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Abstract
[bookmark: OLE_LINK4][bookmark: OLE_LINK8][bookmark: OLE_LINK15][bookmark: _Hlk14884209]The effect of different microstructures (granular bainite and martensite) on the low cycle fatigue (LCF) behavior of SA508-IV steel was investigated. The LCF tests were performed with the strain amplitudes of 0.45% and 0.6% at 300 °C, respectively. The experimental results showed that the stress concentration between M/A islands and bainitic ferrite matrix was prone to facilitate cracks initiation, which would cause more crack initiation points in granular bainite during the fatigue. The fraction of the high-angle grain boundaries (HAGBs) of granular bainite and martensite were 32.01% and 42.34%, respectively. The HAGBs could effectively hinder crack propagation. In addition, the separation of fatigue striations in the martensite structure was narrow compared to granular bainite structure under the same conditions, suggesting the crack propagation rate of martensite was slower. Finally, the fatigue live of martensite was much longer at the same strain amplitude, which was attributed to less crack initiation, more HAGBs, more fine carbides and less crack propagation rate. 
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Key words: SA508-IV steel, low cycle fatigue, crack initiation, crack propagation 
[bookmark: OLE_LINK72][bookmark: OLE_LINK71]1. Introduction
[bookmark: _Hlk14880855]A Novel reactor pressure vessels (RPV) are required to serve more than 60 years under high temperature, high pressure and neutron-irradiation conditions.1,2 Therefore, a better property for the materials compared to the previous RPV materials is required definitely. SA508-IV steel has higher hardenability, longer lifetime and excellent mechanical properties compared to SA508-ІІІ steel. Therefore, it is used as candidate material for a novel reactor pressure vessel.1,3-5 Of the various properties, low cycle fatigue (LCF) of the steel is very important because it is often subjected to repeated thermal stresses during RPV operation. The repeated thermal stresses mainly comes from the temperature fluctuations, start-ups and shut-down processes, emergency stop, equipment maintenance, and so on.6-8 In other words, the RPV will suffer from the cyclic loading when the system moves from one set of pressure, temperature, and force loadings to another set of loadings.6 Therefore, the LCF damage is an important failure mode for the SA508-IV steel during severe conditions.9,10 However, little is known about the effects of different microstructures (granular bainite and martensite) on the LCF behavior of the SA508-IV steel during severe conditions.
[bookmark: OLE_LINK2]Some literatures have studied the fatigue behavior of previous reactor pressure vessels steel. For instance, Sarkar et al6 studied the LCF behavior of 20MnMoNi55 pressure vessel steel. They found that 20MnMoNi55 steel underwent the cyclic softening behavior during the fatigue and the fatigue life was strongly dependent on the strain amplitude. Chen et al7 studied the effect of pre-corroded microstructure on low cycle fatigue behavior of 16MND5 steel. They found that the fatigue live of pre-corroded microstructure was lower than that of the original specimen under the same condition. They thought that the porous oxide film would form on the surface of the pre-corroded microstructure, which increased the fatigue-corrosion interaction chance between liquid and fresh metal and decreased the fatigue live. Jang et al11 investigated the low cycle fatigue crack propagation behavior of SA508-I low alloy steel with two different microstructures (ferrite-pearlite and bainite phases). They proposed that the stress concentration at ferrite-pearlite phase boundaries was greater than that at small particles of bainite structure. However, more studies had focused on mechanical properties for the novel RPV candidate material SA508-IV steel.12-15 The investigated study of the SA508-IV steel on fatigue damage behavior was rarely reported. And the difference of crack initiation and propagation mechanism of SA508-IV steel with different microstructures was not clear.
The wall thickness of RPV is usually bigger than 200 mm.14,15 In order to improve further the service live and safety of novel reactor pressure vessel, the wall thickness of RPV RPV reaches 700 mm.12 However, the RPV is limited by the quenching cooling capacity due to its large size and large wall thickness, resulting in the appearance of heterogeneous microstructures especially along the thickness direction. As a result, the surface forms martensite due to the high cooling rate and the core forms granular bainite due to the low cooling rate. The fatigue damage mechanism, crack initiation and propagation mechanism of SA508 steel with different microstructure may be different. With this in mind, the aim of this work pays attention to the effect of different microstructures on the LCF behavior of SA508-IV steel. 
[bookmark: OLE_LINK83][bookmark: OLE_LINK87][bookmark: OLE_LINK86]2. Experimental details
[bookmark: OLE_LINK84]2.1. Experimental material
The material used for this study was SA508-IV steel from laboratory melt in vacuum induction furnace. And double degassing by the vacuum treatment in the ladle furnace aided by intensive argon stirring followed by vacuum stream degassing results in hydrogen contents of less than 0.5 ppm and low oxygen levels.3 The chemical composition of the steel was given in Table 1. 
Table 1 Chemical composition of the SA508-IV steel (wt. %).
	C
	Si
	Mn
	Cr
	Ni
	Mo
	P
	S
	Fe

	0.18
	0.14
	0.37
	1.74
	3.60
	0.50
	0.006
	0.006
	Bal.


[bookmark: OLE_LINK1][bookmark: _Hlk14277854]The steel was subjected to a pre-heat-treatment process at 910 °C for 2 h, followed by air cooling (AC) to room temperature. Subsequently, it was tempered at 630 °C for 2 h and air cooling to room temperature (Fig. 1a). After that, the specimens were austenitized at 880 °C for 2 h. According to literature research12, two different cooling rates (average cooling rate 3.3 °C/min and water quenching-about 60 °C/min) were selected for quenching after austenitized at 880 °C for 2 h. After austenitization, two different microstructures were obtained (granular bainite and martensite). Finally, the specimens with martensite and granular bainite structures were tempered at 630 °C for 2 h and air cooling to room temperature (Fig. 1b).
[image: C:\Users\apple\Desktop\代鑫\代鑫-3\图1-热处理工艺图\合并.jpg]
Fig.1 Schematic heat treatment diagrams of SA508-IV steel.
[bookmark: OLE_LINK5]2.2. Microstructural evaluation
The metallographic samples were firstly ground and polished to obtain smooth surface, and then etched in 4% nitric acid alcohol solution. The microstructures of SA508-IV steel were observed by SEM (ZEISS SUPRA55). In addition, the microstructures also were analyzed using electron back-scattered diffraction (EBSD: JSM 7001F) and transmission electron microscopy (TEM: Tecnai F20) for more detailed information in vacuum environment. The final TEM specimens were prepared through conventional dual-jet electro-polishing in the solution of 8% perchloric acid alcohol solution at -15 °C. In order to observe the fracture morphology and crack propagation after the LCF tests, some fracture surfaces were also analyzed by SEM and EBSD. 
2.3. Mechanical properties
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Cylindrical specimens for tension test with diameter of 6 mm and gauge length of 30 mm and with length 100 mm were fabricated. The tensile tests were carried out at 300 °C using MTS 810 electro-hydraulic servo testing machine with maximum load 100 KN. The Charpy V-notch (CVN) impact tests with full-size 10 mm  10 mm 55 mm were conducted using MTS-ZBC-2452B impact test machine at -30 °C.
2.4. LCF test
[bookmark: _Hlk14881948]The low cycle fatigue tests were performed with MTS 809 electro-hydraulic servo testing machine with maximum load 250 KN. The standard cylindrical fatigue specimens with gauge size of 6.5 mm × M12 mm were used, as shown in Fig. 2. The instrument was operated by computer controlled servo electric system. All strain-controlled low cycle fatigue specimens were conducted with fully reversed triangular waveform at 300 °C. The LCF tests were conducted at constant strain rate 0.2% s-1. The strain amplitudes of LCF tests were 0.45% and 0.6%. During the LCF test, the fatigue live (Nf) was defined as the number of cycles corresponding to the fatigue stress dropped 25% from the maximum peak stress.
[image: C:\Users\ADMINI~1\AppData\Local\Temp\1562115942(1).jpg]
Fig.2 Schematic of the low cycle fatigue testing specimen.
3. Results
3.1. Microstructure characterization
The microstructures of SA508-IV steel at different cooling rates are shown in Fig. 3. The granular bainite structure is obtained at the average cooling rate 3.3 ºC/min and consists of bainitic ferrite matrix (FB) and martensite-austenite (M/A) islands (Figs. 3a and 3b). The M/A islands uniformly disperse on the bainitic ferrite matrix and the size is about 0.5-5 m. A small amount of the M/A islands at the grain boundary are decomposed after tempering at 630 °C for 2 h, as shown by the black arrow in Fig. 3b. Meanwhile, a typical lath martensite structure could be clearly observed in Figs. 3c and 3d. It can be found from Fig. 3d that there are different orientations of martensite laths in the grains. 
[image: C:\Users\Administrator\Desktop\代鑫-3\图3\合并.jpg]
Fig.3 Microstructures of SA508-IV steel after tempered: (a), (b) granular bainite microstructure and (c), (d) martensite microstructure.
The detailed morphology and crystallography structure features of the SA508-IV steel at different cooling rates are shown in Fig. 4. A small amount of dislocations entanglement can be observed in the martensite lath boundary (Fig. 4a). And the martensite lath is in the range from 0.3 to 0.8 m. In addition, many fine precipitates can be observed in the martensite (Figs. 4a and 4b). In general, the precipitates in the tempered SA508-IV steel are M23C6 type carbides.12,13,16
[image: C:\Users\Administrator\Desktop\代鑫-3\图4-透射\合并1-1.jpg]
Fig.4 TEM micrographs of SA508-IV steel after tempered: (a), (b) martensite and (c), (d) granular bainite.
Similarly, the dislocations entanglement can be observed around the M/A islands (Fig. 4c). Simultaneously, a small proportion of M/A islands decompose into bainitic ferrite matrix and rod shape carbides (Fig. 4d). The carbides are identified as M3C by selected-area electron diffraction (SAED). This phenomenon is consistent with phenomenon investigated by Lee et al17 and Li et al18. In addition, the decomposition process of the M/A islands during the tempering are as following: The carbon atoms in the M/A islands are more likely to diffuse to the grain boundaries to form the carbides during the tempering due to the carbon content in the M/A islands is multiple times higher than in the bainitic ferrite matrix. And then, the carbon atoms in the M/A islands gradually become barren with the diffusion of carbon, resulting in the M/A islands transform into bainitic ferrite matrix. Finally, the M/A islands are transformed into bainitic ferrite matrix and carbides during the tempering. 
In order to further understand the difference of different microstructure of SA508-IV steel, the high-angle grain boundaries (HAGBs) volume fraction of granular bainite and martensite is calculated by EBSD. It can be found from Figs. 5a and 5b that both granular bainite and martensite have different orientation of lath. And the HAGBs volume fraction of the granular bainite and martensite are 32.01% and 42.34% via statistical analyses from Figs. 5c and 5d. The difference of the HAGBs volume fraction is mainly due to the effective grain size of the microstructure.19 Calculated by EBSD dates, the effective grain size of granular bainite and martensite are 2.54 m and 2.08 m, respectively. Smaller effective grain size means higher volume fraction of the HAGBs.
[image: C:\Users\Administrator\Desktop\代鑫-3\图5-EBSD图\合并1.jpg]
Fig.5 EBSD micrographs of inverse pole figure (IPF) and grain boundary (GB): (a), (c) Granular bainite and (b), (d) Martensite.
3.2. Mechanical properties
The mechanical properties of granular bainite and martensite are shown in Table 2. The yield strength (YS) of martensite is greater than that of granular bainite. And the ultimate tensile strength (UTS) of martensite slightly increases compared to granular bainite. The Charpy impact energy of martensite is better than that of granular bainite, which shows the martensite can resist the propagation of impact crack better.
Table 2 Mechanical properties of granular bainite and martensite.
	Test temperature
	300 °C
	-30 °C

	Microstructure
	YS (MPa)
	UTS (MPa)
	Elongation (%)
	Impact energy (J)

	Granular bainite
	609.36
	810.54
	22.16
	114.71

	Martensite
	709.58
	830.42
	22.63
	157.74


3.3. Fatigue live 
Fig. 6 shows the fatigue live cycles curve of SA508-IV steel after tempered at different strain amplitudes % and 0.6%, respectively. The fatigue lives of granular bainite and martensite decrease with the increase of strain amplitude. Meanwhile, the fatigue live of the martensite is much longer than that of granular bainite under the same strain amplitude, which means the martensite has better fatigue resistance compared to granular bainite. The detailed fatigue cycles of different microstructures are shown in Table 3.
[image: C:\Users\Administrator\Desktop\代鑫-3\图6-疲劳寿命\M和MA的结合.jpg]
Fig.6 The fatigue live cycles curve of granular bainite and martensite at different strain amplitudes.
Table 3 Fatigue lives of granular bainite and martensite.
	Microstructure
	Strain amplitude
	Cycle

	Granular bainite
	0.45%
	1545

	
	0.6%
	456

	Martensite
	0.45%
	2717

	
	0.6%
	998


In addition, the specimens of granular bainite suffer cyclic hardening and promptly attain the maximum stress amplitude at the early stage of fatigue live. And then, the stress amplitude gently decreases until quickly drops to fracture. However, the stress amplitude variation of martensite is different from granular bainite. The stress amplitude sharply decreases at the early stage of martensite fatigue live. In other words, the initial stress amplitude of martensite is the maximum stress amplitude. And then, the stress amplitude of martensite gently decreases compared to the initial stage until quickly drops to fracture. Meanwhile, we also found that the stress amplitude of both granular bainite and martensite increases with the increase of strain amplitude. In other words, the greater the strain amplitude, the greater the peak stress amplitude. The results of the stress amplitude variation of granular bainite and martensite are consistent with other reports.7,20-22
The difference of stress amplitude variation with strain amplitude in different microstructures can be explained by the hysteresis loops curve, as shown in Fig. 7. The Fig.7 shows the hysteresis loops with the strain amplitude 0.45% and 0.6% and the cyclic stress-strain curve and the tensile stress-strain curve (monotonic stress-strain curve) of the different microstructures at tempering for 2 h. The hysteresis loops in the Fig. 7 are stable cycle curve from the fatigue cycle. The cyclic hardening/softening of materials can be judged by the position relation between cyclic stress-strain curve and monotonic stress-strain curve. The cyclic stress-strain curve lies above the monotonic stress-strain curve represents cyclic hardening behavior (Fig. 7a.), and vice versa (Fig. 7b).23 In other words, the granular bainite shows cyclic hardening behavior while the martensite shows cyclic softening behavior during fatigue. Cyclic hardening or softening is closely related to the evolution of microstructure during deformation. The evolution of microstructure includes dislocation density, the volume fractions of phases, size and distribution of second phase particles, and so on.6,24,25 Generally, the increase of dislocation density will lead to cyclic hardening behavior, while dislocation annihilation or dislocation rearrangement will cause cyclic softening behavior.
[image: C:\Users\Administrator\Desktop\我的论文\第三篇论文\图7-滞回曲线\合并.jpg]
Fig.7 The hysteresis loops with the strain amplitude 0.45% and 0.6%, the cyclic stress-strain curve and the tensile stress-strain curve of the different microstructures at tempering for 2h: (a) granular bainite and (b) martensite.
3.4. Fatigue fracture morphology and crack propagation 
The Figs. 8a-d show the low magnification fracture morphology of different microstructures of SA508-IV steel with different strain amplitudes, and the Figs. 8e-h are the corresponding enlarged images, respectively. The fatigue crack initiation points of the granular bainite and martensite are shown in Figs. 8a-d. The number of fatigue fracture initiation points of the granular bainite (Figs. 8a and 8c) is more than that of martensite (Figs. 8b and 8d) at the same strain amplitude. Meanwhile, the fatigue crack initiation points of granular bainite (Figs. 8a and 8b) and martensite (Figs. 8c and 8d) increase with the increase of strain amplitude. Generally, more fatigue crack initiation points mean more cracks, which can reduce the fatigue live of material. 
In addition, the fatigue fracture surface of granular bainite at the strain amplitude 0.6% is not covered by fatigue striations but is small cleavage surfaces, as shown by the white arrow in Fig. 8e. Meanwhile, many cleavage cracks appear around the cleavage plane as shown by the red arrow in Fig. 8e. Figs. 8f, 8g and 8h show that the fracture surface is covered by fatigue striations and the average separations of the fatigue striations are approximately 4.31 m, 5.43 m, and 3.14 m, respectively. In other words, the fatigue striations separation of martensite is smaller than that of granular bainite at the same strain amplitude. The separation of fatigue striations can reflect the speed of crack propagation. Generally, the greater of the fatigue striations separation is, the faster of the crack propagation rate is.26-29 It can be seen that the crack propagation rate of granular bainite is higher than that of martensite under the same conditions. The faster the crack propagation rate is, the lower the fatigue life of the material is. Therefore, the high crack propagation rate is one of the reasons for the low fatigue live of granular bainite.
[image: C:\Users\Administrator\Desktop\我的论文\第三篇论文\图8-疲劳条带\合并.jpg]
Fig.8 The fracture surfaces of granular bainite with strain amplitudes 0.6% (a, e) and 0.45% (b, f), and martensite with strain amplitudes 0.6% (c, g) and 0.45% (d, h).
Fig. 9 shows the crack initiation and propagation behavior of granular bainite. Cracks preferentially initiate around M/A islands due to the stress concentration between matrix and M/A islands (Fig. 9a). Meanwhile, it can be found that the crack will continue to propagate through M/A islands when the crack encounters M/A islands (Fig. 9b). The crack propagate through M/A islands means that the M/A islands can not prevent the crack propagation. Fig. 9c shows the phenomenon that two cracks meet and merge with each other. There are many crack initiation points in granular bainite during fatigue, and every micro-crack can propagate independently. Therefore, these cracks have a great chance to meet each other and merge together to continue propagation during the fatigue, as shown in Fig. 9c. The propagation type of multiple cracks coalescence will severely decrease fatigue live compared to single crack propagation type. Fig. 9d shows that the carbides can inhibit crack propagation. In the magnified image of the crack tip, we can found that there are fine carbides at the crack tip, as shown in Fig. 9d. Mustapa et al30 and Hong et al31 researched found that the small second phase could hinder the crack propagation. Therefore, the increase of fine M3C is beneficial to increase the fatigue live of the granular bainite.
[image: C:\Users\Administrator\Desktop\代鑫-3\图9-粒贝的疲劳裂纹萌生和扩展\第四次作图\马奥岛合并.jpg]
Fig.9 The fatigue crack initiation and propagation of the granular bainite.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Fig. 10 shows the crack initiation and propagation behavior of martensite. The Figs. 10a and 10b show that the crack initiation points of martensite are different from that of granular bainite. The crack initiations of granular bainite are preferentially around M/A islands. The crack initiation points of martensite are preferentially around grain boundary. The Fig. 10c shows that the crack is arrested by the HAGBs due to the decreased of crack propagation energy, which is detailed discussed in section 4.2. In addition, the fine carbides in martensite are also an effective barrier to crack propagation (Fig. 10d). In the magnified image of the crack tip, we can also found that there are fine carbides at the crack tip, as shown in Fig. 10d.
[image: C:\Users\apple\Desktop\代鑫\代鑫-3\图10-马氏体的疲劳裂纹萌生和扩展\在此基础上第二次作图\马氏体合并.jpg]
Fig.10 The fatigue crack propagation of the martensite.
4. Discussion
4.1 Effect of microstructural on fatigue live
[bookmark: OLE_LINK3]The M/A islands in granular bainite play a critical role in determining the fatigue crack initiation and propagation of the SA508-IV steel. We know that the granular bainite is composed of bainitic ferrite matrix and M/A islands. The stress concentration between the bainitic ferrite matrix and M/A islands interface easily results in the fatigue crack initiation during fatigue deformation.32,33 The stress concentration between the bainitic ferrite matrix and M/A islands interface mainly comes from two parts: Firstly, the M/A islands destroy the continuity of the bainitic ferrite matrix, causing the stress concentration at the two-phase boundary and promoting the initiation of cracks during the fatigue deformation.18 Secondly, the hardness of M/A islands is larger than the bainitic ferrite matrix. The plastic deformation occurs in the soft phase bainitic ferrite matrix areas, while the hard phase M/A islands prevent the occurrence of plastic deformation, which results in the inhomogeneous deformation between them.23,34 The inhomogeneous plastic deformation can develop extremely high local stress at interface, which greatly increases the possibility of cracks initiation in the interface of two-phase.35,36 However, the deformation of martensite microstructure is more consistent than that of bainite during plastic deformation. Therefore, the crack initiation points of granular bainite are more than that of martensite. This is one of the reasons why the fatigue live of martensite is greater than that of granular bainite. 
In addition, it can be found form Fig. 8 that the average fatigue striations separation of martensite is narrow compared to granular bainite at the same strain amplitude, indicating the crack propagation rate of martensite is slower. Therefore, the fatigue live of martensite is higher than that of granular bainite at the same conditions. 
4.2 Effect of HAGBs on fatigue live
According to previous studies,12,37 the HAGBs played a vital role in hindering crack propagation. It can be seen from Fig. 5 that the fraction of the HAGBs of martensite (42.34%) is larger than granular bainite (32.01%). And the HAGBs are effective barrier to crack propagation (Fig. 10), owing to the irregular arrangement of the atoms in HAGBs.12,19,38 The grain boundary energy of the HAGBs is much higher than that of the LAGBs due to a number of atoms deviate from its equilibrium position. When the cracks propagate encounter the HAGBs, the irregular arrangement of the atoms will consume the crack propagation energy and hinder crack propagation. If the crack propagation energy is large enough, the crack will continue to propagate through the HAGBs, otherwise it will be arrested. Therefore, the HAGBs also act as an effective barrier to crack propagation.
In addition, the martensite packet boundaries and martensite block boundaries belonged to the HAGBs and the adjacent packet and block might have different crystallographic orientation relationships.39 Once the crack attempts to run from one packet or block to another, the stable crystallographic orientation relations will be broken, so that the crack propagation energy is also consumed in order to across the packet boundaries and block boundaries. As a result, the decrease of crack propagation energy is beneficial for crack to be arrested by the HAGBs. 
In order to observe detailedly the effect of the HAGBs on crack propagation, the EBSD maps of crack propagation is shown in Fig. 11. The black lines in the Fig. 11 represent the HAGBs. One can see that martensite has more and smaller blocks than granular bainite, which means that martensite has more volume fraction of the HAGBs. Meanwhile, whether it is granular bainite or martensite, the crack propagation is hindered at the HAGBs (Fig. 11). Whenever a crack passes through the HAGBs, a portion of the crack propagation energy will be consumed. Until the crack propagation energy is insufficient to cause the crack to pass through the HAGBs, the crack will be arrested by the HAGBs.
[image: C:\Users\Administrator\Desktop\代鑫-3\EBSD裂纹扩展图\合并.jpg]
Fig.11 EBSD micrographs of IPF with crack propagation: (a) granular bainite and (b) martensite.
4.3 Effect of carbides on fatigue live
It can be seen from Fig. 9b that the M/A islands can not hinder the crack propagation. We know that the M/A islands in granular bainite will decompose into matrix and carbides during tempering, and the fine carbides can hinder crack propagation, as shown in Fig. 9d. The fine carbides can hinder the crack propagation, and its hindering mechanism is the same as that of HAGBs hindering crack propagation.31 However, only a small amount of M/A islands at the grain boundary will decompose after tempering at 630 °C for 2 h (Fig. 3b and Fig. 4c). Therefore, the resistance of carbides to crack propagation is limited. Lots of M23C6 precipitates can be observed in the martensite structure by the TEM micrographs (Fig. 4a and 4b). Therefore, the resistance of martensite to fatigue crack is greater than that of granular bainite.
4.4 Relationship between M/A islands, HAGBs, carbides and fatigue crack propagation
The schematic illustration of the fatigue crack initiation and propagation of granular bainite and martensite is shown in Fig. 12. The black solid lines represent the HAGBs. The ellipses represent crack initiation and the red solid lines represent crack propagation. 
The granular bainite micro-cracks initiate in the interface between matrix and M/A islands (Fig. 12a). Subsequently, these micro-cracks will continue to propagation. There may be three types for crack propagation in granular bainite structure: The type 1: The several cracks merge with each other and form the main crack that continues to propagation until fracture, which can seriously decrease the fatigue live of granular bainite. The type 2: When the crack propagation energy is insufficient, the crack is more easily arrested by the HAGBs. The type 3: The cracks also may be arrested by M3C - derived from the decomposition of M/A islands (Fig. 3b). However, only a few M/A islands are decomposed after tempering at 630 °C for 2h. Therefore, the crack propagation pattern of granular bainite is mainly based on phenomenon 1.
The crack initiation and propagation of martensite are different from that of granular bainite. Firstly, the martensite crack initiation points are less than granular bainite (Fig. 8), which decreases the probability of crack merger. Secondly, the HAGBs proportion of martensite is larger than that of granular bainite (Fig. 5), which is more conducive to consuming the crack propagation energy. Thirdly, a large amount of the fine carbides (M23C6) exist in the interior and boundary of martensite lath (Figs. 4a and 4b), which increases the probability of the cracks being arrested by carbides. Therefore, the fatigue live of martensite is higher than granular bainite.
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Fig.12 Schematic illustration of the fatigue crack initiation and propagation: (a) granular bainite and (b) martensite.
[bookmark: OLE_LINK85]5. Conclusions
The LCF behavior of SA508-IV steel with different microstructures (granular bainite and martensite) is investigated at different amplitudes. The main conclusions could be summarized as following:
1. The fatigue live of martensite is much longer than that of granular bainite at the same strain amplitude. And their fatigue lives decrease significantly with the increase of strain amplitude.
2. Granular bainite has more crack initiation points than martensite, which is attributed to the stress concentration between the M/A islands and bainitic ferrite matrix during fatigue deformation. The more crack initiation points may decrease the fatigue life of the granular bainite.
3. The crack propagation rate of martensite is lower than that of granular bainite, which is beneficial to increase the fatigue life of the martensite.
4. The HAGBs volume fraction and carbides of martensite are larger than granular bainite, resulting in the increase of the martensite fatigue live. 
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