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Abstract

:

The effects of specimen size and welded joints on the very high cycle fatigue properties of compressor blade steel KMN-I were studied by ultrasonic fatigue testing. It was found that the S-N curve of large specimens had a slow decline above 107 cycles, and fatigue failure still occurred in the very high cycle regime (>107 cycles), while the very high cycle fatigue characteristics of welded specimens was less obvious, and the fatigue limit was observed. Metallographic observation and SEM analysis were carried out on the fracture of the specimens. The results showed that surface fractures were mostly observed in the large specimens, and only a small number of cracks initiated from non-metallic inclusions above 107 cycles. The cracks of welded specimens initiated from the surface below 107 cycles and initiated from the internal matrix above 107 cycles. In addition, the formation mechanism of GBF (granular bright facet) was analyzed by the “dispersive decohesion of spherical carbide” theory, and the fatigue strength and fatigue life were predicted, which was consistent with the experimental results.
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1. Introduction


The centrifugal compressor impeller is a typical gas delivery equipment which plays an important role in energy, petroleum, nuclear power, and other important industries. With an increase of rotation speed and service years of a large centrifugal compressor, the working life of impeller rotors that serve for decades has been far more than 107 cycles. In recent years, much research proved that there was no traditional fatigue limit in the S-N curve of many materials, especially high strength steels, in a very high cycle regime [1,2,3]. Therefore, it is no longer reliable to design a centrifugal compressor impeller with fatigue life and fatigue strength in the traditional S-N curve, and thus it is very important to study the very high cycle fatigue behavior and mechanism of compressor blade steel.



Welding is an important method of molding compressor impellers and blades. There is usually a stress concentration in the welded joint (such as the connecting parts of blades and wheel), which is prone to fatigue failure. Some scholars studied the very high cycle fatigue behavior of welded joints using the ultrasonic fatigue test system, and the results showed that the cracks mainly initiated from the welded seam, which is the most dangerous part of the welded joint. Zhu [4] studied the very high cycle fatigue properties of Cr-Ni-Mo-V welded joints at 370 °C. It was found that the main reasons for internal crack initiation at high temperature were matrix softening, surface oxidation, and surface compressive residual stress. Zhu [5] also studied the very high cycle fatigue properties of Cr-Ni-Mo-V welded joints at different frequencies. The results showed that most fatigue cracks initiated from the internal voids of the weld seam at 110 Hz, while the fatigue cracks usually initiated from internal non-metallic inclusions at 20 kHz. Cremer [6] studied the very high cycle fatigue properties of aluminum alloy welded joints. The results showed that the fatigue properties of the welded seam were relatively lower than those of the heat affected zone and the base metal, which proved that a welded seam containing weld defects was the weakest area of welded joints. In addition, currently most of the very high cycle fatigue tests use normal specimens. Due to the size effect, there is a difference between the fatigue properties of normal specimens and the actual components. The size of the normal specimen is calculated by the USF-2000 ultrasonic fatigue testing and KMN-I parameters. A specimen with this size can better resonate. In order to distinguish different sizes of specimens, larger specimens and normal specimens are called in the following part. Therefore, we mainly studied the effects of specimen size and welded joints on the very high cycle fatigue properties of compressor blade steel KMN-I, and hope to provide theoretical guidance for fatigue design and safe operation of welded compressor impellers.




2. Materials and Methods


KMN-I is an important material for the compressor blades due to its high strength and good weld ability. KMN-I is a low alloy steel with a metal grade of 15Cr2Mo1. The main chemical composition and mechanical properties of KMN-I are shown in Table 1 and Table 2. The heat treatment process is shown in Table 3.



The size of the welding plate with an X-groove was 100 mm × 300 mm × 13 mm, and the plates were butt welded by manual arc welding, namely shielded metal arc welding (SMAW). The welding rod was a low carbon electrode, and the chemical composition was Cr14–Ni5–Mo1.5–Cu–1.5–Nb0.3. The preheating temperature of welding was 150 °C. The plates were carried out heat treatments before welding, and the heat treatment processes are shown in Table 3. The plates were carried out the same heat treatments after welding to relieve the residual stress.



The metallographic structure of the KMN-I base metal is mainly acicular and lath tempered troostite, as shown in Figure 1. The metallographic structure of the KMN-I welded specimen is shown in Figure 2. Due to the influence of the welding process, the microstructure of the welded seam is larger than that of the base metal.



A very high cycle fatigue test was carried out on the Shimadzu USF-2000 ultrasonic fatigue testing machine (Shimadzu, Kyoto, Japan) at a resonance frequency of 20 kHz and stress ratio R = −1. The thermal effect was not obvious for the large specimen, so the resonance time and interval time were set to 200 ms: 200 ms. For the welded specimen, the use of 200 ms: 200 ms intermittent ratio was likely to cause specimen burning due to the thermal effect, so the resonance time and interval time were set to 200 ms: 600 ms to give the specimen better heat dissipation. During the test, compressed cold air was used to cool the specimen until fatigue failure of the specimen occurred or up to 109 cycles. The shape and dimensions of the specimens are shown in Figure 3. Among them, the welded specimen is shown in Figure 3a, and the minimum diameter was 3 mm. The large specimen is shown in Figure 3b, and the minimum diameter was 4.5 mm. The normal specimen was the same size as the welded specimen, while the welded specimen was taken from a welded plate. The weld zone was located at the minimum diameter of the specimen after processing. Specimens were polished by 2000 mesh sandpaper before the test. The maximum stress during the test was located in the minimum section of the specimen.




3. Results


3.1. S-N Curve


First, the very high cycle fatigue S-N curve of the large specimen obtained from the experiment was compared with the S-N curve of the normal specimen previously obtained, as shown in Figure 4. It was found that the S-N curve of the large specimen had a slow decline above 107 cycles, and fatigue failure still occurred in the very high cycle regime (>107 cycles). There was no fatigue limit in the S-N curve. Compared with the S-N curve of the normal specimen, we found that the S-N curve of the large specimen had a downward movement, and the fatigue strength was reduced by about 75 MPa. This is mainly because the control volume of the large specimen was larger, and correspondingly the possibility of microstructure defects in the dangerous location was larger. So, the fatigue strength of the large specimen was reduced.



Similarly, we obtained the very high cycle fatigue S-N curve of the welded specimen and compared it with the S-N curve of the normal specimen previously obtained, as shown in Figure 5. It was found that the fatigue strength of the welded specimen was lower than that of the normal specimen. Fatigue failure mainly occurred below 107 cycles, which did not show the characteristics of the continuous decline in the very high cycle fatigue regime. The fatigue limit was observed, which was about 450 MPa.




3.2. Fracture Surface Observation


The specimen resonated during the test. When fatigue failure occurred, the natural frequency of the specimen changed, and then the test automatically stopped. The specimen was broken in liquid nitrogen, and the fracture surface was observed using SEM (scanning electron microscope). The experimental results showed that there were two crack initiation modes in the large specimens: internal initiation and surface initiation. The fatigue cracks below 107 cycles initiated from surface defects, while the fatigue cracks above 107 cycles usually initiated from internal inclusions, as shown in Figure 6. There were also individual specimens above 107 cycles in which cracks initiated from surface defects, as shown in Figure 7.



Fatigue cracks that initiated from the surface were mainly caused by a dislocation slip at the stress concentration of the specimen surface. When fatigue failure occurred below 107 cycles, the fatigue crack mainly initiated from surface defects. With an increase of the fatigue cycles (above 107 cycles), the fatigue crack tended to transfer to internal initiation. However, not all fatigue cracks above 107 cycles initiated from the interior. When the internal inclusions were small or there were obvious surface defects, the fatigue crack in the very high cycle regime may also initiate from the surface stress concentration [7,8,9]. Internal crack initiation is a significant feature of very high cycle fatigue. Because the very high cycle fatigue characteristics of the compressor blade steel KMN-I were not obvious, there was relatively less fatigue failure above 107 cycles, and there were also less fatigue cracks that initiated from internal inclusions. Energy spectrum analysis was carried out at the internal inclusion, as shown in Figure 8. The chemical composition was mainly MnS, in addition, there were a small amount of impurity elements such as Ti and Si. MnS was the main inclusion component of KMN-I, and the same inclusions had been found in many other specimens.



Then, we analyzed the fatigue fracture of the welded specimens and found that there were also two kinds of fatigue crack initiation modes. Fatigue cracks below 107 cycles initiated from surface defects, while fatigue cracks above 107 cycles mainly initiated from the internal matrix, as shown in Figure 9 and Figure 10. Fatigue cracks were transferred from surface initiation to internal initiation in the very high cycle regime. Most of the fatigue cracks of the welded specimens in this regime initiated from the internal matrix, and no specimen of internal inclusion crack initiation was observed. This may be because the KMN-I specimen had a high purity of metallographic structure and less inclusions, so the internal fatigue crack initiated from the weak matrix. In addition, there was a highlighted area called the GBF (granular bright facet) around the fatigue source area, which was relatively rough. Some researchers think that the boundary of the GBF is the boundary of the crack initiation area and the crack propagation area [10]. The GBF was surrounded by a relatively smooth area, which was caused by the slow propagation of the crack. When the fatigue crack propagated to the specimen surface, the crack propagation rate changed due to the change of the stress intensity factor. This difference in the rate of crack propagation led to the formation of the “fish-eye” area [11,12]. In some specimens, the fish-eye area was less obvious because the fatigue source was far from the specimen surface, which meant that the transformation of the crack propagation speed was not obvious.



Similarly, the fatigue cracks of the welded specimens below 107 cycles initiated from the surface, which was also caused by the dislocation slip at the stress concentration of the specimen surface, as shown in Figure 11.




3.3. Formation of the GBF


GBF is the main region of the very high cycle fatigue crack initiation, so the formation mechanism of the GBF is of great significance in studying the very high cycle fatigue behavior of the material. There are two main points of view for the formation of the GBF: Shiozawa proposed the “dispersive decohesion of spherical carbide” model [10], which stated that first some micro-cracks initiated from the inclusions, and then the micro-cracks merged around the carbides to form the GBF. Murakami observed the enrichment of hydrogen around the inclusions through hydrogen isotope ray imaging and secondary ion mass spectrometry, and proposed the theory of hydrogen promotion [3].



We found that the carbon element content in the fatigue source area was relatively high in the previous fracture microstructure analysis. In order to observe the influence of the carbon element more intuitively, we analyzed the distribution of the carbon element around the fatigue source area of the internal crack initiation using an electron probe, as shown in Figure 12. It was found that the enrichment of carbon elements around the fatigue source area was more obvious, which proved that the carbon element promoted the formation of the GBF.





4. Discussion


Very high cycle fatigue behavior usually appears in high strength steel (Rm ≥ 1600 MPa), but is not obvious in low strength steel. In the fatigue damage stage, cyclic stress attacks both surface and internal defects, and it is considered that the site which is selected for crack initiation is always competitive. It can be found that the microstructure is acicular and lath troostite, which is unfavorable for the propagation of micro-cracks, so it is easier for cracks to initiate from the surface [13]. In addition, there were relatively few inclusions of KMN-I, so the very high cycle fatigue characteristic of KMN-I was inconspicuous. Since the cracks mainly initiated from the surface, surface roughness and defects are discussed below in order to research their influence on fatigue strength and fatigue life.



4.1. Fatigue Strength Prediction


The GBF has an important role in determining the very high cycle fatigue strength (fatigue strength at 109 cycles in this paper, hereinafter referred to as “fatigue strength”). Most prediction models of very high cycle fatigue strength were obtained by inclusion and GBF characteristics. Among them, the model established by Murakami, et al. [14,15,16] is widely used because it contains fewer physical quantities and is easy to measure. The Murakami model regards the inclusion as a penny-shaped crack in an infinite volume using linear elastic fracture mechanics. Regarding crack propagation around inclusions as a critical condition, the “inclusion equivalent projected area model” was established, which correlates the fatigue strength with the hardness of the matrix and the size of the inclusion. The fatigue strength with interior nonmetallic inclusions can be expressed as:


   σ w  =   C  (  H V + 120  )       (   A   )    1 / 6      



(1)




where HV is the Vickers hardness of the material in kgf/mm2 and equivalent inclusion size    A    is the square root of the inclusion projection area perpendicular to the maximum principal stress, approximately 0.886 times the diameter of the inclusions, in units of μm. When the inclusion is located in a different location, such as the surface, the subsurface, and the interior, the modulus C is 1.43, 1.41, and 1.56, respectively.



For compressor blade steel KMN-I, the cracks usually initiated from the surface, and therefore we focused on the fatigue strength determined by surface detects and surface roughness. Murakami et al. thought that the fatigue strength with surface roughness was determined by the threshold condition for non-propagation of a crack emanating from a notch root. Referring to the definition of    A   , the equivalent surface defect size (     A R     ) was established to describe the influence of the surface roughness on fatigue strength [15].      A R      can be determined by Equations (2) and (3) according to different situation.


       A R      2 b   = 2.97  (   a  2 b    )  − 3.51    (   a  2 b    )   2  − 9.74    (   a  2 b    )   3  , f o r    a  2 b   ≤ 0.195  



(2)






       A R      2 b   ≅ 0.38 , f o r  a  2 b   ≥ 0.195  



(3)




where a and b are parameters of surface roughness: a is the vertical distance between the maximum peak and valley (namely Rz), which is the depth of the surface defect perpendicular to the maximum principal stress. 2b is the horizontal distance between two peaks. Murakami regarded surface roughness as a periodic distribution, which meant that 2b was a constant, while surface roughness was random in the actual situation. Itoga et al. [17] thought that 2b should be the average distance between two peaks without small peaks and valleys, as shown in Figure 13. Ra is the average depth of surface defects. Rz is the vertical distance between the maximum peak and valley. Compared with the experiment results, it is found that when a is set to Rz, the predicted value of the Murakami model is more consistent with the fatigue strength obtained in the experiment. When a is set to Ra, the predicted value of the Murakami model is quite different from the experimental results. Therefore, a is set to Rz in the subsequent analysis.



Based on the Murakami model,      A R      was introduced in Equation (1) instead of    A   . Then, fatigue strength determined by surface roughness can be expressed as:


   σ  w , R   =   1.43  (  H V + 120  )       (     A R     )    1 / 6      



(4)







We measured the surface roughness of the specimens using a white light interferometer. The values of a and 2b were obtained, as shown in Figure 14. Then,      A R      was calculated using Equation (2), and the fatigue strength of Murakami model was obtained, as shown in Table 4.



The fatigue strength of the large specimen and welded specimen at 109 cycles extrapolated by the S-N curve was about 500 MPa and 440 MPa, respectively, and the Murakami fatigue strength model predictions were 508 MPa and 487 MPa, respectively. The roughness in certain locations was used to reflect the overall state of roughness. There will be some deviation due to the inhomogeneity of the surface roughness.



The Murakami model assumed surface roughness as a uniform defect, however, the surface defect in the minimum cross-section of the specimen is the decisive reason for crack initiation in the actual situation. Therefore, fracture mechanics were introduced to modify the Murakami fatigue strength model. Assuming there was a surface crack with a depth of Rz in the middle of the specimen, then regarding crack propagation as a critical condition, the modified model of fatigue strength was obtained.



For a surface crack with an arbitrary shape, the depth of the crack was assumed as a, and the minimum radius of the specimen was R. When a/R approaches zero, it can be equivalent to a surface crack in a semi-infinite solid under uniform tension. The stress intensity factor is:


   K  Imax   = 0.650  σ 0    π  A     



(5)







When the width of the crack is ten times larger than the depth of it, the defect area can be calculated by 10a2 [18], namely    A  =   10   a  . The stress intensity factor threshold calculated using the Murakami model is:


  Δ  K  th   =   3.3  (  H V + 120  )       (   A   )    1 / 3      



(6)







Combining Equations (5) and (6) we can derive the modified fatigue strength model determined by a surface crack with an arbitrary shape.


   σ R  =   1.18  (  H V + 120  )       ( a )    1 / 6      



(7)







Combined with the surface roughness of the compressor blade steel KMN-I, the fatigue strength estimated by the modified model can be obtained. The results of the Murakami model and the modified model are compared, as shown in Table 5.



Comparing the two prediction models, it was found that the prediction results of the modified model were closer to the experimental results, which prove the validity of this modified model.




4.2. Fatigue Life Prediction


The initiation life of the very high cycle fatigue crack accounts for the majority of the total fatigue life, so we can use initiation life of the crack to estimate the total fatigue life. Tanaka and Mura proposed an estimation model of crack initiation life [19]:


   N i  =   A  W s       (  Δ τ − 2  τ f   )   2     



(8)




where Ni is the initiation life of the crack, Ws is the specific fracture energy of KMN-I, Δτ is the range of local shear stress, and τf is the friction stress that needs to be overcome the dislocations. According to the different initiation locations of the crack, the function A has different values:


  A =  {      4 G   π  (  1 − ν  )  l   , c r a c k   i n i t i a t e s   a l o n g   s l i p   b a n d s       2 G  l  , c r a c k   i n i t i a t e s   a l o n g   g r a i n   b o u n d a r y       4 G  (  G +  G i   )   h 2     G i     (  h + l  )   2   a i    , c r a c k   i n i t i a t e s   a l o n g   t h e   i n t e r f a c e   o f   i n c l u s i o n    }   



(9)




where G is the shear modulus of the KMN-I matrix, Gi is the shear modulus of the inclusion, l is the semilength of the slip band, h is the semi-minor size of the elliptical slip band, and ν is Poisson’s ratio.



Wang et al. [20] simplified the model according to the following assumptions: the crack initiation size ai is equal to the inclusion size a0, the semi-minor length of the slip band l is equal to the semi-minor length of the elliptical slip band area h, the shear modulus of inclusion Gi is equal to the shear modulus of matrix G, and the friction stress τf is half of the shear fatigue limit, namely, when the stress amplitude is less than 2τf, the crack cannot initiate.



According to the von Mises yield criterion, the relational expression between the shear stress amplitude and the allowable stress amplitude is:


  Δ τ =    2   3  Δ σ  



(10)







The friction stress can be expressed as:


   τ f  =  1 2   (     2   3  Δ  σ D R   )   



(11)




where   Δ  σ D R    is the fatigue limit with a stress ratio of R, which is denoted as σ−1 when R = −1.



Thus, the initiation life of the crack can be expressed as:


   N i  =   9 A  W s    2    (  Δ σ − Δ  σ  − 1    )   2     



(12)







When a very high cycle fatigue crack initiates from internal inclusions, the initiation life of the crack can be expressed as:


   N i  =   9 G  W s       (  Δ σ − Δ  σ  − 1    )   2   a 0     



(13)







When a very high cycle fatigue crack initiates from the surface slip band, the initiation life of the crack can be expressed as:


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



(14)







Assuming the fatigue crack propagation follows the Paris formula:


    d a   d N   = C    (  Δ K  )   n   



(15)




where a is the crack length, N is the fatigue cycle, and C and n are the material parameters. For Cr-Mo steel, C, n, and ΔKth are 2.0 × 10−11, 2.5 and 3.3 MPa   m   , respectively [21].



Wang simplified the propagation life model of the high cycle fatigue crack based on long and short crack behavior:


   N p  =    a 0   (  1 −  n 2   )      C Δ  σ n   β 1 n   π   n 2     (   n 2  − 1  )     



(16)




where β1 is the geometric constant (β1 = 0.5   π   ).



Thus, when the very high cycle fatigue crack initiates from internal inclusions, the total fatigue life of the crack can be expressed as:


   N f  =  N i  +  N p  =   9 G  W s       (  Δ σ − Δ  σ  − 1    )   2   a 0    +    a 0   (  1 −  n 2   )      C Δ  σ n   β 1 n   π   n 2     (   n 2  − 1  )     



(17)







The fatigue limits of three groups of S-N curves (normal specimen, large specimen, and welded specimen) were 565 MPa, 488 MPa, and 453 MPa, respectively. The specific fracture energy of low carbon steel (Ws ≈ 3.8 × 105 N·m−1 [20]) was used in this study, and the estimated results of the very high cycle fatigue life are shown in Table 6.



It can be seen that the prediction model agrees relatively well with the test results, except for specimen 5-4#. The error of fatigue life is usually very large due to the discrete fatigue test. In addition, there were fewer specimens with internal cracks in this project, which caused the error to become larger. The initiation life of the very high cycle fatigue crack is much larger than the propagation life, which proves that the initiation life of the very high cycle fatigue crack is the majority of the total fatigue life. Therefore, we can ignore the propagation life of the crack in the subsequent calculation, and use the initiation life of the crack to approximate the total fatigue life.



Because most of the fatigue cracks in this experiment initiated from the surface slip band, we used Equation (14) to estimate the very high cycle fatigue life of the material. The fatigue life estimation model can be simplified as:


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



(18)







Similarly, the material parameters of KMN-I were put into Equation (18), and l was about half the grain size (10 μm). The estimated results are shown in Figure 15.



It can be seen that the fatigue life prediction results of the KMN-I large specimen and welded specimen were in good agreement with the experimental results, especially in the high and very high cycle regime (above 106 cycles). In the low cycle fatigue regime, the prediction model was higher than the experimental results, which may be because the vibration of the specimen during the test was very large when the stress amplitude was high. The temperature rise led to burning of the specimen surface, and the crack did not sufficiently propagate. Therefore, the measured fatigue life was relatively lower than the model prediction results.





5. Conclusions


The very high cycle fatigue S-N curves of the compressor blade steel KMN-I needed were obtained through ultrasonic fatigue tests of large specimens and welded specimens, which provided theoretical support for the follow-up design of compressor impeller blades. The experimental results demonstrated:



(1) Large specimens of KMN-I had a slow decline above 107 cycles, and fatigue failure still occurred in the very high cycle regime (>107 cycles). The very high cycle fatigue characteristics of the KMN-I welded specimens were inconspicuous, and the fatigue limit was observed. The fracture SEM showed that the surface fractures were mainly observed in large specimens, and a small number of cracks initiated from non-metallic inclusions above 107 cycles, while cracks of the welded specimens initiated from the surface below 107 cycles and initiated from the internal matrix above 107 cycles.



(2) The formation mechanism of GBF was explained by the theory of “dispersive decohesion of spherical carbide”. The enrichment of carbides leads to the initiation of the fatigue crack at the weak matrix of the material.



(3) The Murakami fatigue strength model was modified using fracture mechanics, and the modified model was closer to the experimental results. The parallel layer model was used to predict the very high cycle fatigue life of the compressor blade steel KMN-I. It proved that the initiation life of the very high cycle fatigue crack accounts for the majority of the total fatigue life.
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Figure 1. Microstructure of the KMN-I base metal. 






Figure 1. Microstructure of the KMN-I base metal.
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Figure 2. Microstructure of the KMN-I welded joint. (a) Welded seam; (b) fusion zone. 






Figure 2. Microstructure of the KMN-I welded joint. (a) Welded seam; (b) fusion zone.



[image: Coatings 11 01244 g002]







[image: Coatings 11 01244 g003 550] 





Figure 3. Shape and dimensions of the specimens (in mm). (a) Welded specimen; (b) large specimen. 
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Figure 4. The very high cycle fatigue S-N curve of large specimens. 
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Figure 5. The very high cycle fatigue S-N curve of welded specimens. 
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Figure 6. Internal inclusion crack initiation of the large specimen (σa = 520 MPa, Nf = 4.25 × 107). 
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Figure 7. Surface crack initiation of the large specimen (σa = 510 MPa, Nf = 1.06 × 108). 
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Figure 8. Energy spectrum analyses of KMN-I large specimen inclusion. 
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Figure 9. Internal matrix crack initiation of the welded specimen (σa = 480 MPa, Nf = 9.36 × 106). (a) Fracture cross section; (b) crack initiation area. 
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Figure 10. Internal matrix crack initiation of the welded specimen (σa = 500 MPa, Nf = 1.09 × 107). 
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Figure 11. Surface crack initiation of the welded specimen (σa = 540 MPa, Nf = 1.36 × 106). 
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Figure 12. Electron probe scanning results of the welded specimen. (a) Specimen 4 (σa = 480 MPa, Nf = 9.36 × 106); (b) Specimen 18 (σa = 500 MPa, Nf = 1.09 × 107). 
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Figure 13. Schematic diagram of depth and spacing of surface roughness. 
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Figure 14. Surface roughness of KMN-I specimens. (a) Large specimen; (b) welded specimen. 
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Figure 15. Very high cycle fatigue life prediction model of KMN-I. 
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Table 1. Mechanical properties of KMN-I.
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	Mechanical Properties
	Rm (MPa)
	Rp0.2 (MPa)
	E (GPa)
	ρ (kg/m3)
	HV (kgf·mm−2)





	KMN-I
	1193
	1072
	205
	7840
	335
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Table 2. Chemical composition of KMN-I (wt.%).






Table 2. Chemical composition of KMN-I (wt.%).





	Chemical Composition
	C
	Mn
	Si
	Mo
	Cr
	P
	S





	KMN-I
	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.
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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. Fatigue strength of Murakami model and related parameters.
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	Specimen Type
	2b

(μm)
	a

(μm)
	      A  R       

(μm)
	Murakami Model (MPa)
	Experimental Result (MPa)





	Large specimen
	16.32
	1.79
	4.43
	508
	500



	Welded specimen
	11.76
	2.11
	4.28
	487
	440
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Table 5. Comparison between the Murakami model and the modified model.






Table 5. Comparison between the Murakami model and the modified model.





	Specimen Type
	Experimental Result (MPa)
	Murakami Model (MPa)
	Deviation
	Modified Model

(MPa)
	Deviation





	Large specimen
	500
	508
	1.6%
	488
	−2.4%



	Welded specimen
	440
	487
	10.68%
	453
	2.95%
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Table 6. Comparison of the very high cycle fatigue life estimation model and experimental results.
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	Specimen
	Stress

σ (MPa)
	Inclusion Size

a0 (μm)
	Experiment

Nf’ (cycles)
	Model Prediction

Ni (cycles)
	Model Prediction

Np (cycles)
	Error

= (Nf‘ − Ni −Np)/Nf’





	4#
	600
	4
	1.11 × 107
	1.38 × 107
	916
	24%



	5-4#
	520
	10
	1.27 × 107
	0.66 × 107
	1041
	48%



	5-2#
	500
	13
	4.25 × 107
	3.60 × 107
	1075
	15%
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