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Abstract. Creep failure is one of the dominate failure mode for high temperature turbine blade 
during service. Under the tensile stress caused by large centrifugal force of the blade and the 
thermal stress and thermal softening of the material, the displacement as well as the creep strain 
and damage increase gradually. The present paper firstly gives the temperature field of the blade 
under typical service condition with numerical modelling. Then Norton’s creep constitutive 
relation and Lemaitre-Chaboche damage model are introduced into the finite element model, and 
three different working conditions are considered here to investigate its effect on creep service life 
of the turbine blade. Numerical results show that, the proposed numerical approach can predict 
the evolution of the creep process and the damage. Meanwhile, the introduction of cyclic factor is 
capable of reflecting the fatigue effect of cyclic load.  
Keywords: creep analysis, turbine blade, progressive damage, life prediction. 

1. Introduction 

With the development of modern aero-engine, the inlet temperature of the turbine blade 
becomes higher, and creep becomes one of the key inducements of the blade failure. Researchers 
had paid tremendous effort through theoretical, numerical and experimental investigations on this 
subject. In the past two decades there has been considerable progress and significant advances 
made in the development of fundamental concepts of damage mechanics and their application to 
solve practical engineering problems. For instance, new concepts have been effectively applied to 
characterize creep damage, low and high cycle fatigue damage, creep-fatigue interaction, 
brittle/elastic damage, ductile/plastic damage, strain softening, strain rate-sensitivity damage, 
impact damage, and other physical phenomena. 

Sposito et al. [1] gave a critical review of the main results in the secondary and tertiary stages 
of creep, and discussed the advantages and disadvantages of each method. Hore and Ghosh [2] 
used continuum damage mechanics model to simulate creep behaviour of 2.25Cr-1Mo steel and 
developed a simple iteration scheme and optimisation procedure. Results showed that the 
numerical model compared well with experimental data. Maria and Kapil [3] discussed the 
physical mechanisms of the creep phenomenon in metals and the frameworks for modelling high 
temperature creep. They employed a hyperbolic sine model to fit the experimental creep data of 
ASTM A992 steel and illustrate the applications in high temperature creep buckling. Cui and 
Wang [4] proposed a phenomenological and a lifetime estimation model for steam turbine 
components, and the theoretical model is validated with experimental results of high-chromium 
10%Cr stainless rotor steel. Wang et al. [5] proposed a model with both error-trained 
back-propagation artificial neural network (BP-ANN) and an improved method, and the model is 
validated with short term rupture life and related creep data obtained by creep experiments. Zhao 
et al. [6] proposed a novel damage constitutive model to predict creep deformation and damage 
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evolution of nickel-based superalloyGH4169 based on TTC relations and continuum damage 
mechanics. Results showed that the proposed model could accurately predict the creep 
deformation, minimum creep rate, rupture time and damage evolution process of GH4169. Vito 
et al. [7] investigated the effect of a weaker heat of the wrought form of Haynes 282 nickel 
superalloy on creep rupture and maximum allowable working stress, and showed the importance 
of minimizing heat to heat variability of properties on high temperature creep strength. Teng [8] 
reviewed various thermo-based fatigue life prediction methods, and both theoretical background 
and experimental techniques are given. Michael et al. [9] used over 100 creep tests of a cast 
austenitic stainless steel and Larson-Miller model to predict long-term lifetimes as functions of 
temperature and stress, and results showed that the Larson-Miller approach is more robust when 
treating rupture-time datasets with wide experimental scatter. 

The present paper focuses on the creep life prediction of a high temperature turbine blade under 
constant rotate speed, varying rotate speed and cyclic rotate speed to model different service 
conditions. Damage evolution and fatigue effect are also considered here. 

2. Research method 

The geometry model of the turbine blade investigated here is based on the NASA E3 (Energy 
Efficient Engine) high pressure turbine blade. Since only discrete outlines of three different 
sections of the turbine blade is available in literature, the geometry detail of the blade tip and the 
turbine disk are not considered here. The finite element model of the turbine blade is given in 
Fig. 1. Computational fluid dynamics is conducted to predict the temperature field of the turbine 
blade. The boundary condition for fluid flow and heat transfer analysis of the finite element model 
is given in Fig. 2. During the analysis, both the inlet and outlet are set as pressure boundary 
condition, the pressure and total temperature for inlet boundary are 2.06 MPa and 1700 K 
respectively, while for outlet boundary the pressure is 1.03 MPa. Heat loss at the tip and bottom 
of the blade model is neglect and adiabatic boundary condition is given here. Both sides of the 
computational model are periodic boundary condition. The cooling channel of the blade is given 
convective boundary condition, and the coefficient of convective heat transfer is 400 W/m2K, and 
the temperature of the cooling fluid is 600 K. The material of the turbine blade is GH4169. 

 
Fig. 1. Discretization of the turbine blade  

 
Fig. 2. Boundary conditions for fluid flow  

and heat transfer analysis 

Fig. 3 shows the temperature field of the turbine blade under typical working condition. It can 
be seen that the temperature ranges from 780 K to 941 K, and the maximal temperature exists at 
the upwind area of the blade. The melting point temperature of GH4169 is about 1500 K, and 
generally speaking, when the temperature of the material is around 0.3 times of its melting 
temperature, creep becomes non-negligible. In the following section, creep analysis is conducted 
with the temperature field obtained here to investigate the service life of turbine blade under high 
temperature conditions. 
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Fig. 3. Temperature field of the turbine blade 

3. Results and discussion 

In this section, three cases with different working conditions are employed to investigate the 
effect of working conditions on creep life of the turbine blade. The first case considers the constant 
rotate speed as well as constant centrifugal force of the turbine blade. The second case considers 
accelerating centrifugal force under thrust augmentation operation, and the third case considers 
the effect of cyclic centrifugal force. 

During the first and second stage of creep, rate-dependent equation is always employed to 
characterize the creep process. In the present investigation, Norton creep model is adopted: 𝜀 = 𝐶 𝜎 𝑒 / , (1)

where 𝜀  is the rate of creep strain, 𝐶 , 𝐶  and 𝐶  are material constant to be determined by 
experiment, and they are 2.147×10-70.03, 10.171 and 50825.89 respectively in the present 
investigation. 𝜎 is stress and 𝑇 is temperature. 

For stress-controlled interaction of creep and fatigue, creep damage can be modelled with 
Lemaitre-Chaboche damage model [10]: 𝑑𝐷𝑑𝑡 = 𝜎𝐴 1 − 𝐷 , (2)

where 𝐷  is creep damage, and parameter is related with creep stress: 𝑘 = 𝑎 + 𝑎 𝜎 − 𝑧 + 𝑎 𝜎 − 𝑧 , (3)

where 𝑟, 𝐴, 𝑎 , 𝑎 , 𝑎  and 𝑧 are material constant to be determined by creep experiment, and they 
are 13.19, 1209 MPa, 13.2478, 0.7865×10-4, 0.1924×10-3 and 733.25 MPa respectively in the 
present investigation. 

Creep damage is introduced into the finite element model throng the modification of Young’s 
modulus of the material: 𝐸 = 𝐸 1 − 𝐷 , (4)

where 𝐸  and 𝐸 denote the original and present Young’s modulus of the material. 
For constant rotate speed case, the constant speed is 13223 rpm, and the bottom of the turbine 

blade is fixed during analysis, the temperature obtained in the previous section is applied in the 
finite element model. It is assumed that the maximal tolerate damage of the blade is 0.4, and when 
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service time is 441 h, the maximal damage is 0.415, then the computation is terminated. The 
damage filed of the blade is given in Fig. 4, and the evolution of maximal damage of the blade 
during creep is given in Fig. 5. 

 
Fig. 4. Damage field of the turbine blade  

(after 441 h) at constant speed 

 
Fig. 5. Evolution of maximal damage  

of the blade at constant speed during creep 

It can be seen from Fig. 4 and Fig. 5 that, at the beginning of creep, the damage in the blade 
increases linearly and slowly, when service time is 433 h and maximal damage is 0.23, the damage 
rate grows sharply and quickly reaches threshold value of 0.4. 

Since turbine blade works at varying conditions, the rotate speed cannot be constant all the 
time. Case 2 considers the following varying speed of the turbine blade: the speed is constant at 
0-50 h, and increase to 1.05 times of the first stage during 50 h- 70 h, then return to original 
constant speed during 70 h-120 h, and accelerate to 1.05 times of the first stage for the second 
time during 120 h-150 h, and then keeps at constant speed till the end. The time history of the 
rotate speed is shown in Fig. 6. Fig. 7 gives the evolution of maximal damage of the blade at 
varying speed during creep. It is very clear that with the increment of the rotate speed, as the 
centrifugal force increases at the same time, both the stress and the damage increase. When the 
rotate speed decreases to normal level, the damage decreases simultaneously. It also can be seen 
that the service life of the blade under this circumstance is 331 h, which is smaller than the previous 
constant rotate speed case. 

Furthermore, the creep behaviour of the blade under cyclic rotate speed is considered. It should 
be pointed out that, experiments show that compared with constant rotate speed, the service life 
of the blade under cyclic rotate speed could be increase or decrease, which depends on the intrinsic 
character of the material. In the previous study, cyclic effect is always neglected, and it is 
introduced with factor v in the present study, and then the damage model is modified and given 
by: 𝑑𝐷𝑑𝑡 = 1 + 𝑣 𝑛 − 1 𝜎𝐴 1 − 𝐷 , (5)

where 𝑣 is cyclic factor and 𝑛 denotes the cycle number. When 𝑣 = 0, the present model degrades 
into Eq. (2).  

In the present study, the period of the rotate speed is 10 h, and in the first 5 h is constant rotate, 
while in the following 5 h the engine is shut down and the rotate speed is zero as shown in Fig. 8. 
Meanwhile, the thermal load is adjusted accordingly. When 𝑣 = 0.1 %, the evolution of the 
maximal creep damage under cyclic condition is given in Fig. 9. 

It can be seen from Fig. 9 that the service life of the blade is 800 h. Since the rest time and the 
working time are equal, then the actual service time is 400 h. Due to the effect of cyclic factor, it 
is smaller than the service time of case 1, which is 441 h. Fig. 10 also show the effect of the cyclic 
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factor on the evolution of maximal creep damage. When the cyclic factor increase, the creep 
damage rate increases at the second stage of the creep, and the service life decrease. When cyclic 
factor increases from 𝑣 = 0.1 % to 𝑣 = 0.2 %, the service life decreases from 400 h to 385 h. The 
larger the cyclic factor is, the smaller the service life is. 

 
Fig. 6. Time history of the rotate speed  

of the turbine blade 

 
Fig. 7. Evolution of maximal damage  

of the blade at varying speed during creep 
 

 
Fig. 8. History of the rotational speed  

of the engine 

 
Fig. 9. Evolution of maximal damage of the 

blade at cyclic rotate speed during creep 

 
Fig. 10. Effect of the cyclic factor on the evaluation of maximal creep damage 

4. Conclusions 

Numerical simulation of the creep behaviour of the turbine blade under different working 
condition is presented here. Creep damage is also considered through the modification of Young’s 
modulus of the material. Numerical results show that, the present approach can effectively predict 
the creep life of high temperature structure under both creep and creep-fatigue interaction. 
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Although only Norton’s creep constitutive relation and Lemaitre-Chaboche damage model are 
considered here, the proposed numerical approach can easily extend to other creep and damage 
models, and provides a simple and effective approach to investigate the creep service life of high 
temperature structures. 
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