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Abstract

:

Wire and Arc Additive Manufacturing (WAAM) is a deposition rate process for the creation and/or repair of large structural metallic components. The non-equilibrium heating and cooling conditions associated with WAAM lead to the development of heterogenous microstructures. Although there is a large body of work focusing on the microstructure and mechanical properties of WAAM-fabricated components, assessment of the corrosion behaviour of alloys fabricated by WAAM is still in its infancy. In this review, the current body of knowledge associated with the corrosion behaviour of different WAAM-fabricated engineering alloys is presented and discussed. Future perspectives and potential research topics are also presented. This is the first review work focusing on the corrosion of wire and arc additive manufactured materials.
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1. Introduction


Metallic materials are part of day-to-day life as they are key in the improvement of living conditions around the world. Conventional manufacturing processes for metallic materials allow to create multiple components, but often there are design limitations imposed by the manufacturing process itself. The advent of additive manufacturing (AM) allowed for complex-shaped structures to be easily fabricated in a layer-by-layer fashion and for the construction of complex geometries with satisfactory accuracy [1]. Although AM processes can be applied to any class of engineering materials [2,3,4,5], metal additive manufacturing is currently expanding given the potential applicability prospects associated with the combination of high strength metallic alloys with improved design flexibility enabled by AM processes. Although most AM processes for metallic materials are focused on the fabrication of small- to medium-sized components, there is a significant and urgent need for processes capable of fabricating larger complex-shaped structures in a timely fashion, while decreasing material waste. With regards to this, within the field of metal additive manufacturing, wire and arc additive manufacturing (WAAM) has a large deposition rate and is known for its low implementation costs and easy maintenance [6]. WAAM is already being used in the industry field for multiple applications, ranging from the repair of obsolete metallic components to the fabrication of new parts, as well as in the oil and gas, energy and aerospace industries [7,8,9,10]. In WAAM, the large heat source can be based on gas metal arc welding (GMAW) [11,12,13,14,15], gas tungsten arc welding (GTAW) [16,17,18,19], or plasma arc welding (PAW) [20,21,22,23,24]. The selection of each of these types of heat sources will influence the microstructure development, process stability, deposition rate, implementation costs and industrial uptake.



Currently, WAAM of different engineering alloys is primarily focused on determining the evolution of microstructure and the resulting mechanical properties [25,26,27,28,29,30,31]. Determining the relationships between microstructure and mechanical properties is currently fundamental since the application prospects of WAAM-fabricated components is for them to be used in structural applications. Hence, it is necessary that how the weld thermal cycle impacts the microstructure along the deposited material is understood so that one can develop new processing conditions or post-process heat treatments, targeting an improvement in the resulting mechanical properties. Despite the importance of linking processing conditions to microstructure and mechanical response, there are other key material features that must be comprehensively assessed to further expand the use of WAAM in key industry sectors where the materials are in contact with aggressive environments, such as in the oil and gas and nuclear industries [28,32]. A key topic that has been lacking attention, with scarce literature to be found on it, is the assessment of the corrosion behaviour of WAAM-fabricated components. There is a fundamental need to address the corrosion behaviour of components built by WAAM as the type of applications associated with this technology, namely large metallic components for critical application in the oil and gas, maritime and aerospace industries, often require that the components be used in demanding, aggressive environments. More importantly, it is well-known that the thermal conditions within a part fabricated by WAAM are dependent on the location of the part. Since there is often a correlation between the thermal cycle experienced by the material and the resulting microstructure (coming from the solidification structure or due to solid state transformations imposed by repeated subsequent depositions), the thermophysical properties, including corrosion behaviour of the fabricated component, can be spatially dependent, which can aggravate the deterioration of the structural integrity during the operation of the component.



The present review work focuses on the current state of the art for the assessment of the corrosion behaviour of different alloy families fabricated by WAAM. We highlight key features associated with each type of material, while also suggesting new venues for research so that WAAM can be fully embraced and adopted at an industrial level in high-demand applications.




2. Methodology


The present review was conducted by searching articles from the scientific platforms Scopus, ScienceDirect and Google Scholar using “wire arc additive manufacturing”, “WAAM”, “corrosion behaviour” and “corrosion” as key words. Multiple combinations of these keywords were used to ensure that all the articles related to the corrosion of WAAM-fabricated materials were considered. The articles were then sorted by the type of alloys, as it will be mentioned in the study, and a second search was made including the different base metals as key words, i.e., “steel”, “stainless steel”, “nickel”, “titanium” and “magnesium”, as a second-step method to guarantee the effectiveness of the search. The articles were analysed to filter the ones that only mentioned corrosion in a brief and undetailed manner, those that focused mostly on mechanical properties and those that focused on the corrosion behaviour with more details. After the filtering process, the remaining papers were used to compose the present review work.



It is worth mentioning that several of these scientific studies were conducted as a mixture of corrosion and mechanical properties analysis, and for this reason did not utilise the full spectrum of electrochemical analysis techniques possible.




3. Corrosion Behaviour in WAAM Materials


Corrosion is defined as a spontaneous reaction that results in material degradation as a result of its interaction with the environment [33]. The material’s susceptibility to corrosion is a parameter that depends on different factors, including the corrosive environment, the chemical composition of the material, heat treatment, microstructure, surface finish, production and processing methods [34,35].



When addressing wire arc additive manufactured (WAAMed) materials, some of the process parameters, such as travel speed, wire feed rate, current, deposition path and protection gas flow rate [36,37], significantly affect the resulting microstructure and surface finish and, thus, will have an observable impact on the corrosion behaviour, as previously mentioned. This multiple-parameter effect leads to difficulty in determining their isolated influence. Despite this issue, some authors suggested that a synchronous effect can be condensed and analysed in terms of heat input [38,39].



Compared to conventionally produced methods, AM components present complex microstructures because of the different time-dependent temperature profiles and process parameters [40,41,42,43,44,45,46,47,48]. These microstructures are formed by a combination of rapid solidification rates and high thermal gradients [49]. These processes are known to produce complex, non-equilibrium microstructures with poor surface finish, resulting in the necessity of post-processing treatments. Dinovitzer et al. [38] reported an increase in surface roughness with higher travel speeds and presented an inverse behaviour relative to the current applied during the WAAM process, leading to an increase in corrosion susceptibility [50,51].



Another important factor inherent to this process is the segregation of alloying elements, which is a result of different concentrations and solidification times of the dendritic and interdendritic regions, leading to chemical heterogeneities creating large cathodic regions enabling localised corrosion [52,53]. Figure 1 displays the microstructure comparison between conventionally produced and AMed steels. The adjustment of the operating parameters allows the control of the cooling rates during and after solidification, which results in tunning of the microstructure, leading to higher strength without significantly reducing the ductility.



Despite the increasing attention WAAMed materials are attracting, there is still a lack of information in the literature concerning its corrosion behaviour [54,55,56], which is of fundamental importance prior to a massive industrial application of these materials into industrially relevant settings. Figure 2 details the growing trend in WAAM corrosion studies, which total approximately 560 papers published during the period from 2018 to 2022. During the same period, Laser Power-Bed Fusion (L-PBF) corrosion presented twice as much research works [57]. Despite the increase in the number of papers, these studies focus on specific topics related to a particular problem and/or application rather than seek a general comprehension of the corrosion susceptibility [8,25,28,58,59,60,61,62,63,64,65,66]. The following sections summarise the key knowledge associated with the corrosion behaviour of different material classes fabricated by WAAM.



3.1. Steels


Tian et al. [67] studied the galvanic corrosion of a low-carbon high-strength steel 10CrNi3MoV fabricated by cold metal transfer (CMT) WAAM in a 3.5% NaCl solution comparing the substrate with the deposited layers. Optical microscope imaging taken after 1 h of immersion showed a more severe pitting and overall corrosion in the deposited layers when compared to the substrate. This contrast was more evident after 12 h of immersion where the deposited layer presented a large number of oxides and pitting corrosion and the substrate presented fewer corrosion products, as seen in Figure 3 and Figure 4 [67]. The difference in corrosion resistance was attributed to high process heat input and an uneven microstructure, resulting in differences in both grain size and element segregation causing micro-galvanic corrosion [67]. This work elucidated the importance of process control to produce compatible microstructures aiming to reduce differences in electrochemical properties and, thus, improve their functionality.



Ron et al. studied the corrosion behaviour of WAAMed ER70S-6 compared to the reference alloy ST-37 in a 3.5% NaCl solution [68]. The results obtained by potentiodynamic polarisation, and electrochemical impedance spectroscopy (EIS) showed that the electrochemical behaviour of both printed and reference alloys was practically the same and presented comparable corrosion rates. Despite the similarity of both specimens, the corrosion degradation mechanisms were different. ER70S-6 presented uniform exfoliation corrosion, while the reference alloy presented localised corrosion resulting in the formation of a porous area, as seen in Figure 5. The difference in corrosion mechanisms was attributed to variations in chemical composition as a result of different solidification rates, creating a more homogenous microstructure and reduced amounts of secondary pearlite phase for the printed alloy. Due to the slower solidification, the reference alloy presented larger quantities of pearlite, resulting in micro-galvanic corrosion [68].




3.2. Stainless Steels


Wen et al. [69] observed that high linear heat input (LHI) during WAAM of austenitic stainless steel provided a larger molten region and lower cooling rates enabling a longer diffusion time for atoms such as Cr and Mo, thus, resulting in the segregation of these species. The final microstructure presented austenitic and δ-ferrite regions composed of Cr/Mo-poor and high LHI, with Cr/Mo-rich and low LHI passive films, respectively, favouring the localised corrosion as a result of the formation of a galvanic cell. The polarisation curves, operated in a 3.5 wt% NaCl solution, show that despite both WAAMed steels presenting lower corrosion potential than the wrought, the specimen produced using low LHI displayed a higher pitting potential and a larger passivation voltage range (the difference between corrosion and pitting potential), as seen in Figure 6, which is an indication of a stable passive film formation [70,71].



Hao et al. [72] prepared samples of SUS304 via WAAM and studied the corrosion behaviour in 3.5% NaCl solution as a function of the applied current by comparing the constant current (CC) of 150 A with a 2 Hz pulse current (PC) composed of a base current of 150 A, a peak current of 200 A and a 0.2 m/min travel speed. They noticed that the specimens produced with PC presented more positive corrosion potentials, indicating a lower corrosion rate. This finding was attributed to the higher relative content of Cr and Ni in the layers deposited with PC.



The investigation of pitting corrosion resistance of super duplex stainless steel (ER2594) fabricated by WAAM was analysed in three different regions, the bottom, middle and top of the deposited wall in a 3.5% NaCl solution [73]. It was found that the position of the deposited material had little to no effect on the corrosion resistance. The corrosion rates extracted using the Tafel curves resulted in excellent resistance [74] and were comparable to that of the wrought alloy. The Pitting Resistance Equivalent Number (PREN) of all the regions presented results higher than 40, indicating that it is suitable for oil and gas industry applications, as required by the National Association of Corrosion Engineers (NACE) [75] and suitable for seal rings in subsea connections, as required by the Norwegian shelf’s competitive position (NORSOK) [76].




3.3. Nickel Alloys


Zhang and Ojo [77] studied the corrosion behaviour of WAAMed Inconel 718 (IN718) in 1 M nitric acid (HNO3) and in 1 M sulfuric acid (H2SO4) using the wrought alloy as a benchmark. Despite both alloys receiving the same post-manufacturing heat treatment, the WAAMed alloy had higher corrosion current density (icorr), passivation current density (ipass), critical current density (maximum density of active–passive transition, icrit) and a narrower passivation potential range (∆Epass) in both solutions, as shown in Figure 7. The higher ipass, the more difficult the formation of a passive film is [78], hindering the corrosion resistance. Additionally relative to the passive film, wider ∆Epass indicates a more stable passive film has been formed.



The EIS measurements presented a considerably smaller capacitive arc in the Nyquist plots for the WAAMed IN718, indicating a lower corrosion resistance, as seen in Figure 8a, which is in accordance with the polarisation results. Although the Y-axis of the Nyquist plot presents the imaginary part of the impedance as positive values, the correct form to represent is with negative values. The analysis of the Bode diagrams, Figure 8b,c, showed lower values of polarisation resistance and the value of |Z| at low frequencies (f < 1 Hz) for the WAAMed IN718, which is an indication of a less stable passive film. Finally, the lower phase angle at low frequencies, seen in the WAAMed IN718, suggests a passive film with lower protection capabilities. These differences were attributed to the chemical structure of the WAAMed IN718 passive film, which contains less Cr2O3 and more NiO, resulting in a more porous and less protective passive film [77].



Chigilipalli and Veeramani [79] compared the corrosion behaviour of WAAMed and wrought 825 alloys in 3.5% NaCl solution and observed that the WAAMed alloy presented similar corrosion potential (Ecorr) to the wrought alloy, −346 mV and −331 mV, respectively, and presented icorr one order of magnitude higher, resulting in a corrosion rate of 0.117 mmpy, while the wrought 825 presented 0.066 mmpy. The higher density of grain boundaries present in the WAAMed alloy, when exposed to the corrosive media, can be responsible for the reduction in the corrosion resistance [80]. In addition, the decreased dislocation density of the wrought alloy increased the corrosion resistance [81].



The EIS results displayed a lower impedance value, approximately one order of magnitude for the WAAMed, which is an indication of lower corrosion resistance [82]. The phase angle at medium frequencies is associated with the integrity of the passive film, and the lower values observed for the WAAMed alloy indicates a less stable passive film with lower protection capabilities.



The lower corrosion resistance of the WAAMed alloy was associated with finer grain size and increased dislocation density. These results are in accordance with those previously observed by Zhang and Ojo [77].




3.4. Other Materials


This section is reserved to present information on other important engineering alloys that present less scientific research on the corrosion behaviour of their WAAMed specimens.



3.4.1. Titanium Alloys


Yang et al. [83] studied the corrosion behaviour of the Ti-6Al-4V alloy produced by different additive manufacturing techniques and compared it to traditional rolling in a 3.5 wt% NaCl solution. The results derived from potentiodynamic polarisation showed that the WAAMed and rolled alloys exhibited icorr values nearly two orders of magnitude lower than the SLM sample, presenting approximately 0.55, 0.49 and 7.74 µA/cm2, respectively. The corrosion rate of each specimen was calculated applying the corrosion current densities in Faraday’s law [84]. The WAAMed and rolled alloys presented similar values, 4.76 × 10−3 and 4.24 × 10−3 mm/year, while the SLM presented 6.70 × 10−2 mm/year. These results indicate that WAAMed and rolled titanium alloys are classified as very stable, while SLM is classified as stable in the 3.5 wt% NaCl solution, according to Yang et al. [83]. Further investigations were conducted using the EIS and electrochemical equivalent circuit (EEC) techniques. The literature states that titanium alloys produce a duplex passivation oxide composed of an inner compact thin layer and an outer porous external layer [85,86]. The authors noted that the Bode plot shows a broad peak, which indicates the occurrence of more than one simultaneous process and can be represented by two time-cons [1]. This structure can be simulated using the EEC consisting of a solution resistance (Rs), charge transfer resistance (Rct), film resistance (R1) and constant phase elements (CPE) representing the capacitance of the film/oxide layer interface (Qdl) and the coating capacitance (Q1), as seen in Figure 9.



The resistance of the passive film for the WAAMed and SLM were similar and presented one order of magnitude lower than the rolled sample; 1.49, 1.56 and 21.36 kΩ cm2, respectively. Despite this difference in the film resistance, the charge transfer resistance of the WAAMed and rolled alloys presented as one order of magnitude higher than the SLM; 49.89, 56.99, and 1.16 kΩ cm2, respectively, indicating that both passive films present similar corrosion resistance [83]. These results are in accordance with the results obtained by the potentiodynamic tests.



The CPE’s represent non-ideal capacitors, or pseudo-capacitors, represented by ZCPE = Q−1(jω)−n, with n presenting values between 0 and 1. If the value of n is 0, the element behaves as an ideal resistance and if the value is 1 it behaves as an ideal capacitor. Typical values for n in corrosion systems are between 0.7 and 0.9, and these elements are used to substitute ideal capacitors due to the non-uniformities of the surface, i.e., heterogeneous properties and structural defects [87].



The n-values associated with coating capacitance for the WAAMed, SLM and rolled samples were 0.92, 0.85 and 0.75, respectively, and are in accordance with the Bode plot obtained. Pan et al. [87] related the presence of two time-constants to the integrity of the passive film along with the analysis of the phase angle of the Bode diagram. The medium frequency range of the diagram indicates the condition of the film’s corrosion resistance; angles near −90° indicate a well-formed film with good corrosion resistance. In the Bode diagram, the angles for the WAAMed, SLM and rolled alloys are approximately −80°, −72° and −66°, respectively, suggesting that the WAAMed structure presents better passive film properties.



The authors concluded that the corrosion behaviour of the Ti-6Al-4V alloys was dependent on a combination of factors, including microstructure type, size and morphology of constituent phases. The WAAMed and rolled samples presented comparable corrosion resistance and were superior to the SLM. It was also noticed that the SLM sample significantly improved the corrosion resistance after the application of a proper heat treatment to induce the transformation of acicular α’ martensite into a fine lamellar structure composed of α and β phases. This higher corrosion resistance of the heat treated SLM may be attributed to the finer grain structure of the material and is explained by the adherence of the passive film to the interface of the grain boundaries due to pinning effect [83], thus, reducing the material pitting corrosion susceptibility.



In a similar study, Wu et al. [88] investigated the anisotropic behaviour of WAAMed Ti-6Al-4V in 3.5% NaCl solution comparing the base metal (BM), horizontal plane (HP) and vertical plane (VP), as seen in Figure 10. As the layers build up, the cooling rate decreases, leading to a variation in the component microstructure. The BM presents an equiaxed α/β microstructure while the WAAMed presents an inhomogeneous microstructure composed of acicular martensite α’ and fully lamellar α for the HP and VP.



The electrochemical properties were analysed via potentiodynamic polarisation and EIS, showing that the anisotropic behaviour affected the corrosion properties. The HP plane presented higher ipass, suggesting higher corrosion rates. Although the Nyquist and Bode plots appear similar for all the specimens, the simulation using a Randles circuit showed that the BM presented Rf values one order of magnitude higher than the VP and HP regions, as seen in Figure 11 and Figure 12. These findings are in accordance with the study of Yang et al. [83].




3.4.2. Magnesium Alloys


Fang et al. investigated the corrosion performance of the WAAMed AZ31 magnesium alloy [89]. In comparison to its hot-rolled counterpart, the WAAMed AZ31 presented lower values of Ecorr, Icorr and corrosion rate in a 3.5% NaCl solution, as observed in Figure 13 and Table 1, indicating an improved corrosion resistance. The authors associated the results with the grain refinement obtained by this AM technique compared to the hot-rolled; approximately 75 μm vs. 1300 μm, respectively, as seen in Figure 14.



Although the influence of grain size on the corrosion of magnesium alloys is still controversial in the literature, some authors stated that the higher density of grain boundaries facilitates passivation, acting as a corrosion barrier [90,91,92].



Similarly to Fang et al. [89], Li et al. [93] studied the corrosion behaviour of AZ31 as a function of grain refinement induced by the WAAM process. The main difference between these electrochemical studies was the concentration of the solution. While Fang et al. used 3.5 wt% NaCl, Li et al. used 0.5 wt% NaCl. Under this different condition, it was observed that the WAAMed alloy presented higher icorr, as seen in Figure 15a, and this was associated with the preferential oxidisation of the refined microstructure producing a less protective corrosion products layer. Figure 15b shows that both alloys present filiform corrosion, but the WAAMed alloy differs by presenting intergranular corrosion, which was related to an accelerated dissolution of magnesium surrounding the second phases precipitated along the grain boundaries. This effect was more pronounced in the WAAMed alloy due to the higher density of grain boundaries as a result of the grain refinement.



The analysis of EIS suggests that the cast AZ31 forms a hydroxide layer providing temporary protection for 6 h, while the WAAMed AZ31 does not produce this layer. Figure 15c,d depicts the presence of the layer in the increase in the capacitive loop from 0.5 to 6 h of immersion time, after that the layer is damaged due to Cl− penetration.



The authors concluded that hindered corrosion resistance of the WAAMed AZ31 is caused by grain refinement. The corrosion mechanism of the cast alloy with larger grains was micro-galvanic coupling, while intergranular corrosion prevailed over the micro-galvanic corrosion for the significantly reduced grain size of the WAAMed alloy [93].






4. Outlook


Table 2 presents a summary of the effects of the WAAM process on the corrosion susceptibility of the studied alloys. The most common parameter that affected the resistance was the creation of micro-galvanic cells due to solute segregation, emphasising the importance of homogeneous chemical composition within the fabricated material.




5. Future Perspectives and Conclusions


Although WAAM is an emerging AM process for the fabrication of large, complex-shaped structures, most of the existing literature is focused on evaluating the microstructure that develops along the fabricated part, as well as the resulting mechanical (static and cyclic) properties. In opposition, the evaluation of the corrosion behaviour of WAAMed components is still in its infancy, requiring an expansion of dedicated studies to evaluate how the thermal cycle process and microstructure will influence the corrosion behaviour of the fabricated material. The non-equilibrium heating and cooling conditions associated with WAAM render the development of heterogenous microstructures, including compositional gradients that can locally accelerate the material corrosion, enabling premature failure to occur. Different methodologies can be used to understand the corrosion behaviour of WAAMed components, including dedicated tests aimed at revealing how the microstructure influences material degradation in different environments. Moreover, the advent of Integrated Computational Materials Engineering (ICME) approaches [94,95,96,97,98] can enable the development of processing strategies and the selection of different filler materials during WAAM, which can ensure improved and safer corrosion performance of the fabricated components. Moreover, the evaluation of post-processing methodologies, currently widely used for improving the microstructure and mechanical response in fusion-based AMed components [99,100,101,102,103,104,105], will need to be further expanded to WAAM in order to determine the most suitable microstructure features for safe operating conditions considering both the mechanical and corrosion performance of the fabricated materials. Thus, the need to develop post-WAAM heat treatment to promote microstructure homogenisation is expected to have a tremendous and positive impact on the corrosion behaviour of WAAMed components. However, WAAM is well-suited for the creation of functionally graded materials [102,106,107], which bring increased complexity for evaluating the corrosion response of the material due to a spatially varying composition and microstructure, while at the same time the post-process heat treatment condition may not be suitable for certain composition ranges within the fabricated functionally graded component. Thus, the need to develop process parameters capable of inducing in situ heat treatments [105,108] that render optimised conditions is expected to be of significant importance for WAAM, while at the same time another possibility may encompass the use of local heat treatments to selectively modify the microstructure of the component. Nonetheless, this last option is likely to be very time-consuming and may render some push back from industries owing to the associated significant time and capital costs for such an approach to be implemented.



The evaluation of stress-induced corrosion is also another key topic that needs to be comprehensively addressed for WAAMed components. Given the potential application of WAAMed components in structural applications where thermomechanical efforts can be expected, the material response under different environments must also be assessed to verify the suitability of this process for application in advanced structural applications. However, as inferred from the current work, this topic is not yet addressed, being a significant scientific gap in the literature that must be bridged in the near future to enable the full adoption of WAAM for different applications.



To summarise this review work, the following key conclusions can be drawn:




	-

	
WAAM is currently being increasingly adopted for the fabrication of complex-shaped metallic structures for structural components.




	-

	
The corrosion behaviour of WAAMed structures is currently very limited, which prevents the full evaluation of the potential of this technology for the deployment of metallic structures for application where extreme operating environments are encountered.




	-

	
From the still relative number of engineering alloys processed by WAAM for which the corrosion behaviour was evaluated, it was observed that different systems will have a distinct behaviour in a corrosive environment, i.e., while some as-built components outperform wrought counterparts, the opposite is also observed frequently.




	-

	
There is a need to precisely determine how local non-equilibrium solidification microstructures, and potentially the effect of post-process heat treatment, will influence the corrosion performance of the component, while at the same time there is a need to evaluate whether the microstructure conditions that render the best corrosion behaviour will also allow the structure to sustain the mechanical efforts for which it was considered.




	-

	
The use of ICME methodologies can aid in the development of new materials compositions obtained by WAAM for improved corrosion and mechanical performance for advanced structural applications.
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Figure 1. Typical microstructures of different steels produced conventionally (in the state intended for use) and after additive manufacturing. Reprinted with permission from [53]. 
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Figure 2. The number of publications related to corrosion in WAAM materials (data extracted from ScienceDirect® [57]). 
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Figure 3. Morphologies after 1 h of immersion in 3.5% NaCl solution: (a) macroscopic image of the deposited layer; (b) optical microscope of the substrate; (c) optical microscope image of the junction; (d) optical microscope image of the matrix. Reprinted with permission from [67]. 
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Figure 4. Morphologies after 12 h of immersion in 3.5% NaCl solution: (a) macroscopic image of the deposited layer; (b) optical microscope image of the substrate; (c) optical microscope image of the junction; (d) optical microscope image of the matrix. Reprinted with permission from [67]. 
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Figure 5. SEM imaging of the surface morphology after immersion tests in 3.5% NaCl solution: (a,b) WAAMed alloy after exposure of 60 and 90 days, respectively; (c,d) reference alloy after exposure of 60 and 90 days, respectively. Reprinted with permission from [68]. 
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Figure 6. Morphology of pitting corrosion under (a,b) low LHI; (c,d) high LHI and (e) corresponding electrochemical polarisation curves. Reprinted with permission from [69]. 
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Figure 7. Potentiodynamic polarisation curves of WAAMed IN718 and Wrought IN718 at room temperature in (a) 1 M HNO3 and (b) H2SO4 solutions. Reprinted with permission from [77]. 
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Figure 8. Electrochemical impedance spectroscopy (EIS) of WAAMed IN718 and wrought IN718 in 1 M H2SO4 solution after potentiostatic polarization at 1 V for 1 h at room temperature: (a) Nyquist plots, (b) Bode diagram—impedance, (c) Bode diagram—phase angle. Reprinted with permission from [77]. 
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Figure 9. Electrochemical Equivalent Circuit used for modelling Ti-6Al-4V. Elaborated by author using the software Nova 2.1. 
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Figure 10. Three-dimensional diagram of WAAM-fabricated Ti-6Al-4V wall showing orientation of specimen planes. Reprinted with permission from [88]. 
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Figure 11. (a) Polarisation curves, (b) Nyquist plots with EEC, and (c) Bode diagrams of WAAMed Ti-6Al-4V. Adapted from [88]. 
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Figure 12. The comparison of corrosion resistance of WAAM-fabricated Ti-6Al-4V and wrought base metal in 3.5% NaCl solution. Reprinted with permission from [88]. 
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Figure 13. Potentiodynamic polarisation curves of hot-rolled and AMed AZ31 magnesium alloy under 3.5 wt% NaCl solution. Reprinted with permission from [89]. 
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Figure 14. Inverse Pole Figure (IPF) and statistics charts of grain size for the (a,c,e) hot-rolled and (b,d,f) WAAMed AZ31 Mg alloy. Reprinted with permission from [89]. 
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Figure 15. (a) Potentiodynamic polarisation curves, (b) corresponding surface morphologies of cast AZ31 and WAAM AZ31 immersed in 0.5 wt% NaCl solution with 30 min of stabilisation, (c) Nyquist plot of cast AZ31, and (d) Nyquist plot of WAAM AZ31 immersed in 0.5 wt% NaCl solution at varied durations. Reprinted with permission from [93]. 
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Table 1. Calculated corrosion parameters from the linear polarization curves. Taken from [89].
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	Sample
	Icorr (μA/cm2)
	Ecorr (V)
	Rcorr (mm/year)





	Hot-rolled
	611.62
	−1.56
	13.62



	WAMMed
	154.12
	−1.60
	3.43
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Table 2. Summary of the effects of WAAM Process Variables on the Corrosion Susceptibility.
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	Variables
	Effect on Corrosion Susceptibility
	WAAM Systems Affected





	Solute Segregation
	Micro-galvanic cells are created, resulting in localised corrosion [69,77] and different phases along the deposited layer, resulting in distinct corrosion potentials [67].
	316LN

ER70S-6

10CrNi3MoV



	Refined Grain Size
	This variable is still controversial in the literature. Some authors relate coarse and non-equiaxed grains with hindered corrosion behaviour [67,83], while others observe the opposite [77].
	10CrNi3MoV

825 alloy

TI-6Al-4V



	Heat Input
	Lower corrosion potentials were observed when applying high heat input [67,69].
	10CrNi3MoV

316LN



	Current Source
	WAAMed materials fabricated using a pulsed current source presented more positive corrosion potentials when compared to constant current sources [72].
	SUS 304
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