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Abstract

:

In many cases, the functional performance of additively manufactured components can only be ensured by finishing the functional surfaces. Various methods are available for this purpose. This paper presents a procedure for selecting suitable processes for finishing laser beam melting additive–manufactured parts which is ultimately based on technological knowledge. It was experimentally proven that the use of several consecutive finishing processes is beneficial to achieve better surface quality. One finishing process chain was particularly effective (namely particle blasting/vibratory grinding/plasma electrolytic polishing) and the technological limits of this method were investigated in this study. The optimal parameters for this process combination ensured a surface roughness Sa < 1 µm.
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1. Introduction


Due to the layer-wise build-up of parts by means of laser beam melting, surface roughness is often higher than what is generally acceptable due to the stair-step effect. This characteristically high roughness of additively manufactured parts requires finishing by means of various processes to meet the quality requirements of functional surfaces. Experience confirms that the required surface quality cannot always be achieved in one finishing process step [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16].



Often, the use of several processes, such as particle blasting, vibratory grinding or polishing becomes necessary for a sufficient final result [17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38]. Each of these processes is characterized by its technological parameters and is only effective in some specific applications. For technologically related reasons, it is possible to achieve only a certain surface structure and roughness at an optimum cost with a respective finish method.



First of all, additively manufactured parts are usually blasted with particles of hard materials in order to clean the surfaces of the material residue on the one hand and to smooth the peaks of roughness on the other [18,19]. Since this process is not very controlled, the final quality of the component requires further finishing steps [20,21].



Vibratory grinding is a well-known abrasive process for machining complex metal components. By using this method, coarse metal surfaces can be machined by tumbling the part with abrasive grains, and usually additives, in an aqueous solution in a container. Roughness can be significantly reduced, and geometric deviations can also occur. Lower material removal means that the process takes a relatively long time. For example, to ensure a roughness of Ra < 1 µm, the process should run for at least 3 h [22]. The machining of additively manufactured components with complex geometry places especially high demands on the process, whereby the accessibility of the grinding particles to all areas should be ensured for homogeneous surface roughness [23,24]. This process can be used effectively in series production.



Polishing offers further potential for the production of smooth surfaces on manufactured parts. Various applications are known from publications [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. With laser polishing, roughness peaks on the surface can be quickly heated to melting temperature and thus made to flow. After solidification of the molten bath, a balanced topography is created [25,26,27]. With this process, in addition to the surface roughness, properties of the material can also be changed or affected [28,29]. Although a roughness (Ra) of 75 nm can be achieved on the manufactured steel part with this method, the process takes a relatively long time since every surface area is to be scanned with a laser beam [30]. In addition, reaching all functional surfaces on the component with a laser beam is a technological problem in itself.



In contrast, plasma electrolytic polishing (PeP) offers a contour-independent process. Since the process takes place in an aqueous medium, any geometries can be polished [31,32]. Achieving a surface roughness (Ra) < 0.1 µm is possible with adapted technological conditions [33,34]. Since the process is carried out at a low temperature of the medium, there is no thermal influence on the part. Impairment of the shape accuracy of the component contour is limited due to short processing times. Another advantage of this process is the use of ecologically friendly process components compared to other polishing processes [35]. The above-mentioned advantages make the investigation of this process attractive for the finishing of AM parts.



The extent of post-processing of additively manufactured parts with the above-mentioned current methods depends not only on the quality of the finished surfaces to be achieved, but also on the condition of the initial surfaces. The difference between the roughness of the initial surface and the finished part determines the duration of the finishing process. Surfaces of LBM manufactured components do not always offer optimal starting conditions for the finishing methods mentioned above. For example, a direct reduction of workpiece roughness to Ra < 1µm with vibratory finishing usually takes significantly longer than with combined finishing methods used to reduce the initial surfaces roughness values.



The use of several process steps in the finishing process requires the coordination of individual steps to achieve the final quality with little effort. Depending on the manufacturing task, different process chains can be realized through combinations of post-processing methods (Figure 1).



An effectively designed finishing process enables the advantages of laser beam melting based on the few design restrictions to be reasonably exploited. With a broader knowledge base for finishing, planning of the entire process chain can be positively influenced. The presented state-of-the-art reviews have demonstrated that few studies are available on the design of a process chain for effective and efficient finishing of additively manufactured parts. Therefore, the present work is of great importance for minimizing the total effort required in the additive manufacturing (AM) process.



In this study, the limits of individual processes and their combination for the finishing of surfaces, produced additively with laser beam melting, were experimentally investigated on various test geometries in the framework of different process chains and subsequently verified on a stainless steel propeller. The optimal combination of various finishing methods met the criterion of minimum production time of the entire finishing process chain.




2. Processing and Experimental Methods


When additive manufacturing (AM) of real components is performed, geometrically varying surface normals are created, which are reflected in the development of geometric deviations. To differentiate these effects, the terms upskin surfaces with positive angles and downskin surfaces with negative angles of inclination to the building platform are used. Technological knowledge regarding the development of roughness of these surfaces within the building process in relation to part orientation and positioning enables a sound base for planning the laser beam melting (LBM) process, the results of which play a decisive role in the finishing process.



For this reason, this study performed several experiments on differently inclined platelets. The design of the test platelets referred to the guidelines of DIN EN ISO/ASTM 52902 standard to identify the directional roughness. Figure 2 presents the arrangement of the test platelets. They consist of strips oriented in different angles to the building platform and were fixed by struts. These platelets were easy to measure and the different angles allowed conclusions to be drawn regarding curved surfaces or free-form surfaces on real components, which are usually difficult to measure.



The test specimens were additively manufactured from steel powder (316 L) in an EOS M 290 system using laser beam melting in standard setting. Identical process parameters were used to carry out the tests. After the support structure was removed using conventional methods, the surfaces were finished with selected manufacturing processes (Figure 3). In view of the suitability for machining of complex geometries, the following processes were used for the finishing:




	
Particle blasting with glass beads, silicon carbide, and zirconium oxide balls;



	
Vibratory grinding;



	
Plasma electrolytic polishing (PeP).








Each of these processes leads to a reduction in surface roughness due to its special material removal mechanism, which can be further increased by combining the described processes [2,13,24,39]. To investigate this effect, different finishing chains were realized. The parameters of the finishing processes are presented in Table 1.



The shape deviations of the surfaces on the test specimens were measured after each processing with Keyence VR3200 and VK-X 120 devices and evaluated according to the guidelines of DIN EN ISO 4287. For a better characterization of the shape deviations of the surfaces, the roughness parameter Sa was considered. With this planar representation of the surface parameters, the formation of individual profile shapes using different finishing processes could be better explained.




3. Experimental Research


During the tests, 3D parameters of the surface were analyzed in order to gain more information about the surface structure. This allows more statistical certainty compared to 2D measurements [ISO25178]. For the characterization of surfaces according to ISO 25178, it is advisable to use the arithmetical mean height Sa, which is considered as an extension of the line roughness parameter Ra of the surface. These parameters are suitable for evaluating the functionally relevant surface parameters and are therefore used in this study.



Before finishing, roughness of the manufactured test platelets was measured and graphically represented in relation to the surface’s inclination angle to the building platform (Figure 4) as a dispersion of the determined values of Sa.



As expected, the significant influence of inclination angle can be observed in the graph, which clearly exhibits the stair step effect in the researched areas. Here, the shape deviations on downskin and upskin surfaces differed due to technology. Large roughness values on downskin surfaces were caused by the LBM support structure. The quality of support removal also determined the surface roughness, which was reduced through the following processes. Thus, support removal has a considerable influence on the process design for finishing in addition to the other factors.



3.1. Process step: Particle Blasting


The additively manufactured platelets were finished with different blasting media to determine an effective blasting medium. Due to the specifics of the methods, the surfaces exhibited different optics (Figure 5).



The surfaces of the machined test plates were optically measured. Figure 6 presents a comparison of all of the blasting media used in terms of surface roughness improvement. The relative roughness reduction indicates the effectiveness of individual blasting media. The figure clearly indicates that SiC was an effective blasting medium for upskin surfaces. For reducing the shape deviations of the downskin surfaces at a micro level, ZrO2 was the most suitable medium. Since ZrO2 balls cause greater plastic deformation at crash in the contact area due to their greater hardness, they lead to faster and more effective smoothing of the additive-manufactured surfaces. Therefore, it makes sense to finish the complete component only with ZrO2 blasting balls to achieve greater surface quality.




3.2. Process Step: Vibratory Grinding


In the planned trials for vibratory finishing, the extent to which rotating and vibrating abrasive particles are suitable for finishing printed surfaces was investigated. Several test platelets were processed together. To investigate the relationship between the process steps, the printed surfaces were finished with and without blasting with ZrO2 balls. The results of the trials without blasting are presented in Figure 7, where the curves demonstrate that roughness reduction depends on the inclination angle of the platelets to the building platform. Finishing of all upskin surfaces revealed an average Sa roughness < 4 µm after three hours, but Sa roughness values > 15 µm were still present in the downskin area. The flattening of the machining curves over time in the diagram was due to the change (smoothing) of the surface roughness with time. For example, a very long grinding time is required to process rough downskin surfaces to achieve average Sa roughness values < 5 µm. For a homogeneous machining result, preparing these surfaces using blasting is meaningful.



The results of the particle blasting and vibratory grinding experiments are presented in Figure 8. By combining blasting and vibratory grinding in the upskin areas, the average Sa roughness could be reduced to <3 μm. However, the roughness values of the downskin areas indicated that the surfaces built on supports still had an Sa roughness > 5 μm even after the processes were combined. The total material removal of both methods was insufficient for smoothing the rough initial surfaces and, therefore, the two areas had different roughness.




3.3. Process Step: Plasma Electrolytic Polishing


This tool-less process is highly suitable for the finishing of additive-manufactured complex geometries [39]. PeP cleans and smoothens the surfaces of metallic components in a relatively short time, where processing time strongly relates to initial roughness and material properties. For initial roughness arising from milling, the process usually takes a few minutes (<10 min). The method is based on an electrolytic process that ensures the formation of a plasma layer between the electrolyte and workpiece surfaces. Then, material removal occurs in that plasma zone, following the electric field lines (and therefore focusing on peaks and burrs). It removes small peaks very quickly but slows down when large wavy areas are to be flattened; hence, high material volume is to be removed.



Investigations were conducted on test plates built at 15°, 45°, and 90° angles. This investigation area covered the upskin surfaces as well as the roughest downskin surfaces. The direct finishing of the surfaces with PeP only did not provide a significant reduction in roughness in a short time due to the fact that the high initial roughness high material volume must be removed. The experiments showed that after one hour of polishing, a reduction of Sa from 40 µm to 10 µm was achieved. This is due to the decrease of material removal rate with time. Hence, the direct and only use of PeP was not continued in this work.



On the basis of the aforementioned knowledge regarding the effect of single finishing processes on roughness reduction, this study investigated the effect of combining PeP with other finishing processes. The experimental investigations on the test platelets revealed a clear improvement in surface quality with certain combinations. The preparation of printed platelets with particle blasting or vibratory grinding (or both of these methods) was especially effective (Table 2).



The combination of the processes of blasting, grinding, and polishing made it possible to gradually reduce the peaks of the surface mountains along this chain (Figure 9). The favourable input variable of surface shape became noticeable after only 2 min of polishing. Despite long finishing, the roughness of the downskin surfaces was greater than that of the upskin surfaces. This indicated that the hereditary effect of the downskin surfaces continued until the final stage. This negative interaction on downskin surfaces could only be eliminated with a significantly longer polishing time, thus achieving the same roughness as that for upskin surfaces.



In summary, it was observed that the reduction of Sa roughness to <1 μm required a combination of the three considered finishing methods. The realization of this process chain can, however, only be successful if the dimensional changes during the reworking are considered. This dimensional change can be up to 10% in the combination of blasting, grinding, and polishing.





4. Edge Rounding


The finishing of the parts’ surfaces leads to edge rounding. This change in the shape of test platelets depends not only on the technological parameters of finishing but also on the quality of the edge building using LBM [40,41]. It is known that no homogeneous weld pool is formed at the edges of the surfaces due to line-like exposure. Instead, small drops are formed. These weak areas are creating edge radii of different sizes during finishing, depending on the type of method. When blasting with ZrO2 balls, for example, a burr can be observed at the edges, which is influenced by the acute angle of the edge (Figure 10). In contrast, in vibratory grinding, a small burr can be observed, which can be completely eliminated through PeP processes. These influences were explained by finishing and characterising test pieces with different acute angles.



Figure 11 demonstrates how the combination of the aforementioned methods influenced the size of these form errors. The size of the edge rounding correlated strongly with the tip angle. Furthermore, duration and type of machining played a significant role. As previously described, a combination of several processes is necessary for achieving excellent surface quality. In particular, the experimental investigations revealed that this process chain caused increased rounding. This negative effect should be considered when designing the finishing process. One way to do this is to compensate for the undesired material removal through additional allowances in necessary areas.




5. Verification of the Results


To verify the experimental knowledge gained from the test platelets, several stainless-steel propellers were LBM produced. This was aimed at enabling the identification of not only influences of orientation but also of positioning the parts on the build platform. Roughness values were recorded at several areas of the propeller surface, which helped to better illustrate the relationships (Figure 12).



The measurement results revealed higher roughness values at the outer edge of the propeller surface in the upskin area than in the inside area. This tendency was caused by varying angles of inclination of the wing surfaces due to rotation around the propeller axis. This was reflected in the process-specific formation of the surface shape. As expected, the roughness values were significantly higher in the downskin area. In both cases, the evaluated roughness values tended to agree with the experimental results.



The effect of the combination of the blasting, vibratory grinding, and PeP processes, already defined during the finishing of the test plates, was demonstrated when the propeller surfaces were machined. Roughness of the polished surfaces was in the range of Sa 1.7–2.1 µm. The roughness on the downskin surfaces could only be reduced to Sa 3.5–4.2 µm. Figure 13 depicts the propeller processed through blasting, vibratory grinding, and PeP. The picture indicates that the macroscopic waviness of the component was still present, especially in the downskin area.




6. Conclusions


In the present study, it was first possible to identify the technological limits of individual finishing processes with regard to roughness reduction on test specimens manufactured using LBM. The experimental investigations revealed that treatment of the surfaces with ZrO2 balls reduced unevenness of the surfaces to a certain degree and can only be used in the preparation of demanding parts.



Processing of initial surfaces with vibratory grinding had several advantages due to the abrasive medium used (which had countless grains). The direct application reduced the roughness values of the surfaces but left irregularities on the rough surfaces (Sa > 10 µm). To achieve a final quality <1 µm, it was necessary to further process the test surfaces with PeP. The experiments demonstrated that a high surface quality could only be achieved through the stepwise reduction of surface roughness.



In this respect, the combination of particle blasting and vibratory grinding with PeP achieved the optimal results. Once finishing was complete, the surfaces of the test parts (i.e., the propellers) had a maximum roughness Sa < 5 µm.



The experimental results presented the following technological knowledge:



	
When designing the finishing process chain, attention should be paid to the constrained sequence of each method which relate to their material removal mechanisms. This depends on the tool used for removal. Coarse processes can remove a lot of material quickly, but cannot produce a fine surface. This is to be supplemented by intelligent combination with fine removal processes.



	
The total duration of the post-processing chain depends strongly on the quality of the additively manufactured surface. A lower quality of the initial surface requires more effort in post-processing than a significantly better printed component surface. A further approach towards best efficiency, including optimal interaction between LBM and post-processing parameters, requires complete viewing of the process chain from pre-processing to finishing, considering the interrelationships between the individual process steps and is the subject of ongoing and future research.
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Figure 1. Combination of post-processing methods. 
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Figure 2. Test platelets according to DIN EN ISO/ASTM 52902. 1-platelets; 2- connecting struts between platelets; 3- the thickness of the platelets. 
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Figure 3. Applied finishing methods. 
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Figure 4. Roughness of the LBM produced surfaces (without finishing). 
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Figure 5. The surfaces processed using different methods. 
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Figure 6. Roughness reduction of the upskin and downskin areas using different blasting media (processing time: 2 min). 
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Figure 7. Roughness reduction of the upskin and downskin surfaces during vibratory grinding. 
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Figure 8. Reduction of roughness after blasting and vibratory grinding (upskin/downskin). 
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Figure 9. Results of PeP of prepared (blasting + grinding) surfaces. 
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Figure 10. Burr formation at the tips after blasting. 
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Figure 11. Influence of the tip angle on the edge rounding. (Blasting time 2 min; grinding time 180 min; polishing time 10 min). 
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Figure 12. Roughness values of the propellers’ surfaces. 






Figure 12. Roughness values of the propellers’ surfaces.



[image: Jmmp 05 00106 g012]







[image: Jmmp 05 00106 g013 550] 





Figure 13. Macroscopic waviness of the polished propeller blades. 
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Table 1. Finishing parameters.
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Methods

	
Medium/Conditions

	
Machining Duration






	
Particle blasting

	
Glass beads; grain size: 70–110 µm;

blasting pressure 5 bar

	
1/2/5 min




	
Silicon carbide balls; grain size 180–250 µm, blasting pressure 5 bar




	
Zirconium oxide balls; grain size 150–250 µm; blasting pressure 5 bar




	
Vibratory grinding

	
Ceramic grinding media DZS 1/10; compound SC15; concentration 3%

	
30/60/90/120 min




	
PeP

	
Electrolyte for stainless steel from BTE; voltage 370 V

	
2/5/10/40/60 min
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Table 2. Roughness reduction after the polishing of pre-treated surfaces with different procedures.
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Preparation

	
Angle of Inclination






	

	
15° (Upskin/Downskin)

	
45° (Upskin/Downskin)

	
90° (Upskin/Downskin)




	
Blasting with ZrO2 + PeP

	
2.3 µm/2 µm

	
1.5 µm/1.2 µm

	
0.8 µm 0.9 µm




	
Vibratory grinding + PeP

	
0.9 µm/7.5 µm

	
0.13 µm/3 µm

	
0.13 µm/0.1 µm




	
Blasting + vibratory grinding + PeP

	
0.18 µm/0.85 µm

	
0.12 µm/0.35 µm

	
0.081 µm/0.09 µm




	
-Blasting time 2 min; -Grinding time 180 min; -PeP time 10 min
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