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Abstract


Metal additive manufacturing in space is a cutting-edge technology that is designed to meet the needs of space exploration and space station construction. This technology is capable of customizing and repairing key metallic parts in a space microgravity environment, providing the feasibility for long-term space tasks. It enables astronauts to perform on-site repairs and replace broken parts, significantly reducing the risk of mission failure on the International Space Station or during future deep space missions. Further, this technique opens new possibilities for constructing space bases by directly utilizing the materials from space, thereby reducing reliance on Earth’s resources. However, metal additive manufacturing in space faces challenges due to the unclear underlying mechanisms that lie in (I) the significant differences in the melting behaviors of materials in a space microgravity environment compared to those on Earth; and (II) extreme environmental factors, i.e., radiation and temperature fluctuations, that influence the metal additive manufacturing process and, consequently, the properties of the manufactured materials. This review provides a comprehensive analysis of those mechanisms underlying metal additive manufacturing in space, based on published works. Emphasis is placed on aluminum, titanium, iron, and copper-based metals. Our work may offer valuable guidance for reducing mission costs, improving safety, and enabling the on-demand production of complex components in the harsh environment of space by using metal additive manufacturing.
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1. Introduction


1.1. Additive Manufacturing (AM)


Additive manufacturing (AM), also known as 3D printing, is an advanced manufacturing technology that transforms computer-aided design (CAD) models into entities layer by layer [1]. Its history dates to the 1980s, at which time, the earliest additive manufacturing techniques were used in rapid prototyping for prototypes of complex parts [2]. With the continuous development of AM technology, it has gradually entered a wider range of fields, including aerospace, medical, automotive, construction, and so on. In the past few decades, various additive manufacturing technologies have emerged, such as light curing, powder deposition, and powder-bed fusion. The continuous innovation and progress of these technologies have promoted the wide application of additive manufacturing, from simple prototyping to direct manufacturing of complex components, bringing unprecedented changes to the manufacturing industry. As shown in Figure 1, the development of additive manufacturing has not only transformed traditional manufacturing methods but also provided strong support for customized production and a rapid response to market demand, making it a key technology that possesses great potential in today’s manufacturing industries.



An early version of stereolithography (SLA) [3] was developed in the 1980s to facilitate the visualization of components. Out of this background, a number of other technologies have emerged for the production of functional components as well as prototypes, such as fusion deposition modeling (FDM) [4], selective laser melting (SLM) [5], selective laser sintering (SLS) [6], direct light processing (DLP) [7], and rapid fast prototyping (RFP) [8]. While these techniques may share similar fundamental mechanisms, they differ greatly from each other in terms of printing techniques and materials. The major advantage of AM is that it eliminates many of the restrictions that have been encountered in the past, giving it an unprecedented degree of freedom in design. This has dramatically cut down on time and production costs, which will enable AM to become an essential component of future production systems. Three-dimensional printing is particularly important when it comes to manufacturing complicated, customized designs, which were previously difficult, if not impossible, to produce [9,10].



One sector that could significantly benefit from AM is the space industry, where most of the components are custom-made, making it an ideal manufacturing solution [3]. Space entities have started using AM in various applications, primarily for two reasons: (i) weight-savings of 40–90% [11], which directly reduces operational cost, as heavier spaceships require more fuel and thrust; and (ii) producing dimensionally complex components at a low time cost, for instance, reducing the production cycle from four months to one month [12]. Organizations such as the National Aeronautics & Space Administration (NASA) and the European Space Agency (ESA) are exploring the use of AM for various space applications, including the printing of CubeSat drive systems [13], the production of porcelain products [14], and use of the regolith of the moon and Mars [14] for the possible printing of a whole spaceship in orbit [15,16]. In 2019, Tadeusz Mikolajczyk and co-workers presented a practical solution for hybrid structures based on off-the-shelf elements in a universal metal structure system [17]. To do this, they designed a new 3D printing system—the CAD/CAM system. This design allows, for example, a roving extra-terrestrial robot’s solar panels to be adjustable and can also be used for other tasks with changing positions. The new system ensures the accuracy of the processed parts and provides a new feasibility scheme for the hybrid manufacturing process and space-based additive manufacturing.




1.2. AM in Space


Space additive manufacturing, as an innovative manufacturing technology, aims to achieve the instant manufacturing of objects in the space environment using advanced 3D printing and additive manufacturing technologies (Figure 2). The exploration of this field is mainly driven by concerns that aim to solve the problems of material supply and repair in long-term space missions.



The concept of space additive manufacturing dates to the late 20th century, when researchers began to recognize the serious difficulties in providing traditional supplies and spare parts reserves during long-term space missions. Due to the limited payload capacity in space missions, scientists are exploring ways to produce the required parts on-demand in space. With the rapid development of 3D printing technology, space additive manufacturing has gradually become a powerful tool to address this challenge.



The first space additive experiment on the International Space Station (ISS) dates to 2014 [2] when NASA worked with Made In Space, Inc. to successfully use 3D printing technology in space. This marks the first time that people have successfully produced parts through additive manufacturing technology in a real space environment. In the development of space additive manufacturing, Made In Space, Inc. successfully sent a 3D printer to the International Space Station in 2015 and subsequently successfully printed a range of parts, including spenches, screwdrivers, and other components [18,19]. This is not only a breakthrough in technology but also opens new possibilities for space exploration. Through space augmentation, astronauts can build their tools in space without relying on material supplies from Earth, paving the way for deep space exploration and long-term space missions. With the continuous development of space additive technology, its application field is also expanding. In addition to manufacturing the basic tools, space additive manufacturing can be used to print more complex parts or even entire structures. The development of space additive technology demonstrates the innovative thinking and technical strength of human beings for space exploration [20], including assembling satellites, repairing and improving space vehicles, and building and maintaining space stations [21,22]. Figure 3 shows the first metal parts printed by laser beam melting (LBM) in microgravity (PFC), where the layer deposition was performed in microgravity, which was then followed by laser melting during stable flight under normal gravity.



NASA, being the earliest research institute to develop space manufacturing technology, has deployed many sets of polymer molding manufacturing equipment on the international space station. During the life of the program, a variety of space manufacturing technologies, including those employing metal materials, have been fully verified, laying the technical foundation for subsequent deep space exploration missions such as the “Deep Space Gate” [23]. The tool model in Figure 3 was manufactured by NASA with 3D printing on the International Space Station in 2014. Since the summer of 2011, Made In Space, Inc. has conducted over 30,000 h of 3D printing technology tests and more than 400 parabolic microgravity test flights. Supported by the STMD SBIR program and the Flight Opportunity Program for parabolic flight activities, Made In Space, Inc. has possessed the capacity to perform additive manufacturing in microgravity environments. For instance, Figure 4 shows a wrench that was manufactured under ISS conditions, which provides a tool for space station maintenance.



China is the second country in the world to complete the test and verification of manufacturing technology in a microgravity environment, such as the first international manufacturing experiment using carbon fiber composite materials, ceramic materials, and metal materials in microgravity [24]. In addition, the ESA and the Russian Federal Space Agency (ROSCOSMOS) have invested a lot of manpower and financial resources in the research and development of space manufacturing technology, carrying out a series of space manufacturing research projects. They have carried out a number of space manufacturing technology tests using parabolic aircraft tests and the International Space Station platform, thereby, accumulating a large amount of experimental data. Generally, space manufacturing technologies can be divided into ground simulation tests, space technology verification, and planet surface in situ manufacturing. The ESA has been working on in situ production solutions to address the constraints associated with the size of the fairing, the weight capacity of the rocket, and the logistics of the mission. The activities have focused on manufacturing equipment concepts, processes for manufacturing in space, and suitable materials. Their goal is to support the development of ongoing human and robotic research, which will include the construction of basic components, manufacturing tools, and components, and in situ synthesis of food and biological tissues. The ESA has taken a holistic approach to in situ manufacturing, with an increasing focus on in-orbit manufacturing of large structures in space, where experiments were conducted to demonstrate the feasibility of manufacturing infrastructure elements by using locally available resources [11].




1.3. Classification of Space Additive Manufacturing


The future of space exploration relies on the application of technology to achieve maximum performance and self-sustainability. When a mission leaves Earth, the supply logistics will have to cope with a breakdown of parts and a lack of certainty as to which parts will fail. A promising option would be to incorporate servicing and production techniques into space missions, with the capability to meet unexpected needs. These can be used in various ways to meet the needs of various spatial settings, collectively known as space manufacturing. To discuss the state-of-the-art, we distinguish gravitational fields in terms of manufacturing methods. Production on the ground or in outer space shall be carried out in 1 g, with g being the acceleration due to gravity at the ground [24,25]. Conversely, in-space manufacturing (ISM) takes place under zero gravity (microgravity) in orbit or during interstellar travel, and on certain planetary surfaces (e.g., lunar or Martian gravity). ISM covers three operating situations.



1.3.1. Planetary Surface Environment


Julia Mergheim et al. [26] examine the possibilities and problems of AM design. This paper proposes a novel CAD for additive manufacturing, which is based on a commonly used process structure behavior model. AM production in the building industry has started to shift away from the design tool of the architect to the delivery of complete architectural parts and components like the walls and the façade. Lim et al. [27] developed large-scale AM production techniques that can be used in the building and architectural fields, with a particular emphasis on automatic extrusion-based concrete printing. Converting CAD files into additive manufacturing pattern file formats was explored and optimized export parameters were found. Another important issue under consideration is the characterization of the behavior of materials, as this is essential for the achievement of reliable and reliable models [28].



Compared to other celestial bodies, the moon is widely explored. As the only space outside Earth that humans have stepped foot on, the moon has been well studied in orbit and by numerous robotic landers. The regolith is a dust-like upper layer on the lunar surface and is about 4–15 m thick. The fine particles that constitute the regolith are produced over billions of years of spatial weathering, including thermal cycles, meteorite impacts, solar wind, and cosmic radiation [29]. In situ resource utilization (ISRU) largely depends on the type of resources/materials available at a given site. Every mission to Mars so far has encountered a basalt regolith, which is ubiquitous on the Martian surface. This Martian regolith appears to have a globally homogeneous basaltic crust composition with local to regional secondary mineral enrichment including sulfate, clay, carbonate, and feldspar components. In the absence of organic building materials from plants, these oxidized surface minerals will be the only viable raw material for construction/manufacturing.



Without obtaining an authentic Mars regolith, the general research approach for ground ISRU studies is the use of Martian regolith mimics. These simulated and simulated sites are terrestrial materials and sites that possess properties close to the key properties of Mars regolith and the Martian environment. So far, most ISRU material studies have relied on processing under Earth conditions due to the difficulty of simulating the gravity, temperature, atmosphere, and radiation conditions of Mars. For example, some notable examples are sintering studies in a non-Earth atmosphere, such as vacuum [30], hydrogen [31], argon [32], and a simulation of the Martian atmosphere [33]. Such conditions make it more difficult to make additive materials on the surface of planets. Most lunar programs are based on automated electronic and mechanical devices, with very few astronauts involved. Robotic space exploration is very convenient, but in many ways, manned exploration is preferred—manned exploration is much more flexible in situ and in preparing and transporting samples [34]. Edmunson et al. [35] tested the effect of simulated aggregate particle size (JSC Mars-1A and JSC-1a) fused with common Portland cement mortar on the compressive strength of the cube. Although large samples produced by material extrusion in the Martian surface atmosphere proved promising, the bonding force between the dry and wet mortar layers was weaker compared to the bonding forces of the two wet mortar layers (see Figure 5a), which was found during ultra-fast impact tests of the material during transportation (Figure 5b–d).



Sanders et al. [36] delved into the integration of ISRU in lunar and Mars exploration through field analogs. ISRU entails extracting and processing resources directly at the exploration site, thereby minimizing launch mass, mitigating risks, and curbing costs. The integration of ISRU in missions also impacts technology selection and system development across other domains such as power generation, life support, and propulsion systems. Nonetheless, due to the absence of preceding demonstrations or applications of ISRU systems in robotic or human missions, there is caution in relying on them. NASA has conducted simulated field tests. In addition, they have discussed challenges related to the integration and development of ISRU, including resource knowledge, operations in extreme environments, longer remote operations, achieving high reliability with minimal maintenance, and ensuring seamless integration with other system elements.




1.3.2. Parabolic Flight Campaigns (PFCs)


As ground experiments cannot reproduce a microgravity environment, researchers have used other methods, such as using an aircraft for parabolic flight to achieve a microgravity environment (Figure 6). Vladimir Pletser [37] explored the scientific research and training purposes of using parabolic flight. He highlighted the goals and benefits of parabolic flight, such as short-time experiments under reduced gravity conditions, adaptability of experimental methods, and the possibility of medical and physiological experiments on human subjects. Improved aircraft, such as the Boeing 727-200 and the Airbus A310, can reach microgravity levels of 10−3–10−2 through a series of maneuvers, known as parabolas.(Boeing 727-200: Zero Gravity Corporation in the USA; Airbus A310: European collaborative aerospace manufacturer Airbus Industry.)



The procedure starts with the plane rising to the corresponding height and then switching to horizontal flight. Then, in a typically parabolic maneuver, the plane rises quickly at 45 degrees (called a pull-up stage), travels along a parabolic trajectory at a height of 7.3 to 10.4 km, and then drops down at 45 degrees (pull-down stage), which moves the descent to a level steady flight stage [38,39,40]. The parabolic movements are performed 30 to 40 times continuously with brief pauses, giving a total flying time of 2–3 h. PFC missions are usually composed of 3 to 4 flying days. Each parabolic manipulation provides a microgravity time of about 22 s, with a 1.5 to 2.5 g instantaneous acceleration of about 25 s before the descent phase [36,40]. Additionally, the parabolic arc mode during the pushing process can be adjusted to offer either ~30 s (equivalent to 0.16 g) or ~40 s (equivalent to 0.38 g) of microgravity conditions. Figure 6 further illustrates these concepts.



The microgravity conditions found in space offer a singular prospect for the development of advanced products. During the mid-1990s, NASA’s Tucker and his colleagues embarked on a study to explore the production of fluoride fiber within this unique environment. Their findings revealed that microgravity contributed to a reduction in the crystallinity of fluoride fiber, subsequently mitigating the associated losses in optical fibers [41]. Following this, the researchers intended to expand their investigation using the space shuttle, however, ultimately, their primary focus shifted toward the establishment of the International Space Station.



Terrestrial applications have considered sulfur as a substitute binder for Portland cement since the 1970s, due to a surplus of sulfur [42,43]. This interest in sulfur concrete is due to the use of sulfur byproducts from the mining and natural gas industries. Analyses of Apollo samples have confirmed the existence of moon sulfur, particularly in higher concentrations within high-titanium mare basalt [44]. The lunar crater observation and sensing satellite (LCROSS) featured a clever design consisting of two parts: a projectile that would slam into a crater to kick up a giant plume of debris and a spacecraft that would fly through the plume to identify its constituents. Observations showed that the LCROSS ejecta plume showed significant levels of sulfur compounds, e.g., H2S and SO2 [45]. Analysis of meteorites to deduce the composition of asteroids supports the assumption that there is some sulfur available in these bodies. Both chondritic and achondritic meteorites exhibit sulfur, primarily in the form of troilite (FeS). Gibson et al. [46] found that, for achondritic meteorites, mean sulfur concentrations were between 0.12 and 0.60%, with enstatite achondrite showing the highest abundance. Dreibus et al. [47] measured sulfur abundance in carbon chondrite and common chondrite and estimated it to be between 0.45 percent and 5.41 percent by weight, with CI carbonaceous chondrite having the highest concentration. Due to sulfur’s potential and presence on the moon and asteroids, it is a good choice for future research in the field of in situ additive construction.




1.3.3. Manufacturing on the ISS


According to NASA’s sounding plan, it needs to promote not only in-space manufacturing but also some related areas such as the manufacture of rocket components [23]. NASA has implemented its plan in part by the introduction of ISS-based additive manufacturing. ISS received its first 3D printer, the Additive Manufacturing Equipment, in September 2014. This is a collaboration between Made In Space, Inc. and NASA to promote zero-gravity 3D printing, and was built and sent into space by SpaceX’s SpaceX Dragon. In just 15 min to an hour, the 3D printing technology can make different materials, such as metal and plastic, into specific shapes. The 3D printer can store print data of key parts for easy printing and upload instructions when printing other parts. In the first test, the 3D printer successfully printed a wrench based on drawings uploaded by ground engineers that astronauts could use to complete the orbital lab repairs. In an emergency, astronauts can use this tool for repairs. As shown in Figure 7, astronauts and researchers are able to obtain 3D prints in the size range of the 3D printers they need.



Vulcan is an integrated subtractive manufacturing system that allows the milling of parts to produce a near-net shape, making Vulcan a hybrid additive and subtractive manufacturing system (Figure 7). Fragments produced during subtraction processing or smoke/splash during welding are completely captured by the environmental control unit. This wire-feeding additive manufacturing process is compatible with many metal materials, but the choice of ingredients is usually determined by weldability [24].



The 3D Printing in Zero-G demonstration program was the first program for carrying out 3D printing (additive fabrication, or construction of components layer by layer) in a coherent microgravity environment on the ISS [48]. This demonstration marked the start of in-space manufacturing, an approach that will offer on-site production and maintenance services in outer space as well as on a planet’s surface. The problem for in-space manufacturing to solve is that it is very hard to obtain supplies from Earth over long distances; this calls for a shift from the ISS’s existing system of replacement, servicing, and hardware. In-space manufacturing is an essential and crucial component in maintaining a human presence outside Earth; the capability to make required components/instruments/items on request offers a reduction in risk for deep space missions.





1.4. Microgravity Research Platforms


1.4.1. Satellite


In-orbit verification tests encompass the verification of space additive manufacturing in space stations and manned spacecraft (Figure 8). Specifically, space station verification refers to the additive manufacturing forming test conducted in the module of the space station in a microgravity environment. In 2011, NASA initiated the project “Testing 3D printing technology in zero gravity environment on the International Space Station” to investigate microgravity forming test research. This endeavor aimed to explore the potential of additive forming in a microgravity environment, thereby promoting the design and manufacture of additive forming equipment in such an environment. This provided a technical platform and principle support for in-orbit microgravity additive forming tests conducted within the space station [49,50]. In September 2014, the first space 3D printer developed by Made In Space, Inc. was successfully launched and installed in the space station. In November 2014, it successfully printed ABS parts, such as socket wrenches, within the space station, demonstrating the feasibility of FDM manufacturing in space microgravity for the first time.




1.4.2. Einstein-Elevator


Einstein hypothesized that the ideal elevator could contain various experimental tools and that an experimental physicist could safely make various measurements inside. When the elevator was stationary relative to the earth, the experimental physicist in the elevator could measure everything in the elevator. No other force would cause objects to fall to the floor of the elevator, and all objects would fall at the same acceleration.



A drop tower is a vertical shaft that provides microgravity levels between 10−6 and 10−2 g. Modern drop towers such as the Einstein-Elevator at the Hanover Institute of Technology (HITec) are capable of carrying out experiments employing up to 1000 kg. The Einstein-Elevator’s vacuum containment chamber is 1.7 m × 2 m in size. The drop tower can carry out up to 300 daily tests [19,52,53]. The structure is shown in Figure 9. The other benefits of drop towers are, as demonstrated, that they are comparatively cheap, accessible, and can be used in a vacuum. Their major disadvantage is that they have a finite microgravity duration, which varies between 1.3 and 9.5 s depending on the tower’s height, and a significant transient acceleration (up to 50 g) during the loading and unloading stages [36]. Since 2018, the Einstein-Elevator has been used for microgravity and low-gravity studies at HITec (Einstein-Elevator, 2017).



Lotz et al. [49] proposed a new active drive tower falling device, based on the Einstein elevator, using substrate additive manufacturing as an example. In microgravity, the powder must be controlled and held together. An open-coating device is not possible because the moving powder may leave the experimental device without stopping in the correct position. Therefore, another powder deposition device is required under both microgravity and vacuum conditions. Delivery of powder by ultrasound or piezosome is a possible solution. For laser sources, processing results of continuous power or pulsed laser systems in microgravity have been tested. For example, the MOONRISE project demonstrates the process and offers insights into additive manufacturing research under current space conditions [54].




1.4.3. Sounding Rocket


To study microgravity, scientists have tried to simulate microgravity environments on Earth, such as using drop towers or wells tens of meters or hundreds of meters high or deep, parabolic planes, and sounding rockets. The microgravity time for a tower or well is only a few seconds; parabolic aircraft provide 30 s of low-gravity time; and the low-gravity time in sounding rockets generally ranges from 5 min to 10 min.



Michael B. de Leon and his colleagues [54] have delved into the utilization of 3D printing technology in the advancement of CubeSats. CubeSats, being small yet cost-effective nanosatellites can be developed and produced efficiently within a compressed timeframe. Marciniak et al. proposed a design for a sounding rocket that offered nearly 150 s in microgravity at more than 100 km [55]. Browne et al. observed the first isothermal coaxial solidification of metal alloys in space, providing experimental data on unique benchmarks [56]. The experiment was carried out on a MASER 13 sounding rocket, launched in December 2015, using a newly developed isothermal solidification furnace (Figure 10) [57].



Further advances are essential to expand the scope of in-space manufacturing beyond the production of simple polymer structures. In this context, metal additive manufacturing (MAM) has emerged as an important process, particularly its ability to handle metallic materials. Here, steel wire feeding is used to address the problem by eliminating the need for gas flow. This greatly improves the efficiency of raw materials, an essential benefit for space missions, where resupply is expensive and challenging. In additive manufacturing for space applications, the use of a laser as a heat source offers many benefits, including high precision and control, which are critical for spatial microgravity and the versatility of handling different materials unlike electron beam methods, requiring no vacuum. A laser also produces less electromagnetic interference, which is advantageous in sensitive electronic environments as well as providing excellent thermal management and energy efficiency, making it ideal for spatially challenging conditions.



In this section, we have discussed progress in the manufacturing of space metal additive technology, focusing on the classification of different techniques and the latest progress. The discussion emphasizes the benefits, challenges, and applications of space metal additive manufacturing, highlighting the importance of researching material behavior in microgravity [11]. In Section 2, Section 3, Section 4 and Section 5, we will describe the in-space additive manufacturing process of Al, Ti, Fe, Cu, and so on. The feasibility of the process is evaluated through some additive manufacturing studies. We will summarize and illustrate the challenges of additive manufacturing in space, and the advantages of AM, in Section 6. Finally, Section 7 summarizes the future development direction of space additive manufacturing.






2. Al-Base Metal Additive Manufacturing


2.1. Laser Coaxial Wire Feeding


The wide application of aluminum alloy promotes the development of aluminum alloy manufacturing technology. Traditional aluminum alloy processing process mainly uses smelting, casting, and forging means, but with the continuous improvement of product technology and the shortening development cycle, the manufacture of complex precision structures from aluminum alloy components also puts forward new requirements, not only requiring manufacturing technology to be efficient and fast but also to change with the change in equipment design and flexible adaptability of complex precision components manufacturing. Based on the above situation, the use of 3D printing technology for manufacturing aluminum alloy structures has become a research hotspot. Three-dimensional printing, also known as additive manufacturing, uses CAD design data to manufacture solid parts using the material accumulation method of manufacturing and has been widely used in aerospace, biomedical, rail transit, and other industries. Additive manufacturing features the rapid manufacturing of single pieces or small batches. Through the construction of solid parts, it increases design freedom and manufacturing flexibility, realizing the complex geometric customization of products, shortening the time to market, and eliminating the traditional scale limit.



Laser coaxial wire feeding uses a laser beam as a heat source to melt a metal substance. The schematic of the laser coaxial wire is shown in Figure 11. Karthik and Karen suggested that the use of wire as a raw material in zero gravity or low gravity would remove the treatment of particulate raw materials, suggesting a possible use of laser-based additive production in space AM [58]. However, due to the particular challenges posed by the outer atmosphere, including microgravity and vacuum, it is not easy to carry out tests in this kind of environment.



Gu et al. [59] conducted a numerical simulation study to examine the effect of gravitational forces on laser metal deposition (LMD) printing. They found that gravity played an important part in deciding the ultimate result of deposition, especially when the process was performed in nonplanar locations on Earth. In particular, a drip-type deposit was observed as a result of gravity in the formation of the melt pool. For instance, in vertical up positions, gravity tended to widen the back area of the melt pool, resulting in the accumulation of molten material. As soon as the laser left this area, the passageway between the back and forward areas of the melt pond broke, triggering a new circulation.



To evaluate possible space-related utilizations, the researchers progressively lowered the gravitational force from 1 g to 0. It was shown that when the gravitational force is reduced to zero, the surface tension is the main driving force in the melt pool. Additionally, the deposition irregularity became more pronounced with a reduction in gravity. In particular, when the gravitational force was reduced from 2 g to 0, the contact angle increased from 93.0 degrees to 99.3 degrees, and the aspect ratio decreased from 1.369 to 0.974. The lack of gravity, as illustrated in Figure 12, enables the formation of a sphere with an increased contact angle by the combination of a low aspect ratio, a large melt pool, and a large surface area. As a result, the irregular nature of the state became more apparent.



Moreover, the laser wire direct energy deposition (LW-DED) technique described above adopted a lateral wire supply approach, which leads to a direction dependence problem [60]. Conversely, the laser-AM process using coaxial cable has shown great potential. As described in [61,62,63], the Al alloy 4043, which is generally used in additive manufacturing, has excellent flowability and has no obvious defects. This alloy is made in a vacuum environment with a laser-coaxial-thread feed additive manufacturing technology. Fan et al. [64] have studied the effect of environmental pressure on the shape, structure, and corrosion behavior of the bead. An illustration of a single-layer sample at different pressures is shown in Figure 13. Research has shown that the bead has a flat appearance. The deposition of the bead is broader, smoother, and has a metallic sheen as the environment pressure is reduced.



Figure 14 shows the interface structure of the Ti base material and Al alloy, changing with environmental pressure. Utilizing backscattered electron contrast, distinct phases were discerned. It is noted that there is an essential interlayer (IMCs) at the boundary. It is noted that the lowest level of IMCs takes place at the 1 Pa level. This suggests minimal pollution of the Ti substrate by the Al single-layer bead at this pressure. Along with the increase in mean thickness, the IMC layer turned into a more flattened configuration as the environmental pressure was reduced. EDS analysis indicates that the IMCs are mainly composed of TiAl, TiAl2, TiAl3, and Ti2Al.



When evaluating the use of this technology in space, some studies have worked in reduced gravity and achieved relatively good results. However, as bead shape is difficult to control, further development of LMD technology for this application requires that deposition irregularities be overcome.




2.2. Fused Deposition Modelling


NASA has achieved a significant milestone by successfully fabricating polymer components using the FDM approach on the ISS. Figure 15 illustrates the principles underlying this technique, which is widely employed in polymer printing. In this process, the melt extrusion method is utilized to deposit thermal plastic filaments in a predefined pattern. Recently, the application of FDM has been extended to the printing of metallic components. This involves the use of a printer that deposits metal/polymer composite filaments, followed by a debinding and sintering process to produce compact metal parts [65].



However, it is worth noting that the techniques for printing metallic parts using FDM in a microgravity environment, such as the one found on the ISS, are still in the early stages of development [66]. Traditional powder-based additive manufacturing methods, which rely on gravitational force to hold the feedstock particles together, face significant challenges in such an environment. These challenges include the preparation of powder layers with controlled thicknesses and the avoidance of feedstock powder flow within the print space during deposition or when directly hit by the energy source.



Luckily, the “Solidification Using Baffle in Sealed Ampoules (SUBSA)” equipment on ISS enables the specimen to be warmed up to 850 degrees Celsius [67]. This ability has enabled FDM technology to be one of the most promising technologies for producing metal components under microgravity conditions. One of the main technological problems still facing FDM printing, however, is achieving high component integrity, which is strongly associated with the forming of a surface melt in a loose metal powder. The pressure drop applied on the extrusion nozzle will form a single adhesive-rich slip layer on the nozzle wall and further affect the spatial distribution of solid particles in the extrusion paste (Figure 16).



Momeni et al. [68] used FDM in a simulation of the ISS in which Aluminium 7075 was used, alongside magnesium powder that was more than 99 percent pure, polyethylene oxide, polypropylene, and stearic acid. They developed a phase-field model of melting, incorporating the precise thermodynamic formulation of surface tension. In this paper, a numerical solution for the effect of different parameters controlled by alloying on the forming and stabilization of the surface melt was studied using FEM, so that metal components can be produced by FDM technology.





[image: Metals 14 01373 g016] 





Figure 16. Visual representation of the particle-rich region and binder-rich region inside the printing nozzle [69]. 






Figure 16. Visual representation of the particle-rich region and binder-rich region inside the printing nozzle [69].
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Their results showed that when the dimension was close to the solid melt boundary, the composition of raw material was greatly affected by its geometry. They found that the interface energy is highly dependent on the position of the interface and the undercooling temperature, with a higher surface energy observed in the sphere. In comparison, the surface energy in rod feed grains was relatively temperature-independent. Moreover, as the KD (solid/liquid/solid interface width ratio) was raised, the critical core energy reduced and the elastic energy contribution increased. This effect was more pronounced in spherical particles compared to rod-shaped ones.



Their results showed that the melting temperature was highly dependent on the grain size of the raw material, especially for those less than 80 nm in diameter and when KD was decreased. The results offer a basic understanding of the effect of alloying on the forming and stabilization of the surface melt, and this has a direct impact on high-quality parts with in-space manufacturing FDM.




2.3. Laser Powder Bed Fusion/Direct Energy Deposition Hybrid Laser Additive Manufacturing


With the rapid progress in the aeronautical equipment sector, the problems related to the design and manufacture of large aircraft parts have gradually been overcome. As a result, the complexity and variety of component designs have escalated. For LPBF techniques, the increment in component size requires LPBF devices to be larger in size as well as increasing their production complexity. Although the enhancement of the laser may increase the formation efficiency and size, the cost of the device is still considerable, and it is not possible to ignore the considerable cost of the powder. Conversely, although DED techniques provide a flexible component size, they are mainly used to form structurally simple components because of their comparatively poor fabrication accuracy. Consequently, it has become increasingly challenging to meet the comprehensive design and manufacturing standards of metal components solely relying on either LPBF or DED technologies. Developed by NASA Langley Research Center (LaRC), electron beam freeform fabrication (EBF3) uses a focused electron beam to process metal wire under vacuum conditions. In 2007, Hafley et al. [39] conducted a PFC test to demonstrate the feasibility of microgravity EBF3.



For instance, metal components, such as rocket pods and engine combustors, are experiencing an increase in size and complexity. The exclusive utilization of LPBF results in a sluggish build rate and stringent limitations on build dimensions. Conversely, the exclusive utilization of DED necessitates a considerable amount of subsequent processing for intricate structures, and in extreme cases, may render the manufacture of such structures infeasible. Consequently, modifications to the design become necessary to align with manufacturing constraints, often compromising product performance. Given these challenges, it is imperative to enhance current additive manufacturing technologies to enhance their adaptability to the comprehensive fabrication of aerospace metal components. Notably, the strengths and weaknesses of LPBF and DED technologies are mutually complementary. Hence, the integration of LPBF and DED, where LPBF is employed for fabricating intricate sections of parts while DED is used for constructing simpler regions, offers promising potential in achieving a harmonious balance between forming accuracy, size, and efficiency of metal components.



The LPBF/DED hybrid additive manufacturing technique is a promising approach to rapidly produce space metal parts with good properties and low cost. Currently, the study of this technique is in the exploration phase. The principle of the LPBF/DED hybrid additive manufacturing technique is shown in Figure 17. Thus, for instance, M. Godeš et al. of Ljubljana [70] constructed Inconel 718 samples with a slope of 3~30 m above ground with an LPBF, followed by DED in an oblique plane. It is shown that there is close metallurgical adhesion between LPBF and DED, and the DED region is more defective and weaker in tension compared with the LPBF region. Eckart Uhlmann and his team [71] constructed two double-cantilever beams composed of Inconel 718 (SLM Solutions GmbH, Lübeck, Germany) by LPBF technology, followed by DED deposition of Inconel 718 on both sides. Their research was focused on the distribution of stress and distortion in a double-cantilever structure. It was found that the DED scanning policy affects the remaining stress distribution and distortion in LPBF/DED. The remaining stress of LPBF/DED was alleviated by thermal treatment, and the extent of distortion was similar to that of other construction techniques. Seungkyun Yim and his team developed a novel in-situ observation system for analyzing the powder spreading process using particle image velocimetry analysis [72,73]. Their study offers unprecedented insights into the effect of low gravity on flowability and powder spreading mechanisms within the PBF-AM process.



At the University of Birmingham, researchers studied the effect of microgravity on the DED process by applying Joule heating and diffuse light. They used a DED prototype optimized for region-specific single-layer extrusion that had low power consumption. The results highlight the critical role of surface tension in connecting and fixing the wire to the substrate, which has led to the development of other methods to improve the adhesion and machining precision of materials to meet the desired dimensions.



In the study conducted by Wei et al. [75], the successful fabrication of AlSi10Mg samples using the hybrid additive manufacturing technology combining LPBF and DED was demonstrated. Excellent interfacial bonding was achieved between the LPBF and DED zones. However, the presence of small numbers of spherical pores was noted within the DED zone. Both zones exhibited a dendritic microstructure, characterized by α-Al dendrites and reticulated eutectic Si at the dendrite boundaries.



It is noted that there is a marked difference in the composition of elements and the crystal structure of LPBF and DED. There is a clear gradient structure near the LPBF/DED boundary. In particular, at a distance of 30 μm from the interface, the LPBF base material has a small crystal structure. Conversely, in situ annealing takes place at a depth of 200 μm under the interface because of DED’s circular and high-laser power supply. The results showed that the spheroidal shape of Si was distributed, and the dendrite shape of the α-Al base disappeared.



Moreover, the LPBF/DED boundary has been found to have a gradient grain shape. The LPBF belt shows a double-mode grain shape, which is composed of uniform grains and column grains. A region with mainly equiaxed grains (~80 μm) was found near the interface. Conversely, the DED region shows a rough columnar grain structure and thick fiber texture.



In terms of mechanical performance, the LPBF region has a greater mean hardness compared with the DED region. Microhardness is gradually reduced along the LPBF/DED boundary from the LPBF area to the DED area. The trend is shown in Figure 18.




2.4. Droplet Deposition 3D Printing


Drop Deposition 3D printing, an additive manufacturing technology, has great potential for producing metallic components in space (Figure 19). Initial studies usually include preliminary experiments carried out on Earth. One possible way to initially prove the feasibility of this technique in microgravity is by depositing liquid drops vertically on a vertical base. This is possible since, during deposition, the drops are not affected by gravitational forces in the deposition direction because of the inertial force generated by the shock speed, which distinguishes them from gravitational forces [76,77]. Huang et al. [78] used AlSi10Mg in the simulation of the anti-gravitational deposition of drops under normal gravitational conditions by using an electrical field to control the vertical deposition of drops on a vertical substrate. It was found that when the drop hits the substrate, a charge transfer takes place, removing the electrical field force (which balances gravity). Therefore, the spreading and retreating processes are affected by gravity, leading to an irregular solidification shape for the deposited drops. This irregularity is undesirable for ground-based simulations aiming to replicate droplet deposition 3D printing in microgravity. Knowing how gravitational forces work is critical in designing strategies to reduce their impact.



A drop of liquid remains on a vertical base, but it is affected by capillary, viscosity, surface tension, solidified drag, and gravity, which are the source of the effect. Considerable works have been reported regarding the effect of gravitational force on the form of sessile droplets. Podgorski et al. [79] studied the relationship between the capillary number Ca (Ca = Viscosity Force/Surface Tension) and the tangent bond number Boc (Boc = Tangential Component of Gravity/Surface Tension), which regulates the various states of a drop that remains on or moves downward along the inclined substrate. Drops with small Ca (less than capillary length) and Boc number, that is, the main surface tension, present a circular or oval shape. Annapragada et al. [80] studied the contact line form of a sessile drop with various scales on an inclined substrate. Because of the low Boc number, the drop contact area is nearly circular. Milinazzo et al. [76] investigated numerically the shape of a drop on a vertical wall. Their results indicate that when Bo is less than a threshold, the moisture content remains constant and depends on the static contact angle.



Qi et al. [81] provide a deep understanding of the effects of metallic drops on vertical surfaces and their solidification processes. The material they used was AlSi12Mg. Their method includes the use of an injection and deposition system for liquid metal drops, which is specially designed for horizontal spray of micro drops. When the drops hit the vertical substrate, their dynamic behavior is captured in detail by a high-speed camera. This research is mainly concerned with the evolution of the diffusion coefficient, the apex elevation, and the solidified profile of the drop. The effect of gravitational force on shock and solidification is explained by analysis of those factors.



The drop shows an inclined solidified form when it hits the base, which is due to the combination of asymmetric diffusion, upward-downward oscillation, and solidification. This can be seen clearly in Figure 20. It was discovered that the undesirable solidified form depends on a variety of technological parameters, such as shock speed, drop rate, and base temperature. This dependence indicates that undesirable solidification patterns can be reduced by careful selection of these technological parameters. In particular, raising the impact inertia or decreasing the speed of solidifying is effective in restraining undesirable solidified forms. The results of this research provide a basis for the 3D simulation of liquid droplet deposition in a microgravity environment.



Qi et al. studied the ejection and flight of aluminum droplets in microgravity and further improved the calculation results by introducing the SST−KIC model [83]. Combining the experimental results, the microgravity simulation experiment of the injected droplet number is investigated, and the cause-free time is characterized. The effect of the Marangoni effect on the droplet flight process is introduced. The calculated droplet oscillation period agrees well with the theoretical equation in microgravity. The modified KIC−SST model can be used to simulate droplet printing under microgravity conditions.



The aluminum alloy space additive manufacturing methods discussed in this section offer a promising avenue for the future of space exploration and utilization. As the demand for lighter, stronger, and more durable materials increases in space applications, aluminum alloys stand out as a viable option due to their excellent mechanical properties and lightweight characteristics [24].



One of the key challenges in utilizing aluminum alloys for additive manufacturing in space environments is the control of microstructural evolution during the printing process. The microstructure of aluminum alloys plays a crucial role in determining their mechanical properties and performance in extreme space conditions. Therefore, there is a need for further research and development in understanding and controlling the microstructural evolution during additive manufacturing to ensure the reliability and durability of the printed parts [28].



Despite the challenges, the opportunities presented by aluminum alloy additive manufacturing in space are immense. The ability to fabricate complex metal parts in space using additive manufacturing techniques offers significant advantages, such as reduced logistics costs, increased design flexibility, and on-demand manufacturing capabilities. This could lead to the development of innovative space systems and components that are optimized for specific space missions and requirements.



In space additive manufacturing, a large number of experiments are still required to prove the feasibility. But because of its cost, the basic parabolic aircraft flight, which provides a short microgravity environment, is a viable platform for simulating the zero-gravity environment in space.



Future developments in aluminum alloy additive manufacturing in space could involve the integration of advanced materials science, process optimization, and innovative design techniques. For instance, the use of novel aluminum alloys with improved mechanical properties and resistance to space environments could enhance the performance of printed parts. Additionally, the development of advanced additive manufacturing processes that can achieve higher precision and resolution could lead to the fabrication of more intricate and complex parts.





3. Ti-Base Metal Additive Manufacturing


3.1. Coaxial Electron Beam Wire Feeding


In the field of aviation and aerospace, titanium alloy has been widely used because of its high specific strength, high-temperature performance, and corrosion resistance. TC4 titanium alloy is the most widely used titanium alloy, representing more than 50% of the total commercial titanium alloy usage. These parts are usually cast or forged after machining. To ensure consistency, the processing of cylinder or complex parts requires the removal of more than 90% of the material. Due to the high cost of titanium alloy, the manufacturing cost is high, and the efficiency is low. Among all metal materials, titanium alloys have received considerable attention in AM because of their widespread industrial use, high production costs, and long lead times [84,85]. Ti-6Al-4V α + β alloy has been recognized as one of the world’s most widely applied titanium alloys due to its outstanding strength/weight ratio, fatigue endurance, and anti-corrosion properties [84,86]. Notably, it has emerged as a crucial material for airframe structural components in the aerospace industry. Mohammad Abuabiah examined the laser wire-feed metal additive manufacturing (LWAM) technique, which is a variation of the DED method. An LWAM system typically includes a six-axis robot, a laser head, an automatic wire-feed system, and, sometimes, a positioning table, as illustrated in Figure 21.



The deposited Ti-6Al-4V typically exhibits coarse columnar β grains (CGβ) with a prominent <001> solidification texture [88,89,90]. This characteristic results in anisotropic mechanical properties. In particular, the AM epitaxy has a width of a few mm and a few tens of mm in the deposition direction, so it is not suitable for space applications. Thus, the realization of full equiaxed β crystal (EGβ) in order to optimize the mechanical performance of Ti alloys is a major challenge.



Kovalchuk and Ivasxin [91] recently developed a novel coaxial EBM metal printing process. A schematic diagram of the experimental equipment is shown in Figure 21. This technique shows extraordinary control of deposition parameters, leading to rapid cooling rates, effectively inhibiting crude CG β formation and favoring EG β growth. This innovative method has great potential to improve the micro-organization and mechanical properties of titanium alloys in the field of additive manufacturing.



Yang et al. [92] have succeeded in producing a Ti-6Al-4V alloy with 2- and 5-bead walls using a coaxial electron-beam wire-feeding additive fabrication technique. This procedure is illustrated in Figure 22. The resulting structure exhibited a significant region of fine equiaxed grain (EGβ) and isotropic tensile properties. Furthermore, the forming mechanism of EGβ was analyzed. The prepared structure was composed of more than 85% equiaxed pre-beta grains with no texture, and no more than 15% columnar pre-beta grains. This large area of fine equiaxed pre-beta grains is due to a unique combination of the temperature gradient and the solidification rate. The solid phase transition took place in the intermediate temperature and after heat treatment, which resulted in the appearance of the non-continuous alpha and the short intra-granular α-lamella. The structure, which is characterized by fine equiaxed β grains and the above α shape, gives the material decreased anisotropy, high strength, and elongation.




3.2. Electron Beam Freeform Fabrication


Electron beam freeform manufacturing (EBF3, EBF3, or EBFFF) uses a wire-supply DED process with an electron beam as a heat source (Figure 23). The appropriateness of the treatment of titanium was demonstrated in earlier studies [93,94]. Given that the electron beam technique operates within a vacuum atmosphere (<5 × 10−3 bar), it is ideally suited for processing reactive materials such as titanium. The technology is suitable for use in space for additive manufacturing. The technique can be described as a near-net production process, showing a high deposit rate of 2500 cm/h. However, it usually needs an extra finishing step. In particular, it is unnecessary to have a typical high-power density in the range of 107 W/cm2 in an additive production application. This is to minimize dilution and because it is not required to penetrate deeply [95]. The resulting product is depicted in Figure 24.



Currently, this method is applied commercially for the production of solid structures of various kinds of titanium, tungsten, and Inconel alloys. A number of technical input parameters exist in the context of Wi-based EBF3—for example, (1) accelerating voltage, (2) beam current, (3) welding velocity, (4) thread feed velocity, (5) beam count, and (6) focal location—these can be widely varied and it may be difficult to choose the correct values [97]. Another element in the process design is the method of wire feeding. Generally speaking, a WAAM method employs an electrical arc as a power supply in which there is no magnetic field between a liquid drop and a baseboard. For Wi-based EBF3, the feed line input is not dependent on the power supply, so only a restricted degree of independence can be used to change the material input and power parameters. Appropriate height alignment between the lead tip and the electronic thermal source is essential to transport the substance and to provide a steady melting pool [98]. Because it is possible to control the melting pool and melting-pool temperature according to technological parameters and to create a weld bead in the course of solidifying, it is crucial to know the relationship between the technological parameters and the geometric shape of the weld bead to control the process and to gain an insight into the basic principles of EBF3. Based on the geometry of the weld bead and the understanding of the individual bead shapes, the ability to determine the optimal cross-section is a key factor in the later welding process and in creating more complicated geometries [99].



The optimum parameters of the construction of a single-strong wall are obtained, and the structure of both the pre- and post-heat-treated structures are related to the mechanical performance. The objective of Enzinger et al. [100] was to set up appropriate parameters for EBF3 in Ti-6Al-4V alloy and to find out their effects on the size of single-track and multiple-track joints with optimum construction order. Moreover, the structure and residual stress in the process of fabrication were analyzed, and the mechanical performance of both deposition and stress-relieving were evaluated.




3.3. Laser Directed Energy Deposition


DED technology is extensively applied to the in situ restoration of components with no loss of mechanical performance [101].



A Ti-base alloy was made by LDED, and Figure 25 shows the finished picture and an LDED sheet. In LDED, a liquid bath is created on the base material by a laser beam, which passes the mixed powder via a co-axial jet of the laser beam into the melt pool. On the basis of the specified scanning route of the laser beam, it is possible to construct a metallic component layer by layer. During the entire production process, the deposition is carried out in an argon chamber in which the oxygen level is below 100 ppm. In the process of deposition, a 6 kW laser beam with a diameter of 6 mm was arranged for scanning in a zig-zag fashion at a velocity of 1000 mm per minute, and the deposit velocity was 20 g per minute. This board has a thickness, length, and height of 40 mm, 120 mm, and 100 mm, respectively.



Xie et al. studied the development and instability of thermal capillary convection in liquid bridges, especially during the DED of the laser wire (Ti-6Al-4V) under weight loss [70]. They formulated a numerical model to describe the thermal capillary convection, determining that the presence or absence of gravity significantly affects the thermal capillary convection pattern in the metal–liquid bridge behavior. In Zhu’s article [103], it is concluded that due to the strong convection in the small melt pool, the laser additive fabrication technique can be considered as an alloying method for obtaining uniform composition. It has the huge potential to manufacture new types of Ti alloys by adding more kinds of alloying elements, which is very hard in conventional melting and casting technologies.




3.4. Electron Beam Melting


Research on spatial AM has focused on FFF with some exploratory experiments using the MAM techniques. Notable developments include the EBF3 technology developed by NASA’s LaRC in 2002. In this approach, the electron beam can melt and deposit wires under vacuum to construct complex metal parts regardless of microgravity. In 2007, Hafley et al. used the NASA C-9 microgravity research aircraft to evaluate the performance of EBF3 under microgravity conditions. They examined the angles of various wire insertions into the molten cell to assess their effect on sediment height and found no significant trends related to gravity or wire orientation.



In EBM technology, an increased working temperature may lead to a smaller residual stress, but the concurrent effect of aging should be reduced accordingly. γ-TiAl with a nominal composition of Ti-47.5Al-5.5Nb-0.5 W (at.%) processed by electron-beam-powder bed fusion technology has been reported as having excellent creep resistance at 1023 K by Reith et al. [104]. In addition to the benefits of fast production techniques and high energy efficiency, EBM components have also been reported to have lower residual stresses compared with laser-based procedures [105,106]. Therefore, there is no need for post-processing of the EBM-built function components.



Ti-6Al-4V powder was used by Tan et al. and all the test specimens were manufactured in the same way as commercial impellers with Ti-6Al-4V ELI powder [107]. Commercial impellers with a basic diameter of 100 mm and a height of 43 mm have been produced by the EBM additive fabrication technology. As illustrated in Figure 26. metallism, edema, and smoke were found to be frequent problems in the production of EBM. Many near-spherical holes and defects caused by the absence of fusion have been observed in EBM-fabricated Ti-6Al-4V specimens. The microstructures of Ti-6Al-4V as constructed by EBM are composed of a columnar pre-beta particle defined by a wavelike border α, and a modified α/β configuration, which is characterized by a combination of colony and basket-wave morphology, and a number of singular α platelets within the prior β grains. It is discovered that the beta phase is composed of discrete flat bars that are embedded in the continuous alpha phase. With a reduction in the build thickness, the structure is finer, that is, the former β and the second one are smaller. Researchers suspect that there is a tiny fraction of α′ martensite in the 1 mm specimen because of the slightly different XRD patterns as compared to the XRD pattern of the 10 mm specimen. The EBM-fabricated Ti-6Al-4V has a graded mechanical performance at various thicknesses, possibly due to micro-structure differences.



This section describes the concrete process of titanium alloy additive production, which consists of the laser coaxial-line supply and the free-form of the electron beam. The most outstanding technology in the additive production of Ti samples is the laser coaxial-line supply. The technology provides remarkable benefits, such as high use of materials, accurate control of component geometry, and the capability to produce complex shapes [5]. The electronic beam provides a very high level of control over the melting process, producing components with superior mechanical performance [91]. This approach is especially applicable to the fabrication of titanium-based metallic components in space since it can be carried out in a vacuum without requiring a protective atmosphere. These technologies are highlighted for their advancements and applications in fabricating titanium-based metal parts in space environments. This review highlights both the advantages and challenges of such approaches, with emphasis on their potential to be used in the production of titanium compounds in space.



The potential for titanium-based metal additive manufacturing in space environments is immense. The ability to fabricate complex and lightweight titanium parts in orbit could revolutionize space exploration, enabling the construction of larger and more capable spacecraft. Future research and development efforts should focus on addressing the current challenges while leveraging the advancements in titanium-based metal additive manufacturing to enable the next generation of space exploration missions.





4. Fe-Base Metal Additive Manufacturing


4.1. Hybrid SLM/DED Additive Manufacturing


High-strength steel has high strength and toughness and plays an important role in aerospace and other fields. However, it is difficult to forge and has high requirements for thermal processing, which limits its further development and application. Additive manufacturing technology can realize the high-performance accuracy and rapid forming of metal components, which provides a new way of manufacturing high-strength steel. More and more recent AM techniques have been applied for the AM of metal materials, for example, SLM and DED [108]. SLM enables the production of components with high dimension precision and superior mechanical performance, but this is time-consuming and the SLM machine’s chamber dimensions restrict the number of components that can be manufactured. DED is faster and has no limit on its dimensions but at the cost of lower dimensional precision and worse mechanical performance. Thus, a new hybrid method combining both technologies would produce a wide variety of products that would allow for maximum efficiency in both technologies. The major driving force behind the hybrid technique is the flexibility of the production process, the cost savings, and the quicker production-to-market time.



The approach that comes closest to this is the combination of the two AM methods that have been announced in recent years for SLM and the fabrication of single AISI 316 L components with laser deposition [109]. Hybrid printing could be a critical step towards the AM of large-scale components. As illustrated in Figure 27., AM, with its fast melting, cooling, and subsequent reheating, usually results in a structure with high residual stresses, which results in the formation of a dislocation substratum and segregation [110,111]. The features of the AM technique include many macro-defects, especially pores and areas of unmelted powder. Furthermore, unwanted phases may be generated in AM, which, in conjunction with the flaws, will adversely affect the mechanical performance of the fabricated piece. This makes microstructure control a critical challenge for AM, especially for complex alloy systems.



A sample of a mixed SLM and DED AM-processed Inconel 718 was examined by Godec et al. [110]. The hybrid process created a complex and diverse microstructure. The SLM surface was cuboid in shape, cylindrical in shape, with well-defined dislocation substructures and extremely small Laves phases and oxides. In contrast, the DED component was characterized by a coarse dendrite structure, which was characterized by large, discontinuous Laves and (Nb, Ti) C. The results indicate that a mixed process can be achieved by using appropriate geometric shapes on the surface. The results show that the DED component is weakened due to the flaws of the pores and the Lave-phase grains. Consequently, cracks are often found in the DED side in tension tests.




4.2. PBF


In 2019, Zocca et al. [112] utilized an LPBF technique under a microscope to treat stainless steel 316L (SS316L) powder. They introduced a customized PBF system (depicted in Figure 28), incorporating their patented “gas-flow aided powder deposition” process [58]. This innovative approach addresses powder feed challenges without relying on gravitational pull. To achieve powder stabilization, a porous base plate and a suction pump were employed, creating a differential pressure between the upper and lower regions of the powder bed. In addition, PBF has recently been successfully demonstrated in microgravity conditions.



The SS316L powder (density = 7.89 g/cm3) employed had an apparent packing density of 3.97 g/cm3, the grain diameter distribution D10 was 23.77 μm, the D50 was 37.65 nm, and the D90 was 62.62 μm. The customized PBF apparatus consisted of two components: a laser and deposition system, and a control and circulating gas (nitrogen) pump. The PBF unit weighed 334 kg and had a power consumption of 1200 W. The laser system consisted of a IPG 200W CW laser(producted by Germany IPG) with a 1070 nm wavelength and a ScanLab Laser Optical Beam. Laser operation was carried out at a power output of 100–120 w, with a dot size of about 48 µm on the powder surface. The substrate (106.5 × 85.5 × 5 mm) is made of SS316L. In the course of PFC flights, the authors tried three types of replacers: (1) a normal roll recoater; (2) a deposit cell composed of a double-side cabinet; and (3) a lower V-shape with a one-millimetre slot. The V-shaped recoater uses a piezo actuator to control the flow of powder, resulting in the highest number of repeated layers. In normal (that is, earth-based) PBF, there are two main forces, gravity and interparticle forces, which are applied to the powder grains. The equilibrium between the two forces determines the velocity and filling of the grain. The flow-aided approach introduces a drag force equal to that of gravity in microgravity, which allows the stabilization of the powder bed.



The PFCs comprised four flights, each with 31 parabolas and a total of 45 min of microgravity. Because of the limitation in continuous microgravity (22 s) time, the deposition of the powder layer and the laser fusion occurred at various degrees of gravity. Flights 1–3 were devoted to assessing the feasibility of controlling powder layers in microgravity via gas flow-assisted powder deposition, with the laser melting taking place in the subsequent 1 g phase. Two wrenches (55 × 12 × 3 mm) were printed with a thickness of 0.1 mm, a scanning speed of 500 mm per second, and an opening distance of 0.024 mm. The fourth flight was designed to investigate the influence of various gravitational conditions on laser melting. Using identical technological parameters, three free-standing walls (1 mm thick) were printed by means of a powder deposition in the 1 g stage of a run, and a single sample was laser-fused at a microgravity stage, a second sample at 1.8 g, and a third sample at 1 g in the same stratum for all three samples.



The wrenches were analyzed by light and X-ray CT, and the wall was analyzed by SEM and SEM. The analyses showed no fault attributable to microgravity. Optical microscopy demonstrated complete melting within the walls with minimal porosity incidence. SEM results showed that the structure of the PBF-treated SS316L was characteristic. The investigators indicated that there would be no significant influence on the structure or density under reduced gravity because, in PBF, the process of forming the melt pool is mainly driven by the surface tension, capillary forces, and inertial forces; however, because of the limitation in the number of specimens available for PFCs, it is impossible to perform an overall analysis. In addition, they indicated that PFCs may not be appropriate to test varying the powder bed density, which may have an impact on the quality of the component, and, therefore, PFCs are unsuitable for the further classification of microgravity PBF based on gas-flow-based PBF.



Zocca and others [58] recognized the limitations of GFA, namely that components with a wall thickness above 2 mm were impractical because they would restrict the airflow from reaching later layers of powder. Instead of fully dense wrenches, their design adopted hexagonal and single-wall infill patterns. To provide adequate gas flow, the gas-flow-based powder deposition process can be restricted by additional limitations, e.g., restricted geometry and carrier construction. Additionally, a gas flow of 10–20 L/min can only stabilize powder beds up to 80 mm thick. Supplying more than 20 L/min resulted in rough non-uniform layers. A powder bed with a thickness of 80 mm is possible by raising the pressure on the roof of the construction chamber; however, this would likely make the system larger.



Malshe et al. explored the basic science underlying metal-ceramic composites and their interfaces, especially by studying Inconel-718 alloy treated with L-PBF [114]. By analyzing the synthesized composite, it is clear that the diffusion of Ferrel into the regolith occurs at higher energy density, while insufficient fusion is observed at lower energy density. There is a trend between the volume energy density and the surface roughness values of all composites, with the optimal energy density (45.45 J/mm3) producing the lowest surface roughness.




4.3. Directed Energy Deposition


In space, not only is gravity weaker but the temperature is also relatively low. Li et al. used the DED process to print SS316L powder at different ambient temperatures (20 °C and −3 °C) [115]. The experimental results help to explore the field DED process near freezing. The results indicate that the DED process can proceed smoothly at the colder ambient temperature. Furthermore, the molten pool is easier to form, and lowering the ambient temperature increases its size. At the cooler ambient temperature (−3 °C) in this study, the sample has a large deposition size (height and width). Fluid flow in DED affects the pool shape mainly due to the Marangoni effect. The velocity of the fluid increases away from the center, resulting in increased pool width and height. At the beginning of the deposition sequence, near 10 s, solidification is delayed in the liquid metal. This indicates that the heat transfer pattern dominates in the DED process.



Gu and Li [116] have established a CFD simulation model that takes into account the microgravity and the pressure in the DED treatment of 316L stainless steel. The results of their simulation offer four main conclusions: (1) irregular deposition trails are present in microgravity because of the dominant surface tension in the melt pool dynamics, (2) uneven deposition can be minimized by decreasing the amount of wire deposited per unit length, (3) evaporation of the material is more probable with a reduction in the pressure, and (4) a reduction in the laser power or an improvement of the scanning rate can prevent the occurrence of material evaporation. Experiments were carried out to verify their model by depositing 316L stainless steel at 1 g. The enhancement is illustrated in Figure 29. Scientists at the Federal Institute for Materials Research and Testing, Novespace, and the German Aerospace Center have demonstrated that 316L stainless steel can be treated using laser PBF.




4.4. SLM


Inconel 718 is a Ni-base alloy that has been extensively applied in the field of additive production for aerospace applications because of its high intensity and rigidity. Earlier attempts to describe SLM Inconel 718 (Figure 30) have made comparisons between the mechanical performance of the product and that of the traditional fabricated, cast, and wrought materials. The performance of SLM Inconel 718 can be at least equal to that of the Inconel 718 manufactured by forging or casting [117]. Zhao et al. showed that using SLM to produce Inconel 718 components using a plasma rotation electrode preparation (PREP) powder produced characteristics similar to those of conventional Inconel 718 [118]. Many studies focused on the fracture fatigue properties of Inconel 718. Past work has shown that SLM Inconel 718 has a smaller fracture resistance and a shorter fatigue life [119,120] compared to conventional Inconel 718. Konečná et al. discovered that SLM Inconel 718 had a minimum fatigue intensity along a line of construction [121]. In this paper, the fatigue intensity was measured in parallel with the overall construction direction.



In 2013, Paul et al. [122] performed an analytical and experimental study of laser additive manufacturing on vertical surfaces using AISI 304 stainless steel, highlighting the geometric aspects of the deposition trajectories under various processing parameters. They introduced a new LRM head designed specifically for vertical surface applications, as well as an analytical model containing the effects of gravity on molten deposits. The results show that LRM on a vertical surface can successfully produce components with specific geometric features, thus providing insight into the influence of parameters on melt pool geometry, deposition efficiency, and surface quality. However, creating analytical models to manage process parameters and other spatial conditions (such as a vacuum environment) will be complex. Furthermore, it will be challenging to accurately explain the interactions between the powder and the laser beam, the substrate, and various physical phenomena.



This section presents various iron-based metal additive manufacturing techniques, including hybrid SLM/DED additive manufacturing, powder bed fusion, directed energy deposition, and selective laser melting. Hybrid SLM/DED combines the strengths of SLM and DED, enhancing production capabilities. Powder bed fusion employs lasers or electron beams to melt metal powder layers, layer by layer [68]. Directed energy deposition focuses heat energy to simultaneously melt and deposit material, suitable for on-site repairs without compromising mechanical properties [70]. Selective laser melting uses lasers to melt metal powder layers for complex part production. These techniques, such as hybrid SLM/DED, powder bed fusion, directed energy deposition, and selective laser melting, provide unique advantages for fabricating iron parts in space environments. Each technique has its own merits and challenges, furthering the progress of metal additive manufacturing technology in space exploration.





5. Cu-Base Metal Additive Manufacturing


5.1. Laser-Based Directed Energy Deposition


The aerospace industry needs high-performance wear-resistant and wear-resistant alloys, which has attracted increasing attention to copper-based materials. These materials are expected to be used in aviation high-temperature applications, as well as low-temperature applications such as bearings and valves, because of their excellent thermal conductivity and satisfactory high-temperature strength. The GRCop, GlidCop, and CuCrZr series are the most commonly used alloys in this respect, although the complex shape and design of the components manufactured using these alloys pose great manufacturing challenges. However, recent advances in additive manufacturing technology have enabled the production of complex shapes and designs at a reasonable cost and time. GRCop-42, which is being considered for use as the inner lining of combustion chambers, has a nominal component of 94 percent Cu, 4 percent Cr, and 2 percent Nb [123]. Cr and Nb have limited solubility within Cu, which causes the formation of Cr2Nb precipitates within a relatively pure Cu matrix upon solidification [109]. These Cr2Nb deposits are in the form of face-centered cubic (FCC) crystals, and the Strukturbericht symbol is C15 [124,125]. Cr2Nb deposits can assist in the enhancement of GRCop alloys [123,124,125], and because of their high heat stability, they can limit the growth of Cu grains at a high temperature by means of grain boundary pinning [124,125]. GRCop alloys were prepared by the combination of LPBF and LDED [126]. Those achievements were extended to GRCop and superalloys (Figure 31), which are used as a base for the combustion chamber of a reusable liquid rocket engine.



Iams et al.’s paper [127] indicates that it is crucial to have a thorough knowledge of the forming of the second phase in the GRCop-42 microstructure since the alloy derives its high-temperature characteristics from Cr2Nb forming in the Cu substrate. The deposition order of Alloy 718 and GRCop-42 dual metallic structure influences the deposit form, composition, and crystalline structure in GRCop-42 material, especially in the vicinity of the boundary. When GRCop-42 is first deposited followed by Alloy 718, C15 Cr2Nb is seen in GRCop-42. With the reversal of the deposition order, dilutions and convection mixing led to an increase in Ni and Fe composition in GRCop-42 over 1 mm away from the boundary. This concentration of nickel and iron helps to form two separate secondary deposits, C14 Laves (Cr, Ni, Fe) 2Nb and BCC α Cr in the GRCop-42 material. Further studies are needed in order to comprehend the effects of the C14 Laves and BCC alpha Cr stages in GRCop-42 on the following thermal processing and performance.




5.2. SLM


SLM is a kind of laser melting that uses a high-energy laser beam to achieve metal powder fusion and thus form physical components. SLM has a high cooling rate in the range of 105~108 k/s, which can help refine microstructure and improve mechanical properties. However, for near-infrared (NIR) lasers, copper alloys have the characteristics of high laser reflectivity and high thermal conductivity, resulting in low relative density and poor mechanical properties of the fabricated parts when NIR lasers are used in their production. To solve this problem, Zhang et al. [128] prepared Cu-Cr alloy with a relative density of 99.98% using 2000 w of laser power and found that the tensile strength, elongation, and conductivity of the prepared alloy were 235 MPa, 26%, and 37.8%IACS, respectively. As is shown in Figure 32, SCUDINO et al. [129] prepared Cu-10Sn alloy using a 210 mm/s scanning rate, and the tensile strength of the prepared alloy reached 420 MPa. JADHAV et al. [130] used C nanoparticles to modify the surface of argon atomized Cu-1Cr (mass fraction) alloy powder and obtained a surface modification layer composed of Cr and Cr3C2 to improve the laser absorption rate. The relative density of the Cu-Cr alloy prepared by SLM reached 99%. The above method can effectively improve the relative density of SLM copper alloy; however, the influence of SLM process parameters on the microstructure and defects of copper alloy needs to be further explored.



Hays et al. [131] demonstrated by means of X-ray and neutron-ray CT scanning, as well as thickness measurements, that the SLM of GRCop-84 has the capability to remove powder from solids. This density was measured as 99.875% of theoretical density for a 2 mm diameter cylinder and calculated as ~99.90% for parts of more reasonable size. It is suggested that a more detailed assessment of the geometric shapes of complex inner characteristics should be made in order to determine when collapse will occur for such complex characteristics. Round 1 mm channels with a 40° slope will sag to a sufficient degree that the semi-minor axis is off-nominal by 0.06″. To keep the tolerance, a lower limit of 45° is proposed for internal channels.




5.3. PBF


EB-PBF is also called electron beam melting (EBM) [132]. As illustrated in Figure 33. Unlike L-PBF, EB-PBF is a kind of AM technology in which a high-energy electron beam is used to melt metallic powder layer by layer. Compared to the L-PBF method, it can prevent problems such as high heat conduction and low absorption rate for copper-based alloys. The powder bed is pre-heated before it is melted, and then the electron beam quickly scans the powder bed to reduce the residual stress. The mechanical properties of the components made with EB-PBF can be compared with those of normal fabrication. Because of the greater power and the greater scanning speed than in L-PBF, the EB-PBF method generally employs the bulk of the powder, which leads to a rougher surface of the components as constructed [132]. However, the research conducted on CuCrZr and CuCrNb alloys made with EB-PBF technology has been very limited.



L-PBF, commonly known as direct metal laser sintering, selective laser fusion (SLM), or direct metal laser melting, is a classic AM technique. As illustrated in Figure 30, the process is based on the discrete stacking principle. First, a coating of powder is laid on the construction surface, and then a laser beam is applied so that the powder can be fused into the selected regions using a CAD pattern template [134]. When the powder is processed, the powder can be melted by the laser, and the solidification is rapid. Next, the construction stage is moved downward (one layer thick), and the second layer of powder is laid on the flat surface. This process is repeated until several hundred layers have been fused and a part has been constructed. Although L-PBF can be used for constructing full-density, complicated 3D parts, it is costly and can be used for high-value parts such as aerospace parts. Up to now, the majority of the AM-ed CuCrZr and CuCrNb alloys have been fabricated using L-PBF technology. Gradl et al. [132] presented a summary of the components required by various AM processes. For PBF machines, the construction capacity is restricted to 1 m3 because of a number of constraints (such as construction cases, hardware, and so on) that cannot be easily found in documents.




5.4. Special Directed Energy Deposition


The other DED technology is AW-DED, which takes the lead as the most used. In addition to LW-DED, an arc instead of a laser [134] is used as a thermal source. This method is also known as FAAS (WAAM). Rather than powder, the feedstock is wire, which is melted by arc or plasma arc. The process of AW-DED is illustrated in Figure 33. Because of its high efficiency and low cost, AW-DED can be used for the construction of large-scale components [135]. In general, parts produced by AW-DED have a rough surface. Up to now, only a handful of studies have been conducted on CuCrZr alloys fabricated using AW-DED technology.



The HLADED method is a new type of additive production technology that integrates an electric arc with a pulsed laser (Hybrid Laser Arc, HLA) for DED [136]. As illustrated in Figure 33, HLA can improve the rate of deposition and improve the permeability of the material, so that the amount of heat input, the temperature stress, and the thickness of the heat-affected region are decreased. At a high construction rate, the hybrid laser arc can be stabilized [137]. HLADED is used to minimize defects such as voids, burn-out, and discontinuities when manufacturing parts, to improve the mechanical performance of the finished parts. Because of the combined effect of the laser beam, HLADED is usually used to produce superior mechanical performance compared with the AW-DED method. This technology has been applied to iron, magnesium, and copper alloys [138], but only a limited amount of research has been carried out on the HLADED CuCrZr and CuCrNb alloys.



Zhu et al. highlight the significant shortcomings of the MAM tests on the ISS [139]. Direct experiments with additive manufacturing on the ISS are essentially limited, due to limited space, stringent launch restrictions, and strict safety requirements. Thus, modeling and simulation have become essential methods for an initial assessment of the feasibility of spatial conditions and various processes without the excessive costs and logistical barriers associated with physical testing. Recently, numerical simulations have been shown to be an economically reliable method to predict the quality of components fabricated using the MAM method. Simulation software (such as Ansys 2023; Sysweld 2021 and so on) is invaluable to obtain a comprehensive understanding of all aspects of metal 3D printing technology. It can help researchers identify the best part orientation, understand the thermomechanical behavior, and predict the potential deformation in the metal 3D printing process.



This section details copper-based metal additive manufacturing techniques, encompassing laser-based directed energy deposition, powder bed fusion, and hybrid SLM/DED additive manufacturing [140]. Laser-directed energy deposition employs a laser to generate a molten pool, with mixed powders fed through a nozzle aligned with the laser beam, enabling metal-part layer stacking. Powder bed fusion utilizes high-energy electron beams to melt metal powder, layer upon layer, for part fabrication. The hybrid SLM/DED approach combines selective laser melting (SLM) and directed energy deposition (DED) technologies and is tailored for copper-based metal component production in space environments [141]. These methods, laser-based directed energy deposition, powder bed fusion, and hybrid SLM/DED additive manufacturing, provide innovative routes for copper-part fabrication in space. Each technique offers distinct advantages and challenges, promoting the development of metal additive manufacturing technology in the field of space exploration.





6. Advantages and Challenges of AM in Space


6.1. Advantages of AM in Space


Given the future human exploration of the moon or Mars, AM will be essential to repair damaged parts and supply specific components that are out of stock. In additive manufacturing for space applications, the use of a laser as a heat source offers many benefits, including high precision and control, which are critical for spatial microgravity, and the versatility of handling different materials, unlike electron beam methods, requiring no vacuum. The laser also produces less electromagnetic interference, which is advantageous in sensitive electronic environments, and provides excellent thermal management and energy efficiency, making it ideal for spatially challenging conditions. In addition to the technology, the types of materials are also affected, and traditional additive manufacturing materials can be filamentous, powdered, and molten liquid. Filamentous materials were first used in additive manufacturing on polymer materials, demonstrating the feasibility of making custom components in space. The main AM technique used in space-based tasks is FFF. This polymer-based additive manufacturing technology employs silk and is formed through nozzle extrusion under pressure. However, this is limited to polymer experiments. To overcome these limitations, some studies have focused on materials that enhance mechanical properties, such as metals, and composites, to expand the use of FFF, thus broadening the vision of AM technology in space exploration. PBF is one of the most recognized methods of metal AM, using high-power beams to selectively melt the metal powder layer, a process applicable to microgravity by using airflow rather than gravity to maintain the powder position. Zocca et al. used laser PBF technology to process 316L stainless steel powder in microgravity, using a specialized PBF system that utilized a patented “airflow-assisted powder deposition” technology [113]. This approach has been tested in PFC; however, it has inherent limitations, including the inability to construct components with a wall thickness greater than 2 mm due to limits in airflow. Compared to powder-based methods, the use of metal wires in space greatly simplifies material handling, reduces pollution risk, and simplifies the logistics of producing objects in microgravity environments.



These technologies can achieve customized, efficient, and environmentally friendly metal parts manufacturing through precision control of material composition and process parameters. Due to the costs and technical difficulties of manufacturing in space, research still uses parabolic aircraft to achieve brief low-gravity conditions.



Due to the particularity of the space environment, it is difficult to directly apply ground-based 3D printing technologies at present, requiring the adaptation of materials, equipment, and control methods. There are also many technical difficulties, such as the flow process of molten metal in the microgravity environment, the selection of space materials, and the adaptation of equipment. We need to use space experiment platforms to improve our space manufacturing capabilities. Space manufacturing technology is still in the stage of technical validation, and there is a need to carry out a large number of basic research and key technology research studies, through further study of high vacuum, low gravity, and strong irradiation complex use environments and all kinds of material forming mechanisms. There is also a need for breakthroughs in low power consumption, miniaturization of manufacturing equipment key technologies, and to establish space manufacturing series standards and specifications, build modular, intelligent in situ manufacturing technology systems, and create deep space manufacturing capacity in the process of exploration.




6.2. Challenges of Space Additive Manufacturing


Despite the advantages, the challenges of space additive technology cannot be ignored. The extreme conditions of the space environment, including vacuum, microgravity, etc., put forward higher requirements for 3D printing equipment and printing materials. Scientists need to constantly optimize existing technologies to find new materials and processes that are more adaptable to the space environment. At the same time, the commercialization and industrialization of space additive manufacturing also require a better system in terms of regulations, standards, and sustainability. Through real-time manufacturing in space, space additive manufacturing will provide key technical support for future deep space exploration and long-term space missions, as well as a new thinking and development direction for manufacturing industries on Earth. Continuous exploration and breakthroughs in this field will play an increasingly important role in the future space age.



Emphasis has been placed on the achievements achieved during the parabolic flying campaigns, sounding rocket tests, and re-entry missions, and the demonstration of the feasibility of utilizing suitable platforms to advance the development process. However, there are some limitations on the iterative rate and overall time. Microgravity, for instance, severely limits growth. To effectively utilize the various spatial simulation platforms, it is essential to understand the effects of the various physical parameters on material characteristics, manufacturing techniques, and techniques. The lack of gravity, for example, has only a limited impact on the substance, but it has a significant impact on the process and technique. Conversely, the influence of vacuum on technique and technique is very limited, but it has a remarkable influence on the quality of the material. Obtaining a clearer picture of those relationships will be helpful for effective experimental design and selection of suitable platforms. The breakthrough and development of space additive manufacturing technology will not only provide strong support for China’s space exploration but also drive the development of related industries on a global scale.



Future space additive manufacturing technology has a broad development trend. First, its applications will continue to expand, from the printing of parts and tools to the construction of infrastructure such as space stations and the manufacturing of large structures. Secondly, the cooperation between global scientific research institutions and enterprises will become an important force in helping the development of space additive manufacturing technology. Finally, coping with challenges such as material selection, printing accuracy, and equipment stability will be an important topic for future research in this field. The development prospect of space additive manufacturing technology is broad, and challenges and opportunities coexist. In addition, space additive manufacturing technology requires high quality and reliability, tight schedule requirements, changeable tasks, and “one success” [139,142].



6.2.1. Raw Material Demand


Due to the special space environment, powder has the potential for dispersion and explosion, making it difficult to apply, store, melt, and stack in the zero-gravity environment of a space station [143,144]. A new process method for 3D printing of continuous fiber-reinforced composite materials was proposed by Xi’an Jiaotong University [145,146], which mainly studied the mechanical properties of CF/ABS composite samples with a 10% volume fraction [147,148]. The fine powder can be restrained in a weightless environment to ensure the stability of the material during the manufacturing process, so that the material can be formed and manufactured with high precision, providing new materials for the in situ manufacture of optical components such as semiconductors in future space exploration. Metal materials also have related applications in space additive manufacturing [149]. Advanced wire laser additive manufacturing technology is being developed, the main principle of which is to focus multiple laser beams on the substrate to form a molten pool, the wire being vertically fed into the molten pool. Temperature changes in the manufacturing process can be observed using infrared thermal imaging. This allows the molten pool temperature, thermal cycle, and solidification process to be obtained. Based on the camera observation of the entire manufacturing process, the melting and diffusion behavior of the wire can be understood. At the same time, the metal wire laser additive manufacturing technology has been verified on the ground allowing the exploration of the changes in molten pool behavior, metal parts geometry, structure, and mechanical properties under a special space environment (microgravity) [150].




6.2.2. The Influence of Microgravity Environment


In the microgravity environment, the stability of the molded parts and the mechanical properties of the materials will change to some extent, resulting in some differences between space-manufactured and ground-manufactured samples. In addition, the formation of a non-equilibrium phase in the manufacturing process may also be affected in the microgravity environment [47]. Furthermore, drift, lag, and other motor system characteristics in space operation may also cause differences [151]. Therefore, how to realize in-orbit additive manufacturing and the recycling of materials in special space environments such as microgravity and high vacuum has become an urgent problem to be solved.



Droplet deposition 3D printing technology can advance space manufacturing without the use of large energy equipment or custom materials and is considered to be a promising space additive manufacturing technology [58]. GU et al. [80] mainly through the development of a CFD transient model, studied the effect of extreme gravity and pressure in the process of wire-feeding laser metal deposition in space. In this process, the composite process factors such as material addition, phase transformation, surface tension, melting and solidification, gravity, pressure, material temperature characteristics, and moving Gaussian heat source are considered, and the model is deposited in different directions on the earth to verify the experiment.



The results of research of the literature show that under the condition of weightlessness, surface tension will dominate the molten pool dynamics, resulting in irregular deposition trajectories. When the pressure is lowered, the substance is more likely to vaporize; Finally, vaporization of the material can be avoided by reducing the laser power or increasing the scanning speed, as shown in Figure 34 [80], where g represents gravity and v represents velocity. However, 3D-printed ground simulations of water drop deposition under microgravity conditions are still difficult to achieve, because the diffusion and regression processes are affected by gravity. Therefore, it is urgent to clarify the influence mechanism of gravity on droplet impact and solidification. Through the combination of numerical simulation and experiment, the authors of [152] studied the deposition of metal droplets for shock dynamics and transient solidification on a vertical substrate. They observed that the expansion and contraction of the droplet are asymmetrical, and the solidification shape tilts in the direction of gravity. The results show that the asymmetric diffusion, contraction, and solidification shape of the droplet is the result of the interaction between gravity and solidification. In addition, the inclination of the solidified droplet is related to the critical process parameters (impact velocity, droplet temperature, and matrix temperature). Due to its large impact inertia and low solidification speed, it can effectively eliminate the undesirable solidification shape, laying a foundation for further research on the ground physical simulation of three-dimensional printing of droplet deposition in outer space [152].



During manned flights to Mars or working at lunar bases, astronauts would be in isolation and low-gravity environments for long periods. If astronauts are sick, or injured or their bone structure degrades in microgravity conditions, it is essential to provide them with specialized medical care. Therefore, the first success in printing bone tissue with ceramic particles and biomaterials under zero-gravity conditions provides medical support for the all-round development of in-orbit manufacturing in space [153].




6.2.3. The Effects of Space Debris


The safety of additive manufacturing in the space environment is also important. More and more debris in the space environment poses a great threat to the flight safety of spacecraft. In the process of space electron beam welding, the molten pool and cold welding wire may fall off. In [153], a theoretical model of the possibility and magnitude of metal liquid escaping danger in the process of low-Earth-orbit electron beam welding was established. Based on the principles of collision kinetic energy, surface tension, water drop geometry, surface energy, and particle dynamics, the paper deduced that the separation parameters of the molten pool depend on the shock separation conditions of the molten pool.






7. Conclusions and Future Outlooks


The additive manufacturing technologies used for aluminum, titanium, iron, and copper-based metals are introduced in this article. The use of additive manufacturing in space exploration has demonstrated its important ability to reduce mission costs, improve safety, and produce complex components on demand in harsh environments. Based on this review of the relevant literature, the following conclusions can be drawn:




	(1)

	
The space environment poses challenges to the additive manufacturing of aluminum, titanium, iron, and copper, but these metals play an indispensable role in space. Additive manufacturing simulation can be conducted in the form of ground microgravity simulation to provide conditions for the further exploration of space.




	(2)

	
Aluminum, iron, and titanium, as key materials in the field of aerospace, have great potential to realize space additive manufacturing (part of the current technology and realization), while, copper as a rocket thruster material, is also particularly important.




	(3)

	
In terms of application needs and key technologies, although space additive manufacturing has gradually formed a clearer context, how to meet these needs and applications still faces technical and economic challenges, and further basic research needs to be carried out, including material selection for space in-orbit manufacturing, material performance testing, process selection, and performance testing of manufactured goods.
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	AM
	Additive manufacturing



	SLA
	Stereolithography



	FDM
	Fusion deposition modeling



	SLM
	Selective laser melting



	SLS
	Selective laser sintering



	DLP
	Direct light processing



	RFP
	Rapid fast prototyping



	NASA
	National Aeronautics & Space Administration



	ESA
	European Space Agency



	ISS
	International Space Station



	LBM
	Laser beam melting



	ROSCOSMOS
	Russian Federal Space Agency



	ISRU
	In situ resource utilization



	PFC
	Parabolic flight campaign



	MAM
	Metal additive manufacturing



	LMD
	Laser metal deposition



	LW-DED
	laser wire direct energy deposition



	LaRC
	Langley Research Center



	EBF3
	electron beam freeform fabrication



	LWAM
	Laser wire-feed metal additive manufacturing



	PREP
	Plasma rotation electrode preparation



	CFD
	Computational fluid dynamics







References


	



Frazier, W.E. Metal Additive Manufacturing: A Review. J. Mater. Eng. Perform. 2014, 23, 1917–1928. [Google Scholar] [CrossRef]

	



Brown, D. The Story of the World’s First Zero Gravity Printer; Redwire Space: Jacksonville, FL, USA, 2023. [Google Scholar]

	



Kodama, H. Automatic method for fabricating a three-dimensional plastic model with photo-hardening polymer. Rev. Sci. Instrum. 1981, 52, 1770–1773. [Google Scholar] [CrossRef]

	



Mohamed, O.A.; Masood, S.H.; Bhowmik, J.L. Optimization of fused deposition modeling process parameters: A review of current research and future prospects. Adv. Manuf. 2015, 3, 42–53. [Google Scholar] [CrossRef]

	



Khorasani, A.; Gibson, I.; Goldberg, M.; Littlefair, G. On the role of different annealing heat treatments on mechanical properties and microstructure of selective laser melted and conventional wrought Ti-6Al-4V. Rapid Prototyp. J. 2017, 23, 295–304. [Google Scholar] [CrossRef]

	



Sing, S.L.; Yeong, W.Y.; Wiria, F.E.; Tay, B.Y.; Zhao, Z.; Zhao, L.; Tian, Z.; Yang, S. Direct selective laser sintering and melting of ceramics: A review. Rapid Prototyp. J. 2017, 23, 611–623. [Google Scholar] [CrossRef]

	



Wang, X.; Jiang, M.; Zhou, Z.; Gou, J.; Hui, D. 3D printing of polymer matrix composites: A review and prospective. Compos. Part B Eng. 2017, 110, 442–458. [Google Scholar] [CrossRef]

	



Pham, C.B.; Leong, K.F.; Lim, T.C.; Chian, K.S. Rapid freeze prototyping technique in bio-plotters for tissue scaffold fabrication. Rapid Prototyp. J. 2008, 14, 246–253. [Google Scholar] [CrossRef]

	



Atyam, D.M.; Nguyen, N.H. Designing and Testing Liquid Engines for Additive Manufacturing. In Proceedings of the 51st AIAA/SAE/ASEE Joint Propulsion Conference, Orlando, FL, USA, 27–29 July 2015. AIAA 2015-4051. [Google Scholar] [CrossRef]

	



Koelbl, M.B. Technology Development and Trends Liquid Rocket Propulsion. 2015. Available online: https://ntrs.nasa.gov/citations/20150016572 (accessed on 2 April 2024).

	



Makaya, A.; Pambaguian, L.; Ghidini, T.; Rohr, T.; Lafont, U.; Meurisse, A. Towards out of earth manufacturing: Overview of the ESA materials and processes activities on manufacturing in space. CEAS Space J. 2023, 15, 69–75. [Google Scholar] [CrossRef]

	



Misra, A.K.; Grady, J.E.; Carter, R. Additive Manufacturing of Aerospace Propulsion Components. 2015. Available online: https://ntrs.nasa.gov/citations/20150023067 (accessed on 2 November 2023).

	



Shemelya, C.M.; Zemba, M.; Liang, M.; Espalin, D.; Kief, C.; Xin, H.; Wicker, R.B.; MacDonald, E.W. 3D printing multi-functionality: Embedded RF antennas and components. In Proceedings of the 2015 9th European Conference on Antennas and Propagation (EuCAP), Lisbon, Portugal, 13–17 April 2015. [Google Scholar]

	



Halbig, M.S.M.C. Additive Manufacturing of SiC-Based Ceramics and Ceramic Matrix Composites. 2015. Available online: https://ntrs.nasa.gov/citations/20150018259 (accessed on 15 November 2023).

	



Balla, V.K.; Roberson, L.B.; O’Connor, G.W.; Trigwell, S.; Bose, S.; Bandyopadhyay, A. First demonstration on direct laser fabrication of lunar regolith parts. Rapid Prototyp. J. 2012, 18, 451–457. [Google Scholar] [CrossRef]

	



National Research Council. 3D Printing in Space; The National Academies Press: Washington, DC, USA, 2014. [Google Scholar]

	



Mikolajczyk, T.; Malinowski, T.; Moldovan, L.; Fuwen, H.; Paczkowski, T.; Ciobanu, I. CAD CAM System for Manufacturing Innovative Hybrid Design Using 3D Printing. Procedia Manuf. 2019, 32, 22–28. [Google Scholar] [CrossRef]

	



NASA. Microgravity Wrench; NASA: Washington, DC, USA, 2016. [Google Scholar]

	



Zocca, A.; Wilbig, J.; Waske, A.; Günster, J.; Widjaja, M.P.; Neumann, C.; Clozel, M.; Meyer, A.; Ding, J.; Zhou, Z.; et al. Challenges in the Technology Development for Additive Manufacturing in Space. Chin. J. Mech. Eng. Addit. Manuf. Front. 2022, 1, 100018. [Google Scholar] [CrossRef]

	



Millan, R.M.; von Steiger, R.; Ariel, M.; Bartalev, S.; Borgeaud, M.; Campagnola, S.; Castillo-Rogez, J.C.; Fléron, R.; Gass, V.; Gregorio, A.; et al. Small satellites for space science A COSPAR scientific roadmap. Adv. Space Res. 2019, 64, 1466–1517. [Google Scholar] [CrossRef]

	



Boschetto, A.; Bottini, L.; Macera, L.; Vatanparast, S. Additive Manufacturing for Lightweighting Satellite Platform. Appl. Sci. 2023, 13, 2809. [Google Scholar] [CrossRef]

	



Kopacz, J.R.; Herschitz, R.; Roney, J. Small satellites an overview and assessment. Acta Astronaut. 2020, 170, 93–105. [Google Scholar] [CrossRef]

	



NASA. 3D Printer; NASA: Washington, DC, USA, 2014. [Google Scholar]

	



Alicia, C.; Patrick, F.; Vasyl, H.; Phillip, H.A.; Frank, L.; Dmitry, L.G.; Tracie, P.; Christopher, R.; Kevin, W. Adaptation of Metal Additive Manufacturing Processes for the International Space Station (ISS). In Proceedings of the SAMPE neXus 2021, Virtual, 29 June–1 July 2021. [Google Scholar]

	



Mueller, R.P.; Howe, S.; Kochmann, D.; Ali, H.; Andersen, C.; Burgoyne, H.; Chambers, W.; Clinton, R.; De Kestellier, X.; Ebelt, K.; et al. Automated Additive Construction (AAC) for Earth and Space Using In Situ Resources. In Earth and Space 2016: Engineering for Extreme Environments; American Society of Civil Engineers: Reston, VA, USA, 2017. [Google Scholar] [CrossRef]

	



Mergheim, J.; Breuning, C.; Burkhardt, C.; Hübner, D.; Köpf, J.; Herrnböck, L.; Yang, Z.; Körner, C.; Markl, M.; Steinmann, P.; et al. Additive manufacturing of cellular structures: Multiscale simulation and optimization. J. Manuf. Process. 2023, 95, 275–290. [Google Scholar] [CrossRef]

	



Lim, S.; Buswell, R.A.; Le, T.T.; Austin, S.A.; Gibb, A.G.F.; Thorpe, T. Developments in construction-scale additive manufacturing processes. Autom. Constr. 2012, 21, 262–268. [Google Scholar] [CrossRef]

	



Leary, M. Chapter 3—Digital design for AM. In Design for Additive Manufacturing; Leary, M., Ed.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 33–90. [Google Scholar]

	



Pieters, C.M.; Taylor, L.A.; Noble, S.K.; Keller, L.P.; Hapke, B.; Morris, R.V.; Allen, C.C.; McKAY, D.S.; Wentworth, S. Space weathering on airless bodies: Resolving a mystery with lunar samples. Meteorit. Planet Sci. 2000, 35, 1101–1107. [Google Scholar] [CrossRef]

	



Fateri, M.; Meurisse, A.; Sperl, M.; Urbina, D.; Madakashira, H.K.; Govindaraj, S.; Gancet, J.; Imhof, B.; Hoheneder, W.; Waclavicek, R.; et al. Solar sintering for lunar additive manufacturing. J. Aerosp. Eng. 2019, 32, 4019101. [Google Scholar] [CrossRef]

	



Taylor, S.L.; Jakus, A.E.; Koube, K.D.; Ibeh, A.J.; Geisendorfer, N.R.; Shah, R.N.; Dunand, D.C. Sintering of micro-trusses created by extrusion-3D-printing of lunar regolith inks. Acta Astronaut. 2018, 143, 1–8. [Google Scholar] [CrossRef]

	



Dou, R.; Tang, W.Z.; Wang, L.; Li, S.; Duan, W.Y.; Liu, M.; Zhang, Y.B.; Wang, G. Sintering of lunar regolith structures fabricated via digital light processing. Ceram. Int. 2019, 45, 17210–17215. [Google Scholar] [CrossRef]

	



Karl, D.; Kamutzki, F.; Lima, P.; Gili, A.; Duminy, T.; Zocca, A.; Günster, J.; Gurlo, A. Sintering of ceramics for clay in situ resource utilization on Mars. Open Ceram. 2020, 2, 100008. [Google Scholar] [CrossRef]

	



Slakey, F.; Spudis, P.D. Robots vs. Humans: Who should explore space? Sci. Am. 2008, 18, 26–33. [Google Scholar] [CrossRef]

	



Fiske, M.R.; Edmunson, J.E. Additive Construction with Mobile Emplacement (ACME) 3D Printing Structures with In-Situ Resources, University of Alabama Presentation, 2017. Document ID: 20170011110. Available online: https://ntrs.nasa.gov/search?q=20170011110 (accessed on 12 August 2021).

	



Pletser, V. Aircraft Parabolic Flights: A Gateway to Orbital Microgravity and Extra-Terrestrial Planetary Gravities. In Preparation of Space Experiments; IntechOpen: London, UK, 2020. [Google Scholar] [CrossRef]

	



Matthews, K.R.; Motiwala, S.A.; Edberg, D.L.; Garcia-Llama, E. Flight Mechanics Experiment Onboard NASA’S Zero Gravity Aircraft. J. Technol. Sci. Educ. 2012, 2, 4–12. [Google Scholar] [CrossRef]

	



Ferranti, F.; Del Bianco, M.; Pacelli, C. Advantages and Limitations of Current Microgravity Platforms for Space Biology Research. Appl. Sci. 2021, 11, 68. [Google Scholar] [CrossRef]

	



Hafley, R.; Taminger, K.; Bird, R. Electron Beam Freeform Fabrication in the Space Environment, AIAA 2007-1154. In Proceedings of the 45th AIAA Aerospace Sciences Meeting and Exhibit, Reno, NV, USA, 8–11 January 2007. [Google Scholar] [CrossRef]

	



InSPA. NASA Selects Proposals to Enable Manufacturing In Space for Earth. 2022. Available online: https://www.nasa.gov/missions/station/nasa-selects-proposals-to-enable-manufacturing-in-space-for-earth/ (accessed on 12 September 2024).

	



Walker, H.N. The Use of Sulphur as a Rigid Binder and for the Impregnation of Concrete: State of the Art. 1982. Available online: https://rosap.ntl.bts.gov/view/dot/19154 (accessed on 22 May 2024).

	



Loov, R.E.; Vroom, A.H.; Ward, M.A. Sulfur Concrete—A new construction material. PCI J. 1974, 19, 86–95. [Google Scholar] [CrossRef]

	



Gibson, E.K.; Chang, S.; Lennon, K.; Moore, G.W.; Pearce, G.W.; Merrill, R.B.; Hubbard, N.J.; Mendell, W.W.; Williams, R.J. Sulfur Abundances and Distributions in Mare Basalts and Their Source Magmas. New York, NY, 1975, pp. 1287–1301. Available online: https://ntrs.nasa.gov/citations/19780062764 (accessed on 15 October 2023).

	



Gladstone, G.R.; Hurley, D.M.; Retherford, K.D.; Feldman, P.D.; Pryor, W.R.; Chaufray, J.-Y.; Versteeg, M.; Greathouse, T.K.; Steffl, A.J.; Throop, H.; et al. LRO-LAMP Observations of the LCROSS Impact Plume. Science 2010, 330, 472–476. [Google Scholar] [CrossRef]

	



Gibson, E.K.; Moore, C.B.; Primus, T.M.; Lewis, C.F. Sulfur in achondritic meteorites. Meteoritics 1985, 20, 503–511. [Google Scholar] [CrossRef] [PubMed]

	



Dreibus, G.; Palme, H.; Spettel, B.; Zipfel, J.; Wänke, H. Sulfur and selenium in chondritic meteorites. Meteoritics 1995, 30, 439–445. [Google Scholar] [CrossRef]

	



Prater, T.; Werkheiser, N.; Ledbetter, F.; Timucin, D.; Wheeler, K.; Snyder, M. 3D Printing in Zero G Technology Demonstration Mission: Complete experimental results and summary of related material modeling efforts. Int. J. Adv. Manuf. Technol. 2019, 101, 391–417. [Google Scholar] [CrossRef]

	



NASA. In-Space Manufacturing (ISM): 3D Printing in Space In-space Manufacturing (ISM): 3D Printing in Space Technology Demonstration. 2015. Available online: https://ntrs.nasa.gov/citations/20150016451 (accessed on 25 October 2023).

	



Lotz, C.; Wessarges, Y.; Hermsdorf, J.; Ertmer, W.; Overmeyer, L. Novel active driven drop tower facility for microgravity experiments investigating production technologies on the example of substrate-free additive manufacturing. Adv. Space Res. 2018, 61, 1967–1974. [Google Scholar] [CrossRef]

	



De Leon, M.B.; Ante, U.B.; Velasco, M.S.; Ng, A.O.S.; Garcia, J.A.V.; Liza, F.P.; Advincula, R.C.; Dizon, J.R.C. 3D-Printing for Cube Satellites (CubeSats): Philippines‘ Perspectives. Eng. Innov. 2022, 1, 13–27. [Google Scholar] [CrossRef]

	



Samal, S.K.; Vishwanatha, H.M.; Saxena, K.K.; Behera, A.; Nguyen, T.A.; Behera, A.; Prakash, C.; Dixit, S.; Mohammed, K.A. 3D-Printed Satellite Brackets: Materials, Manufacturing and Applications. Crystals 2022, 12, 1148. [Google Scholar] [CrossRef]

	



Lotz, C.; Gerdes, N.; Sperling, R.; Lazar, S.; Linke, S.; Neumann, J.; Stoll, E.; Ertmer, W.; Overmeyer, L. Tests of additive manufacturing and other processes under space gravity conditions in the Einstein-Elevator. Logist. J. Proc. 2020, 2020, 1–12. [Google Scholar] [CrossRef]

	



Rashed, K.; Kafi, A.; Simons, R.; Peracchi, S.; Pastuovic, Z.; Easton, C.D.; Bateman, S. Investigation of effects induced by 57 MeV 56Fe ions and 9 MeV protons on additively manufactured PEKK for space application. Polym. Test. 2024, 132, 108354. [Google Scholar] [CrossRef]

	



Nagarathnam, K.; Taminger, K.M.B. Technology assessment of laser-assisted materials processing in space. AIP Conf. Proc. 2001, 552, 153–160. [Google Scholar] [CrossRef]

	



Marciniak, B.; Okninski, A.; Bartkowiak, B.; Pakosz, M.; Sobczak, K.; Florczuk, W.; Kaniewski, D.; Matyszewski, J.; Nowakowski, P.; Cieslinski, D.; et al. Development of the ILR-33 “Amber” sounding rocket for microgravity experimentation. Aerosp. Sci. Technol. 2018, 73, 19–31. [Google Scholar] [CrossRef]

	



Murphy, A.G.; Mathiesen, R.H.; Houltz, Y.; Li, J.; Lockowandt, C.; Henriksson, K.; Melville, N.; Browne, D.J. Direct observation of spatially isothermal equiaxed solidification of an Al–Cu alloy in microgravity on board the MASER 13 sounding rocket. J. Cryst. Growth 2016, 454, 96–104. [Google Scholar] [CrossRef]

	



Murphy, A.G.; Mathiesen, R.H.; Houltz, Y.; Li, J.; Lockowandt, C.; Henriksson, K.; Zimmermann, G.; Melville, N.; Browne, D.J. XRMON-SOL: Isothermal equiaxed solidification of a grain refined Al–20wt%Cu alloy. J. Cryst. Growth 2016, 440, 38–46. [Google Scholar] [CrossRef]

	



Gu, H.; Li, L. Computational fluid dynamic simulation of gravity and pressure effects in laser metal deposition for potential additive manufacturing in space. Int. J. Heat Mass Transf. 2019, 140, 51–65. [Google Scholar] [CrossRef]

	



Fu, J.; Gong, L.; Zhang, Y.; Wu, Q.; Shi, X.; Chang, J.; Lu, J. Microstructure and Mechanical Properties of Ti-6Al-4V Fabricated by Vertical Wire Feeding with Axisymmetric Multi-Laser Source. Appl. Sci. 2017, 7, 227. [Google Scholar] [CrossRef]

	



Miao, Q.; Wu, D.; Chai, D.; Zhan, Y.; Bi, G.; Niu, F.; Ma, G. Comparative study of microstructure evaluation and mechanical properties of 4043 aluminum alloy fabricated by wire-based additive manufacturing. Mater. Des. 2020, 186, 108205. [Google Scholar] [CrossRef]

	



Wang, Z.; Zhang, L.; Su, B.; Zhang, X. Simulation on microstructure evolution of Al−Si alloy under effect of natural convection during solidification. Trans. Nonferrous Met. Soc. China 2022, 32, 79–90. [Google Scholar] [CrossRef]

	



Chen, J. The microstructure and property of Al–Si alloy improved by the Sc-microalloying and Y2O3 nano-particles. Sci. Technol. Adv. Mater. 2021, 22, 205–217. [Google Scholar] [CrossRef] [PubMed]

	



Ding, X.; Li, D.; Zhang, Q.; Ma, H.; Yang, J.; Fan, S. Effect of ambient pressure on bead shape, microstructure and corrosion behavior of 4043 Al alloy fabricated by laser coaxial wire feeding additive manufacturing in vacuum environment. Opt. Laser Technol. 2022, 153, 108242. [Google Scholar] [CrossRef]

	



Liu, B.; Wang, Y.; Lin, Z.; Zhang, T. Creating metal parts by Fused Deposition Modeling and Sintering. Mater. Lett. 2020, 263, 127252. [Google Scholar] [CrossRef]

	



NASA. Overview of Additive Manufacturing Initiatives at NASA Marshall Space Flight Center; NASA: Washington, DC, USA, 2018. [Google Scholar]

	



Spivey, R.; Gilley, S.; Ostrogorsky, A.; Grugel, R.; Smith, G.; Luz, P. SUBSA and PFMI Transparent Furnace Systems Currently in use in the International Space Station Microgravity Science Glovebox. In Proceedings of the 41st Aerospace Sciences Meeting and Exhibit, Reno, NV, USA, 6–9 January 2012. [Google Scholar] [CrossRef]

	



Momeni, K.; Neshani, S.; Uba, C.; Ding, H.; Raush, J.; Guo, S. Engineering the Surface Melt for In-Space Manufacturing of Aluminum Parts. J. Mater. Eng. Perform. 2022, 31, 6092–6100. [Google Scholar] [CrossRef]

	



Revilla, R.I.; Van Calster, M.; Raes, M.; Arroud, G.; Andreatta, F.; Pyl, L.; Guillaume, P.; De Graeve, I. Microstructure and corrosion behavior of 316L stainless steel prepared using different additive manufacturing methods: A comparative study bringing insights into the impact of microstructure on their passivity. Corros. Sci. 2020, 176, 108914. [Google Scholar] [CrossRef]

	



Marnot, A.; Dobbs, A.; Brettmann, B. Material extrusion additive manufacturing of dense pastes consisting of macroscopic particles. MRS Commun. 2022, 12, 483–494. [Google Scholar] [CrossRef] [PubMed]

	



Godec, M.; Malej, S.; Feizpour, D.; Donik, Č.; Balažic, M.; Klobčar, D.; Pambaguian, L.; Conradi, M.; Kocijan, A. Hybrid additive manufacturing of Inconel 718 for future space applications. Mater. Charact. 2021, 172, 110842. [Google Scholar] [CrossRef]

	



Uhlmann, E.; Düchting, J.; Petrat, T.; Krohmer, E.; Graf, B.; Rethmeier, M. Effects on the distortion of Inconel 718 components along a hybrid laser-based additive manufacturing process chain using laser powder bed fusion and laser metal deposition. Prog. Addit. Manuf. 2021, 6, 385–394. [Google Scholar] [CrossRef]

	



Yim, S.; Sun, J.; Minowa, K.; Wang, H.; Aoyagi, K.; Yamanaka, K.; Chiba, A. In-situ observation of powder spreading in powder bed fusion metal additive manufacturing process using particle image velocimetry. Addit. Manuf. 2023, 78, 103823. [Google Scholar] [CrossRef]

	



Yim, S.; Wang, H.; Aoyagi, K.; Yamanaka, K.; Chiba, A. Role of gravity magnitude on flowability and powder spreading in the powder bed fusion additive manufacturing process: Towards additive manufacturing in space. Addit. Manuf. 2024, 94, 104441. [Google Scholar] [CrossRef]

	



Gong, J.; Wei, K.; Liu, M.; Song, W.; Li, X.; Zeng, X. Microstructure and mechanical properties of AlSi10Mg alloy built by laser powder bed fusion/direct energy deposition hybrid laser additive manufacturing. Addit. Manuf. 2022, 59, 103160. [Google Scholar] [CrossRef]

	



Milinazzo, F.; Shinbrot, M. A numerical study of a drop on a vertical wall. J. Colloid Interface Sci. 1988, 121, 254–264. [Google Scholar] [CrossRef]

	



Dimitrakopoulos, P.; Higdon, J.J.L. On the gravitational displacement of three-dimensional fluid droplets from inclined solid surfaces. J. Fluid Mech. 1999, 395, 181–209. [Google Scholar] [CrossRef]

	



Huang, J.; Qi, L.; Luo, J.; Zhao, L.; Yi, H. Suppression of gravity effects on metal droplet deposition manufacturing by an anti-gravity electric field. Int. J. Mach. Tools Manuf. 2020, 148, 103474. [Google Scholar] [CrossRef]

	



Podgorski, T.; Flesselles, J.M.; Limat, L. Corners, Cusps, and Pearls in Running Drops. Phys. Rev. Lett. 2001, 87, 036102. [Google Scholar] [CrossRef]

	



Annapragada, S.R.; Murthy, J.Y.; Garimella, S.V. Droplet retention on an incline. Int. J. Heat Mass Transf. 2012, 55, 1457–1465. [Google Scholar] [CrossRef]

	



Annapragada, S.R.; Murthy, J.Y.; Garimella, S.V. Prediction of droplet dynamics on an incline. Int. J. Heat Mass Transf. 2012, 55, 1466–1474. [Google Scholar] [CrossRef]

	



Thijs, L.; Verhaeghe, F.; Craeghs, T.; Humbeeck, J.V.; Kruth, J. A study of the microstructural evolution during selective laser melting of Ti–6Al–4V. Acta Mater. 2010, 58, 3303–3312. [Google Scholar] [CrossRef]

	



Huang, J.; Qi, L.; Luo, J.; Hou, X. Insights into the impact and solidification of metal droplets in ground-based. Appl. Therm. Eng. 2021, 183, 116176. [Google Scholar] [CrossRef]

	



Zhao, L.; Luo, J.; Zhou, Y.; Huang, J.; Qi, L. Computation of aluminum droplet ejection and flight in microgravity. Int. J. Mech. Sci. 2024, 267, 108997. [Google Scholar] [CrossRef]

	



Baufeld, B.; van der Biest, O. Mechanical properties of Ti-6Al-4V specimens produced by shaped metal deposition. Sci. Technol. Adv. Mater. 2009, 10, 015008. [Google Scholar] [CrossRef] [PubMed]

	



Lütjering, G.; Williams, J.C. Titanium: Engineering Materials and Processes; Springer: Berlin/Heidelberg, Germany, 2007. [Google Scholar]

	



Baufeld, B.; Van der Biest, O.; Dillien, S. Texture and Crystal Orientation in Ti-6Al-4V Builds Fabricated by Shaped Metal Deposition. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2010, 41, 1917–1927. [Google Scholar] [CrossRef]

	



Abuabiah, M.; Mbodj, N.G.; Shaqour, B.; Herzallah, L.; Juaidi, A.; Abdallah, R.; Plapper, P. Advancements in Laser Wire-Feed Metal Additive Manufacturing: A Brief Review. Materials 2023, 16, 2030. [Google Scholar] [CrossRef] [PubMed]

	



Al-Bermani, S.S.; Blackmore, M.L.; Zhang, W.; Todd, I. The Origin of Microstructural Diversity, Texture, and Mechanical Properties in Electron Beam Melted Ti-6Al-4V. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2010, 41, 3422–3434. [Google Scholar] [CrossRef]

	



Kovalchuk, D.; Ivasishin, O. 10—Profile electron beam 3D metal printing. In Additive Manufacturing for the Aerospace Industry; Froes, F., Boyer, R., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 213–233. [Google Scholar]

	



Gao, S.Y.; Zhang, Y.Z.; Shi, L.K.; Du, B.L.; Xi, M.Z.; Ji, H.Z. Research on Laser Direct Deposition Process of Ti-6Al-4V Alloy. Acta Metall. Sin. (Engl. Lett.) 2007, 20, 171–180. [Google Scholar] [CrossRef]

	



Zhang, J.; Yang, Y.; Cao, S.; Cao, Z.; Kovalchuk, D.; Wu, S.; Liang, E.; Zhang, X.; Chen, W.; Wu, F.; et al. Fine equiaxed β grains and superior tensile property in Ti–6Al–4V alloy deposited by coaxial electron beam wire feeding additive manufacturing. Acta Metall. Sin. Engl. Lett. 2020, 33, 1311–1320. [Google Scholar] [CrossRef]

	



Wanjara, P.; Watanabe, K.; de Formanoir, C.; Yang, Q.; Bescond, C.; Godet, S.; Brochu, M.; Nezaki, K.; Gholipour, J.; Patnaik, P. Titanium Alloy Repair with Wire-Feed Electron Beam Additive Manufacturing Technology. Adv. Mater. Sci. Eng. 2019, 2019, 3979471. [Google Scholar] [CrossRef]

	



Xu, J.; Zhu, J.; Fan, J.; Zhou, Q.; Peng, Y.; Guo, S. Microstructure and mechanical properties of Ti–6Al–4V alloy fabricated using electron beam freeform fabrication. Vacuum 2019, 167, 364–373. [Google Scholar] [CrossRef]

	



Tsukamoto, S.; Harada, H.; Bhadeshia, H.K.D.H. Metastable phase solidification in electron beam welding of dissimilar stainless steels. Mater. Sci. Eng. A 1994, 178, 189–194. [Google Scholar] [CrossRef]

	



Liu, X.; Wang, T.; Li, N.; Wei, L.; Jiang, S. Effects of solution treatments on the microstructure and mechanical properties of Inconel 625 fabricated by electron beam freeform fabrication. Mater. Sci. Eng. A 2024, 902, 146637. [Google Scholar] [CrossRef]

	



Wallace, T.A.; Bey, K.S.; Taminger, K.; Hafley, R.A. A Design of Experiments Approach Defining the Relationships Between Processing and Microstructure for Ti-6Al-4V. JOUR. 2004. Available online: https://ntrs.nasa.gov/citations/20040111307 (accessed on 12 September 2024).

	



Fuchs, J.; Schneider, C.; Enzinger, N. Wire-based additive manufacturing using an electron beam as heat source. Weld. World 2018, 62, 267–275. [Google Scholar] [CrossRef]

	



Ding, D.; Pan, Z.; Cuiuri, D.; Li, H.; van Duin, S.; Larkin, N. Bead modelling and implementation of adaptive MAT path in wire and arc additive manufacturing. Robot. Comput.-Integr. Manuf. 2016, 39, 32–42. [Google Scholar] [CrossRef]

	



Pixner, F.; Warchomicka, F.; Peter, P.; Steuwer, A.; Colliander, M.H.; Pederson, R.; Enzinger, N. Wire-Based Additive Manufacturing of Ti-6Al-4V Using Electron Beam Technique. Materials 2020, 13, 3310. [Google Scholar] [CrossRef] [PubMed]

	



Sames, W.J.; List, F.A.; Pannala, S.; Dehoff, R.R.; Babu, S.S. The metallurgy and processing science of metal additive manufacturing. Int. Mater. Rev. 2016, 61, 315–360. [Google Scholar] [CrossRef]

	



Wang, T.; Tang, H.; Zhu, Y.; Liu, D.; Wang, H. Laser additive manufacturing of new α+β titanium alloy with high strength and ductility. J. Mater. Res. Technol. 2023, 26, 7566–7582. [Google Scholar] [CrossRef]

	



Zhou, Z.; Lei, Q.; Yan, Z.; Wang, Z.; Shang, Y.; Li, Y.; Qi, H.; Jiang, L.; Liu, Y.; Huang, L. Effects of process parameters on microstructure and cracking susceptibility of a single crystal superalloy fabricated by directed energy deposition. Mater. Des. 2021, 198, 109296. [Google Scholar] [CrossRef]

	



Reith, M.; Franke, M.; Schloffer, M.; Körner, C. Processing 4th generation titanium aluminides via electron beam based additive manufacturing—Characterization of microstructure and mechanical properties. Materialia 2020, 14, 100902. [Google Scholar] [CrossRef]

	



Gibson, I.; Rosen, D.; Stuker, B.; Khorasani, M. Additive Manufacturing Technologies; Springer: Cham, Switzerland, 2010. [Google Scholar]

	



Chua, C.K.; Leong, K.F. 3D Printing and Additive Manufacturing: Principles and Applications Fifth Edition of Rapid Prototyping, 5th ed.; World Scientific Publishing Co., Inc.: River Edge, NJ, USA, 2017; ISBN 978-981-314-676-1. [Google Scholar]

	



Kok, Y.; Tan, X.; Tor, S.B.; Chua, C.K. Fabrication and microstructural characterisation of additive manufactured Ti-6Al-4V parts by electron beam melting. Virtual Phys. Prototyp. 2014, 10, 13–21. [Google Scholar] [CrossRef]

	



Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive manufacturing (3D printing): A review of materials, methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172–196. [Google Scholar] [CrossRef]

	



Schneider, J.; Seidel, A.; Gumpinger, J.; Riede, M.; López, E.; Brueckner, F.; Leyens, C. Advanced manufacturing approach via the combination of selective laser melting and laser metal deposition. In Proceedings of the International Congress of Applications of Lasers & Electro-Optics (ICALEO 2018), Orlando, FL, USA, 14–18 October 2018. [Google Scholar] [CrossRef]

	



Wang, Y.M.; Voisin, T.; McKeown, J.T.; Ye, J.; Calta, N.P.; Li, Z.; Zeng, Z.; Zhang, Y.; Chen, W.; Roehling, T.T.; et al. Additively manufactured hierarchical stainless steels with high strength and ductility. Nat. Mater. 2018, 17, 63–71. [Google Scholar] [CrossRef] [PubMed]

	



Godec, M.; Zaefferer, S.; Podgornik, B.; Šinko, M.; Tchernychova, E. Quantitative multiscale correlative microstructure analysis of additive manufacturing of stainless steel 316L processed by selective laser melting. Mater. Charact. 2020, 160, 110074. [Google Scholar] [CrossRef]

	



Zocca, A.; Lüchtenborg, J.; Mühler, T.; Wilbig, J.; Mohr, G.; Villatte, T.; Léonard, F.; Nolze, G.; Sparenberg, M.; Melcher, J.; et al. Enabling the 3D Printing of Metal Components in µ-Gravity. Adv. Mater. Technol. 2019, 4, 1900506. [Google Scholar] [CrossRef]

	



Zocca, A.; Gomes, C.; Muhler, T.; Gunster, J. Powder-Bed Stabilization for Powder-Based Additive Manufacturing. Adv. Mech. Eng. 2014, 6, 491581. [Google Scholar] [CrossRef]

	



Hoffmann, M.; Elwany, A. In-Space Additive Manufacturing: A Review. J. Manuf. Sci. Eng. 2023, 145, 020801. [Google Scholar] [CrossRef]

	



Kenny, V.; Bapat, S.; Malshe, A.P. Exploring the feasibility of processing Inconel-718 and highland regolith composite using laser-assisted powder bed fusion. Procedia CIRP 2024, 121, 198–203. [Google Scholar] [CrossRef]

	



Kishore, M.N.; Qian, D.; Lu, H.; Li, W. Comprehensive study of the cold-temperature directed energy deposition: Multi-physics modelling and experimental validation. J. Manuf. Process. 2024, 112, 290–301. [Google Scholar] [CrossRef]

	



Trosch, T.; Strößner, J.; Völkl, R.; Glatzel, U. Microstructure and mechanical properties of selective laser melted Inconel 718 compared to forging and casting. Mater. Lett. 2016, 164, 428–431. [Google Scholar] [CrossRef]

	



Zhao, X.; Chen, J.; Lin, X.; Huang, W. Study on microstructure and mechanical properties of laser rapid forming Inconel 718. Mater. Sci. Eng. A 2008, 478, 119–124. [Google Scholar] [CrossRef]

	



Konečná, R.; Kunz, L.; Nicoletto, G.; Bača, A. Long fatigue crack growth in Inconel 718 produced by selective laser melting. Int. J. Fatigue 2016, 92, 499–506. [Google Scholar] [CrossRef]

	



Pédron, J.P.; Pineau, A. The effect of microstructure and environment on the crack growth behaviour of Inconel 718 alloy at 650 °C under fatigue, creep and combined loading. Mater. Sci. Eng. 1982, 56, 143–156. [Google Scholar] [CrossRef]

	



Konečná, R.; Nicoletto, G.; Kunz, L.; Bača, A. Microstructure and directional fatigue behavior of Inconel 718 produced by selective laser melting. Procedia Struct. Integr. 2016, 2, 2381–2388. [Google Scholar] [CrossRef]

	



Ellis, D.L.; Michal, G.M. Precipitation Strengthened High Strength, High Conductivity Cu-Cr-Nb Alloys Produced by Chill Block Melt Spinning. Metallic Materials. 2013. Available online: https://ntrs.nasa.gov/citations/19900002537 (accessed on 25 November 2023).

	



Chen, Y.; Zeng, C.; Ding, H.; Emanet, S.; Gradl, P.R.; Ellis, D.L.; Guo, S. Thermophysical properties of additively manufactured (AM) GRCop-42 and GRCop-84. Mater. Today Commun. 2023, 36, 106665. [Google Scholar] [CrossRef]

	



Minneci, R.P.; Lass, E.A.; Bunn, J.R.; Choo, H.; Rawn, C.J. Copper-based alloys for structural high-heat-flux applications: A review of development, properties, and performance of Cu-rich Cu-Cr-Nb alloys. Int. Mater. Rev. 2021, 66, 394–425. [Google Scholar] [CrossRef]

	



Yang, Z.Q.; Chisholm, M.F.; Yang, B.; Ma, X.L.; Wang, Y.J.; Zhuo, M.J.; Pennycook, S.J. Role of crystal defects on brittleness of C15 Cr2Nb Laves phase. Acta Mater. 2012, 60, 2637–2646. [Google Scholar] [CrossRef]

	



Demeneghi, G.; Barnes, B.; Gradl, P.; Ellis, D.; Mayeur, J.R.; Hazeli, K. Directed energy deposition GRCop-42 copper alloy: Characterization and size effects. Mater. Des. 2022, 222, 111035. [Google Scholar] [CrossRef]

	



Iams, A.D.; Lienert, T.J.; Otazu, D.A.; Ramoni, M. Effects of deposition sequence on microstructural evolution in additively manufactured Cu-Cr-Nb alloy/superalloy bimetallic structures. Addit. Manuf. Lett. 2023, 6, 100151. [Google Scholar] [CrossRef]

	



Zhang, S.; Zhu, H.; Zhang, L.; Zhang, W.; Yang, H.; Zeng, X. Microstructure and properties of high strength and high conductivity Cu-Cr alloy components fabricated by high power selective laser melting. Mater. Lett. 2019, 237, 306–309. [Google Scholar] [CrossRef]

	



Scudino, S.; Unterdörfer, C.; Prashanth, K.G.; Attar, H.; Ellendt, N.; Uhlenwinkel, V.; Eckert, J. Additive manufacturing of Cu–10Sn bronze. Mater. Lett. 2015, 156, 202–204. [Google Scholar] [CrossRef]

	



Jadhav, S.D.; Dhekne, P.P.; Brodu, E.; Van Hooreweder, B.; Dadbakhsh, S.; Kruth, J.; Van Humbeeck, J.; Vanmeensel, K. Laser powder bed fusion additive manufacturing of highly conductive parts made of optically absorptive carburized CuCr1 powder. Mater. Des. 2021, 198, 109369. [Google Scholar] [CrossRef]

	



Hayes, C.; Brown, E.; Kappes, B. Characterization of Selective Laser Melted GRCop-84. In Proceedings of the 2018 Joint Propulsion Conference, Cincinnati, OH, USA, 9–11 July 2018. AIAA 2018-4624. [Google Scholar] [CrossRef]

	



Gradl, P.; Tinker, D.C.; Park, A.; Mireles, O.R.; Garcia, M.; Wilkerson, R.; Mckinney, C. Robust Metal Additive Manufacturing Process Selection and Development for Aerospace Components. J. Mater. Eng. Perform. 2022, 31, 6013–6044. [Google Scholar] [CrossRef]

	



Guschlbauer, R.; Burkhardt, A.K.; Fu, Z.; Körner, C. Effect of the oxygen content of pure copper powder on selective electron beam melting. Mater. Sci. Eng. A 2020, 779, 139106. [Google Scholar] [CrossRef]

	



Tang, X.; Chen, X.; Sun, F.; Liu, P.; Zhou, H.; Fu, S. The current state of CuCrZr and CuCrNb alloys manufactured by additive manufacturing: A review. Mater. Des. 2022, 224, 111419. [Google Scholar] [CrossRef]

	



Blakey-Milner, B.; Gradl, P.; Snedden, G.; Brooks, M.; Pitot, J.; Lopez, E.; Leary, M.; Berto, F.; Plessis, A.D. Metal additive manufacturing in aerospace: A review. Mater. Des. 2021, 209, 110008. [Google Scholar] [CrossRef]

	



Sun, L.; Jiang, F.; Huang, R.; Yuan, D.; Guo, C.; Wang, J. Anisotropic mechanical properties and deformation behavior of low-carbon high-strength steel component fabricated by wire and arc additive manufacturing. Mater. Sci. Eng. A 2020, 787, 139514. [Google Scholar] [CrossRef]

	



Ma, G.; Wu, S.; Wang, R.; Liu, D.; Niu, F.; Bi, G.; Wu, D. Microstructure evaluation and resultant mechanical properties of laser- arc hybrid additive manufactured Cu-Cr-Zr alloy. J. Alloys Compd. 2022, 912, 165044. [Google Scholar] [CrossRef]

	



Gong, M.; Meng, Y.; Zhang, S.; Zhang, Y.; Zeng, X.; Gao, M. Laser-arc hybrid additive manufacturing of stainless steel with beam oscillation. Addit. Manuf. 2020, 33, 101180. [Google Scholar] [CrossRef]

	



Gradl, P.; Mireles, O.R.; Katsarelis, C.; Smith, T.M.; Sowards, J.; Park, A.; Chen, P.; Tinker, D.C.; Protz, C.; Teasley, T.; et al. Advancement of extreme environment additively manufactured alloys for next generation space propulsion applications. Acta Astronaut. 2023, 211, 483–497. [Google Scholar] [CrossRef]

	



Li, B.; Wang, B.; Zhu, G.; Zhang, L.; Lu, B. Low-Roughness-Surface Additive Manufacturing of Metal-Wire Feeding with Small Power. Materials 2021, 14, 4265. [Google Scholar] [CrossRef]

	



Ding, D.; Pan, Z.; Cuiuri, D.; Li, H. Wire-feed additive manufacturing of metal components: Technologies, developments and future interests. Int. J. Adv. Manuf. Technol. 2015, 81, 465–481. [Google Scholar] [CrossRef]

	



Koo, J.W.; Ho, J.S.; An, J.; Zhang, Y.; Chua, C.K.; Chong, T.H. A review on spacers and membranes: Conventional or hybrid additive manufacturing? Water Res. 2021, 188, 116497. [Google Scholar] [CrossRef] [PubMed]

	



Watson, J.K.; Taminger, K.M.; Hafley, R.A.; Petersen, D.D. Development of a Prototype Low-Voltage Electron Beam Freeform Fabrication System. Electronics and Electrical Engineering. 2002. Available online: https://ntrs.nasa.gov/citations/20030012711 (accessed on 8 May 2024).

	



Wu, Q.; Li, W.; Liu, C.; Xu, Y.; Li, G.; Zhang, H.; Huang, J.; Miao, J. Carbon fiber reinforced elastomeric thermal interface materials for spacecraft. Carbon 2022, 187, 432–438. [Google Scholar] [CrossRef]

	



Tian, X.; Liu, T.; Yang, C.; Wang, Q.; Li, D. Interface and performance of 3D printed continuous carbon fiber reinforced PLA composites. Compos. Part A Appl. Sci. Manuf. 2016, 88, 198–205. [Google Scholar] [CrossRef]

	



Ueda, M.; Kishimoto, S.; Yamawaki, M.; Matsuzaki, R.; Todoroki, A.; Hirano, Y.; Le Duigou, A. 3D compaction printing of a continuous carbon fiber reinforced thermoplastic. Compos. Part A Appl. Sci. Manuf. 2020, 137, 105985. [Google Scholar] [CrossRef]

	



Maqsood, N.; Rimašauskas, M. Characterization of carbon fiber reinforced PLA composites manufactured by fused deposition modeling. Compos. Part C Open Access 2021, 4, 100112. [Google Scholar] [CrossRef]

	



Tian, X.; Todoroki, A.; Liu, T.; Wu, L.; Hou, Z.; Ueda, M.; Hirano, Y.; Matsuzaki, R.; Mizukami, K.; Iizuka, K.; et al. 3D Printing of Continuous Fiber Reinforced Polymer Composites: Development, Application, and Prospective. Chin. J. Mech. Eng. Addit. Manuf. Front. 2022, 1, 100016. [Google Scholar] [CrossRef]

	



Herzog, D.; Seyda, V.; Wycisk, E.; Emmelmann, C. Additive manufacturing of metals. Acta Mater. 2016, 117, 371–392. [Google Scholar] [CrossRef]

	



Ding, X.; Du, F.; Zhang, Q.; Wang, G.; Fan, S.; Duan, X.; Pu, M.; Li, X.; Ma, X.; Zhou, R.; et al. Advanced metal-wire laser additive manufacturing in-space. In Proceedings of the 9th International Symposium on Advanced Optical Manufacturing and Testing Technologies, Chengdu, China, 26–29 June 2018; p. 108420L. [Google Scholar] [CrossRef]

	



Vincent, G. Machining in Microgravity. AIP Conf. Proc. 2003, 654, 882–886. [Google Scholar] [CrossRef]

	



Zhao, W.; Wang, G.; Cheng, T.; Liu, Y. Review of space manufacturing technique and developments. Sci. Sin. Phys. Mech. Astron. 2020, 50, 047006. [Google Scholar] [CrossRef]

	



Yadav, D.; Garg, R.K.; Ahlawat, A.; Chhabra, D. 3D printable biomaterials for orthopedic implants: Solution for sustainable and circular economy. Resour. Policy 2020, 68, 101767. [Google Scholar] [CrossRef]

	



Fragomeni, J.M.; Nunes, A.C. A study of the effects of welding parameters on electron beam welding in the space environment. Aerosp. Sci. Technol. 2003, 7, 373–384. [Google Scholar] [CrossRef]








[image: Metals 14 01373 g001] 





Figure 1. Classification and Concept of Additive Manufacturing Technology. 
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Figure 2. Classification map of space additive manufacturing. 
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Figure 3. The first metal parts printed by laser beam melting (LBM) in microgravity (PFC): (a) Top view of the deposition chamber; (b) View of the deposition unit during cleaning after a parabolic flight; (c) Top view of the porous metal base plate on which the wrenches were manufactured in microgravity; (d) a 12 mm wrench manufactured in microgravity, after separation from the base plate (the base plate had a size of 106.5 mm × 85.5 mm) [19]. 






Figure 3. The first metal parts printed by laser beam melting (LBM) in microgravity (PFC): (a) Top view of the deposition chamber; (b) View of the deposition unit during cleaning after a parabolic flight; (c) Top view of the porous metal base plate on which the wrenches were manufactured in microgravity; (d) a 12 mm wrench manufactured in microgravity, after separation from the base plate (the base plate had a size of 106.5 mm × 85.5 mm) [19].



[image: Metals 14 01373 g003]







[image: Metals 14 01373 g004] 





Figure 4. Model of a space-made wrench. 






Figure 4. Model of a space-made wrench.



[image: Metals 14 01373 g004]







[image: Metals 14 01373 g005] 





Figure 5. (a) AM sample from JSC Mars-1A mixed with Portland cement, (b–d) Hypervelocity impact testing of such printed structures [35]. 
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Figure 6. Aircraft simulating a zero-gravity platform. 
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Figure 7. Samples produced using additive manufacturing before reduced material manufacturing [24]. 
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Figure 8. AM-made titanium brackets are used in satellites [51]. 
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Figure 9. Design of the Einstein−Elevator [49]. 
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Figure 10. (a) Assembled furnace body pre-installation, (b–d) schematic illustration of XRMON-SOL construction and integration with in situ X-ray diagnostics [56]. 
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Figure 11. Laser coaxial wire feeding principle. 
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Figure 12. Comparison of deposition cross-sections with different gravity values [58]. 
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Figure 13. The surface appearance of the single-layer specimen at different ambient pressures [63]. 
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Figure 14. Interfacial microstructure of specimens fabricated at different pressures [63]. 
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Figure 15. Principles of FDM. 
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Figure 17. Details of the LPBF/DED hybrid laser additive manufacturing experiment: (a) schematic diagram and process photo of the LPBF step, (b) schematic diagram and process photo of the DED step, and (c) photos of LPBF/ DED specimens and dimensions and sampling locations of tensile test bars [74]. 
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Figure 18. The tensile fracture path of different kinds of tensile specimens: (a) fracture path of tensile specimens sampled from the LPBF zone, (a1) magnification of the red checkbox a1 in (a), (a2) magnification of the red checkbox a2 in (a), (b) fracture path of tensile specimens sampled from the DED zone, (b1) magnification of the red checkbox b1 in (b), (b2) magnification of the red checkbox b2 in (b), (c) fracture path when the LPBF/DED interface is the center of tensile specimens, (c1) magnification of the red checkbox c1 in (c), (c2) magnification of the red checkbox c2 in (c) [74]. 
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Figure 19. Schematic of droplet deposition 3D printing. 
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Figure 20. Snapshot of molten metal droplets striking a vertical substrate (The blue box shows that the change trend is consistent) [82]. 
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Figure 21. Process setup of laser wire-feed metal additive manufacturing [87]. 
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Figure 22. Diagrammatic representation of coaxial electron beam wire feeding [87]. 
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Figure 23. Schematic of electron beam free-form fabrication. 
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Figure 24. Micrographs of multi-bead stacks produced by experiments [96]. 
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Figure 25. (a) Directed energy deposition schematic diagram; (b) Laser scanning path(red line parts); (c) Morphology of as-received powders, with an inset image showing the detailed dendrite microstructure; (d) Typical as-deposited block sample, wherein the vertical traces index the scanning directions [102]. 
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Figure 26. Model of the impeller built using EBM. 
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Figure 27. (a) Steps taken to build up the hybrid samples by SLM and DED and to make samples for mechanical tests. (b) Schematic presentations of SLM and DED [70]. 
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Figure 28. Schematic of PBF prototype with the flow-assisted method [113]. 
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Figure 29. Grain size distribution and cast microstructure with corresponding SEM pictures (Lines are the theoretical grain size distribution) [116]. 
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Figure 30. (a) SLM process, (b) cylindrical bars in the different orientations as they were built up on the platform, (c) specimen geometry for tensile tests [116]. 
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Figure 31. (a) Image showing a cross−section of the bimetallic walls with varying deposition sequences. (b) Circular precipitate morphology observed within the GRCop−42 deposited on the bottom. (c) Irregular precipitate morphologies were observed within the GRCop-42 deposited on top [126]. 
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Figure 32. Schematic representations of the stress–strain relationship of different additive manufacturing processes [128]. 
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Figure 33. Schematic representations of different additive manufacturing processes to fabricate CuCrZr and CuCrNb alloys: (a) L-PBF process; (b) EB-PBF process, (c) LP-DED process, (d) AW-DED process, (e) HLADED process [133]. 
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Figure 34. Morphology and cross-sections of the deposition under different pressure levels (The green part is the substrate, and the yellow part is the deposition layer.) [58]. 
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