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Abstract

:

The testing of KMN steel bending fatigue with different cycles was carried out using a nonlinear ultrasonic detector to obtain its nonlinear coefficient. The experimental results show that the nonlinear coefficient first increases and then decreases with an increase in fatigue cycles. The relationship between the propagation of the micro-cracks inside the material and the nonlinear coefficient was researched by microscopic analysis in the dangerous position of the specimens. As the fatigue cycles increase, the microstructure of the specimen gradually deteriorates and cracks occur, which proves that nonlinear ultrasonic detection can be used to characterize the initiation of micro-cracks in the early fatigue stages of the material and that the nonlinear coefficient β of the material can be used to reflect the fatigue damage degree and fatigue life of the interior of the material. An analysis of the numerical statistics of the fatigue cracks inside the specimens was carried out, and the extreme value of fatigue cracks was calculated using the Gumbel distribution. An empirical formula for the nonlinear coefficient and crack growth size of KMN steel was established and then a method for estimating the fatigue life of KMN steel based on nonlinear ultrasonic testing was proposed.
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1. Introduction


KMN steel is a type of centrifugal compressor rotor material, which has high strength, toughness and good corrosion resistance. With the continuous increase in the speed of large-scale centrifugal compressors, the complex service environment and long service time have increasingly higher requirements for the life of the key component of the centrifugal compressor—the impeller. Therefore, there is an urgent need for effective detection and characterization of the fatigue damage degree of the impeller. Early damage and performance degradation of materials account for 80–90% of the entire fatigue life. Conventional non-destructive testing methods can only detect macroscopic defects (cracks, inclusions, pores, etc.) in materials, and the response to early damage changes in materials and structures is generally relatively small. Moreover, it is impossible to detect small-scale damage such as micro-defects and micro-cracks, especially damage hidden inside materials.



Recent studies have shown that the early performance degradation of material damage can cause the generation of nonlinear harmonics in the process of acoustic wave propagation [1,2,3,4]. Therefore, nonlinear ultrasonic testing technology overcomes the shortcomings of traditional non-destructive testing methods and can effectively characterize micro-defect damage and recessive damage [5,6]. Related scholars have conducted a large number of experimental studies on nonlinear ultrasonic detection technology and characterization methods [7,8,9,10]. In 1997, Jhang et al. [11] conducted a non-linear ultrasonic detection study on the early mechanical performance degradation of materials. In 1998, Nagy et al. [12] used nonlinear ultrasonic tests to evaluate the performance degradation of materials from cracks to fractures and predict the fatigue life of the materials. In 2010, Kawashima [13] used a nonlinear scanning system to detect non-metallic inclusions in continuum cast steel. In 2011, Viswanath [14] found that nonlinear coefficients can be used to characterize the degradation of mechanical properties of materials under tensile loads. In 2012, Cremer et al. [15] used nonlinear ultrasonic technology to observe the evolution of ultra-high cycle fatigue damage in aluminum alloy welded joints in situ. In 2015, Li et al. [16] conducted non-linear, ultrasonic, in situ observations of the ultra-high cycle fatigue characteristics of aluminum alloys and found that the ultrasonic nonlinear coefficients are more sensitive to fatigue damage (such as crack initiation and growth). In addition, they found that there is a good correlation between the ultrasonic nonlinear coefficient and the stiffness and plastic strain of the specimen. In 2016, Zhu [17] detected fatigue cracks using sonic infrared imaging. Experimental results show that the increase of the crack length will enhance the crack heating response, and the logarithmic relationship between the response signal and the crack length has a better linearity compared to others. In 2017, Yang [18] adopted the threshold segmentation, morphological processing, feature identifications as well as feature extraction and proposed a detection method with pertinence to the precision casting crack characteristics. In 2018, Shi [19] applied eddy current pulsed thermography (ECPT) for quantitative crack detection based on derivative analysis of temperature variation. The experimental verification showed that the crack sizes could be quantitatively detected with errors of less than 1%. In 2020, Xue [20] studied the influence of crack shape on eddy current detection signal. The general finite element analysis software is used as the simulation calculation tool to study the influence of different crack shape on eddy current detection signal size. In 2020, Cao [21] proposed a crack defect detection method of lead seal of high voltage cable by means of the eddy current detection technology. The results show that the eddy current detection technology can effectively detect whether a crack exists in the lead seal or not.



In summary, nonlinear ultrasonic testing technology is highly sensitive to small defects and internal defects and can be monitored online. However, the current research has not established the mapping relationship between the nonlinear coefficients and the fatigue damage and fatigue crack size and lacks data on the use of nonlinear ultrasonic testing to quantitatively estimate the fatigue life of a material.




2. Materials and Methods


KMN steel is a low-alloy high-strength steel with a grade of 15Cr2Mo1. Its mechanical properties and chemical composition are shown in Table 1 and Table 2. The heat treatment process is shown in Table 3.



The heat treatment process of KMN steel involves quenching at 980 ± 10 °C for 1–1.5 h followed by oil cooling then tempering at 700–750 °C for 1.5–2 h before air cooling. The metallographic specimen of KMN is corroded by nitric acid alcohol. The microstructure of KMN is shown in Figure 1. The metallographic structure is mainly needle-like and lath-like martensite with some tiny inclusions.



First, an ET-10d-240 vibration test bench was used to carry out fatigue tests on KMN specimens with different cycles. Fatigue specimens with different degrees of damage were obtained for non-linear ultrasonic testing, as shown in Figure 2. Before the fatigue test, the surface of the specimen was mechanically polished until no obvious scratches were visible to the naked eye. The surface condition of each specimen was kept consistent.



Then, the nonlinear ultrasonic testing of the KMN fatigue specimen was studied. In the experiment, the longitudinal wave oblique incidence method was used to excite and receive an ultrasonic Lamb wave in S1-S2 mode. The experimental equipment for the ultrasonic Lamb wave excitation and the measurement is shown in Figure 3 [22]. The RitecSNAP system can generate a pulse signal. The signal is transmitted to the ultrasonic piezoelectric transducer after passing through the attenuator. The transducer generates an ultrasonic vibration and is incident on the KMN specimen at a specific angle. After propagation, it reaches the receiving transducer, and the received signal is amplified and input into the oscilloscope.



The RitecSNAP ultrasonic system was used to perform ultrasonic Lamb wave nonlinear measurements on KMN specimens with different bending fatigue damage. During the experiment, a narrowband piezoelectric transducer (2.25 MHz, Olympus NDT Panametrics, A543S) with a center frequency of 2.25 MHz was used as the transmitting probe and a broadband piezoelectric transducer (5 MHz, Olympus NDT, V544) with a center frequency of 5 MHz was used as the receiving probe. The incident angle is 27° and the Lamb wave signal excited at such a frequency and angle meets both the phase velocity and group velocity matching conditions. The corresponding low-pass filter is 2 MHz, and the high-pass filter is 4 MHz. In the experiment, a gain of 20 dB and an attenuation of 3 dB were used. The frequency of the excitation signal is 2.2 MHz. The probes at both ends are fixed by a special fixture, and the pressure of the probe base surface is controlled at a relatively similar level during each measurement. The coupling agent between the transducer and the plexiglass wedge and between the plexiglass wedge and the specimen is glycerin. Because the coupling layer is very thin, the material nonlinearity of the coupling agent can be ignored. Secondly, considering that the plexiglass wedge also has an elastic nonlinear effect on the material, in order to reduce its influence, the propagation distance of the longitudinal wave excited by the transducer in the plexiglass wedge should be shortened as much as possible. In addition, because a narrowband ultrasonic transducer is used to excite the Lamb wave signal, the angle of incidence of the plexiglass wedge can be precisely controlled, the signal incident and propagating in the specimen is quite pure, and the received signal contains fundamental frequency and high-order mode Lamb waves; these signals can be simply processed by fast Fourier transform (FFT) and then the amplitude of the fundamental frequency Lamb wave and the amplitude of the double frequency Lamb wave can be decomposed [23].




3. Results


3.1. β-N Curve


The RitecSNAP ultrasonic system is used to perform nonlinear ultrasonic testing on KMN bending fatigue specimens with different fatigue cycles. The relationship curve between the normalized nonlinear ultrasonic coefficient β/β0 and the fatigue cycles is obtained as shown in Figure 4. It can be found that the nonlinear coefficient of the bending fatigue test increases first and then decreases with the increase in the fatigue cycle. At the very beginning of fatigue (about before 3 × 105 cycles), cracks begin to initiate and the nonlinear coefficient β increase slightly. In the early stage of fatigue (before 106 cycles), the nonlinear coefficient β gradually increases with the increase of fatigue cycles, and the nonlinear coefficient reaches a peak as the cracks start to grow (about 106 cycles). In the later stages of fatigue (after 106 cycles), the non-linear coefficient β begins to decrease. This shows that there is a certain corresponding relationship between the nonlinear coefficient β of the material and the fatigue damage of the specimen. With the increase in the fatigue cycle, the fatigue damage inside the specimen also accumulates. When the ultrasonic Lamb wave in S1-S2 mode propagates inside the specimen, the second harmonic wave excited by the sound wave at the damage sites will also increase, and finally the nonlinear coefficient β of the material will continue to increase. With the increase in fatigue damage inside the specimen, the growing cracks increase the attenuation coefficient of the material, resulting in a decrease in the nonlinear coefficient, which is also the reason why the nonlinear coefficient decreases in the late stages of fatigue.




3.2. Microscopic Morphology Analysis


The dangerous position of the KMN-I bending fatigue specimen was dissected, and its microscopic appearance was observed. The study found that, as the number of fatigue cycles increases, the microstructure of the specimen gradually deteriorates, as shown in Figure 5.



Figure 5a is the original specimen. The material matrix is relatively flat and has no obvious defects. Corresponding to the material in Figure 4, the non-linear coefficient β is low. As the number of fatigue cycles increases, we can see from Figure 5b that there are small defects, such as holes and pits inside the material, corresponding to the slight increase in the nonlinear coefficient β at this time in Figure 4. From Figure 5c we can see that there are micro-cracks in the material matrix. Corresponding to Figure 4, the nonlinear coefficient β of the material at this time has obviously increased and reached its peak value. With a further increase in fatigue cycles, the internal cracks of the specimen continue to grow, as shown in Figure 5d. The occurrence of cracks increases the attenuation coefficient of the material, resulting in a decrease in the nonlinear coefficient. Correspondingly, the nonlinear ultrasonic coefficient β begins to decrease at this time in Figure 4. It is proven [22,24] that there is indeed a relationship between the material’s nonlinear coefficient β and the material’s internal damage, and the material’s nonlinear coefficient β can be used to reflect the fatigue damage degree and fatigue life of the material.




3.3. Micro-Cracks Statistics


As the number of fatigue cycles increases, the microstructure of the specimen shows microscopic defects, such as holes and pits and further micro-cracks, form. The micro-cracks continue to grow and eventually lead to the failure of the material. Therefore, the increase in fatigue cycles leads to the initiation and propagation of fatigue cracks. Combined with the microstructure analysis of the dangerous section of the KMN bending fatigue specimen, the number and length of fatigue cracks in the 10-standard field (500 × 500 μm) of view of each specimen are counted, as shown in Table 4, where the equivalent crack length refers to the sum of all crack lengths in the field of view. Since the received signal of the nonlinear ultrasonic Lamb wave is the sum of the second harmonic generated by all defects in the sampling area, it is more reasonable to use the equivalent crack length in the research process than the single crack length. It can be seen from Figure 6 that the number of cracks, the maximum crack length and the equivalent crack length all increase with the increase in the number of fatigue cycles, reflecting the process of continuous crack propagation inside the specimen.



The mapping relationship between the micro cracks inside the KMN bending fatigue specimen and the measured nonlinear coefficients is further analyzed, and the corresponding curve (i.e., the β-a curve) between the equivalent crack length of the material and the nonlinear coefficient is established, as shown in Figure 7. Due to the decrease of the nonlinear coefficient caused by the internal signal attenuation of the material in the late fatigue stage (after 106 cycles), we focus on the analysis of the corresponding relationship in the early stage of fatigue. It can be seen from Figure 7 that, as the effective length of the crack increases, the nonlinear coefficient of the material is also increasing. Especially in the initial stage of fatigue crack initiation, the nonlinear coefficient is very sensitive to the effective size change of the fatigue crack. Therefore, we can use the change of the nonlinear coefficient to reflect the initiation process of fatigue micro-cracks in the material at the early stages of fatigue.





4. Discussion


4.1. Micro-Cracks Statistics


The micro-cracks inside the specimen continue to merge during the expansion process and finally form a main crack and cause fatigue failure. The main crack is the main factor that affects the fatigue life of the material. Since only a few small areas are selected for statistics when observing the microstructure of the specimen section, the main crack (that is, the extreme value of the crack length) may not be in the observational field of view, so we must find the value of all the cracks in the dangerous area of the specimen. The extreme value can better reflect the fatigue degree of the specimen. The Gumbel distribution is the main form of the extreme value distribution. Its principle is that, when the random variable is large enough, it obeys the exponential law distribution, then the Gumbel distribution is the limit distribution for its maximum value distribution [25]. We introduce the Gumbel distribution into the process of finding the crack’s extreme value, measure the largest crack size in a small range through random small specimen data, and then extrapolate to estimate the largest crack size in a large range [26,27], and its distribution function is shown as:


  G  (   a  max    )  = exp  (  − exp  (  −    a  max   − λ  φ   )   )  .  



(1)







Among them, G(amax) is the probability that the maximum crack size is less than or equal to amax; φ and λ are the scale parameter and the position parameter, respectively. The maximum crack size amax in different volumes can be estimated by Equation (2):


   a  max   = − φ ln  (  − ln  (    T − 1  T   )   )  + λ .  



(2)







Among them, T is the return period, and the calculation formula is as follows:


  T = V /  V 0  .  



(3)







Among them, V0 is the standard detection volume, and V is the control volume. V0 can be obtained by Equation (4):


   V 0  = h ×  S 0   



(4)







Among them, S0 is the standard inspection field of view area; h is the average value of the crack size. h can be obtained by Equation (5):


  h =     ∑  i = 1  n    a  max , i      n  .  



(5)







Among them, amax,i is the largest crack size in the standard field of view obtained from the i-th observation in µm.



The selection of the control volume is very important for the extreme value calculation. In this paper, the area where the stress is higher than 0.9σmax in the specimen is defined as the control volume. For the plate specimen in the bending fatigue test, the maximum stress σmax of the test is located on the surface in the middle of the specimen and the internal stress in the section is inversely proportional to the distance from the specimen’s surface. The closer to both ends of the specimen, the smaller the stress. When the stress is equal to 0.9σmax, the x-axis coordinates are −lx and lx, respectively, and the control volume of the specimen is:


  V = 2  l x  b t .  



(6)







For KMN steel, E = 205 GPa, ρ = 7840 kg·m−3, f = 20 kHz, and the specimen size are shown in Figure 8. For the plate specimens in the bending fatigue test, it can be simplified as a uniform cross-sectional beam subjected to a concentrated load in the middle. By substituting the parameters when the static fatigue specimen stress is higher than 0.9σmax into Equations (7) and (8), we can calculate that lx = 16.24 mm and V = 1949 mm3. By combining Equations (3)–(5), we can calculate that h = 17.27 μm and T = 1.3 × 107.


   σ  max   =    M  max    W  =   3 F l   2 b  h 2     



(7)






  y = −   F x   48 E I    (  3  l 2  − 4  x 2   )  .  



(8)







The parameter estimation methods of the Gumbel distribution mainly include the moment estimation method, least square method and maximum likelihood method. Among them, the moment estimation method is the most convenient to solve and has the highest accuracy. Therefore, we used the moment estimation method to calculate the two parameters δ and λ in Equation (1) [28]. Among them, the moment estimates of the mean and variance of the crack size are:


   μ ^  =  1 n    ∑  i = 1  n    x i  =    x ¯   



(9)






    σ ^  x    2  =  1  n − 1     ∑  i = 1  n     (  x i  −  x ¯  )  2    .  



(10)







According to the moment estimation method of the Gumbel distribution, λ and δ are obtained as:


  λ =  x ¯  − 0.45    σ ^   x   



(11)






  δ = 0.78    σ ^   x  .  



(12)







By substituting these into Equation (1), the corresponding internal crack extreme values of bending fatigue specimens under different fatigue cycles can be obtained, as shown in Table 5.




4.2. Residual Life Estimation Model


The fatigue failure process of the impeller material can be divided into three stages, namely the fatigue crack initiation stage, the fatigue crack growing stage and the residual life stage. The corresponding fatigue cycles are Ni, Np and Nr. The relationship between them is shown in Figure 9. Therefore, the essence of the residual life evaluation method based on nonlinear ultrasonic testing is to obtain the equivalent crack size of the impeller after service using nonlinear ultrasonic testing and micro-crack size statistics and then calculate the residual life of the impeller at this time through the fatigue crack growth formula.



The main cause of blade fatigue failure is wake-induced vibration. Force analysis was conducted on the impeller, and the fatigue load can be simplified into the following models. When the blades of the semi-open impeller were impacted by the wake, the blades were subjected to vibration loads or forced vibration. When the blades of the closed impeller were impacted by the wake, the blades were subjected to a three-point bending load fixed at both ends. On the basis of the KMN bending fatigue test in this paper, two sets of KMN specimens for vibration fatigue test and tensile bending fatigue test are added. Their normalized nonlinear coefficients and the estimated values of their extreme fatigue crack are obtained and then the relationship curve between the KMN nonlinear coefficient and the equivalent crack length is obtained, as shown in Figure 10.



Fitting the data points in the figure, we can establish the empirical formula of the impeller material KMN-I nonlinear coefficient and the equivalent crack length at the early fatigue stage (before 106 cycles):


  β = 4.04 + 0.19  a e  ,  



(13)




where ae is the equivalent crack length. The correlation coefficient is r = 0.79. After the nonlinear ultrasonic testing of the blades in service, the corresponding non-linear coefficients are obtained and substituted into the empirical formula to obtain the equivalent crack size inside the blades at this time. Assuming that the crack propagation conforms to the Paris formula, according to the fatigue assessment formula adopted in GB/T19624-2004 “Safety Assessment of Pressure Vessels Containing Defects in Use” [29,30]:


   N p  =    a N  −  a i    C    (  Δ K  )   m    ⋅    a i     a N     



(14)






   N c  =    a c  −  a i    C    (  Δ K  )   m    ⋅    a i     a c     



(15)






   N r  =  N c  −  N p  .  



(16)







Among them, ac is the critical crack size, aN is the crack growth size, ai is the crack initiation size, Nc is the fatigue cycles when the fatigue crack propagates from ai to ac, and Np is the fatigue cycles when the fatigue crack propagates from ai to aN. Equation (16) can be used to obtain the number of fatigue cycles for the crack to propagate from aN to ac; that is, the residual life Nr in cycles of the impeller. For Cr-Mo steel, C, m, and ΔK are 2.0 × 10−11, 2.5, and 3.3 MPa  ·  m   , respectively. The fracture toughness of the impeller material KMN is K1C = 172.34 MPa·   m   , and the critical crack size ac can be calculated by Equation (17):


   a c  =    K  1 C  2    π  σ 2    .  



(17)







Combining the above findings, we can propose a method for evaluating the residual life of an impeller based on nonlinear ultrasonic testing. The specific steps are as follows:




	(1)

	
Perform nonlinear ultrasonic testing of the impeller in service to obtain the non-linear coefficient of the impeller at a particular point in time;




	(2)

	
Use the β–ae empirical formula to obtain the corresponding equivalent crack size;




	(3)

	
Combined with the fatigue crack growth life formula, the fatigue crack growth life of the impeller at this time is obtained, and then the residual life of the impeller is obtained.










4.3. Verify


Next, estimate the residual life of another set of KMN specimens to verify the effectiveness of the method. The nonlinear ultrasonic test is performed on the KMN fatigue specimen and the nonlinear coefficient is measured. The equivalent crack length at the early fatigue stage (before 106 cycles) is obtained using the empirical formula Equation (13). The fatigue life Np and residual life Nr of the specimen at this time are calculated by Equations (14)–(16). The very high cycle fatigue initiation life model of KMN steel established by our research group in the early stage is shown in Equation (18) [31]. The prediction results are compared with the actual fatigue test results, as shown in Table 6.


   N i  =   18 G  W s       (  Δ σ − Δ  σ  − 1    )   2  π  (  1 − ν  )  l   ,  



(18)




where Ni is the initiation life of the crack, Ws is the specific fracture energy, G is the shear modulus of the KMN-I matrix, l is the semilength of the slip band and ν is Poisson’s ratio. l is about half the grain size (10 μm). The specific fracture energy of low carbon steel (Ws ≈ 3.8 × 105 N·m−1) was used in this study.



It can be seen from Table 6 that there is a certain error between the KMN fatigue life estimated by the nonlinear ultrasonic testing method and the test result, because the dispersion of the fatigue test is relatively large. Especially in the high cycle fatigue stage, the fatigue life under the same stress level may vary several times or even ten times. The safety factor of fatigue life is usually greater than 2, so we believe that the relative error is within the allowable range of engineering errors. The error is particularly low when the number of fatigue cycles is high. The effectiveness of this method is proven, so nonlinear ultrasonic testing can be used to estimate the residual life of KMN steel.





5. Conclusions


Nonlinear ultrasonic testing was used to calculate the relationship curve between the nonlinear coefficient and number of fatigue cycles of KMN steel. The experimental results show that:




	(1)

	
The non-linear coefficient of the material first increases and then decreases with an increase in the number of fatigue cycles. Through a microanalysis of the section of the dangerous position of the specimen, it was found that, as the fatigue cycle increases, the microstructure of the specimen gradually deteriorates and micro-cracks occur.




	(2)

	
The relationship between the growth of micro-cracks inside the material and the nonlinear coefficient was studied, and it was shown that nonlinear ultrasonic testing can be used to characterize the initiation of early micro-cracks due to material fatigue and that the material’s nonlinear coefficient β can be used to reflect the internal fatigue damage degree and fatigue life of the material.




	(3)

	
Numerical statistics of the fatigue cracks inside the specimen were carried out, and the extreme value of the fatigue cracks was calculated using the Gumbel distribution. An empirical formula for the relationship between the nonlinear coefficient of KMN steel and the equivalent crack length at the early fatigue stage (before 106 cycles) was established, and then a method for estimating the residual fatigue life of KMN steel based on nonlinear ultrasonic testing was proposed and verified.
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Figure 1. Microstructure of the KMN steel. 
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Figure 2. Fatigue testing machine and fixtures. (a) Tension and bending fatigue test. (b) Bending fatigue test. 
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Figure 3. Nonlinear ultrasonic testing system. (a) RitecSNAP ultrasonic system. (b) Specimen and probes. (c) Fixture. 
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Figure 4. The relationship curve between normalized nonlinear coefficient and fatigue cycles under bending fatigue (A–D corresponds to four test points of different fatigue cycles). 
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Figure 5. SEM microscopic morphology of KMN bending fatigue specimens. (a) The cross-sectional morphology of the specimen at point A in Figure 4; (b) The cross-sectional morphology of the specimen at point B in Figure 4; (c) The cross-sectional morphology of the specimen at point C in Figure 4; (d) The cross-sectional morphology of the specimen at point D in Figure 4; (e) The cross-sectional morphology of the specimen in 3k magnification; (f) The cross-sectional morphology of the specimen in 3k magnification. 
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Figure 6. The relationship curve between equivalent crack length and fatigue cycles under bending fatigue. 
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Figure 7. The relationship curve between equivalent crack length and normalized nonlinear coefficient under bending fatigue. 
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Figure 8. KMN bending specimen size and control volume (in mm). 
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Figure 9. Schematic diagram of bending fatigue failure process and residual life (Nf is the fatigue cycles of the impeller after service). 
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Figure 10. The relationship curve between normalized nonlinear coefficient and equivalent crack length under bending fatigue. 
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Table 1. Mechanical properties of KMN.
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	Mechanical Properties
	Rm (MPa)
	Rp0.2 (MPa)
	E (GPa)
	ρ (kg/m3)
	HV (kgf·mm−2)





	KMN
	1193
	1072
	205
	7840
	335
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Table 2. Chemical composition of KMN (wt.%).
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	Chemical Composition
	C
	Mn
	Si
	Mo
	Cr
	P
	S





	KMN
	0.13–0.18
	0.5–0.8
	0.17–0.37
	0.9–1.1
	2.2–2.5
	≤0.030
	≤0.030
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Table 3. Heat treatment process of KMN.
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	Heat Treatment
	Temperature (°C)
	Holding Time (h)
	Cooling Method





	Quenching
	970 ± 10
	2.5–3
	Oil cooling



	Tempering
	570 ± 10
	4–5
	Air cooling










[image: Table] 





Table 4. Statistics of internal micro-cracks and equivalent crack length of KMN bending fatigue specimens.
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	Fatigue Cycle
	5 × 104
	105
	5 × 105
	7 × 105
	106
	5 × 106
	107





	Number of cracks
	0
	0
	1
	3
	4
	6
	12



	Crack length

/μm
	0
	0
	8
	6, 7, 12
	4, 8, 18, 26
	10, 12, 14, 16, 25, 30
	5, 7, 8, 9, 10, 11, 11, 12, 13, 25, 31, 58



	Equivalent crack length/μm
	0
	0
	8
	25
	56
	107
	181
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Table 5. Statistics of internal micro-cracks and crack extreme estimation of KMN bending fatigue specimens.
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	Fatigue Cycle
	5 × 104
	1 × 105
	5 × 105
	7 × 105
	1 × 106
	5 × 106
	1 × 107





	Number of cracks
	0
	0
	1
	3
	4
	6
	12



	Crack length

/μm
	0
	0
	8
	12, 6, 7
	18, 8, 4, 26
	30, 12, 25, 10, 14, 16
	10, 9, 7, 31, 13, 8, 11, 25, 58, 5, 11, 12



	Maximum crack length/μm
	0
	0
	8
	12
	26
	30
	58



	Crack extreme estimation/μm
	0
	0
	8
	47.96
	92.95
	115.33
	202.15
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Table 6. Comparison of test results and model prediction results of KMN steel residual life.
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	Specimen No.
	β
	a

/μm
	Model Prediction Results Ni + Np

/Cycle
	Test Results Nf

/Cycle
	Relative Error
	Residual Life Nr

/Cycle





	1#
	10.19
	32.37
	1.72 × 106
	7 × 105
	146%
	1.08 × 106



	2#
	8.5
	22.90
	1.1 × 106
	7 × 105
	57%
	2.7 × 106



	3#
	11.86
	39.62
	1.98 × 106
	1 × 106
	98%
	1.82 × 106



	4#
	11.58
	39.68
	1.99 × 106
	1 × 106
	99%
	1.81 × 106



	5#
	12.2
	42.95
	2.08 × 106
	1 × 106
	108%
	1.72 × 106



	6#
	18.32
	72.81
	2.54 × 106
	3 × 106
	15%
	1.26 × 106



	7#
	14.52
	55.16
	2.32 × 106
	3 × 106
	23%
	1.48 × 106
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