
Ceramics-Silikáty 61 (1), 59-64 (2017)
journal webpage: www.ceramics-silikaty.cz	 doi: 10.13168/cs.2016.0061

Ceramics – Silikáty  61 (1) 59-64 (2017)	 59

FRACTURE ANALYSIS OF THERMAL BARRIER COATING
SYSTEMS UNDER THERMAL SHOCK

ZHANG YAN-YAN*, ***, SHEN RI-LIN**, HUANG KAI**, #YUE XIAO-NING*

*Department of Physics, Shenyang University, 110000 Shenyang, China
**School of Astronautic, Harbin Institute of Technology, 150001 Harbin, China

***Shenyang National Laboratory for Material Sciences, Institute of Metal Research,
Chinese Academy of Sciences, 110000 Shenyang, China

#E-mail: yuexn0@163.com

Submitted July 15, 2016; accepted October 24, 2016

Keywords: Thermal barrier coatings (TBCs), Interaction energy integral method (IEIM), Transient thermal stress intensity 
factors (TSIFs), Crack growth law

In order to understand the thermal fracture properties of thermal barrier coating (TBC) systems, transient thermal stress 
intensity factors (TSIFs) are calculated by using the transient interaction energy integral method (IEIM) when a thermal 
shock load is applied. In this study, continuous and weak interfaces are studied, considering different distributions of the 
material properties and their derivatives in the interface. The effect of the interface bonding strength on TSIFs at crack 
tip of TBC systems with multiple interfaces is analysed. This method provides an avenue to simulate interfacial properties 
subjected to thermal shock loads.

INTRODUCTION

	 Thermal barrier coating (TBC) systems [1], with 
good thermal insulation performance, typically have an 
interface or multiple interfaces, characterized by non-
homogeneous material properties across the interface. 
Particularly, TBCs with bonding layers can be conside-
red as multiple interface nonhomogeneous materials. 
Thermal expansion coefficients mismatch between the 
coating and the substrate may cause interface debonding 
of the coating-substrate system [2]. The thermal fracture 
resistance of TBCs has attracted enormous attention 
due to its wide applications in engineering [3]. Fracture 
parameters of nonhomogeneous materials with interfaces 
have been widely studied in order to understand the thermal 
fracture behavior of TBC systems. Lee and Erdogan [4] 

investigated interface cracking of functionally graded 
material (FGM) coatings under loading by the finite 
element method. Li and Lee [5] developed a model to 
study a mode III crack problem when a coating crack 
is inclined to the functionally graded coating/substra-
te interface which is weak or micro-discontinuous. By 
the domain-independent interactive energy integral 
method (IEIM), Guo et al. [6] investigated FGMs with 
a single crack subjected to steady-state thermal loading. 
Zhang et al. [7] studied the interface properties across 
nonhomogeneous coating/substrate materials and the 
effect of the interface discontinuity and geometric para- 
meter on the transient thermal stress intensity factors 

(TSIFs). Petrova and Schmauder [8] explored a bima-
terial, composed of a homogeneous material and a FGM 
with small internal cracks, to understand the underlying 
thermal fracture mechanism. Petrova and Schmauder [9] 

further studied the fracture processes in the vicinity of 
an interface crack in functionally graded/homogeneous 
bimaterials with internal defects under tensile loading 
and a heat flux. Ding and Li [10] analyzed the fracture 
behavior of functionally graded layered structures 
under thermal loading, with an interface crack. Yang et 
al. [11] investigated the interfacial cracking process in 
TBCs subjected to compression by acoustic emission 
and digital image correlation methods. Song et al. [12]  
studied the crack problem at interface between TBCs 
and metal substrates. Wang et al. [13] calculated the 
transient temperature fields and the dynamic stress 
intensity in TBCs by finite element methods. Li et al. 
[14] investigated the behavior of the temperature fields 
near the crack and the stress intensity factors when an 
inner crack is parallel to the heated surface of a thermo-
elastic strip under thermal shock. Shang et al. [15] 
showed how an arbitrarily oriented crack affects the 
heat transfer properties of an infinite functionally graded 
medium under uniform remote heat flux. Guo et al. 
[16] studied the behavior of lanthanum zirconate-based 
TBCs under thermal shock and thermal cycling loads. 
However, research on the thermal shock fracture problem 
in nonhomogeneous materials with multiple interfaces is 
still quite limited up to now.
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THEORETICAL

Problem formulation

	 In this paper we analyze the thermal shock crack 
problem in TBC systems. In Figure 1 a schematic of a 
TBC system with two interfaces is shown. The thickness 
of the whole system is h and the normalized crack 
length of TBC systems is a/h, while the thicknesses 
of the coating, bonding layer and substrate are h1, h2 and h3, respectively. The Young’s modulus, density, 
specific heat, coefficient of thermal expansion, and heat 
conductivity are defined as E(x), ρ(x), c(x), α(x) and λ(x). 
The thermomechanical properties of the TBC system are 
distributed along the x-direction. Subscripts 1 and 3 are 
used for denoting the coating (ceramic) material and the 
substrate (metal) material, respectively. In Figure 1, two 
types of interfaces are included: 1. a strong interface, 
material properties and their derivatives are continuous 
on the interface (interface between ceramic and bonding 
layer); 2. a weak interface, whose material properties 
are continuous, but its derivatives are discontinuous 
on the interface (interface between metal and bonding 
layer). The initial temperature condition is T0 and sudden 
temperature changes are considered for both surfaces of 
the plate with T1 = T3 = T. The normalized time is defined 
as tn = λ1t/(c1ρ1h2). The transient thermal stress intensity 
factors (TSIFs) will be normalized by K0 = √��π�aE1 α1 T1/ 
/(1 – ν).

Determination of the temperature 
fields through FDM-FEM

	 Temperature fields can be determined by using finite 
differential and finite element methods (FDM-FEM). 
Referring to the TBC system in Figure 1, the transient 
temperature field is denoted as T(x, t). It is assumed that 
the process of heat transfer is adiabatic. In order to obtain 
the temperature field in the TBC system without any 
crack we can write the unsteady one-dimensional heat 
conduction equation as:

.       (1)

	 Thus, the finite element equation of the transient 
temperature field [7] can be expressed as:

   (2)

                                                                                 .

where [K1] is the thermal matrix, [K2] the convection 
matrix, [K3] the heat capacity matrix, and {P}the thermal 
load vector.

The transient IEIM and extraction of
the transient TSIFs

	 The stress intensity factor characterizes the crack tip 
stress field strength, but for nonhomogeneous materials it 
is very difficult to obtain. The IEIM is a very convenient 
method to obtain the TSIFs with high efficiency. Kc 
and Kim [18] illustrated the finite element evaluation 
of nonsingular T-stress and mixed-mode TSIFs within 
nonhomogeneous materials under steady-state thermal 
load condition by the interaction integral method. Yu et al. 
developed an IEIM for mechanical and thermal fracture 
problems of nonhomogeneous materials with different 
mechanical properties [19-23]. In this paper, when the 
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Figure 1.  Schematic of a TBC system with two interfaces.
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Figure 2.  The integral domain with two interfaces for the IEIM 
at the crack tip.
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integral domain contains multiple interfaces, according 
to the literature [7, 23] the IEIM can be written as:

I (t) = Imechanical (t) + Itemperature (t) + Iinterface (t)       (3)

where the first and second integrals are the mechanical 
and thermal parts of the interaction energy release rate, 
and the third integral is a line integral along the interfaces 
which vanishes for continuous material properties. 
	 A schematic of the integral domain with multiple 
interfaces is shown in Figure 2. The detailed domain 
expression of the modified transient IEIM with multiple 
interfaces for the TBCs is [7, 25]:

                   (4)

	 In Equation 4 set n = 3, which means that there 
are three separate integral domains divided by two 
interfaces in the TBC system. The relation between I(t) 
[24] and the mixed-mode transient TSIFs is 

I (t) = 2 [KI (t) KI
aux (t) + KII

aux (t)] / E'tip ,           (5)

where KI (t) and KII (t) are mode-I TSIFs and mode-II 
TSIFs, respectively. The TSIFs marked by the superscript 
aux denote the auxiliary TSIFs. For plane strain E'tip = 
= E'tip /(1 – ν2

t  ip), for plane stress E'tip = E'tip.
	 Let KI

aux (t) = 1 and KII
aux (t) = 0, and the mode-I 

TSIF can be extracted as

KI (t) = E'tip I (t)/2 .                      (6)

	 Similarly, the mode-II TSIF can be obtained as

KII (t) = E'tip I (t)/2 .                      (7)

	 Thus, the mixed-model transient TSIFs can be de-
termined. 

Verification

	 In order to verify the present method when consi-
dering the interface discontinuity, we compare the veri-
fication example results with those in Ref. [6]. All the 
distributions of the properties are defined by exponential 
functions. The normalized TSIFs are calculated for an 
embedded crack shown in Figure 3. The following 
data are used for numerical analysis, with the thermal 
expansion coefficient α defined as:

		  α(x) = α1 × e2δx	 (x ≤ 0.5W)	 Case A:	 α(x) = α1 × eδ	 (x > 0.5W)                (8)

		  α(x) = α1 × e2δx	 (x ≤ 0.5W)	 Case B:	 α(x) = 5α1	 (x > 0.5W)               (9)

Where L/W = 2, 2a/W = 0.2, θ = 0, ν = 0.33, δ = ln(2)/W 

E(x) = E1 × eδx                            (10)

λ(x) = λ1 × eδx                            (11)
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Figure 3.  An inclined crack in a nonhomogeneous plate with 
an interface.

Table 1.  Comparison between the present TSIFs and the 
corresponding analytical results in Ref. [6].
		  Results in Ref. [6]
	Length crack 	 Case A	 Case B
	 a	                                    TSIFs

	   0.28921	    0.07861	  0.51887
	   0.40014	 -0.0597	  1.00943
	   0.54882	   -0.32041	  0.09559
	   0.58986	   -0.34906	 -1.06604
	   0.59319	   -0.34906	 -1.40566
	   0.59785	   -0.34906	 -1.69497
	 0.6037	   -0.34906	 -2.18553
	 0.6483	   -0.27358	 -1.88364
	   0.68828	   -0.21069	 -1.58176

		  Present results
	Length crack 	 Case A	 Case B
	 a	                                          TSIFs

	 0.29	     0.07586	     0.51381
	   0.402	   -0.07629	     1.02622
	   0.549	   -0.30804	     0.12208
	 0.59	 -0.3315	   -1.05506
	   0.595	   -0.33015	   -1.37213
	   0.598	 -0.3284	 -1.6652
	   0.602	   -0.32422	   -2.17938
	   0.649	   -0.26448	   -1.86644
	 0.69	   -0.20937	   -1.57613  
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	 The result is shown in Table 1, where the para-
meters used in the example are identical to those given 
in Reference [6]. It can be found from Table 1 that 
the relative deviations between the present results and 
those in Reference [6] are all within 1.5 %. It can thus 
be concluded that the present method is efficient and 
accurate to solve thermal crack problems in TBC systems 
with discontinuous material properties and material 
property gradients.

RESULTS AND DISCUSSIONS

	 We note that the thermomechanical properties of 
the bonding layers can be illustrated by general functions 
in the current method. The x-dependent thermomecha-
nical properties of the bonding layers of the TBC are 
shown in Figure 1.
	 The material parameters are listed in Table 2 and 
the thermomechanical properties of the TBC systems are 
assumed as:

E(x) = E1, α(x) = α1, λ(x) = λ1, c(x) = c1, ρ(x) = ρ1

	 (0 < x < h1)                                  
(12)

E(x) = E1 e(β1/h1)x, α(x) = α1 e(β2/h1)x, λ(x) = λ1 e(β3/h1)x,
c(x) = c1 e(β4/h1)x, ρ(x) = ρ1 e(β5/h1)x

	 (h1 < x < h2)                              
(13)

E(x) = E3, α(x) = α3, λ(x) = λ3, c(x) = c3, ρ(x) = ρ3

	 (h3 < x < h)                                (14)

	 The geometry parameters are taken to be h1 = 0.2h, 
h2 = 0.1h and h3 = 0.7h in the simulations, and we con-
duct all the simulations under plane strain state. The 
nonhomogeneity constants are defined as

	 β1 = ln(E2/E1), β2 = ln(α2/α1), β3 = ln(λ2/λ1),
	 β4 = ln(c2/c1), β5 = ln(ρ2/ρ1),                  

(15)

	 Figures 4 and 5 show the temperature and thermal 
stress field distributions, respectively, at different nor-
malized times in the TBC system. It is found that the 
effect of interface properties on the temperature and 
thermal stress fields becomes more significant with 
time. The change of the temperature field is also directly 
related to the material inhomogeneity.
	 Figure 6 shows the variation of the TSIFs with 
respect to the normalized time for different normalized 
crack lengths (0.1, 0.2, 0.3 and 0.4, respectively).  

Table 2.  Thermomechanical properties of TBC systems [17].

Material	 Specific heat	 Thermal conductivity	 Coefficient of thermal	 Density	 Young’s modulus	 Poisson’s
	 (J∙kg-1∙K-1)	 (W(mK)-1)	 expansion (×10-6/K)	 (kg∙m-3)	 (GPa)	 ratio

Ceramic	 c1 = 456.7	 λ1 = 2.09	 α1 = 10.0	 ρ1 = 5331	 E1 = 151.0	 ν1 = 0.33
Metal	 c3 = 537.0	 λ3 = 7.5	 α3 = 9.5	 ρ3 = 4420	 E3 = 116.7	 ν3 = 0.33

Figure 5.  Evolution of the thermal stress field in the TBC system.

Figure 4.  Evolution of the temperature field in the TBC system.

	 tn = 0.011	 tn = 0.015	 tn = 0.034

	 tn = 0.011	 tn = 0.015	 tn = 0.034
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The transient TSIF at the early stage of thermal shock 
is a dominant factor to fracture failure as shown in 
Figure 6. It can be observed that the peak values of the 
TSIFs are affected by the normalized crack length. The 
peak values of the TSIFs change in a regular way, but 
the variation trend of the TSIFs with respect to the crack 
length is irregular for longer times. When the interfaces 
are touched by the crack tip, the interface properties have 
different effects  on the TSIFs (see Figure 7). Figure 7 
shows normalized transient TSIFs versus normalized 
crack length at different time instants (0.011, 0.2 and 
0.3). As mentioned before we have considered two 
types of interfaces in the TBC system of this paper. It 
is found that the effect of interface properties on TSIFs 
under thermal shock are extremely obvious, and that 
the interface properties of the TBC system will directly 
affect the TSIFs. Therefore, it is absolutely essential to 
take the interface discontinuity into account in order to 
increase the thermal shock resistance of the system when 
designing TBC systems. Using the method proposed in 
this paper, we are able to describe the situation that the 
material properties and its derivatives are discontinuous. 

CONCLUSIONS

	 In this paper, the thermal shock fracture problem of 
TBC systems with two interfaces is studied. The results 
show that: 1. The transient IEIM is an efficient method 
to obtain the TSIF in a TBC system with two interfaces; 
2. The transient TSIF at the early stage of thermal shock 
is a dominant factor to fracture failure; 3. The TSIFs are 
affected differently by the interface discontinuity and the 
normalized crack lengths.
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