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Abstract

:

This study investigated the low-temperature fracture behavior of an 80-mm-thick low-carbon steel plate welded by submerged arc. The relationship between impact absorbed energy and ductility–brittle transition temperature (DBTT) based on the microstructures was evaluated through quantitative analysis on grain size and complex constituent phases using advanced EBSD technique. The microstructure formed differently depending on the heat affections, which determined fracture properties in a low-temperature environment. Among the various microstructures of the heat-affected zone (HAZ), acicular ferrite has the greatest resistance to low-temperature impact due to its fine interlocking formation and its high-angle grain boundaries.
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1. Introduction


Recently, the consumption of energy resources has been increasing with the continuing development of industry. The expansion of resource development systems such as oil pipelines and offshore plants for transporting resources is accelerating [1,2,3,4,5,6,7,8,9]. Since energy resources in areas close to land have almost been exhausted, it is necessary to explore and develop in extreme environments such as the polar regions and the deep sea. To be applied to environments with temperatures as low as −40 °C, the mechanical properties of the materials constituting the structures must also be excellent in order to withstand such extreme environments. The combination of excellent mechanical properties and weldability in severe environments is thus essential for steels used for marine and ship structures [1,6,8,10]. In addition, most structures tend to be enlarged for efficiency and productivity, and thus thickening of the constituent steel is also necessary. Most structural steels require high strength and excellent toughness at the same time. When the steel is manufactured as a thick plate, an alloying element is added to obtain high strength, because the grain refinement effect by controlled rolling is insufficient [1,5,11]. However, through the optimization of chemical composition and the thermo-mechanical control process (TMCP), steel with bainite as the main microstructure can satisfy the combination of high strength and toughness [1,3,9]. Through accelerated cooling and controlled rolling, carbon equivalent can be reduced to a considerable extent, and excellent weldability can be secured [10]. However, in TMCP steel, each microstructure of the central and surface parts of a thick plate is formed differently, depending on the rolling reduction rate and the cooling rate according to the thickness [3]. This difference in microstructure causes differences in mechanical properties for each position of the plate, depending on the thickness.



Multi-layer welding is generally used for thick plate steels, including steels used in extreme environments, for industrial applications. Recently, as the size of steel structures has increased, high-heat-input welding has been used to improve productivity. Among the high-heat-input welding techniques, submerged arc welding (SAW) has demonstrated excellent production efficiency, but a large heat-affected zone (HAZ) is formed during the process. HAZ forms different structures between the base metal and the weld zone. The coarse grain heat-affected zone (CGHAZ) is the region with the worst mechanical properties [2,4,7]. Grain coarsening causes a fracture mechanism in which brittle cracks propagate due to external impact, having a direct effect on toughness degradation [3,4]. In the fine-grain heat-affected zone (FGHAZ), the mechanical properties deteriorate with lower uniformity of the microstructures [12]. Because various and complex microstructures affect mechanical properties such as strength and low-temperature toughness, it is very important to investigate the correlation between microstructure and mechanical properties [5].



As the plate thickness increases, the difference in microstructure and physical properties depending on the position through the thickness caused by TMCP and welding increases, which may cause catastrophic failure [3]. To minimize quality degradation in thick plates, it is important to identify low-temperature impact characteristics and fracture behavior depending on the microstructure of HAZ [6]. The main factors affecting the microstructure and mechanical properties of TMCP steels are various, and include the composition of the alloying elements, the rolling rate, and the cooling rate. The effects of major factors on microstructure and mechanical properties according to the welding method have been extensively studied [6]. However, in the case of 80-mm-thick TMCP steel, research on the microstructure of the rolling process and the microstructure of the heat-affected zone with respect to the welding process is still lacking. Therefore, this study analyzes the microstructure and low-temperature impact characteristics of a SAW-welded 80-mm TMCP steel, and investigated the correlation between them. In particular, this study focused on the quantitative analysis of microstructures. In particular, due to the complex microstructures of steels with complex thermal history, there is a limit to clearly distinguishing images on the basis of optical microscopy (OM) and scanning electron microscopy (SEM) photography. Recently, quantitative analysis methods have been reported on the basis of various structures of low-carbon steel through electron back scatter diffraction (EBSD) analysis [2,3,4,6,10], and this study quantitatively analyzes the microstructure of the HAZ of TMCP steel using the EBSD analysis method.




2. Experimental Section


2.1. Material


The chemical composition and manufacturing processes of the steel plates used in this study are shown in Table 1 and Figure 1. Through the TMCP process, 80-mm-think steel plates were manufactured, with very low carbon content (about 0.14 wt%). Various alloy components such as Nb, V, and Ti were added to improve the strength of the steel plates [1]. Figure 1 shows the transformation start temperature (A1) and end temperature (A3) from ferrite to austenite [13]. Before rolling, the slab was subjected to austenitizing heat treatment at 1070~1150 °C for 2 h, and was rolled in air at a reduction ratio of 40~60% to produce an 80-mm plate. After the rolling process, it was water-cooled from 750 °C to 500 °C at a cooling rate of 4 °C/s to 6 °C/s, and then air-cooled to room temperature. The yield strength of the plate to be used as the base material for welding is 510 MPa, and the full dimensions were 500 mm (W) × 1000 mm (L) × 80 mm (H).




2.2. Submerged Arc Welding (SAW)


The welding wire used in the SAW process of the TMCP steel complied with the American Welding Association (AWS) standard. The base material was welded to a 80-mm-think TMCP steel plate with a K-groove. Figure 2 shows the schematic diagram of the shape of the K-groove. Seventeen multi-layer weldings were performed in each of the 1st and 2nd directions shown in Figure 2. And the specimens are summarized in Table 2. The chemical compositions of the welding wire and flux used for welding are shown in Table 3. Table 4 shows the welding current, voltage, welding speed, and preheating temperature for the welding process including heat input. The 12 locations of the specimen were chosen as shown in Figure 2 so that 4 locations were in the horizontal direction, i.e., base metal, 5 mm, 2 mm, 0 mm from the fusion line (F.L.), while 3 locations were in the vertical direction, i.e., top, middle and bottom.




2.3. Microstructure


To observe the microstructure, the long transverse–short transverse plane of each specimen was polished using #600, #1200, #2000 SiC sand paper, and micro-polishing was carried out with 3-μm and 1-μm diamond paste. The etching solution was 5% Nital solution (ethanol 95 mL + nitric acid 5 mL), and the microstructure was observed using an optical microscope (OM) and Field Emission Scanning Electron Microscopy (FE-SEM, MIRA3, TESCAN, Brno, Czech Republic). In addition, EBSD analysis was performed to observe the complex microstructure formed by controlled rolling and accelerated cooling and the HAZ in detail. For EBSD analysis, each specimen was finally polished with 0.25-μm colloidal silica. EBSD analysis was performed using an FE-SEM (JEOL, 7200 F, Tokyo, Japan) and a detector (OXFORD, NanoAnalysis, High Wycombe, UK). Acceleration voltage and step size for the EBSD analysis were 20 kV and 0.3 μm, respectively. Post-processing software (OIM, Tex SEM Laboratories, Inc., Provo, UT, USA) was used for crystallographic analysis and the resultant GOS (Grain Orientation Spread) map for quantitative analysis of the constituent phases and their fraction. In addition, average size and distribution of grains were analyzed using the post-processing software.




2.4. Charpy Impact Testing


Charpy V-notch impact tests were carried out with an instrumented Charpy automatic impact tester (Zwick/Roell, PSW750+TZE, Ulm, Germany) from −140 °C to 20 °C according to the ASTM E23 standard. For the impact test, V-notched specimens of 10 × 10 × 55 mm in size were taken from 12 different locations including the base metal and the heat-affected zone, as shown in Figure 2. The direction of the V-notch of the specimens was made in the rolling direction of the plate. The V-notch of each specimen was aligned with the exact location of interest, for example fusion line, 5 mm away from the fusion, etc. From the impact absorbed energy from CVN tests, the ductile-brittle transition temperature (DBTT) was calculated using the following hyperbolic tangent function [14,15]:


E = A + B × tanh[C(T − T0)]



(1)







In the above equation, E is the Charpy absorbed energy, A, B, and C are constants, T is the test temperature, and T0 is the DBTT [16,17,18]. In addition, using the present instrumented Charpy impact tester, force-displacement curves were obtained to analyze crack initiation and propagation energy in detail. Using FE-SEM, fracture surfaces were observed to analyze the fracture mechanism. To observe crack propagation, the cross-section of the fractured surface was coated with nickel electroless plating at 90 °C for 1 h, then micro-polished in the same way as for microstructure observation. Finally, it was polished with colloidal silica, and EBSD analysis was performed in the same way as above.





3. Result and Discussion


3.1. Microstructure of the Base Metal, HAZ, and Weld


TMCP steel generally shows various constituent phases, such as polygonal ferrite (PF), granular bainite (GB), acicular ferrite (AF), bainitic ferrite (BF), martensite/austenite constituent (MA), etc. In general, the above microstructure can be morphologically classified as follows [9,19]. PF takes the shape of a polygon and is formed in the temperature range of binary phase between austenite and ferrite at a low cooling rate [1,11]. GB has an island-shaped secondary phase inside the grains and is formed with the slowest cooling rate among bainitic microstructures, whereas AF is formed through faster cooling rate than GB and is known to show excellent strength and toughness due to its fine and irregular crystal orientation [7,20]. BF is formed at a relatively low temperature and a fast cooling rate, and its interior is composed of parallel acicular ferrites. The fraction of each phase varies depending on the alloy composition and TMCP conditions [1,3,10].



Figure 3 and Figure 4 show microstructures observed by OM and SEM of the base material and HAZ. Figure 3a,e,i and Figure 4a,e,i show the microstructures of the top, middle and bottom of the base metal plate. It was observed that the base metal consisted of a mixture of PF, GB and AF. In the case of Mb, referring to the middle of the base metal (Mb), coarse microstructures of PF and GB were mostly observed, while fine microstructures of AF were considerably observed in the Tb and Bb. This microstructural dependency on the location of the present steel plate can be explained by the difference in cooling rate and magnitude of plastic strain. That is, the finer microstructure observed in Tb and Bb is thought to be due to the higher cooling rate and the higher rolling reduction rate in the surface of the plate, compared to the Mb [1,4,6,8].



Coarse mixed microstructures of BF and GB were observed along the AF boundary in T0, M0, and B0, which are the SAW fusion line (Figure 3d,h,l and Figure 4d,h,l). In T2 and B2, coarse GB, BF, and AF were observed, whereas in M2, densely formed AF along with GB and BF was mainly observed. PF was mainly formed and GB was also observed in T5 and B5 (Figure 3b,j and Figure 4b,j), and fine PF was mainly observed in M5 (Figure 3f and Figure 4f). According to the OM and SEM micrographs, it was observed that the fraction of GB and BF decreased and the fraction of PF increased away from the weld line. Similar microstructures were observed in the specimens closer to the surface such as T5, B5, T2, and B2.



It is well established that the cooling rate of the steel plate varies depending on the welding sequence of multi-pass welding and consequently affects the microstructure evolution [10]. In our case, welding heat was accumulated during the present multi-pass welding so that the cooling rate in the center became higher than that at the surface. Accordingly, the microstructure of the center (Figure 3f,g) was densely formed, while the microstructure of surface became coarser than the center, since the accumulated heat by multi-pass welding possibly slowed down the cooling rate.



In the case of complex bainitic microstructures of the present TMCP steel, it is very difficult to distinguish grain boundary clearly only by the surface morphology. In this study, in order to more objectively distinguish microstructure types and grain boundary, grain boundary mapping was conducted using EBSD. Figure 5 shows grain boundary maps of the base metal, the HAZ, and the fusion line. In Figure 5, a low-angle grain boundary (LAGB) with misorientation angles 2° < θ < 15° and high-angle grain boundary (HAGB) with angles >15° are drawn in green and black, respectively. In this study, the average grain size was also measured based on the HAGB, and is listed in Table 5.



The grain sizes of Tb and Bb were measured as 12.5 ± 10.3 µm and 11.8 ± 9.2 µm, respectively, while that of Mb was measured as 15.5 ± 12.6 µm. This grain size distribution was due to the TMCP process by which fine crystal grains were formed at the surface (Tb, Bb) due to a large reduction rate and a fast cooling rate, while coarse grains were formed in the central part due to a slow cooling rate. On the other hand, the grain size became smaller as the distance from the fusion line increased. For example, the grain sizes of T0, T2 and T5 were measured as 13.5 ± 11.8 µm, 12.2 ± 6.7 µm, and 5.2 ± 2.4 µm, respectively. B0, B2 and B5 were measured to be 17.8 ± 17.3 µm, 16.9 ± 10.2 µm, and 5.7 ± 2.5 µm, respectively. M0, M2 and M5 were measured to be 20.7 ± 19.4 µm, 12.5 ± 7.9 µm, and 4.7 ± 2.3 µm. From the grain size mapping results, it is noteworthy that M0 specimens had clear bi-modal grain size distribution bordering on the fusion line. Additionally, M5 has smaller grains than T5 and B5 because the central part experienced a faster cooling rate than the surface [10,21].



Quantitative phase volume analysis was performed by applying grain orientation spread (GOS) mapping [22,23,24]. GOS mapping is a method of quantitatively measuring the microstructure of each grain by calculating the average misorientation between each point in the grain. GOS analysis classifies the microstructure by matching the structure shape, grain orientation, and LAGB within the grains [25,26]. The PF was classified into a structure with a misorientation value of about 2–3° or less, a low dislocation density inside the grain, and did not have any secondary phase [6,10]. GB and BF have a misorientation difference of 3° or more [26,27]. The GB and BF were classified into higher misorientation values (approximately 3–5° or less) than PF and have coarse grains. GB has relatively low internal dislocation density, and the irregular dislocation shape, while BF has relatively high dislocation density and dislocation shape is classified as lath type. In the case of AF, after identifying PF, GB, and BF, the remaining was classified as AF, in which the areas had fine grains with a higher dislocation density than PF. Figure 6 is the result of the GOS analysis of each microstructure [28,29,30], and Table 5 shows the fraction of the microstructure in each area.



The microstructure fraction of the base metal was symmetrical with the rolling process. GB showed a similar fraction, while PF increased, and AF decreased compared to the surface part. It can be seen that in Mb, the fraction of PF increased due to the slow cooling rate compared to the surface, and the fraction of AF formed at the fast cooling rate decreased. In the process of controlled rolling, the large grains were formed in the central region (Mb) under the influence of a low rolling force. In the fusion line, the heat effect caused recrystallization, and microstructure was formed completely different from the base metal. It can be seen that the fraction of AF and BF is high due to direct welding heat at the welding line and rapid cooling. Also, all weld joints along the fusion line were formed with AF. Due to the direct heat input of welding, the difference in the fraction of AF and BF along the vertical direction is not large. Compared with the base metal, PF and GB were transformed mostly into most of BF and AF. Compared to T2 and B2, M2 shows a decrease in the GB fraction and a large increase in the BF fraction. The increase in BF, which has a relatively fast cooling rate, is caused by the fact that the M2 region cooled rapidly. It can be seen that T2 and B2, which have relatively many GB, cooled more slowly than M2. Even though it is close to the fusion line, a difference in cooling rate occurs between the surface and the center. In M5, there was more AF compared to T5 and B5. This is because M5 cooled faster than the surface part, increasing the AF fraction, and BF did not appear due to the lower heat input amount compared to CGHAZ. Comparing the 2-mm area with the 5-mm area, there are many AF and BF that have relatively faster cooling in the middle compared to the top and bottom. It can be seen that in the HAZ, the middle area cooled faster than the top and bottom. M2 and M5 also appear to have the smallest particle size previously measured. Considering this, BF, AF, and GB mainly appear in the region close to the weld line through recrystallization and grain growth, and PF mainly appears in areas 5 mm away from the welding line due to recrystallization.




3.2. Impact Toughness of TMCP Steel and SAW Heat-Affected Zone


Figure 7 shows the results of the Charpy impact tests conducted from −140 °C to room temperature. As the temperature of the impact tests decreased, the absorbed energy rapidly decreased. This is a typical ductile-brittle behavior of steels with a BCC crystal structure [8,10,31]. It is well known that the upper shelf energy (USE) is affected by the type of microstructure, volume fraction, and grain size, whereas the DBTT is mainly affected by the grain size of the microstructure [32,33,34]. The USE and DBTT of base metals were as high as about 280 J and −70 °C, while those of fusion lines were about 250 J and −50 °C. This higher USE and lower DBTT shown in the base compared to the fusion line were attributed to by higher volume fraction of GB and AF [34].



The absorbed energy of the base material was affected by the TMCP process. Compared to the surface part, the lower the impact energy and the higher the DBTT, the less it was affected by rolling and cooling. In the case of Mb, it can be seen that the DBTT is rather high due to the decrease in the AF fraction. USE can be increased by microstructures that can affect energy absorption during ductile fracture. The GB with a relatively high density of dislocations inside the grains improves USE [34]. The USE of the base metal at 280 J is caused by a high fraction of GB, and the DBTT at −70 °C is due to the excellent toughness of the AF structure.



Under the influence of welding heat, the fusion line exhibited the worst low-temperature toughness. The USE of T0, M0, and B0, which are SAW fusion line specimens, were 260 J, 265 J, and 255 J, respectively, and the DBTT was −50 °C, −45 °C, and −50 °C.



DBTT increased and USE decreased as the distance from the fusion line increased. In the case of the center, the fraction and grain size of the microstructure changed as it moved away from the weld line, but there was no significant change in USE and DBTT. Low-temperature toughness was not only affected by the horizontal distance from the weld line, but also by the vertical position. At 2 mm from the welded zone, the USE decreased toward the center and the DBTT increased. M2 showed lower toughness in the entire temperature range compared to the surface part. This is because the fraction of BF microstructure, which has higher strength, but low toughness compared to AF, was larger [5]. At low temperature, the BF structure exhibits different characteristics from the finely dispersed AF structure with HAGB [27]. During low-temperature impact tests, the stress concentration around a hard microstructure, such as BF, acts as a major factor in crack formation [2,5,7]. It can be seen that not only the fraction of BF, but also the fraction of AF is lower than that of T2 and B2. AF is a microstructure that improves crack propagation resistance because it has HAGB. It can be seen that T2 and B2 have higher crack propagation resistance due to the presence of the AF structure, and the DBTT of M2 is higher than that of M2. In addition, the USE of T2 and B2, which has a higher GB fraction than M2, is about 30 J higher.



At a distance of 5 mm from the fusion line, both USE and DBTT decreased in the center compared to the surface. It can be seen that the DBTT of T5 and B5 is the worst for the HAZ. Other specimens consist of a matrix of bainite such as GB and BF, but T5, M5, and B5 have a matrix of PF. The PF-based steel has a higher DBTT than the bainite-based steel [12]. Among the above specimens, the DBTT of M5 is the lowest, which has a low PF fraction and a high AF fraction. In addition, it can be observed that the DBTT is lower, because M5, which has a small effective grain size, has relatively high crack resistance during low-temperature brittle fracture [10]. T5 and B5 have about 10% more GB fraction and 10 J higher USE compared to M5.



Table 6 summarizes the values of USE and DBTT. It can be seen that the DBTT of the M2 specimen located at a distance of 2 mm from the welding line is higher than that of T2 and B2, and the USE is also lower. Additionally, unlike T5 and B5, the USE of M5 is low, but it can be seen that DBTT is the best result. These results indicate that the microstructure transformation under the influence of welding heat affects the transition of initiation and propagation energy, respectively, and it can be speculated that there is a correlation between the microstructure fraction and grain size.




3.3. Correlation between Microstructure and Charpy Absorbed Energy


Figure 8 shows the force–displacement curves of the HAZs obtained at −60 °C. The total absorbed energy can be described as the sum of the crack initiation energy (Ei) and the crack propagation energy (Ep) [35,36,37,38]. There are several methods for analyzing instrumented data, and there are studies that it is reasonable to classify based on the midpoint between force at general yield and maximum force [39,40]. In Figure 8a–c, the Charpy absorbed energies at −60 °C of T5, M5, and B5 were 56.4 J, 159.7 J, and 65.0 J, respectively. Ei and Ep of T5 were 24.99 J, 31.40 J, and those of B5 were 19.03 J, and 45.96 J, respectively, showing relatively low absorbed energies during crack initiation and propagation. However, M5 had 78.73 J for crack initiation and 80.96 J for crack propagation, showing higher absorbed energies compared to T5 and B5. It is believed that these higher absorbed energies for M5 are due to the higher fraction of AF [6], smaller grain sizes and higher fraction of HAGB [1].



Conversely, absorbed energies of the specimens 2 mm away from the fusion line showed different trends. It is known that low-temperature toughness is excellent when AF and PF are uniformly mixed as secondary phases on a bainite matrix such as GB and BF [10,12,25,41,42]. Here, the central specimen, M2, showed lower absorbed energy than the surface specimens, T2 and B2. This is caused by a large fraction of the BF observed in M2, which is known to have poor toughness at low temperatures, since trans-granular fracture occurs across grains upon impact at low temperature due to the presence of high-density dislocations inside the BF structure [27]. In addition, it can be seen that the uniform dispersion of the secondary phases (such as AF, PF) was not achieved due to a large fraction of BF. Therefore, it can be observed that M2 exhibited brittle behavior at −60 °C.



Figure 9 shows low-scale optical micrographs of cross-sectional areas of Charpy impact test specimens fractured at −60 °C. T5 showed a completely fractured surface and a linear and relatively straight crack propagation path, as indicated by the red line in Figure 9a. On the other hand, M5 showed a fracture surface with a non-fractured area, or deformed area, marked by a yellow line, and the crack propagation path was relatively shorter and more irregular than T5. Non-fractured areas and frequent deviations of crack paths are usually found in specimens having high crack propagation energy and thus M5 showed higher CVN energy than T5. In this regard, T2 showed the highest CVN energy among those in Figure 9, because of having the shortest fracture length of 3.8 mm and shorter crack propagation length, as indicated in Figure 9b.



Figure 10 shows the crack propagation path of the fractured specimen according to the microstructure. Figure 9b is the cross-sectional areas of fracture surface of M5 with the highest AF fraction. Some researchers defined the grain boundary of AF as a high-angle grain boundary and said that it showed excellent low-temperature properties [43,44]. Therefore, M5 can maintain absorbed energy even at low temperature. As shown in Figure 9a, T5 showed a straight crack propagation path through a bundle of AF. In the papers studied previously, when discussing AF crack resistance, there is a report that crack resistance is not high when crossing through the AF packet which binds AFs of similar crystallographic orientation [45]. This is because the crystal orientation within the packet is similar, so deviations in crack path may not be noticeable. Accordingly, the straight crack path as shown in Figure 9a could be regarded as the result of crack propagating through AF packet.



On the other hand, T2 showed high absorbed energy. The reason it has high absorbed energy is as follows, even though the AF fraction is low. According to previous researchers, when AF is dispersed in a secondary phase on a bainite matrix, low-temperature toughness is excellent, and properly dispersed AF can have high crack propagation resistance [10,25,41,42]. Looking at the crack path of T2, severe deviation of the crack is observed, and it can be checked that deflection occurs in AF between GB and BF. Therefore, as in previous studies, it is considered to have high absorbed energy even at low temperatures. M2 and B2 also showed high absorbed energy due to AF dispersion in the bainite base, but M2 did not properly disperse due to the increase in BF and decrease in AF. That is, it appeared that the absorbed energy of M2 decreased. In addition, the effect of dispersion of AF on banite matrix such as BF and GB is superior to that when AF is dispersed on the PF matrix at low temperature [12]. Therefore, better absorbed energy was shown in T2 and M2 in which bainite was formed than in T5 and M5 in which PF was the matrix. In conclusion, in the case of T5, which shows low absorbed energy even with high AF fraction in this composition, it is considered that AF did not effectively resist crack propagation by forming packets. On the other hand, in the case of T2, even though the fraction of AF is low, it shows high absorbed energy, because it effectively resists crack propagation by dispersion of AF into the fine secondary phase.



Figure 11 shows the results of fracture analysis after the Charpy impact test at −60 °C according to the location of the SAW heat-affected zone. Brittle fractures were commonly observed in the fracture surfaces in Figure 11, and large and small dimples were observed in Figure 11b–d. At 5 mm from the F.L of the top (Figure 11a), the crack propagation path can be observed with a long cleavage facet, and a smooth fracture surface is shown in the crack propagation direction. Although the AF fraction was high, it can be seen that the crack resistance was low, with a packet with a similar crystal direction. A short brittle fracture was observed, and a dimple was observed crossing the fracture direction in Figure 11b,d. That is, in T2 and M2, ductile fracture surfaces, considered as fracture surfaces of finely dispersed AF, can be seen. In Figure 11b–d, secondary cracks can be frequently found, and it is known that they are observed when crack resistance is excellent [46,47]. In conclusion, it is considered that the fine dispersion of AF with HAGB is the reason for the high absorbed energy of T2 and M2.





4. Conclusions


This study analyzed the microstructure and impact properties of an 80-mm low-carbon TMCP steel affected by the SAW process. The following conclusions were obtained:




	
The present TMCP steel showed a complex bainitic microstructure with PF, AF, and GB. The microstructure fraction and grain size were changed by rolling and cooling rates. Due to the large rolling reduction rate and fast cooling rate of the surface part, the GB fraction increased toward the center, the AF fraction decreased, and the grain size increased.



	
With the multi-layer SAW process, changes occur in volume fraction and grain sizes of the constituent phases such as PF, GB, AF, and BF depending on the welding heat effect. The fractions of BF, AF, and GB changed as they moved away from the weld line. In the case of the central part, AF and BF of relatively small grains were observed at a faster cooling rate than the surface, and PF and GB were mainly observed in the surface.



	
As a result of analyzing the effect of microstructural factors on the impact properties of TMCP steel, USE and absorbed energy depended on the microstructure fraction, and USE was improved through the absorption of impact energy of GB structure. AF structure was excellent in terms of crack resistance due to HAGB. In particular, AF dispersed in the GB and BF matrix was excellent in low-temperature toughness. However, AF packets with similar crystal orientations were vulnerable to low-temperature crack resistance.



	
In the case of low-temperature impact properties, the dispersion of the AF with HAGB increases the impact absorbed energy. This is because the fine grain size and high fraction of HAGBs effectively hamper the easy propagation of cleavage cracks across the grain at low temperatures.
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Figure 1. Schematic diagram of the manufacturing conditions of the present thick steel plate. 






Figure 1. Schematic diagram of the manufacturing conditions of the present thick steel plate.



[image: Metals 11 01839 g001]







[image: Metals 11 01839 g002 550] 





Figure 2. (a) Schematic illustration, (b) optical images of the welding joint and sampling positions of the specimens. 
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Figure 3. Optical micrographs of the base metal and HAZ: (a) base metal, (b) 5 mm from F.L., (c) 2 mm from F.L., (d) F.L. of top; (e) base metal, (f) 5 mm from F.L., (g) 2 mm from F.L., (h) F.L. of middle; (i) base metal, (j) 5 mm from F.L., (k) 2 mm from F.L., (l) F.L. of bottom. 
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Figure 4. Microstructures of the base metal and HAZ using scanning electron microscopy (SEM): (a) base metal, (b) 5 mm from F.L., (c) 2 mm from F.L., (d) F.L. of top; (e) base metal, (f) 5 mm from F.L., (g) 2 mm from F.L., (h) F.L. of middle; (i) base metal, (j) 5 mm from F.L., (k) 2 mm from F.L., (l) F.L. of bottom. 
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Figure 5. Grain boundary (GB) map of the base metal and HAZ: (a) base metal, (b) 5 mm from F.L., (c) 2 mm from F.L., (d) F.L. of top; (e) base metal, (f) 5 mm from F.L., (g) 2 mm from F.L., (h) F.L. of middle; (i) base metal, (j) 5 mm from F.L., (k) 2 mm from F.L., (l) F.L. of bottom. 
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Figure 6. Phase analysis of base metal and HAZ according to grain orientation spread (GOS): (a) base metal, (b) 5 mm from F.L., (c) 2 mm from F.L., (d) F.L. of top; (e) base metal, (f) 5 mm from F.L., (g) 2 mm from F.L., (h) F.L. of middle; (i) base metal, (j) 5 mm from F.L., (k) 2 mm from F.L., (l) F.L. of bottom. 






Figure 6. Phase analysis of base metal and HAZ according to grain orientation spread (GOS): (a) base metal, (b) 5 mm from F.L., (c) 2 mm from F.L., (d) F.L. of top; (e) base metal, (f) 5 mm from F.L., (g) 2 mm from F.L., (h) F.L. of middle; (i) base metal, (j) 5 mm from F.L., (k) 2 mm from F.L., (l) F.L. of bottom.



[image: Metals 11 01839 g006]







[image: Metals 11 01839 g007 550] 





Figure 7. Charpy impact energy of the TMCP Base metal and heat-affected zone: (a) base metal, (b) fusion line +5 mm, (c) fusion line +2 mm (d) fusion line. 
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Figure 8. Force (kN)–displacement (mm) curves obtained for instrumented Charpy impact tests at −60 °C: (a) 5 mm from F.L. of top, (b) 5 mm from F.L. of middle, (c) 5 mm from F.L. of bottom; (d) 2 mm from F.L. of top, (e) 2 mm from F.L. of middle, (f) 2 mm from F.L. of bottom. 
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Figure 9. Optical micrographs of the cross-sectional areas of fracture surfaces of the Charpy impact test specimens fractured at −60 °C: (a) 5 mm from F.L., (b) 2 mm from F.L. of top; (c) 5 mm from F.L., (d) 2 mm from F.L. of middle. 
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Figure 10. Phase analysis of the cross-sectional area under the fracture surface of Charpy specimens fractured at −60 °C of the SAW heat-affected zone: (a) 5 mm from F.L., (b) 2 mm from F.L. of top; (c) 5 mm from F.L., (d) 2 mm from F.L. of middle. 
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Figure 11. The fracture surface of Charpy specimens fractured at −60 °C of the SAW heat-affected zone; (a) 5 mm from F.L., (b) 2 mm from F.L. of top; (c) 5 mm from F.L., (d) 2 mm from F.L. of middle. 
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Table 1. Chemical composition (wt%) of the thick steel plate.
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	Element
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	N
	Al
	Cu
	Nb
	Ti
	V





	Content
	0.14
	0.55
	2.00
	0.02
	0.01
	0.30
	1.00
	0.25
	0.01
	0.02
	0.035
	0.05
	0.025
	0.08
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Table 2. Specimen information according to the twelve positions.
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Specimen

	
Horizontal Direction




	
Base

	
5 mm

	
2 mm

	
0 mm






	
Vertical direction

	
Top

	
Tb

	
T5

	
T2

	
T0




	
Middle

	
Mb

	
M5

	
M2

	
M0




	
Bottom

	
Bb

	
B5

	
B2

	
B0
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Table 3. Chemical compositions (wt%) of the flux and wire used in the welding process.
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Compositions

	
C

	
Si

	
Mn

	
P

	
S

	
Ni

	
Mo

	
Cu




	
Wire

	
0.10~0.18

	
≤0.30

	
1.50~2.40

	
≤0.025

	
≤0.025

	
0.7~2.75

	
0.40~0.65

	
≤0.35




	
Compositions

	
SiO2 + TiO2

	
CaO + MgO

	
Al2O3 + MnO

	
CaF2




	
Flux

	
20

	
40

	
20

	
15
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Table 4. Welding parameters.
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	Welding Process
	Heat Input (kJ/cm)
	Welding Current (I, A)
	Welding Voltage (U, A)
	Welding Speed (cm/min)
	Preheating Temperature (°C)
	Inter-Pass Temperature (°C)





	SAW
	25~32
	600~610
	32~34
	40~45
	125~250
	125~250
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Table 5. Microstructure area fraction (%) and average grain size of base metal and HAZ.
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Specimen

	
Microstructure Area Fraction (%)

	
Average Grain Size (μm)




	
PF

	
GB

	
AF

	
BF






	
Tb

	
11.8

	
54.0

	
34.2

	
-

	
12.5 ± 10.3




	
T5

	
70.0

	
15.7

	
14.3

	
-

	
5.2 ± 2.4




	
T2

	
8.6

	
32.8

	
10.9

	
47.7

	
12.2 ± 6.7




	
T0

	
4.5

	
22.1

	
32.8

	
40.7

	
13.5 ± 11.8




	
Mb

	
27.6

	
59.5

	
12.8

	
-

	
15.5 ± 12.6




	
M5

	
59.3

	
7.0

	
33.7

	
-

	
4.7 ± 2.3




	
M2

	
7.4

	
20.0

	
6.8

	
65.8

	
12.5 ± 7.9




	
M0

	
4.5

	
20.5

	
40.0

	
35.0

	
20.7 ± 19.4




	
Bb

	
16.0

	
52.8

	
31.3

	
-

	
11.8 ± 9.2




	
B5

	
69.9

	
16.6

	
13.5

	
-

	
5.7 ± 2.5




	
B2

	
8.8

	
37.1

	
12.4

	
41.7

	
16.9 ± 10.2




	
B0

	
6.0

	
33.7

	
24.1

	
36.2

	
17.8 ± 17.3
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Table 6. USE and DBTT of base metal and HAZ.
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Position

	
Base Metal

	
F.L.+ 5 mm

	
F.L.+ 2 mm

	
F.L.




	
USE (J)

	
DBTT (°C)

	
USE (J)

	
DBTT (°C)

	
USE (J)

	
DBTT (°C)

	
USE (J)

	
DBTT (°C)






	
Top

	
285

	
−70

	
230

	
−50

	
250

	
−85

	
260

	
−50




	
Middle

	
280

	
−65

	
220

	
−75

	
220

	
−70

	
265

	
−45




	
Bottom

	
290

	
−70

	
230

	
−55

	
245

	
−90

	
255

	
−50

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
“Te Baseﬁ : (®) FL+S mm






media/file4.png
ldinie

(b) _I- |'-!" ;

|

..._.....................................:T

Base metal






media/file18.png
T5 @-60 °C 2 ; T » Crack direction T2 @-60 °C » Crack direction
56.4) 249.5)

non-fracture

M5 @-60 °C » Crack direction M2 @-60 °C » Crack direction
159.7 ) 169.7 )

non-fracture

non-fracture

mee— p——
1mm 1mm






media/file21.jpg
(a) ses0°c [
i (b) 2@50°C






media/file3.jpg





media/file22.png
60 °C

{ ©
~N
p=
cl

(c) M5 @-60°C






media/file19.jpg





media/file7.jpg
aaw woLlog





media/file10.png
MIDDLE TO

BOTTOM

5mm 2 mm

AL, 1 ) S 7
TR S () N

N tr Vg
t»‘/u/ ; ’/wv\% 1y }:},_:
\ N A LTy A0

7 AP ':1‘

WRGRTT N S  2aNT
~§:j\’_’~: —:‘__j £ —»'.,": )3) 1:-: r’“:"f ‘;_'4 B ,.':’;v\;)?\. ’?{Ig‘%}.‘: s 4'\"\1% ..l.“).-‘-'\,
: y "'/,é“ ?“ ‘;’\ TQ’\ : ,j 5&“’ /.,.:1,,'-\'(/‘(/}&? 20um{ 7,.m§ﬂ‘\é§} "& 1“3%’?% -
e ﬂ;’f &_(g) v\;w,?%c%i ) R

f? . ,g{b"{u"\ Sof! S St
p D\ _..‘l'leg 7 g Ny \D‘; ARNDN TS
{ “(\‘{;‘g.'*f:.s \ 54 v-—*"‘ﬁ~ Ny _‘\, RN
0 2N

EEN
ot

%
«

" v, 2: \)
2 ﬁ/ %0 ‘;@7";' S
.: ;"! f; S 7 < I‘f" I Iy
u‘;( \ S, o ,\A.( W)-.:" %Jc‘i{y.

NS S

B R el A 4
J ST RO T
r ) ey i ﬁ‘( ¢ . Tl ‘r}: R i ;J}s-\:
A ]7 ANy 20um {'ﬂ Io
) St j 2N b U
o { % ' w{ .

KA o






media/file14.png
300

250

200

100

Absorbed Energy (J)
&
(=]

1 L 1 " L

50 4

Absorbed Energy (J)

0 —

I T . T X I L I .
-160 -140 -120 -100 -80 -60 -—40 -20
Temperature

°‘).I.

20 40

300

i (c)

2

!

Absorbed Energy (J)
g 2

g

0

F.L.+2 mm

“Absorbed Energy (J)

— 7T v T 1T -~ 1 1!
-160 -140 -120 -100 -80 -60 -40 -20

c1pon

20 40
Temperature

300

250 ~

N

(=]

o
1

150

100

o
o
1

0

 (b)

F.L.45 mm

e T I+ 1. I.°
-160 -140 -120 -100 -80 -60 40 -20

Temperature

250 -

:

g

g

4

0 -

(d)

L

— T - T T 1
-160 -140 -120 -100 -80 -60 -40 -20

Temperature

40






media/file11.jpg





media/file6.png
—_—
- —

31ddliN WNO1104d






media/file15.jpg
Tses0c| " [b) mseso'c| ) 85 @-60°C
5641 | w Pu 15071 | - 6501

E:7873)

F:1903)
Bysoses |G

| Ey45.96)

- Otanc (e i

T2 @60°C M2@-60°C B2@:60°C
2951 1697 299,

- Eiuigel g, _ E:9556) e E,:12610)

1. Epuress Y, ) Ep:7813) i. 123791






nav.xhtml


  metals-11-01839


  
    		
      metals-11-01839
    


  




  





media/file16.png
Load (kN)

Load (kN)

{(a)

TS5 @-60 °C
56.4)

Pmax

E;:24.99
E,:31.40

Load (kN)

25
Distance (mm)
(d) P T2 @-60 °C
e 249.5 )
E;:111.66) =
E,:137.83) ¥
5 10 15 20 25

Distance (mm)

20 ]

p—

—

Pmax

M5 @-60 °C
159.71
E;:78.73) z
5

E,: 80.96 ]

{(c)

B5 @-60 °C
65.0J

) Pmax

E;:19.03
E,:45.96 )

5 10 15 20 25 0 5 10 15 20 25
Distance (mm) Wi Distance (mm)
1(e) M2 @-60 °C 1(f) B2 @-60 °C
Pmax 169.7 J so—— Pmax 249.9 )
E;:95.56 ) s | E;:126.10)
£ 604
§ o - :
E,:74.13) ¥ ] E,:123.79)
20
5 10 15 20 25 rJu ‘s 10 15 20 25

Distance (mm)

Distance (mm)





media/file2.png
1200

1070~1150 °C 2h

Austenitizing

Rolling rate : 40%~60 %
Air cooling

1000 -
A
® 800 \ .
2 ~ i
S
8 600 - Water jet Cooling rate :
E 4 °Cls ~6 °Cls
|t
400 -
Air cooling
200 -
0 1 1 I 1

Time

w

=N





media/file20.png
2@60°Cc . L
2495 | < .

vy

A

[

20 um Crack direction - Crack direction

v,

T R ]

ITITI Cck direction

_ Granular Bainite (GB) _ Acicular Ferrite (AF)
I:] Bainitic Ferrite (BF) :I Polygonal Ferrite (PF)






media/file5.jpg
aan WoL108





media/file1.jpg
1200

107071150 °C 2h
Austenitizing Rolling rate : 40%~60 %
1000 Air cooling
A3
2 800
%
2 600 Water jet Cooling rate :
E 4°Cls ~6°Cls
2
400
Air cooling
200
0+ T T T T T T

Time





media/file12.png
- Tty
A, /7

20 um

G TPAY * t‘

|:| Granular Bainite (GB) _ Acicular Ferrite (AF)
:I Bainitic Ferrite (BF) :I Polygonal Ferrite (PF)





media/file9.jpg





media/file0.png





media/file8.png
BOTTOM






media/file17.jpg





