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Abstract

:

The higher surface roughness of laser-directed energy deposition (LDED)-built components necessitates advanced and sustainable surface quality enhancement techniques like laser polishing. In the present work, a parametric study involving experimental investigation and numerical analysis is conducted to determine the effect of macro-laser polishing on LDED-built SS 304L structures. A thermophysical model is developed to simulate the effect of laser power and scan speed on the melt pool depth of the LDED-built samples. The simulated melt pool depth is compared with experimental results and is found to be in good agreement. Further, the correlation between the melt pool depth and surface behaviour is studied based on shallow surface melting and shallow over-melting mechanisms. A maximum reduction in surface roughness from 21.3 µm to 9 µm (~57%) is achieved with laser polishing, and process parameters’ effect on the surface roughness is investigated. Scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS) mapping, and X-ray diffraction (XRD) are used to further characterize the laser-polished surface. SEM-EDS analysis shows that the segregation is more evident in laser-polished samples, while the XRD results indicate the absence of phase change during the process. This study paves the way to a greater understanding of the effect of macro-laser polishing on LDED-built SS 304L structures.
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1. Introduction


Laser Additive Manufacturing (LAM) is the process of joining materials using high-power lasers to make objects from 3D model data using layer-upon-layer methodology. LAM can build components with complex geometry and tailored density/properties with reduced lead time [1,2]. LAM is mainly achieved using two methods: laser powder bed fusion (LPBF) and laser-directed energy deposition (LDED) [3]. In LPBF, the powder particles are spread over the powder bed and the moving laser impinges on the powder particles, leading to particle melting and fusion [4,5]. LDED, on the other hand, uses a high-power laser to create a melt pool on a build plate onto which feedstock material is added. The deposition takes place in a layer-by-layer fashion to build 3D components [3]. LPBF is attractive for building components with high design complexity, thin features, and lightweight designs, while LDED is commonly used to build functionally graded materials, near-net-shaped complex components and large-area clad and for the repair of engineering components [6].



Recently, LDED has been used by industries for building large-size engineering components [7]. However, this process is limited by the presence of porosity, residual stresses, cracks and distortions and high surface roughness [8]. One of the major limitations of LDED parts that restricts the direct deployment of the process for several engineering applications is the high surface roughness. The average surface roughness (Ra) obtained from conventional machining (like grinding and milling) is typically 1–2 μm, whereas the Ra value of LDED parts is in the range of 10–30 μm [2]. High surface roughness also affects the dimensional accuracy of the parts and limits the deployment of the technology. In addition, parts with a rough surface finish tend to have low fatigue resistance, making LDED unsuitable for applications where good mechanical performance against dynamic loading is required. Therefore, LDED-built components need to be subjected to surface finishing operations before their final usage.



One of the most advanced techniques for improving the surface finish of LDED-built components is laser polishing [9]. During laser polishing, the surface that comes in contact with the laser melts and the melted material relocates from peaks to valleys due to the action of surface tension, leading to improved surface quality [9]. In addition to improving the surface finish, laser polishing modifies the metallurgical characteristics at the polished zone. Laser polishing is environmentally friendly as compared to conventional polishing processes, which use abrasives and chemicals that are uneconomical and harmful to the operator as well as to the environment [10]. This process can be automated and can be used to polish hard materials and/or components with complex features, which makes its deployment in the aeronautical and automotive industries attractive [10]. Although conventional machining can achieve smoother surfaces, the advantages of laser polishing, such as reduced material loss in terms of chips, greater environmental friendliness, and decreased chemical usage, are drawing more attention to this technique.



Various researchers have reported the laser polishing of LAM-built components, and the majority of the research deals with process parameter optimization for improving the surface roughness. Ermergen and Faylan [11] attempted to study the effect of process parameters, like scanning speed, pulse duration, and laser power, on surface quality and observed that using adequate laser power, spot diameter, and pulse duration settings can increase surface quality. Marimuthu et al. [12] found that excessive thermal energy can result in carbonization and oxidation. Surface roughness depends on melt pool velocity, which in turn depends on laser power and scan speed. Krishnan et al. [10] emphasized the effect of laser polishing processes such as surface oxidation and carbonization. Laser polishing may provide a glossy surface finish if the laser parameters, such as energy density, spot diameter, and beam intensity, are precisely regulated. Dadbakhsh et al. [13] applied the design of experiments (DOE) for the laser polishing of LDED-built Inconel-718 and reduced the surface roughness of the sample to 80% of the initial surface roughness. Hafiz et al. [14] studied the effect of overlap between the laser beam tracks on the surface quality of AISI H13 tool steel during laser polishing. It was found that Ra was reduced by 65% for an overlap of 80% and reduced by 77.9% for an overlap of 95%, but a reduction in surface quality was only found after a 97.5% overlap. An overlap percentage of 95% reduced both the roughness and waviness of the material. Souza et al. [15] studied the surface characteristics and wettability of laser-polished SS 316L samples built using LDED. A reduction of up to 86% in Sa was observed and the Sz/Sa ratio was modified.



It can be observed from the open literature that there are limited parametric studies available on the laser polishing of LDED structures combining experimental and numerical analysis. Further, there is limited published literature on the effect of macro-laser polishing process parameters on melt pool geometry, surface topography, and material characteristics. Thus, in the present work, a systematic investigation was carried out to establish the effect of laser polishing parameters on the melt pool geometry, surface roughness, surface topography, and material characteristics of LDED-built SS 304L bulk structures. The major objective of the investigation was to determine the effect of variation in the process parameters on melt pool depth and surface roughness and evaluate the variation in surface roughness with melt pool depth and laser energy per unit length according to experimental and simulated results. Also, the investigation was carried out to establish the effect of laser polishing parameters on the surface topography and material characteristics of LDED-built SS 304L bulk structures.




2. Materials and Methods


SS 304L powder with particles 45–106 microns in size was used for LDED deposition. The composition of the powder as provided by the powder manufacturer is presented in Table 1. An in-house developed 2 kW fibre-laser-based LDED system was used for depositing SS 304L bulk structures. It consisted of a glove box with a 5-axis manipulator, computer numerical controller, coaxial nozzle, and twin powder feeder. Figure 1a shows a schematic of the LDED system used for depositing SS 304L structures. More details about the system are reported in one of our previous research projects [16]. The process parameters yielding crack-free and continuous deposition of single tracks were selected for building bulk structures. The laser power, powder feed rate, scan speed, spot diameter, and track overlap used to build bulk SS 304L structures were 900 W, 8 g/min, 0.5 m/min, 2.5 mm, and 50%, respectively.



An in-house developed continuous-wave fibre-laser-based LPBF system with a maximum laser power of 500 W was used for the laser polishing experiments. Laser polishing experiments were carried out by turning off the powder spreading in the LPBF system. The LPBF setup was used to deploy the faster scanning speed and smaller beam diameter required for laser polishing experiments. The laser direction for polishing was along the length of the workpiece. More details about the system are provided elsewhere [17]. Figure 1b presents a schematic of the modified LPBF system for laser polishing experiments. The experiments were performed by varying laser power and scan speed at a constant overlap percentage (50%) and spot diameter (500 µm). The process parameter settings and corresponding laser energy per unit length (LEL) are presented in Table 2 as per the Taguchi L9 array. LEL is defined as the ratio between laser power divided by scan speed [14].


LEL = P/V



(1)




where P is laser power and V is scan speed.



A 3D optical profilometer from Bruker Contour GT-K was used to evaluate the surface roughness. The 3D roughness of the maximum area was determined by using the in-built stitching method, and the standard parameters used for measurement were as follows: back length, 15 µm; depth, 200 µm; stitching width, 5 mm; stitching height, 1.5 mm; and threshold, 1%. A Carl Zeiss scanning electron microscopy attached with an energy-dispersive spectroscopy (EDS) system from Oxford instruments was used for surface composition and topography studies. X-ray diffraction of the sample surface was performed with the help of Bruker D8 Focus with a step size of 0.02 degrees from 40 to 80°. The Scherrer equation was used to estimate the crystallite size from the XRD data with different sets of laser polishing parameters [6,17]. In order to measure the melt pool depth, the samples were epoxy-mounted, polished, and etched. Etching was carried out using Glyceregia (15 cc HCl + 10 cc Glycerol + 5 cc HNO3) by immersing the samples in the solution for 90–120 s. A Nikon Eclipse LV100 industrial microscope was used for measuring the melt pool depth. Melt pool depth was measured at three different locations, and then the average value was recorded.




3. Numerical Modelling


A numerical model was developed to establish the effect of laser power and scan speed during the laser polishing of the LDED-built surface. The following assumptions were made for the simplification of the analysis:




	(a)

	
The material is isotropic and homogeneous;




	(b)

	
During melting and solidification, the flow of the melt pool is neglected;




	(c)

	
No chemical reaction takes place due to argon shielding;




	(d)

	
The laser beam intensity profile is Gaussian;




	(e)

	
The effect of evaporation, spattering, and balling is neglected.









A 3D heat transfer equation (refer to Equation (2)) [18] was used to compute the temperature distribution throughout the whole 3D domain, where ρ, Cp, T, v, and Q represent density, specific heat, the temperature of the workpiece, scan speed, and absorbed heat, respectively.


    ρ C   p     d T   d t   +   ρ C   p   v ∇ T = ∇ ( k ∇ T ) + Q  



(2)







The heat flux distribution when moving the Gaussian heat source is presented in Equation (3), where P is the laser power, A is the laser energy absorption coefficient, and R is the radius at which the energy density is minimized to 1/e2 [19] of the laser intensity at the centre of the laser spot.


    Q   O   ( x , y ) =   2 A P   π   R   2       exp  ⁡      − 2       x − u t     2   +   y   2         R   2          



(3)







The roughness of the as-built sample was introduced to the 3D CAD model of the sample by part modelling, as shown in Figure 2a. The size of the sample taken for 3D modelling was 10 × 5 × 0.5 mm3. Mesh independency studies were carried out as shown in Figure 2b to select an adequate mesh size for simulation, and mesh with 26,854 elements was used for the analysis. Figure 3 shows the variation in thermophysical properties [20] with temperature.




4. Results and Discussion


Figure 4 presents the effect of laser power and scan speed on the melt pool depth based on experimental observations. It was observed that the melt pool depth increased with a rise in laser power and reduced with an increase in the scan speed, which can be explained with LEL. As the laser power increased and scan speed reduced, the LEL value increased, which led to a higher laser energy available per unit length of the material. In addition, the reduction in scan speed increased with increasing interaction time between the laser source and the material. The above factors led to the availability of higher thermal energy, resulting in higher melt pool depth values.



Figure 5 presents the melt pool depth at different values of LEL obtained using experimental studies and numerical simulation. An increasing trend was observed for the melt pool depth with an increase in the LEL. This was mainly due to the availability of more laser energy for melting. A comparison of the simulated melt pool geometry with experimental values, as presented in Figure 5, indicates a maximum deviation of 17.2%. The variation between the experimental results and numerical simulation could be due to various effects, such as spattering, ablation, and the evaporation phenomenon, which were not accounted for in the simulation.



Figure 6 presents the typical temperature distribution obtained from numerical analysis on the rough surface of the sample obtained through the LDED process and the cross-section image of the sample (from experimental results). The experimental melt pool depth values find a good agreement with the simulation results. It can also be seen from the temperature distribution that the temperature reached a maximum at the centre of the laser beam, and it decreased further away from the centre of the laser beam. This was mainly due to the Gaussian energy distribution of the laser source and faster heater conduction at the edges of the melt pool.



Table 3 presents the experimentally obtained roughness values of samples after laser polishing. The average roughness of the as-built sample was 21.37 µm. A significant reduction in the surface roughness was observed at different process parameters with a minimum surface roughness of 9 µm at a laser power of 150 W and a scan speed of 700 mm/s. Figure 7 presents the variation in surface roughness with respect to laser power and scan speed from the experimental results. The surface roughness initially reduced with an increase in the laser power but increased with an increase in laser power above 150 W. The initial reduction could have been due to the increase in thermal energy available in the melt pool, permitting the melting of unmelted powders on the surface of the LDED-built structure. However, the increase in the surface roughness above a laser power of 150 W could have been due to the excess energy in the melt pool, leading to higher turbulence and over-melting of the surface. On the other hand, an increase in the scan speed reduced the interaction time between the partially melted powder particles and the laser beam. This reduced the amount of thermal energy available at the surface and the conduction of thermal energy, which hindered the complete melting and spreading of the partially melted particles [21].



The variation in the surface roughness with process parameters can be explained with the help of shallow surface melting (SSM) and surface over melting (SOM). The SSM area is a partially melted metal surface formed by the capillary pressure created by the shallow melting of micro peaks that fills the valleys with molten metal. The molten metal thickness is smaller than the peak and valley distance in this partially melted metal area. Molten metal flows from peaks to valleys in SSM [10], leading to a reduction in surface roughness as a result of the capillary pressure. However, the melt pool thickness would be more than the peak-to-valley distance at a higher LEL. This results in a decreased frequency of peaks and valleys but an increase in their amplitude, which enhances surface roughness. The region in which the over-melting of the peak occurs is known as SOM [22,23]. Figure 8a represents surface periodic formation during the SOM mechanism. Thus, partially melting the material is always preferred to completely melting it. Therefore, it can be concluded that the surface of the sample underwent three stages when the laser energy increased:




	(a)

	
When the laser energy was insufficient to melt the surface, i.e., the incomplete melting zone;




	(b)

	
When the laser energy was high enough to melt the material so that it formed an SSM region;




	(c)

	
When the laser energy density was too high such that it over-melted the material, i.e., SOM region.









The melt pool depth presented previously can be correlated with the surface roughness using SSM and SOM. Figure 8b distinguishes the SOM and SSM modes with respect to the melt pool depth and surface roughness obtained from the experimental results. In SSM, the optimum surface roughness was achieved (9 µm) when the melt depth reached 16.06 µm. The subsequent increase in the melt pool depth resulted in increased surface roughness due to the over-melting as a result of the SOM mode of laser polishing.



The surface profiles of the as-built sample, sample 6, sample 3, and sample 8 are shown in Figure 9a–d, respectively. Sample 6 (LEL = 0.214 J/mm) showed the best surface roughness value among all the samples. Sample 3 (LEL = 0.142 J/mm) and sample 8 (LEL = 0.4 J/mm) showed higher roughness than sample 6 (LEL = 0.214 J/mm). This was due to the lower LEL for sample 3, which was insufficient to melt the peaks, whereas in sample 6, adequate LEL was available to melt the peak into the valley, leading to reduced surface roughness. In the case of sample 7, the LEL was very high, due to which the peak melting rate was so high that the frequency of the peaks decreased, but the amplitude of the new peak increased. It can be noted from Figure 10 that the surface roughness was high when the LEL was low and too high. Similar to Figure 8, SSM and SOM regions can be identified as per the surface roughness value. It is necessary to find the optimum LEL where a lower surface roughness can be achieved. In the present study, the minimum surface roughness was observed at an LEL of 0.214 J/mm, which belongs to the SSM zone.



Figure 11 presents the effect of laser polishing on surface topography. Surface topography analysis using SEM showed the presence of partially melted powders on the as-built LDED sample surface (refer to Figure 11a). The balling effect also played a role in increasing the roughness of the as-built sample. The balling effect was caused by powder particles that did not melt or just partially melted and were trapped inside the built layer. The balling effect on the surface of the produced components was caused by insufficient wetting. The partially melted powders were melted by laser polishing, which primarily led to a reduction in the surface roughness of the polished parts. As shown in Figure 11b, a high amount of energy density was available, due to which the presence of irregularities in the melt pool was high. In Figure 11c, no significant effect of laser polishing can be seen since energy density was very low, which resulted in an unmelted regime. However, as seen in Figure 11d, an adequate melting region was formed with minimal existence of the balling effect and irregularities. From the SEM images, it can be concluded that the samples with lower LEL had an unmelted regime, whereas with higher LEL, over-melting and melting irregularities were dominant. At optimum LEL, a smoother surface was obtained due to shallow surface melting.



Figure 12a,b present the elemental mapping of as-built and laser-polished surfaces. It can be seen that the segregation was more evident in the laser-polished samples as opposed to as-built samples. The segregation of Si, Mn, and C was more evident in the samples as they have a higher chance of segregation due to having a lower diffusion coefficient. As shown in Figure 13a, XRD analysis indicated the presence of peaks at angles of 44.42°, 51.58°, 75.47°, and 91.43°corresponding to γ-Fe (111), γ-Fe (200), γ-Fe (220), and γ-Fe (311) [24,25], respectively in as-built samples, along with α(110). It was observed that there was no extra peak on the laser-polished samples. It can also be seen from Figure 13b that a peak shift was observed between the as-built sample and the laser-polished sample. This could have been due to the variation in the lattice spacing as a result of the variation in the lattice strain. In addition, it can also be seen that there was a peak shift between samples polished at different LEL values, which indicates the variation in stress pattern in the material at different LEL values. The crystallite sizes estimated with the Scherrer equation were 52 nm, 49 nm, and 45 nm for 0.66 J/mm, 0.4 J/mm, and 0.285 J/mm, respectively. This indicates that the crystallite size increased with a reduction in the LEL value, which may be attributed to the reduction in the melt pool temperature and higher cooling rates associated with the reduction in LEL during laser polishing at different parameters.




5. Conclusions


In this study, experimental and theoretical studies were carried out on the laser polishing of LDED-built SS 304L samples. The correlation between melt pool simulation and surface roughness was influenced by two phenomena: surface shallow melting (SSM) and surface over-melting (SOM). Both high energy density (ED) and low ED can increase surface roughness, but there exists a region where an optimal roughness can be achieved, lying in the shallow surface melting zone. In this research, a minimum roughness of 9 µm was attained at an ED of 0.214 J/mm. The simulation results for melt pool depth exhibit good agreement with the experimental results, with a maximum deviation of 17%. The experimental findings demonstrate that careful adjustment of process parameters allows for achieving a high-quality surface profile, particularly when the laser energy density falls within the SSM region. SEM analysis reveals that an optimum energy density is crucial, as lower energy density generates a balling effect, while higher energy density leads to over-melting. SEM-EDS analysis indicates that segregation is more evident in laser-polished samples, and the XRD results reveal no extra peak generation due to laser polishing. However, a peak shift was observed between the as-built sample and the laser-polished sample, possibly due to variations in lattice spacing resulting from lattice strain.
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Figure 1. Schematic of (a) LDED and (b) laser polishing system. 
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Figure 2. Numerical modelling of (a) 3D model of the sample with surface roughness and (b) mesh sensitivity study plot. 
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Figure 3. Temperature-dependent (a) specific heat, (b) conductivity, and (c) density [19]. 
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Figure 4. Effect of (a) laser power and (b) scan speed on the mean melt pool depth. 
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Figure 5. Average melt pool depth values obtained using experimental analysis and numerical simulation. 
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Figure 6. Temperature distribution in experimental and simulated samples at (a) LEL = 0.4 J/mm and (b) LEL = 0.2 J/mm. 
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Figure 7. Effect of (a) laser power and (b) scan speed on the mean surface roughness. 
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Figure 8. Surface periodic formation (a) during SOM mechanism at (b) different regions. 
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Figure 9. Surface topography of (a) as-built samples, (b) LEL = 0.214 J/mm, (c) LEL = 0.142 J/mm, and (d) LEL = 0.4 J/mm. 
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Figure 10. Effect of laser energy per unit length on average surface roughness. 
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Figure 11. SEM images of samples (a) as-built, (b) polished at LEL = 0.33 J/mm, (c) polished at LEL = 0.142 J/mm, and (d) polished at LEL = 0.214 J/mm. 
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Figure 12. EDS mapping of (a) as-built and (b) laser-polished samples. 
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Figure 13. XRD plot of (a) as-built sample and laser-polished samples and (b) peak shift. 
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Table 1. Chemical composition of SS 304L powder.






Table 1. Chemical composition of SS 304L powder.





	Element
	Composition (Wt.%)





	Carbon
	0.01



	Manganese
	0.8



	Silicon
	0.4



	Chromium
	18



	Nickel
	9



	Iron
	Balance










 





Table 2. Laser polishing parameters and corresponding LEL.






Table 2. Laser polishing parameters and corresponding LEL.





	Sample Number
	Laser Power

(W)
	Scan Speed

(mm/s)
	LEL (J/mm)

[P/V]





	Sample 1
	100
	300
	0.33



	Sample 2
	100
	500
	0.2



	Sample 3
	100
	700
	0.142



	Sample 4
	150
	300
	0.5



	Sample 5
	150
	500
	0.3



	Sample 6
	150
	700
	0.214



	Sample 7
	200
	300
	0.66



	Sample 8
	200
	500
	0.4



	Sample 9
	200
	700
	0.285










 





Table 3. Surface roughness at different laser polishing parameters.






Table 3. Surface roughness at different laser polishing parameters.












	Sample
	Laser Power

(W)
	Scan Speed

(mm/s)
	LEL

(P/V)

(J/mm)
	Average Roughness (Sa)

(µm)





	Sample 1
	100
	300
	0.33
	11.18



	Sample 2
	100
	500
	0.2
	13.38



	Sample 3
	100
	700
	0.142
	16.17



	Sample 4
	150
	300
	0.5
	12.06



	Sample 5
	150
	500
	0.3
	14.77



	Sample 6
	150
	700
	0.214
	9.00



	Sample 7
	200
	300
	0.66
	14.32



	Sample 8
	200
	500
	0.4
	13.34



	Sample 9
	200
	700
	0.285
	17.52



	As-Built Sample
	
	
	
	21.37
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