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Abstract

:

This article uses scanning electron microscopy (SEM) and electron back-scattering diffraction (EBSD) to study the effect of C and Mn segregation on the microstructure and mechanical properties of high-strength steel with 20 mm thickness used for wind power before and after simulated welding. A Gleeble-3500 (GTC, Dynamic Systems Inc., Poestenkill, NY, USA) was used to study the microstructure evolution of the simulated coarse-grained heat-affected zone (CGHAZ) of experimental steel under different welding heat inputs (10, 14, 20, 30 and 50 kJ/cm) and its relationship with low-temperature impact toughness (−60 °C). The results indicate that alloy element segregation, especially Mn segregation, significantly affects the impact toughness scatter of the steel matrix, as it induces the formation of low-temperature martensite or hard phase, such as M/A (martensite/austenite) constituent. In addition, segregation also reduces the low-temperature impact toughness of the simulated welding samples and increases the fluctuation range. For high-strength steel with yield strength higher than 460 MPa used for wind power generation, there is an optimal welding heat input (~20 kJ/cm), which enables the simulated coarse-grained heat-affected zone (CGHAZ) to obtain the highest impact toughness due to the formation of lath bainite (LB) and the finest crystallographic block units. Excessive or insufficient heat input can induce the formation of coarse granular bainite (GB) or lath martensite (LM), leading to a larger size of crystallographic block units, reducing the hindering effect of brittle crack propagation and deteriorating low-temperature impact toughness.
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1. Introduction


As a kind of clean energy, wind energy has great potential for future development. And with the rapid development of wind power generation, the tubular steel tower used as the supporting structure is becoming increasingly large [1]. In order to ensure the safety of the entire tower, advanced steel materials with higher strength have been developed and applied. The steel used for onshore wind tubular steel towers has developed from 355 MPa to 420 and 460 MPa levels, which can decrease the material and transportation costs, thus increasing its market competitiveness [2]. As we all know, the tower is mainly made of medium-thick plate curling and welding, so the problems faced by high-strength wind power steel have shifted from the base plate to the weld joint. The excellent balance of high strength and toughness in the base plate will be upset by the welding thermal cycles characterized by rapid heating and a variable cooling rate with high peak temperature [3,4]. Among them, the coarse-grained heat-affected zone (CGHAZ) is the region always showing the worst toughness because of the formation of coarse austenite grains and undesirable microstructure [5,6,7]. Previous studies [4,8,9,10,11,12] have extensively investigated the effects of welding heat input, cooling rate, alloy composition, post-weld heat treatment and other parameters on the microstructure and properties of the weld joint. However, a recent study [13] has also found that segregation in steel plates can also affect the microstructure and mechanical properties of high-strength steel before and after welding. From this, it can be seen that in addition to welding process parameters, the metallurgical quality of the steel plate is also crucial.



Previous studies [14,15,16,17] have shown that as the degree of centerline segregation in steel plates increases, the strength and low-temperature impact toughness significantly deteriorate, and the hydrogen embrittlement sensitivity is significantly improved. This is because the segregation of alloy components, such as C, Mn and Si, induces the formation of the hard second phase of martensite. From the view of crystallographic features, the severe segregated zone with high-level enrichment of alloying elements produced a large packet or Bain zone size due to strong variant selection, which was unfavorable for crack deflection or arrest [15]. In addition, research [13] has also found that the segregation yielded in base metal can be inherited into the weld joint, resulting in adverse effects on the microstructure and properties of the heat-affected zone (HAZ). The microstructure obtained in the segregation zone of the base metal will undergo re-austenitization under the influence of the welding thermal cycle and then transform into a hard martensitic structure during the cooling process, causing the increase in the local stress and hardness. The mismatch between the hard phase and the surrounding normal structures leads to a sharp decrease in the low-temperature toughness of the weld joint. Another study [18] also found that segregation can induce the formation of coarse MnS or other inclusions at the core of the steel plate, which can easily become the source of crack initiation and significantly deteriorate the mechanical properties and low-temperature toughness of the steel plate before and after welding. However, there is still a lack of research on the effect of segregation on the microstructure and properties of the new generation of high-strength steel used for wind power before and after welding. This article aims to study the evolution of microstructure and properties of the surface and core in a wind power steel plate with a yield strength of 460 MPa, as well as the mechanism of segregation influence on the microstructure and low-temperature impact toughness of weld joints, providing theoretical and experimental bases for the development of wind power steel with high strength and good impact toughness. In addition, the visualization method of microstructure has been adopted to elucidate the relationship between brittle crack propagation paths and crystallographic structural units, such as blocks [19,20], and to clarify the mechanisms that hinder crack propagation.




2. Materials and Methods


The material used in this study was a high-strength wind power steel with thickness of 20 mm and made by thermo-mechanical controlled processing (TMCP). Due to the higher strength of the steel plate used in this study compared to traditional 355 MPa wind power steel, and mainly used for onshore wind power, the thickness specification (20–40 mm) is smaller than 355 MPa wind power steel (40–70 mm). The chemical composition is shown in Table 1. In order to study the effect of segregation bands on the microstructure and properties of steel plates before and after welding, welding simulated samples were taken from the surface and 1/2 core positions of the steel plate, and welding simulated experiments with different heat inputs (10, 14, 20, 30 and 50 kJ/cm) were completed on a Gleeble-3500 (GTC, Dynamic Systems Inc., Poestenkill, NY, USA) with an average heating rate of 130 °C/s and a peak temperature of 1300 °C. After thermal simulation, standard impact specimens with the size of 10 mm × 10 mm × 55 mm were prepared to evaluate Charpy V-Notch (CVN) impact toughness at −60 °C. For impact samples, the sampling method was to take samples along the rolling direction (RD) and at the near-surface and 1/2 core positions on the side of the steel plate, while the V-shaped direction is parallel to the normal direction (ND) of the steel plate. Meanwhile, tensile properties of the surface and core of the base metal were measured at room temperature using standard tensile samples machined to 5 mm diameter and 25 mm gauge length according to the ASTM E8 specification [21]. The sampling direction of the tensile sample is along the transverse direction (TD). And the impact toughness of the base metal was also measured at different temperatures using the standard Charpy V-notch (CVN) test. In addition, three standard impact samples and two standard plate-shaped tensile samples were used to obtain the average values of low-temperature toughness and strength. Hardness evolution from the normal zone to segregation band was measured with 100 gf and a dwell time of 15 s, according to ASTM: E384 [22]. And the hardness testing experiment was completed under room-temperature conditions.



For the characterization of microstructure, the samples were cut from the heat-treated and untreated areas of the impact fracture specimens and then were mounted, mechanically polished and etched with 4% nital for optical microscopy (OM) and scanning electron microscopy (SEM) observation firstly. Fracture surfaces of the samples after Charpy impact tests were also characterized by SEM. To obtain the crystallographic information of transformation structure, electron back-scattering diffraction (EBSD) analysis was carried out after mechanical and electrolytic polishing using TESCAN CLARA field emission SEM (TESCAN, Brno, Czech) at an acceleration voltage of 20 kV. HKL Channel 5 software from Oxford-HKL (6.1, Oxford Instruments, Abingdon, UK) was also employed for post-processing orientation data. Meanwhile, for the identification of the segregation band, electron probe microanalysis (EPMA) experiments were performed to inspect the chemical composition. Additionally, the correlation between crystallographic structure and crack propagation behavior in the simulated CGHAZ was analyzed by using EBSD, aiming to reveal the mechanism of microstructure in preventing brittle cracks.




3. Results


3.1. Tensile Properties and Impact Toughness of Base Metal


Figure 1 shows the strength and low-temperature impact toughness test results of the surface and core of the steel plate, respectively. It can be observed that the yield strength of the surface and core reaches 464 and 502 MPa, respectively, which is opposite to the result of lower strength obtained in the core of traditional thick plate [23]. From the impact toughness test results, it can be found that even if the test temperature is reduced to −80 °C, the impact toughness of the surface and core can still reach over 100 J, which is far higher than the minimum standard requirement of 460 MPa grade low-alloy steel (national standard GB/T 1591-2018 [24]: 16 and 27 J correspond to the minimum requirements of transverse and longitudinal directions at −60 °C). This indicates that the experimental steel has excellent comprehensive properties. However, although the average values of impact toughness obtained at various temperatures on the surface and core are basically the same, the larger scatter in impact toughness occurred in the sample of core. From these, it can be preliminarily determined that the difference in strength and the scatter in impact toughness are inevitably related to the differences in microstructure.




3.2. Microstructure Evolution in Base Metal


Figure 2 shows the microstructure obtained at the surface and core of the steel plate using OM and SEM. It can be found that the experimental steel is composed of typical polygonal ferrite and pearlite, and the volume fraction of ferrite obtained at the surface is ~88% (Figure 2a–c). Meanwhile, the sample of core presents a typical segregation band, which is composed of martensite and M/A (martensite/austenite) constituent (Figure 2d–f). This is also the reason why the yield strength of the core is slightly higher than the surface. In addition, the greater variability of low-temperature impact toughness in the core is closely related to the formation of martensite. When the sampling location includes a higher proportion of martensite, the low-temperature impact toughness is lower, and vice versa, it is higher. Apparently, this is due to the severe segregation of alloying elements, which improves the hardenability, reduces the critical cooling rate of the core region, and promotes the occurrence of martensitic transformation [25]. To verify this mechanism, EPMA and hardness testing were used to demonstrate the segregation of alloy components and the high hardness of the phase transformation structure, as shown in Figure 3. The hardness of the microstructure in the segregation band reaches 321.2 HV, which is significantly higher than that of normal microstructure by ~220 HV, further confirming the high tendency of martensitic structure. Moreover, the area scanning and line scanning results of the alloy composition by EPMA showed significant enrichment of C and Mn, with the highest level of 0.7 and 3.0 wt.%, respectively, and significantly higher than the average concentration of the matrix (Table 1).



Previous studies [14,15] have shown that the more severe the central segregation, the lower the low-temperature impact toughness of the steel plate and the higher the ductile–brittle transition temperature (DBTT). If the enrichment of C and Mn is too high, it can still induce the formation of low-temperature bainite or martensite even at lower undercooling. However, the segregation inherited from the continuous casting process is difficult to optimize through subsequent heat treatment, but the latest study [26] shows that using a two-step intercritical heat treatment method can tailor the microstructure of the segregation band and improve the low-temperature toughness and ductility by promoting the formation of retained austenite. The formation of centerline segregation in the studied steel did not significantly reduce its mechanical properties and low-temperature impact toughness, but increased the scatter of impact toughness. Further discussion will be conducted on whether the segregation affects the welding performance.




3.3. Impact Toughness and Fractographs of Thermal Simulated Samples


The variation of the impact toughness of the surface and core after CGHAZ simulation under different heat inputs is shown in Figure 4. It can be clearly seen that the impact toughness of the surface and core show a similar trend of first increasing and then decreasing with the increase in heat input, and reaches its peak at 20 kJ/cm. It indicates that there is an optimum window of heat input for the welding of the studied steel, which is consistent with the previous study on ultra-high-strength steel [27,28]. Excessive heat input can lead to a sharp deterioration of impact toughness, while insufficient heat input can significantly reduce welding efficiency, although the degree of low-temperature impact toughness deterioration is relatively low. This can also be confirmed by the observation of impact fracture morphology, as shown in Figure 5 and Figure 6.



Under heat inputs of 10 and 20 kJ/cm, the fracture surface exhibits ductile and brittle fracture characteristics, with a distribution of dimple and cleavage patterns (Figure 5a,d and Figure 6a,d). As the heat input increases to 30 kJ/cm, the complete cleavage fracture morphology is presented (Figure 5g and Figure 6g). It can also be observed that with the increase in heat input, the area fraction of cleavage fracture first decreases and then increases, which is consistent with the trend of change in impact toughness (Figure 4). Furthermore, it was found that under a heat input of 10 kJ/cm, the area of the cleavage fracture in the core (Figure 6a) was significantly larger than that on the surface (Figure 5a), indicating lower impact toughness. Of course, this is also closely related to the large scatter of impact toughness value obtained in the simulated CGHAZ of the core (Figure 4), and is likely due to the influence of centerline segregation. Therefore, in order to further elucidate the influence of segregation on the impact toughness of welding simulation samples, hardness testing and composition calibration were carried out on the segregation zone of the simulated HAZ using a hardness tester and EPMA, respectively, as shown in Figure 7.



From the impact fracture of the sample subjected to thermal simulation at a heat input of 20 kJ/cm, it can be clearly observed that the segregation band is formed in the core of the steel plate, and the thermal cycling process does not eliminate the segregation band, as shown in Figure 7a. Figure 7b shows the OM image of the microstructure obtained in the matrix of the core corresponding to Figure 3. From Figure 7c, it can be seen that although the morphology of the segregation band in HAZ is not as clear as that of the matrix, hardness testing shows that the hardness value of the segregated structure is still higher than that of the surrounding normal structures. Combined with the results of alloy composition calibration, it can be found that the enrichment of Mn is still very serious (Figure 7f), but the enrichment of C is not significant (Figure 7e), which should be related to the high diffusion rate and low content. Nevertheless, it can be concluded that the matrix segregation of the steel plate affects the performance of HAZ. Especially, the high hardness caused by segregation can lead to local stress concentration in the weld joint, thereby deteriorating impact toughness and other possible service performance, including the scatter of impact toughness, as shown in Figure 4.




3.4. Microstructure Evolution in Thermal Simulated Samples and Phase Transformation Mechanism


Displayed in Figure 8 are the typical microstructures of the simulated CGHAZ with heat input of 10, 20 and 30 kJ/cm, which present the characteristic of martensitic and bainitic structures, i.e., lath martensite (LM), lath bainite (LB) and granular bainite (GB). Under the heat input of 10 kJ/cm, the microstructure is mainly composed of LM and LB, and the tendency of LM formation in the sample of core is higher, which is attributed to the lower phase transition temperature induced by the enrichment of C and Mn. Furthermore, as the heat input increases to 20 and 30 kJ/cm, the microstructure gradually changes into a full LB structure and a mixed structure of LB and GB, where fine carbides and coarse M/A constituents can be clearly seen, respectively. The evolution of microstructure with increasing heat input is closely related to the phase transition temperature. An increase in heat input will reduce the t8/5 cooling rate and increase the phase transition temperature [4,27,29], which leads to a trend of microstructure transformation from LM to LB and GB. The change in microstructure is the fundamental factor determining the low-temperature impact toughness variation in Figure 4.



From Figure 8, it can be seen that the microstructure of the surface and core after thermal cycling shows a similar trend with the change of heat input. Therefore, in order to further elucidate the influence of heat input on the phase transformation mechanism and impact toughness, the crystallographic analysis method was used to reconstruct typical austenite grains obtained in the simulated CGHAZ samples of core and visualize their crystallographic features, as shown in Figure 9. At a heat input of 10 kJ/cm, the microstructure obtained in the single austenite grain exhibits a mixture of LM and LB, which can be verified from the grain boundary map, block map and KAM (Kernel average misorientation) map. According to previous studies [30,31], the LM structure is mainly dominated by the variant pairs with a small misorientation angle (such as V1/V4 and V1/V8), and the block units are significantly larger than the LB structure. In addition, it can be clearly seen from the KAM map that the value of LM structure is significantly higher than that of LB, attributed to its higher dislocation density and phase transition stress, which can also be concluded from Figure 10b. For the LB structure obtained at the heat input of 10 and 20 kJ/cm, due to the weakest variant selection, all 24 variants that conform to the K-S (Kurdjumov–Sachs) relationship are formed in a single austenite grain, especially the block boundaries composed of a V1/V2 variant pair with a large misorientation angle, which can achieve effective refinement of austenite grains through interactive arrangement and thus play the strongest hindering role in the propagation of brittle cracks [20,32,33,34,35]. However, for the GB structure obtained at the heat input of 30 kJ/cm, the higher heat input leads to a significant increase in its phase transition temperature [29]. The bainitic variant selection is strengthened, and the coarse Bain group dominates the entire austenite grain, making it difficult to achieve the obstruction of crack propagation due to the large block units. This can also be confirmed by the relationship between the propagation path of secondary cracks on the impact fracture surface and the crystallographic structure, as shown in Figure 11.



Many secondary cracks appear on the cleavage fracture surface dominated by GB structure, and the cleavage unit size is coarse, while the secondary cracks are relatively straight (Figure 11a). This is consistent with the secondary crack morphology observed in the microstructure (Figure 11b–f). Secondary cracks only deflect or arrest when encountering different block boundaries during propagation. However, Figure 11e shows that the secondary crack can propagate through different block boundaries at a smaller deflection angle during the initial propagation process, as indicated by the green arrows. From Figure 11f, it can also be seen that there is no significant plastic deformation around the propagation path of such secondary cracks, indicating that the fracture facet corresponding to the crack is cleavage fracture rather than dimple. Nevertheless, this crack was ultimately arrested at the block boundary (Figure 11e). Previous studies [20,29,36,37] have shown that the block unit is beneficial for both strength and toughness, as the misorientation angle of its boundary is greater than 45°, which can effectively hinder crack propagation. From Figure 10a, it can also be seen that the LB structure obtained at a heat input of 20 kJ/cm has the highest density of the high-angle grain boundary, which is consistent with the previous study [4]. That is, the optimal variant selection that occurs in the bainite structure is obtained near the nose temperature of bainite transformation, with the best refinement effect of crystallographic structural units and comprehensive performance.




3.5. Overall Discussion


The above results indicate that the inhomogeneous microstructure caused by the segregation of C and Mn in the steel plate not only affects the performance of the matrix, but also passes to the welding zone and has a more serious impact on low-temperature impact toughness. This is because the welding zone is more sensitive to the type of microstructure and stress concentration than the matrix. In addition, the frequent occurrence of “two high and one low” or “two low and one high” phenomena in the impact toughness of high-strength steel should be closely related to the abnormal structure induced by alloy composition segregation. Previous studies [15,26] have shown that it is difficult to eliminate centerline segregation through solid solution treatment and hot rolling. Therefore, for the studied steel, it is necessary to optimize the continuous casting process or reduce the Mn content to eliminate or reduce the degree of segregation, although segregation does not have a significant impact on the matrix properties due to the small thickness of the steel plate. Meanwhile, this study also found that the appropriate welding heat input for 460 MPa grade wind power steel is ~20 kJ/cm. The optimal match through heat input can significantly refine the microstructure of CGHAZ from a crystallographic perspective, which helps to improve the weldability of ultra-high-strength steel.





4. Conclusions


Simulation tests on high-strength wind power steel made by thermo-mechanical controlled processing (TMCP) with yield strength min. 460 MPa and thickness of 20 mm showed that:




	(1)

	
Even if the thickness is only 20 mm, the core of wind power steel plates mainly composed of ferrite and pearlite structures will still form a C and Mn segregation band. And the segregation of C and Mn can lead to the formation of martensite and M/A constituent and increase the impact toughness scatter of the matrix.




	(2)

	
The centerline segregation of the steel plate can also affect the welding microstructure and properties. Due to the segregation of alloying elements, especially Mn segregation, the tendency for martensite formation in simulated CGHAZ increases, and the hardness of the transformed microstructure is significantly higher than that of the normal microstructure, which can easily lead to a decrease in impact toughness and an increase in scatter.




	(3)

	
For the studied steel with yield strength of ~460 MPa used for wind power generation, there is an optimal welding heat input (~20 kJ/cm), which enables the simulated CGHAZ to obtain the highest impact toughness due to the formation of LB structure and the finest crystallographic block units.
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Figure 1. Engineering stress–strain curves (a) and low-temperature impact toughness (b) evolution in the steel of surface and core. 
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Figure 2. OM (a,d) and SEM (b,c,e,f) showing the microstructure obtained in the studied steel of surface (a–c) and core (d–f). 
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Figure 3. Hardness (a) and composition (b–d) testing results of the segregation zone obtained from the sample of core: (b–d) line and area scanning by using EPMA. 
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Figure 4. Charpy impact toughness of the welding simulated samples obtained from the steel of surface and core. 
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Figure 5. SEM micrographs showing the fracture surface after Charpy impact tests for the simulated samples of surface with heat input of 10 kJ/cm (a–c), 20 kJ/cm (d–f) and 30 kJ/cm (g–i). 
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Figure 6. SEM micrographs showing the fracture surface after Charpy impact tests for the simulated samples of core with heat input of 10 kJ/cm (a–c), 20 kJ/cm (d–f) and 30 kJ/cm (g–i). 






Figure 6. SEM micrographs showing the fracture surface after Charpy impact tests for the simulated samples of core with heat input of 10 kJ/cm (a–c), 20 kJ/cm (d–f) and 30 kJ/cm (g–i).



[image: Metals 14 00129 g006]







[image: Metals 14 00129 g007] 





Figure 7. Analysis of segregation behavior of impact sample from the studied steel of core, which was subjected to thermal cycling at heat input of 20 kJ/cm: (a) segregation morphology on the impact sample; (b) segregation zone of the matrix corresponding to Figure 2a; (c) segregation zone of HAZ and hardness testing results; (d–f) segregation zone of the heat-affected zone corresponding to Figure 5c, which was rotated clockwise by 90°. 
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Figure 8. SEM images showing the microstructure of the simulated samples of surface (a–c) and core (d–f) with heat input of 10 kJ/cm (a,d), 20 kJ/cm (b,e) and 30 kJ/cm (c,f). 
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Figure 9. Reconstruction of the typical austenite grain obtained from the simulated samples of core and the corresponding crystallographic structures. 
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Figure 10. (a) Frequency of grain boundaries and (b) KAM value evolution in the typical austenite grains in Figure 9. 
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Figure 11. Secondary cracks observed on the fractured V-notch Charpy sample of core with heat input of 30 kJ/cm by using SEM (a,b) and EBSD (c–f): (c) grain boundary map, (d) IPF, (e) block map and (f) KAM map. 
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Table 1. Chemical composition of 