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To detect the corrosion resistance of a friction stud welding (FSW) joint in simulated seawater (a 3.5 wt% NaCl solution), the pulse electrochemical deposition method was used for electroplating Ni coating with different duty ratios (50%, 80%, and 100%) on the surface of FSW joint. The microstructure and surface structure of the coating were observed by micro-spectroscopy and other characterization methods. The corrosion behavior of the coating was analyzed by means of macroscopic electrochemical testing. The local corrosion law of joint surface and coating surface defects were innovatively explored by using micro-zone electrochemical scanning system. The coating characterization results showed that, as the duty ratio continues to increase, the coating surface becomes denser and smoother, and the corrosion products such as Fe2O3, Fe3O4, and FeOOH are generated. The results of macroscopic electrochemical experiment indicated that the coating with 100% duty ratio has the lowest corrosion current density and the maximum polarization resistance. The scanning vibrating electrode technique results showed that the corrosion current density in the defect area is higher than that in the coating area, and the maximum corrosion current density decreases with the increase of duty ratio. The localized electrochemical impedance spectroscopy results indicated that the localized impedance at the welded zone was the largest, and with the increase of the pulse duty ratio, the impedance diffusion in the defect area was decreasing.
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INTRODUCTION
In recent years, with the development of offshore oil industry, the importance of underwater welding technology of steel structure in the submarine pipeline is becoming more and more prominent (Shen et al., 2019). The friction stud welding (FSW) method has many advantages (Yin et al., 2016; Ma et al., 2018), such as high efficiency, low material consumption, and non-pollution. Therefore, this method has been developing rapidly in the underwater application (Zhang et al., 2016). Many researchers have carried out a series of researches on the application of FSW technology in underwater junction (Nicholas, 1984; Gao et al., 2014), and this technology is gradually applied to the connection of less important comparatively structures such as sacrificial anode. In addition, the FSW equipment (Xu et al., 2015) and welding process (Gao et al., 2014) are researched by the Beijing Institute of Petrochemical Technology. However, the welded joint produced is very complex and is easy to be corroded (Gadala and Alfantazi, 2015), and it will seriously affect the service life and safety of engineering structural steel connections. Hence, it is urgent to study the anti-corrosion of the welded joint materials (Yi, 2019).
In industrial applications, coating protection is very important to prevent metals from being affected by the reaction environment (Nayak et al., 2013). Some scholars mainly focus on the preparation of coatings by electroless plating and electroplating methods (Mei and Jiang, 2015). However, the electroless plating can only be applied when its unique properties are required, and it is more expensive than electroplating (Wu et al., 2010; Yli-Pentti, 2014). For pulse electrochemical deposition, the corrosion resistance of the coating can be improved by adjusting pulse duty ratio, and the coating anti-corrosion is a very important way to ensure the integrity of the base metal (Lv et al., 2018). Some studies on the application of this electroplating have found that the morphology of Ni coating is compact when the duty ratio is 20% (Jing et al., 2017), the corrosion current density can be adjusted by changing the duty ratio (Lu et al., 2017), and the high pulse duty ratio can reduce the porosity of the coating (Kamaraj et al., 2017). On the basis of the above research, it can be seen that the duty ratio has a great influence on the application of pulse electrochemical deposition.
In the early stage, the research group focused on studying the corrosion behavior and corrosion resistance of FSW joint in the air. In addition, the corrosion resistance of welded joints is usually analyzed by the combination of macro electrochemical testing technology and characterization analysis. However, the traditional electrochemical measurement methods cannot be used to in-depth study the local corrosion. In recent years, the scanning vibrating electrode technique (SVET) testing technology is applied to the corrosion research of welded joint. Bertoncello et al. (2015) found that the heat-affected zone near AA2024 is the most prone area to intergranular corrosion. Wang et al. (2012) reported that the current density of base metal decreases gradually with the increase of distance from the heat-affected zone. Besides, the localized electrochemical impedance spectroscopy (LEIS) has also been widely used to study the local corrosion behavior of the coatings and metal substrates (Upadhyay and Battocchi, 2016). Sidane et al. (2015) studied the local corrosion behavior of friction stir welding joint by using LEIS technology, so as to better solve the regional corrosion problem of the joint. Ma et al. (2018) pointed out that there are the largest impedance in the welded zone (WZ) compared with other zones, thus showing the excellent corrosion resistance in the WZ. Nevertheless, the research on the local corrosion behavior of the underwater FSW joints by these two testing techniques has not been reported. Studies have shown that Ni can improve the corrosion resistance of matrix (Deshpande, 2010), and it has antioxidant properties and can promote the formation of stable phase FeOOH, which can better promote the contact between metal matrix and corrosion layer and weaken pitting corrosion (Hu et al., 2012; Zhou et al., 2015). Therefore, the underwater corrosion resistance of Ni electrodeposited on FSW joint of X65 steel was studied in this paper. The findings may provide a new idea to solve the corrosion problem of FSW joint in seawater environment and put forward the corresponding anti-corrosion measures.
EXPERIMENTAL MATERIALS AND METHODS
Preparation of the Welded Joint
In this study, the underwater FSW technology was used to weld two materials (16Mn steel and X65 steel) to obtain the welding specimen (as shown in Figure 1A), and then, the wire cutting was carried out from the middle part of the obtained specimen to prepare the welded joint. X65 steel and 16Mn steel are the welding base metal and stud materials, respectively. The mass percent of chemical compositions are shown in Table 1. The welded sample should retain the stud zone (SZ), upper–heat-affected zone (U-HAZ, near the SZ), WZ, lower–heat-affected zone (L-HAZ, near the BMZ), and base metal zone (BMZ). To illustrate each zone of the specimen more clearly, the surface of welded joint was etched with 4% nitric acid alcohol solution, and the samples were successively polished on various grade SiC papers up to 1200 grit finish. After polishing, the samples were degreased by ultrasonic, rinsed, dehydrated, and dried. The observed cross-sectional photograph of the FSW joint was shown in Figure 1B.
[image: Figure 1]FIGURE 1 | FSW weldment (A) and joint cross-sectional morphology (B).
TABLE 1 | Chemical compositions (wt%) of X65 steel and 16Mn steel.
[image: Table 1]Preparation of the Coating
The configuration compositions (dosage/g) of electroplating solution are shown as follows (g): nickel sulfate hexahydrate (NiSO4·6H2O, 35); sodium chloride (NaCl, 2); boric acid (H3BO3, 6); anhydrous sodium sulfate (Na2SO4, 10); and sodium dodecyl sulfate (C12H25SO4Na, 0.012). The prepared electroplating solution (pH 7.2) was put into a heater with a temperature of 35°C. Then, the Zahner electrochemical workstation (IM6, Germany) was turned on, and the pulse electroplating was carried out by three electrodes. Ni sheet (50 × 20 × 3 mm) was used as a working electrode (WE, anode material), a saturated calomel electrode (SCE) was the reference electrode (RE), and the welded joint (20 × 20 × 10 mm3) was the counter electrode (CE). The parameters of the pulse interface are as follows: take 250 ms as a cycle, the current density was 10 mA/cm2, the electroplating time was 60 min, and the duty ratios were set at 50%, 80%, and 100%. The above methods were used for electroplating to obtain three Ni coating parts with different duty ratios, and the label of each coating sample was put into the sealed bag for standby.
Surface Characterization
To investigate the macroscopic morphology and the microstructure of the welding sample before immersion and 24 h after corrosion, an inverted metallographic microscopy (Nikon, ECLIPSE, MA200) and SEM test instrument (HITACHI, S4800) were employed, and the element composition was measured by EDS. In addition, the hardness of the FSW sample in different areas was tested with a micro-hardness tester (AHM-6L, ARCHIMEDES). To detect the microstructure phase composition of the sample and analyze the elemental composition of the corrosion products, the XRD (D8 advance, Germany) was used to test (parameters: grazing incidence angle 2°, diffraction angle 10°–80°, and scanning speed 5°/min). Through the comprehensive analysis of the above characterization results, the main corrosion products are finally defined, and the corresponding experimental conclusions are obtained.
Electrochemical Experiments
Macroscopic Electrochemical Experiment
The joint sample and Ni coating samples (10 × 10 mm) were used as WE, respectively. The RE was SCE, and the CE was a platinum grid (15 × 15 mm). The experiment samples of different groups were immersed for 0.5 and 24 h. Then, the electrochemical experiments were carried out by using the VersaSTAT 3F electrochemical workstation (AMETEK, USA). Among them, the electrochemical experiments mainly include open-circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization (PDP) curve. After the OCP value was stabilized for 30 min, the EIS and PDP curve of each sample immersed for 0.5 and 24 h were measured. The experimental parameters are listed as follows: OCP: the scanning time of each point was 1 s, the scanning duration was 1,800 s, the current range was 0–2 mA, and the voltage range was ±6 V; EIS: the start frequency was 100 kHz, the end frequency was 0.01 Hz, and the sine wave signal amplitude was 10 mV; PDP: the initial potential was −0.5 V, the final potential was 0.5 V, the step height was 1 mV, and the scanning rate was 0.5 mV/s.
Local Electrochemical Experiment
The traditional electrochemical methods are difficult to obtain the local corrosion information. Thus, the SVET and LEIS measurement were taken using a VersaSCAN electrochemical scanning system (AMETEK, USA). The welded joint and coating samples with defects were used as WE, and a SCE and a round platinum ring electrode were used as the RE and CE, respectively.
In the experiment, the scanning microprobe worked at a fixed frequency of 10 Hz, and the distance between the tip of the probe and the surface of the sample was about 100 μm. The parameters of SVET experiment are as follows: the scanning area was as 3 × 6 mm, the step size in the X and Y directions was set to 200 μm/s, and the measuring speed and probe moving speed were 500 and 1,000 μm/s. During the LEIS measurements, a 10-mV AC disturbance signal was applied to the sample surface, and other experimental parameters were set in accordance with SVET. The test scanning probe and area were shown in Figure 2.
[image: Figure 2]FIGURE 2 | Micro-zone electrochemical scanning probe [(A) SVET probe and (B) LEIS probe] and scanning area (C).
FSW JOINT AND NI COATING CHARACTERIZATION RESULTS
Metallographic Observation of FSW Joint
Figure 3 shows the metallographic images of SZ, U-HAZ, WZ, L-HAZ, and BMZ after treatment with 4% alcohol nitrate solution before FSW joint immersion.
[image: Figure 3]FIGURE 3 | Metallographic images of FSW joint at different zones [(A) stud zone (SZ), (B) upper–heat-affected zone (U-HAZ), (C) welded zone (WZ), (D) lower–heat-affected zone (L-HAZ), and (E) base metal zone (BMZ)].
It can be seen from the figure that the grain sizes of different zones from small to large are WZ < HAZ < SZ < BMZ. Figures 3A,E show the metallographic structures of SZ and BMZ. The results show that they have typical microstructure characteristics composed of block wide ferrite and black brown pearlite in a strip. The research shows that the grain size of BMZ is larger than SZ, which may be due to the fact the SZ is affected by the input heat, axial pressure, and agitation to obtain a smaller structure (Costa et al., 2014). Figures 3B,D show the metallographic images of HAZ near the stud and base material. The grain sizes of the two zones are obviously smaller than SZ and BMZ but larger than WZ (as shown in Figure 3C). It is found that the distribution of friction heat is affected by the increasing friction velocity from the outside to the center, which will cause the heat input at the outer edge to be lower than that at the center of WZ, making the heat of WZ more concentrated (Li et al., 2015). Because of WZ is affected by concentrated high heat input, the phenomenon of overheating occurs. This enhances the bonding force between the crystals, resulting in smaller and closer grains in this region (Xie et al., 2011). The microstructure of different regions of welded joint will cause different corrosion resistance, and this part is essential for in-depth study of corrosion resistance of different regions of welded joint.
Hardness Analysis of FSW Joint
The hardness values of 10 equidistant points were measured on each line (HV1, HV2, and HV3), revealing the micro-hardness distribution from the SZ to U-HAZ, WZ, L-HAZ, and BMZ, and the results were shown in Figure 4. From the analysis of the test results, the hardness value of SZ was relatively stable, whereas the hardness value of BMZ was higher than SZ. According to the analysis, the hardness value of SZ is basically unchanged due to the fact that heat input obtained by SZ is greater than BMZ (Bousquet et al., 2011).
[image: Figure 4]FIGURE 4 | Position (A) and result (B) of micro-hardness test for FSW joint.
From SZ to U-HAZ, the hardness value increases continuously and then reaches the peak value (562.7, 543.5, and 521.6 HV) at the central WZ. It can also be seen from Figure 4 that the changing trend of U-HAZ hardness value is steeper than the decreasing trend of L-HAZ hardness value. In the HAZ near BMZ, the decrease of micro-hardness is attributed to the increase of grain size due to the absorption of heat input by solution cooling (Ma et al., 2018). In addition, SZ generates higher heat during rotation, which increases the local temperature of the material surface. The high temperature is sufficient to cause plastic deformation of the material, and then, the material is compressed to connect SZ and BMZ (Chen et al., 2015). Therefore, the hardness of HAZ decreases because of the small stress caused by the axial force extrusion. The results showed that the hardness of BMZ is higher than SZ, and the micro-hardness of WZ is the highest and gradually decreases from the center to the edge.
The Surface and Cross-Sectional Morphology of Ni Coating
Figures 5A–C show the SEM images of the Ni coating surface with a duty ratio of 50%, 80%, and 100%. By comparing SEM results, it can be seen that the surface microstructure of the three samples is relatively dense. It shows that the coating has a good bonding effect with the surface of the joint substrate, and the coating is not separated from the substrate. As the duty ratio continues to increase, the surface microstructure becomes more even. Moreover, the surface of the coating with a duty ratio of 100% is relatively smooth compared with the other two coating samples.
[image: Figure 5]FIGURE 5 | Surface and cross-sectional morphology of Ni coatings in the different duty ratios [50% (A/D); 80% (B/E); 100% (C/F)] before corrosion.
To analyze the thickness of the coating under three duty ratios, the SEM morphology of the coating was observed, as shown in Figures 5D–F. It can also be seen that the coating thickness increases with the increase of duty ratio, and the Ni coating samples with a duty ratio of 50%, 80%, and 100% are 4, 5, and 7.6 microns thick, respectively. This indicates that the coating has the best preparation effect under the duty ratio of 100%. The interface between the matrix and the Ni layer was shown by a blue thick solid line.
ELECTROCHEMICAL DETECTION AND RESULT ANALYSIS
Macroscopic Electrochemical Experiment
Open-Circuit Potential
Figure 6 shows the OCP measured by welded joint and Ni coating samples with different duty ratios after being immersed for 0.5 and 24 h. As the experiment went on, the OCP of samples in different immersion states tended to be stable. To ensure the stability of the test system, the OCP value at 1,800 s can be used for comparison as the OCP is almost stable in 1,800 s.
[image: Figure 6]FIGURE 6 | Changes of the OCPs for FSW joint and Ni coatings immersed for 0.5 h (A) and 24 h (B) in simulated seawater.
The OCP values measured by each sample at different immersion times were listed in Table 2. It can be seen that there is only a difference of 50–60 mV between FSW joint and Ni-coated samples, and as the duty ratio continues to increase, the OCP of three Ni coating samples moved forward slightly. The increase and decrease of OCP cannot explain the strength of corrosion resistance but can only serve as a sign of system stability. Combined with Figures 6A,B, it can be seen that after 24-h immersion, the OCP of the four samples move in a negative direction as a whole but did not change much.
TABLE 2 | OCP of the samples immersed in simulated seawater for 0.5 and 24 h (mV).
[image: Table 2]Electrochemical Impedance Spectroscopy
Figure 7 shows the Nyquist spectra of each sample after being immersed for 0.5 and 24 h. The change of the arc radius of Nyquist’s capacitive reactance reflected the change of charge transfer resistance. Studies have shown that the larger the arc radius of Nyquist’s capacitive reactance, the better the corrosion resistance (Xiang et al., 2014; Zhang et al., 2014). As shown in Figure 7, the capacitive reactance arc radius of the welded joint is the smallest, which means the smallest charge transfer resistance, strong electrode reaction, and serious corrosion. For the three samples with Ni coating, as the duty ratio continues to increase, the arc radius of the capacitive reactance is increasing, indicating the fact that the charge transfer resistance is increasing and the corrosion resistance is improving. Combined with Figures 7A,B, the capacitive arc radius of FSW joint increases, which indicates that the charge transfer resistance increases with the extension of immersion time. It is found that the above results may be related to the formation of corrosion product film on the sample surface during the immersion process (Liu et al., 2014).
[image: Figure 7]FIGURE 7 | Nyquist plots of FSW joint and Ni coatings immersed for 0.5 h (A) and 24 h (B) in simulated seawater.
Figure 8 shows the Bode diagrams of each sample after being immersed for 0.5 and 24 h. It can be seen from Figure 8A that the low-frequency impedance value of the FSW joint is the minimum after 0.5-h immersion, indicating that the joint has the poor corrosion resistance. For the three samples with Ni coating, as the duty ratio continues to increase, the low-frequency impedance value at 0.01 Hz also increases, indicating that the corrosion resistance of the coating was constantly improved. After immersion for 0.5 and 24 h, the impedance modulus at 0.01 Hz of the coating with 100% duty ratio is about 1222.52 and 1183.24 Ω cm2. In combination with Figures 8A,B, the impedance value at 0.01 Hz of the sample decreases on the whole with the extension of immersion time.
[image: Figure 8]FIGURE 8 | Bode plots of FSW joint and Ni coatings immersed for 0.5 h (A) and 24 h (B) in simulated seawater.
The electrochemical corrosion test system can be regarded as an equivalent circuit composed of basic electrochemical components such as resistance and capacitance and can be used to quantitatively analyze the impedance value of each component. In this experiment, ZMAN fitting software was used to analyze the experimental data in Bode diagram. The impedance mode values of FSW joints and coatings with different duty ratios after being immersed for 0.5 and 24 h were fitted with Rs—(Rm|Q1)—(Rct|Q2) (Figure 9A) and Rs—{Rnic|[Q1—(Rct|Q2)]} equivalent circuit (Figure 9B), respectively. Rs represents the solution resistance in the reaction, Rm is the resistance of the corrosion product film formed on the surface of the joint, Rct represents the charge transfer resistance in the reaction, Q1 and Q2 are constant phase angle elements, and Rnic is the resistance of Ni coating.
[image: Figure 9]FIGURE 9 | Equivalent circuit diagrams [(A) FSW joint and (B) Ni coating with different duty ratios].
Electrochemical impedance fitting parameters are shown in Table 3. According to the data in Table 3, after being immersed for 0.5 h, the polarization resistance (Rnic + Rct) of the sample with 100% duty ratio reached the maximum value of 1,200 Ω cm2, and the polarization resistance (Rm + Rct) of FSW joint reached to a minimum value of 800 Ω cm2. As the immersion time increases, after being immersed for 24 h, the polarization resistance values of samples were 800, 1,000, 1,100 and 1,200 Ω cm2, respectively. It can be seen that the polarization resistance value of the sample is decreased compared with the sample immersed for 0.5 h, indicating that the corrosion rate of the sample surface increases. With the increase of duty ratio, the polarization resistance of each coating sample increases at any immersion time, which indicates that the corrosion resistance of the sample improves with the increase of duty ratio.
TABLE 3 | The fitting impedance parameters of samples after 0.5- and 24-h immersion in simulated seawater.
[image: Table 3]Potentiodynamic Polarization Curve
Figures 10A,B show the polarization curves of each sample after immersion for 0.5 and 24 h. The range of PDP test was set from −500 to +500 mV (vs. SCE), and the scanning rate was 0.5 mV/s. After the polarization curve test completed, Tafel fitting was performed, and the fitting results were shown in Table 4.
[image: Figure 10]FIGURE 10 | PDP for FSW joint and Ni coatings immersed for 0.5 h (A) and immersed for 24 h (B) in simulated seawater.
TABLE 4 | The fitting results of the potentiodynamic polarization curve.
[image: Table 4]As shown in Table 4, the corrosion potential of the four kinds of samples changed from −728 to −586 mV after 0.5-h immersion. With the increase of duty ratio, the corresponding corrosion potential value of the three samples with Ni coating keeps moving forward, and the corrosion current density keeps decreasing, indicating that the corrosion resistance is continuously enhancing (Wang et al., 2017). After being immersed for 24 h, the corrosion potential of the samples changed from −926 to −792 mV, and the reaction corrosion rule was similar to that after immersion for 0.5 h. Combined with the immersion conditions of 0.5 and 24 h, it can be seen that the corrosion potential of Ni-coated samples moves negatively and the corresponding corrosion current density increases. It shows that the corrosion resistance decreases with the extension of immersion time. In addition, the corrosion current density of FSW joint changed from 15.2 to 13.0 μA/cm2 after being immersed for 24 h. Studies have shown that may be because the corrosion product film generated on the surface of the joint specimen hinders the corrosion reaction, thus reducing the corrosion current density (Liu et al., 2015; Li et al., 2016).
Local Electrochemical Experiment
Corrosion failure usually starts from the defective part of the coating, and the corrosion pits formed become the source of fatigue cracks (Wang et al., 2018). The coating plays a protective role on the surface of pipeline steel joint, but in the actual service process, the welded joint and surface coating will also inevitably produce defects due to mechanical damage such as friction and collision (Bordbar et al., 2013), which seriously affects the service life and safety of engineering structural steel connections. Thus, the local corrosion behavior of the coating with defects on the surface of welded joint was studied by using the local electrochemical testing system.
SVET Measurement Result
Figure 11 shows the SVET scan map of the welded joint and the surface defects of coatings with different duty ratios in a 3.5 wt% NaCl solution, and the area composed of X-axis and Y-axis represents the scanning range (3 × 6 mm) of the welded sample. In this experiment, five areas of the joint (WZ is near the central area) should be contained in the longitudinal Y direction. By artificially creating scratch defects on the surface of the coating, the distribution of corrosion current density on the exposed parts was analyzed, so as to explore the corrosion resistance of the coating surface under different duty ratios. The value of corrosion current density is represented by different color areas. The red area represents the highest value, and the black area represents the lowest value.
[image: Figure 11]FIGURE 11 | SVET maps of samples after immersion in a 3.5 wt% NaCl solution [(A) FSW joint; (B) 50% duty ratio; (C) 80% duty ratio; (D) 100% duty ratio].
As shown in Figure 11A, along the Y-axis starting point (SZ position), it can be seen that there are two almost the same corrosion current density peak areas (approximately 65.98 μA/cm2) in the SZ and BMZ. With the increase of the distance from SZ to BMZ, the corrosion current density decreases and then increases, and the minimum value of WZ is about 60 μA/cm2. It shows that the WZ has better corrosion resistance after welding.
It can also be seen from Figures 11B–D that the corrosion current density of coating defect area is higher than that of coating area on both sides under different duty ratios. With the increase of duty ratio, the maximum corrosion current density (from 32.80 and 26.20 to 16.10 μA/cm2) at the scratch gradually decreases, which indicates that the corrosion resistance of the joint sample is improved by the protective effect of the coating. As shown from the above maps, with the increase of duty ratio, the higher points of scratch area extending to both sides of the coating are less and less. This means that the diffusion degree of coating surface defects is decreasing.
LEIS Measurement Result
The LEIS test method is improved on the basis of the original macroscopic EIS test, which makes the data acquisition more accurate. To better detect the localized impedance distribution of the FSW joint and its coating surface defects, the LEIS method was taken by moving the probe from the SZ to the BMZ.
Figure 12 shows the LEIS scan map of the welded joint and the surface defects of coatings with different duty ratios in a 3.5 wt% NaCl solution. In this part of the test, the scanning area range of the sample is consistent with that of SVET, and the Z-axis represents the impedance value. The ordinate in Figure 12 represents the local impedance, and the higher the value, the better the corrosion resistance of the sample surface.
[image: Figure 12]FIGURE 12 | LEIS maps of samples after immersion in a 3.5 wt% NaCl solution [(A) FSW joint; (B) 50% duty ratio; (C) 80% duty ratio; (D) 100% duty ratio].
As can be seen from the two-dimensional (2D) map in Figure 12A, the maximum value of impedance (about 114 kΩ) is found in the central WZ. As shown in the 3D map from the SZ to the BMZ, the impedance value first increases and then decreases, and it indicates that the corrosion resistance of WZ is the best in all areas of the welded joint. The 2D maps in Figures 12B–D show that the impedance distribution in the coating area is higher than the defect area, which shows that the Ni coating has a good protective effect on the substrate. With the increase of duty ratio, the corresponding maximum impedance value increases (the 3D maps, from 202 and 220 to 230 kΩ), which shows that the corrosion resistance of the coating is improving. In addition, after the exposed substrate at the defect reacts with the corrosion solution to produce a corrosion diffusion point, the surrounding area around the point will also be corroded, and the corrosion degree of the defect parts gradually slows down during the reaction process.
CORROSION PRODUCTS ANALYSIS
Metallographic Observation of FSW Joint After the Localized Corrosion
The welded joint sample after the LEIS test was processed, and then, the metallographic structure of each area was observed and analyzed.
It can be seen from Figure 13A that plenty of corrosion pits appeared in the SZ, which is the most serious local corrosion among all the areas. Figures 13B,D show the metallographic images of HAZ near the stud and base material. It can be seen that the corrosion degree of HAZ is more serious than WZ (as shown in Figure 13C) but much better than BMZ and SZ, and the morphology of leaf fragments could be roughly distinguished in the WZ. It can also be seen that the grain size of BMZ is coarser than that of WZ, and it is possible because the base material is squeezed by the axial stud in the process of welding, resulting in more heat input generated by friction (Moon et al., 2013). It is found that grain refinement may be helpful in improving corrosion resistance (Sarlak et al., 2015), and the analysis shows that the WZ has good corrosion resistance due to the denser microstructure produced by the friction heat, the squeezing action, and the axial force (Ma et al., 2018).
[image: Figure 13]FIGURE 13 | Metallographic images of FSW joint after 24-h immersion in simulated seawater at different areas [(A) SZ; (B) U-HAZ; (C) WZ; (D) L-HAZ; (E) BMZ].
SEM Morphology and EDS Analysis
Figures 14A–D are SEM images of the surface of FSW joints and Ni coating samples with a duty ratio of 50%, 80%, and 100%, respectively, as well as Figures 14E,F are EDS elements on FSW joints and Ni coating surfaces. As shown in Figure 14A, the polyphasic structures of numerous small islands are distributed between the large lumps and strips of tissue. There are lots of corrosion pits in the surface of welded joint, and some corrosion products have fallen off or formed a corrosion layer.
[image: Figure 14]FIGURE 14 | SEM and EDS of FSW joint (A), Ni coatings [50% duty ratio (B); 80% duty ratio (C); 100% duty ratio (D)], and EDS elements [FSW joints (E); Ni coating surfaces (F)] after 24-h immersion in simulated seawater.
Point scanning sampling is carried out in the direction of the arrow in Figures 14B–D. By comparing the SEM results of Ni coating samples with three different duty ratios, it can be seen that as the duty ratio continues to increase, the coating surface becomes denser and smoother, and the distribution of corrosion pits and cracks gradually becomes even. Some studies have shown that the pits exist in the product layer generated on the surface of pipeline steel after corrosion (Meng et al., 2008; Cheng et al., 2017), the surface corrosion pits develop rapidly and many cracks are generated in the pits, and, finally, stress corrosion cracking occurs (Jie et al., 2017).
As shown in Figure 14E, the surface of the FSW joint without Ni coating has relatively loose corrosion products. Conduct EDS analysis on it (point A in Figure 14A), and the composition is shown in Figure 14E. The EDS results show that the corrosion products are mainly composed of Fe, C, O, S, and Ni elements, and it is speculated that the corresponding corrosion products are iron oxides such as Fe2O3, Fe3O4, and FeOOH (Eliyan and Alfantazi, 2014; Yang et al., 2019). The test results show that the trace elements such as S were mainly from 16Mn steel matrix. Figure 14F shows that the surface of three coatings after corrosion for 24 h contains C, and it is conjectured that carbon may come from an organic contaminant in the electrolyte, such as oil contacted by the sample surface during machining.
XRD Phase Composition Analysis
To better determine the corrosion products, XRD test was carried out for further analysis. Figure 15 shows the XRD spectra of FSW joints and three Ni coating samples with different duty ratios after 24-h immersion. The diffraction peaks are mainly assigned to FeOOH, Fe3O4, and Fe2O3. Moreover, even if the duty ratio is different at the same position, the position of the product peak is basically the same, indicating that the duty ratio will not change the corrosion mechanism of the coating in the same immersion system. With the increase of immersion time, the loose corrosion product FeOOH was formed after the corrosion reaction was complete. The experimental results combined with EDS analysis show that the corrosion products were mainly Fe2O3, Fe3O4, and FeOOH (Eliyan and Alfantazi, 2014; Rogowska et al., 2016). Through analysis, the possible reactions on the sample surface are as follows:
[image: image]
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[image: Figure 15]FIGURE 15 | XRD analysis of the samples after immersion in simulated seawater for 24 h.
CONCLUSION

(1) For the three Ni coatings with different duty ratios, as the duty ratio continues to increase, the coating surface is more uniform and denser. The thickness of the coating has also increased, with Ni coating samples a duty ratio of 50%, 80%, and 100% are 4, 5, and 7.6 microns thick. With the extension of immersion time, the EDS results show that the corrosion products are mainly composed of Fe, C, O, S, and Ni elements.
(2) After being immersed for 24 h, the coating sample (100% duty ratio) has the lowest corrosion current density (5.97 μA/cm2) and the maximum polarization resistance (1,200 Ω cm2), so it can be seen that the Ni coating with the maximum duty ratio may effectively improve the corrosion resistance of the joint specimen, among which the sample with a duty ratio of 100% has the excellent corrosion resistance.
(3) The coating with 100% duty ratio has the minimum corrosion current density (about 16.10 μA/cm2) and the maximum impedance (about 230 kΩ). The micro area electrochemical test shows that the impedance value of the coating area is significantly higher than the scratch defect area, and the corrosion current density is lower than the scratch area.
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