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Abstract

:

The austenitic high-nitrogen (AHNS) and high-interstitial steels (AHIS) with more than 0.6 weight-% N allow for a yield strength above 1.1 GPa and a tensile strength above 1.5 GPa by maintaining an elongation to fracture markedly above 30%. These steels gain their prominent mechanical properties from the fact that at the chosen sum of C+N and C/N-ratios, the concentration of free electrons is higher compared to that of other steels. Thus, the capacity to dissipate plastic work under monotonic tensile loading is unique. Now, the fatigue limit of austenitic steels in general is mainly governed by the sum of interstitials and should be further improved by cold working. Unfortunately, this is not the case for the AHNS and AHIS and is in contrast to the classical CrNiC- or CrMnC-steels. Thus, tensile and fatigue tests of cold-worked samples were conducted and analyzed by scanning- and transmission-electron microscopy. This paper tries to elucidate the metallurgical reasons, as well as the material engineering aspects, of such peculiar behavior of AHNS and AHIS.
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1. Introduction


The development of austenitic high-Nitrogen steels (AHNS) has allowed for the further improvement of a combination of strength and ductility [1]. Beside the corrosion resistance, the high content of N in solid solution has also improved the endurance limit [2,3,4,5]. One limitation has resulted from the fact that the AHNS required a special production route to keep N in solution, which made them inappropriate for casting and many welding technologies. In order to overcome these limitations, N was partly substituted by C and the so-called austenitic high-interstitial steels (AHIS) were developed [6,7,8,9]. But, despite the fact that cold-working of these CrMn-steels increased the yield and tensile strengths drastically by maintaining a marked elongation to fracture, the endurance limit did not follow this trend, as was expected from austenitic CrNi-ones with and without N [10,11,12]. The reasons for this were attributed to the difference in sliding characteristics of such steels, which, besides N, are mainly governed by the amount of Ni [13,14]. CrNiCN steels show wavy slip under fatigue, while the higher the N-content up to 0.4 weight-%, the more planar slip takes place. Still, the wavy slip fraction rules the cyclic properties, e.g., under reciprocating sliding wear [15]. In contrast, the Ni-free CrMnCN steels always and solely showed planar slip [6,7,8,16]. The AHIS even revealed a better endurance in rotating bending tests in the solutions annealed state, as well as after 20% cold-working [17].



The question that appeared related to which metallurgical features rule the slip behavior under fatigue. The stacking fault energy (SFE) alone does not explain this, because it is in the range of austenitic CrNi-steels [9,18,19,20,21,22,23]. Another strong factor for wavy or planar slip is the density of free electrons DF, as has been shown for, e.g., Cu-alloys [24]. But, these are substitutional solid solutions for which the combination of SFE and DF governs the slip characteristics. For interstitial solid solutions like in AHNS, a strong Mo-N interaction has been discussed [25]. However, this would not apply for the Mo-free AHIS. Another and maybe even more distinct problem that needs to be addressed to understand this peculiar behavior arises from the fact that all investigated austenitic CrNiC-, CrNiCN-, and CrMnCN-steels show very little dislocation activities at the endurance limit and if at all, they can be attributed to planar slip [13]. This is why most fatigue papers about slip characteristics use finite life tests with distinct plastic strain amplitudes that allow for crack initiation. Finally, any work-hardening method might have an influence as well. While [26] used rod-drawn blanks with a typical deformation gradient over the cross section, the blanks in [17] were elongated in order to gain a homogenous deformation grade within the entire volume.



Thus, and on the basis that all austenitic steels show planar slip at the endurance limit, we concluded in [13] that it is not the planar or wavy slip characteristics that govern the fatigue limit, but that it is just the general tendency of such steels to either planar or wavy slip. The question arose whether this tendency to a lesser homogenous distribution of strains within the microstructure is also the reason why, after cold work, the fatigue limit does not follow about ½ of Rp0.2 for AHNS and AHIS, while it does for austenitic CrNiC-steels.



Thus, solution annealed samples (one AHNS and three AHIS) were uniaxially strain hardened at 35% and 40%, respectively, which is well below uniform strain but above the 20% of [17]. Afterwards, the cold-worked specimens were tested by means of a strain-controlled axial fatigue tests in the finite and infinite life regime. In this contribution, the endurance limit is described and compared to that of CrNi-steels.




2. Materials and Methods


2.1. Investigated Steels


Table 1 lists the chemical compositions of the steels investigated. 1.4452 is a commercially available austenitic high-Nitrogen steel (AHNS), while the CN-grades represent so-called austenitic high-interstitial steels (AHIS) for their lower N/C-ratios [1,9].



All steels were first solution-annealed at 1150 °C for 45 to 60 min and quenched. Cone-head samples were manufactured from Ø 20 × 100 mm blanks and afterwards ground and polished within the reduced length of 28 mm (Figure 1). Grinding was carried out in the axial direction by means of SiC-emery paper (Struers, Willich, Germany) down to a 1200 mesh size, followed by polishing with either polycrystalline diamond (ATM GmbH, Memmelzen, Germany) of a 1 μm grain size or electrochemically in perchloric acid (700 mL ethanol, 110 mL aqua dest., 100 mL Butyldiglycol, 78 mL perchloric acid) at −35 °C. Finally, the specimens were inspected by means of a light microscope at five-fold magnification in order to check for surface flaws.



Afterwards, eleven samples of each steel were uniaxially strained by means of a tensile test rig up to 35% and 40%, respectively. This was followed by tensile tests of three of these samples in order to gain the respective properties for the cold-worked state.




2.2. Fatigue Tests


Total strain-controlled fatigue tests in the range of 0.1% ≤ εa,t ≤ 3% (total strain amplitude) were conducted with a constant strain rate of 4 × 10−3 s−1 and at a strain ratio Rε = εa,t.min/εa,t.max = −1 by means of a servohydraulic test rig (Bionix 858, MTS, Berlin, Germany and Extensometer 632.13F-20, MTS, Berlin, Germany). In order to avoid any thermal heating of the specimens, the test frequencies of sine-wave loading were chosen to be 0.5 Hz for εa.t > 0.8% and at 2.5 Hz for εa.t < 0.8%. All tests were run either up to 2 × 106 cycles (N) or until fracture (Nf). The measured stress-strain hystereses were further analyzed in terms of their elastic (εa,e) and plastic (εa,p) fractions according to the Ramberg-Osgood method described in [27]. The cyclic strain hardening exponent n’ and the cyclic strength coefficient K’ were derived at N/2 or Nf/2, respectively. In parallel, Manson-Coffin-Basquin analyses were carried out in order to estimate the endurance limits on the basis of data from the finite and the infinite life regimes. Thus, the fatigue limits σD have been determined at N = 2 × 106 according to the method for life time estimation, which considers the compatibility of Ramberg-Osgood and Manson-Coffin-Basquin parameters [28]. Further details can also be found in [29].




2.3. Metallography and Microscopy


Longitudinal cross sections before and after mechanical testing were prepared. After wet cutting (Accutom-50, Struers, Willich, Germany), the samples were embedded, ground, and polished. Grinding was carried out using abrasive SiC-paper down to a 1200 mesh size (Struers, Willich, Germany). Polishing was done down to a 1 μm grain size polycrystalline diamond suspension (ATM GmbH, Memmelzen, Germany) for light optical microscopy (LOM) (Microscope: BX-10, Olympus, Düsseldorf, Germany; Camera: DFC 420, Leica, Heerbrugg, Switzerland; Documentation Software: ImageAccess Standard 7, Imagic Bildverarbeitung AG, Glattbrugg, Switzerland), followed by etching for HV10 hardness measurements. Alternatively, a 0.05 μm colloidal silica suspension (Masterprep Polishing Suspension, Buehler, Düsseldorf, Germany), vibratory polishing (Vibromet, Buehler, Düsseldorf, Germany), and finally electro-polishing (LectroPol-5, Struers, Willich, Germany) were necessary for electron backscatter diffraction analyses (EBSD). LOM and scanning electron microscopy (SEM) were used for microstructural characterization before and after mechanical testing. SEM was performed using a LEO 1530 GEMINI (Carl Zeiss Microscopy GmbH, Munic, Germany) field emission gun supplemented with a combined microanalysis system (AMETEK—EDAX, Ametek GmbH, Wiesbaden, Germany) consisting of the Apollo X Silicon drift detector with TEAM 3.11 software (Ametek GmbH, Wiesbaden, Germany) for energy dispersive spectroscopy (EDS) and a Digiview IV CCD camera (Ametek GmbH, Wiesbaden, Germany) with OIM 6.2 data collection (Ametek GmbH, Wiesbaden, Germany) and analysis software for EBSD.



After fatigue tests, samples were also prepared for transmission-electron microscopical (TEM) analyses. Discs of a 0.5 mm thickness were wet-cut (Accutom-50, Struers, Willich, Germany) fixed to a holder and ground (Phoenix3000, Buehler, Ratingen, Germany) down to 70 μm by means of SiC emery paper from a 320 to 1200 mesh size. This was followed by polishing (Rotopol 31, Struers, Willich, Germany) both sides with 6 to 1 μm diamond suspension and finalized by polishing (OP-Chem+MasterMet2, Struers, Willich, Germany). Then, 3 mm discs were punched out mechanically and electrochemically thinned to 80 nm (Tenupol3+A2, Struers, Willich, Germany) [29]. TEM investigations were carried out by means of an EM400 (Phillips, Eindhoven The Netherlands) and a JEOL2200FS (Jeol Ltd., Tokyo, Japan).





3. Results


3.1. Tensile Properties


The mean tensile properties and their standard deviations of the solution annealed and the work-hardened samples are listed in Table 2. As has been shown earlier by many authors [1,9,10,30,31], such interstitially alloyed austenites reveal a marked strain hardening behavior by still preserving ductility. While the AHNS reaches a yield strength of nearly 1.9 GPa after 40% cold-work, the AHIS Rp0.2-values range from 1.3 to 1.5 GPa, which can be gradually ranked by the sum of C+N.



The Rp0.2, Rm, and A are close for all steels after solution annealing. In order to compare similar cold-worked states, the 1.4452 was also strained to 35 % and afterwards revealed a Rp0.2 of 1370 MPa, Rm of 1393 MPa, and A of 41%. Thus, while Rp0.2 and Rm slightly increase with C+N, A decreases in relation to the sum of interstitials after 35% cold work.




3.2. Fatigue Properties


The fatigue properties in Table 3 reveal a somewhat inconsistent picture. For the solution annealed states, the fatigue limit shows some relation to the sum of interstitials. Still, it appeared that above a 1 weight-% of C+N, it might even decrease slightly [14]. It is more interesting to notice that despite the distinct gain of Rp0.2 by work hardening (Table 2, Figure 2), the fatigue limit hardly follows that trend (Table 3, Figure 2). The most distinct increase can be noticed for CN0.85 from 320 to 390 MPa after 30% cold work, while the AHNS 1.4452 reaches 382 MPa. For the CN0.96, there is a decrease of σD from 390 to 360 MPa after 30% cold work, while σD of CN1.07 stays about the same.




3.3. Microstructure


Microstructure of Cold-Worked Steels before and after Fatigue Testing


The microstructures of the steels depict grain boundaries and some non-metallic inclusions, while the twins have been mostly generated by cold working. If one compares these cold-worked microstructures before and after fatigue testing at the endurance level, there is hardly any difference to be noticed (Figure 3) by light-microscopy.



In order to gain better information, EBSD analyses were carried out (Figure 4). Obviously, after cold-working, any strain-induced phase transformations of the austenite into ε-martensite can be ruled out [29]. Thus, TRIP (transformation induced plasticity) effects did not influence the fatigue behavior.



Still, there is very little difference between the deformation appearances before and after fatigue testing at the endurance limit. But, by the fading, as well as changing colors, inside grains, it is discernable that after cold work, a marked dislocation activity has already taken place. Point-to-origin and point to-point analyses revealed mostly 60° for deformation twins only inside the 111-grains. The misorientation inside the other grains did not exceed 6°, being characteristic for dislocation accumulation, as well as for pile-ups or bundles. Subgrains could not be identified [29].






4. Discussion


According to empirical relations and thick-thumb rules for wrought austenitic steels, σD should be at minimum 0.5 times of Rp0.2 (Figure 5) [10,12,13,14,17,30,31,32]. Thus, it is interesting to notice that all solution annealed steels (Rp0.2 < 700 MPa) nearly fulfill this empirical criterion, while for the cold-worked steels, only 1.4441 and CN0.96 do so up to a yield strength of 1100 MPa (Figure 5).



Beside the different testing methods used (rotating bending, axial fatigue test), it appears that increasing the yield strength by cold-work leads to a gradual decrease of the fatigue limit. For the CrNiC-, as well as CrMnNiC-steels, it has been shown that during-cold work, beside dislocations. additional twins evolve, of which the density increases with the degree of deformation. Inside such arrays of twins, defect-poor volumes exist, which become smaller by increasing predeformation. As a result, smaller dislocation cells of a higher density are generated under finite-life fatigue and, therefore, render an increase of the stress amplitude [12,33]. Thus, for CrNiC-steels, planar sliding prevails under cold-work, while under fatigue conditions, wavy slip is characteristic. For the CN0.96, this is different, because it solely shows planar slip under cold-work and under any fatigue loading [34]. But, σD increases for such CrMnCN-steel after 20% cold-work, as well resulting in a Rp0.2 of 1092 MPa. However, after 35% of cold-work and an even higher Rp0.2, σD decreases.



4.1. Materials Science Aspects


Most fatigue papers concentrate on finite life tests as they show dislocation activities galore. But here, the infinite life is aimed for and, therefore, no distinct differences as to the microstructures before and after fatigue tests can be shown [13,35]. One additional aspect to be regarded comes from the fact that at the fatigue limit, CrNiC and CrNiCN steels also slide only planarly, even though they are known for wavy slip in the finite life regime above a certain εa,t [12]. The microstructure of wavy sliding metals like Cu and some of its alloys, as well as CrNiC or N-free CrMnC steels, are characterized by veins, persistent sliding-bands (PSB), and dislocation cells [33,36]. It also became clear that the addition of N somehow hinders—but might not fully avoid—the development of such wavy characteristics [2]. For the infinite life regime, any different behavior so far could only be hypothesized on the basis of the tendency of alloys to change the sliding characteristics, if loaded at higher stress or strain amplitudes. Thus, the most important feature is the distinct localization of deformation characteristics, if N is added and Ni is substituted by Mn [32,37]. Shao presented a model that showed some sort of double slip capabilities of a solution annealed CrMnN-steel with 0.63 weight-% N under finite life conditions. Following [38], he pointed out the importance of short-range order (SRO) effects that in such steels are likely brought about by strong Cr-N interactions. On the basis of TEM analyses, he concluded that for such steels, planar slip leads to strain localization. This renders a bi-linear Basquin behavior that differs between the finite- and the infinite-life regime. But, this would also be true for CrNiC- and CrNiCN-steels, which as confirmed by our own results, show the same differences depending on εa,t [14,39]. Still and in contrast to N-free CrNiC-steels, he points out a special microstructural feature that appears to be unique for metals showing only planar slip at all εa,t: Persistant Lueders-bands (PLB). These are known as a form of cyclic strain localization typical of low stacking fault energy (SFE) face-centered-cubic metals [40,41].



In order to verify this, we analyzed the microstructures by TEM after the fatigue tests in the finite life regime at εa,t = 1.5%, as it should generate distinct dislocation activities. As a result, Figure 6 shows PLBs within the microstructure of CN0.85 similar to those of [32].



Thus, beside twins, dislocation bundles, and sliding bands, the PLBs appear to govern the fatigue behavior. It must be mentioned that quite a few of the TEM samples also showed microcracks at such PLBs and at dense sliding bands. But, these could also stem from foil preparation and cannot be taken into consideration for an early crack initiation. Still, the modulus of the fatigue samples dropped from 200 to 160 GPa at εa,t above the endurance limit [29]. Such early crack initiation is quite likely due to extreme localization of sliding and PLBs would certainly support this. The distinctly slower stable crack propagation rate of such solely planar sliding steels, as reported in [42], still allows for sufficient fatigue properties in relation to life time, but obviously not for higher fatigue limits by cold working above an Rp0.2 of 1100 MPa.




4.2. Materials Engineering Aspects


Beside the open question about the SRO-effects that in combination with SFE obviously rule this peculiar behavior, any application of such steels would require a certain degree of robustness against cyclic overloading. In general, this can be described by sufficient ductility in combination with strain-hardening capability. Certainly, AHNS- and AHIS-steels would provide this under monotonic loading, as already depicted by the integral under stress-strain curves [32,43]. For cyclic loading, [32] proposed a criterion for the capacity to dissipate cyclic plastic work by twinning- (TWIP) or strain-induced phase transformation (TRIP). Such “robust” behavior could, therefore, be described by a minimum of the cyclic strain hardening exponent n’. In [39], we showed that after solution annealing, σD is mainly governed by the sum of C+N, while n’ can additionally be controlled by an optimized N/Ni-ratio. Due to the fact that Ni counteracts the positive effect of N, this ratio was found to work well between 1 and 10. Thus, this relates to very small amounts of Ni that must be adjusted in relation to 0.6 to 0.9 weight-% of N. It should be mentioned here that for TRIP-steel types, this criterion neither showed any relation to C+N nor to N/Ni. Now that at this point of data σD cannot be improved, it appears interesting to explore whether cold working has a positive or a detrimental effect on such robustness. Figure 7 displays n’ for the solution annealed and the cold-worked states in comparison.



Obviously, n’ increases for the cold-worked CN-type (AHIS) of steels with C+N (Figure 7, red line), as it does for the solution annealed states (blue line). The AHNS-type of steel does not fit into this tendency (Figure 7, pointed arrows). Thus, the effect of N as the main interstitially dissolved element has a different influence on the fatigue behavior compared to the combined effect of C+N. It must be mentioned here that this is presumably based on the differing SRO-effects of C, N, or C+N, which are still under investigation and, therefore, not fully understood. But, all cold worked states show smaller n’-values compared to the solution annealed ones. Thus, if we follow the “robustness” criterion of [32], it becomes clear that cold-working has a positive effect on the cyclic robustness.



From our data and those of [30,34] we have to understand that for CrMnCN-steels, there is evidently a certain optimal defect density generated by cold-work that would allow σD to follow 0.5 × Rp0.2. Thus, the 35% that we used might have been too high in comparison to Riedner’s 20%. It also appeared interesting that we were not able to find any published paper on the infinite-life fatigue limit of bulk cold-worked Ni-free or -alloyed austenitic steels with Rp0.2 > 1100 MPa. Thus, it remains unclear whether the 1100 MPa limit is accidental or based on a certain defect type and/or density. Further research is therefore necessary in order to be able to explain this behavior and find the optimum degree of cold-work, sum, and ratio of C and N in CrMnCN-steels, as well as the best N/Ni-ratio, in order to gain higher infinite-life fatigue limits.
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Figure 1. Specimens for tensile tests and uniaxial fatigue tests; all numbers in mm. 
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Figure 2. Fatigue limits and yield strengths of steels after solution annealing (Rp0.2 < 650 MPa) and after cold-working (Rp0.2 > 1300 MPa). 






Figure 2. Fatigue limits and yield strengths of steels after solution annealing (Rp0.2 < 650 MPa) and after cold-working (Rp0.2 > 1300 MPa).



[image: Metals 08 00442 g002]







[image: Metals 08 00442 g003 550] 





Figure 3. Microstructures of steels after cold-work and after fatigue tests, with information about the total strain amplitude applied at endurance level for N ≥ 2 × 106. (a,b) CN 1.07; (c,d) CN 0.96; (e,f) CN 0.85; (g,h) 1.4452. 
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Figure 4. EBSD inverse pole figure and image quality contrast of steels after cold-work and after fatigue tests, with information about the total strain amplitude applied at the endurance level for N ≥ 2 × 106. (a,b) CN1.07; (c,d) CN0.96; (e,f) CN 0.85; (g,h) 1.4452. 
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Figure 5. The fatigue limit in relation to the yield strength of solution-annealed and cold-worked austenitic steels. Own data and those of [10,12,13,14,17,30,31,32]. 
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Figure 6. TEM micrographs of CN0.85 after cold-work and fatigue test at εa,t = 1.5%. (a) high density of sliding bands; (b) persistent Lueders bands; (c) details of (b). 
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Figure 7. Cyclic strain hardening exponent n’ in relation to the sum of C+N. 
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Table 1. Chemical composition in weight-% of investigated steels.
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Steel

	
1.4452

	
CN0.85

	
CN0.96

	
CN1.07




	
Designation

	
CrMnMoCN0.95

	
CrMnCN0.85

	
CrMnCN0.96

	
CrMnCN1.07






	
C

	
0.08

	
0.26

	
0.34

	
0.49




	
Cr

	
18.00

	
18.26

	
18.20

	
18.82




	
Fe

	
bal.

	
bal.

	
bal.

	
bal.




	
Mn

	
14.00

	
18.52

	
18.89

	
18.88




	
Mo

	
3.50

	
0.04

	
0.06

	
0.07




	
N

	
0.88

	
0.59

	
0.61

	
0.58




	
Ni

	
0.12

	
0.26

	
0.34

	
0.41




	
Si

	
1.12

	
0.26

	
0.3

	
0.43




	
C+N

	
0.95

	
0.85

	
0.96

	
1.07




	
N/C

	
11.67

	
2.27

	
1.78

	
1.18
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Table 2. Tensile properties of the investigated steels after solution annealing and after uniaxial cold-working.
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Steel

	
1.4452

	
CN0.85

	
CN0.96

	
CN1.07




	
Designation

	
CrMnMoCN0.95

	
CrMnCN0.85

	
CrMnCN0.96

	
CrMnCN1.07






	

	
Solution annealed [13]




	
Yield strength Rp0.2 in MPa

	
631 ± 13

	
587 ± 17

	
595 ± 9

	
585 ± 10




	
Tensile strength Rm in MPa

	
1022 ± 23

	
1000 ± 14

	
1027 ± 16

	
1044 ± 8




	
Elongation to fracture A in %

	
66 ± 3

	
64 ± 8

	
66 ± 2

	
67 ± 7




	
Hardness HV10

	
260 ± 5

	
270 ± 4

	
271 ± 9

	
278 ± 13




	

	
40% Cold worked

	
35% Cold worked




	
Yield strength Rp0.2 in MPa

	
1890 ± 15

	
1343 ± 12

	
1425 ± 7

	
1500 ± 13




	
Tensile strength Rm in MPa

	
1901 ± 9

	
1374 ± 11

	
1432 ± 9

	
1520 ± 5




	
Elongation to fracture A in %

	
18 ± 7

	
45 ± 9

	
43 ± 4

	
34 ± 2




	
Hardness HV10

	
510 ± 9

	
464 ± 8

	
472 ± 7

	
475 ± 12
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Table 3. Fatigue properties at N = 2 × 106 of the investigated steels after solution annealing and after uniaxial cold-working.
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Steel

	
1.4452

	
CN0.85

	
CN0.96

	
CN1.07




	
Designation

	
CrMnMoCN0.95

	
CrMnCN0.85

	
CrMnCN0.96

	
CrMnCN1.07






	

	
Solution annealed




	
Total strain amplitude εa,t in % at fatigue limit

	
0.16

	
0.17

	
0.2

	
0.16




	
Fatigue limit σD in MPa

	
320

	
320

	
390

	
313




	
R2 of σD

	
0.98

	
0.96

	
0.99

	
0.99




	
Youngs-Modulus E in GPa

	
200

	
188

	
195

	
196




	
Cyclic strain hardening exponent n’ in MPa

	
0.126

	
0.156

	
0.186

	
0.206




	
Cyclic strength coefficient K’ in MPa

	
1.041

	
1.093

	
1.258

	
1.375




	

	
40% Cold worked

	
35% Cold worked




	
Total strain amplitude εa,t in % at fatigue limit

	
0.19

	
0.2

	
0.18

	
0.16




	
Fatigue limit σD in MPa

	
382

	
390

	
360

	
306




	
R2 of σD

	
0.88

	
0.93

	
0.92

	
0.85




	
Youngs-Modulus E in GPa

	
201

	
195

	
200

	
191




	
Cyclic strain hardening exponent n’ in MPa

	
0.086

	
0.063

	
0.136

	
0.169




	
Cyclic strength coefficient K’ in MPa

	
1.382

	
1.111

	
1.769

	
2.539
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