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Abstract

:

Surface defects decrease the fatigue limit of metals. In this study, the effects of surface defects on the fatigue limit of high-strength spring steel specimens were investigated. Several equations to predict the fatigue limit of specimens with surface defects were evaluated. Specimens with a semicircular slit with depths ranging from 30 to 400 µm were prepared. The Vickers hardness of the specimen was approximately 470 HV. Bending fatigue tests were performed at stress ratios ranging from −2 to 0.4. The fatigue test results showed that the fatigue limit decreased with an increase in the slit depth. Moreover, the maximum defect size that resulted in a decrease in the fatigue limit was dependent on the stress ratio. On comparing the predicted fatigue limits with the experimental results, it was confirmed that the predictions made based on the modified El-Haddad model were in good agreement with the experimentally obtained data. Thus, this model can be used to evaluate the fatigue limit of high-strength steels containing small surface defects with different stress ratios.
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1. Introduction


There is an increasingly strong demand for improving the fuel efficiency of automobiles from the viewpoints of energy consumption and environmental pollution [1]. For this, reductions in the weight of automobile parts such as springs, gears, and axles are necessary. This in turn requires improving the fatigue limit of the metals used. For improving the fatigue limit of metals, surface hardening via peening [2], heat treatment [3,4,5,6], and electron-beam treatment [7] are considered to be effective methods. However, it is known that the fatigue strength of high-strength steel is reduced sharply by small defects [8,9]. This is because the defect sensitivity of materials generally increases with their strength. Most of the fatigue fractures of springs and other parts are caused by small defects and nonmetallic inclusions [10]. If the fatigue limit of high-strength steel with such small defects can be predicted with high accuracy, it is expected that the failure of springs and other parts can be controlled. Many studies on the prediction of the fatigue limit of metals have been conducted. Further details are provided in Section 2.



Thus far, the effects of surface defects larger than 100 µm on the fatigue strength have been elucidated in spring steels [11,12,13], welded joints [14], and aluminum alloys [15]. These defects correspond to the machining scratches generated during the manufacturing of mechanical parts. However, in reality, nonmetallic inclusions or surface defects smaller than 100 µm play a significant role in reducing the fatigue limit [16,17]. In addition, mechanical parts such as springs are used under different stress ratios. It has been reported that the stress ratio has a significant effect on the fatigue strength of numerous metals such as alloy steels [18,19], spring steel [20], turbine blade steel [21], and stainless steel [22]. Therefore, it is necessary to predict the fatigue limit under a range of stress ratios. Several equations have been proposed for predicting the fatigue limit of metals [23,24,25] as described in Section 2. However, the effectiveness of the equations under several stress ratios is not clear.



In this study, semicircular slits with depths ranging from 30 to 400 µm were introduced in spring steel specimens, which were then subjected to plane-bending fatigue tests at stress ratios ranging from −2 to 0.4. In addition, the applicability of the various fatigue limit prediction equations was evaluated for defects with a range of dimensions and different stress ratios.




2. Equations for Predicting Fatigue Limit


A number of studies have analyzed the relationship between the size of the surface defects and the fatigue limit of metals. Figure 1 shows the Kitagawa–Takahashi diagram for the relationship between the fatigue limit, ∆σw, and the defect size, a, on a log-log graph [26]. The numbers in parentheses in the figure correspond to the equation numbers. Smith proposed a fatigue limit evaluation method based on a horizontal line that represents the fatigue limit of a defect-free specimen (∆σw0) and a straight line with a slope of −1/2 based on linear fracture mechanics. This method is described by Equation (1) [23]:


  Δ  σ w  =   Δ K    ( L )    th     F   π a      



(1)




where   Δ K    ( L )    th     is the threshold-stress-intensity-factor range for specimens with long cracks, and F is the shape factor for a surface crack. However, in the vicinity of the intersection of these two straight lines, the fatigue limits predicted using this model are often incorrect.



El-Haddad et al. proposed Equation (2), which describes a smooth transition from the fatigue limit of a smooth specimen (∆σw0) to the threshold for long cracks,   Δ K    ( L )    th    , using a fictious intrinsic crack with the size    a 0    [24]:


  Δ  σ w  = Δ  σ  w 0   ·      a 0    a +  a 0       



(2)







Murakami et al. proposed the prediction equation of fatigue limit called the     a r e a     parameter model. Based on this model, the fatigue limit of metals in the presence of small cracks and defects can be predicted using only three parameters: the square root of the projection area of a small crack or defect to the principal stress direction (    a r e a    ), Vickers hardness (HV), and stress ratio (R) [25]. Equation (3) shows the corresponding fatigue-limit prediction equation for metals with surface cracks or defects:


   σ w  =   1.43  (  H V + 120  )       (    a r e a    )    1 / 6     ·    (    1 − R  2   )   γ   



(3)




where    σ w    is the stress amplitude of the fatigue limit, HV is the Vickers hardness of the material, R is the stress ratio, and γ is the material constant. When the fatigue limit is defined by the stress range   Δ  σ w   , Equation (3) is transformed into Equation (4):


  Δ  σ w  =   2.86  (  H V + 120  )       (    a r e a    )    1 / 6     ·    (    1 − R  2   )   γ   



(4)







Equation (4) is represented by the dashed line in Figure 2. The numbers in parentheses in the figure correspond to the equation numbers. The horizontal axis is expressed by     a r e a    . Murakami showed that there exists a relationship between the tensile stress σ,     a r e a    , and the maximum stress intensity factor for a surface crack,    K  I , max     [27]:


    K  I , max     = 0.650 σ   π   a r e a       



(5)







For evaluating   Δ K    ( L )    th    ,    K  I , max     in Equation (5) becomes   Δ K    ( L )    th    , and σ is equal to   Δ  σ w   . Therefore, Equation (5) is transformed into Equation (6), which is represented by the dotted line in Figure 2:


  Δ  σ w  =   Δ K    ( L )    th     0.650   π   a r e a        



(6)







In this figure,     a r e a    c is the critical defect size, which causes a decrease in the fatigue limit of the smooth specimen   Δ  σ  w 0    , and       a r e a    t    is the transitional defect size, which lies between those of small and large defects. In other words, it is the size above, which the value of   Δ  K  th     becomes a constant,   Δ K    ( L )    th    .       a r e a    t    is determined by the hardness of the material and   Δ K    ( L )    th     at R = −1 using Equation (7), regardless of the stress ratio [28]:


      a r e a    t  =    {    Δ K    ( L )    th ,   R = − 1     3.3 ×   10   − 3    (  H V + 120  )     }   3   



(7)







Equation (4) is applicable for values between       a r e a    c    and       a r e a    t   . Equation (2) can also be expressed as     a r e a    . Equation (8) is the modified El-Haddad model proposed by Beretta et al. [29]:


  Δ  σ w  = Δ  σ  w 0   ·         a r e a    0      a r e a   +     a r e a    0       



(8)







Using Equation (6), the intersection between   Δ  σ  w 0     and the threshold for long cracks corresponding to the so-called El-Haddad parameter,        a r e a    0   , can be described as follows:


      a r e a    0  =  1 π     (    Δ K    ( L )    th     0.65 Δ  σ  w 0      )   2   



(9)







The applicability of these equations for a wide range of stress ratios has not been verified. Thus, in this study, the applicability of Equations (4), (6), and (8) for a wide range of defect dimensions and stress ratios was verified.



When predicting the fatigue limit using Equation (8),   Δ  σ  w 0     and   Δ K    ( L )    th     must be known, and these values change with the stress ratio, R. The stress ratio dependence of    σ  w 0     was evaluated using the modified Goodman line, which is described by Equation (10):


   σ  w 0   =  σ  w 0 , R = − 1    (  1 −    σ m     σ  UTS      )   



(10)







  where    σ m    is the mean stress, and    σ  UTS     is the tensile strength of the metals. Because R depends on    σ m   ,   Δ  σ  w 0     can be derived for each R value by determining    σ  w 0 ,   R   =   − 1     experimentally. In this study, the stress ratio dependence of    σ  w 0     was derived from the results of a plane-bending fatigue test. Then, the applicability of Equation (10) was evaluated. In addition, the following relationship exists between R and   Δ K    ( L )    th     [30]:


  Δ K    ( L )    th   = Δ K    ( L )    th , R = 0      (  1 − R  )   γ   



(11)




where γ is the material constant mentioned in Equations (3) and (4). In this study, γ was derived from the results of a plane-bending fatigue test performed on a material with an artificial surface defect with a depth of 400 µm, as described later, and   Δ K    ( L )    th     was predicted for each stress ratio.




3. Experimental Method


3.1. Material Used


The test material used was spring steel (JIS SUP9A). Table 1 shows the chemical composition of SUP9A as provided on the mill sheet prepared by the steel manufacturer. The process for fabricating the test specimens is shown in Figure 3. The shape and dimensions of the specimens are shown in Figure 4. The thickness of the specimens was 3 mm. The surfaces of the specimens were machined by grinding in the longitudinal direction. To introduce crack-like surface defects, a semicircular slit (see Figure 4) was formed through electric discharge machining on the surfaces of some of the specimens (one slit for each specimen). The depth of these semicircular slits was 30, 60, or 400 µm, and they were introduced perpendicular to the longitudinal direction on the surface of the smallest cross-section of the specimens. The aspect ratio a/c of the slits was 1.0. The width of the slits was 30 µm. Kondo et al. showed that the ΔKth of high-strength steel with a crack length larger than 400 µm could be regarded as the   Δ K    ( L )    th     [31]. Thus, the 400-µm deep slit simulated a large defect for deriving   Δ K    ( L )    th    . The specimens without a slit are hereafter called smooth specimens while those with a slit are called slit specimens. After the introduction of the slit, the specimens were heat-treated at 860 °C for 45 min in a vacuum and then quenched in oil. Subsequently, the specimens were tempered at 460 °C for one hour. The ultimate tensile strength (   σ  UTS    ) and 0.2% offset yield strength (   σ  0.2    ) of SUP9A after the heat treatment were 1580 and 1170 MPa, respectively.




3.2. Surface Hardness and Roughness


The hardness values of the specimens were measured using a micro Vickers hardness tester (HMV-G, Shimadzu Co., Kyoto, Japan). The test load was 9.8 N, and the test time was 15 s. In each case, measurements were performed three times on each smooth specimen before the fatigue test.



In addition, the surface roughness of the specimens was measured using a stylus-type surface roughness measuring machine (SE1200, Kosaka Laboratory Ltd., Tokyo, Japan). The surface roughness of all the smooth and slit specimens were evaluated seven times for an evaluation length of 2.0 mm at three different locations on each specimen. The average value was used as the measurement result. The measured parameters were the arithmetic mean roughness, Ra, and the maximum height of the roughness, Ry.




3.3. Fatigue Test


Using the above-described specimens, plane-bending fatigue tests were performed in air at room temperature. A displacement-controlled plane-bending fatigue test equipment (PBF-30, Tokyo Koki Co. Ltd., Tokyo, Japan) was used for the fatigue test. The stress ratios, R, used were −1, 0, 0.2, and 0.4. In addition to these ratios, an R value of −2 was also used for the 400-µm slit specimen to evaluate   Δ K    ( L )    th     over a wider range of stress ratios. A total of 3 to 5 specimens were used for each of the 17 experimental conditions. The frequency of the cyclic stress was 20 Hz. The stress was defined as the nominal stress on the surface of the smallest cross-section of the specimen. The fatigue limit was defined as the maximum stress range for which the specimen could withstand 107 cycles.




3.4. Observations of Fracture Surface


To identify the origin of the fatigue crack, the fracture surface was observed. The fractured specimens were cut approximately 5 mm from the fracture surface and cleaned ultrasonically in ethanol. The fracture surfaces then were observed using scanning electron microscopy (SEM) (VE-8800, Keyence Ltd., Osaka, Japan).





4. Results and Discussion


4.1. Result of Surface Hardness and Roughness


The average Vickers hardness of the specimens was approximately 470 HV. The average values of the surface roughness, Ra and Ry, were 0.170 and 1.293 µm, respectively. Thus, the surface roughness was sufficiently smaller than the depths of the introduced slits, and the effect of the surface roughness on the fatigue limit could be ignored in this study.




4.2. Fatigue Test Results


Figure 5 shows the S–N curve for each stress ratio as determined from the plane-bending fatigue tests. It can be seen from the figure that the fatigue limit decreased as the slit size increased. Table 2 shows the ratio of the fatigue limits of the slit and smooth specimens, that is,   Δ  σ w     /  Δ  σ  w 0    , for each stress ratio. It can be noted that the rate of decrease in the fatigue limit owing to the defects decreased as the stress ratio was increased. The fatigue limit of the 30-µm-slit specimen was lower than that of the smooth specimen at R = −1, 0, and 0.2; however, it was equivalent to that of the smooth specimen at R = 0.4. Therefore, it can be said that a semicircular slit with a depth of 30 µm did not decrease the fatigue limit of the smooth specimen at R = 0.4. Based on this, it can be concluded that the defect size that results in a decrease in the fatigue limit of smooth specimens is dependent on the stress ratio.




4.3. Effect of Stress Ratio on Fatigue Limit and   Δ K    ( L )    t h    


The effects of the stress ratio on the fatigue limit of a smooth specimen    (  Δ  σ  w 0    )    and   Δ K    ( L )    th     are discussed separately. Figure 6 is a fatigue-limit diagram showing the effects of the mean stress (stress ratio) on the fatigue limit. The plots in the figure show the    σ  w 0     value at each stress ratio. The solid line is the modified Goodman line evaluated by Equation (10). The dashed lines are the yield-limit lines. The    σ  w 0 , R = − 1     and the tensile strength (   σ  UTS    ,) used in the modified Goodman line are 640 and 1580 MPa, respectively. The 0.2% offset-yield strength (   σ  0.2    ) used for the yield-limit lines is 1170 MPa. It can be seen from the figure that the modified Goodman line is in good agreement with the experimental results. Thus, the    σ  w 0     value at each stress ratio can be predicted by the modified Goodman line.



Fatigue tests on the 400 µm slit specimen, which simulated large defects, were also conducted to determine the   Δ K    ( L )    th     at each stress ratio. The values of   Δ K    ( L )    th     were calculated using the fatigue limits of the 400-µm-slit specimen and Equation (6). Figure 7 shows the relationship between the stress ratio and   Δ K    ( L )    th    . It can be seen that there is a linear relationship between   Δ K    ( L )    th     and (1-R) on the log-log graph. This relationship can be approximated using the following equation:


  Δ K    ( L )    th   = 7.57    (  1 − R  )    0.487    



(12)







From Equation (12), it can be seen that the value of   Δ K    ( L )    th     at R = 0 is 7.57 MPa    m   . This is close to the value (7.5 MPa    m   ) obtained in a previous study ΔK decreasing test [11]. Therefore, the 400-µm-deep semicircular slit can be considered a macroscopic defect. The value of γ in Equation (11) was taken to be 0.483 in this study. On the other hand, Furuya et al. reported that γ = 0.5 for large cracks in two types of spring steels (SUP12 and SWOSC-V) [32]. The values obtained in this study were similar to those reported by Furuya et al. for the two spring steels.




4.4. Observations of Fracture Surface


Figure 8 shows SEM images of the fracture surfaces of the specimens fractured by the plane-bending fatigue test at R = −1. The fatigue crack was initiated at the slit in all the slit specimens, while for the smooth specimens the fatigue crack was initiated at the surface. No inclusions were observed on the fracture surfaces of the smooth specimens. Finally, similar results were obtained for R = −2, 0, 0.2, and 0.4.





5. Prediction of Fatigue Limit


The fatigue limit predictions were performed using Equations (4), (6), and (8). Table 3 shows the   Δ  σ  w 0     and   Δ K    ( L )    th     values for each of the stress ratios used for the predictions. The   Δ  σ  w 0     values are the results of the fatigue tests of the smooth specimens. The   Δ K    ( L )    th     values were calculated using Equation (12). Figure 9 shows the relationship between     a r e a     and the fatigue limit for each stress ratio. The experimental values are plotted. On the other hand, the values predicted by the     a r e a     parameter model (i.e., Equation (4)) are represented by the dashed line, those predicted by Equation (6) are represented by the dotted line, and those predicted by the modified El-Haddad equation (i.e., Equation (8)) are represented by the solid line. The diagonal lines indicate the fatigue limits for 100-, 200-, and 300-µm-slit specimens obtained in previous studies [11,12,33].



Table 4 shows the values of       a r e a    c   ,       a r e a    t   , and       a r e a    0   . The values of       a r e a    c    and       a r e a    0    are the largest at R = 0.4. In addition,        a r e a    t    is determined by the hardness of the material and   Δ K    ( L )    th     at R = −1 using Equation (7), regardless of the stress ratio used. For the spring steel (SUP9A) used in this study,       a r e a    t   =163 μm.



Equation (4) yielded values close to the experimental value for dimensions between       a r e a    c    and       a r e a    t   , but for the dimensions greater than       a r e a    t   , it yielded non-conservative values with respect to the experimental results. This equation is very useful for predicting the fatigue limit based on the hardness of the material, but it should be noted that there is a limit of applicability in the range of     a r e a    .



Furthermore, the values obtained using Equation (6) were close to the upper limit of the experimental data, and the obtained results for values close to       a r e a    0    were highly non-conservative with respect to the experimental results.



On the other hand, the values obtained using Equation (8) were close to the experimental data for a wide range of     a r e a     values. Thus, this model can be used to evaluate the fatigue limit of high-strength steels containing small surface defects.



The usefulness of the modified El-Haddad’s equation for fatigue-limit prediction has been reported by Beretta et al. [29]. However, the applicability of this equation to a wide range of stress ratios has not been clarified. In this study, the usefulness of the modified El-Haddad’s equation was clarified for a wide range of defect dimensions and stress ratios.




6. Conclusions


In this study, plane-bending fatigue tests were performed on specimens of spring steel SUP9A (470 HV) at various stress ratios wherein the specimens had semicircular slits with depths of 30 to 400 µm that simulated microsized surface defects. Furthermore, the fatigue limit was predicted based on three different fatigue limit prediction equations. The primary conclusions of the study can be summarized as follows:



	(1)

	
As the stress ratio increased from −1 to 0.4, the fatigue limit decreased under all slit conditions due to mean stress. The rate of decrease in the fatigue limit owing to the defects decreased as the stress ratio was increased.




	(2)

	
Based on the test results for the smooth specimen and the 400-µm slit specimen, the stress-ratio dependence of the fatigue limit of the smooth specimen,   Δ  σ  w 0    , and the threshold-stress-intensity factor range,   Δ K    ( L )    th    , of the investigated spring steel could be determined.




	(3)

	
The results of the fatigue tests showed that the fatigue limit decreased as the defect size was increased, irrespective of the stress ratio. In the case of the 30 µm slit specimen, the fatigue limit did not decrease from   Δ  σ  w 0     only at R = 0.4. Thus, we found that the dimensions of the surface defects that did not result in a decrease in the fatigue limit were dependent on the stress ratio.




	(4)

	
The modified El-Haddad’s equation, i.e., Equation (8), yielded values close to the experimental data for a wide range of     a r e a     values and stress ratios. Murakami’s equation, that is, Equation (4), yielded values close to the experimental data between       a r e a    c    and       a r e a    t   , but above       a r e a    t    it yielded non-conservative values with respect to the experimental results. Smith’s equation, that is, Equation (6), yielded highly non-conservative values near       a r e a    0   . Thus, the usefulness of the modified El-Haddad’s equation was clarified for a wide range of defect dimensions and stress ratios.
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Nomenclature




	   Δ σ   
	stress range (twice stress amplitude)



	   Δ  σ  w     
	fatigue limit



	   Δ   σ    w  0     
	fatigue limit of smooth specimen



	    σ  m     
	mean stress



	    σ   U T S      
	ultimate tensile strength



	    σ  0.2     
	0.2% offset yield strength



	    K   I  ,  m a x      
	maximum stress intensity factor



	    Δ  K    ( L )     t h      
	threshold stress intensity factor range for long crack



	  F  
	shape factor



	  a  
	defect size



	    a 0    
	intrinsic defect size



	     a r e a     
	square root of the area projected in the direction of principal stress



	     a r e a     
	    a r e a     of critical defects which decrease the fatigue limit



	       a r e a     t     
	    a r e a     of the transition defect between small and large defects



	       a r e a    0    
	    a r e a     of intrinsic defect



	HV
	Vickers hardness



	  R  
	stress ratio



	  γ  
	material constant



	a/c
	aspect ratio



	    R  a     
	arithmetic mean roughness



	    R  y     
	maximum height of roughness
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Figure 1. Relationship between the fatigue limit and the defect size. 
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Figure 2. Relationship between fatigue limit and     a r e a     of the defect. 
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Figure 3. Flowchart of the process for fabricating test specimens. 
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Figure 4. Shape and dimensions of the test specimens and the semicircular slit. (a) specimen (b) semicircular slit. 
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Figure 5. S–N curves for plane-bending fatigue tests. (a) R = −2, (b) R = −1, (c) R = 0, (d) R = 0.2, (e) R = 0.4. 
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Figure 6. Fatigue limit diagram for smooth specimens. 
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Figure 7. Relationship between   Δ K    ( L )    th     and   1 − R   (a = 400 µm). 
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Figure 8. Surfaces of fatigue-fractured specimens    (  R = − 1  )   . (a) Smooth, (b) a = 30 µm, (c) a = 60 µm, (d) a = 400 µm. 
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Figure 9. Relationship between the fatigue limit and the     a r e a     for the specimens with a semicircular slit. (a) R = −1, (b) R = 0, (c) R = 0.2, (d) R = 0.4. 
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Table 1. Chemical composition of SUP9A (mass%).
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	C
	Si
	Mn
	P
	S
	Cu
	Ni
	Cr
	Fe





	0.57
	0.25
	0.86
	0.022
	0.019
	0.2
	0.11
	0.82
	Bal.
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Table 2. Ratios of the fatigue limits of the slit and smooth specimens   Δ  σ w  / Δ  σ  w 0    .
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    R    ( − )     

	
   a        (   μ m   )     

	
     Δ   σ  w      (   M P a   )     

	
     Δ   σ   w  0      (   M P a   )     

	
    Δ  σ  w   /  Δ   σ   w  0           ( − )     






	
−1

	
30

	
1080

	
1280

	
0.84




	
60

	
840

	
0.66




	
400

	
400

	
0.31




	
0

	
30

	
760

	
880

	
0.86




	
60

	
640

	
0.73




	
400

	
280

	
0.32




	
0.2

	
30

	
760

	
800

	
0.95




	
60

	
600

	
0.75




	
400

	
260

	
0.33




	
0.4

	
30

	
680

	
680

	
1.00




	
60

	
560

	
0.82




	
400

	
240

	
0.35
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Table 3.   Δ  σ  w 0     and   Δ K    ( L )    th     values for various stress ratios.
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	R (−)
	    Δ  σ   w  0       ( MPa )    
	    Δ K    ( L )     th       (   MPa      m    )     





	−1
	1280
	10.61



	0
	880
	7.57



	0.2
	800
	6.79



	0.4
	680
	5.90
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Table 4. Values of the critical defect size       a r e a    c  ,   intrinsic crack with size       a r e a    0   , and transitional defect size       a r e a    t   .
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	R (−)
	        a r e a     c     ( µ m )    
	        a r e a    0    ( µ m )    
	        a r e a     t     ( µ m )    





	−1
	5.25
	51.7
	163



	0
	6.55
	55.7
	163



	0.2
	6.05
	54.2
	163



	0.4
	6.91
	56.7
	163
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