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Abstract
In this study, a combined low and high cycle fatigue (CCF) life prediction model, which considers the crack closure effect (CCE) of micro-defects, is proposed based on the continuous damage mechanics. The CCF life prediction model is decomposed into three sub-models: the low cycle fatigue (LCF), high cycle fatigue (HCF) under the maximum stress of LCF (HCFLM), and their coupled damage models. The CCE is considered by taking one CCE parameter into the HCFLM sub-model. The experimental CCF data of K403 full-scale turbine blades under different vibration stresses is used to verify the accuracy of the proposed model to compare with other life prediction models. The prediction life from the proposed model falls within the 2 times of scatter band compared with the experimental results. Further, there are the different damage evolution forms at different vibration stresses. When the vibration stress is below 64.48MPa, the CCF damage mainly is caused by the LCF damage. However, while the vibration stress is higher than 64.48MPa, the HCFLM damage plays a major role in the CCF damage accumulation, and it is predicted that the CCF damage of the first stage serration on the K403 turbine blades is mainly from LCF.
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Nomenclature







CCF		combined low and high cycle fatigue
CCE		crack closure effect
FE		finite element
LCF		low cycle fatigue 
HCF		high cycle fatigue 
HCFLM	HCF under the maximum stress of LCF
Dccf		CCF damage
DL			LCF damage 
DL1			LCF damage when σL>0
DL12		LCF damage when σL<0
DH		HCF damage
DH1		HCF damage when σH>0
DH2		HCF damage when σH<0
DLH		coupled damage of LCF and HCF
E		Young's modulus
υ		Poisson's ratio
Ψ		dissipation potential
Y		strain energy release rate
p		macro-plastic strain
π		micro-plastic strain
S0		material parameter
α0		material parameter
α		material parameter
β		material parameter
A		material parameter
B		material parameter
m		material parameter
h		crack closure effect parameter
σeq		von Mises equivalent stress
σK		hydrostatic pressure
σLmax		maximum stress of LCF
σLmin	`	minimum stress of LCF
σHmax	maximum stress of HCF
σHmin	`	minimum stress of HCF
		HCF stress amplitude
σb0.2		yeild strength
σb		ultimate strength
R		stress ratio
Rv		stress triaxiality factor
Rf		frequency ratio
K		cycle hardening coefficient
n		cycle hardening index
nL		LCF cycle number
nH		HCF cycle number
nccf		CCF cycle number
N		fatigue cycle number
NL		LCF life
NH		HCF life
Nccf		CCF life
Nfp		model prediction life 
Nft		experimental life
δ		percentage elongation after fracture
φ		percentage reduction of area
∆		life prediction error

1. Introduction 
As a vital rotating component of an aero-engine, turbine blades are subjected to complex loads during service.1 Generally, turbine blades suffer from the LCF loads caused by aircraft take-off and landing, and HCF loads owing to the vibration.2-4 The LCF loads usually have high load levels and low frequencies, while HCF loads usually behave in the opposite.5-9 It is worth noting that the damage mode of turbine blades is the coupled damage of both LCF and HCF, which is usually called the CCF damage, rather than the pure LCF or HCF damage.10 According to the statistics of external field data of engine failure, 38% of blade failures are caused by the CCF damage.11 Therefore, CCF has become a non-negligible damage factor of turbine blades. However, the current design and life prediction of turbine blades are still mainly dependent on the pure LCF or HCF damage.11-12 Only considering LCF or HCF damage modes to predict the fatigue life of turbine blades will inevitably lead to the large life prediction errors.13-15 Therefore, it is very necessary to conduct the CCF life prediction of turbine blades.
Many researchers have carried out a series of studies indicating that the crack closure effect (CCE) is an important parameter that affects the fatigue life.16-26 Even under the action of cyclic tensile load, fatigue cracks may remain closed. Elber 18 being the first person who pays attention to CCE, suggests that CCE could be characterized in terms of the effective stress intensity factor range. Then many improved models which take CCE into account in the crack growth laws of the materials are proposed typically based on the stress intensity factor range.19 Besides, many researchers employ the parameters of crack and crack tip opening displacement both caused by the crack tip plasticity.27-28 Shan et al. 29 compare the crack closure model and Willenborg model for fatigue prediction under the overload effects. The retardation phenomenon is explained by the crack closure level variation, which is derived from the interaction between forward and reverse plastic zones ahead of the crack tip. Recently, Hu et al. [30] have investigated the CCE and crack growth behavior of GH2036 alloy subjected to CCF loadings and established one crack closure model by introducing the crack increment. It is worth noting that all the above models focus on the macro crack growth issues based on the experimental data from the standard specimens, like compact tension (CT) and middle crack tension (MT) specimens, etc. In addition, the differences between the blades and standard specimens, such as the specimen size, heat treatment processing, microstructure, and geometry structure may affect the accuracy of the above traditional life assessment methods. Nevertheless, there have been few studies on the CCE of full-scale turbine blades under CCF loadings. Hence, it is necessary to consider the CCE in the life prediction of turbine blades.
[bookmark: _Hlk88206772]In practice, there is always a variety of micro-defects such as micro-holes and micro-cracks. Under the external loads, these micro-defects can cause the initiation, expanding, or merging of microcracks, constantly deteriorating the properties of the material, and ultimately develop into macro cracks causing fracture failure. This process is called the material damage process. In particular, under the action of cycle loads, such as LCF when stress ratio R<0, the CCE of the micro-defects may result in the change of macroscopic material properties, including the difference in stretching and compression performance. It must be explained that the CCE in this study is not only caused by macro-cracks, but also results from micro-defects. However, the current studies rarely consider the CCE resulting from micro-defects in life prediction.
The damage mechanics is an effective method for predicting fatigue life.31-40 The commonly used method is the Miner’s linear damage accumulation rule owing to its concise expression without any material property parameters. However, the Miner rule usually provides an unreliable prediction result under CCF due to ignoring the interaction damage of HCF and LCF. Recently, increasing studies based on the nonlinear damage accumulation rule have been applied to the CCF life prediction and got more accurate prediction results. Yue Peng et al. 31 develop a simple life prediction model accounting for the threshold damage by introducing an equivalent stress range ratio of CCF. Zhu et al. 32 propose a damage accumulation model based on Miner’s rule incorporating four load parameters to consider the interaction damage. Aritra Sarkar et al. 33-34 study the damage evolution under CCF loadings in a type 316LN stainless steel at different temperatures. It is found that the HCF damage plays an important role in accelerating the crack propagation and final failure. Zheng et al. 35 conduct the LCF/HCF interaction fatigue tests and establish an interaction damage model which is able to capture the effect of the number of HCF cycles per block, HCF stress amplitude, and underload levels. Stanzl-Tschegg et al. 36 investigate the fatigue life of 7075 aluminum alloy under CCF loadings, and further propose an interpretation of the fatigue life considering simple coupled damage of HCF and LCF. Our previous study 37 has proposed a CCF life prediction model based on the damage mechanics which considers the nonlinear interaction between the HCF and LCF. A novel determination method of aluminized location in the turbine blades is presented with performing CCF tests of aluminized blades. Above all, although many damage accumulation models have been established to consider the CCF damage of turbine blades, there is still insufficient damage studies that consider CCE.
Our study aims to propose one CCF damage accumulation model which considers CCE. The paper is arranged as follows: Section 2 proposes three sub-models: LCF, HCF, and coupled damage models, and explains the method of determining model parameters. Section 3 verifies the accuracy of the model derived in the study. Lastly, the damage evolution law of damage evolution is discussed in Section 4.
2. CCF damage evolution model
2.1 CCF load spectrum decomposition
The load spectrum of a typical CCF is shown in Figure 1(a). It consists of one LCF cycle and several HCF cycles at the maximum stress of LCF. The CCF load can be decomposed into the coupled LCF and HCF under the maximum stress of LCF (σLmax), as shown in Figure 1. According to the decomposition of the CCF load spectrum shown in Figure 1 (b), the stress ratio R of LCF is R>0. But for HCFLM (Figure 1(c)), there are two different situations: Firstly, when the stress varies in σLmax→σLmax+(σHmax-σHmin)/2→σLmax, the stress of CCF is larger than that of pure LCF. Therefore, the crack growth rate is accelerated during this period. On the contrary, while the stress changes within σLmax→σLmax-(σHmax-σHmin)/2→σLmax, the stress of CCF is below that of LCF and thus cause the crack closure effect and the crack growth rate decreasing. Therefore, the crack closure effect should be considered in the CCF life prediction model.
In order to explore the impact of LCF , HCF damage and their coupled damage, the CCF damage can be expressed as follows:
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where Dccf, DL and DH are the total CCF, LCF and HCF damage, respectively. DLH is the coupled damage between HCF and LCF.
2.2 Derivation of model
Fatigue damage mainly comes from the cumulative plastic strain. According to the theory of continuous damage mechanics and irreversible thermodynamics, the damage evolution equation of fatigue can be described by an appropriate dissipation potential, and the damage evolution equation of the material can be derived from the constructed dissipation potential. According to the theory of damage dynamics and researches of Lemaitre 41 and Yang et al. 42, the damage evolution rate can be expressed as follows:
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where ψ is the dissipation potential, and the expression is:

	(+)	
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where the p is the macro-plastic strain and  is the micro-plastic strain; S0 and α0 are the temperature-dependent material constants. Y is the strain energy release rate and its expression is:
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where σeq is the von Mises equivalent stress. By substituting Eq.(3) and Eq.(4) into equation Eq.(2), the expression of damage increment is:
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where E is the Young's modulus; Rv is the stress triaxiality factor, which can be expressed as follows:
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(6)
where υ is the Poisson's ratio and σK is the hydrostatic pressure. When the stress on the material is uniaxial stress, and the stress triaxiality factor Rv is equal to 1.
2.2.1 LCF damage evolution model 
The LCF damage is usually caused by the macroscopic plastic strain. According to the Ramberg-Osgood material hardening law, the plastic strain is: 
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where K and n are the cycle hardening coefficient and cycle hardening index, respectively. By deriving Eq.(7), the plastic strain rate can be expressed as:
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Eq.(8) is substituted into Eq.(5) to get the LCF damage change rate:
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where , are the temperature-dependent material parameters. In a LCF cycle, although the value of LCF damage continues to accumulate and increase, the change of LCF damage is very small, which can be approximated to remain unchanged. Therefore, the LCF damage evolution equation can be obtained by integrating Eq.(9):
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where σLmax and σLmin is the maximum and minimum stress of LCF. Therefore, the evolution law of LCF damage is obtained as follows:
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The LCF load spectrum is shown in Figure 2(a). Actually, when the stress ratio R of the LCF is less than 0, both tension and compression exist in a LCF cycle. For the compression process, CCE is taken into account, and the damage process will slow down. Even under special circumstances, all defects are closed, and material damage will not occur at this time. Therefore, the LCF damage evolution equation should be revised as: 

		
(12)
where h is the CCE parameter. If the stress σ＞0，the CCE parameter h=1. If the stress σ＜0, the CCE parameter h is between 0 and 1. Therefore, the LCF damage evolution equation can be rewritten as follows:
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2.2.2 HCF damage model

The HCF of the material often occurs under a small stress amplitude. The material has no obvious plastic deformation (p=0), but there is the micro-plastic deformation inside the material, especially near the defect or the crack tip. The micro-plastic strain  can be described as follows:

		
(14)
where the m is a material parameter. The expression of micro-plastic strain change rate can be obtained by derivation of the above equation:
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By substituting Eq.(15) into the damage evolution equation (Eq.(5)), the HCF damage evolution rate is obtained:
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where  and  are the temperature-dependent material parameters. Similarly, in one HCF cycle, the value of HCF damage continues to accumulate and could be approximated to remain unchanged. The HCF damage in a cycle can be obtained by integrating Eq.(16):

		
[bookmark: _Ref75206428](17)
where σHmax and σHmin are the maximum and minimum stress of HCF. Eq.(17) can be simplified as follows:
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Eq.(18) is the HCF damage evolution equation. When the CCE is considered, similar to the LCF damage evolution equation, Eq.(18) can be rewritten as:
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2.2.3 Interaction damage model of LCF and HCF
Considering the interaction effect of the LCF and HCF, Zhu S.P. et al. 40 have proposed an interactive damage model:
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In Eq.(20), DLH represents the coupled damage in a CCF cycle. (σHmax-σHmin)/( σLmax-σLmin) is the stress amplitude ratio of HCF and LCF; Rf is the frequency ratio; nH is the HCF cycle number. In the CCF load spectrum shown in Figure 1 (a), the LCF cycle number nL is equal to the CCF cycle number nccf. Hence, the relationship between nH and nL can be expressed as: 
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Thus, Eq.(20) can also be expressed as:
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[bookmark: _Hlk55248446]2.2.4 CCF damage model 
The LCF, HCF, and interaction damage evolution models have been obtained. According to the above statement about the load spectrum decomposition of CCF, the CCE in CCF should be considered. Therefore, Eq.(13), Eq.(19), and Eq.(22) are substituted into Eq.(1) to acquire the CCF damage evolution model:
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In Eq.(23), the LCF and HCF damage evolution models are expressed as follows:

		
(24)

	
	(25)

where  is the HCF stress amplitude. The application of Eq.(23) to predict the CCF life needs to be solved numerically according to the principle of damage mechanics. Then, the numerical calculations are carried out to predict the CCF life and the calculation flowchart is shown in Figure 3. The main calculation steps are described as follows:
· STEP 1: The total CCF damage Dccf and CCF cycle number nccf are set as variables and the initial values are both 0;
· STEP 2: If the total CCF damage Dccf ≥1, the CCF life will be obtained immediately. Otherwise, it will go to the LCF, HCF and coupled damage calculation;
· STEP 3: If the HCF cycle number nf＜Rf (the frequency ratio of HCF/LCF), the HCF damage is calculated and accumulates until nf=nccf .
· STEP 4: The LCF damage DL and coupled damage DLH are calculated and the total CCF damage Dccf accumulates continuously. The process will stop until Dccf≥1.
According to the above process, the LCF, HCF and coupled damage are calculated consecutively in every CCF cycle. The total CCF damage is accumulated according to Eq.(23), and then it will continue to influence the damage accumulation of the next fatigue cycle. On the basis of this calculation principle, the CCF life will be acquired while the cumulative total damage value reaches 1. 
2.3 Determination of model parameters
In the CCF model proposed in this article, there are six material parameters to be determined. All of the parameters n, α, A, β, B, and m are temperature-dependent parameters. The six material parameters can be determined by the data from the material manual.
Since the parameters n, α and A are temperature-dependent, the material parameters can be determined by Eq.(13) using the pure LCF life data under different stresses (Table 1). In the study, the LCF data with the stress ratio R=-1 is used to solve the model parameters. In the LCF damage evolution equation (Eq.(13)), if the fatigue cycle N=0, the LCF damage DL=0. If the fatigue cycle N=NL (the uniaxial LCF life), the LCF damage DL= DL1 + DL2=1 (where DL1 is the LCF damage when σL>0 and the DL2 is the LCF damage when σL<0). Therefore, the integral of Eq.(13) is as follows:
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where Rv=1 for the pure LCF. By substituting Eq.(26) and Eq.(27) into Eq.(28), the relationship of LCF life NL and the maximum stress σLmax is described as:

		
(29)
The above equation is the fatigue life prediction model corresponding to Eq.(13). Thus, the parameters n, α and A in Eq.(13) can be determined from this equation by fitting the LCF data of different stresses. 
Similarly, the material parameters m, β and B can be determined from the pure HCF data with the stress ratio R=-1(σHmax=|σHmin|) (Table 1). If the fatigue cycle N=0, the fatigue damage DH=0. If the fatigue cycle N=NH (the uniaxial HCF life, Rv=1), the fatigue damage DH= DH1+ DH2=1 (DH1 is the HCF damage caused by the stress σH>0, and DH2.is the damage when σH<0). Therefore, the integral of the HCF damage evolution equation (Eq.(19)) is expressed as follows: 
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Combining Eq.(30)~Eq.(32), the relationship between the pure HCF life NH and the maximum stress of HCF (σHmax) can be obtained as:
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The material parameters in Eq.(33) are consistent with Eq.(19), so the material parameters m, β, and B in Eq.(19) can be confirmed by Eq.(33) on account of the HCF data. All the determined model parameters are listed in Table 2.
3. Verification of the proposed model
[bookmark: _Hlk85729369]The experimental data of K403 full-scale turbine blades 43 is used to verify the accuracy of the proposed model under CCF loads. The stress distribution of K403 full-scale turbine blades is shown in Figure 4. The experimental results and prediction life from the proposed model are compared and listed in Table 3. The dangerous position is the same as the maximum stress point. The experimental results and predicted life from Miner rule and Zhu model 32, Yue model 44, and the proposed model are shown in Figure 5. The predicted results show that the predicted life by the proposed model and experimental results approximately fall within the 2 times of scatter band, indicating that there is a small deviation in using the proposed model to predict the CCF life. 

The prediction error of the model is obtained by statistical analysis of the difference between logarithmic experimental life and logarithmic prediction life. 
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[bookmark: _Hlk85491440]where ∆ is the model prediction error, Nfp is the predicted CCF life and Nft is the experimental life. In view of the limited sample of turbine blades, the box plots of the Miner rule and Mason-Halford model and the proposed model are illustrated in Figure 6. It is worth noting that the proposed model provides better prediction accuracy and tighter dispersion. The Miner rule, Zhu model, and Yue model are attributed to the overestimated predicted life under CCF loadings.
Based on the prediction results and error of the four models mentioned above, the Miner rule provides the simplest prediction process owing to ignoring the CCE and interaction damage of LCF and HCF, which results in the smaller damage accumulation and larger prediction error. Although the Yue model and Zhu model both take the effect of the interaction of LCF and HCF into account, their prediction results contain potential risk. Apart from those previous mentioned models, the proposed model provides an accurate CCF life prediction result with accounting for the CCE and interaction of LCF and HCF.
4. Discussion  
Based on the proposed damage model in this study and CCF data listed in Table 3, the damage accumulation laws of the dangerous position of K403 turbine blades under different vibration stresses are analyzed. 
The change rates of LCF, HCFML, and their coupled damage are shown in Figure 7. It is found that the damage change rates of LCF and HCFML increase continuously with the increase of CCF cycle number. The damage accumulation of both LCF and HCFML accelerates at an increasing rate. Meanwhile, the coupled damage change rate decreases until approaching to a constant value. Particularly, when the vibration stress is low, the growth rate of HCFML resembles a linear relationship with the CCF cycle number, as shown in Figure 7 (a) and (b). However, the relationship gradually becomes nonlinear with the increase of vibration stress. This may be due to the material gradually entering the plastic state as the vibration stress increases.
The damage evolution of the LCF, HCFML, coupled damage, and total CCF damage is shown in Figure 8. When the turbine blades break, the total CCF damage reaches 1. The HCFML damage and its proportion continue to increase as the vibration stress increases. At the same time, the proportion of LCF damage and coupled damage decreases continuously. Especially when the vibration stress is above 142MPa, more than 81% of the damage is caused by HCFLM (Figure 8 (d)-(f)). Currently, there is plasticity in the material of the turbine blades and the HCFLM is the main damage form. 
While the vibration stress is lower than 110MPa, the material of the turbine blades undergoes an elastic state. Especially when the vibration stress is 67MPa, the HCFLM damage only accounts for 45.2% of the total damage. This value is close to the LCF damage accounting for 35.3% of the total damage (Figure 8 (a)-(b)). It can be predicted that the HCFLM damage is no longer the main form of damage as the vibration stress decreases. The relationship between the proportion of LCF, HCFLM, coupled damage and vibration stresses is illustrated in Figure 9. The figure indicates that when the vibration stress is lower than 64.48MPa (critical vibration stress), the proportion of LCF in the total damage will be greater than that of HCFLM. In this situation, LCF will become the major damage mode.
For the turbine blades in-service environment, the main damage mode of dangerous position needs to be clarified, because the vibration stress of turbine blades is small in the service environment. All the CCF test results in Table 3 are obtained from the accelerated life test. In our previous study based on the same turbine blades as those mentioned in this article, a comparison method has been proposed to determine the actual external field vibration stress as 38MPa. 1 According to the above description, the main damage mode at this time is the LCF damage. Furthermore, according to the calculation results of damage accumulation as shown in Figure 10, the LCF, HCFLM, and coupled damage account for 47.2%, 29.9%, and 22.9%, respectively. In particular, when the vibration stress is zero, the HCFLM damage is 0.05 close to zero, which degenerates into the creep damage under this circumstance (Figure 9). The LCF damage accounting for 64.2% of the total damage is still the main damage mode. At this time, the coupled damage mainly is owing to the interaction of LCF and creep. 
5. Conclusion
In the study, a CCF life prediction model considering the crack closure effect is proposed based on the continuous damage mechanics, and the model is used to predict the CCF life of the turbine blades. The major conclusions are summarized as follows:
· The CCF damage can be decomposed into LCF, HCFLM and the coupled damage between those two. The CCE is considered by introducing a crack closure parameter in the HCFLM damage sub-model.
· All of the predicted life is in good agreement with the experimental results and falls within the 2 times of scatter band. It proves that the model proposed in this paper has good prediction accuracy.
· With the increase of the vibration stress, the relation between HCFML damage rate and CCF cycle number gradually shifts from linear to nonlinear This may be due to the material gradually entering the plastic state. At this time, the CCF damage is mainly caused by HCFLM. In contrast, when the vibration stress is below 64.48MPa (critical vibration stress), the CCF damage mainly comes from the LCF damage.
· The damage of dangerous position of turbine blades in-service environment mainly comes from the LCF damage. 
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