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Abstract

:

Effects of the stress ratio on the very high cycle fatigue behaviors of 9%Cr turbine steel have been investigated at 630 °C. The experimental results show that the S–N curve has a continuous downward trend and has no fatigue limit with the increasing in the cycles at 630 °C. Meanwhile, according to the analysis of microstructure, there are two failure modes that were observed at different stress ratios (R = −1 and 0.1), including surface crack failure and internal crack failure, respectively. Besides, the theoretical threshold value of the crack growth is compared with the calculated value of the fracture surface. To decrease the difference between the threshold value of internal crack initiation and the corresponding theoretical value, a new model for the crack growth threshold of the interior-induced fracture at different stress ratios is proposed and discussed.
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1. Introduction


The 9%Cr turbine steel is widely used due to the excellent ductility and superior thermal cycling properties under high temperature [1] in thermal power stations. Fatigue behaviors at high temperature are the major concerns for service. It is related to the creep-fatigue, low-cycle fatigue (LCF), and high-cycle fatigue (HCF) at the high temperature [2,3,4,5,6,7,8,9].



For the turbine rotor, it is found that the fatigue performance at the high temperature service section is degraded most seriously [10]. The real accident also shows that steam turbine rotors are more likely to fail at the high temperature and low-stress conditions [11], which the fatigue life falls into the very high cycle fatigue (VHCF) regime (109 cycles). Therefore, it is crucial to study the VHCF behaviors of turbine steel under high temperature. Hui et al. [12] focused on the influence of hydrogen content on the behavior of Cr-based steel. Zhu et al. [13,14] mainly focused on the effect of welding efficiency, the welding process, and experimental frequency on 25Cr2Ni2MoV steel. Hong et al. [15] evaluated the fatigue life of the high carbon chromium steel containing 1.04%Cr through the fine granular area (FGA) region obtained from the VHCF test with R = −1. Zhang et al. [16] studied the failure mechanism of the welded joint of 9%Cr through the VHCF test with R = 0. Additionally, Hilgendorff [17] illustrated the cyclic deformation behavior of austenitic Cr–Ni-steels at low-stress amplitude in the VHCF strength state. However, the effect of stress ratios on the 9%Cr turbine steel is limited. Therefore, the purpose of this work is to study the influence of stress ratios on the fatigue failure behavior of 9%Cr turbine steel in the VHCF regime at 630 °C. According to the references [18,19,20], the S–N curve under different stress ratios at room temperature is shown in Figure 1. Its fatigue limit of Cr-based steel at different stress ratios is presented in Figure 1.



In this work, the high temperature ultrasonic fatigue test system is used to perform the VHCF tests at R = −1 and 0.1, respectively. Then, the scanning electron microscopy (SEM) is used to observe the microstructure of failed specimens, then to analyze the fracture modes under different stress ratios at high temperature. In the end, the fatigue failure mechanism of the whole process from the initial fracture to final fracture is discussed and deduced.




2. Material and Experimental Process


The 9%Cr turbine steel was used in this study. The chemical compositions of 9%Cr turbine steel are shown in Table 1. A Vickers hardness tester (HVS-50) was used to perform the hardness test of 15 s under a maintaining load of 1 N, and the average value was 263 HV at room temperature (RT). The metallographic microstructure is presented in Figure 2, including martensitic laths and prior austenite grain boundaries (PAGB) indicated by the white arrows.



The axial tensile tests with a constant strain rate of 5 × 10−4 s−1 at RT and 630 °C are performed on a 100 kN SHIMADZU tensile test machine. A high temperature furnace with thermocouples was used to heat the tensile sample, while a high temperature extensometer with a gauge length of 25 mm was used to control and measure strain, where the temperature fluctuation was less than ±2 °C. The axial tensile specimens are presented in Figure 3, and its gauge length was 34 mm.



The VHCF specimens with the hourglass shape [21] are shown in Figure 4, in which the diameter of both specimens was 3 mm. In this study, the fatigue tests were cycled until 109 cycles with the constant frequency of 20 kHz at R = −1 and 0.1, respectively. The self-developed electromagnetic heating equipment was used to reach the target temperatures with a fluctuation range of ±5 °C. To reduce the self-heating of the VHCF specimens, the intermittent vibration loading was used, where the vibration time and rest time were 100 ms and 300 ms, respectively.



To investigate the fatigue crack growth (FCG) of 9%Cr turbine steel at 630 °C, the compact tension (CT) specimens were designed following ASTM E647 (see Figure 5) [22]. The high temperature furnace was used to control temperature fluctuation within ± 2 °C at R = 0.1 and loading frequency was 10 Hz. Before FCG tests, specimens were preheated up to 630 °C for 10 min.




3. Results and Discussion


3.1. The Tensile Behavior


The basic tensile performances of 9%Cr at different temperatures are shown in Figure 6a. Comparison of the RT, the tensile softening behavior of 9%Cr at 630 °C are presented. Additionally, there was no obvious strengthening stage at 630 °C where the stress quickly reached the ultimate tensile strength exceeded the yield stress. Moreover, the empirical formula was served to appraise the behavior of the strain hardening and get the crucial parameters by Equation (1).


  σ    = K   1   ε p   n 1     



(1)




where σ is the true stress,    ε p   n 1      is the true plastic strain, and K1 and n1 are the material strength parameters and strain hardening exponent, respectively. Equation (1) was used to fit the double logarithmic plot of the true stress–true plastic strain, as shown in the Figure 6b. The true plastic behavior has a clear difference between RT and 630 °C. The true plastic curve of RT was higher than that of the high temperature, this presents the softening behavior at 630 °C was more serious than that at RT. Additionally, the hardening curve of RT can be split into two stages, i.e., ascending stage 2 and descent and failure stage 3. The hardening curve of 630 °C can be divided into three regions, i.e., ascending stage 1, steadily drop stage 2, and failure stages 3. It indicates that high temperature has a great influence the softening behavior and plastic flow of 9%Cr during the uniaxial tensile test. Then, the slope of phases is fitted by the Equation (1) to get the strain hardening exponent. More detail parameters are presented in Table 2.




3.2. S–N Curves


The S–N curves at R = −1 and 0.1 are shown in Figure 7, where the surface failure is indicated by the open marks, and the internal failure is marked by the semi-solid marks. The two S–N curves both show a continuous downward trend and the curves have not the characteristic of duplex or stepwise. Additionally, the fatigue test results of each stress amplitude were relatively concentrated. There was no traditional fatigue limit at both stress ratios. The trend of stress amplitude decreasing at R = 0.1 was significantly slower than R = −1.



There is not an apparent transition region of crack initiation from the surface-induced fracture to the interior-induced fracture from 107 to 109 cycles. Three kinds of fatigue crack initiation modes are observed, i.e., surface initiation, internal inclusions, and internal micropores. Most of the fatigue failure specimens at R = −1 were the surface failure, as shown in Figure 7. However, there was an internal crack initiation in every stress amplitude. Meanwhile, it is worth noting that the trend of S–N curves formed by the fatigue results of internal crack initiation and the fatigue results of surface crack initiation was similar. It indicates the modes of crack initiation had no decisive influence on the fatigue life of the specimens.



There is an agreement with the other studies [24,25], resulting from the mechanical degradation at high temperature, and the oxidation can reduce the strength of the specimen surface. Thus, the VHCF specimens are more likely to cause failure on the specimen surface at 630 °C.




3.3. Microstructure Characterization


Generally, the fatigue crack growth process includes crack initiation, crack propagation, and the final fracture. In order to understand the fatigue failure process of 9%Cr turbine steel at R = −1 and 0.1, three regions of fracture morphology can be marked by the two dashed lines, as shown in Figure 8 [26]. Region (A) is the crack initiation stage. Region (B) and (C) is the slow crack growth stage and the rapid crack growth, respectively.



The microstructure of the failure specimens with surface crack initiation under different stress ratios at 630 °C is presented in Figure 9. A high magnification image of region (A) is displayed at right side of each image. Whereas, some secondary cracks can be observed in Figure 8, as shown by the yellow arrows. Three regions were divided by two dashed lines on the whole fracture surface. The first region (A) was the region of fatigue crack initiation, which was a rough porous region without any facets like the previous studies [27,28]. There were some thick radial ridges in the second region (B), i.e., the crack propagation regime from the first region (A) and the micromorphology was relatively flat [26]. For region (C), i.e., crack rapid propagation region, there were too many slight radial ridges along the direction of primary crack propagation.



The fracture morphologies of internal failures at R = −1 and 0.1 are presented in Figure 10. The high-magnification images of region (A) are shown in the right side of each image. For R = −1, a clear fish-eye structure can be observed [29] from Figure 10a. The fish-eye structure was inside the fracture surface of the failure specimens and did not contact the edge of the failure specimens. The fracture morphology of R = −1 can also be divided into three regions, like a surface-induced fracture. Inside the fish-eye structure, there was an inclusion including the loose and porous indicated by the yellow arrow in Figure 10a. There are many thick radial ridges around inclusions, which are found on the fracture surface. The prominent fine granular area (FGA) [30] region was observed around the inclusions, and fatigue fracture was caused by the transgranular crack propagation.



However, Figure 10b shows that the fracture microstructure of internal crack initiation at R = 0.1, there were litter inclusions near the crack initiation source, and the crack initiation was caused by the micropores. Meanwhile, the characteristics of fish-eye were not observed on the test specimens of R = 0.1, and the obvious fracture microstructure caused by the tensile stress can be observed. In this study, the above three regions were divided according to the direction of crack growth by two dashed lines for R = 0.1.



In this study, there were many relatively large micropores in the positions indicated by the yellow arrows in Figure 10b, which were not found in other SEM images of R = −1. As mentioned above, the mechanical properties of this material were seriously degraded at 630 °C, as shown in Figure 6. Thus, considering the influence of the mechanical properties at 630 °C and the mean stress, the fracture section of the failure specimens must be affected by the micropores caused by the mean stress. Additionally, in the process of the experiment, the local deformation of the defect is incongruous, which leads to the local stress concentration [27]. Thus, the internal micropores easily cause crack initiation under mean stress and high temperature. It also indicates that the mean stress can speed up the formation of internal micropores marked by the yellow arrows due to the degradation of 9%Cr turbine steel under the high temperature environment. Thus, the mean stress amplitude and high temperature are the critical factors to lead to failure in the VHCF regime.



In this study, Figure 9 presents the typical fracture morphology of the surface-induced specimens at 630 °C. The typical fatigue characteristic of R = −1 can be observed at 630 °C, it is the crack initiation caused by inclusions and cracks that propagate through the crystal. However, Figure 10b shows that region (B) of the crack growth did not have the typical fatigue characteristics in region (B) for R = 0.1. Meanwhile, there were relatively large micropores in the positions indicated by the red arrows in Figure 10b, and the micropores were not found in the SEM images of R = −1 under high temperature. Thus, under the high temperature environment, the mean stress could cause the formation of the many micropores in the material and accelerate the fatigue failure process of the material.



To sum up, because the high temperature had a great influence on the mechanical properties and the oxide layer, the specimen often failed on the surface for R = −1. For R = 0.1, because the influence of mean stress and the degradation of mechanical properties at high temperature, the inside of the samples had some micropores. This possibility of internal failure of the test piece was increased because of the influence of micropores. Meanwhile, the local deformation of the micropore was incongruous, which leads to the local stress concentration [27]. So, the probability of internal failure of the specimen of R = 0.1 was higher than that of R = −1.




3.4. Fractography and Fracture Mechanics


As shown in Figure 11a, the     a r e a     about region (A) and (B) of Figure 8 is presented in Figure 11. The relationship between     a r e a     of region (A) and fatigue life at R = −1 and 0.1 is presented in Figure 11a, respectively. For R = −1, the area of region (A) increased with the fatigue life increasing. However, for R = 0.1, it was different, i.e., crack initiation occurred on the surface. The tendency increased with fatigue life increasing. For the interior-induced model in Figure 11a, the area of region (A) decreased with an increase in fatigue life. As shown in Figure 11b, the relationship between     a r e a     of region (B) and fatigue life at different stress ratios is given. There was no obvious difference in the trend between the area of region (A) and fatigue life, and between the area of region (B) and fatigue life. Meanwhile, the area of internal cracks was larger than the area of surface cracks, as shown in Figure 11. It indicates that the different stress ratios could cause different failure mechanisms for two regions. For R = −1, the stress amplitudes and the inclusion size were the critical factors to control the crack initiation. For R = 0.1, the mean stress was the crucial factor of crack initiation. In the following section, the stress intensity factor (SIF) ranges (ΔK) with region (A) and (B) will be discussed.



In this study, the geometric parameter     a r e a     of the region (A) was used to calculate the ΔK of the crack tip. Equation (2) of ΔKA [31,32] is shown as follows,


  Δ  K A   = n  Δ σ   π   a r e  a A       



(2)




where n is a constant related to the location of crack initiation, and n is 0.65 for surface-induced and 0.5 for interior-induced crack, respectively.   Δ σ   is the applied cyclic stress range, it can be obtained from the S–N curves.     a r e a     stands for the crack projection area, and it is marked with dotted lines in Figure 9 and Figure 10, respectively, then computed in Figure 11. In this study, because of the influence of the crack closure effect [33], the compressive stress was useless for the fatigue crack growth,   Δ σ   only considered the range of tensile stress. Thus, the value of ΔKA was calculated by Equation (2) and presented in Figure 12.



For R = −1, according to the Tayler expression [34], the yield strength and grain size were used to get a simple expression for calculating the crack threshold as follows,


  Δ  K  th   =  σ y      2.82 π d   1 −  ν 2       



(3)




where,    σ y    is the yield strength with unit: MPa,  v  is the Poisson’s ratio, and d is the grain size.   Δ  K  t h     is the effective crack propagation threshold, unit:   M P a  m   . The width of martensitic lath can be obtained from the previous study [27],  v  = 0.3, d = 1 µm,    σ y  = 443   M P a  . Thus,   Δ  K  t h     = 1.38   M P a  m    in theory at R = −1.



For R = 0.1, a correlation [35] between elastic modulus (E) and effective crack growth threshold (  Δ  K  t h    ) is shown as follows,


  Δ  K  th   =  3 4  E   | b |    



(4)




where, E is the elastic modulus, unit: MPa; |b| is the Burger’s vector, its range is 0.25–0.29 nm; and   Δ  K  t h     is the effective crack propagation threshold, unit:   M P a  m   . Thus, the calculated effective crack propagation threshold   Δ  K  t h     was 1.84   M P a  m    in theory at R = 0.1.



The stress intensity factor, ΔKA, which is calculated by Equation (2), is usually used to evaluate crack initiation and propagation behavior [33,36]. Meanwhile, some studies indicated the value of ΔKA at the front of FGA is almost a constant, which can correspond to the threshold of crack growth   Δ  K  t h     [37]. It indicated that the value of ΔKA is reasonable to evaluate the crack initiation stage. Figure 11 shows that the calculated range of ΔKA, and it indicates that the mean value of ΔKA had no apparent difference between R = −1 and R = 0.1 when the crack source was on the surface. For the internal crack initiation, its mean value of ΔKA at R = 0.1 was higher than R = −1, and the value of ΔKA at R = 0.1 decreased with the fatigue life increasing until its value was close to the result of R = −1.



For R = −1, there was no obvious relationship between the change of ΔKA on surface-induced and fatigue life, and ΔKA was a constant (1.56   M P a  m   ). For the interior-induced of R = −1, the mean value of ΔKA was 1.88   M P a  m   . For R = 0.1, the value of ΔKA on surface-induced was a constant (1.8   M P a  m   ), and the mean value of ΔKA on interior-induced was 2.86   M P a  m   .



Table 3 presents the theoretical crack growth threshold value     Δ  K  t h       and the mean value of ΔKA. For the surface-induced fracture, there was no significant difference between the   Δ  K  t h     of theoretical calculation and the experimental data. However, for the interior-induced fracture, there was a clear difference between the value of theoretical calculation and the experimental data for R = −1 and 0.1.



For the surface-induced fracture and interior-induced fracture, the main difference was the location of crack initiation. Additionally, the different crack initiation positions corresponded to different physical environments, the cracks were initiated in the air for the surface-induced fracture and the cracks were initiated in the vacuum for the interior-induced fracture. Meanwhile, the previous studies [21,38,39] indicated the local mechanical property of the crack tip is different in air and vacuum. Thus, for the interior-induced fracture of R = −1 and 0.1, the clear difference of the interior-induced fracture between the theoretical crack growth threshold value     Δ  K  t h       and experimental value is observed in Table 3, because the local mechanical properties of the crack tip are different in physical environments. Thus, a new theoretical equation was proposed based on the previous studies for the interior-induced fracture in the next section for R = −1 and 0.1.



The relationship between ΔKA and ΔKth has been mentioned above. For region (B) in Figure 9, it was the crack growth stage. In order to understand how the stress ratios affect the physical nature of the crack growth region (B), the fracture mechanics were used to evaluate the fatigue property at different stress ratios. The SIF of the region (B) [40] was calculated as follows,



For the surface-induced crack:


  Δ  K B  = F Δ σ   π b    



(5)




where


  F  = 0.61 +  0.413    b R    − 0.649      b R     2  + 0.838      b R     3   



(6)







Here,   Δ σ   stands for the tensile stress ranges, and b is the depth of crack tip from the surface. R is the sample radius and R was 1.5 mm in this study.



For the internal-induced cracks:


  Δ  K B  = [  F P  Δ P +  F M    4 Δ M a   (  R 2  +  a 2  )   ]      c R      π (  R 2  −  a 2  )     π a    



(7)




where


   F p  =  2 π    1 +  1 2  λ −  5 8   λ 2    + 0.268  λ 3  , λ =  a R   



(8)




where ΔP is the range of applied force, it can be calculated from the S–N curves, R is the sample radius, a is the crack radius, which can be obtained from Figure 11b, and c = R – a, and M is bending moment and the M was 0 due to no bending moment. The ΔKB just considers the tensile stress.



Figure 13 shows the range of SIF for regions (B) with R = −1 and 0.1. For R = −1, the range of ΔKB was a constant (2.32   M P a  m   ), and it had no obvious relationship with fatigue life. However, for R = 0.1, the value of ΔKB of the surface crack and internal crack decreased with fatigue life increasing. This indicates the tensile stress could influence of the SIF of region (B) on the crack growth, and the smaller the tensile stress, the closer the SIF of region (B) was to the SIF without tensile stress.



The previous researchers have shown that the SIF in the crack initiation region (A) (see Figure 8) is relatively close to the threshold value of crack growth [21,26,41], as the stage (I) in Figure 14. This indicates that the crack will enter the Pairs region when ΔK exceeds the crack growth threshold, which conforms to the Pairs formula, as stage (B) in Figure 14, where the Pairs formula can represent the value of ΔKB.



For the curve of the crack growth rate in the Pairs region, “   K  m a x   −  K  m i n      ” and “   K  m a x   −  K  o p    ” can be used to describe the curves of the crack growth rate, respectively. For the method of “   K  m a x   −  K  m i n      ”, it is a traditional description method for the curve of the fatigue crack growth rate. However, the method of “   K  m a x   −  K  m i n      ” does not consider the influence of crack closure effect [43]. For the method of “   K  m a x   −  K  o p    ”, it considered the influence of the crack closure effect and presented the crack closure stress intensity factor (U) as a description of the degree of crack closure [44].



(1): “   K  m a x   −  K  m i n      ” uses the stress intensity range (ΔK) of experimental data as the abscissa [43].



(2): “   K  m a x   −  K  o p    ” uses the effective stress intensity range        Δ K    e f f       as the abscissa [44].



The relationship between      Δ K    e f f     and ΔK is as follows [44]:


  Δ  K  eff   = ( 0.5 + 0.4 R ) Δ K , 0.1 ≤ R ≤ 0.5  



(9)







Figure 15 shows the curves of the crack growth rate of 9%Cr turbine steel at R = 0.1. Paris criterion presented in Equation (10) was used to describe the trend of crack growth rate in the range of low and medium stress intensity.


    da   d N   = C   ( Δ K )  m   



(10)




here, c and m are a constant, the value of c and m can be obtained from the curve fitting.



The fitting formulas of the Pairs region obtained by the method “   K  m a x   −  K  m i n      ” and the “   K  m a x   −  K  o p    ” are presented in Equations (11) and (12), respectively.


    da   d N   = ( 2.15  )   − 7      ( Δ K )   2.36    



(11)






    da   d N   = ( 9.3  )   − 7      ( Δ K )   2.405    



(12)







The calculated value of da/dN corresponding to the ΔKB of R = 0.1 is presented in Figure 16. It has an obvious representation in Figure 16, the method of “   K  m a x   −  K  O P      ” has a better match with the SIF of region (B) because the effect of crack closure is eliminated, consistent with previous studies [21,26]. Additionally, the range of da/dN about the ΔKeff is from 10−4 to 10−5 mm/cycle, and it is in the range of Pairs region.




3.5. The Model of the Crack Growth Threshold (ΔKth) for the Interior-Induced Fracture


The previous studies [34] indicated the   Δ  K  t h     was related to the yield stress (σy), grain size (d), and the Poisson’s ratio (v), as shown the Equation (3). However, as mentioned above, it has a clear difference between the theoretical threshold of crack propagation and the experimental value for the interior-induced fracture. Thus, in order to overcome the limitation of the empirical formula of the crack threshold (ΔKth) about the interior-induced fracture, a crack threshold formula about the interior-induced fracture was proposed based on Equation (3) for R = −1 and 0.1.


  Δ  K  t h , internal   = α  σ  y , internal       2.82 π d   1 −  υ 2       



(13)




here,    σ  y ,    internal      is the local yield stress of the interior-induced fracture at the crack tip,  α  is the parameter about stress ratios.



Furthermore, the grain size was similar to that of the cycle plastic zone (   γ p   ) at the crack tip where is the transition of fracture morphology [45] and crack growth rate data [46]. Additionally, the local yield stress of the crack tip could be calculated by the cycle plastic zone (   γ p   ) in air and vacuum. The relationship between    γ p    about the model-Ι crack under the plane strain condition is as follows:


   γ p  =  1  6 π     (   Δ  K B     σ y    )  2   



(14)




where    σ y    is the yield stress.



The above discussion indicates the values of ΔKB of region B at R = 0.1 had a better match with the   Δ  K  e f f     of the experimental value about FCG at 630 °C, the value of ΔKB, which was calculated by the tensile stress can be used to stand for the value of   Δ  K  e f f    . Since the local yield stress      σ y      of the crack tip is different in air and vacuum [21], and it is hard for    σ y    to measure in the vacuum environment. Thus, the    σ y    in air under 630 °C was selected. In contrast to this, ΔK of Equation (14) should choose the data of the surface-induced fracture. Thus, the calculated value of    γ p    was 21.5 µm at 630 °C. Since the cycle plastic zone (   γ p   ) of the crack tip reached the mean size of the grain, the fracture morphology and crack growth rate will change. Meanwhile, the mean size of the grain was constant for the same material. Thus, the    σ y    in the vacuum environment could be calculated by the ΔKB of interior-induced cracks. So, the crack threshold formula about interior-induced fracture was proposed based on the Equations (3) and (14) for R = −1 and 0.1.


  Δ  K  th , internal   = α Δ  K  B , internal       0.47 d    γ p  ( 1 −  υ 2  )      



(15)




where, ΔKB,internal is the mean value of stress intensity factor of the region (B) on the interior-induced fracture;  α  is a parameter about stress ratios; γp is the cycle plastic zone of the crack tip; d is the grain size; v is the Poisson’s ratio; and, based on the previous study,   Δ  K  t h , internal     is positively related to the   Δ  K  B ,    internal        0.47 d    γ p    1 −  v 2         . Thus, the parameter  α  can be obtained by the least square method; when R = −1,  α  is 3.861 and when R = 0.1,  α  is 5.488. In order to check the accuracy of the predicted crack growth threshold on the interior-induced fracture (  Δ  K  t h , internal    ) using Equation (15) at R = −1 and 0.1, the statistical analysis is presented in Figure 17. It indicates that the predicted data by Equation (15) had good accuracy, so Equation (15) could be used to predict the crack growth threshold of 9%Cr.





4. Conclusions


This study focused on the effect of the stress ratios on very high cycle fatigue behavior of 9%Cr turbine steel at 630 °C. The mechanical properties of 9%Cr in different environments were tested. For the fatigue test, two failure modes were observed at different stress ratios, including surface crack failure and internal crack failure, respectively. Besides, a new model for the crack growth threshold of the interior-induced fracture at different stress ratios was proposed and discussed.



	(1)

	
Through the uniaxial tensile test, it could be known that the material had a serious softening phenomenon at 630 °C.




	(2)

	
The S–N curves presented a continuous downward trend and had no fatigue limit. Under the high temperature environment, the fatigue strength of the specimen surface was reduced.




	(3)

	
For R = −1, the specimens were more likely to fail on the surface due to the decrease of the surface strength under high temperature. For R = 0.1, the specimen was more likely to exhibit internal failure behavior.




	(4)

	
For R = −1, the area of the region (A) and (B) of internal failures increased with the increase of the fatigue life. For R = 0.1, the area of about region (A) and (B) of internal failures decreased with the increase of the fatigue life.




	(5)

	
For R = −1, ΔKB about region (B) was close to a constant and had no obvious change with the increase of the fatigue life. For R = 0.1, ΔKB of internal failures regions (B) decreased with the increase of the fatigue life.




	(6)

	
The formula about the crack growth threshold of the interior-induced fracture was proposed and discussed, and the statistical analysis was used to check the difference and accuracy of data.
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Figure 1. The S–N curves of Cr-based steel at room temperature (RT). 
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Figure 2. The microstructure of 9%Cr turbine steel. 
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Figure 3. The size of the axial tensile specimen (units: mm). 
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Figure 4. The size of the VHCF specimen (units: mm) [21], (a) R = −1 and (b) R > 0. 






Figure 4. The size of the VHCF specimen (units: mm) [21], (a) R = −1 and (b) R > 0.



[image: Materials 13 03444 g004]







[image: Materials 13 03444 g005 550] 





Figure 5. The size of fatigue crack growth (CT) specimen (units: mm) [23]. 
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Figure 6. The true stress–strain curves of 9%Cr turbine steel at RT and 630 °C. (a) monotonic stress-strain curves; (b) strain hardening exponent fitted by Equation (1). 
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Figure 7. The S–N curves of 9%Cr turbine steel at R = −1 and 0.1 under 630 °C. 
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Figure 8. Overview of the fracture surface, R = −1, σa = 150 MPa, Nf = 6.24 × 107 cycles. 
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Figure 9. Typical fracture morphology of failure specimen with surface-induced. (a) R = −1, σa = 130 MPa, Nf = 2.59 × 108 cycles and (b) R = 0.1, σa = 63 MPa, Nf = 2.79 × 108 cycles. 
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Figure 10. Typical fracture morphology of the failure specimen with internal cracks. (a) R = −1, σa = 130 MPa, Nf = 1.93 × 108 cycles and (b) R = 0.1, σa = 63 MPa, Nf = 8.14 × 107 cycles. 






Figure 10. Typical fracture morphology of the failure specimen with internal cracks. (a) R = −1, σa = 130 MPa, Nf = 1.93 × 108 cycles and (b) R = 0.1, σa = 63 MPa, Nf = 8.14 × 107 cycles.
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Figure 11. The area of the region (A) and (B) vs. fatigue life at different stress ratios. 
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Figure 12. The ΔKA vs. the fatigue life: (a) surface initiation and (b) internal initiation. 
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Figure 13. The ΔKB vs. the fatigue life. 
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Figure 14. The diagram of the crack growth rate [42]. 
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Figure 15. The curves of crack growth rate with R = 0.1 of 9%Cr; (a):    K  m a x   −  K  m i n       and (b):    K  m a x   −  K  o p      . 
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Figure 16. The calculated value of da/dN corresponding to the ΔKB of R = 0.1. (a):    K  m a x   −  K  m i n       and (b):    K  m a x   −  K  O P      . 
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Figure 17. The 90% prediction interval about Equation (15) of internal-induced fracture at R = −1 and 0.1. (a) the statistical analysis of the interior-induced for R = –1; (b) the statistical analysis of the interior-induced for R = 0.1. 
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Table 1. Chemical compositions of 9%Cr turbine steel (wt %).
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	C
	Si
	Mn
	Cr
	Mo
	Ni
	Nb
	W
	Co
	B
	N





	0.12
	0.06
	0.20
	9.16
	0.20
	0.40
	0.08
	2.95
	2.82
	0.007
	0.02
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Table 2. Tensile properties of 9%Cr turbine steel at RT and 630 °C.
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	Temperature
	Elastic Modulus (GPa)
	Yield Stress (MPa)
	Tensile Strength (MPa)
	K1 (MPa)
	n1





	RT
	260.78
	678.68
	885
	1141.39
	0.078



	630 °C
	148.97
	443.67
	507.5
	459.44
	0.02
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Table 3. Experimental and theoretical effective thresholds.






Table 3. Experimental and theoretical effective thresholds.





	

	
    Δ  K th    of   Surface − Induced   ( M P a  m  )    

	
    Δ  K th    of   Interior − Induced   ( M P a  m  )    




	
Stress Ratios

	
Experimental Value

	
Theoretical Value

	
Experimental Value

	
Theoretical Value






	
R = −1

	
1.56

	
1.38

	
1.88

	
1.38




	
R = 0.1

	
1.8

	
1.84

	
2.86

	
1.84












© 2020 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/).
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