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Abstract

:

The mechanical deformation of cellular structures in the selective laser melting (SLM) of aluminum was investigated by performing a series of molecular dynamics (MD) simulations of uniaxial tension tests. The effects of crystalline form, temperature, and grain orientation of columnar grains on the mechanical properties of SLM aluminum were examined. The MD results showed that the tensile strength of SLM aluminum with columnar grains at different temperatures was lower than that of single-crystal aluminum, but greater than that of aluminum with equiaxed grains. The tensile strength and Young’s modulus both decreased approximately linearly upon increasing the temperature. The deformation mechanisms of equiaxed and columnar grains included dislocation slip, grain boundary migration, and torsion, while the deformation mechanisms of single crystals included stacking fault formation and amorphization. Finally, the influence of the columnar grain orientation on the mechanical properties was studied, and it was found that the Young’s modulus was almost independent of the grain orientation. The tensile strength was greatly affected by the columnar grain orientation. Reasonable control of the grain orientation can improve the tensile strength of SLM aluminum.
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1. Introduction


Additive manufacturing (AM) is a rapidly developing technology based on computer assistance and material accumulation that can reduce manufacturing costs of low-volume products and processing times compared with conventional manufacturing techniques [1]. Selective laser melting (SLM) is a laser-based AM technology that has been widely used to manufacture key components in the automotive, medical equipment, aerospace, and mold manufacturing fields [2,3].



In recent years, aluminum has been widely used in the manufacturing industry owing to its excellent corrosion resistance and high thermal conductivity. However, traditional preparation methods of aluminum components with complex shapes require long preparation cycles and produce material waste. Selective laser melting can reduce material usage, shorten the forming cycle, and prepare complex-shaped parts; thus, the application of aluminum in SLM has also increased, and some scholars have conducted related experimental research on the mechanical properties of SLM-processed aluminum [4,5,6,7,8,9,10,11]. Li et al. [6] conducted tensile tests on a solution heat-treated SLM AlSi10Mg alloy and found that the ultimate strength and ductility both decreased upon increasing the solution temperature. Takata et al. [7] found that an SLM AlSi10Mg alloy exhibited a unique microstructure that increased its strength. Many studies have also reported the existence of fine and complex microstructures in aluminum parts manufactured by SLM [8,9,10,11]. Ben et al. [10] reported that an SLM AlSi10Mg alloy had a multi-level heterogeneous microstructure composed of melt pools, columnar grains, and sub-cells. Chen et al. [11] used EBSD to analyze the microstructure of the SLM AlSi10Mg alloy and show the different grain orientation distributions. The unique microstructure of AlSi10Mg has not been observed in other SLM-fabricated materials, except for metallic alloys such as 316L SS, Al12Si, and CoCrMo [12].



Although relevant studies have shown that this special microstructure can improve the mechanical properties of a material, there is no in-depth and systematic understanding of the microstructure evolution and changes in mechanical properties during the forming process of SLM aluminum. Because experimental investigations are costly or nearly impossible, molecular dynamics (MD) simulations have been widely used to study the evolution of atomic structures and mechanical properties. We note that recent works employed ab initio MD to investigate the mechanical properties of materials subject to tensile deformation [13]. Although ab initio MD is more accurate than classical MD, the use of ab initio MD to model large systems that may include extended crystallographic defects is practically unfeasible. Kurian and Mirzaeifar [12] conducted MD simulations to study the deformation behavior of SLM 316L SS with columnar grains and found that under an applied strain, the primary plastic deformation mechanism was dislocation sliding. Ghaffarian et al. [14] conducted MD simulations to study the deformation behavior of polycrystalline cementite (Fe3C) and found that at low temperatures and large grain sizes, the main deformation mechanism was dislocation slip. When the temperature increased, the main deformation mechanism was grain boundary sliding. Husain et al. [15] used MD simulations to study the mechanical properties and plastic deformation mechanism of nanocrystalline 316L stainless steel with various average grain sizes. They found that as the temperature increased, the mechanical properties, such as the Young’s modulus, ultimate strength, yield stress, and flow stress, decreased. Zepeda-Ruiz et al. [16] performed a serial of atomistic simulations to investigate the origins of metal hardening at its most fundamental level of atomic motion and they found that the notorious staged hardening of metals is a direct consequence of crystal rotation under uniaxial straining.



Recently, Branco et al. [17] used pure Al as the powder material for the SLM process, and they obtained nanocrystalline pure Al with grain sizes of 9.54 nm, 42.18 nm, and 93.8 nm through a selective pulsed laser melting process. Many researchers have used MD simulations to study mechanical properties of nanocrystalline Al [18,19,20]. For example, Qi and Krajewski [18] performed MD simulations to study the effects of applied force and grain boundary misorientation on grain boundary sliding in aluminum at 750 K. Yamakov et al. [19] clarified the complex interaction of nanocrystalline Al microstructure during plastic deformation at room temperature. In addition, they proved that mechanical twinning may play an important role in the deformation behavior of nanocrystalline aluminum compared with coarse-grained Al. Zhu et al. [21] conducted MD simulations to investigate the influence of inclined angles between the orientation of columnar grains and the loading direction on the mechanical properties of FeCrNi columnar polycrystalline samples by compression tests. However, there are few studies of the influence of the mutual orientation of columnar grains on the mechanical properties of cellular structures.



The purpose of this work was to use classical MD simulations to investigate the effect of the crystalline state, temperature, and grain orientation on the mechanical properties of SLM aluminum.




2. Materials and Methods


2.1. Interatomic Potential


MD simulates the motion between molecular systems by solving Newtonian equations of motion, where interaction forces are derived from the potential between atoms. Choosing accurate interatomic interaction potentials is very important in MD simulations; therefore, this study used the alloy potential in the embedded atomic potential (EAM) [22] to express Al–Al interactions. The total potential energy expression of the system is as follows:


  E =   ∑  i   F i   (   ρ i   )  +  1 2    ∑   j ≠ i    φ  i j    (   r  i j    )   



(1)




where Fi is the embedded energy of atom i in background electron density ρi; φij(rij) is a pairwise interaction, and rij is the distance between atoms i and j. ρi can be expressed as:


   ρ i  =   ∑   j ≠ i    f j   (   r  i j    )   



(2)




where fj(rij) is the background electron density of atom j at the location of atom i.



MD simulations were performed with the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [23]. Periodic boundary conditions were applied in all directions. The energy was minimized by the conjugate gradient method to obtain a stable atomic configuration. To obtain the initial configuration, NPT (constant number of atoms, pressure, and temperature) was used to relax the system at 300 K–900 K and a pressure of 0 bar with a time step of 1 fs for 80 ps. Owing to the limitations of MD timescale, the loading rate in the MD simulation is often much greater than the experimental loading rate. The author’s group [24] and Wen et al. [25] reported that in the MD simulations of uniaxial tensile tests, the simulation results were not sensitive to the loading rate when the tensile strain rate was in the range from 1 × 108/s to 2 × 1010/s. Thus the “Deform” command was used to perform uniaxial tension simulations at 300 K–900 K under the NPT ensemble with a pressure of 0 bar at an engineering strain rate of 1 × 109/s for 300 ps. The temperature and pressure of the system were controlled by the Nosé–Hoover thermostat and a barostat [26]. The visualization software OVITO [27] was used to observe the atomic structure during the tensile process. A brief description of the computational configurations generated for studying the effect of the crystalline state and grain orientation is discussed in the following sections.




2.2. Modeling Methods


2.2.1. Different Crystalline State Models


To study the mechanical properties of aluminum in different crystalline states, single-crystal, equiaxed, and columnar grain models were established, as shown in Figure 1. The ATOMSK [28] software and the Voronoi [29] construction method were used to construct the columnar and equiaxed models. The crystallographic directions [100], [010], and [001] lay along the x-, y-, and z-axes, respectively. The size of the single-crystal atom model was 60a × 60a × 10a, where the lattice constant a of Al was 0.405 nm, and the model was stretched along the x-axis, as shown in Figure 1a. The size of the equiaxed grain atom model was 33a × 33a × 33a, containing four randomly oriented grains. The model was stretched along the x-axis, and the average grain size was around 10.3 nm, as shown in Figure 1b. The columnar atom model was modeled according to the TEM image observed by Ben et al. [10]. The size of the columnar grain atom model was 60a × 60a × 10a, and the number of grains was four; these were oriented through rotations about the z-axis [001] with angles of 0°, 20°, 40°, and 60°. The models were uniaxially stretched along the x- or z-axes, respectively, so that lateral Poisson’s contraction was allowed during elongation. The grain size of each grain was calculated as the diameter of a cylinder [30]. The average grain size was around 13.7 nm, as shown in Figure 1c. The number of atoms in the single-crystal, equiaxed, and columnar grain models was 144,000, 143,749, and 144,000, respectively. The average grain size of the MD model in this work was about 12 nm, which is within the range of the grain size experimentally obtained by Branco et al. [17]. In addition, owing to the limitations of the calculation scale of the traditional MD method, most of the current MD simulations for polycrystalline metals have grain sizes between 10 nm and 20 nm [24,31]. For example, Kurian and Mirzaeifar [12] modeled columnar grains with a grain size of 10.3 nm to 23.24 nm to study the deformation behavior of SLM 316L stainless steel, so the average grain size of the model in this work is reasonable.




2.2.2. Models of Columnar Grains with Different Grain Orientations


A columnar atom model with grains rotated at different angles around the z-axis was established to investigate the influence of the columnar grain orientation on the mechanical properties. The model dimensions, tensile direction, and the number of grains were inherited from the model presented in Figure 1c. The crystal orientation was x-[100], y-[010], and z-[001], and a total of six different grain orientation models was established. The rotation angles of the grains around the z-axis were (a) −5°, 5°, −5°, 5°, (b) −10°, 10°, −10°, 10°, (c) −15°, 15°, −15°, 15°, (d) −20°, 20°, −20°, 20°, (e) −25°, 25°, −25°, 25°, and (f) 0°, 20°, 40°, 60°. The model is shown in Figure 2. The number of atoms was 144,000, 143,840, 144,080, 144,000, 144,000, and 144,000, respectively.






3. Results and Discussion


3.1. Effect of Temperature on the Mechanical Properties of Aluminum with Different Crystal Structures


The temperature was set from 300 K to 900 K to perform tensile simulations of single-crystal Al, columnar grain Al, and equiaxed grain Al. Owing to the anisotropy of columnar grains, we also performed a tensile simulation along the z-direction for SLM columnar grains. The Young’s modulus was determined by linear fitting of the strain data within 2% of the stress–strain curve. Figure 3 shows the stress–strain curves of aluminum with different crystal structures at 300 K and 900 K, and Figure 4 shows the changes in Young’s modulus and tensile strength of different crystal structures of aluminum at different temperatures.



It can be seen from Figure 3 that the stress first increased with the applied tensile strain until it reached a maximum value, after which it dropped and then fluctuated around a mean value. This is basically consistent with a previous description in the literature [32]. The stress–strain curve of Figure 3 shows that the tensile strength of SLM aluminum with columnar grains at different temperatures was lower than that of single-crystal aluminum, but greater than that of aluminum with equiaxed grains. As the temperature increased, the Young’s modulus, tensile strength, and yield strength decreased. The tensile strength of columnar grains stretched along the z-direction was much higher than those stretched along the x-direction. The Young’s modulus in the x-direction calculated from our simulations was in the range of 61.3 GPa to 63.5 GPa for different crystalline crystal Al, which is close to the MD-predicted value of 62.2 GPa [33] and the experimental measurement value of 60.2 GPa to 73 GPa [34,35]. The tensile strength of the columnar grains at room temperature predicted by our MD simulation was 2.431 Gpa–4.017 GPa, which was consistent with the MD results of 2.5 Gpa–3.5 GPa reported by Zhang et al. [32]. We noticed that the tensile strength predicted by the MD simulations was much higher than the experimental value of 600 MPa [34]. This is because the MD simulation w performed for a defect-free system at a loading rate much higher than the experimental value.



Figure 4a shows how the tensile strength changed with temperature. Upon increasing the temperature, the tensile strength decreased. The tensile strength of SLM aluminum with columnar grains was more sensitive to temperature than aluminum with equiaxed grains, but less sensitive than single-crystal aluminum. The tensile strength of the columnar grains stretched along the z-direction decreased faster than those stretched along the x-direction. The correlation between the tensile strength and temperature was approximately linear.



Figure 4b shows that as the temperature increased, the Young’s modulus decreased. The temperature sensitivity of the Young’s modulus of SLM aluminum with columnar grains stretched along the x-axis was the greatest. The temperature sensitivity of the Young’s modulus of SLM aluminum with columnar grains stretched along the z-axis was greater than that of single-crystal aluminum, but less than that of aluminum with equiaxed grains. The correlation between the Young’s modulus and temperature was approximately linear.



By observing the atomic snapshots of each stretching stage at different temperatures, we analyzed the evolution of crystalline aluminum during the tensile process. Figure 5 presents snapshots of the different crystalline forms of aluminum at 300 K. Figure 5a,b show that as the strain increased, the FCC structure began to undergo an amorphous transformation, in which the content of amorphous atoms began to increase. This improved the strength to a certain extent, and a small number of BCC atoms appeared. When the strain was 0.14, stacking faults began to appear inside the crystals, and amorphization was intensified. Then the amorphous atoms agglomerated, as shown in the red circle in Figure 5c. At this time, the dominant deformation mechanisms of the single crystals were stacking fault formation and amorphization.



Figure 5d shows that equiaxed grains underwent dislocation movement and stacking faults began to appear. As the strain increased, the agglomeration of amorphous atoms occurred, and new grain boundaries were produced in red circle 1. Grain boundary migration and torsion were found in red circle 2 in Figure 5e. As the strain continued to increase, the grain boundaries moved continuously and new grains were produced, as shown in the red circle in Figure 5f. At this time, the dominant deformation mechanisms of equiaxed grains were dislocation slip, grain boundary migration, and torsion.



For columnar grains subjected to tension in the x-direction, upon increasing the strain from 0.060 to 0.065, stacking faults began to accumulate. Inside the grains, the stacking faults were parallel to each other, and old dislocations constantly disappeared, and new ones were formed (Figure 5g,h). As the strain continued to increase, the grain boundaries underwent migration and torsion, so that the energy of the atomic system was temporarily reduced, as indicated by the red circle 1, and twins were observed in red circle 2 in Figure 5i; this was is basically consistent with a previous description in the literature [19]. The dominant deformation mechanisms of columnar grains were dislocation slip, grain boundary migration, and torsion, which were the same as those of equiaxed grains. Compared with columnar grains and single crystals, equiaxed grains were more prone to dislocation slip.



For columnar grains subjected to tension in the z-direction, as the strain increased, an amorphous transformation occurred inside columnar grains, which hindered the movement of stacking faults, as indicated by the red circles in Figure 5j,k. As the strain continued to increase, new grains were formed in red circle 1, and obvious grain boundary migration and torsion were observed in red circle 2 (Figure 5l).



To further analyze the deformation behavior of the different crystal forms of aluminum, we also observed the atomic snapshots at 900 K. Figure 6a,b show that the single-crystal lattice distortion was serious, and that the content of amorphous atoms was higher than at the lower temperature. Upon increasing the strain, the content of amorphous atoms increased, and the amorphous atoms became randomly distributed in the crystal. When the strain reached 0.100, amorphous atomic agglomeration occurred in red circle 1, which formed new grain boundaries, producing new grains inside the crystal. Stacking faults appeared in red circle 2, as indicated in Figure 6c. It can be seen from Figure 6d that the grain boundaries of equiaxed grains were thicker. During stretching, agglomeration occurred at grain boundaries, and the grain boundaries were constantly moving, as shown in the red circle in Figure 6e. When the strain increased to 0.180 (Figure 6f), owing to the movement of grain boundaries, the old grain boundaries disappeared, and the ability to hinder the movement of dislocations was reduced. This led to the generation of stacking faults (red circle 1), and new grains were generated (red circle 2). It can be seen from Figure 6g that the grain boundaries of the columnar grains were thickened. As the strain increased, the amorphous atoms at the grain boundaries gathered, increasing the thickness of the grain boundaries, as shown in the red circle in Figure 6h. When the strain reached 0.125 (Figure 6i), grain boundary fracture occurred at red circle 1, and grain boundary migration and torsion occurred at red circle 2. As seen in Figure 6j,k, as the strain increased, the lattice distortion was intensified, leading to significant amorphous transformation inside the grains. When the strain reached 0.083 (Figure 6l), stacking faults formed inside the grains (red circle 1) and amorphous agglomeration occurred at the grain boundary in red circle 2.




3.2. Mechanical Properties of Columnar Grains with Different Orientations


Rapid cooling during SLM leads to the formation of special microstructures with different grain orientations [11]; therefore, it is necessary to study the influence of different crystal orientations on the mechanical properties. Different rotation angles of the grains around the z-axis were studied, and the results are shown in Figure 7.



Figure 7a showed that the Young’s modulus was almost independent of the grain orientation, whereas the tensile strength was dependent on the orientation of columnar grains. It can be seen from Figure 7b, when the grain orientation changed from Group (e) to Group (b), the strength of the material increased from 2.431 GPa to 4.017 GPa, which is an approximately 65.2% increase in strength. This indicated that reasonable control of the grain orientation improved the tensile strength of SLM aluminum.





4. Conclusions


In this study, the deformation mechanisms of the cellular structures in the selective laser melting (SLM) of aluminum were investigated by performing a series of MD simulations. The effects of crystalline form, temperature, and columnar grain orientation on the mechanical properties of SLM aluminum were investigated. The conclusions of this study can be summarized as follows:




	(1)

	
The Young’s modulus, yield strength, and tensile strength of SLM aluminum decreased with increasing temperature. The tensile strength of SLM aluminum with columnar grains at different temperatures was lower than that of single-crystal aluminum, but greater than that of aluminum with equiaxed grains.




	(2)

	
The tensile strength and Young’s modulus both decreased approximately linearly with increasing temperature. The tensile strength of SLM aluminum with columnar grains was more sensitive to temperature than aluminum with equiaxed grains, but less sensitive than single-crystal aluminum. The sensitivity of the Young’s modulus of SLM aluminum with columnar grains stretched along the x-axis was the greatest, but the sensitivity of the Young’s modulus of SLM aluminum with columnar grains stretched along the z-axis was greater than that of single-crystal aluminum, but less sensitive than that of aluminum with equiaxed grains.




	(3)

	
The deformation mechanisms of equiaxed and columnar grain were dislocation slip, grain boundary migration, and torsion. The deformation mechanisms of single crystals were stacking fault formation and amorphization.




	(4)

	
The Young’s modulus was almost independent of the grain orientation, but the tensile strength was greatly affected by the orientation of columnar grains. Reasonable control of the grain orientation can improve the tensile strength of SLM aluminum.
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Figure 1. Different constructions of crystalline aluminum atom models: (a) single-crystal, (b) equiaxed grain, (c) x-direction tension, and (d) z-direction tension of columnar grains. 
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Figure 2. Atomic microstructure of grains with different orientations: (a) −5°, 5°, −5°, 5°, (b) −10°, 10°, −10°, 10°, (c) −15°, 15°, −15°, 15°, (d) −20°, 20°, −20°, 20°, (e) −25°, 25°, −25°, 25°, (f) 0°, 20°, 40°, 60°. 
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Figure 3. Stress–strain curves of aluminum with different crystal forms at: (a) 300 K and (b) 900 K. 
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Figure 4. Tensile mechanical properties of aluminum with different crystal forms at different temperatures: (a) Tensile strength and (b) Young’s modulus. 
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Figure 5. Tensile atomic snapshots of different aluminum crystal forms at 300 K: (a–c) single crystal, (d–f) equiaxed grain, (g–i) columnar grain (x-axis), and (j–l) columnar crystal (z-axis) (white atoms indicate grain boundaries and amorphous structures, and red atoms indicate stacking faults). 






Figure 5. Tensile atomic snapshots of different aluminum crystal forms at 300 K: (a–c) single crystal, (d–f) equiaxed grain, (g–i) columnar grain (x-axis), and (j–l) columnar crystal (z-axis) (white atoms indicate grain boundaries and amorphous structures, and red atoms indicate stacking faults).



[image: Crystals 11 01388 g005]







[image: Crystals 11 01388 g006 550] 





Figure 6. Tensile atomic snapshots of different crystal forms of aluminum at 900 K: (a–c) single crystal, (d–f) equiaxed grain, (g–i) columnar grain (x-axis), and (j–l) columnar crystal (z-axis). 
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Figure 7. Tensile results of the grains with different rotation angles around the z-axis: (a) stress-strain curve and (b) the relationship between tensile strength and rotation angle. 
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