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Abstract

:

Current additive manufacturing (AM) processes are mainly focused on powder bed technologies, such as electron beam melting (EBM) and selective laser melting (SLM). However, the main disadvantages of such techniques are related to the high cost of metal powder, the degree of energy consumption, and the sizes of the components, that are limited by the size of the printing cell. The aim of the present study was to evaluate the environmental behavior of low carbon steel (ER70S-6) produced by a relatively inexpensive AM process using wire feed arc welding. The mechanical properties were examined by tension testing and hardness measurements, while microstructure was assessed by scanning electron microscopy and X-ray diffraction analysis. General corrosion performance was evaluated by salt spray testing, immersion testing, potentiodynamic polarization analysis, and electrochemical impedance spectroscopy. Stress corrosion performance was characterized in terms of slow strain rate testing (SSRT). All corrosion tests were carried out in 3.5% NaCl solution at room temperature. The results indicated that the general corrosion resistance of wire arc additive manufacturing (WAAM) samples were quite similar to those of the counterpart ST-37 steel and the stress corrosion resistance of both alloys was adequate. Altogether, it was clearly evident that the WAAM process did not encounter any deterioration in corrosion performance compared to its conventional wrought alloy counterpart.
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1. Introduction


The growing interest in additive manufacturing (AM) technology in the last decade has been largely due to the inherent advantages of this technology in terms of creating highly complex geometries in a relatively short time [1,2,3,4,5,6]. Currently, most relevant production and research activities focus on 3D printing processes using powder bed technology (PBT), such as selective laser melting (SLM) and electron beam melting (EBM) [7]. However, PBT is considered a relatively expensive process mainly due to the cost of powders and their handling procedures, as well as their high process energy consumption. In addition, the practical dimensions of the produced product are inherently limited to the size of the printing cell. Furthermore, the deposition rate of the PBT process is relatively low due to a very thin printing layer (30–60 µm) and the low scan speed of the energy source (SLM or EBM) [8]. Altogether, the inherent limitations of the PBT process highlight the potential of wire arc additive manufacturing (WAAM) as an attractive alternative technology. In this process, a metal wire serves as raw material, with relatively reduced energy consumption being required to fuse the wire into a pre-designed metal component. The WAAM process usually uses widely used welding technologies, such as gas metal arc welding (GMAW) that can reduce the production cost in terms of raw material and energy consumption by nearly 80%, as compared to the PBT process [9,10]. In practice, WAAM can provide a deposition rate of about 10 kg/h [11], as compared to a rate of only 600 g/h achieved by the conventional PBT process [12]. In addition, the dimensions of the printed product are almost unlimited with WAAM [13] since the printing process here is performed in open air using a robotic arm with a localized shielded area [14].



While previous investigations of WAAM processes mainly focused on production parameters and methodologies including tool path planning, residual stress analysis, printing single-bead or multi-layer structure, and more [15,16], relatively limited attention has been devoted to the critical correlated properties realized at the end of the printing process. Accordingly, the present study aimed at evaluating the environmental behaviour of products produced by a WAAM process using ER70S-6 welding wire. The counterpart alloy that was used as a reference material was ST-37 steel, which presents a very similar chemical composition. It should be noted that the selection of ST-37 steel as a reference alloy is related to the fact that the regular process used for welding this alloy uses a welding wire made of ER70S-6 steel.




2. Materials and Methods


The chemical composition of WAAM steel samples (ER70S-6) and their counterpart wrought steel alloy (ST-37) are shown in Table 1, where it clearly reveals that both alloys are low carbon steels with very similar chemical composition. The WAAM test samples were machined from hollow cylindrical parts that were built to a height of 120 mm, a mid-wall radius of 55 mm and 15 mm wall thickness as shown in Figure 1, using 1.2 mm of ER70S-6 wire [16]. The welding process was carried out using a welding manipulator composed from a welding robot integrated with a numerically controlled computer. The pathway of the welding tool was directed by a CAD model with a programmed slicing layer thickness of 2 mm. The tangential welding speed of the robot was 14 cm/min and the protective gas atmosphere for the metal arc welding process was composed of 98% argon and 2% oxygen. The welding process parameters included a wire feed rate of 6.1 m/min, an electrical current of 210 A, a voltage 23.9 V, and a pulse frequency of 120 Hz.



Microstructure examination was carried out by optical and scanning electron microscopy (SEM; JEOL JSM-5600). Metallographic specimens were polished up to 0.04 μm and etched with Nital solution for 10 s. Examination of secondary phases and matrix was carried out using a RIGAKU-2100H X-ray diffractometer with CuKα, at 40 KV/30 mA, and a scanning rate of 2°/min.



Corrosion performance was evaluated by immersion testing, salt spray testing, and electrochemical analysis; all tests were carried out in 3.5% NaCl solution. The immersion test was conducted for up to 90 days, while the removal of the corrosion products was carried out using NaOH solution with Zn chips for 30 min at 80 °C. Corrosion rate measurements were performed according to the ASTM G2 standard. Salt spray testing was performed for up to 45 days according to ASTM B117, whereas the removal of corrosion products, as well as corrosion rate measurements, were carried out as with the immersion tests. Electrochemical analyses were carried out using a Bio-Logic SP-200 potentiostat equipped with Ec-Lab software v11.18. This was performed with a standard three-electrode cell using saturated calomel electrode (SCE) as a reference electrode. The electrochemical examinations conducted included potentiodynamic polarization analysis and electrochemical impedance spectroscopy (EIS). The scanning rate of the potentiodynamic polarization analysis was 0.5 mV/s and the EIS measurements were carried out between 10 kHz and 0.015 Hz at a 10 mV amplitude signal over the open circuit potential after 30, 180 and 540 min. Prior to electrochemical testing, the samples were cleaned in an ultrasonic bath for 5 min, washed with alcohol, and dried in hot air. Stress corrosion behavior was examined by slow strain rate testing (SSRT) in 3.5% NaCl solution at ambient temperature using a Cormet C-76 set-up. The tested specimen gauge length was 25.4 mm with a cylindrical cross section of 11.4 mm2 as shown in Figure 2. The experimental strain rate parameters were 2.5 × 10−7, 2.5 × 10−6 and 2.5 × 10−5 1/s.




3. Results


The microstructure of the printed (WAAM) alloy ER70S-6 at the transverse and longitudinal cross-sections (i.e., the XY and XZ planes, respectively) is shown in Figure 3. This revealed a typical microstructure of low carbon steel with a reduced amount of secondary pearlite phase, as obtained after an arc welding process, according to Jafarzadegan et al. [17]. The microstructure of the reference ST-37 alloy presented a regular ferrite matrix and a secondary pearlite phase, as shown in Figure 4. The relatively reduced amount of pearlite phase in the printed alloy was mainly the result of the inherent rapid solidification characteristics of the WAAM process, as well as the small differences in carbon content. In addition, it should be indicated that a minor amount of retain austenite was imbedded in the ferrite matrix in both alloys as expected. In terms of porosity, both alloys showed relatively similar amounts of porosity defects.



X-ray diffraction analysis of the printed ER70S-6 alloy and its reference ST-37 alloy is shown in Figure 5. This revealed that both alloys are mainly composed of a α-Fe (BCC) matrix, together with relatively small amounts of a retained austenitic phase γ-Fe (FCC). The calculated lattice parameter of α-Fe was 2.87 Å which comes in line with the literature value of 2.8664 Å (ICDD 006-0696). In addition, the diffraction patterns of the printed alloy in the XY and XZ planes were very similar, indicating that the inherent epitaxial solidification nature of the additive manufacturing process in this case was relatively insignificant.



The mechanical properties of printed ER70S-6 alloy and its reference ST-37 alloy in terms of tensile strength and hardness are introduced in Table 2 along with their typical stress–strain curves shown in Figure 6. These measurements clearly revealed that the yield strength, tensile strength and hardness of the printed alloy were relatively reduced, as compared to the reference ST-37 alloy. In parallel, the ductility in terms of percent of elongation of the printed alloy was significantly increased, again as compared to the reference alloy. The differences in strength, hardness and ductility between the two alloys can be related to the reduced amount of pearlite phase in the printed alloy, as well as the plastic deformation processes encountered with the reference wrought alloy.



The corrosion rates of the printed ER70S-6 alloy and reference ST-37 alloy obtained after immersion tests lasting up to 90 days in 3.5% NaCl solution are shown in Figure 7. It can be seen that the corrosion rates of the two alloys were essentially quite similar. Close-up views of the surfaces of the two alloys after immersion tests of 60 and 90 days are shown in Figure 8 and clearly indicate that the corrosion degradation mechanisms of the two alloys were significantly different, although the corrosion rates were similar. The printed alloy showed a uniform exfoliation corrosion process, while the reference alloy presented corrosion degradation that was generated from localized corrosion sites that eventually produced a porous area. The significant dissimilarities between the two corrosion mechanisms can be related to differences in the microstructure of the two alloys and, in particular, may be related to the different contents of the pearlite phase that can generate micro-galvanic corrosion attack.



The corrosion resistances of printed ER70S-6 and reference ST-37 alloys after salt spray testing for up to 45 days are shown in Figure 9. This again showed that the corrosion rates of the two alloys were relatively similar. Close-up views of corrosion attack in the two alloys, shown in Figure 10, clearly indicate that the mechanisms of corrosion attack were similar to that realized in the immersion tests. However, it should be noted that the corrosion rates obtained upon salt spray testing were relatively higher, as compared to those from the immersion test, mainly due to the relatively increased aggressiveness of the environment in the former. This can be mainly attributed to the higher testing temperature (35 °C) and refreshment of the oxygen supply generated by air flow in the salt spray chamber.



Electrochemical examination of the printed ER70S-6 alloy and reference ST-37 alloy in terms of potentiodynamic polarization analysis is shown in Figure 11. This revealed that the configurations of the polarization curves of the two alloys were quite similar, with a slight elevation seen in the potential of the reference alloy (corrosion potential: −0.63 V vs. −0.56 V, respectively). Tafel extrapolation measurements showed that the corrosion rate of the printed alloy was relatively close to that of the reference alloy (0.08 and 0.05 mmpy, respectively). This may represent similar corrosion resistance and hence, basically falls in line with the results reported by immersion and salt spray testing.



EIS analysis of the printed ER70S-6 and reference ST-37 alloys in terms of impedance variation after immersions of 30, 180 and 540 min in 3.5% NaCl solution are shown as Nyquist plots in Figure 12. After 30 min of immersion, the radius of curvature of the reference alloy in the Nyquist diagram was comparatively increased, indicating that its corrosion resistance was relatively improved, as compared to that of the printed sample. However, after 180 min of immersion, the difference in the curvature radius was significantly reduced, and after an immersion of 540 min, the curvature radii of the two alloys were nearly the same, which indicates that their corrosion resistances were quite similar. The two semi-circles obtained after a 540 min immersion represent different physical conditions, whereby the first semi-circle reflects the double layer, while the second is related to the effects of corrosion products [18]. The corresponding electrical equivalent circuits, along with the related fitted parameters for the initial and long-term immersion, are shown in Figure 13a,b, respectively. The fitted parameters include the following factors: R1—solution resistance, R2 and Q1 (capacitor), related to the double layer [19,20], R3 and Q2, corresponding to charge transfer resistance and capacitor, respectively, which are related to the effect of corrosion products and the time constant that appeared in the low frequency region [21,22].



Stress corrosion examination of the printed ER70S-6 and reference ST-37 alloys by slow strain rate testing (SSRT) in 3.5% NaCl solution in terms of UTS and elongation are shown in Figure 14 and Figure 15, respectively. This has indicated that the tendency of both properties vs. strain rate in the two alloys was basically similar. The relatively increased UTS and elongation of the printed alloy was attributed to the original properties of this alloy compared to the counterpart alloy. In terms of fractography analysis after SSRT examination, both alloys showed ductile failure behaviour in the form of “cap and cone” fractures, as seen in Figure 16, that is indicative of their adequate stress corrosion resistance.




4. Discussion


The general corrosion performance of printed (WAAM) ER70S-6 alloy and reference ST-37 alloy in equilibrium conditions in terms of immersion and salt spray testing clearly demonstrated that the corrosion resistance of both alloys was relatively similar. However, the mechanisms of corrosion were quite different. The corrosion mechanism of the printed alloy was a uniform exfoliation corrosion process, while that of the reference alloy was mainly based on general surface degradation that resulted from a large number of corrosion sites that consequently created a porous area. The differences in the corrosion mechanisms of the two alloys can be attributed to the small variations in their chemical composition, as well as their different solidification rates. The significantly increased solidification rate of the printed alloy created a more homogenous structure, with considerably reduced amounts of secondary pearlite phase. In contrast, the lower solidification rate of the reference alloy created a relatively large amount of pearlite phase that could consequently generate a micro-galvanic corrosion attack of the α-Fe matrix [23,24]. This micro-galvanic effect can explain the existence of a large number of corrosion sites on the external surface after exposing the alloy to a corrosive environment.



The results obtained in the equilibrium corrosion tests were basically supported by the electrochemical analysis in terms of potentiodynamic polarization and electrochemical impedance spectroscopy. The small electrochemical variations demonstrated in the potentiodynamic polarization analysis may be related to the fact that the polarization curve can be considered as a linear combination of various partial contributions of current density [25,26]. This can be generated from the different microstructural features composing the two alloys, and in this case, it probably relates to the small variations in chemical composition and differences in secondary phase content. EIS analysis, as portrayed in Nyquist diagrams (radius of curvature) clearly demonstrated that the significant differences between the two alloys after a short-term immersion (30 min) were rectified in the long-term immersion (540 min). This again falls in line with the outcome of the equilibrium corrosion tests that indicated that the corrosion resistance of the two alloys was essentially similar.



Stress corrosion analysis by SSRT, in the form of UTS and elongation vs. strain rate, indicated that the printed and counterpart alloys showed similar tendencies in terms of their stress corrosion resistance. This was illustrated by comparing their mechanical response at a rapid strain rate of 2.5E-5 (1/S) that introduce nearly no corrosion effect and at a very slow strain rate of 2.5E-7 (1/S) that emphasizes the effect of the corrosive environment. Although the elongation of the printed alloy was slightly reduced at the lowest strain rate (from about 34% to 24%), it was still well above the ductility of the counterpart wrought alloy (12%) that was kept nearly constant vs. strain rate. Combining this result with the fact that the UTS of the two alloys were nearly unaffected by the strain rate can lead to the understanding that the stress corrosion resistance of both alloys was quite adequate. The relatively increased UTS and elongation vs. strain rate of the printed alloy can be mainly related to the original properties of this alloy compared to its counterpart wrought alloy (475.7 ± 2.3 Mpa and 34.6 ± 3.6% vs. 611.2 ± 12.9 Mpa and 12.6 ± 0.17%, respectively). The fact that their stress corrosion resistance tendency was basically similar was also supported by the fractography analysis after SSRT examination. This has revealed that both alloys showed ductile failure behaviour which is also indicative of adequate stress corrosion resistance.




5. Conclusions


The results of the present study clearly demonstrated that the general corrosion performance of ER70S-6 steel obtained by wire arc additive manufacturing process was quite similar to its ST-37 wrought steel counterpart. Stress corrosion analysis by SSRT testing revealed that both alloys showed adequate stress corrosion resistance. Overall, it was indicated that the printing process in this case did not have any deteriorating effect on the environmental behavior of the alloy compared to its conventional alloy counterpart.
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Figure 1. Wire arc additive manufacturing (WAAM) test sample in the form of hollow cylindrical part (a) as obtained after printing; (b) related geometrical dimension (Unit: mm). 
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Figure 2. Dimensions of the slow strain rate testing (SSRT) test specimen (Unit: mm). 
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Figure 3. Typical microstructures of printed (WAAM) alloy ER70S-6 obtained by optical and SEM microscopy respectively (a,b) XY plane (c,d) XZ plane. 
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Figure 4. Typical microstructure of the reference ST-37 alloy (a) optical microscopy, (b) SEM observation. 
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Figure 5. X-ray diffraction analysis of printed ER70S-6 alloy and the reference ST-37 alloy. 
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Figure 6. Typical stress–strain curves. 
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Figure 7. Corrosion rates of printed ER70S-6 alloy and reference ST-37 alloy following immersion testing for up to 90 days in 3.5% NaCl solution. 
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Figure 8. Close-up views of corrosion attack at the surface of printed ER70S-6 and reference ST-37 alloys after immersion tests in 3.5% NaCl solution, as obtained by SEM: (a,b) printed alloy after an exposure times of 60 days and 90 days, respectively; (c,d) reference alloy after exposure times of 60 days and 90 days, respectively. 
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Figure 9. Corrosion rates of printed ER70S-6 alloy and reference ST-37 alloy after salt spray testing for up to 45 days in 3.5% NaCl solution. 
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Figure 10. Close-up views of corrosion attack at the surface of the printed ER70S-6 alloy and reference ST-37 alloy after salt spray testing in 3.5% NaCl solution. (a,b) printed alloy after exposure times of 30 days and 45 days, respectively; (c,d) reference alloy after exposure times of 30 days and 45 days, respectively. 
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Figure 11. Potentiodynamic polarization analysis of printed ER70S-6 and reference ST37 alloys in 3.5% NaCl solution. 
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Figure 12. Nyquist diagrams of printed ER70S-6 and reference ST-37 alloys in 3.5% NaCl solution after various immersion times; (a) 30, (b) 180 and (c) 540 min. 
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Figure 13. Electrical equivalent circuits and fitted parameters for the Nyquist diagrams shown in Figure 9, after various immersion times. (a) initial immersion, (b) long-term immersion. 
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Figure 14. The effect of strain rate on the ultimate tensile strength (UTS) of printed ER70S-6 alloy and reference ST-37 alloy, as obtained by SSRT. 
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Figure 15. The effect of strain rate on the elongation of printed ER70S-6 alloy and reference alloy ST-37, as obtained by SSRT. 
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Figure 16. Typical fracture surface appearance obtained after SSRT at a strain rate of 2.5E-7 (1/S) in 3.5% NaCl solution. (a) printed ER70S-6 alloy and (b) reference ST37 alloy. 






Figure 16. Typical fracture surface appearance obtained after SSRT at a strain rate of 2.5E-7 (1/S) in 3.5% NaCl solution. (a) printed ER70S-6 alloy and (b) reference ST37 alloy.



[image: Metals 09 00888 g016]







[image: Table]





Table 1. Chemical compositions (wt.%) of wire arc additive manufacturing low carbon steel samples (ER70S-6) and reference wrought alloy steel (ST-37).
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	Alloy/Wt.%
	C
	Mn
	Si
	P
	S
	Ni
	Cr
	Mo
	Fe





	ER70S-6
	0.072
	1.248
	0.761
	0.015
	0.0053
	0.008
	0.014
	0.002
	Bal.



	ST-37
	0.15
	0.491
	0.073
	0.008
	0.009
	0.03
	0.001
	0.008
	Bal.
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Table 2. Typical mechanical properties of printed alloy ER70S-6 and the reference ST-37 alloy.






Table 2. Typical mechanical properties of printed alloy ER70S-6 and the reference ST-37 alloy.





	Mechanical Properties
	Printed ER70S-6
	ST-37





	Yield strength (Mpa)
	365.9 ± 4.6
	593.8 ± 12.9



	Tensile strength (Mpa)
	475.7 ± 2.3
	611.2 ± 12.9



	Uniform elongation (%)
	12.1 ± 2.7
	6.7 ± 0.2



	Total elongation (%)
	34.6 ± 3.6
	12.6 ± 0.2



	Hardness (HV)
	192.4 ± 6
	259.1 ± 15
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