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Abstract

:

The pitting corrosion resistance of the austenitic stainless steel 308L-316L welded joint was investigated by electrochemical tests. It is found that the weld zone was the most critical for pits to initiate in the welded joint due to relatively instable passive film with few Mo and inhomogeneous passive film induced by multiple (Mn, Al, and Si) oxides and continuous network of 13.94 vol.% δ ferrites. By statistical analysis, 53.8% pits initiated at (Mn, Al, and Si) oxides, 23.0% in austenite, and 23.2% at interface between ferrite and austenite. In addition, heat-affected zone was prone to have pitting corrosion compared with the base metal since residual strain was much higher in the region.
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1. Introduction


The austenitic stainless steel 308L-316L welded joint is widely used to connect the reactor pressure vessel nozzle with the safe end of the primary circuit piping in a pressurized water reactor nuclear power plant [1,2]. The high temperature and pressure water environment there promote pitting corrosion and stress corrosion cracking (SCC) of the welded joint, posing a threat on the safe operation of the reactor. It is reported that the SCC was susceptible to occur at heat-affected zone (HAZ) and weld metal (WM) in the welded joint due to the residual strain distribution, and the change in microstructure and the stress corrosion crack growth can be explained with the slip-oxidation mechanism [3]. However, to the authors’ knowledge, studies on pitting corrosion behavior of the 308L-316L welded joint are limited in current literatures. Moreover, it is noteworthy that the pits are preferable origins for SCC since they serve as the stress concentration sites and are more likely to form cracks [4,5]. Therefore, it is necessary to study the main site for pits and the pitting corrosion behavior of the welded joint to ensure the safe operation of the power plant.



The pitting corrosion resistance in the HAZ of welded joints has been widely investigated. Zhang et al. found that the precipitation of Cr2N led to surrounding Cr-depleted zone in ferrite in HAZ, where a poor pitting corrosion resistance exhibited [6]. By nitrogen added in Ar shielding gas welding, N2 facilitated the formation of primary austenite and suppressed the Cr2N precipitation, which is conducive to the corrosion resistance [6]. Cui et al. revealed that the overlapped HAZ was more prone to have pits due to galvanic corrosion and segregation of alloying elements caused by multiple thermal cycling in E316L weld metal [7]. On the other hand, residual stress, mixed microstructure with ferrite, and inclusion in the WM zone also need to be taken into consideration for evaluation of pitting corrosion. During welding, some delta ferrite was retained to prevent hot crack [8,9,10], while excessive ferrite led to inhomogeneous distribution of forming element for passive film [11]. At the same time, some inclusions or precipitates, such as MnS, CrS, and M23C6, etc., may also form [12,13,14]. Obviously, the pitting corrosion resistances of different stainless-steel welded joints were related to the microstructure change, chemical segregation, and residual strain. The pitting corrosion behaviors on some welded joints, such as X5CrNi18-10, NiCrMoV, AISI 316, etc., have been reported [15,16,17]. Chu et al. found that the strong strain concentration caused high susceptibility for WM since dislocation outcrops in the interior of the grains formed small anodes. Yet the formation of carbon rings improved the pitting resistance for HAZ in the NiCrMoV welded joints [16]. Bore reported that the pitting potentials of both HAZ and WM in the X5CrNi18-10 were similar in the nitrogen-free shielding, although the pitting resistance of HAZ was about 30% lower than in BM [15]. However, the critical section of pitting corrosion and the related factors for the 308L-316L welded joint are still unknown.



In this work, the pitting corrosion behaviors of different sections in the 308L-316L welded joint are analyzed by potentiodynamic polarization curves, and the corrosive surface of each section are also characterized. To understand the difference of corrosion behavior, the microstructure of the weld joints is characterized and the composition of passive films of different sections are also analyzed.




2. Materials and Methods


The welded joint used in this article was prepared by multipass and multilayer shielded metal arc welding, provided by Dongfang Electric Corporation (Guangzhou, China). It was manufactured by buttering with 308L as the WM and 316L as BM in tungsten inert gas welding. The welding was performed with a current of 350 A and a voltage of 12 V in 99.995% Ar gas. The travel speed of welding is 100 mm/min. The chemical composition of filler metal 308L and base metal (BM) 316L are Fe-17.9Cr-11Ni-0.9Mn-0.35Si-0.3C (wt.%) and Fe-20Cr-11.7Ni-2.4Mo-1.71Mn-0.52Si-0.025C (wt.%), respectively. As shown in Figure 1a, three specimens (shown by A, B, and C) were cut in WM, HAZ, and BM sections respectively, for microstructure observation. Another three specimens A, B, and C of the dimensions 5 mm × 5 mm × 2 mm, were cut in the same region for electrochemical tests. The microhardness measurements were conducted in the middle of the welded joint to distinguish HAZ from BM, as seen in Figure 1b. The microhardness across the 308L-316L interface was measured with VTD512 microhardness tester (Beijing Wowei Technology Limited Company, Beijing, China) with a load of 0.49 N and a holding time of 15 s. The distance between two measures is 0.5 mm.



For original microstructure observation, specimens for scanning electron microscope (SEM, Zeiss supra55, Zeiss, Jena, Germany) observation were grinded by silicon carbide papers with 200–2000 grit, polished by 2.5 μm diamond paste, and electroetched in a mixture with 10 wt.% oxalic acid and 90 wt.% H2O. The energy dispersive spectrometer (EDS, Zeiss, Jena, Germany) was used to analyze the distribution of chemical elements. Residual strain distribution was further analyzed with electron backscatter diffraction (EBSD, Jena) with a step size of 3.5 μm, and the data were processed with the software Channel 5 (5.12, Oxford Instruments, Oxon, UK). To characterize the residual strain, the average misorientation was calculated with a criterion that misorientations exceeding a tolerance value of 5° were excluded from calculation [1]. For EBSD, specimens were grinded and then electropolished in a mixture with 15 vol.% perchloric acid and 85 vol.% ethyl alcohol. Foils for transmission electron microscope (TEM, Tecnai G20, FEI, Hillsboro, OR, USA) were prepared from the disks with a twin-jet polisher at 50 mV in an electrolyte consisting of 95 vol% ethanol and 5 vol% perchloric acid at −30 °C.



To characterize the pitting corrosion resistance, the potentiodynamic polarization curves of different sections in the 308L-316L welded joint were analyzed. Electrochemical tests were performed in the 3.5 wt.% NaCl solution at room temperature by three-electrode cell system with the specimens as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a platinum electrode as the auxiliary electrode. The schematic drawing of the electrochemical cells was shown in Figure 2. The specimens for electrochemical tests were grinded and then polished. The specimens were sealed in silicone sealant, and the polished surfaces were exposed as the working electrodes. The specimens were tested by continuous open-circuit potential until the potential was stable within ±1 mV. To get relatively small pits and distinguish the pit initiation sites, the potentiodynamic polarization curves were tested with the potential scan rate of 2 mV/s. After tests, the specimens were characterized with SEM to observe the corrosive surface. All electrochemical tests were performed three times to ensure repeatability. In order to analyze the distribution of pits in WM, 500 pits were observed. The specimens were processed at −1200 mVSCE for 10 min to remove the oxides formed in air by cathodic reduction. Then, to obtain dense passive and thin films at surface, specimens were anodic polarized in the 0.5 M H2SO4 solution at 400 mVSCE for 1 h. To characterize the composition of the passive films, X-ray photoelectron spectroscopy (XPS) measurements (Kratos Analytical Ltd., Manchester, UK) were taken using an Al-Kα anode X-ray source (150 W, 15 kV, and hn = 1486.6 eV).




3. Results


3.1. Microstructure of the 308L-316L Welded Joint


As shown in Figure 3a, WM consists of coarse grains of dendrite-like austenitic structure and skeletal δ ferrite. By doing statistical analysis, there is 13.96 vol.% δ ferrite in WM. By observing the microstructure of WM without etching in Figure 3b, there are many inclusions with a size range of 0.5–1.5 μm, which are deoxidation products during welding. By observing Figure 3c,d, we can see that both HAZ and BM consist of fine equiaxed austenite grains with annealing twins. There is no obvious change in grain size and microstructure morphology between those two regions.



Further EDS analysis shown in Figure 4 indicates that inclusions in WM are rich in Mn, Al, Si, and O and are in depletion of Cr, Fe, and Ni. It is easy to induce that the inclusions are (Mn, Al, and Si) oxides with a circular shape. The EDS line scanning curves across the welded joint is shown in Figure 5. As seen, the two sections contain similar Cr content, while there are more Mo elements in 316L than in 308L. With the increasing distance from FB, there is no obvious change on Cr and Mo contents in 316L stainless steel. Moreover, there is large fluctuation for Cr elements in WM due to the existence of δ ferrite. Further EDS line scanning with large magnification indicates that δ ferrite contains more Cr than γ austenite, as seen in Figure 6. In addition, much more dislocations tangled with each other in austenite than in ferrite are seen.



By performing EBSD, the inverse pole figure (IPF) and kernel average misorientation (KAM) distribution of the welded joint is shown in Figure 7a,b, respectively. As seen in Figure 7a, grain orientations in all sections distribute randomly. Except for austenite dendrites in WM, austenite in HAZ and BM presents as equiaxed grains and no obvious difference was observed in the two sections, which is consistent with Figure 3. On the other hand, there is much higher residual strain in WM and HAZ than in BM, as seen in Figure 7. Average grain size (AGS) and KAM value in the three sections were calculated as seen in Figure 7c. Obviously, AGS in HAZ and BM is similar, i.e., 29 μm. However, the KAM value of HAZ and WM is about 1°, which is much higher than the 0.3° of BM. According to the reference [18], the residual strain values were estimated as 7.70%, 9.96%, and 1.81% for WM, HAZ, and BM, respectively.




3.2. Microhardness Distribution of 308L-316L Welded Joint


Since there is no obvious microstructure difference between HAZ and BM, the microhardness distribution across the welded joint was measured to determine the HAZ region, as shown in Figure 8. As seen, the microhardness within 6.3 mm away from fusion boundary is around 200 HV, which is clearly higher than 180 HV, the microhardness of BM. Therefore, HAZ region can be distinguished. In addition, the WM also has a similar microhardness value with HAZ region, whose average microhardness is around 198 HV.




3.3. Electrochemical Test and Pitting Corrosion Morphology of 308L-316L Welded Joint


The representative set of potentiodynamic polarization curves of different sections in the 308L-316L welded joint is shown in Figure 9. By analyzing the curves, the values of corrosion potentials (Ecorr) and pitting potentials (Epit) are listed in Table 1. There is no significant difference in corrosion potential (Ecorr) among the three sections. Epit represents the resistance of pitting corrosion. The higher the value, the higher the pitting corrosion resistance. As seen, the high-to-low order of pitting potentials is Epit (BM) > Epit (HAZ) > Epit (WM). Apparently, the WM is the most critical section for pitting corrosion in the welded joint.



The morphologies of different sections after potentiodynamic polarization tests are shown in Figure 10. Apparently, there are the most pits in WM, and the least pits in BM, which is in tune with the results of electrochemical tests. It can also be found that there are pits at inclusions, austenite, and the interface between austenite and ferrite in WM. By statistical analysis with 500 pits in WM, 53.8% pits initiate at inclusions, 23.2% at δ/γ interface, and 23% in austenite. In 316 HAZ section, the pits observed are in austenite.




3.4. XPS Analysis of 308L-316L Welded Joint


The pitting resistance of stainless steel is closely related to composition and structure of passive film on their surface. In this study, XPS was used to analyze the passive film and the results are shown in Figure 11. The spectra of the Fe2p3/2, Cr2p3/2, O1s, and Mo 3d were evaluated using the parameters of standard peaks [19,20,21]. According to the binding energy, Fe2p3/2 peak can be decomposed into the Fe2+ at 708.4 eV, Fe3+ at 710.8 eV, and Fe0 at 707 eV and Cr 2p3/2 into the Cr3+ in Cr2O3 at 576.6 eV, Cr3+ in Cr(OH)3 at 577.4 eV, and Cr0 at 574 eV [19]. Mo 3d spectra were detected in both BM and HAZ section, while it was almost invisible in WM. Since Mo 3d5/2 and Mo 3d3/2 were difficult to be decomposed, six overlapping components were deconvoluted to Mo 3d5/2 at 227.4 eV, Mo4+ 3d5/2 at 230.2 eV, Mo6+ 3d5/2 at 232.2 eV, Mo 3d3/2 at 230.9 eV, Mo4+ 3d3/2 at 233.4 eV, and Mo6+ 3d3/2 at 234.1 eV [22].



The fraction of (a) Fe, (b) Cr, (c) O, and (d) Mo species in passive films in different sections were analyzed according to Figure 11. As shown in Figure 12, there is no obvious difference for Fe species among BM, HAZ, and WM. In addition, Cr2O3 content in both HAZ and BM sections is ~50%, which is much higher than that in WM. The high-to-low order of Cr(OH)3 content in different sections is WM > HAZ > BM. Moreover, Mo6+ is the primary component of Mo species in BM and HAZ. It is very likely that Mo6+ formed MoO42− and Mo4+ formed MoO2 since no other negative ions combing Mo can form during the test.





4. Discussion


By analyzing Epit value and pitting corrosion morphology, the WM is the most critical section for pitting corrosion for the 308L-316L welded joint. First, the passive film formed in WM is inhomogeneous. As stated above, 53.8% pits initiate at inclusions, 23.2% at δ/γ interface, and 23% in austenite in WM. Those inclusions have been identified as (Mn, Al, and Si) oxides, which are Cr-depleted, as shown in Figure 4. As a result, weak passivation films containing few protective Cr2O3 are easy to be broken under action of Cl ions. In addition, some pits also initiated at the δ/γ interface. According to the reference [3], there are some Cr-depleted carbides at the δ/γ interface, which are prone to have pits. Many studies have illustrated that a small amount of δ ferrite will improve the hot cracking resistance of austenitic stainless steel [8,9,10]. Yet more than 5 vol.% δ ferrite will deteriorate the pitting corrosion resistance [11]. The WM contains 13.96 vol.% δ ferrite, and continuous network ferrite further reduces the corrosion resistance of the steel [11]. The last but not least, some pits nucleate in austenite, which can be attributed to less Cr content and lots of dislocations, as seen in Figure 6.



Moreover, the passive film in WM is relatively instable, compared with that in HAZ and BM. The passive films of stainless steel consist of inner oxide layer and outer oxide particles. The inner oxide layer composed of Fe2O3 and Cr2O3 is critical to the corrosion resistance of stainless steel [23]. The outer hydroxides including Cr(OH)3 and FeOOH are easy to be penetrated and unprotective [13]. Cr2O3, Fe2O3, and FeO are main erosion-resisting oxides with O2− [23]. As seen in Figure 12, there are more OH− and less O2− in WM than in HAZ and BM. This illustrates less Fe2O3 and Cr2O3 existing in WM. As a result, the passive film is unstable. Furthermore, the WM contains less Mo. Mo existed in passivation film with different forms, contributing to the pitting resistance. For instance, MoO42− with Mo6+ prevents Cl ion from accumulating on the passivated metal surface [24]. In addition, MoO2 with Mo4+ can also increase the stability of passivation film [25].



As discussed before, the HAZ is more susceptible for pitting corrosion than 316L BM since the Epit value is lower than the BM, as shown in Figure 9 and Table 1. Even though there is no obvious difference for microstructure distribution, AGS, and chemical composition between the HAZ and BM, the rapid cooling process after welding causes residual strain in the HAZ, as shown in Figure 7. The existence of residual stress accompanied by the residual strain makes Cl ions migrate along the stress gradient easily [26], which limits the repassivation of stainless steel. In consequence, Cl ions concentration induced by residual strain in HAZ promotes pitting corrosion. This is consistent with the phenomenon that pit density grows with the increased residual stress observed by Boven et al. [27].



According to above discussion, the schematic illustration of passivation film on the surface of 308L-316L welded joint is shown in Figure 13. The passive film is inhomogeneous for WM since Cr-depleted oxide inclusions, ferrite, and carbides at the interface lead to less protective inner layer oxides such as Cr2O3. In addition, the passive film in WM is also unstable. This is because the residual strain promotes Cl ions concentration and there is less Mo content, which can stabilize the passive film. Moreover, the residual strain in HAZ also promotes its pitting corrosion susceptibility, compared with the BM.




5. Conclusions


In this work, pitting corrosion behavior of a 308L-316L welded joint was analyzed and the following conclusions can be summed up:




	
WM is the most vulnerable for pits to initiate in the 308L-316L welded joint. By statistical study, there are 53.8% pits initiating at Mn, Al, and Si oxides, 23.0% in austenite, and 23.2% at interface between ferrite and austenite.



	
The passive film is inhomogeneous due to lots of Cr-depleted zones such as Mn, Al, and Si oxides, carbides at interface, and austenite. It is also unstable owing to few Mo content and large residual strain.



	
HAZ is slightly easier for pits corrosion, compared with the BM even though austenite distribution in the two sections is similar. This is because the residual strain in HAZ is estimated to be 9.96%, about five times higher than the BM, which accelerates the concentration of Cl ion and promotes pitting corrosion.
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Figure 1. Schematic drawing showing (a) the geometry of the 308L-316L welded joint and (b) the distribution of microhardness points. 
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Figure 2. Schematic drawing of the electrochemical cells. 
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Figure 3. Microstructure of (a) weld metal (WM) with etching, (b) WM without etching, (c) heat-affected zone (HAZ), and (d) base metal (BM). 
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Figure 4. EDS surface scanning of inclusion in WM. 
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Figure 5. EDS line scanning curves across 308L-316L interface: (a) Cr and (b) Mo. 
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Figure 6. (a) TEM morphology and (b) EDS analysis across ferrite and austenite. 
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Figure 7. (a) Inverse pole figure (IPF), (b) kernel average misorientation (KAM) maps, and (c) statistical information in different section of the 308L-316L welded joint. 
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Figure 8. Microhardness distribution of the 308L-316L welded joint. 
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Figure 9. Potentiodynamic polarization curves of different sections in the 308L-316L welded joint. 






Figure 9. Potentiodynamic polarization curves of different sections in the 308L-316L welded joint.



[image: Metals 10 01258 g009]







[image: Metals 10 01258 g010 550] 





Figure 10. Local corrosion morphologies for (a) and (b) 308L WM, (c) 316L HAZ, and (d) 316L BM. 
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Figure 11. XPS spectra of (a) Fe 2p3/2, (b) Cr 2p3/2, (c) O 1s, and (d) Mo 3d in the passive film formed on BM, HAZ, and WM. 
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Figure 12. The fraction of (a) Fe, (b) Cr, (c) O, and (d) Mo species in passive films in different sections. 






Figure 12. The fraction of (a) Fe, (b) Cr, (c) O, and (d) Mo species in passive films in different sections.



[image: Metals 10 01258 g012]







[image: Metals 10 01258 g013 550] 





Figure 13. Schematic illustration of the passivation film on the surface of 308L-316L welded joint. 
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Table 1. Corrosion and pitting potentials of the 308L-316L welded joint in the 3.5 wt.% NaCl solution.
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	Section
	Ecorr (mVSCE)
	Epit (mVSCE)





	WM
	−299 ± 35
	217 ± 77



	HAZ
	−319 ± 4
	485 ± 23



	BM
	−295 ± 9
	545 ± 12
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