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Abstract

:

Additive manufacturing (AM) of metals can be broadly accomplished via two defined technologies: powder bed fusion and directed energy deposition. During AM fabrication, the melted feedstock material experiences fast thermal cycling due to the layer-by-layer deposition process resulting in microstructures and properties that are drastically different from the traditionally manufactured parts. For AM to become a viable process for fabricating critical components made of high-performance structural alloys, such as AlSi10Mg, a comprehensive understanding is required toward developing the process-structure-property relationships prevalent in AM. AlSi10Mg, with its good castability, strength, hardness, and dynamic properties, is typically used to fabricate structural components that are required to withstand high loads. This alloy has been consolidated predominantly by the laser powder bed fusion (L-PBF) method and several critical mechanical properties, such as fatigue, have been reported to date. This article, first, summarizes the as-deposited and heat-treated microstructures of AlSi10Mg specimens fabricated by L-PBF. Then, the article discusses the linkages among the feedstock properties, printing parameters, specimen geometry, post-processing techniques, and fatigue properties. This discussion is followed by a section on the fatigue life prediction of AlSi10Mg specimens using computational modeling. Finally, the article identifies critical research gaps and pinpoints future research opportunities.
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1. Introduction


AlSi10Mg is a hardenable aluminum-based alloy that possesses appreciable hardness and dynamic toughness [1,2]. This alloy is extensively used in fabricating structural parts, such as brackets, brake caliper, and heat sinks [2]. The alloy’s high thermal conductivity and resistance to corrosion make it suitable for aerospace and automotive applications [3]. AlSi10Mg can retain its high strength while undergoing dynamic loads [3]. Typically, AlSi10Mg components are fabricated using casting. However, with the advent of additive manufacturing (AM), AlSi10Mg components are increasingly being manufactured via AM as well. AM offers significant advantages over casting because of its ability to fabricate complex multi-functional parts with reduced material waste [4]. AM components also require less thermal post-processing than cast components [2]. Due to its structural applications, it is imperative to obtain certifiable mechanical properties of AlSi10Mg irrespective of whether it is consolidated via casting or AM.



Based on the classification put forth by the American Society for Testing and Materials (ASTM), metal AM has four main subcategories, namely, powder bed fusion (PBF), directed energy deposition (DED), binder jetting (BJ), and sheet lamination [5]. Among all these subcategories, DED and PBF are the most proven and feasible methods for metals [6]. In DED, the energy source and the material feeding nozzles are focused at the deposition site [7]. The feeding nozzles provide the material in the form of wire or powder, and the energy source melts the material on the surface of the deposit site creating a small melt pool. In PBF, a coating roller spreads out the powder on the building platform [8]. An energy source selectively melts the top few layers of the powder. Once the upper layers are fused and solidified, the build platform is lowered for the next coating of powder. In PBF, two different energy sources can be implemented, such as, a laser or an electron beam. The laser-based powder bed fusion (L-PBF) is a popular PBF process that has shown remarkable capabilities in processing AlSi10Mg. In L-PBF, a thin layer of powder is selectively melted and consolidated by using a high-energy laser beam, as shown in Figure 1. Printing parameters, such as the scan pattern [9], laser power [10], scanning speed [11], hatch spacing [12], layer thickness [10], build orientation [13,14], and built plate temperature [15] are typically varied to produce parts with the desired characteristics, such as surface quality [9,10], porosity [16,17], dimensional accuracy [18,19], microstructures (e.g., columnar vs. equiaxed grain) [20,21,22], and properties (e.g., mechanical [23,24,25], hardness [26,27,28], corrosion [11,29], and oxidation [13,30,31]).



Among different alloys that have been successfully processed using L-PBF, a significant volume of work exists with AlSi10Mg [15,32,33]. In AM, the feedstock (e.g., virgin vs. recycled, etc.) and the printing parameters (e.g., high vs. low cooling rates, etc.) dictate the as-built deposit properties (e.g., pores, microstructures, anisotropy, etc.). These properties affect the heat treatment response and the mechanical properties (e.g., tensile, fatigue, etc.) of the final part (Figure 2). To advance the fundamental linkages among all these critical steps (Figure 2), this article aims to present an overview of how fatigue properties of the L-PBF-fabricated AlSi10Mg specimens are affected by the feedstock properties, printing parameters, specimen geometries, and post-processing treatments. Both ex-situ and in-situ experimental approaches are discussed in details. Thereafter, the article summarizes the state-of-the-art computational modeling results that are crucial in developing predictive capability.



The paper is divided into seven sections, including the present one. Section 2 surveys the properties of the feedstock material. Section 3 discusses the deposit characteristics of the AlSi10Mg parts fabricated via L-PBF. Specifically, the focus is on understanding the impact of powder properties, printing parameters, solidification microstructure, and post-processing on the deposit quality. Section 4 reveals the impact of porosities, printing parameters, post-processing, and loading conditions on the fatigue properties of AlSi10Mg specimens. For the sake of clarity and consistency, in this article, the defects imply cracks whereas the porosities imply gas pores including surface and subsurface pores and lack of fusion pores. Section 5 summarizes the state-of-the-art research involving in-situ fatigue testing that can shed critical insights on how fatigue damages initiate and propagate. Section 6 articulates the computational modeling-based methods that can predict the fatigue life of AlSi10Mg specimens fabricated via L-PBF. Section 7 provides a summary of the existing work and identifies future research opportunities.




2. Feedstock Properties


General Overview: The existing literature uses AlSi10Mg powders produced by several different powder manufacturers, such as EOS GmbH [34], ECKA granules [35], SLM solutions group Ag [33], and LPW technology [32]. The properties of these powders are summarized in Table 1. AlSi10Mg primarily consists of Aluminum (Al). The amounts of Silicon (Si) and Magnesium (Mg) vary in the alloy (Table 2). Other elements, such as Iron (Fe), Nitrogen (N), Oxygen (O), Titanium (Ti), Zinc (Zn), Manganese (Mn), Nickel (Ni), Copper (Cu), Lead (Pb), and Tin (Sn) are also present, but they contribute to less than 1 wt. % of the composition. AlSi10Mg powders are primarily produced by gas atomization involving argon or nitrogen [36]. In L-PBF, the powder morphology is also critical as it dictates the flowability [37,38]. The morphology and the particle size distribution are typically characterized by optical microscopy (OM), scanning electron microscopy (SEM), and X-ray diffraction (XRD) [39]. The Electron Dispersive X-ray Spectroscopy (EDS) method is utilized to determine the elemental distribution in the powder particles [39].



Existing works have attempted to optimize the atomization process to obtain the desired powder properties [39,40]. The length of the metal delivery tube and the gas flow rate and gas pressure are found to impact the powder properties. Increasing the gas flow rate or gas pressure decreases the average particle size and the range of the particle size distribution [41]. The length of the metal delivery tube, on the contrary, has little effect on the particle size [42]. A decrease in the tube diameter leads to the formation of smaller particles [39].



Li et al. [43] investigated the impact of the inner diameter of the melt nozzles on the particle size distribution during gas atomization. With a decrease in the diameter, the upper limit of the particle size distribution was reduced to less than 40 µm. However, a reduction in the diameter increased the flow resistance and the viscous pressure drop within the metal delivery tube. To overcome the flow resistance and the viscous pressure drop, an external driving force was required to achieve the desired metal flow. Hence, an over-pressure unit along with a nozzle heating unit was employed. The new system produced finer particles like the conventional gas atomization process, however, with a smaller diameter nozzle and, therefore, increased the yield.



Gas-Atomized vs. Plasma-Atomized Powder: Riener et al. studied the impact of powder particle size and morphology on the powder properties, such as the flowability and the laser power absorption [45]. This study compared several batches of gas-atomized and plasma-atomized AlSi10Mg virgin powders. The authors used SEM to characterize the particle shape and morphology, followed by the dynamic image analysis method to obtain the particle size distribution. The flowability was determined by a granular material density analyzer which reported the Hausner ratio. A Hausner ratio of 1–1.1 indicates an excellent flowability followed by a good flowability range of 1.12–1.18 and a fair flowability range of 1.19–1.25 [46]. The laser power absorption was determined via ultraviolet-visible spectroscopy.



The plasma-atomized powders were found to be more spherical compared to the gas-atomized powders. The gas-atomized powders had oxide inclusions and satellite attachments on their surfaces, whereas the plasma-atomized powders were smooth and did not have any oxide inclusions or satellites. Particles below 10 µm diameter were found in the plasma-atomized powders, however, the gas-atomized powder had a particle size distribution range of 10 µm to 100 µm. Dynamic image analysis revealed that the plasma-atomized powder had a higher aspect ratio approaching an ideal spherical shape, unlike the gas-atomized powder. The plasma-atomized powder also possessed a lower Hausner ratio indicating improved flowability. The presence of spherical particles increased the packing density. Hence, both bulk and tap density of the powder increased. The laser power absorption was found to improve due to the presence of fine particles in the plasma-atomized powder. The particle shape also affected the laser power absorption. Non-spherical particles showed a higher laser power absorption coefficient indicating that the gas-atomized powder with a fine particle size distribution and irregular shapes would result in high laser power absorption. An overview of the properties of the plasma-atomized and gas-atomized powders is presented in Figure 3.



Impact of the Gas Atomization Parameters: Chu et al. compared two batches of the gas-atomized powders produced under different temperature and pressure environment [47]. Batch 1 was produced under a melt superheat of 180 °C and a gas pressure of   1.8 × 10  6 Pa while Batch 2 was produced under a melt superheat of 110 °C and a gas pressure of   3.5 × 10  6 Pa. SEM micrographs showed Batch 1 particles to be more spherical than Batch 2 as depicted in Figure 4a,b. Hence, Batch 1 had higher flowability and packing density, and reduced cohesion than Batch 2. Batch 2 particles showed agglomeration and satellites, as shown in Figure 4c,d. The presence of the satellite particles increased the equivalent diameter and reduced the sphericity. Hence, Batch 2 had a wider particle size distribution than Batch 1 as illustrated in Figure 4e. Seven distinct rheological properties [37,48,49] were measured and compared:




	
Basic Flow Energy (BFE): The required flow resistance energy during the anticlockwise rotation of the bulldozing blade down through the powder bed.



	
Specific Energy (SE): The blade energy required to move upward through the powder bed.



	
Aeration Energy (AE): The blade rotation resistance energy required to move through the aerated powder bed base.



	
Consolidation Flow Energy (CFE): The energy needed to overcome the resistance of blade rotation in the powder consolidated by controlled tapping.



	
Conditioned Bulk Density (CBD): The bulk density of powders in natural state.



	
Compressibility Index (CI): The ratio of the compressed powder density to the conditioned bulk density.



	
Cohesion Stress (CS): The shear stress that initiates powder flow.
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Figure 4. SEM images of (a) Batch 1 powder and (b) Batch 2 powder. Polished cross-sections showing (c) spherical particles in Batch 1 powder and (d) satellite particles in Batch 2 powder. (e) The particle size distribution of Batch 1 and Batch 2 powders. Reprinted with permission from Ref. [47]. Copyright 2021 Elsevier. 
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An FT4 rheometer was used in measuring the rheological properties of the powders [48,50]. The results showed that BFE, AE, CI, and CE were much lower for Batch 1 compared to Batch 2. It was mainly because of the presence of non-spherical particles in Batch 2. Batch 1 had a lower CS and a higher CBD, resulting in a more uniform and dense powder layer during L-PBF. In summary, the powder batch atomized at 180 °C and   1.8 × 10  6 Pa pressure was found to be ideal for L-PBF processing.



Impact of Powder Reuse: Powders are often recycled in L-PBF to reduce the cost of manufacturing. With an increase in the number of reuse cycle, the oxygen content in the powder increases. The shape of the recycled powder particles shows deformation during L-PBF as they start to agglomerate. The recycled powder also shows satellites. Moreover, there is a loss of fine particles with an increase in the number of reuse cycles because the powder particles are sintered during the L-PBF process [51]. Representative SEM images of the virgin and recycled powders are shown in Figure 5. Tradowsky et al. reported that the pore area increased with the number of reuse cycle. The virgin powder had 0.26% pore area, whereas the reused powder showed 2% pore area [52].




3. Deposit Characteristics


Impact of Powder Properties: The particle morphology and the particle size distribution were found to affect the surface roughness of L-PBF specimens. The plasma-atomized powder contained spherical particles that reduced the surface roughness. Hence, AlSi10Mg specimens fabricated using plasma-atomized powder showed low surface roughness [45]. On the other hand, a particle size distribution having finer particles created a rough surface because the finer particles were found to adhere to the melt pool boundary. However, no differences were observed in the part densities of the specimens built using different powders. The reused gas-atomized powder showed high oxygen content on the particle surfaces. Additionally, the AlSi10Mg powders were found to pick up oxygen once exposed to the atmosphere. When these powders were reused, the oxygen content of the specimens increased. Such a rise in oxygen content was confirmed by the SEM/EDX analysis of specimens built using reused AlSi10Mg powder, as shown in Figure 6.



Impact of Printing Parameters: In L-PBF, the temperature gradient across the melt pool gives rise to the surface tension gradient resulting in the Marangoni convection. A lower scanning speed allows for more interaction between the laser source and the material. Hence, the peak surface temperature and the temperature gradient increase. An increase in the temperature gradient may initiate turbulence making the solid–liquid interface unstable. The L-PBF-processed AlSi10Mg specimens typically show a semi-circular melt pool, however, the shape may vary with printing parameters. Wei et al. studied the impact of laser power and scanning speed on the stability of the scan tracks [53]. Low scanning speeds exposed the material to such a high temperature that some elements were lost due to evaporation [54]. The porosity of the specimens was found to be a function of the surface stability of the scan track [55]. Additionally, the scanning speed and laser power were also observed to affect the formation of pores. Representative OM images of AlSi10Mg specimens fabricated using different laser powers and scanning speeds: are shown in Figure 7. It is evident that certain combinations of the printing parameters decrease the formation of pores (Figure 7a,d,e). Hence, an optimization of the printing parameters is essential to avoid a large number of pores in the printed parts. For example, the lack of fusion porosity may arise from the insufficient overlap between melt pools. The as-built specimens typically reveal re-melting of four layers in some areas. A contrast in the melt pool boundary (Figure 7) implies the presence of microstructural inhmogeneities due to high thermal gradients.



Solidification Microstructure: It is critical to understand the solidification process in L-PBF to decipher the microstructure evolution. For AlSi10Mg, the solidification process starts with Si. Si then enters into the liquid phase at the solid–liquid interface. Due to the rapid cooling rates prevalent in L-PBF, the solubility of Si in Al increases which further decreases the Si content in the liquid phase. Hence, after solidification, a supersaturated Al-rich microstructure typically forms with the residual Si at the boundaries [56,57]. SEM and EDX images are found to confirm these solidification paths as shown in Figure 8a [53]. Figure 8b shows the Al-rich microstructure. The presence of Si at the boundaries is shown in Figure 8c. Mg reacts with Si to form Mg2Si phase at the cellular boundaries that can be observed in Figure 8d. SEM images also indicate that a eutectic cellular network is present in L-PBF AlSi10Mg specimens [58]. These eutectic ribbons are found to be Si-rich.



Impact of Post-Processing: Fite et al. investigated the impact of solution treatment on the microstructure of AlSi10Mg specimens [59]. The solution heat treatment at 530 °C was found to disband the eutectic ribbons and facilitate the formation of microscale Si precipitates. Takata et al. compared the as-built, annealed, and solution heat-treated microstructures of AlSi10Mg specimens [60]. The as-built specimens showed a characteristic half-cylindrical melt pool shape like other works [61,62,63]. The specimens also showed columnar Al grains in the melt pool. Annealing at 300 °C for 2 h made the Si particles coarser in some parts. Fine Si particles were found to be within the columnar Al grains implying that the Si phase precipitated within the Al matrix during annealing. However, after the solution treatment at 530 °C for 6 h, the melt pool boundaries were not visible via an optical microscope. The Si particles also became significantly coarser. The solution treatment caused the formation of Fe intermetallic phases with a rod-shaped morphology. The coarsening of Si particles was also observed in the AlSi10Mg specimens subjected to hot isostatic pressing (HIP) [64]. A relatively longer holding time at 530 °C allowed more diffusion of the Si particles making them less abundant.




4. Fatigue Properties


4.1. Effect of Powder Reuse


The cost of the virgin AlSi10Mg powder can range from USD 80 to USD 120 per kilogram [65]. Reusing powders can reduce the manufacturing cost by thousands of dollars [66]. To investigate the impact of powder recycling, Del Re et al. conducted a study to understand the mechanical properties of AlSi10Mg specimens manufactured using virgin and reused powders [67]. The excess powder from the build chamber was collected by a conveyor module, and sieved using a 60 µm mesh. The powder was then re-loaded into the printer to build new parts. The weight percentages of the major elements were significantly affected. With an increase in the number of reuse cycles, the ultimate tensile strength decreased by 3%, while the high-cycle fatigue strength decreased by 12%. It was concluded that the powder could be reused a number of times without affecting the fatigue properties appreciably. However, this conclusion is hypothesized to be material- and machine-dependent.




4.2. Effect of Porosity


Fatigue life is severely compromised due to the presence of porosity [68,69,70]. Ferro et al. studied the effect of porosities on the fatigue properties of L-PBF AlSi10Mg specimens [71]. Fatigue tests were carried out on a multiaxial test machine having a maximum load of 50 kN. Post-testing, the specimens were analyzed to characterize porosities (Figure 9). The results showed that fatigue cracks initiated from the surface pores of the specimens. Fractography analysis revealed the lack-of-fusion porosities to be the critical ones. Large and irregular lack of fusion porosities posed more threat to fatigue life than the well-distributed regular-shaped porosities. Laursen et al. established a correlation between the ductility and porosity of AlSi10Mg specimens [72]. The results showed that the ductility decreased linearly with an increase in the surface porosity (Figure 10). At higher porosities, there was hardly any necking in the specimen, implying that the specimen showed brittle fracture. Apart from correlation-based models, other methods, such as the ’Index of Defect Susceptibility’ model [73] and the ’Critical Local Strain’ model [74] were also employed to determine the correlation between ductility and porosity. Figure 11 shows the impact of fracture surface porosity on the ductility of as-built AlSi10Mg specimens.




4.3. Effect of Printing Parameters and Build Direction


The L-PBF process involves more than 150 printing parameters that can be calibrated to optimize the part properties [75]. The energy density parameter that combines the laser power, scanning speed, layer thickness, and hatch spacing is a well-known measure [76]. In some machines, the hatch distance is always fixed. Hence, this parameter was not varied in several studies [77]. Olakanmi et al. investigated the impact of printing parameters on the porosities [78]. The scanning speed was varied between 20 to 250 mm/s and the laser power was altered between 20 to 240 W with a constant hatching distance of 0.1 mm. The combinations of the printing parameters resulted in four types of deposit characteristics: (i) at a very low energy density, no bonding between the powder particles was observed; (ii) at a low energy density, small, open, and deep porosities were present; (iii) at an optimized energy density, the deposit was dense; and (iv) at a very high energy density, melt track balling and instability were prominent.



Brandao et al. correlated the fatigue properties of AlSi10Mg specimens with the layer thickness and build orientation [79]. Horizontal and vertical build orientations were selected, and for each orientation, specimens were built with two different layer thicknesses, e.g., 30 µm and 90 µm. The specimens built with 30 µm layer thickness consisted of a smaller number of pores compared with the specimens built with 90 µm layer thickness. A larger layer thickness implies a lower energy density which causes lack-of-fusion porosities. These pores within the layers act as imperfections giving rise to stress concentrations, which reduce the fatigue strength of the specimens. Hence, the specimens built with 30 µm layer thickness showed a higher fatigue strength than the specimens built with 90 µm layer thickness [79].



Tang et al. fabricated AlSi10Mg specimens with varying hatch spacing and build directions [80]. Three different hatch spacings were considered: 0.16 mm, 0.19 mm, and 0.22 mm. The build directions were horizontal and vertical. The fatigue resistance of specimens with a larger hatch spacing was lower than those with a smaller hatch spacing. A larger hatch spacing induced more lack-of-fusion pores that acted as the stress concentration factors from which the fatigue cracks initiated. Large pores were present in the specimens built with a larger hatch spacing. However, a significant number of small pores were present in the specimens built with a smaller hatch spacing due to a higher number of melting cycles. The remelting process did not eliminate the pores but reduced their sizes. The specimens built along the horizontal direction showed slightly more fatigue resistance than those built along the vertical direction. This was due to the pores being parallel to the stress direction for the horizontally-built specimens. For the vertically-built specimens, the pores were perpendicular to the stress direction. The surface roughness of the specimens was found to depend on the build direction [81]. The specimen surface perpendicular to the build direction showed crater-like structures. Beevers et al. fabricated AlSi10Mg specimens with and without contours [82]. The fatigue strength of the specimens without contour was significantly more than those with contour because the surface roughness of the specimens without contour was found to be lower. Moreover, the specimens without contour showed a higher compressive residual stress which enhanced the fatigue strength. A summary of the fatigue testing results performed by Beevers et al. is shown in Figure 12 [82].



Brandl et al. investigated the fatigue properties of several AlSi10Mg specimens having build directions of 0°, 45°, and 90°, as shown in Figure 13. Two different build platform temperatures, i.e., 30 °C and 300 °C, were used in conjunction with a peak-hardening procedure for a handful of specimens once they were built [15]. The results showed that the peak-hardening process increased the fatigue resistance of the specimens built along the 0° direction compared to the other two build directions for the build platform temperature of 30 °C (Figure 14). However, when the build platform was at 300 °C, the peak hardening process significantly increased the fatigue resistance of specimens built along the 45°, and 90° directions. The specimens without peak hardening showed the lowest fatigue strength. The pores in the specimens built along the 45° and 90° directions were not parallel to the stress direction. These pores, therefore, gave rise to stress concentrations.



From statistical analysis, it was concluded that the build direction had the least impact on the fatigue properties. The highest impact was caused by the peak hardening procedure. The hardening process eliminated the microstructural inhomogeneities present in the heat-affected zones and caused the interdendritic eutectic Si particles to become spheroidal. These spheroidal particles obstructed crack initiation. Hence, they were aptly termed as ‘crack arresters’ [83]. A higher build platform temperature reduced the cooling rates and residual stresses. Thus, fewer defects were present, leading to higher fatigue strengths. The fatigue strength was significantly higher for the T6 specimens built along the 45° and 90° directions for the build platform temperature of 300 °C compared to that of 30 °C build platform temperature as summarized in Table 3. With an increase in the build platform temperature, the pores inside the specimens disappeared, enhancing the fatigue resistance. It is evident from the results that the pores induce breakthrough fatigue cracks and there are articles that support the presence of anisotropy of specimens depending on the building direction [84,85,86]. Thus, one way to improve the fatigue resistance of AlSi10Mg specimens would be by reducing or eliminating pores.




4.4. Effect of Heat Treatment and Surface Treatment


Aboulkhair et al. evaluated four types of AlSi10Mg specimens: as-built, as-built + machined, heat-treated, and heat-treated + machined [32,87]. The heat treatment process was carried out following a conventional T6 procedure: solution heat treatment for 1 h at 520 °C followed by water quenching to the room temperature and, then, artificial aging for 6 h at 160 °C [88]. The conventional T6 procedure enhanced the tensile strength and hardness of AlSi10Mg specimens according to many literature [89]. The microstructures of the as-built and heat-treated specimens are compared in Figure 15. The heat-treated specimens showed an appreciable increase in the fatigue strength compared to the as-built specimens. The as-built specimens reached a nominal cycle limit of   3 ×  10 7    under a maximum stress of 63 MPa, whereas the heat-treated specimens reached a nominal cycle limit at maximum stress of 157 MPa.



The heat-treated + machined specimens did not show any significant change to the stress–number of cycle (S-N) curve when compared with the heat-treated specimens. Fractography analysis revealed microstructure coarsening after heat treatment making the material more ductile and, therefore, increasing the fatigue strength (Figure 16). The results also revealed that the machining process exposed the sub-surface porosities. Since the fatigue cracks were found to originate and propagate from those porosities, overall, the effect of machining was negligible. The study concluded that a well-designed heat treatment procedure could significantly improve the fatigue strength without requiring any machining. This conclusion is particularly useful for complex geometries that are difficult to machine.



Several studies reported the efficacy of combining heat treatment processes with other post-treatment methods to improve the fatigue strength. Bagherifard et al. employed kinetic surface treatments, such as sandblasting and shot peening (SP), along with the T6 heat treatment process on L-PBF AlSi10Mg specimens [33]. Prior to heat treatment, the as-built specimens showed a significant amount of surface roughness and non-homogeneous microstructure arising from the scan tracks. The heat treatment process improved the microstructure by making it homogeneous and eliminating the heat-affected zones. The fatigue strength of the heat-treated specimens improved by 50% compared to the as-built specimens. Overall, the kinetic surface treatments resulted in smoother surfaces by partially closing the surface pores. When these surface treatments were applied to the as-built specimens, the fatigue strength was enhanced by a whopping 270%. However, on applying these surface treatments to the heat-treated specimens, the kinetic energy caused multiple pores on the surfaces leading to a degradation of the fatigue strength. Mild shot peening (SP) is, therefore, hypothesized to be more appropriate for heat-treated specimens, however, the parameters need to be optimized.



Tocci et al. reported a novel high-pressure heat treatment procedure of AlSi10Mg specimens [64]. Four different types of heat treatments, such as annealing, conventional T6 heat treatment, hot isostatic pressing followed by the T6 treatment (HIP + T6), and high-pressure T6 treatment (HP + T6), were performed. HIP, carried out at 500 °C in the Argon atmosphere at a pressure of 75–150 MPa, improved the ductility and toughness of the specimens but decreased the hardness, strength, and fatigue resistance [90]. A complete T6 treatment was required after HIP to obtain the necessary mechanical properties [52,91]. During the heat treatment procedure, occasionally, pores were found to open, and oxide particles were observed to form [92,93]. Thus, the study explored the possibility of implementing a single-step high-pressure heat treatment procedure that would take place in the HIP vessel. This novel HP + T6 treatment process was carried out by performing the HIP process, followed by quenching using a cooling gas inside the HIP vessel. Thereafter, the specimens were reheated to an aging temperature of 165 °C for 4 h while maintaining the pressure at 150 MPa.



SEM analysis of the AlSi10Mg specimens revealed that annealing did not cause any significant changes to the as-built microstructures of the specimens, but the other heat treatment procedures caused the Si particles to become coarser and spherical. The coarsening occurs due to the diffusion of Si atoms at high temperatures. The diffusion phenomena in AlSi10Mg was found to be a function of the duration, temperature, and pressure of the post-treatment processes [32,94]. SEM images further showed that annealing destroyed the network of interconnected Si particles, which was present in the as-built specimens. Digital image analysis depicted that large Si particles were present in the HIP + T6 specimens, however, they were less abundant. The coarsening behavior of the Si particles was found to be similar for both the HP + T6 and T6 specimens. In conclusion, the high-pressure process did not affect the coarsening of Si particles. It was observed that the part density was the highest for the HP + T6 specimens, followed by the HIP + T6 specimens. The annealed and T6 specimens possessed the lowest part density. The ultimate tensile strength decreased for all heat-treated specimens, but the yield strength increased for all except annealing. The yield strength was maximum for the HIP + T6 specimens, followed by the T6, HP + T6, and as-built specimens. Fractography analysis showed that pores were sparse in the HIP specimens, but they were abundant in the as-built, annealed, and T6 specimens. Representative fractured surfaces of all specimens are presented in Figure 17. In conclusion, HP + T6 and HIP + T6 were found to achieve similar mechanical properties. However, HP + T6 is advantageous over HIP + T6 because it takes less time. Hence, HP + T6 is a good alternative to ensure high part density and improved mechanical properties.



Uzan et al. evaluated the fatigue strength of as-built, stress-relieved, and stress-relieved + HIP AlSi10Mg specimens [95]. HIP, conducted at 500 °C, decreased the ultimate tensile strength and fatigue strength of the material but increased its ductility. After HIP, depressions or dimples appeared on the specimen surfaces increasing the surface roughness. The fatigue strength was the lowest for the stress-relieved + HIP specimens. Fractography analysis depicted that the fatigue crack surface was planar. No microtears were observed in the as-built specimens. However, the microtears became more prominent in the stress-relieved specimens where the tearing plane was perpendicular to the direction of crack propagation. The stress-relieved + HIP specimens showed fatigue cracks similar to the ductile fracture with dimples created on the fracture surfaces. Schneller et al. emphasized the effects of HIP on the fatigue strength of AlSi10Mg specimens [96]. HIP treatment above the solubility temperature with a low-temperature annealing was found to enhance the fatigue strength of the specimens by 64%. The treatment resulted in Si agglomeration, which resisted crack growth by interfering with the crack front, thus, improving the fatigue strength. HIP also altered the failure mechanisms. In the as-built specimens, pores were responsible for failure, but in the HIP specimens, the inter-metallic in-homogeneity was responsible for failure. A summary of the results is tabulated in Table 3.
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Table 3. A summary of literature on printing parameter variation and post-processing treatments.






Table 3. A summary of literature on printing parameter variation and post-processing treatments.





	
Literature

	
Heat Treatment

	

	
Printing Parameters

	

	
Fatigue Strength at 106 Cycles






	

	

	
Type

	
Spot Size

	
Power

	
Scan Speed

	
Layer Thickness

	
Build Direction

	




	
Brandl et al. [15]

	
No

	
Nd:YAG laser, Trumpf TrumaForm LF130 powder-bed

	
0.2 mm

	
250 W

	
500 mm/s

	
50 µm

	
0° (Platform temp. 300 °C)

	
100–120 MPa




	
45° (Platform temp. 300 °C)

	
100 MPa




	
90° (Platform temp. 300 °C)

	
100 MPa




	
Yes

	
0°  (Platform temp. 30 °C)

	
210 MPa




	
45° (Platform temp. 30 °C)

	
120 MPa




	
90° (Platform temp. 30 °C)

	
120 MPa




	
0° (Platform temp. 300 °C)

	
160 MPa




	
45° (Platform temp. 300 °C)

	
160 MPa




	
90° (Platform temp. 300 °C)

	
160 MPa




	
Maskery et al. [97]

	
No

	
Renishaw AM250 machine

	
68 µm

	
200 W

	
571 mm/s

	
25 µm

	
90°

	
85 MPa




	
Yes

	

	
134 MPa




	
Aboulkhair et al. [32]

	
No

	
Renishaw AM250 machine

	
68 µm

	
200 W

	
571 mm/s

	
25 µm

	
90°

	
65 MPa




	
Yes

	

	
130 MPa




	
Bagherifard et al. [33]

	
No

	
Renishaw AM250 machine

	
78 µm

	
350 W

	
1150 mm/s

	
78 µm

	
90°

	
50 MPa




	
Yes

	

	
75 MPa




	
Re et al. [67]

	
Yes

	
EOSINT M280 system

	
100 µm

	
400 W

	
-

	
-

	
0°

	
188 MPa




	
45°

	
177 MPa




	
90°

	
177 MPa




	
0° (3 times reused powder)

	
172 MPa




	
0° (8 times reused powder)

	
188 MPa









The impact of SP on fatigue has been investigated by several researchers. The types of shots used in SP can impact the mechanical properties of the specimens [98,99]. Two different types of materials were reported to be used for SP: Gp165 glass beads (high-intensity SP) and Gp50 glass beads (low-intensity SP). Although SP using Gp165 led to the formation of microcracks, Gp50 resulted in a better surface finish, and it eliminated the microcracks present on the machined surfaces. High compressive residual stresses were found on the shot-peened surfaces. An in-depth analysis showed that the maximum compressive stress was of order 170 ± 7 MPa at a depth of 90 µm. SP was also found to impact the melt pool characteristics. The melt pool was observed to have a significant deformation after SP. Maamoun et al. investigated the influence of the SP intensity variation on the microstructure of the AlSi10Mg specimens [99]. High-intensity SP of the machined surfaces impacted the melt pool at large depths. It also created circular stress waves, which originated from the shot contact position and continued to a depth of 10 µm. The stress wave patterns were not present in the specimens subjected to low-intensity SP. The application of high-pressure waves during SP caused microstructure refinement by disintegrating the fibrous Si network and forming nanoscale Si precipitates. Hence, SP was advantageous in enhancing the fatigue performance of L-PBF AlSi10Mg specimens [33,95,100].



AlSi10Mg specimens fabricated via L-PBF typically exhibit excellent static strengths. Unfortunately, their performance under dynamic loading is lackluster because of the limited ductility and, the presence of tensile residual stress, porosity, and poor surface morphology. Mechanical and/or electrochemical surface polishing methods can be used to address some of these challenges. However, these processes can occasionally lead to inconsistent results. Additionally, they involve extra costs. Polishing specimen surfaces using both mechanical and electrochemical methods led to significant improvements in the fatigue resistance [101]. The corrosion tests showed that the fatigue life of unpolished specimens was lower compared to the polished specimens [101]. Laser shock peening is another way of improving the fatigue strength of specimens [102]. Figure 18 summarizes the impact of several critical parameters on the fatigue strength of L-PBF AlSi10Mg.




4.5. Impact of Loading Conditions


Awd et al. performed fatigue tests of AlSi10Mg specimens at two different load cycle frequencies: 20 Hz and 20 kHz [103]. At 20 Hz, stress-controlled tests were performed for different stress amplitudes. The second set of tests was conducted at 20 kHz using a ultrasonic fatigue testing equipment. The main objective of this very high-frequency test was to evaluate the fatigue properties of the specimens under high-cycle and very high-cycle fatigue loading conditions. When ultrasonic vibration was applied, the temperature of the specimens increased rapidly, requiring high-pressure dry air to cool the specimens. At a stress amplitude of 140 MPa, the testing frequency did not have any impact on the number of cycles to failure. However, when the stress amplitude was decreased below 120 MPa, the testing frequency started to impact the fatigue life of the specimens. The influence of microstructure was more dominant in the low-cycle fatigue regime, while in the high-cycle fatigue regime, the pores had more impact. It was revealed that the microstructures could recommence the crack propagation during high cycle fatigue loading. Awd et al. also investigated the impact of build platform temperature. The first set of specimens was manufactured without heating the build platform, while the second set of specimens was fabricated with a build platform temperature of 200 °C. The specimens built on a heated platform had a higher fatigue life than those built on a non-heated platform.



Romano et al. focused on the low-cycle fatigue behavior of AlSi10Mg specimens [104]. Fatigue tests were performed at a frequency of 0.5 Hz and a stress ratio   − 1  . The defect size, in the range of 0.1 mm to 0.3 mm, was found to be critical in both high- and low-cycle fatigue regimes [105]. Multiple crack initiation sites were found on the specimen surfaces. A significant amount of strain localization was observed around the cracks as well. This strain localization was found to evolve with time. The crack nucleation time was found to be longer compared to the crack propagation time in the low-cycle fatigue regime [106,107]. Zhang et al. evaluated the performance of AlSi10Mg specimens under high-cycle and very high-cycle fatigue loading conditions [108]. The stress ratio played an important role in the high-cycle and the very high-cycle fatigue regimes. An increase in the stress ratio resulted in a decrease in fatigue strength. The presence of pores reduced the fatigue strength drastically by an order of 2. Qian et al. studied the effect of mean stress during high-cycle and very high-cycle fatigue testing of AlSi10Mg specimens [109]. The specimens were manufactured with the optimized printing parameters, but stochastic internal pores were present. These pores acted as the crack initiation sites in the very high-cycle fatigue regime. The effect of build direction and mean stress on the fatigue strength is summarized in Figure 19.



Tridello et al. investigated the fatigue failure characteristics of AlSi10Mg specimens under very high-cycle fatigue loading conditions [110]. The authors reported that fatigue failure might occur at lower stress amplitudes due to the presence of large pores similar to high-cycle fatigue conditions. A cluster of pores was found to be the major contributor to fatigue failure of the specimens. The pores present in the region closer to the specimen surface proved to be very critical in dictating the fatigue failure in the very high-cycle fatigue regime. The work pointed out that 2D metallographic inspection might be misleading in predicting the fatigue life of specimens as an accurate 3D size distribution of pores is required.




4.6. Impact of Notch


The presence of a notch can drastically affect the fatigue properties of AlSi10Mg specimes. To compare the fatigue strengths of un-notched and notched specimens, a notch sensitivity factor is typically defined [100]. A notch sensitivity factor (q) of 0 implies that the specimen is not influenced by the notch. For q = 1, it indicates that the fatigue strength is dependent on the notch. The notch sensitivity factor is obtained from the fatigue notch factor and the stress concentration factor. The fatigue notch factor is the ratio of the fatigue limits of un-notched specimen to a notched specimen. Fatigue strength is influenced by the plastic strain accumulation around the notch. Nicoletto et al. attempted to quantify the effects of a notch on the fatigue strength of AlSi10Mg specimens manufactured by the L-PBF process [111]. Miniature specimens were used to evaluate the fatigue properties. The results showed that the notched specimens were very sensitive to the direction of the applied stresses with respect to their build orientation. The performance of the worst and best directions differed by 100%. On the contrary, for un-notched specimens, the difference was 60%. The horizontally-built specimens showed a notch sensitivity factor of 0 indicating that the fatigue strengths of un-notched and notched specimens built in that direction were similar.



Maleki et al. compared the fatigue strengths of notched and un-notched AlSi10Mg specimens processed with different heat treatments and surface treatments [100]. Images of representative sub-surface porosities are shown in Figure 20. The surface treatment involved two different materials, e.g., steel and ceramic. For the as-built specimens, q was found to be greater than 1 due to the presence of surface porosity around the primary notch. These porosities acted like secondary notches. SP treatments appreciably reduced the surface porosity, thus, decreasing q. The heat treatment process contributed to the homogenization of the microstructure. The combination of heat treatment and SP with steel particles drastically reduced the q value to 0.05, implying that a notched specimen would have a similar fatigue limit as an un-notched specimen. Fractography analysis revealed that the crack initiation sites for the as-built specimens were the surface porosities around the notch. Heat and SP treatment processes shifted the crack initiation zone closer to the notch root. A compilation of the fatigue strengths for different types of specimens is summarized in Table 4.





5. In-Situ Fatigue Testing


An ability to visualize pores and how they evolve during fatigue testing can play a critical role in understanding the failure characteristics of AlSi10Mg specimens. Much of the existing work has focused on analyzing the specimens before and after fatigue testing. Before fatigue testing, the specimens can be inspected using computed tomography (CT) to evaluate the distribution of pores inside the specimens. After fatigue testing, fractography analysis can be conducted to investigate the fracture surfaces to understand how a specimen may have failed. However, a thorough knowledge of the failure mechanisms can only be obtained by capturing the time-lapse images of the pore evolution during fatigue testing. Qian et al. performed fatigue testing inside CT machine using a custom-designed equipment [112]. From the 3D CT scan images, the fatigue crack propagation process was quantified. An elliptical crack front with a relatively flat crack propagation path was observed. The fatigue crack was detected after 300,000 cycles, and the crack resulted in fracture after an additional 34,587 loading cycles. When two off-plane cracks were growing simultaneously, the bridging ligament fractured as the cracks started to overlap with one another, forming ridges on the fractured surfaces.



Bao et al. studied the evolution of pores in AlSi10Mg specimens under tension–tension fatigue testing inside an X-ray micro CT equipment [113]. The results revealed an increase in the pore size and density as the number of cycles progressed. Fatigue testing was performed at room-temperature, as well as high-temperature conditions. Needless to say, it is challenging to build an in-situ thermo-mechanical fatigue testing equipment that can be operated inside a tomography setup. Hence, a fatigue test rig containing a polymethyl methacrylate tube was built that would allow the X-rays to pass through the apparatus and scan the specimens. The high-temperature fatigue experiments showed that the aspect ratio of the pores decreased as the distance increased from the fractured surfaces. The plastic flow lines controlled the length and orientation of the elongation of pores. At high temperatures, a greater reduction in the necking area was observed due to the presence of pores with large aspect ratio. The plastic strain increased with each cycle elongating the pores. The growth rate of the pores was found to depend on the longitudinal strain accumulation both at room and elevated temperatures. The time-lapse images of specimens undergoing fatigue testing at both room and elevated temperatures are shown in Figure 21. In the later stages of the experiments, the pores were found to be tilting because of the shear stress acting on them.



Rhein et al. investigated the crack growth behavior in AlSi10Mg specimens during fatigue testing [114]. Notched specimens were subjected to ultrasonic fatigue testing. X-ray CT scan was simultaneously performed during the testing. CT scans showed that the cracks initiated at the corners of the notches and propagated perpendicular to the loading direction. Bao et al. investigated the impact of internal pores on the fatigue damage accumulation of specimens under tension–tension loading at a high temperature (250 °C) [113]. The damage accumulation and the defect evolution were monitored by synchrotron radiation micro-computed tomography. The pores were found to elongate in the longitudinal direction, and the elongation was 10 times more than that in the lateral direction. The elongation was initially slow, but it increased quickly because of the local longitudinal strain. External deformations were observed for the pores that were closer to the surface of the necking region. The work concluded that under low-cycle fatigue conditions involving high-stress ratios, the growth of the pores in the neck region led to failure. On the contrary, under high-cycle fatigue conditions, the surface pores caused cracking. Wang et al. conducted in-situ SEM investigations of notched AlSi10Mg specimens undergoing fatigue testing at elevated temperatures [115]. The results showed that the failure involved multiple cracks growing simultaneously.




6. Computation Modeling to Predict Fatigue Failure Characteristics


It is estimated that about 90% of engineering failures are related to fatigue [116]. Fatigue testing is a destructive method. Hence, to qualify parts for fatigue-critical applications, a large number of destructive tests are required to be performed to develop predictive correlations. An appreciable amount of cost and time, therefore, needs to be invested. It can be avoided or reduced if there are high-fidelity computational models that can predict the fatigue failure characteristics with high confidence. Nadot et al. employed the ’defect stress gradient (DSG)’ criterion to predict the influence of pores on the fatigue crack growth [117]. A defect creates a local stress gradient that can be evaluated using DSG. DSG was successful in explaining the influence of defect morphology on fatigue life as well [118,119]. Additionally, DSG was also able to predict the fatigue life under multi-axial loading conditions with different load ratios [120]. The DSG criterion could be applied after performing the finite element analysis to obtain a contour of defect sizes, as shown in Figure 22 [121,122,123]. Beretta et al. evaluated the fatigue strength as a function of surface pores [35]. The effective stress ratio at the fatigue limit was first evaluated. This limit was then used in obtaining the fatigue strength as a function of surface pores [124]. The work concluded that both residual stress and pore size were important to predict the fatigue properties of a specimen. Gumpinger et al. predicted the fatigue life by using an equivalent initial crack size [125]. The results showed very good predictions with an accuracy of 87% when compared with the experimental data. The ratio between the predicted data and the experimental data varied from 0.5 to 2.



The existing literature shows that fatigue resistance is primarily influenced by the presence of pores [126,127,128]. Due to the presence of pores, a large scatter in the fatigue test results is typically observed. Murakami et al. showed that the largest part of this scatter could be correlated with the initial pore size, which influenced the lower bound of the fatigue resistance [129]. Romano et al. proposed a model for predicting both fatigue strength and fatigue life. The model was based on the presence of defects, which were treated as cracks [104]. The relationship between the defects and fatigue strength was defined using the modified El-Haddad approach involving the Murakami parameter [127,130,131,132]. From the model, the best-fit curve was obtained to predict fatigue strength as a function of crack size. To predict the fatigue life of the specimens, crack growth models were also used. The model calculated the stress intensity factors by adopting a simple situation of crack propagation in a rod [133]. Other models, such as elastic simulations considering a plasticity-corrected crack length, were also explored. The latter method proved to be very accurate and useful when the initial crack size was the dominant defect in the specimen.



Microscale simulations are often required to understand the impact of microstructural inhomogeneity on fatigue strength. Crystal plasticity finite element modeling (CPFEM) can be used to predict the fatigue life of AlSi10Mg specimens undergoing high-cycle and very high-cycle fatigue testing [108,134]. The accumulation of plastic shear strain was found to aggravate around pores and inclusions. These strain accumulations accelerated the crack initiation process reducing the fatigue life. The maximum accumulated plastic strain occurred in the specimens with more pores. Hence, the pores are more problematic than inclusions. The prediction of fatigue life was found to agree with the experimental results in the range of 105 to 109 cycles. CPFEM was also useful in predicting the behavior of the 3D fatigue crack propagation in the short crack regime [135]. The direction of crack propagation was found to depend on the orientation of the slip systems.




7. Conclusions and Future Research Opportunities


A strong connection exists between the powder properties, printing parameters, post-processing methods, and the fatigue properties of AlSi10Mg specimens. Powders are often reused to minimize the cost of production. Powder reusing leads to a reduction in particle size distribution range as smaller particles agglomerate during the L-PBF process [67]. An increase in the number of reuse cycle causes an increase in the volume fraction of pores lowering the part density [52]. The printing parameters, such as the laser power, scanning speed, hatch spacing, layer thickness, and build orientation, influence the fatigue strength and life of AlSi10Mg specimens. An increase in the layer thickness degrades the fatigue strength [79]. A larger hatch spacing also decreases the fatigue strength. The specimens built along the horizontal direction typically offer higher fatigue strength compared to all other build directions [15]. A lower laser power results in insufficient bonding between the layers, creating lack of fusion pores. A higher laser power causes excessive melting resulting in balling and melt track instability [78].



The fatigue strength of AlSi10Mg specimens can be improved by T6 heat treatment [32,87]. Other unconventional heat treatment procedures, such as HIP + T6 or HP + T6, can also improve the fatigue strength of AlSi10Mg specimens [52,64,91]. Surface treatments, such as shot peening, reduces the surface pores of the specimens. It hardens the surfaces and refines the microstructure, which, in turn, improves the fatigue life of AlSi10Mg specimens [95,100]. Fatigue strength is a function of the loading conditions. Increasing the stress ratio decreases the fatigue strength [108] while increasing the mean stress decreases the fatigue life [109]. Apart from loading conditions, the presence of notches is also a critical factor. The notched specimens are found to have much lower fatigue strength compared to the un-notched specimens [100]. Numerical models involving El-Haddad approach help to establish correlation between crack geometry and fatigue strength. Crystal plasticity model performs microscale simulation and predicts fatigue life accurately in the range of 105 to 109 cycles.



The usage of other AM processes, such as DED, is sparse for AlSi10Mg specimens. It is well known that DED is more economical than PBF. Kiani et al. studied the effect of printing parameters on the bulk properties of AlSi10Mg specimen manufactured by laser-DED (L-DED) process [136]. The results showed that the mechanical properties of the specimens were equivalent to that of cast materials. Other than L-PBF and L-DED, electron beam-PBF (EB-PBF) is another AM process that needs to be investigated for AlSi10Mg. The process typically forms a larger melt pool compared to L-PBF, eliminating a significant number of pores and defects [137]. Moreover, the cost of manufacturing is less for EB-PBF than L-PBF if batch production takes place. However, EB-PBF has not gained much attention in processing AlSi10Mg.



The influence of printing parameters on fatigue properties of AlSi10Mg has already been investigated to an appreciable extent. However, the effect of build chamber pressure during the manufacturing of the component is a uncharted territory. Very few works have attempted to investigate the effect of chamber pressure on the microstructures and properties of as-built specimens. Chen et al. investigated the influence of variation of chamber pressure on the microstructure and pores of selectively laser-welded specimens [138]. Low chamber pressure resulted in the formation of large pores. Wu et al. studied the impact of the ambient pressure on powder splashing [139]. A higher pressure was found to increase splashing, which, in turn, increases balling.



Fatigue properties of AlSi10Mg specimens were found to have a lot of scatter even when they were manufactured under identical processing conditions [79]. Hence, it is difficult to develop predictive models for life estimation purposes. An alternate approach could be to use sensors to monitor the fatigue health of specimens in real-time. Dharmadhikari et al. [140] monitored a specimen using a confocal microscope undergoing fatigue tests and calibrated the force-displacement data obtained from a linear variable differential transformer sensor. The authors, thereafter, used a machine-learning algorithm to detect fatigue damages at a crack opening displacement thickness of 10 µm.



AlSi10Mg parts are used in the automobile and aerospace industries. These parts may operate in corrosive environment. It is, therefore, important to conduct research on the corrosion fatigue strength of AM AlSi10Mg specimens. The impact of the printing parameters and powder properties, as well as a variation in the corrosive environment will have to be evaluated. Corrosive environments give rise to pitting attacks on the specimen surfaces. These pitting attacks combined with the porosities result in the formation of many crack initiation sites. Corrosion can also be characterized by the cyclic potentiodynamic polarization analysis as conducted by Leon et al. [101]. In this study, the effect of surface roughness on corrosion fatigue strength of AM AlSi10Mg was investigated. The unpolished specimens had lower strength than the polished specimens because the unpolished specimens had a larger number pores. These pores aggravated the pitting attacks and lowered the fatigue strength of the specimens. Further experiments can be performed inside a computed tomography equipment which will shed critical insights into the crack initiation and propagation behavior in corrosive environment.
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	AE
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	AM
	Additive Manufacturing



	BFE
	Basic Flow Energy



	BJ
	Binder Jetting



	CBD
	Conditioned Bulked Density



	CFE
	Consolidation Flow Energy



	CI
	Compressibility Index



	CPFEM
	Crystal Plasticity Finite Element Modeling



	CS
	Cohesion Stress



	CT
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	DED
	Directed Energy Deposition



	EB-PBF
	Electron Beam Powder Bed Fusion



	EDS, EDX
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	FESEM
	Field Emission Scanning Electron Microscope



	HP
	High Pressure



	HIP
	Hot Isostatic Pressing



	HCF
	High Cycle Fatigue



	HT
	Heat Treated



	LCF
	Low cycle Fatigue



	L-DED
	Laser Directed Energy Deposition



	L-PBF
	Laser Powder Bed Fusion



	OM
	Optical Microscopy



	PBF
	Powder Bed Fusion



	SEM
	Scanning Electron Microscopy



	SE
	Specific Energy



	SP
	Shot Peening



	XRD
	X-Ray Diffraction
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Figure 1. Schematic of an L-PBF process. 
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Figure 2. Overview of the process–structure–post-process–property relationships in L-PBF of AlSi10Mg. 
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Figure 3. Overview of powder properties obtained by gas and plasma atomization. 
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Figure 5. Representative SEM images of the AlSi10Mg powders: pre-process (left), post-process and sieved (middle), and sieved residue (right) for the virgin powder (upper) and 10th use cycle (lower). Reprinted with permission from Ref. [51]. Copyright 2021 Laboratory for Freeform Fabrication and University of Texas at Austin. 
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Figure 6. Pores in the as-built specimens: (a) OM image of the pore distribution and orientation, (b) SEM image of a representative pore with entrapped powder particles, and (c) SEM/EDX analysis of a wavy pore surface (Spectrum 1) compared with the matrix (Spectrum 2). Reprinted with permission from Ref. [52]. Copyright 2016 Elsevier. 
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Figure 7. OM images showing the melt pool morphology of AlSi10Mg specimens processed at different laser power and scanning speeds. Here, ’P’ represents the laser power and ’v’ represents the scanning speed. Reprinted/adapted with permission from Ref. [53]. Copyright 2017 Elsevier. 
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Figure 8. (a) SEM image of a representative AlSi10Mg specimen with EDX maps of (b) Al, (c) Si, and (d) Mg. Reprinted with permission from Ref. [53]. Copyright 2017 Elsevier. 
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Figure 9. (a,c) Representative gas porosities. (b,d) Lack of fusion porosities. Reprinted with permission from Ref. [71]. Copyright 2020 Elsevier. 
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Figure 10. Ratio of uniform elongation to ductility as a function of fracture surface porosity. Build A was produced with fresh powders. Builds B through E were produced with recycled powders where the number of reuse cycle was varied from 1 to 4, respectively. In Build F, the machine was filled with new powder that had been stored for several weeks in an argon environment. Builds G and H were produced with recycled powder where the number of reuse cycle was varied from 1 to 2 starting from F. Reprinted with permission from Ref. [72]. Copyright 2020 Elsevier. 
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Figure 11. Schematic depicting the impact of porosity on fatigue strength. 
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Figure 12. Impact of contour and build direction on the fatigue resistance of AlSi10Mg. Fatigue testing was conducted at a stress amplitude of 120 MPa and with a stress ratio of   − 1  . Reprinted/adapted with permission from Ref. [82]. Copyright 2018 Elsevier. 






Figure 12. Impact of contour and build direction on the fatigue resistance of AlSi10Mg. Fatigue testing was conducted at a stress amplitude of 120 MPa and with a stress ratio of   − 1  . Reprinted/adapted with permission from Ref. [82]. Copyright 2018 Elsevier.



[image: Alloys 01 00010 g012]







[image: Alloys 01 00010 g013 550] 





Figure 13. Static-tensile specimens built in different directions: (a) 0°, (b) 45°, and (c) 90°. Reprinted with permission from Ref. [15]. Copyright 2012 Elsevier. 
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Figure 14. Fatigue resistance and Weibull distribution (50% probability of failure) of specimens built at 30 °C platform temperature. Reprinted with permission from Ref. [15]. Copyright 2012 Elsevier. 
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Figure 15. Representative optical images of AlSi10Mg in the (a) as-built and (b) heat-treated conditions. (c) High-magnification SEM image of the as-built microstructure revealing Si segregation on the boundaries of  α -Al. Reprinted with permission from Ref. [32]. Copyright 2016 Elsevier. 
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Figure 16. High magnification SEM images of the fractured surfaces of the (a) as-built and (b) heat-treated specimens. Reprinted with permission from Ref. [32]. Copyright 2016 Elsevier. 






Figure 16. High magnification SEM images of the fractured surfaces of the (a) as-built and (b) heat-treated specimens. Reprinted with permission from Ref. [32]. Copyright 2016 Elsevier.



[image: Alloys 01 00010 g016]







[image: Alloys 01 00010 g017 550] 





Figure 17. Fracture surfaces of specimens built in the horizontal direction: (a) as-built, (b) annealed, and after (c) HP + T6, (d) HIP + T6, and (e) T6 treatment. The magnified images are provided in the yellow boxes located at the top right corner. Reprinted with permission from Ref. [64]. Copyright 2020 Springer Nature. 
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Figure 18. A schematic illustrating the impact of powder properties and printing parameters on the fatigue properties. 
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Figure 19. A plot of stress amplitude vs. number of cycles to failure for AlSi10Mg specimens fabricated with different orientations and tested under different stress ratios [109]. 
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Figure 20. CT images of the sub-surface porosities around the notches. Reprinted with permission from Ref. [100]. Copyright 2022 Elsevier. 
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Figure 21. Time-lapse images of (a) the specimen (HT105) tested at 250 °C and peak load of 105 MPa and (b) the specimen (RT260) tested at room temperature test and peak load of 260 MPa as a function of numbers of cycles showing the 3D rendering of the voids (top), a virtual mid-plane slice (middle), and a diametrical slice (bottom) in each case. Reprinted with permission from Ref. [113]. Copyright 2020 Elsevier. 
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Figure 22. Defect size map of a specimen. Reprinted with permission from Ref. [121]. Copyright 2017 Elsevier. 
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Table 1. Properties of AlSi10Mg powders obtained from different manufacturers.
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	Manufacturer
	Particle Size (µm)
	Mass Density (g/cm3)
	Thermal Conductivity (W/(m.K)





	SLM solutions group Ag [44]
	20–63
	2.67
	130–150



	EOS GmbH [3]
	25–70
	2.67
	100–110
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Table 2. Chemical composition of the AlSi10Mg powders (in wt. %).
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	Al
	Si
	Mg
	Fe
	N
	O
	Ti
	Zn
	Mn
	Ni
	Cu
	Pb
	Sn





	Balance
	9–11
	0.25–0.45
	<0.25
	<0.2
	<0.2
	<0.15
	<0.1
	<0.1
	<0.05
	<0.05
	<0.02
	<0.02
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Table 4. Fatigue strengths corresponding to 3 × 106 cycles for different specimens. Reprinted with permission from Ref. [100]. Copyright 2022 Elsevier.
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	Specimen Type
	Fatigue Strength (MPa)





	Notched As-Built
	6



	Notched Heat-Treated
	45



	Notched As-Built + SP with steel
	92



	Notched As-Built + SP with ceramic
	100



	Notched Heat-Treated + SP with steel
	95



	Notched Heat-Treated + SP with ceramic
	110



	Smooth As-Built
	50



	Smooth Heat-Treated
	75



	Smooth As-Built+SP with steel
	185



	Smooth Heat-Treated + SP with steel
	102
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