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Gas turbines of aircraft and power generation plants operate at a high turbine inlet temperature (TIT) or combustion temperature
higher than 1,000°C to obtain high thermal efficiency. The parts directly in contact with the high temperature flame are made of a
nickel-base superalloy, which has strong heat resistance. In addition, the thermal barrier coating (TBC) technique is applied to
increase the heat resistance. The TBC prevents direct heat transfer from the high temperature flame to the metallic substrate. Thus,
the TBC technique reduces the substrate surface temperature by approximately 100~170°C. The delamination caused by the growth
of thermally grown oxide (TGO) decreases the life of the TBC system. In addition, gas turbine blades experience centrifugal forces
owing to high speeds of approximately 3600 rpm and they experience low cycle fatigue because of frequent startup and shutdown.
Therefore, the integrity of the TBC system should be evaluated under the thermal gradient mechanical fatigue condition. In this study,
finite element analysis (FEA) was performed for the TBC model considering TGO, and the effect of TGO on TBC systems was
evaluated under the thermal gradient mechanical fatigue condition.

NOMENCLATURE

&, = thermal strain (%)
Enecn = mechanical strain (%)

o = total strain (%)

1. Introduction

The first stage gas turbine blade is exposed to a high temperature
flame of approximately 1,350°C. Therefore, thermal barrier coating
(TBC) technology is applied to improve the durability. Thermal barrier
coating consists of a top coat and a bond coat. The top coat protects the
substrate from the flame and the bond coat increases the bonding
strength between the top coat and the substrate.'* Thermal stress is
generated owing to the difference in the thermal expansion coefficients.
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Gas turbine blades also experience mechanical loads from high-speed
rotation of approximately 3,600 rpm. In addition, gas turbine blades
experience low-cycle fatigue owing to frequent startups and shutdowns.
They are operated under a harsh condition of thermal fatigue and
mechanical fatigue. Microscopic cracks are generated by repeated
thermal gradient mechanical fatigue and these cracks lead to
delamination of the TBC system. Delamination of the TBC system
causes rapid decrease in the life of the gas turbine blade because the
substrate is directly exposed to the flame. Therefore, the integrity
evaluation of the TBC system is necessary to evaluate the reliability of
the gas turbine blades.’

During the gas turbine operation, thermally grown oxide (TGO) is
generated between the top coat and the bond coat. By preventing
oxygen from entering the substrate, TGO prevents the oxidation of the
material. TGO also causes the microscopic cracks in the fatigue
loading.®” Also, the thickness of the TGO is increased, and the TGO
is rumpled by temperature change or degradation. Thus, TGO is a very
important factor that affects the life of the TBC system. To identify the
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Table 1 Material properties of TBC system

Top coat (8YSZ) Bond coat (MCrAlY)  Substrate (IN738LC) TGO (Al,03)
Young’s modulus (GPa) 53 156 225 364~416

Poisson’s ratio 0.25 0.27 0.27 0.23~0.25

Density (kg/m°) 6037 7711 7890 3868~3984

Specific heat (J/kg°C) 500 628 456 755~1285

Thermal expansion coefficient (107/°C) 7.6~12.7 12~19.3 11.6~15.9 4.6~8.3
Thermal conductivity (W/mK) 1~2.3 11.6~25 11.8~25.4 6.7~33
Substrat Bond coat Top coat 1400
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Fig. 1 Geometry of the specimen

TGO growth behavior according to the usage time and change in
temperature, it is required to verify the reliability of the TBC system.

In this study, finite element analysis (FEA) of the TBC system was
performed according to the amplitude of TGO. A relationship was
found between the ratio of amplitude to wavelength of the TGO and the
stresses seen in the top and bond coats.

2. Finite Element Analysis Model and Methods

2.1 Finite element analysis model

IN738LC is the main material used in the first-stage gas turbine
blade and was used as a substrate in this study. 8YSZ and MCrAlY were
used as the top coat and the bond coat, respectively. Because Al,Os is
generated from the heat of the turbine, it was used as a model of TGO.
The material properties of interest are summarized in Table 1.5 FEAs
were performed for the hollow shaft shape specimen, which is used in
the thermal gradient mechanical fatigue test. TGO is generally modeled
as sine wave form in the FEA. Thus, under the assumption of
axisymmetric specimens, the FEA model was constructed in two
dimensions like a Fig. 1, with the TGO period being only 1.5. The
thicknesses of the substrate, top coat, and bond coat were 3 mm, 0.4
mm, 0.15 mm, respectively. TGO was set at a thickness of 0.004 mm
and a wavelength of 0.06 mm. In addition, to simulate the rumpling of
TGO, the analysis models were modeled for 5 cases with different ratio
of the amplitude for the wavelength. The model consisted of 443,750
elements. The DCAX4 element type was used in the heat transfer
analysis and the CAX4R element type was used in both the thermal
deformation analysis and the thermo-mechanical fatigue analysis. To
examine the generated stress according to the shape of TGO in the
TBC system, FEAs were conducted under TGO amplitude changes.

Time, s

Fig. 2 Temperature condition in the FEA

2.2 Finite element analysis method
2.2.1 Heat transfer analysis and thermal deformation analysis

First, heat transfer analysis was performed to derive the temperature
distribution of the analysis model. As the temperature condition, the
temperature of top coat was 1,150°C and the temperature of substrate
was 1,000°C in the high temperature, and the temperatures of top coat
and substrate were 250°C in the low temperature condition with
reference to research of Kagawa et al.,'> as shown in Fig. 2. FEA was
consisted of 9 steps. In the first step, the temperature of the analysis
model was maintained at the middle of the high temperature and the
low temperature. In the other eight steps, high and low temperature
boundary conditions were alternatively applied to simulate the thermo-
mechanical fatigue condition for two cycles.

Thermal deformation analysis was performed to derive the thermal
strain from the heat transfer analysis. The result of the heat transfer
analysis was used as input data and the element type was changed to
CAX4R. Considering the symmetry of the model, the bottom surface
was fixed along the y-axis and the upper surface of the model was set
to generate the same amount of deformation.

2.2.2 Thermal gradient mechanical fatigue analysis

The total deformation that was used for thermal gradient mechanical
fatigue analysis was obtained previously from the thermal deformation
analysis. Total deformation was defined as the sum of thermal
deformation and mechanical deformation. Thermal gradient mechanical
fatigue analysis was performed to give a deformation condition for the
upper surface of the analysis model as shown in Fig. 3. The result of
the heat transfer analysis was used as input data. The same element

type and model used for the thermal deformation analysis were used for
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Fig. 3 Condition of finite element analysis
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Fig. 6 Result of thermo-mechanical fatigue analysis under the low
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O Peak was performed using the result of heat transfer analysis. Thermal strain
= was obtained according to the temperature at each step. The results of
thermal deformation analysis are summarized in Fig. 4. The strain ratio
Bond coat TG Top:coat was set to -1, and a triangular waveform was used.

Fig. 5 Result of thermo-mechanical fatigue analysis under the high 3.2 Thermal gradient mechanical fatigue analysis

temperature and tension condition The stress of the TBC system was obtained through a thermal gradient
mechanical fatigue analysis of each step. According to the preceding
research, fatigue life is determined by the amount of stress applied in

the thermal gradient mechanical fatigue analysis. In this study, the the direction parallel to the coating layer. Thus, the stress parallel to the

mechanical strain was £0.7%. The reason of that is the maximum strain coating layer was derived in the TBC system.® The stresses that were

in the actual gas turbine is known as 0.7% in the operating condition. generated in the top coat and the bond coat near the peak and valley of

The thermal gradient mechanical fatigue analysis was performed in-phase, TGO were investigated to evaluate the effect caused by TGO. The

so that thermal fatigue and mechanical fatigue had the same phase. results of analysis on the TGO were shown in Figs. 5 and 6.

3. Results of Finite Element Analysis 4. Relationship between Stress and Ratio of Amplitude to
Wavelength

3.1 Heat transfer analysis and thermal deformation analysis
The temperature distribution was obtained from the heat transfer 4.1 High temperature and tension condition
analysis. The results showed a temperature difference of 75°C between The result of the analysis under the high temperature and tension

the interface and the surface of top coat. Thermal deformation analysis condition was shown in Fig. 7. The stresses in the TBC system were
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Fig. 8 Dependence of stress change on the ratio of TGO amplitude to
wavelength under the low temperature and compression condition

affected by the ratio of the amplitude to wavelength. The tensile stress
of the top coat near the peak was increased when the TGO amplitude
was increased, but the stress was decreased once the ratio reached 0.15.
For the top coat near the valley, the tensile stress was decreased owing
to an increase in the TGO amplitude. An increase in the TGO amplitude
resulted in an increase in the stress of the bond coat near the peak and

a decrease in the stress of the bond coat near the valley.

4.2 Low temperature and compression condition

The result of the analysis under the low temperature and compression
condition was shown in Fig. 8. A large compressive stress, which was
generated in the top coat near the peak and then decreased near the
valley, was due to an increase in the TGO amplitude. The change of

stress was smaller in the bond coat than in the top coat.

4.3 Stress amplitude during fatigue

The stress range was defined as the difference between stress at the
high temperature and stress at the low temperature. The stress amplitude
was defined as one half of the stress range. The relationship between
the stress amplitude and ratio of amplitude for the wavelength were
shown in Fig. 9. The stress amplitude in the top coat near the peak was
significantly increased but the stress amplitude in the top coat near the
valley was decreased by an increase in the TGO amplitude. However,
the stress amplitude did not change at bond coat. With an increase in
the TGO amplitude, the top coat near the peak became weaker. Thus,
it was expected that microscopic cracks would be generated in the top

coat, which would lead to delamination.

5. Conclusions

In this study, thermo-mechanical fatigue analysis was performed for
the TBC, which is used to improve the durability of first stage gas turbine
blades. The stress in the TBC system was investigated according to the
ratio of the TGO amplitude to wavelength. The conclusions of this
study are as follows:

(1) The stress generated in the TBC system was caused by an

increase in the TGO amplitude. The maximum tensile stress was
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Fig. 9 Stress amplitude of TBC system

generated in the top coat near the peak under the high temperature and
tension condition. The maximum compressive stress was also generated
in the top coat near the peak under the low temperature and compression
condition.

(2) The results obtained by deriving the stress amplitude for each
location indicated that when the stress amplitude was significantly
increased in the top coat near the peak, this area became weaker. Thus,
it was expected that microscopic cracks would be generated in the top
coat, which would lead to delamination.
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