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Abstract:



In this paper, a strain-intensity-factor-based method is proposed to calculate the fatigue crack growth under the fully reversed loading condition. A theoretical analysis is conducted in detail to demonstrate that the strain intensity factor is likely to be a better driving parameter correlated with the fatigue crack growth rate than the stress intensity factor (SIF), especially for some metallic materials (such as 316 austenitic stainless steel) in the low cycle fatigue region with negative stress ratios R (typically R = −1). For fully reversed cyclic loading, the constitutive relation between stress and strain should follow the cyclic stress-strain curve rather than the monotonic one (it is a nonlinear function even within the elastic region). Based on that, a transformation algorithm between the SIF and the strain intensity factor is developed, and the fatigue crack growth rate testing data of 316 austenitic stainless steel and AZ31 magnesium alloy are employed to validate the proposed model. It is clearly observed that the scatter band width of crack growth rate vs. strain intensity factor is narrower than that vs. the SIF for different load ranges (which indicates that the strain intensity factor is a better parameter than the stress intensity factor under the fully reversed load condition). It is also shown that the crack growth rate is not uniquely determined by the SIF range even under the same R, but is also influenced by the maximum loading. Additionally, the fatigue life data (strain-life curve) of smooth cylindrical specimens are also used for further comparison, where a modified Paris equation and the equivalent initial flaw size (EIFS) are involved. The results of the proposed method have a better agreement with the experimental data compared to the stress intensity factor based method. Overall, the strain intensity factor method shows a fairly good ability in calculating the fatigue crack propagation, especially for the fully reversed cyclic loading condition.
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1. Introduction


The fatigue life prediction is of great significance to the safety and reliability of structural components in many engineering projects. Numerous methods have been proposed for the fatigue life prediction [1,2]. Since the damage tolerance theory is widely accepted and adopted, the fatigue crack growth method (which is based on Linear Elastic Fracture Mechanics (LEFM)) is becoming increasingly important [3,4,5]. In 1963, Paris and Erdogan correlated the crack growth rate with the range of SIF and proposed the famous Paris equation, which is generally used for the fatigue life prediction of engineering structural materials [6,7,8]. The major issue is that the Paris equation does not account for the stress ratio effect. Thus, many modifications are proposed to account for additional factors [9,10,11]. For example, the fracture toughness and the stress ratio can be directly included as the modification coefficients in Forman’s equation [12,13], which is supposed to be a feasible approach to deal with the experimental data of many materials (especially for the high hardness alloys). Walker’s equation is also a general mathematical model with consideration of peak loading [10,14]. Elber proposes the effective SIF to modify the SIF range based on the crack closure concept [15]. Correia et al. propose a modified Castillo-Canteli-Siegele (CCS) model to calculate the crack growth rate (considering the plasticity-induced crack closure effect [4]). However, some experimental investigations indicate the insufficiency and even ineffectiveness of the crack closure [16,17]. Kujawski also advocates that the range of SIF is not the unique driving parameter of the crack growth rate, where the corresponding maximum load should be considered for some cases [18]. Some researchers propose local plastic characteristics (such as the plastic CTOD range and the plastic flow intensity factor) to correlate with the crack growth rate [19,20]. These driving parameters can describe the plastic deformation near the crack tip better than the SIF, especially under the “elastic-plastic” condition. However, their calculations usually involve the complex finite element analysis, which makes them inconvenient to use.



In most existing models [7,8,9,21,22,23], the SIF is usually considered as the appropriate driving parameter to correlate with the crack propagation rate. However, for some materials the strain range has shown a good ability to describe the fatigue crack growth in several studies [24,25,26,27,28,29]. Tomkins [30] proposes that the shear-off decohesion at the crack tip is the main driving factor for the crack growth. Chakrabortty [31] links the fatigue crack propagation with the cyclic plastic strain at the crack tip. Some experimental investigations reveal that the strain range can describe the fatigue life much better than the stress range for some materials (such as the 316 austenitic stainless steel [32,33]). These researches show that the cyclic plastic strain of stainless steel and other similar materials cannot be ignored during the fatigue tests [34,35,36]. For these types of the materials, the relationship between cyclic stress and strain is non-linear under the fully reversed applied loading, and even much smaller than the 0.2% proof strength. Several studies have found that compared with the SIF, the strain intensity factor could be a more effective parameter to describe the crack growth process, especially in the low fatigue cycle region for the R = −1 condition [37,38].



Usually, the applied loading is more available than the strain range in most practical cases. Moreover, in the current studies the strain intensity factor is directly calculated by using the experimental measurements of strain range rather than through the theoretical calculation based on the stress-strain analysis. In other words, an appropriate transformation algorithm between the SIF and strain intensity factor is necessary. In this paper, the application of the strain intensity factor for some materials under the fully reversed loading condition is discussed, and the corresponding transformation equation based on the cyclic stress-strain constitutive relationship is proposed. Then, the validation and comparison study is performed between the strain intensity factor and the SIF using the fatigue life testing data of smooth cylindrical specimens in 316 stainless steel and AZ31 magnesium alloy.



The paper is organized as follows: First, the strain intensity factor concept is introduced briefly; Second, the transformation relationship between the SIF and strain intensity factor is delivered, and a theoretical analysis is given to demonstrate the effectiveness of the proposed model; Third, the fatigue life prediction method based on strain intensity factor and modified EIFS is addressed; Fourth, the proposed model is validated by using the fatigue testing data in 316 austenitic stainless steel and AZ31 magnesium alloy; And finally, some conclusions are given.




2. Methodology


2.1. The Basic Concept of the Strain Intensity Factor


Irwin introduced the stress intensity factor ΔK as a driving parameter of the crack propagation (based on the small yield assumption [39]), while the SIF is defined as
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(1)




where ΔK represents the range of the stress intensity factor, γ represents the geometrical coefficient, a is the crack flaw size, and [image: there is no content] is the stress range. The SIF is the function of the global stress and geometry of the specimen, which can describe the local stress field near the crack tip. So, the SIF becomes a major driving parameter to correlate with the crack growth rate by many researchers [21,22,23]. However, some studies reveal that the strain intensity factor shows a better correlation with the crack growth for some materials under the fully reversed loading condition [37]. In those experimental studies, the SIF cannot give a satisfactory performance. Therefore, a strain-intensity-factor-based method is proposed in this paper. Similar to the SIF, for the simplest case (mode–I) the strain intensity factor is defined as follows:
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(2)




where [image: there is no content] is the range of the strain intensity factor and [image: there is no content] is the strain range.



For the cyclic tension-tension load condition, the stress range and strain range vary linearly within the elastic region. For uniaxial, their relationship follows Hooke’s law, so the stress intensity factor and strain intensity factor are proportional. Therefore, the fatigue life predicted by the strain intensity factor should be the same as that obtained by using the SIF. However, for some materials under the tension-compression load condition, their cyclic stress and strain are not linearly related. The constitutive function should follow the cyclic stress-strain curve rather than the monotonic one (as shown in Figure 1). It can be seen that increasing the applied loading range will give rise to a more severe nonlinearity, and the hysteresis loop range will become wider. The formula between the cyclic stress and strain proposed by Ramberg-Osgood is expressed as Equation (3) [40]
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(3)




where [image: there is no content] is the total strain, [image: there is no content] is the elastic strain, [image: there is no content] is the plastic strain, K′ represents the cyclic strength coefficient, and n′ represents the cyclic strain hardening coefficient.


Figure 1. Cyclic stress-strain curve under fully reversed loading.
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It is known that the flow bands at the crack tip will be activated under the cyclic tension-compression loading, which are induced by the dislocation movements. Crack propagation occurs when the accumulated cyclic strain exceeds the fracture strain [31]. So, the crack growth is more directly linked to the strain than to the stress. A 3D finite element simulation is conducted for a comparative demonstration. With the same geometry configuration and the applied stress range, different constitutive relationships will lead to a deviation of the global strain variation. Furthermore, the local strain fields at the crack tip are also quite different, which will ultimately influence the fatigue crack growth process. In Figure 2, the difference of the strain fields at the crack tip is visualized by using the finite element (FE) software ABAQUS. In Figure 2a,b the constitutive relationships follow the linear elastic and perfect plastic, and nonlinear cyclic stress-strain relationships respectively, which have an identical yield stress or 0.2% proof strength. The mechanical properties of the materials in the FE analysis are listed in Table 1.


Figure 2. Strain field at the crack tip: (a) Linear elastic and perfect plastic; and (b) Nonlinear cyclic stress-strain relationship.
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Table 1. Mechanical properties used in the finite element (FE) analysis.







	
0.2% Proof Strength/Yield Stress

	
Young’s Modulus

	
Poisson’s Ratio

	
Cyclic Strength Coefficient

	
Cyclic Strain Hardening Coefficient

	
Applied Loading






	
297 MPa

	
202.5 GPa

	
0.3

	
691

	
0.154

	
200 MPa










The 0.2% proof strength of the material is 297 MPa; Young’s modulus and Poisson’s ratio are 202.5 GPa and 0.3 respectively. The cyclic strength coefficient and cyclic strain hardening coefficient are 691 and 0.154, while the applied loading is 200 MPa.



The simulation results of the remote strain and maximum local strain at the crack tip (for these two constitutive equations) are listed in Table 2. As seen in Table 2, under the same applied loading, the remote strain calculated by the nonlinear cyclic stress-strain relationship is larger than the linear elastic and perfect plastic one by 25.2%. The relative difference of the maximum local strain at the crack tip is 31.9%. It indicates that for some materials the strain range is a better parameter to describe the crack growth than the stress range.



Table 2. Comparison between the different constitutive relationships.







	
Constitutive Relationships

	
Linear Elastic and Perfect Plastic

	
Nonlinear Cyclic Stress-Strain Relationship

	
Relative Difference






	
Remote Strain (%)

	
0.098

	
0.131

	
25.2%




	
Maximum Local Strain at the Crack Tip

	
0.1431

	
0.2100

	
31.9%










Thus the relationship between the SIF range and the strain intensity factor range is also nonlinear in this condition. According to Equations (2) and (3), the formulation of the strain intensity factor under the fully reversed loading condition is proposed, which can be expressed as:
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(4)







To illustrate the difference between the SIF and the strain intensity factor in the correlation with the crack growth rate, the crack growth data in 316 stainless steel (under the fully reversed loading with different stress ranges) is analyzed. As shown in Figure 3, the lateral horizontal axis represents the SIF range and the vertical axis represents the crack growth rate. The dots in different shapes and colors represent the experimental measurements under different stress ranges. And all the data are from the fully reversed fatigue testing of cylindrical specimens in 316 stainless steel. Based on the traditional SIF method, all the testing data should shrink into one straight line, because of the same R-ratio. However, the testing data of different stress ranges follow several parallel straight lines. As shown in Figure 3, the lines in different colors represent the trends of the testing data under different stress levels. Distinct deviations are observed between the different groups of these data. Moreover, fixing the SIF range, the crack growth rate becomes larger with the stress range increasing. In this case, the SIF range is not the unique driving parameter for the crack growth rate.


Figure 3. Crack growth rate vs. stress intensity factor (SIF) of 316 stainless steel.
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Using Equation (4), the strain intensity factor range [image: there is no content] can be calculated, and the corresponding material properties are n′ = 0.154 and k′ = 691 [41]. The testing data are re-plotted in Figure 4. The horizontal axis represents the strain intensity factor range and the vertical axis represents the crack growth rate. It can be seen clearly that all the testing data shrink into one line (and the dispersion is quite small). It is indicated that the strain intensity factor range could be a better driving force than the SIF range to depict the fatigue crack propagation behavior.


Figure 4. Crack growth rate vs. strain intensity factor range.



[image: Materials 10 00689 g004]







2.2. The Fatigue Life Prediction Model


A SIF-based equation proposed by Newman is employed, shown as Equation (5) [42],
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(5)




where C1, n1, p1, and q are fitting parameters and g is related to the crack closure. R is the stress ratio. [image: there is no content], [image: there is no content], and [image: there is no content] are the threshold SIF, the maximum SIF, and the critical SIF, respectively. The fast growing stage has little impact on the fatigue life and so can be ignored. Moreover, in this investigation R is equal to −1 (the fully reversed loading), so the Equation (5) can be simplified as:
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(6)




where C2, n2, p2 are the fitting parameters. Next, the strain intensity factor replaces the SIF. The formula can be modified as:
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(7)




where C, n, and p are the fitting parameters and [image: there is no content] is the threshold strain intensity factor. Thus, the fatigue life can be calculated by integrating the fatigue crack growth rate equation, which can be expressed as follows:
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(8)




where ai is the initial crack size and ac is the critical crack size at failure. When the crack length is approaching ac, the crack growth rate is very fast. Some previous studies claim that the fatigue life is not sensitive to the value of ac [5,43] (in this study, it is determined by Kc ([image: there is no content])). It can be observed from Equation (8) that the initial crack length plays an important role in the fatigue life evaluation. Since the real small crack growth is irregular and hard to describe accurately, the EIFS concept is proposed to estimate the small crack growth life [5]. As shown in Figure 5, the area S1 and S0 represent the fatigue life of the real crack, and the area S2 and S0 represent the life calculated by using EIFS. It is assumed that the area S1 is equal to the area S2. In other words, the long crack growth model and the EIFS are used to approximate the real small crack growth.


Figure 5. Schematic illustration of EIFS.
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In Figure 6, the Kitagawa-Takahashi diagram (KT diagram) shows the stress level decreases with the increase of the crack length until the stress reaches the fatigue limit [44].


Figure 6. KT (Kitagawa-Takahashi) diagram.
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El Haddad [45] et al. proposed an equation combining the threshold stress intensity factor range [image: there is no content] and the fatigue limit [image: there is no content]
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(9)




in which the crack length (a) is considered to be the EIFS. Under this condition, the stress and strain is almost linearly related, for the stress range is quite small. Thus, the EIFS can be calculated by the strain intensity factor and the value can be obtained by the threshold strain intensity factor and the fatigue limit strain:
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(10)




where [image: there is no content] is the fatigue limit strain. The threshold strain intensity factor and fatigue limit strain are defined as the threshold values, below which the fatigue life is infinite in theory.



Then, the EIFS is calculated by solving the Equation (10) numerically. Note that γ is also the function of the crack length. [image: there is no content] is determined by back-extrapolation (the detailed procedure can be found in Reference [5]). [image: there is no content] is obtained by analyzing the asymptotic properties of the ε-N curve (as shown in Figure 7). Then, the fatigue life can be estimated as:
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(11)






Figure 7. Fatigue life curve of 316 stainless steel.
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3. Validation and Comparison


3.1. Life Prediction for the 316 Austenitic Stainless Steel Specimens


The experimental data of cylindrical specimens in 316 austenitic stainless steel and extruded AZ31 magnesium alloy are employed to validate the proposed method under the fully reversed loading with the frequencies 0.2~2 Hz and 30 Hz respectively.



The main composition and the mechanical properties are now shown in Table 1 and Table 3.



Table 3. Chemical composition of 316 stainless steel (wt %).







	
C

	
Mn

	
P

	
S

	
Si

	
Cr

	
Mo

	
Ni

	
Fe






	
0.06

	
1.30

	
0.031

	
0.027

	
0.50

	
16.94

	
2.02

	
10.18

	
Bal.










The configuration of the 316 stainless steel specimen is shown in Figure 8. The diameter of the middle part is 10 mm, and the gauge length is 12 mm.


Figure 8. The configuration of the 316 stainless steel specimen.
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The surface crack is shown in Figure 9: a represents the crack depth, and 2c is the length of the surface crack. The ratio a/c is assumed to equal to one [37]. The geometry correction factor γ of the surface crack in a cylindrical specimen can be expressed as Equation (12) [46,47,48,49]
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(12)




where


[image: there is no content]



(13)






Figure 9. Schematic representation of surface crack in the specimen.
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The fatigue limit strain [image: there is no content] is estimated as 0.321% by analyzing the ε-N curve in Figure 7 (the crack growth rate can be calculated based on the strain intensity factor). As is diagrammed in Figure 10, the calibrated coefficients of the fitting curve are C = 5689, n = 2.72. The fitting parameter p is assumed to be 1.5 [42]. The EIFS is evaluated to be 5.5696 μm by Equation (10). Then, the fatigue life can be assessed by using the proposed model. As shown in Figure 11, the dots indicate the experimental data, and the red line represents the model prediction. The calculation of the SIF-based method is also plotted for comparison, where the Equation (6) serves as the crack growth function and its calibrated coefficients are C2 = 5689, n2 = 2.72, p = 1.5; the EIFS is 4.8746 μm. A more detailed procedure of the SIF-based algorithm can be referred to Reference [43,50]. The predicted fatigue life is illustrated as the dash line in Figure 11. It is clear that the result of the strain-intensity-factor-based method matches the testing data very well. However, the predicted fatigue life based on the SIF has a large difference compared with the experimental data.


Figure 10. Crack growth rate of 316 stainless steel.
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Figure 11. Predicted fatigue life of 316 stainless steel.
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3.2. Life Prediction for Extruded AZ31 Magnesium Alloy Specimens


The main composition and the mechanical properties of extruded AZ31 magnesium alloy are now shown in Table 4 and Table 5 respectively [51].



Table 4. Chemical composition of extruded AZ31 magnesium alloy (wt %).







	
Al

	
Zn

	
Mn

	
Fe

	
Ni

	
Cu

	
Si

	
Ca

	
Mg






	
2.98

	
0.97

	
0.004

	
0.007

	
0.005

	
0.002

	
0.02

	
0.05

	
Bal.










Table 5. Mechanical properties of extruded AZ31 magnesium alloy [31].







	
Yield Strength

	
Young’s Modulus

	
Cyclic Strength Coefficient

	
Cyclic Strain Hardening Coefficient






	
200 MPa

	
45 GPa

	
1976

	
0.34










The yield strength is 200 MPa; Young’s modulus is 45 GPa. The cyclic strength coefficient and cyclic strain hardening coefficient are 1976 and 0.34 respectively.



The dimensions of the AZ31 magnesium alloy specimen are shown in Figure 12. The diameter of the middle part is 5.6 mm.


Figure 12. The dimensions of the AZ31 magnesium alloy specimen.
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Similarly, a/c is assumed to equal to one; the fatigue limit strain [image: there is no content] is 0.27% [51]. The fitting curve of the crack growth rate is illustrated in Figure 13 and the calibrated coefficients are C = 8.4, n = 1.99; the fitting parameter p is assumed to be 0.5 [42]; and the EIFS is 1.3613 μm. Next, the prediction curve and experimental data are plotted in Figure 14, where the black dots represent the experimental data and the red line represents the predicted fatigue life by our proposed method. As shown, the predicted curve is in a better agreement with the experimental data. Similarly, the result of the SIF-based method is also shown as the dash line, where the calibrated coefficients are C2 = 1.995 × 10−9, n2 = 2.195, p = 0.5; the EIFS is 3.3459 μm. The strain-intensity-factor-based method fits the experimental data much better than the SIF-based method.


Figure 13. Crack growth rate of AZ31 magnesium alloy.
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Figure 14. Predicted fatigue life of AZ31 magnesium alloy.
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4. Conclusions


	(1)

	
A strain-intensity-factor-based crack growth model is proposed in this paper and a theoretical analysis has been provided to explicate the strain intensity factor as a driving parameter under the symmetrical cyclic loading. The experimental data in 316 austenitic stainless steel and AZ31 magnesium alloy are used for model validation and good agreements are observed. The slight differences between our model predictions and the experimental data are probably induced by the fitting errors of the calibrated coefficients. Additionally, the SIF-based method is also adopted for comparison. Next, some conclusions are summarized: A transformation algorithm between the SIF and the strain intensity factor is developed and validated by the fatigue testing data of 316 austenitic stainless steel and AZ31 magnesium alloy. It is clear that the dispersity of the crack growth rate vs. the strain intensity factor is lower than that vs. the SIF for different load ranges, which reveals that the strain intensity factor could be a better parameter than the stress intensity factor under the fully reversed load condition.




	(2)

	
Based on the strain intensity factor, a fatigue life prediction method is developed, in which the modified EIFS is employed. Then, the SIF-based method and experimental data are used in comparison with our model. It is clear that our proposed method matches the testing data much better than the SIF-based one.




	(3)

	
The current study is performed under the fully reversed loading and for only two materials. In the future, the research will be extended to the asymmetric loading condition and other mental materials.
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Nomenclature




	[image: there is no content]
	Crack size/length
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	Critical crack size/length



	[image: there is no content]
	Initial crack size



	[image: there is no content]
	Young’s modulus



	[image: there is no content]
	Equivalent initial flaw size



	LEFM
	Linear elastic fracture mechanics



	ΔK
	Stress intensity factor range



	Kc
	Critical stress intensity factor



	Kmax
	Maximum stress intensity factor



	ΔKth
	Threshold stress intensity factor range



	ΔKε
	Strain intensity factor range



	ΔKεth
	Threshold strain intensity factor range
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	Cyclic strength coefficient
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	Cyclic strain hardening coefficient
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	Stress ratio



	SIF
	Stress intensity factor



	[image: there is no content]
	The geometrical coefficient



	ε
	Strain



	ε−1
	Fatigue limit strain



	εe
	Elastic strain



	εp
	Plastic strain



	σ
	Stress



	σ−1
	Fatigue limit







References


	1. 
Newman, J.C.; Phillips, E.P.; Swain, M.H. Fatigue-life prediction methodology using small-crack theory. Int. J. Fatigue 1999, 21, 109–119. [Google Scholar] [CrossRef]

	2. 
Correia, J.A.F.O.; Blasón, S.; De Jesus, A.M.P.; Canteli, A.F.; Moreira, P.M.G.P.; Tavares, P.J. Fatigue life prediction based on an equivalent initial flaw size approach and a new normalized fatigue crack growth model. Eng. Fail. Anal. 2016, 69, 15–28. [Google Scholar] [CrossRef]

	3. 
Lim, J.-Y.; Hong, S.-G.; Lee, S.-B. Application of local stress–strain approaches in the prediction of fatigue crack initiation life for cyclically non-stabilized and non-Masing steel. Int. J. Fatigue 2005, 27, 1653–1660. [Google Scholar] [CrossRef]

	4. 
Correia, J.A.F.O.; Blasón, S.; Arcari, A.; Calvente, M.; Apetre, N.; Moreira, P.M.G.P.; De Jesus, A.M.P.; Canteli, A.F. Modified CCS fatigue crack growth model for the AA2019-T851 based on plasticity-induced crack-closure. Theor. Appl. Fract. Mech. 2016, 85, 26–36. [Google Scholar] [CrossRef]

	5. 
Liu, Y.; Mahadevan, S. Probabilistic fatigue life prediction using an equivalent initial flaw size distribution. Int. J. Fatigue 2009, 31, 476–487. [Google Scholar] [CrossRef]

	6. 
Pugno, N.; Ciavarella, M.; Cornetti, P.; Carpinteri, A. A generalized Paris’ law for fatigue crack growth. J. Mech. Phys. Solids 2006, 54, 1333–1349. [Google Scholar] [CrossRef]

	7. 
Sih, G.C.; Barthelemy, B.M. Mixed mode fatigue crack growth predictions. Eng. Fract. Mech. 1980, 13, 439–451. [Google Scholar] [CrossRef]

	8. 
Paris, P.C.; Erdogan, F. A critical analysis of crack propagation laws. Am. Soc. Mech. Eng. 1963, 85, 528–533. [Google Scholar] [CrossRef]

	9. 
Forman, R.G. Study of fatigue crack initiation from flaws using fracture mechanics theory. Eng. Fract. Mech. 1972, 4, 333–345. [Google Scholar] [CrossRef]

	10. 
Dowling, N.E.; Calhoun, C.A.; Arcari, A. Mean stress effects in stress–Life fatigue and the Walker equation. Fatigue Fract. Eng. Mater. Struct. 2009, 32, 163–179. [Google Scholar] [CrossRef]

	11. 
Neuber, H. Theory of Notch Stresses; Edwards, J.W: Ann Arbor, MI, USA, 1946. [Google Scholar]

	12. 
Kim, S.T.; Tadjiev, D.; Yang, H.T. Fatigue life prediction under random loading conditions in 7475-T7351 aluminum alloy using the RMS model. Int. J. Damage Mech. 2006, 15, 89–102. [Google Scholar] [CrossRef]

	13. 
Socie, D.F.; Morrow, J.D.; Chen, W.C. A procedure for estimating the total fatigue life of notched and cracked members. Eng. Fract. Mech. 1979, 11, 851–859. [Google Scholar] [CrossRef]

	14. 
Prawoto, Y. LEFM Based Analysis of the Effect of Tensile Residual Macrostress on Fatigue Crack Propagation. Ph.D. Thesis, University of Columbia, Missouri, MO, USA, October 2000. [Google Scholar]

	15. 
Wolf, E. Fatigue crack closure under cyclic tension. Eng. Fract. Mech. 1970, 2, 37–45. [Google Scholar] [CrossRef]

	16. 
Yang, J.; Zhang, W.; Liu, Y. Existence and insufficiency of the crack closure for fatigue crack growth analysis. Int. J. Fatigue 2014, 62, 144–153. [Google Scholar] [CrossRef]

	17. 
Correia, J.A.F.O.; De Jesus, A.M.P.; Moreira, P.M.G.P.; Tavares, P.J.S. Crack Closure Effects on Fatigue Crack Propagation Rates: Application of a Proposed Theoretical Model. Adv. Mater. Sci. Eng. 2016, 2016, 3026745. [Google Scholar] [CrossRef]

	18. 
Kujawski, D. A fatigue crack driving force parameter with load ratio effects. Int. J. Fatigue 2001, 23, 239–246. [Google Scholar] [CrossRef]

	19. 
Antunes, F.V.; Branco, R.; Prates, P.A.; Borrego, L. Fatigue crack growth modelling based on CTOD for the 7050-T6 alloy. Fatigue Fract. Eng. Mater. Struct. 2017. [Google Scholar] [CrossRef]

	20. 
Lopezcrespo, P.; Pommier, S. Numerical Analysis of Crack Tip Plasticity and History Effects under Mixed Mode Conditions. J. Solid Mech. Mater. Eng. 2008, 2, 1567–1576. [Google Scholar] [CrossRef]

	21. 
Shah, R.C.; Kobayashi, A.S. Stress intensity factor for an elliptical crack under arbitrary normal loading. Eng. Fract. Mech. 1971, 3, 71–96. [Google Scholar] [CrossRef]

	22. 
Kassir, M.K.; Bregman, A.M. The stress-intensity factor for a penny-shaped crack between two dissimilar materials. J. Appl. Mech. 1972, 39, 308–310. [Google Scholar] [CrossRef]

	23. 
Hiroshi, T. A note on the finite width corrections to the stress intensity factor. Eng. Fract. Mech. 1971, 3, 345–347. [Google Scholar] [CrossRef]

	24. 
Glinka, G. A notch stress-strain analysis approach to fatigue crack growth. Eng. Fract. Mech. 1985, 21, 245–261. [Google Scholar] [CrossRef]

	25. 
Hafezi, M.H.; Abdullah, N.N.; Correia, J.F.O.; De Jesus, A.M.P. An assessment of a strain-life approach for fatigue crack growth. Int. J. Struct. Integr. 2012, 3, 344–376. [Google Scholar] [CrossRef]

	26. 
Jesus, A.M.P.D.; Correia, J.A.F.O. Critical assessment of a local strain-based fatigue crack growth model using experimental data available for the P355NL1 steel. J. Press. Vessel. Technol. 2013, 135, 1–9. [Google Scholar] [CrossRef]

	27. 
Kaisand, L.R.; Mowbray, D.F. Relationships between low-cycle fatigue and fatigue crack growth rate properties. J. Test. Eval. 1979, 7, 270–280. [Google Scholar]

	28. 
Huffman, P.J. A strain energy based damage model for fatigue crack initiation and growth. Int. J. Fatigue 2016, 88, 197–204. [Google Scholar] [CrossRef]

	29. 
Joadder, B.; Shit, J.; Acharyya, S.; Dhar, S. Fatigue Failure of Notched Specimen—A Strain-Life Approach. Mater. Sci. Appl. 2011, 2, 1730. [Google Scholar] [CrossRef]

	30. 
Tomkins, B. Fatigue crack propagation—An analysis. Philos. Mag. 1968, 18, 1041–1066. [Google Scholar] [CrossRef]

	31. 
Chakrabortty, S.B. A model relating low cycle fatigue properties and microstructure to fatigue crack propagation rates. Fatigue Fract. Eng. Mater. Struct. 1979, 2, 331–344. [Google Scholar] [CrossRef]

	32. 
Jaske, C.E.; O’Donnell, W.J. Fatigue design criteria for pressure vessel alloys. Am. Soc. Mech. Eng. 1977, 99, 584–592. [Google Scholar] [CrossRef]

	33. 
Colin, J.; Fatemi, A. Variable amplitude cyclic deformation and fatigue behavior of stainless steel 304L including step, periodic, and random loading. Fatigue Fract. Eng. Mater. Struct. 2010, 33, 205–220. [Google Scholar] [CrossRef]

	34. 
Kawakubo, M.; Kamaya, M. Fatigue Life Prediction of Stainless Steel under Variable Loading (Damage Factors Determining Fatigue Life and Damage Evaluation for Two-Step Test). J. Soc. Mater. Sci. Jpn. 2011, 60, 871–878. [Google Scholar] [CrossRef]

	35. 
Lin, X.Z.; Chen, D.L. Strain controlled cyclic deformation behavior of an extruded magnesium alloy. Mater. Sci. Eng. A 2008, 496, 106–113. [Google Scholar] [CrossRef]

	36. 
Park, S.H.; Hong, S.G.; Lee, B.H.; Bang, W.; Lee, C.S. Low-cycle fatigue characteristics of rolled Mg–3Al–1Zn alloy. Int. J. Fatigue 2010, 32, 1835–1842. [Google Scholar] [CrossRef]

	37. 
Kamaya, M.; Kawakubo, M. Strain-based modeling of fatigue crack growth–An experimental approach for stainless steel. Int. J. Fatigue 2012, 44, 131–140. [Google Scholar] [CrossRef]

	38. 
Kamaya, M. Low-cycle fatigue crack growth prediction by strain intensity factor. Int. J. Fatigue 2015, 7, 80–89. [Google Scholar] [CrossRef]

	39. 
Tada, H.; Paris, P.C.; Irwin, G.R. The Stress Analysis of Cracks Handbook; Del Research Corporation: Geauga, OH, USA, 1973. [Google Scholar]

	40. 
Ramberg, W.; Osgood, W.R. Description of Stress-Strain Curves by Three Parameters; NACA Technical Note 902; National Advisory Committee for Aeronautics: Washington, DC, USA, 1943. [Google Scholar]

	41. 
Fe-Safe, 2014. Materials Database: Safe Technology Limited. Available online: https://www.3ds.com/products-services/simulia/products/fe-safe/ (accessed on 6 June 2017).

	42. 
NASGRO® Consortium. Fatigue Crack Growth Computer Program NASGRO® Version 3.0 User Manual, JSC-22267B. NASA Technical Report. 2001. Available online: http://www.nasgro.swri.org (accessed on 8 June 2016).

	43. 
Wang, Q.; Zhang, W.; Jiang, S. Fatigue life prediction based on crack closure and equivalent initial flaw size. Materials 2015, 8, 7145–7169. [Google Scholar] [CrossRef]

	44. 
Kitagawa, H.; Takahashi, S. Applicability of fracture mechanics to very small cracks or the cracks in the early stage. In Proceedings of the Second International Conference on Mechanical Behavior of Materials, Metals Park, OH, USA, 16–20 August 1976; pp. 627–631. [Google Scholar]

	45. 
El Haddad, M.H.; Topper, T.H.; Smith, K.N. Prediction of non propagating cracks. Eng. Fract. Mech. 1979, 11, 573–584. [Google Scholar] [CrossRef]

	46. 
Forman, R.G. Nasa/Flagro-Fatigue Crack Growth Computer Program; NASA Johnson Space Center: Houston, TX, USA, 1994. [Google Scholar]

	47. 
Newman, J.C.; Raju, I.S. Stress-intensity factor equations for cracks in three-dimensional finite bodies subjected to tension and bending loads. Comput. Methods Mech. Fract. 1986, 2, 311–334. [Google Scholar]

	48. 
Newman, J.C.; Raju, I.S. An empirical stress-intensity factor equation for the surface crack. Eng. Fract. Mech. 1981, 15, 185–192. [Google Scholar] [CrossRef]

	49. 
Gensheimer, V.M.; Packman, P.F. Variation in stress-intensity factor and back-surface displacement for surface cracks. Exp. Mech. 1988, 28, 182–187. [Google Scholar] [CrossRef]

	50. 
Wang, Q.; Zhang, W. Fatigue life prediction of smooth and circular-hole specimens based on equivalent initial flaw size. In Proceedings of the 2015 First International Conference on Reliability Systems Engineering (ICRSE), Beijing, China, 21–23 October 2015. [Google Scholar]

	51. 
Ishihara, S.; Nan, Z.; Goshima, T. Effect of microstructure on fatigue behavior of AZ31 magnesium alloy. Mater. Sci. Eng. A 2007, 468–470, 214–222. [Google Scholar] [CrossRef]













































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file26.jpg
5.0x10°

Strain range Ae

3.0x10°

4.0x10°

10

Number of cycle to failure N






media/file8.jpg
IFS EIFS 3 a





media/file27.png
5.0x10°

4.0x10°

Strain range Ae

3.0x10°

10*

m experimental data
—— strain-based method
- — stress-based method

Number of cycle to failure N






media/file13.png
0.020 |
||
o 0015}
<4
S0
[ |
§
= 0.010 |
‘<
% m
||
0.005 | .
Ag === —~—— === =—=——===---- A
[ | L 1 L1
10° 10* 10° 10° 107

Number of cycle to failure N





media/file12.jpg
Strain range Ae

0.020

0.015

0.010

0.005

Number of cycle to failure N

107





media/file18.jpg
‘ - experimental data
10" F | —— proposed method

da/dN (m/cycle)
3
z

10 L L

10° 107





media/file9.png
darant

Real crack growth

Long crack growth
-

IFS

EIFS






media/file14.jpg
618

12+






media/file20.jpg
= experimental data

2.0x107 ' i
\| — strain-based method
1 — - stress-based method
'
1.5x10% :
4
P
E)
g 1.0x10°
]
£
5 4
5.0410° |

0.0 L . . " .
10 10' 10° 10° 10

Number of cycle to failure N






media/file28.png





media/file23.png
cl

100






media/file5.png
Crack growth rate da/dN, m/cycle

A Stress range increases
10*
10° F
10° F
107 E
_8 |
10 100MPa
10° L « 200MPa
+ 250MPa
10_10 v 270MPa
10-11- i — : ] . I
10 10° 10 10°

Stress intensity factor range AK ,MPa m"’





media/file15.png
12






media/file19.png
da/dN (m/cycle)

experimental data
— proposed method






media/file2.jpg





nav.xhtml


  materials-10-00689


  
    		
      materials-10-00689
    


  




  





media/file11.png
Fatigue limit

Log(s.1)

Log(a)

Crack length

A -
»





media/file6.jpg
10°F

3 3
e

Crack growth rate da/dN, m/cycle
=
3

10 F

10

"
o

10°

10° 10"
Strain intensity factor range AK,






media/file24.jpg
da/dN (m/cycle)

10¢

107

10*

107

107

1o

experimental data
roposed method

10°

10"
AK (m”)





media/file1.png
(=
/////






media/file10.jpg
Log(e.1)

Fatigue limit

Log(a)

>

Crack length





media/file7.png
Crack growth rate da/dN, m/cycle

10° E
v
10°
7 ‘v 'A
10_ E “IA
w
10° k M "‘
vV Vv
107 F saan M 100MPa
: ROV A 200MPa
107° - 250MPa
F " 270MPa
1ot L ol el
10° 107 10"
0.5

Strain intensity factor range AK ,





media/file16.jpg





media/file3.png
E, Max. Principal

(Avg: 75%)
+9.13%e-01
+5.000e-02
+4

+4.167e-02
+3.750e-02
+3.334e-02
+2.917e-02
+2.501e-02
+2.084e-02
+1.667e-02
+1,251e-02
+8.

+4.177e-03
+1.091e-05

m
006 kodoos Amas/Sonondf B0 Mon Mea 5 2102 51 GHT-0R00 312

Sras Sonad

e o T L]

Piway ey £ Max M

Demewed v U Dotvabacion Scak faceae; L ONR G2

Tet X

E, Max. Prifncipsl
(hvgs 75%%:)
+

4.,203e-l
961e-0%

00 rove stk
ODE: e300 AMGK/SNBIE 1 Mon b






media/file22.jpg
412






media/file17.png





media/file4.jpg
Crack growth rate da/dN, m/cycle
3

Stress range increases

N

=
=

Stress intensity factor range AK ,MPa m**






media/file25.png
da/dN (m/cycle)

107

10-10 ;_

10 !

»  experimental data
—— proposed method

10"
AKE (mO.S)





media/file0.jpg
Cyclic Stress-Strain Curve






media/file21.png
Strain range Ae

2.0x107

1.5x10"

1.0x107

5.0x107

0.0

o experimental data
| — strain-based method
| — - stress-based method

1
\

\
!

Number of cycle to failure N






