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Abstract

:

In this work, three deposited metals with different nickel (Ni) contents were produced by active gas metal arc welding (GMAW) in order to explore the influence of Ni on the microstructure evolution and toughness of 800 MPa grade low carbon bainite deposited metal. The results showed that microstructure of the deposited metals mainly consisted of lath bainite, lath martensite, coalesced bainite (CB), and retained austenite (RA), and that the toughness was closely related to two factors: CB and RA. RA in deposited metal could improve the toughness, while the CB would deteriorate the toughness of deposited metal. As the Ni content increased, a large amount of CB was generated in the deposited metals. The RA content increased from 1.5% to 5.7% with the content of Ni increasing from 5.5% to 6.5%. However, the RA content did not increase when the Ni content increased from 6.5% to 7.5%. Additionally, the smallest control unit of toughness in 800 MPa grade low carbon bainite deposited metals is the Bain Packet (BP) from the perspective of crystallography characteristics. This work provided a reference for the chemical composition design of 800 MPa grade steel welding consumables and showed that the toughness of the deposited metal could be improved effectively by increasing the RA content while suppressing the formation of CB.
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1. Introduction


The steel adopted for marine applications requires a combination of excellent mechanical properties under a harsh service environment and accepted weldability [1,2]. Welding is an essential technology in the manufacturing process of marine applications. Active gas metal arc welding (GMAW) is a high production efficiency, low cost welding process compared to gas shielded tungsten arc welding (GTAW). Morever, comapared to submerged arc welding (SAW), GMAW is more adaptable during site operation. Therefore, GMAW is always the preferred choice for thick plate welding in marine engineering. At present, with chemical composition optimization and thermo-mechanical control processing (TMCP), advanced marine engineering steel with martensite or bainite as the main microstructure can achieve an excellent combination of high strength and toughness [3]. However, as the yield strength increases to the 800 MPa level, the research on the high strength and accepted toughness of welding consumables is lagging relatively behind. With the diversification of the service environment, the requirements for the mechanical properties of deposited metal are becoming higher and more stringent, the most important of which is low temperature toughness. How to improve the strength of deposited metal while obtaining accepted toughness has attracted a lot of attention in recent years [4,5,6,7,8,9].



The mechanical properties of deposited metal mainly depend on the welding process and welding consumables. Under the conditions of the GMAW welding process, the adjustment of the chemical composition of the welding consumables is adopted to improve the mechanical properties of the deposited metal. Nickel (Ni) is an alloying element that is often regarded for improving the toughness of metal materials [6]. A series of excellent work has been conducted to explore the effect mechanism of Ni on the toughness of the base metal and deposited metal. The effect of Ni on low temperature toughness is always explained by influencing the transformation austenite products [4,5,9], and the content or shape of retained austenite (RA) [6,9,10]. According to previous research, when the content of Ni increases from 0% to 6%, the hardenability of deposited metal increases, and the microstructure changes from acicular ferrite, granular bainite, and lath bainite to lath martensite [4]. Moreover, the content as well as the shape of RA is significantly affected by Ni content. Not only does the content of RA increase but the morphology of RA also changes from discontinuous film to continuous film as the Ni content increases from 3% to 9% [9]. Moreover, the influence mechanism of Ni in the high-strength deposited metal is quite different from the base metal. The microstructure of deposited metal is mainly composed of bainite or martensite when the strength of the deposited metal reaches 800 MPa level, and coalesced bainite (CB) is often found in the high-strength deposited metal. Many researchers hold the point that CB in deposited metal would seriously deteriorate the toughness, but some researches have pointed out that CB (regarded as “well-tempered martensite”) can release the stress concentration and can be positive for toughness [11]. Moreover, the formation of CB is closely related to the content of alloying elements, such as Ni and manganese (Mn) [11,12,13,14]. CB is always found in high-strength deposited metal, meanwhile CB can also be found in high-strength steel imposed to external stress during the transformation process of bainite [11,13,15,16]. There are two necessary criteria for the generation of CB: adequate space and sufficient driving force [12]. Additionally, bainite ferrite laths that can be coalesced always have a close crystallographic orientation [13]. The crystallographic characteristics essentially depend on the nucleation and growth behaviors of the bainite ferrite laths. Bainite ferrite laths can not only nucleate at the prior austenite grain boundary but can also nucleate at the side of existing bainite ferrite laths. As such, the nucleation method has an important influence on the crystallographic characteristics of bainite. The formation mechanism of CB and its effect on toughness need further exploration. It can be seen that the research on the influence of Ni on the microstructure evolution and toughness of high-strength deposited metal is lacking.



Through the above description, the effect of Ni on the microstructure evolution and toughness of 800 MPa grade deposited metal is more complicated. In this work, three kinds of high strength deposited metal with different Ni contents (5.5%, 6.5%, and 7.5%) were prepared. The role of CB and RA on the toughness of 800 MPa grade low carbon bainite deposited metal was investigated systematically. Through detailed investigation, it provided reference for the chemical composition design of 800 MPa grade steel welding consumables.




2. Materials and Methods


2.1. Materials Preparation


Deposited metals were prepared with an automatic GMAW machine TA1400 made by Panasonic (Tangshan, China), and the schematic diagram was shown in Figure 1. The base metal adopted an A517GrQ marine steel plate with the dimensions of 350 mm × 100 mm × 15 mm, and a butt joint with a single V-type groove was adopted to ensure full penetration. Three kinds of welding consumables with different Ni contents were adopted. Table 1 showed the chemical compositions of A517GrQ and the deposited metals. Additionally, the deposited metals with Ni contents of 5.5%, 6.5% and 7.5% are denoted as Ni5.5, Ni6.5, and Ni7.5, respectively. The welding parameters used in this experiment are indicated in Table 2.




2.2. Mechanical Testing


After welding, the specimens were taken from the deposited metals for the mechanical properties test, and the specimen location is shown in the Figure 1. Additionally, the red circle represents the sampling location of the tensile specimen, and the two blue lines represent the sampling location of the impact specimen. The specimens used for tensile testing were prepared alone in the welding direction with a gauge diameter of 5 mm and a gauge length of 25 mm, according to Chinese standards GB/T 8110–2008. The tensile testing was carried out by a Z150 electronic tension machine made by Zwick (Ulm, Germany), with a crosshead speed from 0.45 to 12 mm/min at room temperature (RT). The Charpy V-notch impact testing specimens with dimensions of 10 mm × 10 mm × 55 mm were prepared with the V-notch perpendicular to the welding direction, according to Chinese standards GB/T 8110–2008. The Charpy impact energy was measured by the SANS-ZBC2452-C impact test machine (Guangdong, China) at RT, −20 °C, and −60 °C. Furthermore, the fracture surface of the impact testing specimens was observed in order to explore the fracture pattern. In addition, the cross-section was analyzed for the investigation of the second crack propagation pathway.




2.3. Microstructure Characterization


In order to investigate the relationship between microstructure and toughness, the column zone in the last welding pass of the deposited metals was adopted for microstructure observation. The specimens used for the optical microscope (OM, Axio Lab.A1) (Baden-Württemberg, Germany), scanning microscope (SEM, FEI Inspect F50 and FEI QUANTA 450) (Hillsboro, OR, USA), and electron probe microanalysis (EPMA, EPMA-1610) (Kyoto, Japan), were prepared by being mechanically ground using emery paper up to 2000# and then polished with diamond paste up to 1.5 μm, and were finally etched using 4% nital. In order to distinguish the microstructure component of the deposited metals, Lepera etchant was used to etch the deposited metals [17]. Lepera etchant is a metallographic color etchant, and it has been successfully used in differentiating bainite and martensite. Additionally, the RA content was analyzed using X-ray diffraction (XRD, SmartLab) (Tokyo, Japan), with a Cu X-ray source. The scanning angle was between 40° and 102°, with a step of 0.02°. The specimen used for XRD analysis was prepared using electrochemical polishing after mechanical polishing in order to remove the residual stress. An in situ high temperature laser confocal scanning microscope (LCSM, VL2000DX-SVF17SP&15FTC) (Yokohama, Japan) was adopted to detect the transformation temperature of bainite.



A ZEISS MERLIN Compact SEM (Baden-Württemberg, Germany), was employed to collect the electron backscattering diffraction (EBSD) maps to measure the crystallographic orientation features of the deposited metals at 20 kV with a 150 nm step size (the analysis of crystallographic characteristics of the second crack was competed with a 300 nm step size). All of the EBSD data were analyzed by the HKL Channel 5 and ARPGE software [18,19]. The specimens used for EBSD investigation were adopted metallographic specimens without solution etching, followed by etching with an ion etching machine.



Characterization of the microstructure morphology was carried out with a transmission electron microscope (TEM, FEI Tecnai Spirit T12 and FEI Talos F200X) (Hillsboro, OR, USA), operating at 120 kV and 200 kV. The thin-foil specimens were used for TEM observation, which were machined to 3 mm in diameter and ground to approximately 50 μm in thickness. The specimens were then prepared by twin-jet electropolishing in a solution of 10% perchloric acid and 90% ethyl alcohol at −25 °C under an applied potential of 25 V.





3. Results and Discussion


3.1. The Effect of Ni on the Microstructure Evolution


The microstructure of the deposited metals with different Ni contents are shown in Figure 2. The interdendritic zone (IDZ) in the deposited metals can be clearly seen in Figure 2a–c. Combined with the micrographs etched using Lepera solution shown in Figure 2d–f, it can be seen that martensite or austenite existed in IDZ while bainite formed in the dendrite core zone (DCZ). TEM was employed to explore the microstructures in DCZ and IDZ. As shown in Figure 3, the microstructure in DCZ and IDZ consists of a lath microstructure, and this indicates that the microstructure in IDZ is mainly martensite. Moreover, the lath of martensite in IDZ is obviously finer than that of bainite in DCZ, as shown in Figure 3b. This is consistent with previous research [20]. Perhaps due to the fact that the transformation temperature of martensite is lower than that of bainite and that the lath of martensite is finer than that of bainite.



As shown in Figure 4, the element distribution in the deposited metal of Ni7.5 revealed by EPMA, it is clear Ni and Mn that are segregated in IDC. The transformation temperature of austenite decreased with the increasing Ni and Mn content [21]. As a result, different microstructures were formed in IDZ and DCZ due to the different driving forces for the transformation of γ→α.



Figure 5 gives insight into the effect of Ni on the microstructure evolution of the deposited metals. There is a lot of CB in the deposited metals with different Ni contents. Moreover, most of the deposited metal consists of lath bainite and lath martensite.



Moreover, as depicted in Figure 6, statistical analysis of the area fraction of CB was made by the Image Pro Plus (IPP) in order to investigate the influence of CB on mechanical properties (ten SEM images were counted, and the maximum and minimum value were discarded). The results show that the area fraction of CB gradually increased from 6.9% to 8.3% and 11.4% with the increase of Ni content.



Through the above microstructure characterization, Ni has a significant influence on the transformation products of austenite. The most obvious feature is the presence of a large amount of CB in microstructure. Next, the discussion will focus on the formation mechanism of CB.



Ni equivalent has a significant effect on the solidification process, and the Ni equivalent could be estimated using Equation (1) [22]. The Ni equivalents of the Ni5.5, Ni6.5, and Ni7.5 deposited metals are 7.32 wt. %, 7.87 wt. %, and 9.25 wt. %, respectively. According to Fe–Ni binary phase diagram from Figure 7a, the solidification mode will change when the Ni equivalent exceeds 6.2% [7]. However, the Ni equivalent of the deposited metal with lowest Ni content exceeds 6.2%, so the liquid metal directly will solidify into γ without high-temperature ferrite (δ). Moreover, the solidification mode of the deposited metal has been verified by the Thermo-Calc simulation calculation (Figure 7b). This solidification process leads to the formation of coarse austenite grains.


  N  i  e q   = N i ( w t . % ) + 30 C + 30 N + 0.5 M n + 0.3 C u  



(1)







Additionally, an in situ high temperature LCSM was adopted to detect the transformation temperature of bainite. It can be seen that the transformation temperature of bainite decreases from 379.6 °C to 346.5 °C and 325.1 °C with the increase of Ni content from 5.5% to 6.5% and 7.5% through Figure 8a–c. Moreover, the lower Bs means a greater driving force for transformation. This indicates that Ni has a significant influence on the formation of CB in the deposited metals.



According to early research [12], there are two necessary conditions required for the formation of CB: (a) adequate space for the growth of bainite ferrite laths; (b) sufficient driving force for the coalescence of bainite ferrite laths. With the increase of Ni content, the solidification mode changed, which resulted in the formation of coarse austenite and provided enough space for the growth of bainite ferrite laths. With the increase of Ni content, transformation temperature gradually decreased and the driving force for transformation increased, which provided adequate the driving force for the coalescence of bainite ferrite laths [12]. Therefore, there is a large amount of CB in the deposited metal with high Ni content.



Moreover, the formation mechanism of CB can not only be explained by adequate growth space and driving force, but it can also be further explained in terms of crystallographic characteristics. Junhak Pak has reported that the parallel bainite ferrite laths in adjacent regions will coalesce under external stress [13]. Anything that promotes the bainite ferrite laths in the close crystallographic orientation will stimulate the formation of CB. Compared to the deposited metals’ microstructure, the grain in the base metal is not as large as those in the deposited metals, so the close crystallographic orientation of the bainite ferrite laths is more crucial than adequate growth space for coalescence. Fundamentally, the crystallographic characteristics of microstructure depend on the differences in growth behavior of the bainite ferrite laths. During the growth of the bainite ferrite laths, the bainite ferrite laths nucleated and first grew at the grain boundaries of the prior austenite grain boundary (γ/γ interface),and the bainite ferrite laths could then also grow at the interface of the existing bainite ferrite laths and austenite (α/γ interface). This method of nucleation is called autocatalytic nucleation [23,24,25]. Autocatalytic nucleation has a significant influence on the crystallographic characteristics of microstructure. The crystallographic characteristics of microstructure were then characterized by EBSD.



Figure 9 shows inverse pole figures (IPF) and schematic diagrams of the nucleation method of the specimens with different Ni contents. From Figure 9a–c, it can be seen that there are two nucleation methods in the deposited metals (bainite ferrite laths nucleated at γ/γ and γ/α). The nucleation method of the bainite ferrite laths, called autocatalytic nucleation, nucleates at γ/α, marked by red dotted circle in Figure 9a,b. The schematic diagrams of the nucleation method were displayed in Figure 9d,e. Moreover, most of the bainite ferrite laths nucleated and grew at the prior austenite grain boundary (γ/γ). Bainite ferrite laths nucleated and grew at the side of the existingbainite ferrite laths and only in the local zone. It can be clearly seen that the orientation of the bainite ferrite laths is more complicated at the area where autocatalytic nucleation occurs.Moreover, autocatalytic nucleation weakens with the increase of Ni content, and those bainite ferrite laths with the close orientation will coalesce, promoted by the large driving force of bainite transformation. The mechanism of autocatalytic nucleation is still controversial, and it is generally believed to be related to the bainite transformation temperature [26,27,28].



XRD was adopted to investigate the RA content in the deposited metals. As depicted in Figure 10, it was found that the RA content changes from 1.5%, 5.7%, and 5.4% as the Ni content increases from 5.5%, 6.5%, and 7.5%, respectively. During the composition design of the deposited metal, the content of C was controlled at a very low level (0.05% in wt.) in order to improve the toughness and control the tendency of the deposited metals to cold crack. The transformation temperature gradually decreased with the increase of Ni content. When the Ni content exceeds 6.5%, the lower transformation temperature means that more C is needed to stabilize the austenite. However, there was not enough C in the deposited metal to stabilize the austenite, and the RA content did not continue to increase. However, the size and distribution of RA in deposited metals needs to be further studied by TEM.



TEM was employed to explore the formation mechanism of CB and the features of RA in the deposited metals with different Ni contents. As displayed in Figure 11a–c, it can be clearly seen that the bainite ferrite laths coalesced during the growth process, indicated by the red circles. In addition, the size of the CB is much larger than the surrounding bainite ferrite laths, resulting in a very uneven microstructure. Moreover, as displayed in Figure 11d–g, there are obvious RA films in the Ni6.5 and Ni7.5 deposited metals, which mainly exist between the film-like bainite ferrite laths.




3.2. The Effect of Ni on the Toughness of Deposited Metal


The impact energy of the deposited metals at different temperatures was shown in Figure 12. With the increase of Ni content, the impact energy of the deposited metals first increases and then decreases at different testing temperatures. Under the impact testing temperatures of RT, −20 °C, and −60 °C, the Ni6.5 deposited metal had the highest impact energy of 84.3 J (±3.7 J), 59.8 J (±2.3 J), and 36.0 J (±6.6 J), respectively. As the test temperature decreases, the toughness of the deposited metal deteriorates due to the ductile–brittle transition of the body-centered cubic (bcc) structure.



As shown in Figure 12, the impact energy of the deposited metals does not change monotonously with the increase of Ni content. This is because various factors (CB, RA) affect the toughness of the deposited metals. Careful analysis was then completed for the change in impact energy.



As depicted in Figure 13a, the size of CB is much larger than the surrounding bainite ferrite, resulting in an uneven microstructure. As displayed in Figure 13b, the crystal orientation of CB is almost consistent. The misorientation between the matrix and CB and the misorientation inside CB were then analyzed, as marked by black line in Figure 13c. As shown in Figure 13d, it can be seen that the interface between the matrix and CB is a high angle grain boundary, while the misorientation inside CB can be ignored. It is well known that only a high angle grain boundary can effectively hinder crack propagation [29,30]. As such, it can be surmised that the hindrance of the area inside the CB to crack propagation is almost ignored. Moreover, this conclusion can also be verified through the propagation path of the second cracks in impact fracture specimens in the next section (Figure 15).



Moreover, it is widely believed that the film-like RA between the bainite ferrite laths will have a positive effect on the toughness of the deposited metals [31]. When the RA film is encounters a crack during the propagation process, the crack tip will be blunted. When the Ni content increases from 5.5% to 6.5%, the content of CB in the deposited metals increases. However, the impact energy of the deposited metals still increases. This indicates that the formation of film-like RA between the bainite ferrite laths has a relatively stronger positive effect on the toughness as the Ni content increasing to 6.5%. Furthermore, the positive effect of film-like RA on toughness is greater than the negative effect of CB. When the Ni content continues to increase from 6.5% to 7.5%, the CB content also continues to increase. However, according to the XRD result, it is quantitatively calculated that the content of RA does not increase. As a result, the impact energy of the deposited metals is reduced.




3.3. The Fracture Mechanism of Different Deposited Metals


3.3.1. The Analysis of Crack Propagation Feature from the Perspective of Microstructure


In order to further explore the fracture mechanism of impact specimens, the fracture morphology of impact specimens were displayed in Figure 14. The specimens that impact the energy value that was the closest to the average value were adopted for fracture morphology observation.



As shown in Figure 14, due to the ductile–brittle transition in bcc structure metals, the fracture mode of all deposited metals will change from the microporous aggregation type to the transgranular cleavage type as the temperature decreases. Moreover, under the same test temperature conditions, due to the differences in the content of the retained austenite in the deposited metal with different Ni contents, the microstructure of the deposited metal has different resistances to the propagation of cracks. The zone of ductile fracture in Ni5.5 are relatively small compared to Ni6.5 and Ni7.5. At RT, a large number of river patterns appear on the impact fracture surface of the Ni5.5 specimen while the impact fracture surface of Ni6.5 and Ni7.5 specimens are composed of a large number of dimples. The fracture mode of Ni5.5 is a transgranular cleavage fracture, and the fracture mode of Ni6.5 and Ni7.5 is a microporous aggregation fracture. When the experimental temperature drops to −20 °C and −60 °C, the impact fracture mode of the deposited metals with different Ni contents are all transgranular cleavage fractures. Moreover, the cleavage planes in the Ni6.5 and Ni7.5 specimens are separated by dimples, and compared toNi5.5 specimen, the dimples are marked by red arrow. In addition, under the testing conditions of −20 °C and −60 °C, there are many second cracks in specimens with different Ni contents, marked by blue arrows in Figure 14. In order to further explore the fracture mechanism, the propagation path of the second cracks was investigated.



The propagation features of the second cracks in the specimens with different Ni contents are shown in Figure 15. The impact specimens fractured at −60 °C were adopted. As depicted in Figure 15a–c, in the Ni5.5 specimen, the crack is mainly deflected at the prior austenite grain boundary, while the second crack in Ni6.5 and Ni7.5 is discontinuous. This indicates that the ability to crack propagation of Ni5.5 is weak compared to Ni6.5 and Ni7.5. Meanwhile, in the process of crack propagation, there was an obvious phenomenon of passing through CB, marked by red cycles as shown in Figure 15b,c. As discussed above, the interface between CB and the matrix is a high angle grain boundary, while the interface inside CB is LAGB. Therefore, it can be seen from Figure 15b,c that the crack propagation direction is deflected at the interface between the CB and matrix, but it does not deflect inside the CB. Moreover, the misorientation inside CB is close to 0°, as shown in Figure 13c.




3.3.2. The Analysis of Crack Propagation Features from the Perspective of Crystallographic Characteristics


At present, the control unit of toughness in high strength structure materials is controversial [32,33], and the EBSD was used to further explore the propagation mechanism of the second crack. A second crack in Ni7.5 generated during the fracture process of the impact specimen at −60 °C was adopted for analysis as shown in Figure 16.



Bainite has a typical hierarchical structure similar to martensite. However, it is difficult to directly distinguish what substructure can effectively hinder crack propagation through IPF and the misorientation of grain boundary maps. Therefore, ARPGE software was used to analyze the bain packet (BP) and close-packed plane packets (CPP) in the microstructure [18]. According to the early research, the CPP group is always called the morphological packet while the Bain group is always called the crystallographic packet [34]. CPP is always used to describe the variants that share a common {110}α plane, which is parallel to one {111}γ plane. The BP is always adopted to describe the variants that are linked by low misorientation. From the perspective of crystallographic characteristics, CB can also be regarded as a special BP, while the misorientation inside it closes at 0°.



Moreover, the size of CPP is greater than the BP in 800 MPa grade low carbon bainite deposited metal due to the variant selection tendency shown in Figure 16c,d. Moreover, five places where crack propagation was impeded were marked by white circles and named as 1, 2, 3, 4 and 5 in Figure 16c,d. It can easily be seen that the crack propagation direction is always deflected or terminated at different BP interfaces. As shown in Table 3, the misorientation of the five typical interfaces that hinder crack propagation are depicted. It is obvious that all the misorientations (54.2°, 53.9°, 56.5, 58.5° and 59.2°) of the interface that impede the crack propagation belongs to a high angle grain boundary.



Furthermore, it can be seen that the propagation of cracks has a more direct relationship with BP than CPP in 800 MPa grade low carbon bainite deposited metal. This is consistent with previous research that indicated that the interface of Bain packets could impede crack propagation [35]. BP is the smallest control unit of toughness in 800 MPa grade low carbon bainite deposited metals.






4. Conclusions


In this study, the combined effects of CB and RA on the toughness of 800 MPa grade low carbon bainite deposited metals for marine applications with different Ni contents has been systematically investigated. The following conclusions were drawn from this study.



	
The formation of CB in 800 MPa grade low carbon bainite deposited metal mainly depended on the nucleation methods of bainite ferrite laths. Autocatalytic nucleation weakens with the increase of Ni content, and those bainite ferrite laths with close orientation will coalesce when promoted by the large driving force of bainite transformation. The fraction of CB increased from 6.9% to 8.3% and 11.4% with the increase of Ni content, while the content of RA did not continue to increase once the Ni content exceeded 6.5% due to the C in deposited metal being controlled at a very low level.



	
From the perspective of the crystallography characteristics, BP was the smallest control unit for toughness in 800 MPa grade low carbon bainite deposited metals.



	
With the increase of Ni content, the impact energy of deposited metal first increased and then decreased, mainly due to the comprehensive influence of CB and RA. With the increase of Ni content, the fraction of CB continued to increase, but the content of RA stabilized at 5.4% when the Ni content exceeded 6.5%. RA in deposited metal could improve the toughness, while the CB would deteriorate the toughness of deposited metal.



	
In low carbon bainite deposited metal, the toughness could be effectively improved effectively by increasing the content of RA while suppressing the formation of CB. This work provided the reference for the chemical composition design of 800 MPa grade steel welding consumables.
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Figure 1. (a) is the schematic diagram of the welding joint, and (b) is the sampling position of the mechanical samples. The number of 1–12 in (b) represents the welding sequence. 
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Figure 2. Optical micrographs of the column zone of the deposited metals etched by 4% nital: (a) Ni5.5, (b) Ni6.5, and (c) Ni7.5; Interdendritic zone (IDZ) indicated by white arrows; Optical micrographs of the column zone of the deposited metals revealed by Lepera etchant: (d) Ni5.5, (e) Ni6.5, and (f) Ni7.5. 
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Figure 3. The microstructure in dendrite core zone (DCZ) and IDZ of Ni5.5 analyzed by TEM; (b) is the local magnification of (a). 
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Figure 4. The elements distribution in the deposited metal of Ni7.5 revealed by EPMA. (a) microstructure of deposited metal; (b) distribution of nickel (Ni); (c) distribution of manganese (Mn). 
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Figure 5. SEM images of the deposited metals: (a–c) microstructure of the column zone of Ni5.5, Ni6.5, and Ni7.5, respectively; CB is the abbreviation for coalesced bainite; these SEM images were taken at 4000 times by the FEI Inspect F50. 
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Figure 6. The area fraction of CB in the deposited metals. 
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Figure 7. (a) The Fe–Ni binary phase diagram [7]; (b) the solidification process simulated by the Thermo-Calc. 






Figure 7. (a) The Fe–Ni binary phase diagram [7]; (b) the solidification process simulated by the Thermo-Calc.



[image: Crystals 11 00709 g007]







[image: Crystals 11 00709 g008 550] 





Figure 8. In situ observation images of bainite transformation in the deposited metals: (a) Ni5.5, (b) Ni6.5, and (c) Ni7.5; the red circle marks the area where the transformation begins. 
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Figure 9. (a–c) are IPF images of Ni5.5, Ni6.5, and Ni7.5, respectively, and the red circle represents the place where autocatalytic nucleation occurs; (d,e) are the schematic diagrams of the nucleation method in the deposited metals. 
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Figure 10. (a) The result of XRD analysis of the deposited metals. (b) The content of RA in the deposited metals. 
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Figure 11. TEM images of the deposited metals; (a–c) CB in the deposited metals of Ni5.5, Ni6.5, and Ni7.5, respectively; (d,f) are bright field images of Ni6.5 and Ni7.5, respectively; (e,g) are dark field images of Ni6.5 and Ni7.5, respectively. 
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Figure 12. Variation in the impact energy of the deposited metals as a function of Ni contents at RT, −20 °C, and −60 °C. 
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Figure 13. EBSD maps of CB: (a) BC map, (b) Euler angle color map, (c) IPF map, (d) the misorientation from matrix to CB. 
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Figure 14. SEM micrographs of the fractured impact specimens. (a–c) are the fracture morphology of Ni5.5 at RT, −20 °C, and −60 °C, respectively; (d–f) are the fracture morphology of Ni6.5 at RT, −20 °C, and −60 °C, respectively; (g–i) are the fracture morphology of Ni7.5 at RT, −20 °C, and −60 °C, respectively; The blue arrow represents secondary cracks; the red arrow represents dimples between the cleave plane). 
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Figure 15. The second crack propagation path images of impact fracture specimens at −60 °C; (a) Ni5.5, (b) Ni6.5, and (c) Ni7.5. 
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Figure 16. The analysis of crystallographic characteristics of the second crack propagation path in Ni7.5. (a) IPF map; (b) misorientation of grain boundary map; (c) the Bain packet (BP) map; (d) The close-packed plane packets (CPP) map. 
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Table 1. Chemical composition of A517GrQ and the deposited metals (wt. %).
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	Materials
	C
	Si
	Mn
	Cr
	Ni
	Mo
	V
	Fe





	A517GrQ
	0.15
	0.21
	1.04
	0.77
	2.09
	0.48
	< 0.01
	Bal.



	Ni5.5-deposited metal
	0.045
	0.39
	1.03
	0.99
	5.45
	0.71
	0.053
	Bal.



	Ni6.5-deposited metal
	0.042
	0.35
	1.00
	0.97
	6.11
	0.66
	0.050
	Bal.



	Ni7.5-deposited metal
	0.044
	0.36
	1.00
	1.01
	7.43
	0.70
	0.054
	Bal.
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Table 2. Welding parameters.
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	Welding Process
	Shielding Gas
	Flow Rate

(L/min)
	Welding Current (A)
	Welding Voltage (V)
	Welding Speed (mm/min)
	Preheating

Temperature (°C)
	Interpass

Temperature (°C)





	GMAW
	95%Ar + 5% CO2
	20
	230–250
	28–30
	300
	70–90
	80–110
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Table 3. The misorientation and type of interface where crack propagation was impeded.
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	Misorientation (°)
	Interface Type





	1
	54.2
	BP3/BP2



	2
	53.9
	BP3/BP2



	3
	56.5
	BP3/BP2



	4
	58.5
	BP2/BP1



	5
	59.2
	BP1/BP2
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