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Finite element analysis of stresses and interface crack in TBC systems®
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Abstract: Thermal barrier coatings have been used on high temperature components. Due to high stresses leading

to unpredictable failure, a transient thermal structural finite element solution was employed to analyze the stress dis-

tribution and Jintegral at the interface between the bond coating and thermally growing oxide( TGO) in the EB-PVD

thermal barrier coatings subjected to thermal loadings. The effects of some environmental and material parameters

were studied, such as thermal convection coefficient, ceramic elastic modulus and TGO thickness. The results show

that the stresses and Jintegral values are impacted by these parameters.
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1 INTRODUCTION

The high performance engine demands high
thrust-to-mass ratio and high pressure. One of the
adopted approaches is to increase the inlet tempera-
ture of the turbine or the temperature of the com-
bustion chamber. Thermal barrier coatings have
been developed based on these demands. The typi
cal thermal barrier coatings are double layer sys-
tems composed of the bond coating and ceramic
coating. The MCrAlY alloy is used as the bond
coating. It is used to improve the physical compati-
bility between the ceramic coating and the metal
substrate and also to resist oxidation of the sub-
strate. The ceramic coating material usually pre-
fers ZrO2 with 6%~ 8% Y203( mass fraction).

Failure of thermal barrier coatings is crucial
for their usage, which results from the thermally
growing oxide( TGO) and thermal stresses'". The
stresses are considered a control factor. The stres-
ses produced in TBCs include four kinds: thermal
stresses caused by temperature filed distribution
and thermal stresses caused by the thermal expan-
sion mismatch, which are two basic thermal stres-
ses, thermal growth stresses generated in thermal
growing oxidation of the metallic bond coating and
phase transition stresses'”. When the thermal
stresses are larger than the combination strength,
crack forms. The stresses produced during the
thermal cyclic process result in the crack propaga-
tion finally leading to cracks large enough to cause
spallation of the top coating'”. Therefore the
stress is the main reason for the thermal barrier
coatings failure.

The factors impacting on stresses include the
difference of thermophysical properties between ce-
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ramic and metal, the characteristics of coatings and
their environment. The stress tends to generate in
the fast cooling period of the thermal cycle!”,
where cooling rate is an important factor. On the
other hand, coatings structure changes during the
thermal cycles because of TGO generation and
growth between the ceramic coating and bond coat-
Other
wise, ZrOz is columnar crystal in coatings prepared
by EB-PVD method, whose elastic modulus is
much lower than that of the bulk ceramics. The e

ing, which affects the stress seriously'”.

lastic modulus of the ceramic layer will increase be-
cause of sintering during thermal cycle, and this
kind of change will lead to stress change.

T hermal barrier coatings failure usually begins
with the crack initiation and crack propagation.
And the crack tends to generate at the interface be-
tween TGO and bond coating. Previous investiga

7 show that in order to predict fracture in

tions
the bimaterial specimen, the stress intensity factor
must be determined, and the following methods
can be adopted ™ : 1) the use of crack flank displace-
ment data; 2) the use of the Jintegral; 3) the use of
the local collocation technique applied to stress field
data.

Jintegral has been adopted by most current
structural integral estimation procedures of cracked
bodies under combined secondary and primary

I J-integral is a typical nonlinear frac-

loadings
ture mechanics parameter expressing the stress/
strain intensity of a crack!'”. Recently, a path-in-
dependent J-integral for residual stress and the
combination of residual stress and mechanical load-
ing has been developed by Lei et al'”, which ena
bles the Jrintegral for crack in a residual stress field

to be evaluated accurately.
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2 MODEL AND CALCULATION

In this paper, finite element method( ANSYS
7.0) is used to analyze the stress and thermal dis-
tribution in thermal barrier coatings. The model
includes four layers (as shown in Fig. 1): the sub-
strate (2 mm), bond coating (0.1 mm), TGO and
ceramic coating (0.2 mm). Firstly, the structural
thermal element PLANE35 is selected, which is a
two-dimension 6 nodal triangle solid element. It
should be replaced by an equivalent structural ele
ment (such as PLANE 2) when it is used in struc
tural analysis. Secondly, it is subjected to the
thermal loading, transient type of
(7112 s performed to calculate the tem-

where a
analysis
perature field, and the thermal convection is loaded
to cool the systems from 1000 C. Then structural
analysis is conducted based on the result of the
temperature field analysis, that is to say, indirect
coupling field loading is adopted. Then the stress
will be calculated. Finally, J-integral value is cal-
culated by compiling a macro command list. All
these calculations are operated based on changing
ceramic elastic modulus, TGO thickness and ther-
mal convection coefficient. T he effects of these pa-
rameters on the stress and Jintegral value are dis-
cussed.

Fig. 1 Thermal barrier coatings model

3 RESULTS AND DISCUSSION

The influence of thermal convection coefficient
on Jintegral at the precrack tip and delamination
stress (it is also called normal stress) is shown in
Fig. 2. The result shows that there is a tensile nor-
mal stress at the interface between the TGO and
the bond coating, and both the J-integral value and
the normal stress increase with increasing the ther-
mal convection coefficient. The results of thermal
field analysis show that temperature gradient in the
ceramic coating increases as the cooling rate increa-
ses!”'. If no temperature gradient is considered
during the cooling, the normal stress is compres-

5 14 s
sion'™. The stress changes from compression to

tension and increases significantly with the increase
of the temperature gradient. Therefore, the cool-
ing rate rather than the temperature difference of
the thermal cycle is crucial for crack formation at
the interface' ™. The results in the Fig. 2 also indi-
cate that crack propagation increases with the in-
crease of the cooling rate because of the increase in
the J-integral.
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coefficient on J-integral and normal stress

Influence of thermal convection

Fig. 3 shows the effect of TGO thickness on
the normal stresses at the interface. The normal
stress increases when TGO thickness increases.
The increasing tendency of the stress becomes lar-
ger as the thickness increases. TGO is a key factor
that affects the material thermophysical properties
and perdurable ability of thermal barrier coatings.
The main composition of TGO is AlLOs, which has
higher thermal expansion coefficient and higher e
lastic modulus. Therefore, the thermal mismatch
increases and the ability of released stress decrea
ses. On the other hand,
cooled, the mismatch of thermal expansion be
tween coatings and the substrate will induce the re
sidual stress. And the TGO growing also induces

when the system is
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Fig. 3 Influence of TGO thickness on

normal stress
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stress. Although the stress induced by TGO grow-
ing is smaller than that induced by the thermal
mismatch, it has obvious effects on material prop-
erties. TGO is very thin, but there is very high
strain energy density in TGO. All these effects can
lead to the material failure. As the result, crack
propagation is accelerated by the TGO growth
caused by oxidation at high temperature.

Fig. 4 shows calculation result of the relation-
ship between the elastic modulus of the ceramic
coating and the normal stress. The result shows
that the normal stress increases with the increase
of the modulus. The increase in the modulus re-
presents sintering effect of the ceramic coating
with columnar grain. During thermal barrier coat-
ings thermal cycling, in the ceramic coating phase
and

change occurs when temperature increases,

then sintering occurs. Both phase change and sin-
tering can change the volume and mechanical prop-
erties of the ceramic coating. After it is sintered,
which makes the

stress increase at the interface. So from the result

the volume becomes smaller,

we can see that the sintering of ceramic coating
during high temperature results in the remarkable
increase in the stress. The effect of sintering is the
same as TGO growth.
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Fig. 4 Influence of ceramic elastic

modulus on normal stress
4 CONCLUSIONS

TGO
growth and sintering of ceramic coat significantly
influence the normal stress and Jintegral at the
TGO/bond coating interface. Both the delamina-
tion stress and J-integral increase as these three

During thermal cycle, cooling rate,

factors increase, and they are crucial for lifetime of
TBCs. The results are helpful for clarifing failure
mechanism and designing high performance T BCs.
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