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Abstract

:

The notch (i.e., stress concentration) and defect are important factors influencing the conventional fatigue behavior of metallic materials. What is the influence of notches and defects on the dwell fatigue mechanism and fatigue life? In this paper, the effects of notches and defects on the dwell fatigue behavior of the Ti-6Al-4V ELI alloy used in deep-sea submersibles are investigated under the load control mode. It is shown that the dwell fatigue is insensitive to the defect size (190–438 μm) compared to the conventional fatigue. For notched specimens, they all present fatigue failure mode under dwell fatigue testing, and the dwell fatigue life is higher than that of the smooth specimen at the same local maximum stress. The dwell of the maximum stress has no influence on the fatigue life and failure mechanism for notched specimens. Moreover, the facet feature is observed in the crack initiation region for both the conventional and dwell fatigue of notched specimens. Electron backscatter diffraction observation indicates that the feature of the fine line markings on the facet in the image by scanning electron microscope is due to the steps on the fracture surface of the α grain.
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1. Introduction


The dwell fatigue (i.e., cold creep fatigue, which refers to the dwell loading effect at temperatures lower than 200 °C [1,2]) behavior of titanium alloys has drawn great attention due to some of the components in the field of aviation and deep-sea (e.g., fan discs of engines, pressure hull of deep-sea submersibles) subjected to dwell fatigue loadings during service [1,2,3,4,5,6,7]. For example, many results have shown that the dwell of the maximum stress could greatly reduce the fatigue life of titanium alloys [8,9,10] and the dwell fatigue of titanium alloys often presents the feature of cleavage or quasi-cleavage facets in the crack initiation region [1,11,12]. The results for the titanium alloy Ti-6Al-2Sn-2Zr-3Mo-X indicated that the rise and fall time significantly affects the dwell fatigue life, and the dwell fatigue life with the rise and fall time could be correlated by a linear relation in log–log scale [13]. For the dwell fatigue of Ti-6Al-4V ELI alloy, it has been shown that the stress ratio has great influence on the dwell fatigue life and dwell fatigue failure mode [14]. The dwell fatigue life increases with an increase in the stress ratio at the same maximum stress, and a specimen at a negative stress ratio tends to undergo ductile failure mode.



The actual component parts usually inevitably contain defects during the manufacturing process or from impacts of debris during service. They also might have a change in geometry (i.e., stress concentration) in order to meet the demands of design. These defects [15,16,17,18] and notches [19,20,21,22] play an important role in the conventional fatigue performance of metallic materials. For instance, the specimen of EA4T railway axles with artificial defects showed a lower fatigue strength than that of the smooth specimen [23]. The notch reduced the fatigue strength of the titanium alloy Ti-6Al-2Sn-2Zr-3Mo-X used for the pressure hull of deep-sea submersibles in terms of nominal stress [24]. However, there are few studies reported on the effects of notches and defects on dwell fatigue behavior. What is the influence of notches and defects on the dwell fatigue life and dwell fatigue mechanism? How does dwell loading affect the fatigue behavior of notched specimens and defective specimens? These are important issues for the safety evaluation of components subjected to dwell fatigue loading during service.



In this paper, the effects of notches and defects on dwell fatigue behavior were investigated for the Ti-6Al-4V ELI alloy used in deep-sea submersibles. The fatigue fracture surface was observed using a scanning electron microscope (SEM) and electron backscatter diffraction (EBSD) with the help of the focused ion beam (FIB) technique. The variation of cumulative maximum strain with the number of loading cycles was analyzed for the notched specimens under both conventional fatigue and dwell fatigue tests. The effect of defects on the dwell fatigue behavior was also compared with that of the conventional fatigue behavior. Moreover, the effects of dwell loading on the fatigue behavior of notched specimens and defective specimens are discussed.




2. Materials and Methods


2.1. Materials


The material used in this paper was a Ti-6Al-4V ELI alloy, which was cut from a forged then rolled plate, parallel to the rolling direction. The chemical composition is shown in Table 1. The average tensile stress was 879 MPa and the yield strength was 831 MPa, which were obtained from two specimens with a gauge length of 30 mm and diameter of 5 mm. The stress and strain curve is illustrated in Figure 1. The microstructure of the material perpendicular to the specimen axis consisted of approximately equiaxed α-phase and lamellar βtran, as shown in Figure 2.




2.2. Test Methods


The dwell fatigue and conventional fatigue tests were performed in load control mode by an MTS Landmark machine in air and at room temperature. A continuous trapezoid wave was used for the dwell fatigue test, and a continuous triangular wave was used for the conventional fatigue test, as shown in Figure 3. The rise time and the fall time were 2 s for both the dwell fatigue and conventional fatigue tests. The stress ratio R was 0. The cumulative strain during the dwell fatigue and conventional fatigue tests was measured with an extensometer of 10 mm for notched specimens.



Three types of specimens were used. One was a smooth specimen (Figure 4a), one was a notched specimen with a circumferential notch (Figure 4b), and the other was a defective specimen with one drilled hole in the middle of the gauge section of the smooth specimen in Figure 4a by a micro milling machine with different bit diameters (0.3, 0.8 and 1.8 mm) and associated depths (0.15, 0.2 and 0.25 mm). The elastic stress concentration factor for the notched specimen, which is defined as the ratio of the maximum principal stress at the notch root to that of the cylindrical specimen with the same minimum diameter as the notched specimen under identical loading conditions, was 1.3. Before the fatigue tests, the surface of the gauge part of the smooth specimen and the notched part of the notched specimen were ground and polished. For the defective specimen, the defect was drilled after the surface of the gauge part of the smooth specimen was ground and polished.




2.3. Observation Methods


The fracture surface morphologies were observed by SEM for all the failed specimens. A cross-section sample parallel to the loading direction was prepared for the crack initiation region by employing FIB technique and then observed by EBSD on the Oxford Instruments. The fracture surface of the cross-section sample was protected by a thin coating layer of platinum during the cutting process by FIB technique.





3. Experimental Results and Analyses


3.1. Fatigue Performance of Tested Specimens


3.1.1. S-N Data of Notched Specimens


Figure 5 shows the S-N (i.e., stress-number of cycles to failure) data of the notched specimens under dwell fatigue and conventional fatigue tests. The results for the smooth specimen under conventional fatigue testing are also presented in Figure 5b. In Figure 5a, the nominal maximum stress was used, which is defined as the maximum stress of the cylindrical specimen with the same minimum diameter as the notched specimen under identical loading conditions. In Figure 5b, the local maximum stress (i.e., the local maximum principal stress) at the notch root was obtained by using the finite element analysis, and the stress and strain relation of specimen two in Figure 1 was used for the calculation. For the smooth specimen, the local maximum stress was taken as the nominal maximum stress.



It is seen in Figure 5 that, for the present notched specimens and the loading conditions, the dwell of the maximum stress had no influence on the fatigue life. This indicates that the effect of dwell loading on the notched specimen was very different from that on the smooth specimen when the dwell stress was in terms of the local stress. The dwell stress reduced the fatigue life of smooth specimens when the dwell maximum stress was near or greater than the yield strength for titanium alloys [10,11,14]. Furthermore, Figure 5b indicates that the dwell fatigue life of the notched specimen was higher than that of the smooth specimen at the same local maximum stress by the fact that the fatigue life decreased with the increase in the maximum stress at the same stress ratio and the dwell fatigue life was no more than the conventional fatigue life for the maximum stress dwell [10,11,14].




3.1.2. Fatigue Life Data of Defective Specimens


Figure 6 shows the variation of the fatigue life with the defect size of the defective specimens under dwell fatigue and conventional fatigue testing. In Figure 6, the nominal maximum stress for the defective specimen is defined as the nominal maximum stress of the smooth specimen under identical loading conditions, i.e., the defect was not considered for the calculation of the nominal maximum stress. The defect size was taken as the square root of the projection area of the defect perpendicular to the principal stress direction [25], and was measured from the SEM image of the fracture surface for the defect induced failure or the cross-section of the specimen not failed from the defect by the Image-Pro Plus software. It is seen in Figure 6 that the defect had an influence on the fatigue life under conventional fatigue testing. The specimen with the bigger defect showed a lower fatigue life, similar to that for the effect of surface artificial defects on the fatigue life of steels [26,27,28]. While the dwell fatigue life is independent of the defect size. In fact, all the defective specimens did not fail from the defect under dwell fatigue testing in comparison with those that the fatigue crack initiated from the defect for all the defective specimens under conventional fatigue testing. This indicates that the dwell fatigue is not sensitive to the defect compared to conventional fatigue. Figure 6 also indicates that the dwell of the maximum stress reduced the fatigue life of the defective specimen.





3.2. Fatigue Fracture Surface Observation


3.2.1. Smooth Specimens and Defective Specimens under Conventional Fatigue Testing


SEM observation indicated that the smooth specimens all failed from the specimen surface and the fracture surface exhibited multiple crack initiation sites under conventional fatigue testing. The defective specimens all failed from the defect under conventional fatigue testing. Figure 7 shows the morphologies of the fracture surface of several smooth specimens and defective specimens under conventional fatigue testing. Furthermore, it is observed that there is a facet feature in the crack initiation region for the smooth specimen (Figure 7b,c) and in the vicinity of the defect for the defective specimen (Figure 7f,i), similar to that observed in the Ti-6Al-4V alloy [29,30].




3.2.2. Smooth Specimens and Defective Specimens under Dwell Fatigue Test


It has been shown that the fracture surface of dwell fatigue of the Ti-6Al-4V ELI alloy exhibited three types of failure mode [14]: fatigue failure mode, ductile failure mode and mixed failure mode. The smooth and defective specimens all exhibited fatigue crack initiation and growth in some local regions in the fracture surface (Figure 8b,d), but the fracture was due to both the fatigue crack and the plastic deformation, i.e., the smooth and defective specimens presented the mixed failure mode [14]. It is noted that the defective specimens did not all fail from the defect under dwell fatigue testing in this paper.




3.2.3. Notched Specimens under Conventional and Dwell Fatigue Tests


SEM observation indicated that the notched specimens under conventional fatigue test all presented multiple crack initiation sites from the specimen surface (Figure 9a,d), and there was a facet feature in the crack initiation region (locations one and two in Figure 9e). For the notched specimens under dwell fatigue testing, they all presented fatigue failure mode. One specimen failed from the single crack initiation site from the specimen surface (Figure 9g), and the others failed from multiple crack initiation sites from the specimen surface (Figure 9j,m). The facet feature was also observed in the crack initiation region under dwell fatigue testing (locations one and two in Figure 9i).



The loading information, fatigue life and failure mode for all the tested specimens are summarized in Table 2, in which the nominal maximum stress and minimum stress are used.






4. Discussion


4.1. Effect of Dwell Loading on Cumulative Strain for Notched Specimens


For smooth specimens of the Ti-6Al-4V ELI alloy [14], the dwell of the maximum stress increased the cumulative strain compared to the conventional fatigue at the same loading cycle. Here, the effect of dwell loading on the cumulative maximum strain for the notched specimen is presented in Figure 10. The fracture positions were all within the extensometer. It is seen from Figure 10 that the effect of the maximum stress dwell had no influence on the cumulative maximum strain at the initial loading cycles. For both the conventional fatigue and dwell fatigue tests, the cumulative maximum strain varied very little with the loading cycle within a certain number of loading cycles before the failure of the specimen. When the loading cycle tended to the fatigue life, the cumulative maximum strain increased or decreased with the increase in the loading cycle. It was found that this phenomenon was due to the position of the extensometer with respect to the fatigue crack for both the conventional fatigue and dwell fatigue tests. When the extensometer and the crack were on the same side, the cumulative maximum strain increased with an increase in the loading cycle. On the contrary, when the extensometer was on the back side of the crack, the cumulative maximum strain decreased with an increase in the loading cycle.



The finite element analysis was also employed for a further explanation of the results in Figure 10, in which a semi-elliptical shape crack with 0.2 mm thickness was considered [31]. The finite element model and the shape of the semi-elliptical crack are shown in Figure 11a,b, respectively. The tetrahedral elements were taken, and refinement meshes (0.1 mm in size) were used for the region around the crack. The tensile load of 18,539 N was applied at the two ends of the specimen, which corresponded to the nominal stress of 656 MPa at the notch root of the specimen. The stress and strain relation of specimen two in Figure 1 was used for calculation. Figure 11d shows the deformation distribution of the 10 mm part of the specimen containing the crack. It is seen that the deformation of the 10 mm part of the specimen containing the crack (i.e., the strain measured by the extensometer) was nonuniform, which is related to the position relative to the crack. For the crack region, the deformation was relatively big, while for no crack region, the deformation was relatively small. Figure 12 shows the variation of the strain of the 10 mm part containing the crack with the angle θ of the projection of the position of extensometer on the smallest plane relative to the center line of the crack shown in Figure 11b. It is seen that the strain decreased when the angle of the position of extensometer relative to the center line of the crack increased from 0 to 180°. Figure 12 indicates that the cumulative strain measured at different position was different due to the nonuniform deformation caused by the existence of the crack. Figure 12 also indicates that the difference of the cumulative strain measured at a different position was related to the crack size. When the crack was very small, this difference was negligible.



Figure 10 also indicates that the effect of dwell loading on the cumulative strain was negligible for the notched specimen. This was different from the effect of dwell loading on the smooth specimen of the Ti-6Al-4V ELI alloy [14].




4.2. Effect of Dwell Loading on Fatigue Life of Notched Specimens


For the dwell fatigue of smooth specimens, the dwell loading increased the plastic strain accumulation and accelerated the damage in specimens, which resulted in a shorter fatigue life compared with the conventional fatigue [10,14]. While for the notched specimen, the cumulative plastic strain was not increased compared with the conventional fatigue for the present loading condition (Figure 10), indicating that the damage caused by the dwell loading could be negligible. This is consistent with the fracture surface observation of the notched specimens under dwell fatigue testing, in which all presented fatigue failure mode, i.e., the fatigue life was dominated by the crack initiation and growth. Therefore, the dwell of the maximum stress had negligible influence on the fatigue life.




4.3. Effect of Defect on Dwell Fatigue Life


The fatigue crack initiation was sensitive to the local defect, and the bigger defect usually resulted in a lower fatigue life [25,26,27,28]. For conventional fatigue of the present titanium alloy, the fatigue life was dominated by the crack initiation and growth caused by the defect, as shown in Figure 7d–i. So, the defect had an influence on the conventional fatigue life. While for the dwell fatigue, the fatigue life depended on not only the fatigue crack initiation and growth but also the plastic deformation due to the dwell loading [14]. In this case, the defect might not have been the main factor resulting in the failure of the specimen, as shown in Figure 8c,d. Therefore, the dwell fatigue was insensitive to the defect in comparison to the conventional fatigue.




4.4. Mechanism of Facet Formation


It has been shown in Figure 9 that there was a facet feature in the crack initiation region for notched specimens under both conventional fatigue and dwell fatigue testing. In fact, some facets were smooth (location one in Figure 9e,i) from the SEM observation, but the others were not smooth (location two in Figure 9e,i), which shows the feature of some fine linear markings on the facet. Here, the cross section of a facet with fine linear markings was observed by EBSD, as shown in Figure 13. It is seen that the facet was due to the fracture of the α grain and the fine line markings on the facet in SEM image corresponded to the feature of the steps on the fracture surface of the α grain. According to the results in the literature, the facet could have been formed by a slip on the basal plane or prismatic planes of α grains [32,33], and it could also have formed due to the cleavage of α grains by dislocation pileups at grain boundaries or local high stress fields [33,34,35]. The kernel average misorientation (KAM) map is related to the geometrically necessary dislocations or accumulated plasticity [36,37]. The inverse pole figure map and the KAM map in Figure 13c,e indicate that the deformation was locally nonuniform for the α grain exhibiting the facet feature in Figure 13a due to the microstructure inhomogeneity and deformation incompatibility.





5. Conclusions


In this paper, we investigated the effects of notches and defects on the dwell fatigue behavior of the Ti-6Al-4V ELI alloy used in deep-sea submersibles. The main results are summarized as follows.



The notch had substantial influence on the dwell fatigue behavior of the Ti-6Al-4V ELI alloy. The dwell fatigue life of the notched specimen was higher than that of the smooth specimen at the same local maximum stress. The notched specimen presented fatigue failure mode under dwell fatigue testing. The dwell of the maximum stress had no influence on the fatigue life, failure mechanism and cumulative strain for the notched specimen of the Ti-6Al-4V ELI alloy.



The dwell fatigue behavior of the Ti-6Al-4V ELI alloy was insensitive to the defect size (190–438 µm). The defective specimen presented the mixed failure mode under dwell fatigue testing. The dwell of the maximum stress reduced the fatigue life of the defective specimen.



SEM and EBSD observations indicated that the facet in the crack initiation was due to the fracture of the α grain and the feature of the fine line markings on the facet in SEM image was attributed to the steps on the fracture surface of the α grain.
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Figure 1. Stress and strain curve under tensile test. 
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Figure 2. Microstructure of the Ti-6Al-4V ELI alloy. (a) EBSD grain map and (b) EBSD phase map corresponding to (a). 
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Figure 3. Schematics of loading waveforms. (a) Dwell fatigue loading; (b) Conventional fatigue loading. 
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Figure 4. Shapes and dimensions of specimens under dwell fatigue and conventional fatigue tests (in mm). (a) Smooth specimen; (b) specimen with a circumferential notch. 
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Figure 5. Comparison of fatigue performance between dwell fatigue test and conventional fatigue test for notched specimens. (a) Nominal maximums stress and fatigue life; (b) local maximum stress and fatigue life, which is also compared with the conventional fatigue life of the smooth specimen. 
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Figure 6. Comparison of fatigue performance between dwell fatigue test and conventional fatigue test for defective specimens. 
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Figure 7. Morphologies of fracture surface of several failed specimens at σmax = 815 MPa under conventional fatigue testing. (a–c): Smooth specimen with Nf = 10,623 cycles, (b,c) are magnified images of crack initiation regions 1 and 2 in (a), respectively; (d–f): defective specimen with Nf = 4621 cycles, (e,f) are magnified images of crack initiation region in (d) and the rectangular region in (e), respectively; (g–i) defective specimen with Nf = 6961 cycles, (h,i) are magnified images of crack initiation regions in (g,h), respectively. The arrows point to the small regions exhibiting facet feature. 
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Figure 8. Morphologies of fracture surface of failed specimens at σmax = 815 MPa and dt,max = 120 s under dwell fatigue testing. (a,b): Smooth specimen with Nf = 1724 cycles; (c,d): Defective specimen with Nf = 1066 cycles. (b,d) are magnified images of the regions where the arrows point to in (a,c), respectively. 
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Figure 9. Morphologies of fracture surface of notched specimens. (a–c): conventional fatigue testing at nominal maximum stress σmax = 656 MPa and Nf = 43,046 cycles; (b,c) are magnified images of the regions where the up and down arrows point to in (a), respectively. (d–f): Conventional fatigue testing at nominal maximum stress σmax = 700 MPa and Nf = 30,815 cycles; (e,f) are magnified images of the regions where the up and right arrows point to in (d), respectively; The numbers 1 and 2 denote the locations exhibiting facet feature. (g–i): Dwell fatigue testing at nominal maximum stress σmax = 656 MPa, dt,max = 2 s and Nf = 35,989 cycles; (h,i) are magnified images of the regions that the arrow points to in (g,h), respectively; The numbers 1 and 2 denote the locations exhibiting facet feature. (j–l): Dwell fatigue test at nominal maximum stress σmax = 700 MPa, dt,max = 2 s and Nf = 28,701 cycles; (k,l) are magnified images of the regions where the top and right arrows point to in (j), respectively. (m–o): Dwell fatigue testing at nominal maximum stress σmax = 700 MPa, dt,max = 20 s and Nf = 27,441 cycles; (n,o) are magnified images of the regions where the left and up arrows point to in (m), respectively. 
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Figure 10. Variation in cumulative maximum strain with the number of loading cycles for notched specimens under conventional fatigue and dwell fatigue tests. (a): fatigue test at the nominal maximum stress σmax = 656 MPa; (b): fatigue test at the nominal maximum stress σmax = 700 MPa. 
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Figure 11. (a): Model of the specimen with the a crack in the plane of the smallest section of the specimen; (b): Sketch map of the semi-elliptical shape crack in (a); (c): Enlarged view of the 10 mm part containing the crack a = 2.0 mm in (a); (d): Deformation distribution of the 10 mm part in (c) under a tensile load of 18,539 N along the axis direction of the specimen. 
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Figure 12. Variation of strain of the 10 mm part containing the crack with the angle θ of the projection of the position of extensometer on the smallest plane relative to the center line of the crack shown in Figure 11b. 






Figure 12. Variation of strain of the 10 mm part containing the crack with the angle θ of the projection of the position of extensometer on the smallest plane relative to the center line of the crack shown in Figure 11b.



[image: Jmse 09 00845 g012]







[image: Jmse 09 00845 g013 550] 





Figure 13. EBSD observation of extracted cross-section sample of the facet in location 2 in Figure 9i. (a): SEM image for FIB location; (b): SEM image of extracted cross-section sample; (c–e): EBSD results of the sample in (b), (c) is inverse pole figure map, (d) is phase map, in which the yellow and the green colors denote the alpha phase and the beta phase, respectively, (e) is the KAM map. 






Figure 13. EBSD observation of extracted cross-section sample of the facet in location 2 in Figure 9i. (a): SEM image for FIB location; (b): SEM image of extracted cross-section sample; (c–e): EBSD results of the sample in (b), (c) is inverse pole figure map, (d) is phase map, in which the yellow and the green colors denote the alpha phase and the beta phase, respectively, (e) is the KAM map.



[image: Jmse 09 00845 g013]







[image: Table] 





Table 1. Chemical composition (wt.%) of the Ti-6Al-4V ELI alloy.






Table 1. Chemical composition (wt.%) of the Ti-6Al-4V ELI alloy.





	Elements
	Al
	V
	Fe
	C
	H
	O
	Ti





	wt.%
	6.45
	4.08
	0.19
	0.0055
	0.0033
	0.11
	balance
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Table 2. Loading information, fatigue life and failure mode for the tested specimens.
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	Type of Specimen
	Maximum Stress/MPa
	Dwell Time dt,max/s
	Minimum Stress/MPa
	Fatigue Life/cycle
	Defect Size/μm
	Failure Mode





	Smooth
	815
	0
	0
	10,623
	-
	Fatigue



	Smooth
	815
	0
	0
	10,100
	-
	Fatigue



	Smooth
	815
	120
	0
	1956
	-
	Mixed



	Smooth
	815
	120
	0
	1724
	-
	Mixed



	Smooth
	815
	120
	0
	1024
	-
	Mixed



	Defective
	815
	0
	0
	7342
	438
	Fatigue



	Defective
	815
	0
	0
	4621
	438
	Fatigue



	Defective
	815
	0
	0
	8310
	190
	Fatigue



	Defective
	815
	0
	0
	6961
	190
	Fatigue



	Defective
	815
	120
	0
	1066
	438
	Mixed



	Defective
	815
	120
	0
	900
	325
	Mixed



	Defective
	815
	120
	0
	1049
	190
	Mixed



	Notched
	656
	0
	0
	43,046
	-
	Fatigue



	Notched
	656
	0
	0
	30,800
	-
	Fatigue



	Notched
	700
	0
	0
	30,815
	-
	Fatigue



	Notched
	700
	0
	0
	23,747
	-
	Fatigue



	Notched
	700
	2
	0
	28,701
	-
	Fatigue



	Notched
	656
	2
	0
	35,989
	-
	Fatigue



	Notched
	700
	20
	0
	29,059
	-
	Fatigue



	Notched
	700
	20
	0
	27,441
	-
	Fatigue
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