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Abstract

:

Nonlinear ultrasonic testing is highly sensitive to micro-defects and can be used to detect hidden damage and defects inside materials. At present, most tests are carried out on specimens, and there are few nonlinear ultrasonic tests for fatigue damage of compressor blades. A vibration fatigue test was carried out on compressor blade steel KMN, and blade specimens with different damage degrees were obtained. Then, the nonlinear coefficients of blade specimens were obtained by nonlinear ultrasonic testing. The results showed that the nonlinear coefficient increased with the increase in the number of fatigue cycles in the early stage of fatigue, and then the nonlinear coefficient decreased. The microstructures were observed by scanning electron microscopy (SEM). It was proven that the nonlinear ultrasonic testing can be used for the detection of micro-cracks in the early stage of fatigue. Through the statistical analysis of the size of the micro-cracks inside the material, the empirical formula of the nonlinear coefficient β and the equivalent crack size were obtained. Combined with the β–S–N three-dimensional model, an evaluation method based on the nonlinear ultrasonic testing for the early fatigue damage of the blade was proposed.
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1. Introduction


Many studies have shown that a material’s early performance degradation stage occupies 80%–90% of the material’s fatigue life [1]. The acoustic parameters measured by the existing ultrasonic technology in the linear range generally have a relatively small response to the early damage changes of materials and structures, and the degradation of mechanical properties cannot be quantitatively characterized. Although other traditional detection methods such as penetration and radiation are widely used, they are less sensitive to small damage such as micro-defects and micro-cracks, especially the hidden damage inside the material. Recent studies have shown that nonlinear ultrasonic technology can overcome the shortcomings of linear ultrasonic techniques that are not sensitive to material or structure damage changes in the early and mid-term. The reason for this is that the nonlinear effect of ultrasonic propagation in materials is closely related to material performance degradation. That is to say, material performance degradation will cause the generation of nonlinear harmonics of ultrasonic propagation [2,3,4,5].



Nonlinear ultrasonic technology is highly sensitive to micro-defects or damage, and can be used to detect hidden damage and defects inside materials [6,7]. Nagy et al. [8] used nonlinear ultrasonic tests to evaluate the performance degradation of the material before cracks appeared and to predict the fatigue life of the material. Jhang et al. [9] studied the relationship between the deterioration of the mechanical properties of materials and the nonlinear coefficient under tensile loading. Kawashima [10] completed the detection of non-metallic inclusions in continuum cast steel with a nonlinear scanning system. In 2011, Viswanath [11] found that nonlinear coefficients can be used to characterize the degradation of the mechanical properties of materials under tensile load. Cremer et al. [12] used nonlinear ultrasonic technology to observe the evolution of very high cycle fatigue damage of welded joints of aluminum alloy in situ. Li [13] conducted in situ observations of the very high cycle fatigue characteristics of aluminum alloys with nonlinear ultrasonic and found that the ultrasonic nonlinear coefficients are more sensitive to crack initiation and propagation. In addition, the ultrasonic nonlinear coefficient has a good correlation with the stiffness and plastic strain of the specimen. Yan [14,15] proposed a comprehensive model of dislocations that includes various factors. This model can predict the change state of nonlinear ultrasonic coefficient of metal materials in the process of fatigue damage. Feng Wei [16] used his own built-up nonlinear ultrasonic inspection system to perform multi-point fast nonlinear ultrasonic testing on fatigue damage of aluminum alloy. Li [17] carried out Rayleigh surface wave measurements on Q235 steel in different tensile damage and corrosion fatigue damage. It was found that the nonlinear ultrasonic coefficient has a monotonically increasing relationship with the number of fatigue cycles. Gao [18] found that the Lamb wave nonlinear coefficient in the aluminum plate has no obvious relationship with the change of the fundamental frequency signal amplitude, but the double-frequency signal wave amplitude increases with the number of fatigue cycles in the initial fatigue damage. Wang [19] used a nonlinear ultrasonic device to conduct studies on two aluminum alloy sheets of 6061-t6 and 5A06 and found that the different surface finishes of the test specimens will have a greater impact on the results of nonlinear ultrasonic testing. Zhang [20] conducted research on nonlinear ultrasonic testing of complete fatigue-damaged aluminum plates, fatigue-damaged aluminum plates with holes, and damaged aluminum plates repaired with composite materials. It was found that the relative second-order ultrasonic nonlinear parameters measured in the experiment were relatively consistent with the overall process of dislocation, crack generation, and propagation during fatigue damage. Bian [21] discussed the interaction between Lamb wave and through-hole damage by numerical simulation of the fluctuation process of A0 and S0 modes in Lamb wave. In addition, neural network theory was introduced in ultrasonic Lamb wave damage detection, and the degree of damage to the aluminum plate was successfully predicted.



With the increase in the speed of large centrifugal compressors and the complexity of the service environment, fatigue failure of the blade has occurred from time to time. The blade resonance caused by wake-induced vibration is the main source of its fatigue load. At this time, the load on the blade is the vibration load with one end fixed. In engineering, the detection of the micro-cracks of the blade at the early fatigue stage has become very important. Nonlinear ultrasonic testing is mainly used to characterize the damage with the second harmonic of the received signal. Linear ultrasonic testing is mainly used to measure acoustic parameters such as wave speed and attenuation. Nonlinear ultrasonic testing is more sensitive to micro-defects in the early stage of damage. At present, there are few studies on nonlinear ultrasonic testing for vibration fatigue load. Most of the fatigue tests are performed on materials, and there are few nonlinear ultrasonic detections for fatigue damage of the compressor blade. The influence of the three-dimensional structure of the blade and the surface state after service is not considered. Two sets of KMN fatigue tests were carried out in the previous work [22]. One set of specimens was subjected to bending fatigue test, and the other set was subjected to bending fatigue test with initial tensile load. Therefore, the authors performed vibration fatigue tests on KMN, a commonly used material for centrifugal compressor blades, under simulated working conditions, and performed nonlinear ultrasonic testing on specimens with different fatigue damage levels. The mapping relationship between the fatigue damage of the blade material KMN and the nonlinear coefficient was studied, and the initial fatigue damage evaluation method of the blade material based on nonlinear ultrasonic testing was proposed, which has important theoretical guiding significance for the fatigue damage detection and the safe and reliable operation of the blade.




2. Materials and Methods


2.1. Experimental Materials


KMN steel is a low-alloy high-strength steel with a grade of 15Cr2Mo1. According to the requirements of the standard GB/T228-2010 “Metal Material Room Temperature Tensile Test Method”, a universal material testing machine was used to test the mechanical properties of the KMN material. Moreover, the density was obtained by measuring the weight difference of the test plate in air and water [23,24]. Its mechanical properties and chemical composition are shown in Table 1 and Table 2, respectively. The heat treatment process of KMN steel is shown in Table 3.



All test plates in this paper were from Shenyang Blower Works Group Corporation. The parameters in Table 3 refer to the technical requirements of the compressor blade heat treatment [25]. The heat treatment process of KMN steel involves quenching at 980 ± 10 °C for 1–1.5 h followed by oil cooling and 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. The microstructure is small and the distribution is relatively uniform. Some tiny inclusions can be found in the microstructure, and the size is about 1–2 μm.




2.2. Experimental Methods


The ET-10d-240 type vibration test bench was used to perform a vibration fatigue test on the KMN specimen. The shape and size of the fatigue specimen are shown in Figure 2, and the thickness was 2 mm. The blade specimen was taken from impeller and the three-dimensional structure and the surface state after service was preserved, as shown in Figure 3. Before the fatigue test, the specimen surface was mechanically polished to keep the surface state consistent. The roughness Ra = 0.2.



During the test, one end of the specimen was fixed on the surface of the vibration test bench by the fixture, and the other end was free to vibrate. When the excitation frequency of the vibration test bench was near the resonance frequency of the specimen, the specimen resonated. The measured first-order bending resonance frequency of the specimen was 59 Hz. The KMN specimen was subjected to fatigue loading with different cycles (until 107) using the vibration test bench, and fatigue specimens with different cycles were obtained, as shown in Figure 4. The acceleration control model was used during the test, the test temperature was room temperature, the loading waveform was sine wave, the loading frequency was 59 Hz, and the acceleration was 5 m/s2. The vibration test in this paper followed HB 5277-1984 “Vibration Fatigue Test Method of Engine Blade and Material”. The main cause of blade fatigue failure was wake-induced vibration, and the first-order bending resonance frequency of the fatigue specimen was 59 Hz [25].



The RitecSNAP high-energy ultrasonic system was used to perform ultrasonic Lamb wave nonlinear measurements on KMN specimens with different fatigue damage, as shown in Figure 5. The pulse signal was excited by a signal generator, filtered by a low-pass filter, and then transmitted to the ultrasonic piezoelectric transducer. At this time, the voltage signal was converted into an ultrasonic vibration signal and entered the material to be measured. After wave propagation in the specimen, the ultrasonic signal was received by the piezoelectric transducer under the action of the nonlinear stress and strain of the material, and then obtained after passing through a high-pass filter. During the experiment, a narrowband piezoelectric transducer with a center frequency of 5 MHz was used as the transmitting probe, and a broad-band piezoelectric transducer with a central frequency of 10 MHz was used as the receiving probe. The frequency of the excitation signal was 5 MHz, the sampling rate of the oscilloscope was 1.25 GS/s, and the incident angle was 27° [22]. The probes at both ends were fixed by a fixture, and the pressure on the base surface of the probe was controlled at a relatively similar level during each measurement using a pressure sensor.



The coupling agent was glycerin. Because the coupling layer was very thin, the nonlinearity of the coupling agent can be ignored. Secondly, in order to reduce the impact of elastic nonlinear effect of the plexiglass, the propagation distance of the longitudinal wave excited by the transducer in the wedge-shaped block was shortened as much as possible [26]. Due to the nonlinearity of the solid medium, the stress–strain relationship exhibited nonlinear characteristics. β is the parameter describing the degree of material nonlinearity, namely, the second-order nonlinear coefficient. According to the one-dimensional longitudinal wave nonlinear wave equation in the solid medium, the second-order nonlinear coefficient β can be expressed as   β =  8   k 2  x      A 2     A 1    2      [27,28,29]. A1 is the amplitude of the fundamental frequency signal, and A2 is the amplitude of the second harmonic signal. The signal obtained in the experiment contained the fundamental frequency and high-order signal. These signals were processed by short-time Fourier transform (STFT). The amplitude of the fundamental frequency and the second-order frequency Lamb wave were obtained. Then, the second-order nonlinear coefficient β can be expressed with A2/A12 [27,28,29].





3. Results


3.1. Dispersion Curve


The frequency dispersion characteristics of ultrasonic guided waves caused the generation efficiency of the second harmonic to be very low in general, and the signal of the second harmonic was very weak, which is inconvenient for actual measurement. If the phase velocities of the fundamental frequency Lamb wave mode and the double frequency Lamb wave mode excited in the solid plate are equal, then the obvious Lamb wave accumulation second harmonic signal can be measured. Therefore, we measured the dispersion curves of Lamb wave of KMN specimen [22]. In order to excite the Lamb wave second harmonic signal with the accumulation effect, we could choose to excite the fundamental frequency Lamb wave of 2.25 MHz. At this time point, the phase velocity of the fundamental frequency and the double frequency were equal.



It is necessary to measure and check the amplitude–frequency response for the experimental platforms such as the RitecSNAP system, transmitting and receiving transducers, etc. This is to determine that the measured Lamb wave second harmonic signal comes from the nonlinearity of the material being tested, rather than from the nonlinearity of the measurement system.



When the incident voltage is fixed, there is a linear relationship between A2/A21 and the propagation distance. We kept the incident voltage signal unchanged and changed the distance of the two transducers (10–40 mm). From Figure 6, we can see that when the propagation distance was relatively close, as the propagation distance increased, A2/A21 also increased, which shows that the second harmonic signal we received came from the specimen itself. When the propagation distance was great, the value of A2/A21 decreased instead. This is mainly determined by the size and shape of the specimen. When the propagation distance increased, the coupling of the signal in the specimen became worse. Therefore, we use a propagation distance of 10 mm in the subsequent experiments. At this time, the second harmonic signal was generated by the Lamb wave propagating in the material, rather than the harmonic signal generated by the wedge-shaped block or coupling agent.




3.2. β–N Curve


Nonlinear ultrasonic testing was carried out on fatigue specimens and the time domain signals were obtained. The time domain signals were processed with STFT (short-time Fourier transform) and the STFT time-frequency energy spectrum image of KMN specimen was obtained. The STFT energy spectrum is represented by 256 levels of gray scale. Look up the amplitude table (the horizontal axis is the time and the vertical axis is the frequency) and the maximum amplitude of fundamental wave A1 and second harmonic wave A2 can be obtained. In this experiment, due to the complexity of the time-domain signal obtained and the overlapping of multiple waveforms, it was difficult to distinguish the signal we needed when using FFT. Therefore, our subsequent analysis used STFT for Fourier transform, which can effectively extract the S1 and S2 signals. A2/A21 was used as the normalized nonlinear coefficient to characterize the fatigue damage, and the relationship curve between the nonlinear ultrasonic coefficient β and the number of fatigue cycles was obtained, as shown in Figure 7.



From the figure, we can see that the nonlinear coefficient showed a trend of first rising and then falling with the increase in the number of fatigue cycles. At the beginning of fatigue (about before 5 × 104 cycles), there were a few micro-defects inside the material. The fatigue damage at this time was mainly a small amount of dislocation slip and microstructure deterioration. These few defects cannot cause significant changes in the second harmonic, so the nonlinear coefficient β remained basically constant. In the early stage of fatigue (before 106), the nonlinear coefficient β increased with the increase in the number of fatigue cycles. The nonlinear coefficient β reached its peak when the micro-cracks started to initiate. In the late stage of the specimen’s fatigue life (after 106), the nonlinear coefficient decreased. This shows that there is a corresponding relationship between the nonlinear coefficient β of the material and the fatigue damage. As the number of fatigue cycles increased, the fatigue damage inside the specimen also accumulated. When the ultrasonic wave signal propagated inside the material, the second harmonic wave excited by the sound wave at the damage also increased, and finally the nonlinear coefficient β of the material continued to increase. As the internal fatigue damage degree increased, the appearance of cracks increased the attenuation coefficient of the material, resulting in a decrease in the nonlinear coefficient in the late fatigue life.




3.3. Microscopic Morphology Analysis


In order to further study the relationship between the nonlinear coefficient and the micro-damage inside the material, the stress-concentration zone of the KMN vibration fatigue specimen was dissected and its microscopic appearance was observed. At the narrowest part of the specimen, there was a maximum stress level, and fatigue cracks initiated from this position. It was found that as the number of fatigue cycles increased, the microstructure of the specimen deteriorated relatively, as shown in Figure 8. Figure 8a presents the original specimen, and the material matrix is relatively flat. There were no obvious defects, and the nonlinear coefficient β corresponding to point A in Figure 7 was low. At the beginning of fatigue (about before 5 × 104 cycles), there were a few micro-defects inside the material, so the nonlinear coefficient β remained basically constant. As the number of fatigue cycles increased, we can see from Figure 8b that the material had tiny defects such as micro-holes. Corresponding to point B in Figure 7, the nonlinear coefficient β increased slightly. From Figure 8c, we can see that there were micro cracks in the material matrix. Corresponding to point C in Figure 7, the nonlinear coefficient β increased significantly and reached the peak value. With the further increase in the number of fatigue cycles, the specimen displayed macroscopically large cracks, as shown in Figure 8d. The appearance of cracks increased the attenuation coefficient, resulting in a decrease in the nonlinear coefficient. Corresponding to point D in Figure 7, the nonlinear ultrasonic coefficient β began to decrease. It was proved that there is a corresponding 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 characterize the material’s fatigue damage.



Industrial CT can clearly, accurately, and intuitively display the internal structure, composition, material, and defect status of the detected object in the form of two-dimensional tomographic images or three-dimensional images with no damage to the material. It is the most commonly used nondestructive testing today. Using industrial CT (resolution 0.1667 mm) to perform tomography on the specimens at different fatigue stages, no obvious defects were found [22]. This is because the defects at the early stage of fatigue were too small to be detected by industrial CT. However, the nonlinear coefficient β showed a noticeable change in Figure 7. This proves that nonlinear ultrasonic testing is more sensitive to small defects and can detect small defects that cannot be found by industrial CT. Therefore, it can be used for the detection of materials at the initial stage of fatigue damage.




3.4. β–N Curve and Fracture Characteristics of Compressor Blade


We obtained the complete blade from the KMN compressor impeller and processed it into a specimen to keep its surface in service. In addition, we chose a blade specimen to polish the surface as a control specimen. The blade specimens were loaded with different cycles of fatigue, and then the RitecSNAP ultrasonic system was used for nonlinear ultrasonic testing to obtain the relationship curve between the nonlinear ultrasonic coefficient β and the cycle of fatigue, as shown in Figure 9.



It can be seen from Figure 10 that the nonlinear coefficient β of the blade fatigue specimen gradually decreased with the increase in the number of fatigue cycle. This is because the blades of the impeller have been in service for a long time, and defects such as fatigue micro-cracks have been generated inside. The blade has entered the late stage of its fatigue life, that is, the falling stage of the β–N curve. At this time, the micro-cracks inside the specimen cause the attenuation coefficient of the material to increase, and the nonlinear coefficient β decreases with the increase in the number of fatigue cycles. In addition, the original specimen and smooth specimen in Figure 10 were used to study the influence of surface condition on nonlinear coefficient. Because the Lamb wave propagates inside the material, the defects inside the specimen are more important than surface condition. Comparing the original specimen and the smooth specimen, it could be found that the nonlinear coefficient of the smooth specimen was slightly lower than that of the original specimen, but the difference between the two was not much. This is because the nonlinear ultrasonic Lamb wave propagates inside the specimen, and the signal received in the experiment mainly comes from the second harmonics excited by the internal defects of the specimen. Therefore, the measured nonlinear coefficient was more sensitive to the internal defects of the specimen, which shows that the nonlinear ultrasonic detection can be used for the detection of small damage and defects in the initial fatigue stage of the material.



The stress-concentration zone, that is, the narrowest part of the specimen, of the fatigue specimen of the KMN blade was dissected, and its microscopic appearance was observed. It was found that there were a large number of microscopic defects such as holes and cracks inside the specimen, which also proved that the blade had entered the late stage of fatigue life at this time, as shown in Figure 10.





4. Discussion


4.1. β–a Curve


As the number of fatigue load cycles increases, the microstructure of the specimen will become defective and cracks will form, which will eventually lead to fatigue failure. Combined with the microstructural analysis of the stress-concentration zone of the vibration fatigue specimen, the number and length of fatigue cracks in the 10 standard fields (500 × 500 μm) of view of each specimen were counted, as shown in Table 4. The equivalent crack length refers to the sum of all crack lengths in 10 standard fields [30,31,32,33]. Since the received signal of the nonlinear ultrasonic Lamb wave is the sum of the second harmonic generated by all of the defects in the sampling area, it is more reasonable to use the equivalent crack length in the research than the single crack length. From Figure 11, we can see that the number of cracks and the equivalent crack length continued to increase with the increase of fatigue cycles, reflecting the process of continuous crack propagation in the specimen. In particular, when the specimen had large macro-cracks, the number and size of the internal cracks increased significantly.



In order to further analyze whether there is a connection between the micro-cracks inside the specimen and the measured nonlinear coefficients, we established the relationship curve between the equivalent crack length of the material and the nonlinear coefficient (i.e., the β–a curve). It can be seen from Figure 12 that, as the length of the crack increased, the nonlinear coefficient of the material also increased, indicating that there is indeed a certain corresponding relationship between the nonlinear coefficient and the propagation of the crack, so we can use the nonlinear coefficient to reflect the propagation process of fatigue cracks inside the material.



On the basis of the KMN vibration fatigue test in this paper, two sets of KMN specimens for the bending fatigue test and tensile-bending fatigue test were added. Their normalized nonlinear coefficients and the equivalent crack length were obtained, and then, the relationship curve between the KMN nonlinear coefficient and the crack growth size was obtained, as shown in Figure 13.



Fitting the data points in the figure, we can establish the empirical formula of the blade material KMN nonlinear coefficient and the crack growth size:


  β = 4.04 + 0.19 a  



(1)







Therefore, we can obtain the equivalent crack size of the KMN blade after service through the empirical formula and nonlinear ultrasonic detection. Combined with the KMN very high cycle fatigue life prediction model (Equation (2)) that we derived before [24], the fatigue life of the KMN blade after service can be obtained.


   N f  =  N i  +  N p  =   18 G  W s       (  Δ σ − Δ  σ  − 1    )   2  π  (  1 − ν  )  l   +    a 0   (  1 −  n 2   )      C Δ  σ n   β 1 n   π   n 2     (   n 2  − 1  )     



(2)




where Ni is the initiation life of the crack, Np is the propagation life of the crack, Ws is the specific fracture energy, G is the shear modulus of the KMN 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. C is 2.0 × 10−11 and n is 2.5 [34]. β1 is the geometric constant (   β 1  = 0.5  π   ).




4.2. Fatigue Damage Evaluation Method Based on Nonlinear Ultrasonic Detection


In the previous research, we obtained a very high cycle fatigue S–N curve and β–N curve of the blade material KMN, both of which reflect the fatigue performance of the material [22,23,24]. In order to observe the relationship between the two more intuitively, we created a β–S–N three-dimensional model containing the S–N plane and the β–N plane, as shown in Figure 14. It can be seen from the figure that the β–N curve we studied is the change in the nonlinear coefficient β under the stress of a certain point in the S–N curve with the increase of fatigue cycles, and the maximum value is the fatigue life corresponding to the stress.



Corresponding to any point on the S–N curve, the fatigue life is Nf. The nonlinear ultrasonic testing of the material was carried out, and then the β–N curve when the fatigue life is Nf can be obtained. β–S plane is mainly used to describe the relationship between β and stress. Normally, a larger stress level will result in a higher value of β. The dislocation string model was used to convert the nonlinear ultrasonic β–N curve measured under the calibrated stress [35,36,37,38], and the nonlinear ultrasonic β–N curve under arbitrary load can be obtained.



Since the β–N curve of KMN is not monotonous, the measured β value may correspond to two fatigue cycles. In actual operation, we can perform two nonlinear ultrasonic inspections of the blade with an interval of service time. Through the comparison of the two test results, it is judged as to whether the fatigue damage degree of the blade is in the rising phase or the falling phase of the β–N calibration curve at a specific time, and then the fatigue damage degree of the blade in service is determined.



Through the above research and analysis, we can propose an evaluation method for blade fatigue damage based on nonlinear ultrasonic testing. We performed nonlinear ultrasonic testing of the blade in service to obtain the nonlinear coefficient of the blade at a specific time. By comparing the β–S–N three-dimensional model, the fatigue damage degree and fatigue cycle of the blade after service could be obtained so as to determine whether there are micro-cracks inside the blade, and we could formulate the corresponding maintenance and inspection plans to ensure the safe and reliable operation of the centrifugal compressor blade.





5. Conclusions


The vibration fatigue test of the blade material KMN under simulated working conditions was carried out. The relationship of the nonlinear coefficient and fatigue damage degree was studied by nonlinear ultrasonic testing. The following conclusions were obtained:




	(1)

	
We obtained the nonlinear coefficient–fatigue cycle curve of the blade material KMN. It was found that the nonlinear coefficient of the material first increased and then decreased with an increase in the number of fatigue cycles.




	(2)

	
The microstructure analysis of the cross section of the specimens was carried out, and the relationship between the expansion of the micro-crack inside the material and the nonlinear coefficient was analyzed. As the number of fatigue cycles increased, the microstructure of the specimen gradually deteriorated and cracks occurred. This proves that nonlinear ultrasonic detection can be used to characterize the micro-cracks in the early fatigue stage of materials. The nonlinear coefficient β of the material can be used to reflect the fatigue damage inside the material.




	(3)

	
Through the statistical analysis of the internal micro-crack size in the early fatigue damage test, the empirical formula of the nonlinear coefficient β and the equivalent crack size was obtained. Combining the β–N curve with the S–N curve of the blade material KMN under very high cycle fatigue, a β–S–N three-dimensional model was established, and then an evaluation for the initial fatigue damage of the blade fatigue based on nonlinear ultrasonic testing was proposed.
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Figure 1. Microstructure of the KMN steel. 
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Figure 2. Shape and dimensions of the KMN vibration fatigue specimen (mm). 
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Figure 3. Impeller and KMN blade specimen. (a) Impeller; (b) KMN blade specimen after service; (c) top view of blade specimen. 
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Figure 4. Vibration fatigue test of KMN. (a) Vibration test bench; (b) laser displacement sensor. 
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Figure 5. Nonlinear ultrasonic test system. (a) RitecSNAP ultrasonic system; (b) specimen and ultrasonic piezoelectric transducer. 
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Figure 6. Relationship curve between A2/A21 and the propagation distance of KMN vibration fatigue specimen. (R2 = 0.99). 
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Figure 7. Relationship curve between nonlinear coefficient and fatigue cycles of the KMN vibration fatigue specimen. (R2 = 0.93). 






Figure 7. Relationship curve between nonlinear coefficient and fatigue cycles of the KMN vibration fatigue specimen. (R2 = 0.93).



[image: Jmse 09 01358 g007]







[image: Jmse 09 01358 g008a 550][image: Jmse 09 01358 g008b 550] 





Figure 8. SEM microstructure of KMN vibration fatigue specimen. (a) Point A in Figure 7; (b) point B in Figure 7; (c) point C in Figure 7; (d) point D in Figure 7. 
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Figure 9. Relationship curve between nonlinear coefficient and fatigue cycles of KMN blade fatigue specimen. 
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Figure 10. SEM Microstructure of KMN blade fatigue specimen. (a) The middle of the cross section; (b) the cross section close to the surface. 
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Figure 11. Relationship between nonlinear coefficient β, equivalent crack length, and fatigue cycles of the KMN vibration fatigue specimens. (R2 = 0.93 for β–N curve). 
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Figure 12. Relationship between equivalent crack length and nonlinear coefficient of the KMN vibration fatigue specimens. 
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Figure 13. Relationship between nonlinear coefficient and crack propagation size. (R2 = 0.79). 
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Figure 14. Schematic diagram of the β–S–N three-dimensional model. 
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Table 1. Mechanical properties of KMN.
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	Mechanical Properties
	Tensile Strength Rm (MPa)
	Yield Strength Rp0.2 (MPa)
	Elastic Modulus E (GPa)
	Density ρ (kg/m3)
	Hardness HV (kgf·mm−2)





	KMN
	1193
	1072
	205
	7840
	335



	Standard deviation
	2.52
	6.51
	1.15
	10.07
	4.04
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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
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Table 4. Statistics of micro-cracks in the KMN-I vibration fatigue specimens.
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	Fatigue Cycles
	5 × 104
	3 × 105
	5 × 105
	7 × 105
	106
	107





	Number of cracks
	0
	1
	1
	4
	5
	>50



	Crack length/μm
	0
	8
	13
	15, 12, 10, 20
	8, 12, 14, 30, 15
	70, 18, 26…



	Equivalent crack length/μm
	0
	8
	13
	57
	79
	>600



	Standard deviation for crack length
	-
	-
	-
	19.49
	26.87
	-
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