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Abstract

:

Additive Manufacturing (AM) is the forefront of advanced manufacturing technologies and has the potential to revolutionize manufacturing, with a dramatic change in the design and project paradigms. A comprehensive review of existent metal AM processes, processable materials, respective defects and inspection methods (destructive and non-destructive) is presented in a succinct manner. Particularly, the AM design optimization methodologies are reviewed and their threats and constraints discussed. Finally, an aerospace industry case study is presented and several cost-effective examples are enumerated.
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1. Introduction


Metal-based Additive Manufacturing (AM) is a rapidly growing industry, exceeding $1030M in 2016 with a $7150M revenue being forecasted by 2026 [1]. For instance, titanium additive manufactured parts are expected to reach a revenue of $350M in 2020 and $1030M in 2024 [2]. From an economic perceptive, paradigms are changing from mass production to mass customization and personalization due to technological developments [3,4,5]. Advanced manufacturing technologies are important promoters of this change of paradigm, which are likely to improve productivity. Moreover, the drastic increase of flexibility allows some industries to offer personalization options and reduce the overall time to market [3].



Additive Manufacturing, in particular Selective Laser Melting (SLM) and Electron Beam Melting (EBM), is at the forefront of the advanced manufacturing technologies [6]. Recently, important AM patents (e.g., [7,8,9,10,11,12]) have expired. Therefore, new companies in the field are emerging and the competition is increasing. Nowadays, the list of AM processes is long and many alternative processes are emerging on the market [13]. Metal-based AM processes consist in the manufacturing of a 3D object layer by layer, providing great design freedom. However, how to fully explore this freedom should be further developed, with the AM engineering cycle rethought [14].



Current design optimization tools do not allow to take full advantage of AM capabilities and several threats are still present. These particularities need to be accounted for in the design optimization, process simulation and structural verification stages [14]. Figure 1 shows a typical AM engineering cycle, where the symbiotic and iterative nature between the stages is also represented.



Despite all challenges and threats present in AM engineering cycles, its ability to produce lightweight structures has already been explored by the industry. For instance, the launch fees of the NEOSAT satellite costs a few tens of thousands of Euros per kilogram (An unofficial communication of P.B. Selding (Space News editor) on Twitter puts the cost at 31,000 Dollars per kilogram) and, thus, the ability to reduce weight or increase functionality becomes attractive for the aerospace industry. Nickels [15] analyzed the possible impact of AM in the referred industry, and reported several advantageous applications. For example, the development time frame of a structural bracket was reduced from six months to one using the AM technology [15], and the relation between AM and aerospace seems promising.



The goal of the present paper is to critically review AM engineering cycles in their threats, development tools and constraints in order to assess its current stage and identify its needs. The first part reviews the existing metal AM processes and, for the sake of clarity, divide them by category, referring their key characteristics and materials that can be processed. Typical defects are also listed, as well as their origin and respective inspection methods. Additionally, this article provides the reader with an overview of the processes’ physics (following the authors of [16,17]) to improve the reader’s understanding of typical defects and limitations. The second part of the work reviews the current design approaches, regarding their capabilities and limitations. Moreover, the currently available computational design tools are listed and the main limitations, from the manufacturing point of view, are reviewed. The third and final part reports to some of the European Space Agency (ESA) research interests and, cost-effective examples from aerospace industry are listed.




2. Additive Manufacturing


2.1. Processes Review


Metal-based Additive Manufacturing (AM) is a general concept and several technologies could be referred, including some technologies with a limited presence on the market, such as cold spray or sheet lamination. Cold spray refers to the deposition of powder material onto a substrate using pressurized gas (70 bar@1100 °C). The particles collide with the cold part forming a solid-state metallurgical bond. It is, therefore, best suited for the addition of near-net-shape features onto components, such as bosses, lugs onto shafts or coating application [18,19,20,21,22]. Another technology is sheet lamination, where each layer is represented by a sheet/foil. These are bonded together until a 3D shape is reached. For example, Fabrisonic commercializes machines that use this technology and bonds the foils together using ultrasonic welding. Moreover, this technology is already integrated into a hybrid solution [19]. Recently, a patent was published, where the bonding is performed using diffusion or friction welding [23].



Within the scope of this work, processes with higher relevance on the market are reviewed, being grouped in two main categories: Powder Bed Fusion (PBF) and Direct Energy Deposition (DED) [24]. In the PBF processes, layers of powder are applied and a heat source (laser or electron beam) selectively melts the applied powder. Then, the baseplate moves downwards and a new layer of powder is applied. In DED processes, the addition of material (powder or wire) is directly fed into the melt pool. Figure 2a,b shows the basic working principles involved and Table 1 compares their main characteristics.



2.1.1. Powder Bead Fusion


The PBF processes takes advantage of a focused energy source that selectively melts or sinters a layer of powder. Different processes are available, as summarized in Table 2. The main energy sources are the laser and the electron beam for Selective Laser Sintering/Melting (SLS or SLM) and Electron Beam Melting (EBM) processes, respectively. The EBM consists on high powered Scanning Electron Microscope (SEM), while SLS/SLM consists of a set of lens, mirror and galvanometer to positioning the laser beam [27].



EBM processes selectively melt the powder in vacuum conditions. The addition of a low-pressure helium atmosphere is used due to the risk of electrostatic discharges of the powder. This vacuum condition is almost a perfect protection against corrosion.



Currently, Ti-6Al-4V alloys are widely used in the aerospace industry due to their mechanical properties and fatigue strength [2,28]. Other possible materials are nickel-based alloys, which have excellent mechanical properties and resistance to creep and corrosion. However, these alloys are difficult to process and some are not weldable. The EBM process allows melting the metal above 1100 °C and, at these temperatures, these alloys can be successfully processed. Due to their creep resistance, these are used in high-temperature applications such as in aero-engines or power plants (e.g., inconel 625 or inconel 718 alloys). Cobalt-based alloys (e.g., vitalinum or stellite), cooper alloys, steel and stainless steel are possible materials to be processed by EBM [27]. This process does not require stress relief since the residual stresses are minimal. After the process, Hot Isostatic Pressing (HIP) is optional, since there are claims that it is possible to reach fully dense body (>99.9%) in as-built condition (without thermal post-processing) [27].



SLM process selectively melts the powder in an inert atmosphere (i.e., argon). Additionally, a few SLM machines are capable of providing pre-heating, either to the substrate plate or the entire building chamber. The most used powder with this technology is steel and other iron-based alloys (32%) [29]. Other powders are titanium and its alloys, Ni-based alloys and other metals such as aluminum, copper, magnesium, cobalt-chrome, tungsten, and gold (decreasing order of relevance) [29]. This process leads to high residual stress, with stress relief treatment being mandatory and HIP recommended. Due to the residual stress, cracking defects were identified [30]. However, thermal gradients in this process generate fine grain structures, which results in better strength limits than its cast counterparts with lower malleability [29]. However, during thermal treatment, the increased grain size has been reported [28], which leads to a decrease of strength and increase of material’s malleability.



SLS process allows building parts without thermally affecting the metallic powder, since the powder contains polymeric binders, which are melted by a laser. This allows the construction of parts with great complexity and envelope. However, the process requires a furnace treatment in order to vaporize the polymeric binder and sinter the particles. At elevated temperature (below melting), the diffusion between particles occurs in order to minimize the free energy. If sufficient thermal input is provided, the densification of powder occurs, decreasing porosity with the cost of the volume shrinkage. The archived density (around 50%) is still not acceptable. Thus, an infiltration with other material or HIP process is required. This process can use different powders and, as infiltrating material, bronze or Cu-P/Ni alloys are used [31,32].



The direct metal SLS or Direct Metal Laser Sintering (DMLS) uses a mixture of low- and high-temperature melting point powders. Therefore, the laser scan is tuned to melt the powder with a lower melting point. The process requires longer times frames (and, consequently, lower building speed) when compared with SLS [33]. However, these parts can be used without furnace treatment, but in this cases strength is limited. Commercial solutions such as EOS-DMLS steel 50-V1 (contains steel, Cu-P and Ni) produce components with a relative density of 70% that can be used as inserts and small mold components [31].




2.1.2. Direct Energy Deposition


DED processes apply energy into a narrow, focused region in order to melt the substrate and simultaneously add melting material into the substrate’s melting pool. Contrasting with PBF processes, DED processes melt material as it is being deposited. The material can be either powder or wire, its energy source being a laser, an electron beam or plasma (Table 3) [32].



Regarding laser-based systems, several companies have been developing DED machines. These assume different names depending on the company, such as Laser Engineered Net Shaping (LENS), Directed Light Fabrication (DLF), Direct Metal Deposition (DMD), 3D Laser Cladding, Laser Generation, Laser-Based Metal Deposition (LBMD), Laser Freeform Fabrication (LFF), Laser Direct Casting, LaserCast, Laser Consolidation, LasForm and others [32]. These lasers processes are capable of processing materials such as titanium alloys (i.e., Ti-22Al-23Nb and Ti-48-2-2, TiC), steels (i.e., 10 V, 15-5 PH, 410, 416, AISI 309, Aermet 100, A2, MM 10, and CPM S7), nickel-based super alloys (i.e., CMSX-3, Haynes 188, Haynes 230, IN600, IN690, IN713, MarM247, Rene 142, and Rene N5), aluminium alloys (i.e., Al 6061 and Al 2024) and copper alloys (i.e., Cu-10%Sn and GRCop-84). In all of these cases, a controlled atmosphere is necessary (i.e., Argon), being obtained with an inert gas chamber (i.e., LENS) or by the use of shielding gas flow (i.e., 3D Laser Cladding) [34]. These technologies produce near shape parts that need to be post treated and allows great control over the resultant microstructures. Nevertheless, residual stress builds up and a stress relief is required and HIP is recommended.



Regarding DED electron beam-based systems, Electron Beam Freeform Fabrication (EBF3) was developed by NASA Langley to produce or repair parts, both terrestrially and in future space-based systems. The system uses wire as the source material instead of powder since the handling of powder in zero gravity would represent a major challenge. These electron beam DED machines are built in massive vacuum chambers. Similar to EBM, EBF3 produces ready to use parts in as-built condition. The final residual stresses are low and almost fully dense bodies are obtained. DED processes are limited in terms of geometrical freedom [32]. Regarding processable materials, these technologies can process titanium and its alloys, Inconel (IN718, IN625), tantalum, tungsten, niobium, stainless steel (300), aluminum (2319 and 4043), AISI 4340 steel, Zircalloy, and 70–30 copper–nickel and 70–30 nickel–copper alloys [35].



Regarding plasma-based systems, these are simply a gas metal arc welding machine combined with multiple axis platforms or robotic arms (e.g., Ramlab [36]), with low cost and reasonable build up speeds. However, poor control over the heat affected areas, microstructures or defects, have been the main drawbacks that have kept these approaches from wide spreading [32]. This technology requires stress relief and furnace treatments in order to improve microstructural properties and reduce defects [37].




2.1.3. Hybrid Manufacturing


The CNC technology provides advantages such as repeatability, precision and productivity with good surface finish, although being wasteful and geometrically limited, as well as having difficulty processing certain materials. On the other hand, AM technologies provide less material waste, more geometrical freedom and high buy-to-fly ratio, but it has long time cycles and poor surface finishing. To take advantage of both worlds, the technologies were combined into a single technology called Hybrid Manufacturing (HM) [38,39,40,41,42].



Companies such as Mastsura (Japan) and Sodick (UK) combine PBF with CNC while companies such as DMG Mori (USA), Mazzak (Japan), Reichenbacher Hamuel (Germany), and WFL (Germany) combine DED technologies with CNC. The most suitable application of these technologies is to build add-ons on existent parts or repair them. This avoids the build of a primary substructure to support the build and its post-processing, representing major gains in costs. Some of these machines can have the laser re-purposed for laser graving or cutting [43,44].



Recently, a company called Hybrid Manufacturing Technologies provides retrofitting solutions to common CNC machines with no major changes on the machine. For instance, the protective atmosphere is provided through the nozzle in the form of shielding gas flow. The solution is a compact design that includes the systems for the thermal source (laser), powder supply and protective gas supply. Furthermore, this company also provides these solutions to other companies to integrate on their new machines (partner alliances) [43,44].





2.2. Origin of Defects and Its Inspection Methods


The deposited material is melted and the shape of the melted pool is a relevant parameter. As is its solidification process. During the solidification, the first step is the nucleation. In most AM parts, the nucleation of a new phase is not required due to the presence of the previous layers, since the regrow can occur from the existent material. However, if two dissimilar materials were used, the nucleation of new phase might be required and, consequently, an energy barrier must be overcome. This affects the final microstructure and may result in poor or non-existent inter-metallic bound. Thus, a progressive transition between the dissimilar materials is recommended.



To obtain good quality parts, there must be some remelting of the previous layer in order to remove contaminants and break oxides. Thus, a clean solid–liquid interface is provided, serving as a growth interface for the solidification process. The temperature gradient (G), the solidification rate (R) and the undercooling (ΔT) are the key parameters of the solidification process. In the presence of high ratios of G/R, the solidified microstructures tend to be planar. However, as ratio decreases, the microstructures tend to be cellular or columnar dendritic or equiaxed dendritic, as shown in Figure 3 [16].



In the PBF process, the fast laser scanning forms severe thermal gradients that lead planar microstructures, forming very elongated grains with a high length/depth ratio. Moreover, the grain growth direction follows the thermal gradient and, therefore, the build direction. This grain alignment with the build direction can lead to unwanted anisotropy effects present in some additively manufactured parts. However, in a DED process, the grain growth direction does not necessarily follow the build direction and has a similar length and depth. The process tends to form columnar dendritic structures due to the shape and size of the melted pool. After an AM part cools down below solidus temperature, it still needs to reach room temperature and several phase transformations can occur [16].



Any industry is cost driven and, therefore, reducing the build time of AM parts or reducing costs in feedstock materials, is wanted. However, increasing speed or decreasing quality of feedstock material increase the defects. The first cause for poor quality of AM parts is the powder quality in its shape, size distribution, surface morphology, composition and flowability (Figure 4a,b provides an example). For instance, poor flowability leads uneven layer deposition (PBF) or inconstant flow of powder (DED), which often leads to non-conform metal parts. Another source for failed parts is the incorrect reusing powder policies, where the same powder is used several times.



Therefore, the quality of AM raw material needs monitoring and to establish minimal quality standards in the morphology, flowability, particle size and distribution, chemical composition and allowable variation, reusing powder policies, and criteria for defect acceptance, further testing is needed [48]. Scanning Electron Microscopy (SEM) and/or X-Ray Computed Tomography (CT) can be used to monitor powder quality [16,49].



During an AM process, parameters can be maximized up to a certain limit. For instance, increasing the build speed eventually leads to instability of molten pool originating elongated pools, which break in isolated bubbles of isolated liquid (This defect is commonly called humping.). Thus, a compromise between speed and quality is often required. During metal melting, the temperature reaches elevated values. Therefore, vaporization of alloys elements can occur, since these elements are more volatile than others. However, the increase in temperature does not necessarily imply high vaporization rates. The higher temperature facilitates the vaporization. However, the size of the molten pool is also increased, increasing the stability of the pool. Combined with vaporization issues, there is the elements’ segregation, where alloy elements migrate from the bulk material to grain boundaries. Therefore, the lack of micro-structural homogeneity is another defect that needs quantification. Some non-destructive methods of measurement chemical composition are X-Ray Energy Dispersive Spectroscopy (EDS) or Electron Probe MicroAnalysis (EPMA). Inductively Coupled (ICP) mass spectrometry presents a higher accuracy, but it is a destructive method [16,28].



To increase the competitiveness of the AM process, machines may operate at very high power densities and deposition rates. Sometimes the temperature of the molten pool reaches the boiling point of the alloy and a vapor cavity is formed, which improves the laser absorption. This operating mode is called the keyhole mode. Without its careful control, it can lead to defects since the keyhole mode may become unstable, leaving voids (keyhole induced porosity, as depicted in Figure 5a) due to gas entrapment.



Another origin of porosity is the gas entrapment in the powder (during its production, leading to microporosity), or in lack of powder fusion (low laser absorption due to powder shape and/or morphology). There are several techniques to measure porosity such as Optical Microscopy (OM), Electron Microscopy (EM), X-Ray Computer Tomography (X-Ray CT) and Synchrotron Radiation Micro-Tomography (SRμT) [16,50,51,52,53,54,55].



Excessive surface roughness is a common defect that is unacceptable and needs expensive post-processing. The first reason for this defect is the “stair step effect”. If the layer thickness is increased, the roughness is increased, and, therefore, a compromise needs to be reached. The second reason is related to process parameters. Humping effect or poor melting of powder are causes for large surface roughness, which can be measured using profilometer or analyzing the surface morphology using SEM (see Figure 4c) [16,56,57,58].



Cracking and delamination are other defects. The solidification will eventually suffer contraction and distortion due to thermal and inelastic strains (viscoplasticity, and creep and phase transformations). However, the previous layers already suffered the contraction process and, therefore, there is a differential contraction between layers that causes the stresses to build up. If these reach the strength limit, cracking occurs along grain boundaries (see Figure 5b) or between layers (delamination, as depicted in Figure 5c). The element segregation allows the formation of carbides between grains. The stiffness difference between the carbides and the grains leads to stress concentrations within micro-structure that become the primary cracking site during cyclic loading. Another direct consequence of stress building up is distortion, being one of the main reasons for non-admissible final parts [16]. Thus, residual stress is a key point that needs quantification. There are techniques to measure residual stress, such as Vickers micro-indentation (indirect measure), hole drilling combined laser holography and/or strain gauges, X-ray and neutron diffraction techniques [16,59,60].



Table 4 summarizes the main possible defects of AM metal parts and possible tests to identify and quantify them [16,61,62].



To deal with referred unwanted effects, some post treatments are usually performed. To reduce residual stress and/or reduce porosity, stress relief and/or HIP processes are performed. However, the treatments are not standard and may produce unwanted effects if not properly defined such as excessive distortion or loss of mechanical properties. Apart from thermal treatments, there is the surface quality treatment that involves machining (e.g., interfaces) and/or polishing. There are numerous types of polishing, namely: mechanical, chemical, electromechanical, vibrational or blasting. In the case of internal surfaces (difficult access), the polishing is accomplished using chemical or electrochemical or abrasive flows (suspensions of SiC, Al2O3, diamond, and WC particles) [63]. Finally, the quality inspections with the acceptance criteria and their standardization are needed. In fact, the certification process of AM parts in the aerospace industry is an on-going task. The European Aviation Safety Agency (EASA) and the Federal Aviation Administration (FAA) have established committees with the purpose of regulating and standardizing these new technologies [64].




2.3. AM Material Behavior


In the aerospace industry, the most used metals are titanium and aluminum alloys, stainless steel and nickel alloys. Titanium alloys, especially Ti-6Al-4V, is known for its impressive ratio of strength/mass, however, a trade-off between ductility and strength is required. On the one hand, the as-built parts tend to have higher strength but lower ductility. On the other hand, the heat-treated parts can provide more ductility at a strength cost. In some cases, these alloys show similar strength in the transverse and longitudinal directions, while, in other cases, a deviation of 7% was found, depending on the process parameters [16,65]. Furthermore, the size of the component (characteristic length) appears to be another variable. For instance, a component 1.7 mm in length showed 20% more strength and 80% less ductility when compared with a 7-mm part. The presence of large pores close to the surface was found to have a higher impact on the fatigue performance of these alloys [16,17].



AM aluminum parts are mainly produced with AlSi10Mg alloys. Their high content of silicon promotes low melting ranges, high hot tearing resistance and low shrinkage during solidification, without introducing brittleness and reducing void generation (porosity). In general, the resulting mechanical properties are better or equal to those obtained in casting processes due to the obtained fine microstructures [66], with no notable anisotropy being present [16]. However, high cycle fatigue of AlSi10Mg AM parts still requires unreasonably high factors of safety, being highly susceptible to local defects [67]. Regarding Al6061 alloys, these are widely used by industry (aerospace included) due to their weldability, corrosion resistance and suitability for critical safety applications. However, the low silicon content presence results in unacceptable levels of cracking, anisotropy and porosity, making Al6061 alloy unattractive for AM applications [66].



Austenitic stainless-steel AM parts, in as-built condition, exhibit higher strength, hardness, and anisotropy as well as lower ductility when compared with their traditionally processed counterparts. This is attributed to refined microstructure (due to rapid solidification), its structure (dendritic and cellular), higher dislocation density and residual stress (around 60–90% of yield strength). The fatigue performance of AM parts (PBF-L AISI316L) is negatively affected by the surface roughness. However, roughness reduction using machining increased the strength limit by 25% (from 200 to 250 MPa) [16].



Ni-based alloys obtained from AM require a trade-off between strength and ductility, having considerable levels of anisotropy [16,68]. Lack of fusion defects was reported to have a relevant impact in the fatigue life of AM parts in as-built condition (DED-SLM IN718), reducing its life by a factor of 2/3. On the contrary, these alloys when heat treated have shown fatigue life similar to their conventionally casted or wrought counterparts (DED-SLM IN718) [69,70] and higher creep resistance. This increase in resistance is attributed to a higher density of precipitates in their microstructure. Other Ni-based alloys, e.g., Haynes 230 (PBF-SLM), have also shown meaningful improvement of mechanical properties (yield and tensile strength) when compared to cast and wrought material. However, ductility is negatively affected due to the evident element segregation on the microstructure (cellular and dendritic structures) [71]. In short, metal-based AM parts show as good or even better mechanical properties when compared with a conventional cast or wrought parts [72].





3. AM Design Optimization


AM has the potential to reduce mass since the complexity of the part can be raised without drastically raising its cost. The AM engineering cycle requires several steps, namely design optimization, manufacturing and inspection. Recently, Walton and Moztarzadeh [73] presented a classic case study, where the design optimization cycle was performed using Topology Optimization (TO), compliance minimization was the goal and mass and stress were the constraints. Moreover, a member size limitation of 6 mm (min.) and 12 mm (max.) was used. Figure 6a presents the design domain as well as the boundary conditions, while Figure 6b represents the density maps of TO, considering a threshold of 0.25. Taking into consideration the results of TO, the part was redesigned and manufactured.



Figure 6c depicts the AM part in its as-built condition, where the considerable amount of support structures is visible. Figure 6d depicts the AM part post-treated and Figure 6e depicts its X-Ray inspection, where an inclusion defect was found. Despite the relevant advantages of AM technologies, the reliability of the part still faces many challenges [4,74] and their success is still dependent on the minimization of certain threats and limitations.



3.1. Threats


Current design approaches are changing to take full advantage of AM technology. Particularly, to make AM economically viable, highly optimized designs are needed, representing a challenging task. Currently, three mains approaches can be indicated: bottom-up, top-down and mixed.




	
The bottom-up approach is based on unit cells (lattices) that are uniformly repeated in every direction. The apparent simplicity of this approach is betrayed by its uncertainties on its analysis and the CPU cost.



	
The top-down approach is based on topological optimization for both continuum and discrete domains. Nonetheless, TO provides great opportunities due to its ability to produce lightweight structures. However, this methodology sometimes produces “unfriendly” AM structures (e.g., overhangs), associated to high computational costs of optimization and analysis. Moreover, the output of these methodologies is density maps that need to be translated into geometrical forms, requiring another non-trivial step [14].



	
A mixed approach can be defined, being a combination of the previous ones. Instead of a uniform distribution of the unit cells, a multiscale algorithm can be used, where the densities from the topology optimization define the level of robustness of the unit cell (e.g., diameter of truss bars) [75,76,77]. However, the translation of the referred densities into a final 3D model raises several computational challenges.








Current design tools (sketch based) are optimized for conventional technology (e.g., the “add hole” typical command). Thus, the edition of 3D shape using current software is complex and requires extensive training, being difficult to use and disseminate. Bottom-up approaches have some integrated software to guide the user from the beginning to the end of the design process. Software packages such as Netfabb (Autodesk), Creo 4.0 (PTC), Meshup (Uformia), and Magics (Materialise) are examples. In the same way, top-down approaches use software that combines topological optimization methods with design tools. Moreover, there are many general propose topological optimization solvers, which are summarized in Table 5 due to their extensive list.



The structural verification of AM parts and the prediction of its failure mechanisms raise serious challenges with high-level uncertainty due to defects, anisotropy and residual stress. Moreover, other parameters (such as the surface finishing) affect the part performance. To anticipate possible issues, some companies created software for the building process simulation (also generates the necessary support structures). Thus, it is allegedly possible to predict residual stress and distortions on a part and compensate distortions on the design in order to improve final dimensional accuracy. The higher is the accuracy the less overbuild is necessary, therefore improving its economic competitiveness. Netfabb Simulation (Autodesk—former Pan computing), Simufact (MSC), Amphyon (Additive Works—Partner Alliance with Altair), Virfac (Geonx) and ExaSIM (Ansys) are examples of software packages specialized in building simulation of AM process. An alternative software solution could be FAME (Swerea), which has a general public license, but numerous limitations. In general, these software packages use multiple scales combined with other techniques in order to reduce computation time. In fact, if the simulation takes longer than the process, it will have little use.




3.2. Design Limitations


AM processes have limitations in their build time and allowable dimensions. Moreover, the cycle time of these technologies is significantly higher when compared with conventional technologies. However, this drawback can be suppressed by the opportunity of reducing material waste, increasing functionally, highly geometrical customization or reducing the difficulty to process materials (i.e., inconel or titanium). From the scalability point of view, the AM processes are limited by their nature, since the layer resolution is limited to a specific range (0.2–2.5 mm) and the scalability is also limited. On the other side, small layer thickness is also wanted, since it improves surface finish. Thus, this compromise is a recurrent problem in AM processes [14]. Additionally, its repeatability is questionable, since two identical parts on the same machine may or may not produce parts with the same structural robustness [48].



Design optimization shall be performed taking into consideration the manufacturing process and its constraints. The main constraints are the member size, cavity and support structures constraints:




	
Member size constraints improve manufacturability and reduce post-processing operations, being an important and fundamental constraint.



	
Cavity constraints intend to avoid enclosed voids of powder (PBF process), which can be difficult to remove in a later stage. However, cavities do not necessarily appear and their industrial relevance is limited. When they appear, their structural benefits should overcome the work of introducing a hole in the design in order to vacuum the unmelted powder.



	
Overhang constraints intend to minimize (or ideally eliminate) the appearance of overhanging structures and, therefore, the need for support structures (cost reduction). Thus, it is a relevant topic and represents a strong design restriction [79].








The optimization of the build direction can (sometimes) reduce the need for support structures. The study in Ref. [80] proposes a method for searching the optimal build orientation which minimizes their use. The study in Ref. [81] proposes a TO methodology that brings the AM overhang constraints into the TO methodology, where a maximum angle of 45 degrees is considered in order to avoid support structures.



Figure 7a,b illustrates the TO results (for 2D only) without and with overhang constraints, respectively. However, this gain in eliminating support structures comes with a stiffness cost, increasing its compliance by 16%.



For instance, a study in Ref. [82] proposes another method of introducing overhang constraints into the TO methodology, resulting in a different design philosophy. Figure 7d,e presents the TO results (for 2D only) without and with overhang constraints, respectively. Recently, a study in Ref. [83] suggests another method for introducing overhang constraints into the TO methodology for the 3D domain. Other studies (e.g., [84,85,86]) have also addressed this issue.



The application of the previous methodologies to reduce the number of support structures is pertinent since costs are reduced. However, such heavy restrictions might steer the solution away from the optimal solution. In addition, support structures might be necessary, even if the structure is self-supporting, r to prevent excessive distortion and/or cracking. In addition, excessive distortion can lead to recoater interference and, therefore, a failed build. If the top-down approach produces hollow structures, internal support structures might be required, which can be challenging to remove in a later stage. Finally, it is necessary to have exit points for the non-melted powder extraction [81,87]. In a bottom-up approach, the internal support structures can be avoided, with a careful selection of the unit cell and the print direction. However, the extraction of the unmelted powder and the smoothing of surfaces becomes a challenge. In short, a compromise between cost and performance is generally made.





4. Case Studies From Aerospace Industry


The metal AM in the Aerospace Industry will succeed if it enables overall cost, lead-time and risk reduction. For instance, this can be achieved by reducing the number of parts, joints (welds are causes for long term failures) and/or increasing the added value of the final part (increased functionality per part). Moreover, these technologies still need efforts towards its qualification and standardization [61,88,89]. Recently, the European Space Agency (ESA) has opened calls to explore these opportunities. For instance, the development of embedded thermal functions in structural parts using 3D printing, or the development of one single part integrating waveguide filter, bends, coupler and supporting structures by AM, projects that could be financed by ESA within the ITT (Invitation To Tender) (e.g., [90,91]). The material behavior and its structural response limit the widespread use of metal-based AM since they still represent challenges [92]. One of the recent projects from ESA consists in the development of supply chains, capable of producing high-end parts made of titanium, aluminum, Inconel and Invar. The mechanical characterization and post-processing (blasting, stress relief and HIP) are also included [93]. Another project consists in the development and characterization of new high strength aluminum alloys including their mechanical performance and common defects [94].



The current main space applications of metal AM is limited to a few applications. The first main application is rocket propulsion, namely components such as injectors, gas generator duct, pogo z-baffle, turbo pump inducer, flex joint, monolithic thrusters, chambers and nozzles [95,96]. Figure 8a–c illustrates a J-2X Gas Generator Duct, a Pogo Z-Baffle and a Turbopump Inducer, respectively. Gains of 70% in costs and 50% in time were reported for the Duct. In the Pogo part, gains of 64% in costs and 75% in time were disclosed. Regarding the inducer, 50% cost and 80% time reductions were declared, where the comparison term for these gains was their conventional manufacturing [96].



Others applications are auxiliary structures such as thermoelastic mounts (Optic instruments need extremely stable structures, i.e., a thermal strain can misalign lenses or focal distances), wave guides filters, heat switches, structural components with embedded thermal functions (heat pipes) and components with tailored properties. On suborbital sounding rocket mission, there is a battery case (FY13), which was successfully built by AM [96], as shown in Figure 8d. For instance, an instrument prototype of thermal heat switch based on concentric titanium tubes was built by AM. The complexity of this component comes from the small gaps between tubes and the difficulties and price of processing titanium [96], as shown in Figure 8e.



On the Atlantic Bird mission (ESA 2011), a structural bracket made of titanium was built by AM (EBM) with a TRL (Technology Readiness Level) of 9 (flight model), having a mass reduction of 30% [97] (Figure 9a,c).



According to T. Ghidini [95], another AM structural bracket was designed and successfully validated, where 46% mass reduction was achieved. Figure 10a,d describes the old design and the new AM design, respectively. Moreover, the number of interfaces was reduced, maintaining the structural robustness.



A supplementary space application of an AM bracket is given by Figure 10b,e, depicting their conventional and AM designs, respectively. Reductions of 25% in cost and 50% in weight were projected [98,99,100]. The antenna bracket of sentinel I weighs 1.626 kg and, thus, a potential for improvements was identified. From a partnership between RUAG and EOS, a new bracket was redesigned for AM. The final design margins of static loads, strength and stiffness were positive and a 26% mass reduction was obtained [99,100]. Figure 10c,f depicts the conventional and AM designs, respectively.




5. Conclusions


The AM market is rapidly growing and many AM machines suppliers are already available. Sometimes, the mechanical properties of the resultant parts show better properties than the brought counterparts, but its repeatability is still a challenge as is its standardization. Either raw material or process-induced, micro-structural defects are the cause for the questionable repeatability and their identification can be performed with different methods.



The AM engineering cycle has to be rethought to reach its full potential. Its stages (Design Optimization and Process Simulation) have many tools already available, but it still lacks the proper unification and maturity. Moreover, the integration of manufacturing constraints in the design methodologies is still in its infancy, although some methodologies have already been published already. Regarding the strength analysis stage, this represents a major challenge due to a number of phenomena such as anisotropy, porosity and residual stress.



In the aerospace industry, a number of cost-effective examples are available, where cost and weight reductions were verified. Project calls are being opened to finance its further development (i.e., ESA Projects), since its potential is widely accepted. Nonetheless, their field of application is restricted to complex parts (weight, materials and/or shape).
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Figure 1. Overview of AM engineering cycle. 
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Figure 2. General working principle of PBF and DED categories [25,26]. 
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Figure 3. Effect of R and G in the solidification process [45]. 
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Figure 4. SEM images showing characteristic morphologies of powders produced: (a) using gas atomization; and (b) water atomization [46]. (c) SEM image depicts solid powders on build surface [47]. 
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Figure 5. AM defects: (a) keyhole induced porosity; (b) cracks; and (c) delamination [16]. 
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Figure 6. Engineering cycle of an AM part: (a) presentation of the design domain and boundary conditions; (b) density maps of TO, considering the threshold at 0.25; (c) AM part still with the support structures; (d) machined AM part; and (e) its X-Ray inspection [73]. 
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Figure 7. Comparison of TO results (a) without and (b) with overhang constraints using a simplified fabrication model [81]. TO results (d) without and (e) with overhang constraints using moving morphable components [82]. TO results (c) without and (f) with overhang constraints using convolution methodology [83]. 
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Figure 8. Cost-effective examples of additive manufactured parts: (a) a J-2X Gas Generator Duct; (b) a Pogo Z-Baffle; (c) a Turbopump Inducer; (d) a battery case; and (e) heat switch prototype [96]. 
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Figure 9. Flight AM part [97]: (a) the CAD model; (b) the manufactured part; and (c) its location the satellite. 
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Figure 10. AM optimized structural brackets [95,98]: (a,d), (b,e) and (c,f) examples of optimized brackets from their conventional design to their AM design. 
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Table 1. General comparison of PBF and DED processes.
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	Criteria
	Powder Bed Fusion (PBF)
	Direct Energy Deposition (DED )





	Build speed [cm3/h]
	up to 170
	up to 2000



	Max. build size (X;Y;Z) [mm]
	(0.8; 0.4; 0.5)
	(4.0; 2.0; 1.0)



	Accuracy
	0.05/25
	0.25/25



	Min. thickness [mm]
	0.2
	1.0



	Surface quality [μm]
	Ra 10
	Ra 20



	Design Freedom
	High
	Low



	Applications
	Rapid prototyping
	Repairing parts



	
	High end parts
	Adding features (i.e., ribs and lugs)







The values presented on this table are merely references and were based on manufacturers information and press research. Depending on the part, process and material, these values can change.
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