

  crystals-12-00565




crystals-12-00565







Crystals 2022, 12(4), 565; doi:10.3390/cryst12040565




Article



Cracking Behavior, Microstructure and Properties of Selective Laser Melted Al-Mn-Mg-Sc-Zr Alloy



Ziyu Zhai 1,2,3, Wei Pan 1,2,3, Bo Liang 1,2,3, Yantao Liu 1,2,3 and Yongzhong Zhang 1,2,3,*





1



National Engineering & Technology Research Center for Non-Ferrous Metals Composites, GRINM Group Corporation Limited, Beijing 101407, China






2



Grinm Metal Composites Technology Co., Ltd., Beijing 101407, China






3



General Research Institute for Nonferrous Metals, Beijing 100088, China









*



Correspondence: yyzhang@grinm.com; +86-13501-008631







Academic Editors: Anna Knaislova, Yijie Zhang, Zhifeng Zhang and Zhiming Shi



Received: 1 April 2022 / Accepted: 14 April 2022 / Published: 18 April 2022



Abstract

:

In this paper, the cracking of Al-Mn-Mg-Sc-Zr alloys prepared by selective laser melting (SLM) was comprehensively explored and the influence of process parameters on the generation and propagation of cracks was deeply studied. It was found that the higher laser power and volume energy density will lead to a decrease in the relative density of the material. The lower laser power or volume energy density will lead to cracking of the alloy. The microstructure analysis indicated that plenty of manganese-rich second phases precipitated at the bottom of the melt pool, which increased the tendency of cracking occurred at the bottom of the melt pool. Through the optimization of the process parameters, the SLM forming process parameters of the Al-5.22Mn-1.16Mg-0.81Sc-0.46Zr alloy are successfully obtained, and the crack-free tensile samples are prepared. The microstructure and mechanical properties of the as-deposited aluminum-manganese alloy is analyzed. The bottom and inside of the melt pool are equiaxed grains. The size of the equiaxial grains at the bottom of the melt pool is less than 2 μm, and the coarse equiaxial grains inside the melt pool are approximately 5 μm. As-deposited alloy has a room temperature tensile strength of 455.2 ± 0.7 MPa and elongation of 15.4 ± 0.3%. This study provides guidance for selective laser melting forming of high-strength aluminum-manganese alloy parts, and promotes the industrial production of high-strength aluminum alloy near net forming complex parts.
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1. Introduction


With the rapid development of modern industries, high-tech-intensive industries, such as aviation and aerospace, have increasing requirements for metal structural materials. Therefore, materials with high specific strength, high reliability, low cost and long service time have become main development direction. Therefore, aluminum alloys are increasingly used in aerospace and other fields for the advantages of low density, high strength, good electrical and thermal conductivity [1]. Meanwhile, some researchers try to make parts lightweight and improve their structural strength through topology optimization. Topology optimization places high demands on the complexity of deconstructing parts that are difficult to form by traditional casting methods [2]. In this regard, additive manufacturing (AM) technology has a near net forming capability for complex parts, which can effectively meet the above requirements, so it has been greatly developed and widely used [3,4,5]. In the field of metal additive manufacturing, Selective Laser Melting (SLM) has a small melting pool and large cooling rate (104–106 K/s) [1], so it is regarded as one of the most promising technologies. Compared with alloys obtained using other additive processes, the alloys prepared by SLM have finer microstructures and improved performance [6]. Therefore, it is of great significance to use SLM to form high-strength aluminum alloy [7].



In recent years, there have been many reports on aluminum alloys formed by SLM, including Al-Si, Al-Zn-Mg, Al-Cu, Al-Mg and Al-Mn alloys, of which Al-Si is one of the most widely used alloys for SLM. The yield and tensile strengths of the SLM-formed AlSi10Mg alloy have been increased by 10% and 20%, respectively, compared to the conventional cast state [8]. However, due to its lower strength, SLM-formed Al-Si alloys are still not able to meet the growing industrial demand.



To solve this problem, numerous scholars have gradually transferred their attention to the traditional 2xxx and 7xxx series of high-strength aluminum alloys, and tried to use SLM to achieve their complex shape forming. Due to the large solidification range of 2xxx [9] and 7xxx [10] series aluminum alloys, it is found that both 2xxx and 7xxx alloys have a more severe tendency to crack during SLM forming, which limits their application. How to prepare crack-free 2xxx and 7xxx series aluminum alloys using SLM forming process has become an urgent problem. Zhang et al. [11] mixed 2 wt.% of Zr particles into the 2xxx-series alloy powder, which achieved grain refinement and reduced hot cracking tendency during SLM forming. The deposited Al-Cu-Mg alloys with Zr particles addition have higher yield strength (446 ± 4.3 MPa) and ultimate tensile strength (451 ± 3.6 MPa) than the Al-Cu-Mg alloy without Zr. Martin et al. [12] also mixed second phase ZrH2 particles into the 7xxx series alloys to avoid cracking of the alloy during the SLM forming process. It has been found that Zr (ZrH2) particles can form a large number of heterogeneous nucleated masses when forming aluminum alloys in SLM, refine the grains and greatly reduce the susceptibility to hot cracking, thus crack-free materials can be achieved. However, since the raw material used is a mixed powder composed of two powders, it is difficult to ensure the composition uniformity. In addition, Otani et al. [13] attempted to add Si to the 7xxx series of aluminum alloys and found that it significantly reduced microcracks during SLM forming and improved the formability of the 7075 alloy.



Numerous studies have shown that fine grains can avoid hot cracks [14,15]. The addition of either Sc (Zr) or Er (Zr) elements to aluminum alloys can have the effect of refining the grain. Geng et al. [16] carried out SLM forming of Al-Mn alloys by adding two elements, Er and Zr. Smaller grain size and crack-free samples were successfully obtained, but its mechanical properties are lower. It has been reported that Sc in aluminum alloys provides better grain refinement and more significant precipitation strengthening after heat treatment than Er elements [17]. In response to the needs of the development of high strength aluminum alloys, Airbus has developed Scalmalloy® alloys (Al-Mg-Sc-Zr) with superior performance based on SLM forming [18,19]. It provides ideas and experience for SLM forming of high strength aluminum alloys.



Jia et al. [20,21] have designed an Al-Mn-Sc high strength aluminum alloys composition based on the characteristics of the SLM forming process. In the deposited state, the tensile strength of this Al-Mn-Sc alloy is 438 MPa with the elongation of 19%. After heat treatment of 5 h at 300 °C the strength reached 556 MPa with the elongation of 18%. It provides a new idea and method for the formation of SLM of high strength aluminum alloys. Geng et al. [22] prepared Al-Mn alloy samples with tensile strength and yield strength more than 600 MPa by increasing the content of elements in Al-Mn-Sc alloy, which is one of the more outstanding properties of the SLM-formed aluminum alloys that have been reported.



At present, many scholars have analyzed and studied high strength Al-Mn alloys for SLM forming. However, there are few reports of crack generation in SLM-formed Al-Mn alloys. The avoidance of cracks and other defects in SLM forming of high strength aluminum alloys is essential to ensure a consistent yield and performance of the formed part. Therefore, the knowledge of the microscopic mechanism of crack occurrence will be crucial for industrial applications and production. In this study, the influence of the laser power and volume energy density on the formability of Al-Mn-Sc alloys is analyzed, revealing the relationship between the process parameters and the structure and morphology of the second phases, as well as cracking behavior. A set of process parameters suitable for the SLM forming of Al-5.22Mn-1.16Mg-0.81Sc-0.46Zr alloy is finally optimized through the analysis of cracks and relative density.




2. Materials and Methods


2.1. Powder Materials


In this experiment, the raw material powder is prepared by inert gas atomized, and the powder size distribution and morphology of the powder are shown in the Figure 1. The size of the powder is in the range of 18–60 μm with an average value of around 34 μm. The sphericity of the powder is good, and the satellite powder is almost non-existent. The oxygen elements as well as other alloying elements are determined using the gas pulse infrared method (QB-QT-36-2014) as well as inductively coupled plasma atomic emission spectroscopy (ICP-AES, Burbach, North Rhine-Westphalia, Germany) and the results are shown in Table 1.




2.2. SLM Process


The SLM forming equipment uses the EP-M250 forming system(Beijing Eplus3D Technology Co., Ltd., Beijing, China), which has a maximum laser power of 500 W, a spot diameter of 70 μm and a forming chamber size of 258 mm × 258 mm × 350 mm. The 6061 alloys were selected as the deposition substrate due to its comparable expansion coefficient with the Al-Mn-Mg-Sc-Zr alloys. The machine default strip scan strategy with a scan direction rotation of 67° between consecutive layers was applied. In order to determine the relationship of cracking and the process parameters, simples with size of 60 mm × 12 mm × 12 mm are formed on substrate with preheating temperature of 140 °C, as shown in Figure 2. The chemical elemental composition of the formed samples is shown in Table 1.



The SLM process is an interaction between the laser and the powder. In addition to the properties of the powder used and the laser, there are many process parameters that affect the quality of the SLM formed alloy, such as volume energy density (VED), laser power (P), scanning speed (V), powder layer thickness (h), scanning track distance (L) and substrate preheating temperature. Different process parameters can also lead to large differences in the forming quality, surface topography, microstructure and mechanical properties of the alloy, so it is essential to optimize the process parameters. Some of the above processing parameters have the following mathematical relationship [23], as shown in Equation (1).


  VED = P / V × L × h  



(1)







As known from the above equations, the VED can reflect the combined effect of P, V, L and h, while the L can be another object of study. In this study, the VED and P are successively analyzed as variables. The other processing parameters are set as constants, h = 0.03 mm; L = 0.1 mm; the substrate preheating temperature is 140 °C; and the scanning speed varies with the VED and P. First, this study fixes the P value at 410 W, then SLM forming is carried out for VED in the range of 118–143 J/mm3 with 4% increase each time (about 5 J/mm3) to find the best VED for the alloy. Second, the P was varied from 330 W to 430 W with a variable gradient of 20 W. Under the optimal VED, the optimization of the P is carried out. The detailed processing parameters are shown in Table 2.




2.3. Microstructure Characterization


In this study, the cracking behavior and densities of the formed samples are observed and analyzed using an Axiovert 200 MAT optical microscope (OM, Carl Zeiss AG, Oberkochen, Baden-Württemberg, Germany). The Archimedes drainage method is used to test the densities of the samples. The phase composition of the samples was determined by X’Pert Pro MPd polygrainline X-ray diffraction analyzer (XRD, Panalytical, almelo, Overijssel, Holland) from the Netherlands. The working tube voltage was 40 kV, the working current was 40 mA, and the scanning step was 0.033°.



The JSM-7900F field emission Scanning Electron Microscope (SEM, JEOL, Akishima, Tokyo, Japan) is used for the observation of porosity and microstructure, and the equipped Electron Backscattered Diffraction (EBSD, JEOL, Akishima, Tokyo, Japan), Back-Scattered Electron (BSE, JEOL, Akishima, Tokyo, Japan) and Electronic Channel Contrast (ECC, JEOL, Akishima, Tokyo, Japan) are used for the analysis of grain size and phase distribution, respectively. Samples for SEM were ground and then etched in a solution of 1% HF, 4% HNO3, and 95% H2O for 20 s to reveal the melt pool and grain boundaries. The FEI Tecnai F20 projection Energy Dispersive Spectroscopy (TEM, FEI, Hillsboro, OR, USA) and accompanying Energy Dispersive Spectroscopy (EDS, FEI, Hillsboro, OR, USA) are used to analyze the composition of the phases.




2.4. Mechanical Properties Analysis


Tensile samples are processed in a direction parallel to the base plate and tested for mechanical properties on a micro-controlled electronic universal test machine at a rate of 0.45 mm/min, and test sample size according to ISO 6892-1-Metallic materials-Tensile testing-Part 1: Method of test at room temperature [24]. At least three samples are selected for each group of tensile tests and the tensile properties are averaged. The dimensions of the tensile samples are shown in Figure 3.





3. Results and Discussion


3.1. Optimization of Process Parameters


It is found that when the VED is low, the sample will crack. Surprisingly, each sample has cracks at the same position and there are many small cracks on the cross section, as shown in Figure 4. Therefore, subsequent experiments were conducted to analyze the surface of the crack.



Figure 5 shows metallographic photographs of the formed samples at different energy densities. It shows that cracking occurs when the VED is 133 J/mm3 or less. Under the VED of 138 J/mm3, samples free of cracks can be obtained. When the VED increases further, it is found that the number and size of pores within the formed samples increased significantly, which would seriously affect the densities of the formed samples and deteriorate the mechanical properties, so the optimum VED is determined to be 138 J/mm3.



When the VED is set to 138 J/mm3, the formed samples still have small pores inside, which affected the density of the material. As the variable gradient in this experiment is only 5 J/mm3, the reason for the existing of large number of pores could be caused by a mismatch of other process parameters. Therefore, P is used as a variable for further experiments with a constant VED of 138 J/mm3. Figure 6 shows the metallographic morphology of the formed sample with different P. It is found that when the P is 350 W or less, the formed samples started to crack and the crack size is much reduced, indicating that the VED (138 J/mm3) is suitable for this alloy. The cracks disappeared when the P is higher than 370 W. However, as the P continued to increase, the number and size of the pores within the formed samples also increased. When the P reached 430 W, large pores are formed appeared as marked in Figure 6f. The higher P increases the laser impact on the melt pool and raises the temperature of the melt pool, leading to instability and increased evaporation of the melt pool, forming and typical evaporation pores. Such type of pores exhibits a near-round shape [20]. Chemical elemental analysis was carried out on the powder and samples and found a 14% decrease in the content of Mg elements. It is proved that higher molten pool temperature will lead to volatilization of low melting point elements, resulting in pores.



When the VED was 138 J/mm3 and the P was between 370 W and 410 W, crack-free and low porosity samples of Al-5.22Mn-1.16Mg-0.81Sc-0.46Zr alloys were ensured to be formed. The densities of the samples formed by the optimized processes are measured using the Archimedes drainage method, as shown in Table 3. Based on the results, the optimum forming process was finally determined to have a VED and P of 138 J/mm3 and 370 W, respectively.




3.2. Cracking Behavior


According to the analysis in 3.1, the size and number of cracks in alloy samples formed by different processes are different. The cracked samples are all caused by a mismatch between the two process parameters of lower VED or lower P. The low VED cracked samples (A3) and the low P cracked samples (B1) are further characterized their cracking behavior. In all the cracked samples, the cracks propagated in waves along the bottom of the melt pool, as shown in Figure 7a. In the EBSD image shown in Figure 7b,c, it is clear that the crack is extending along the bottom of the melt pool of the same forming layer. The bottom of the melt pool is composed of fine equiaxed grains. It has been proved that fine equiaxed grains have a strong shear capacity and that grain refining is considered an effective way to resist cracking, whereas in this study the crack initiation and propagation occurred within the fine grain region [15].



As shown Figure 7d, the second phases of the cracked-free sample (B3), showed little difference in size when compared to the lower VED cracked sample (A3, Figure 7e). However, the cracking occurred in the low VED samples. This is due to the lower VED resulting in a faster scanning speed, which reduces the laser interaction time with the powder and the melt pool presence time. The increased cooling rate on the one hand leads to an increase in the hot stress, and on the other hand to a decrease in the interlayer bonding of the sample due to a decrease in the energy intake. The effect of these two factors finally leads to the cracking of the alloy.



However, at the same VED, lower P can similarly cause cracking of the formed sample, as shown in Figure 7f. Lower P leads to an increase in the interaction time between the laser and the molten pool, and the size of the second phase formed increases significantly, with a regular angular shape. During SLM formation, the microscopic stress concentrations that form in the presence of higher thermal stresses may lead to cracking due to the formation of the angular shaped second phase.



In the Figure 7e,f, the second phase located around the crack (points 1–4) and the matrix (point 5) are analyzed using EDS and the results are shown in Table 4. The Mn element content in the matrix is significantly higher than the solid solution of Mn in the aluminum alloy (1.8 wt.%) [25], while the second phase appears more obviously enriched in Mn and Zr elements (e.g., point 2), and it can be judged that the second phase in this region is mainly enriched in Mn and contains little of the second phase composed of Sc and Zr. The second phases are likely to be Al6Mn and Al4Mn phases as judged from the Al-Mn phase diagram. XRD analysis of the cracked samples revealed that the Mn-rich phase in the alloy is Al6Mn (Figure 7g). The presence of the Al3Zr phase could also be detected, when combined with the Point 2 EDS analysis in Figure 7e, it is determined that a few Al3Zr particles are present around the crack.



It has been noted that for Al-Mn alloys formed by SLM, the Mn-rich phase will form an Al6Mn with a quasi-crystalline structure due to the rapid cooling of the SLM [26]. While the formation of the quasi-crystalline phase is considered to be a promising strategy for strengthening of aluminum alloys [27], although there are very brittle and hard at lower temperatures [28]. More Al6Mn phase formation will lead to cracking under hot stress and microscopic stress concentration around the sharp corner of the second phases with regular angular shape. We found a large number of Al6Mn particles at the grain boundaries of the cracked samples and found microcracking at the grain boundaries (Figure 7h). This verifies that Al6Mn has a high brittleness and hardness.



In summary, the addition of too much Mn to the alloy leads to a narrow range of forming processes and a high tendency to cracking during SLM. Appropriate reduction of the Mn element content is preferred for SLM forming of crack-free Al-Mn-Mg-Sc-Zr alloy parts.




3.3. Microstructure and Strengthening Mechanisms


In this study, crack-free samples (B3) could be prepared at a VED and P of 138 J/mm3 and 370 W, respectively. The alloy was mainly found to be made up of fine equiaxed grains, as shown in Figure 8a,b. Statistical grain size shows that the equiaxed grains with no preferred orientation at the bottom of the melt pool are less than 2 μm, and the larger equiaxed grains within the melt pool are about 5 μm. Due to the addition of elements Sc and Mn, Al3Sc can act as a high-quality isomeric nucleation site, promoting the precipitation of α-Al grains with a grain refining effect. The Mn element without solid solution in the matrix will precipitate Al6Mn nanoparticles at the grain boundary, which effectively hinders the expansion of the grain boundary and inhibits the grain growth [29].



The fine grain structure ensures good combination of tensile strength and elongation. Under stress, the plastic deformation of adjacent grains of different orientations needs to be achieved by dislocations. Fine grains have a large number of grain boundaries, which act as a barrier to dislocations and inhibit deformation, resulting in the plastic deformation of one grain not being able to propagate directly to adjacent grains. It was found that a large number of dislocations were found at the grain boundaries, which is thought to have an extremely significant fine-grain strengthening effect, as shown in Figure 8c. According to the classical Hall-Petch relationship, sub-micron or even nano-sized grains will greatly increase the strength of the alloy [30]. There are two different sizes of equiaxed grains in this matrix, 5 μm and 2 μm, respectively. So, the following proposed modified Hall-Petch equation is used to estimate the corresponding strength increment [20], as shown in Equation (2).


    σ s    =  σ 0    + α   K  d 1  −  1 2      + ( 1 − α )   K  d 2  −  1 2      



(2)




where σ0 is the friction stress of pure aluminum (about 20 MPa), K is the Hall-Petch coefficient taken as 0.17 MPa    m   1 2      [31], α is the area fraction of fine equiaxed grains (50% in this study based on EBSD statistics), d1 is the average grain size of equiaxed grains and d2 is the average columnar grain size (in width). The yield strength increment due to grain boundary strengthening is thereby calculated to be about 118 MPa.



According to reports, the SLM formed Al-Mn-Mg-Sc-Zr alloy contains a unique equiaxed-columnar bimodal grain structure with fine equiaxed grains at the bottom of the melt pool and elongated columnar grains inside the melt pool [32,33]. The reason for this difference may be related to the processing parameters used. The higher P and VED help to obtain near equiaxed grain structures [34]. This structure helps to reduce the anisotropy of the mechanical properties of the alloy material.



At the same time, nanoscale second phase particles can be found distributed inside the grain or at grain boundaries (Figure 8c). This may be related to the metallurgical properties of the SLM process. The higher cooling rates offer the possibility of solid solution of the elements Mn, Mg, Sc and Zr in the alloy matrix. The solid solution of a large number of alloying elements leads to lattice distortion of the matrix, which impedes dislocation movement and further increases the strength of the alloy. Moreover, during the SLM process, each layer of forming will have a thermal effect on the already solidified alloy. This results in the precipitation of a second phase of nanoparticles in the matrix. As shown in Figure 8d, the nanoparticles are distributed at the grain boundaries, and two distinct phases exist as judged by the difference in morphology. The nanoparticles are derived from EDS analysis (Table 5), which identified the two particles as Al6Mn and Al3(Sc, Zr) phases, respectively. Due to the dispersed distribution of such nanoparticles, the precipitation strengthening effect of the alloy can be significantly improved [35]. The motion of dislocations can be impeded due to the modulus differences between the precipitates and the surrounding Al matrix and thus significantly increase the strength of the alloy [36,37].



The main strengthening mechanisms that contribute to the high strength of the SLM Al-Mn-Mg-Sc-Zr alloy arise from fine grain strengthening, solid solution strengthening, and precipitation hardening. The interactions between the different strengthening mechanisms are often very complex. What is certain, however, is that the alloy should have relatively good mechanical properties.




3.4. Mechanical Properties Test


The typical stress-strain curves of crack-free samples(B3) are shown in Figure 9a. For the as-deposited samples, the tensile strength and elongation are 455.2 ± 0.7 MPa and 15.4 ± 0.3%, respectively. As shown in Figure 9b, the fracture surface is parallel to the maximum shear stress and has an angle of 45° with the principal stress, which has obvious necking phenomenon and is considered as ductile fracture. Compared with the Al-Mn-Mg-Sc-Zr alloy with similar composition (438 ± 3 MPa and 19 ± 3%), the tensile strength of the alloy is higher [20].



This is mainly due to the high elemental content of manganese in this study and the large number of Al6Mn nanoparticles precipitated at grain boundaries or within the grain, thus enhancing the effect of precipitation strengthening to improve the strength of the alloy. In Chapter 3.2 it was found that an increase in the elemental manganese content leads to the precipitation of a significant amount of Al6Mn second phase in the deposited alloy, these undoubtedly increase the risk of cracking during forming and lead to a reduction in the range of process parameters. Therefore, on the basis of this study, we hope that the manganese content should be reduced appropriately to improve the formability of the alloy and to prepare Al-Mn alloy parts with complex shapes.





4. Conclusions


In this study, the SLM of Al-Mn-Mg-Sc-Zr alloy is investigated, with a particular emphasis on the optimization processing parameters, microstructure and mechanical properties. The following conclusions are drawn from the findings:




	
By optimizing the SLM forming process, crack-free samples of the Al-Mn-Mg-Sc-Zr alloy were finally prepared at a volume energy density of 138 J/mm3 and a laser power of 370–410 W. The highest relative density of the samples was achieved when the laser power was 370 W. The alloy formed by this processing has a dense structure and good mechanical property, which have a tensile strength of 455 MPa and an elongation of 15.4% at room temperature. This performance is higher than previously reported aluminum alloys.



	
The increase of volume energy density will lead to the increase of porosity and the decrease of relative density. The lower volume energy density will lead to cracking of the alloy. The lower volume energy density finally leads to an increase in high thermal stresses and a decrease in interlaminar bonding, which leads to cracking. Keep the volume energy density constant and adjust the laser power. It can be found that increasing the laser power also increases the porosity, while decreasing it leads to cracking of the alloy. Reducing the laser power will increase the interaction time between laser and powder, reduce the cooling rate, and precipitate coarse angular Al6Mn phase. Thus increases the risk of microscopic stress concentrations, which can lead to cracking.



	
The supersaturated solid solution phase obtained by the high cooling rate. High Sc and Mn contents provide more nucleation sites during alloy solidification. Combined with the high cooling rate of SLM, an excellent grain refinement effect is achieved. The grain size of the equiaxial grains at the bottom of the molten pool and inside the molten pool is reduced to 2 μm and 5 μm, respectively. There are a large number of finely dispersed Al6Mn and Al3(Sc, Zr) phases inside and between grains. Various strengthening mechanisms such as solid solution strengthening, fine grain strengthening and precipitation strengthening ensure that the alloy has high mechanical properties.








This research provides experience and guidance for high-strength aluminum alloy net shape forming complex parts, and promotes the production of selective laser melted aluminum alloy parts to meet the growing needs of the industry.
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Figure 1. Powder analyze results: (a) powder morphology; (b) powder size distribution diagram. 
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Figure 2. SLM formed samples. 
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Figure 3. Shape and dimensions of the tensile sample (mm). 
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Figure 4. Schematic diagram of crack location (Red curve represents the location of major cracks). 
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Figure 5. Metallographic photographs of samples formed with different volume energy densities: (a) 118 J/mm3, (b) 123 J/mm3, (c) 128 J/mm3, (d) 133 J/mm3, (e) 138 J/mm3, (f) 143 J/mm3. 
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Figure 6. Metallographic photographs of formed samples at different P: (a) 330 W, (b) 350 W, (c) 370 W, (d) 390 W, (e) 410 W, (f) 430 W. 
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Figure 7. Cracking analysis: (a) OM image of A3, (b) EBSD images of A3, (c) EBSD images of A3, (d) BSE image of B3, (e) BSE image of A3, (f) BSE image of B1, (g) XRD analysis of A3 and B1, (h) ECC image of A3. 
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Figure 8. Microscopic analysis of formed sample B3: (a) EBSD image. (b) Grain Size Statistics. (c) Bright-field TEM image, (d) Dark-field TEM image. 
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Figure 9. Mechanical performance analysis: (a) Engineering stress-strain curves of the as-deposited samples; (b) Tensile fractural sample. 
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Table 1. Chemical element content of powder and samples for SLM (wt.%).
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	Element
	Al
	Mn
	Mg
	Sc
	Zr
	O





	powder
	Bal.
	5.22
	1.16
	0.81
	0.46
	0.01



	sample
	Bal.
	5.22
	1.00
	0.82
	0.46
	0.01
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Table 2. Processing parameters of SLM.
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	No.
	Laser Power

(P)W
	Volume Energy Density

(VED) J/mm3
	Scan Speed

(V) mm/s
	Scanning Track Distance

(h) mm
	Powder Layer Thickness

(h) mm





	A1
	410
	118
	1158
	0.1
	0.03



	A2
	410
	123
	1111
	0.1
	0.03



	A3
	410
	128
	1068
	0.1
	0.03



	A4
	410
	133
	1028
	0.1
	0.03



	A5
	410
	138
	990
	0.1
	0.03



	A6
	410
	143
	956
	0.1
	0.03



	B1
	330
	138
	797
	0.1
	0.03



	B2
	350
	138
	845
	0.1
	0.03



	B3
	370
	138
	894
	0.1
	0.03



	B4
	390
	138
	942
	0.1
	0.03



	B5
	410
	138
	990
	0.1
	0.03



	B6
	430
	138
	1039
	0.1
	0.03
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Table 3. Densities of formed samples.
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	Process Parameters
	Actual Density (g/cm3)
	Relative Density (%)





	VED = 138 J/mm3 and P = 410 W
	2.7506
	98.59



	VED = 138 J/mm3 and P = 390 W
	2.7672
	99.18



	VED = 138 J/mm3 and P = 370 W
	2.7704
	99.30
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Table 4. EDS analysis of the second phases around the cracks shown in Figure 7e,f. (wt.%).
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	Element
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5





	Al
	87.99
	84.49
	87.33
	86.45
	92.69



	Mn
	8.36
	10.2
	9.78
	10.28
	5.40



	Mg
	1.73
	2.09
	1.72
	1.85
	0.62



	Sc
	1.03
	1.05
	0.5
	0.7
	0.72



	Zr
	0.89
	2.16
	0.67
	0.72
	0.58
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Table 5. EDS analysis of the second phases around grain boundaries shown in Figure 9d. (wt.%).
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	Element
	Point 1
	Point 2
	Point 3





	Al
	78.75
	72.39
	78.56



	Mn
	20.13
	27.15
	1.00



	Mg
	0.81
	0.22
	0.92



	Sc
	0.01
	0.04
	9.89



	Zr
	0.30
	0.20
	9.64
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