found to be effective to model the micro-crack growth.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction development of TBCs during thermal shock cycling. Though, some
TBCs have been widely used as insulators for load-carrying hot
components in industry. Due to the low thermal conductivity,
ceramic, normally yttria stabilized zirconia (YSZ), is used as a top
coat (TC) together with a metallic bond coat (BC). Here the TC acts
as the thermal insulator while the BC provides adherence for the
ceramic outer layer [1]. Since TBCs consist of a complex micro-
structure of particles with voids and micro-cracks in irregular [2],
the properties of the coatings depend significantly on the heteroge-
neous morphology. Meanwhile, spontaneous microcracking during
thermal shock has usually been observed, and such phenomenon
can be attributed to misfit strains due to high temperature gradi-
ent, different coefficients of thermal expansion (CTE) and the exis-
tence of various defects.

The spontaneous micro-crack occurs due to thermal stresses,
and it plays an important role in the failure of the whole coating.
Recently, failures in TBCs have been extensively studied with finite
element method (FEM). In Ref. [3], a bi-material structure contain-
ing an interfacial crack and subjected to a cooling shock, was inves-
tigated using the finite element method, based on a quasi-static
uncoupled thermo-elasticity assumption. Gan and Ng [4] took
use of indefective finite element models to simulate the stress
ll rights reserved.
achievements have been made by them, modeling based on the
real microsturcture of TBCs has not been investigated. Digital
image-based modeling has been applied to the heterogeneity anal-
ysis of TBCs. Recently, in Ref. [5], effects of pores and interfaces on
effective properties of plasma sprayed zirconia coatings was stud-
ied based on a finite element model constructed with object ori-
ented finite method (OOF) [6]. Michlik and Berndt [2] employed
a new extended FEM program to predict the effective Young’ mod-
ulus and assess the fracture behavior of the coating. However, up
to the present time, modeling the micro-crack growth of TBCs by
dynamic fracture criterion during thermal shock based on the true
microstructure is not included in recent researches yet.

In this study, we present a methodology to generate a finite ele-
ment grid model based on the true microstructure of TBCs. With
the aid of finite element program, the proposed method is used
to model the micro-crack growth of TBCs during thermal shock
by the Tuler–Butcher criterion [7,8].
2. Digital image processing of TBCs microstructure

2.1. The digital image from microstructures of TBCs

A typical microstructure of plasma sprayed TBCs from the cross-
section view by scanning electron microscopy (SEM) is shown in

mailto:fanqunbo@bit.edu.cn
http://www.sciencedirect.com/science/journal/09270256
http://www.elsevier.com/locate/commatsci


Fig. 1. The cross-section microstructure of TBCs. Fig. 2. The finite element grid model of TBCs (180 � 135).
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Fig. 1. The model size is 240 lm � 180 lm. It includes YSZ TC and
NiCoCrAlY BC with the dark color indicating defects of voids and
micro-cracks. Such an image can be transferred to a digital image
by digital image processing technology.

An image may be defined as a two-dimensional function f(x,y),
where x and y are plane coordinates, and the amplitude of f at
any pair of coordinates (x,y) is called the gray level of the image
at that point. When x,y and the amplitude values f are all finite
and discrete quantities, the image is a digital image. To create a
digital image, the continuous sensed data should be converted into
digital form. The digital image is compound of pixels, with one pix-
el corresponding to one gray level. Assume that an image f(x,y) is
sampled so that the resulting digital image has M rows and N col-
umns, the values of the coordinates (x,y) now become discrete
quantities, integer values for these discrete coordinates, thus, the
values of the coordinates at the origin are (x,y) = (1,1). So the
complete M � N digital image is written as the following compact
matrix form [9]:

f ðx; yÞ ¼

f ð1;1Þ f ð1;2Þ � � � f ð1;NÞ
f ð2;1Þ f ð2;2Þ � � � f ð2;NÞ

..

. ..
. ..

. ..
.

f ðM;1Þ f ðM;2Þ � � � f ðM;NÞ

2
66664

3
77775 ð1Þ

The right side of this equation is by definition a digital image,
each element of this matrix array is corresponding to a pixel, and
every pixel holds only one gray level. Transferring the microstruc-
tural image of TBCs to digital image by digital image processing
technology, and the digital image is the basis for thresholding
segmentation.

2.2. Thresholding segmentation

Suppose Fig. 1 corresponds to an image f(x,y), composed of YSZ,
NiCoCrAlY and defects, in such a way that these materials pixels
have gray levels grouped into three modes. One obvious way to ex-
tract one from the others is to select thresholding T that separates
these modes. Then any point (x,y) for which f(x,y) e [Tn�1,Tn] is as-
signed to an appointed material label, where n is material number.

Thresholding may be viewed as an operation that involves tests
against a function T of the form [9]:

T ¼ T½ðx; yÞ; f ðx; yÞ;pðx; yÞ� ð2Þ

where f (x,y) is the gray level of point (x,y) and p(x,y) denotes some
local property of this point.
Because there are three kinds of materials in Fig. 1, firstly, trans-
ferring the picture to a gray image, and then the image is identified
as three parts by the gray levels with the following equation.

f ðx; yÞ ¼
1 f ðx; yÞ 2 ½0; T1�
2 f ðx; yÞ 2 ðT1; T2�
3 f ðx; yÞ 2 ðT2;255�

8><
>: ð3Þ

T reflects the thresholding of gray level, pixels labeled 1 repre-
sent defects; pixels labeled 2 are NiCoCrAlY; pixels labeled 3 are
YSZ. In Eq. (3), T1 is 30, and T2 is 75.

2.3. Generation of a finite element grid model

Essentially, a digital image is collection of pixels, and a finite
element model is collection of finite elements. With one pixel cor-
responding to one finite element, the collection of pixels can be
changed to collection of finite elements. In addition, different gray
levels reflect different materials. In this way, a finite element grid
model in Fig. 2 based on the actual microstructure of TBCs is gen-
erated by thresholding segmentation and finite element mesh gen-
eration principle.

This finite element model is made up of 180 � 135 finite ele-
ments, and the dimensions are 240 lm � 180 lm.
3. Thermal shock and cracking of TBCs

Numerical simulation is performed with 2D model using LS-
DYNA [10] to model micro-crack growth of the TBCs during thermal
shock. A transient heat transfer analysis is carried out to account
the thermal stresses. The top of the micrograph is heated alter-
nately to 1000h and followed by water-quenching to ambient tem-
perature, so that a thermal gradient is built up in the direction of the
expected heat flow. The other three sides of the model are kept adi-
abatic. In our simulation, the *MAT_ELASTIC_PLASTIC_THERMAL
model is chosen to model the TC and BC materials. This material
model allows for the definition of temperature dependent material
coefficients in a thermo-elastic-plastic material. The YSZ material
behavior is defined as linear elastic in Table 1 with a failure condi-
tion determined by the Tuler–Butcher failure criterion. It has been
found that the dynamic mechanical resistance increase displays
more importance for the brittle materials than the ductile materials
[11]. To describe such behavior, Tuler and Butcher proposed a dy-
namic fracture criterion by the fracture time and maximum stress
in materials [8]. According to them, the fracture phenomenon is



Table 1
Material properties of YSZ used in FEM model.

Density Specific heat Thermal conductivity Thermal expansion Young’ modulus Poisson’s ratio

6300 kg/m3 580 J/kg K 2.3 W/m K 11E-6(�C�1) 210 GPa 0.3

Fig. 3. Simulation result of micro-crack growth after 25 thermal shock cycles.

Fig. 4. Experimental result of crack growth after 25 thermal shock cycles.
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not instantaneous but it requires necessary time duration to frac-
ture. Hence, this cumulative damage concept can be described as

Z t

0
½maxð0;r1 � r0Þ�2dt P Kf ð4Þ

where r1 is the maximum principal stress, r0 is a specified thresh-
old stress, r1 P r0 P 0, andKf is the stress impulse for failure. Stress
values below the threshold value are too low to cause fracture even
for very long duration loadings. In our simulation, r0 is 215 MPa,
and Kf is 0.38 MPa2 s.

During the simulation, the element satisfied with failure crite-
rion is deleted from the model, so the micro-crack growth of TBCs
during thermal shock is observable in the simulation.

4. Results and discussion

After 25 thermal shock cycles, the micro-crack growth caused
by high temperature gradient and different CTE is shown in
Fig. 3. Comparing with Fig. 2, damage evolution is obvious. Trans-
verse cracks in the interface of TC and BC are generated mainly by
different CTE between YSZ and NiCoCrAlY. Due to high tempera-
ture gradient and the existence of defects, the tensile stresses in
the horizontal direction are induced during thermal shock, so
vertical cracks initiated in the TC are developed, thus causing
spallation of the TC finally. The presence of vertical cracks can re-
lieve residual stress, thus enhance TBCs thermal shock resistance
and prevent further delamination of TC. However, the large delam-
ination crack in the TC makes it transparent to oxygen, and hence
the thermally grown oxide (TGO) is easily formed at the interface
of the TC and BC during high-temperature exposure. The TGO
can also lead to the failure of the TBCs, such discussion is out of
the scope of this paper.

Different from Fig. 1 which is used for computation and gener-
ated from the specimen before thermal shock loading, Fig. 4 shows
the experimental result after thermal shock. However, they were
taken from approximately the same position in the specimens
and have undergone the same thermal shock condition. As shown
in Figs. 3 and 4, a comparison between experimental results and
numerical results shows that after 25 thermal shock cycles, the
crack growth in simulation result agrees well with the correspond-
ing experimental result. The methodology in our present work is
effective to model the micro-crack growth.

5. Conclusions

In this paper, finite element mesh generation principle com-
bined with digital image processing approach has been used to
generate the finite element grid model based on the actual micro-
structural images of TBCs. With a failure condition determined by
the Tuler–Butcher failure criterion, LS-DYNA code is employed to
model micro-crack growth of the TBC during thermal shock.
Numerical simulation results agree well with experimental results.
Different from the traditional continuous indefective medium-
based approach, the methodology presented in this paper is found
to be more effective to model the micro-crack growth in TBCs,
which is expected to be also available for predicting the life of
the whole coatings in future study.
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