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Abstract

:

Microstructure has significant effects on the mechanical properties of AlSi10Mg alloy. Therefore, an in-depth understanding of microstructure evolution, such as dendrite and Al-Si eutectic, is of great significance to obtain the desirable microstructure and manage the performance of AlSi10Mg components. In the current work, an integrated dendrite and eutectic evolution model based on the cellular automaton–finite difference (CA-FD) method, taking account of solute distribution, growth kinetics, and nucleation mechanism, was established. Microstructures of the as-built selective laser melted (SLMed) samples were characterized by optical microscopy (OM), scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) techniques, and the experimental results showed that the microstructure consisted of Al grains and Al-Si eutectic networks in the individual melt pool. Dendrite growth, solute redistribution in ternary alloy and dendritic morphologies with different cooling rates were numerically investigated. In addition, the proposed model was also applied to predict the Al-Si eutectic evolution, and eutectic morphologies under eutectic undercooling in a range of 5 K to 20 K were also simulated. The simulated results indicated that dendrites were refined with the increasing of the cooling rates, and Al-Si eutectic morphology was sensitive to eutectic undercooling such that higher eutectic undercooling refined the eutectic microstructures. Model validations were performed, and the experimental results agreed well with the simulation results, indicating that the proposed model can successfully reproduce both dendrite and eutectic microstructures.
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1. Introduction


Aluminum (Al) and its alloys have increasingly been used in the aerospace, automotive and advanced machinofacture industries for several decades due to their superior mechanical and physical properties, relatively low cost, mature design and manufacturing techniques, and will remain so for a period in the future [1,2,3,4,5]. Al-Si alloy is a traditional casting alloy that can be characterized by sound castability, good weldability and outstanding corrosion resistance. Among this alloy family, AlSi10Mg alloy is potentially a good candidate for many applications, such as heat exchanger products, light weight and thin walled parts. AlSi10Mg is a hypoeutectic alloy and alloying Mg to the Ai-Si alloy enables the precipitation of Mg2Si, which significantly strengthens the matrix without compromising other mechanical properties [6,7]. It is well known that the microstructure and size of eutectic Si have important effects on the mechanical properties of AlSi10Mg alloy [8]. However, the near-eutectic composition of this alloy leads to a small solidification range, making it relatively hard to obtain desired microstructure by traditional casting process. As a kind of additive manufacturing (AM) technology, selective laser melting (SLM) has attracted much interest in recent decades since it can offer greater cooling rate and higher temperature gradient over conventional technologies [9]. Due to the characteristic of rapid solidification, SLM provides some distinct advantages, such as the refinement of microstructure, the homogeneous distribution of eutectic Si, the improvement of mechanical strength, and ductility of AlSi10Mg alloy [8]. However, the final microstructure morphologies of SLM AlSi10Mg samples are affected by many factors, such as the feedstock characteristics, laser heat source and process parameters. Therefore, many studies have been reported recently describing the microstructures observed in AM samples of AlSi10Mg alloy and the similar alloys [10].



In order to obtain fine and homogeneous distribution microstructures and improve mechanical properties of Al-Si alloys, initially, rapid solidification was employed to correlate the fractographic findings with the microstructures [11]. Subsequently, the effects of copper addition and solidification conditions on the microstructures and mechanical properties of Al-Si-Mg alloys were also studied by Shabestari et al. [12], and the results indicated that Al-Si-Mg alloy obtained with ~1.5 wt.% copper presented the best mechanical properties. However, conventional casting processes may not even be capable of producing qualified components, and thus Reed et al. [13] investigated SLM process parameters on the porosity development in AlSi10Mg specimens. It turned out that the interaction between the scan speed and scan spacing had major influence on the porosity development in the specimens. Also, a recent work by Guo et al. [14] presented a comparative study on the microstructures and mechanical properties of Al-10Si-0.5Mg alloy under different fabrication conditions, and they found that the SLMed builds had superior mechanical properties compared to conventional castings. For Al-based alloys, it is widely acknowledged that the majority of them cannot be additively manufactured because the melting and solidification dynamics during the AM process lead to intolerable microstructures with large columnar grains and periodic cracks. To address these issues, Martin et al. [15] introduced nanoparticles of nucleants to assemble on the additive metal feedstock (AlSi10Mg powders were coated with WC nanoparticles), and high-strength Al alloys (with crack-free, equiaxed, fine-grained microstructures) were fabricated successfully using SLM. In addition, this metallurgical approach is also applicable to other crack-susceptible alloys and can be extended to new families of AM materials, such as unweldable nickel-based alloys, superalloys and intermetallics [16].



However, due to the complexity of the localized and multi-physical nature of the SLM process, trial-and-error experimentation is costly and time-consuming. Different from experiments, numerical simulation can provide an effective insight for microstructure evolution during AM. At the microstructural level, the cellular automata (CA) method [17,18,19] and phase-field (PF) method [20,21,22,23] are two commonly used approaches for simulating the microstructure evolution. The CA method has a good tradeoff between accuracy and scalability for large domain scale; thus, a relatively large number of CA simulations of microstructure evolution have been reported. Rai et al. [24] developed a two-dimensional coupled cellular automaton–lattice Boltzmann (CA-LB) model to simulate grain structure evolution during AM. Likewise, Akram et al. [25] adopted a two-dimensional CA model to simulate the grain morphology of a multilayer build, and their model incorporated the fundamental aspects of solidification to demonstrate grain evolution in AM. Accordingly, a similar approach, though three-dimensional, was employed by Zinovieva et al. [26] for evaluating fundamentals of grain structure evolution of Ti-6Al-4V titanium alloy. In order to achieve high computational efficiency, Lian et al. [27] proposed a parallelized three-dimensional model to predict grain morphologies for the solidification of metals during AM. Furthermore, in order to elucidate the mechanism of columnar to equiaxed microstructure transition, Shi et al. [28] used a CA coupled ALE3D thermofluid code for predicting microstructure evolution during single-track laser powder bed fusion processing. Recently, Mohebbi et al. [29] systematically evaluated the nucleation, grain growth, and competitive growth of AlSi10Mg during the powder bed–laser beam melting (PB-LBM) process, and they presented a novel nucleation modeling approach integrated into the CA model to investigate the microstructural evolution.



Clearly, great strides have been achieved in the study of microstructure in AM based on predecessors’ experiments and simulations. However, there are still specific aspects of implementation that require further investigation. For instance, few works have been performed to simulate the dendritic morphology during solidification in SLM, limited studies are available on formation of eutectic Si of AlSi10Mg alloy during SLM, and the existing works on dendrite simulation of multicomponent alloys are still far from satisfactory. Therefore, in the current work, in combination with thermodynamic and kinetic databases, a multicomponent model is established to describe the dendrite growth of AlSi10Mg ternary alloy. Meanwhile, a coupled eutectic growth model is also proposed for predicting the evolution of Al-Si eutectic of AlSi10Mg alloy. The integrated model is based on the CA and finite difference (FD) method [30,31,32], and solute distribution, growth kinetics and nucleation mechanism are considered comprehensively. Corresponding experiments are performed to validate the simulations.




2. Model Description and Experimental Procedure


SLM is a complicated physical process, containing heat transfer, fluid flow, nucleation and growth of grains. The process of heat transfer occurs not only between solids, liquids and gases but also plasmas, electrons and photons. In the current work, to simplify the physical process, the SLM process was treated similarly to rapid solidification processing. Solidification happens in the melt pool when the high-energy heat source moves to another location along the set track. During the solidification process, microstructure selection is mainly driven by the interface velocity and cooling rate. Given the presence of the interface diffusion of different solute elements, significant solute trapping will occur. Therefore, the fundamental solidification principles are introduced to establish the mathematical model of SLM, including solute distribution, interface growth kinetics and nucleation mechanism [33].



2.1. Solute Distribution


Solute diffusion plays a significant role during dendrite and eutectic growth, and thus, to describe mass transfer of AlSi10Mg ternary alloy, the solute fields of Si and Mg should be calculated separately. For equilibrium solidification, the eutectic concentration is ~12.6 wt.% for Al-Si alloys [9,14], and the solubility of Si in eutectic Al (α-phase) is ~1.6 wt.%, while the solubility of Si in eutectic Si (β-phase) is close to 100% [34]. Considering the mutual diffusion coefficient between elements is much smaller than self-diffusion coefficient, the mutual diffusion process is negligible in the present model. The solute diffusion within the entire domain is calculated based on the following equation:


    ∂  w ϕ    ∂ t   =  D ϕ   ∇ 2   w ϕ  +    w α  −  w  α 0       ∂  f  S , α     ∂ t   +    w β  −  w  β 0       ∂  f  S , β     ∂ t    



(1)




where w is the composition with the subscript φ denoting the liquid, α-phase or β-phase. Dφ is the solute diffusion coefficient in φ phase. wα0 and wβ0 are the solubility of Si element in α-phase and β-phase, respectively. fS,α and fS,β are the solid fraction.




2.2. Interface Growth Kinetics


The growth kinetics are determined by local undercooling in this work, assuming that local thermodynamic equilibrium exists at the interface, caused by the influence of constitutional undercooling and curvature undercooling. Therefore, the local undercooling, ΔT(tn), is defined as the following equation:


  Δ T    t n    = Δ  T E  +  m i    w    t n    −  w E ′    −  Γ i    K ¯  i     t n     



(2)




where ΔTE is the metastable condition eutectic undercooling. mi is the liquidus slope (i denotes the α-phase or β-phase). w(tn) is the Si concentration of the interfacial cell at certain time tn.    w E ′    is the eutectic composition. Γi is the Gibbs–Thomson coefficient of i phase and     K ¯  i     t n      is the mean curvature of the interfacial cell at time tn, which is characterized by:


    K ¯  i     t n    =   1 − 2    f  S , i   +   ∑  j = 1  N    f  S , i  j      /   N + 1     / Δ x  



(3)




where    f  S , i     and    f  S , i  j    are the solid fraction of i phase in the interfacial cell and its neighboring cells, respectively. N is the number of neighboring cells, which equal 8 in the actual calculations. Δx is the cell size. For a given interfacial cell, the solid fraction of α-phase and β-phase can be calculated separately by the following equations:


  Δ  f  S , α   = v    t n    ⋅   Δ  t n   /  Δ x    



(4)






  Δ  f  S , β   = cos θ ⋅ v    t n    ⋅   Δ  t n   /  Δ x    



(5)




where Δtn is the time step, θ is the angle between the growth direction and the linking line, which is between the interfacial cell and the position of nucleus of β-phase, and the growth velocity, v(tn), can be analytically expressed as:


  v    t n    = a ⋅     Δ T  t     2   



(6)




where a is the growth kinetic coefficient, and the value is 2.9 (μm·s−1·K−2) for non-faceted α-phase, while it is 5.8 (μm·s−1·K−2) for the faceted β-phase [34].




2.3. Nucleation Mechanism


In the past 20 years, several experimental studies [35,36,37] have been performed on the nucleation of Al-Si eutectic alloys. These suggested that the eutectic structure tended to nucleate on the tips of primary dendrite arms in Al-Si alloy, while the eutectic nuclei were always found within the interdendritic liquid regions in Al-Si-x (x represents the other alloying element) alloys. Therefore, the different nucleation mechanism should be taken into account in the current CA model. Based on the achievement of predecessors [34,38,39], a nucleation mechanism is introduced to describe heterogeneous nucleation of AlSi10Mg alloy. For a liquid/α-phase interface cell, if the solute concentration is as high as wLα −    w E ′    > Δwα, then the liquid/α-phase interface cell will be transferred into a liquid/β-phase interface cell. Therefore, β-phase nucleus is introduced at the concave region of α-phase lamella. Similarly, if the solute concentration of liquid/β-phase interfacial cell is below a critical value, i.e., wLβ −    w E ′    < Δwβ, then the liquid/β-phase interface cell changes into a liquid/α-phase interface cell, and thus, α-phase nucleus is introduced at the concave region of β-phase lamella. With the nucleation and growth of α-phase and β-phase, eutectic lamellar branching and competitive growth occurs until the effects between solute diffusion and surface energy balance. As per [34], the values of Δwα and Δwβ were chosen to be 0.8 and −1.8, respectively.




2.4. Simulation Parameters and Experimental Methods


Some equivalent thermophysical parameters (such as the density, thermal conductivity and specific heat, etc.) of AlSi10Mg alloy were calculated by the professional metal performance calculation software JmatPro (CnTech Co., Ltd., Version 6.1, Shanghai, China). The other thermodynamic data including the eutectic temperature and composition, solubility and liquidus slope, etc., as well as the kinetic data, for instance, diffusion coefficient, were obtained by an optimized table-look-up approach. The main material properties of AlSi10Mg alloy and simulation parameters used in the current study are summarized in Table 1. It is worth noting that the value of solubility in β-phase was obtained from fitting to the results of the reference [34]. In order to simulate the dendrite and eutectic evolution and illustrate the dependence of microstructure on the solidification conditions, corresponding initial boundary conditions were set to imitate the heat transfer of the SLM melt pool.



The experimental feedstock employed in this work is commercial AlSi10Mg spherical powders, with a range diameter of 20–60 μm (Zhejiang Asia General Soldering and Brazing Material Company, Hangzhou, Zhejiang, China). The samples were produced by an SLM facility (SLM 250 HL, SLM Solutions GmbH, Lübeck, Germany) under the protection of an argon gas atmosphere. The build parameters included an optimal laser beam power of 350 W, laser scanning velocity of 1000 mm/s, layer thickness of 30 μm, and hatch spacing of 60 μm. Samples for microstructure observation were mechanically polished and chemically etched. Characterizations of microstructures were carried out with an optical microscope (OM, Olympus BX51M) and a field-emission scanning electron microscope (SEM, ZEISSULTRA-55) equipped with electron backscatter diffraction (EBSD) detector. EBSD samples were mechanically polished using 0.05 µm silica suspension, and performed at an acceleration voltage of 20 kV, working distance of 17.5 mm, tilt angle of 70° and step size of 0.25 µm.





3. Results and Discussion


3.1. Experimental Observation of Microstructures


To study both grain size and microstructure morphology, OM, EBSD and SEM observations were performed, and examples of an OM micrograph, an EBSD IPF map and three different magnification SEM micrographs of the SLMed AlSi10Mg alloy are shown in Figure 1. Clearly, the macro-morphology of the as-built sample consists of overlapped melt pools as well as the presence of some pores, and the shape of melting pools was semicircular (Figure 1a). This is due to the progressive laser grating that causes melting and solidification of successive layers of AlSi10Mg alloy. In addition, it can be observed that some pores are located within the melt pools, and the other ones are located at melt pool boundaries (MPBs). These pores are formed due to unmelted powder or insufficient overlap between scan tracks. The EBSD IPF map in Figure 1b shows that the microstructures within individual melt pools are composed mostly of very fine columnar grains growing along the building direction with some equiaxed grains appearing around MPBs. The columnar grains have a mean width of 20 µm and are approximately up to 100 µm in length, while the equiaxed grains have a diameter ranging from 5 to 20 µm. Most of the columnar grains have a preferable <001> orientation, which is considered along scanning direction, while the equiaxed grains present a random crystallographic orientation, resulting in the development of overall texture. For further analyzing the grain characteristics, more detailed statistics of misorientation angle and grain size distribution from the results of EBSD are shown in Figure 2. It can be seen from Figure 2a that ~37% of grains have a misorientation angle less than 5°, which means a preferable <001> orientation along the building direction is dominant. In addition, the fraction of grains with misorientation angle between 28° and 48° is about 35%. The possible reason might be the columnar grains grow deviate from the heat flow direction during the SLM process. The maximum misorientation angle is higher than 60°, which implies the presence of competitive growth along the heat flow direction [9]. Considering the irregular shape of grains, the average equivalent circle diameter of each grain was adopted to evaluate the grain size distribution. The average grain size was mainly from 0.5 to 50 µm (Figure 2b). As reported earlier [9], the grain size was affected by laser power, which in low-laser-power samples is much smaller than that in higher ones. The macro-morphology and texture of grains in SLMed AlSi10Mg alloy were analyzed above from the OM and EBSD results, and a detailed microstructural characterization in the grains is further observed by the SEM micrographs. The melt pool track boundaries can be seen obviously, which were marked by the green dotted lines in Figure 1c. The reason for the discontinuous tracks is that the previously deposited layers have been remelted partially and heat transmission is not uniform, leading to the variations in depth and shape of the melt pool [9]. Across the melt pools, a heat-affected zone (HAZ) with about 5–15 μm in width can be seen in Figure 1d. The HAZ is formed by the heat input of the new layer decomposing of Si from the fine cellular structure of the underlying layer [41]. In HAZ, the fibrous Si network was broken into particles, but the original network can still be traced. In addition, some of the coarsen Si particles could also be seen in HAZ. The micrograph at higher magnification in Figure 1e gives a clear observation that the microstructure of SLMed AlSi10Mg alloy is mainly composed of primary Al phase in darker contrast and Al-Si eutectic phase in relatively lighter contrast distributed in the interdendritic area. According to [9,10] and our previous study [42], the primary Al grain in the semicircular melt pools was made up of typically elongated cell-like/cellular substructures with boundaries of Si-rich regions.




3.2. Dendrite Growth of AlSi10Mg Ternary Alloy


Dendrite is the substructure of primary Al grain in AlSi10Mg alloy, and thus further understanding of dendrite growth and distribution is essential for obtaining the desirable microstructure and improving the performance of the SLMed samples. The comparison of dendrite growth and morphology by simulation and experiment is shown in Figure 3. Dendrite growth simulation was performed in a two-dimensional domain consisting of 100 × 100 cells with a cell size of 2 μm. Prior to simulation, in order to maximize the analogue of the real heat transfer in the melt pool during SLM, some parameters were initialized. Firstly, the temperature of the calculation domain was set to the various gradients with a homogeneous composition. Then, a stochastic nucleation model was adopted, which is a function related to the local undercooling, ΔT(tn), (see our previous research [43] for details). Initially, with the temperature decreasing, an increase in the undercooling and nucleation occurs when the undercooling reaches the critical value. It can be found that nucleation of dendrites preferentially forms at the lower area of the calculation domain, due to the presence of the thermal gradient (Figure 3a). After that, the earlier formed nuclei start growing, and the fourfold symmetry dendrite arms develop along their crystallographic orientations; meanwhile, nuclei are continuously produced from the undercooled melt solution (Figure 3b). In addition, it can be observed that at the early stage, the number and the size of dendrites are relatively small, dendrites are far from each other with less interaction limitation, and thus dendrites can freely grow into fourfold symmetry morphologies along their preferential growth directions. As solidification proceeds, the interaction effects of the solute field between the adjacent dendrites are intensified, the primary trunk of dendrites become coarse accompanied by side branching and the collision of dendrites, hindering free dendrite growth, leading to the coarsening of the dendrite arms and the formation of secondary dendrite arms (Figure 3c). In addition, to observe the dendritic morphology of α-Al, the end of the sample was selected for SEM observation where the eutectic phase had not yet formed, and the sample was simply cleaned without being etched. The SEM micrograph is shown in Figure 3d, and it is worth noting that the dendritic morphology is asymmetric and there are differences between the simulated and experimental results, because of the nonuniform solute distribution in growing tips under the influence of gravity and fluid flow. In addition, at the end of solidification, residual melt solidifies rapidly due to the absence of continuous heat source, and thus, dendrite arms do not have enough time to coarsen.



In order to investigate the influence of solute interactions on dendrite growth, single and multi-equiaxed dendrites of AlSi10Mg alloy were simulated without considering nature and forced convection influence. For single-dendrite cases, the domain was a 200 × 200-cell square with a cell size of 2 μm, and a fixed nucleus was placed in the center of the calculation domain. For multiple-dendrite cases, simulation was performed in a domain of 800 × 800 cells with a cell size of 2 μm, and stochastic nuclei number was assigned in the calculation domain. Figure 4 shows the simulation results of solute distribution and single/multi-equiaxed dendritic morphologies of AlSi10Mg alloy. As can be seen from Figure 4a,b, the dendrite arms develop steadily along the crystallographic orientation and dendritic morphology presents fourfold symmetry. In addition, the solute concentration for both Si and Mg appears accumulated near the dendrite interface because of solute redistribution. Since the solute diffusivity is much smaller than dendrite growth velocity, the solute discharged from the newly solidified solid phase cannot sufficiently diffuse to the bulk liquid. In order to observe the changes of the solute concentration at S/L interface, the solute concentration evolves with the solidification time of Si and Mg is plotted in Figure 5. The statistical results indicate that Si and Mg solute concentration at S/L interface approach a steady state during the initial stage of solidification, and then the values increase significantly. That is because the solute concentration in liquid of the S/L interface cell is greater than the equilibrium value at the S/L interface, and solute will eject into the neighboring liquid. It can be deduced that dendritic tip growth will be inhibited and the steady-state tip-growth velocity decrease dramatically because of the enriched solute at S/L interface and the limitation of the diffusion ability. In addition, the enriched solute around dendrite arms, leading to thin dendrite arms and long and thin tips, especially the constriction phenomenon at the dendritic root. In Figure 4c,d, the solute distribution of Si and Mg elements at the end of solidification is presented, indicating more complicated secondary and tertiary dendrite arm branching. It is obvious that the solutes are significantly enriched in the residual liquid and tip growth sufficiently suppressed. Moreover, the dendritic morphologies are also affected by nucleation location, crystallographic orientation, side branching and interaction among the surrounding dendrites.



As the result of high cooling rate and thermal gradient of SLM, a unique microstructure in the as-built AlSi10Mg sample will be formed. The characteristics of the microstructures are dependent on the thermal gradient (G, K/mm) and the solidification rate (R, mm/s). The ratio of G/R determines the solidification mode, while the value of G × R (i.e., cooling rate, K/s) determines the fineness of the microstructure [8,9,14]. In addition, according to reference [44], the majority of cooling rates during traditional casting are at no more than 20 K/s, while the cooling rates can be up to 103–105 K/s in SLM [10]. Therefore, simulations with different cooling rates were performed to investigate the influence of cooling conditions on dendrite characteristics. Figure 6 represents the simulated dendritic morphologies of AlSi10Mg alloy at cooling rates of 10 K/s, 100 K/s and 1000 K/s, respectively. The calculation domain is divided into 800 × 800 cells with a cell size of 2 μm. It can be observed that the dendrites are refined as the cooling rate increases, and the secondary and tertiary dendrites are more flourishing at the higher cooling rate (Figure 6c), while primary trunks present good growth tendency at the lower cooling rate (Figure 6a). Since the growth velocities of dendrite tips are also affected by the local solute concentration, it can be certainly expectable that the velocities of all dendritic tips commence from the higher values and then drop down to their different stable levels. It is noticed that dendrite growth is significantly affected by the interaction between solute field and the surrounding dendrites under all cooling rates, resulting in severe competitive growth. Clearly, high cooling rate will promote competitive growth and side branching of the secondary or tertiary dendrite arms. Accordingly, once one or more relative larger side branching arms are developed by competitive growth, the small neighboring branches will be sheltered by the outgrown secondary or tertiary dendrite arms. Overall, the complicated dendritic morphologies are believed to be mainly attributable to their nucleation, solute distribution, inherently preferred growth direction, competitive growth, and the different solidification conditions.




3.3. Simulation of Al-Si Eutectic Evolution


In this section, Al-Si eutectic growth was simulated by the proposed model, and it was compared with the experimental result. Figure 7 shows several simulated frames of the formation of Al-Si eutectic evolution and an SEM micrograph of eutectic morphology. The simulation case was performed in a rectangular domain containing 400 × 400 cells with a cell size of 0.2 μm. Before simulating, the eutectic undercooling ΔTE was set to 10 K, and the initial Si concentration in the melt set to the eutectic composition of 12.6 wt.%. It can be seen from Figure 7a, primary Al dendrites and Al-Si eutectic nuclei are both generated in the melt, which the yellow color in the graph represents the primary Al dendrites, and the orange color donates Al-Si eutectic (including eutectic Al, i.e., α-phase and eutectic Si, i.e., β-phase). As the solidification proceeds, the Al-Si eutectic present a roughly spherical interface, and the growth velocity of Al-Si eutectic is obviously faster than that of primary Al dendrites (Figure 7b). Actually, Si is nonmetallic with directed covalent bonds and tends to grow anisotropically into faceted crystals, while it requires a higher undercooling to drive the grain growth than that for the isotropic primary Al dendrites. However, once the required conditions of concentration and temperature are both reached, the eutectic Si then begins to nucleate and grow rapidly, especially for those eutectic Si nuclei attached to the surface of primary Al dendrites [45]. During the growth of Al-Si eutectic, α-phase will reject excess Si solute due to solute redistribution while β-phase will absorb amounts of solute from the surrounding liquid. Figure 7c displays the final solidified microstructure, including the primary Al dendrites, Al-Si eutectic and entangled Si precipitates. Apparently, few eutectic Si eventually form petaliform Al-Si eutectic, while most of the eutectic Si networks are broken into fine Si particles that are dispersed more uniformly in the Al matrix. In the highest-resolution SEM image (Figure 7d), the same microstructure characteristics were observed in that the dark-gray cellular features are primary Al matrix decorated with light-gray Si networks. When observing the eutectic structure, the α-Al dendrites were removed by chemical etching. The experimental results presented good agreement with the simulation, which indicates that the proposed model can successfully reproduce both dendrite and eutectic microstructures.



To investigate the effect of undercooling on eutectic morphology, three other simulation cases were carried out under the various eutectic undercooling. Figure 8 shows the morphologies of Al-Si eutectic microstructures after being fully solidified with the eutectic undercooling of 5 K, 15 K and 20 K. It can be observed that the primary Al dendrites and Al-Si eutectic have greatly changed with the eutectic undercooling increasing. The primary Al dendrites are relatively large at the low eutectic undercooling, while the number of petaliform Al-Si eutectic is fewer and small (Figure 8a). The reason lies in the interface growth velocity being relatively slow under a low eutectic undercooling, solute diffusion is sufficient and it is difficult for the solute concentration to reach the critical nucleation concentration of Si phase, and thus the primary Al dendrites have enough time to grow larger. In Figure 8b, the size of primary Al dendrites is evidently reduced, while both size and quantity of Al-Si eutectic increase as the eutectic undercooling increases to 15 K. Under a higher eutectic undercooling, the insufficient solute diffusion at the interface front makes it easier to reach the critical nucleation condition for Si phase, and thus the Al-Si eutectic is relatively easy to produce. It can be seen that the size of primary Al dendrites further reduces, and Al-Si eutectic become finer lamellar morphology (Figure 8c). The results indicate that Al-Si eutectic morphologies are sensitive to the eutectic undercooling, i.e., the higher the eutectic undercooling, the easier to form finer Al-Si eutectic.





4. Conclusions


In this work, a comprehensive model was established to investigate the microstructure evolution during SLM of AlSi10Mg alloy. Both the dendrite and eutectic growth were simulated and corresponding experiments performed to verify the accuracy of the proposed model. The main conclusions are as follows:




	(1)

	
An integrated primary dendrite and eutectic evolution model based on the CA-FD method, taking account of solute distribution, growth kinetics and nucleation mechanism, was developed. The proposed model would be helpful for describing the time-dependent dendrite and eutectic growth during the nonequilibrium solidification process and understanding the microstructure evolution of Al-Si system alloys. However, the presented model is also preliminary and simplified, and there are some restrictions, such as not considering the influence of fluid flow and gravity, which need to be further refined in the future work.




	(2)

	
Dendrite growth of AlSi10Mg alloy was simulated by the proposed model and various gradients initialized to imitate real heat transfer in the melt pool during SLM. The experimental dendrites obtained by SEM presented good agreement with the simulation. Single and multi-equiaxed dendritic morphologies of AlSi10Mg ternary alloy were simulated, and it was found that solute diffusion had a significant influence on dendrite growth. The influence of cooling rate on dendrite characteristics was further investigated, and the results indicated that dendrites were refined with the increasing of the cooling rates.




	(3)

	
The Al-Si eutectic evolution in AlSi10Mg alloy was simulated, and corresponding experimental validation was also carried out, and both of them agreed reasonably well. Finally, the proposed model was applied to investigate the effect of undercooling on eutectic morphology, and simulations with the eutectic undercooling of 5 K, 15 K and 20 K were performed. The simulated results revealed that Al-Si eutectic morphologies were sensitive to the eutectic undercooling such that a higher eutectic undercooling can refine the eutectic microstructure.
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Figure 1. Microstructures of the SLMed AlSi10Mg alloy: (a) optical micrograph; (b) EBSD IPF map; (c–e) SEM micrographs in different magnification. (Note: the dotted lines in (c) represent the melt pool boundary (MPB), while the heat-affected zone (HAZ) in (d) is drawn between the two dashed lines). 
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Figure 2. (a) Misorientation angle and (b) grain size distribution of the SLMed AlSi10Mg alloy. 
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Figure 3. Simulation of dendrite growth at different times and experimental results: (a) t = 1.6 s; (b) t = 4.2 s; (c) t = 7.8 s; (d) SEM micrograph of dendritic morphology. 
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Figure 4. Simulated solute distribution and single/multiequiaxed dendritic morphologies of AlSi10Mg alloy: (a,c) Si solute concentration fields; (b,d) Mg solute concentration fields. 
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Figure 5. Solute concentration at S/L interface evolves with solidification time: (a) Si solute concentration; (b) Mg solute concentration. 
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Figure 6. Simulated dendritic morphologies of AlSi10Mg alloy under different cooling rates: (a) 10 K/s; (b) 100 K/s; (c) 1000 K/s. 
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Figure 7. Simulation results of Al-Si eutectic evolution with a eutectic undercooling ΔTe = 10 K for various times and experimental result: (a) t = 0.5 s; (b) t = 1 s; (c) t = 2.2 s; (d) SEM micrograph of eutectic morphology. 
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Figure 8. Simulation results of Al-Si eutectic morphologies under different eutectic undercooling conditions: (a) ΔTe = 5 K; (b) ΔTe = 15 K; (c) ΔTe = 20 K. 
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Table 1. Material properties and simulation parameters of AlSi10Mg alloy.
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	Parameter (Unit)
	Value
	Reference





	Liquidus temperature TL (K)
	873
	[29]



	Eutectic temperature TE (K)
	850
	[40]



	Eutectic composition wE′ (wt.%)
	12.6
	[40]



	Solubility in α-phase wα0 (wt.%)
	1.65
	[34]



	Solubility in β-phase wβ0 (wt.%)
	77.5
	[34]



	Liquidus slope of α-phase mα (K/wt.%)
	−6.83
	[29]



	Liquidus slope of β-phase mβ (K/wt.%)
	17.5
	[34]



	Liquid diffusion coefficient DL (m2/s)
	2.4 × 10−9
	[29]



	Solid diffusion coefficient DS (m2/s)
	3.0 × 10−12
	[34]



	Gibbs–Thomson coefficient of α-phase Γα (m·K)
	2.4 × 10−7
	[29]



	Gibbs–Thomson coefficient of β-phase Γβ (m·K)
	1.7 × 10−7
	[34]
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