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Abstract

:

Three-dimensional (3D) printing of polylactic acid using the fused filament fabrication approach is a widely used additive manufacturing method in various fields, despite the historical issue of substantial surface roughness in fused filament fabrication products. Several strategies have been utilized to minimize the surface roughness of 3D-printed items. However, laser polishing is a novel technique for reducing surface roughness and improving other material qualities. In this study, polylactic acid was examined using the laser polishing method for surface roughness and mechanical properties, such as tensile and flexural strength and laser scan time. Several trials were conducted to determine how changing the laser’s characteristics may affect the materials’ surface quality and mechanical qualities. Before the final test, preliminary tests were performed to determine the lowest potential heat-affected zone. Laser polishing reduced surface roughness by more than 88.8% (from 7.8 µm to 0.87 µm). The tensile strength of the specimen increased by 14.03%, from 39.2 MPa to 44.7 MPa. Polylactic acid had a constant flexural strength of 70.1 MPa before and after polishing, and the laser scan time for samples was 19.4 s. Polished morphologies were studied to learn more about the microstructure. These findings show that laser polishing can improve and modify the surface properties of a fused filament fabrication product, which can benefit the industry and researchers.
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1. Introduction


Additive manufacturing creates physical objects layer after layer from a three-dimensional (3D) model [1]. Because of its low cost and low energy needs, additive manufacturing has found extensive applications. The healthcare, transportation, aerospace, and biotechnology markets are expanding at the quickest rates [2,3,4,5]. The term “3D printing” is an umbrella word for a variety of production techniques [6,7,8], such as stereolithography, fused filament fabrication (FFF) [9], powder-bed fusion [10,11,12,13,14], and selective laser melting [15,16]. In polymer printing, FFF is one of the most often used additive manufacturing processes [17,18]. In a typical FFF process, filament materials comprising thermoplastic, waxes, or metal fusion are extruded from hot nozzles and set at a consistent rate along a defined trajectory for each layer [19].



When one layer is complete, it is followed by a subsequent layer, and so on, with the platform being lowered by the thickness of a layer between each successive layer [20,21,22]. The multilayer construction, however, makes the surface somewhat uneven on top [23,24,25,26]. In addition, the poor surface quality of an FFF component might reduce its usefulness. For instance, low-quality plastic gears might impair the gear transmission accuracy [27]. To fix this situation, several researchers have investigated different methods of improving the surface quality of FFF components [28,29]. Adjusting the parameters of the FFF process is a powerful method [30]. Mushtaq et al. [31] analyzed the relationship between the surface roughness (Ra) of FFF-fabricated items and their central thickness, road width, layer thickness, extrusion temperature, heat bed temperature, and deposition speed. Layer thickness (LT) was found to be inversely related to roughness in the data. Experimental verification of a theoretical strategy developed by Ahn et al. [32] for forecasting the Ra was also provided. They discovered that changing certain building parameters could enhance the surface characteristic of the FFF parts. Garg et al. [33] examined how building orientation and raster angle affected the Ra of FFF-processed ABS components. The FFF part with the smoothest surface was produced with the raster angle set to 0 degrees in the X direction.



Although the process parameters may be optimized, the surface quality cannot be reduced to an industrially acceptable level. Fine-tuning the parameters requires much time and effort. Thus, many scientists have instead turned to post-processing techniques to improve surface quality [34,35]. Galantucci et al. [36] employed chemical polishing to enhance the surface quality of the FFF-printed components. The maximum Ra value decreased from 11.8 µm to 2.2 µm. The authors [37] used computer numerical control milling to reduce the typical Ra of FFF parts drastically. The FFF components were treated with dichloromethane vapor and NaOH by Jin et al. [38]. Compared to before treatment, the Ra indeed decreased by 88%. Nigam [39] used acetone vapor to smooth the FFF-produced parts, but he was cautious not to melt the 3D-printed components. Traditional post-treatments have been available for quite some time, but they suffer from several drawbacks that render them subpar.



Laser polishing is a relatively recent industrial process that has the potential to improve surface quality. It has several benefits over traditional polishing techniques, such as better suitability for processing complex 3D parts, using less production time, and generating no tool or part wear [40]. As a result of its capacity to improve surface quality, laser polishing has increasingly been used on both metals and non-metals in recent decades [41]. To increase the surface quality of additive manufacturing components, studies have begun to use laser polishing as a post-processing step [42,43]. Using a CO2 laser to polish FFF-printed polylactic acid (PLA) reduces Ra by 68%, as reported by Chai et al. [44]. According to Dewey et al. [45], a CO2 laser was used to post-process 3D-printed PLA components. Upon perfecting the parameters, the roughness was cut by as much as 97%, down to 2.02 µm.



Continuous lasers can produce a stable and steady light beam at a constant power level, making them ideal for cutting, welding, and drilling [46]. The continuous beam of light generated by continuous lasers can cause thermal damage to the processed material due to prolonged exposure to the laser energy. As a result, continuous lasers may not be the best option for applications that require precise control of the energy delivered to the material [47]. In contrast, pulsed lasers emit light in short pulses with a high peak and much lower average power. This makes them ideal for applications that require precise control of the energy delivered to the material, such as laser marking, engraving, and surface treatment [48]. The short duration of the laser pulse allows for high peak powers to be achieved without causing excessive thermal damage to the material. Pulsed lasers can also produce a wide range of pulse shapes and durations, allowing for even more precise control over the energy delivered to the material [49].



With its low error rate, response surface methodology optimization has quickly become one of the most popular optimization techniques and is a valuable tool for determining additive manufacturing process parameters. Several applications exist for response surface methodology-based optimization models, but perhaps the most prevalent is in computer numeric control [50]. Griffiths et al. [51] noted that the response surface methodology is a valuable optimization technique because of the small amount of experimental error it introduces. Models with greater degrees of fit and multi-objectivity are no problem for the response surface methodology approach, making it ideal for improving multi-response 3D printers [52]. Srivastava et al. [53] used response surface methodology to analyze the FFF 3DP material’s process parameters. Selvamani et al. [54] studied and optimized the FFF parameters and found considerable improvement using the response surface methodology approach. To improve the Ra of an FFF 3D printer, Saad et al. [52] used response surface methods, symbiotic creature search techniques, and symbiotic optimization of particle swarms.



The above literature shows that laser polishing may improve the surface quality and aesthetic appearance [45]. However, it is not yet clear how this process may impact the mechanical properties or functionality of the final product over time. Moreover, no research has been conducted on the economic side, lower use of energy, and lower carbon emissions. In previous research [55,56], most of the samples either burned due to the high heat affected zone or remained untreated due to less beam energy, which could affect the result and efficacy of the final polished part. Our research intends to explore how the CO2 laser’s power, focal distance, scanning speed, and hatch distance influence the PLA sample created using the FFF technique. We designed two experiments using the response surface methodology-central composite design technique to obtain a clear and precise polished surface. In the first experiment, some of the samples either burned or remained untreated, and in the second design of the experiment, all the parts were well polished. The impacts of the factors were broadly explored via the response surface methodology method. During the laser polishing process, mechanical properties (tensile strength (TS), flexural strength (FS)) and variables were tested and measured for PLA specimens produced utilizing CR5-creality FFF. Scanning electron microscopy (SEM) analysis was used to determine morphological characteristics. The effects of laser polishing on surface finish and the sustainability factor (scan time) were studied. Finally, a response surface methodology-based multi-optimization was performed to enhance mechanical characteristics, sustainability, and Ra with conflicting comprehensive responses, such as lowest Ra and highest mechanical properties. This is the first study that provides an efficient, economic, and sustainable strategy for improving the surface and mechanical properties of 3D-printed parts with a minimal heat-affected zone by analyzing and optimizing the laser parameters. Moreover, the micro fog was detected for the first-time during SEM morphological analysis, which could create new research pathways for researchers.




2. Materials and Methods


2.1. Materials


A “CR-5” professional 3D printer was used for the experiments, along with PLA polymer filament in a 1.75 mm size purchased from the Kexcelled firm, Suzhou, China. Table 1 displays PLA details obtained from Kexcelled.



Laser Polishing Procedure


The specimen was polished using a CO2 pulsed laser with an output power of 30 W operating at 10.6 µm, purchased from Shaanxi Donghui Labelling Equipment Co., Ltd. (Shaanxi, China). Laser beams irradiate the sample, as shown in Figure 1. The laser beams create a molten pool, solidifying before the sample is subsequently analyzed. The surface of the anisotropic material melts when the laser is shone on it. The molten material descends from an upper to a lower elevation. The valleys are filled, and the height of the 3D-printed part lessens. The molten pools solidify due to the fast drop in surface temperature once the beam has vanished.



The basic parameters of laser radiation used in the laser polishing procedure include pulse energy, peak power, beam area, and peak power density. The beam diameter (1.8 mm) and the divergence angle (7.5 mrad) characterize the laser spot on the sample’s surface. The calculated exposure parameters are as follows in Equations (1)–(6).


  P u l s e   E n e r g y =   A v e r a g e   P o w e r   R e p e t i t i o n   R a t e   = 210   µ J  



(1)






   Peak   power  =   A v e r a g e   P o w e r    Repetition   rate    H z   ×  Pulse   width    s     = 21 W  



(2)






   Beam   area  =   2 × A v e r a g e   P o w e r     (   π ×  Pulse   width    2   )   2     =   2.545   − 2     cm  2   



(3)






   Average   power   density    (   W   c   m   2     ) =    Average   power    ( W )    Beam   area    ( c   m   2   )   = 330.1   W /  cm 2   



(4)






   Peak   power   density  (   W   c   m   2     ) =    Energy   per   pulse    ( J )    Pulse   width    ( s ) ×  Beam   area    ( c   m   2   )   =  1650   W /   cm 2   



(5)







The laser scanning parameters for sample surface polishing include the laser scan speed and trajectory. In this study, the laser scan speed was adjusted to 200 mm/s, and the laser spot was adjusted perpendicular to the 3D printing layers. The hatch distance ranged from 0.1–0.18 mm, while the focus distance was adjusted between 12–18.5 mm. The laser parameters used in Equations (1)–(5) for laser polishing are summarized in Table 2. Rest of laser parameters are given in Table S1 in Supplementary Materials.





2.2. Preliminary Experimentation for Parameters Selection


2.2.1. FFF Parameters Selection


The reason for choosing high infill density (84%) is that high infill density optimizes the FS and TS, and high print speed (68.8%) helps the material increase the FS and TS because of the high-density interaction at high temperature, which results in the best mechanical properties [58,59]. Similarly, high print speed also helps decrease the print time. In this way, less energy will be used to print the sample [60]. The layer thickness of 0.26 mm was considered because it increases the FS and TS and minimizes the Ra. Thus, at these parameters, we found the highest FS of 70.1 MPa, TS of 39.2 Mpa, lowest Ra of 7.8 µm, lowest print time of 47 min, and print energy of 0.18 kwh.




2.2.2. Laser Parameters Selection


The authors conducted 30 trial experiments on a 120 mm × 120 mm slab using the response surface methodology design as the experimental approach before moving on to the final design of the experiment. We selected four extremely relevant parameters: laser power, focal distance, scan speed, and hatch distance [61,62]. The laser apparatus and the slab for initial trials can be seen in Figure 2a,b, respectively. Initially, we selected four parameters: laser power ranging from 8% to 20%, scan speed from 50–350 mm/s, focal distance from 12–25 mm, and the hatch distance from 0.02 to 0.2 mm. Experiment numbers 15–17 could not be polished due to the combination of highest scan speed and focal distance and the lowest laser power, while the lowest scan speed and hatch distance burnt the samples or increased the heat-affected zone, as shown in Figure 2c. However, the PLA samples 22, 23, and 25 were very well polished, where the laser power was 14% and scan speed was 200 mm/s in all three samples, but the hatch distance and focal distance varied from 0.1 to 0.18 mm and 12 to 18.5 mm, respectively. Thus, it was still necessary to find the best polishing parametric value. Therefore, laser power and scan speed were kept constant at 14 percent and 200 mm/s, respectively. At the same time, the hatch distance and focal distance were selected as variable parameters from 0.1 to 0.18 mm and 12 to 18.5 mm, respectively, as shown in Figure 2d.





2.3. Response Surface Methodology


Technique and experimental design are covered in this section. For the response surface methodology, the central composite design was used to plan and conduct the experiments. Several features specific to the printing technique impact the principal reactions to FFF printing. After analyzing the literature, it was discovered that hatch distance and scan speed are the most significant quantitative input components. The chosen range is affected by several variables, such as the material, mechanical quality, laser machine, and sample geometry. As a result, we based our laser preferences on the findings of earlier research and published clinical trials. Using Design–Expert version 13 (Stat-Ease Inc., Minneapolis, MN, USA), the parameters and their responses for the experiments were established. For a complete analysis, five alternative values exist for each quantitative input parameter (focal and hatch distance). The L13 design of the experiment was created using a full central composite design and an alpha of 1.5 to prevent decimal values in the highest and lowest parameter ranges, as shown in Figure 3a. After the calculations, Design–Expert entered the outcomes into a central composite design table. The laser parameters are shown in Table 3. Figure 3b shows how the part was laser scanned.



Measurement Procedure


Measurements of the mechanical characteristics and morphologies were performed following the laser scanning process. For the TS and FS testing, a GTM 2500 Machine with a 5 kN weight cell was utilized, as shown in Figure 3c,d, respectively, while they were tested at 5 mm/min for TS [63] and 2 mm/min for FS (3-point bending), respectively [64]. TS tests were performed on plastics following ISO 527: 1997 (length = 115 mm, width 19 mm, height 4 mm), and for FS, we referred to ISO 178:2006 (length = 80 mm, width 10 mm, height 4 mm) (plastics: assessment of FS characteristics). To ensure that the specimen did not move during testing, two supports were placed 64 mm apart, and a weight applied to the center of the specimen until it broke. The cylindrical device with a 5 mm radius length was the loading nose. The testing conditions comprised 25 °C and a crosshead speed of 2 mm/s.



An Ra tester manufactured by the ‘JITAI KEYI’ company in China, was used to find the Ra of the FFF-produced component, as shown in Figure 3e. The Ra value is defined by Equation (1) as the geometric mean of the absolute values of the surface profile deviations throughout the entire length away from the centerline. The ISO 16610-211 standard was used to analyze the samples, with a cut-off wavelength of 0.8 mm and a length (Lw) of 4.8 mm [65]. The results of three measurements were then averaged.


  R a =   1   L w     ∫  0   L w    | Z   y   |   d y  



(6)




where Lw is the sampling length, and Z(y) the coordinates of the profile curve.






3. Results and Discussion


3.1. Analysis of Variance (ANOVA) for Responses


In this work, the representation of the responses by the second-order polynomial (regression) model is as follows:


  Z =   β   0   +   ∑  k = 1   m      β   k     X   k     +   ∑  k = 1   m      β   k k     X   k   2     +   ∑  k < 1   m      β   k l     X   k     X   l     + ε  



(7)




where Z signifies the expected response,     X   k     and     X   l     are coded input variables, and m denotes the total number of variables. The constant term is denoted by     β   0    , the linear regression coefficient by     β   k    , the quadratic term by     β   k k    , the interaction term by     β   k l    , and the random error by   ε  . An experienced designer analyzed the present work’s regression coefficients and ANOVA method (version 13). For this reason, after the determination of the regression constants, the following actual value regressions were created for TS, FS, scan time, scan energy, scan cost, and Ra in Equations (8)–(11):


     T S = 37.0 + 1.1 × f o c a l   d i s t a n c e + 6.3 × h a t c h   d i s t a n c e               + 4.3 × f o c a l   d i s t a n c e − x   h a t c h   d i s t a n c e               − 0.05 × f o c a l     d i s t a n c e   2   − 295.06 × h a t c h     d i s t a n c e   2       



(8)






  F S = − 6.26 − 0.17 − x   f o c a l   d i s t a n c e − 23.66 × h a t c h   d i s t a n c e  



(9)






     R a = 1 − 0.958 − 1.066 − x   f o c a l   d i s t a n c e − 72.24 × h a t c h   d i s t a n c e                 + 1.308 × f o c a l   d i s t a n c e × h a t c h   d i s t a n c e                 + 3.3 ×   10   − 2   × f o c a l   d i s t a n c e   2                  + 250.446 × h a t c h   d i s t a n c e     



(10)






     S c a n   t i m e = 150.762 − 10.058 × f o c a l   d i s t a n c e               − 541.143 × h a t c h   d i s t a n c e               + 2.906 ×   10   − 13   × f o c a l   d i s t a n c e × h a t c h   d i s t a n c e               + 0.271 × f o c a l   d i s t a n c e   2  + 1705.761 × h a t c h   d i s t a n c e   2      



(11)







To identify which process elements had a substantial impact on the dynamic qualities, the regression coefficients were estimated and evaluated using an analysis of variance (ANOVA). The outcomes of the ANOVA tests conducted on each response are shown in Table 4. The second-order regression model was significant when the F-values for all responses (TS = 4.7, FS = 11.41, scan time = 78.45, and Ra = 37.95) were less than 0.05 (p < 0.05). Lack-of-fit p-values, TS = 0.002 and FS = 0.48, were calculated. It was demonstrated that lack of fit was zero when assessed against residual error, even though the p-values for lack of fit for scan time, scan energy, scan cost, and Ra could not be determined. The results for scan time and Ra demonstrate that the lack of fit was minimal or absent, whereas the residual error for FS was significant. The determination coefficient is a statistical measure used to assess how much each regression model fits the data. The ideal determination coefficient is exceptionally high or very close to 1. The significant R2, adjusted R2 and anticipated R2 values for all parameters were identified in the established link. This shows that there is a strong correlation between empirically determined values and theoretically predicted values. The signal-to-noise ratio determines adequate precision, where a perfect quantity is more than 4. The acceptable accuracy for FS and TS in this study was greater than 4, indicating a strong signal.




3.2. Laser Polishing Parametric Effects on Mechanical Properties


The focal distance of the laser may affect the TS and FS properties of 3D-printed components. More significant laser spots result in a rougher surface quality on the component when the focal distance is set to its maximum. Due to the increased likelihood of flaws and voids on an uneven surface, the tensile and FS of the resulting component might be lower. However, the laser spot size decreases as the focal distance decreases, resulting in a finer surface polish. Figure 4d shows that a smooth surface is less likely to include imperfections or cavities that might weaken the component, leading to increased tensile and FS. Although the TS value was lowered in the smaller focal distance (Figure 4a) because of the lower area exposed, the focal distance was only influenced from 44.5 to 45 MPa, and the focal distance could melt well in the middle of the focal distance range.



The scanning laser’s hatch distance may affect the TS and FS properties of a 3D printed component. The hatch distance is an essential parameter in laser polishing since it affects the part’s density and strength. Figure 4b,e for TS and FS illustrates the correlation between hatch distance and density, showing that a smaller hatch distance will result in a greater density and perhaps stronger portion. In contrast, a bigger hatch distance will result in a lighter weight and potentially weaker part. The contour graphs in Figure 4c,f show that the mechanical properties enhance at lower focal and hatch distance levels such as 45 MPa and 71 MPa for TS and FS respectively.



Figure 5c,d shows the experimental result from TS and FS for PLA, respectively. Figure 5a shows the highest TS at experiment number nine (15.25 focal distance and 0.14 hatch distance) with the value of 45.4 MPa, as shown in Figure 5e, which is a well-melted layer, while Figure 5b shows the lowest value of TS at experiment number three (12 focal distance, 0.18 hatch distance) with the value of 42.81 MPa (Figure 5e) because some pore defects were found at experiment number three. Figure 5c shows the highest FS value of 72.33 MPa at experiment number six (20.12 mm focal distance, 0.14 hatch distance), which is a well-melted layer, while the lowest FS value of 68.33 MPa was found at experiment number four (18.5 focal distance, 0.18 hatch distance), where the layer was not fully melted as shown in Figure 5d. Another novel finding during the laser processing of PLA was that smoky waves appeared when the laser polishing was performed with less than 18.5 mm focal distance. The reason for this could be contamination of the 3D-printed surface with micro debris. Our results were in agreement with those of [66].




3.3. Effect of Laser Polishing Parameters on Scan Time


The focal distance may affect the laser scan time of a 3D-printed component. With a longer focal distance, the laser spot will increase, and more time is required for the scanner to cross the part’s surface, measured in scan time (Figure 6a). As a result, the total scan time will rise since more laser passes will be required to cover the same region. A decrease in hatch distance improves resolution and detail in the printed output; it also increases laser scan time (Figure 6b) due to the increased number of passes the laser must perform over the build region. A bigger hatch distance results in a lower laser scan time, but at the expense of resolution and detail. The contour graph of hatch distance and focal distance shown in Figure 6c demonstrates that both increases in hatch distance and increase in the focal distance are essential in reducing scan time i.e 15 sec at higher level of focal length and higher level of hatch distance.



The scan time was lowest at experiment number four and six: highest focal distance of 18.5 mm and highest hatch distance of 0.18 mm for experiment number four, and focal distance of 20.2 mm and highest hatch distance of 0.14 mm for experiment number six, also led to a scan time of 15.6 s as shown in Table 3.




3.4. Effect of Laser Polishing Parameters on Ra


The laser beam is directed onto the part’s surface during CO2 laser polishing, where it melts the material in a confined area. The focal distance affects the energy density and amount of material removed, which defines the size of the spot on the surface. A decreased focal distance leads to a smaller spot size, higher energy density, and more efficient removal of surface material, lowering the Ra. A wider focus distance, on the other hand, results in larger spot size, lower energy density, and less effective removal of surface material, which may enhance the Ra value (Figure 7a). Similarly, the hatch distance influences the spacing of laser scanning lines and the degree of heat generated. A smaller hatch distance produces more heat in a smaller region, resulting in a greater smoothing effect and a decrease in Ra (Figure 7b). A greater hatch distance may result in uneven heating and a lower energy density, leading to a less efficient polishing operation and a rougher surface with a higher Ra value. The combined impact of hatch distance vs. focal distance on Ra is shown in Figure 7c. The study found that the Ra value dropped dramatically (1 µm) at the lowest hatch distance and focal distance. Overall, the study supports the idea that optimizing laser polishing parameters is critical to achieving the desired surface characteristics and mechanical response of 3D-printed parts.



Figure 8c presents the Ra response values of all 13 experiments. Figure 8a,b shows SEM images of the highest and the lowest value of Ra, respectively. Figure 8a shows experiment number eight (15.2 focal distance, 0.2 highest hatch distance) of the PLA, which was 3.28 µm, while Figure 9b shows the experiment number seven with the lowest Ra of 0.84 µm at a focal distance = 15.2 mm and lowest hatch distance = 0.08 mm. The layers melted very well and reduced the Ra significantly. This showed that the hatch distance was even more significant than the focal distance. PLA showed a significant reduction in Ra.





4. Multi-Objective Optimization


A numerical multi-objective optimization was performed to obtain the best mechanical characteristics, the best surface, and the most sustainable model. A numerical optimization is a powerful tool for accomplishing many objectives; the lowest and maximum values it generates may be used directly in fine-tuning laser settings. Numerical optimization results for the laser scanning parameters were constrained to a certain range, while the TS and FS were optimized for maximum value, and the scan time, scan energy, scan cost, and Ra were optimized for least value. Table 5 shows the post-processing optimization goal, condition to achieve the goal, lower and upper limit of parameters, and responses of PLA polymer.



Figure 9a–f and Figure 10a–e are optimization figures generated by the Design–Expert software (Stat-Ease, Minneapolis, MN, USA). Figure 10a,b shows the parameters to optimize the responses, and Figure 9c–f shows the responses in blue. To attain the best possible mechanical properties, including an FS of 70.45 MPa and a TS of 45.13, a scan time of 19.3 s, and a Ra of 1.04 µm, the focal distance and hatch distance must be at 16.2 mm and 0.13 mm, respectively, as shown in Figure 9a–f. The contour’s graphs in Figure 10a–e present the information on where the responses were optimized and show their exact values. This finding corroborates the above results on how the input parameters affect the outcomes. The final step was to check if the numerical optimization of the laser parameters increased mechanical properties, sustainability, and surface morphology. As a result, three samples were produced to double-check the experiment and determine the optimal settings for all the variables.




5. Conformation Test


Table 6 compares the predicted values generated by mathematical models and the laboratory testing results using optimal parameter settings. It was found that the percentage of the difference between the anticipated and experimental values for TS, FS, scan time, and Ra was between 1.17% and 0.96%, 0.69%, and 4.83%, respectively. Therefore, the model’s ability to forecast future events is above average. This demonstrates that the response surface methodology-central composite design successfully achieved outstanding outcomes. The fraction of error was determined using Equation (12).


  P r e d i c t i o n   e r r o r   p e r c e n t a g e =     A c t u a l − p r e d i c t e d   a c t u a l     ∗ 100  



(12)








6. Conclusions and Prospects


The following outcomes were disclosed from the experimental analysis.



	
Using numerical multi-objective optimization, the optimal printing settings combination for PLA was found to be a focal distance = 15.4 mm, and hatch distance of 0.12 mm, for achieving tensile strength (TS), flexural strength (FS), average surface roughness (Ra), and scan time.



	
The findings showed that Ra was reduced by more than 88.8% using laser polishing (from 7.8 μm to 0.87 μm). The specimen’s TS were raised by 14.03%, from 39.2 MPa to 44.7 MPa. The FS for PLA remained constant before and after polishing at 70.1 MPa with an optimized laser scan time for optimal samples of 19.4 s.



	
For TS, FS, scan time, and Ra, the proportion of deviation from the predicted value to the experimental value as between 1.17% and 0.96%, 0.69%, and 4.83%, respectively. As a result, the model’s execution of predictions was effective.



	
The laser polishing method showed that mechanical characteristics could be significantly improved by applying the optimal laser scanner parameters determined by the response surface methodology. The average values of scan time and Ra were kept to a minimum. To enhance the mechanical properties and printing quality of PLA polymers within the specified range, laser and printing businesses are recommended to employ these optimal printing settings.



	
Smoky waves occurred when the laser polishing was performed with less than 18.5 mm focal distance. The reason could be the contamination of the 3D-printed surface with micro debris. This phenomenon requires further study.



	
The results of the experimental work and those predicted by the PLA statistical equations agreed well. This data may be used as a starting point for identifying the best laser scanning settings, thus saving time on manual procedures for confirming product quality.






Prospects and Recommendation


	
More information on the printing properties of PLA and the laser parameters should be gathered in the future and used to develop industrial models with possible practical applications.



	
We only optimized the sample using a single pass beam; it is advised that the model be optimized as a multi-beam model.
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Figure 1. Laser polishing procedure including irradiation, melt pool, solid phase, and analysis; (a) laser operation with melt pool, and heat affected zone, (b) direction of laser beams (Figure reprinted from [57] under the license CC-BY 4.0.). 
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Figure 2. Primary and final laser polishing: (a) CO2 laser machine used for laser polishing, (b) 120 mm × 120 mm initial slab for experiments, (c) primary polished samples for PLA, and (d) final laser polishing experiments (before polishing of TS, FS samples). 
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Figure 3. FFF printed parts, laser procedure, and analysis: (a) FFF—printed parts, (b) laser scanning of FFF-part, (c) TS test, (d) FS test, and (e) Ra test. 
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Figure 4. Effect of laser scanning parameters on mechanical properties: (a) TS vs. focal distance, (b) TS vs. hatch distance, (c) 2D-contour plots show interaction effect of hatch distance vs. focal distance on TS, (d) FS VS focal distance, (e) FS vs. hatch distance, and (f) 2D-contour plots show interaction effect of hatch distance vs. focal distance on FS. 
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Figure 5. Microscopic images of samples and the experimental results in graphs. (a) SEM sample of exp. seven with highest TS value, (b) SEM sample of exp. three with least TS value because it could not be well polished, (c) SEM sample of exp. Six with highest FS value, (d) SEM sample of exp. four with least FS value, (e) TS experimental results for PLA, and (f) FS experimental results for PLA. 
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Figure 6. Effect of laser scanning parameters on sustainability: (a) scan time vs. focal distance, (b) scan time vs. hatch distance, and (c) 2D-contour plots show interaction effect of hatch distance vs. focal distance on scan time. 
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Figure 7. Effect of laser scanning parameters on Ra: (a) Ra vs. focal distance, (b) Ra vs. hatch distance, (c) 2D-contour plots show interaction effect of focal distance vs. scan speed on Ra. 






Figure 7. Effect of laser scanning parameters on Ra: (a) Ra vs. focal distance, (b) Ra vs. hatch distance, (c) 2D-contour plots show interaction effect of focal distance vs. scan speed on Ra.



[image: Crystals 13 00626 g007]







[image: Crystals 13 00626 g008 550] 





Figure 8. SEM analysis of Ra–PLA and experimental results: (a) SEM image of exp. eight (15.25 focal distance, 0.2 hatch distance), (b) SEM image of exp. seven (focal distance = 15.25 mm and lowest hatch distance = 0.08 mm), (c) graphical representation of each experimental sense value of Ra after laser polishing. 
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Figure 9. Post-processing optimization conditions and final responses as result of optimization. (a,b) for parameters, (c–f) for the responses. 
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Figure 10. PLA multi-objective numerical desirability and response optimization: (a) desirability, (b) TS, (c) FS, (d) scan time, (e) Ra. 
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Table 1. Properties of PLA (credit: Kexcelled (http://backend.kexcelled.nl, accessed on 26 February 2023).
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	Properties
	PLA K5
	Unit





	Density
	1.24
	g/cm3



	Flexural modulus
	2000–3000
	MPa



	TS
	44–48 (at 100% infill)
	MPa



	Impact strength
	22–26 (at 100% infill)
	KJ/m2



	Heat resistance
	50–60 °C
	°C



	Melt temperature
	160
	°C



	Glass transition temperature
	60
	°C



	Melt flow rate
	7–25
	g/10 min



	Heat deflection temperature
	57
	°C



	Vicat softening temperature
	57
	°C
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Table 2. Laser polishing parameters used for polishing on 3D printed samples.
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	Parameter
	Value





	Average laser power
	14% of 30 W



	Frequency
	20 kHz



	Pulse length
	10 µs



	Area to be polished (for surface roughness sample)
	8 mm × 8 mm
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Table 3. Design of experiments with varied laser exposure parameters.
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	Experiment Number
	Focal Distance

(mm)
	Hatch Distance

(mm)
	Laser Scan Time





	1
	12
	0.1
	33.6



	2
	18.5
	0.1
	21



	3
	12
	0.18
	28.2



	4
	18.5
	0.18
	15.6



	5
	10.3
	0.14
	31.8



	6
	20.1
	0.14
	15.6



	7
	15.2
	0.08
	27



	8
	15.2
	0.2
	19.8



	9
	15.2
	0.14
	18



	10
	15.2
	0.14
	18



	11
	15.2
	0.14
	18



	12
	15.2
	0.14
	18



	13
	15.2
	0.14
	18







Full central composite design methodology was used which allowed choosing 13 varied experiments, including eight non-center points (exp. 1–8) and five center points (exp. 9–13) in order to improve the precision of experimental error estimation.
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Table 4. Response analysis of regression models.
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	Response
	R2
	Adj-R2
	Pre-R2
	Precision
	F-Value
	Lack of Fit
	p-Value





	TS
	77.21
	60.93
	57.88
	5.47
	4.7
	0.002
	<0.038



	FS
	69.53
	63.39
	47.41
	9.41
	11.41
	0.48
	<0.0026



	Scan time
	98.25
	97.00
	87.5
	24.59
	78.45
	
	<0.0001



	Ra
	96.38
	93.8
	74.11
	16.26
	37.95
	
	<0.0001
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Table 5. Post-processing optimization goal, condition to achieve the goal, lower and upper limit of parameters and responses of PLA polymer.






Table 5. Post-processing optimization goal, condition to achieve the goal, lower and upper limit of parameters and responses of PLA polymer.





	Name
	Type
	Unit
	Goal
	Lower Limit
	Upper Limit
	Importance





	A: Focal distance
	Parameter
	mm
	is in range
	12
	18.5
	3



	B: Hatch distance
	Parameter
	mm
	is in range
	0.1
	0.18
	3



	TS
	Response
	MPa
	maximize
	42.81
	45.4
	3



	FS
	Response
	MPa
	maximize
	68.33
	72.33
	3



	Scan time
	Response
	sec
	minimize
	15.6
	33.6
	3



	Ra
	Response
	µm
	minimize
	0.84
	3.28
	3
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Table 6. Predicted parameters, predicted responses, experimental responses, and error by multi-objective response surface methodology optimization.






Table 6. Predicted parameters, predicted responses, experimental responses, and error by multi-objective response surface methodology optimization.





	
Predicted Process Parameters

	
Responses

	
Predicted Response

	
Experimental Response

	
Error %




	
Name

	
Unit

	
Value

	
Name

	
Unit

	
Value

	
Value

	
Value






	
Focal distance

	
mm

	
15.4

	
TS

	
MPa

	
45.23

	
44.7

	
1.17




	
Hatch distance

	
mm

	
0.12

	
FS

	
MPa

	
70.78

	
70.1

	
0.96




	

	

	

	
Scan time

	
sec

	
19.3

	
19.4

	
0.69




	

	

	

	
Ra

	
μm

	
0.827

	
0.87

	
4.83
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