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Abstract

:

An attempt was made to study the corrosion behavior of austenitic stainless-steel SS 316L/Monel 400 alloy dissimilar metal welded joints using gas tungsten arc welding. This combination of welded joints is used in re-heaters and heat exchangers in gas processing and oil refining industries. The welded specimens were subjected to post-weld treatments, such as annealing and deep cryogenic treatment. The welded specimens were sectioned into five different parts: SS 316L base, SS 316L HAZ, weld, Monel HAZ, and Monel base. The polarization method and electrochemical impedance analysis were used to analyze the corrosion resistance in a NaCl solution. A polarization graph, Nyquist plot, and Bode plot were constructed for all regions, separately, for the heat-treated and cryo-treated specimens, to analyze the variation in corrosion resistance in different regions, and then the results were compared. To validate the results of electrochemical impedance analysis, scanning electron microscope (SEM) and energy dispersive spectroscope (EDS) analyses were also performed. The results indicated that the cryo-treated specimens have better corrosion resistance when compared to the annealed ones. Weld region on both specimens exhibited better corrosion resistance when compared to other zones.
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1. Introduction


The joining of materials is an important manufacturing process used to combine metallic, as well as nonmetallic, parts for various applications. Multiple industries are actively considering numerous alternate welding techniques that would enhance the commercialization of high-performance of lightweight materials [1]. Narayanan et al. (2014) have mentioned that the dissimilar metal joining is one of the most essential needs of several industries these days [2]. The combinations of dissimilar metals lead to new challenges, such as effectiveness of welding in terms of developed mechanical properties, absence of any negative metallurgical changes, etc. Dissimilar metal joints are employed widely in energy-demanding sectors involving oil and petroleum, marine, nuclear, thermal, and geothermal fields, where they are prone to hot corrosion and high-temperature wear.



The dissimilar integration of austenitic stainless steels and nickel alloys has applications in oil and gas industries, as well as in chemical industries, which have low to moderate temperatures and corrosive environments. In addition, Mohandas et al. (2005) has mentioned that an integration of moderate resistance of oxidation and creep strength finds applications in fossil fuel power plants, such as tubing for generators and other tools [3]. Ramkumar (2014) mentioned that, due to variation in physical and metallurgical properties, the joining of dissimilar metals is difficult. Hot cracking, the dilution of weld metals, and other metallurgical failures can occur as a result of the differences in chemical and physical properties of the mismatched metals joined. Dissimilar integration of austenitic stainless steel and Cu-Ni alloys can be used in high-temperature, as well as corroding, environments, which are more prevalent in chemical processing [4]. Weld metal dilution is a major concern in dissimilar metal joining involving nickel and copper alloys when welded with steel for offshore structures. Vijay Ukadgaonker et al. (2008) noticed dilution of stainless steel near the weld when it is welded with Monel alloy [5]. Low-carbon steel and Monel 400 were welded by Gas Tungsten Arc Welding (GTAW) using ERNiCrFe-5 and ERNiCu-7 filler wires. Such dissimilar welds are used in oil gasification plants in which they are exposed to sulphur trioxide, hydrogen sulphide, and sulphur dioxide [6]. Kim et al. (2006) recommended the use of chromium-free Ni-Cu alloy fillers for welding austenitic stainless steel [7]. The authors specifically mentioned the use of Monel alloy fillers for excellent corrosion resistance. These fillers have excellent resistance to pitting corrosion.



Devendranath et al. (2012) examined the gas tungsten arc weld performance of stainless steel and Monel 400 in the molten salt surroundings comprising potassium sulphate and sodium chloride at 600 °C. The dissimilar integration of stainless steel and Monel 400 have typical applications in hot and corrosive environments, such as heat exchangers in chemical and nuclear industries [8]. Janakiram et al. (2006) stated that the operating surroundings of these dissimilar joints of metal include high temperatures and the existence of different elements which integrate to form the molten salts inherently, and, thus, it forms the eutectic combination during the operations. The integration of these molten salt deposits at high temperatures are riskier and will fuse onto a dissimilar system of metal, thereby enhancing the corrosion attack. Hence, weld characterization is essential both in high temperature and in transient conditions before industrial use [9].



Post-weld heat treatment is often used to improve the mechanical properties of welded joints. Firas Al Quran et al. (2010) have studied the effects of different heat treatments on hardness and corrosion resistance [10]. The annealing process resulted in increased corrosion resistance. From a wide range of experiments, the optimum time and temperature were established as 45 min at 740 °C, respectively. It is well-known that cryogenic treatment is used to improve the mechanical properties of a material. Subzero-temperature treatments have been in use for quite a long time, especially to improve the wear resistance of steels. During cryogenic treatments, the austenitic structure retained during previous quenching operations is converted to martensite, and the second phase precipitation is be enhanced. The applications of this treatment are extended to other materials [11]. Ilyas Uygur et al. (2015) used electrochemical impedance analysis to study the corrosion resistance of D3 steel, using NaCl environment, and they observed significant improvements in corrosion resistance [12]. Potentiodynamic analysis and electrochemical impedance analysis are widely used to analyze the corrosion resistance of welded joints. Energy dispersive spectrometry is used for analyzing the corrosion resistance and protective layer formation in welded joints [13].



The objectives of the present study are as follows:




	
Gas tungsten arc welding of SS 316L and Monel 400 alloy using ENiCrFe-5 filler material;



	
Post-weld heat treatment (annealing) and cryogenic treatment on weld specimens;



	
Potentiodynamic and electrochemical analyses for corrosion resistance of the treated specimens;



	
SEM and EDS analysis of the corroded specimens to understand the results obtained in the corrosion tests.









2. Materials and Methods


2.1. Materials


3 mm plates of Monel 400 and SS 316L with filler material of ENiCrFe-5 of dimensions 120 mm (L) × 200 mm (W) were welded using GTAW, for specimen preparation. Table 1 shows the chemical composition of base materials and filler wire.




2.2. Welding and Post-Weld Treatments


Monel 400 and SS 316L plates were welded with filler material ENiCrFe-5 by GTAW process. The edge preparation with a V-groove of 30° with a root gap of 2 mm fit-up was done to carry out the weld, as shown in Figure 1. The weld current in the range of 80 to 85 Amp, polarity as DCEN, shielding gas of argon at 14 to 18.6 L per minute (LPM) and backing gas of argon with a flow rate 7 to 18.6 LPM were established by trials in line with the recommendations of the filler wire manufacturer. The important regions of interest are weldment, base metal, and the heat affected zone (HAZ) on both sides. Heat-treatment and cryogenic treatments were used to improve the microstructure after welding. Heat-treated (HT) specimens were first heat-treated to 740 °C, at a rate of 150 °C per hour, followed by a soaking time of 15 min, and then furnace cooling to ambient temperature at 200 °C per hour. For cryo-treated (CT) specimens, deep cryogenic treatment (DCT) was additionally carried out at −195 °C and then soaking for 15 min. Liquid nitrogen is preferred as the medium for cryogenic treatment because of its bulk availability in nature and easiness in conversion. The cooling rate was controlled to avoid distortion by controlling the flow rate of liquid nitrogen. After soaking, the specimens were gradually brought to room temperature. The entire DCT cycle took around 9 h, as per DCT cycle [14,15].




2.3. Optical Microscopy, EDS, and SEM


Microscopical examination is used to study the microstructural changes, such as grain size, precipitation, and sensitization, during welding. Various zones of the weld were studied using METSCOPE-1 optical microscope (METCO Pvt Ltd, Chennai, India). The examination was carried out on 5 different regions: the base metal and heat affected zones of SS 316L and Monel 400, and the weld zone. The weld specimens were polished as per the standard metallographic procedures, using SiC emery sheets with grit size varying from 220 to 2000. Disc polishing is carried out by using alumina, degreasing with acetone, and then rinsing with distilled water to obtain a mirror finish of 1 µm on the weld specimens. Parent metal of Monel 400, HAZ of Monel 400, and the weld zone were etched using marble’s reagent, whereas etching of parent metal of SS 316L and HAZ of SS 316L were carried out using aqua regia. The microstructural features generally change based on the heat input, electrode materials, and weld speed. Grain coarsening or grain refinement change of phase and precipitation may occur during welding in different locations, thereby leading to changes in mechanical properties [16]. ASTM E112 Standard test methods were used for determining average grain-size principle via the line intercept method to calculate grain size of different regions of interest. Carbide fraction analysis was carried out using ImageJ software to study the size and fraction of precipitates. The EDS area mapping analysis on the corroded samples of CT and HT were carried out to infer the elemental migration across the weld with a Tescan Vega3 SEM (TESCAN ORSAY HOLDINGS, Kohoutovice, Czech Republic). The focus was on the HAZ of SS 316L and Monel 400 and weld zone. Energy dispersive spectroscopy (EDS) by elemental mapping analysis was also carried out on these coupons to analyze the quantitative elemental profile on each zone of the weld.




2.4. Polarization Analysis and Electrochemical Impedance Spectroscopy Analysis


The reliability of a part is related to its compatibility with the environment where it is in use. Hence, the selection of material for an application in an environment needs a corrosion-rate evaluation in the same environment. Different types of treatments were applied to the metal to improve the corrosion resistance [17]. Weld specimens identified as CT and HT in experimental procedure were cut into 5 pieces, SS 316L base, SS 316L heat affected zone, weld zone, Monel 400 heat affected zone, and Monel 400 base, respectively, for corrosion testing of the average size of specimen 6 mm (w) × 7 mm (b) × 3 mm (thick). The experimental setup consisted of an electrochemical cell which was connected to a corrosion current measurement system while the corrosion potential was varied with reference to ASTM G5 standard for anodic DC polarization tests of specimens, which were previously immersed for one week in 1 molar NaCl solution with distilled water (electrolyte of the electrochemical cell) [18]. The potentiodynamic tests were done using AUTOLAB potentiostat (Metrohm Autolab B.V., Kanaalweg, The Netherlands) and the results were analyzed using Nova version 2.1.1 The experiments were carried out in a conventional three-electrode cell with a platinum and an Ag/Agcl/3MKcl electrode as the counter and the reference, respectively. The specimens were used as the working electrode. The electrochemical impedance spectroscopy tests were conducted using VersaSTAT3 Potentiostat Galvanostat (AMTEK, Princeton Applied Research, Oak Ridge, TN, USA) at a scan rate of 1.068 mV/sec in the applied potential range from −0.28 to 0.05 V. All the experiments were carried out at a room temperature of 25 °C. A delay of 2 min was given for the specimens to reach the steady state condition before the impedance test. To carry out the experiment, the specimens were cut into small pieces, and the exposed surface areas were calculated for the respective specimens to find the current density and polarization parameters, which were noted to be ac potential −0.1 V, dc frequency range 0.01 to 1000 Hz, and amplitude 10 mV RMS. The test was repeated three times to ensure data accuracy.



Electrochemical impedance spectroscopy (EIS) is an analytical tool used to assess the resistance and capacitance of materials to corrosion. For verifying polarization results, EIS is often used [19]. The surface of the electrode has excess surface charge, which is from the well-adjusted accumulation of opposite-charged ions in the solution. This results in electric neutrality of the system. The presence of a double layer near the electrode surface is equivalent to a capacitor, which is the foundation of this method [20]. The main benefits of carrying out electrochemical impedance spectroscopy on weld specimens assist in providing information on corrosion kinetics and morphology of the corrosion. Electrochemical impedance spectroscopy was performed on weld specimens identified as CT and HT in the experimental procedure and were cut into 5 pieces, SS 316L base, SS 316L HAZ, weld zone, Monel 400 HAZ, and Monel 400 base, respectively, in a 1 M NaCl solution, using VERSASTAT 3. Initially, the specimens were immersed in 1 M NaCl for 30 min for stabilization. When the fluctuation of open circuit potential was limited to 10 mV for a period of 1000 s, the condition was considered stable to proceed with EIS experiments. The frequency range used for the analysis was −0.1 to 10,000 Hz. Impedance analysis was carried out using ZSIMPWIN V3.21 (AMTEK, Princeton Applied Research, Oak Ridge, TN, USA). Impedance response was measured at diverse weld zones of specimens CT and HT with similar variations. The response increases rapidly and reduces at the end, which is similar for both the specimens. The interpretation is made on the weld specimens by correlating impedance data and equivalent circuit. The physical processes happening during corrosion are indicated by the results. Each point in the plot represents the impedance vector’s magnitude and direction at different frequencies [21]. Thus, the Nyquist plot between Z’ (the real part), in terms of resistance, and Z” (imaginary part), in terms of capacitive or inductive, is represented in the form of various frequencies ranging from −0.1 to 10,000 Hz and the graphical representation based on the electrochemical mechanism of each zone of weld specimens.





3. Results


The specimens for HT and CT were prepared by water jet cutting from the welded plate and further machined to smaller specimens for different regions, including base metal, HAZ, and weld zone of SS 316L and Monel 400, as identified in Figure 2. SEM, EDS, optical microscopy, polarization, and EIS studies were carried out, and the results were discussed for different regions of interest, as distinguished in Figure 2.



3.1. Optical Microscopy, EDS, and SEM


The micrographs of dissimilar metal joints employing ERNiCrFe-5 filler metal were studied for CT and HT specimens on locations, as shown in Figure 2, which has also shown good fusion of alloys used (Figure 3a–j). SS 316L HAZ, SS 316L fusion line, weld zone, Monel 400 fusion line, and Monel 400 HAZ are the regions of interest for specimens HT and CT. The major observations are as follows:




	
SS 316L HAZ of the CT specimen has revealed annealing twins and grain refinement (Figure 3a). The grain size number was in the range of 11 to 13 (smaller is coarser), as per ASTM E112. The area fraction of carbide precipitates was found to be 2.52%, with an average carbide precipitate size of 1.335 µm.



	
Figure 3b shows the optical image of SS 316L weld fusion zone, which has the grain number 13. Carbide precipitates for 2.68% of its area, with an average precipitate size of 2.78 µm, was observed.



	
Migrated grain boundaries were observed at the weld zone in Figure 3c for the CT specimen. Similar results were presented by and Devendranath Ramkumar et al. in 2015 for SS/Inconel dissimilar metal welding [22]. Carbide precipitation was observed at 6.27%, with an average precipitate size of 3.811 µm. The grain size number was noted to be close to 8.



	
Epitaxial growth in weld fusion zone was noted in Figure 3d for the CT specimen. Epitaxial growth was detected prominently at the fusion boundary of ERNiCrFe-5 weld with Monel 400. This phenomenon was also reported by Farahani et al. during welding of Inconel 617 alloy [23]. The epitaxial growth normally occurs in the weld and base materials which have a similar crystal microstructure. The grain size number of 14 was observed for the microstructure.



	
Figure 3e of the CT specimen shows Monel 400 HAZ, which has a grain size number from 11 to 13.



	
Figure 3f shows the optical image of SS 316L HAZ for the HT specimen, which has grain size number ranging from 13 to 14. The average carbide precipitate size was observed to be 1.73 µm, with 2.46% of precipitates with respect to area.



	
Partially melted zones on the weld fusion are shown in Figure 3g for the SS 316L weld fusion zone of the HT specimen, which has grain size number ranging from 12 to 14. The average carbide precipitate size was observed to be 3.045 µm, with 3.97% area fraction of carbide precipitates.



	
Weld region of the HT specimen has inter-dendritic network of the elements consisting of Ni, Cr, Fe, Cu, and Nb in Figure 3h. The grain size number is 7 and average carbide precipitate size was observed to be 4.66 µm, with 3.86% of carbide precipitates.



	
Weld fusion of Monel was seen in Figure 3i for the HT specimen, which has a size grain number of 13.



	
Grain coarsening is noticed in Monel 400 HAZ for the HT specimen, as seen in Figure 3j, with grain size number in the range of 11 to 14.








Dissimilar welding of SS 316L and Monel might have led to carbide precipitations at the grain boundaries during the welding process, due to higher heat input and post-weld heat treatment. The carbides, being rich in chromium, tend to reduce the chromium concentration in the austenite adjacent to the grain boundaries, thus creating the conditions for intergranular corrosion. Deep cryogenic treatment process leads to thermodynamic equilibrium conditions, which help to flatten out the defects in the material and attain the minimum entropy state. Furthermore, CT specimens have finer precipitates when compared to HT specimens, and uniform carbide precipitate distribution can lead to improved corrosion resistance [24]. The grain size of most of the regions for the CT specimen was found to be finer than that of the HT specimen. Finer grain size may lead to increased corrosion due to increased grain boundary.



Energy Dispersive Spectroscopy was deployed by the mapping technique for the elemental analysis of the different locations. The SEM and EDS results of weld, HAZ, and base metal of both SS 316L and Monel 400 of both the specimens, CT and HT, which were left for corrosion in 1M NaCl for 30 days are shown in Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9. EDS mapping demonstrate the elemental migration on the SS 316L to weld or vice versa was very little and is evident in EDS mapping. Results are tabulated in Table 2. EDS mapping analysis on the specimen CT and HT welds has shown a reduction of Cr weight of 5.6% and 4.8% in CT and HT specimens, respectively, at HAZ of SS 316L and filler material with movement of Cr to Monel 400 HAZ and weld fusion area. Negligible movement of Fe from SS to weld zone, as well as Monel 400 HAZ, is observed on both specimens of CT and HT, which is indicated in the weight percentages recorded in Table 2. However, Mn was found to be lesser in amount in the secondary phases at all zones. Figure 8c was identified as the weld dilution area where the EDS spectrum shows the dilution of filler material (ENiCrFe-5) into Monel, which has resulted in the presence of Cr in Monel side. An EDS spot spectrum of Monel HAZ, with no dilution of filler material, is tabulated in Table 2.



The morphology of corrosion products of HT specimens (Figure 5b, Figure 7b, and Figure 9b) shows they are crystalline in nature and their formation is related to the formation of chloride deposition. SS 316L HAZ region is more pronounced when compared to other regions. The effect is less for CT specimens, as observed in Figure 4b, Figure 6b, and Figure 8b, for different zones. SS 316L HAZ has shown extensive crystal formation when compared to other regions. When austenitic steel undergoes heating or heat treatment in temperature ranges of 450 to 900 °C, the material is prone to inter-granular corrosion, wherein chromium carbides precipitate near the grain boundaries and sensitization phenomenon in this temperature range [25,26]. This was observed in the present case, as well. HAZ of Monel 400 clearly shows the presence of considerable amounts of Ni, Cu, and Nb. The presence of alloying elements, such as Nb, promotes the formation of carbides, which are responsible for the pinning of grain boundaries [27]. Further, it is noted that the CT specimen had a smaller amount of Na and Cl deposition on the surface in comparison to the HT specimen.




3.2. Polarization Analysis and Electrochemical Impedance Spectroscopy Analysis


The graphical representation based on the electrochemical mechanism at the five different regions of weld, comprising base metal and heat affected zone (HAZ) on SS 316L, and Monel 400 and weld zone (WZ) for CT and HT specimens, are shown in Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17. Extrapolation of polarization curves allows determination of corrosion potential (Ecorr), as well as corrosion current density (Jcorr), and eventually uniform corrosion rate is calculated using Faraday’s law [28]. The results are presented in Table 3. Tafel extrapolation also yields anodic and cathodic Tafel slopes. The changes in electrochemical behavior are because of changes in microstructure and mechanical properties during welding and subsequent treatments, which were also observed by Aqarni et al. [29].



The diameter of the semicircle extrapolated on the Nyquist diagram represents the charge transfer resistance (Rt) equivalent to the polarization resistance (Rp). The larger the diameter of the semicircle id, the higher the resistance Rp, resulting in a lower corrosion rate [30]. The Nyquist plot represents the complex plane, and an Equivalent circuit for respective zones of CT and HT specimens is electrically fitted for the interpretation of the AC impedance spectra [31]. The most favorable model was selected among various options and used in the corrosion current calculation. For the present data, a capacitor in parallel with a resistor leads to an equivalent circuit, as shown in Table 4. Capacitance and resistance are also listed for the equivalent circuit for the different weld regions. Lower capacitance (P1) values and a higher resistance (R2), parallel to capacitance (P1), directs to higher corrosion resistance for the material. The Bode plot is another practice for depicting impedance analysis results. Logarithm of the impedance modulus (log|Z|) and the phase angle (Φ) are plotted as functions of the logarithm of angular frequency (log ω) [32]. Higher impedance at lower frequency denotes higher corrosion resistance. The Bode diagrams for CT and HT specimens at different weld regions are shown in Figure 14 and Figure 15, respectively. The phase angle is more sensitive to the conditions, and the electrical equivalent model considered for the study is validated by the variations observed in the phase angle. Figure 16 and Figure 17 show the variation of phase angle for the CT and HT specimens for different regions, and Figure 18 shows the equivalent circuit.



This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, and the experimental conclusions that can be drawn.



3.2.1. Weld Zone


Corrosion potentials (Ecorr) of weld specimens in chloride solution are shifted toward the negative direction after immersion. The slight shift in the potential toward the lower negative values for weld zone specimens indicates better corrosion resistance [33], which has been observed for both CT and HT specimens. Open circuit potential variation during testing is an indicator for corrosion resistance. Corrosion current density of the welded zone was 0.316 µA/cm2 and 13.55 µA/cm2 for CT and HT specimens, correspondingly. Self-corrosion potential (Ecorr) was noted to be −0.0901 and 0.0623 V, whereas polarization resistance of weld zone was 313.1 M ohm and 2.45 M ohm, respectively, for CT and HT specimens (Figure 10 and Figure 11, as well as Table 4). Nyquist plots (Figure 12 and Figure 13) for the CT specimen reflects Z’ real ranging from 0 to 1800 Ohm·cm2 to Z” imaginary peak value of 550 Ohm·cm2. In comparison, specimen HT has Z’ real ranging from 0 to 1025 Ohm·cm2 and Z’’ imaginary peak value is at 320 Ohm·cm2, inferring a higher corrosion rate for the HT specimen. The bode plots shown in Figure 14 and Figure 15 show higher Z values up to 1854 Ohm·cm2 in specimen CT and 1020 Ohm·cm2 for specimen HT. Measured for weld in the lower frequency range and in the higher frequency range, it varies from 10 to 25 Ohm·cm2 for both specimens. These observations are mainly from the material composition of filler material ERNiCrFe-5, which consists of higher Cr and Ni, as observed in EDS referred in Figure 6c and Figure 7c for specimens CT and HT, respectively. Migrated grain boundaries identified in Figure 3b for the CT specimen and Inter-dendritic grains recognized for the HT specimen identified in Figure 3e may also contribute to the lower corrosion rate in weld zone.




3.2.2. SS 316L HAZ


Along HAZ from fusion line, the temperature and cooling rates vary significantly. Recrystallization and vaporization of alloying elements from the molten weld pool are the major metallurgical factors which alter the material properties in HAZ region. SS 316L HAZ showed the highest shift of the potential toward right in comparison to weld zone. Current density (Jcorr) was found to be 564.9 µA/cm2 and 56.23µA/cm2 for specimens CT and HT, respectively, which resulted in a corrosion rate of 0.588 × 10−6 mm/year and 5.86 × 10−6 mm/year, respectively. These results are reflected in the polarization curves shown in Figure 10 and Figure 11. Nyquist plots of SS 316L HAZ have the smallest diameter of the semicircle for specimen CT, which results in lower corrosion resistance and Z real ranges from 0 to 400 Ohm·cm2 (Figure 12 and Figure 13), whereas specimen HT shows an increasing trend of its curve being at a higher range, due to the presence of a passive layer on the surface. SS 316L HAZ has the lowest Z value, ranging from 2 to 408 Ohm·cm2 for the frequency range studied in the Bode plot (Figure 14 and Figure 15). Higher values denote the molecular adsorption and surface-film formation, which increase corrosion inhibition. SS 316L HAZ has remarkably lower values of impedance in higher, as well as lower, frequency ranges. The reduction in the corrosion rate for the CT specimen noted from very low Icorr and Jcorr, which is a result of cryogenic treatment for specimen CT. SS 316L HAZ of specimen HT has a finer grain size, which makes it susceptible to a chloride attack, due to the increased grain boundary [34].




3.2.3. Monel 400 HAZ


From Table 3 and Figure 10 and Figure 11, it is found the corrosion current density Jcorr is recorded as 2.05 µA/cm2 and 39.08 µA/cm2 for specimens CT and HT, respectively, where the Jcorr of the HT specimen has an increase of 1806%. The same is reflected with a 93% decrease in polarization resistance of specimen CT in comparison with specimen HT. Ecorr and Jcorr values obtained in Table 2 indicate their dependence on the microstructural modification due to the welding process, which is supported by Kangazian et al. [35]. Monel 400 HAZ of specimen CT shows Z real ranging from 0 to 680 Ohm.cm2, whereas the HT specimen has Z real ranges from 0 to 550 Ohm·cm2. Both specimens have a Z imaginary peak value of 200 Ohm·cm2 (Figure 12 and Figure 13). The Bode plots also depict similar trends for this region.




3.2.4. SS 316L Base


From Table 3, it is found that the corrosion current density Jcorr of SS 316L base material of specimen CT is less in comparison to the HT specimen, thereby having an increase of corrosion rate for the HT specimen at this zone. The same is reflected in polarization curves shown in Figure 10 and Figure 11, where the open circuit potential of the CT specimen has higher negative values, and the polarization resistance of the CT specimen is high. The radii of both the CT specimen and the HT specimen were found to be in the range of 550–600 Ohm·cm2, as per the Nyquist plot. Similarly, not much difference is seen between the specimens in the Bode plots, as well as in the phase angle plots. Phase angle plots for the CT and HT specimens are shown in Figure 16 and Figure 17. SS base has higher peak angles for the CT specimen at lower frequencies when compared to the HT specimen.




3.2.5. Monel 400 Base


The corrosion current density Jcorr of Monel 400 base material of the CT specimen is less in comparison to the HT specimen, thereby having a lower corrosion rate for the CT specimen at this zone, as in tabulated from Table 2. The Monel base zone of the CT specimen shows Z real ranging from 0 to 820 Ohm·cm2, whereas the HT specimen shows Z real ranges from 0 to 680 Ohm·cm2, with a Z imaginary peak value of 300 Ohm.cm2 and 210 Ohm·cm2 for the CT and HT specimens, respectively, as shown in the Nyquist plots (Figure 12 and Figure 13). The phase angle plots (Figure 16 and Figure 17) show that Monel base has higher peak angles for the CT specimen at lower frequencies when compared to the HT specimen, whereas the peak phase angle for both specimens remains the same.



To summarize, polarization and EIS results for CT and HT specimens have obvious increases in the cathodic and anodic over potentials, with anodic over potentials being much more affected than the cathodic ones. The lowest value for corrosion rate was found for the weld zone of specimen CT [36]. The weld zone of the CT specimen shows a lower corrosion rate in comparison with all other zones, due to higher Cr and Ni contents of the filler wire. From the extrapolated diameter of the semicircles from the Nyquist plot, it is noted that all the zones of specimen CT display higher polarization resistance, resulting in the lower corrosion rate with respect to the HT specimen. Phase angle plots for the CT and HT specimens show that SS 316L HAZ has higher peak angles at lower frequencies when compared to other sections for the CT specimen. Bode plots in Figure 14 and Figure 15 show that the corrosion resistance of the weld zone is highest and the SS 316L HAZ is lowest, while the corrosion resistance of Monel 400 HAZ, Monel 400 base, SS 316L base in the Bode plots are close and over lapping. Figure 16 and Figure 17 for phase angle also depict the same trend; however, in Figure 16, at lower frequency, the phase angle of SS316 HAZ is followed by Monel 400 base. CT specimens have better corrosion resistance than HT specimens. Mohd Touseef studied the effect of cryogenic treatment of 316L stainless steel. The microstructure shows precipitation of carbides along the grain boundaries, which may lead to an improvement in mechanical properties [37]. The cryogenic treatment normally results in homogeneous distribution of microstructure with fine precipitation, which may improve the corrosion resistance. Barron and Thompson stated that cryogenic treatment improved the corrosion resistance for austenitic steel, and the carbon content played an important role in the improvement. The suggested mechanism for the effect of cryogenic treatment on the corrosion resistance is refinement of grain boundaries, which is the region in which the corrosion was predominant. With refinement of grain boundaries, there would be a smaller microscopic area available for the diffusion of the corrosion medium into the metal, which would result in a reduction in the corrosion rate [38]. The trends of polarizations rate agree with the electrochemical impedance spectroscopy analysis.






4. Discussion and Conclusions


Dissimilar metal welding of 316L stainless steel and Monel alloy using GTAW was carried out, followed by conventional annealing (HT) and cryogenic treatments (CT). Optical microscopy, EDS and SEM were carried out on specimens. The polarization method and Electrochemical Impedance Spectroscopy method were used to analyze the five different parts, such as zones of dissimilar metal welds of 316L and Monel 400 alloy. A polarization curve, Nyquist plots, bode plots, and electrical equivalent circuits were constructed to compare the results obtained from both of the treatments.



	
Polarization analysis and Electrochemical Impedance Spectroscopy Analysis are powerful techniques to investigate the corrosion resistance of dissimilar metal welds. In the present study, the results have similar trends.



	
Chloride attack at localized location as corrosion is a serious problem of stainless steels when they are exposed to chloride solutions in 316L/Monel 400 dissimilar metal welds.



	
Cryogenic treatment resulted in better corrosion resistance when compared to the conventional annealing. The Jcorr values decreased up to 41 times for the cryo-treated specimens, and the corrosion rate of the weld zone was as low as 0.003 × 10−6 mm/yr, resulting in a 97% reduction in corrosion rate. The electrical equivalent circuit selected matches with the phase angle plot.



	
Among the zones identified for dissimilar welds, corrosion rate is lowest for weld zone and highest for SS 316L HAZ. The corrosion rate for Monel base, Monel HAZ, and SS 316L base are in between them and are almost in the same range as observed in both polarization and electro chemical impedance analyses.
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Abbreviations




	BM
	Base metal zone



	CT
	Cryo-treated specimen



	DCEN
	Direct Current Electrode Negative



	DCT
	Deep cryogenic treatment



	DMW
	Dissimilar metal welding



	EDS
	Energy dispersion X-ray Spectroscopy



	EIS
	Electrochemical impedance spectroscopy



	GTAW
	Gas Tungsten Arc Welding



	HAZ
	Heat Affected Zone



	HT
	Heat-treated specimen



	LPM
	Liters per minute



	SMAW
	Shielded metal arc welding



	SS
	Stainless steel



	WM
	Weld metal zone
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Figure 1. Weld-groove configuration and sizes. 
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Figure 2. Locations for optical microscopy and Energy dispersive spectroscopy (EDS) for SS316L heat affected zone (HAZ), SS316L fusion line, weld zone, Monel fusion line, and Monel HAZ for heat-treated (HT) specimen (typical). 
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[image: Metals 09 01088 g002]







[image: Metals 09 01088 g003a 550][image: Metals 09 01088 g003b 550] 





Figure 3. (a) Specimen cryo-treated (CT)-SS 316L HAZ; (b) specimen CT-SS 316L weld fusion; (c) specimen CT-weld zone; (d) specimen CT-weld fusion zone of Monel; (e) specimen CT-Monel 400 HAZ; (f) specimen HT-SS 316L HAZ; (g) specimen HT-weld fusion zone of SS 316L; (h) specimen HT-weld zone; (i) specimen HT-weld fusion of Monel; and (j) specimen HT-Monel 400 HAZ. 






Figure 3. (a) Specimen cryo-treated (CT)-SS 316L HAZ; (b) specimen CT-SS 316L weld fusion; (c) specimen CT-weld zone; (d) specimen CT-weld fusion zone of Monel; (e) specimen CT-Monel 400 HAZ; (f) specimen HT-SS 316L HAZ; (g) specimen HT-weld fusion zone of SS 316L; (h) specimen HT-weld zone; (i) specimen HT-weld fusion of Monel; and (j) specimen HT-Monel 400 HAZ.
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Figure 4. EDS and SEM for CT specimen; (a) specimen CT-EDS mapping for SS HAZ; (b) specimen CT-SEM on SS HAZ area. 
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Figure 5. EDS and SEM for HT specimen; (a) specimen HT-EDS mapping for 316LSS HAZ; (b) specimen HT-SEM on SS HAZ area. 
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Figure 6. EDS and SEM for CT specimen; (a) specimen CT-EDS mapping for weld; (b) specimen CT-SEM on weld. 
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Figure 7. EDS and SEM for HT specimen; (a) specimen HT-EDS mapping for weld; (b) specimen HT-SEM on weld. 
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Figure 8. EDS and SEM for CT specimen; (a) specimen CT-EDS for Monel HAZ; (b) specimen CT-SEM on Monel HAZ; (c) specimen CT-EDS for Monel at weld dilution near HAZ. 
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Figure 9. EDS and SEM for HT specimen; (a) specimen HT-EDS for Monel HAZ; (b) specimen HT-SEM on Monel HAZ. 
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Figure 10. Polarization graphs—specimen CT. 
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Figure 11. Polarization graphs—specimen HT. 
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Figure 12. Nyquist plot for CT specimen. 






Figure 12. Nyquist plot for CT specimen.



[image: Metals 09 01088 g012]







[image: Metals 09 01088 g013 550] 





Figure 13. Nyquist plot for HT specimen. 
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Figure 14. Bode plot for CT specimen. 
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Figure 15. Bode plot for HT specimen. 
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Figure 16. Phase angle variation for CT specimen. 
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Figure 17. Phase angle variation for HT specimen. 
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Figure 18. Schematic representation of the equivalent electric circuit. 
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Table 1. Chemical composition of base materials and filler wire.
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	Material
	C
	Cr
	Fe
	Mn
	Ni
	P
	S
	Si
	Mo
	Cu
	Ti
	Co
	Nb





	SS 316L
	0.03
	17
	65.64
	2
	12
	0.045
	0.03
	0.75
	2.5
	0
	-
	-
	-



	Monel 400
	0.3
	-
	2.5
	2
	63
	-
	0.024
	0.5
	-
	31.676
	-
	-
	-



	ENiCrFe-5
	0.04
	14–17
	6–10
	1.0
	70 (min)
	0.03
	0.015
	0.35
	-
	0.5
	
	0.12
	1.5
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Table 2. Comparison of EDS wt % of CT and HT specimens at HAZ and welds zones cited.
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wt %

	
SS HAZ after Corrosion

	
Weld after Corrosion

	
Monel HAZ after Corrosion




	
Component

	
CT

	
HT

	
CT

	
HT

	
CT

	
HT






	
Cr

	
5.6

	
4.8

	
10.6

	
11.5

	
-

	
0.7




	
Fe

	
19.7

	
12.1

	
9.1

	
11

	
-

	
2.4




	
Mn

	
1.9

	
2.5

	
1.5

	
2.9

	
-

	
1.2




	
Ni

	
3.9

	
4.4

	
34.5

	
22.1

	
21.86

	
28.2




	
Mo

	
-

	
-

	
-

	
0.5

	
-

	
-




	
Cu

	
1.2

	
0.8

	
4

	
2.9

	
10.48

	
12.7




	
Ti

	
-

	
-

	
1.4

	
0.6

	
-

	
-




	
Cl

	
16.2

	
26.2

	
-

	
6.5

	
1.81

	
10.5




	
Nb

	
-

	
-

	
1.7

	
1.9

	
-

	
-




	
Na

	
18.5

	
24.6

	
2.3

	
11.8

	
6.79

	
16.4
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Table 3. Polarization parameters of Monel 400 and SS 316L for specimen’s CT and HT.
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Specimen

	
Zones

	
Area

	
Ecorr

	
Jcorr

	
Icorr

	
Tafel Slope

	
Corrosion Rate

	
Polarization Resistance




	
cm2

	
V

	
µA/cm2

	
µA

	
βa

	
βc

	
(mm/yr) × 10−6

	
(M ohm)






	
Specimen CT

	
SS 316L Base

	
0.48

	
0.165

	
7.53

	
6.85

	
0.053

	
−0.166

	
0.079

	
2.54




	
SS 316L HAZ

	
0.94

	
0.104

	
56.49

	
51.36

	
0.096

	
−0.146

	
0.589

	
0.49




	
Weld Zone

	
1.02

	
0.090

	
0.32

	
0.29

	
0.296

	
−0.692

	
0.003

	
313.10




	
Monel HAZ

	
1.80

	
0.111

	
2.05

	
1.86

	
0.151

	
−0.098

	
0.020

	
13.80




	
Monel 400 Base

	
0.90

	
0.099

	
1.48

	
1.34

	
0.066

	
−0.073

	
0.014

	
11.20




	
Specimen HT

	
SS 316L Base

	
1.04

	
0.182

	
257.04

	
233.67

	
0.028

	
−0.175

	
2.679

	
0.04




	
SS 316L HAZ

	
1.03

	
0.183

	
562.34

	
511.22

	
0.098

	
−0.134

	
5.861

	
0.05




	
Weld Zone

	
1.07

	
0.062

	
13.55

	
12.32

	
0.095

	
−0.257

	
0.141

	
2.45




	
Monel HAZ

	
1.09

	
0.135

	
39.08

	
35.53

	
0.105

	
−0.277

	
0.378

	
0.93




	
Monel 400 Base

	
1.01

	
0.094

	
19.05

	
17.32

	
0.049

	
−0.190

	
0.184

	
0.99
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Table 4. Summary of resistance and capacitance of equivalent circuit.






Table 4. Summary of resistance and capacitance of equivalent circuit.





	
Specimen

	
SPECIMEN CT

	
SPECIMEN HT




	
Zones

	
R1

	
R2

	
P1

	
R1

	
R2

	
P1




	
Ohm

	
Ohm

	
Farads

	
Ohm

	
Ohm

	
Farads






	
Weld

	
6.99

	
1915.5

	
0.0000621

	
6

	
1188

	
0.00012




	
Monel Base

	
5.64

	
990.1

	
0.00027

	
4.25

	
742

	
0.00023




	
Monel HAZ

	
4.03

	
741.29

	
0.00025

	
5.54

	
704

	
0.00029




	
SS Base

	
5.54

	
704.28

	
0.00029

	
9.84

	
610

	
0.00015




	
SS HAZ

	
1.98

	
375

	
0.0015

	
4.9

	
555

	
0.0009












© 2019 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 (http://creativecommons.org/licenses/by/4.0/).
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