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The influences of microstructure and elemental distribution on pitting corrosion resistance and passive film in different regions of a super duplex stainless steel welded joint were investigated. The banded microstructure disappeared after welding and transformed to the coarse equiaxed ferrite grains in the heat-affected zone. Three types of austenitic microstructure formed in the weld center, only two types occurred in the weld cap and weld root. It is found that the elements Ni and N were enriched in austenite, while Cr and Mo were concentrated in the ferrite. The Cr2N was found precipitating in some specific regions with a lower austenite content, which led to the relatively poorer resistance to pitting corrosion in the heat-affected zone, weld root, and weld cap. The ferrite observed in each studied region of the joint was prone to experiencing selective corrosion due to its lower pitting resistance equivalent number. The content of Cr in the region around the Cr2N disappeared, so that Cr-depletion was formed as the original location of pitting. The electrochemical impedance spectroscopy results also showed that no difference exists in the passive film structure in all of the regions of the joint, and regular banded microstructure was helpful to the passive film.
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INTRODUCTION

The wide application of steel cannot be separated from the welding process. Only when the quality of the welding joint has assurance, so do duplex stainless steels (Lu, 2010; Leif, 2012). Duplex stainless steel (DSS) is a family of two-phase alloys, consisting of austenite (A) and ferrite (F) with various compositions. The DSS combines the excellent properties of ferrite stainless steel and austenitic stainless steel. Hence, it exhibits superior strength and stress-corrosion cracking resistance of the former, as well as good ductility and toughness of the latter (Ha et al., 2014). Super duplex stainless steel (SDSS) is the third generation of duplex stainless steels. The contents of chromium and nickel in SDSS are higher than that in DSS. And SDSS is famous for its high pitting resistance equivalent number (PREN) value—mostly higher than 40. Due to its high alloy contents and excellent corrosion resistance, it is widely used in petrochemical and offshore platforms as pressure vessels and pipelines which have a high requirement for corrosive properties (Barteri et al., 1987; El-Yazgi and Hardie, 1998; Taban, 2008; Taban and Kaluc, 2011; Chail and Kangas, 2016).

There are many welding methods suitable for super duplex stainless steels. Among these methods, gas tungsten arc welding (GTAW) is most widely used due to its stability and high quality (Tavares et al., 2007; Leif, 2012; Udayakumar et al., 2013; Xu et al., 2013; Zhang et al., 2016). Multi-layer and multi-pass welding tends to be applied to a sheet which is over 3 mm in thickness. Because of the reheating influence from the successive welding processing, the welded joint performs an inhomogeneous microstructure in different regions (Hosseini et al., 2016). For the SDSS, the first layer is implemented without preheat and the last layer is without subsequent weld heat treatment. Thus, these two special layers may preform different microstructures and properties with the weld center. In addition, the weld cap and weld root would contact with different corrosive mediums simultaneously in some applications. For example, the outside of a submarine pipeline is subjected to the seawater, while the inside of that maybe subjected to the oil medium. Therefore, in-depth study on the overall and local corrosion behavior of SDSS joints is required.

The mechanical and corrosive properties of the weld metal and joint mainly depend on the ratio of the two phases and the secondary precipitation that varies with different welding parameters. Some welding specifications are recommended to obtain excellent properties for the SDSS welding joint through previous research (Tavares et al., 2007). First of all, the heat input should not be too low, otherwise an insufficient transformation of the austenite may occur. Meanwhile, a too high heat input can cause a slower cooling rate, which may lead to the formation of detrimental secondary precipitates in the SDSS joint (Muthupandi et al., 2003). Ramkumar et al. (2014) conducted a comparative analysis of a DSS welded joint center, where the 6 mm plate was welded by using two filler metals. The author also reported that the mechanical properties were greatly influenced by the austenite/ferrite ratio. Brytan studied the corrosion characterization of lean duplex stainless steel (1.4662) UNS S82441 welded joint and reported that welded joints show a lower corrosion resistance compared to the non-welded parent metal, and introducing heat input properly is beneficial for corrosion resistance by increasing austenitic phase content (Brytan et al., 2016). The pure Argon is often used as the protective gas to form the SDSS weld joint because the nitrogen-supplement protective gas needs to be mixed before welding, which has a decreasing efficiency.

However, studies on microstructure and corrosion resistance of different typical regions of the DSS and SDSS joints are few according to the current literatures. Zhang et al. reported that, for the UNS S31803 sheet weldment, the critical pitting temperature of the weld root (around 45°C) was always lower than the weld centre (around 50°C) when GTAW was used for a 14 mm-thickness plate regardless of shielding gas. This can be attributed to the presence of Cr2N phase and a lower austenite friction (Zhang et al., 2017). While He et al. (2015) reported that the critical pitting temperature of 2,507 base metal was about 71°C, the author also proposed two different circuit models of 2,507 below and above the critical pitting temperature. Kim et al. (2011) discussed the choice of value of the nitrogen coefficient and found that some values in the recommended range were not suitable for SDSS. Cui et al. investigated the influence of temperature on the passivation behavior of 2,507 in a special solution medium. The author reported that the thickness of passive film decreases with the increase of temperature. However, the passive film on the weld metal or joint was not studied in detail (Cui et al., 2017). In summary, most of the previous studies of UNS S32750 focused on the base metal, and the weld metal of UNS S32750 was studied as a whole. For the case of local regions, in the weld cap and weld root, few detailed researches were focused.

Accordingly, the microstructure and corrosive properties of different regions in the welding joint of UNS S32750 made by using tungsten inert gas welding under pure Ar shielding gas were investigated in this study.

The microstructure characteristics, element segregation and secondary precipitates of these zones (including the cap, weld center, weld root, the joint and the base metal) were investigated by the optical microscopy, scanning electron microscopy, transmission electron microscopy, energy dispersive spectroscopy. The resistance to pitting corrosion and passive film were studied through potentiostatic polarization, and electrochemistry impedance spectroscopy methods.



MATERIALS AND METHODS


Materials and Welding Procedure

An 8 mm-thickness plate of UNS S32750 super duplex stainless steel was used as the base metal (BM). The as-received steel plate was solution-treated and hot-rolled followed by being quenched in water. The GTAW technique was used to prepare the SDSS joints. The ER2594 filler wire with 1.2 mm diameter, which had similar chemical compositions to the base metal, was used in this welding procedure. The mass percent of chemical compositions of the base metal and filler metal are listed in Table 1.


TABLE 1. Chemical compositions of the base metal and filter wire in mass percent (wt%).

[image: Table 1]The groove angle was 60°, the root gap was 2–3 mm and the root face was 1–2 mm. The backing shielding gas of pure Ar was applied in the process of welding and was maintained total passes to prevent oxidation of the microstructure. A total of 8 passes were conducted in the GTAW process (weld root: 1 pass, weld filler: 5 passes, and weld cap: 2 passes). The recommended welding interpass temperature is <150°C (Leif, 2012; Ramkumar et al., 2015). The heat input can be calculated using the following formula:
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where Q is heat input (kJ/mm); U is welding voltage (10–14 V); I is welding current (80–120 A); v is welding speed (1.1–1.7 mm/s); η is welding thermal efficiency (GTAW: 0.65). Thus, the actual welding heat input was within 0.4–0.9 KJ/mm for each pass. Table 2 shows the relationship between heat input and interpass temperature of each pass. All the actual welding parameters were within the recommended range (Tavares et al., 2007; Leif, 2012).


TABLE 2. The relationship between heat input and interpass temperature of each pass.
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Microstructure Characterization

The cross-sectional specimen of the GTAW joint was wet, ground successively from 280 to 2,000 grit paper, polished with diamond pastes, cleaned in water and alcohol, and then dried before being etched and observed. To distinguish different phases, the prepared joint was etched using modified Beraha II etchant solution (60 ml H2O + 30 ml HCl + 1 g K2S2O5) for about 10 s. The microstructure of the UNS S32750 joint was observed by optical metallography (OM, ZEISS–Axio Vert.A1) and scanning electron microscopy (SEM, FEI–Nano SEM 430) coupled with EDS. The austenite contents of weld root, weld center, weld cap, HAZ, and BM were respectively counted by the OM with Pro-Image software. The OM system coupled with Pro-Image software provided a nice functional module to calculate different phase contents (Westin, 2010). At least 10 OM images in each region were collected at 500× magnification and then processed, including grayness transform, image adjustment, binary extraction and calculation. Finally, the average value came out as the content. While the contents of alloying elements in austenite and ferrite in different regions were measured by the coupled EDS to study the influence of elements partition on pitting. The quantitative calibrations of alloying elements were conducted with the corresponding standard samples.



Electrochemical Measurements

To evaluate the corrosive resistance of different regions in the SDSS joints, electrochemical measurements were performed in a three-electrode cell with an electrochemical workstation (Gamry Interface 1000). A platinum foil, saturated calomel electrode (SCE) and the tested specimen were respectively used as auxiliary electrode, reference electrode and work electrode. The exposed area of the test specimens was constant (0.196 cm2). It should be noted that the joint sample was a mixed zone (weld metal + HAZ + BM). Each specimen was ground from 240 to 2,000 abrasive paper and then polished. In case of crevice corrosion, the surroundings of the specimens were sealed with silicone during installing the work electrode process.

The test solution of critical pitting temperature was 1 mol/L NaCl according to ASTM G150 standard (Astm-G150,2013). Critical pitting temperature (CPT) of the specimen was obtained from the potentiostatic polarization curve. The solution was bubbled with high pure N2 at 0.1 L/min for 30 min to deoxidize before each test. All the electrochemical tests started by applying a constant potential of −1 V (all the potential in this paper were vs SCE) for 0.5 h to remove the surface oxides of the sample. Then a potential of 0.75 V was applied and the solution temperature was increased at 1°C/min until the current density exceeded 100 μA/cm2 where the temperature was defined as the CPT. To ensure reproducibility of the results, the electrochemical experiment of each specimen was performed in triplicate.

Electrochemical impedance spectroscopy (EIS) tests were carried out after cathode polarization at −1 V to remove oxides and stabilization for 0.5 h at open circuit potential in NaCl solution of 3.5 wt% at 35°C. Ten points were collected for each order of magnitude of ten when the frequencies were from 100 kHz to 10 mHz. The amplitude sinusoidal voltage was set as 10 mV. The impedance spectra of each sample were collected and then fitted and analyzed with the Zview-Impedance software.



RESULTS


Microstructure Characterization and Element Partition

The weld profile preformed smoothly and no welding defects like porosity were detected by non-destructive examination. The macrostructure of the cross section of the joint is shown in Figure 1. The microstructures in the typical zones of the whole joint welded by GTAW are presented in Figure 2. The statistical results of phase contents of austenite in different zones counted by the Pro-Image software are shown in Figure 3. Furthermore, fine precipitates were found under SEM in the root pass, cap passes, and HAZ, as presented in Figure 4 in different magnifications. The Cr2N in different regions observed by TEM were presented in Figure 5.
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FIGURE 1. The macrostructure and the different regions of the cross section of the joint welded by GTAW.
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FIGURE 2. The optical microstructures in different zones of the joint welded by GTAW: (a) the base metal; (b) the joint; (c) the heat-affect zone; (d) the weld center; (e) the weld cap; (f) the weld root.
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FIGURE 3. The average austenite contents in different zones of the weld joint counted by Pro-Image.
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FIGURE 4. The precipitates observed by SEM: (a) the fine precipitates in the weld cap; (b) the weld root; (c) the HAZ; (d) the HAZ in high magnification.
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FIGURE 5. The Cr2N observed by TEM: (a) the weld cap; (b) the weld root; (c) the HAZ; (d) the HAZ in high magnification; (e) the chemical of the precipitate in panel (a) tested by EDX; (f) the line analysis of Cr content adjacent to Cr2N.


The austenite microstructure appears to be white and the ferrite matrix microstructure appears to be gray under the optical microscope. The base metal (labeled in Figure 2) consisted of elongated and banded structures of ferrite and austenite phases, and the molten metal turned to ferrite and then transformed to austenite with the decrease in temperature. According to the precipitating location of austenite, the austenite can be divided into three types: grain boundary austenite (GBA), Widmanstäten-type austenite (WA), and intragranular austenite (IGA) (Muthupandi et al., 2003; Zhang et al., 2012; Udayakumar et al., 2013).

The vicinities of the fusion line under different magnifications are shown in Figures 2b,c. Equiaxed grains were produced and maintained in HAZ. However, excessive growth was observed both in the grain boundary austenite and intra-grain austenite in the weld center. The very fine and dense intragranular austenite could be clearly observed in Figure 2d. There was a large difference in microstructure among the cap pass, the root passes, and the weld center. Firstly, the amount of austenite in the cap and the root passes were much lower than the weld center. The austenite content in the weld centre (41.3) was roughly the same as that of the base metal (43.8), while the austenite content in other areas was much lower than that of the weld center (approximately 30%). Successively, the austenite microstructure in each zone showed different morphologies. GBA and IGA were the main morphologies in the root and cap passes, while they were rarely to be observed in the WA. Eventually, the size of IGA in the weld root was smaller than that in the weld cap, as shown in Figures 2e,f.

Differences in quantity and size exist between these zones as shown in Figure 4, there were a smaller amount of precipitates observed in the cap than the root passes, and most of these precipitates were in micron size, while a large number of precipitates in nanoscale size could be found in the HAZ. The precipitates in nanoscale size were identified to be Cr2N and others were fine austenite in the cap and root passes through EDX and high-resolution TEM analysis. While the precipitates in the HAZ were mainly Cr2N. Besides, no Cr2N was found in the weld center. The amount of Cr2N in the HAZ was roughly three times than that in the weld cap and root.

The spectrum of the Cr2N and the line analysis of Cr content adjacent to the Cr2N in Figure 5a was shown in Figures 5e,f. The Cr2N presented a short rod-shape morphology, the width of which was about 50 nm. Besides this, a mass of Cr2N was also found at the grain boundaries in the ferrite under TEM shown in Figure 5c. The Cr2N could be divided into two types: intra-granular Cr2N and inter-granular Cr2N in the light of precipitation location. In addition, a Cr-depletion zone about 150–200 nm in both sides would appear around each Cr2N precipitate as shown in Figure 5f which was also reported in the DSS by Brytan et al. (2016) and Zhao et al. (2018).



Element Partition

The average contents of the main alloying elements (Cr, Mo, Ni, and N) in each phase of different zones obtained by EDS are listed in Table 3. The PREN values of different phases in the weld metal and HAZ were calculated in Table 3 and then presented in Figure 6.


TABLE 3. Chemical composition and PREN value of different phases in different regions in the GTAW joint with pure Ar shielding.
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FIGURE 6. The PREN values of austenite and ferrite in the weld joint.


Table 3 showed that the alloying element diffusion of the weld center was more intense than the other regions, which could be confirmed by the bigger content difference in two phases on thickness and width directions of the plate in the weld center than that of other regions. In addition, contents of Cr and Mo were higher and Ni content was lower in grain boundary austenite compared with the other two types of austenite microstructure.

It can be seen from Figure 6 that all austenite microstructures present a higher PREN value than the ferrite in each region. Besides, the PREN value of austenite in the weld center preformed relatively lower than the weld cap and root except for the GBA in the weld metal.



Pitting Corrosion Resistance

Figure 7 presents the typical curves of current density against temperature for the different zones of welded joint and the BM after the CPT test in de-aerated 1 M NaCl solution. Figure 8 presents the pits morphologies of BM after CPT tests observed by SEM, the pits in the WM are presented in Figure 9, and the HAZ is shown in Figure 10.
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FIGURE 7. The typical curves of the current density against temperature obtained by the potentiostatic polarization tests in 1 M NaCl solution.



[image: image]

FIGURE 8. Pits morphologies in BM after CPT tests: (a) SEM and (b) high-magnification SEM.
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FIGURE 9. SEM pits morphologies in WM after CPT tests: (a) the weld cap, (b) the weld center, (c,d) the HAZ.
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FIGURE 10. Pits morphologies in HAZ after CPT tests: (a) SEM and (b) high-magnification SEM.


It could be clearly observed that the value of the current density was much less than 100 μA/cm2 and close to zero in the initial heating process. As the temperature was gradually raised to the critical pitting temperature, a tendency of exponential growth of the current density could be found. The BM exhibited excellent pitting corrosion resistance with the CPT of 73.4°C. The CPTs of the weld cap, weld center and weld root in thickness direction were 59.7 66.7, and 62.2°C, respectively while the weld joint presented the lowest CPT value (56.1°C).

As shown in Figure 8, the pitting position was the interface between ferrite and austenite in BM. As shown in Figure 9, almost all pitting occurred at ferrite and the phase boundary of A/F in each zone of the weld metal, while the HAZ performed more serious pits than the WM in the ferrite under the same magnification as presented in Figure 10. The base metal in Figure 8 presented the lightest corrosion effect with only a few pits in the interface between the two phases than other regions in the joint. In addition, the pits in the weld cap, weld root and the HAZ were mainly in the surroundings of the Cr2N in ferrite phase, as shown in Figures 9, 10. Therefore, the pits in different regions performed variously in counts and morphologies. The pits occurred in the interface in the BM were larger but in a very small number, while in other zones the pits were smaller but with a higher content.



Electrochemical Impedance Spectroscopy Analysis

Figures 11, 12 show fitting results of electrochemical impedance spectroscopy (EIS) for different regions of the welded joint in the form of Nyquist and Bode plots. Relevant electrical equivalent circuits (EEC) were selected to interpret the data and illustrated in Figure 13. The results of the fitting parameter using the EEC are listed in Table 3.
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FIGURE 11. EIS fitting results of different zones of the weld joint: Nyquist.
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FIGURE 12. EIS fitting results of different zones of the weld joint: Bode.
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FIGURE 13. Electrical equivalent circuits (EEC) model to interpret the impedance spectra on the surface of samples.


In the Nyquist diagram, all the specimens had an apparent capacitive arc, and the diameter of the capacitive arc varied in the different test zones of the joint under the same test conditions. The impedance spectra did not show diffusion resistance, and thus the material transfer control could be negligible in this process. All the regions of the weld’s metal (weld cap, weld center and weld root) and the joint presented lower diameter of the capacitive arc than the BM.

In the Bode diagram, the amplitude and phase of all the samples kept the same variation trend with the frequency. The phase under high frequency was roughly constant and tended to be close to zero. In the region of intermediate frequencies, the phase angles reached their maximum values.

In Figure 13, the constant phase element (CPE) was used to represent the non-ideal capacitor which can be attributed to the inhomogeneous distribution of the surface of the work electrode. The impedance of a CPE was defined as

[image: image]

where Z represents the impedance of a CPE, Y is the magnitude of CPE, w and n are the angular frequency and the phase, respectively. The capacitor is considered to be ideal when n = 1, while capacitor is non-ideal when 0.5 < n < 1 due to the dispersion effect. The CPE is considered as a resistance when n = 0 (Macdonald, 1987; He et al., 2015; Cui et al., 2017). According to the n value in all different test zones of the welded joint, the CPE is closed to capacitance, double layer capacitance (Cdl) should be calculated as follows (Zhang et al., 2020):

[image: image]

In Figure 13, CPE in this circuit reflected the electrical characteristic of the passive film. The Rp is the resistance of the solution, R1 is the resistance of charge transfer of the passive film. The value of n, Y, R1, Rp, and Cdl were calculated by Zview-Impedance software from the best fitted EEC as shown in Table 4. The n values in all samples were relatively close. The R1 on the weld metal was changed from 53.8 to 96 kΩ cm2, while R1 of the base metal was 165.3 kΩ cm2 which was much higher than all the regions of the weld metal. The R1 of the weld root was a little larger than the weld cap. The trend of R1 showed good agreement with the pitting results, while Y was not always consistent with the CPTs. Besides, the trend of Cdl in different regions of the welded joint was similar to the Y.


TABLE 4. The fitted electrochemical parameters for EIS of different regions.

[image: Table 4]


DISCUSSION


Microstructure Characterization

The base metal (labeled in Figure 2) consisted of elongated and banded structures of ferrite and austenite phases, which was the characteristic of being rolled. The difference in amount of austenite resulted from the multi-pass welding sequence. The austenite friction in HAZ and the weld root were close to 30% which is usually considered as the minimum value for theory and industry application. Besides, morphologies could be explained through the fact that the weld cap and root could not experience preheating or reheating respectively, which led to less nucleation and growing time for austenite. The difference of IGA in the weld cap and root was mainly caused by the heat input (the cap: 0.75 kJ/mm; the root: 0.45 kJ/mm). The higher heat input resulted in a longer growth time for austenite in the weld cap. Therefore, the microstructures of the joint were resulted from the combined effect from the heat input and welding sequence of the multi-passes welding. Besides, the width of the HAZ was approximately 150–200 μm, which is much narrower than the same region investigated by other researchers due to the larger thickness, lower initial temperature and smaller heat input of the base metal (Zhao et al., 2018). A narrower HAZ would reduce the influence of deterioration because the harmful precipitates have less possibility to occur (Muthupandi et al., 2003).

Cr2N was found in ferrite and the interface of A/F, the weld cap, root and HAZ as shown in Figures 4, 5. The pretty fine Cr2N in the weld cap have not been reported by earlier researchers. At the solidus temperatures, the nitrogen stability in ferrite was high, but the solubility decreased and thus the ferrite became supersaturated in nitrogen during cooling process. Therefore, the Cr2N was prone to precipitate at the ferrite phase due to the extremely small solubility of N in ferrite (theoretical maximum: 0.05 wt%) (Tavares et al., 2007; Zhang et al., 2012). The weld cap, weld root and the HAZ experienced larger cooling rate than the weld center so that the nitrogen did not have enough time to diffuse from ferrite to austenite. Hence, the above-mentioned zones were the priority nucleation position for Cr2N.



Element Partition

The microstructure and the partitioning behavior of alloying elements play an important role in determining the pitting resistance of the SDSS. Alloying elements tend to solute into different phases during the rapid heating and cooling process in the welding process. As is generally accepted in solution-treated SDSS, the ferrite stabilizing elements (Cr and Mo) were obviously partitioned in the ferrite, while the austenite was enriched with the austenite stabilizing elements (Ni, and N), as shown in the Table 3.

Due to the extremely small solubility of nitrogen in ferrite compared with other elements, the content of N in ferrite was considered to reach its theoretical maximum even considering the measurement error. The saturation value in the BM was about 0.05 wt% although the welding and heat treatment process would slightly change the nitrogen contents to an extent low enough to ignore (Cervo et al., 2010; Zhang et al., 2012; Jiang et al., 2014; Hosseini et al., 2016). Thus, this value can be generally adopted as the nitrogen contents in ferrite of each region.

The HAZ underwent a fast cooling, and as a result the alloying elements had no time to diffuse into the two phases sufficiently. While the weld cap and the weld root had a relatively large cooling rate compared with the weld center. Thus, the contents of alloying elements in the two phases were roughly smaller in these zones. The content differences in austenite could be interpreted by the kinetics theory. The grain boundary austenite was nucleated and grew prior to the other two types of austenite because it has a higher crystal boundary energy. Therefore, the element diffusion occurred and produced a great difference between ferrite and the side-plate WA.

Pitting corrosion resistance was primarily governed by the austenite amount and the distribution of alloying elements, and it could also be influenced by the secondary phase. A common method to judge the resistance to pitting corrosion of stainless steel was to use the PREN. In general, a higher PREN represents better resistance to pitting corrosion (Merello et al., 2003). The global pitting corrosion resistance of the SDSS joint was determined by the PREN of the weaker phase (with less resistance to the medium). The PREN was related to three essential alloying elements (Cr, Mo, and N), and the PREN of each single phase in different zones of the joint was specifically calculated by the following formula:

[image: image]

The coefficient (R) for the nitrogen content recommended by other researchers was from 16 to 30 for the DSS (Zhang et al., 2009; Yang et al., 2012; Cui et al., 2017). While the most common value was taken as 16, 20, and 30. Kim et al. calculated the difference of PREN between the ferrite and austenite using two nitrogen factors, and found it did not correspond to the initial pitting corrosive location when R was 16 (Kim et al., 2012). Zhang et al. (2012) chose 20 as the coefficient due to its accuracy in nitrogen content. Thus, R = 30 is adopted in this paper with the consideration of the unequal solubility of N in two phases and the actual corrosion position which would be presented later.

The PREN values of austenite are much higher than the commercial stainless steel (about 37) (Zhang et al., 2012, 2017; Brytan et al., 2016), and the ferrite with a lower PREN value in each region was estimated to be the weak phase which was prone to experience selective corrosion first, especially in the root. Besides, the PREN value of the weld center preformed relatively lower than the weld cap and root due to the low Cr and Mo contents which could be attributed to the diffusion.



Pitting Corrosion Resistance

The typical curves in Figure 7 implied that the specimen surfaces were well protected by the passive film at low temperature. As the temperature was gradually raised, a tendency of exponential growth of the current density indicated that the pitting occurred at the surface of specimen. The CPT of BM was much higher than the other zones of the welded joint and the second generation of the DSS [approximately 50°C (Brytan et al., 2016)]. The weld center preformed higher CPT with higher austenite since it has lower PREN. Even though the HAZ was too narrow to be detected individually, the CPT of the HAZ can be considered as much lower than other two zones. Because the joint was a mixed microstructure including the BM, the HAZ and the weld center, this also reflected the fact that the HAZ was the weakest zone in the joint to resist corrosion.

The pits morphologies in the different areas of the welded joint after CPT tests observed by SEM are presented in Figures 8–10. Almost all pitting occurred at ferrite and the phase boundary of A/F in each zone of the weld metal, which was in accordance with the PREN value in Figure 6. Due to the large gradient of alloying elements content and PREN as well as the long boundaries between austenite and ferrite, the narrow pits in the weld metal in the interface of austenite/ferrite formed along the borders, which did not perform a circular shape as Figure 9c. The pit was imitated at the interface then propagated into the ferrite phase because of the lower PREN value mentioned before. In addition, the pits in the weld cap, weld root and the HAZ were mainly in the surroundings of the Cr2N in ferrite phase, which could be attributed to the Cr-depletion zone around the Cr2N as presented in Figure 5 mentioned by some researchers (Garzón et al., 2007). The Cr2N in the pit was observed after the CPT test (shown in Figure 14), the content of Cr in the region around the Cr2N was disappeared, pitting occurred and extended toward to ferrite at the same time, suggesting that the Cr-depletion zone cause the pitting.


[image: image]

FIGURE 14. The Cr2N in the pits observed by SEM: (a) pits morphologies, (b,c) corresponding EDS point scanning and line scanning results.




Electrochemical Impedance Spectroscopy Analysis

In the Nyquist diagram, the apparent capacitive arc indicated that the biased potential created similar passive films on the surface of the local region of the joint. And the diameter of the capacitive arc varied with regions suggested that the protective effect of the passive film was different in each region. The larger diameter of the capacitive arc means a more difficult charge transfer and a larger impedance of the passive film. The BM had the largest capacitive arc where the passive film formed by the non-welded parent was more protective, which was confirmed by the CPT results.

In the Bode diagram, the phase under high frequency was close to zero, confirming that the passive film of the tested sample has great resistant properties. Characteristic responses of capacitive behavior are reflected by the maximum phase in. At low frequencies range intermediate frequencies, the presence of greater phase means denser passive film and fewer defects such as pores. The analysis also shows that the passive film formed by the base metal and the weld center were denser.

The circuit’s model consisting of components can be used to simulate the electrochemical system with different parameters as shown in Figure 13. Specifically, since pitting was barely detected on the sample after the EIS test, the passive film was suspected to have no pores or at least the inner layer remains compact. Besides, this model had the minimum fitting errors for the original testing data, the chi-squared value (χ2) showed that the experimental and simulated data had a satisfactory agreement (<0.001).

The results of the fitting parameter using the EEC are listed in Table 3, the similar n suggests the presence of a good capacitive performance of the surface film. The decrease in value Y and Cdl and increase in R1 represent that the passive film turned out to be thicker and thus more protective. Though the trend of R1 showed good agreement with the pitting results, the trend of Y and Cdl vary in different regions and are not consistent with the CPTs, suggesting the character of the passive film was not simple. The BM performed the largest R1. The high austenite content and regular banded microstructure of the base metal positively stabilized the passivation process and accelerated the formation of the surface oxide layer which is more homogenous and resistant. The resistance of the weld root with lower austenite content was a little larger than the weld center and cap which is probably relevant to its fine and homogeneous distributed IGA. It can be speculated that the more uniform the microstructure preforms, the higher impedance is. According to the plots and fitting parameters, it could be seen that the structure of the passive film in different regions was identical, it did not change with the austenite contents and morphologies. What’s more, the properties of the passive film varied in different regions, but the changes in related parameters were not a single trend like the factor of temperature (Cui et al., 2017).



CONCLUSION


(1)The weld center of the joint presented a slightly lower austenite content than the base metal, while the austenite contents in the weld cap, weld root and HAZ were nearly due to the welding sequence. Besides, the austenite in the weld root and weld cap mainly presented two morphologies with barely WA which can be observed in the weld center.

(2)The alloying elements in the weld center developed a serious partition due to the middle welding sequence and relatively lower cooling rate than the weld cap, weld root and HAZ in horizontal and vertical direction in the cross section. In addition, the relevant elements enriched obviously in the grain boundary austenite as firstly nucleated.

(3)The ferrite in the WM (including the weld center, weld cap and weld root), HAZ and BM had relatively lower PREN values than the austenite, resulting in preferential pitting corrosion at the interface of ferrite and austenite due to the large gradient of PREN values.

(4)The different zones of the joint had lower CPT value than the base metal because of the lower austenite content and the precipitations in ferrite, especially the HAZ. The weld center had a high CPT which was second only to that of the BM. The Cr-depleted region around Cr2N was attacked, disappeared and then the pits extended toward to ferrite.

(5)EIS analysis shows that the passive film structure of all the samples was single layer which had no pores in its passive film, meaning the microstructure of austenite contents and morphologies had no influence on the passive film structure. However, it can be speculated that the more uniform the microstructure preforms, the higher impedance is.
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