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Abstract
[bookmark: _Hlk24304593]To clarify the effects of ferrite morphologies and contents on high-cycle rotating bending fatigue property of pearlite-ferrite dual-phase (DP) steel used for fabrication of commercial vehicle crankshafts, two types of DP steels with different ferrite grain sizes (S10: 13.1μm and S30: 21.4μm) and ferrite contents (S10: ~9.5vol.% and S30: ~30.4vol.%) were prepared. Stress-number of high cycles to failure (S-N) fatigue of the two DP steels were evaluated. Experimental results showed a fatigue strength of 510 MPa and 400 MPa for S10 and S30 steels, respectively, at 107 cycles. Fatigue cracks in S10 steel extended preferentially along the grain boundary, but it was easy for crack propagation to extend within a pearlite colony to form a zigzag crack morphology. Crack roughness was enhanced and high stress was introduced to the crack surface due to this kind of crack propagation behavior, which has positive effects on slowing down crack propagation. However, the crack propagation in S30 steel mainly occurred inside the soft equiaxed coarse ferrite grain. Analysis revealed that little stress was introduced to the crack surface. These results show that it is possible to improve high cycle rotating bending fatigue strength of pearlite-ferrite DP steel by appropriately manipulating the volume fraction and microstructure morphology of ferrite phase.  
[bookmark: OLE_LINK19][bookmark: _Hlk24304613][bookmark: _Hlk24305655]Keywords: high cycle rotating bending fatigue, S-N, pearlite-ferrite steel.
1. [bookmark: _Hlk527960175]Introduction
[bookmark: _Hlk24305908]In recent years, with the rapid development of aerospace[1-3], transportation [4-5], energy [6-8] and construction [9-11] industries, new requirements and challenges have been put forward for the use of high-strength steels for machinery. Fatigue failure usually occurs in the service of these high strength steel structures. The fatigue fracture of these key engineering components often results in heavy losses. Therefore, the fatigue performance and fatigue resistance design of high-strength steel components are important research aspects. In general, fatigue cracks will appear in steel components under cyclic loading, and then these cracks will continue to expand inside the engineering components, eventually leading to the failure of these steel components. Therefore, the fatigue performance of steel components can be optimized from two aspects: fatigue crack initiation and propagation life improvement. It is generally believed that the fatigue strength (107 cycle life) of the steel component has a good correlation with its fatigue crack initiation life, and the increase of fatigue strength often leads to a higher crack initiation life of the steel component. In terms of the microscopic mechanism of fatigue damage of steel materials, fatigue cracks usually originate at the stress concentration [12] location caused by local non-uniformity of microstructure, such as inclusions [13-14], porosity, surface defects and grain boundaries. As for rate and path of fatigue crack propagation, they are affected by the microstructures of steels [15-17]. And several crack closure mechanisms were proposed to explain the crack propagation behavior. These proposed crack closure mechanisms are mainly focused on (1) crack tip corrosion product induced crack termination (CPCT)[16-19] mechanism. (Benoit[16] et al. (1980) has concluded the oxidation products were produced on the fatigue crack surfaces of austenitic stainless steel in low cycle fatigue test, which hindering the fatigue crack propagation. Suresh[17] et al. (1981) has claimed that the formation of corrosion deposits induced the crack closure to explain fatigue crack propagation behavior of steel under gaseous and aqueous environments.) (2) fracture surface roughness-induced crack termination (RICT)[15,20,21] mechanism. (Koyama[20] et al. (2017) has explored a typical hierarchical and laminated steel, the crack roughness caused by the microstructure can effectively restrain the crack expansion. Zhao[21] et al. (2019) has compared the fatigue resistance of laminated and non-laminated steels and concluded that crack roughness played an important role in controlling fatigue crack growth.) (3) transformation-induced crack termination (TICT)[15,22-31] mechanism. (Mayer[23] et al. (1995) has studied the fatigue crack of austenitic steel and found that the austenitic phase transformed into martensitic phase at the field of crack tip, accompanied by volume expansion and the generation of residual stress, which inhibits crack growth. Chao et al.[25] (2015) figured out that the fatigue crack-propagation-induced ε-martensitic transformation to decelerate crack propagation in Fe-30Mn-4Si-2Al austenitic steel.) Different phases contents and grain sizes both affect fatigue crack initiation and propagation, and then affect the fatigue strength (107 cycle life) and fatigue life of steel components.
[bookmark: OLE_LINK5][bookmark: OLE_LINK15][bookmark: OLE_LINK12]Pearlite-ferrite DP steel is the most common type of advanced high strength steel used for constructing crankshaft structures due to its excellent mechanical properties, since it has high strength, impact toughness and low cost [32]. According to the literature reviews, studies about the fatigue failure analysis and fatigue strength of DP steel structures [15-16,20-21,33-35] are numerous. Kim et al. (2011) [36] has reported that the initiation of fatigue crack varies with different microstructures of steel, for example, the boundaries of pearlite-ferrite steel, the martensite/austenite boundaries for martensite-austenite steel and pearlitic islands for bainitic steel. Daeubler et al. (1990) [37] has concluded that the fine original austenite grains and the fine lamellar spacing for fully pearlitic steels can effectively inhibit the initiation and propagation of short fatigue cracks. Koyama et al. (2017) [20] has developed the fatigue resistance of hierarchical metastable nanolaminate steels, similar to the substructure of bone. Yang et al. (2018) [11] has reported that short fatigue cracks generally appear inside or at the boundaries of ferrite grains, and crack propagation is strongly influenced by the grain boundaries and the banded pearlite structure in ferrite-pearlite DP steels. An aspect, that has received scant attention to date, is whether or not ferrite morphology and content affect the fatigue cracks initiation and propagation in ferrite-pearlite dual-phase steels, especially in high cycle rotating and bending fatigue conditions. 
The principal aim of this work is to clarify the impact of ferrite grain morphology and content on the high cycle fatigue properties in pearlite-ferrite DP steels. Fatigue tests were conducted for two types of pearlite-ferrite DP steels (S10 and S30) with different microstructures. Based on the detailed analysis of the microstructure and fracture morphology, effects of ferrite morphology and content on the high-cycle rotating bending fatigue property were studied in pearlite-ferrite DP steels.   
2. Experimental 
2.1 Materials preparation
Two types of steels used in the present study were obtained from Baoshan Iron & Steel Co, Ltd prepared by vacuum melting. They were pearlite-ferrite DP steels with different ferrite grain sizes (S10: 13.1μm and S30: 21.4μm) and ferrite contents (S10: ~9.5vol.% and S30: ~30.4vol.%) but similar chemical composition (Fe-1.43Mn-0.59Si-0.16Cr-0.03S, wt.%), respectively. Such DP steels have been used for manufacturing engine crankshafts in automotive industries.  
2.2 Rotating bending fatigue tests
The high cycle rotating bending fatigue samples were machined according to the GB/T 15248-2008 standard, China. The geometry of sample was shown in Fig.1. Machined specimens were polished with silicon carbide grinding paper (600, 1000, 1500and 2000mesh, respectively) step by step, so that the surface roughness value of the samples was in R＜0.2μm. High cycle rotating bending fatigue tests were performed at 5000rpm and load ratio equal to R=-1.0 at room temperature conditions. In the conventional fatigue testing, the fatigue limit is generally determined under 107 fatigue cycles [38]. Therefore, fatigue tests were conducted to complete fracture of the specimen or 107 run-out cycles. To ensure repeatability of the test, at least 4 standard specimens have been considered by testing at each stress level. The results of the fatigue tests will be plotted into a fatigue (S-N) curve with a typical stress vs logarithm of number of cycles to failure.
[image: ]
[bookmark: _Hlk24444694]Fig.1. Schematic of rotating bending fatigue test specimens (dimensions in mm).
2.3 Microstructure observation
A ZEISS optical microscope (OM) was used for metallographic observations. The Tescan and a JEOL JSM-7800F field emission scanning electron microscopy (SEM) coupled with energy dispersive spectrometer (EDS) were performed for microstructure observations. The samples for OM and SEM were mechanically polished carefully with 3μm brightener ending and etched with 4% natal solution. EBSD measurements were conducted at an accelerating voltage of 20kV with a beam step-size of 50nm in analytical high-resolution scanning electron microscopy (MIRA3). All samples for EBSD experienced grind with silicon carbide grinding paper (from 180 to 1200 mesh) and mechanical polish with diamond polishing suspensions, and final vibratory polish using 30nm colloidal silica suspension. The inverse polo figure (IPF) and strain distribution were investigated by channel 5 software. The phase fraction was evaluated by measuring the area of each phase in OM images, grain size was also measured through Image-Pro Plus software based on OM micrographs, and at least 10 pictures were selected. Besides, the fracture surfaces of failed samples were observed by SEM to reveal the fatigue mechanisms. 
3. [bookmark: _Hlk12469738]Results 
3.1 Microstructures and mechanical properties of as-received material
[bookmark: _Hlk6340695][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: _Hlk12556872][bookmark: _Hlk11741959][bookmark: _Hlk11743913][bookmark: _Hlk12556747][bookmark: _Hlk12436239][bookmark: _Hlk12556998][bookmark: _Hlk11746898]The optical micrograph of S10 and S30 steels are shown in Fig. 2. It is evident that the microstructure exhibited a dual phase morphology consisting of pearlite and ferrite. The XRD pattern shown in Fig. 2c indicates only the presence of body centered cubic (BCC) phase. However, there are pronounced differences about the morphology and content of ferrite in the two types of steels. Fig. 2a shows that a small part of ferrite grains are equiaxed, but most ferrite grains distribute around the pearlite colony in the form of long and slender shapes in S10 steel. Fig. 2b shows that the ferrite grain changes from a long and slender shape to a continuously distributed coarse equiaxed state in S30 steel. As shown in Table.1, the ferrite volume fraction of S10 and S30 steels are calculated to be around 9.5% and 30.4%, respectively. Results from quantitative analysis show ferrite average grain size and aspect ratio (length/width) of 13.1±2.9μm and 5.5±1.5, respectively, in S10 steel. The results from quantitative analyzes show significant changes in morphologic parameters, such as ferrite grain size (21.4±1.7μm) and aspect ratio (1.5±0.9) in S30 steel. In order to distinguish the details in microstructures of the two steels, SEM images are provided in Fig. 3. It is clearly shown the differences in the ferrite morphology of the two types of steel, which is consistent with the results of OM observation. Besides, the average spacing in pearlite of the two steels shows small differences (S10: 119nm and S30:117nm, respectively). Moreover, the inclusions of the two steels are quantitatively analyzed (Table 1), the experiment results show that inclusions are mainly composed of MnS particles and inclusions content almost have little difference in two types of steels, with a volume fraction of 2.69 ×10-2% and 2.75 ×10-2% in S10 and S30, respectively.
[image: ]
[bookmark: _Hlk9196015]Fig.2. Optical micrograph of (a) S10, (b) S30 and (c) XRD pattern of the as-received material prior to rotation bending fatigue deformation.
[image: ]
[bookmark: _Hlk24444798]Fig.3. SEM images of (a) S10; (b) S30. The pearlite interlamellar spacing for two kinds of steels are shown in the inset.
Table 1 Statistical table of the grain size and phase content of S10 and S30 steels
	Sample
	Ferrite fraction (%)
	Ferrite grain size (μm)
	Ferrite grain aspect ratio (length/width)
	Pearlite spacing of banded
(nm)
	Inclusions fraction 
(%)

	S10
	9.5
	13.1±2.9
	[bookmark: _Hlk12435672]5.5±1.5
	119
	2.69 ×10-2

	S30
	30.4
	21.4±1.7
	1.5±0.9
	117
	[bookmark: _Hlk11766548]2.75 ×10-2



[bookmark: _Hlk12354026][bookmark: OLE_LINK6]Table 2 shows the tensile property and hardness of S10 and S30 steels. The hardness values for S10 and S30 steels are approximately 296.6HV and 250.1HV, respectively. Regarding tensile property, the differences in the total elongations and the ultimate strength between the two types of steels are small. The S10 and S30 steels show ultimate tensile strength of approximately 928MPa and 894MPa, while the total elongation for the two types of steels are 15.5% and 17.5%, respectively. These mechanical properties are directly related to the ferrite contents and morphologies of the two steels. The lower tensile strength and better ductility of S30 steel should be attributed to the presence of a greater fraction of coarse strain-free ferrite grain, which assumes most of the strain during plastic deformation.
Table 2 Mechanical properties of S10 and S30 steels
	
	Yield strength
(MPa)
	[bookmark: _Hlk23792147]Ultimate tensile strength
(MPa)
	Total
elongation
(%)
	Reduction of area
(%)
	Hardness
(HV)
	Fatigue strength
(MPa)
	Fatigue strength ratio

	S10
	615
	928
	15.5
	44.0
	296.6
	510
	0.54

	S30
	568
	894
	17.5
	47.0
	250.1
	400
	0.45


3.2 [bookmark: _Hlk12469385][bookmark: _Hlk4611085]Fatigue performance
[bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: _Hlk12557489][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Fig. 4 shows the stress amplitude (S) vs logarithm of number of cycles to failure (N) (S-N) fatigue curves for S10 and S30 steels. As can be seen, two S-N curves can be synthesized according to the obtained experimental data. Each S-N curve is composed of two straight lines. The stress value corresponding to the horizontal line represents the fatigue limit of this type of steel at 107 cycles and the corresponding fatigue strength results are also listed in Table 2. The oblique part of S-N curve shows that the number of cycles decreases with the increase of applied stress before reaching the fatigue limit. The fatigue strength value was defined as the stress amplitude without failure over 107 cycles and was determined through at least four groups of repeated experiments in order to improve the confidence. By comparing two S-N curves, S10 and S30 steels show significantly different fatigue strength values. The overall resistance to S-N fatigue for the S10 steel is substantially higher than that of S30 steel. Experimental results indicate that the S10 has a fatigue strength of 510 MPa, which is 110 MPa higher than that of S30 steel. Some studies indicate that fatigue strength and S-N fatigue resistance at low stress range are mainly determined by the yield strength [39], while at high stress range the resistance to S-N fatigue behavior is more or less influenced by the ultimate tensile strength [40-41]. It is important to relate ultimate tensile strength and fatigue strength by introducing a parameter of fatigue strength ratio σa/Rm, which is the ratio of fatigue strength (σa) to ultimate tensile strength (Rm) , and the parameter often used as an indicator to compare the fatigue performance of different strength levels steels [42,43]. As can be seen in Table 2, the S10 steel exhibits higher value of fatigue strength ratio than that of S30 steel.
Up to now, a large quantity of studies have revealed that microstructure is important factors affecting fatigue performance of steel [7,11-15]. The total fatigue life includes the cycle of fatigue crack initiation and propagation until final fracture failure [40,42]. For ferrite-pearlite steel, since ferrites are soft phases and assume a large amount of plastic deformation in the process of rotating bending fatigue, the fatigue cracks first generate in the boundary of ferrite/pearlite and then extend in ferrite grain. In order to better explore the effects of ferrite content and morphology on the initiation and propagation of fatigue crack, more detailed SEM images of fractographs were recorded for the fatigued fracture specimens. We investigated the fracture morphologies of S10 and S30 steels with stress amplitudes of 510 MPa and 400MPa, respectively.

[image: ]
[bookmark: _Hlk43103211][bookmark: _Hlk9251178]Fig. 4. Stress (S) amplitude vs logarithm of cycles (N) to (S-N) curves for (a) S10 steel and (b) S30 steel. The ratios of stress amplitude (σa) /ultimate tensile strength (Rm) for S10 and S30 were 0.54 and 0.45, respectively.
3.3 Fatigue Fracture analysis
Fig. 5 shows the fracture morphologies of two types of steels after fatigue failure, and there are three distinct regions for the fracture morphology of both S10 and S30 steels: crack initiation region, crack propagation region and final fatigue fracture region. To distinguish the details in microstructures, SEM magnification images of the fatigue fracture are also presented in Fig. 5. According to Fig.5(a) and 5(b), the propagation of fatigue crack both begins from one side of the surface in samples. In detail, for region 1, which corresponds to the initiation of fatigue cracks, defects are observed to be present near the sample surface and the stress is easily concentrated at such defects, which probably act as a site for the crack nucleation. Detail 2a shows deformation bands and fatigue striations. A local magnification of detail 2b reveals a large number of secondary cracks. Secondary cracks mainly nucleate and propagate along the MnS/matrix interfaces due to the stress distribution being different in these two phases. The formation of secondary crack near the tip of the main crack can be merged by the main crack, which accelerates fatigue crack propagation. Although secondary cracks have a positive effect on increasing toughness[15], a large amount of secondary cracks easily merge with each other or coalesce with the main crack , resulting in the positive effects minimized and the negative effects maximized, thus accelerating the crack growth process and resulting in fatigue failure. Observations made in 3 regions show the presence of a large number of dimples, indicating the occurrence of ductile final fracture.
[image: ]
[bookmark: _Hlk43103269]Fig. 5. SEM images of the fracture surface details for (a) S10 and (b) S30 steels: crack initiation site (details 1); crack propagation (detail 2a) and partial enlarged detail (details 2b); final fracture (detail 3a) and partial enlarged detail (details 3b).
[bookmark: _Hlk12557248][bookmark: _Hlk12558907]From the complete view of fracture morphology of S10 and S30 steels in Fig. 5, we observed that the roughness of the fracture morphology was different. Here, the roughness of the fracture morphology, as observed in S10 (Fig. 5a), is not obvious in S30 (Fig. 5b). The fracture morphology of S30 steel is observed to be relatively smooth. The longitudinal section morphology of fatigue fracture shows that fatigue crack propagation is influenced by ferrite morphology. In S10 steel, the fracture profile is uneven and more sharp microcracks propagate along the axial direction (Fig. 6a), suggesting the main crack is obstructed during the propagation and some microcracks are forced to deflect along the axial direction, however, the fatigue crack propagation front is more rounded in S30 steel, which results in changes in the propagation behavior (Fig. 6b).
[image: ]
[bookmark: _Hlk43103305]Fig. 6. Fatigue fracture profiles of S10 steel (a) and S30 steel (b). Images represents the fracture profiles at the fatigue limits, respectively.
4. Discussion 
For pearlite-ferrite DP steel in this present study, it has been confirmed that fatigue cracks prefer initiating and propagating along the boundaries of the ferrite-pearlite colony. However, the fatigue crack propagation paths look extremely different in the two steels due to their different ferrite contents and morphologies. As seen from Fig. 7 (a)(b)(c), it is easy to encounter a pearlite colony for crack propagation because most long and thin chain ferrites are distributed around the pearlite colony in S10 steel. When the crack extends to the adjacent pearlite colony, layered pearlite colony structures become a barrier for the crack propagation due to higher microhardness. Therefore, crack propagation deflects due to the hard cementite lamellar, which, thus, inhibits and slows down the crack opening and propagation rate. In contrast, the cracks easily propagate inside the ferrite grains since a large number of ferrites were equiaxed and continuously distributed in S30 steel (Fig. 7d~f). In general, this is mainly due to the lower hardness of ferrite than pearlite colony. Therefore, it is reasonable to manipulate the grain size and morphology of ferrite for delaying crack initiation and propagation, which is the key point to improve fatigue properties of pearlite-ferrite DP steel components. 
In addition to the propagation of the main fatigue crack, secondary cracks also play an important role during the high-cycle rotating bending fatigue tests. Secondary cracks mainly nucleate and propagate along the MnS/matrix interfaces because the stress distribution is different in these two phases. As seen from Fig. 7 (c), Due to the less ferrite volume fraction in S10 steel, inclusions are mainly distributed in the pearlite matrix or the boundary of the ferrite-pearlite colony. Even if secondary cracks form, it is difficult to propagate rapidly due to the adjoining layer pearlite colony. In contrast, Fig. 7 (e) shows that inclusions are mainly distributed within the ferrite grains due to a higher volume fraction ferrite in S30 steel. Secondary cracks will rapidly expand within the strain free ferrite grain after the formation of cracks and easily merge with the main crack, which accelerates the crack propagation rate. Besides, Fig. 7(f) shows that fatigue cracks extend preferentially along the grain boundary between pearlite colony and ferrite in S30 steel, but it easily extend to coarse ferrite grains for crack propagation.
[image: ]
[bookmark: _Hlk24444933][bookmark: _Hlk43103355]Fig. 7. Fatigue fracture profiles. (a) (b) (c) Fatigue crack propagates to the pearlite colony in S10 steel; (d) (e) (f) Fatigue crack propagates to the coarse ferrite grain in S30 steel.
[bookmark: _Hlk19726771]The S10 steel shows improved fatigue resistance in comparison with S30 steel. In this steel, chainlike ferrite grains are distributed around the hard pearlite colony and the ferrite grains are relatively small (Fig.2a), which is unlike - the continuous distribution of equiaxed coarse ferrite grains found - in S30 steel (Fig. 2b). Fatigue cracks are constantly deflected during the process of growth because of the barrier of cementite (Fig. 8(a)). Besides, fatigue cracks mainly expand along the grain boundary (ferrite/pearlite or pearlite/pearlite) and large orientation differences were existing within grains on both sides of fatigue cracks (Fig. 8(b) (c)). As shown in Fig.8(d), the corresponding Kernel Average Misorientation (KAM) are calculated. Qualitative recognition of the strain distribution can be accessed through tinctorial contrast by contrast of a rainbow color code. Such recognition can be used to observe an appreciable strain gradient in that the crack surface area always presents a red color, which indicates a relatively high microstrain. Stress is introduced on the crack surface, which slows down the process of fatigue crack opening and propagation [26, 44]. Additionally, such deflected crack paths act to reduce the local crack-driving force at the crack tip, [45] which contribute to an improvement in the fatigue strength [14]. Thus, this improvement in fatigue strength is due to the roughness-induced crack termination mechanism in S10 steel. On the other hand, S30 steel shows a relatively low fatigue strength (Fig. 4). According to Fig. 8(e)(f)(g), we found that crack propagation in S30 steel was obviously different from that in S10 steel. Cracks are preferred to pass through coarse ferrite grains. In addition, Fig. 8(h) shows that little stress is introduced onto the crack surface due to cracks being propagated within strain-free ferrite grains, which results in lower fatigue strength of S10 steel.
[image: ]
[bookmark: _Hlk24444906][bookmark: _Hlk43103562]Fig. 8. The roughness on the fatigue crack in the (a) S10 steel and (e) S30 steel. (a)(e) Electron channeling contrast imaging of S10(a) and S30(e). (b)(f) A phase distribution (PD) map illustration for S10(b) and S30 (f) steel. (c)(g) Inverse pole figure of S10 (c) and S30 (g) steel. (d)(h) Kernel average misorientation for S10 (d) and S30 (h).
[bookmark: _Hlk12558400][bookmark: _Hlk5909376][bookmark: _Hlk19727244]From the viewpoint of microstructure, the ferrite morphology and volume fraction are important factors to affect fatigue crack initiation and propagation. Fig. 9 shows the schematic of the microstructures for the two steels and the fatigue crack propagation. The S10 steel shows better behavior in high-cycle rotating fatigue due to smaller ferrite grains and a lower volume fraction of ferrite. These ferrite microstructures are found to effectively inhibit the propagation of cracks and deflect fatigue cracks constantly during propagation; Such deflected crack paths could reduce the crack-tip driving force and increase the roughness of the crack surface inducing crack closure [20, 14], hence contributing to a better rotating bending fatigue behavior. In contrast, the S30 steel shows a relatively low fatigue strength because more cracks can be propagated randomly in equiaxial strain-free ferrite grains. We attribute this performance to the absence of an effective roughness-induced crack closure [20]. Besides, compared to the S30 steel, most inclusions are distributed in the pearlite matrix or the boundary of ferrite-pearlite in S10 steel. In this situation, even after the formation of secondary cracks, the crack propagation rate will be slowed down by the obstacle of high hardness cementite. In contrast, a large population of the inclusions are mainly distributed within soft coarse ferrite grains, increasing the number of nucleation points for the secondary cracks; Therefore, more secondary cracks coalesce with each other or with the main crack to accelerate the fatigue crack opening and growth process [15]. Hence, in terms of secondary crack initiation and propagation, it is reasonable that S10 steel has better fatigue strength.
[image: ]
[bookmark: _Hlk24444953]Fig. 9. Schematic of the different crack paths for both fracture halves of (a) S10 steel and (b) S30 steel.
5. Conclusions
The high cycle rotating bending fatigue properties of two types of pearlite-ferrite DP steels with different ferritic morphology and volume fractions were evaluated and their fracture behavior was revealed. The main conclusions obtained are as follows.
(1) [bookmark: _Hlk12559878][bookmark: OLE_LINK14]For the most part, ferrite grains are distributed around the pearlite colony in the form of long and slender chains in S10 steel. However, ferrite grains are equiaxed and distribute continuously around the pearlite colony in S30 steel. In addition, compared to S30 steel, the ferrite volume fraction is decreased 69% in S10 steel.
(2) Fatigue fracture of both S10 and S30 steels shows three distinct regions: crack initiation, crack propagation and final fracture; Roughness for the fracture morphology was absent in the S30 steel. The fracture morphology for S30 steel was observed to be microstructurally smooth.
(3) The S10 steel has a fatigue strength of 510MPa at 107 cycles, which is 110MPa higher than that of S30 steel. The ferrite morphology and volume fraction play an important role for increasing the fatigue strength and inhibiting fatigue crack propagation. The fatigue cracks in S10 steel extend preferentially along the grain boundary, but it is easy for crack propagation to extend within a pearlite colony to form a zigzag crack morphology. The crack propagation in S30 occurred mainly within the soft equiaxed coarse ferrite grain.
(4) [bookmark: _Hlk19775944][bookmark: _Hlk24373262][bookmark: _Hlk24373213]High stress is introduced to the roughness crack surface due to continuous deflection during crack propagation in S10 steel, which has positive effects on slowing down crack propagation or crack closure. The S30 steel shows a relatively low fatigue strength because cracks can be propagated randomly in equiaxial strain-free ferrite grains.
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Figure Captions:
Fig. 1. Schematic of rotating bending fatigue test specimens (dimensions in mm).
Fig. 2. Optical micrograph of (a) S10, (b) S30 and (c) XRD pattern of the as-received material prior to rotation bending fatigue deformation.
Fig. 3. SEM images of (a) S10; (b) S30. The pearlite interlamellar spacing for two kinds of steels are shown in the inset.
Fig. 4. Stress (S) amplitude vs logarithm of cycles (N) to (S-N) curves for (a) S10 steel and (b) S30 steel. The ratios of stress amplitude (σa) /ultimate tensile strength (Rm) for S10 and S30 were 0.54 and 0.45, respectively.
Fig. 5. SEM images of the fracture surface details for (a) S10 and (b) S30 steels: crack initiation site (details 1); crack propagation (detail 2a) and partial enlarged detail (details 2b); final fracture (detail 3a) and partial enlarged detail (details 3b).
Fig. 6. Fatigue fracture profiles of S10 steel (a) and S30 steel (b). Images represents the fracture profiles at the fatigue limits, respectively.
Fig. 7. Fatigue fracture profiles. (a) (b) (c) Fatigue crack propagates to the pearlite colony in S10 steel; (d) (e) (f) Fatigue crack propagates to the coarse ferrite grain in S30 steel.
Fig. 8. The roughness on the fatigue crack in the (a) S10 steel and (e) S30 steel. (a)(e) Electron channeling contrast imaging of S10(a) and S30(e). (b)(f) A phase distribution (PD) map illustration for S10(b) and S30 (f) steel. (c)(g) Inverse pole figure of S10 (c) and S30 (g) steel. (d)(h) Kernel average misorientation for S10 (d) and S30 (h).
Fig. 9. Schematic of the different crack paths for both fracture halves of (a) S10 steel and (b) S30 steel.
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