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Abstract

:

The mean stress effect in fatigue life varies by material and loading conditions. Therefore, a classical low cycle fatigue (LCF) model based on mean stress correction shows limits in asymmetric loading cases in both accuracy and applicability. In this paper, the effect of strain ratio (R) on LCF life is analyzed and a strain ratio-based model is presented for asymmetric loading cases. Two correction factors are introduced to express correlations between strain ratio and fatigue strength coefficient and between strain ratio and fatigue ductility coefficient. Verifications are conducted through four materials under different strain ratios: high-pressure tubing steel (HPTS), 2124-T851 aluminum alloy, epoxy resin and AZ61A magnesium alloy. Compared with current widely used LCF models, the proposed model shows a better life prediction accuracy and higher potential in implementation in symmetric and asymmetric loading cases for different materials. It is also found that the strain ratio-based correction is able to consider the damage of ratcheting strain that the mean stress-based models cannot.
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1. Introduction


Under high-amplitude cyclic loads, the fatigue process of materials is dominated by plastic strain that results in a short fatigue life in loading cycles, so-called low-cycle fatigue (LCF). It is well known from the monotonic tensile curve that the stress grows slowly while the strain increases rapidly when the stress reaches the yield limit. Therefore, either the experimental or the analytical study on the LCF uses the strain control method. When the R ≠ −1, the non-zero mean stress caused by the asymmetric loading cycles will affect the fatigue process considerably while the tensile mean stresses are detrimental to fatigue life while the compressive mean stresses are beneficial to fatigue life [1,2]. Engineering structures suffered from fatigue failure usually bears asymmetric cyclic loading rather than a symmetric one. Therefore, the prediction of fatigue life requires an understanding of material behavior under non-zero mean stress/strain conditions. This is why this sort of mean stress effect on the fatigue behavior of material has been widely studied in the past few decades. As outputs, a large number of mean stress models have been proposed to correct the fatigue life curve.



Early studies considered that mean strain is ineffective on the fatigue resistance unless it can result in non-zero mean stress during cyclic loading. The authors in [3] believe that the mean strain has little influence on fatigue, but the mean stress has a significant effect. Under this consideration, the Goodman [4] mean stress correction is widely used in engineering applications. Soderberg [5] used yield strength to replace the tensile limit in the Goodman mean stress correction to tune the prediction conservative. Morrow [6] considered the mean stress as the main contribution on the elastic region of fatigue and used the fatigue strength coefficient    σ f ′    to replace the tensile limit in the Goodman mean stress correction to propose the model. The Morrow model shows good predictions when the fatigue strength coefficient is close to fracture strength, otherwise the prediction of Morrow model is not convincible. The Smith–Watson–Topper (SWT) model [7] based on the energy concept defines the product of strain amplitude and maximum stress as damage parameter considering that the maximum stress dominates the influence of mean stress on fatigue life. Lv [8] introduced the Walker exponent into the SWT model to describe the sensitivity of mean stress. Zhang [9] took the mean stress relaxation into account in the SWT model based on Landgraf model to improve the fatigue life prediction. Wang [10] proposed an alternative model based on an equivalent strain amplitude and showed excellent correlations in fatigue life data under different strain ratios of rubber. The authors in [11] show that brittle materials are more sensitive to mean stress than ductile materials. The mean stress sensitivity is affected by cyclic softening, cyclic hardening and mean stress relaxation. So a concept of mean stress sensitivity is incorporated to modify the total strain energy density by introducing two mean stress correction factors. It provides better predictions for 8 materials with lower mean error than SWT, Ince–Glinka [12] and GDP (Generalized energy-based fatigue-creep Damage Parameter) models [13].



It can be seen that most works on LCF models were done on the mean stress correction. However, the mean stress affected by cyclic softening or hardening changes with loading cycles and will lead to errors in life prediction [14,15]. In high cycle fatigue (HCF), the mean stress can be simply calculated by the stress ratio. However, the mean stress and strain amplitude cannot be obtained at the same time, which leads to extra effort in life prediction in engineering applications. In addition, how the strain ratio could affect the mean stress and life prediction depends on loading conditions, i.e., the strain ratio and the strain amplitude. It would be more convenient for LCF life prediction to use a directly controlled factor, such as the strain ratio, rather than an intermediate parameter, such as the mean stress. Wang [11] proposed a strain ratio-based LCF model, of which the model parameters need at least three groups of fatigue data at different strain ratios.



Mean stress-based LCF models usually over-consider the effect of mean stress on fatigue life especially for asymmetric loading case with small amplitude strain. Besides, the mean stress is hard to obtain in the strain-controlled LCF experiments, which limits the applicability of such models. In this paper, the correlation between strain and stress in LCF is analyzed and a strain ratio-based modification on LCF model is proposed for asymmetric loading condition. Linear relationships behind the fatigue strength coefficient, the fatigue ductile coefficient and the strain ratio are developed and employed in the model modification. The proposed LCF model is then verified and compared with other commonly used LCF models.




2. Elastic–plastic Correlation of LCF


To recognize the relationship between stress and strain under different strain ratios, experimental data of 2124-T851 aluminum alloy from [16] are presented in Figure 1. The experiment was carried out by strain-controlled method at a constant total strain rate of 0.004 s−1 at room temperature. Since the mean stress and the stress amplitude are the two factors usually considered as the control parameters in mean stress-based fatigue models, two diagrams are reproduced as the mean stress versus the strain amplitude (Figure 1a) and the stress amplitude versus the strain amplitude (Figure 1b) under four levels of strain ratios.



For R = 0.5, the mean stress decreases with increasing strain amplitude at quite a significant decreasing rate in the low strain amplitude range from 0.005 to 0.01. As the strain amplitude further increases, the decreasing rate of mean stress reduces and the mean stress reaches a stable level above zero when the strain amplitude is greater than 0.01. The same patterns can be found in cases R = 0.06 and R = −0.06, and the overall mean stress decreases with increasing strain ratio. For R = −1, in particular, the mean stress keeps as zero and does not vary with the strain amplitude. The mean stress relaxation rate is the main cause of the variation of mean stress. When the plastic strain raises, the mean stress relaxation rate grows and leads to a sharp drop in mean stress. After that, the relaxation rate of mean stress remains at a relatively high level and the mean stress keeps decreasing as the strain amplitude increases. As we can see, in the small strain range, the mean stress varies a lot for different strain ratios. This effect of strain ratio on the mean stress is not significant for the large strain range.



The stress amplitude increases with increasing strain amplitude, but it decreases with increasing strain ratio from −1 to 0.5. So, under small strain amplitudes, the effect of strain ratio on the fatigue life of the material is reflected in the mean stress and the elastic strain control of the fatigue process. For large strain amplitudes, the plastic strain takes their place and embodies the impact of strain ratio.



Figure 2 shows a comparison of hysteresis loops at different strain ratios. The total strain energy per-cycle can be divided into plastic strain energy ΔWp and elastic tensile strain energy ΔWe. For a fully reversed loading case (R = −1), the hysteresis loop is symmetrical according to the coordinate origin, and the mean stress is zero. In the strain ratio R = 0.5 case, there is a non-zero mean stress σm during the cyclic loading process. As the mean stress varies, the elastic strain energy ΔWe changes by a great deal. So, the elastic strain energy increases with increasing strain ratio at a specific strain amplitude. It is also known that under a specific strain amplitude the stress amplitude decreases with increasing strain ratio. It means the plastic strain energy ΔWp decreases as the strain ratio raises and this phenomenon becomes more obvious as the strain amplitude increases. As a result, the mean stress and the cyclic strain softening affect the fatigue life of the material by means of changing the total strain energy, which explains the influence mechanism of strain ratio on fatigue life.



For small strain amplitudes, there is a strong effect of strain ratio on the mean stress and weak effect on the cyclic strain-softening. So the total strain energy depends on mean stress. For large strain amplitudes, the mean stress is relatively insensitive to the strain ratio, but the cyclic softening effect dominates. That is to say that the strain ratio indeed affects the fatigue process, and the effect of strain ratio embodies different indices according to the strain amplitude.




3. LCF Models for Asymmetric Cyclic Loading


3.1. Model Description


The Manson–Coffin model, given as Equation (1), is suitable for life predictions under fully reversed loading cases.


   ε a  =     σ ′  f   E     (  2  N f   )   b  +   ε ′  f     (  2  N f   )   c   



(1)




where    σ f ′    is the fatigue strength coefficient, b the fatigue strength exponent,    ε f ′    the fatigue ductility coefficient, and c the fatigue ductility exponent.



In the asymmetric loading condition, the effect of strain ratio is generally considered through equivalent stress, like Goodman model, which is expressed as


     σ a     σ  e q     +    σ m     σ u    = 1  



(2)




where    σ a    is the stress amplitude,    σ m    the mean stress,    σ u    the tensile limit of material, and    σ  e q     the equivalent stress amplitude. Equation (2) can be also expressed as


   σ  e q   =    σ a    1 −  σ m  /  σ u    =  σ f    ′     (  2  N f   )   b   



(3)







The Manson–Coffin model is then modified into


   ε a  =  σ a  / E +  ε p  =     σ ′  f  −  (   σ m  ⋅   σ ′  f   )  /  σ u    ⋅ E      (  2  N f   )   b  +   ε ′  f     (  2  N f   )   c   



(4)







Replacing the fatigue strength coefficient     σ ′  f    by the tensile limit    σ u    [6], the equivalent stress and the fatigue model will be


   σ  e q   =    σ a    1 −  σ m  /   σ ′  f     



(5)






   ε a  =  σ a  / E +  ε p  =     σ ′  f  −  σ m    ⋅ E      (  2  N f   )   b  +   ε ′  f     (  2  N f   )   c   



(6)







Kwofie [17] considered that, at a specific stress amplitude, a decrease in fatigue life due to mean stress must be led by a corresponding decrease in the fatigue strength coefficient    σ f ′   . The influence is related to the rate of mean stress to tensile limit. The fatigue life decreases with stress in a non-linear manner, and the fatigue crack growth increases with the cycle number, which may be described by an exponential function.


   σ  e q   =  σ a   e  α    σ m     σ u       



(7)




where α is a material constant. Walker [18] also proposed an equivalent stress model based on the mean stress as


   σ  e q   =  σ  max   1 − γ    σ a γ  =    (   σ a  +  σ m   )    1 − γ    σ a γ   



(8)




where γ is a material constant.



The walker model turns into the SWT model while γ = 0.5 as Equation (9). The model used in LCF life prediction can be expressed as Equation (10).


   σ  e q   =    σ  max    σ a     



(9)






   σ  max    ε a  =      (    σ ′  f   )   2   E     (  2  N f   )    2 b   +   σ ′  f    ε ′  f     (  2  N f   )    b + c    



(10)







As we can see, the equivalent stress is the common corrector used in the fatigue model modifications. For the Goodman model and the Morrow model, the equivalent stress only depends on the mean stress. However, the Kwofie model and the Walker model use the mean stress σm and the stress amplitude σa to calculate the equivalent stress together.



A dimensionless ratio of σa/σeq is employed to compare these modifications, which can represent the relationship between fatigue life and mean stress indirectly. The reason is that, at a given stress amplitude σa, a higher equivalent stress σeq results in a lower fatigue life. So, Figure 3 reflects how the modifications on fatigue life change according to the mean stress of different fatigue models. An obvious trend can be found in that σa/σeq decreases with the increase of mean stress σm. When the mean stress is small, σa/σeq of all models are close to each other, and the gap between models grows with increasing mean stress. The Goodman model has the lowest σa/σeq and will lead to the lowest fatigue life. The predicted lives of the Walker and Kwofie models depend on parameters α and γ. Using the Walker model and the Kwofie model can improve the life prediction, but this depends on the determination of α and γ, which could be uncertain in practice.



Lv [8] considered that the effect of mean stress on fatigue life varies from materials can be represented by mean stress sensitivity. For the SWT model, the mean stress sensitivity is a constant of 0.5 and deviations will lead to errors in the life prediction. The material constant of Walker model, γ, can express the mean stress sensitivity as well. So, the SWT model can be modified into Equation (11).


  2 γ  σ  max    ε a  =      (    σ ′  f   )   2   E     (  2  N f   )    2 b   +   σ ′  f    ε ′  f     (  2  N f   )    b + c    



(11)







Other than the mean stress, Wang [10] used an equivalent strain amplitude to incorporate the effect of strain ratio into life prediction. The equivalent strain amplitude is defined as


   ε  e q   =   ( 1 + β   1 + R   1 − R   )  n  ⋅  ε a  = A ⋅  N f    b   



(12)




where β and n are material constants.




3.2. Model Comparison


Fatigue data of high-pressure tubing steel (HPTS) [19] under strain ratios of −2, and 0.5 are used to compare the abovementioned fatigue models, as shown in Figure 4.



The effect of mean stress on fatigue life depends on the direction. For a tension–compression case (R < 0), the compressive stress has a beneficial effect by extending the fatigue life, while the tensile stress takes the main response for the fatigue damage accumulation. Under this consideration, a lower strain ratio means a larger compressive stress, which leads to a longer fatigue life, and vice versa. The Manson–Coffin model does not consider the mean stress effect, so the life prediction will be higher than the experimental data for R = 0.5 due to the existence of tensile mean stress. Aside from the Manson–Coffin model, other models show a common feature that the predictions are smaller than the experiment results in lower strain ranges. This is because the mean stress corrections in these models are over-considered when the mean stress raises rapidly with decreasing strain amplitude. In particular, for mean stress-based models, the deviation of prediction is strongly affected by the correction intensity of mean stress as shown in Figure 3. It is why the Goodman model has the lowest predictions and the Morrow model gives relatively high results.



The Lv model is a transformation of the SWT model, introducing a material constant γ from the Walker model to consider the sensitivity of mean stress. When γ > 0.5, the prediction life of Lv model is larger than the SWT model. Therefore, the prediction accuracy of Lv model is worse than the SWT model for R = −2 and vice versa for R = 0.5. This means that fitting different γ values according to different strain ratios are essential for Lv model to provide accurate predictions. However, the material constant, γ, is not defined as a variable in the Walker model, which means γ has a determined value for a certain material no matter how the loading condition changes, i.e., for different strain ratios. As a result, the Lv model, which inherits γ from the Walker model, cannot fit for all strain ratios. In other words, an Lv model with higher γ value is suitable for the low strain ratio case, while that with smaller γ value can predict the high strain ratio case better. Using the equivalence strain amplitude, Wang’s model gives the best predictions in asymmetric loading cases.



The mean stress-based models mainly focus on the elastic strain, and the predictions usually excessively consider the effect of mean stress. The Walker model and the Lv model weaken the above over-consideration by introducing the sensitivity coefficient of mean stress, but they sacrifice in terms of feasibility. In addition, the mean stress relaxation, cyclic softening and cyclic hardening will affect the mean stress and influence the prediction accuracy. Thanks to the strain ratio-based modification, the Wang model can avoid the interferences from stress relaxation and cyclic softening/hardening and offers acceptable predictions under asymmetric loading cases. It can be concluded that the strain ratio-based fatigue model is more appropriate for the strain-controlled LCF case.





4. Model Modification


4.1. Modification


To predict fatigue life, the Manson–Coffin model needs to obtain four parameters: the fatigue strength coefficient    σ f ′   , the fatigue strength exponent b, the fatigue ductility coefficient    ε f ′   , and the fatigue ductility exponent c. Parameters b and c represent the slopes of the elastic and plastic shares in the fatigue process,    σ f ′    and    ε f ′    represent the intercepts of the elastic and plastic shares on the coordinate axis. Ong [20] analyzed the fatigue behaviors of 49 metals using the Manson–Coffin model and proved that b and c are related to the tensile limit, the true fracture strength and the true fracture ductility from the monotonic tensile test. As a result, these two parameters are independent from strain ratio. The Manson–Coffin model can be transformed into


   ε a  =  2 b  ⋅     σ ′  f   E   N f    b  +  2 c    ε ′  f   N f    c   



(13)




where    2 b  ·  σ f ′  / E   and    2 c  ·  ε f ′    are the Elastic strain amplitude and plastic strain amplitude of the hysteresis loop for one cycle failure, respectively. The total strain energy required for failure is a certainty [21]. The change of strain ratio leads to a change in the proportion of elastic strain energy and plastic strain energy for one cycle failure. Accordingly, the strain ratio will affect the values of    σ f ′    and    ε f ′   . However, most current fatigue models only focus on    σ f ′   , and the lack of consideration for    ε f ′    may have adverse effects on the life prediction, especially for high-amplitude strain.



According to Equation (6), the modifications are mainly made on the fatigue strength coefficient using the mean stress as


   ε a  =  σ a  / E +  ε p  =     σ ′  f  + f  (   σ m   )    ⋅ E      (  2  N f   )   b  +   ε ′  f     (  2  N f   )   c   



(14)




where f(σm) is the function of mean stress.



For the strain-controlled LCF, the mean stress of material is caused by the asymmetric strain, so Equation (14) can be transformed into


   ε a  =  σ a  / E +  ε p  =     σ ′  f  + f  ( R )    ⋅ E      (  2  N f   )   b  +   ε ′  f     (  2  N f   )   c   



(15)







The plastic strain is affected by the strain ratio, in large strain amplitude range in particular, so the fatigue ductility coefficient needs to be corrected by the strain ratio as below.


   ε a  =    σ f    ′  + f  ( R )   E  ⋅   ( 2  N f  )  b  +  (   ε f    ′  + g ( R )  )  ⋅   ( 2  N f  )  c   



(16)




where f(R) is the corrected fatigue strength coefficient, and g(R) is the corrected fatigue ductility coefficient.



To study the effect of strain ratio on f(R) and g(R), a correlation analysis is performed. Equations (17)–(19) are fatigue life expressions fitted by the HPTS data, in which Equation (17) is fitted based on the Manson–Coffin model, and Equations (18) and (19) are fitted using the proposed model (Equation (16)). The fitting curve is shown in Figure 5.


   ε a  = 0.01919 ⋅   ( 2  N f  )   − 0.1698   + 0.1682 ⋅   ( 2  N f  )   − 0.6207   ( R = − 1 )    r 2  = 0.9994  



(17)






   ε a  = 0.02273 ⋅   ( 2  N f  )   − 0.1698   + 0.1552 ⋅   ( 2  N f  )   − 0.6207   ( R = − 2 )    r 2  = 0.9960  



(18)






   ε a  = 0.01389 ⋅   ( 2  N f  )   − 0.1698   + 0.1872 ⋅   ( 2  N f  )   − 0.6207   ( R = 0.5 )    r 2  = 0.9928  



(19)







It can be seen from Figure 5 that the prediction curve fits well with the experimental data, and the slopes of the elastic and plastic lines do not change with strain ratio. As shown in Figure 6, the corrected fatigue strength coefficient, f(R), and the corrected fatigue ductility coefficient, g(R), are both linearly correlated with the strain ratio.


  f  ( R )  =  k σ  ⋅  (  R + 1  )   



(20)






  g ( R ) =  k ε  ⋅  (  R + 1  )   



(21)




where    k σ    and    k ε    are material constants, which are adjustable based on the sensitivity to the strain ratio. The fatigue life of the material will change rapidly if the absolute values of    k σ    and    k ε    vary.



Then, Equation (16) can be transformed as follows,


   ε a  =    σ f    ′  +  k σ  ⋅  (  R + 1  )   E  ⋅   ( 2  N f  )  b  +  [   ε f    ′  +  k ε  ⋅  (  R + 1  )   ]  ⋅   ( 2  N f  )  c   



(22)







For the fully reversed loading case (R = −1), the correction values    k σ    and    k ε    are 0, the model degenerates to the Manson–Coffin model.




4.2. Verification


Prior to the prediction accuracy, the basis of the proposed model modification, the linear functions between f(R) and g(R) and the strain ratio, are examined. Fatigue data of different materials under various strain ratios are employed, including T851 from [22] and epoxy resin from [23]. The fatigue strength coefficient    σ f ′   , the fatigue strength exponent b, the fatigue ductility coefficient    ε f ′   , and the fatigue ductility exponent c are obtained using the R = −1 data. The fitting curves of 2124-T851 and epoxy resin are shown in Figure 7 and Figure 8, respectively. Equations (23)–(26) are fatigue life expressions for 2124-T851, and Equations (27)–(30) are for epoxy resin. Then, f(R) and g(R) are calculated by data under other strain ratios. As shown in Figure 9, the linear relationships between f(R) and g(R) and the strain ratio are quite clear even for different materials.


   ε a  = 0.00828 ⋅   ( 2  N f  )   − 0.075   + 0.188 ⋅   ( 2  N f  )   − 0.53   ( R = − 1 )    r 2  = 0.9995  



(23)






   ε a  = 0.00706 ⋅   ( 2  N f  )   − 0.075   + 0.198 ⋅   ( 2  N f  )   − 0.53   ( R = − 0.06 )    r 2  = 0.9993  



(24)






   ε a  = 0.00687 ⋅   ( 2  N f  )   − 0.075   + 0.199 ⋅   ( 2  N f  )   − 0.53   ( R = 0.06 )    r 2  = 0.9996  



(25)






   ε a  = 0.0063 ⋅   ( 2  N f  )   − 0.075   + 0.204 ⋅   ( 2  N f  )   − 0.53   ( R = 0.5 )    r 2  = 0.9987  



(26)






   ε a  = 0.04207 ⋅   ( 2  N f  )   − 0.1052   + 0.082 ⋅   ( 2  N f  )   − 0.41   ( R = − 1 )    r 2  = 0.9879  



(27)






   ε a  = 0.03379 ⋅   ( 2  N f  )   − 0.1052   + 0.071 ⋅   ( 2  N f  )   − 0.41   ( R = − 0.5 )    r 2  = 1  



(28)






   ε a  = 0.02552 ⋅   ( 2  N f  )   − 0.1052   + 0.06 ⋅   ( 2  N f  )   − 0.41   ( R = 0 )    r 2  = 0.9041  



(29)






   ε a  = 0.01966 ⋅   ( 2  N f  )   − 0.1052   + 0.052 ⋅   ( 2  N f  )   − 0.41   ( R = 0.35 )    r 2  = 0.9932  



(30)







It can be considered that    k σ    and    k ε    are constants for a certain material. By obtaining    k σ    and    k ε    by two groups of tests with different strain ratios, the proposed model can be used in any other strain ratios without obtaining the mean stress, which is a great advantage in the application of life prediction for asymmetric loading cases.



The proposed model is employed to predict the fatigue life of the HPTS, T851 and epoxy resin and results are shown in Figure 10. The relative errors of the predicted lives fall within the double scatter band, which is much better than most of the models mentioned in Figure 2.





5. Discussions


A dimensionless constant z is defined as


  z =    N p  −  N f     N f    =    N p     N f    − 1  



(31)




where Np is the predicted life and Nf is the experimental life. Since (Np–Nf) is a measure of the discrepancy of predicted life and experiment life, the r.m.s. of z, Sz, can represent the discrepancy level of predictions.


   S z  =       ∑  i = 1  k    z i    2     k     



(32)




where k is the number of scattered points. The discrepancy level Sz of the predictions of 8 models for four sorts of material are calculated and listed in Table 1.



Apparently, the life prediction of the Manson–Coffin model shows the largest relative error since it does not consider the effect of strain ratio, while other models show better performance no matter what correction criteria they follow. The effect of strain ratio on the mean stress relaxation rate of T851 aluminum alloy is smaller compared with that of other materials, for small loading cases in particular. This is the reason why the prediction discrepancy of T851 aluminum alloy is smaller than HPTS and epoxy resin for all models. The Morrow model and Walker model are more accurate in HPTS due to the smaller correction intensity in small strain cases as shown in Figure 4. The SWT model defines a damage parameter of    ε a   σ  m a x     to correct the effect of mean stress on fatigue life, and it overestimates the effect in large mean stress cases [24]. This is why considerable discrepancies in predictions are found for HPTS in large mean stress conditions. The Lv model shows a better prediction than the SWT model because it considers the sensitivity of mean stress. All models show big gaps in the epoxy resin, particularly for the Goodman model and Morrow model. One reason is that epoxy resin has anisotropic behavior in tension and compression, which affects the mean stress in cyclic loading process; therefore, the mean stress cannot fully reflect the effect of strain ratio on damage. The other reason is that considerable ratcheting strain could be accumulated in fatigue tests due to the viscoelastic behavior of polymer materials, and a certain amount of irreversible strain energy will be converted into heat dissipation or cause damage that cannot be described by the mean stress. In other words, models based on mean stress are not capable of accurately predicting the fatigue life of materials with large ratcheting strain. The ratcheting strain is more obvious for non-metallic materials than metals, but the temperature will intensify the ratcheting strain of metals. That is to say, the mean stress-based model may not be available for non-metallic materials and high-temperature metals. The Wang model performs well in non-metallic materials due to the correction of strain ratio. In other words, strain ratio-based correction is more suitable for asymmetric loading cases. This is why the proposed model adds the correction term to the fatigue strength coefficient and fatigue ductility coefficient, which can express the influence of the strain ratio and viscoelastic behavior of the material.




6. Conclusions


In this paper, the correlation between elastic and plastic strains in LCF were analyzed and a strain ratio-based fatigue model was proposed and examined using various materials. The main conclusions can be drawn as follows:




	(1)

	
Two ways that strain ratio affects the LCF process are found, depending on the strain condition. For low strain cases, the effect of strain ratio on fatigue life relies on the mean stress; for high strain cases, the plastic strain energy controlled by the strain ratio dominates the fatigue life and the mean stress plays a small role. This is why the mean stress-based models struggle in small-amplitude loading cases but show acceptable accuracy in large-amplitude loading conditions;




	(2)

	
The corrected fatigue strength coefficient f(R) and fatigue ductility coefficient g(R) show linear correlations with the strain ratio R, which can effectively represent the complex behavior of the material, including the mean stress relaxation and ratcheting;




	(3)

	
Temperature is not considered in the present study, which may play a considerable part in the LCF of metallic and nonmetallic materials. Further work could be done in such directions to further understand the LCF mechanism.
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Nomenclature




	R
	strain ratio



	ΔWp
	plastic strain energy



	ΔWe
	elastic strain energy



	σm
	mean stress



	    σ f ′    
	fatigue strength coefficient



	b
	fatigue strength exponent



	    ε f ′    
	fatigue ductility coefficient



	c
	fatigue ductility exponent



	E
	Young’s modulus



	σa
	stress amplitude



	σu
	tensile limit of material



	σeq
	equivalent stress amplitude



	γ
	material constant of Walker model



	α
	material constant of Kwofie model



	β, n
	material constant of Wang’s model



	   k σ   ,    k ε   
	material constants of proposed model



	Nf
	experimental life



	Np
	predicted life



	z
	discrepancy of predicted life and experiment life



	Sz
	discrepancy level of predictions







References


	



Ince, A. A generalized mean stress correction model based on distortional strain energy. Int. J. Fatigue 2017, 104, 273–282. [Google Scholar] [CrossRef]

	



Delprete, C.; Sesana, R. Proposal of a new low-cycle fatigue life model for cast iron with room temperature calibration involving mean stress and high-temperature effects. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2019, 233, 5056–5073. [Google Scholar] [CrossRef]

	



Koh, S.K.; Stephens, R.I. Mean stress effects on low cycle fatigue for a high strength steel. Fatigue Fract. Eng. Mater. Struct. 2007, 14, 413–428. [Google Scholar] [CrossRef]

	



Goodman, J. Mechanics Applied to Engineering; Longmans Green and Co.: London, UK, 1930; Volume 1. [Google Scholar]

	



Soderberg, C.R. Factor of Safety and Working Stress. ASME Trans. 1930, APM-52–2, 13–28. [Google Scholar]

	



Morrow, J.; Sinclair, G. Cycle-dependent stress relaxation. In Proceedings of the Symposium on Basic Mechanisms of Fatigue, ASTM (American Society for Testing Materials) STP (Special Technical Publication), West Conshohocken, PA, USA, 23 June 1959. [Google Scholar]

	



Smith, K.; Watson, P.; Topper, T. A stress-strain function for the fatigue of metals. J. Mater. 1970, 5, 767–778. [Google Scholar]

	



Zhiqiang, L.V. Research on Low Cycle Fatigue Prediction Methodology of Aero-Engine Disc. Ph.D. Thesis, University of Electronic Science and Technology of China, Chengdu, China, 2016. [Google Scholar]

	



Xiaozhong, Z.; Gongyi, W.; Kai, C. LCF Life prediction method of turbine blade roots considering mean stress relaxation effect. J. Mater. Sci. Eng. 2019, 37, 709–713. [Google Scholar]

	



Wang, X.L.; Shangguan, W.B.; Rakheja, S. A method to develop a unified fatigue life prediction model for filled natural rubbers under uniaxial loads. Fatigue Fract. Eng. Mater. Struct. 2014, 37, 50–61. [Google Scholar] [CrossRef]

	



Zhu, S.; Lei, Q.; Huang, H.Z. Mean stress effects in strain energy-based criterion for fatigue life prediction. In Proceedings of the AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, & Materials Conference, San Diego, CA, USA, 4–8 January 2016. [Google Scholar]

	



Ince, A.; Glinka, G. A modification of Morrow and Smith–Watson–Topper mean stress correction models. Fatigue Fract. Eng. Mater. Struct. 2011, 34, 854–867. [Google Scholar] [CrossRef]

	



Zhu, S.P.; Huang, H.Z.; He, L.P. A generalized energy-based fatigue-creep damage parameter for life prediction of turbine disk alloys. Eng. Fract. Mech. 2012, 90, 89–100. [Google Scholar] [CrossRef]

	



Branco, R.; Costa, J.D.; Borrego, L.P.; Wu, S.C.; Long, X.Y.; Zhang, F.C. Effect of strain ratio on cyclic deformation behaviour of 7050-T6 aluminium alloy. Int. J. Fatigue 2019, 129, 105234. [Google Scholar] [CrossRef]

	



Chang, L.; Zhou, B.B.; Ma, T.H.; Li, J.; He, X.H.; Zhou, C.Y. Comparisons of low cycle fatigue behavior of CP-Ti under stress and strain-controlled modes in transverse direction. Mater. Sci. Eng. A 2019, 746, 27–40. [Google Scholar] [CrossRef]

	



Hao, H.; Ye, D.; Chen, C. Strain ratio effects on low-cycle fatigue behavior and deformation microstructure of 2124-T851 aluminum alloy. Mater. Sci. Eng. A 2014, 605, 151–159. [Google Scholar] [CrossRef]

	



Kwofie, S. An exponential stress function for predicting fatigue strength and life due to mean stresses. Int. J. Fatigue 2001, 23, 829–836. [Google Scholar] [CrossRef]

	



Walker, K. The effect of stress ratio during crack propagation and fatigue for 2024-T3 and 7075-T6 aluminum. Am. Soc. Test. Mater. ASTM STP 1970, 462, 1–14. [Google Scholar]

	



Koh, S.K. Fatigue damage evaluation of a high pressure tube steel using cyclic strain energy density. Int. J. Press. Vessel. Pip. 2002, 79, 791–798. [Google Scholar] [CrossRef]

	



Ong, J.H. An improved technique for the prediction of axial fatigue life from tensile data. Int. J. Fatigue 1993, 15, 213–219. [Google Scholar] [CrossRef]

	



Mahtabi, M.J.; Shamsaei, N. A modified energy-based approach for fatigue life prediction of superelastic NiTi in presence of tensile mean strain and stress. Int. J. Mech. Sci. 2016, 117, 321–333. [Google Scholar] [CrossRef]

	



Tao, G.; Xia, Z. Mean stress/strain effect on fatigue behavior of an epoxy resin. Int. J. Fatigue 2007, 29, 2180–2190. [Google Scholar] [CrossRef]

	



Yu, Q.; Zhang, J.; Jiang, Y. Effect of strain ratio on cyclic deformation and fatigue of extruded AZ61A magnesium alloy. Int. J. Fatigue 2012, 44, 225–233. [Google Scholar] [CrossRef]

	



Sun, N.N.; Chiang, Y.J.; Li, G.X. A comparative study of fatigue criteria for engineering application. Appl. Mech. Mater. 2014, 538, 356–359. [Google Scholar] [CrossRef]








[image: Materials 13 02451 g001 550] 





Figure 1. Comparisons on (a) mean stress and (b) stress amplitude of 2124-T851 aluminum alloy under different strain ratios, R. 
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Figure 2. Schematic of hysteretic loops under same strain amplitude and different strain ratios of 0 and 0.5. 
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Figure 3. Comparison of different modifications of fatigue models. 
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Figure 4. Comparisons between fatigue models under strains of (a) R = −2 and (b) R = 0.5. 
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Figure 5. LCF lives of HPTS under different strain ratios. 
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Figure 6. Relationships between f(R) and g(R) and strain ratio. 
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Figure 7. LCF lives of 2124-T851 under different strain ratios. 
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Figure 8. Low-cycle fatigue (LCF) lives of epoxy resin under different strain ratios. 
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Figure 9. Relationship between correction value and strain ratio of (a) 2124-T851 aluminum alloy and (b) epoxy resin. 
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Figure 10. Prediction performance of proposed model for (a) HPTS, (b) T851 and (c) epoxy resin. 
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Table 1. Comparison of relative errors of different models.
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	Sz
	Manson–Coffin
	SWT
	Goodman
	Morrow
	Walker
	Lv
	Wang
	Proposed





	HPTS [19]
	1.848
	0.706
	0.439
	0.377
	0.362
	0.834
	0.378
	0.247



	T851 [16]
	0.924
	0.163
	0.193
	0.183
	0.184
	0.156
	0.265
	0.152



	Resin [22]
	198.732
	5.225
	93.33
	14.949
	2.519
	1.2
	0.47
	0.467



	AZ61A [23]
	4.35
	1.385
	0.775
	1.318
	0.544
	0.239
	0.321
	0.242
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