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Abstract

:

In order to repair or strengthen stainless steel structural parts, the experiment was conducted by using plasma arc cladding technology to prepare 2205 duplex stainless steel (DSS) layers on the surface of Q345 steel. Their macro morphology and microstructure were observed by an optical microscope and the phase composition of microstructure was analyzed by an X-ray diffractometer instrument (XRD). The electrochemical behavior of 2205 DSS cladding layer under different current in 3.5% NaCl etching solution was studied by the potentiodynamic polarization, the electrochemical impedance spectroscopy (EIS) and X-ray photoelectron spectrometer (XPS). The results showed that when the current was 100 A, the forming of cladding layer was continuous, complete and fine with the dilution ratio of 11.43%. The mass ratio of austenite to ferrite in the microstructure increased with the increase of current and it was up to the optimum of 1.207 with the current of 100 A. Under such conditions, the self-corrosion potential of the cladding layer was up to the maximum while its corrosion current density reached the minimum, thus the corrosion resistance of the cladding layer reached the optimum. It was attributed to the existence of a large amount of Cr3+ and Mo6+ in the passive film of cladding layer, which can stabilize the passive film and promote the formation of Cr2O3 in the passive film.






Keywords:


current; plasma arc cladding technology; 2205 duplex stainless steel; potentiodynamic polarization curve; passive film composition












1. Introduction


2205 duplex stainless steel (DSS) has good plastic toughness and weldability of austenitic steel and high strength and good corrosion resistance of ferritic steel [1]. Therefore, it is widely used in the cooling water heat exchangers, large oil storage tanks, the third-generation nuclear power fuel pool and seawater desalination systems in China [2,3,4]. During service, stainless steel structural parts (i.e. stainless steel-clad plate, using Q345 or 16Mn as the base metal and the stainless steel as the cladding material) are often damaged in the form of wear and corrosion [5,6], so it is important for parts to be repaired and strengthened. Surface remanufacturing technology is a means of using a heat source to clad(surface) alloy powder or wire on the surface of a workpiece to modify the properties of materials, such as wear resistance, corrosion resistance and oxidation resistance of coating (surfacing layer) [7,8,9]. It is beneficial to prolong the service life of large stainless steel structural parts, save precious and rare metal materials, finally reduce costs and improve benefits, which accords with the strategic policy of developing recycle economy and realizing sustainable development in China.



At present, the researchers mainly use the technology of laser cladding, CMT (Cold Metal Transfer Cladding) and TIG (Tungsten Inert Gas Arc Cladding) to prepare 2205 DSS cladding layer. Jing Ming et al. [10,11] successfully prepared 2205 DSS/TiC layer on 16Mn substrate with the help of laser cladding technology. The addition of TiC particles improved the hardness and wear resistance of duplex stainless-steel coating, but the layer started to crack when the mass fraction of TiC reached 15%. Liu Shao et al. [12] studied the optimal process parameter of 2205 DSS prepared by CMT cladding with double wires. The optimal parameter was MAG (Metal Active Gas Arc Cladding) current 220~290 A of front wire and CMT + P current 160~240 A of rear wire. The cladding layer was composed of 40~60% austenite, which met the service requirements. Liu Yu et al. [13] prepared 2205 DSS surfacing layer by TIG using ER2209 as surfacing materials and studied the effect of sensitization treatment time on pitting corrosion resistance of surfacing layer. He believes that with the increase of sensitization treatment time, the pitting corrosion resistance of surfacing layer decreases. However, when the sensitization time exceeds 15 min, the ferrite phase α occurs eutectoid reaction and σ + γ2 forms. The formation of σ decreases the pitting corrosion resistance of the surfacing layer. The literature [14,15,16] showed that the corrosion resistance will be deteriorated if the austenite phase and ferrite phase was imbalance in the microstructure of 2205 DSS cladding layer. In summary, the above research showed that optimizing the process parameters of surfacing technology to possess the optimal microstructure was the critical factor to obtain best comprehensive performance for DSS cladding layer. Additionally, how to improve the corrosion resistance of DSS cladding layer in various environments (such as atmospheric, salt solution, acid and so on) was also the key point to prolong its service life.



Plasma arc cladding technology as a high-energy beam surface cladding technology and a metal surface treatment technology, is one of the latest technologies developed after surfacing technology and laser cladding technology. It uses a high-temperature plasma arc to melt the alloy powder or wire and base metal. Then, with the transfer of plasma arc, the molten metal solidifies rapidly to form a metallurgical bonding layer. This technology has the advantages of low dilution rate, dense microstructure, small heat-affected zone and good combination between surfacing layer and substrate. Compared with the laser cladding layer, the plasma arc cladding layer is not easy to produce defects such as pores, microstructure segregation and cracks [17,18,19]. So far, there are few reports on the preparation of 2205 duplex stainless steel layer by plasma arc cladding technology. In this paper, 2205 DSS layer will be prepared on the surface of Q345 steel by plasma arc cladding technology. The effects of different current on the macro morphology, austenite/ferrite mass ratio and corrosion resistance of the cladding layer will be studied. The corrosion resistance mechanism of the cladding layer will be revealed. The optimal process parameter of preparing 2205 DSS layer by plasma arc cladding will be acquired, which will guide the application of 2205 DSS cladding layer in engineering practice.




2. Materials and Methods


2.1. Materials


ER2209 stainless steel wire with a diameter of 1.2 mm was selected as the cladding wire, which was prepared by Jiangsu Jiuzhou New Material Technology Co., Ltd. A Q345 low alloy steel plate purchased on the market with the size of 160 mm × 70 mm × 10 mm was used as the base metal. Their chemical composition was listed in Table 1. 2205 DSS cladding layer was prepared on the surface of Q345 steel using 99.99% argon as the shielding gas.




2.2. Preparation of 2205 DSS Cladding Layer


2205 DSS cladding layer was prepared on the surface of Q235 steel by DML-V03AD plasma arc cladding equipment. The specific process parameters were wire feeding speed of 29 mm/s, welding speed of 6 mm/s, ion gas flow of 1 L/min, gas flow of 20 L/min and Nozzle height of 10 mm. The current was designed as 80 A, 90 A, 100 A, 110 A and 120 A to obtain the optimal parameters. The thickness of cladding layer was about 6 mm. The sample of structure analysis was intercepted by wire cutting along the cross-section direction of the cladding layer. The sample of corrosion resistance analysis was cut along the direction perpendicular to the cross-section of the cladding layer.




2.3. Macro Morphology and Microstructure Analysis


The macro morphology of 2205 DSS cladding layer was observed by an Optical Microscope (OM, Oberkochen, Germany). It measured the melting width W, melting depth H and height h of the cladding layer. The dilution ratio was calculated according to the formula ψ = H/(H + h). The schematic diagram was shown in Figure 1. The metallographic specimens with the size of 25 mm × 10 mm were taken along the cladding layer. After grinding and polishing, the sample was corroded for 10 s in Behara reagent. Behara reagent was composed of 88 ml H2O + 12 ml HCl + 1.2 g K2S2O5. The microstructure of cladding layer was observed by a ZEISS optical microscope (OM, Oberkochen, Germany) and a JSM-6480 scanning electron microscope (SEM, JEOL, Tokyo, Japan). The elements migration through the interface of the cladding layer and Q345 steel was tested by Energy Dispersive Spectrometer (EDS). The proportion calculation of austenite phase in the microstructure was obtained by Image Pro Analysis Software. The phase composition of cladding layer was analyzed by an X-ray diffractometer instrument (XRD-6000, Shimadzu, Kyoto, Japan) with Cu-Kα radiation and scanning angles (2θ) between 10°and 90°.




2.4. Electrochemical Measurements


The electrochemical measurements were carried out with the EGM283 Electrochemical Workstation with a three-electrode cell system, while the cladding layer acted as a working electrode, a saturated calomel electrode (SCE) as a reference electrode and a platinum plate as an auxiliary electrode. The specimens with dimensions of 10 mm × 10 mm × 5 mm for electrochemical tests, and the exposed measurement area was 10 × 10 mm retained by the epoxy resin. Before the experiment, the samples were polished with silicon carbide (SiC) emery papers down to 2000#, then ultrasonically cleaned in acetone and rinsed in distilled water. 3.5% NaCl solution was taken as the etching solution.



The potentiodynamic polarization curves were recorded with a scanning rate of 1 mV/s, starting from −0.5 V to 1.5 V. The electrochemical impedance spectroscopy (EIS) data were obtained with the frequency range from 100 kHz to 10 mHz and a sinusoidal potential perturbation of 5 mV at the open-circuit potentials.



The experimental results were interpreted based on an equivalent electrical circuit. The capacitance measurements on the passive films were performed with a fixed frequency of 1 kHz, and the potential range from 1.0 V to 1.0 V (vs. SCE). All measurements were carried out at an ambient temperature of approximately 25.




2.5. XPS Analysis


In order to explore the corrosion mechanism of cladding layer under different currents, the chemical composition of passive film on the surface of the sample was tested. The samples were placed in the constant passivation potential of 0.3 V and polarized for 2 h to form a stable passive film on the surface of cladding layer. The chemical composition of the cladding layer passive films was investigated by X-ray photoelectron spectrometer (XPS) with a monochromatic Al Ka radiation source and a hemispherical electron analyzer operated at the pass energy of 25 eV. The element composition and content were analyzed by comparing with the standard spectra of elements from XPS company’s Perkin-Elmer data handbook and International Inc. XPS website. The fitting curve was performed with the commercial software of Avantage.





3. Results and discussion


3.1. Effect of Current on Macro Morphology and Microstructure of Cladding Layers


Dilution ratio and macro morphology are two important indexes to evaluate the formation quality of cladding layers [20]. Figure 2 shows the macro morphology of 2205 DSS cladding layer on the condition of different current. Figure 3 shows the corresponding dilution rate change curve of 2205 DSS cladding layer. When the current was 80 A, melting amount of wire was not enough to produce a full and continuous cladding layer, and some pits appeared on the surface of cladding layer. As the current was 100 A, a fine cladding layer formed. Its corresponding dilution ratio of cladding layer was 11.43%. When the current was increased to 110 A, the dilution ratio of cladding layer increased to 30.56%. The dilution rate of the cladding layer determines the utilization rate of wire or powder and the quality of the cladding layer. On the premise of ensuring the perfect formation of the cladding layer and a good combination between the cladding layer and the substrate, the lower the dilution rate is, the higher the utilization rate of wire or powder and the higher the performance of the cladding layer is. If the dilution ratio is too small, the bonding performance of transition zone between the cladding layer and the substrate is poor. If the dilution ratio is too high, the alloy elements of base metal will deeply dilute the alloy composition of cladding layer, which will damage the performance of cladding layer [21,22,23].



Figure 4 shows the SEM results of specimens under different current. The line scanning results show that the elements migration occur at the interface of the 2205 DSS cladding layer and the substrate, which suggests an excellent metallurgical combination between them. It can be seen from Figure 4a–d that with the increase of the current, the grain size increased.



In order to analyze the microstructural composition in details, the cross-sectional microstructure of the specimen and the top microstructure of the cladding layer on the condition of different current and austenite/ferrite mass ratio in mirostructure are shown in Figure 5. The austenite phase was shown as white while the gray region was the ferrite phase.



When the current was 80 A (see Figure 5a,a1), the austenite phase was composed of Grain-Boundary Austenite (GBA), Widmanstatten Austenite (WA) and Intragranular Austenite (IGA). The austenite phase and ferrite phase were relatively fine, with the average grain size of 63.50 μm and 21.80 μm, respectively. The austenite/ferrite mass ratio in microstructure was 0.626 (see Figure 5f). With the increase of current, the austenite/ ferrite mass ratio continued to grow and the grain size of austenite and ferrite increased. As the current was increased to 100 A (see Figure 5c,c1), it can be observed that a large amount of IGA formed in the microstructure. The austenite/ferrite mass ratio was 1.207 (see Figure 5f). The average grain size of austenite was 79.25 μm while that of ferrite was 44.81 μm. When the current was 110 A and 120 A (see Figure 5d,d1,e,e1), the austenite/ ferrite mass ratio were 1.551 and 3.672, respectively (see Figure 5f). The average grain size of austenite were 98.52 μm and 119.70 μm while that of ferrite were 45.81 μm and 51.60 μm.



In general, the structure solidification of 2205 DSS cladding layer is ferrite mode [14,15]. At the beginning of solidification, ferrite is entirely formed. While the temperature falls below the solid solution line, the ferrite starts to transfer to austenite. Since austenitizing stable elements (such as C, Mn, Ni and so on) are easily enriched in the grain boundary and sub-grain boundary of ferrite, GBA preferentially grows along the grain boundary of ferrite. After GBA completely covering the grain boundary of ferrite, WA begins to grow along the direction perpendicular to the grain boundary of ferrite. Meanwhile, IGA nucleates and grows up in the grains of ferrite. As can be seen from the above figures, with the increase of current, the heat input increases, it means the transformation time from ferrite into austenite increases, so the amount of austenite in microstructure increases. Moreover, the content of austenitizing stable elements (such as Mn and Ni) in ER2209 wire is increased, which promote the formation of austenite. The microstructure is gradually coarsened with the increase of the current.



Figure 6 shows the XRD analysis results of 2205 DSS cladding layer with the current of 90–110 A. It also confirmed that the microstructure was mainly composed of the ferrite phase and the austenite phase.




3.2. Analysis on Potentiodynamic Polarization Curve of 2205 DSS Cladding Layer under Different Current


In order to analyze the effect of current on the corrosion resistance of 2205 DSS cladding layer, an electrochemical corrosion test was carried out. The potentiodynamic polarization curves of cladding layer under different current are shown in Figure 7. On the condition of different current, the passive film formed in 3.5% NaCl solution was very stable. The passive potential of cladding layer was in the potential region from −0.03 to 0.40 VSCE (0.41 VSCE, 0.46 VSCE). At the initial stage of corrosion, the dissolution rate of passive film is close to its regeneration rate, so the passive film is in the equilibrium state of dissolution and regeneration [13]. With the increase of potential, the corrosion current increases and the dissolution rate of passive film increases. When the dissolution rate is greater than the regeneration rate, the passive film breaks down and the cladding layer is corroded.



The polarization curve was fitted by CView analysis software to obtain the self-corrosion potential and corrosion current density. The fitting results are shown in Table 2. The relationship between current and self-corrosion potential was 100 A (−0.213 V) > 90 A (−0.241 V) > 110 A (−0.251 V), and the relationship between current and corrosion current density was 100 A (1.95 × 10−7) < 110 A (3.69 × 10−7) < 90 A (3.09 × 10−6). The self-corrosion potential represents the difficulty of corrosion of the cladding layer. The greater the self-corrosion potential, the less likely corrosion will occur. The corrosion current density represents the actual corrosion rate of cladding layer. The smaller the corrosion current density is, the smaller the corrosion rate is [24]. Therefore, when the current was 100 A, the self-corrosion potential of cladding layer was the maximum while the corrosion current density was the minimum, indicating that the corrosion resistance of cladding layer was optimal.




3.3. Chemical Stability of Passive Film Formed on the Cladding Layer under Different Current


In order to investigate the relative stability of passive films formed on the surface of 2205 DSS cladding layer under different current, the samples were in 3.5wt.% NaCl etching solution for passivated 1h at 0.2 VSCE. Electrochemical impedance spectroscopy (EIS) measurements were carried out after passive film generation. Figure 8 displays the EIS results of three species passive film formed under the current of 90 A, 100 A and 110 A. It can be observed that the three species passive films have similar impedance characteristics from the Nyquist plots (Figure 8a), and there is a capacitive arc with different radius in the test frequency range. These curves present the influence of different current on the impedance behavior of passive film. As previously reported in the literature [25,26,27,28], the polarization resistance of passive film is relevant to the diameter of the semicircular arc in impedance measurement. The increase of the semicircular arc means the enhancement of the passive film stability. The results demonstrated that the radius of capacitive arc of passive film with the current of 100 A reaches up to the maximum, which means that the corrosion resistance of passive film is optimal.



Figure 8b shows the Bode plots of passive films under different current. Figure 8c presents the equivalent circuit which is used to fit the impedance data of passive film. In this model [13], Rs represents the solution resistance, Rct is the charge transfer resistance of passive film and Cdl is the corresponding double-layer capacitance. Table 3 lists the electrochemical fitting parameters based on the equivalent circuit displayed in Figure 8c. The dispersive exponent n means the deviation from the ideal capacitance, which always lies from 0.5 to 1. As shown in Table 3, with the increase of current, the Rct value of passive film increased firstly and then decreased. It reached the maximum of 9078 Ω·cm−2 with the current of 100 A, which suggested that the compactness and stability of passive film was the optimum.




3.4. XPS Results and Corrosion Mechanism of Cladding Layer


The excellent corrosion resistance of 2205 duplex stainless steel is due to the spontaneous formation of a dense passive film on the surface in a corrosive environment. In order to explore the corrosion resistance mechanism of 2205 duplex stainless steel cladding layer under different current, XPS analysis was undertaken to provide more information on the chemical composition of the passive films, finally the optimal process parameters were obtained.



The results of XPS spectra obtained for the samples passivated at 0.3 VSCE in 3.5% NaCl solution sputtered for 2 h are shown in Figure 9. The results indicated that the constitution of the three species passive film were similar even if the current was different. The observed spectra indicated the presence of Cr, Fe, Mo, Ni, O and C peaks. According to the peak strength, Cr, Fe, Mo and Ni dominate the components of the passive film. The peak intensity of the C element signal was small, so the C element may be an impurity element introduced in the preparation process.



Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 present the Cr2p, Fe2p, Mo2p, Ni2p and O2p XPS spectra of three different passive films, respectively. It can be seen from Figure 10 that the signal of Cr2p performed primary three peaks, which represented the metal Cr (574.3 eV), Cr2O3 (576.4 eV) and Cr(OH)3 (577.3 eV). The composition proportion of Cr, Cr2O3 and Cr(OH)3 in the passive film of cladding layer was different on the condition of different currents. The content of Cr2O3 in the passive film increased firstly and then decreased with the increase of current. The content of Cr2O3 reached up to the maximum with the current of 100 A.



Figure 11 presents the iron profile performs three primary peaks: Fe (706.7 eV), FeO (709.3 eV) and Fe2O3 (711.3 eV), which indicates Fe2+ and Fe3+ are the main types of iron oxides in the passive film. The proportion of metal Fe was up to the maximum of 51.5% when the current was 100 A.



Figure 12 shows that the molybdenum profile peaks of metals Mo, Mo4+ and Mo6+ could be detected in the passive film. Obviously, the metal Mo can be clearly observed in the passive film, due to Mo being not easily oxidized such as Fe and Cr [29]. Mo can enhance the compactness of passive film so as to improve the corrosion resistance of cladding layer. Meanwhile, some literature has proved that the Mo element in passive film of 2205 DSS can prevent the adsorption of Cl− to the surface of passive film and reduce the migration rate of Cl− through the passive film [30]. As the current was 100 A, Mo6+ was the primary constituent of passive film.



Figure 13 shows that the nickel profile performs one characteristic peak of metal Ni (852.8 eV). The Ni element, which is an austenite forming element, can increase the self-corrosion potential to enhance the corrosion resistance of steel [31].



Figure 14 shows the spectra of the passive film formed in the O2p region. Oxygen species, O2− and OH− in passive film, play a role of connecting metal ions. O2p spectra are split into O2− (530.2 eV) and OH− (531.8 eV). It can be seen that OH− and O2− are the primary constituents of passive film, OH− corresponds to the formation of Mx(OH)y(M-Metal), and O2− corresponds to the forming of MxOy.



When the cladding layer sample was immersed in 3.5% NaCl solution, a corrosion mirocell was formed on the surface of the sample. The depolarization reaction of oxygen took place at the cathode of micro cell, as shown in formula (1). In contrast, the dissolution reaction of the metal matrix (Fe, Cr) occurred at the anode of micro cell, as shown in formula (2~9) [32,33]. Based on EET theory, the smaller the covalent electrons number of the strongest bond, the easier it is to form a new phase [32]. Many previous literatures has proved that the covalent electron number nA of the strongest bond of Cr2O3 is 0.95284, while nA of Fe2O3 is 1.12898. Obviously, the nA of Cr2O3 is smaller. Therefore, OH− in the corrosion solution is adsorbed to the surface of cladding layer, it preferentially reacts with Cr to form Cr2O3, and then it interacts with Fe to form Fe2O3 and FeO.



Cathode reaction:


   O 2  +  H 2  O + 4 e → 4   O H  −   



(1)







Anode reaction for Cr:


  C r +  H 2  O → C r    (  O H  )    a d s   +  H +  + 2  e −   



(2)






  C r    (  O H  )    a d s   + O  H −  → C r    (  O H  )    2 +   + 2  e −     



(3)






  C r    (  O H  )    2 +   + 2 O  H −  → C r    (  O H  )   3   



(4)






  2 C r    (  O H  )   3  → C  r 2   O 3  + 3  H 2  O  



(5)







Anode reaction for Fe:


  F e +  H 2  O → F e    (  O H  )    a d s   +  H +  +  e −     



(6)






  F e    (  O H  )    a d s   + O  H −  → F e    (  O H  )   2  +  e −   



(7)






  F e    (  O H  )   2  + O  H −  → F e    (  O H  )   3  +  e −   



(8)






  2 F e    (  O H  )   3  + 2 O  H −  → F  e 2   O 3  + F e O + 4  H 2  O + 2  e −     



(9)







After the corrosion reaction, many active sites formed on the surface of the passive film, which resulted in the instability of oxide film [34]. However, Mo6+ formed the hydroxide of Mo at these active sites, which helped to create a stable passive film. Some literature shows that the presence of Mo6+ promotes the formation of Cr2O3 [35,36]. By comparison, different currents have no effect on the element composition of passive film. When the current was 100 A, chromium enrichment occurred in the oxide film protective layer, especially the proportion of Cr2O3 increased significantly. Meanwhile, the proportion of Mo6+ in the passive film was up to the maximum. Cr2O3 plays an essential role in the corrosion resistance of passive film [37]. Therefore, the optimal process parameters of 2205 DSS cladding layer obtained by plasma arc cladding technology are wire feeding speed of 29 mm/s, welding speed of 6 mm/s, ion gas flow of 1 L/min, gas flow of 20 L/min, Nozzle height of 10 mm and the current of 100 A.





4. Conclusions


The 2205 DSS cladding layer was prepared on the surface of a low carbon steel by plasma arc cladding technology. The effects of different current on the macro morphology, austenite/ferrite mass ratio and corrosion resistance of the cladding layer were studied. The main conclusions were drawn as followings:




	(1)

	
The current increased from 80 A to 120 A, the dilution ratio of cladding layer increased, and its macro morphology varied. When the current was 100 A, the forming of cladding layer was continuous, complete and fine with the dilution ratio of 11.43%.




	(2)

	
Regardless of the current, the microstructure of cladding layer was composed of austenite and ferrite. The mass ratio of austenite to ferrite in the microstructure increased with the increase of current. It was up to the optimum of 1.207 with the current of 100 A.




	(3)

	
When the current was 100 A, the self-corrosion potential of cladding layer was the maximum while the corrosion current density was the minimum, and the corrosion resistance of cladding layer was the optimum. The main reason was the existence of Mo6+ in the passive film, which stabilized the passive film and promoted the formation of Cr2O3.
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Figure 1. The schematic diagram of the dilution ratio calculation. 
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Figure 2. Macro morphology of 2205 DSS cladding layer under different current. (a,a′) 80 A; (b,b′) 90 A; (c,c′) 100 A; (d,d′) 110 A; (e,e′) 120 A. 
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Figure 3. Variation curve on dilution ratio of 2205 DSS cladding layer under different current. 
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Figure 4. The SEM results of specimens under different current. (a) the Line Scanning result (80 A); (b) 80 A; (c) 90 A; (d) 100 A; (e) 110 A; (f) 120 A. 
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Figure 5. Microstructure of specimens under different current and Austenite/ Ferrite mass ratio. (a,a1) 80 A; (b,b1) 90 A; (c,c1) 100 A; (d,d1) 110 A; (e,e1) 120 A; (f) Austenite/ Ferrite mass ratio in mirostructure. 






Figure 5. Microstructure of specimens under different current and Austenite/ Ferrite mass ratio. (a,a1) 80 A; (b,b1) 90 A; (c,c1) 100 A; (d,d1) 110 A; (e,e1) 120 A; (f) Austenite/ Ferrite mass ratio in mirostructure.



[image: Crystals 12 00341 g005]







[image: Crystals 12 00341 g006 550] 





Figure 6. XRD results of 2205 DSS cladding layer under different current. 
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Figure 7. Potentiodynamic polarization curves of samples under different current. 
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Figure 8. EIS date of passive film on the surface of 2205 DSS cladding layer under different current. (a) Nyquist plots; (b) Bode plots; (c) Equivalent circuit. 
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Figure 9. XPS spectra of passive film on the surface of 2205 DSS cladding layer after passivation for 2 h at 0.3 VSCE in 3.5% NaCl solutions. 
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Figure 10. Cr2p peak fitting of 2205 DSS cladding layer under different current. (a) 90 A; (b) 100 A; (c)110 A. 
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Figure 11. Fe2p peak fitting of 2205 DSS cladding layer under different current. (a) 90 A; (b) 100 A; (c) 110 A. 
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Figure 12. Mo2p peak fitting of 2205 DSS cladding layer under different current. (a) 90 A; (b) 100 A; (c) 110 A. 
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Figure 13. Ni2p peak fitting of 2205 DSS cladding layer under different current. (a) 90 A; (b) 100 A; (c) 110 A. 
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Figure 14. O2p peak fitting of 2205 DSS cladding layer under different current. (a) 90 A; (b) 100 A; (c) 110 A. 
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Table 1. Chemical compositions of wire and base metal.
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	Materials
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Fe





	ER2209
	0.02
	0.53
	1.90
	0.02
	0.004
	21.73
	9.12
	2.67
	Balance



	Q345
	≤0.20
	≤0.50
	≤1.70
	≤0.035
	≤0.035
	≤0.30
	≤0.50
	≤0.10
	Balance
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Table 2. Fitting parameters obtained by using CView analysis software to deal with the potentiodynamic polarization curves.
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	Current
	Potential/VSCE
	Current Density/A·cm−2





	90
	−0.241
	3.09 × 10−6



	100
	−0.213
	1.95 × 10−7



	110
	−0.251
	3.69 × 10−7
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Table 3. Fitting parameters of EIS results obtained from a proposed equivalent model.






Table 3. Fitting parameters of EIS results obtained from a proposed equivalent model.





	Current
	Rs (Ω·cm−2)
	Cdl (F·cm−2)
	Rct (Ω·cm−2)
	n





	90
	10.3
	3.50 × 10−5
	5443
	0.84



	100
	7.8
	4.77 × 10−5
	9078
	0.92



	110
	4.7
	8.12 × 10−5
	5203
	0.81
















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











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Potential/Vgce

=
o

S 9o 9o
a2 o ®

S & o o
s N © N

-0.6

——90A
——100A

Pitting potential

[0.46Vce
0.41Vgee
0.40Vgce

1E-09

1E-07

1E-05 1E-03 1E-01
Current density/A-cm?

1E+01 1E+03





media/file4.png
.1 1

-






media/file18.png
Counts/s

V\

1400 1200 1000 800 600 400
Binding Energy/eV

200

0





media/file21.jpg





media/file26.png
6.4x10*

6.3x10

6.2x10* b

6.1x10*






media/file27.jpg
©)

Ies

ERRRRR

[0)

I

o8

IR RRRE

B

E

RERRE]






media/file3.jpg





media/file22.png
704 706 708 710 712 714 704 706 708 710 T12 T4 716
Binding energyleV Binding energyleV






media/file19.jpg





media/file7.jpg





media/file28.png
1x10* b






media/file10.png
S =

e
2205
Ay

F. "






media/file14.png
Potential/Vgg

1.0
r ——90A

08F ——100A

0.6 ;
0.4 |
0.2 |
0.0 |
-0.2 |
-0.4 |
-0.6 |

1

1

Pitting potential

1 al Pl |

L L

1E-09 1E-07

1E+01 1E+03

1E-05 1E-03 1E-01
Current density/A-cm™?





media/file11.jpg
Intensity/counts

v(111) v iFe
#(110) ¥(220) & a-Fe
__w(200)  a(200) %, 4(211)

20/°





media/file6.png
w
(4]

w
o

Dilution ratio/%
N
(=]

N
Lo

A
o

-
o

—a— Dilution ratio

33.4%
| 19.6%
| 9.1% 9.5%
© = 11.2%
80 90 100 110 120

Current/A






media/file15.jpg
- 10° had

o oo
38 @ —a—100A ®) 4 100A L
— i
50 “ .
24 %
5 5
g20 Sw
s 5
19| 10°)
05| 10
00 10 3
e e M
Zucen) LA
35%NaCl solution 2205 0SS Cladding
v ca layer
i
gl
b

(© Passivation film






nav.xhtml


  crystals-12-00341


  
    		
      crystals-12-00341
    


  




  





media/file16.png
4.0 105 : 80
(a) —e—90A - (b) —e—90A
351 —+— 100A [ —a— 100A 4170
—=—110A - —=—110A

10° F —— Fitting lines - 60
< 150

£ _

o

S 10k - 40

N | *
430
10 420
| 110

.

Z'(kQ-ecm?)

102 10" 10° 10' 10° 10°

. u
10* 10% 10° 107

Frenquency(Hz)

3.5%NacCl solution

2205 DSS Cladding
layer

—_—

Rs cCdi
‘\/\PI:/\t
Rct

(c) Passivation film

-Phase angle(deg.)





media/file2.png
T e S

cladding layer

fusion zone

base metal






media/file20.png
Counts/s

3.4x10*
3.2x10*
3.0x10*
2.8x10*
2.6x10*

2.4x10*

22010 [ on

2.0x10*

572 574 576 578
Binding energy/eV

Counts/s

3.4x10*
3.2x10*
3.0x10*
2.8x10*
2.6x10*
2.4x10*
2.2x10*
2.0x10*
1.8x10*

574 576 578 580
Binding energy/eV

3.0x10*
2.8x10°*
o 26x10
3 2.4x10*

2.2x10*

20x10¢

Binding energy/eV





media/file23.jpg





media/file5.jpg
sl —s— Dilution ratio

11.2%

5 —

" L "
80 920 100 110 120

Current/A





media/file24.png
1.8x10*

Name Atomic% Name Atomic (@)

Moddss 141  Mo™3dw 120 2.8x10
LTI s 154 Mo“3de 218
w“n TA wir
i 16x10°F  Mo™id,, 283
Mo3d.. Mo 3 2.0x10*
g 1.5x10* Mo*3d,, Mo*3d,, 3
1.4x10*
1.2x10* pmmoen/ T
1.3x10* 2

224 226 228 230 232 234 236 238 240
Binding energyleV






media/file1.jpg
fusion zone

base metal






media/file25.jpg





media/file12.png
Intensity/counts

v(111) v y-Fe
! 4(110) v(220) & o-Fe
- 90A " 9(200)  #(200) . a(211)
i v(111)

i v(220)
100A i v(220)

B (111)

- (110)

n v(200) a(211)

- 110A 4(200) | v(220)

20 30 40 50 60 70 80 90

20/°





media/file9.jpg





media/file0.png





media/file8.png





media/file17.jpg
Counts/s

1 1 S Ll 1 1
1400 1200 1000 800 600 400 200 0
Binding Energy/eV





