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Abstract 
In the powder bed fusion (PBF) type additive manufacturing (AM), understanding the relationship between the quality of the powder bed and 
the powder spreading process is crucial to avoiding defect formation. In this study, we investigated the powder-raking behavior during the 
multiple-layer fabrication process by discrete element method (DEM) and computational thermal-fluid dynamics (CtFD) simulations. The 
integrated PBF process simulation revealed that the gap height between the powder spreading blade and the build platform increases nonlinearly 
with the number of stacking layers, and accordingly, the powder-covered area ratio increases in the formed powder beds and affects the melt 
pool shapes. The powder raking behavior and melting and solidification behavior are related to each other, and both the powder raking and the 
irradiation conditions need to be optimized to obtain a high-quality part in the PBF process.  
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Introduction 
Additive manufacturing (AM) technologies have attracted considerable attention, allowing us to easily build three-dimensional (3D) parts with 
complex geometries. Among the wide range of available AM techniques, powder-bed fusion (PBF) has emerged as a preferred technique for 
metal AM1,2). In the PBF process, metal products are built layer-by-layer over thousands to tens of thousands of times by scanning laser, which 
fuse metal powder particles into bulk solids. The PBF enables control of the 3D shape and microstructure by controlling the process parameters. 
Despite these advantages, the application of PBF-type AM technology is currently limited to some aircraft parts, medical devices, and 
automobile parts3). One reason is that the reliability of the manufactured parts is guaranteed only when a specific part is manufactured using a 
specific material. 

The mechanical properties of PBF fabricated parts depend on their microstructure4) and the type and distribution of defects contained, 
which mainly depend on process parameters such as beam irradiation and powder spreading conditions. Inappropriate process parameters may 
cause defects in the manufactured parts, and the properties cannot be guaranteed5,6). The process parameters must be appropriate to manufacture 
parts of satisfactory quality without defects using PBF7-9). Therefore, understanding the influence of powder properties and spreading process 
conditions on the powder bed properties is important for the quality assurance of parts manufactured by PBF. Understanding these relationships 
allows us to optimize the conditions of the powder spreading process, improve the quality of the manufactured parts, and reduce manufacturing 
costs. The effects of powder properties and the spreading conditions on powder-bed qualities have been investigated. Computer simulations 
are effective for identifying these relationships. In particular, the discrete element method (DEM) simulation is effective, wherein the size 
distribution of powder particles can be set freely, and the motion of each particle and the interaction between particles can be analyzed10-12). 
Computational analysis can reveal the powder bed formation mechanism and identify the requirements for the stable formation of a dense and 
highly uniform powder bed. Conversely, the beam scanning conditions are reported to affect the surface roughness in the actual PBF process 
13), and the powder raking behavior and melting and solidification behavior are suggested to be related to each other and the powder raking. 
The irradiation conditions must be optimized to obtain a high-quality part in the PBF process. However, the effect of the surface morphology 
after melting and solidification on the powder spreading behavior is not well known. It is necessary to investigate the relationship between 
powder properties, powder spreading conditions, and laser scanning conditions to obtain guidelines for PBF process optimization.  

In this study, we investigated the powder-raking behavior during the multiple-layer fabrication process by discrete element method (DEM) 
and computational thermal-fluid dynamics (CtFD) simulations to identify the process optimization guidelines. We performed experiments on 
the angle of repose and corresponding DEM simulations to determine the interaction parameters among the particles. Thereafter, raking process 
simulations were performed using the determined interaction parameters, and the formed powder beds were fused with laser beam irradiations 
in the CtFD simulations. These simulations are repeated, and the relationships between the raking and fusing behaviors are investigated. The 
integrated PBF process simulation revealed that the gap height between the powder spreading blade and the build platform increases nonlinearly 
with the stacking layers. Accordingly, the powder-covered area ratio increases in the formed powder beds, affecting the melt pool shapes. The 
powder raking behavior and melting and solidification behavior are related. The powder raking and the irradiation conditions must be optimized 
to obtain a high-quality part in the PBF process. 
 
Method 
Experimental method  
Fig. 1 shows a scanning electron microscope image and the particle size distribution of the gas atomized powder of the Ti-15Mo-5Zr-3Al alloy 
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used in this study. Ti-15Mo-5Zr-3Al alloy is a β-type titanium alloy with a body-centered cubic structure. The Ti alloy exhibits the low Young’s 
modulus of 44.4 GPa by controlling the crystal orientation14,15) and is expected to be used as a metal implant material. Several particles have 
shapes close to a true sphere, some have shapes such that a portion protrudes from a large spherical particle, and some contain satellites. The 
D50 of the powder is 31.9 μm. The cohesive force of these powders was estimated by dropping them through a funnel onto a petri dish and 
measuring the angle of repose. The funnel was filled with 50 g of powder, then dropped onto a petri dish with a 60mm diameter, placed onto 
an electric balance, and the angle of repose of the powder pile formed was measured. The distance between the metal funnel and the petri dish 
was 50 mm. The angle of repose was measured three times for each powder classification. The measured angle of repose was used to estimate 
the cohesive force parameter in the DEM simulation. 

 
Fig.1. (a) Scanning electron microscopy image and (b) particle size distribution of gas-atomized Ti-15Mo-5Zr-3Al powder used in this study. 
 
DEM simulations were performed using the large-scale atomic/molecular massively parallel simulator (LAMMPS) software16). The cohesive 
force causes powder agglomeration and greatly affects powder flow and packing17) because the particle size of the powder used for AM is 
small at several tens of micrometers and the cohesive force becomes more dominant than gravity as particle size decreases. In this study, we 
adopted the Hertz-Mindlin model that includes the Johnson-Kendall-Roberts (JKR) model18), which considers the influence of the Van der 
Waals forces on the contact region to add the cohesive force between powders in the contact model. The elastic force Fn in the normal direction 
is expressed in the JKR model as follows:  

Fn=-4√πγE*a⬚
3
2 + 4E*

3R* a3 (1) 

where γ is the surface energy density, and a is the radius of the contact surface. E* is the effective Young’s modulus, and R* is the effective 
radius; these are expressed as follows: 
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where E, ν, and R are Young’s modulus, Poisson’s ratio, and particle radius, respectively. In this study, the simulation was performed, assuming 
that the particles are true spheres. The cohesive force was estimated using γ as a fitting parameter to match the angle of repose obtained in the 
experiments. Particle drop simulations were performed with γ values of 7.0, 8.0, 9.0, and 10.0 mJ m-2. As in the experimental setup, the powder 
was filled in a funnel and dropped. The simulation model was set to a 1/500 scale of the experiment owing to constraints on simulation time. 
The angles of repose of the formed powder piles were measured and compared with those obtained in the experiments. 

 
Fig.2. Snapshots of (a) powder drop and (b) powder spreading DEM simulations. 
 

The powder raking process was simulated using the estimated γ values. Figure 2b shows a snapshot of the simulation. The y-direction was 
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set as a periodic boundary condition. Particles were placed on the platform's edge and raked by a blade. The process conditions of blade velocity, 
v, and gap height, δ, were set to 150 mm s-1 and 60 μm, respectively.  

CtFD simulations of four-track bidirectional laser-beam irradiation to the formed powder beds were performed using a 3D thermal-fluid 
analysis software (Flow Science FLOW-3D® with Flow-3D Weld module). Most parameters were evaluated using an alloy physical property 
calculation software (Sente software JMatPro v11). A uniform mesh size of 10 μm was applied throughout the computational domain. The 
initial temperature of the substrate was 298 K, and the atmospheric pressure was 1.013 × 105 Pa. Irradiation was performed with a beam power 
of P = 360 W and a scanning speed of V = 600 mm s-1. The melt pool shapes and solidification conditions were evaluated based on the 
temperature gradient, G, solidification rate, R, and cooling rate. After the laser irradiations, the surface shapes were approximated using 
spherical particles, powder-spreading DEM simulations of a stacking layer were performed, and the surface roughness and particle pile-up 
were evaluated. Then, the multi-track laser-beam irradiation CtFD simulations were also performed to investigate the relationships between 
the raking and fusing behaviors. 
 
Results and Discussion 
Estimation of cohesive force by angle of repose fitting 
Fig. 3a shows the powder pile formed in the powder drop experiments, for which the angle of repose was measured at 37.5° ± 0.7°. The powder 
pile formation was also investigated by DEM simulations, as a snapshot shown in Fig. 4b and Fig. 4c shows angles of repose of the formed 
powder piles obtained by the powder drop DEM simulations with various surface energy densities γ. A larger γ resulted in the formation of a 
larger angle of repose, and the angles of repose obtained in the particle drop experiments were reproduced when γ was 8.0 mJ m-2. The 
determined γ value was used in the powder spreading process simulations. 

Fig. 3. (a) Optical image of cone-like pile of powder formed by pouring powder to measure the angle of repose. (b) Snapshot of the powder 
pile formed in powder drop DEM simulations and (c) angles of reposes obtained by the DEM simulations with various γ. 
 
Simulations of multiple-layers fabrication  
Figs. 4a1 and 4a2 show the top- and side-view images of the powder beds formed in the powder spreading simulation of the 1st layer. The 
particles are colored by height. The powder was distributed sparsely, and the ratio of the powder covered area was 16.9%. The ratio is smaller 
than that of Ti-6Al-4V19), of which the surface energy densities γ was smaller than that of Ti-15Mo-5Zr-3Al estimated in this study. It is 
suggested that larger interaction between particles make its movement more difficult, resulting in the formation of the less dense powder bed.  

The formed powder bed was melted and solidified by the four-track bidirectional laser-beam irradiation. Figs. 4A1–A3 show the top- and 
side-view of the CtFD simulated melt pool model obtained by laser irradiated to the powder bed formed by the DEM powder raked simulation. 
Laser beam power, P, and scanning speed, V, are 360 W and 600 mm s-1, respectively. The domains are colored by the melt region. The melt 
pool formed by the latter laser irradiation was deeper, and this is supposed to be caused by a heat accumulation of the previous laser scanning. 
The surface height of the melt regions differed from place to place. The powder covered area ratio before the irradiation was only 16.9%, and 
the inhomogeneous in the powder bed would cause the surface roughness. 

The powder spread simulation was performed again onto the laser irradiated model, and the top- and side-view images of the formed 
powder beds are shown in Figs. 4b1 and 4b2. Compared to the first layer, a denser powder bed formed, and the cover ratio was 36.9%. Generally, 
a powder bed is formed with a gap height different from the set value in the PBF process; the gap height of the first layer is the same as a set 
value, while the gap heights of the second and subsequent layers are greater than the set value. We previously reported that the powder spreading 
with a larger gap height formed a denser powder bed19). In the present study, the average platform height before the powder spreading of the 
second layer was -54 ± 5 μm, and the effective gap height was 114 ± 5 μm. The increase in the effective gap height is suggested to be caused 
by the increase in the cover ratio of the powder bed.  

The powder bed was irradiated again, and the snapshots of the melt region are shown in Figs. 4B1–4B3. The melt pool formed by the later 
laser irradiation was deeper, similar to the first layer fabrication (Figs. 4A1–4A3). For comparing the fusing behaviors of the first and second 
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layer, the melt pool formed by the laser irradiation was deeper in the second layer. On the other hand, the difference in surface height between 
each scanning of the second layer was smaller. The denser powder bed formed in the second layer is suggested to cause higher laser absorption 
and almost the same melting behavior in the entire region. 

 

Fig. 4. Powder beds formed in the powder spreading simulations of (a1, a2) the first and (b1, b2) second layer. Snapshots of the melt region 
obtained by the four-track bidirectional laser-beam irradiation simulations.  
 
Conclusions 
We investigated the powder-spreading and fusing behaviors during the multiple-layer fabrication process by DEM and CtFD simulations. 
Compared with the first layer, the second layer had a larger effective gap height during the powder raking process. This caused the formation 
of a denser powder bed, which resulted in homogeneous melting in the subsequent laser irradiation process. The powder raking behavior and 
melting and solidification behavior are related to each other, and both the powder raking and the irradiation conditions need to be optimized to 
obtain a high-quality part in the PBF process.  
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