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Abstract

:

Various defects are produced during the laser powder bed fusion (L-PBF) process, which can affect the quality of the fabricated part. Previous studies have revealed that the defects formed are correlated with molten pool dimensions. Powder particles are thinly spread on a substrate during the L-PBF process; hence, powder packing properties should influence the molten pool dimensions. This study evaluated the influence of particle size on powder packing properties and molten pool dimensions obtained through numerical simulations. Using particles with different average diameters (  D  a v   ) of 24, 28, 32, 36, and 40  μ m, a series of discrete-element method (DEM) simulations were performed. The packing fraction obtained from DEM simulations became high as   D  a v    became small. Several particles piled up for small   D  a v   , whereas particles spread with almost one-particle diameter thickness for large   D  a v   . Moreover, the packing structure was inhomogeneous and sparse for large   D  a v   . As a result of multiphysics computational fluid dynamics (CFD) simulations incorporating particles’ positions as initial solid metal volume, the molten pool width obtained was hardly dependent on the   D  a v    and was roughly equivalent to the laser spot size used in the simulations. In contrast, the molten pool depth decreased as   D  a v    decreased. Even if the powder bed thickness is the same, small particles can form a complex packing structure by piling up, resulting in a large specific surface area. This can lead to a complex laser reflection compared to the large particles coated with almost one-particle thickness. The complex reflection absorbs the heat generated by laser irradiation inside the powder bed formed on the substrate. As a result, the depth of the molten pool formed below the substrate is reduced for small particles.
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1. Introduction


Laser powder bed fusion (L-PBF) is a type of 3D additive manufacturing technology that produces parts with complex geometries. This study focuses on L-PBF for Ni-based alloys, which are commonly used in various industries such as aerospace and energy due to their high corrosion resistance and strength at high temperatures. An example of L-PBF for Ni-based alloys is its use in turbine blades for aircraft engines, which were traditionally manufactured by casting using a mould. One advantage of L-PBF is that it does not require a mould. Furthermore, the L-PBF process is characterised by a significantly higher solidification rate compared to conventional manufacturing processes. This results in a distinctive microstructure, as noted by Schneider et al. [1]. Peters et al. reported that parts manufactured using Ni-based alloy powder with L-PBF had higher yield strength and ultimate tensile strength compared to those manufactured by casting and solution annealing. However, the elongation at break was reduced [2]. Kuo et al. reported that the microstructure formed by electron beam PBF is unique and has excellent strength properties. However, it has lower creep ductility at high temperatures compared to parts produced by the forging process [3]. This may be due to the influence of oxides and nitrides formed from the powder particle surface, known as a prior particle boundary (PPB) [4]. As such, advantages and disadvantages exist for parts manufactured with L-PBF. To overcome the disadvantages, it is desirable to understand the melting behaviour in a narrow zone of a few hundred metres, as well as the rapid solidification behaviour in L-PBF. With this consideration, evaluations of molten pool formation in Ni-based alloys have been carried out [5]. The molten pool is a volume of metal that has been melted by moving laser irradiation.



Moreover, previous studies have reported that defects produced during the L-PBF fabrication process are strongly correlated with the shape and size of the molten pool [6,7,8,9,10]. Previous studies have reported that different types of defects, such as keyhole pores [11,12,13], lack of fusion [6,7], and balling [14,15,16,17,18,19], can occur depending on the laser conditions, namely laser power and scanning speed. It is extremely important to be able to predict the occurrence of defects for high-quality manufacturing. After laser scanning experiments under certain laser conditions, the scanned tracks are cut and polished, and their cross-sectional images are obtained through scanning electron microscopy (SEM). This allows for the identification of the size and shape of the molten pool. However, it is very time-consuming to carry out the above experimental and observational processes under many different laser conditions. Considering the time-consuming nature of the measurement, Guirguis et al. investigated the prediction of the molten pool dimensions by combining in situ image measurements of the Ni-based alloy of Inconel 718 using machine learning [20].



In view of the situation described above, simulation studies of L-PBF have increased in the last decade. For example, heat transfer analysis, which considers changes in physical properties associated with the phase change between solid and liquid metals [6,9,21]; elasto-plastic simulation for evaluating residual stresses [9,22,23]; and multiphysics analysis which involves fluid dynamics, heat transfer considering solid–liquid–gas phase change, and laser ray tracing using multiphysics computational fluid dynamics (CFD) simulation [24,25,26,27,28,29,30,31,32,33]. The use of multiphysics CFD simulation has shown promise in predicting defect formation. Previous studies have successfully reproduced keyhole pore formation [27] and the formation of lack-of-fusion defects [30]. Multiphysics CFD was employed in this study.



In the L-PBF process, metal powder particles are spread thinly on a substrate. This means that powder bed properties, such as the packing fraction and packing homogeneity, can affect molten pool formation. For instance, previous studies have conducted pioneering work using multiphysics CFD simulations, reporting that powder bed thickness influences molten pool behaviour [34,35,36]. In addition, Fouda et al. evaluated the effect of particle size distribution, one of the most important powder characteristics, on powder bed properties using discrete-element method (DEM) simulation [37]. Cook et al. evaluated the influence of powder particle shape on powder bed properties and molten pool dimensions using DEM and CFD simulations [35]. However, except for the study by Cook et al. [35], previous studies primarily focused on laser condition, substrate temperature [28], laser beam shape [38], and the material used. There is still a lack of literature examining the impact of powder characteristics on powder bed properties and molten pool formation.



This study evaluates the effect of particle size on powder properties and molten pool formation using multiphysics CFD simulation. Section 2 explains the powder spreading DEM simulation model, which simulates the movement of a real L-PBF machine. Additionally, a summary of multiphysics CFD simulation is provided in Section 2. Section 3 presents the results of the DEM and multiphysics CFD simulations and discusses the effect of particle size on powder packing properties and molten pool dimensions. The conclusion of this study and future tasks are described in Section 4.




2. Materials and Methods


2.1. Powder Spreading Analysis


Powder spreading is modelled using the discrete-element method (DEM) [39], which is a simulation method for the dynamics of frictional rigid particles. The general-purpose DEM software LIGGGHTS (version 3.8.0) was used in this study.



A Ni-based alloy, Hastelloy X, was used in this study. The chemical compositions of both the bare plate and the Hastelloy X powder are listed in Table 1. The particle size distribution of the Ni-based alloy (Hastelloy X) powder used in this study is shown in Figure 1. The average particle diameter of Hastelloy X powder was 28.9  μ m [10,40]. To investigate the effect of particle size within a range similar to that of the Hastelloy X powder used in this study, five different particle size distributions based on Gaussian distributions were used. The average particle diameters (  D  a v   ) of the five distributions were 24, 28, 32, 36 and 40  μ m, respectively. The Gaussian distribution is expressed as follows:


  f  ( D )  =  1   2 π   σ  2     exp     ( D −  D  a v   )  2   2   σ  2     ,  



(1)




where D and  σ  are the particle diameter and standard deviation, respectively.  σ  = 4 for the five distributions with different   D  a v   . In Figure 1, the solid lines represent the Gaussian distributions with different   D  a v   . Each distribution curve was partitioned into ten equal sections, and the ten diameters (centres of the partitions) and their frequencies were used in the DEM simulations.



The particle contact model used was the Hertz contact model, and its model parameters are given in Table 2. The value of the spring constant used was extremely small compared to the Young’s modulus of real metallic materials. As the DEM is a rigid body simulation, particles do not deform. The spring constant determines the repulsive force due to particle–particle or particle–wall overlap. Two concerns arise when using a small spring constant: (1) large repulsive forces acting on the particles may cause them to explode, and (2) the particles may slip through other particles or walls, depending on the time increment used in the DEM. If Young’s modulus is assumed for the spring constant, even a small overlap can cause the particles to explode, requiring a significantly small time increment. In this study, a series of preliminary simulations was performed with different time increments using a small spring constant. As a result, a time increment of   2 ×  10  − 8     s was determined, at which particles do not slip through and explosions do not occur.



Conventional L-PBF systems often have a powder storage region and a powder bed formation region. The powder bed formation process in these systems is as follows: The powder storage stage is lifted while the powder bed formation region stage is lowered. The lifting or lowering distance is usually on the order of tens of  μ m. Then, a coating blade placed at the corner of the powder storage region is moved horizontally to spread and fill the powder into the powder formation region. Figure 2 shows snapshots captured during the powder spreading DEM simulation using a particle size distribution of   D  a v    = 32  μ m, where   D  a v    is the average particle diameter. The entire DEM model has a width of 7 mm (x direction) and a depth of 2 mm (y direction). The powder storage and powder bed formation regions both have a width of 2 mm and a depth of 1.5 mm. The initial thicknesses of these regions were 200  μ m and 50  μ m, respectively. First, 50,000 particles were generated in the upper rectangular area above the powder storage region and allowed to settle under gravity. Second, the powder storage stage was lifted by 80  μ m at a speed of 25 mm/s, followed by a 30  μ m drop in the powder bed formation stage. As a result, the thickness of the powder bed formation region became 80  μ m. Then, a rectangular coater blade moved along the x-direction at a speed of 25 mm/s to form the powder bed.



The boundary conditions for the six side faces were set to the f boundary style implemented in LIGGGHTS. The f boundary style essentially acts as a fixed smoothed wall boundary, but particles are lost if their positions are outside the domain. To consider the initial configuration of the particles, five simulations with different initial particle configurations were performed. A supercomputer system at the National Institute for Materials Science, Japan, was used for the powder spreading simulation. The typical computation time was about 40 h for 17,200,000 time-step calculations using 2 nodes (96 cores in total).



After the powder spreading simulation, the packing fraction ( ρ ) was calculated using the following equation:


  ρ =   V  p a l l    V  P V R    ,  



(2)




where    V P  V R   and   V  p a l l    are the volume of the powder bed formation region (2 mm width, 1.5 mm depth, and 0.08 mm thickness) and the total volume of particles filled in the powder bed formation region.




2.2. Overview of Multiphysics CFD Simulation


The multiphysics CFD solver used in this study is based on a general-purpose partial differential equation solver OpenFOAM-8, with partial customisation by TERRABYTE Co., Ltd., Tokyo, Japan, to model laser welding and L-PBF processes. The solver can evaluate the dynamics of two-phase (gas and metal) multiphase flow with interface tracking using the volume-of-fluid (VOF) method, as well as heat transfer between gas, liquid, and solid phases with phase change, and ray tracing of laser beams. It is important to note that the solid phase is modelled using a liquid of extremely high-viscosity fluid. OpenFOAM is non-commercial software; hence, the solver can run freely on any Linux-based computer system, including supercomputers. This gives it an advantage over commonly used commercial software such as FLOW-3D, ANSYS, and COMSOL. In this study, the laser reflection model and its model parameters were varied for experimental validation, which are detailed in this section. Full details of the solver were summarised in our previous study [40].



A laser ray-tracing method [41] was implemented in the solver used. The laser beam is represented by a bundle of laser beams. The refraction of each beam is tracked in the ray-tracing process. When the laser beam reaches the metal surface, thermal energy is applied to the metal surface in inverse proportion to the laser’s reflectivity. The beam repeats the mirror reflections until the applied energy becomes extremely small or the laser beam does not reach the metal surface. The applied thermal energy is strongly influenced by laser reflectivity. In previous studies, various reflectivity models have been explored, including the Fresnel reflection model [32,33,40], temperature-dependent reflection model [31], and constant value [25,42].



The Fresnel reflection model is expressed as follows:


  τ =  1 2     1 +   1 − ϵ cos θ  2    1 +   1 + ϵ cos θ  2    +    ϵ 2  − 2 ϵ cos  θ + 2  cos 2  θ     ϵ 2  + 2 ϵ cos  θ + 2   cos  2  θ     ,  



(3)




where  θ  and  ϵ  are the laser incident angle and an arbitrary constant, respectively. As shown in Equation (3), the laser reflectivity depends on the laser incident angle. The conventionally used  ϵ  value is between 0.2 and 0.25.



The temperature-dependent reflectivity model, often referred to as the Hagan–Ruben model, is based on temperature-dependent electrical resistivity (  ρ e  )


  τ = 1 −     π  C 0   ϵ 0   λ   ρ e    ,  



(4)




where   C 0   = 3   ×   10 8    m/s,   ϵ 0   = 8.854   ×   10 12    F/m, and  λ  = 1.06   ×   10  − 6     m represent the light speed in vacuum, vacuum permittivity, and laser wavelength, respectively. The temperature and   ρ e   relation used in this study are available on the website of HAYNES International (https://www.haynesintl.com/en/datasheet/hastelloy-x-alloy/#physical-properties, accessed on 6 March 2024). The temperature–  ρ e   relation is for temperatures ≥1367.15 K; hence,   ρ e   at 1367.15 K is adopted when the temperature is greater than 1367.15 K.



A constant temperature of 298.15 K was applied to the upper x-y plane, while the other five planes had an adiabatic condition for the thermal boundary conditions. An atmospheric pressure (101,325 Pa) was assumed for the top x-y plane, and a zero-gradient condition was applied to the other five planes for the pressure boundary conditions. The pressureInletOutletVelocity boundary condition for the flow velocity boundary conditions, implemented in OpenFOAM, was adopted for the upper x-y plane. The pressureInletOutletVelocity condition assumes a zero-gradient condition when the flow is outward, and when the flow is inward, the velocity is obtained from the flow with the specified inlet direction. The zero-gradient condition was applied to the other five sides.



Table 3 shows the material properties of Hastelloy X used in the multiphysics CFD simulation. Many of the properties are based on the CALPHAD calculation software JMatPro (www.sentesoftware.co.uk/jmatpro, accessed 28 February 2024)). It should be noted that the temperature-dependent surface tension value of Hastelloy X could not be found in the literature; therefore, the value of Inconel 718 [43], which is the same Ni-based alloy, was used in this study.



The time increment of the simulations was automatically determined so as not to exceed a Courant number of 1. The explicit Euler time integration scheme and the linear interpolation scheme were used for the Laplacian and gradient discretisations. The second-order linear upwind and total variation diminishing (TVD) schemes were employed for the divergent discretisation. The Gauss–Seidel method was used to calculate the flow and temperature fields. The residual for the convergence criteria of velocity and temperature was   1.0 ×  10  − 6    . The incomplete Cholesky preconditioned conjugate gradient method was used for the pressure calculation. Considering the balance between calculation accuracy and efficiency, the residual for the iteration was   1.0 ×  10  − 7     to ensure the stability of the calculation.




2.3. Single-Track Laser Scanning Simulations


The DEM result with a packing fraction closest to the average packing fraction of the five simulations was selected from the five DEM simulation results with different initial particle configurations. Figure 3 shows a top view (x-y plane) of the final particle configuration obtained from the powder spreading simulation for   D  a v    = 24  μ m. Considering the effect of the particle configuration on the results of the multiphysics CFD simulation, a section of the powder bed was partitioned into five regions, as shown in Figure 3. Each partitioned region had a width of 1.0 mm and a depth of 0.3 mm. The five L-PBF simulations were performed using each of the five partitioned regions. As shown in Figure 3, the simulation model had a width of 1.0 mm, a depth of 0.3 mm, and a thickness of 0.35 mm. A hexagonal mesh with a grid size of 5  μ m was used. For high computational accuracy, the grid size was changed to 2.5  μ m for the powder bed region and the upper part of the substrate with a thickness of 120  μ m (200  μ m thickness in total). A VOF (F) value of 1 was set for the powder bed and substrate regions as the initial condition. The initial temperature of the whole simulation model was set to a typical room temperature of 298.15 K.



The initial laser positions were at x = 0.05 mm, y = 0.15 mm, and z = 0.35 mm. The direction of the laser beam was downwards along the z direction. The laser power and the scanning speed were set to 300 W and 1000 mm/s, respectively, to evaluate the effect of particle size on the molten pool dimensions. For experimental validation, the laser power varied at 180, 300, and 500 W. The laser spot size was 80  μ m. The laser moved 0.9 mm along the x direction from the initial position. A typical computation time was about 30 h on a 96-core parallel computer using the same supercomputer system described in Section 2.1.



Figure 4 shows a typical cross-section obtained from the multiphysics CFD simulation. The figure represents the y-z plane at the centre of the laser displacement (x = 0.5 mm). The white lines in the figure represent the isolines of the solidus and liquidus temperatures, respectively. The molten pool width was determined as the distance along the y direction between the maximum and minimum positions of the isoline of the liquidus temperature at the top of the substrate (z = 0.17 mm). The molten pool depth was determined as the distance along the z direction from the top of the substrate to the minimum position of the isoline of liquidus temperature.




2.4. Single-Track Laser Scanning Experiments


A series of single-track experiments were performed to validate the multiphysics CFD simulation. In this experimental validation, the molten pool dimensions obtained from the single-track experiments were quantitatively compared with those obtained from the multiphysics CFD simulations using different laser reflectivity models. Since the powder packing properties can affect the molten pool dimensions, experiments without the powder bed, i.e., laser scanning on a bare plate, were also performed.



The procedure for the single-track experiments is briefly summarised below. Hastelloy X bare plates were used in this study, and the L-PBF system used was the SLM280HL (SLM Solutions, Lübeck, Germany). The laser scanning speed was set to 900 mm/s. The laser power was varied at 180, 300, and 500 W.



The bead line created by the laser scanning was cut at the centre of the bead line. The molten pool dimensions were measured from a cross-sectional image. Resin was embedded in the cross-sectional surface, and the specimen was then polished. A colloidal silica solution was added during the final polishing step. The polished cross-section was washed with water and dried sufficiently. The cross-section was examined by scanning electron microscopy (SEM) to measure the molten pool dimensions. An example cross-sectional image for a laser power of 300 W and a scanning speed of 900 mm/s is shown in Figure 5.





3. Results and Discussion


3.1. Preliminary Analysis: Experimental Validation


A series of simulations for the bare plate was carried out for a quantitative comparison with the experiments. The control parameters for the experimental validation are the laser reflectivity models and their model parameters. Table 4 lists the reflectivity models and their model parameters used in this preliminary analysis.



Figure 6a,b show the effects of laser reflectivity on the molten pool width and depth, respectively.



The molten pool widths obtained from the simulations did not agree with those obtained from the single-track experiments. The difference in the molten pool width between the simulation and the experiment was significant, even though the reflectivity was small (0.2). However, the slope of the molten pool width with increasing laser power was consistent with that of the experiments. Previous studies have reported the observation of a vapour plume during laser scanning of the bare plate [45,46], L-PBF [47,48], and laser welding [49]. The vapour plume consists of high-temperature evaporated metal smoke. Previous studies have reported that the temperature of the vapour plume has reached several thousand K [49]. The vapour plume was continuously generated during the laser movement, indicating that additional heating due to the vapour plume can increase the width of the molten pool formed earlier by laser irradiation. The molten pool width obtained from the simulations was small compared to that obtained from the experiments because the effect of the vapour plume was not considered in the multiphysics CFD simulation in this study. Modelling the plume generation in the multiphysics CFD simulation will be an important task in our future studies.



As shown in Figure 6a, the molten pool depth varied significantly with laser reflectivity. The molten pool depth of the Fresnel and Hagan–Ruben models corresponded to that of a constant reflectivity of 0.6 and did not agree with that of the experiments. For a constant reflectivity of 0.4, the molten pool depth obtained from the simulation was in good agreement with that obtained from the experiments. Ren et al. evaluated the time evolution of the reflectivity (absorptivity) using multiphysics CFD simulation [31]. They reported that the laser reflectivity varied depending on the laser condition, and the laser reflectivity of the Fresnel model was greater than that of the Hagan–Ruben model. Trapp et al. reported that the reflectivity varied between 0.2 and 0.7 for 316L stainless steel from the experimental measurements using a micro-calorimetry apparatus [50]. They performed experiments by varying the laser power at scanning speeds of 500 and 1500 mm/s. For the laser power range comparable to this study (between 180 and 500 W), the estimated laser reflectivity was about 0.23 for 500 mm/s and between 0.45 and 0.55 for 1500 mm/s [50]. The simulations with a constant reflectivity of 0.4 at 900 mm/s reproduced the experimental molten pool width, which is consistent with the trend in the experimental measurements of Trapp et al. It should be noted that the measured reflectivity was for the molten metal, i.e., the reflectivity when the temperature was greater than the solidus temperature. According to Xie et al. [51], the laser reflectivity at room temperature is greater than that at the melting temperature level for some pure metals and alloys. If the constant reflectivity of 0.4 is used at any temperature, the laser reflectivity for a temperature greater than room temperature may be underestimated.



From the above discussion, a constant reflectivity of 0.4 was used because the experimentally measured molten pool depth and the experimental trend for the molten pool width with increasing laser power can be reproduced through multiphysics CFD simulation.




3.2. Packing Fraction of Powder Bed


Figure 7 shows the relationship between the packing fraction and average particle diameter. The points and error bars represent the averages and standard deviations for the five simulations. The packing fractions decreased as the particle diameter increased. In addition, the standard deviation also decreased as the particle size decreased. This was likely related to the ratio of the powder bed thickness to the particle diameter. For   D  a v    = 40  μ m, two particles could be positioned within the thickness of the powder bed formation region. However, the two particles were rarely aligned along the z direction because they were dynamically pushed out due to the dynamic movement of the coater blade. Figure 8 shows side views (x-z plane) obtained from the powder spreading simulations with different   D  a v   . The side view represents the range between 0.2 and 1.2 mm along the x direction, which was the model width used in the multiphysics CFD simulation. The thickness of the powder bed was almost identical to the diameter of a single particle when a   D  a v    of 36 or 40  μ m was used. The number of particles increased as   D  a v    decreased. For   D  a v    = 24  μ m, three or four particles piled up along the z direction. In these cases, the driving force (dynamic confining stress) due to the movement of the coater pushed the particles down. The particles could move freely to fill the pore spaces of the powder bed. As a result, smaller particles could be packed more densely compared to larger particles.



Figure 9 shows top views obtained from the powder spreading simulations with different   D  a v   . A sparse packing structure was observed at a   D  a v    of 36 or 40  μ m. To the best of the authors’ knowledge, in practical applications of L-PBF systems, the thickness of the powder bed region is often set to a length slightly larger than the   D  a v   . This indicates that the powder bed formed in the real L-PBF process will have sparse and inhomogeneous packing. Such packing inhomogeneity may lead to scanning track irregularity, which can cause defect formation. It should be noted that a sparse packing structure has been observed in powder spreading model experiments in previous studies, for example, in [52].




3.3. Packing Homogeneity


Figure 10 shows a top view obtained from the powder spreading simulation with a   D  a v    of 24  μ m. To evaluate the packing homogeneity, the model domain was divided into ten subdomains along the x direction. The average diameter and number of particles were then measured for each subdomain. Figure 11a,b show the average particle diameter and the number of particles in each subdomain, respectively. As shown in Figure 11a, the average particle diameter in subdomain-1 was slightly smaller than that in the other subdomains. Except for subdomain-1, the average diameters for the subdomains were almost equivalent.



According to previous studies [53,54,55,56,57], size segregation has been observed in the moderate flow regime in granular flow down an inclined plane. The moderate flow regime is a flow state at a given angle of inclination, where the granular material flows at an almost constant velocity without acceleration. In the moderate flow regime, large particles accumulate at the top, whereas small particles accumulate at the bottom. Moderate flow could occur in the powder spreading simulation because the coater blade was moving at a constant speed. The powder tended to form a repose angle during particle spreading by the moving coater blade. In this state, large particles tended to accumulate on the inclined surface of the repose angle, whereas small particles tended to accumulate near the bottom surface. The particles near the bottom surface first fell to the edge of the powder bed formation region. This was likely the reason why the average diameter in subdomain-1 was smaller than that in the other subdomains.



Figure 11b shows the number of particles in the ten subdomains. The number of particles was almost constant between 0 and 1.2 mm along the x direction; thereafter, it increased depending on the subdomain position along the x direction. This was likely due to the way the powder spreading simulation was performed. In the gravitational packing process, excess particles that did not fill the powder storage region flowed into the powder bed formation region before the coater movement, as shown in Figure 2c,d. Particles were deposited on top of this excess particle layer. As a result, the number of particles increased for   x ≥   1.2 mm compared to   x ≤   1.0 mm.



For an outlet edge of the powder bed formation region (1.8 mm   ≤ x ≤   2.0 mm), the number of particles suddenly dropped due to the boundary effect. When the coater blade approached the outlet edge, the particles between the coater blade and the wall edge of the powder bed formation region were scattered by strong repulsive force due to the large overlap between the particle and the wall. The scattered particles displaced some of the particles in the region of 1.8 mm   ≤ x ≤   2.0 mm. As a result, the number of particles near the outlet edge decreased.




3.4. Equivalency of Particle Size Distribution


Figure 12 compares the particle size distribution at the powder storage region with that at the powder bed formation region. The solid lines and solid points represent the particle size distributions at the powder storage region, whereas the dashed lines and white points represent those at the powder bed formation region. When   D  a v    was less than 28  μ m, the two particle size distributions were almost the same, but they differed when    D  a v   ≥   32  μ m. In particular, relatively large particles were reduced when    D  a v   ≥   36  μ m. When   D  a v    was small compared to the thickness of the powder bed formation region, particles of any diameter could be uniformly filled; hence, the particle size distributions at the powder storage and powder bed formation regions were similar. In contrast, relatively large particles when   D  a v    = 36 or 40  μ m exceeded the thickness of the powder bed formation region. A recent study using DEM simulation confirmed that the reduction of large particles in the powder bed resulted in a decrease in the average particle diameter compared to the original average particle diameter [37]. In addition, due to size segregation, small particles accumulate near the bottom surface and are filled into the powder bed formation region. The moving coater blade sweeps away large particles from the top of the powder bed. As a result, large particles should be removed from the powder bed.



As described above, an average particle diameter slightly larger than the thickness of the powder bed is used in some conventionally used L-PBF systems. For example, a thickness of 30 or 50  μ m for the powder bed formation region was set for powders with an average particle diameter of 29  μ m in [10,40]. In the present study, the ratio between the average diameter (even up to 40  μ m) and the powder bed formation region thickness was smaller compared to our previous studies. This implies that the particle size distribution of the formed powder bed may be different from the original size distribution encountered in real fabrication processes using an L-PBF system. This problem will be addressed in our future work.



When discharging large particles through the coater movement, linear depressions may occur along the coater movement direction because large particles may scrape off small particles. As described in Section 3.5, the average particle diameter correlates with the molten pool depth. If the powder bed thickness varies spatially, the molten pool depth will not be spatially uniform. The laser processing parameters are selected assuming a representative powder bed thickness. However, unexpected pores and lack of fusion can occur due to the spatial variation in the powder bed thickness, caused by packing inhomogeneity. Therefore, it is crucial to generate a homogeneous powder bed in the L-PBF process.




3.5. Molten Pool Dimensions


Figure 13 shows the relationship between the mean particle diameter and molten pool dimensions. The figure shows the averages and standard deviations (error bars) for simulations conducted using the five different tracks shown in Figure 3. The molten pool width was slightly dependent on   D  a v   ; however, this was roughly equivalent to the laser spot size of 80  μ m. In contrast, we found that the molten pool depth correlated with   D  a v   . This was likely due to differences in the powder bed thickness and surface area. As shown in Figure 8, the thickness of the powder bed increased as   D  a v    decreased. In addition, the large particles spread inhomogeneously in the powder bed formation region with a thickness equivalent to one particle. Multiple particles piled up in the z direction, resulting in the powder bed forming a porous structure that allowed for multiple reflections of the laser beams. With each reflection, the heat from the laser irradiation was absorbed into the powder bed, reducing the amount of heat reaching the substrate. However, when using large particles, the powder bed had almost a single-particle thickness, allowing the laser beams to directly reach the substrate. This was likely the reason why small particles exhibited a smaller molten pool depth compared to large particles.



The effect of particle size on the powder packing density and molten pool depth was clearly confirmed, even though the particle size distribution was varied in extremely small increments of 4  μ m. This suggests the importance of powder bed properties in the melting and solidification phenomena in the L-PBF process. While this study focused on the average particle diameter, some previous studies using DEM simulation have suggested that powder particle shape, as well as the shape and travelling speed of the coater blade, can also affect powder bed properties [35,37,52,58,59,60].





4. Conclusions


The aim of this study was to evaluate the effect of powder particle size (average particle diameter) on powder packing properties and molten pool dimensions using DEM and multiphysics CFD simulations. We modelled the movement of a conventionally used real L-PBF system through DEM simulation and conducted a series of powder spreading DEM simulations with different average particle diameters of 24, 28, 32, 36, and 40  μ m. Multiphysics CFD simulations of single-track laser scanning were performed, incorporating the final particle positions and radii obtained from the powder spreading DEM simulations. As a result, the following conclusions were obtained:




	
The packing fraction increased as the average particle diameter decreased.



	
Smaller particles tended to accumulate at the inlet edge of the powder bed formation region.



	
As excess particles penetrated prior to powder spreading by the movement of the coater, the number of filled particles between the centre and the outlet edge of the powder bed formation region increased.



	
The powder bed thickness increased as the average particle diameter decreased.



	
Multiple particles piled up in the z direction when the average particle diameter was small, whereas the particles spread inhomogeneously with a thickness of one particle for large average diameters.



	
The molten pool width was hardly dependent on the average particle diameter and was approximately equal to the laser spot diameter used in the simulation.



	
The molten pool depth increased with decreasing average particle diameter. It was suggested that the region of the powder bed with a smaller average particle diameter absorbed greater thermal energy due to the greater specific surface area resulting from the large powder bed thickness and the accumulation of multiple particles.








In the DEM simulations in this study, the average particle diameter influenced not only the powder bed thickness but also the packing fraction. The packing fraction can affect the specific surface area, which implies that the effect of the packing fraction is also implicitly included. To evaluate the effect of the packing fraction, the powder spreading simulation needs to be improved to form a powder bed with a constant thickness but different packing fractions. This is a task for our future research.



This study focused on particle size distribution as a factor influencing the powder packing properties. Other factors can influence the packing properties, including the powder particle shape, as well as the shape and travelling speed of the coater blade. To further improve the quality of parts manufactured using the L-PBF process, it is important to systematically evaluate the effect of these influencing factors on the powder packing properties and molten pool formation behaviour.
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Figure 1. The five particle size distributions used in this study. 
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Figure 2. Snapshots captured during powder spreading DEM simulation using particles with an average diameter of 32  μ m. 
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Figure 3. Top view of the powder bed formed obtained from the powder spreading simulation for an average particle diameter of 24  μ m and dimensions of the multiphysics CFD model. 
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Figure 4. An example image of the determination of the molten pool. 
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Figure 5. An example cross-sectional image obtained from the single-track laser scanning experiments for a laser power of 300 W and a scanning speed of 900 mm/s. 
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Figure 6. Effect of laser reflectivity on the molten pool width (a) and depth (b). 
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Figure 7. Relationship between average particle size and packing fraction. Points and error bars represent the averages and standard deviations for the five simulations with different initial particle configurations. 
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Figure 8. Side views obtained from the powder spreading simulations with different average particle diameters. 
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Figure 9. Top views obtained from the powder spreading simulations with different average particle diameters. 
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Figure 10. Top view of a 24  μ m average particle diameter and ten subdomains along the x direction. 
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Figure 11. Average particle diameters (a) and number of particles (b) in each subdomain shown in Figure 10. 
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Figure 12. The particle size distributions at the powder storage region and powder bed formation region for   D  a v    = 24  μ m (a), 28  μ m (b), 32  μ m (c), 36  μ m (d), and 40  μ m (e). 
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Figure 13. Relationship between the average particle diameter and molten pool dimensions, including the molten pool width (W) and depth (D). The points and error bars represent the averages and standard deviations for simulations conducted using the five different tracks shown in Figure 3. 
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Table 1. Chemical composition of Hastelloy X.
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	Ni
	Cr
	Fe
	Mo
	Co
	W
	C
	Al
	B
	Mn
	N
	O
	P
	S
	Si
	Ti





	Powder
	Ni-bal.
	22.1
	18.1
	9.0
	1.6
	0.7
	0.06
	0.05
	<0.002
	0.0
	0.008
	0.0013
	<0.005
	0.003
	<0.1
	0.09



	Bare plate
	R48.22
	21.56
	18.38
	8.86
	1.01
	0.59
	0.08
	0.19
	0.005
	0.48
	-
	-
	0.008
	<0.002
	0.46
	0.02










 





Table 2. DEM parameters used in this study.






Table 2. DEM parameters used in this study.





	Model
	Parameter [Unit]





	Density
	8220 [kg/m3]



	Spring constant
	  5 ×  10 6    [N/m]



	Poisson’s ratio
	0.3



	Restitution coefficient
	0.4



	Particle–particle friction coefficient
	0.3



	Particle–wall friction coefficient
	0.3



	Time increment
	  2 ×  10  − 8     [s]










 





Table 3. Material properties of Hastelloy X used.
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	Parameter
	Value [Unit]





	Solid density
	8220 [kg/m3]



	Liquid density
	8220 [kg/m3]



	Density of gas
	1.780 [kg/m3]



	Solidus temperature
	1533.15 [K]



	Liquidus temperature
	1628.15 [K]



	Evaporation temperature
	3100 [K] [44]



	Thermal conductivity
	29.0 [W/(m·K)]



	Latent heat of fusion
	27,600 [J/kg]



	Latent heat of evaporation
	645,700 [J/kg] [44]



	Specific heat capacity of metal
	677 [J/kg·K]



	Specific heat capacity of gas
	523 [J/kg·K]



	Surface tension coefficient ( σ )
	  − 1.1 ×  10  − 4     T + 2.067 [N/m] [43]



	Liquid viscosity ( μ )
	0.005 [Pa·s]



	Gas viscosity
	  1.0 ×  10  − 5     [Pa·s]



	Mushy zone constant
	105 [kg/(m3s)]










 





Table 4. The reflectivity models and parameter values used.
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	Model
	Model Parameter Value





	Fresnel
	 ϵ  = 0.25



	Hagan–Ruben
	-



	Constant
	0.2



	Constant
	0.4



	Constant
	0.6
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