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	1	Introduction to Thermoplastic-based Additive Manufacturing




The term additive manufacturing (AM) refers to manufacturing processes that produce three-dimensional components layer by layer by means of material application and accumulation. At times, the term rapid prototyping (RP) is also used for this type of component production, while the colloquial term “3D printing” is used.

When comparing the terms rapid prototyping and additive manufacturing, it becomes clear how the processes have developed over time, particularly with regard to their range of applications. In the initial phase of digital AM, the first systems used data sets to enable the direct – and, compared to conventional manufacturing, rapid – production of prototypes or sample parts. By using AM, product developments can be improved or shortened. Through the improvement and new development of processes and systems, the proportion of directly produced components and products using AM increased. This development also initiated the necessary development or adaptation of new materials for the various AM processes. In the early 1990s, the first commercial thermoplastic-based additive systems in the extrusion and sintering process cluster came onto the market.

In this chapter, we describe the basic strategy on which AM processes are based and on which process clusters are founded. We will then describe the basic principles of fused deposition modeling (FDM), fused layer modeling (FLM), and selective laser sintering (SLS) will be explained, before explaining the concept of hybrid additive manufacturing with thermoplastics.

	1.1	Additive Manufacturing Building Strategy


The building strategy of components by means of additive processes can be explained by the analog manufacturing strategy of contour relief maps patented in 1892 by J. E. Blanther. The terrain models built up with this manufacturing strategy consisted of wax plates, which were cut to size based on the respective contour line of the terrain and then placed on top of each other and positioned in a further step. The thickness of the wax plates resulted in the so-called layer thickness of the additively built model. In order to obtain a coherent wax component from the individual contoured wax plates, they were joined together using targeted heat. With a relatively large connection between the individual plates or layers, it was also possible to ensure layer adhesion corresponding to the material and the resulting stability. Accordingly, the basic idea for component building in AM is the layering and bonding of filled contours. This can be done in a manual process that is analogous to that for contour relief maps, or digitally and automatically. In the latter case, the component to be manufactured is available in a digital form, from which the layers with the respective contours are then derived. These layers have a specific constant thickness and follow a geometric axis through the component. After the virtual layers are generated, they are converted into control commands for the specific AM system. The additive system, in turn, generates the contoured layers in a specific order and their connection using specific materials.

Physically, especially for components with overhangs of more than 45°, there is a need to protect them against bending or breaking with a support structure. These support structures are generated digitally in advance in some additive processes (as are the virtual layers), depending on the geometry and the process. Depending on the process, these contours are in turn converted into control commands. Depending on the additive process used, these support structures lead to higher material consumption and longer manufacturing times, as well as to the need for subsequent removal of the support structure from the component.

Due to the layered structure of the additive processes, perceptible steps form on the surface in the build direction. The shape and visibility of these steps depends on the layer thickness. The thinner the respective layers can be built, the lower their perceptibility. At the same time, however, a thinner layer thickness also leads to longer manufacturing times and thus higher manufacturing costs per component. The thinnest layer thicknesses are achieved with additive processes whose materials are in a liquid or gaseous state. However, special processes in which the material is in powder form, such as laser micro-sintering, can also achieve layer thicknesses of 15 μm down to 1 μm.

The surfaces of additively produced components that are not characterized by the step effect are characterized by process-specific principles. In fused deposition modeling (FDM) and fused layer modeling (FLM) processes, there are melting nozzles for thermoplastic material with a corresponding nozzle diameter. In contrast, in selective laser sintering (SLS), the surfaces are imprinted by a pulsed laser, which locally melts thermoplastic powder. Laminated object manufacturing (LOM), selective adhesive and hot press process (SAHP) and layer milling process (LMP) processes are an exception with regard to both step formation and process-specific surface embossing.

In principle, the step formation in the processes can be eliminated by 5-axis machining. Furthermore, the surfaces that are not affected by layering are characterized by the surface of the film or sheet material used and not by the process. Additive processes, which primarily process thermoplastic materials, are anchored in the solid initial state (Figure 1.1). The thermoplastic to be processed can be present here as wire, round cord (filament), powder, or in film or sheet form.

[image: ]

Figure 1.1 Subdivision of additive processes according to the initial state of the material (© Leonie Fensterle, adapted from [Sehrt 2016])


	1.2	Process Groups of Additive Manufacturing



[image: Image]


For historical reasons, various terms have become established for layer-building processes. As a result of technological development and thus the expanded application possibilities of additive systems, the following terms have evolved over time and are still used specifically today:

[image: Image]       Rapid prototyping (RP): Manufacturing of sample or prototype parts

[image: Image]       Rapid tooling (RT): Manufacturing of tools for primary forming and forming production processes

[image: Image]       Additive manufacturing (AM): Production of components and small batches as marketable products.





In addition to the classification according to DIN 8580, additive systems can also be subdivided on the basis of the condition of the starting material, the material of the component produced, the use in the product development process, or on the basis of the process principles. The differentiation according to process principles is summarized in Figure 1.2. The reduction was made according to the criteria “plastic as a material for component production” and “establishment of the systems on the market”.

[image: ]

Figure 1.2 Classification summary of AM processes according to process groups and principles (© Leonie Fensterle, based on [Fischer 2020])


	1.2.1	Sintering and Extrusion


The sintering and extrusion process groups are based on thermoplastic materials (Figure 1.2). SLS was commercially launched by DTM in 1992. At that time, the systems were called Mod A and Mod B. In 2001, DTM was acquired by 3D Systems. At that time, 3D Systems specialized in stereolithography (SLA) of the UV curing process group and was the market leader in AM systems.

In the extrusion process group, the following two processes are included in Figure 1.2: FDM and FLM. Both processes use the principle of spraying molten polymers by means of a nozzle. The differences between the systems of the two processes are minor in places. FDM systems are often priced higher than fused layer modeling systems, some of which are also designed for private users. FDM systems also often have a more robust manufacturing process and a higher degree of automation. The term FDM was introduced by Stratasys, which launched its first additive system, the 3D Modeler, in 1992. Focusing on low-end systems in AM, Stratasys became the market leader in 2003, selling nearly half of all additive systems at that time and representing the largest contingent of additive systems installed. In principle, additive systems manufactured by Stratasys and belonging to the Extrusion group are listed under FDM. This also applies to systems from manufacturers such as MakerBot, which belong to Stratasys. FLM includes all systems that belong to the extrusion process group and are not manufactured by Stratasys or associated companies. This also includes many additive systems that, for example, are not commercially available and are still in the research or development stage.

	1.2.2	Binding Technology and Laminating


Two further thermoplastic-based additive processes are included in the process group: binder technology (multi-jet fusion, MJF) and lamination (laminated object manufacturing, LOM) (Figure 1.2).

Multi-jet fusion (MJF)

The parts that can be produced by MJF are similar to those produced by SLS and can currently be produced using polyamide (PA) 12 and thermoplastic polyurethane (TPU) 90A. Due to the nature of the process, layer building is faster than in Selective Laser Sintering, which, combined with lower or equal equipment costs, results in lower part costs. In the MJF process launched by HP, heat-conducting liquid, called fusing agent, is sprayed onto the active powder-based layer in the part area via a print head. Another liquid, the detailing agent, is applied in parallel to the contours of the component in the layer and is responsible for creating sharp edges. After the two liquids are sprayed on, energy is added to the respective layer via IR light. The fusing agent increases the energy by absorbing the thermoplastic powder, causing the material to fuse in the wetted area. The detailing agent counteracts this process as an insulator and limits the melting of the material (Figure 1.3).

In the current systems, 300 million drops of liquid are sprayed onto the powder layer every second with an accuracy of 21 μm. Thus, the system has about half the accuracy of multi-jet modeling (MJM) systems in the “UV curing” process group, which are among the most accurate additive systems. Both processes use print heads similar to those used in inkjet printers. As a result, the XY resolution of the MJF systems is specified as 1200 dpi. The use of liquid and its optimum introduction into the powder lead to uniform fusion and a relative dense component, which also largely eliminates the problem of layer adhesion in additively produced components. The high speed at which the layers are created is generated by a high number of print heads and the incorporation of energy input in the wetting process. According to HP, multi jet modeling can achieve 3 cm of part height per hour, which is three times the build rate of SLS.

[image: ]

Figure 1.3 Functional principle of the MJF process from HP (© Leonie Fensterle, from [3Druck 2016])


A special feature of the process is the effect of sinking, which leads to a burr in the order of 0.1 mm on the end surface of the component in the Z-direction. This effect is caused by the introduction of the fluids. The installation space of the current HP systems is 380 × 380 × 28 mm. The post-processing of the components is similar to that of SLS, in that the components must be cleaned of residual powder after removal from the system. The surface can be smoothed, for example, via vibratory grinding. As with SLS, the components can also be colored. Compared to SLS and FDM, MJF is a young additive process. As of 2016, the first commercial systems were available under the name HP Multi Jet Fusion 4200. HP cooperated with the companies Nike, BMW, and Johnson & Johnson [3Faktur 2020] from 2014.

High-speed sintering (HSS)

Another inkjet-based additive process with thermoplastic materials is HSS from the company Voxeljet. HSS differs only to a limited extent from HP’s MJF process (Table 1.1). As with the HP system, an energy-absorbing liquid is applied to a powder bed via a print head and the energy is supplied via IR light. The printed powder bed areas are thereby fused by the energy input, with the remaining powder area remaining loose (this can be reintroduced into the manufacturing process after preparation). The main difference to MJF is that no second liquid (detailing agent) is required, as the temperature of both powder areas can be controlled independently of each other using two different IR light emitters with different wavelengths. In addition, the system from Voxeljet allows full access to the pressure parameters in order to optimize the production for the respective material and application. Thus, it is a so-called open system, which can also be used for AM with customer-specific materials or new material developments. Differences exist between the print heads used. HP’s MJF system uses bubble-jet print heads with a resolution of with a resolution of around 1200 dpi. In contrast, HSS uses piezo print heads with a resolution of around 360 dpi (Table 1.1). However, the resolution of the components is significantly influenced by the grain size of the material powder. This is around 55 μm for both systems. The piezo print heads of high-speed sintering can process oil-based, water-based, and solvent-based fluids. This option further increases flexibility in terms of material selection [Voxeljet 2022].


Table 1.1 MJF and HSS in Comparison [Voxeljet 2022]




	

	High-speed sintering (HSS)

	Multi-jet fusion (MJF)




	Applications

	Material development and research, prototyping, production applications, service centers, manufacturing, and injection molding companies

	Prototyping, service centers, and production applications




	Installation space

	VX200 HSS: 290 × 140 × 180 mm

VX1000 HSS: 1000 × 540 × 400 mm

	MJF 540/580: 322 × 190 × 248 mm

MJF 4200: 380 × 285 × 380 mm

MJF 5200: 380 × 294 × 380 mm




	Speed

	VX200 HSS: 580 cm3/h

VX1000 HSS: 6500 cm3/h

	MJF 540/580: 1817 cm3/h

MJF 4200: 4115 cm3/h

MJF 5200: 505 cm3/h




	Resolution

	360 dpi

	1200 dpi




	Materials

	PA12, TPU, PP, PEBA, and EVA

Open system

	PA12, PA11, TPA, and TPU




	Minimum layer thickness

	80 μm

	80 μm




	Cooling times

	14 h (depending on the headroom)

	48 h without “fast cooling” (depending on material and grain size)








Laminated object manufacturing (LOM)

LOM, from the laminating process group, is similar to the process principle of J. E. Blanther’s contour relief maps (see Section 1.1). The process group is based on layer generation, in which semi-finished products like sheet or film materials are contoured by means of knives, milling cutters, hot wires, or lasers, and are joined and bonded simultaneously or downstream specifically depending on the material. Since this group of processes also includes separating and ablative processing steps, it was also referred to as a subtractive-additive process by Bernard and Taillander in 1998.

Another term used for the process group is layer laminate manufacturing (LLM). This term is due to the fact that the term “laminated object manufacturing” was created by the company Helisys, similar to “fused deposition modeling” by the company Stratasys. In contrast to Stratasys, Helisys was dissolved in 2000, at which point their production of LOM systems ceased. Companies such as Mcor Technologies Ltd, founded in 2005, reintroduced A4 paper-based systems to the market. The first digital LOM systems were launched by Helisys in 1991, making them commercially available a year before SLS and Fused Deposition Modeling systems. The Helisys system was based on special paper which was laminated on one side with a thermally activated adhesive. This coated paper was in roll form and contoured using a CO2 laser. The special paper was pulled over the build platform. A roller heated to 330 °C activates the adhesive and uses additional pressure to bond the current layer to the partially finished component. After this step, the CO2 laser contours the current and joined layer, which corresponds to the specific cross-sectional layer of the underlying CAD model. This procedure increases the positioning accuracy of the respective layers relative to each other, but also increases the waste volume. Furthermore, the laser cuts a constant frame from the paper, which also corresponds to the maximum XY dimensions of the build space. Through this frame, the current layer is detached from the roll material. Paper that is in this frame but does not belong to the component is cut into squares. The elements resulting from this can be more easily mechanically removed from the component after completion. The elements are comparable to FDM support structures. The build speed in the Z-direction can be increased by laser-processing a maximum of four layers at a time. However, this reduces the resolution of the component in the Z-direction, and the machined contours become more discolored due to the energy input of the laser.

LOM has been further developed in various directions. The materials that can be used are generally unlimited, as long as they are in sheet or film form and can be joined. Plastics, metals, ceramics, and wood can all be processed using LOM. It is also possible to produce multi-material components made of several materials. The material change can be done layer by layer or locally in the layer. Various classic separating processes can be combined with different joining processes such as gluing, welding, clamping, and ultrasonic welding. In places, LOM systems can also be categorized according to the principle of joining.

The Cirtes company offers LOM solutions under the name Stratoconception. For contouring, micro-CNC milling, laser machining, hot wire, or an oscillating knife are used. The system behind Stratoconception was developed by Claude Barlier, and a patent was filed in 1991. The special feature of Stratoconception is the subsequent positioning of the layers with pins or recesses. Subsequent positioning allows maximum utilization of the sheet material for the creation of the components. Another special feature is the ability to choose between 2-axis, 2½-axis, or 5-axis machining of the plates. In comparison, the layers are clearly visible in 2-axis machining, depending on the thickness of the plate. With 2½-axis machining, this visibility is reduced to the maximum. With the Stratoconception system, both small and large components can be produced. In the xy-direction, dimensions of 2000 × 3000 mm are possible, and in the z-direction, there are only physical or static limitations.

One of the main advantages of LOM is the higher process speed compared to other additive processes for large components with high volume and low complexity of the geometry. Furthermore, the technology of the equipment is easy to master and partially independent of the material used. By bonding the layers, stresses are reduced and the components are thus produced primarily without distortion. A problem is the different load capacity of the components in and across the layer direction, which occurs in particular when joining the layers with adhesives. Ultrasonic- or diffusion-welded metal components are an exception here and exhibit constant load-bearing capacity in all directions. Furthermore, geometries with cavities or cutouts that prevent the subsequent removal of segments that do not belong to the component pose a problem. One solution to this is to remove the respective segment part in the layer. However, this is not possible with every LOM system, and it slows down the process speed. Furthermore, the waste material produced, which can be a factor of 1:10, can offset the same or lower material price. If LOM is used with a consistent thermoplastic material, the resulting waste could be reformed back into sheet material, ameliorating the environmental and economic disadvantages.

	1.3	Functional Principle of Fused Deposition Modeling


As described in Section 1.2.1, the name fused deposition modeling (FDM)in the extrusion process group is closely associated with the company Stratasys. This is a US company that was originally founded in Minnesota and has since moved its headquarters to Rehovot in Israel; the headquarters in Eden Prairie was nevertheless retained. In addition to MakerBot in 2013, Stratasys acquired equipment manufacturer Objet Geometries in 2012. MakerBot also covers the consumer thermoplastic extrusion market with its low-cost systems. The MJM systems from Objet Geometries belong to the UV curing process group and are marketed by Stratasys under the name PolyJet. Also, the service area, which was covered by RedEye at Stratasys, has been expanded through the integration of Solid Concepts and Harvest Technologies. Stratasys’ various FDM systems differ in a number of aspects, including build volume, material bandwidth, support material, and additional requirements (such as washers to remove support structures or set-up location). Both the Stratasys and MakerBot systems specialize in processing thermoplastics, which come in specific-diameter round cord. This round cord is referred to as “filament” in the additive field and is produced via extrusion from thermoplastic pellets. Thermoplastic material is used in FDM both for the creation of the components and for the necessary support structures.

	1.3.1	Additive Extrusion with Filament


The systems in the extrusion process group are distinguished from the other groups primarily by their accessibility. No other additive systems can be introduced into companies in such a timely and cost-effective manner. Due to the comparatively inexpensive and easy-to-produce thermoplastic consumables, product concept tests in particular can be carried out without major financial and time outlay.

The thermoplastic filaments for the production of the components and necessary support structures are available with a round cord diameter of 1,75 mm. The filament is produced by extruding thermoplastic granules. In this continuous process, the thermoplastic materials are pressed through a die by means of a screw press. The granules are melted and homogenized by heat input and internal friction. The pressure built up at the same time causes the thermoplastic to be ejected through the forming die. The thermoplastic exiting through the die then solidifies in a water-cooled calibration. Additional application of vacuum presses the thermoplastic profile against the walls of the calibration, thus completing the molding process. The manufacturing tolerances during extrusion are in the range of ±0,05 mm. The extruded thermoplastic filament is then wound onto spools with a view to unobstructed and smooth delivery. These filament spools are fed to some FDM systems in encapsulated form or via adapters. This method of feeding filament, in addition to recording consumption, also provides protection from unwanted particles and moisture. Furthermore, such filament storage supports the automatic loading and unloading process widely used in FDM systems. In this process, the filament is conveyed by conveyor motors through a hose system to the actual melting head and automatically threaded into or out of it. After the thermoplastic filament has been automatically threaded in, a certain length of it is extruded through the melting nozzle into a container. This procedure also serves to convey particles or residual material out of the nozzle. After this short extrusion, the nozzle is moved over a rubber lip and metal brush, which removes or reduces adhering material and contaminants. This cleaning process is also carried out during the build process when switching between active nozzles, thereby increasing the quality of the components.

With the F123 systems from Stratasys, the so-called purge tower is additionally is generated. This represents an automatically generated and separate component that is used in addition to the nozzle cleaning. This system was adapted from FLM, where stationary nozzle cleaning areas are sometimes missing. The idea behind the purge tower is that, on the one hand, the nozzle is cleaned of particles and residual material and, at the same time, is filled with sufficient material before it applies material to the actual component again. The disadvantage of this additionally generated component is the higher consumption of thermoplastic material and the increase in manufacturing time for components.

In principle, color changes in components can only be generated layer by layer in FDM systems. For this purpose, the build process is specifically stopped after the completion of a certain layer and the active thermoplastic filament is automatically threaded out of the melting head. Depending on the system, this filament can then be removed together with the coil and the adapter. The stop can be scheduled in advance by setting a pause or can be performed manually on the system. After the new filament has been inserted, it is automatically conveyed to the melting head and threaded in. The build process then starts again with the new different colored filament in the next layer of the part to be produced. Residual particles in the nozzle create a smooth color transition in the component. The same system is also used when further filament is needed to complete a component. In this case, however, stopping the build process and unthreading is initiated automatically by the system.

With a few exceptions in MakerBot systems, FDM systems are equipped with two melting heads. In each case, one melting head is intended for the component thermoplastic. The second head is designed for the thermoplastic support material. On the F-Series FDM systems introduced at Stratasys in 2017, the two melt heads are easily interchangeable. This is also due to the polylactic acid (polylactide, PLA) material, which is new to Stratasys systems. The thermoplastic material is very common in the additive private sector as a consumable material and is produced from renewable raw materials. The use of PLA as a material in FDM can be traced back to systems from MakerBot, which primarily use this material for the building process. The cost of a kilogram of PLA is approximately 50 % less than the thermoplastic acrylonitrile-butadiene-styrene (ABS), which is the most commonly used material in FDM systems. Accordingly, many of the Stratasys systems are optimized to process ABS or similar thermoplastics. For fast and cost-effective concept and verification models, PLAs are provided on the F-Series. To process these on the F-Series, the melt head is changed to create the part because PLAs have lower processing temperatures than the other system-compatible thermoplastics. If this change of melt heads was not made, residual particles of the thermoplastics with higher processing temperatures could lead to faulty extrusion or clogging. In the case of PLAs, the support structure is provided with the same material and additional targeted cooling via a special second attachment, which replaces the exchangeable second melt head for the support material. The PLA support structure must be mechanically removed in a downstream step.

FDM systems are basically designed as a 3-axis system in a gantry arrangement (Figure 1.4). The resolution in the xy-direction is determined by the nozzle diameter of the melt units. In Stratasys systems, this diameter averages around 0,45 mm and is not variable. The resolution in the z-direction is generated by an axis and can be changed in some FDM systems via the control software. On average, this is around 0,25 mm. The thermoplastic filament is mechanically conveyed by pinions into the melting nozzles and extruded by permanent mechanical push conveying. The resulting thin extrusion beads are then are then applied in a targeted manner and in layers via axis movements to produce the component or necessary support structures. In the process, the warmer applied material bonds with the material already present. The layer is usually created by tracing the respective outer contour and filling this contour with a 45° hatch. If the extrusion beads are placed directly next to each other in this process, a fully filled component is produced. By deliberately offsetting the extrusion beads in the 45° hatching, hollow structures can be created in the components and the support structure. In the z-direction, the small cavities are closed by placing several fully filled layers on top of each other.

In the majority of FDM systems, thermoplastic-based building plates or films are used as the substrate base for the component to be produced. These are designed to ensure good adhesion of the component material and the support material, and are sometimes provided with an adhesion-promoting structure. The adhesion between substrate, support material, and component material prevent both the component from detaching during the build process and the deformation of the layers in the z-direction, either of which can lead to the abortion of the build process.
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Figure 1.4 Functional principle of the FDM process from Stratasys (© Leonie Fensterle, from [Fischer 2020])


At the beginning of the build process with the z-resolution of 0,25 mm, approximately nine layers of support material are created, which ensures optimum perpendicular alignment from the last support material layer to the melting nozzles. This support material substructure is generated wherever the first component layers or support structures are created in the further course of the building process. If the nozzle is not optimally aligned with the layer, this can lead to clogging of the nozzle on the one hand and loss of adhesion between the layers on the other. If these support material layers are created from dissolvable thermoplastic, the detachment of the component from the support substrate can take place automatically. The support material substructure in FDM is the result of the calibration process that takes place prior to the build process. During this process approximately nine points on the substrate base are captured using styluses.

	1.3.2	Characteristics of Fused Deposition Modeling


Components created via FDM are characterized by the thermoplastic ABS, which is often used in Stratasys systems, and the distinctive extrusion beads. Depending on the nozzle diameter and z-resolution used, the stacked extrusion beads are haptically perceptible and clearly visible. When filling the layers via the 45° hatching, the tracks are rotated by 90° in each layer. This strategy is intended to prevent too many extrusion beads from being deposited directly on top of each other, and thus leads to better layer adhesion within the components. As a result of the diameter of the extrusion beads and the 45° hatching, certain geometric features can lead to defects without material being deposited in the layers. These flaws can have negative effects on intended functionalities such as load-bearing capacity, tightness and surface quality.

1.3.2.1 Surfaces

The surfaces of components produced by additive systems exhibit a stair-step effect due to the layered structure, especially in the z-direction; an effect that is more or less pronounced. Additive systems that primarily process liquids have the lowest stairstep effect due to a high z-resolution and thus the smoothest surfaces in the z-direction. Surfaces in the xy-direction have in the majority of cases a lower and process-related resolution. With FDM, the z-resolution is generally higher than the resolution in the xy-direction. The following z-resolutions are provided (in different combinations) on the various Stratasys systems:

[image: Image]       0,127 mm

[image: Image]       0,178 mm

[image: Image]       0,254 mm

[image: Image]       0,330 mm.

The most common z-resolution is 0,254 mm, which is available for the majority of systems.
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In FDM, components with visible surfaces should be created in such a way that these surfaces are largely embossed via the z-resolution. The possible surface finishes in FDM are much more effective for surfaces created with z-resolution. In parallel, however, possible increases in cost and build time due to the specific orientation of the part should also be evaluated. Furthermore, it should be noted that in particular the possible tensile load for components in the z-direction is lower than that in the xy-direction.





The extrusion beads typical of FDM are more clearly visible in the xy-direction and reflect the typical nozzle diameter of the systems. The nozzle diameter for Stratasys systems is approximately 0,45 mm. Defects can also occur, especially in the xy-direction, which result from the interaction of the nozzle diameter, the geometry of the part and the corresponding path planning (Figure 1.5). In some cases, it is physically impossible to place another extrusion bead between the component contour and the component filling. This ultimately results in a defect, which can occur both on the surface in the xy-direction and inside the component. The surfaces produced in this way can usually only be optimized with mechanical finishing steps to produce smooth surfaces.
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Figure 1.5 Here you can see the path planning of a layer with 45° hatching in FDM. This is the fully filled mode with voids inside the component. The green lines represent the component and the purple lines the necessary support material in the layer (© Andreas Fischer, from [Fischer 2021])


Chemical finishing operations such as solvent dissolving of the thermoplastic surface, as is done in the Stratasys “Finishing Touch Smoothing Station”, cannot produce the desired surface finish on these special surfaces. The solvent used in the Finishing Touch Smoothing Station penetrates a maximum of 32–63 mm deep and does not change the part surface by more than 0,023 mm. In the z-direction, the extrusion beads protrude by approximately 0,051 mm during FDM. The extrusion beads are basically smooth and glossy after deposition. Along the beads in the z-direction, this results in a smooth haptic impression. If the component is chemically post-processed, the surface remains glossy. If the components are mechanically reworked, such as by manual grinding, sandblasting, or vibratory finishing, the surface of the machined components becomes matt. If the components have sharp edges or fine details, both chemical and mechanical post-processing of the components can lead to negative results.

Another factor that can lead to negative effects both in the component and on the surface are waste products that form at the die during extrusion. These include burnt thermoplastic residues and parts of extrusion beads which, if not removed, may fall off the die when the layers are produced and thus be incorporated into the component. Burnt thermoplastic residues often lead to deformations on the surface of the components that are difficult to repair and thus to AM rejects (Figure 1.6). Residues of extrusion beads that have been incorporated into the component, can usually be easily removed mechanically, although minor defects of the surface can result. To counteract this specific problem of extrusion and thus increase the quality of the components, FDM systems have a mechanical nozzle cleaning unit. The cleaning unit consists of a metal brush with an upstream heat-resistant rubber lip. In Stratasys’ F123 systems, in addition to the mechanical nozzle cleaning, the purge tower is generated in parallel with the build process. In addition to cleaning, this separated object also ensures that the nozzle is optimally filled with material. Below the mechanical nozzle cleaning, the removed waste products and the extrusion beads, which are generated there in intermediate steps, are collected in a replaceable container. The extrusion beads generated in the intermediate steps are also used for optimum material filling of the nozzles. Each time the model material and the support material are changed, the nozzles are run over the mechanical cleaning combination with a rapid back-and-forth movement, and thus cleaned.
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Figure 1.6 FDM component with surface defects in the xy- as well as z-direction, caused by the inclusion of waste particles from the nozzle in the component (© Andreas Fischer, from [Fischer 2022])


After a layer has been created, in FDM the z-axis is lowered by the value of the z-resolution and the printing unit is moved to the cleaning unit. There, the last nozzle used, in this case the nozzle for generating the component, is cleaned. The nozzle for the support structure is prepared for the generation of the following layer. It is cleaned, extrudes briefly, and is cleaned again. Then, at the starting point defined by the path planning, the generation of the support structure begins, followed (in the same way) by the preparation of the nozzle for the component generation and the start of the layer generation of the component at the planned starting point. If the planned start and end points of the component layers lie exactly on top of each other several times, clearly visible material accumulations can occur on the surface (Figure 1.7). These seams often occur in components generated by rotational axes, especially if such a component is generated such that the rotational axis is perpendicular to the XY orientation of the system. The problem can basically be solved by changing the starting points in the path planning, but this intervention in the path planning is not possible with all Stratasys systems. However, the seams can be easily removed by mechanically reworking the components. In principle, the specific FDM surface in the z-direction is particularly suitable for increasing the grip of a component.
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Figure 1.7 Two-color cylindrical FDM component with seams on the surface (© Andreas Fischer, from [Fischer 2022])


1.3.2.2 Support Structures and Building Chamber

In FDM, the necessary support structures are generated via the second nozzle of the printing unit. A support structure is required to generate overhangs that exceed 45°. Here, the z-axis of the FDM system represents the zero angle. This support structure stabilizes part contours and prevents specific parts from deforming during layer generation, or falling off during the build process. On some Stratasys systems, there are three selectable strategies for calculating the support structure:

[image: Image]       Basic

[image: Image]       SMART

[image: Image]       Surround Support.

The “Basic” strategy represents necessary support structures, which are filled with a 45° hatching. This structure is particularly suitable for component segments to be supported, which represent a high volume and thus weight. Due to its extended volume and dense filling, the Basic strategy leads to increased support material consumption and longer manufacturing times. With “SMART”, the volume of the necessary support structures is reduced by about half of the basic strategy. In addition, the filling of the support structures is also halved, which leads to a reduction in support material and manufacturing time. The surround support encloses the entire component, and this is filled to the same density as in the “Basic” variant. This support structure is particularly suitable for filigree components, which are thus additionally protected by the structure. The consumption of support material and the manufacturing time are extremely pronounced with this strategy.

After completion of the build process, the support material must be removed from the component. This can be done mechanically or chemically. However, manual removal of the support material is possible for all geometric conditions. Support structures, which are located in cavities with little access, for example, can hardly be removed mechanically and must therefore remain in the component. However, this can be planned as a stabilizing function when designing the component. Furthermore, filigree segments of the component can also be affected during mechanical removal. The surround support strategy is not suitable for mechanical support structure removal (Figure 1.8).
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Figure 1.8 Surround support during path planning of a FDM component: The component is shown in red and the support structure in purple (© Andreas Fischer, from [Fischer 2021])


Depending on which thermoplastic is used for the component, the suitable thermoplastic support material can be removed mechanically or dissolved chemically. In the case of mechanically removable support material, it should be noted that cavities can sometimes be difficult to free from the support structure, and filigree component segments can be deformed or damaged by the removal of the structure. The chemically dissolvable thermoplastic support material is removed in a circulating liquid at a temperature of approx. 60 °C; care must be taken to ensure that the liquid is not too hot. Also it must be ensured that liquid can flow in and out of intended cavities through openings. If these openings are not optimally selected, the dissolution of the support structure may require longer processing times. Components with thin and large-area component segments can be easily deformed by the circulation and the influence of heat.

In principle, several components can be processed in the specially designed systems for chemical support structure removal (Figure 1.9). Components with sensitive geometric segments should be processed individually, since the components can damage each other, especially due to the circulation of the liquid. If the interior of the components was created by means of a hollow structure, these can fill with the liquid during the chemical removal of the support structure. Furthermore, the surrounded air in the hollow structures ensures that the components float to the surface of the liquid. As a result, parts of the support structure, which are thus not in proper contact with the liquid, cannot be dissolved. FDM components with hollow structures or cavities should, if possible, be positioned so that the liquid can completely cover the component. After dissolving the support material, the components are cleaned with clear water and then dried. In the case of components with cavities or hollow structure, any residual liquid should be drained off before cleaning with water. The contact surfaces of the components to the support structure have a greater tendency to show defects on the surface. In the case of mechanical removal, defects on the surface can additionally be created by the removal process.
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Figure 1.9 Recirculation tank of the HP Designjet 3D Removal System for the removal of support structures of FDM components made of ABS with maximum dimensions of 200 × 200 × 150 mm (© Andreas Fischer, from [Fischer 2021])


Combining ABS as the material for the component, Stratasys uses P400-SR thermoplastic support material. Fourier-transform IR spectrometry of the ABS support material shows the typical absorption bands of an acrylic copolymer based on methacrylic acid methyl ester (methyl methacrylate, MMA) and acrylic acid butyl ester (butyl methacrylate, BMA). The glass transition temperature is 103 °C (midpoint). Rheological analysis also showed that the support material is thermoplastic and that the viscosity does not decrease noticeably with time.

In the Stratasys HP systems, the SR30L support material was used in combination with ABS. IR shows the typical absorption bands of an acrylic thermoplastic based on polystyrene-co-butyl acrylate-co-acrylic acid for this material. The glass transition temperature is 124 °C (midpoint). The two Stratasys support materials can be dissolved using sodium hydroxide powder dissolved in water, by agitation and application of heat. The mixing ratio should be 950 g of the P400SC powder and 42 L of water. Removal of the support material has no detectable negative effects specifically on the ABS components. If large quantities of the support structure are removed using the chemical process, special storage and disposal of the resulting liquid may be required. The volume of the material to be disposed of can be drastically reduced by the targeted evaporation of the water content of the liquid.

Another special feature of the FDM systems are the build chambers. The size of the components that can be produced ranges from the former entry-level model of Stratasys (the Mojo) with 127 × 127 × 127 mm, to the top model (the Fortus 900mc) with 914 × 610 × 914 mm. Inbetween are the two “Idea”-series systems and the three “Design”-series with three systems. In the “Idea” series, parts can be produced on the μPrint SE with 203 × 152 × 152 mm and on the μprint SE Plus with 203 × 203 × 152 mm. In the “Design” series, components of 203 × 203 × 305 mm can be produced on the Dimension Elite and components of up to 253 × 254 × 305 mm on the Dimension 1200es or Fortus 250mc. The “Production” series incorporates Stratasys’ highest-performance FDM systems. Here, the size of the components that can be generated ranges from 355 × 254 × 254 mm on the Fortus 360mc to 914 × 610 × 914 mm on the Fortus 900mc. Inbetween are the Fortus 380mc with 355 × 305 × 305 mm, the Fortus 400mc with 406 × 355 × 406 mm, and the Fortus 450mc also with 406 × 355 × 406 mm. In terms of performance and purchase price, the current F123 series is positioned between the Fortus 250mc and the Fortus 380mc. The build chamber capacities here range from 254 × 254 × 254 mm for the F170, to 305 × 254 × 305 mm for the F270, and 356 × 254 × 356 mm for the F370. The “Idea”-series and “Design”-series systems in particular were widely adopted and are often still in use – despite discontinued service from Stratasys. Specialized companies such as iSQUARED AG from Lengwil in Switzerland continue to offer service and consumables for these systems.

All the build chambers of these FDM systems can be heated uniformly by fans to around 80 °C and are self-contained. This property is very beneficial in additive component production via thermoplastics, as it prevents thermally induced residual stresses in the component in particular. These residual stresses can lead to plastic deformation of the component, which in turn negatively affects adhesion to the substrate material and the application of further thermoplastic. Furthermore, the higher and more uniform temperature in the chamber ensures that the additive extrusion process is more effective, thus also reducing scrap during part creation. If, for example, errors occur in the material feed or in the printing unit during the creation of a component, the component continues to be kept at a constant specific temperature. Troubleshooting can then take place in parallel and the building process can be continued afterwards without any problems. When the production of a component is started, the build chamber door locks automatically and mechanically. This ensures that operating personnel are not endangered during part creation, and that the ingress of foreign bodies or particles that could negatively influence the process is prevented. In order to prevent errors when threading or removing the thermoplastic filament into or out of the printing unit, which is located in the build chamber, and also to protect the operating personnel at the same time, this process is solved by automatic conveying of the filament. The process of threading and removing the filament takes place in the temperature-controlled build chamber. The printing unit is positioned in the build chamber via the axes in such a way that bends through which the filament has to be conveyed are minimized. If the filament to be threaded is in front of the printing unit, it is placed again above the cleaning unit via the axis system. Once the processing temperature of the nozzle is reached, the filament is mechanically conveyed into it and an extrusion bead of a specific length is extruded into the waste container. The nozzle is then cleaned mechanically. When the filament is removed, the die is heated to the process temperature to break the adhesion between the cooled thermoplastic and the metal of the die. Once this is done, the filament is mechanically conveyed out of the printing unit and can then be pulled out through the feed channel.

	1.4	Functional Principle of Fused Layer Modeling


Fused layer modeling (FLM) belongs to the extrusion process group and uses the same process principle as described in Section 1.3. The emergence of FLM systems is due to the expiration of the maximum protection period of early Stratasys patents. This now made it possible for other manufacturers to use the process principle developed by Stratasys. Additionally, conducive to this development was the fact that the basic design of a system based on additive extrusion is simple and can be achieved with lower-cost components than other process principles.

The simplest variant here are the 3D printing pens such as the 3Doodler or the Play 3D Pens from Polaroid. The pens basically contain a mechanical conveyor for the thermoplastic material and a heatable nozzle. The nozzle diameter is around 0.4 mm, and the material is fed in by means of rods or filaments with a diameter of 1,75 mm. The thermoplastics acrylonitrile-butadiene-styrene (ABS) and polylactic acid (polylactide, PLA) are primarily used here. These 3D printing pens are very similar in function to a mechanical hot glue gun, which in turn was used as a source of inspiration in the early development phase of fused deposition modeling (FDM). In very simplified terms, additive extrusion is a hot glue gun that is moved in a targeted manner via an axis system or manipulators. In the case of 3D printing pens, the user’s locomotor system takes over the role of the manipulator. The focus of use for these devices is the creative hobby sector. In some cases, professional designers also use the systems to create sculptures – for example, Grace Du Prez and her team, who were commissioned by Japanese car manufacturer Nissan to model the Nissan Qashqai in black using a 3D printing pen on a scale of 1:1. In around 800 h of work, the 4400 mm long and 1600 mm high sculpture was created by the design team from around 14 kilometers of thermoplastic filament.

FLM is particularly characterized by the variation in the structure of the different systems. In addition to the number of melting nozzles per printing unit, worthy of mention are the manipulation system for the printing unit, the design of the building chamber, and the material feed method. The most widespread FLM system variant is the combination of one melting nozzle, a mechanical filament feeder, a three-axis gantry system, and an open building chamber (Figure 1.10).

[image: ]

Figure 1.10 Functional principle of the FLM process with one melting nozzle (© Leonie Fensterle, from [Fischer 2020])


An important distinguishing feature of FLM from other additive processes is the possibility of using different thermoplastic materials in one component. A prerequisite for this, however, is that the materials adhere to each other. To create such multi-material components using FLM, it is possible to equip the system with several melting nozzles and respective material feeds, or to weld together pre-calculated lengths of different filaments to form a multi-material filament, which then ensures that the material change takes place at specific points in the component. FLM systems are equipped with a maximum of up to four melting nozzles. Additional melt nozzles are theoretically feasible depending on the type of manipulation system used for the printing unit. With four melting heads, three different materials and a suitable support material are possible. In addition to the adhesion between the materials for the component, the support material must be designed to provide adhesion to the component materials.

A very widespread feature of FLM is the possibility of using the material in different colors in order to produce multicolored components based on one material. It is possible to produce specific parts of a component in the required color. In addition to the system of multiple melting heads or the use of adapted and welded multicolor filaments, it is also possible to use special melting nozzles with multiple accesses for filament to produce multicolor components. These special nozzles have approximately three accesses and require coordinated conveying of the filaments.

In contrast to FDM, FLM systems with different designs are offered by various commercial manufacturers. The target group for these systems and the matching consumables are mainly private customers but also industrial customers. In addition to complete systems, kits are also widespread in the lower price segment. In FLM, the variability of the process and the large number of system manufacturers mean that new approaches and further developments of the underlying additive extrusion are also advanced at short intervals. These further developments can enable new industrial applications at the research level as a first step. In order to advance such applications, additive process parameters should be specifically optimized. These parameters are graded as follows:

1.       Reduction of the manufacturing time and thus elimination of the limited component size

2.       Increase in the number of materials that can be processed and their possible combinations in the component

3.       Increase of the surface quality

4.       In-line quality assurance of the component

5.       Integration into serial production.

The parameters (1) and (2) have been further developed by various systematics in FLM. Parameters (3) and (4) have not yet been solved acceptably for industrial purposes. Parameter (5) is partly possible through the use of industrial robots as a manipulation system for the printing unit (see Section 1.4.2.2).

	1.4.1	Material Feed


In FLM, the thermoplastic material can be fed via various methods to the die that applies the thermoplastic extrusion beads for the component or support structure. Depending on the method, the material is available in the following forms:

[image: Image]       Filament

[image: Image]       Foil

[image: Image]       Granules.

As with FDM, the most common method is to feed the thermoplastics in filament form. In addition to the filament diameter of 1,75 mm, diameters of 3 mm are also occasionally available. A larger filament diameter also results in a larger die diameter, with the consequence of a larger cross-section of the extrusion beads. As a result, the achievable resolution and the manufacturing time for components are reduced. The principle of reducing the manufacturing time for components by means of a larger diameter of the extrusion beads is used in particular for feeding the material in granular form. Depending on the material, the manufacturing costs for 1 kg of thermoplastic filament is around €13, with the conversion of the granules into filament accounting for around €8.

Thermoplastic foils are another efficient way of supplying the material Compared to filament-based print heads, the throughput of a foil-based FLM printing unit is significantly higher. This results in reduced component manufacturing time while maintaining the same resolution. Another advantage of foil is that it requires less space than filament during storage. Furthermore, deviations in thickness or diameter are smaller with foil than with filament. This achievable higher precision with the foils leads to higher component quality. The printing units for thermoplastic foils do not differ significantly from filament-based ones. The foil is conveyed via a cooled area into the melting unit, where it is converted into melt under the influence of the supplied thermal energy and discharged via a defined nozzle geometry [New Media Publisher 2019].

The third method of material feeding in FLM is via thermoplastic granules. In traditional plastics processing, granules are used for injection molding or extrusion. Granules are produced by cutting extruded and cooled strands after polymerization or compounding. The pourability of granules makes them easy to convey and transport, which can be particularly advantageous for high-volume AM. By using granules directly, the intermediate step of filament or foil extrusion can be bypassed and a wider range of materials can be accessed. In addition, the direct use of granules can reduce the manufacturing costs of the components. Due to a significantly higher achievable throughput with the direct use of granules, higher processing speeds can be achieved in order to manufacture large-volume components (in particular) in an acceptable time.

When feeding the material as pellets, there are two options for placing the extruder that produces the thermoplastic melt. Direct placement of the extruder as a pressure unit is one variant. It should be noted that either the extruder must be moved by the axes or, in the case of rigid placement, the build platform must be moved accordingly. Using an extruder directly as a printing unit can limit the advantages of granule-based material feeding, such as reducing manufacturing time. In addition, this method of placing the extruder may compromise any increase in axes that is possible with FLM (see Section 1.4.2.2). To take full advantage of granule-based material feeding, it is necessary to separate the printing unit and the extruder. The thermoplastic melt generated by the extruder is fed to the material-applying die of the printing unit via a heated hose system.

Example systems for granule-based FLM systems are the KamerMaker and “big additive area manufacturing” (BAAM). The KamerMaker was originally developed for a house construction project by the architecture group DUS from the Netherlands. The design of the FLM system is based on a three-axis gantry arrangement and was developed in cooperation with Ultimaker BV, an FLM system manufacturer from the Netherlands. The KamerMaker is 6 m high and occupies 6 m2 of floor space. The components, which were created for a house construction project using the KamerMaker, weigh approximately 180 kg and have dimensions of 2000 × 2000 × 3500 mm. The material used was the thermoplastic Macromelt 6900 E from Henkel. This transparent material is a polyamide (PA) based on vegetable oil, and consists of 77 % biologically renewable raw materials. The processing temperature is a comparatively low 170 °C.

The BAAM system was developed in cooperation between Cincinnati, a US-based manufacturer of metalworking systems, and Oak Ridge National Laboratory. The FLM system has a building chamber with dimensions of 6100 × 2360 × 1830 mm. Materials that can be processed include polyethylene terephthalate (PET), polyethylene terephthalate glycol (PETG), polylactic acid (polylactide, PLA), polycarbonates (PCs), thermoplastic polyurethane (TPU), polyamide (PA), acrylonitrile-butadiene-styrene (ABS, acrylonitrile-styrene-acrylate (ASA), polyetherimides (PEIs), polyether ether ketones (PEEKs) and polyphenylsulfones (PPSUs). The possibility of adding carbon and glass fibers can improve the thermal resistance as well as the strength of the components. Printing is performed at a mass flow rate of 17.24 kg/h with a nozzle diameter of 7,62 mm. Additionally, nozzle diameters of 5,08 mm and 10.16 mm are available. The relatively large nozzle diameters can shorten the manufacturing time for components, but the extrusion beads typical of FLM are very noticeable on the surface of the components. The BAAM system, however, also offers the option of subsequently smoothing the surface by means of milling. The positioning speed of the system can reach up to 250 m per minute. At the same time, the printing unit is subjected to acceleration forces of over 2g. The system’s applications range from cutting and drilling jigs to concrete formwork, resin transfer molds, sand casting molds, stretch forming jigs, furniture, and vehicles. Parts of the Strati electric vehicle from Local Motors were additively manufactured using BAAM. In addition to the chassis, frame, and exterior trim, parts of the interior were made in one piece. The vehicle’s mechanics come from the Renault Twizy. The additively manufactured components of the vehicle were produced within 44 h, which can be reduced to around 24 h by using a larger nozzle diameter.

Another thermoplastic additive system that supplies the material in granulate form is the ARBURG freeformer [ARBURG 2021]. However, this system cannot be classified as FLM, as it does not generate extrusion beads for building up the components. Rather, this system applies thermoplastic droplets via a piezo nozzle shutter. ARBURG, a German engineering company, calls this process “plastic freeforming”. In the freeformer, it is not the printing unit that is moved via axes, but the building platform on which the component is produced. In contrast to the KamerMaker and BAAM, the freeformer 200-3X, which is based on three axes, features two thermoplastic extruders. This means that the freeformer can also be used to create components from two materials or to use a water-soluble support material. With a building chamber of 200 cm3 and a maximum component size of 154 × 134 × 250 mm, the freeformer is suitable for office use. The nozzle diameter of the 200-3X is 0.2 mm, and the build chamber can be heated to a maximum of 120 °C. The freeformer 300-3X, with a build area of approximately 300 cm3 and with up to three thermoplastic extruders, enables the creation of additive components consisting of two different thermoplastics and the additional use of support material. The possibility of using standard granulates is made possible by the necessary predefined parameter sets provided by ARBURG. These parameter sets act as reference materials. The freeformer can process thermoplastic elastomers (TPE), polyamides (PAs), polycarbonates (PCs), polymethyl methacrylate (PMMA), polypropylene (PP), polylactic acid (polylactides, PLAs) and acrylonitrile-butadiene-styrene (ABS).

	1.4.2	Characteristics of Fused Layer Modeling


FLM systems are for the most part open systems. The systems basically offer the possibility of making changes to the process parameters as well as adaptations to the hardware. In contrast, FDM systems are primarily closed. The ability to change the process parameters means that there is a greater variance in the materials that can be processed, including the color bandwidth. Furthermore, the open system structure means that consumables in FLM are not tied to specific manufacturers. As a result, consumables are approximately one-third less expensive than with FDM. With FLM, the open structure makes it possible to produce components in series materials.

The open system structure in FLM is made possible by the necessary software, which is provided in part by third-party suppliers, but also by the system manufacturer (and branded as such). It is divided into two categories:

[image: Image]       Layer generation and path planning (slicer)

[image: Image]       Machine control.

The software solutions resulting from the categories can be used separately or via a uniform graphical user interface. In particular, the solutions regarding layer generation and path planning of third-party suppliers are also used as a basis for in-house developments. Since FLM uses a wide variety of system variations, including swarm arrangements with industrial robots, there is a large number of very different software solutions in the machine control category. In contrast to FDM, complete specific software developments for FLM systems are rarely found (Figure 1.11).
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Figure 1.11 Comparison of the software functionality of FDM and FLM (© Andreas Fischer, from [Fischer 2021])


The high variation of the systems and the open architecture of the FLM systems can lead to a reduction in the quality of the components. Due to the open architecture, thermoplastic filaments from third-party suppliers can also be used, which in many cases represent a price advantage. These filaments can have deviations in diameter as well as voids inside, and thus represent variations in the quality of the filament. Defects in the filament cannot be detected or compensated by FLM printing units, and variations in the diameter of filaments can lead to conveying problems. Voids and variance in nozzle diameter result in increased or decreased thermoplastic feeding, which can lead to defects in the component as well as on the surface of the components.

Furthermore, the high variance of the systems leads to different characteristics of machine-specific quality-promoting system components such as automated mechanical nozzle cleaning. On the one hand, the absence of such a cleaning unit leads to shorter manufacturing times for components, since the necessary movements to the cleaning unit and the cleaning itself are saved. On the other hand, the omission of the unit can lead to unintentional flowing thermoplastic, contamination of the nozzle, or the incorporation of short extrusion beads into the component, thus reducing the quality of the component and having a negative impact on the build process.

1.4.2.1 Support Structures and Building Chamber

In FLM systems, water-soluble thermoplastic materials or component material is used as support material. Sometimes thermoplastic materials are also used, which have a low adhesion to the component material and have to be removed mechanically afterwards. However, there are also approaches to dispensing with support material by means of machine-side strategies. If FLM systems with five instead of three axes are used, for example, the component can be positioned relative to the printing unit when the current layer is applied, so that no support is required.

For systems with three axes, the USC Viterbi School of Engineering in the USA is developing a variable build platform that provides the necessary support for the components via individually extendable platforms. Each mechanical support is moved in the z-direction by its own motor to support component-specific areas. This support strategy reduces production times by around 40 % and material usage by 30 %. The use of thermoplastics as support materials is a mandatory selection criterion for support materials in additive extrusion systems due to the process. When using the same material for component and support structure, the number of direct contact points between component and support structure is kept as low as possible, since this support structure must be mechanically removed from the component in a downstream step. Due to the open software architecture of FLM systems, the parameters of the support structure can be adapted depending on the material and component geometry. Support structures in FLM usually have a negative effect on the surface quality of the affected areas of the component at the direct contact points. In the case of direct support with the material of the component, depending on the size of the contact area, local destruction of the surface of the component can also occur when the support structure is removed (Figure 1.12). The melting point of the dissolvable support material should be between 150 °C and 280 °C, depending on the process.
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Figure 1.12 Egg cup made of acrylonitrile-butadiene-styrene (ABS) and manufactured by means of FLM with defective local surface caused by the mechanical removal of the support material (© Andreas Fischer, from [Fischer 2022])


The thermoplastic and water-soluble materials that can be used for dissolvable support structures are essentially limited to the following five thermoplastics:

[image: Image]       Polyvinyl alcohol (PVAL)

[image: Image]       Polyvinyl methyl ether (PVME)

[image: Image]       Polyacrylic acid (PAA)

[image: Image]       Polyvinylpyrrolidone (PVP)

[image: Image]       Cellulose ether (CE).

With a melting point of –122 °C, PME is not suitable for additive extrusion. PAA and PVP, with melting points of 12.5 °C and 13.9 °C, respectively, also are in a temperature range that is not compatible with that of the materials used for components. CE, with a melting point between 244 °C and 255 °C, can be used as a dissolvable support material with positive adhesion to the component material. The material is obtained from renewable raw materials and is mainly used in construction products. With a melting point of 230 °C, PVAL can also be used as a dissolvable support material in FLM. The material is often used as an adhesion and thickening agent in coatings and adhesives. PVAL is established as a water-soluble support material for FLM systems and is available as filament. When using PVAL, the systems should have either a temperature-controlled build chamber or a heatable build platform.

Furthermore, the use of an adhesion promoter may be necessary depending on the support substrate of the build platform. An adhesion promoter based on PVAL and water is suitable for the component materials polylactic acid (polylactide, PLA), acrylonitrile-butadiene-styrene (ABS), and polystyrene (PS). If an adhesion promoter based on acetone and ABS is used, ABS, PC, or a blend of the two can be used as component materials.

PVAL cannot be processed too dry or too wet. Therefore, a defined amount of water of approximately 2–2.5 % must be absorbed by the thermoplastic beforehand. If the filament is too dry, it becomes brittle and hinders the production process by frequently breaking in the feed. If PVAL is processed too moist, gas bubbles form when the filament melts, leading to foam formation in the melting nozzle. This foaming can lead to defects in the component or abortions of the manufacturing process. PVAL filament should be stored at a humidity of 20–30 %. PVAL is not suitable as a support material for geometries with cavities if adhesion to the material of the component is not given. In this combination, defects may occur in the component produced. If different support substrates are required for the component material and PVAL, this support material is not suitable in the combination.

The function of heatable build chambers in additive extrusion systems is primarily to counteract thermally induced residual stress in components. This stress is caused by different rates of cooling of the edge and core areas of components; the faster cooling and shrinkage of the component edge zones can lead to tensile stresses and plastic deformation there. These plastic deformations can lead to partial or total detachment of the component from the substrate and thus to the abortion of the AM process. Thermally induced residual stress is additionally promoted by specific component geometries and processing temperatures of the component materials. Components which present a large-area geometry in the first layers to be generated tend to have thermally induced residual stress and are more likely to be generated in closed and heatable build chambers. This also applies to component materials whose melting points are in higher ranges and thus require a higher processing temperature. Another influencing factor for thermally induced residual stress, especially in open build chambers, can be temperature fluctuations at the installation site of the FLM system.
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Figure 1.13 Variants of build areas for FLM systems (© Andreas Fischer, from [Fischer 2021])


The simplest form of a build area design for FLM systems is a rigid or movable build platform that can be loaded with different support substrates (Figure 1.13). This type of build area design is often found in systems based on industrial robots. Materials that have been modified with regard to shrinkage are advantageous for such installation spaces. The installation site for such systems should be chosen so that homogeneous ambient conditions can be created.

A variation of this basic design for FLM systems are build chambers in which the build platform is equipped with a controllable surface heating system. These heatable build platforms are again used with and without enclosures. The advantage of these build spaces is that the thermally induced residual stress in the lower layers of the component can be minimized and thus better adhesion of the component to the substrate can also be achieved. Enclosures of build spaces can minimize the negative effects of ambient conditions on the build process. In combination with integrated surface heating systems, their efficiency can be increased. Build chambers, which can be homogeneously tempered, are another variation of designing build areas. In principle, these are very similar to the build chambers used in FDM (see Section 1.3.2.2). The thermally induced residual stress can be counteracted most effectively in such build chambers.

1.4.2.2 Robot-based Fused Layer Modeling

In FLM, the necessary axis system, which is responsible for the precise guidance of the print head and the build platform, can be represented by industrial robots. AM using industrial robots is classified (like milling, riveting, drilling, or measuring with robots) as a precision application. This combination of AM and industrial robots follows the general trend of replacing machine tools or special machines with industrial robots for specific manufacturing tasks. Industrial robots have a high potential to reduce costs in production due to large workspaces and comparably low investment costs. However, applications such as FLM can only be implemented by taking measures to increase accuracy. Since in FLM, similar to milling, the basis of motion programming is based on digital 3D data and off-line programming, the repeat accuracy, as opposed to absolute accuracy, is not relevant for the process. The repeat accuracy of industrial robots is the accuracy that can be achieved when repeatedly moving to identical points in space, and is usually around 0.1 mm. The absolute accuracy varies depending on the manufacturer, age, and stress of the robot system, and can therefore be several millimeters. Through calibration measures, an absolute accuracy of approx. 0.5 mm can be achieved, and if the working area of the system is also reduced, values of around 0.1 mm can also be achieved.

The following factors can negatively influence the absolute accuracy:

[image: Image]       Axial zero positions of the robot links

[image: Image]       Length and angle error of the robot links

[image: Image]       Length changes due to temperature fluctuations (heating of the robot during operation)

[image: Image]       Variable load on the flange of the robot.

The load on the flange of an industrial robot used for FLM is largely fixed and not variable. In filament-based systems, the load results from the weight of the printing unit. The weight of a single printing unit of the robot-based 3D Fibre PrinteR is around 800 g. The FLM build area variants (see Section 1.4.2.1) can also be implemented with a robotic axis system. If an enclosure of the build chamber is necessary, it should be of variable design and only include the flange together with the printing unit of the FLM system. The open variants with build platform or surface heating are the most widespread for robotic FLM systems, as they are easier to implement than the closed variants.

Dirk van der Kooij, a Dutch product designer, can be seen as a pioneer of FLM using industrial robots. Faced with the difficulty of creating affordable large-volume components via AM, he began adapting a decommissioned industrial robot from the automotive industry in 2010. Van der Kooij’s FLM system has an open build platform as its build area and a small granular extruder attached directly to the flange. The system uses recycled granules from old refrigerators as its component material, primarily to create furniture. The industrial robot can only operate in three axes due to the direct attachment of the granule extruder to the flange. The relatively large diameter of the extrusion beads can reduce the manufacturing time of large components, but the van der Kooij system cannot generate a support structure. Instead, the components are placed on differently arranged building platforms, which then serve as a support structure and (in places) are also give shape to the components.

Another robotic FLM system inspired by van der Kooij’s work is the 3D Fibre PrinteR. Development began in 2012 at the Fraunhofer Institute for Manufacturing Engineering and Automation in Stuttgart under the direction of Andreas Fischer. The prototype of the filament-based system uses a KUKA KR60 HA (Figure 1.14), where the abbreviation “HA” stands for high accuracy, because of the improved repeat accuracy of the industrial robot used. The payload of the KR 60 industrial robot is 60 kg, which means that the prototype is readily expandable in terms of the printing unit and the number of filament extruders. As implied by the naming of the FLM system, the focus of the first prototype is the integration of continuous fiber according to the principle of FLM (see Section 1.6.1). The printing unit is equipped with three filament-based extruders, whereby the outer ones are intended for fiber integration and the middle one for materials used to generate a support structure. The thermoplastic material for the robotic system is supplied as filament with a diameter of 3 mm from an external climatic cabinet via an encapsulated roller system. The installation area of the 3D Fibre PrinteR is variable and results from the industrial robot used. For the KUKA KR60 HA used, this is approximately 2000 × 1000 × 1000 mm. In the prototype, an open build platform was used, which can take in carrier substrates with maximum dimensions of 2000 × 1000 mm completely or partially via a matrix vacuum plate.
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Figure 1.14 Concept of the 3D Fibre PrinteR with three melting heads and double fiber integration (© Andreas Fischer, from [Fischer et al. 2013])


The controller of the 3D Fibre PrinteR is equipped with the additional KUKA.CNC control option and is thus able to process G-code. This CNC core was developed for robot-based milling and thus also contains all the necessary M commands required for milling. In order to extend the range of applications to the specific FLM G-code, the additionally required equipment and standard M commands have been developed and integrated (Figure 1.15). By using this control strategy, the 3D Fibre PrinteR prototype could only be used for three-axis based FLM.

From 2015 to 2017, robotic FLM based on the 3D Fibre PrinteR was further developed at AGOR GmbH’s site in Bietigheim-Bissingen. In addition to the generation of multimaterial components and the improvement of the printing units with regard to flexible materials such as thermoplastic polyurethane (TPU), the focus of the further developed systems was also on a new control approach that enables independent layer generation. This new approach enables components to be applied to given geometric and free-form workpieces by AM using the axis degrees of freedom of the industrial robot (Figure 1.16). If the robot kinematics itself is not sufficient for the application, it can be extended by integrating additional systems, such as a rotary or tilting table or another industrial robot. Furthermore, the use of axis degrees of freedom makes it possible to minimize necessary support structures, and facilitates the integration of semi-finished products into components.

[image: ]

Figure 1.15 Process mapping from CAD to the NC data file of the components to be printed on the 3D Fibre PrinteR (© Andreas Fischer, from [Fischer et al. 2015])
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Figure 1.16 Top: Three-axis FLM demonstrator with two printing units on a KUKA KR 6 processing thermoplastic polyurethane (TPU). Bottom: Direct application of TPU to a metal cylinder with a KUKA KR 60 HA (© Andreas Fischer)


Since 2018, the know-how around the 3D Fibre PrinteR has been used by Syncree UG in Blumberg to develop AM applications. The focus was placed on time-saving and cost-reducing AM of large-volume components. Furthermore the laminating process group (see Section 1.2.2) was focused. In addition to approaches to personalizable and lightweight vehicle bodies made of closed-cell rigid foam on a polymethacrylimide (PMI) base, the company mainly focuses on a limited series of design furniture produced from a wide variety of sheet materials.

One way of producing large-volume components using FLM in combination with industrial robots in shorter periods of time without increasing the diameter of the extrusion beads is the cooperative robot approach. AMBOTS Inc., based in Fayetteville, is launching the patent-pending Autonomous Mobile roBOTS and Advanced Manufacturing roBOTS. The robots, which operate in a swarm, can perform cooperative three-axis FLM in addition to traditional assembly tasks. In this process, individual robots each produce sub-segments of the overall component. The 3D printing robots can be autonomously transported to the individual sub-segments to be manufactured by the mobile platforms integrated in the system. The system has been developed since 2015 in the AM3 Lab at the University of Arkansas Department of Mechanical Engineering under the direction of Dr. Wenchao Zhou. The development was supported by the SiSi lab led by Dr. Zhenghui Sha.

Industrial robots in combination with FLM offer a high variation of possible applications. Existing industrial robots can be converted into a highly adaptive FLM system using printing units and adapted software. In particular, three-axis FLM is the simplest variant to implement. However, commercial FLM systems based on industrial robots are rather rare, and many of the systems are tailored solutions or demonstrators. In FDM, the Stratasys company has also developed a demonstrator based on industrial robots in collaboration with Siemens. The eight-axis system Robotic Composite 3D focuses in particular on the AM of fiber-plastic composite components (see Section 1.6.1).

A commercial FLM system based on robots is offered by Variobotic GmbH in Neu-Ulm. The DOBOT M1 is used as the axis system, which is a selective compliance assembly robot arm (SCARA) with four axes. Three of the axes of the horizontal jointed-arm robot are rotary, and the fourth axis is linear. The system has a semi-cylindrical installation space. The repeatability is ±0,02 mm with a maximum reach of 400 mm, and a payload of 1.5 kg. The DOBOT M1 becomes a FLM system with the filament-based maker kit available as an accessory. This allows the use of a cylindrical printing area with a diameter of 80 mm and a height of 130 mm. The software used is the open-source slicing application for the Cura 3D printer, which is now available from the Ultimaker company.

	1.5	Functional Principle of Selective Laser Sintering


Selective Laser Sintering (SLS) belongs to the sintering process group and uses the principle of local melting of thermoplastic powder materials. The classic SLS process consists of the following phases:

1.       Preheating phase

2.       Printing process with build phases

3.       Cooling phase.

In the preheating phase, the powder material is heated close to the melting point or to the glass transition temperature of the thermoplastic material, in order to generate optimum process conditions. This is ensured by controllable heating systems above or directly on the powder supply chamber. These systems allow heat to be supplied and dissipated. The actual build chamber is heated in parallel to the necessary process temperature and inverted by the addition of the gaseous inert nitrogen. This serves not only to avoid a powder explosion or material oxidation, but also to reduce negative process influences due to the inhomogeneous preheating of the powder material. Depending on the material, the nitrogen atmosphere generated in the build chamber has a residual oxygen content of 0.1–3.5 %. After the process temperature has been reached and the powder supply has been preheated, the build process begins in the build chamber at a slight positive pressure. The preheating phase in SLS can take several hours, and is therefore considerably longer than in additive extrusion systems. The build phases of SLS are divided into four individual steps:

1.       Lowering the build platform

2.       Application of the powder layer

3.       Preheating of the powder layer

4.       Melting of the component layer.
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