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Abstract

:

The laser-based powder bed fusion (LBPF) process or commonly known as selective laser melting (SLM) has made significant progress since its inception. Initially, conventional materials like 316L, Ti6Al4V, and IN-718 were fabricated using the SLM process. However, it was inevitable to explore the possible fabrication of the second most popular structural material after Fe-based alloys/steel, the Al-based alloys by SLM. Al-based alloys exhibit some inherent difficulties due to the following factors: the presence of surface oxide layer, solidification cracking during melt cooling, high reflectivity from the surface, high thermal conductivity of the metal, poor flowability of the powder, low melting temperature, etc. Researchers have overcome these difficulties to successfully fabricate the different Al-based alloys by SLM. However, there exists no review dealing with the fabrication of different Al-based alloys by SLM, their fabrication issues, microstructure, and their correlation with properties in detail. Hence, the present review attempts to introduce the SLM process followed by a detailed discussion about the processing parameters that form the core of the alloy development process. This is followed by the current research status on the processing of Al-based alloys and microstructure evaluation (including defects, internal stresses, etc.), which are dealt with on the basis of individual Al-based series. The mechanical properties of these alloys are discussed in detail followed by the other important properties like tribological properties, fatigue properties, etc. Lastly, an outlook is given at the end of this review.
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1. Introduction


Additive manufacturing (AM) is one of the modern manufacturing processes where a 3D component is fabricated by progressively stacking and solidifying several 2D layers based on a digital model (metal incremental manufacturing) [1,2]. This is in contrast to the conventional manufacturing methods of removing an unwanted volume of the material from the bulk, namely an ingot/billet/bloom, to form a useful industrial component. This is now day commonly referred to as subtractive manufacturing (Figure 1). Ever since the first techniques in the area of rapid prototyping (RP)/additive manufacturing were developed (in the late 1980s), new advances have continuously emerged. AM, as a rapidly developing technology in the field of advanced manufacturing technologies, has positioned itself as a front runner and will perhaps be the main manufacturing method in the manufacturing sector in the decades to come, if not in the very near future [1,2,3,4,5,6]. Because of its popularity and the rapid growth of progress in this area, a number of reviews have appeared in the literature [2,7,8,9,10,11].



In this review, we would like to focus on aluminum and its alloys. This is the first review of its kind, where every Al-based alloy system is reviewed in detail with respect to the formation of microstructure and/or defect generation during laser fabrication, which makes this review unique. This will be followed by a review of the different properties of AM-Al and its alloys, including mechanical properties (tensile and compressive), tribological properties, fatigue properties, thermal conductivity, and weldability. A detailed outlook is presented at the end of the review, also suggesting future possibilities of fabricating Al and its alloys by additive manufacturing. The AM technology is also referred to as a freeform fabrication process (FFF-P) or digital manufacturing or e-manufacturing, which integrates the following branches of science and technology: physics, mechanical engineering, electrical and electronics engineering, materials science, design, and chemistry. AM technology offers the advantage of fabricating parts with extreme complexity at no additional cost. AM has attracted the attention of researchers mainly because of the following reasons (Figure 2):




	(a)

	
Design freedom: The AM process does not involve tooling and machining and, hence, in the design process, an extra degree of freedom exists and design changes can be included at any time with ease.




	(b)

	
Speed: The productivity of fabricating components of various shapes and intricate structures goes up because a plethora of sophisticated designs can be incorporated in a single build job by simply modifying the digital model of the component.




	(c)

	
Cost: The elimination of conventional mold/die making and subsequent machining of parts results in extensive savings of both direct and indirect costs, thereby favourably influencing the affordability of the end-use part.




	(d)

	
Environmentally friendly: Since AM leads to minimal waste of material, the process is considered to be environmentally friendly and




	(e)

	
Convenience: The design and production processes can be carried out with convenience and ease and with minimal labour [13,14,15].









Several additive manufacturing processes were developed in the late 1980s and early 1990s. However, not every process is intended for the production of metallic components. Fusion deposition modeling (FDM) is one of the processes that uses a polymer filament/metal wire that is unwound to an extrusion nozzle. The materials are extruded via the heated nozzle, where the melting of the material and extrusion take place simultaneously [16]. The next-generation AM processes for metals were unveiled by Carl Deckard at the University of Texas Austin with the help of his PhD advisor Prof. Joseph Beaman. They developed the selective laser sintering (SLS) process in 1984, which was then duly patented [5,17]. The SLS process reached its demand as the industries started looking into AM as an alternative technology for manufacturing. The SLS process, however, may result in the presence of internal defects such as porosity that leads to poor mechanical properties of the parts. The demand to produce fully dense parts with minimal defects, improved functionality and superior properties have led to the invention of the selective laser melting (SLM) process, which shares the common working principle with the SLS process, except that in the former, the powder particles are fused completely by melting rather than just sintering [18].



Additive manufacturing (AM) is defined by ASTM as the “process of joining materials to make objects, usually layer by layer, from a 3D CAD data” [19]. The first successful attempt in the field of AM came from the technology developed in the 1970s, through additives. Earliest roots can be traced to topography and photo sculpture both first developed in 1890s to replicate objects [20,21]. Additive technology developed rapidly throughout the 1980s and 1990s and it has seen increasing industrial application in the last 20 years. Initial commercialization of an AM process took place in 1987 in the form of stereolithography from 3D systems [22]. Stereolithography is a process that uses a combination of both photochemistry and laser technology to build parts from photopolymer resins. SLA-1 is the first commercially made AM system and was popular with the name of SLA 250 machine (SLA—Stereolithography apparatus). The commercial SLA 250 was replaced by the next-generation Viper SLA product from the 3D system. First-generation acrylate resins were commercialized in 1988 and this invention is a collaborative work from the 3D systems and Ciba-energy.



The invention of new AM technologies slowly gained momentum in 1991, when three new AM technologies were commercialized. These include fused deposition modeling (FDM) from Stratasys [23], solid ground curing (SGC) from Cubital [24], and laminated object manufacturing (LOM) from Helisys [25]. FDM is a process, which uses a plastic filament or a metal wire that is unwound to an extrusion nozzle. The nozzle is heated to melt the material and at the same time, the material is extruded from the nozzle. The material hardens immediately upon extrusion from the nozzle. SGC uses a UV-sensitive liquid polymer, solidifying the entire layers in one pass by UV light through masks created using an electrostatic toner on a glass plate. LOM is an AM process that bonds and cuts sheet material using a digitally guided laser. The next-generation AM processes were commercialized in 1992, when both selective laser sintering (SLS) from 3D systems and solid form stereolithography system from Teijin Seiki were unveiled [26]. SLS fuses powder particles (plastics/metal/ceramic/glass) using the heat from a laser to produce a 3D component. The next innovation shaped in the form of a multi-color 3D printer from Z Corporation [27]. 3D printers produce parts and assemblies in a similar fashion to a standard inkjet printer, however it spreads layers of plaster or resin powder and binds them together. 3D printing is faster, more affordable, and easier to use than other additive technologies. Selective laser melting (SLM) got its birth and definition at the end of 1994 from the Fraunhofer Institute ILT in Aachen, Germany, and is patented immediately (ILT SLM patent DE 19649865). SLM uses a 3D computer-aided design (CAD) data as a digital source of information and energy in the form of a high-powered laser beam to create 3D metal parts by fusion of metallic powder particles [28]. SLM is one of the few processes in the arena of AM that plays a key role even until the date and so has received considerable attention and importance.



The inventions in the field of AM are never-ending. However, the AM processes can be classified into four different categories depending on the process used, the materials processes, the deposition mechanisms involved, and the source of energy used during the process (Figure 3). For instance, the various AM technologies use different processing techniques for the production of the parts/objects. The FDM technology uses an extrusion process whereas digital light processing (DLP) uses a polymerization process for building 3D parts. SLS uses the sintering process and ultrasonic consolidation (UC) utilizes ultrasonic waves for the production of parts. In addition, there are different types of energy sources that are used in the AM technologies, such as DLP which uses ultraviolet radiation, ultrasonic waves are used in UC, the electron beam is utilized in the electron beam melting (EBM) process, and a laser beam is used in both SLM as well as SLS processes.



1.1. Selective Laser Melting


Selective laser melting (SLM) is one of the additive manufacturing processes that fall under the category of powder bed fusion processes. This technique was developed by Fockele and Schwarze of Stereolithographietechnik GmbH along with Meiners, Wissenbach, and Andres of ILT Fraunhofer, Aachen in 1994 to produce three-dimensional metallic components from metallic powders. A patent for this technology was first applied in the year 1997 to the German Patent and Trade Mark Office, which was then officially accepted and published in 1998 [29]. This powder-bed fusion process uses a high-intensity laser beam as the source of energy to melt the metallic powder selectively, which is dictated by three-dimensional computer aided design (CAD) data. The production of components by this process can be divided into two important steps, namely (1) the computation part and (2) the actual production sequence. The parts are produced generally on a substrate plate or a base plate made of the same/similar materials. After the production of the part, it has to be detached from the base plate and for easy removal, hollow structures called ‘support structures’ are designed in between the base plate and the actual component. The different steps involved in the production of components by the SLM process are shown in Figure 4. The first step involves creating a 3D CAD model exactly resembling the part to be fabricated. The 3D CAD model of the actual component is fed to the printer, along with the data for the support structures, and this is then known as absolute data (data of the part + data of the support structures). Since the laser needs information about the part on a layer-by-layer basis, the absolute CAD data is sliced into layers. This sliced data (layer-wise 2D information) can then be used for fabricating the part using SLM.



The second step in the SLM process involves the fabrication of the actual part. A thin layer of powder is spread over the base plate or over the previously spread powder layer using a specially designed loader setup. The loader is then taken away from the path of the laser and the laser beam is activated. The laser beam melts the powder bed selectively as dictated by the 3D CAD data. The platform is then lowered by an amount equal to the layer thickness, which is predefined based on other process parameters and the powder to be processed. The next layer of powder is then coated and the process continues until the entire part is fabricated (Figure 4). Upon completion of the process, the base plate, along with the fabricated part, can be taken out of the build chamber and the two can be separated easily by inducing cracks at the support structures. Process parameters like the laser power, laser scan speed, hatch distance, hatch style, layer thickness, powder particle size, and physical properties of the powders, determine the density of the fabricated part. The process parameters may be tuned to improve the density of the laser fabricated parts (Figure 5).



1.1.1. Advantages


The SLM process has the ability to fabricate parts without the use of any dies or tooling, which may help to shorten the design and production cycle, may result in saving production time, and in turn costs [6]. Moreover, the SLM process allows the re-use of the metal/alloy powder in an efficient way, since it offers the possibility to sieve and recycles/re-use the powder. The recycling ability is an important advantage of the SLM process since this leads to minimal waste of material and SLM is, thus, regarded as an environmentally friendly process [13,14]. It has been established that the powders can be used between 12 and 14 times after recycling, with no significant changes in the powder properties as well as that of the parts [14]. The SLM process needs fewer raw materials to produce components that can have added functionality, lightweight structures for weight reduction and exotic designs for optimal performance. Hence, SLM is considered to allow for a considerable reduction in fuel emissions, which confers the process of an outstanding ecological performance making it a green technology for the future [30]. The SLM process has already made a considerable impact in the manufacturing, automobile, aerospace, pharmaceutical, electronics, and sports sectors [31,32] because of its ability to produce a wide variety of materials (metals, alloys, cermets, composites) without any theoretical restrictions [33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50].




1.1.2. Drawbacks


Even though the SLM process has several merits to be considered as the technology for the future, there are certain drawbacks such as poor surface quality, occasional high production time, dimensional accuracy and material properties (some alloys show undesirable brittleness for industrial applications). To overcome these problems, post-processing treatments such as polishing including electro-polishing, heat treatments, surface grinding, furnace infiltration, etc. can be performed [51]. Extensive research has been carried out to find a balance between the process and material parameters that can be employed for obtaining parts with better surface finish (by introducing contours), optimized production time (by manufacturing several components in the same build job), appropriate mechanical properties, increased dimensional accuracy (smaller melt pool, smaller layer thickness), and at the same time shorter production cycle. The installation and machine costs play a crucial role since the machine costs are quite high. In addition, the raw material costs are also high, when it comes to powder-based additive manufacturing. Mostly, gas atomized powders were required, which accelerates the cost of the part. However, this powder cost may be marginally overcome by using elemental powder instead of pre-alloyed powder. On the other hand, using elemental powders will introduce other issues like segregation [33]. However, the properties of the powder, process parameters, and the properties of the alloy itself play a significant role in the fabrication of end-use metallic components using SLM.




1.1.3. Powder Characteristics


The properties of the powder play a significant role during the fabrication of a component by the SLM process. Various physical properties of the powder like the melting point, density, latent heat of fusion, thermal conductivity, and thermal heat capacity determine the melt enthalpy and in turn the density and mechanical properties of SLM-fabricated parts. The amount of energy that is required to melt a unit mass of powder completely is defined as the melting enthalpy. The melting enthalpy further determines the heat balance of the system, which in turn determines the characteristics of the melt pool [52,53,54,55,56]. One of the important factors that determine the heat balance of the system is the thermal conductivity. Elements/alloys with high thermal conductivity need higher energy in order to have a stable melt pool. The amount of internal stresses that are introduced into an SLM-fabricated part during the solidification process depends on the coefficient of thermal expansion of the system, and the aforementioned properties are intrinsic properties of the metal/alloy system, which cannot be altered significantly [52,53].



However, factors like the particle size distribution, which is a mathematical function, can be altered depending on the requirements. The particle size distribution defines the relative number of particles by mass, present in different size ranges [55,56,57,58]. This is one of the important powder properties, which determines the flowability of the powder. The ratio of larger to smaller particles in powder has a strong influence on its flowability [57]. Particles tend to stick or agglomerate with each other if the particle size distribution of the powder contains a large fraction of very fine particles, which influences the flowability of the powder. This may be explained in terms of the pronounced van der Waals forces experienced by small particles that negatively influence the uniform deposition of the powder layers [58,59,60]. On the other hand, a high volume fraction of finer particles helps to reduce the energy required for melting and decreases the layer thickness. This aids in further reducing the energy input required for the fabrication process (either the power quantity can be reduced or the laser scan speed can be increased, which increases the speed of the fabrication process) [61,62,63,64]. The consistency of the melt can be improved to a certain extent by introducing powder particles with a narrow size distribution, however it may have detrimental effects on the packing density of the powder [61].



Mazumder et al. [62] reported that the laser beam has to diverge through a larger distance through the powder bed to form a melt pool if the layer thickness of the powder is increased. Under such circumstances, there may be an asymmetry in the pool width between the top and the bottom layers, with the melt pool at the bottom being significantly larger than at the top. This asymmetry in the melt pool width can be minimized by reducing the layer thickness of the powder bed by using finer particles. The particle size and the particle size distribution not only determine the parameters to be used for the process, but also influence the quality of the SLM-fabricated components [55]. For example, a finer particle size leads to an improved surface finish of the components [60]. The other important property of the powder is the shape of the particles, which strongly depends on the powder preparation method. For instance, powder particles produced by conventional mechanical milling/alloying tend to have an irregular shape [63]. On the other hand, gas atomization leads to the formation of spherical powder particles. Spherical powder particles improve the flowability of the powder, which in turn improves the quality of the final part [64]. Non-spherical powder particles lead to lower compaction density, which in turn leads to an increased level of defects (porosity) in the SLM-fabricated parts, which is detrimental for high-performance applications [62]. The powder density itself is another important property to be considered. The density can be classified as the density of the individual particles or powder packing density. The density of the powder (or the material) is an intrinsic property of the material and the packing density depends strongly on the morphology of the powder, namely size, shape, and size distribution. The packing density determines the thermal conductivity of the powder bed, which depends on the number of contact points existing between the powder particles. A higher packing density leads to higher number of contact points between the powder particles, thereby aiding uniform heat transfer across the powder layer. The above dependencies suggest that the particle morphology (size and shape), along with the particle size distribution, plays a major role in determining the quality of SLM components. Other properties, like the heat absorption coefficient (which can be influenced by varying the bed temperature by employing suitable heating systems) [31], viscosity of the melt pool (that can be determined by the laser power) [31], and surface free energy, also play a role during the SLM processing. However, they are of lesser significance compared to the above-discussed powder properties.




1.1.4. Process Parameters


The SLM process is very complex in nature. Several process parameters can influence the fabrication process and, consequently, the quality of the final component. Among others, parameters such as laser power, laser scan speed, spot size of the laser, hatch spacing and style, and the layer thickness are the most critical factors that have a strong influence (Figure 6).




1.1.5. Energy Density


The quality and properties of SLM parts strongly depend on the above parameters that in turn define the energy density or the energy input. The energy density Ed, is defined as the amount of energy that is supplied to a unit volume of powder during the melting step and is expressed as:


Ed = P/(vs h t) (J/mm3)



(1)




where P is the laser power (W), vs is the laser scanning speed (mm/s), h indicates the hatch distance (mm), and t represents the layer thickness (mm) [65,66]. To elucidate the influence of the SLM process parameters on the mechanical properties of the end product, some experiments performed on the near-eutectic Al-12(wt.%)Si alloy will be discussed below. The optimized process parameters for printing dense Al-12Si parts, reported elsewhere, were taken as the reference point [66,67,68,69]. During the process conducted in an SLM 250 HL device from SLM solutions, the laser power was gradually reduced from an optimum value of 320 W to 80 W in 6 steps of 40 W each. The laser scan speed was held constant at 1455 mm/sec. Tensile tests were carried out on these 7 samples and it was observed that the strength (both yield strength and ultimate tensile strength), as well as the ductility of the Al-12Si samples decreased gradually as the laser power was decreased (Figure 7). This is because, as the laser power decreases, the effective energy supplied to the powder bed decreases, and this results in improper melting of the metal powder creating defects in the solidified parts causing poor mechanical properties [68].



Equation (1) describes the amount of energy supplied to the powder bed in the form of energy density. However, this parameter is empirical and is derived more as a rule of thumb. For example, the two parameters, laser power, and laser scan speed were varied to maintain a constant energy density at a fixed layer thickness and hatch distance. The laser power was varied between 320 W and 40 W and the laser scan speed was varied between 1455 mm/s and 182 mm/s, respectively, to maintain a constant energy density of 55 J/mm3 for all the 8 test specimens. The tensile test results in Figure 8 show that the sample fabricated with the highest laser power and laser scan speed exhibits the highest strength (for the parameters: 320 W and 1455 mm/s, which is the optimized parameter). The strength and ductility of the samples decrease gradually when both laser power and laser scan speed are decreased. These findings illustrate that both laser power and laser scan speed are two individual parameters that are crucial for achieving optimum mechanical properties of SLM samples. The energy density parameter, as widely used by many researchers dealing with parameter optimization studies [69,70] is only empirical and the influence of the processing parameters cannot be strictly judged based solely on the energy density [68].




1.1.6. Hatches and Hatch Styles


In order to understand the influence of hatches and hatch styles, one needs to understand the basics behind the fabrication process. Hence, we now focus on the building sequence carried out during the SLM process. A focused laser beam melts the powder particles selectively over a powder bed. Generally, the layer thickness of the powder bed is kept constant, depending on the average powder particle size. Hence, this is a fixed term in the calculation of energy density.



The area to be melted on the powder bed is usually several times larger than the diameter of the laser beam. Considering the size of the laser spot as ~80 µm, the laser beam cannot melt the entire scan area in a single exposure. Hence, the laser beam is made to traverse along a single track in the powder bed at a time, which corresponds to a width of ~80–120 µm, depending on the material and the laser parameters (Figure 9). This single track, which the laser melts in every operation (exposure), is known as hatch (with a distance ‘a’—Figure 10), and is regarded as the building block for the SLM process. The laser has to make several hatches to melt the entire scan area in a single layer, as shown in Figure 9. In order to ensure the soundness of the sample and to eliminate porosity at the interface of two consecutive hatches, every hatch has an overlap, known as hatch overlap (∆x), with its former one. The extent of hatch overlap also depends on the material to be processed and the laser parameters. Hence, the effective track distance is the difference between the hatch distance and the hatch overlap (a − ∆x). In most of the SLM processes, an overlap of ~20% or more is maintained to ensure a better quality of the SLM parts [53]. In order to complete a 3D part, the SLM process involves several hatches within each layer and several layers within each part (Figure 10). Hatches play an important role in the SLM process [12,67]. The arrangement of hatches within and between the layers is defined as the hatch style. The hatch style plays a major role in dictating the microstructure of the SLM part and hence its properties [12].



The hatch style can be varied in a number of different ways and its design depends on the creativity of the user and on the specific requirements of the SLM part. Some of the possible hatch styles (also known as laser scan strategy) are shown in Figure 11. For example, the first hatch style, designated ‘A’ (in Figure 11), represents a pattern in which the hatches are aligned in a unidirectional vector and rotate 90° for every consecutive layer, which is called ‘single melt hatch style’. On the other hand, the hatch style ‘B’ shows bidirectional vectors, where two neighboring hatches do not have the same direction. The direction is reversed between each hatch and this type of hatch style is referred to as single melt continuous. Similarly, there is the possibility that each layer can be melted twice before the next layer of powder is applied, which is termed as ‘double melt hatch style’. One of the most popular hatch styles that is prominent in the SLM community is the checkerboard hatch style (designated as ‘D’ in Figure 11) [71,72,73,74]. These hatch styles may be repeated every layer with or without the presence of hatch style rotations between the layers. The rotation of the hatch style between two consecutive layers is expected to improve the bonding between the layers [75]. All the aforementioned variables, namely hatch distance, hatch style, and hatch rotations, are expected to have a strong influence on the microstructure and properties of the final parts produced by SLM [12,71,75,76].




1.1.7. The Contour


Similar to the hatch style, contours have a significant effect on the quality and surface finish of SLM parts. Figure 12 shows a contour, which is the outermost layer/surface of the SLM part usually with a thickness of 0.2–0.5 mm. The surface quality such as roughness is important for aesthetic or functional purposes. However, generally, the contours are subjected to different process parameters than those used for processing the bulk of the part. Generally, the laser power may be held the same but the contour layer is melted at a faster speed to have a smoother surface finish. An intermediate layer between the bulk of the part and the contour may also be present, identified as contour offset. The building sequence of an SLM part is melting of the bulk volume first, then the contour offset and finally the contour, depending on the shrinkage levels observed in the specimens. This sequence may, however, be altered based on the needs and material shrinkage properties.






2. Microstructure


2.1. Surfaces


Al and its alloys pose a plethora of challenges for fabrication through additive manufacturing techniques. While the characteristics of the powder, composition, and process parameter selection themselves require meticulous optimization, the rather poor laser-aluminum interaction is an additional challenge requiring serious attention [77,78,79]. Al and its alloy powders are highly reactive to oxygen and nitrogen and readily form thermodynamically very stable oxide, nitride or oxynitride films on the surface of the powder particles that are very hard to reduce [80]. Firstly, aluminum oxides have a higher melting point compared with the pure metal and, hence it will impede the melting of the powder particle [31]. Secondly, the oxides are not compatible with the molten metal due to their poor wetting characteristics, thus leading to pore generation within the solidifying material, which deteriorates the material properties. Oxide films can be easily formed on the melt surface, even at low concentrations of oxygen [66]. Hence, to break the stable oxide films and maintain a stable melt pool, sufficient thermal energy has to be imparted to the metal powders [80]. High laser power, combined with low laser scan speeds and close overlap distances (high-energy input), may be employed to impart high thermal energies during the SLM process. Nevertheless, oxide particles may still be encapsulated in the melt pool. Using low scan speeds will further lead to increased production time and higher overall manufacturing costs. On the other hand, imparting high thermal energy to the powder bed leads to the formation of a large melt pool, which may be uncontrollable and may result in a detrimental balling effect [80]. Other adverse effects of the oxides include:




	
Hindering of diffusion, resulting in the presence of un-melted particles.



	
Formation of weak zones in the end parts due to the brittle nature of oxides (ceramics).



	
Formation of pores due to poor wettability of the oxide particles with the liquid metal [81,82] and also due to the entrapment of gases in the melt pool.









2.2. Porosity


The porosity present in an SLM part can be categorized into two types: (a) metallurgical pores [83] and (b) keyhole pores [84,85]. Pores resulting from hydrogen gas entrapment are generally spherical in shape and less than 100 µm in size and are termed as metallurgical pores. On the other hand, irregularly shaped pores that are much larger than 50 µm in size are defined as keyhole pores [86,87]. Such pores may arise from keyhole instability. The keyhole instability is attributed to the rapid cooling associated with the SLM process. Fast cooling impedes the molten metal to flow into the gaps and fill them completely leading to irregularly shaped pores. The metallurgical pores are created at very slow scanning speed due to the entrapment of gases within the melt pool due to pick up either from the atmosphere or from the powder [88]. Proper setting of the parameters is required to eliminate these porosities and to manufacture theoretically dense samples [89,90,91].




2.3. Flowability


Poor flowability also leads to defects and anisotropic properties in the SLM parts. The SLM process needs a stable, flat and uniformly distributed powder layer over the substrate or a previously deposited layer. Aluminum, being a light metal and in the presence of moisture, exhibits poor flowability, often leading to powder bridging inside the chamber and may result in clogging of the flow channels or cause hinders uniform powder flow onto the powder bed or itself. The poor flowability of the powder is also ascribed to strong inter-particle cohesion, which is associated with van der Waals forces [56]. In addition, strong inter-particle cohesion leads to the agglomeration of powder, which severely affects its flowability. None of the present-day deposition mechanisms can yield a perfect and uniform powder bed with Al and its alloys, irrespective of the particle size and shape used for the manufacturing process. The presence of non-uniform powder spread over the bed will often lead to defects in the fabricated parts and non-uniform properties of the parts.




2.4. Laser Sources


There are several commercially available laser sources, which can be incorporated in an SLM device. Some of the common laser sources are Nd:YAG and CO2 lasers, of which the former is more widely employed due to its ability to generate high output power and a finer focus [92]. Nd:YAG lasers have the advantage of exhibiting high absorptivity, which may provide larger penetration depths at low power [92,93]. However, Al and its alloys are highly reflective to the laser wavelengths of around 1.06 µm (laser wavelength for Nd:YAG laser), which is typically used in the SLM process. Under such conditions, the amount of energy absorbed will be less than 10% of the incident energy from the source [77,78]. Hence, to overcome the reflectivity issues in Al and its alloys, laser energies much higher than the theoretical values are applied. A significantly high-temperature gradient exists within the powder bed, the solidifying layers, and the overlaps that can lead to a detrimental balling effect [80].




2.5. Processability Issues


Al and its alloys are known for their high thermal conductivity and/or thermal diffusivity (thermal conductivity represents the ability of the materials to conduct the heat. The rate of heat transfer in materials is characterized by the thermal diffusivity), suggesting that heat is dissipated through such materials at very high rates. Thus, the powder bed not only reflects the laser beam but also conducts the heat rapidly away from the melt pool into the previously solidified layer and to the powder bed surrounding the melt pool or the substrate plate. Hence, it requires an additional supply of energy to compensate for the rapid conduction of heat from the melt pool [94]. Such high energy supplied to the powder bed will result in a significantly wider melt pool that creates limitations in the minimum size of the features that can be produced by the SLM process. In addition, high heating and cooling rates that lead to significant thermal gradients around the melt pool may cause undesirable levels of cracking. Relatively higher viscosity is observed in the melt pool owing to the relatively large difference between the liquidus and solidus temperatures resulting in poor fluidity and weldability, which could lead to insufficient filling of the melt during solidification. It has been demonstrated by researchers recently that the cracking problem in the 7075 alloys may be solved by adding elements that form a secondary eutectic, thereby increasing the fluidity (decreasing the viscosity of the melt) at a given temperature, where a high viscosity of the melt and shrinkage can cause solidification cracking [95].



In summary, the problems associated with Al and its alloys for fabrication by SLM are: (a) Oxidation of the surface of the metal powder, (b) obstructed flowability of the powder, (c) low absorptivity of the laser beam and high reflectivity to energies corresponding to a wavelength of 1.06 µm, (d) high thermal conductivity and, hence, wider melt pools placing restrictions on the size of the smallest features in the part that can be fabricated, (e) high solidification shrinkage, and (f) high viscosity of the melt [92,95,96,97,98,99,100]. Such difficulties may result in undesirable microstructures resulting in poor properties of SLM parts. In addition, Al and its alloys may face problems such as (a) porosity—improper processing parameters; (b) balling due to too high-energy input; (c) formation of a distorted layer due to too high-energy input and/or with the presence of brittle parts; (d) increased cracking tendency due to the brittle nature of the processing material; (e) high surface roughness of parts because of coarse powder and/or too high energy input; (f) loss of alloying elements, especially when the alloy contains elements with low boiling points and vapor pressures that can be lost during the SLM process; and (g) poor dimensional accuracy due to the presence of oxide layers, where the energy input has to be increased unprecedentedly [6,92,101].



Until now, the most studied SLM processed Al-based alloys are pure aluminum, Al-Si alloys, AlSi10Mg, Al-Cu alloys, and Al-Zn-Mg-Cu alloys. A few studies were devoted to some other aluminum alloys such as Al-Mg based alloys [102,103] and nanocrystalline alloys [104]. For instance, the SLM-fabricated Al85Nd8Ni5Co2 alloy reveals a hybrid nanostructure (nanocrystalline alloy), which results in very high strength at both room and elevated temperatures [104,105,106,107,108,109]. Therefore, one of the most important challenges is to find ways to resolve the above-discussed problems. Moreover, finding Al alloy compositions that are particularly suitable for the SLM process is vital for producing high strength Al alloys [110]. Al alloys have been studied and applied extensively for more than a century. Along these lines, different alloying elements have been used, but the amount of these alloying elements is typically very small. However, compared with conventional production processes such as casting or powder metallurgy, SLM has major differences in terms of a very high heating/cooling rate and a much smaller melt pool. Therefore, the well-established Al alloy compositions may not necessarily be suitable for production by SLM. In the last few years, an enormous amount of research has been carried out to develop new Al alloy compositions suitable for SLM that would solve the problems listed above and these will be discussed in a systematic fashion. The following sections will discuss different Al-based alloys processed by SLM according to their designated series.




2.6. Pure Aluminum (1XXX Series)


Aluminum is the most heavily consumed non-ferrous metal in the world for engineering applications [111]. It has a unique combination of attractive properties such as low density (lightweight), high specific strength and resistance to corrosion, making it an ideal material for use in innumerable structural applications. The burgeoning applications of aluminum are distinctively evident in the production of automobile parts, packaging of food and beverages, production of defense and aerospace equipment, transmission of electricity, and so on. Pure aluminum products can be easily fabricated and are processed by conventional processes such as casting and powder metallurgy; however, fabrication by SLM is particularly difficult. Besides the challenges mentioned above, e.g., oxidation, flowability, high reflectivity to the laser beam, etc., commercial purity aluminum exhibits a much higher thermal conductivity compared to its alloys owing to the absence of other solute elements that lower the conductivity, thus rendering fabrication by SLM more challenging. Therefore, SLM of pure aluminum has been rarely reported until the systematic study performed by Kimura and Nakamoto [112].



Defects such as irregularly shaped/spherical gas pores and fine oxide particles are prevalent in SLM-fabricated pure aluminum parts. The relative density of the SLM parts is significantly affected by the energy density of the incident laser beam. Too low input energy density leads to the presence of un-melted powder particles and irregularly shaped pores, while too high input energy density results in abundant spherical gas pores due to the sputters of molten and solidified metals. The gas trapped in the pores comes from the Ar/N2, which is used during the process or from the residual gases like hydrogen present in the powder. The SLM parts usually also contain large amounts of fine oxide particles (less than 0.3 µm) in the aluminum matrix, which might be formed from the pre-existing oxides on the surface of the atomized powder. The oxides on the powder particles may be broken into many smaller particles due to the rapid thrust of the high-energy laser beam, which can introduce large thermal stresses in the oxides. There is a peak relative density of pure aluminum SLM parts as a function of the input energy density, which is more than 99% for an energy density, Ed = 60–80 J/mm3 in the work done by Kimura and Nakamoto [112]. However, the Ed value also depends on other process parameters such as laser scan speed and laser power. The SLM pure aluminum parts show a cellular microstructure resulting from the laser scan traces. A clear texture of the (101) plane developed toward the stacking direction (ND) in the horizontal plane, and an elongated columnar crystallographic microstructure along the stacking direction in the vertical plane [112]. However, the production of pure-Al by SLM [112] is not of much interest due to the: (1) the poor mechanical properties of pure Al and (2) SLM processing difficulties in producing bulk defect-free components. Hence, pure Al SLM parts are not of considerable interest.




2.7. Al-Cu-Based Alloys (2XXX Series)


Al-Cu—2XXX is one of the well-established heat treatable Al-based alloys [113]. It has been used for decades in the automobile and aerospace sectors and SLM processing of Al-Cu—2XXX series alloys are discussed below.



2.7.1. Al-Cu Alloys


SLM of Al-Cu alloys was first attempted by Bartkowiak et al. [114]. Custom-developed Al-Cu powders were used, where the composition varied from Al-5Cu to Al-11.8Cu. Al and Cu powders with average particle diameters of 35 µm and 3 µm, respectively, were blended together. The blended powders are shown in Figure 13. The finer Cu particles are attached to the surface of Al particles and are distributed uniformly. A single laser exposure via a single scan/track on the Al-Cu alloy powder created a crack-free, high-density structure with no brittle/hard surface oxidation layer. Due to the high cooling rates during SLM, a very fine microstructure was established. Wang et al. reported on the microstructure and mechanical properties of bulk Al-Cu alloys produced by SLM [115]. Al-xCu powders (x = 4.5, 6, 20, 33 and 40 wt.%) (particle size: 20–60 µm) were obtained by mixing Al-4.5Cu pre-alloyed powder with Cu powder (particle size ≤ 63 µm). After SLM, the Al-xCu SLM samples showed no visible XRD peaks corresponding to elemental Cu, suggesting the formation of an Al(Cu) solid solution and/or intermetallics. The Al2Cu intermetallic was found in all the samples with a relative volume fraction increasing from 10 wt.% to 77 wt.% corresponding to the Cu contents of 4.5 and 40 wt.%, respectively. The microstructure revealed an inhomogeneous distribution of the solute (Cu) phase owing to the different cooling rates along the width of the melt pool and the limited Cu diffusion into the Al matrix. Different microstructural zones were observed: a high-cooling-rate zone (HCRZ), a low-cooling-rate zone (LCRZ), and a heat-affected zone (HAZ). The Al2Cu phase in the Al-4.5Cu alloy is distributed uniformly and shows a fine granular microstructure in the HCRZ, whereas a lamellar (plate-like) Al2Cu is formed in the LCRZ. With increasing Cu content, the size of the Al2Cu phase increases significantly, and the morphology changes from eutectic to a hypereutectic microstructure. The Rapid solidification during SLM with shallow and narrow melt pool prevents complete dissolution of Cu in Al, especially at high Cu contents leading to the presence of Cu particles and Cu-rich clusters, as shown in Figure 14.



However, recently Pauly et al. have demonstrated formation of a lamellar eutectic in an Al-33Cu alloy fabricated by SLM from gas atomized Al-33Cu powders [116]. The Al-33Cu composition shows a perfect lamellar eutectic microstructure. The width of the lamellae may be adjusted by varying the cooling rate (i.e., by modifying the process parameters; especially laser power and laser scan speed). In addition, Pauly et al. were able to demonstrate that the volumetric energy density is an inaccurate measure for inferring cooling rates, at least for this alloy [116].




2.7.2. Al-Cu-Mg Alloys


Al-Cu-Mg wrought alloys exhibit high strengths achieved through precipitation hardening. Zhang et al. first reported in detail on the production of Al-Cu-Mg alloys by the SLM technique [117]. For this, gas atomized Al-Cu-Mg alloy powders were used. The chemical composition (wt.%) was 4.24 Cu, 1.97 Mg, 0.56 Mn, with the balance aluminum. With optimized SLM process parameters (like laser power, laser scan speed, hatch distance, and hatch style), a high relative density of 99.8% was obtained, as shown in Figure 15. The energy density of the incident laser beam influenced the densification behavior significantly. A threshold energy of 340 J/mm3 was determined, above which flaws and microcracks were almost either non-existent or insignificant, due to sufficient liquid phase flowability and appropriate filling. However, considerable pores and cracks were found in the SLM samples produced below the threshold energy, as can be seen in Figure 16 [117,118].



A higher solid solubility limit of Cu and Mg in α-Al compared to the conventionally cast samples was found in the SLM samples. This is due to the higher cooling rates upon SLM processing. Due to the high solid solubility of Cu and Mg, the formation of secondary phases was suppressed. A strong Al {200} texture was observed in the SLM samples, similar, to what was found in, SLM Al-12Si and AlSi10Mg alloys. The as-fabricated SLM samples have an in-homogenous microstructure in which the typical laser tracks and fine cellular microstructure can be observed (Figure 17). The diffusion of Cu and Mg is hindered and a supersaturated cellular-dendritic structure was formed. The in-homogenous microstructure disappears after solid solution heat-treatment. After such treatment, the laser tracks and hatch overlaps are no longer visible and the microstructure coarsened. This reveals that heat-treatments can bring the microstructure of the SLM alloys closer to that of the conventionally processed alloy. Figure 18 shows the secondary phase (Al2CuMg) distributed in the Al matrix in the SLM sample after H4 treatment.





2.8. Al-Si-Based Alloys (4XXX Series)


The 4XXX series of aluminum alloys is predominantly alloyed with silicon. The addition of silicon increases the corrosion and wear resistance of aluminum, lowers the melting point (at near-eutectic composition), increases the fluidity of the aluminum melt, reduces the thermal expansion coefficient and moderately improves the strength [119]. Al-Si cast alloys are extensively used in automotive and aerospace industries because of their lightweight characteristics (i.e., rather low density), high specific strength, low recycling costs, and good corrosion and wear resistance [104,105,106,120,121]. For example, engine parts and heat exchangers used in cars are often produced from Al-Si alloys due to their low coefficient of thermal expansion, high wear resistance and the high strength-to-weight ratio [122,123,124,125,126].



The Al-Si phase diagram features a eutectic reaction at a composition of 12.6 wt.% Si [67]. The eutectic Al-Si phases start nucleating from the liquid under eutectic conditions (12.6 wt.% Si and 848 K) and growth proceeds until the end of solidification. Under equilibrium conditions, a pro-eutectic aluminum phase nucleates and grows in a dendritic fashion in hypo-eutectic Al-Si alloys immediately below the liquidus temperature, while primary angular silicon particles form in hyper-eutectic alloys. Based on such a solidification sequence, hypo-eutectic Al-Si alloys contain a soft and ductile proeutectic aluminum matrix in which a hard and brittle secondary silicon phase is embedded. On the other hand, hypereutectic Al-Si alloys are rather brittle due to a high concentration of brittle phases: (a) coarse, angular pro-eutectic silicon particles as well as (b) a eutectic silicon phase. Under non-equilibrium conditions, i.e., via SLM processing, metastable phases are formed due to the high -heating and cooling rates (103–108 K/s) [127,128,129]. In addition, excessive superheating and undercooling enhance the nucleation rate and suppress grain growth in Al-Si alloy [130]. Therefore, the microstructure, mechanical properties and other properties of SLM Al-Si alloys may be significantly different from those of their cast counterparts. Recent advances in the SLM of Al-Si alloys led to the generation of ultrafine-grained silicon phases in the SLM parts, which is very tedious or almost impossible to achieve by casting [131].



2.8.1. Densification and Defects


Pores and Balling


Pores are the most common defects that arise in SLM-processed Al-based alloys and can significantly deteriorate the mechanical properties of the parts. It is vital to acquire high quality (dense) Al-based alloys by avoiding or minimizing defects such as porosity and cracking during additive manufacturing. The origin of porosity in aluminum alloys during SLM can be due to lack of fusion, the formation of keyholes or balling as described before [132]. The pores in selective laser sintered (SLS) parts that formed because of insufficient fusion were well studied by Olakanmi et al. [133]. They observed that the powder layer thickness has a significant effect on the degree of interlayer bonding: An sufficiently thin layer enhances the degree of bonding and, hence, increases the average sintered density of the Al-12Si alloy, as shown in Figure 19. Insufficient laser penetration into thick powder layers, caused by low laser energy inputs, leads to incomplete melting of particles, resulting in pores and a non-conformal end part, formed due to a lack of fusion [133]. Insufficient energy densities often result in large and irregular pore morphologies (Figure 20). On the contrary, a keyhole with a fine and intricate shape/size develops due to the supply of excess energy in a local area. Narrow and deep melt pools form in such areas, where hot vapors are trapped in the form of bubbles before they can escape into the atmosphere through the solidifying material, which results in the formation of keyholes in the SLM parts [132]. The keyhole pores are significantly influenced by the fluid flowability inside the melt pool where the surfaces are affected by the temperature gradient, the liquid/solid and liquid/vapor surface tensions, and recoil pressures. Compared to the pores formed by a lack of fusion, keyhole pores have less detrimental effects on the mechanical properties. Teng et al. reported that the mechanical properties of SLM Ti-6Al-4V parts were mostly unaffected for keyhole fractions below 1% [132].



A keyhole pore formation is schematically shown in Figure 21. Another phenomenon, namely balling, is also often observed in SLM of aluminum alloys. This phenomenon is caused by non-stabilized melt pools induced by certain laser energies [134]. Balling can occur either at too low laser energies (incomplete wetting) or too high laser energies (molten material splashes onto cohesive powder particles), which is also called humping or swelling. Balling pores are typically larger than keyhole pores and thus, they have a stronger impact on the mechanical properties of the parts even for an overall concentration of 1%. Furthermore, balling may significantly affect the melt pool overlaps between scan lines and layers, causing discontinuous fusion. Balling, pores, and laser tracks can lead to high surface roughness of SLM samples. Siddique et al. reported that the average surface roughness of SLM Al-12Si samples can reach 7.98 ± 1.50 µm with a maximum roughness of 53.98 ± 10.07 µm [135].




Cracks


Cracks are another type of defects in SLM Al-Si alloys, which may be unavoidable for certain cases in SLM processing. During rapid melting and solidification, residual stresses are introduced into the material, which causes cracks if these stresses are higher than the yield strength of the material.



Two different forms of cracks, namely solidification cracks and liquation cracks are often observed during laser processing. Solidification cracks occur when residual stresses develop because of the large thermal gradient between the melt region and the solidified region, while liquation cracks occur in the partially or incompletely melted zone. One of the main factors responsible for the formation of solidification cracks in Al-1Si alloys is tensile stresses induced by the thermal gradient within the material, i.e., when the thermally-induced tensile stresses exceed the tensile strength or the elongation of the molten metal (in the solid-liquid co-existing state) of the SLM alloy [136]. Al-Si alloys with lower flowability (Al-0~4Si) require a higher energy density to form a homogenous melt pool than that required for Al-Si alloys with higher flowability (Al-7~20Si) in order to minimize cracks and to obtain maximum densification [136]. Since Si in Al increases the fluidity and minimizes the solidification range (near the eutectic point), it is expected to decrease the cracking tendency of Al-Si-based alloys [110], unlike other non-ferrous alloy systems (both with and without Si). Undesirable residual stresses in engineering components lead to premature failure. Residual stresses in SLM parts mainly arise due to thermal gradients caused by rapid melting and solidification. For instance, the presence of residual stresses in Al-12Si SLM parts can be determined by Raman intensity mapping, as shown in Figure 22. The figure shows the Raman spectra for Si in an Al-12Si alloy in the as-fabricated condition and after solution treatment (stress-relieving), in comparison with that of standard Si. The Si line in the SLM Al-12Si alloy has a lower wavenumber (~517.6 cm−1 compared to 520.7 cm−1 for stress-free Si [80]), indicating that significant residual tensile stresses remained in the Si phase in the SLM Al-12Si alloy. Upon solution treatment, the Raman shift becomes smaller, implying that stress relaxation occurs through solution treatment. A large number of dislocations and boundaries are introduced in the Al-12Si SLM parts due to significant residual stresses and ultrafine grain sizes of the Si particles and the Al matrix. During solution treatment, these dislocations and boundaries act as fast diffusion paths and promote precipitation and growth of the Si particles [130]. Residual stresses can also be reduced by employing anchorless selective laser melting or by preheating the substrate plate in order to facilitate a smaller thermal gradient and thus decrease the residual stresses.





2.8.2. Microstructure


The hatch direction observed in the SLM Al-xSi alloys corresponds to the samples produced with a stripe scanning strategy. The width of these hatches strongly depends on the spot diameter of the laser beam, the processing parameters and the hatch overlaps (between 80 µm and 150 µm) [136], and essentially depict the typical laser tracks created during SLM processing [71,137]. The boundaries or the sites with relatively continuous coarse microstructures correspond to the overlapped regions between two adjacent laser tracks (i.e., hatch overlaps), which are melted twice. For most Al-Si alloys, a cellular microstructure develops in the track cores, which experience a single melting step. The core is rich in Al and the cellular boundaries contain Si precipitates. The cellular structure in the SLM Al-12Si alloy has a size of about 500–1000 nm, with a cellular boundary thickness of about 200 nm, as shown in Figure 23 [67].



The cellular structure is a typical structure in many SLM-fabricated alloys such as Al-Si alloys, CoCr based alloys, 316L steels and even Cu based alloys [138,139,140,141,142,143]. Yang et al. reported their results on Cu-12.5Zn-2.9Si silicon brass alloy, in which Si is helpful to form the cellular structure by precipitation of the κ-Cu7Si phase [144]. Such a fine microstructure is ascribed to the high cooling rate during SLM and will be explained in detail below [129,145,146]. The microstructure of SLM Al-Si alloys changes significantly with the Si content. Si can exist in solid solution, as Si precipitates, or within the cellular structure as discussed above. The solubility of Si in Al is 1.6 wt.% under equilibrium conditions at room temperature according to the Al-Si binary phase diagram, while it increases up to 10 wt.% in the eutectic composition for melt-spun (rapidly solidified) Al matrix [147,148,149]. Kimura et al. observed solubility of ~7 wt.% Si in Al in SLM Al-Si alloys [136]. As the solidification progresses rapidly, the excess solute concentration in the solidifying front is rejected into the surrounding melt pool. Hence, the solute concentration in the liquid rises as the solidification front moves [67]. With increasing Si content, fine dendritic structures with cell sizes of ~0.5 µm form in the Al-Si SLM parts. The cell boundaries are lined with Si precipitates, which become much thicker when the Si content increases beyond 12 wt.%, due to nucleation of primary Si precipitates along the boundaries [136]. The Al-12Si SLM alloy is the most rigorously studied Al-Si alloy because of its excellent castability at near-eutectic composition. A cellular structure is preferably formed in Al-12Si SLM samples, which results from the fast solidification during the SLM process. Due to the high cooling rate, α-Al solidifies first in a cellular morphology with an extended solubility of Si. The residual Si then segregates along the cellular boundaries, as observed in Figure 23d–f [67].



Li et al. proposed that the fine cellular structure comes from the inhomogeneous microstructure of the molten pool of Al-12Si, which may be mostly retained after rapid solidification. According to their analysis, the center of the melt pool can reach a maximum temperature of about 1712.15 K and a large portion of the melt pool probably undergoes superheating. This facilitates the formation of an inhomogeneous microstructure within the melt pool. Additionally, liquid oscillations and the short interaction time between the laser and the material enhance the formation of the inhomogeneous microstructure. In Al-Si SLM alloys, such inhomogeneous microstructure corresponds to nano-sized Si-rich and Al-rich regions in the melt pool, with a size below 100 nm, which constitutes heterogeneous nucleation and enhancement of the nucleation rate (Figure 24). The super-high cooling rate helps to retain such an inhomogeneous microstructure and restrain cellular growth [130]. Prashanth et al. reported that the cells in the cellular morphology are rich in Al and have a size of about 500–1000 nm, and the cellular boundaries where Si is preferentially located have a thickness of about 200 nm [67].



The XRD pattern of the Al-12Si SLM alloy exhibits diffraction peaks corresponding to Al and Si, as shown in Figure 25. The XRD pattern reveals that a strong texture is observed in the alloy based on the XRD pattern, where the intensities of the Al (111) and (200) peaks are reversed with respect to the same material produced by casting. Prashanth et al. corroborated the extended solid solubility of Si in α-Al in the SLM alloy based on the weak intensities of the Si peaks, which is a result of the reduced amount of ‘free’ Si in the alloy. The Si peaks are broader for the SLM alloy compared to its cast counterpart, indicating a reduced size of the Si phase in the former. Rietveld peak fitting analysis [118] indicates that the lattice parameter of Al is 4.0508 Å and the amount of free residual Si is ~1 wt.% in the SLM alloy, while it is ~10 wt.% in the conventional cast Al-12Si alloy. This confirms the formation of a supersaturated solid solution of Si in Al in the SLM alloy, which is in accordance with other processes involving high cooling rates [67,130,150,151]. The crystallite sizes of Al and Si were determined as 118 and 8 nm, respectively [67].



Hyper-eutectic Al-Si alloys, where the Si content is higher than 12.6 wt.% have also been produced by SLM. Compared to Al-12Si or hypo-eutectic Al-Si alloys, these alloys show a significantly different microstructure owing to the presence of pro-eutectic Si phase, as opposed to pro-eutectic Al in the hypoeutectic alloys. Kang et al. [152] studied the Al-18Si alloy by mixing Al-12Si and pure Si powders with a weight proportion of Al-12Si:Si = 92.6:7.4. Nano- and micron-sized Si particles were observed, and the amount of the latter decreased with increasing laser power. At a high laser power of 225 W, the irregular-shaped Si particles turned completely spherical, indicating the complete melting of the element [153]. The Al-20Si SLM alloy was studied by Kimura et al. [136] and Ma et al. [154] and another Al-Si alloy with Si content as high as 50 wt.% was studied by Jia et al. and Kang et al. [90,152]. The difference between the microstructures of the SLM- and as-cast Al-50Si alloys is depicted in Figure 26 [90]. In the hypereutectic compositions, the cast sample exhibits a plate-like primary Si phase (average length of 220 ± 5.2 µm) surrounded by the eutectic. The eutectic Si phase exhibits a needle-like shape with an average length of 2.3 ± 0.5 µm with the largest size of 10.0 µm.



On the other hand, the Si phase in hypereutectic SLM Al-Si alloys shows a significantly different morphology compared with their cast counterparts (with respect to both the primary phase and the eutectic). Owing to the overlapping of adjacent laser tracks, the microstructure of the SLM samples is comprised of two different areas; one correspondings to the hatch overlap area, and the other one to the hatch cores. Both hatch overlap areas and hatch cores show a microstructure with a primary Si phase and a phase containing the eutectic mixture of Si and Al matrix. However, primary Si in the hatch overlap areas has a mean grain size of 5.5 ± 0.3 µm, which is larger than that in the hatch cores (3.6 ± 0.2 µm). The microstructure of the Al-50Si SLM alloy shown in Figure 27 suggests that primary Si undergoes macro-segregation [152]. A fine primary silicon phase is found in the contour region (Figure 27a), with a mean particle size of 2.6 µm (Figure 27d). In the center region, i.e., the core or volume of the component (Figure 27c,f)), the average size of the primary silicon phase is about 6 µm. In the middle region, i.e., the contour offset, which is in between the contour and center regions, large irregular shaped primary silicon particles (8.5 µm) are visible (Figure 27b,e), which are surrounded by the eutectic structure. It is proposed that an internal flow of the fluid occurs within the melt pool [155,156] owing to the temperature gradient existing between the internal and external melt pool during SLM. Figure 28 shows a schematic illustration of the flow within the molten material and macro-segregation of the primary silicon phase, as proposed by Kang et al. [152].



Figure 28a depicts the scanning mode of the laser beam on the alloy powder. For hypereutectic Al-Si binary alloys, primary Si first nucleates from the melt pool in the low-temperature region during solidification. Consequently, the internal region is relatively Si-deficient (Figure 28d). The size of the primary silicon grains formed at the external region is smaller in the internal region of the solidified pool, due to faster cooling in the external region, as shown in Figure 28e. Therefore, a high degree of segregation of the primary silicon phase may occur when the laser power is too high, as it may lead to a large melt pool (Figure 28f). Accordingly, the alloy obtained with low laser power contains a mostly homogeneous distribution of primary silicon, whereas the alloy obtained at a high laser power shows the separation of the primary silicon phase along the entire cross-section.



The effect of heat treatment on the microstructure and mechanical properties of Al-12Si SLM alloys was studied in detail by Prashanth et al. [67,157] and Li et al. [130]. They have shown that irrespective of the changes in annealing time or temperature, the microstructure of the material transforms from a cellular kind of microstructure to a composite type of microstructure, where the supersaturated Si particles are ejected from the Al lattice as shown in Figure 29 and Figure 30. The intensity of the Si peaks continues to increase and the broadening of the Al and Si peaks continues to decrease due to the relaxation of internal strain and growth of the grains simultaneously. In addition, the texture observed in the as-prepared SLM material is partially/completely reversed depending on the heat treatment time and/or temperature. It is interesting to note from the work of Prashanth et al. [67], that the Si rejected from the Al matrix is diffused and preferentially deposited at the hatch overlaps. It has been observed that as much as twice the amount of Si particles are observed at the hatch overlaps compared to the core of the hatches. In addition, the size of the Si particles at the hatch overlaps is larger than the Si particles observed at other places in the same sample. A schematic transformation of the as-produced SLM microstructure (cellular microstructure) to composite like microstructure is shown in Figure 30.



The effect of different hatch styles on the texture and phase distribution of Al-12Si SLM alloys was studied by Prashanth et al. [125]. Texture coefficient is a measure of texture; it is defined as:
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where Tc(hkl) is the texture coefficient of the (hkl) plane, I is the measured intensity, I0 is the standard intensity and N is the number of diffraction peaks. Tc is close to unity for a randomly distributed powder sample, while it changes from unity for preferentially oriented (hkl) planes. The XRD patterns of the Al-12Si samples produced with different hatch styles are shown in Figure 31a and the variation in the texture coefficients of the first two intense peaks of Al ({111} and {200} peaks) are summarized in Figure 31b. The crystallite size and the lattice parameter of Al are 110 ± 3 nm and 0.40509 ± 0.00002 nm, respectively, and the amount of free residual Si is 1.35 ± 0.03 wt.% for all the SLM Al-12Si samples regardless of the hatch style used. Apart from the variation in texture, no distinct structural changes have been observed for the SLM Al-12Si samples fabricated with different hatch styles [157].





2.9. Al-Mg-Si-Based Alloys (6XXX Series)


2.9.1. Densification and Defects


The 6XXX series of aluminum is generally alloyed with magnesium and silicon [158]. The combination of elements present in the alloy allows thermal treatment/aging, which improves the strength of the alloy considerably [158,159,160]. The 6XXX alloys are the most widely used castable and weldable aluminum alloys exhibiting good corrosion resistance. One of the prominent alloys in the 6XXX family is AlSi10Mg, which is widely used for automobile components. AlSi10Mg can bear considerable mechanical loads and is regarded as an alternative to titanium in case of lightweight parts (when they are not exposed to excessive fatigue). AlSi10Mg can be subjected to various post-processing operations like machining, spark erosion, welding, coating, etc. Moreover, AlSi10Mg alloys have good melt fluidity and low shrinkage, which is favourable for casting. Since AlSi10Mg has good castability and weldability, it is favored for selective laser melting. Hence, AlSi10Mg is presumably one of the most widely used Al-alloys for additive manufacturing, especially for SLM processing. Besides the AlSi10Mg alloy, a few compositions belonging to the 6XXX family have also been studied by using the SLM process, e.g., the AlSi7Mg alloy [161]. Since AlSi10Mg is one of the prominent alloys for SLM, its optimum process parameters are readily available today and are qualified for producing industrial components. However, several groups have tried to vary the process parameters to study their influence on defect formation and microstructure development (Figure 32). The influence of laser scan speed [76], hatch spacing [76], scan strategy (scan orientation) [76], layer thickness [76], single-laser or multi-laser melting [162,163], melt pool boundary condition [164], amount of defocusing [165], and energy density (the combination of laser power and laser scan speed) [166,167] were studied along these lines. For example, Aboulkhair et al. varied the laser scan speed between 250 and 1000 mm/s and observed significant changes in the microstructure [76].



A slow laser scan speed leads to the formation of numerous spherical-shaped metallurgical pores. When the laser scan speed is increased gradually, a transition from metallurgical to keyhole pores occurs. This transition is observed at around 500 mm/s. For faster scanning keyhole porosity dominates (Figure 33). Even though two sets of samples may have a similar amount of porosity, the type of porosity has to be considered in order to make suitable changes of the process parameters [76] and where the keyhole pores entirely depend on the process parameters. Similarly, at high laser scan speeds, the melt pool becomes capillary unstable, which promotes the splashing of the liquid leading to balling phenomena (due to non-linear solidification of the metal) [168].



The balling of SLM parts, along with keyhole pores, becomes more pronounced with increasing laser scan speed. Unlike keyhole pores, the balling phenomenon can be easily observed from the top surface of samples [76]. In the presence of excessive balling, irregular surfaces are observed on SLM parts. It has been suggested that the double scan strategy (even though it takes considerable time for fabricating the parts) can help to eliminate the keyhole pores. However, the excessive energy supplied to the powder bed leads to hydrogen pickup and, hence, the formation of metallurgical pores in the AlSi10Mg alloys [78,88]. Weingarten et al. observed that hydrogen pickup is not the only reason that may lead to hydrogen/metallurgical pores [88]. The powder particles can have moisture on their surface that acts as the dominating hydrogen source, but can be reduced either by drying the powder particles isothermally in a furnace (external process) or by drying of the powders internally before melting them using a low power laser source [88]. The growth of the hydrogen pores occurs when the amount of hydrogen in the melt exceeds the maximum solubility limit of hydrogen in molten aluminium [88] and it is a diffusive process. The hydrogen pore density as a function of laser scan speed is shown in Figure 34.



Figure 34 reveals that both increase of scanning speed and the use of undried powder increases the hydrogen pore density (or, in other words, the porosity level) in AlSi10Mg samples. Read et al. performed an extensive process optimization using the statistical response surface methodology [166]. The response surface model predicting the porosity with respect to the laser parameters (laser power and laser scan speed) is shown in Figure 35. This plot suggests that both decreasing the laser power and increasing the laser scan speed are detrimental as they tend to increase the porosity level, similar to the reports of Aboulkhair et al. [76,169]. The laser power has a more significant influence on the formation of porosity than the laser scan speed. Low energy densities (low laser power and high scan speeds) result in reduced melt pool widths and, hence, porosity formation due to incomplete consolidation of the powder particles [166]. Considering all these aspects, a suitable parameter set was selected for AlSi10Mg alloys with a laser power of 200 W and a laser scan speed of 1350 mm/s [166].



The above discussed laser parameters are not the only parameters that determine the quality of the SLM parts. Depending on the type of laser, the laser focus diameter and the maximum power of the laser, both the laser power and the laser speed have to be adjusted to maintain minimum porosity levels in the material. Read et al. also showed that there is a critical energy density that results in a minimum pore fraction possible in AlSi10Mg alloys, which is ~60 J/m3 [166]. However, this is not an essential criterion, but only serves as a guideline. Before analyzing the effect of the hatch distance, it is very important to have the best possible parameters for laser single tracks and layers without defects like porosity. Aboulkhair et al. investigated the laser single tracks and layers using the AlSi10Mg powders [167]. The region with a stable melt pool was chosen for further parameter optimization.



It is obvious that the dimensions of the laser single track decrease with increasing laser scan speed and vice versa. Another reason for investigating laser single tracks is that formation of defects can be easily observed and can give hints for suitable hatch spacing, depending on the behavior of the material [170]. For instance, some of the melt pools have a conical instead of a cylindrical shape (Figure 36), which suggests the possible formation of keyhole pores in the part (suggesting relatively fast laser scan speed) [167]. Aboulkhair et al. also proposed that the results or the trend observed from laser single track cannot be taken as the only criterion to calculate the process parameters [167]; it may, however, be used as a guide for working with the process parameters. No traces of porosity were observed in the AlSi10Mg laser single tracks shown in Figure 36. Similarly, the possible selection of the laser scan speed is illustrated in Figure 37. It may be observed that the layers are too thick (400 µm) for the parameter selected. All three laser scan speeds show the presence of satellites and excessive balling. Moreover, the laser single tracks produced with a laser scan speed of 250 mm/s do not show many discontinuities. When the laser scan speed increases to 500 mm/s and 750 mm/s the volume of discontinuities increases and a complete disconnection within the tracks is observed. Some areas just show a series of droplets, suggesting that only minimal energy is conducted by the melt pool to the substrate, thereby reducing the remelted depth resulting in a lack of bonding between the substrate and the single laser track [167]. Aboulkhair et al. were able to show experimentally that pores do not form in single tracks or in layers using a predefined parameter set, but they may form in multi-layered samples [167].



Aboulkhair et al. also investigated the importance of the hatch spacing for AlSi10Mg SLM samples (Figure 38) [76]. They showed that sufficient overlaps between the hatches are observed when the hatch spacing is less than 150 µm. When hatch spacing increases to 200 µm or more, gaps/lack of overlaps between adjacent hatches is observed. It may be postulated that larger hatch spacings may be used to accelerate the fabrication process when a small layer thickness is employed. An effective hatch spacing distance improves not only the overlap between the adjacent hatches but also the intra-layer overlap depending on the shape of the laser beam. On the other hand, a smaller layer thickness increased the fabrication time [137]. However, smaller hatch spacings are preferred, because sufficient heat is accumulated in the melt pool, thereby reducing the cooling rate [171]. A reduced cooling rate allows the formation of a continuous and homogeneous layer.




2.9.2. Microstructure


AlSi10Mg SLM samples show a unique microstructure consisting of a cellular-dendritic morphology with α-Al forming the core of the cells and Si decorating the cell boundaries (Figure 39) [160,169,172,173,174]. The microstructure of AlSi10Mg SLM samples is very similar to that of Al-12Si SLM specimens [67,130]. Li et al. demonstrated that a microstructure with cellular morphologies (but three different sizes) was observed across the melt track can form due to differences in thermal history [130,160]. The different cellular morphologies are a coarse cellular zone, a transition zone, and a fine cellular zone. The coarse cellular zone and the transition zone correspond to the boundary of the laser melt track or the track overlap, where the area is melted twice. Li et al. also showed that α-Al, Si, and Mg2Si phases form in the AlSi10Mg SLM samples, as determined from XRD patterns [160]. However, Wu et al. [172] conducted a detailed microstructural analysis of AlSi10Mg SLM samples and interpreted the microstructure in a different way. They showed the presence of columnar grains from EBSD patterns (Figure 40). These columnar grains may extend up to several hundreds of microns in length, along with some equiaxed grains along the YZ plane. The columnar grains are considered to encompass typical cell-like substructures that are about 500 nm in size and the boundaries of the cells are rich in Si [71,169,175]. Unfortunately, it is difficult to highlight the grain boundaries in these SLM samples from the secondary and columnar images. The Al-Si eutectic is present at sub-cell boundaries, cell boundaries, and in the grain boundaries [172]. Its volume fraction is ~35 vol.% in all three boundaries. The observations made by Wu et al. [172] on the XY plane are identical to other reports [71,160] where a typical cellular-dendritic microstructure with the presence of Al along the cells was observed, which are partitioned by boundaries that are rich in Si. This also leads to the conclusion that Al is the first phase to solidify by pushing Si towards the boundaries because of the solubility factors, similar to what was found for yhe solidification of Al-12Si SLM samples [67,172].



Detailed TEM studies were carried out on the AlSi10Mg SLM samples by Wu et al. [172]. The TEM images along the YZ plane show characteristic long Al cells with identical orientation between the adjacent cells (Figure 41). Along the length of the cells are sub-cell boundaries that are rich in Si. The presence of sub-cells and the decoration of Al in the sub-cell boundaries are shown in the dark-field image taken with the 200 reflections of Al (Figure 41b). Micro-diffraction patterns help to understand the orientations of the sub-cells and the sub-cell boundaries. The sub-cells and the sub-cell boundaries (rich in Al) have identical orientations that are consistent along the entire length of the cells despite the presence of the substructure within each long cell. The orientation of the cells changes at the grain boundaries. However, these data are hard to interpret from the SEM images and from the bright-/dark-field TEM images [172]. The diffraction patterns suggest epitaxial growth in the Al phase, which possesses the same orientation as Al along with the cell below and Al that solidifies above the boundary. The width of the individual cells is ~500 nm (which is similar to the finding for Al-12Si SLM samples [67]) and the Si particles in the boundaries have a random orientation. Thijs et al. showed the presence of both morphological and crystallographic texture in AlSi10Mg SLM samples [71]. They have investigated options to modify the texture in the SLM material by varying the scan strategy. The scan strategy is assumed to affect the texture in SLM samples because of the presence of an elongated melt pool (from a moving laser source) and, thus, directional solidification can be achieved [71]. Thijs et al. [71] have employed five different scan strategies as shown in Figure 11 and the resulting electron back-scattered diffraction images of the samples are shown in Figure 42.



The presence of a fiber texture was ascertained from the low intensities in the remaining pole figures; however, it was not complete. The overall texture index was calculated to be 1.974 as opposed to unity in isotropic materials. The normalized texture difference between unidirectional scanned samples and the samples with the bidirectional scan is only ~0.64%. Hence, the different scan strategies do not affect the crystallographic texture in the AlSi10Mg samples (Figure 42). However, the overall texture is significantly reduced (~35%) by rotating the scanning direction by 90° for every laser exposure (the texture is lowered from 1.974 for samples without scan rotation to 1.266 for samples with 90° scan rotation). The texture was also reduced by varying the scan directions within a layer by employing the island scanning strategy. A 90° scan rotation between the neighboring islands results in a texture index of ~1.127, leading to more isotropic AlSi10Mg samples. It was also established that the texture in the SLM material does not depend on the crystallography of the substrate plate but on changes in the local heat fluxes. Since AlSi10Mg is an age-hardenable alloy, both annealing and age hardening treatments have attracted considerable interest. Li et al. [160] explained the effect of the annealing treatment in detail and showed that AlSi10Mg samples behave in a similar way as Al-12Si specimens [67,130]. The fine cellular-dendritic structure transforms into a composite-like microstructure with Si particles dispersed in the Al matrix (Figure 43) [160]. The microstructure becomes coarse (i.e., size of the Si particles increases) with increasing annealing time and/or temperature, and the observed features are very similar to the annealing treatment of Al-12Si samples (see Figure 44). Interestingly, the samples were not kept for longer time (6 h) at higher temperatures like in the case of the Al-12Si annealing treatment; instead, the samples subjected to the solutionizing treatment were held only for 2 h. Nevertheless, artificial aging was carried out for longer times (12 h) [67,130,160]. Similar investigations of the Si particle size and density were made by Aboulkhair et al. [176]. However, no similarities were observed between the results of Aboulkhair et al. [176] and Li et al. [160].



The disparity in both size and spatial density of Si particles in the SLM-fabricated AlSi10Mg samples after solutionizing and artificial aging treatments are due to the following differences: (a) Aboulkhair et al. [176] used a Renishaw AM 250 SLM device, which can reach a maximum laser power of 200 W. In contrast, Li et al. [160] used an SLM solutions SLM 250 HL device to prepare the AlSi10Mg samples with a laser power of 350 W and a laser scan speed of 1140 mm/s. This laser scan speed is significantly higher than the laser scan speed used by Aboulkhair et al., which was 318 mm/s [176]. (b) Apart from the differences in the applied laser power and scan speed, both groups used different hatch distances, layer thicknesses, and so on. Hence, an apparent difference in the microstructure is observed, which leads to differences in the sizes and spatial density of Si particles after solutionizing and artificial aging treatments. This is especially true with respect to the length scales, while the compositions of the phases present in the microstructure remain the same. Overall, general comments can be made on the heat treatment of AlSi10Mg SLM specimens, compared to cast samples [177]. As-fabricated AlSi10Mg SLM samples show a very fine microstructure with a continuous Si phase along the cell boundaries of α-Al similar to the Al-12Si samples. On the other hand, cast AlSi10Mg samples exhibit a coarse dendritic microstructure with non-uniform distribution of Si in the form of flakes [178,179,180,181]. Precipitation hardening of the cast sample leads to the formation of fine Si particles and clustering at the grain boundaries of α-Al along with the formation of Mg2Si precipitates, but the SLM samples behave differently. The microstructure coarsens and becomes a solid solution of Si particles dispersed in the α-Al matrix, appearing like a composite.





2.10. Al-Zn-Mg-Cu-Based Alloys (7XXX Series)


7XXX alloys (Al-Zn-Mg-Cu) have lower densities than Al-Cu based alloys, combined with high strength, fracture toughness and resistance to stress corrosion cracking (SCC) and exfoliation corrosion, making them attractive candidates for lightweight aerospace applications [111]. However, additive manufacturing of the 7XXX alloys is a major challenge, firstly because of the evaporation of the low boiling point alloying elements such as Mg and Zn, resulting in undesired fluctuations in the alloy composition. The Zn:Mg ratio has a significant effect on the microstructure, for example, a T phase ((Al,Zn)49Mg32) may form for low Zn:Mg ratios in 7075 alloy [111]. The evaporation also causes porosity and voids in the deposit. Secondly, hot tearing cracks or solidification cracks can form easily. Thirdly, the poor laser absorption, as well as the high thermal conductivity of the alloy, leads to rapid heat dissipation into the solidified part or powder bed. Therefore, finding the right parameters and solutions for the additive manufacturing of 7XXX alloys has become increasingly important and in the following sections, we summarize the most recent efforts made in this direction.



2.10.1. Densification and Defects


SLM Al 7XXX alloys often suffer from inferior strength compared to their cast counterparts. Due to the huge difference in the evaporation temperatures of zinc (1180.15 K) and aluminum (2792.15 K), zinc easily vaporizes during the SLM process and at least 1.6 wt.% loss is incurred on average [182]. The loss of Mg is usually lower than that of Zn. Wang et al., reported a loss of Zn and Mg in the order of ~2.81 wt.% and ~0.39 wt.%, respectively, in one Al-Zn-Mg-Cu alloy [183]. Similarly, a loss of ~3.46 wt.% Zn and ~0.8 wt.% Mg was reported in another study [95]. The loss of Zn and Mg was shown as one of the reasons for the deterioration of the mechanical properties of SLM 7XXX alloys [95]. Qi et al. reported the effects of scanning speed and defocusing distance on the melting mode transition for the SLM Al7050 alloy [184]. They showed that the melting mode undergoes a transition from the keyhole to conduction mode as the scanning speed increases from 100 to 1200 mm/s, with the other process parameters, kept constant. Compared to the conduction mode, the keyhole mode shows a deeper and narrower melt pool as the laser intensity is sufficiently high to cause metal vaporization. Crack propagation, as seen in Figure 45, occurs along the grain boundaries for both modes. However, for the conduction mode, the grains are predominantly columnar along the building direction and the cracks appear parallel to the building direction. In contrast, the keyhole mode comprises much smaller and randomly oriented grains, resulting in cracks propagating in different directions [185]. Kaufmann et al. studied in detail the influence of process parameters on the quality of an SLM EN AW7075 alloy. A relative density of over 99% could be achieved by carefully controlling the process parameters. They showed that exceptionally high relative densities might be obtained using high laser power and low scanning speeds. The variation of porosity and relative density with respect to the laser process parameters (power and scan speed) are shown in Figure 46 [182].



In order to improve the weldability or reduce hot cracking, several investigations were devoted to modifying the composition of 7XXX alloys by mixing nanoparticles of other elements to the micron sized 7XXX alloy powder [95,185]. For example, Sistiaga et al. reported a Si-added Al7075 alloy produced by SLM [95]. The Al7075 powder was mixed with 1 to 4 wt.% Si nanoparticles. Si is expected to improve the fluidity of the melt and reduce thermal expansion by decreasing the melting temperature and solidification range through the formation of a low-temperature eutectic [110]. It was also found that cracks were present only in samples with a Si content lower than 2 wt.%, but could not be observed in samples with higher Si contents. In the alloys with low Si content, long (100–300 µm) and wide (50–100 µm) grains were observed, which were parallel to the building direction, whilst for alloys with higher Si content, the Si nanoparticles induced grain refinement, as shown in Figure 47 [95]. The formation and propagation of cracks were also suppressed by adding Si. Grain refinement, as well as the fact that Si can reduce the melting temperature and form a second eutectic that can backfill the cracks during solidification, were suggested as the reasons for the absence of cracks in such alloys.




2.10.2. Microstructure


Recently, high strength Al7075 alloys were successfully processed by SLM, and crack-free, equiaxed, fine-grained microstructures were achieved [185]. For instance, a general approach promoting the nucleation of new grains was reported by adding 1 vol.% hydrogen-stabilized zirconium nanoscale nucleants onto the surface of the pre-alloyed gas-atomized Al7075 spherical powder (Figure 48). Through this, solidification preferentially occurs through nucleation on existing grains, leading to grain growth vertical to the building direction with grains extending across multiple build layers, as depicted in the inverse pole figure map in Figure 48e. The addition of nanoparticles, which form Al3Zr during melting, provides a low-energy heterogeneous nucleation site. A fine equiaxed structure is formed instead of a columnar structure (Figure 48f), which allows easier grain rotation and deformation, providing a means to accommodate strain in the semisolid state, thus preventing crack initiation and growth during SLM.



Singh et al. reported a nickel-coated Al7050 alloy produced by laser metal deposition, a different additive manufacturing technique [186]. The Al7050 powder was coated with Ni to increase the absorption of photons from the laser in order to achieve a good quality of the deposit. In addition, the coating of Ni can reduce the evaporation of low melting point elements such as Zn and Mg. It was shown that the columnar dendrites above the bead/layer boundaries gradually transformed into equiaxed α-Al dendrites in the middle to the upper part of each bead/layer. However, Ni largely segregated in the inter-dendritic boundaries and produced brittle intermetallic phases, leading to poor tensile ductility of the as-deposited samples. A new phase or structure may form in the SLM-fabricated Al7075 alloy compared with conventional cast material. For example, an icosahedral quasicrystalline phase was observed in the SLM-fabricated AA7075 aluminum alloy [187].



Heat treatments such as solid solutionizing, quenching and aging are vital for Al-Zn-Mg-Cu alloys for modifying the microstructure and improving the mechanical properties. Considering the Al-Zn-Mg system, the following phases form during aging: GP zones (MgZn); η’; η (MgZn2); T’; and T (Al2Mg3Zn3 or (AlZn)49Mg32) [111]. It was shown that GP zones and the semicoherent η′ phase lead to maximum strengthening. Compared to the traditional 7XXX series of aluminum, samples produced by additive manufacturing techniques show a vast difference in both microstructure and phases, which can result in a different behavior during heat treatment. For example, the finer grain size and hence larger volume fraction of grain boundaries may influence the solid solution and aging behavior. Moreover, the evaporation of low melting point elements may change the precipitation of phases, since the Mg:Zn ratio has a significant effect on the phases formed during aging. Wang et al. studied the effect of heat treatment on the microstructure and mechanical properties of an Al-Zn-Mg-Cu alloy produced by casting and SLM [183]. Figure 49a1,a2 shows the microstructure of the cast sample, which consists of equiaxed Al grains (dark phase) along with a lamellar eutectic that precipitated around the grain boundaries. After T6 heat treatment of the cast sample, the amount of the eutectic decreases and appears with a discontinuous particle-like morphology (Figure 49b1,b2). On the other hand, in the as-fabricated SLM alloys, the distinct lamellar morphology of the h phase is absent (Figure 49c1,c2). Fine particles (η phase) are found in the interdendritic areas, maintaining a high degree of supersaturation, which can subsequently result in the precipitation of the η′ phase during T6 heat treatment [183,188,189,190]. The microstructure further changes in the T6 heat-treated SLM samples, where the η particles are hardly visible within the Al matrix and are mostly situated at the Al grain boundaries (Figure 49d1,d2). However, the precipitation behavior in the matrix was not shown in this work. Heat treatment was also applied to improve the mechanical properties of Al-Zn-Mg-Cu alloys produced by SLM in a few other studies [189]. Figure 50 shows the hardness of SLM Al7075 as a function of aging time, in which the alloy aged for 18 h displays the highest hardness [185]. However, much work still needs to be carried out fully understanding the heat treatment behavior and its influence on the mechanical properties and other physical propertiest.






3. Mechanical Properties


3.1. Pure Aluminum


SLM-processed pure aluminum shows excellent mechanical properties compared with commercial-purity aluminum wrought materials [112] (Table 1). SLM processed pure aluminum exhibits a tensile strength of ~110 MPa and a proof stress of ~90 MPa, which are significantly higher than that of the wrought counterpart, combined with a fracture elongation of ~30%, which is lower than the deformability of A1060-O. However, compared to the A1060-H14 wrought material, SLM pure aluminum shows almost equal strength with about three time’s higher elongation. It was reported that annealing treatment, for instance, annealing at 723 K for 10 min, has a negligible effect on the mechanical properties such as strength and plasticity. The high strength obtained in the as-fabricated SLM pure aluminum stems mainly from the characteristic granular microstructure with uniformly distributed fine oxides acting as a reinforcing phase in the aluminum matrix, giving a dispersion strengthening effect. In addition, the high density of dislocations existing in the as-fabricated SLM samples, owing to the high residual strains, help to further hinder dislocation movement, leading to dislocation–dislocation interaction strengthening [112].




3.2. Al-Cu-Based Alloys


SLM-processed Al-xCu binary alloys demonstrate superior mechanical properties owing to a fine microstructure and the presence of a nano-scale eutectic including a high volume fraction of hard Al2Cu intermetallic phase. Al-33Cu and Al-40Cu binary alloys show compressive strengths higher than 1 GPa, but with very limited or no plasticity, as seen in Figure 51 [115]. The tensile properties of SLM Al-Cu-Mg alloys are summarized in Figure 52.



The as-fabricated Al-Cu-Mg alloy shows tensile and yield strengths of 402 and 276 MPa, respectively, with an elongation of 6%. Suitable heat treatments can improve both the strength and ductility: the tensile strength, yield strength, and elongation increase approximately by factors of 1.3, 1.2 and 2.3, respectively. The cooling rate (water quenching or air-cooling), subsequent to heat treatment, also influences the mechanical properties [117]. Zhang et al. [190] studied the effect of Zr addition on crack, microstructure and mechanical behavior of SLM Al-Cu-Mg alloy. The Crack formation was prevented with the addition of Zr due to the formation of Al3Zr precipitates that act as nuclei for α-Al grains during solidification, leading to grain refinement. Figure 53a shows large columnar grains in the SLM Al-Cu-Mg alloy, while the grains become ultrafine or nanostructured and equiaxed with the addition of Zr (Figure 53b,c). The boundary misorientation distribution shifts to a higher angle with the addition of Zr (Figure 53d,e). Moreover, the ultimate tensile strength and yield strength improve significantly from 393 ± 20 MPa and 253 ± 9.8 MPa to 451 ± 3.6 MPa and 446 ± 4.3 MPa, respectively, with the addition of Zr. However, the elongation decreases from 6 ± 1.6% to 2.67 ± 1.1%. Figure 54 illustrates the corresponding fracture surfaces of SLM processed Al-Cu-Mg and Zr/Al-Cu-Mg specimens. Refined shallow dimples with a size of 0.4–0.9 µm are found in the Zr/Al-Cu-Mg part, indicating a relatively brittle fracture mode [190,191,192]. The porosity in the SLM parts can also result in lower ductility by accelerating crack propagation.



More recently, heat-treatable Al-Cu-Mg based alloys were studied by Wang et al., [191]wherein the effect of T6 heat treatment on the SLM Al-3.5Cu-1.5Mg-1Si alloy was investigated. They found that heat treatment results in a slight increase in the grain size and the Q phase (a phase with unknown space group formed in the as-produced SLM specimen) transforming into Al2Cu(Mg), Mg2Si, and AlxMny phases. Both strength and elongation improved after heat treatment: both, the Yield Strength (YS) and the ultimate tensile strength (UTS) increased from 223 ± 4 MPa and 366 ± 7 MPa in the as-prepared alloy to 368 ± 6 MPa and 455 ± 10 MPa after heat treatment, respectively. The elongation increased from 5.3 ± 0.3% to 6.2 ± 1.8% post-treatment as indicated in Figure 55 [191]. Ahuja et al. [192] reported the production of an EN AW-2618 alloy by laser beam melting (LBM), in which Ni and Fe were added to the Al-Mg-Cu-based alloy. By carefully choosing the process parameters, dense samples in the shape of a single line, thin wall, and cube were obtained by means of LBM. It was proved that the volumetric energy density is only a rough indicator for high relative density parts with low predictive accuracy. An average density of 99.97% was observed for the EN AW-2618 alloy. The aging behavior of the SLM 2618 alloy was studied by Casati et al. [193]. Besides Al-Cu-Mg alloys, an AlCu6Mn alloy was also studied by Ahuja et al. [192].




3.3. Al-Si Based Alloys


A detailed analysis of the mechanical behavior of Al-xSi SLM alloys, conducted by Kimura et al. [136] are presented in Figure 56 and Figure 57. The tensile strength and the proof stress of the alloys increase with increasing Si content, with an exception for the Al-1Si alloy. For example, the tensile strength of the Al-20Si SLM alloy is about 575 MPa, which is significantly higher (~5 times) than that of SLM pure Al. However, the fracture elongation drops strongly for higher Si contents, i.e., from ~30% for an Al-0Si SLM sample to less than 5% for an Al-20Si SLM sample [136]. Table 2 provides a summary of the tensile properties of Al-xSi alloys produced by SLM processing with/without ensuing heat treatments.



Beyond 12 wt.% Si, the SLM Al-xSi samples become more brittle and so it is not possible to test under tensile loading. Among the various Al-xSi alloys, Al-12Si is the most studied alloy owing to its excellent castability. Table 3 provides a summary of the tensile properties of Al-12Si alloys produced by different processing methods such as casting/SLM under varying atmospheres, with/without ensuing heat treatments. Figure 58 summarizes the mechanical properties of various Al-12Si alloys produced by die-casting, sand casting, and SLM. The as-produced SLM Al-12Si alloy shows much higher strength compared to the alloy produced by conventional casting, such as die-casting and sand casting. The yield strength and tensile strength of the as-produced SLM alloys are in the range of 200–250 MPa and 325–425 MPa, respectively, whereas the fracture strain does not exceed 5%, which is comparable to the alloy produced by die-casting. Compared to the cast Al-12Si alloy, the as-produced SLM alloy exhibits superior mechanical properties mainly due to the strengthening mechanisms resulting from a fine grain size in accordance with the Hall–Petch relationship and a homogeneous distribution of fine Si precipitates along the cellular grain boundaries [193,194,195,196].



The strength and ductility of the as-produced SLM Al-12Si alloys can be significantly modified by performing suitable heat treatments. The Variation in the mechanical properties of the Al-12Si alloy upon solution heat treatment for different durations is shown in Figure 59 [130]. Both yield strength and tensile strength decreased by more than 50% after solution heat treatment, while the ductility increases significantly from about 5% to 25%. Figure 60 shows the mechanical properties of Al-12Si after annealing heat treatments carried out at different temperatures for 6 h. With increasing annealing temperature, the strength of the alloy decreases and the ductility improves [67].



The changes occurring in the microstructure of the SLM Al-Si alloys during heat treatment lead to changes in their mechanical properties. The as-fabricated SLM Al-Si alloys possess a fine grain structure of a α-Al matrix supersaturated with Si owing to the rapid cooling. The highly metastable microstructure can be modified easily by heat treatment, where the grain size increases and the Si concentration in the Al-Si solid solution matrix decreases. For the Al-12Si alloy, the Si content in the α-Al matrix drops rapidly to ~2 wt.% after just 15 min and to 1.6 wt.% after 30 min upon heat treatment. Since the Si content of 1.6 wt.% corresponds to the equilibrium concentration, longer heat treatment has no further influence on the rejection of Si from α-Al. After very short solution treatment durations (≤15 min), tiny Si particles precipitate from the α-Al matrix. These Si particles continuously grow, even if there is no further Si rejection from the α-Al matrix, due to the combination of Ostwald ripening and coalescence of adjacent small Si particles [130]. Similarly, Prashanth et al. [67] reported that the amount of free Si increases from about 1 wt.% for as-prepared SLM samples to ~10 wt.% for the Al-12Si alloy annealed at 723 K, which is in accordance with the observations made by Li et al. [130]. The lattice parameter of Al increases after annealing at high temperatures due to the rejection of Si from the supersaturated α-Al matrix. The lattice parameter of α-Al increased from 0.405079 nm for the as-prepared SLM samples to 0.405225 nm for samples heat-treated at 723 K. As the annealing temperature increases, the microstructure became coarser. The crystallite sizes of Si and Al increase from about 8 and 118 nm, respectively, for the as-prepared SLM alloy to about 142 and 218 nm for the SLM samples annealed at 723 K.



Hence, for SLM Al-Si alloys, rejection of excess Si from the supersaturated α-Al matrix and subsequent precipitation is the fundamental phenomenon occurring during the heat treatments. Prashanth et al. [67] reported that precipitation of Si in Al-Si alloys showed two typical aspects. One was that the Si particles tend to agglomerate along the cellular boundaries and hatch overlaps, and their size grew continuously with increasing annealing temperature, all the while, the size of the particles in the hatch overlaps being constantly larger than in the track cores. Another aspect characterizing the heat-treated samples was the heterogeneous distribution of the Si particles. The amount of Si particles along the hatch overlaps varied from 7 to 0.3 particles/µm2 for the samples annealed at 473 K and 723 K, respectively, whereas in the track cores, the density of Si particle decreased in the same temperature range from 3 to 0.1 particles/µm2. The decrease of the particle density with increasing annealing temperature was apparently due to the growth of the particles because of the coalescence of smaller particles, as well as due to Ostwald ripening. The Si particles grew further and the cellular boundaries were no longer visible at higher annealing temperatures. The excess Si along the hatch overlaps acts as preferential sites for failure [67]. Most of the Si particles after solution treatment remained spherical, with only a small fraction becoming elongated particles [130].



There are certain ways to vary the room temperature tensile properties of Al-12Si samples during SLM fabrication. The combination of three variables, namely hatch style, contour and base plate heating can be effectively employed to tune the mechanical properties of the fabricated materials. For instance, samples with isotropic properties can be produced by employing different hatch styles without contour. Samples with anisotropic properties can be fabricated with a combination of (1) hatch style and base plate heating (2) contour and base plate heating and (3) hatch style, contour and base plate heating. The tensile data for Al-12Si SLM samples produced under thirty different conditions with and without heat treatment are shown in Figure 61, where the highest and lowest values are highlighted. Besides these parameters, ex situ heat treatment, combined with changing the laser parameters (laser power, laser scan speed, laser spot size) and layer thickness are other ways by which the mechanical properties of SLM components can be modified. The above parameters, both in situ and/or ex situ, and their various combinations offer a wide spectrum of properties to the SLM Al-12Si parts to match the service requirements in any desired application.




3.4. Al-Si-Mg-Based Alloys


The mechanical properties of AlSi10Mg SLM samples have been studied in detail at different length scales (nano, micro, and macro levels). Everitt et al. [196] evaluated the mechanical properties of SLM AlSi10Mg samples using nanoindentation. They showed that the hardness (around 2 GPa) across the melt pool is uniform (hardness variations are within the experimental error limits) (Figure 62) unlike for the cast sample, where the hardness varies between 1 GPa and 8 GPa. Such spatial uniformity in the nanohardness data is due to the fine microstructure with uniform distribution of Si. They also clarified the uniformity in the local mechanical properties in both the melt pool and across the layers [197,198]. It has to be noted that the material softens upon annealing treatment [169] and that the nano-hardness drops to ~1.5 GPa. This is because the benefits reaped by the fine microstructure created during the SLM process disappear as the microstructure becomes coarse, thereby losing its mechanical properties, especially the strength and hardness.



The Vickers micro-hardness was also measured for AlSi10Mg alloys, where SLM as-prepared samples exhibited a hardness of 125–130 HV and the micro-hardness drops nearly to 100 HV after solutionizing treatment [160,166,169,197,198,199]. The micro-hardness drops between 30 and 80 HV depending on the annealing conditions and it never reaches the original micro-hardness of the as-prepared SLM condition even after precipitation hardening treatment [157,198,200]. The hardness results for the AlSi10Mg alloy at different length scales reveal that the microstructure is locally uniform in the as-prepared SLM samples. However, the material softens with annealing/solutionizing treatment and it is not possible to regain the hardness of the original as-prepared SLM level after annealing, simply because the advantages in the microstructure after SLM (fine microstructure with uniform distribution of phases) are lost and cannot be mimicked [199,201].



The compressive stress of the AlSi10Mg samples in both the as-prepared SLM and annealed conditions was studied by Aboulkhair et al. (Figure 63) [169]. Both the as-built as well as the annealed samples do not fracture until an applied load of 230 kN is reached and the samples show a typical buckling/barrelling effect (Figure 63 (inset)), as it is common for Al-based alloys, where the presence of heterogeneous deformation is observed. The as-prepared AlSi10Mg SLM samples have a yield strength of 371 ± 2 MPa and an ultimate strength (at 25% strain) of 714 ± 1 MPa under compression, whereas the annealed sample shows a drop in yield- and ultimate strength (at 25% strain) of ~170 MPa and ~350 MPa, respectively, as shown in Figure 63 [169]. Nevertheless, the compressive strength of both the as-prepared SLM and annealed samples was higher than that of the cast counterpart [202]. Table 4 shows the tensile properties of AlSi10Mg samples fabricated with different process conditions (in both as-built and annealed conditions), as reported by different groups.



The tensile properties of the as-prepared SLM AlSi10Mg samples show a variation in yield strength between 170 and 330 MPa, the ultimate tensile strength between 290 and 435 MPa and the fracture strain between 1.0 and 5.5%, depending on the processing parameters and building direction. The results are scattered, i.e., some studies reveal uniform (minimal changes) in the tensile properties irrespective of the building direction [166,199], while others show a significant influence of the build direction on the tensile properties [203,204]. Hence, at this point, no definite conclusions concerning the dependency of the tensile properties on the building direction can be drawn. Nevertheless, the fracture strain increases with annealing treatment and the strength of the samples decreases considerably due to microstructure coarsening. However, the tensile properties of the as-prepared AlSi10Mg SLM samples are superior to those of conventional A360 die-cast material. The conventional behavior of SLM samples, where the strength of the material decreases with annealing treatment and fails to regain the same strength even after precipitation hardening, is also observed in this case. In a similar way, this also holds for the hardness results. The fracture surface of the as-prepared AlSi10Mg SLM samples exhibits both dimples and cleavage planes as shown in Figure 64.



Similar to the Al-12Si alloy [67], the fracture surface of the as-built SLM AlSi10Mg alloy showed dimples of size approximately 1 µm (marked by red arrows in Figure 64a, which were indicative of a ductile fracture. At the same time, the fracture surface also showed “river pattern-like” stepped cleavage planes (marked by the yellow arrow in Figure 64a suggesting a simultaneous local brittle failure of the sample. Thus, the fracture features of the as-built SLM AlSi10Mg indicate a ductile as well as a brittle failure. The fracture surface of the AlSi10Mg sample, solution heat-treated at 725 K for 2 h, showed equiaxed dimples with an average size of around 2 µm with no apparent cleavage planes, indicative of a highly ductile fracture. Moreover, the fractured Si particles were often observed at the end of the dimples and no decohesion of the Si particles from the matrix was observed, indicating a good bonding between the Al matrix and Si particles. As the solution treatment temperature was further increased, the size of the equiaxed dimples increased and reached 5 µm at 823 K (Figure 64b). Careful observation showed that the edges of the dimples passed through both Al matrix and eutectic Si particles, which further verified that the eutectic Si was firmly embedded within the Al matrix. After artificial aging at 723 K for 12 h, there was no significant change in the fracture morphologies, but a “dimples accumulation” phenomenon (dimples stacked together layer-by-layer) occurs on the fracture surface. Most likely, a fracture initiates and propagates through the “dimple accumulation” regions where the plastic deformation capacity is relatively low.




3.5. Al-Zn-Mg-Cu Based Alloys


The mechanical properties of SLM Al-Zn-Mg-Cu alloys have been very rarely studied compared to that of cast alloys. Wang et al. investigated the hardness of SLM Al-Zn-Mg-Cu alloy with Zn (9.1 ± 0.03), Mg (2.33 ± 0.06) and Cu (1.48 ± 0.02) content, which increased from 133 ± 6 HV0.05 for the as-prepared alloy to 219 ± 4 HV0.05 after T6 heat treatment [183]. Qi et al. reported a nano-hardness of 1.55 ± 0.26 GPa for as-prepared SLM Al7075 for the keyhole mode. The nano-hardness was not uniform in different regions of the melt pool under keyhole mode conditions with the highest measured nano-hardness at the bottom [184]. Compressive tests for SLM Al7075 and SLM Al7050 alloy were conducted by Sistiaga et al. [95] and Singh et al. [188], respectively. The yield strength increases from 279 ± 10 MPa for the as-prepared state to 338 ± 13 MPa for the heat-treated Al7050 + 4 wt.%Si alloy. The strength of the SLM alloy is much lower than that of conventional cast Al7075-T6 in both as-prepared and heat-treated conditions.



Reschetnik et al. [204] reported a highly anisotropic behavior for an SLM EN AW7075 alloy during tensile testing, as shown in Table 5. In addition, fatigue crack growth was also studied (Figure 65). The threshold value, ΔKth,I for as-prepared SLM AW7075 samples is 1.77 ± 0.08 MPa m1/2, while for heat-treated samples it is 1.58 ± 0.03 MPa m1/2, indicating that the heat treatment does not have much influence on the crack growth behavior. The fatigue crack growth curves show a typical double S shape as it is well known for aluminium [204]. An exceptional tensile strength as high as ~400 MPa of 7XXX alloy was found by Martin et al. [185], which was within the expected bounds for its wrought counterpart (Figure 66). According to the authors, the incorporation of Al3Zr nucleant particles induced grain refinement and, hence, reduced solidification cracking and hot tearing, which are common issues for the additive manufacturing of 7XXX alloys [185].





4. Other Properties


Other properties of the SLM-fabricated metals and alloys such as tribological properties [205,206,207,208,209,210,211,212,213,214,215,216,217,218,219], fatigue properties [122,209,210,211,212,213,214,215], thermal conductivity [112,136,214,215], weldability [112,216,217,218,219,220], and corrosion [221,222,223,224,225,226] have also been studied recently.



4.1. Tribological Properties


Additively manufactured alloys are found to have better tribological properties than their counterparts produced by conventional techniques such as powder metallurgy and casting, which can be explained by their refined structure and high hardness [208,227,228]. Al-Si alloys are widely applied as engineering components, especially as moving parts, in automotive and aerospace industries. Besides low density, good castability, and good weldability, excellent wear and corrosion resistance are paramount for these alloys used in dynamic applications involving high friction. The sliding wear and fretting wear properties of SLM Al-12Si alloy were studied by Prashanth et al. [205]. Compared to cast parts, the SLM Al-12Si alloys exhibit superior wear resistance owing to their higher strength as well as hardness, resulting from an extremely refined grain size and Si particle distribution.



To avoid brittle fracture of the SLM Al-12Si alloys, heat treatment such as annealing at different temperatures was carried out, where the Si particle size, hardness, and strength decreased while the plasticity increased. The wear rate and the wear volume of the alloy increase with increasing annealing temperature. Figure 67 shows the influence of annealing temperature on the size of Si particles, the wear rate and the Vickers hardness of SLM Al-12Si samples, along with the corresponding values for as-cast Al-12Si. The as-prepared SLM samples exhibit the highest hardness and minimum wear rate. The fretting wear results for the SLM Al-12Si alloy show a similar behavior as for sliding wear, as shown in Figure 68. This behavior is significantly different from that of the cast material, which does not follow the trend shown by the SLM Al-12Si alloy. Figure 67 compares the wear rates of Al-Si alloys produced by different techniques, as a function of the Si content under identical testing conditions.



Despite implementing lower sliding speeds, the wear rates of samples fabricated by techniques other than SLM are much higher regardless of a high Si content. Prasad et al. [229] evaluated that the wear rate of Al-23.5Si samples produced by gravity casting (indicated by an arrow in Figure 69) was 50% higher than the as-prepared SLM sample, whereas the sample produced by pressure die-casting showed a similar wear rate even though the Si content was about two times higher. The wear resistance of SLM Al-18Si produced with different laser beam powers was studied by Kang et al. [153]. The microhardness of the SLM samples increased continually from 80 HV at 120 W to 105 HV at 210 W. This is probably because, at higher laser powers, the SLM samples tend to mitigate porosity. Regardless of the laser power, all the SLM Al-18Si samples showed the same average friction coefficient of about 0.46. However, the wear rate decreased as the laser power increased, owing to the improvement in hardness, where the samples obtained at 210 W exhibited the lowest wear rate of about 7.0 × 10−4 mm3·N−1·m−1. As reported by Torabian et al. [230], only chill casting is able to produce Al-12Si samples with superior wear resistance, comparable with that of SLM specimens, owing to its high cooling rate. As expected, the wear rate of the chill-cast materials decreases with increasing amount of hard Si phase (Figure 69). Except for the alloys produced by chill casting, all the Al-Si alloys produced by other processes [231,232] exhibit higher wear rates than the as-prepared SLM material. This indicates that the microstructural refinement achievable by SLM processing leads to a significant strengthening of the Al-12Si alloy, thereby inducing remarkable tribological properties [205].




4.2. Fatigue Properties


Fatigue strength is an essential property for engineering components exposed to cyclic loads encountered often in automotive and aerospace applications. SLM Al-Si alloys show poor fatigue strength compared with their cast counterparts. The remnant porosity, high surface roughness, conspicuous laser tracks, and extremely fine grains trigger early crack initiation and decrease the fatigue strength of SLM parts under cyclic loading. According to a few studies, the two important factors responsible for the poor fatigue performance of SLM parts are (a) high surface roughness, where surface irregularities behave like surface notches favoring premature crack initiation, decreasing the fatigue strength of the material [233], and (b) remnant porosity leading to fatigue scatter of SLM parts due to internal crack initiation. Though the overall relative density is higher than 99.5%, the existing pores about 100 µm show a deleterious effect on fatigue reliability [122,234]. The effect of porosity on the fatigue strength of the SLM Al-12Si alloy was studied systematically by Siddique et al. [122]. Figure 70 shows the porosity distribution in SLM Al-12Si samples, where the amount of porosity for these samples is 0.25% for batch B (Figure 70a) and 0.12% for batch D (Figure 70b). The distribution of defects is summarized in Figure 70c in the form of stacked histograms. Apparently, the fatigue strength improves by about 45% for SLM samples built with base plate heating, compared to those built without. For instance, the fatigue strength at 2 × 106 cycles was 92.3 MPa and 67.4 MPa for the SLM Al-12Si samples with and without base plate heating, respectively, which has to be compared to about 55 MPa for conventionally manufactured material [122].



The large size and the scattering of defects are responsible for strongly varying fatigue properties. Figure 68 shows the facture surfaces of SLM Al-12Si samples indicating that large defects cause lower fatigue life. Large pores or un-melted powder particles can decrease the effective area of the specimen and initiate early cracks, even resulting in multi-crack initiation when several material defects are present (Figure 71c). Some extreme cases are that fatigue crack initiate at a smaller pore resulting in higher fatigue life (Figure 71d). The threshold value of the stress intensity factor, K is 3.2 MPam0.5 for batch B, which increases to 3.5 MPa m0.5 for batch D. The variation of the critical stress intensity factor for the base plate-heated batch is also higher than that without. Therefore, it can be deduced that the resistance to crack growth can be improved by building samples with base plate heating, which is attributed to lower cooling rates and, consequently, a coarsened microstructure. Coarse grains are favorable for better crack growth resistance since they have higher values in the critical region as well as in the threshold region [122,235,236].




4.3. Thermal Conductivity


SLM pure aluminum exhibits higher thermal conductivity than SLM Al alloys owing to the absence of solute elements in the former. For example, the thermal conductivity is ~200 W·m−1·K−1 and ~130 W·m−1·K−1 for SLM pure aluminum and AlSi10Mg alloy, respectively [84,104]. However, the thermal conductivity of the SLM pure aluminum is 20–30 W·m−1·K−1 lower than that of the A1060-O wrought material, which may be due to the presence of residual strain resulting from high thermal gradients during SLM processing. Nevertheless, heat treatments such as annealing may be performed to reduce the residual strains in the as-prepared SLM parts to improve the thermal conductivity. For example, the thermal conductivity increases to ~240 W·m−1·K−1 for the SLM sample annealed at 723–773 K for 10 min, which is even higher than the thermal conductivity of A1060-O wrought material (~130 W·m−1·K−1). The thermal conductivity of Al-Si SLM alloy decreases with increasing Si content. The thermal conductivity of about 160 W·m−1·K−1 for the Al-4Si SLM sample drops to about 105 W·m−1·K−1 for Al-20Si SLM sample. Besides, the thermal conductivity of Al-Si SLM alloys also depends on the building direction. For example, the conductivity of Al-1Si SLM sample built at 0° and 90° are 180 W/m·K and 130 W/m K respectively. Interestingly, no anisotropy in thermal conductivity between the 0° and 90° specimens was observed for other Al-xSi SLM samples, except for Al-1Si.




4.4. Weldability


A major limitation for the widespread application of SLM as a commercial processing route is the limited size of the products, which is a direct consequence of the limited dimensions of the SLM building chambers. The present technology allows for the production of samples with volumes of about 0.02 m3. A possible way to overcome this problem and create larger components with no dimensional limitations is the use of welding processes to join smaller SLM parts [112,216]. The yield strength of the Al-12Si alloy processed by SLM is four times higher than that of a conventionally cast material. Such high strength and internal strains in the SLM alloys favor crack formation during welding. A possible exception is solid-state welding that prevents issues related to solidification cracking, liquation cracking, segregation and formation of brittle eutectics/intermetallics. In addition, solid-state welding results in fine-grained microstructures, a narrow heat-affected zone and low residual stresses in the weldment. Friction stir processing of SLM-fabricated AlSi10Mg alloy was studied by Wang et al. indicating that larger parts can be obtained by this process [217]. Among the common solid-state joining processes, friction welding (FW) has attracted considerable attention due to economic considerations and high productivity. In this process, fusion is facilitated by the heat that is generated by the conversion of mechanical energy into thermal energy at the interfaces of the parts, rotated under pressure. Compared with other welding techniques, FW offers advantages such as high material saving, short joining time and the possibility of creating dissimilar joints.



Solid-state welding of SLMed parts was first tried by Prashanth et al. [216], using FW to join Al-12Si parts produced by selective laser melting. The microstructure, hardness and tensile properties of the welded samples are pronouncedly changed compared to the initial SLMed specimens. The welded Al-12Si parts are shown in Figure 72, indicating a smooth flash at the joint, which shows adequate heat generation and plastic deformation. The weld zone contains the same phases as the SLM-based material but with a reduced amount of Si precipitates. The hardness of the weld zone decreases quickly from ~95 HV0.01 for the SLM-based metal to ~81 HV0.01. Figure 73 shows the tensile properties of the FW samples together with the properties of as-SLM and cast specimens. For the casting samples, the strength increases while the ductility decreases after FW. On the contrary, the strength decreases while the plastic deformability significantly increases after FW for the SLM samples, where the plastic strain increases from ~3% to ~10% after FW. This demonstrates that the materials produced by SLM can be successfully joined by friction welding.



Friction stir welding (FSW) was successfully used to weld SLM AlSi10Mg plates by Scherillo et al. [219]. They showed that the layer-by-layer morphology created by SLM is broken down during FSW, leading to a more homogenous microstructure and finer grains. The refined microstructure causes a higher hardness of the welded zone than for the SLM-base metal, which is different from the FW samples discussed above. These findings are in contrast with another work, which shows that the micro-hardness decreases significantly in the stir zone for FSW AlSi10Mg SLM samples [220]. The decreased hardness in the stir zone was explained by the dissolution of hardening precipitates in the aluminum matrix. Hence, the strength and ductility are significantly reduced for the FSW specimens compared to the SLM samples before welding [220]. However, these are just preliminary and findings and there is plenty of room for further optimization of the solid-state welding of SLM parts to improve their mechanical properties such as, for example, their tensile properties.




4.5. Corrosion


Corrosion resistance is another important property for Al and its alloys. For example, Al-Si alloys have been extensively used as pistons or cylinder heads in engineering components in the automotive and aerospace industries, which experience high temperatures and complex environmental conditions. Prashanth et al. reported on the corrosion resistance of an Al-12Si alloy produced by select laser melting in acidic conditions [205]. Figure 74a shows the weight-loss curves for the as-prepared SLM specimens as a function of the HNO3 concentration, revealing that the weight-loss of the as-prepared SLM samples increases quickly with increasing nitric acid concentration. The weight-loss curves for the cast, as-prepared SLM and SLM heat-treated samples in 1 M HNO3 solution are shown in Figure 74b. The corrosion behavior of the as-prepared SLM samples is similar to that of the cast material. However, the weight-loss gradually increases with increasing annealing temperature when the SLM sample is annealed.



The Pourbaix diagrams for Al and Si are shown in Figure 75, suggesting the dissolution of Al in the form of Al3+ ions [205]. It was found that the Al-rich phase in the samples corrodes preferentially, Si-rich phase remains. It is known that SiO2 is the most favored state for Si; therefore, further oxidation of Si can be blocked due to the formation of SiO2 passive films (Figure 75b). Finally, selective corrosion with Al dissolution occurs in the Al–Si system in contact with HNO3 along with the formation of a SiO2 passivation layer. It shows that both the morphology and size of the Si phase plays a significant role in determining the corrosion resistance of Al-xSi based alloys.





5. Summary and Outlook


Aluminum alloys are one of the most important class of non-ferrous materials in terms of applications and problems that challenge science and technology developments. AM processes like selective laser melting (SLM) are recently developed production technologies and are regarded as one of the manufacturing processes of the future. This review presents the state-of-the-art advances in the processing of several important Al alloys by the most promising modern SLM process. The advantages and limitations of processing Al-based alloys by SLM have been elucidated and the challenges associated with the laser-aluminum interactions have been addressed. The effect of laser parameters such as the power, energy density, wavelength, hatch style, hatch distance, and powder characteristics, such as the flowability, composition, size, shape, and size distribution, on the probable defects and densification level of the materials have been discussed in detail for every alloy type. It may be observed from the processing of Al-based alloys that the process parameters vary largely depending on the alloying addition and the factors to be considered in developing the processing parameters change, depending on the alloy constituent. For instance, in the case of Al-Cu, there are no restrictions with the alloying addition, when it comes to process parameter selection. On the other hand, with AlSiMg or with 7XXX series, vaporization of the low volatile elements like Mg or Zn has to be given due care and hence the energy density cannot be increased beyond certain values. In addition, the laser scan speed has to be kept as high as possible to avoid vaporization of these volatile elements.



Although pure aluminum has extremely limited applications, its fabrication via laser processing is fundamental to understanding and overcoming issues such as high reflectivity, electrical conductivity and so on. Hence, SLM of pure Al, followed by the processing of industrially relevant Al-Cu-Mg, Al-Cu (2XXX), Al-Si (4XXX), Al-Si-Mg (6XXX), and Al-Zn-Mg-Cu (7XXX) alloys have been discussed. Common defects, such as porosity, balling, residual stresses, arising in the SLM-processed Al alloys, have been addressed separately for every alloy class. An extensive analysis of the available literature on the densification, microstructural and compositional features of the alloys produced by SLM, in constant comparison with that of their cast counterparts, has been undertaken for relating the process parameters to the microstructure and properties of the alloys. The mechanical and tribological properties, as well as thermal conductivity and weldability, of SLM-fabricated Al alloys have shown to possess different characteristics compared to their cast counterparts.



It is interesting to observe that the mechanical properties (tensile properties) of the Al-based alloys fabricated by SLM do not exceed the following values: yield strength: 350 MPa (max.), ultimate tensile strength: 500–525 MPa (max.) and ductility: 20% (max.) in the as-produced condition in the wide range of alloys considered from 1XXX to 7XXX alloys. Even precipitation-hardening treatments do not significantly improve the tensile properties of these alloys in terms of strength. However, the ductility of the alloys may be improved with thermal treatments. The SLM samples in any condition (as prepared or solutionized or precipitation hardened) do not match the tensile properties of the precipitation-hardened conventional Al-based alloys like 2XXX and/or 7XXX series. This is due to premature failure in these Al-based alloys processed by SLM and the presence of defects like porosity and un-melted particles. Hence, we need a strategy to design and develop novel Al-based alloys in accordance with the process conditions (high cooling rates, peculiar solidification conditions, etc.), which can be processed without the presence of defects like porosity and un-melted particles. This can avoid premature failure, may help in reaping the benefits of the SLM process, and at the same time exhibit unprecedented properties in tension (the combination of strength, ductility, and toughness).







Author Contributions


Conceptualization, Z.W., C.S., J.E., and K.G.P.; writing—original draft preparation, Z.W., R.U., N.S., and S.T.; writing—review and editing, Z.W., C.S., J.E., and K.G.P.; supervision, J.E. and K.G.P.; funding acquisition, Z.W., K.G.P. All authors have read and agreed to the published version of the manuscript.




Funding


Financial grants from European Regional Development Grant through the funding ASTRA6-6, National Natural Science Foundation of China (Grant no. 51701075) and the Science and Technology Program of Guangzhou (Grant no. 201804010365) are appreciated.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, J.W.; Milewski, J.O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang, W. Additive manufacturing of metallic components—Process, structure and properties. Prog. Mater. Sci. 2018, 92, 112–224. [Google Scholar] [CrossRef]

	



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

	



Afkhami, S.; Dabiri, M.; Alavi, S.H.; Björk, T.; Salminen, A. Fatigues characteristics of steels manufactured by selective laser melting. Int. J. Fatigue 2019, 122, 72–83. [Google Scholar] [CrossRef]

	



Liu, S.; Shin, Y.C. Additive manufacturing of Ti6Al4V alloy: A review. Mater. Des. 2019, 164, 107552. [Google Scholar] [CrossRef]

	



Guo, N.; Leu, M.C. Additive manufacturing: Technoloyg, applications and research needs. Front. Mech. Eng. 2013, 8, 215–243. [Google Scholar] [CrossRef]

	



Hagedorn, Y. Laser additive manufacturing of ceramic components: Materials, processes, and mechanisms. In Laser Additive Manufacturing: Materials, Design, Technologies, and Applications; Hagedorn, Y., Ed.; Wood Hear Puhlishing Series in Electronic and Optical Materials: Cambridge, UK, 2016; Volume 6608, pp. 163–180. [Google Scholar]

	



Babu, S.S. Materials science aspects related to additive manufacturing. Scr. Mater. 2017, 135, 97–99. [Google Scholar] [CrossRef]

	



Bandyopadhyay, A.; Heer, B. Additive manufactguring of multi-material structures. Mater. Sci. Eng. R 2018, 129, 1–16. [Google Scholar] [CrossRef]

	



Tofail, S.A.M.; Koumoulos, E.P.; Bandyopadhyay, A.; Bose, S.; O’Donoghue, L.; Charitidis, C. Additive manufacturing; scientific and technological challenges, market update and opportunities. Mater. Today 2018, 21, 22–37. [Google Scholar] [CrossRef]

	



Eyers, D.R.; Potter, A.T. Industrial additive manufacturing: A manufacturing systems prespective. Comput. Ind. 2017, 92–93, 208–218. [Google Scholar] [CrossRef]

	



Singh, S.; Ramakrishna, S.; Singh, R. Materia issues in additive manufacturing: A review. J. Manuf. Proc. 2017, 25, 185–200. [Google Scholar] [CrossRef]

	



Prashanth, K.G. Selective Laser Melting of Al-12Si. Ph.D. Thesis, Technische Universität Dresden, Dresden, Germany, 26 May 2014. [Google Scholar]

	



Tang, H.P.; Qian, M.; Liu, N.; Zhang, X.Z.; Yang, G.Y.; Wang, J. Effect of powder reuse times on additive manufacturing of Ti-6Al-4V by selective electron beam melting. JOM 2015, 67, 555–563. [Google Scholar] [CrossRef]

	



Ardila, L.C.; Garciandia, F.; González-Díaz, J.B.; Álvarez, P.; Echeverria, A.; Petite, M.M.; Deffley, R.; Ochoa, J. Effect of IN718 recycled powder reuse on properties of parts manufactured by means of selective laser melting. Phys. Procedia 2014, 56, 99–107. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Loeber, L.; Klauss, H.-J.; Kuehn, U.; Eckert, J. Characterization of 316L steel celular dodecahedron structures produced by selective laser melting. Technologies 2016, 4, 34. [Google Scholar] [CrossRef]

	



Hutmacher, D.W.; Schantz, T.; Zein, I.; Ng, K.W.; Teoh, S.H.; Tan, K.C. Mechanical properties and cell cultural response of polycaprolactone scaffolds designed and fabricated via fused deposition modeling. J. Biomed. Mater. Res. Part B 2001, 55, 203–216. [Google Scholar] [CrossRef]

	



Frazier, W.E. Metal additive manufacturing: A review. J. Mater. Eng. Perform. 2014, 23, 1917–1928. [Google Scholar] [CrossRef]

	



Singh, S.; Sharma, V.S.; Sachdeva, A. Progress in selective laser sintering using metallic powders: A review. Mater. Sci. Technol. 2016, 32, 760–772. [Google Scholar] [CrossRef]

	



ASTM Standards. ASTM F2792, Standard Terminology for Additive Manufacturing Technologies; ASTM: West Conhohocken, PA, USA, 2012. [Google Scholar]

	



Noorani, R.I. Rapid Prototyping: Principles and Applications; John Wiley & Sons Inc.: Hoboken, NJ, USA, 2006. [Google Scholar]

	



Roberts, I.A. Investigation of Residual Stresses in the Laser Melting of Metal Powders in Additive Layer Manufacturing. Ph.D. Thesis, University of Wolverhampton, Wolverhampton, UK, 2012. [Google Scholar]

	



Jacobs, P.F. Rapid Prototyping & Manufacturing, 1st ed.; Society of Manufacturing Engineering: Dearborn, MI, USA, 1992. [Google Scholar]

	



Akhouri, D.; Baneerjee, D.; Mishra, S.B. A review report on the plating process of fused deposition modelling (FDM) built parts. Mater. Today Proc. 2020, 26, 2140–2142. [Google Scholar] [CrossRef]

	



Gebhardt, I.A. Rapid Prototyping: Industrial Rapid Prototyping System: Prototyper: Solid Ground Curing—Cubital; Hanser Publications: Cincinnati, OH, USA, 2003. [Google Scholar]

	



Laminated Object Manufacturing. 2006. Available online: http://home.att.net/~castleisland/lom.htm (accessed on 11 April 2020).

	



Collins, F. State of the Industry. In Wohlers Report 2009; Wohlers Associates: Fort Collins, CO, USA, 2009. [Google Scholar]

	



Malone, E.; Rasa, K.; Cohen, D.; Isaacson, T.; Lashley, H.; Lipson, H. Freeform fabrication of zinc-air batteries and electrochemical assemblies. Rapid Prototype J. 2004, 10, 58–69. [Google Scholar] [CrossRef]

	



Shiomi, M.; Osakada, K.; Nakamura, K.; Yamashita, T.; Abe, F. Residual stress within metallic model made by selective laser melting. CIRP Ann. Manuf. Technol. 2004, 53, 195–198. [Google Scholar] [CrossRef]

	



Colin, C.; Bartout, J.D.; Shaker, E.; Marchat, D.; Nimal, D. Selective Laser Melting Process. Patent No. EP2978727, 3 February 2016. [Google Scholar]

	



Cooper, D.E.; Stanford, M.; Kibble, K.A.; Gibbons, G.J. Additive manufacturing for product development at red bull technology. Mater. Des. 2012, 41, 226–230. [Google Scholar] [CrossRef]

	



Olakanmi, E.O.; Cochrane, R.F.; Dalgarno, K.W. A review on selective laser sintering/melting (SLS/SLM) of aluminium alloy powders: Processing, microstructure, and properties. Prog. Mater Sci. 2015, 74, 401–477. [Google Scholar] [CrossRef]

	



Orme, M.E.; Gschweitl, M.; Ferrari, M.; Vernon, R.; Madera, I.J.; Yancey, R.; Mouriaux, F. Additive manufacturing of lightweight, optimized, metallic components suitable for space craft. J. Spacecr. Rockets 2017, 54, 1–10. [Google Scholar] [CrossRef]

	



Zhao, C.; Wang, Z.; Li, D.; Kollo, L.; Luo, Z.; Zhang, W.; Prashanth, K.G. Cu-Sn-Ni alloy fabricated by melt spinning and selective laser melting: A comparative study on the microstructure and formation kinetics. J. Mater. Res. Technol. 2020, in press. [Google Scholar] [CrossRef]

	



Aramian, A.; Sadeghian, Z.; Razavi, S.M.J.; Prashanth, K.G.; Berto, F. Effect of selective laser melting process parameters on microstructural and mechanical properties of TiC-NiCr cermet. Cer. Int. 2020, in press. [Google Scholar] [CrossRef]

	



Aramian, A.; Sadeghian, Z.; Prashanth, K.G.; Berto, F. In situ fabrication of TiCr-NiCr cermets by selective laser melting. Int. J. Ref. Met. Hard Mater. 2020, 87, 105171. [Google Scholar] [CrossRef]

	



Singh, N.; Ummethala, R.; Hameed, P.; Sokkalingam, R.; Prashanth, K.G. Competition between densification and microstructure of functional materials by selective laser melting. Mater. Des. Process. Commun. 2020, 2, e146. [Google Scholar]

	



Holovenko, Y.; Kollo, L.; Saarna, M.; Rahmani, R.; Soloviova, T.; Antonov, M.; Prashanth, K.G.; Cygan, S.; Veinthal, R. Effect of lattice surface treatment on performance of hardmetal—Titanium interpenetrating phase composites. Int. J. Ref. Met. Hard Mater. 2020, 86, 105087. [Google Scholar] [CrossRef]

	



Rahmani, R.; Antonov, M.; Kollo, L.; Holovenko, Y.; Prashanth, K.G. Mechanical behavior of Ti6Al4V scaffolds filled with CaSiO3 for implant applications. Appl. Sci. 2019, 9, 3844. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Scudino, S. Quasicrystalline composites by additive manufacturing. Key Eng. Mater. 2019, 818, 72–76. [Google Scholar] [CrossRef]

	



Salman, O.O.; Gammer, C.; Eckert, J.; Salih, M.Z.; Abdulsalman, E.H.; Prashanth, K.G.; Scudino, S. Selective laser melting of 316L stainless steel: Influence of TiB2 addition on microstructure and mechanical properties. Mater. Today Commun. 2019, 21, 100615. [Google Scholar] [CrossRef]

	



Salman, O.O.; Brenne, F.; Niendorf, T.; Eckert, J.; Prashanth, K.G.; Scudino, S. Impact of the scanning strategy on the mechanical behavior of 316L steel synthesized by selective laser melting. J. Manuf. Process. 2019, 45, 255–261. [Google Scholar] [CrossRef]

	



Qin, P.T.; Damodaram, R.; Maity, T.; Zhang, W.W.; Yang, C.; Wang, Z.; Prashanth, K.G. Friction welding of electron beam melted Ti-6Al-4V. Mater. Sci. Eng. A 2019, 761, 138045. [Google Scholar] [CrossRef]

	



Kamboj, N.; Rodriguez, M.A.; Rahmani, R.; Prashanth, K.G.; Hussainova, I. Bioceramic scaffolds by additive manufacturing for controlled delivery of the antibiotic vancomycin. Proc. Est. Acad. Sci. 2019, 68, 185–190. [Google Scholar] [CrossRef]

	



Rathod, H.J.; Nararaju, T.; Prashanth, K.G.; Ramamurty, U. Tribological properties of selective laser melted Al-12Si alloy. Tribol. Int. 2019, 137, 94–101. [Google Scholar] [CrossRef]

	



Zhang, W.W.; Qin, P.; Wang, Z.; Yang, C.; Kollo, L.; Grzesiak, D.; Prashanth, K.G. Superior wear resistance in the EBM-processed TC4 alloy compared with the SLM and forged samples. Materials 2019, 12, 782. [Google Scholar] [CrossRef]

	



Xi, L.; Wang, P.; Prashanth, K.G.; Li, H.; Prykhodko, H.V.; Scudino, S.; Kaban, I. Effect of TiB2 particles on microstructure and crystallographic texture of Al-12Si fabricated by selective laser melting. J. Alloys Compd. 2019, 786, 551–556. [Google Scholar] [CrossRef]

	



Xi, L.X.; Zhang, H.; Wang, P.; Prashanth, K.G.; Lin, K.J.; Kaban, I.; Gu, D.D. Comparative investigation of microstructure, mechanical properties and strengthening mechanisms of Al-12Si/TiB2 fabricated by selective laser melting and hot pressing. Ceram. Int. 2018, 44, 17635–17642. [Google Scholar] [CrossRef]

	



Maity, T.; Kim, J.T.; Chawake, N.; Eckert, J.; Prashanth, K.G. Anisotropy in local microstructure—Does it affect the tensile properties of SLM samples? Manuf. Lett. 2018, 15, 33–37. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Damodaram, R.; Maity, T.; Wang, P.; Eckert, J. Friction welding of selective laser melted Ti6Al4V. Mater. Sci. Eng. A 2017, 704, 66–71. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Kolla, S.; Eckert, J. Additive manufacturing processes: Selective laser melting, electron beam melting and binder jetting—Selection guidelines. Materials 2017, 10, 672. [Google Scholar]

	



Agarwala, M.; Bourell, D.; Beaman, J.; Marcus, H.; Barlow, J. Post-processing of selective laser sintering metal parts. Rapid Prototyp. J. 1995, 1, 36–44. [Google Scholar] [CrossRef]

	



Khan, M.; Dickens, P. Selective laser melting (SLM) of gold (Au). Rapid Prototyp. J. 2012, 18, 81–94. [Google Scholar] [CrossRef]

	



Van Elsen, M. Complexity of Selective Laser Melting: A New Optimisation Approach. Ph.D. Thesis, Katholieke Universiteit Leuven, Leuven, Belgium, 2007. [Google Scholar]

	



Körner, C. Additive manufacturing of metallic components by selective electron beam melting—A review. Int. Mater. Rev. 2016, 61, 361–377. [Google Scholar] [CrossRef]

	



Attar, H.; Prashanth, K.G.; Zhang, L.C.; Calin, M.; Okulov, I.V.; Scudino, S.; Yang, C.; Eckert, J. Effect of powder particle shape on the properites of in situ Ti-TiB composite materials produced by selective laser melting. J. Mater. Sci. Technol. 2015, 31, 1001–1005. [Google Scholar] [CrossRef]

	



Jallo, L.J.; Schoenitz, M.; Dreizin, E.L.; Dave, R.N.; Johnson, C.E. The efect of surface modification of aluminum powder on its flowability, combustion and reactivity. Powder Technol. 2010, 204, 63–70. [Google Scholar] [CrossRef]

	



Zhu, H.H.; Fuh, J.Y.H.; Lu, L. The influence of pwoder apparent density on the density in direct laser.sintered metallic parts. Int. J. Mach. Tools Manuf. 2007, 47, 294–298. [Google Scholar] [CrossRef]

	



Harun, W.S.M.; Kamariah, M.S.I.N.; Muhamad, N.; Ghani, S.A.C.; Ahmad, F.; Mohamed, Z. A review of powder additive manufacturing processes for metallic biomaterials. Powder Technol. 2018, 324, 128–151. [Google Scholar] [CrossRef]

	



Simchi, A. The role of particle size on the laser sintering of iron powder. Metall. Mater. Trans. B 2004, 35, 937–948. [Google Scholar] [CrossRef]

	



Karapatis, N.P.; Van Griethuysen, J.P.S.; Glardon, R. Direct rapid tooling: A review of current research. Rapid Prototyp. J. 1998, 4, 77–89. [Google Scholar] [CrossRef]

	



Laeng, J.; Stewart, J.G.; Liou, F.W. Laser metal forming processes for rapid prototyping—A review. Int. J. Prod. Res. 2000, 38, 3973–3996. [Google Scholar] [CrossRef]

	



Mazumder, J.; Dutta, D.; Kikuchi, N.; Ghosh, A. Closed loopo direct metal deposition: Art to part. Opt. Lasers Eng. 2000, 34, 397–414. [Google Scholar] [CrossRef]

	



Suryanarayana, C. Mechanical Alloying and Millin; Marcel Dekker: New York, NY, USA, 2004. [Google Scholar]

	



Niu, H.J.; Chang, I.T.H. Selective laser sintering of gas atomized M2 high speed steel powder. J. Mater. Sci. 2000, 35, 31–38. [Google Scholar] [CrossRef]

	



Ciurana, J.; Hernandez, L.; Delgado, J. Energy density analysis on single tracks formed by selective laser melting with CoCrMo powder material. Int. J. Adv. Manuf. Technol. 2013, 68, 1103–1110. [Google Scholar] [CrossRef]

	



Sercombe, T.B.; Li, X. Selective laser melting of aluminium and aluminium metal matrix composites: Review. Mater. Technol. 2016, 31, 77–85. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Scudino, S.; Klauss, H.J.; Surreddi, K.B.; Löber, L.; Wang, Z.; Chaubey, A.K.; Kühn, U.; Eckert, J. Microstructure and mechanical properties of Al-12Si produced by selective laser melting: Effect of heat treatment. Mater. Sci. Eng. A 2014, 590, 153–160. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Scudino, S.; Maity, T.; Das, J.; Eckert, J. Is the energy density a reliable parameter for materials synthesis by selective laser melting? Mater. Res. Lett. 2017, 5, 386–390. [Google Scholar] [CrossRef]

	



Hanzl, P.; Zetek, M.; Bakša, T.; Kroupa, T. The influence of processing parameters on the mechanical properties of SLM parts. Procedia Eng. 2015, 100, 1405–1413. [Google Scholar] [CrossRef]

	



Rao, H.; Giet, S.; Yang, K.; Wu, X.; Davies, C.H.J. The influence of processing parameters on aluminium alloy A357 manufactured by selective laser melting. Mater. Des. 2016, 109, 334–346. [Google Scholar] [CrossRef]

	



Thijs, L.; Kempen, K.; Kruth, J.P.; Van Humbeeck, J. Fine-structured aluminium producets with controllable texture by selective laser melting of pre-alloyed AlSi10Mg powder. Acta Mater. 2013, 61, 1809–1819. [Google Scholar] [CrossRef]

	



Cheng, B.; Shrestha, X.; Chou, Y.K. Stress and deformation evaluations of scanning strategy effect in selective laser melting. In Proceedings of the ASME 2016 11th International Manufacturing Science and Engineering Conference, Blacksburg, VA, USA, 27 June–1 July 2016; American Society of Mechanical Engineers: New York, USA, 2016. [Google Scholar]

	



Parry, L.; Ashcroft, I.A.; Wildman, R.D. Understanding the effect of laser scan strategy on residual stress in selective laser melting through thermo-mechanical simulation. Addit. Manuf. 2016, 12, 1–15. [Google Scholar] [CrossRef]

	



Liveranaai, E.; Fortunato, A.; Leardini, A.; Belvedere, C.; Siegler, S.; Ceschini, L.; Ascari, A. Fabrication of Co-Cr-Mo endoprosthetic ankle devices by means of selective laser melting (SLM). Mater. Des. 2016, 106, 60–68. [Google Scholar] [CrossRef]

	



Vandenbroucke, B.; Kruth, J.P. Selective laser melting of biocompatible metals for rapid manufacturing of medical parts. Rapid Prototyp. J. 2007, 13, 196–203. [Google Scholar] [CrossRef]

	



Aboulkhair, N.T.; Everitt, N.M.; Ashcroft, I.; Tuck, C. Reducing porosity in AlSi10Mg parts produced by selective laser melting. Addit. Manuf. 2014, 1–4, 77–86. [Google Scholar]

	



Lu, K.; Liu, H.; Tok, E.S.; Sow, C.H. Interactions between lasers and two-dimensional transition metal dichalcogenides. Chem. Soc. Rev. 2016, 45, 2494–2515. [Google Scholar] [CrossRef] [PubMed]

	



Yilbaş, B.S.; Yilbaş, Z. Some aspects of laser-metal vapour interaction. Pramana 1988, 31, 365–381. [Google Scholar] [CrossRef]

	



Dai, D.; Gu, H.; Zhang, J.; Xiong, C.; Ma, C.; Hong, R. Poprawe, Influence of scan strategy and molten pool configuration on microstructures and tensile properties of selective laser meltig manufactured aluminum based parts. Opt. Laser Technol. 2018, 99, 91–100. [Google Scholar] [CrossRef]

	



Louvis, E.; Fox, P.; Sutcliffe, C.J. Selective laser melting of aluminium components. J. Mater. Process. Technol. 2011, 1, 275–284. [Google Scholar] [CrossRef]

	



Xu, Q.G.; Guo, L.W.; Zhang, L.; Liu, H. Wettability of zirconium-coated alumina by moltel aluminium. Surf. Coat. Technol. 2016, 302, 150–157. [Google Scholar] [CrossRef]

	



Yolshiqna, L.A.; Kvashinchev, A.G. Chemical interaction of liquid aluminum with metal oxides in molten salts. Mater. Des. 2016, 105, 124–132. [Google Scholar] [CrossRef]

	



Monroy, K.; Delgado, J. Ciurana, Study of the pore formation on CoCrMo alloys by selective laser melting manufacturing process. J. Procedia Eng. 2013, 63, 361–369. [Google Scholar] [CrossRef]

	



Lu, F.; Li, X.; Li, Z.; Tang, X.; Cui, H. Formation and influence mechanism of hkeyhole-induced porosity in deep-penetration laser welding based on 3D transient modeling. Int. J. Heat Mass Trans. 2015, 90, 1143–1152. [Google Scholar] [CrossRef]

	



Zhou, J.; Tsai, H.-L. Porosity formation and prevention in pulsed laser wlding. J. Heat Trans. 2007, 129, 1014–1024. [Google Scholar] [CrossRef]

	



Haboudou, A.; Peyre, P.; Vannes, A.B.; Peix, G. Reduction of porosity content generated during Nd:YAG laser welding of A356 and AA5083 aluminium alloys. Mater. Sci. Eng. A 2003, 363, 40–52. [Google Scholar] [CrossRef]

	



Xiao, R.; Zhang, X. Problems and issues in laser beam welding of aluminum-lithium alloys. J. Manuf. Proc. 2014, 16, 166–175. [Google Scholar] [CrossRef]

	



Weingarten, C.; Buchbinder, D.; Pirch, N.; Meiners, W.; Wissenbach, K.; Poprawe, R. Formation and reduction of hydrogen porosity during selective laser melting of AlSi10Mg. J. Mater. Process. Technol. 2015, 221, 112–120. [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]

	



Jia, Y.D.; Ma, P.; Prashanth, K.G.; Wang, G.; Yi, J.; Scudino, S.; Cao, F.Y.; Sun, J.F.; Eckert, J. Microstrcuture and thermal expansion behavior of Al-50Si synthesized by selective laser melting. J. Alloys Compd. 2017, 699, 548–553. [Google Scholar] [CrossRef]

	



Ma, P.; Jia, Y.D.; Prashanth, K.G.; Scudino, S.; Yu, Z.; Eckert, J. Microstrcuture and phase formation in Al-20Si-5Fe-3Cu-1Mg synthesized by selective laser melting. J. Alloys Compd. 2016, 657, 430–435. [Google Scholar] [CrossRef]

	



Cao, X.; Wallace, W.; Poon, C.; Immarigeon, J.-P. Research and progress in laser welding of wrought aluminum alloys. I. Laser welding processes. Mater. Manuf. Process. 2003, 18, 1–22. [Google Scholar] [CrossRef]

	



Costa, E.; Shiomi, M.; Osakada, K.; Laoui, T. Rapid manufacturing of metal components by laser forming. Int. J. Mach. Tools Manuf. 2006, 46, 1459–1468. [Google Scholar]

	



Mansoor, S.B.; Yilbas, B.S. Laser short-pulse interaction of aluminium and silicon films. J. Thermophys. Heat Trans. 2012, 26, 523–530. [Google Scholar] [CrossRef]

	



Montero Sistiaga, M.L.; Mertens, R.; Vrancken, B.; Wang, X.; Van Hooreweder, B.; Kruth, J.P.; Van Humbeeck, J. Changing the alloy composition of Al7075 for better processibility by selective laser melting. J. Mater. Process. Technol. 2016, 238, 437–445. [Google Scholar] [CrossRef]

	



Brandl, E.; Heckenberger, U.; Holzinger, V.; Buchbinder, D. Additive manufactured AlSi10Mg samples using selective laser melting (SLM): Microstructure, high cycle fatigue, and fracture behavior. Mater. Des. 2012, 34, 159–169. [Google Scholar] [CrossRef]

	



Dadbakhsh, S.; Hao, L. Effect of Al alloys on selective laser melting behavior and microstucture of in situ formed particles reinforced composites. J. Alloys Compd. 2012, 541, 328–334. [Google Scholar] [CrossRef]

	



Dadbakhsh, S.; Hao, L. In situ formation of particle reinforced Al matrix composite by selective laser melting of Al/Fe2O3 powder misture. Adv. Eng. Mater. 2012, 14, 45–48. [Google Scholar] [CrossRef]

	



Galy, C.; Le Guen, E.; Lacoste, E.; Arvieu, C. Main defects observed in aluminum alloiy parts produced by SLM: From causes to consequences. Addit. Manuf. 2018, 22, 165–175. [Google Scholar]

	



Maamoun, A.; Xue, Y.; Elbestawi, M.; Veldhuis, S. Effect of selective laser melting process parameters on the quality of Al alloy parts: Powder characterizationm density, surface roughness, and dimensional accuracy. Materials 2018, 11, 2343. [Google Scholar] [CrossRef]

	



Kruth, J.; Levy, G.; Klocke, F.; Childs, T.H.C. Consolidation phenomena in laser and powder-bed fusion layered manufacturing. CIRP Ann. 2007, 56, 730–759. [Google Scholar] [CrossRef]

	



Zhang, H.; Gu, D.; Yang, J.; Dai, D.; Zhao, T.; Hong, C.; Gasser, A.; Poprawe, R. Selective laser melting of rare earth element Sc modified aluminum alloy: Thermodynamics of precipitation behavior and its influence on mechanical properties. Addit. Manuf. 2018, 23, 1–12. [Google Scholar] [CrossRef]

	



Yang, K.V.; Shi, Y.; Palm, F.; Wu, X.; Rometsch, P. Columnar to equiaxed transition in Al-Mg(-Sc)-Zr alloys produced by selective laser melting. Scr. Mater. 2018, 145, 113–117. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Shakur Shahabi, H.; Attar, H.; Srivastava, V.C.; Ellendt, N.; Uhlenwinkel, V.; Eckert, J.; Scudino, S. Production of high strength Al85Nd8Ni5Co2 alloy by selective laser melting. Addit. Manuf. 2015, 6, 1–5. [Google Scholar] [CrossRef]

	



Wang, Z.; Qu, R.T.; Scudino, S.; Sun, B.A.; Prashanth, K.G.; Louzguine-Luzgin, D.V.; Chen, M.W.; Zhang, Z.F.; Eckert, J. Hybrid nanostructured aluminum alloy with super-high strenth. NPG Asia Mater. 2015, 7, e229. [Google Scholar] [CrossRef]

	



Wang, Z.; Qu, R.T.; Prashanth, K.G.; Eckert, J.; Scudino, S. Compression behavior of inter-particle regions in high-strength Al84Ni7Gd6Co3 alloy. Mater. Lett. 2016, 185, 25–28. [Google Scholar] [CrossRef]

	



Zhuo, L.; Yin, E.; Wang, H.; Zhang, T. Hierarchical ultrafine-grained/nanocrystalline Al-based abulk alloy with high strength and large plasticity. Intermetallics 2012, 23, 199–203. [Google Scholar] [CrossRef]

	



Park, J.M.; Kim, K.B.; Kim, D.H.; Mattern, N.; Li, R.; Liu, G.; Eckert, J. Multi-phase Al-based ultrafine composite with multi-scale microstructure. Intermetallics 2010, 18, 1829–1833. [Google Scholar] [CrossRef]

	



Inoue, A. Amorphous, nanoquasicrystalline and nanocrystalline alloys in Al-absed systems. Prog. Mater. Sci. 1998, 43, 365–520. [Google Scholar] [CrossRef]

	



Prashanth, K.G. Design of next-generation alloys for additive manufacturing. Mater. Design Process. Commun. 2019, 1, e50. [Google Scholar]

	



Totten, G.E.; MacKenzie, D.S. (Eds.) Handbook of Aluminum: Volume 2: Alloy Production and Materials Manufacturing; CRC Press: Boca Raton, FL, USA, 2003; Volume 2. [Google Scholar]

	



Kimura, T.; Nakamoto, T. Thermal and mechanical properties of commercial-purity aluminum fabricated using selective laser melting. Mater. Trans. JIM 2017, 58, 799–805. [Google Scholar] [CrossRef]

	



Karg, M.C.H.; Ahuja, B.; Wiesenmayer, S.; Kuryntsev, S.V.; Schmidt, M. Effect of process conditions on the mechanical behavior of aluminium wrought alloy EN AW-2219 (AlCu6Mn) additively manufactured by laser beam melting in powder bed. Micromachines 2017, 8, 23. [Google Scholar] [CrossRef]

	



Bartkowiak, K.; Ullrich, S.; Frick, T.; Schmidt, M. New developments of laser processing aluminium alloys via additive manufacturing technique. Phys. Procedia 2011, 12, 393–401. [Google Scholar] [CrossRef]

	



Wang, P.; Deng, L.; Prashanth, K.G.; Pauly, S.; Eckert, J.; Scudino, S. Microstructure and mechanical properties of Al-Cu alloys fabricated by selective laser melting of powder mixtures. J. Alloys Compd. 2018, 735, 2263–2266. [Google Scholar] [CrossRef]

	



Pauly, S.; Wang, P.; Kuehn, U.; Kosiba, K. Experimental determination of cooling rates in selectively laser-melted eutectic Al-33Cu. Addit. Manuf. 2018, 22, 753–757. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhu, H.; Nie, X.; Qi, T.; Hu, Z.; Zeng, X. Fabrication and heat treatment of high strength Al-Cu-Mg alloy processed using selective laser melting. Int. Soc. Optics Photonics 2016, 9738, 97380X. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhu, H.; Qi, T.; Hu, Z.; Zeng, Z. Selective laer melting of high strength Al-Cu-Mg alloys: Processing, microstructure and mechanical properties. Mater. Sci. Eng. A 2016, 656, 47–54. [Google Scholar] [CrossRef]

	



Samuel, A.M.; Garza-Elizondo, G.H.; Doty, H.W.; Samuel, F.H. Role of modification and melt thermal treatment processes on the microstructure and tensile properties of Al-Si alloys. Mater. Des. 2015, 80, 99–108. [Google Scholar] [CrossRef]

	



Wang, Z.; Prashanth, K.G.; Scudino, S.; Chaubey, A.K.; Sordelet, D.J.; Zhang, W.W.; Li, Y.Y.; Eckert, J. Tensile properties of Al matrix composites reinforced with in situ devitrified Al84Gd6Ni7Co2 glassy particles. J. Alloys Compd. 2014, 586, S419–S422. [Google Scholar] [CrossRef]

	



Markó, D.; Prashanth, K.G.; Scudino, S.; Wang, Z.; Ellendt, N.; Uhlenwinkel, V.; Eckert, J. Al-based metal matrix composites reinforced with Fe49.9Co35.1Nb7.7B4.5Si2.8 glassy powder: Mechanical behavior under tensile loading. J. Alloys Compd. 2014, 615, S382–S385. [Google Scholar] [CrossRef]

	



Siddique, S.; Imran, M.; Walther, F. Very high cycle fatigue and fatigues crack propagation behavior of selective laser melted AlSi12 alloy. Int. J. Fatigue 2017, 94, 246–254. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Scudino, S.; Eckert, J. Tensile properties of Selective Laser Melted (SLM) Al-12Si at different temperatures. Technologies 2016, 4, 38. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Scudino, S.; Chatterjee, R.P.; Salman, O.O.; Eckert, J. Additive manufacturing: Reproducibility of metallic parts. Technologies 2017, 5, 8. [Google Scholar] [CrossRef]

	



Ma, P.; Jia, Y.D.; Prashanth, K.G.; Yu, Z.S.; Yang, S.L.; Zhao, J.; Li, C.G. Effect of Al2O3 nanoparticles as reinforcement on the tensile behavior of Al-12Si composites. Metals 2017, 7, 359. [Google Scholar] [CrossRef]

	



Wang, Z.; Prashanth, K.G.; Chaubey, A.K.; Loeber, L.; Schimansky, F.P.; Pyczak, F.; Zhang, W.W.; Scudino, S.; Eckert, J. Tensile properties of Al-12Si matrix composites reinforced with Ti-Al-based particles. J. Alloys Compd. 2015, 630, 256–259. [Google Scholar] [CrossRef]

	



Vilaro, T.; Kottman-Rexerodt, V.; Thomas, M.; Colin, C.; Bertrand, P.; Ludovic, T.; Abed, S.; Ji, V.; Aubry, P.; Peyre, P.; et al. Direct fabricated of a Ti-47Al-2Cr-2Nb alloy byselective laser melting and direct metal deposition processes. Adv. Mater. Res. 2010, 89–91, 586–591. [Google Scholar] [CrossRef]

	



Li, X.P.; Kang, C.W.; Huang, H.; Zhang, L.C.; Sercombe, T.B. Selective laser melting of an Al86Ni6Y4.5Co2La1.5 metallic glass: Processing, microstrcuture evolution and mechanical properties. Mater. Sci. Eng. A 2014, 606, 370–379. [Google Scholar] [CrossRef]

	



Jung, H.Y.; Choi, S.J.; Prashanth, K.G.; Stoica, M.; Scudino, S.; Yi, S.; Kühn, U.; Kim, D.H.; Kim, K.B.; Eckert, J. Fabrication of Fe-based bulk metallic glass by selective laser melting: A parameter study. Mater. Des. 2015, 86, 703–708. [Google Scholar] [CrossRef]

	



Li, X.P.; Wang, X.J.; Saunders, M.; Suvorova, A.; Zhang, L.C.; Liu, Y.J.; Fang, M.H.; Huang, Z.H.; Sercombe, T.B. A selective laser meltign and solution heat treatment refined Al-12Si alloy with a controllable ultrafine eutectic microstrcuture and 25% tensile ductility. Acta Mater. 2015, 95, 74–82. [Google Scholar] [CrossRef]

	



Prashanth, K.G. Work hardening in selective laser melted Al-12Si alloy. Mater. Des. Process Commum. 2019, 1, e46. [Google Scholar]

	



Teng, C.; Pal, D.; Gong, H.; Zeng, K.; Briggs, K.; Patil, N.; Stucker, B. A review of defect modeling in laser material processing. Addit. Manuf. 2017, 14, 137–147. [Google Scholar] [CrossRef]

	



Olakanmi, E.O.; Cochrane, R.F.; Dalgarno, K.W. Densification mechanism and microstructural evolution in selective laser sintering of Al-12Si. J. Mater. Process. Technol. 2011, 211, 113–121. [Google Scholar] [CrossRef]

	



Wang, D.; Yang, Y.; Chen, Y. Study on enery input and ist influences on single-track, multi-track, and multi-layer in SLM. Int. J. Adv. Manuf. Technol. 2012, 58, 1189–1199. [Google Scholar]

	



Siddique, S.; Imran, M.; Wycisk, W.; Emmelmann, C.; Walther, F. Influence of process-induced microstructure and imperfections on mechanical properties of AlSi12 processed by selective laser melting. J. Mater. Process. Technol. 2015, 221, 205–213. [Google Scholar] [CrossRef]

	



Kimura, T.; Nakamoto, T.; Mizuno, M.; Araki, H. Effect of silicon content on densification, mechanical and tehrmal properties of Al-xSi binary alloys fabricted using selective laser melting. Mater. Sci. Eng. A 2016, 682, 593–602. [Google Scholar] [CrossRef]

	



Su, X.; Yang, Y. research on track overlapping during selective laser melting of powders. J. Mater. Process. Technol. 2012, 212, 2074–2079. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Eckert, J. Formation of metastable cellular microstrcutures in selective laser melted alloys. J. Alloys Compd. 2017, 707, 27–34. [Google Scholar] [CrossRef]

	



Zhang, M.; Yang, Y.; Song, C.; Bai, Y.; Xiao, Z. An investigation into the agin behavior of CoCrMo alloys fabricated by selective laser melting. J. Alloys Compd. 2018, 750, 878–886. [Google Scholar] [CrossRef]

	



Song, C.; Zhang, M.; Yang, Y.; Wang, D.; Jia-kuo, Y. Morphology and properties of CoCrMo parts fabricted by selective laser melting. Mater. Sci. Eng. A 2018, 713, 206–213. [Google Scholar] [CrossRef]

	



Suryawanshi, J.; Prashanth, K.G.; Ramamurty, U. Mechanical behavior of selective laser melted 316L stainless steel. Mater. Sci. Eng. A 2017, 696, 113–121. [Google Scholar] [CrossRef]

	



Suryawanshi, J.; Prashanth, K.G.; Ramamurty, U. Tensile, fracture, and fatigue crack growth properties of a 3D printed maraging steel through selective laser melting. J. Alloys Compd. 2017, 725, 355–364. [Google Scholar] [CrossRef]

	



Suryawanshi, J.; Prashanth, K.G.; Scudino, S.; Eckert, J.; Prakash, O.; Ramamurty, U. Simultaneous enhancements of strength and toughness in an Al-12Si alloy synthesized using selective laser melting. Acta Mater. 2016, 115, 285–294. [Google Scholar] [CrossRef]

	



Yang, C.; Zhao, Y.J.; Kang, L.M.; Li, D.D.; Zhang, W.W.; Zhang, L.C. High-strength silicon brass manufactured by selective laser melting. Mater. Lett. 2018, 210, 169–172. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Scudino, S.; Chaubey, A.K.; Löber, L.; Wang, P.; Attar, H.; Schimansky, F.P.; Pyczak, F.; Eckert, J. Processing of Al-12Si-TNM composites by selective laser melting and evaluation of compressive and wear properties. J. Mater. Res. 2016, 31, 55–65. [Google Scholar] [CrossRef]

	



Baitimerov, R.; Lykov, P.; Zherebtsov, D.; Radionova, L.; Shultc, A.; Prashanth, K.G. Influence of powder characteristics on processibility of AlSi12 alloy fabricated by selective laser melting. Materials 2018, 11, 742. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Lei, Y.; Zhang, H. Structure and properties of nanostructured A357 alloy produced by melt spinning compared with direct chill ingot. J. Alloys Compd. 2011, 509, 7473–7477. [Google Scholar] [CrossRef]

	



Li, J.H.; Zarif, M.Z.; Dehm, G.; Schumacher, G. Influence of impurity elements on the nucleation and growth of Si in high purity melt-spoun Al-Si-based alloys. Philos. Mag. 2012, 92, 3789–3805. [Google Scholar] [CrossRef]

	



Itagaki, M.; Giessen, B.C.; Grant, N.J. Supersaturation in rapidly quenched Al-rich Al-Si alloys. Trans. ASM 1968, 61, 330–335. [Google Scholar]

	



Rietveld, H.M. A profile refinement method for nuclear and magnetic stuctures. J. Appl. Cryst. 1969, 2, 65–71. [Google Scholar] [CrossRef]

	



Birol, Y. Microstructural evolution during annealing of a rapidly solidified Al-12Si alloy. J. Alloys Compd. 2007, 439, 81–86. [Google Scholar] [CrossRef]

	



Kang, N.; Coddet, P.; Liao, H.; Coddet, C. Macrosegregation mechanism of primary silicon phase in selective laser melting hypereutectic Al-high Si alloy. J. Alloys Compd. 2016, 662, 259–262. [Google Scholar] [CrossRef]

	



Kang, N.; Coddet, P.; Liao, H.; Baur, T.; Coddet, C. Wear behavior and microstrcuture of hypereutectic Al-Si alloys prepared by selective laser melting. Appl. Surf. Sci. 2016, 378, 142–149. [Google Scholar] [CrossRef]

	



Ma, P.; Prashanth, K.G.; Scudino, S.; Jia, Y.; Wang, H.; Zou, C.; Wei, Z.; Eckert, J. Influence of annealing on mechanical properties of Al-20Si processed by selective laser melting. Metals 2014, 4, 28–36. [Google Scholar] [CrossRef]

	



Dai, D.; Gu, D. Tailoring surface quality through mass and momentum transfer modeling using a volue of fluid methor in selective laser melting of TiC/AlSi10Mg powder. Int. J. Mach. Tools Manuf. 2015, 88, 95–107. [Google Scholar] [CrossRef]

	



Zhao, L.Z.; Zhao, M.J.; Song, L.J.; Mazumder, J. Ultra-fuine Al-Si hypereutectic alloy fabricated by direct metal deposition. Mater.Des. 2014, 56, 542–548. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Scudino, S.; Eckert, J. Defining the tensile properties of Al-12Si parts produced by selective laser melting. Acta Mater. 2017, 126, 25–35. [Google Scholar] [CrossRef]

	



Chakrabarti, D.J.; Laughlin, D.E. Phase relations and precipitation in Al-Mg-Si alloys with Cu additions. Prog. Mater. Sci. 2004, 49, 389–410. [Google Scholar] [CrossRef]

	



Delannay, F.; Pardoen, T.; Lassance, D.; Fabre, D. Micromechanisms of room and high temperature fracture in 6xxx Al alloys. Prog. Mater. Sci. 2007, 52, 62–129. [Google Scholar]

	



Li, W.; Li, S.; Liu, J.; Zhang, A.; Zhou, Y.; Wei, Q.; Yan, C.; Shi, Y. Effect of heat treatment on AlSi10Mg alloy fabricated by selective laser melting: Microstrcuture evolution, mechanical properties and fracture mechanism. Mater. Sci. Eng. A 2016, 663, 116–125. [Google Scholar] [CrossRef]

	



Wang, M.; Song, B.; Wei, Q.; Zhang, Y.; Shi, Y. Effect of annealing on the microstrcuture and mechancial properties of selective laser melted AlSi7Mg alloy. Mater. Sci. Eng. A 2019, 739, 463–472. [Google Scholar] [CrossRef]

	



Maskery, I.; Aboulkhair, N.T.; Corfield, M.R.; Tuck, C.; Clare, A.T.; Leach, R.K.; Wildman, R.D.; Ashcroft, I.A.; Hague, R.J.M. Qunatification and characterisation of porosity in selectively laser melted Al-Si10-Mg using X-ray computed tomography. Mater. Charact. 2016, 111, 193–204. [Google Scholar] [CrossRef]

	



Zhang, C.; Zhu, H.; Hu, Z.; Zhang, L.; Zeng, X. A comparative study on single-layer and multi-laser selective laser melting AlSi10Mg: Defects, microstrcuture and mechanical properties. Mater. Sci. Eng. A 2019, 746, 416–423. [Google Scholar] [CrossRef]

	



Xiong, Z.H.; Liu, S.L.; Li, S.F.; Shi, Y.; Yang, Y.F.; Misra, R.D.K. Role of melt pool boundary condition in determining the mechanical properties of selective laser melting AlSi10Mg alloy. Mater. Sci. Eng. A 2019, 740, 148–156. [Google Scholar] [CrossRef]

	



Zhou, S.; Su, Y.; Gu, R.; Wang, Z.; Zhou, Y.; Ma, Q.; Yan, M. Impacts of defocusing amount and molten pool boundaries on mechanical properties and microstrcuture of selective laser melted AlSi10Mg. Materials 2019, 12, 73. [Google Scholar] [CrossRef] [PubMed]

	



Read, N.; Wang, W.; Essa, K.; Attallah, M.M. Selective laser melting of AlSi10Mg alloy: Process optimization and mechanical properties development. Mater. Des. 2015, 65, 417–424. [Google Scholar] [CrossRef]

	



Aboulkhair, N.T.; Maskery, I.; Tuck, C.; Ashcroft, I.; Everitt, N.M. On the formation of AlSi10Mg single tracks and layers in selective laser melting: Microstructure and nano-mechanical properties. J. Mater. Process. Technol. 2016, 230, 88–98. [Google Scholar] [CrossRef]

	



Zhang, B.; Liao, H.; Coddet, C. Effects of processing parameters on properties of selective laser melteing Mg-9%Al powder mixture. Mater. Des. 2012, 34, 753–758. [Google Scholar] [CrossRef]

	



Aboulkhair, N.T.; Maskery, I.; Tuck, C.; Ashcroft, I.; Everitt, N.M. The microstructure and mechanical properties of selectively laser melted AlSi10Mg: The effect of a conventional T6-like heat treatment. Mater. Sci. Eng. A 2016, 667, 139–146. [Google Scholar] [CrossRef]

	



Schwab, H.; Prashanth, K.G.; Löber, L.; Kühn, U.; Eckert, J. Selective laser melting of Ti-45Nb alloy. Metals 2015, 5, 686–694. [Google Scholar] [CrossRef]

	



Pupo, Y.; Delgado, J.; Serenó, L.; Ciurana, J. Scanning space analysis in selective laser melting of CoCrMo powder. Procedia Eng. 2013, 63, 370–378. [Google Scholar] [CrossRef]

	



Wu, J.; Wang, X.Q.; Wang, W.; Attallah, M.M.; Loretto, M.H. Microstructure and strength of selectively laser melted AlSi10Mg. Acta Mater. 2016, 117, 311–320. [Google Scholar] [CrossRef]

	



Wang, P.; Eckert, J.; Prsahanth, K.G.; Wu, M.W.; Kaban, I.; Xi, L.X.; Scudino, S. A review of particles-reinforced aluminum matrix composites fabricated by selective laser melting. Trans. Nonferrous Metals Soc. China 2020, 30, 2001–2034. [Google Scholar] [CrossRef]

	



Takata, N.; Kodaira, H.; Suzuki, A.; Kobashi, M. Size dependence of microstructure of AlSi10Mg alloy fabricated by selective laser melting. Mater. Charact. 2018, 143, 18–26. [Google Scholar] [CrossRef]

	



Manfredi, D.; Calignano, F.; Krishnan, M.; Canali, R. From powders to dense metal parts: Characterization of a commercial AlSiMg alloy processed through direct metal laser sintering. Materials 2013, 6, 856–869. [Google Scholar] [CrossRef] [PubMed]

	



Aboulkhair, N.T.; Tuck, C.; Ashcroft, I.A.; Maskery, I.A.N.; Everitt, N.M. On the precipitaion hardening of selective laser melted AlSi10Mg. Metall. Mater. Trans. A 2015, 46, 3337–3341. [Google Scholar] [CrossRef]

	



Yu, X.; Wang, L. T6 heat-treated AlSi10Mg alloys additive-manufactured by selective laser melting. Procedia Manuf. 2018, 15, 1701–1707. [Google Scholar] [CrossRef]

	



Culha, O.; Tekmen, C.; Toparli, M.; Tsunekawa, Y. Mechanical properties of in situ Al2O3 formed Al-Si composite coating via atmospheric plasma spraying. Mater. Des. 2010, 31, 533–544. [Google Scholar] [CrossRef]

	



Wisutmethangoon, S.; Thongjan, S.; Mahathaninwong, N.; Plookphol, T.; Wannasin, J. Precipitation hardening of A356 Al alloy produced by gas induced semi-solid process. Mater. Sci. Eng. A 2012, 532, 610–615. [Google Scholar] [CrossRef]

	



Hu, T.; Ma, K.; Topping, T.D.; Schoenung, J.M.; Lavernia, E.J. Precipitation phenomena in an ultra-grained Al alloy. Acta Mater. 2013, 61, 2163–2178. [Google Scholar] [CrossRef]

	



Fousová, M.; Dvorský, D.; Michalcová, A.; Vojtěch, D. Changes in the microstructure and mechanical propertiesof additively manufactured AlSi10Mg alloy after exposure to elevated temperatures. Mater. Charact. 2018, 137, 119–126. [Google Scholar] [CrossRef]

	



Kaufmann, N.; Imran, M.; Wischeropp, T.M.; Emmelmann, C.; Siddique, S.; Walther, F. Influence of process parameters on the quality of aluminium alloy EN AW 70975 using selective laser melting (SLM). Phys. Procedia 2016, 83, 918–926. [Google Scholar] [CrossRef]

	



Wang, P.; Li, H.C.; Prashanth, K.G.; Eckert, J.; Scudino, S. Selective laser melting of Al-Zn-Mg-Cu: Heat treatment, microstructure and mechanical properties. J. Alloys Compd. 2017, 707, 287–290. [Google Scholar] [CrossRef]

	



Qi, T.; Zhu, H.; Zhang, H.; Yin, J.; Ke, L.; Zeng, X. Selective laser meltign of Al7050 powder: Melting mode transition and comparison of the powder characteristics between the keyhole and conduction mode. Mater. Des. 2017, 135, 257–266. [Google Scholar] [CrossRef]

	



Martin, J.H.; Yahata, B.D.; Hundley, J.M.; Mayer, J.A.; Schaedler, T.A.; Pollock, T.M. 3D printing of high-strength aluminium alloys. Nature 2017, 549, 365–369. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.; Ramakrishnan, A.; Baker, D.; Biswas, A.; Dinda, G.P. Laser metal deposition of nickel coated Al7050 alloy. J. Alloys Compd. 2017, 719, 151–158. [Google Scholar] [CrossRef]

	



Kairy, S.K.; Gharbi, O.; . Nicklaus, J.; . Jiang, D.; Hutchinson, C.R.; Birbilis, N. On the characterization of a hitheto unreported icosahedral quasicrystal phase in additively manufactured aluminum alloy AA7075. Metall. Mater. Trans. A 2019, 50, 529–533. [Google Scholar] [CrossRef]

	



Sun, S.; Liu, P.; Hu, J.; Hong, C.; Qiao, X.; Liu, S.; Zhang, R.; Wu, C. Effect of solid solution plus double ageing on microstructural characterization of 7075 Al alloys fabricted by selective laser melting (SLM). Opt. Laser Technol. 2019, 114, 158–163. [Google Scholar] [CrossRef]

	



Scudino, S.; Liu, G.; Prashanth, K.G.; Bartusch, B.; Surreddi, K.B.; Murty, B.S.; Eckert, J. Mechanical properties of Al-based metal matrix composites reinforced with Zr-based glassy particles produced by powder metallurgy. Acta Mater. 2009, 57, 2029–2039. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhu, H.; Nie, X.; Yin, J.; Hu, Z.; Zeng, X. Effect of zirconium addition on crack, microstructure and mechanical behavior of selective laser melted Al-Cu-Mg alloy. Scr. Mater. 2017, 134, 6–10. [Google Scholar] [CrossRef]

	



Wang, P.; Gammer, C.; Brenne, F.; Prashanth, K.G.; Mendes, R.G.; Rümmeli, M.H.; Gemming, T.; Eckert, J.; Scudino, S. Microstructure and mechanical properties of a heat-treatable Al-3.5Cu-1.5Mg-1Si alloy produced by selective laser melting. Mater. Sci. Eng. A 2018, 711, 562–570. [Google Scholar] [CrossRef]

	



Ahuja, B.; Karg, M.; Nagulin, K.Y.; Schmidt, M. Fabrication and characterization of high strength Al-Cu alloys processed using laser beam melting in metal powder bed. Phys. Procedia 2014, 56, 135–146. [Google Scholar] [CrossRef]

	



Casati, R.; Lemke, J.N.; Alarcon, A.Z.; Vedani, M. Aging behavior of high-strength Al alloy 2618 produced by selective laser melting. Metall. Mater. Trans. A 2017, 48, 575–579. [Google Scholar] [CrossRef]

	



Sercombe, T.B.; Schaffer, G.B. Rapid manufacturing of aluminum components. Science 2003, 301, 1225–1227. [Google Scholar] [CrossRef]

	



Wang, X.J.; Zhang, L.C.; Fang, M.H.; Sercombe, T.B. The effect of atmosphere on the structure and properties of a selective laser melted Al-12Si alloy. Mater. Sci. Eng. A 2014, 597, 370–375. [Google Scholar] [CrossRef]

	



Everitt, N.M.; Aboulkhair, N.T.; Maskery, I.; Tuck, C.J.; Ashcroft, I. Nanoindetation shows uniform local mechanical properties across melt pools and layers produced by selective laser melting of AlSi10Mg alloy. Adv. Mater. Lett. 2016, 7, 13–16. [Google Scholar] [CrossRef]

	



Kempen, K.; Thijs, L.; Van Humbeeck, J.; Kruth, J.-P. Mechanical properties of AiSi10Mg produced by selective laser melting. Phys. Procedia 2012, 39, 439–446. [Google Scholar] [CrossRef]

	



Tradowsky, U.; White, J.; Ward, R.-M.; Read, N.; Reimers, W.; Attallah, M.M. Selective laser melting of AlSi10Mg: Influence of post-processing on the microstructural and tensile properties development. Mater. Des. 2016, 105, 212–222. [Google Scholar] [CrossRef]

	



Narayanasamy, R.; Pandey, K.S. Phenomenan of barrelling in aluminium solid cylinnders during cold upset-forming. J. Mater. Process. Technol. 1997, 70, 17–21. [Google Scholar] [CrossRef]

	



Kiser, M.; He, M.Y.; Zok, F.W. the mechanical response of ceramic microballoon reinforced aluminum matrix composites under compressive loading. Acta Mater. 1999, 47, 2685–2694. [Google Scholar] [CrossRef]

	



Mower, T.M.; Long, M.J. Mechanical behavior of additive manufactured, powder-bed laser-fused materials. Mater. Sci. Eng. A 2016, 651, 198–213. [Google Scholar] [CrossRef]

	



Buchbinder, D.; Schleifenbaum, H.; Heidrich, S.; Meiners, W.; Bültmann, J. High powder selective laser melting (HP SLM) of aluminum parts. J. Phys. Procedia 2011, 12, 271–278. [Google Scholar] [CrossRef]

	



Kim, D.K.; Woo, W.; Hwang, J.H.; An, K.; Choi, S.H. Stress partitioning behavior of an AlSi10MG alloy produced by selective laser melting during tensile deformation using in situ neutron diffraction. J. Alloys Compd. 2016, 686, 281–286. [Google Scholar] [CrossRef]

	



Reschetnik, W.; Brüggemann, J.-P.; Aydinöz, M.E.; Grydin, O.; Hoyer, K.-P.; Kullmer, G.; Richard, H.A. Fatigue crack growth behavior and mechanical properties of additively processed EN AW-7075 aluminium alloy. Procedia Struct. Integritry 2016, 2, 3040–3048. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Debalina, B.; Wang, Z.; Gostin, P.F.; Gebert, A.; Calin, M.; Kühn, U.; Kamaraj, M.; Scudino, S.; Eckert, J. Tribological and corrosion properties of Al-12Si produced by selective laser melting. J. Mater. Res. 2014, 29, 2044–2054. [Google Scholar] [CrossRef]

	



Gu, D.; Jue, J.; Dai, D.; Lin, K.; Chen, W. Effect of dry sliding conditions on wear properties of Al-matrix composites produced by selective laser melting additive manufacturing. J. Tribol. 2018, 140, 021605. [Google Scholar] [CrossRef]

	



Cai, C.; Radoslaw, C.; Zhang, J.; Yan, W.; Wen, S.; Song, B.; Shi, Y. In-situ preparation and formation of tiB/Ti-6Al-4V nanocomposite via laser additive manufacturing: Microstructure evolution and tribological behavior. Powder Technol. 2019, 342, 73–84. [Google Scholar] [CrossRef]

	



Yin, S.; Chen, C.; Yan, X.; Feng, X.; Jenkins, R.; O’Reilly, P.; Min, L.; Hua, L.; Lupoi, R. The influence of aging temperature and aging time on the mechanical and tribological properties of selective laser melted maraging 18Ni-300 steel. Addit. Manuf. 2018, 22, 592–600. [Google Scholar] [CrossRef]

	



Romano, S.; Brückner-Foit, A.; Brandão, A.; Gumpinger, J.; Ghidini, T.; Beretta, S. Fatigue properties of AlSi10Mg obrained by additive manufacturing: Defect-based modelling and prediction of fatigue strength. Eng. Fract. Mech. 2018, 187, 165–189. [Google Scholar] [CrossRef]

	



Bagherifard, S.; Beretta, N.; Monti, S.; Riccio, M.; Bandini, M.; Guagliano, M. On the fatigue strength enhancement of additive manufactured AlSi10Mg parts by mechanical and tehrmal post-processing. Mater. Des. 2018, 145, 28–41. [Google Scholar] [CrossRef]

	



Pegues, J.; Roach, M.; Williamson, R.S.; Shamsaei, N. Surface roughness effects on the fatigue strength of additively manufactured ti-6Al-4V. Int. J. Fatigue 2018, 116, 543–552. [Google Scholar] [CrossRef]

	



Kajima, Y.; Takaichi, A.; Nakamoto, T.; Kimura, T.; Kittikundecha, N.; Tsutsumi, Y.; Nomura, N.; Kawasaki, A.; Takahashi, H.; Hanawa, T. Effect of additing support structures for overhanging part on fatigue strength in selective laser melting. J. Mech. Behav. Biomed. Mater. 2018, 78, 1–9. [Google Scholar] [CrossRef]

	



Agius, D.; Kourousis, K.; Wallbrink, C. A review of the as-built SLM Ti-6Al-4V mechanical properties towards achieving fatigue resistant designs. Metals 2018, 8, 75. [Google Scholar] [CrossRef]

	



Takezawa, A.; Kobashi, M.; Koizumi, Y.; Kitamura, M. Porous metal produced by selective laser melting with effective isotropic thermal conductivity close to the Hashin-Shtrikman bound. Int. J. Heat Mass Transf. 2017, 105, 564–572. [Google Scholar] [CrossRef]

	



Bajaj, P.; Wright, J.; Todd, I.; Jägle, E.A. Predictive process parameter selection for selective laser melting manufacturing: Applications to high thermal conductivity alloys. Addit. Manuf. 2019, 27, 246–258. [Google Scholar] [CrossRef]

	



Prashanth, K.G.; Damodaram, R.; Scudino, S.; Wang, Z.; Prasad Rao, K. Eckert, Friction welding of Al-12Si parts produced by selective laser melting. J. Mater. Des. 2014, 57, 632–637. [Google Scholar] [CrossRef]

	



Maamoun, A.H.; Veldhuis, S.C.; Elbestawi, M. Friction stir processing of AlSi10Mg parts produced by selective laser melting. J. Mater. Process. Technol. 2019, 263, 308–320. [Google Scholar] [CrossRef]

	



Tang, S.H.; Cheng, C.-W.; Yeh, R.-Y.; Hsu, R.-Q. Direct joining of 3D-printed thermoplastic parts to SLM-fabricated metal celluar structure by ultrasonic welding. Int. J. Adv. Manuf. Technol. 2018, 99, 729–736. [Google Scholar] [CrossRef]

	



Scherillo, F.; Astarita, A.; Prisco, U.; Contaldi, V.; di Petta, P.; Langella, A.; Squillace, A. Friction stir welding of AlSi10Mg plates produced by selective laser melting. Metallogr. Microstruct. Anal. 2018, 7, 457–463. [Google Scholar] [CrossRef]

	



Du, Z.; Tan, M.J.; Chen, H.; Bi, G.; Chua, C.K. Joining of 3D-printed AlSi10Mg by friction stir welding. Weld. World 2018, 65, 675–678. [Google Scholar] [CrossRef]

	



Dai, N.; Zhang, L.-C.; Zhang, J.; Chen, Q.; Wu, M. Corrossion behavior of selective laser melted Ti-6Al-4V alloy in NaCl colution. Corros. Sci. 2016, 102, 484–489. [Google Scholar] [CrossRef]

	



Lancea, C.; Chicos, L.A.; Zaharia, S.M.; Pop, M.A.; Semenescu, A.; Florea, B.; Chivu, O.R. Accelerated corrosion analysis of AlSi10Mg alloy manufactured by selective laser melting (SLM). Rev. Chim. 2018, 69, 975–981. [Google Scholar] [CrossRef]

	



Gharbi, O.; Jiang, D.; Feenstra, D.R.; Kairy, S.K.; Wu, Y.; Hutchinson, C.R.; Birbilis, N. On the corrosion of additively manufactured aluminium alloy AA2024 prepared by selective laser melting. Corros. Sci. 2018, 143, 93–106. [Google Scholar] [CrossRef]

	



Seyedi, M.; Balbo, A.; Zanotto, F.; Erika, L.; Monticelli, C. A European event for the Corrosion Prevention. In Proceedings of the 2nd Conference & Expo 2018, from the Industry to the Industry, Genoa, Italy, 27–29 May 2018; pp. 1–6. [Google Scholar]

	



Dai, N.; Zhang, L.-C.; Zhang, J.; Zhang, X.; Ni, Q.; Chen, Y.; Wu, M.; Yang, C. Distinction in corrosion resistance of selective laser melted Ti-6Al-4V alloy on different places. Corros. Sci. 2016, 111, 703–710. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, F.; Chen, J.; Yuan, Y. Effects of surface quality on corrosion resistance of 316L stainless steel parts manufactured via SLM. J. Laser Appl. 2017, 29, 22306. [Google Scholar] [CrossRef]

	



Bartolomeu, F.; Buciumeanu, M.; Pinto, E.; Alves, N.; Carvalho, O.; Silva, F.S.; Miranda, G. 316L stainless steel mechanical and tribological behavior—A comparison between selective laser melting, hot pressing and conventional casting. Addit. Manuf. 2017, 16, 81–89. [Google Scholar] [CrossRef]

	



Martinez, A.; Gonzálezestrada, O.A.; Martínez, E. Evalution of the tribological properties of metal matrix composite materials (MMCs) obtained by aditive manufacturing using selective laser melting (SLM). arXiv 2017, arXiv:1709.08818. [Google Scholar]

	



Prasad, B.K.; Venkateswarlu, K.; Modi, O.P.; Jha, A.K.; Das, S.; Dasgupta, R.; Yegneswaran, A.H. Sliding wear behavior of some Al-Si alloys: Role of shape and size of Si particles and test conditions. Metall. Mater. Trans. A 1998, 29, 2747–2752. [Google Scholar] [CrossRef]

	



Torabian, H.; Pathak, J.P.; Tiwari, S.N. Wear characteristics of Al-Si alloys. Wear 1994, 172, 49–58. [Google Scholar] [CrossRef]

	



Elleuch, K.; Fouvry, S. Wear analysis of A357 aluminium alloy under fretting. Wear 2002, 253, 662–672. [Google Scholar] [CrossRef]

	



Srivastava, V.C.; Rudrakshi, G.B.; Uhlenwinkel, V.; Ojha, S.N. Wear characteristics of spray formed Al-alloys and their composites. J. Mater. Sci. 2009, 44, 2288–2299. [Google Scholar] [CrossRef]

	



Edwards, P.; Ramulu, M. Fatigue performance evaluation of selective laser melted Ti-6Al-4V. Mater. Sci. Eng. A 2014, 598, 327–337. [Google Scholar] [CrossRef]

	



Siddique, S.; Imran, M.; Rauer, M.; Kaloudis, M.; Wycisk, E.; Emmelmann, C.; Walther, F. Computed tomography for characterization of fatigue performance of selective laser melted parts. Mater. Des. 2015, 83, 661–669. [Google Scholar] [CrossRef]

	



Maity, T.; Prashanth, K.G.; Balçi, Ö.; Wang, Z.; Jia, Y.D.; Eckert, J. Plastic deformation mechanisms in severely strained eutectic high entropy composites explained via strain rate sensitivity and activiation volume. Comp. Eng. Part B 2018, 150, 7–13. [Google Scholar] [CrossRef]

	



Maity, T.; Prashanth, K.G.; Balci, Ö.; Kim, J.T.; Schöberl, T.; Wang, Z.; Eckert, J. Influence of severe straining and strain rate on the evolution of dislocation structures during micro-/nanoindentation in high entropy lamellar eutectics. Int. J. Plast. 2018, 109, 121–136. [Google Scholar] [CrossRef]








[image: Materials 13 04564 g001 550] 





Figure 1. Schematic illustration showing the differences between subtractive (left) and additive (right) manufacturing [12]. 






Figure 1. Schematic illustration showing the differences between subtractive (left) and additive (right) manufacturing [12].



[image: Materials 13 04564 g001]







[image: Materials 13 04564 g002 550] 





Figure 2. Schematic illustration showing the advantages of additive manufacturing in fabricating parts. 
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Figure 3. Detailed flowchart showing the classification of the additive manufacturing process based of four major groups. 
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Figure 4. Schematics of Selective Laser Melting process—flow diagram. 
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Figure 5. Results from porosity measurements performed on 3D printed samples. Each point represents the average porosity (in percentage) found in six samples fabricated in five particular iterations. Red bars indicate standard deviation from this value. The dashed line represents the average porosity obtained from these five values [14]. Copyright 2014. Adapted with permission from Elsevier Science Ltd. under the license number 4803690436753 (Figure 5 [14]), dated 7 April 2020. 
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Figure 6. Schematic illustration showing the most influential SLM process parameters. 
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Figure 7. Room temperature tensile true stress-true strain curves of Al-12Si samples fabricated with decreasing laser power (320 W–80 W) at a constant laser scan speed (1455 mm/s) in an SLM solutions SLM 250 device [68]. Copyright 2017. Adapted as per the open access policy of Taylor and Francis group (Figure 1b [68]). 
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Figure 8. Room temperature tensile true stress-true strain curves of Al-12Si samples fabricated at a constant energy density of 55 J/mm3 with varying laser power and laser scan speed in an SLM Solutions SLM 250 device [68]. Copyright 2017. Adapted as per the open access policy of Taylor and Francis group (Figure 1a [68]). 
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Figure 9. Flowchart describing SLM processing from a single laser track to the 3D object [12]. 
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Figure 10. Schematics showing the hatch distance and hatch overlaps observed during the selective laser melting process [12]. 
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Figure 11. Schematics showing the different types of hatch styles that are employed during the SLM process. The building (BD), scanning (SD), and transverse directions (TD) are indicated. Sample A—scan with unidirectional vectors; sample B—bidirectional vectors that reverse between each hatch; sample C double scan strategy, firstly with bidirectional vectors in TD and secondly scanned with bidirectional vectors in SD; sample D—scan with island strategy with 90° rotation but without shift and sample E—scan with island strategy with 90° rotation and 1 mm shift between the layers [71]. Copyright 2012. Adapted with permission from Elsevier Science Ltd. under the license number 4803690935278 (Figure 1 [71]), dated 7 April 2020. 
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Figure 12. Schematic illustrating the different zones identified in an SLM part: contour, contour offset and actual volume of the part. 
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Figure 13. SEM micrographs of custom-developed Al-Cu powders (a) powder observed by secondary electron imaging in SEM; (b) powder sample observed in backscattering (BSE)-SEM mode [114]. Copyright 2011. Adapted with permission from Elsevier Science Ltd. under the license number 4803700253132 (Figure 5 [114]), dated 7 April 2020. 
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Figure 14. BSE-SEM micrographs of SLM Al-xCu alloys: (a) 6Cu alloy (inset: Cu distribution across the Cu-rich zone); (b) 40Cu alloy; (c) Cu-rich zone in the 6Cu alloy (inset: high magnification). (d) Schematic illustrating the diffusion of Cu during SLM processing [115]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4803700463746 (Figure 2 [115]), dated 7 April 2020. 






Figure 14. BSE-SEM micrographs of SLM Al-xCu alloys: (a) 6Cu alloy (inset: Cu distribution across the Cu-rich zone); (b) 40Cu alloy; (c) Cu-rich zone in the 6Cu alloy (inset: high magnification). (d) Schematic illustrating the diffusion of Cu during SLM processing [115]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4803700463746 (Figure 2 [115]), dated 7 April 2020.
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Figure 15. Relative density of SLM Al–Cu–Mg samples as a function of laser energy density [118]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number—4803710573901 (Figure 5 [118]), dated 7 April 2020. 






Figure 15. Relative density of SLM Al–Cu–Mg samples as a function of laser energy density [118]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number—4803710573901 (Figure 5 [118]), dated 7 April 2020.



[image: Materials 13 04564 g015]







[image: Materials 13 04564 g016 550] 





Figure 16. Cross-sections of Al-Cu-Mg samples produced with different scanning speeds: (a) 5 m/min, (b) 8 m/min, (c) 10 m/min, (d) 15 m/min, and (e) 20 m/min [118]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803710859427 (Figure 4 [118]), dated 7 April 2020. 
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Figure 17. (a) Optical micrographs of SLM-processed Al-Cu-Mg samples, (b) a higher magnification micrograph detailing the laser tracks shown in (a) [117]. Copyright 2016. Adapted with the permission from SPIE publishers (Figure 4 [117]). 
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Figure 18. SEM image of an SLM-processed Al-Cu-Mg alloy sample under H4 treatment, (b) EDS spectrum corresponding to the AlCuMg phase shown in (a) [117]. Copyright 2016. Adapted with the permission from SPIE publishers (Figure 6 [117]). 
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Figure 19. Variation of the density of SLS processed Al-12Si powder (45–75 µm) with layer thickness at fixed laser power (240 W), scanning rate (120 mm/s) and scan spacing (0.1 mm) [133]. Copyright 2010. Adapted with permission from Elsevier Science Ltd. under the license number—4803711190793 (Figure 5 [133]), dated 7 April 2020. 
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Figure 20. Polished micro-sections for Al-12Si alloy processed by selective laser melting [135]. Samples prepared with (a) low energy density (20 J/mm3), no base plate heating and no post-build stress relief, (b) high energy density (39.6 J/mm3), 200 °C base-plate heating and no post-build stress relief, and (c) high energy density (39.6 J/mm3), 200 °C base-plate heating and 240 °C post-build stress relief. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803720074625 (Figure 3 [135]), dated 7 April 2020. 
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Figure 21. Schematic illustration of keyhole pore formation in aluminum alloys during SLM [92,132]: (a) formation of key hole due to excessive energy, (b) flow of liquid weld metal, (c,d) partial flow of the liquid metal to the keyhole pore, and (e) formation of a power within the keyhole pore. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number—4803720213102 (Figure 1 [132]), dated 7 April 2020. 
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Figure 22. Raman spectra for Si particles in Al-12Si alloys solution treated for different durations. The inset shows the Raman intensity mapping of the corresponding Al-12Si alloys measured in the region of 500–550 cm−1. The Raman spectrum for standard Si is also shown. A gradual decrease in the Raman shift during heat treatment can be observed [130]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803720364624 (Figure 8 [130]), dated 7 April 2020. 
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Figure 23. Microstructure of Al-12Si samples prepared by SLM with angle of inclination γ = 90° (i.e., perpendicular to the substrate plate): (a,b) OM and (c,d) SEM micrographs, and (e,f) EDX composition maps for Al (red) and Si (green), respectively [67]. Copyright 2013. Adapted with permission from Elsevier Science Ltd. under the license number 4803720747532 (Figure 1 [67]), dated 7 April 2020. 
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Figure 24. STEM-EDX maps of the Al and Si distribution in the Al-12Si alloy in the (a) as-fabricated condition and after solution treatment at 773.15 K for (b) 15 min; (c) 30 min; (d) 2 h; and (e) 4 h; (f) Concentration of Si in Al for different solution heat treatment durations. The white arrows in (c) show the position of the joining neck between adjacent Si particles [130]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803721064179 (Figure 4 [130]), dated 7 April 2020. 
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Figure 25. (a) XRD patterns (λ = 0.17889 nm) and (b) room temperature tensile tests of cast and as-prepared SLM Al-12Si samples [67]. Copyright 2013. Adapted with permission from Elsevier Science Ltd. under the license number 4803720747532 (Figure 3 [67]), dated 7 April 2020. 
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Figure 26. Microstructures of as-cast and SLM processed Al-50Si alloys. (a) As-cast alloy; (b) SLM alloy. (c) Part I in (b); (d) Part II in (b) [90]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4803721234381 (Figure 1 [90]), dated 7 April 2020. 
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Figure 27. Optical microscopy images of the microstructure of SLM-processed parts obtained at a laser power of 320 W, (a) contour, (b) middle (contour offset) and (c) central regions and the corresponding dimension analysis of the primary silicon phase (d) contour, (e) middle and (f) central regions [152]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803730069705 (Figure 3 [152]), dated 7 April 2020. 
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Figure 28. Schematic illustration of segregation mechanism of an SLM-processed hypereutectic Al-50Si alloy during remelting and solidification: (a) scanning mode, (b–e) solidification process, (f) melt pool, scanning results of single layer of samples obtained at (g) low and (h) high laser powers [152]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803730069705 (Figure 4 [152]), dated 7 April 2020. 
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Figure 29. (a) XRD patterns (λ = 0.17889 nm) of the Al-12Si SLM specimens (γ = 90°) isothermally annealed for 6 h at temperatures between 473 and 723 K; (b) crystallite sizes of Al and Si, and (c) lattice parameters of Al and the amount of free Si versus the annealing temperature [67]. Copyright 2013. Adapted with permission from Elsevier Science Ltd. under the license number 4803720747532 (Figure 5 [67]), dated 7 April 2020. 
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Figure 30. Schematic description of the microstructure evolution of the SLM samples during annealing. Red features represent Si-rich areas [67]. Copyright 2013. Adapted with permission from Elsevier Science Ltd. under the license number 4803720747532 (Figure 9 [67]), dated 7 April 2020. 
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Figure 31. (a) XRD patterns (λ = 0.17889 nm) of Al-12Si SLM specimens produced using different hatch styles and (b) corresponding texture coefficient of the Al (111) and (200) planes [157]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803730407471 (Figure 3 [157]), dated 7 April 2020. 
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Figure 32. Pores in an AlSi10Mg SLM sample characterized by X-ray tomography [162]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803730656907 (Figure 7 [162]), 7 April 2020. 
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Figure 33. Evolution of pores in SLM-processed AlSi10Mg as a function of laser scan speed: (a) 250 mm/s, (b) 500 mm/s, (c) 750 mm/s and (d) 1000 mm/s [76]. Copyright 2014. Adapted from Elsevier Science Ltd. (Figure 5 [76]). 
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Figure 34. Laser scan rate dependence of the hydrogen pore density observed in AlSi10Mg samples processed by SLM [88]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803730859506 (Figure 7 [88]), dated 7 April 2020. 
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Figure 35. Response surface plot showing the effect of the laser power and the laser scan speed on the porosity level at a constant hatch spacing (0.5 µm) and island size (5 mm) [166]. Copyright 2014. Adapted with permission from Elsevier Science Ltd. under the license number 4803731023945 (Figure 4 [166]), dated 7 April 2020. 
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[image: Materials 13 04564 g035]







[image: Materials 13 04564 g036 550] 





Figure 36. Variation in the shape of the fusion line of AlSi10Mg SLM single tracks as a function of increasing laser scan speed [167]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803731171579 (Figure 2 [167]), dated 7 April 2020. 
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Figure 37. AlSi10Mg single tracks showing the variations in the shape of the fusion line and the defect formation as a function of laser scan speed (a) 250 mm/s, (b) 500 mm/s and (c) 750 mm/s [167]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803731331814 (Figure 9 [167]), dated 7 April 2020. 
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Figure 38. Evolution of pores in AlSi10Mg processed by SLM as a function of varying hatch spacing [76]. Copyright 2014. Adapted from Elsevier Science Ltd. (Figure 4 [76]). 
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Figure 39. SEM images of AlSi10Mg SLM specimens after etching with Keller’s reagent (a) Single track melt (b) hatch boundary and (c) core of the hatch with fine cellular microstructure. SEM images of the AlSi10Mg microstructure after heat treatment under different conditions (d) 723 K for 2 h (e) 773 K for 2 h (f) 823 K for 2 h (g) 723 K for 2 h + 453 K for 12 h (h) 773 K for 2 h + 453 K for 12 h and (i) 823 K for 2 h + 453 K for 122 h [160]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803740322935 (Figure 3 [160]), dated 7 April 2020. 
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Figure 40. SEM images of AlSi10Mg SLM samples along the YZ plane: (a) electron back scattered diffraction, (b) secondary electron image and (c) back-scattered image. The inset in (a) shows the area in the electron back-scattered diffraction image, where the secondary and back-scattered images are taken [172]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803740596529 (Figure 1 [172]), dated 7 April 2020. 
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Figure 41. TEM images of AlSi10Mg SLM samples along YZ plane taken using Al-reflection: (a) bright-field image and (b) dark-field image. The arrow in (a) indicates the region from which the dark field image (b) was obtained. The corresponding micro-diffraction patterns are shown in (c–f). The images in (c,d) correspond to the area of the cells on either side of the cell boundary and (e) is directly on the cell boundary. (f) Shows a diffraction pattern covering the two cells with the cell boundary [172]. Adapted with permission from Elsevier Science Ltd. under the license number 4803740596529 (Figure 2 [172]), dated 7 April 2020. 
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Figure 42. AlSi10Mg SLM samples showing pole and inverse pole figures as a function of different scanning strategy. The building direction (BD) is correlated to the (1 0 0) pole figures and the scanning direction (SD) and the transverse direction (TD) are correlated to the (1 1 0) and (1 1 1) pole figure data. The figures correspond to: (a) unidirectional long scans, (b) bidirectional long scans with the vectors rotated to 90° and (c) an island scanning strategy without shift. The orientation of the coordinate system is displayed by the relative intensity of the diffraction peaks compared to the reference sample indicated in grey scale [71]. Copyright 2012. Adapted with permission from Elsevier Science Ltd. under the license number 4803740839232 (Figure 7 [71]), dated 7 April 2020. 
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Figure 43. Schematic illustration showing the microstructure evolution of SLM AlSi10Mg samples in the (a) as-prepared state, (b) after solutionizing treatment and (c) after artificial ageing heat treatment. Si-rich areas are marked with blue color, whereas white matrix represents the Al-rich areas [160]. Adapted with permission from Elsevier Science Ltd. under the license number 4803740322935 (Figure 5 [160]), dated 7 April 2020. 
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Figure 44. Plot showing the Si particle density and size as a function of annealing treatment for AlSi10Mg SLM samples, calculated from scanning electron microscopy images [160]. Adapted with permission from Elsevier Science Ltd. under the license number 4803740322935 (Figure 5 [76]), dated 7 April 2020. 
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Figure 45. EBSD maps for two melting modes. (a) orientation image map and (b) grain boundary misorientation angle map in conduction mode, (c) orientation image map and (d) grain boundary misorientation angle map in keyhole mode [184]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4803741018430 (Figure 10 [184]), dated 7 April 2020. 
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Figure 46. Comparison of SEM images of polished SLM 7075 alloy specimens, presented along with relative densities (top left of the images) obtained for different combinations of laser power and scanning speed [182]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803741261901 (Figure 5 [182]), dated 7 April 2020. 
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Figure 47. EBSD orientation maps of samples with different concentrations of Si: 0 wt.% (a), 1 wt.% (b), 2 wt.% (c), 3 wt.% (d) and 4 wt.% (e). The observed plane is parallel to the building direction. The crystallographic orientation is represented by the inverse pole figure for aluminium [95]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803741466657 (Figure 5 [95]), dated 7 April 2020. 
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Figure 48. The central schematic presents an overview of the additive manufacturing process, whereby a directed energy source (laser or electron beam) melts a layer of metal powder (yellow), which solidifies (red to blue), fusing it to the previous (underlying) layer of metal (grey). (a) Conventional Al7075 powder feedstock. (b) Al7075 powder functionalized with nanoparticles. (c) Many alloys including Al7075 tend to solidify by columnar growth of dendrites, resulting in cracks due to solidification shrinkage. (d) Suitable nanoparticles can induce heterogeneous nucleation and facilitate equiaxed grain growth, thereby reducing the effect of solidification strain. (e) Many alloys exhibit intolerable microstructures with large grains and periodic cracks when 3D-printed using conventional approaches, as illustrated by the inverse pole figure. (f) Functionalizing the powder feedstock with nanoparticles produces fine equiaxed grain growth and eliminates hot cracking. (g) A 3D-printed, topologically optimized Al6061 piston on the build plate. (h) 3D-printed Al7075 HRL logo [185]. Copyright 2017. Adapted with permission from Springer Nature under the license number 4605280085008 (Figure 1 [185]), dated 7 April 2020. 
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Figure 49. SEM images of: (a) Cast, (b) T6 heat-treated cast sample, (c) as-prepared SLM and (d) T6 heat treated SLM samples [183]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803750252863 (Figure 2 [183]), dated 7 April 2020. 
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Figure 50. Variation of hardness of the SLM Al7075 alloy with aging duration [185]. Copyright 2017. Adapted with permission from Springer Nature. under the license number 4605280085008, dated 10 June 2019. 
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Figure 51. Compressive stress-strain curves of SLM Al-xCu alloys [115]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4803750369772 (Figure 4 [115]), dated 7 April 2020. 
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Figure 52. Mechanical properties of the SLM Al-Cu-Mg alloy in as-fabricated condition and after different heat treatments. WQ and AC refer to water quenching and air-cooling, respectively. The mean values and standard deviations are listed above the columns in the figure [117]. (a) as-fabricated and H1-H5 heat treated conditions and (b) H4, H6, H7 and H8 heat treated conditions. Copyright 2016. Adapted permission from SPIE publishers (Figure 3 [117]). 
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Figure 53. EBSD inverse pole figure (IPF) maps of Al-Cu-Mg fabricated at a scanning speed of 5 m/min (a) and Zr/Al-Cu-Mg sample fabricated at a scanning speed of 5 m/min (b) and 15 m/min (c), respectively. (d,e) misorientation angle distribution [190]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4803750527871 (Figure 4 [190]), dated 7 April 2020. 






Figure 53. EBSD inverse pole figure (IPF) maps of Al-Cu-Mg fabricated at a scanning speed of 5 m/min (a) and Zr/Al-Cu-Mg sample fabricated at a scanning speed of 5 m/min (b) and 15 m/min (c), respectively. (d,e) misorientation angle distribution [190]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4803750527871 (Figure 4 [190]), dated 7 April 2020.



[image: Materials 13 04564 g053]







[image: Materials 13 04564 g054 550] 





Figure 54. (a) Stress-Strain curves of the Al-Cu-Mg and Zr/Al-Cu-Mg samples fabricated at different scanning speeds. SEM images showing typical morphologies of the fracture surfaces of the Al-Cu-Mg sample fabricated at a scanning speed of 5 m/min (b) and for a Zr/Al-Cu-Mg sample fabricated at a scanning speed of 15 m/min (c), respectively. The insets show magnified images of the areas enclosed in yellow squares [190]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4595281038046 (Figure 4 [190]), dated 7 April 2020. 
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Figure 55. Tensile stress-strain curves of as-SLM and SLM T6 Al-3.5Cu-1.5Mg-1Si specimens [191]. Copyright 2017. Adapted with permission from Elsevier Science Ltd. under the license number 4803750779574 (Figure 8 [191]), dated 7 April 2020. 
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Figure 56. Tensile strength (TS) and proof stress (PS) of Al-xSi SLM samples fabricated using the optimal laser scanning parameters [136]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803760249108 (Figure 11 [136]), dated 7 April 2020. 
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Figure 57. Fracture elongation of Al-xSi SLM samples fabricated using optimal laser processing parameters [136]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803760249108 (Figure 12 [136]), dated 7 April 2020. 






Figure 57. Fracture elongation of Al-xSi SLM samples fabricated using optimal laser processing parameters [136]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803760249108 (Figure 12 [136]), dated 7 April 2020.



[image: Materials 13 04564 g057]







[image: Materials 13 04564 g058 550] 





Figure 58. Comparison of the tensile properties of Al-12Si alloy produced by die-casting, sand casting and various SLM processes with/without heat treatments. 
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Figure 59. Variation in the mechanical properties of the Al-12Si alloy upon solution heat treatment for different durations. δ, σ0.2 and σUTS represent the ductility, yield strength and ultimate tensile strength, respectively [130]. Copyright 2015. Adapted with permission from Elsevier Science Ltd. under the license number 4803760532619 (Figure 9 [130]), dated 7 April 2020. 
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Figure 60. (a) Room temperature tensile test curves of SLM Al-12Si samples (γ = 90°) annealed at different temperatures and (b) corresponding mechanical data [67]. Copyright 2013. Adapted with permission from Elsevier Science Ltd. under the license number 4803760682810 (Figure 6 [67]), dated 7 April 2020. 
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Figure 61. Tensile properties of Al-12Si SLM samples produced under different conditions with or without external heat treatment: (a) yield stress (YS), (b) ultimate tensile stress (UTS) and (c) ductility. Each square represents a data point and both maximum and minimum values were highlighted with red color [157]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803760806634 (Figure 13 [157]), dated 7 April 2020. 
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Figure 62. (a) SEM image of AlSi10Mg SLM sample showing an array of nanoindents across the melt pool and (b) corresponding nanohardness map [196]. Copyright 2016. Adapted as per the open access policy of VBRI press (Figure 3 [196]). 
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Figure 63. Compressive behavior of as-prepared AlSi10Mg SLM samples with and without annealing treatment. The curves are average of three experimental data sets and the standard deviation is highlighted in yellow. The inset in the figure shows AlSi10Mg sample before and after compression test [169]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803761103240 (Figure 6 [169]), dated 7 April 2020. 






Figure 63. Compressive behavior of as-prepared AlSi10Mg SLM samples with and without annealing treatment. The curves are average of three experimental data sets and the standard deviation is highlighted in yellow. The inset in the figure shows AlSi10Mg sample before and after compression test [169]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803761103240 (Figure 6 [169]), dated 7 April 2020.



[image: Materials 13 04564 g063]







[image: Materials 13 04564 g064 550] 





Figure 64. Fracture surfaces of AlSi10Mg SLM samples after tensile testing in the (a) as-prepared and (b) annealed (823 K, 2 h) condition [160]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803740322935 (Figure 8 [160]), dated 7 April 2020. 
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Figure 65. Fatigue crack growth curves for SLM-processed EN AW-7075 in different conditions. The crack plane and crack growth are parallel to the building direction. Data for conventionally processed reference material by Sander (2008) and Eberlein (2016) are displayed in black and grey color [204]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803761334383 (Figure 4 [204]), dated 7 April 2020. 
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Figure 66. Mechanical testing of 3D-printed aluminum alloys: (a) Representative tensile curves of the 3D-printed materials. (b) Representative deformation behavior of Al7075+Zr, indicating Lüders band propagation due to the refined grain size. The color scale shows the local principal strain, with the total elongation listed under each panel [185]. Copyright 2017. Adapted with permission from Springer Nature, under the license number 4605280085008 (Figure 4 [185]), dated 7 April 2020. 
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Figure 67. Sliding wear rate, wear volume and the Vickers hardness (HV) for Al-12Si cast, as-prepared SLM (300 K) and SLM samples annealed at different temperatures [205]. Copyright 2014. Adapted with permission from Cambridge University Press under the license number 4605401109358 (Figure 2 [205]), dated 24 May 2019. 
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Figure 68. Fretting and sliding wear volumes for the as-cast and SLM Al-12Si specimens as a function of the average Si particle size [205]. Copyright 2014. Adapted with permission from Cambridge University Press under the license number 4605401109358 (Figure 5 [205]), dated 24 May 2019. 
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Figure 69. Wear rates of Al-Si alloys produced by different techniques as a function of the Si content [205]. Copyright 2014. Adapted with permission from Cambridge University Press under the license number 4605401109358 (Figure 11 [205]), dated 24 May 2019. 
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Figure 70. Micro-computed tomography images of Al-12Si alloy with two different batches. (a) batch B: 0.25% porosity (b) batch D: 0.12% porosity and (c) histograms showing the distribution of defects in both batches [122]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803770892666 (Figure 8 [122]), dated 7 April 2020. 
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Figure 71. Fatigue crack initiation at 70 MPa for batch B (Al-12Si) with resulting fatigue life 1.6 × 106 cycles (a); 2.6 × 106 cycles (b); 3.6 × 106 cycles (c); and 3.2 × 108 cycles (d) [122]. Copyright 2016. Adapted with permission from Elsevier Science Ltd. under the license number 4803770892666 (Figure 12 [122]), dated 7 April 2020. 
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Figure 72. (a) Typical image of a friction welded Al-12Si joint with symmetrical and smooth flash at the joint. (b) Examples of tensile specimens machined from the welded samples [216]. Copyright 2014. Adapted with permission from Elsevier Science Ltd. under the license number 4803771284201 (Figure 1 [216]), dated 7April 2020. 
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Figure 73. Room temperature tensile curves of the cast and SLM specimens tested in the as-prepared and welded conditions [216]. Copyright 2014. Adapted with permission from Elsevier Science Ltd. under the license number 4803771284201 (Figure 6 [216]), dated 7 April 2020. 
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Figure 74. (a) Weight-loss curves for the as-prepared SLM Al-12Si samples as a function of the immersion time for three different HNO3 concentrations (0.01, 0.1, and 1 M). (b) Weight-loss plots for the as-prepared SLM, cast, and SLM heat-treated samples as a function of time for the 1 M HNO3 solution. (c) Weight-loss curve (black line) for the as-prepared Al-12Si SLM samples for 0.1 M HNO3, showing the different rates (rate 1—blue line and rate 2—red line) of corrosion as a function of the immersion time [205]. Copyright 2014. Adapted with permission from Cambridge University Press under the license number 4605401109358 (Figure 6 [205]), dated 24 May 2019. 
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Figure 75. Pourbaix diagrams for (a) aluminum and (b) silicon, showing the regions of corrosion, immunity, and passivation [205]. Copyright 2014. Adapted with permission from Cambridge University Press under the license number 4605401109358 (Figure 12 [205]), dated 24 May 2019. 
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Table 1. The families of Al-based alloys fabricated by SLM processing (with or without heat treatment).
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	Alloy Systems
	Compositions
	Yield Strength (MPa)
	Tensile Strength (MPa)
	Elongation/Plastic Strain (%)





	1xxx
	Pure Al
	90
	110
	30



	2xxx
	Al-xCu; Al-Cu-Mg
	205–250
	313–532
	5–14



	4xxx
	Al-xSi
	83–263
	150–420
	1–27



	6xxx
	AlMgxSi
	90–275
	140–460
	1.5–19



	7xxx
	Al-Zn-Mg-Cu(Zr)
	225–373
	255–417
	0.5–5.4










[image: Table] 





Table 2. Summary of the tensile properties of Al-xSi alloys. Results of the Al-12Si alloy will be reported in Table 3 separately.
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	Composition
	Process
	Post-Treatment
	Orientation
	Yield Strength (MPa)
	Ultimate Strength (MPa)
	Strain at Fracture (%)
	Reference





	Al-0Si
	SLM
	-
	Vertical
	100
	110
	30
	[112]



	Al-0Si
	SLM
	-
	Horizontal
	95
	115
	30
	[112]



	Al-0Si
	SLM
	723 K

(10 min)
	Vertical
	80
	100
	27
	[112]



	Al-0Si
	SLM
	723 K

(10 min)
	Horizontal
	85
	115
	25
	[112]



	Al-5Si
	SLM
	-
	-
	146
	226
	14
	[66]



	Al-5Si
	SLM
	T4
	-
	67
	133
	27
	[66]



	Al-7Si-Mg
	SLM
	-
	-
	193
	320
	5
	[66]



	Al-7Si-Mg
	SLM
	T4
	-
	109
	204
	17
	[66]



	Al-7Si-Mg
	SLM
	T6
	-
	227
	273
	10
	[66]
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Table 3. Summary of the tensile properties of Al-12Si alloy.
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	Composition
	Process
	Condition
	Yield Strength (MPa)
	Ultimate Strength (MPa)
	Strain at Facture (%)
	Reference





	Al-12Si
	Casting
	As-prepared
	145
	300
	2.5
	[196]



	Al-12Si
	Cast
	As-prepared
	65
	200
	9.5
	[67]



	Al-12Si
	SLM
	N2 atmosphere
	224 ± 7
	368 ± 11
	4.8 ± 0.6
	[197]



	Al-12Si
	SLM
	Ar atmosphere
	223 ± 11
	355 ± 8
	4.2 ± 0.6
	[197]



	Al-12Si
	SLM
	He atmosphere
	221 ± 11
	342 ± 43
	1.5 ± 0.6
	[197]



	Al-12Si
	SLM
	As-prepared
	260
	385
	3
	[67]



	Al-12Si
	SLM
	As-prepared
	225
	350
	5
	[130]



	Al-12Si
	SLM
	As-prepared
	184 ± 9
	231 ± 5
	1 ± 01
	[135]



	Al-12Si
	SLM
	As-prepared
	221 ± 10
	420 ± 10
	4 ± 0.3
	[135]



	Al-12Si
	SLM
	As-prepared
	154 ± 5
	190 ± 3
	1 ± 0.1
	[135]



	Al-12Si
	SLM
	As-prepared
	221 ± 10
	419 ± 10
	4 ± 0.3
	[135]



	Al-12Si
	SLM
	Post-build stress relief—513 K
	180 ± 7
	220 ± 6
	1 ± 0.1
	[135]



	Al-12Si
	SLM
	Post-build stress relief—513 K
	187 ± 3
	230 ± 4
	1 ± 0.1
	[135]



	Al-12Si
	SLM
	Post-build stress relief—513 K
	218 ± 7
	372 ± 7
	3 ± 0.3
	[135]



	Al-12Si
	SLM
	Heat treated—473 K
	262
	340
	2.5
	[67]



	Al-12Si
	SLM
	Heat treated—523 K
	180
	275
	5
	[67]



	Al-12Si
	SLM
	Heat treated—623 K
	120
	200
	10
	[67]



	Al-12Si
	SLM
	Heat treated—673 K
	100
	160
	15
	[67]



	Al-12Si
	SLM
	Heat treated—723 K
	95
	150
	13
	[67]



	Al-12Si
	SLM
	Solution heat treated (30 min)
	110
	190
	25
	[130]
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Table 4. Summary of the tensile properties of AlSi10Mg samples.
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	Process
	Condition
	Yield Strength (MPa)
	Ultimate Strength (MPa)
	Strain at Fracture (%)
	Reference





	Wrought
	As-prepared (longitudinal)
	293
	310
	15
	[201]



	Cast
	Aged
	-
	300–371
	2.5–3.5
	[197]



	HDPC *
	As-prepared
	-
	300–350
	2.5–3.5
	[197]



	HDPC *
	T6
	-
	330–365
	3–5
	[199]



	SLM
	As-prepared
	208
	368
	4
	[66]



	SLM
	As-prepared hotizontal
	227
	358
	4
	[201]



	SLM
	As-prepared vertical
	172
	289
	3
	[203]



	SLM
	Building angle—0°
	-
	420
	-
	[202]



	SLM
	Building angle—45°
	-
	405
	-
	[202]



	SLM
	Building angle—90°
	-
	360
	-
	[204]



	SLM
	Horizontal
	250
	330
	1
	[163]



	SLM
	Vertical
	240
	320
	1
	[163]



	SLM
	XY
	-
	391 ± 8
	5.5 ± 0.4
	[163]



	SLM
	Z
	-
	396 ± 8
	3 ± 1
	[163]



	SLM
	As-prepared
	240
	360
	3
	[163]



	SLM
	As-prepared
	268 ± 2
	333 ± 2
	1.4 ± 0.3
	[166]



	SLM
	As-prepared
	332 ± 8
	434 ± 11
	5.3 ± 0.2
	[160]



	SLM
	T4
	119
	212
	12
	[163]



	SLM
	T6
	210
	269
	10
	[66]



	SLM
	Solutionized
	196 ± 4
	282 ± 4
	13.5 ± 0.5
	[156]



	SLM
	T6
	187 ± 3
	197 ± 4
	20 ± 1
	[163]



	SLM
	T6
	239 ± 2
	292 ± 4
	4 ± 1
	[169]







* High pressure die casting.
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Table 5. Mechanical properties of SLM 7075 alloys under different loading conditions.






Table 5. Mechanical properties of SLM 7075 alloys under different loading conditions.





	Composition
	Condition
	Load Direction
	Yield Strength (MPa)
	Ultimate Strength (MPa)
	Elongation (%)
	Reference





	EN AW7075
	As-built
	Parallel to building direction
	NA
	203 ± 12
	0.5 ± 0.2
	[204]



	EN AW7075
	As-built
	Perpendicular to building direction
	NA
	42 ± 8
	0.5 ± 0.3
	[204]



	EN AW7075
	Heat treated
	Parallel to building direction
	NA
	206 ± 26
	0.5 ± 0.1
	[204]



	EN AW7075
	Heat treated
	Perpendicular to building direction
	NA
	45 ± 1
	0.2 ± 0.1
	[204]



	7075
	T6
	-
	NA
	26
	0.4
	[185]



	7075+Zr
	T6
	-
	325–373
	383–417
	4–6
	[185]
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