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The relationship between the microstructure and the mechanical and corrosion properties of a welded joint of 620-grade marine steel was studied using metallographic microscopy, scanning electron microscopy, an energy dispersive spectrometer, transmission electron microscopy, and microhardness and tensile tests. The results showed that the strength and hardness of the weld center area (WMmid) were higher than those of the inner and outer welding surface region (WMin and WMout) because the volume fraction of the martensite-austenite (MA) constituents (21.6%) was higher than that in WMin and WMout (18.0% and 14.3%, respectively). There were numerous MnO-Al2O3-SiO2-TiO2-type inclusions located at the bottom of dimples in the fracture surface; however, the MA constituents took precedence over this kind of inclusion in inducing pitting corrosion. In contrast, pitting corrosion can be initiated by Al2O3-MgO-CaO-CaS inclusions in the heat-affected zone (HAZ) and base metal (BM). The corrosion resistance of the welded joint was in the order of weld metal > HAZ > BM. The WMmid with smaller dendrite spacing and a larger size of MA constituents had better corrosion resistance compared with the WMin and WMout. The corrosion resistance of the HAZ decreased in the sequence of coarse grain HAZ, fine grain HAZ, and intercritical HAZ.
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1 INTRODUCTION
620-grade marine steels used in the construction of various ships have high strength and toughness to resist the external load. However, during the welding process of marine steels, the existence of the thermal effect is inevitable, which causes changes in the microstructure of the welded joint (Li et al., 2011; Yang et al., 2015; Poberezhnyi et al., 2016; Chu et al., 2020; Kumar et al., 2021), which then inevitably affects the mechanical properties of the materials. Furthermore, marine steels are susceptible to pitting corrosion with the presence of aggressive anions and dissolved oxygen in the service environment (Ma et al., 2015; Cui et al., 2016).
During the welding process, the weld metal (WM) forms a multiphase structure. The fine martensite–austenite (MA) constituents and intragranular acicular ferrite (IAF) in the WM show excellent strength, low temperature toughness, and excellent corrosion resistance (Wang et al., 2015; Dong et al., 2022; Liu et al., 2022). The heat-affected zone (HAZ) is formed by the temperature field effect between the molten WM and the adjacent matrix. The coarse bainite structure formed in the coarse grain HAZ (CGHAZ) is deteriorative to the toughness and corrosion resistance of the material (Ma et al., 2018; Dong et al., 2022). A double-phase structure is formed in the intercritical HAZ (ICHAZ), affecting the strength and toughness of the material and significantly reducing the corrosion resistance of the material (Ma et al., 2018; Rodrigues et al., 2021).
Shibaeva et al. (2014) suggested that microstructure features with a different content of alloy elements (e.g., carbon, manganese) may cause the formation of galvanic pairs, with the current densities of various microstructures increasing in a sequence of ferrite–bainite, ferrite–pearlite, and ferrite–martensite, thus indicating the deterioration of corrosion resistance in this order. Additionally, oxide and sulfide inclusions have been recognized as the key factors to induce pitting corrosion in many studies (Krawiec et al., 2006; Li et al., 2016; Liu et al., 2017; Dong et al., 2020; Kovalov et al., 2022). With high grain boundary energy at the interface of the Al-Mg-Ca-O-S inclusion and matrix, pitting usually occurs at the inclusion, inducing the initiation of circle pitting corrosion, due to the adsorption and electromigration of chloride ions (Zheng et al., 2013; Fan et al., 2017; Wang et al., 2018a). In contrast, inclusions containing SiO2 with high chemical stability exhibit better corrosion resistance (Li et al., 2016). Furthermore, the pitting is greatly inclined to be initiated at the MA and carbides located at the grain boundaries, deteriorating the corrosion resistance of steels (Wang et al., 2018b).
The microstructure of the welded joint varies greatly with multiple welding passes, and Al-Mg-Ca-O-S inclusions are the main types of inclusion in aluminum killed steel, which is different from the WM-containing SiO2 inclusions. Therefore, it is necessary to study the influence of the microstructure characteristics and inclusion types of the welded joint on the strength and corrosion resistance of the materials, especially high-strength marine steels. In the present study, the mechanical properties of the welded joint of 620-grade marine steel were tested by tensile tests, and the relationship between the microstructure and the mechanical properties of the welded joint was analyzed. Furthermore, the mechanism of pitting corrosion was also studied in the weld joint.
2 EXPERIMENTAL PROCEDURES
The as-received state of the steel plate with a thickness of 10 mm was quenched at 880°C, followed by water cooling, and tempered at 650°C, followed by air cooling. The chemical components (wt.%) of the marine steel were C 0.07, Si 0.25, Mn 0.80, Cr 1.30, Ni 1.80, Mo 0.20, P 0.007, S 0.0005, and Fe in balance.
The welding process for the longitudinal submerged-arc welding was conducted using two internal-welding passes (WM1 and WM2) and three outer-welding passes (WM3, WM4, and WM5) with a Y-type groove. The macroscopic morphology of the welded joint is shown in Figure 1. The welded joint includes the WM, HAZ, and base metal (BM, near the HAZ). The HAZ can be divided into the CGHAZ, the fine grain HAZ (FGHAZ), and the ICHAZ (Li et al., 2011; Dong et al., 2022).
[image: Figure 1]FIGURE 1 | Macroscopic morphology of the welded joint.
Prior to hardness testing, the welded joint sample was ground, mechanically polished, and etched in a 4% nital solution. The microhardness distributions on the cross section of the welded joint were measured using a HXD-2000TMSC/LCD Vickers hardness tester with a force of 1,000 gf and a dwell time of 15 s. The two hardness marking lines were along the transverse and thickness directions, respectively. The former was located at 2 mm from the surface of the inner welding zone (marked by the black solid line in Figure 1), and the latter was located at the thickness direction of the WM center (marked by the blue line in Figure 1). Tensile tests were performed on a SANS CMT 5105 electronic universal tester at room temperature. In line with GB/T 228.1-2010, round tensile specimens with a gauge diameter of 3.5 mm and a gauge length of 17.5 mm were adopted on the locations of the inner welding surface region (WMin: the second pass, WM2), the weld center area (WMmid: the third and the fourth passes, WM3 and WM4), and the outer welding surface region (WMout: the fifth pass, WM5), marked by red circles in Figure 1.
For the original microstructure observation, specimens for JSM 6700F scanning electron microscope (SEM) observation were etched with 4% nitric acid alcohol solution. After nine images were selected using the nine square format, the proportion fraction of the hard phase structure (MA constituent + carbide) contained in each tensile sample was calculated using Image-Pro Plus (IPP) software. After polishing, the welded joint was immersed in saturated picric acid solution for 10 s to observe the dendrite morphology using an OLYMPUS BX51M metallographic microscope (OM). The average of the dendrite spacing in the WM was measured using IPP software. The thin foils for the WM, which were prepared using a double jet electro-polisher in a mixed solution of 10 mL perchloric acid and 90 mL of ethanol at –20°C under a voltage of 20 V, were examined using JEM-2100F transmission electron microscopy (TEM).
To characterize the pitting corrosion resistance, the welded joint was immersed in 3.5 wt.% NaCl solution at room temperature for 40 s after polishing. The corrosion morphology of the welded joint was observed under OM and SEM. The core of the pitting corrosion was assessed using an INCA-ENERGY energy dispersive spectrometer (EDS).
3 RESULTS
3.1 Mechanical properties of the welded joint
Figure 2A shows the hardness variation at the center of the WM along the thickness direction. It can be seen that the hardness values of WM1 and WM3 in the center welding passes were higher than those of WM2, WM4, and WM5, with the low trough of hardness at the junction of the adjacent weld passes. Figure 2B shows the hardness variation of the welded joint at a distance of 2 mm from the inner surface along the transverse direction. It can be seen from Figure 2B that the hardness value of the HAZ was significantly higher than those of the WM and BM. Furthermore, it is worth noting that the hardness value of the junction zone between the HAZ and BM decreased first and then increased. In addition, the hardness value of the fusion line (FL) was lower than that of the surrounding area. A similar hardness distribution was obtained in Królicka et al.’s (2020) study on the welded joints of bainite steel.
[image: Figure 2]FIGURE 2 | Curves of the hardness variation along the thickness (A) and transverse (B) direction and the stress–strain (C) of the welded joint.
The stress–strain curves shown in Figure 2C and the corresponding tensile properties in Table 1 show that there was a yield platform in the tensile curve of the BM, with a yield strength of 685 MPa, and the yield ratio was as high as 91.82%. There was an inflection point in the tensile curves of the HAZ and WMin, the yield strengths of which were higher than 600 MPa, and the yield ratio was approximately 80%. The tensile curves of the WMmid and WMout showed continuous yield, and the yield ratios of less than 76% were the lowest observed. The strength of the WMmid containing WM3 and WM4 with high hardness was higher than those of the WMout and WMin with low hardness. Similarly, the strength of the HAZ with high hardness was higher than those of the BM, WMout, and WMin with low hardness. The area reduction of the WM was smaller than that of the BM and the HAZ, implying a poor plastic deformation ability (Table 1).
TABLE 1 | Tensile properties of the welded joint.
[image: Table 1]3.2 Fractography
The SEM fracture morphology of the tensile specimens of the welded joint is shown in Figure 3. The top view of the fracture surface of the WMin and WMmid specimens was approximately circular, which was divided into the elliptic-shaped fiber zone at the center and the shear-lip zone at the outer periphery, whereas circular-shaped fiber zones were found for the HAZ and BM. The fracture surface sizes of the HAZ and BM samples were essentially the same, which were smaller than those of the WMin and WMmid samples, indicating more significant necking in the HAZ and BM.
[image: Figure 3]FIGURE 3 | Top view and detailed view of the tensile tested fracture surface. For the WMin, (A) the fiber zone and (B) the shear-lip zone; for the WMmid, (C) the fiber zone and (D) the shear-lip zone; for the HAZ, (E) the fiber zone and (F) the shear-lip zone; and for the BM, (G) the fiber zone and (H) the shear-lip zone.
In the center of the fiber zone of the WMin and WMmid specimens, there was a large amount of equiaxed fine dimples with a certain number of cleavage facets. The detailed view of the shear-lip zone, marked by a white box, was characterized by shear dimples and tear ridges as a result of shear stress. For the WMin, the number of cleavage facets was more than for the WMmid (Figures 3A, C), indicating that the WMmid had better ductility than the WMin. In addition, it is worth noting that the presence of different-sized spherical inclusions was located at the bottom of dimples in the WMin and WMmid specimens. The difference in deformation properties between the inclusions and the nearby matrix led to the formation of dimples as a result of stress concentration at the interface between them (Wu et al., 2013; Pandey et al., 2017; Pandey et al., 2019).
In the center of the fiber zone of the HAZ, fine dimples, deep dimples, a small amount of fine cleavage facets, and secondary cracks were observed to reveal the ductile dimple fracture (Figure 3E). The shear-lip zone displaying a quasi cleavage fracture with a certain amount of large-size shear dimples is shown in Figure 3F. For the BM, the fracture characteristic was similar to that of the HAZ, but the number of cleavage facets was observed to be slightly increased in the fiber region, as shown in Figure 3G. In addition, there were no obvious inclusions existing at the bottom of the dimples in both the HAZ and BM. Because of the low content of S and O in the investigated steel, there were few inclusions in both the HAZ and BM, which can induce ductile dimples. It can be concluded that precipitates or MA were the key factors that caused ductile dimple fractures and cleavage fractures, which were associated with the decohesion of the precipitated particle–matrix interface (Chatterjee et al., 2014; Liu et al., 2015).
The fiber zones of the HAZ and BM were almost circular-shaped, and the degree of necking was obviously more serious than that of the WM with an elliptic-shaped fiber zone. In addition, there were a large number of deep dimples in the fiber zone of the HAZ and BM, indicating that the plastic deformation ability of the HAZ and BM was more excellent than that of the WM with slightly-large shallow dimples.
3.3 Microstructure of the welded joint
3.3.1 Microstructural features of the weld
Figure 4 shows the microstructure of the welded joint by OM and SEM. The microstructure of the WM exhibited the characteristic of dendrite morphology, and the direction of the dendrite was perpendicular to the FL (Wu et al., 2020). By observing Figures 4C, F, I, L, O, it can be seen that the dendrite spacing in WM2 and WM5 was significantly larger than those in WM1, WM3, and WM4, although the dendrite morphology of WM5 was not as obvious as that of WM2.
[image: Figure 4]FIGURE 4 | SEM and OM morphologies of WM2 (A–C), WM1 (D–F), WM3 (G–I), WM4 (J–L), and WM5 (M–O).
As shown in Figure 4, granular bainite with various-sized MA constituents aggregated into bands and proeutectoid ferrite was distributed between the bands, with a small size of fine MA constituents at the grain boundaries. Due to the overlap of the welding layers, WM1, WM3, and even WM4 were subjected to the thermal effect of subsequent welding passes, resulting in the uniform diffusion of alloying elements and the dense distribution of MA constituents with a slabby and blocky shape, as shown in Figures 4D, G, J (Dong et al., 2022). Additionally, a large proportion of supergiant slabby and blocky MA constituents were distributed on WM3. Due to the slow cooling resulting from the heat insulation of the flux in WM2 and WM5 located in the surface area, the microstructure included a large volume fraction (f) of proeutectoid ferrite (Figures 4A, M), resulting in low hardness in WM2 and WM5 (Figure 2A).
3.3.2 Microstructural features of the HAZ and BM
The high temperature of the molten WM leads to the inevitable formation of the HAZ in the welding process. Except for the zones near WM2 and WM5, the HAZ particularly near the FL location had been heated many times during the welding process. The SEM and OM morphology of the BM and HAZ is shown in Figure 5. The microstructural characteristic of the CGHAZ, which was formed with a peak temperature of about 1,350°C (Poberezhnyi et al., 2016; Dong et al., 2022), was identified as bainite with a large number of MA constituents uniformly distributed in the ferrite matrix (Figure 5B). Due to the tempering effect of other weld passes, there was mostly a large size of MA constituents with a round edge in the CGHAZ. For the FGHAZ, the peak temperature was slightly higher than the Ac3 leading to small-size granular bainite with a dense distribution of MA constituents, due to the rapid cooling (Figure 5C). The relatively higher hardness of the FGHAZ can be attributed to the fine-grained strengthening and second-phase strengthening effect of the MA constituents or carbides (Ma et al., 2020). The peak temperature of the ICHAZ was between Ac1 and Ac3. The ICHAZ microstructure with ferrite plus granular bainite, which were distributed alternately, showed obvious bands parallel to the surface of the steel plate (Figure 5D). Fine MA constituents were mainly concentrated in the bainite band zone and some were scattered in the ferritic grain boundary. The microstructure of the BM was high-temperature tempered martensite, with large-sized granular carbides dispersed at the grain boundaries and lath boundaries (Figure 5E).
[image: Figure 5]FIGURE 5 | Macro location of each area of the HAZ (A) and SEM morphologies of the CGHAZ (B), FGHAZ (C), ICHAZ (D), and BM (E).
3.4 Pitting corrosion of the welded joint
Figure 6 shows the metallographic morphology of the welded joint immersed in 3.5% sodium chloride solution. It can be concluded that the corrosion resistance of the WM was obviously higher than that of the HAZ and BM. However, the WM exhibited inhomogeneous corrosion. There was a small number of corrosion pits in WM1, WM3, and WM4, while a large number of large pits existed in WM2 and WM5. Furthermore, the pitting corrosion in WM2 was mostly distributed in the near surface area. The corrosion resistance from high to low was WM1/WM3, WM4, WM5, and WM2. In addition, there were also differences in the corrosion resistance of the HAZ as, far from the WM, the corrosion resistance of the HAZs gradually decreased.
[image: Figure 6]FIGURE 6 | Metallographic morphology of the weld joint after immersion.
Figure 7 shows the morphology of the stable pitting corrosion in the HAZs. Although the microstructure characteristics were different in different regions of the HAZ, the corrosion pits all contained obvious cores. There were obvious bands in the corrosion pits of the ICHAZ and BM, which were consistent with the direction of the microstructural bands. It has been demonstrated that the micro galvanic effect between hard and soft phases leads to electrochemical corrosion (Kadowaki et al., 2019; Rajput et al., 2020). As observed in Figure 6, the corrosion resistance of the ICHAZ and BM was significantly lower than that of the CGHAZ and FGHAZ, which may be attributed to the uneven distribution of the microstructure-containing bands (Shibaeva et al., 2014).
[image: Figure 7]FIGURE 7 | Metallography of stable pitting corrosion in the HAZs: (A) CGHAZ; (B) FGHAZ; (C) ICHAZ; (D) BM.
The pitting morphologies of the welded joint in different corrosion stages are presented in Figure 8. As observed in Figures 8A–C, it can be confirmed that the corrosion spots in the WM were scattered in the early stage of corrosion without an obvious single core. With further corrosion, the pits spread uniformly in a circular manner, due to the electromigration of chloride ions (Wang et al., 2021). In addition, dendrite characteristics were obvious in the stable corrosion stage (see Figures 8B,C). The unique pitting core of the HAZ and BM can be observed in Figures 7, 8D–I. The pit nucleus was obviously initiated by an inclusion with a near-spherical shape. Subsequently, the pit continued to develop uniformly around the inclusion, indicating the homogeneous corrosion rate in all directions (Figures 8D–I).
[image: Figure 8]FIGURE 8 | OM images of pitting corrosion in different stages: (A–C) WM2; (D–F) FGHAZ; (G–I) BM.
4 DISCUSSION
4.1 Effect of microstructure on the mechanical properties
When the WMmid containing WM3 and WM4 was subjected to the thermal effect of subsequent welding passes, the further diffusion of alloying elements of C, Mn, and Ni from ferrite into austenite occurred, resulting in the dense distribution of MA constituents with a slabby and blocky shape, as shown in Figures 4G-L. There were plenty of mobile dislocations in the ferrite (inset of Figure 9A), which were induced by the volume expansion from austenite to martensite transformation during cooling, leading to continuous yielding behavior or only an inflection point in the tensile curves (Figure 2C) (Zuo and Li, 2015). Table 2 shows that the dendrite spacing of the WMmid was 89.63 μm, which was much smaller than those of the WMin and WMout (142.34 μm and 116.51 μm, respectively). The f of the MA constituents in the WMmid (21.6%) was larger than those in the WMin and WMout (18.0% and 14.3%, respectively), leading to the high hardness, high strength, and low yield ratio of the WMmid (Table 1) (Huda et al., 2016).
[image: Figure 9]FIGURE 9 | SEM morphologies of WM (A,B) and BM (D,E) at different magnification. The corresponding EDS maps of the inclusion (C) and coarse carbide (F) are marked by an arrow in (B) and (E), respectively. TEM bright field images are shown in the insets of (A,B).
TABLE 2 | Average size and volume fraction of the MA constituents in different regions.
[image: Table 2]As shown in Figures 9A, B, numerous inclusions were found in the WM, regarded as MnO-Al2O3-SiO2-TiO2 type inclusions by EDS (Figure 9C), which were deoxidation products during welding. It is worth noting that this type of inclusion could induce the formation of IAF, as shown in the inset of Figure 9B, whose laths divided the prior austenite grains into small regions, implying the grain refinement (Xiao et al., 2006). This kind of inclusion was also found at the bottom of the dimples (Figures 10A, B, E). Because micro-crevices are prone to occur at the interface between the inclusion and the ferrite matrix under external stress, large amounts of ductile dimples formed both in the fiber region and the shear lip region. Additionally, the dimples were also generated by the deformation incongruity of the MA constituents/polygonal ferrite (Wu et al., 2013; Huda et al., 2016).
[image: Figure 10]FIGURE 10 | Fracture morphologies of the WMin (A), WMmid (B), HAZ (C), and BM (D). The corresponding EDS maps (E) of inclusions are marked by 1, 2, and 3, respectively. The number fraction of the dimples’ diameter in a certain diameter is shown in (F).
Figures 10C, D show that there were only a few inclusions found at the bottom of the dimples in the BM and HAZ. As observed in Figures 9D, E, the BM exhibited a high-temperature tempered martensite microstructure with a large fraction of carbide precipitated mainly in the martensitic packets, block and sub-block boundaries, and prior austenite grain boundaries (PAGBs) (Liu et al., 2015; Pandey et al., 2017; Pandey et al., 2019). The microstructures of the HAZs consisted of fine bainite, ferrite, and MA constituents. It can be deduced that the coarse carbides at the PAGBs of the BM and MA in the HAZ helped the formation of deep dimples. The f of the hard phase of the HAZ was 28.5%, much larger than that of the BM with 3.56%, resulting in the high tensile strength and low yield ratio. In conclusion, from the fracture characteristics of the WM, HAZ, and BM (Figures 3, 10), there were more deep dimples larger than 5 μm in diameter in the BM and HAZ compared to the WMin and WMout, which shows the better plasticity of the BM and HAZ compared to the WM (Konovalenko et al., 2017).
4.2 Formation mechanism of pitting corrosion
4.2.1 Pitting corrosion of the weld
As observed in Figures 11A, B, trench-like pits were generated on the interface of the MA and ferrite at the center of the corrosion pit, which was thought to be owing to the dissolution of the ferrite. However, there were no corrosion pits around the MnO-Al2O3-SiO2-TiO2 inclusions. Therefore, it can be deduced that the MA constituents took precedence over the inclusions of MnO-Al2O3-SiO2-TiO2 in inducing the pitting corrosion. This can be largely explained as follows.
[image: Figure 11]FIGURE 11 | SEM morphology of corrosion in WM2 at low (A) and high (B) magnification and the EDS map (C) of the inclusion in (B).
Due to the different solubility limits of the alloying elements (e.g., P, Ni, Cr, Mn, and Mo) solubilized in the ferrite and austenite, the elements’ segregation at ferrite/MA was formed, which generated a large number of dislocations existing near the interface of the MA constituents and ferrite, as displayed in the inset of Figure 9A, further bringing about the higher interface energy and small atomic activation energy (Shibaeva et al., 2014; Kadowaki et al., 2019; Li et al., 2019). Therefore, as shown in Figures 11A, B, the MA constituents acted as cathodic sites inside the anodic ferrite, preferentially generating trench-like pits with the dissolution of the ferrite. Similar results have been obtained in prior studies (Rajput et al., 2020).
The spherical inclusions, confirmed as MnO-Al2O3-SiO2-TiO2-type compound inclusions by EDS in Figure 11C, had good stability and corrosion resistance, and remained intact after immersion, as shown in Figure 11B. Jiang et al. (2015) discovered that MnO-Al2O3-SiO2-TiO2-type compound inclusions were recognized as the combination of TiOx-MnO cores enwrapped by MnO-Al2O3-SiO2 inclusions. Such inclusions contributed to the IAF formation, as mentioned in Section 4.1. The defects at the inclusions/ferrite interface are the key factors for pitting corrosion. TEM analysis was performed to further characterize the inclusion and surrounding IAF, as shown in the inset of Figure 9B. There were few defects (e.g., dislocations, voids) existing in the IAF near the inclusion, so it can be reasonably inferred that MnO-Al2O3-SiO2-TiO2 inclusions surrounded by the IAF hindered the pitting nucleation at the interface between them to a large extent.
As shown in Figure 6, there were scattered pits in WM1, WM3, and WM4, while serious pitting corrosion occurred in WM2 and WM5. Due to the repeated heating of WM1, WM3, and WM4 caused by subsequent passes, the ferrite-forming elements further diffused and homogenized in the ferrite, which continually decreased the ferrite/MA grain boundary segregation, and the residual stress was also released during repeated heating, leading to the good corrosion resistance (Singh et al., 2021). It can be seen from Table 2 that the WMmid-containing WM3 and WM4, with the larger size of the MA constituents and smaller dendrite spacing, had better corrosion resistance compared to the WMin containing WM2 and the WMout containing WM5, as shown in Figures 4, 6. The polarization phenomenon could be formed owing to the micro-galvanic corrosion behavior of the hard MA constituents and ferrite matrix. The rapid diffusion of anions and cations could be achieved by the short pole distance, resulting from the small dendrite spacing of the WMmid, which was equivalent to increasing the electrode reaction interface, further inhibiting the corrosion.
4.2.2 Pitting corrosion of the HAZ
As observed in Figure 6, the corrosion resistance of the HAZ decreased in the sequence of CGHAZ, FGHAZ, and ICHAZ, with the decrease of peak temperature during welding. Furthermore, the pitting corrosion in the HAZ originated from the inclusions, as shown in Figure 12. The inclusions, as the cores of corrosion pits, were identified as Al2O3-MgO-CaO-CaS inclusions by EDS analysis in Figure 12C, and CaS was wrapped in the outer layer of the inclusion due to the segregation of S (Yang et al., 2013). Based on the much higher thermal expansion coefficient of the CaS compared to the ferrite matrix, cavities were formed between them, leading to the adsorption of chloride ions and the initiation of corrosion pits (Wang et al., 2018b; Wang et al., 2021). Therefore, the CaS initially dissolved owing to its higher activity than oxide inclusion, which further decreased the pH of the electrolyte by the CaS chemical dissolution, as shown in Eqs. (1), (2) (Tyurin et al., 2007; Wang et al., 2018b):
[image: image]
[image: image]
[image: Figure 12]FIGURE 12 | SEM morphology of corrosion in the HAZ at low (A) and high (B) magnification and the EDS map (C) of the inclusion in (B).
Wang et al. (2021) and Wranglen (1974) distinguished the inclusions of Ca-Mg-Al-O-S into active and inactive by the CaO/Al2O3 ratios in xCaO-yAl2O3. CaO/Al2O3 ratios below 1.3 were considered as active, while those higher than 1.3 were considered as inactive. The CaO/Al2O3 ratios (R) can be calculated using Eqs. (3), (4) (Wang et al., 2021):
[image: image]
[image: image]
where N is the number of all the atoms; NA is the Avogadro constant (6.02 × [image: image]); and Ri is the atomic percentage of the elements measured by EDS. As shown in Figures 12, 13, the CaO/Al2O3 ratios of the inclusions inducing the pitting corrosion in the HAZ and BM were all calculated as below 1.3, confirming them as active inclusions.
[image: Figure 13]FIGURE 13 | SEM morphologies of pit corrosion in the BM (A) and the pit nucleus (B) marked by the white box in (A) at higher magnification. The EDS maps (C,D) of the pit nucleus are marked by 1, 2, and 3.
The various-sized MA constituents in the CGHAZ were densely distributed on the ferrite matrix, possibly causing short-circuit protection. Due to the high peak temperature above Ac3, complete austenitizing had occurred, with much precipitates’ dissolution in the austenite, which led to a decrease in the number of pit initiation sites. Grain refinement can also improve the corrosion resistance of materials (Ma et al., 2018; Rodrigues et al., 2021). Therefore, the microstructure of the FGHAZ with refined grain had no detrimental effect on the corrosion resistance. However, in the ICHAZ, a dual-phase microstructure with obvious band structure was formed, exhibiting serious pitting corrosion. Hence, the corrosion resistance of the ICHAZ was significantly lower than that of the CGHAZ and FGHAZ.
4.2.3 Pitting corrosion of the BM
The corrosion morphology of the BM is shown in Figure 13. The microstructure of the BM was high-temperature tempered martensite with numerous carbides (Figures 9D, E). It can be clearly seen from Figure 13A that the pit nucleus was not unique and can be distinguished into two types: Al2O3-MgO-CaO-CaS inclusion (Figure 13C); and carbide (Figure 13D). The small pit’s nucleus at higher magnification is shown in Figure 13B. It was found that the inclusion was dissolved partly, and the remaining section was regarded as Al2O3-MgO spinel by EDS. A similar phenomenon was reported by Wang et al. (2021), who stated that Al2O3-MgO spinel in (Mg, Al, Ca)-Ox-Sy inclusions would remain after CaS dissolution in EH36 shipbuilding steels. According to Figure 9E, the coarse carbides located at the boundaries were preferable for cathodic reactions to increase corrosion sensitivity (Li and Luo, 2002; Krawiec et al., 2006; Singh et al., 2021). Chloride ions can increase the anodic current density and induce the pitting initiation of plate martensite with M23C6 (M: Cr, Ni, Mn) precipitates (Hu et al., 2011). However, it was difficult to estimate the preferential corrosion between carbides and Al2O3-MgO-CaO-CaS inclusions.
Compared with the corrosion in the WM and HAZ, passive films were clearly observed on the pit corrosion surface of the BM (Figure 13). However, passive films were broken around the pitting core, indicating poor stability, due to Cl ions adsorbed and gathered in the cavities/crevices (Li and Luo, 2002; Talebian et al., 2019). If the fragment falls off, the exposed substrate will be further corroded, greatly deteriorating the corrosion resistance of the material.
5 CONCLUSION

(1) The microstructure of the WM was proeutectoid ferrite and granular bainite with various-sized MA constituents aggregating into bands. The BM exhibited a high-temperature tempered martensite microstructure with a large fraction of carbide precipitated mainly in the martensite packets, block and lath boundaries, and PAGBs. The microstructures of the HAZs consisted of fine bainite, ferrite, and MA constituents.
(2) The strength and hardness of the welded joint showed a correlation with the f of the MA constituents. The strength and hardness of the WMmid containing WM3 and WM4 were higher than those of the WMin and WMout containing WM2 and WM5 because the f of the MA constituents in the WMmid (21.6%) was higher than those in the WMin and WMout (18.0% and 14.3%, respectively). There were numerous MnO-Al2O3-SiO2-TiO2-type inclusions in the WM, located at the bottom of most dimples. However, there were only a few Al2O3-MgO-CaO-CaS inclusions found at the bottom of dimples in the BM and HAZ. Compared to the fracture characteristics of the WM, the HAZ and BM exhibited numerous deep dimples, indicating the superior plasticity.
(3) In the WM, the MA constituents took precedence over MnO-Al2O3-SiO2-TiO2 inclusions in inducing the pitting corrosion, whereas the pitting corrosion in the HAZ and BM originated from Al2O3-MgO-CaO-CaS inclusions. The corrosion resistance of the welded joint was in the order of WM > HAZ > BM. The WMmid containing WM3 and WM4, with the larger size of MA constituents and the smaller dendrite spacing, had the better corrosion resistance compared to the WMin containing WM2 and the WMout containing WM5. The corrosion resistance of the HAZ decreased in the sequence of CGHAZ, FGHAZ, and ICHAZ with the decrease of peak temperature during welding.
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