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Abstract

:

Lattice and gyroid structures are often subjected to additive technologies to produce various types of products, and the current market has a number of 3D printers that can be used for their production. The quality of the products produced in this way can be assessed on the basis of technical parameters and the filament used. Such an approach, however, is insufficient. In terms of quality, other product parameters need to be assessed, such as the surface texture and the internal structure’s porosity. For such an assessment, we can use the industrial tomography method and the method of roughness measurement via an optical microscope. The paper presents research on the assessment of the surface texture and porosity in lattice and gyroid structures. For the research, two types of test specimens—a specimen with a lattice structure and a specimen with a gyroid structure—were prepared. The obtained results proved that the 3D printing technology directly impacted the surface texture and porosity. For experimental specimens produced by SLS technology, we found that it was very important to carefully remove the excess powder, as unremoved powder can significantly affect the porosity results. For specimens produced by FDM technology, the research confirmed that some “gaps” between the layers were not pores but defects created during specimen production. When analyzing the surface using the Alicon Infinite G5 optical microscope, we found that the measured roughness results were directly impacted by the specimen’s surface color, the structure’s geometry, and the ambient light, which was confirmed by a red lattice experimental specimen, the surface of which could not be scanned. Based on the above, it can be stated that the selection of 3D technology for additive production needs must be given adequate attention regarding the quality of the created structures and textures.
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1. Introduction


Additive manufacturing (AM) currently makes it possible to manufacture highly accurate and optimized components. However, there is still not enough information on the quality of such parts.



The comparison of certain parameters of the surface texture, geometry, and internal porous structure of additive products requires the use of computerized measurement technologies with a high resolution and accuracy. This issue has been investigated by several authors. Zakharchenko et al. [1] dealt with the minimization of surface texture functional parameter selection. For this purpose, they determined a linear correlation between the parameters. Four surfaces of IX15 steel products were used as samples after grinding, round grinding, superfinishing, and polishing. It was found that in 16–18 cases out of 26, there was a significant correlation, with a Pearson coefficient of more than 0.8. Random surface topography modeling methods were summarized in the paper of Pawlus et al. [2]. Methods for the generation of surface topographies with a Gaussian and non-Gaussian height probability distribution were presented. Particular attention was paid to the modeling of two-process random surfaces. The selection of a suitable method for the random modeling of different types of surface topographies to obtain the dependence of the surface characteristics, production process, and surface function was discussed by Jiang et al. [3]. In their conclusions, the authors stated that further research needs to focus on the development of a generalized feature-based technology tool-kit (an interdisciplinary subject, involving computer vision, image processing, and geometric modeling) with robustness for universal application, including fast algorithms, soft gauges, and uncertainty, to guarantee computational fidelity. Lou et al. [4] characterized, in detail, the X-ray computed tomography method, which enables complex geometry assessment, and they researched the unique properties of additive manufacturing components’ surfaces. An improved understanding of the impacts of these features will assist in efforts to predict the performance of additive manufacturing parts, e.g., fatigue, heat exchange, and osseointegration. The use of an in situ sensor and cameras to obtain process data for the real-time monitoring and quality analysis of 3D-printed parts was discussed in detail by Kim et al. [5]. They presented a review of quality control in seven different techniques in AM technology and provided detailed discussions of each quality process stage. Their research was limited to the review of only seven techniques of AM technology, which included photopolymer vat processes, material jetting processes, binder jetting processes, extrusion-based processes, powder bed fusion processes, direct energy deposition processes, and sheet lamination processes. Reiher et al. [6] presented a holistic approach to help a designer in developing and manufacturing a product for additive manufacturing. The methodology itself was discussed and explained based on a real sample metal part. The general methodology was discussed on the basis of the space industry.



By using computer measurement technologies with a high resolution and accuracy, images of the unique surface textures of irregular surfaces, accurate images of the complex geometry, and the internal structural variability of various materials can be obtained. Several authors should be mentioned in this area. Angel [7], in his dissertation, dealt with the verification of scanning systems and the determination of conformance to specifications in order to achieve the best performance—usually corresponding to the manufacturer’s specifications. Various methods and reference objects were developed in this project to establish the metrological traceability of the measurements. Moreover, investigations as well as international comparisons in the application of the two different areas were carried out. Bauza et al. [8] researched selected precision parameters of components realized by additive manufacturing. They discussed the accuracy and uncertainty of parts produced with additive manufacturing processes. Slotwinski and Moylan [9] summarized the key metrology-based technical challenges that limit the wider use of metal-based additive manufacturing processes. There are significant technical hurdles, many of which requiring metrology-based solutions, that prevent the full exploitation of additive manufacturing today. Additionally, in many cases, existing standards can be used as the basis for AM-specific standards, either as currently written or with some minor adjustments. This already-existing base of standards will greatly accelerate the development of additive manufacturing-specific standards. The issue of comparing the dual combined approach used in the traditional coordinate measurement of surfaces by touch systems and computer tomography was elaborated by du Plessis et al. [10]. This dual combined approach uses traditional surface coordinate measurements on exterior accessible surfaces, which is followed by internal lattice measurements. The results show a clear method and workflow for the combination of these technologies for a holistic dimensional inspection.



The imaging of the surface textures of complex shapes and geometries with a variability in the internal structures of different materials can be achieved by various methods. The method’s selection depends on the specific requirements of the application, the material type, and the desired quality. Computer-aided design (CAD) softwares provide a virtual environment for the design and visualization of complex geometries. Virtual reality (VR) and augmented reality (AR) offer possibilities for visualization and interaction with complex structures in a virtual environment. Moreover, 3D scanning captures the actual surface geometries of physical objects. High-resolution imaging and photography can capture surface textures and details with high precision. A computed tomography (CT) scan shows the internal structures. Microscopy and nanoscopy provide high-resolution imaging of surface textures and internal structures at the microscopic and nanoscopic levels for small-sized specimens. Scientific articles by various authors deal with the research of these imaging methods. Javaid et al. [11] identified the potential of 3D scanning for industry and its utility for reverse engineering, the design and measurement of complex curved surfaces, education, architecture, surveying, healthcare, quality monitoring, prototyping, and the development of industrial tools and equipment. These technologies are widely used in areas where high accuracy and a superior resolution are required, to verify that a physical object has been manufactured according to the accuracy specifications in production drawings. Thompson et al. [12] researched the use of X-ray computed tomography (XCT), identifying a prerequisite for volumetric dimensional measurements in the industrial verification of physical objects manufactured by additive technologies (AM). There are two primary requirements when measuring the porosity of manufactured components (AM). The first relates to the increased resolution needed for the detection of small pores to allow for greater accuracy and precision in pore measurement. The second concerns the correlation of porosity and pore distribution measurements with more cost-effective measurement techniques to reduce the verification costs. Du Plessis et al. [13], using newly developed X-ray micro-computed tomography (micro-CT) methods, implemented the testing and analysis of additively manufactured parts with an emphasis on accurate dimensional measurement and porosity analysis. MicroCT can be used not only for the high-quality, detailed analysis of individual components, but also for the cost-effective inspection of major defects using fast scans with minimal post-processing. The research on newly developed methods makes it clear that the micro-CT method is crucial to the holistic quality analysis and improvement of AM components. Kruth et al. [14] presented an actual status and application examples that demonstrated CT metrology’s ability to control internal dimensions that cannot be measured by traditional coordinate measuring machines, and to combine dimensional quality control with material quality control to achieve a single quality control paradigm. CT metrology has great potential for the dimensional quality control of components with internal cavities that are not accessible by other measuring devices. It also enables the holistic measurement of mechanical components, i.e., the full assessment of the internal and external surfaces of the part, instead of a limited set of points. CT is the only control process that allows for a combination of dimensional and material quality control. De Chiffre et al. [15] provided an overview of the state of the art and upcoming CT technologies, including CT system types, scanning capabilities, and technological advances. The paper provides an overview of application examples from the manufacturing industry, as well as other industries and activities in industrial computed tomography. The authors also identified the limitations and problems of the current CT in industrial applications.



The mechanical and geometric properties of specimens produced by the selected laser sintering (SLS) of thermoplastic powders largely depend on the interactions between the following process and material parameters: powder coating, exposure geometry, and material behavior in the solid and molten states [16]. Critical processes’ repeatability in serial production can only be improved by the study of the aforementioned interactions [17]. Kudelski et al. [18] compared the costs, material, and printing time using FDM and SLS, based on the production batch size. In conclusion, the authors stated that FDM is the best choice to print one simple component (it is quicker, cheaper, and has a good result; the only disadvantage is the poor strength, especially in the Z direction). However, in the case of a larger production batch size for the same component, the use of SLS is more advantageous. Research on the mechanical properties of components (dimensional accuracy, tensile properties, and Shore hardness) produced by different AM methods (PolyJet, SLA, FDM, SLS) was performed by, e.g., Shilpa et al. [19]. Each additive manufacturing process and its process parameters were studied in detail, along with a comparison of the mechanical properties of the final components. The order of the dimensional accuracy was PolyJet > SLS > FDM > SLA. The order of the tensile properties (tensile strength) was PolyJet > SLS > FDM > SLA. The order of the Shore hardness was PolyJet > SLA > FDM > SLS.



Tagliaferri et al. [20] investigated the geometry of a proposed product, which significantly affects the optimal choice of AM technology, both technologically and economically. The results imply that FDM technology shows the greatest restrictions, preventing mass production due to manufacturing time and costs but also environmental impacts.



A frequently encountered problem is the aging of the source material. This factor can unfavorably affect the geometric and mechanical properties of manufactured components. Wegner et al. [21] researched the processes of polyamide 12 aging (Laurinlactam) in SLS, comparing two different machines, with the objective of analyzing the correlation of the material quality, process parameters, and specimen properties. It was found that, aside from the surface quality, the mechanical properties in the direction of the build, especially the elongation at break and tensile strength, are the most sensitive characteristics to effects caused by material aging. In addition, Wudi and Drummer [22] researched the impact of the processing time and temperature on the molecular changes and thermal properties of particle polyamide material 12 in SLS. The aging state showed high reproducibility. The post-condensation reaction during the aging of the polyamide 12 part cake material in SLS could be proven by GPC analysis.



The measurement of SLS-based specimens is also a widely discussed issue. One important area is the method of three-dimensional surface parameter measurement. Grimm et al. [23] researched this issue via a new measurement method, using a confocal microscope and emphasizing the classification of various spatial orientations, and they highlighted a particular issue in laser sintering: the significance of orange crusts. Within this study, it was proven that an optical three-dimensional topography measurement, realized with a confocal microscope, offers the opportunity for higher statistical significance compared to state-of-the-art tactile profilometry. In particular, the surfaces of laser beam-melted parts showed strong correlations between the surface orientation and the areal parameters or analysis techniques, respectively.



The present paper provides a quality comparison of selected surface texture parameters, the complex geometry, and the internal porous structures of additive products (lattice structure and gyroid structure).




2. Material and Methods


In this research, the quality and accuracy assessment of gyroid and lattice specimens’ production is divided into the specimens’ design, the specimens’ CT scanning and assessment, and roughness measurement and assessment.



2.1. Methodology of Test Specimens’ Design


First, 3D models of the test specimens were created using the software PTC Creo Parametric 9.0.1.0. The basis of creating 3D models of the test specimens was a block of 35 × 35 × 7 mm. The cuboid’s volume was filled with a lattice and a gyroid structure. In both specimens, and in all three directions of the X, Y, and Z axes, the unit cell size was 7 mm. The basic cell’s position was identical for both experimental specimens, i.e., the whole cell was multiplied and patterned in all coordinate systems’ directions. The 3D models of the test specimens and detailed views of the porous structures’ basic cells are shown in Figure 1.



The printing parameters of the 3D model test specimens are shown in Table 1.



Two types of specimens were produced for our research: a lattice structure specimen and a gyroid structure specimen. The technological parameters of the experimental specimens can be seen in Table 2.



A total of 6 experimental specimens were assessed and compared, as shown in Figure 2.




2.2. CT Data Assessment Methodology


The test specimens were scanned as 2 pieces (one material) by an industrial computed tomography instrument, the Phoenix V|tome|x L 240 (GE), with a resolution of 0.035 mm. After individual specimens’ segmentation, their surfaces were determined, and the printout’s internal cavities were eliminated. Within the research, the printing quality (surface and joining of individual print layers) was visually assessed, as it could not be assessed with the available software tools. The dimensional parameters of printouts, the material volume in the manufactured specimen, and the specimens’ surfaces, wall thickness, and porosity were assessed using the VGStudio MAX 2.2 software tools and compared with reference values. To identify geometric differences between the specimens and the reference models, nominal and actual analyses were performed in the VGStudio MAX 2.2 software. The data processing methodology, individual analyses performed, and results assessment are shown in Figure 3.




2.3. Roughness Measurement Methodology


The Alicon Infinite G5 is an optical three-dimensional microscope for complete 3D surface analysis, with micro, macro, and nano resolutions, and it allows for the assessment of thermographic color maps according to the applicable standards of EN ISO 21920 [24]. This optical microscope can analyze larger areas using XY table movement and a problem-free image-joining functionality. It can also assess and analyze the results of 2D and 3D roughness profiles, cylindricity, or profile parameter P. Its vertical resolution is up to 10 nm, while the lateral resolution is 400 nm. For each option, there are statistical functions to statistically define the experiment [25].



The measurement took place according to the standards EN ISO 4287 [26] and EN ISO 4288 [27]. An Lc filter was used for a random profile of 8 mm and a profile length of 40 mm. For the random profile, the values were chosen according to the roughness parameter Ra. In our case, Ra ranged from 10 to 80 µm.



Principle of Roughness Measurement


The Alicona Infinite G5 microscope works on the principle of structured light vertical scanning and the layering of individual images (focus variation method) using coaxial white light, precisely adjusted through the mirrors into the objective and to the specimen’s surface. Light reflection off the specimen is scanned back by the sensor. Each pixel in the image has its own record of the given position in Cartesian data coordinates. In the flat plane, the size of local contrast (blurring) of algorithmic combinations is obtained, as well as information on the adjacent surroundings of the given region and information on the pixel brightness. These calculations were repeated for the same pixel vertically, across all images. After completing the algorithm calculation, a contrast curve was formed (each “x” in the plane has many contrast values; the same is true for the “y” axis) [28]. Measurement principle using the Alicona Infinite G5 optical microscope is shown in Figure 4.






3. Results and Discussion


The results of test specimens’ measurements were evaluated in each structure and between individual structures according to the methodology shown in Figure 3.



3.1. CT Tomography Assessment


All analyses were performed in the VGStudio MAX 2.2 software. The results of 3D printing were assessed based on visual inspection and dimensional and structure analyses.



3.1.1. Visual Assessment of 3D Printing in Individual Structures


In the case of the gray lattice structure, a significant amount of unremoved sintered powder (red arrow) is visible, which, to some extent, invalidates the result of manufacturing. As seen in Figure 5a,b, impurities were found in the powder (blue arrow) and pores (yellow arrow) in the specimen’s material. In Figure 5 on the left, the specimens’ structure zoomed by 40% can be seen, on the right, a 70% zoom can be seen.



In the case of the gray gyroid structure, differing from the gray lattice structure, only a small amount of excess powder remains on the surface, as seen in Figure 5c,d.



Both gray specimens contain a significant number of pores and a certain number of impurities (inclusions), characterized by a significantly higher material density. The presence of excess powder and pores is also visible on the reconstructed surface, which has significantly higher roughness (Figure 6).



In the case of red experimental specimens, the shortcomings of the FDM technology can be seen in terms of high porosity, shape inaccuracies, and material layering. This deficiency manifests itself both in the lattice and the gyroid structure (Figure 7). In Figure 7 on the left, the specimens’ structure zoomed by 40% can be seen, on the right, a 70% zoom can be seen.



Figure 8 shows a 3D reconstruction of the red specimens’ surface, including errors created during manufacturing.



In the case of black experimental specimens, as well as in the case of red experimental specimens, the shortcomings of FDM manufacturing can be seen. Compared to the red specimens, however, the structure is finer and more homogeneous, and the continuity of the layers is visibly better (Figure 9). In Figure 9 on the left, the specimens’ structure zoomed by 40% can be seen, on the right, a 70% zoom can be seen.



Figure 10 shows a 3D reconstruction of the black specimen’s surface, where individual fibers are not as visible as in the red experimental specimens.




3.1.2. Assessment of Test Specimens’ Porosity


The porosity was assessed in all researched specimens. In the case of gray specimens, according to the analyses, the porosity is several times (approximately right times) greater than in specimens manufactured by FDM technology (black and red). The porosity results in specimens manufactured by FDM technology are affected by the lack of an appropriate algorithm to calculate the porosity. Several pores are connected or emerge to the surface; thus, the algorithm cannot identify them. Figure 11 shows an example of the porosity analysis for lattice red and gray structures.



The results of the porosity analysis are presented in Table 3.




3.1.3. Assessment of Surface and Volume of Test Specimens


As part of the basic analysis, the volume and surfaces of test specimens were assessed and we calculated the percentage change, in comparison to a theoretical value obtained from the CAD model, based on Formula (1):


  ∆ =     ( V   R   −   V   T   )     V   T     · 100   [ % ] .  



(1)







The results show that all test specimens have a smaller volume of material than in the theoretical one. The analysis does not account for the material pores; it only reflects the material itself. In the lattice structure, the difference is approximately two times compared to the gyroid structure, while the gray specimens have a volume change percentage of approximately half compared to the rest (Table 4).



Table 5 shows the values of the theoretical and obtained surface and the percentage surface change compared to a theoretical value from Formula (2):


    ∆   A   =     ( A   R     −   A   T   )     A   T     · 100   [ % ] .  



(2)







The surface in all specimens is larger than the theoretical one. In specimens manufactured by FDM technology, this is due to visible material layering. In Section 3.1, it was concluded that the black specimens were manufactured better, as also confirmed by the surface value, which, compared with the red specimens, was approximately halved in both the lattice and gyroid structures. The surfaces of gray specimens are affected by the unremoved material and higher surface porosity. In the case of gray specimens, the percentage surface change is 60%, which is six times the percentage surface change in the lattice structure and three times that in the gyroid structure when compared with the black specimens.




3.1.4. Assessment of Test Specimens’ Dimensions


The production accuracy is assessed by the external dimensions of specimens and by comparing them with reference CAD models. The results show the gray specimens having the smallest deviation, followed by red specimens, while the black specimens feature the highest deviation. This result is in contrast with the visual assessment of specimens, where the red ones were of the worst quality (Table 6).




3.1.5. Assessment of the Test Specimens’ Wall Thickness


The VGStudio MAX 2.2 software enables the assessment of specimens’ wall thickness, or its measurement locally, in selected points. As part of the assessment, a wall thickness analysis was performed with the analyzed thickness set to 2 mm. Due to the significant surface irregularities and analysis algorithms, the use of the given module to measure the strut diameter is limited. On the surface, several areas can be seen, the resulting thickness of which is smaller than that of the produced one. The analysis result is shown in Figure 12.



The second choice is to measure the wall’s diameter/thickness in a selected cross-section. To prove the impact of the fit method setting, the gray lattice structure’s diameter was assessed using a Gaussian feature, minimum circumscribed feature, and maximum inscribed feature. The results imply a difference between the methods of 0.120 mm in the radius, which is due to the cross-section’s shape and surface roughness. Figure 13 shows the creation of individual features.



Figure 14 shows the cross-section of a red and black lattice structure. The significant deformation of the cross-section’s shape is visible, and no single cross-section measurement methodology provides “quality” data.



The same analyses were performed for gyroid experimental specimens. Figure 15 shows the measurement of the wall thickness at a selected point in all gyroid specimens. In all specimens, the effect of manufacturing is obvious; in the case of the gray specimen, shown in Figure 15a, it is the effect of surface “roughness”, and in the case of red and black ones, it is the effect of the manufacturing technology (material layering), with significant differences between the two measurements (see Figure 15b,c).




3.1.6. Actual and Nominal Comparison


All manufactured specimens were compared with the reference geometry (CAD model) to analyze the manufacturing accuracy. Due to the specimens’ “structure”, the best-fit method was used for alignment. Figure 16 shows the surface deviations in gray specimens, while the color coding of the deviations is shown in the color bar to the left of both structures. The deviations are uniformly distributed and most of the surface has a deviation smaller than ±0.100 mm.



Figure 17 shows the deviations on the red specimens’ surfaces. The distribution of deviations in the lattice structure in Figure 17a is not uniform, the sample is slightly “bent” in the center, and most of the surface has a deviation of less than ±0.500 mm. The distribution of the deviations in the gyroid in Figure 17b is difficult to assess due to the “profile” shape and the number of visible layers.



Figure 18 shows deviations on the black specimens’ surfaces. The distribution of the deviations implies the deformation of the manufactured specimens, which is also visible in the side view, due to which the manufacturing accuracy is difficult to assess. This is also why some deviations are greater than ±0.500 mm.



Table 7 shows the cumulative deviations for 90% of the surface, i.e., 90% of the surface has a deviation equal to or smaller than the value in Table 7. Gray samples show the smallest deviation. Samples produced by the FDM technology have a greater deviation, while the surface deformations due to manufacturing need to be accounted for. Gyroid structures show smaller deviations from the CAD model than the lattice structures.





3.2. Assessment of Surface Roughness Measurement in Test Specimens


All analyses were performed in the MeasureSuite 5.3.4 software using the Alicona device. The goal was to analyze and assess the possibility of surface roughness scanning in 3D-printed specimens with lattice filling and a gyroid structure. The specimen’s ground plan was square, with a size 35 mm × 35 mm. The process of roughness measurement in the experimental specimens is described in Section 2.3, and we used a data processing and assessment methodology, as shown in Figure 3. Before starting the measurement, it was necessary to remove supports, unwanted strings, and brims. Samples produced by FDM technology presented problems with regard to detailed scanning due to a large amount of unwanted strings, which affected the surface roughness calculations. This is why the roughness parameters Ra, Rz, Rv, Rp were determined. Table 1, Table 2, Table 3, Table 4 and Table 5 show selective averages listed from a statistical file of measured data. The measurement was conducted on the edges of the specimen’s surface. It was impossible to perform measurements in the specimen’s center due to the string. The whole measurement was set to 10x optical zoom, while the brightness and contrast changed depending on the specimen’s reflection and the geometry of the measured point. Brightness and contrast are the primary settings for the scanning of a specimen’s surface. This information cannot be found in a table, as the experience and expertise of the researcher has a great influence. Each specimen’s measurement was performed five times to enable statistical analyses of the measurements. Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23 show the scans of the individual gyroid and lattice experimental specimens’ surfaces. The measured roughness parameters can be seen in Table 8.



The specimen in Figure 19 features a particularly high roughness parameter Ra, while Table 8 demonstrates that the Rz parameter (red gyroid specimen), with the arithmetic average value = 137.190 µm, has the largest voids against the central straight line of all measurements’ arithmetic average.



The experimental red lattice specimen could not be scanned to measure surface roughness parameter R due to the large amount of string and poor printing quality, with reflections causing a set of points not to be scanned with suitable quality to be assessed. The Alicona creates a scanned model by stacking individual images in the “Z” axis. In this case, it was difficult to create this model because the surface contained a large number of thin strings.



The gray lattice and gyroid specimens, manufactured by the SLS method, have more than two-times better surfaces in terms of measured roughness parameter R, and the string does not trigger problems as it does in other specimens manufactured by the FDM method. Moreover, their surfaces present the best appearance, even by subjective observation with the eye. This method was created to compare the two most common methods used to manufacture 3D-printed plastic specimens.



In the black lattice specimen (Figure 23), scanning was difficult due to molten material and string forming, which complicated the measurement process. The specimens had to be measured vertically due to the good accessibility to individual layers. This specimen featured the largest values of the roughness parameters. We do not recommend this type of specimen for the testing of roughness parameter R or surface parameter S. For surface parameters, according to standards, the surface size is not appropriate. Figure 22 and Figure 23 demonstrate that the structure of printing and the assessment of the roughness parameter R are performed perpendicularly to the layering, while complying with such a standard is very difficult.





4. Conclusions


Additive technologies have the potential to be used in the manufacturing of many product categories. They are a prerequisite with regard to changing the current concept of supply chains, enabling the manufacturing of products with a complex internal structure, and they can effectively replace the conventional technologies used so far in some products’ manufacturing. When deciding on their application, however, whether the technology used is suitable for a given product and how it affects its final quality needs to be assessed. At the same time, a suitable structure needs to be selected to be used for the product’s manufacturing. When planning, a decision is often made between a lattice and gyroid structure. Based on the mentioned facts, the present research was carried out, aiming to compare the impact of the materials and technologies used on the quality of porous structures, represented by lattice and gyroid structures. The research was carried out on two types of test specimens: one with a lattice structure and the other with a gyroid structure. Then, the individual specimens were assessed using the industrial tomography method.



The results of computed tomography allow us to conclude that with SLS technology, care must be taken to remove excess powder, which may not be easy in complex structures. With the specimens manufactured by the FDM technology, the difference in the visual assessment of the printing quality is obvious. Black specimens are visually of better quality than red ones, and they deviate less from the reference values for specimens’ surfaces and the actual and nominal comparison. Red specimens are more accurately manufactured, and their external dimensions deviate less from the reference dimensions. Given the volume of the specimens, it is impossible to unequivocally state which samples are better manufactured; the differences between them are small. The porosity assessment of specimens manufactured by the FDM technology, i.e., the red and black ones, does not provide the desired results, as a significant number of pores emerge on the surface and the “gaps” between the layers cannot be considered as standardized pore shapes; thus, their software assessment is problematic, and the results are only informative. The result cannot be generalized to the entirety of FDM technology manufacturing; it only concerns the specimens tested by us. This is due to the technology, the specimens’ shapes, and the material used. The comparison of SLS and FDM manufacturing implies that SLS specimens yield better results in terms of the material volume, the specimen’s external dimensions, and the nominal and actual comparison to the reference models. The result is worse in the surface assessment, which is caused by the excess powder on the surface. The gray specimens’ porosity is higher than expected, which may be due to the specimens’ thin walls and their overall design. For the above reasons, the porosity results of SLS and FDM manufacturing cannot be compared. We observe a discrepancy between the visual specimens’ assessment and the measurement of roughness. With the FDM technology, in red and black specimens, we obtain contrasting results. Visually, the black specimen is better than the red one, but its porosity indicates the opposite. When comparing the printing of Flexfill 92A specimens, the result obviously depends on several parameters, such as the specific printer, the product’s design, and, finally, the operator’s experience, with a significant impact on manufacturing.



Roughness measurement with an optical microscope, based on the principle of image layering, is the most suitable method by which to analyze the experimental specimens’ surface structure. The color material differentiation is a disadvantage in terms of reflection for the red Flexfill 92A material, and despite the use of various options for the exposure time and brightness, the lattice structure could not be scanned. Other factors leading to the poor-quality scan were the effect of the surface color, the material roughness, the geometry of the structures, and ambient light. Regarding the creation of individual images of models to compare, the lattice structure was more complex due to its geometry. In the FDM technology-manufactured specimens, the lattice structure showed a roughness value of Rz = 316 µm, which was 2.5 times greater than in the second gyroid structure, where the values were around 137 µm. The specimens produced by the SLS method had parameters of Ra = 20 µm and Rz = 166 µm for the lattice structure. Smaller values of the height profile parameter Rz were noted in specimens manufactured with the use of the FDM method (for the case of the red gyroid specimen, see Table 8).



The VGStudio MAX 2.2 software, in the version, used has several algorithms for pore detection. However, none of them could be set so that “perfect” results could be obtained. The analyzed samples had a small wall thickness and significant material layering, and the pores created during FDM printing did not have a standard shape (sphere or crack), which made their identification difficult. One possibility is to use a different software program that does not assume that the surfaces are created equally, but the performed analyses may not have the same results. Another option is to scan a selected region of interest (ROI), which will increase the scan’s resolution (smaller voxel) and allow a more accurate evaluation of the selected ROI’s porosity. Subsequently, a correlation of the pore analysis results of this work with the results from imaging (ROI) could be performed. In the future, both approaches will be tested, and their advantages and disadvantages will be analyzed.
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Figure 1. Dimension and shape of porous structure 3D model filled with (a) lattice structure and (b) gyroid structure. 
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Figure 2. Types of experimental specimens. 
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Figure 3. Data processing and assessment methodology. 
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Figure 4. Measurement principle using the Alicona Infinite G5 optical microscope [28]. 
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Figure 5. Gray lattice specimen (SLS method)—representation of unremoved excess powder, impurities, and pores on CT in sections. (a) Lattice specimen FRONT plane; (b) lattice specimen TOP plane; (c) gyroid specimen FRONT plane; (d) Gyroid specimen TOP plane. 
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Figure 6. Gray specimens (SLS method)—representation of reconstructed surface: (a) lattice, (b) gyroid. 
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Figure 7. Red specimens (FDM method)—representation of material and pore layering on CT in sections. (a) Lattice FRONT plane; (b) lattice TOP plane; (c) gyroid FRONT plane; (d) gyroid TOP plane. 
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Figure 8. Red specimens (FDM method)—representation of reconstructed surface: (a) lattice; (b) gyroid. 
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Figure 9. Black specimens (FDM method)—representation of material and pore layering on CT in sections. (a) Lattice FRONT plane; (b) lattice TOP plane; (c) gyroid FRONT plane; (d) gyroid TOP plane. 
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Figure 10. Black specimens (FDM method)—representation of reconstructed surface: (a) lattice; (b) gyroid. 
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Figure 11. Assessment of lattice structures’ porosity: (a) red sample (FDM method); (b) gray sample (SLS method). 
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Figure 12. Assessment of the wall thickness of the lattice gray specimen (SLS method) using the wall thickness analysis module: (a) FRONT plane; (b) TOP plane. 
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Figure 13. Measurement of the diameter in gray lattice specimen (SLS method): (a) Gaussian feature; (b) minimum circumscribed feature; (c) maximum inscribed feature. 
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Figure 14. View of the strut cross-section in the lattice structure (FDM method): (a) red; (b) black. 
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Figure 15. Measurement of the gyroid structure’s wall thickness: (a) gray (SLS method); (b) red (FDM method); (c) black (FDM method). 
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Figure 16. Illustration of deviations when comparing manufactured gray specimens (SLS method) to the CAD model: (a) lattice; (b) gyroid. 
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Figure 17. Illustration of deviations when comparing manufactured red specimens (FDM method) to the CAD model: (a) lattice; (b) gyroid. 






Figure 17. Illustration of deviations when comparing manufactured red specimens (FDM method) to the CAD model: (a) lattice; (b) gyroid.



[image: Applsci 14 00648 g017]







[image: Applsci 14 00648 g018] 





Figure 18. Illustration of deviations when comparing manufactured black specimens (FDM method) to the CAD model: (a) lattice; (b) gyroid. 
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Figure 19. Red gyroid specimen (FDM method)—scan from the upper side. 
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Figure 20. Gray gyroid specimen (SLS method)—scan from the upper side. 
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Figure 21. Gray lattice specimen (SLS method)—scan from the upper side. 
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Figure 22. Black gyroid specimen (FDM method)—scan from the upper side. 
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Figure 23. Black lattice specimen (FDM method)—scan from the upper side. 
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Table 1. Printing parameters of 3D model test specimens.
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Filled Specimen Volume [mm3]

	
Sample Designation

	
Cell Size [mm]

	
Created Volume Share [%]

	
Wall Thickness [mm]

	
Strut Diameter [mm]

	
Specimen Volume [mm3]






	
8575.000

	
lattice_25

	
7

	
25.170

	
-

	
1430

	
2158.370




	
gyroid_25

	
25,080

	
0.500

	
-

	
2150.770











 





Table 2. Technology/material parameters and designation of test specimens.
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Technology

	
FDM

	
SLS




	
Designation of the Test Specimen

	
Black

	
Red

	
Gray




	
Material

	
Flexfill 90A

	
Flexfill 92A

	
PLA




	
Lattice structure

	
✔

	
✔

	
✔




	
Gyroid structure

	
✔

	
✔

	
✔











 





Table 3. Results of porosity assessment.
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	Sample
	Porosity [%]





	Gray lattice
	7.550



	Red lattice
	4.090



	Black lattice
	4.290



	Gray gyroid
	4.570



	Red gyroid
	0.900



	Black gyroid
	0.540










 





Table 4. Volume and percentage volume change in individual specimens.
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	Specimen Designation
	Created Volume Share [%]
	Theoretical Specimen Volume VT [mm3]
	Actual Specimen Volume VR [mm3]
	Percentage Change in Volume [%]





	Gray lattice
	25.170
	2158.370
	1971.000
	−8.681



	Red lattice
	25.170
	2158.370
	1801.000
	−16.557



	Black lattice
	25.170
	2158.370
	1816.930
	−15.819



	Gray gyroid
	25.080
	2150.770
	2064.590
	−4.007



	Red gyroid
	25.080
	2150.770
	1995.000
	−7.243



	Black gyroid
	25.080
	2150.770
	1975.830
	−8.134










 





Table 5. Surface and surface change percentage in individual specimens.
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	Specimen Designation
	Theoretical Specimen Surface AT [mm2]
	Actual Specimen Surface AR [mm2]
	Percentage Change of Surface [%]





	Gray lattice
	5525.038
	8889.730
	60.899



	Red lattice
	5525.038
	6646.072
	20.290



	Black lattice
	552