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Abstract

:

The process of forming metal components through selective laser melting (SLM) results in inherent spherical effects, powder adhesion, and step effects, which collectively lead to surface roughness in stainless steel, limiting its potential for high-end applications. This study utilizes a laser-electrochemical hybrid process to polish SLM-formed 316L stainless steel (SS) and examines the influence of process parameters such as laser power and scanning speed on surface roughness and micro-morphology. A comparative analysis of the surface roughness, microstructure, and wear resistance of SLM-formed 316L SS polished using laser, electrochemical, and laser-electrochemical hybrid processes is presented. The findings demonstrate that, compared to laser and electrochemical polishing alone, the laser-electrochemical hybrid polishing exhibits the most significant improvement in surface roughness and the highest material wear resistance. Additionally, the hybrid process results in a surface free of cracks and only a small number of tiny corrosion holes, making it more suitable for polishing the surface of 316L SS parts manufactured via SLM.
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1. Introduction


Additive manufacturing (AM), also known as 3D printing, is an advanced technology for directly fabricating digital models into solid parts by accumulating materials layer by layer. It has garnered increasing attention due to its advantages in manufacturing high-strength and complex parts [1,2,3]. Among the various technologies in AM, SLM stands out for its ability to prepare high-strength, fine, and complex structures by melting metal powders in a predetermined scanning path with a high-energy laser beam, followed by rapid solidification to obtain the desired solid part [4,5].



The 316L austenitic stainless steel is widely utilized in the fields of chemistry, marine engineering, food, and biomedicine due to its excellent mechanical properties and corrosion resistance [6,7,8,9]. Compared to conventional processes, SLM offers numerous advantages in preparing 316L SS, including high material utilization and the ability to fabricate complex structures within short fabrication cycles [10,11,12]. However, the inherent spheroidization effect, powder adhesion, and step effect in SLM result in poor surface roughness of the prepared parts [13,14,15,16], necessitating post-treatment and polishing to meet application requirements.



Currently, the processes employed for surface polishing of SLM additively manufactured 316L SS components primarily consist of mechanical, chemical, laser, and electrolytic polishing [17,18,19,20]. Low efficiency, difficulty in processing complex internal surfaces, and environmental pollution hinder applications of mechanical and chemical polishing. Laser polishing offers numerous advantages, such as being non-contact, non-polluting, and highly efficient [21,22,23]. However, the thermal effect generated during laser polishing is prone to causing recast layers and microcracks [24,25]. Electrochemical polishing has been widely utilized for the fine treatment of metal surfaces and can achieve a mirror finish for initial surfaces with a roughness (Ra) of about 1 µm [26,27]. However, due to the substantial surface roughness of 316L SS components prepared using SLM (Ra > 5 µm), conventional electrochemical polishing leads to non-selective and non-uniform smoothing/removal of the surface structure [28] and can even damage its original structure.



In order to address the challenges posed by individual manufacturing processes in terms of processing efficiency and quality, hybrid machining technology is increasingly being applied in high-end manufacturing fields [29,30]. Among these, laser and electrochemical hybrid machining technology integrates the advantages of high laser machining efficiency, flexibility, and the superior surface quality of electrolytic machining, making it a precision machining technology of great interest both domestically and internationally. Wang et al. [31] proposed the use of a laser–electrochemical hybrid machining process for small-hole machining. The study’s results demonstrated that laser assistance can increase the current density of the electrochemical machining area, thereby improving the electrochemical material removal rate. The machining accuracy and material removal rate were increased by 60.7% and 122.7%, respectively. Lescuras et al. [32] demonstrated that pulsed lasers can enhance the accuracy of machined edges. Silva et al. [33] developed a mathematical model to account for the localization effect of lasers in the electrochemical dissolution process. The results indicated that laser-assisted machining increased the removal rate by 54% and accuracy by 38% compared to electrochemical machining alone. Additionally, Silva et al. [34] showed that microcavities can be machined with high efficiency and without thermal damage using the laser–electrochemical hybrid addition technique.



There have been studies on the processing of metal micropores and microcavities using the laser–electrochemical hybrid process, but the polishing of large-area metals has not been addressed. Therefore, to address the current challenges associated with single-polishing technology in terms of processing efficiency and surface quality, this study proposes using the laser-electrochemical hybrid process to polish SLM-formed metal components. The study aims to investigate the effects of different process parameters on surface roughness and micro-morphology. Additionally, this study compares the surface roughness, microstructure, and mechanical properties of SLM-formed 316L SS after polishing using laser, electrochemical, and laser–electrochemical hybrid processes.




2. Experimental Method


2.1. Experimental Materials


The experimental material utilized for SLM additive manufacturing, 316L SS powder, was provided by Hart 3D. Table 1 presents the main chemical composition of the powder. The powder morphology, depicted in Figure 1a, shows that the 316L SS powder is spherical, which facilitates part formation. The particle size of the powder ranges from 15 to 65 μm, with an average diameter of 39.0 μm and a standard deviation of 8.1 μm (Figure 1b).



A 15 × 15 × 3 mm³ 316L SS batch was prepared under a nitrogen environment using SLM equipment (Daqo Laser Co., Ltd., SLM-100, Shenzhen, China). The laser power was 180 W, the layer thickness was 0.03 mm, the scanning speed was 300 mm/s, and the laser scanning direction of the adjacent formed layers differed by 67° during the SLM process. Following preparation, the samples were cut from the substrate with an EDM cutter and subsequently cleaned sequentially in ethanol and deionized water using ultrasonication for 10 min to remove residual powder particles.




2.2. Experimental Device


The laser-electrochemical hybrid polishing experimental system, as depicted in Figure 2, primarily consists of a laser processing system and an electrochemical processing system. The laser processing system comprises a laser, scanning microscope, and industrial control machine. The electrochemical processing system includes a DC power supply, electrolytic tank, electrode fixture, cathode, metal anode workpiece, and electrolyte. The anode workpiece material is SLM-formed 316L SS, with dimensions of 15 × 15 × 3 mm3. The cathode is a lead plate, and the electrolyte is a mixture of phosphoric acid, sulfuric acid, and deionized water in a volume fraction ratio of 6:3:1, kept at a temperature of 60 °C, with a processing area of 5 × 5 mm2.




2.3. Microstructure and Mechanical Property Test Methods


The surface roughness of the samples was assessed using a 3D laser confocal microscope (Olympus, OLS5000, Tokyo, Japan), while the surface morphology was examined with a scanning electron microscope (Carl Zeiss, GeminiSEM300, Oberkochen, Germany).



Surface hardness was characterized using an indentation Vickers hardness tester. Each surface underwent five measurements, and the average value was taken as the specimen’s average microhardness, employing a pressurized load of 300 g and a holding time of 15 s.



The wear resistance of the samples was evaluated using a reciprocating friction and wear tester (Yihua, MXW-1, Jinan, China). A GCr15 steel ball with a diameter of 5 mm was employed as the friction vice, with experimental parameters set as follows: experimental load of 10 N, reciprocating distance of 10 mm, frequency of 2 Hz, and test duration of 20 min.





3. Results and Discussion


3.1. Effect of Laser Power Parameters on Surface Roughness


Figure 3 illustrates the impact of laser power on material surface roughness. The experiment employed laser powers of 8 W, 12 W, 16 W, and 20 W, with a DC power supply current of 4 A and a processing time of 3 min. The results indicate that as laser power increases, surface roughness initially decreases, followed by an increase. At 16 W, the roughness reaches a minimum of 2.8 μm.



The microscopic surface morphology of the laser–electrochemical hybrid polished specimen under different powers is depicted in Figure 4. The original surface of SLM-formed 316L SS exhibits roughness with micron-sized bumps and ripples (Figure 4a). At 12 W, the surface displays bumps and corrosion pits due to the low laser power and material removal rate, making it unable to eliminate micron-level surface bumps (Figure 4b) completely. When the laser power is set to 16 W, the micron-level bumps are entirely eliminated, rendering the rough surface smooth (Figure 4c). However, at 20 W, the increased formation of bubbles at the solid–liquid interface leads to uneven polishing and the re-emergence of micron-sized bumps, resulting in increased roughness (Figure 4d).




3.2. Effect of Laser Scanning Speed Parameters on Surface Roughness


Figure 5 depicts the impact of laser scanning speed on surface roughness. The experiment encompassed a scanning speed range of 100 mm/s to 400 mm/s, with a DC power supply current of 5 A and a processing time of 3 min. The results indicate that specimen surface roughness gradually rises as scanning speed increases. However, within the scanning speed range of 300–400 mm/s, surface roughness exhibits no significant change.



As illustrated in Figure 6, the surface micro-morphology of the specimens after laser-electrochemical hybrid polishing at different scanning speeds is presented. At a scanning speed of 100 mm/s (Figure 6a), compared to the initial sample (Figure 4a), the disappearance of surface ripples and micrometer-sized bumps is evident, resulting in a relatively flat state. With increasing scanning speed, surface undulations become more pronounced, giving rise to a rough appearance, while micrometer-sized bumps remain observable (Figure 6b–d).




3.3. The Effect of Laser Processing Time on Surface Roughness


Figure 7 presents the surface roughness evolution of the laser-electrochemical hybrid polished specimen over time. The time range utilized spans 3–7 min, with a current of 5 A, laser power of 16 W, scanning speed of 100 mm/s, and repetition frequency of 40 kHz. Experimental findings reveal that surface roughness decreases before ascending as time progresses, reaching its lowest point at 5 min of processing time, achieving a value of 1.9 μm.



Figure 8 shows the microscopic surface morphology of the laser-electrochemical hybrid polished specimen at various time intervals. At 3 min of processing time, compared to the initial sample (Figure 4a), the surface ripples and micrometer-sized bumps are entirely eradicated (Figure 8a), albeit with a noticeable presence of corrosion pits. Conversely, at 5 min of processing time (Figure 8b), material surface flatness is further enhanced, with clearly visible laser processing traces and a diminished presence of corrosion pits. Upon further extension of the polishing time to 7 min, overcorrosion of the material surface becomes apparent, accompanied by larger corrosion pits and the resurgence of micrometer-sized bumps, resulting in increased roughness (Figure 8c,d).




3.4. Comparison of the Effect of Laser/Electrochemical and Laser-Electrochemical Hybrid Polishing Processes


Figure 9 exhibits the impact of laser polishing (LP), electrochemical polishing (EP), and laser-electrochemical hybrid polishing (LEP) on SLM-formed 316L SS, focusing on changes in surface roughness. To ensure rapid and efficient polishing, all processes were set to a duration of 3 min. Table 2 presents the processing parameters. Figure 9 illustrates that electrochemical, laser, and laser–electrochemical hybrid polishing processes result in reduced surface roughness, decreasing from an initial 15.63 μm to 8.2 μm, 3.7 μm, and 2.6 μm, respectively, representing reductions of 47.5%, 76.3%, and 83.4%. It is evident that laser–electrochemical hybrid polishing yields the best results, followed by laser polishing, with electrochemical polishing exhibiting the least-favorable outcomes.



Figure 10 shows the microscopic surface morphology of the specimens after undergoing the three polishing processes. Figure 10a presents the original rough surface of SLM-formed 316L SS samples. Following electrochemical polishing, micrometer structures with lower roughness were removed, but larger micrometer-sized bumps persisted, accompanied by the emergence of corrosion pits in certain areas (Figure 10b). Laser polishing resulted in a substantial improvement in surface roughness; however, thermal stresses during the process led to the formation of microcracks (Figure 10c,d). The surface of the laser-electrochemical hybrid polished samples appeared flatter compared to the two individual polishing processes. The cooling effect of the polishing solution prevented re-melting and microcracking, significantly reducing the number of corrosion pits (Figure 10e,f).




3.5. Comparison of Microhardness of Laser/Electrochemical and Laser-Electrochemical Hybrid Polishing


Figure 11 presents the microhardness of the sample surface following polishing via different processes. Microhardness test pictures are shown in Figure A2 in Appendix A. The average hardness of the original surface of SLM-formed 316L SS samples measured 217.3 HV. Subsequent to polishing using laser, electrochemical, and laser-electrochemical hybrid processes, the microhardness of the 316L SS surface was recorded at 237.3 HV, 158.6 HV, and 226.2 HV, respectively. The microhardness of the samples subjected to laser and laser-electrochemical hybrid polishing exhibited an increase, whereas the microhardness of the specimen surface following electrochemical polishing decreased. This phenomenon may be attributed to the higher hardness of the top of the samples compared to the bottom. Electrochemical polishing dissolved the top of the samples with high hardness, resulting in lower overall hardness.




3.6. Comparison of Wear Resistance of Laser/Electrochemical and Laser-Electrochemical Hybrid Polishing


3.6.1. Friction Coefficient


Figure 12a,b depict the curves of the friction coefficient over time and the average friction coefficient of the sample surface after three distinct polishing processes, respectively. Upon examination of the figures, it becomes evident that the friction coefficients experienced rapid escalation during the initial stages of the friction experiments, with the most pronounced increase observed for the laser polished and laser-electrochemical hybrid polished samples. As the friction experiments progressed, the friction coefficient of each sample gradually stabilized. The findings reveal that the average friction coefficients of the pristine surface and the surfaces treated by electrochemical, laser, and hybrid processes amount to 0.47, 0.47, 0.45, and 0.41, respectively. Notably, the friction coefficients are directly linked to the roughness of the material surface, with higher roughness corresponding to higher friction coefficients.




3.6.2. Specific Wear Rate


Figure 13 displays the cross-sectional profiles of the surface wear marks on the untreated and polished samples of SLM-formed 316L SS. The results indicate that the depths of the surface wear marks on the original sample and the surfaces following electrochemical, laser, and hybrid process polishing are approximately 50 μm, 30 μm, 28 μm, and 20 μm, respectively. It is noteworthy that the wear marks on the polished specimens are all shallower than those on the initial sample surface. The laser-electrochemical hybrid polishing samples exhibited the lowest depth of wear marks, attributable to their reduced surface roughness and enhanced microhardness. In contrast, the electrochemical polishing samples demonstrated increased roughness and decreased microhardness, resulting in a greater depth of wear marks compared to the other two polishing processes.



The wear rate of the specimen is calculated as follows [35]:


  W = Δ V / ( L × D )  



(1)




where ΔV represents the volume of wear marks in mm3, D is the sliding distance in meters, and L denotes the applied load in Newtons. The wear volume ΔV is calculated as:


  Δ V =   L h   6 b   ( 3  h 2  + 4  b 2  )  



(2)







In the above equation, L is the length of the abrasion mark (mm), h is the depth of the abrasion mark (mm), and b is the width of the abrasion mark (mm), where h and b are both measured with a laser confocal microscope (Figure A2).



As depicted in Figure 14, the wear resistance of the polished surfaces exhibited notable improvement in comparison to the original sample surface. Notably, the specimens subjected to the hybrid polishing process demonstrated the highest level of wear resistance. This enhancement can be primarily attributed to the surface roughness and microhardness improvements achieved through the polishing process.




3.6.3. Wear Morphology


Figure 15 illustrates the surface micro-morphology of the specimen after wear. The presence of abrasive particles and furrow scratches on the original specimen surface following abrasion (Figure 15a) can be attributed to the micro-cutting action of the steel ball during the experimental process, resulting in plastic deformation and material spalling. The spalled material is then refined into small-sized abrasive particles due to the grinding action of the steel ball, and the wear mechanism at this point is mainly abrasive wear and adhesive wear. In the case of the laser-polished specimen, the size of the furrows on the surface due to abrasion is significantly reduced (Figure 15b), with a drastic reduction in the number of abrasive grains. This reduction can be attributed to the decrease in surface roughness and the increase in hardness of the material, and the abrasion mechanism at this time is mainly adhesive wear. On the other hand, the degree of abrasion on the surface of the electrochemically polished sample falls between the above two specimens. Although its roughness is comparable to that of the laser-polished sample, it is exacerbated by the lower surface hardness (Figure 15c), and the wear mechanism is mainly adhesive wear and abrasive grain wear. In contrast, the hybrid-polished sample exhibits the smallest size of abrasive marks and fewer abrasive grains on the surface, resulting in a flat and relatively smooth surface (Figure 15d), and the wear mechanism is mainly slight abrasive wear. These findings further validate that the laser-electrochemical hybrid polishing process effectively reduces surface roughness and enhances the microhardness of the material.






4. Conclusions


In this study, the laser-electrochemical hybrid process was employed to polish SLM-formed 316L SS, with a focus on investigating the impact of various process parameters on surface roughness and micromorphology. Additionally, a comparative analysis was conducted among the laser, electrochemical, and laser-electrochemical hybrid processes with regard to surface roughness, microstructure, and mechanical properties of the polished material. The key findings are summarized as follows:




	(1)

	
Increasing the laser power and polishing time both contribute to improved surface flatness. However, excessively high laser power can generate bubbles, resulting in severe scattering and uneven surface polishing. Similarly, prolonged polishing time may cause excessive corrosion of the material surface;




	(2)

	
The hybrid process demonstrates higher polishing efficiency and superior surface quality than individual laser and electrochemical polishing methods. Furthermore, to some extent, the surface hardness of stainless steel is enhanced through the hybrid process, leading to the lowest coefficient of friction and specific wear rate in friction and wear tests. This process also results in reduced surface abrasion and superior wear resistance;




	(3)

	
The best laser-electrochemical hybrid polishing results were obtained when the laser power was 16 W, the scanning speed was 100 mm/s, and the current was 5 A. Compared with the original samples, the roughness was reduced by 83.4%, the microhardness was increased by 4%, and the specific wear rate was reduced by 70%;




	(4)

	
The laser-electrochemical hybrid process exhibits promising potential for applications in the efficient and high-quality surface polishing of additive-manufactured metal components.
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Figure A1. Microhardness test picture: (a) SLM-ed 316L stainless steel sample, (b) EP sample, (c) LP sample, and (d) LEP sample. 
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Figure A2. 3D image of sample wear surface: (a) SLM-ed 316L stainless steel sample, (b) EP sample, (c) LP sample, and (d) LEP sample. 






Figure A2. 3D image of sample wear surface: (a) SLM-ed 316L stainless steel sample, (b) EP sample, (c) LP sample, and (d) LEP sample.
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Figure A3 shows the EDS patterns of the sample surface for all samples, from which it can be seen that there is no obvious change in the content of the major elemental components before and after polishing. This indicates that there is no new substance produced after polishing.
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Figure A3. Sample EDS pictures: (a) original sample, (b) laser-polishing sample, (c) electrolytic-polishing sample, (d) laser-electrochemical hybrid polishing sample. 






Figure A3. Sample EDS pictures: (a) original sample, (b) laser-polishing sample, (c) electrolytic-polishing sample, (d) laser-electrochemical hybrid polishing sample.



[image: Micromachines 15 00374 g0a3]







References


	



Chen, L.; He, Y.; Yang, Y.X.; Niu, S.; Ren, H. The research status and development trend of additive manufacturing technology. Int. J. Adv. Manuf. Technol. 2017, 89, 3651–3660. [Google Scholar] [CrossRef]

	



Khorasani, M.; Gibson, I.; Ghasemi, A.H.; Hadavi, E.; Rolfe, B. Laser subtractive and laser powder bed fusion of metals: Review of process and production features. Rapid Prototyp. J. 2023, 29, 935–958. [Google Scholar] [CrossRef]

	



Sames, W.J.; List, F.A.; Pannala, S.; Dehoff, R.R.; Babu, S.S. The metallurgy and processing science of metal additive manufacturing. Int. Mater. Rev. 2016, 61, 315–360. [Google Scholar] [CrossRef]

	



Benedetti, M.; Fontanari, V.; Bandini, M.; Zanini, F.; Carmignato, S. Low- and high-cycle fatigue resistance of Ti-6Al-4V ELI additively manufactured via selective laser melting: Mean stress and defect sensitivity. Int. J. Fatigue 2018, 107, 96–109. [Google Scholar] [CrossRef]

	



Han, C.; Li, Y.; Wang, Q.; Wen, S.; Wei, Q.; Yan, C.; Hao, L.; Liu, J.; Shi, Y. Continuous functionally graded porous titanium scaffolds manufactured by selective laser melting for bone implants. J. Mech. Behav. Biomed. Mater. 2018, 80, 119–127. [Google Scholar] [CrossRef]

	



Manam, N.S.; Harun, W.S.W.; Shri, D.N.A.; Ghani, S.A.C.; Kurniawan, T.; Ismail, M.H.; Ibrahim, M.H.I. Study of corrosion in biocompatible metals for implants: A review. J. Alloys Compd. 2017, 701, 698–715. [Google Scholar] [CrossRef]

	



García, C.; Martín, F.; De Tiedra, P.; Cambronero, L.G. Pitting corrosion behaviour of PM austenitic stainless steels sintered in nitrogen-hydrogen atmosphere. Corros. Sci. 2007, 49, 1718–1736. [Google Scholar] [CrossRef]

	



Loto, R.T. Data on the Corrosion Resistance and Polarization Behaviour of Lean Austenitic and Ferritic Stainless Steels in Neutral Chloride Media. Orient. J. Chem. 2019, 35, 1138–1142. [Google Scholar] [CrossRef]

	



Kurgan, N.; Varol, R. Mechanical properties of P/M 316L stainless steel materials. Powder Technol. 2010, 201, 242–247. [Google Scholar] [CrossRef]

	



Kong, D.; Ni, X.; Dong, C.; Lei, X.; Zhang, L.; Man, C.; Yao, J.; Cheng, X.; Li, X. Bio-functional and anti-corrosive 3D printing 316L stainless steel fabricated by selective laser melting. Mater. Des. 2018, 152, 88–101. [Google Scholar] [CrossRef]

	



Yusuf, S.M.; Nie, M.; Chen, Y.; Yang, S.; Gao, N. Microstructure and corrosion performance of 316L stainless steel fabricated by Selective Laser Melting and processed through high-pressure torsion. J. Alloys Compd. 2018, 763, 360–375. [Google Scholar] [CrossRef]

	



Chen, Q.; Jing, Y.; Yin, J.; Li, Z.; Xiong, W.; Gong, P.; Zhang, L.; Li, S.; Pan, R.; Zhao, X.; et al. High Reflectivity and Thermal Conductivity Ag-Cu Multi-Material Structures Fabricated via Laser Powder Bed Fusion: Formation Mechanisms, Interfacial Characteristics, and Molten Pool Behavior. Micromachines 2023, 14, 362. [Google Scholar] [CrossRef] [PubMed]

	



Afazov, S.; Serjouei, A.; Hickman, G.J.; Mahal, R.; Goy, D.; Mitchell, I. Defect-based fatigue model for additive manufacturing. Prog. Addit. Manuf. 2022, 8, 1059–1066. [Google Scholar] [CrossRef]

	



Mostafaei, A.; Zhao, C.; He, Y.; Ghiaasiaan, S.R.; Shi, B.; Shao, S.; Shamsaei, N.; Wu, Z.; Kouraytem, N.; Sun, T.; et al. Defects and anomalies in powder bed fusion metal additive manufacturing. Curr. Opin. Solid State Mater. Sci. 2022, 26, 100974. [Google Scholar] [CrossRef]

	



Li, Z.; Li, H.; Yin, J.; Li, Y.; Nie, Z.; Li, X.; You, D.; Guan, K.; Duan, W.; Cao, L.; et al. A Review of Spatter in Laser Powder Bed Fusion Additive Manufacturing: In Situ Detection, Generation, Effects, and Countermeasures. Micromachines 2022, 13, 1366. [Google Scholar] [CrossRef] [PubMed]

	



Yin, J.; Zhang, W.; Ke, L.; Wei, H.; Wang, D.; Yang, L.; Zhu, H.; Dong, P.; Wang, G.; Zeng, X. Vaporization of alloying elements and explosion behavior during laser powder bed fusion of Cu-10Zn alloy. Int. J. Mach. Tools Manuf. 2021, 161, 103686. [Google Scholar] [CrossRef]

	



Giovanardi, R.; Conte, M.; Gelsomini, C.; Franci, R. Corrosion resistance of AISI316L stainless steel components obtained by SLM technology. Metall. Ital. 2020, 112, 24–29. [Google Scholar]

	



Sharma, R.; Kumar, S.; Saha, R. Enhancing surface quality of SLM produced AlSi10Mg components through chemical polishing. Int. J. Syst. Assur. Eng. Manag. 2023, 14, 1955–1960. [Google Scholar] [CrossRef]

	



Vaithilingam, J.; Prina, E.; Goodridge, R.D.; Hague, R.J.; Edmondson, S.; Rose, F.R.; Christie, S.D. Surface chemistry of Ti6Al4V components fabricated using selective laser melting for biomedical applications. Mater. Sci. Eng. C-Mater. Biol. Appl. 2016, 67, 294–303. [Google Scholar] [CrossRef]

	



Marimuthu, S.; Triantaphyllou, A.; Antar, M.; Wimpenny, D.; Morton, H.; Beard, M. Laser polishing of selective laser melted components. Int. J. Mach. Tools Manuf. 2015, 95, 97–104. [Google Scholar] [CrossRef]

	



Yasa, E.; Kruth, J.P. Microstructural investigation of Selective Laser Melting 316L stainless steel parts exposed to laser re-melting. Procedia Eng. 2011, 19, 389–395. [Google Scholar] [CrossRef]

	



Obeidi, M.A.; McCarthy, E.; O’Connell, B.; Ul Ahad, I.; Brabazon, D. Laser Polishing of Additive Manufactured 316L Stainless Steel Synthesized by Selective Laser Melting. Materials 2019, 12, 991. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Richter, B.; Zhang, X.Z.; Ren, X.; Pfefferkorn, F.E. Modification of surface characteristics and electrochemical corrosion behavior of laser powder bed fused stainless-steel 316L after laser polishing. Addit. Manuf. 2020, 32, 101013. [Google Scholar] [CrossRef]

	



Liu, J.; Ma, H.; Meng, L.J.; Yang, H.; Yang, C.; Ruan, S.; Ouyang, D.; Mei, S.; Deng, L.; Chen, J.; et al. Laser Powder Bed Fusion of 316L Stainless Steel: Effect of Laser Polishing on the Surface Morphology and Corrosion Behavior. Micromachines 2023, 14, 850. [Google Scholar] [CrossRef] [PubMed]

	



Bhaduri, D.; Penchev, P.; Batal, A.; Dimov, S.; Soo, S.L.; Sten, S.; Harrysson, U.; Zhang, Z.; Dong, H. Laser polishing of 3D printed mesoscale components. Appl. Surf. Sci. 2017, 405, 29–46. [Google Scholar] [CrossRef]

	



Zhang, B.C.; Lee, X.; Bai, J.M.; Guo, J.; Wang, P.; Sun, C.-N.; Nai, M.; Qi, G.; Wei, J. Study of selective laser melting (SLM) Inconel 718 part surface improvement by electrochemical polishing. Mater. Des. 2017, 116, 531–537. [Google Scholar] [CrossRef]

	



Chang, S.; Liu, A.H.; Ong, C.Y.A.; Zhang, L.; Huang, X.; Tan, Y.H.; Zhao, L.; Li, L.; Ding, J. Highly effective smoothening of 3D-printed metal structures via overpotential electrochemical polishing. Mater. Res. Lett. 2019, 7, 282–289. [Google Scholar] [CrossRef]

	



Habibzadeh, S.; Li, L.; Shum-Tim, D.; Davis, E.C.; Omanovic, S. Electrochemical polishing as a 316L stainless steel surface treatment method: Towards the improvement of biocompatibility. Corros. Sci. 2014, 87, 89–100. [Google Scholar] [CrossRef]

	



Long, Y.H.; Shi, T.L.; Xiong, L.C. Excimer laser electrochemical etching n-Si in the KOH solution. Opt. Lasers Eng. 2010, 48, 570–574. [Google Scholar] [CrossRef]

	



Yuan, L.X.; Xu, J.W.; Zhao, J.S.; Zhang, H. Research on Hybrid Process of Laser Drilling With Jet Electrochemical Machining. J. Manuf. Sci. Eng.-Trans. Asme 2012, 134, 064502. [Google Scholar] [CrossRef]

	



Wang, Y.F.; Zhang, W.W. Theoretical and experimental study on hybrid laser and shaped tube electrochemical machining (Laser-STEM) process. Int. J. Adv. Manuf. Technol. 2021, 112, 1601–1615. [Google Scholar] [CrossRef]

	



Lescuras, V.; Andre, J.C.; Lapicque, F.; Zouari, I. Jet electrochemical etching of nickel in a sodium chloride medium assisted by a pulsed laser beam. J. Appl. Electrochem. 1995, 25, 933–939. [Google Scholar] [CrossRef]

	



De Silva, A.K.M.; Pajak, P.T.; Harrison, D.K.; McGeough, J.A. Modelling and experimental investigation of laser assisted jet electrochemical machining. Cirp Ann.-Manuf. Technol. 2004, 53, 179–182. [Google Scholar] [CrossRef]

	



De Silva, A.K.M.; Pajak, P.T.; Mcgeough, J.A.; Harrison, D.K. Thermal effects in laser assisted jet electrochemical machining. Cirp Ann.-Manuf. Technol. 2011, 60, 243–246. [Google Scholar] [CrossRef]

	



Guo, G.W.; Tang, G.Z.; Ma, X.X.; Sun, M.; Ozur, G.E. Effect of high current pulsed electron beam irradiation on wear and corrosion resistance of Ti6Al4V. Surf. Coat. Technol. 2013, 229, 140–145. [Google Scholar] [CrossRef]








[image: Micromachines 15 00374 g001] 





Figure 1. The 316L SS powder: (a) SEM morphology, (b) particle size distribution. 
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Figure 2. Laser–electrochemical hybrid polishing experimental system. 
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Figure 3. Surface roughness changes with laser power. 
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Figure 4. Surface microstructure: (a) the original samples (b), (c), and (d) laser power is 12 W, 16 W, and 20 W, respectively. 
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Figure 5. Surface roughness changes with scanning speed. 
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Figure 6. Surface microstructure: (a), (b), (c), and (d) scanning speeds were 100 mm/s, 200 mm/s, 300 mm/s, and 400 mm/s, respectively. 
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Figure 7. Variation of surface roughness with machining time. 
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Figure 8. Surface microstructure: (a), (b), and (c) the processing time is 3 min, 5 min, and 7 min, respectively, and (d) is the enlarged picture of (c). 
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Figure 9. Surface roughness of SLM-formed 316L SS before and after polishing. 
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Figure 10. Surface microstructure before and after polishing: (a) original sample, (b) electrolytic-polishing sample, (c,d) laser-polishing sample, (e,f) laser–electrochemical hybrid polishing sample. 
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Figure 11. Sample microhardness distribution before and after polishing. 
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Figure 12. Samples before and after polishing: (a) friction coefficient curve, (b) average friction coefficient. 
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Figure 13. Cross-sectional outline of wear track of SLM-formed 316L SS before and after polishing. 
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Figure 14. Specific wear rate of SLM-formed 316L SS before and after polishing. 
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Figure 15. Morphology of worn surface before and after polishing: (a) original sample, (b) laser-polished sample, (c) electrochemically polished sample, (d) laser-electrochemical hybrid polished sample. 
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Table 1. Main chemical composition of 316L SS powder.
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	Element
	Ni
	Cr
	Mo
	C
	Mn
	Si
	Fe





	Percent (wt%)
	10.72
	16.96
	2.44
	0.01
	0.73
	0.51
	Bal.










 





Table 2. Processing parameters for comparison experiments.






Table 2. Processing parameters for comparison experiments.





	Samples
	P/W
	V/(mm/s)
	f/kHz
	n
	I/A
	Time/min





	LP
	16
	100
	40
	2
	-
	-



	EP
	-
	-
	-
	-
	5
	3



	LEP
	16
	100
	40
	2
	5
	3
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