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ABSTRACT: A computational fluid dynamics model based on real physics was developed to 
investigate the single track formation of selective laser melting. Through simulation works, it is 
revealed that the wetting behaviour between melted powders and substrate is closely related with 
the scanning speed of laser beam, thereby affecting the development of interlayer defects and 
geometry of the solidified track. In addition, a deep and narrow keyhole would be generated with 
low scanning speed, which contributes to the formation of keyhole voids underneath the solidified 
track. The simulation results are consistent with experimental observations in literature. Hence the 
model is helpful to predict the porosity formation of additive manufacturing process even before 
making real printed parts. 

 

INTRODUCTION 
Selective laser melting (SLM) is one of the metal additive manufacturing (AM) technologies used 
to fabricate components for critical applications (Chua, Wong, & Yeong, 2017). The basic 
working principle of SLM is to selectively melt a layer of metal powders by applying a focused 
laser beam. With sufficient power intensity, powders are melted and the melt pool extends to the 
substrate underneath the powders, thereby welding the new layer to the previously solidified layer. 
A three-dimensional part is then built by repeating such process via a layer-by-layer manner.  
 
A critical challenge of SLM is to achieve parts with full density (Gan & Wong, 2017). It is well 
known that porosity is detrimental to the fatigue performance and corrosion resistance of materials 
(Leuders et al., 2013). The pore defects may also act as stress concentration sites upon straining, 
therefore reduce the global ductility. However, many researchers reported the observation of pore 
defects in materials processed by SLM. In fact, the formation of porosity is shown to be associated 
with the energy inputs. Spherical pores are commonly found with high energy inputs (high laser 
power or low scanning speed), whereas irregular shaped defects are observed in samples processed 
with low energy intensity (Garibaldi, Ashcroft, Simonelli, & Hague, 2016; Rombouts, Kruth, 
Froyen, & Mercelis, 2006). A clear understanding of the underlying mechanisms of porosity 
formation is significant for both researchers and engineers to eliminate such flaws.  
 
The main reason of porosity development was suggested to be the unstable motions of molten 
materials during SLM, resulting in the in-situ defects and balling effect. Since the fusion of metal 
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powders occurs at a small length ( m) and time ( s) scale during SLM, it is difficult to monitor the 
formation of defects through experimental approach (Lu & Wong, 2018). An attractive alternative 
to study the SLM process is through numerical modelling. The melt pool dynamics of single track 
formation during SLM has been reported in various simulation studies (Khairallah & Anderson, 
2014; Panwisawas et al., 2015). The results suggested the significance of surface tension and recoil 
pressure in controlling the dynamic behaviors of the melt pool. 
 
The current study uses discrete element method (DEM) and computational fluid dynamics (CFD) 
to simulate the formation of a single track, which is known as the fundamental building unit of 
SLM. The results reveal how scanning speeds can affect the dynamics of molten materials. 
 
METHODS 
An open source software LIGGGHTS® (Kloss & Goniva, 2011)(LAMMPS Improved for General 
Granular and Granular Heat Transfer Simulations) was applied to simulate the deposition of metal 
powders. The total force exerting on each spherical powder can be computed by adding the 
gravitational force and the contact force. Based on Newton’s second law, the motion of particles 
can be solved until they reach the equilibrium state. Following steps are adopted to simulate the 
deposition of powder bed. A cloud of spherical particles was firstly injected above a cubic 
container. The powders freely drop into the container due to the gravitational force, forming a 
powder bed with random distributions. The powder diameter was set within the range of 20-40 

m, which is similar to a realistic case. 
 
The output of DEM simulation was then imported into the CFD model, which is employed to 
simulate the melting and solidification of metal powders during SLM. The CFD model was 
developed based on an open source platform OpenFOAM® (Jasak, Jemcov, & Tukovic, 
2007)(Open Field Operation and Manipulation). Volume of fluid (VOF) (Hirt & Nichols, 1981) 
method was used to capture the free surface (metal/gas interface) of the model, while 
conservations of mass, momentum and energy were numerically solved. The VOF and Navier-
Stokes equations are given as follows: 
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Details of the equations could be found in reference (Panwisawas, Qiu, et al., 2017). In the 
momentum equations, surface tension, thermocapillary force and recoil pressure were incorporated 
to simulate the dynamic motion of molten materials during the laser scanning process. The 
materials used for simulation is stainless steel 316 (Kirillov, 2006).  
 
RESULTS AND DISCUSSION 

 
Figure 1. Time evolution of the melt track at 100, 300, 500 and 633 s, respectively. A power of 
200 W and scanning speed of 1.5 m/s were applied to perform the simulation. Unmelted (or 
solidified) materials are colored grey, whereas the temperature of molten materials is denoted by 
the color legend. 
 
As shown in Figure 1, a laser beam with power of 200 W and speed of 1.5 m/s was employed to 
scan over the power bed. With the interactions between the laser beam and the powders, metal 
particles are heated up and fused together. Meanwhile, the power is strong enough to melt the 
substrate beneath the power bed, leading to wetting behavior between the melted powders and the 
base plate. Accordingly, a melt track welded with the substrate is formed during the scanning 
process. As suggested by previous study, such phenomenon is closely related with the surface 
tension force. In addition, it can be noted that the temperature near the beam spot can reach the 
boiling point of stainless steel (red region), giving rise to the evaporation of metallic materials. 
Therefore, a downward force named as recoil vapor pressure is exerted on the top surface, leading 
to the formation of a depression zone. Subsequently, the recoil pressure at the back of the 
depression zone rapidly decreases due to the temperature drop, and the surface tension overcomes 
the effect of recoil pressure. As a result, molten materials reversely flow into the depression 
region. Such process is liable for the complex motion of molten fluids during SLM.  
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Figure 2. Configurations of solidified tracks built with scanning speed of 0.75 and 6.0 m/s, 
respectively.  
 
From the cross sections (see Figure 1(b)), the laser parameters are suitable to produce a solidified 
track without pore defects, which can be explained from two aspects. Firstly, the energy intensity 
is strong enough melt the substrate beneath, resulting in the wetting effect between the substrate 
and the melted powders. Interlayer voids can hence be eliminated by the wetting phenomenon. 
Secondly, the energy intensity is still insufficient to create a deep keyhole, thereby avoiding the 
possibility of entrapped gas bubbles during the collapse of a keyhole.  

 
With the same laser power of 200 W, simulations were performed with different scanning speed of 
0.75 and 6.0 m/s, respectively. The configurations of solidified tracks are illustrated in Figure 2. It 
can be noted that these two tracks exhibit irregularity as compared to Figure 1. Nevertheless, the 
physical mechanisms of irregular tracks are different for these two cases.  
 
The cross sections in Figures 3(a) and (b) respectively illustrate the time evolutions of the melt 
tracks with scanning speed of 0.75 and 6.0 m/s. As compared with Figure 1, the increased energy 
intensity in Figure 3(a) induces a deeper keyhole during laser scanning. In such case, the reversal 
motion of molten materials would introduce gas bubbles during the scanning process. Due to the 
rapid cooling during SLM, the gas bubbles are trapped within the solidified materials. As 
suggested by the simulation, porosities with spherical shapes are attributed to the collapse of a 
deep keyhole. King et al. (King et al., 2015) also reported this kind of porosity in SLM 
experiments, although other studies claimed different mechanisms of the spherical defects (Gong, 
Rafi, Karthik, Starr, & Stucker, 2013). The simulation case is similar with the keyhole mode laser 
welding (Panwisawas, Perumal, et al., 2017), in which entrapped gas bubbles are reported in both 
experiments and simulations. Additionally, the creation of collapse of a deep keyhole is liable for 
the instability of molten materials during SLM, leading to the irregularity of the solidified track. 
Therefore, excessive energy intensity (low scanning speed) may induces geometrical irregularity 
and spherical defects in SLM-built samples.  
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Figure 3. The cross section views of the model processed with a scanning speed of (a) 0.75 and (b) 
6.0 m/s. Unmelted (or solidified) materials are colored grey, whereas the temperature of molten 
materials is denoted by the color legend. The time snapshots of (a) were taken at 200, 600, 1000 
and 1200 s, respectively. The time snapshots of (b) were taken at 25, 75, 125 and 200 s, 
respectively.  
 
On the other hand, Figure 3(b) illustrates the effects of insufficient energy intensity on the melt 
tack. With high scanning speed, the laser power is inadequate to melt the substrate beneath the 
power layer. As seen in the cross sections, the stainless steel powers are partially melted during the 
laser scanning, suppressing the wetting behavior between melted particles and the base plate. Due 
to the lack of fusion, interlayer voids with irregular shapes would be induced during SLM. The 
elimination of wetting effect also causes the discontinuity of the solidified track, since the melted 
particles tend to coalesce with nearby neighbors rather than spreading on the substrate. Moreover, 
the interlayer defects may be correlated with the surface roughness of pre-existing layer, since the 
local power thickness can be affected by the surface fluctuations. 
 
CONCLUSIONS 
The CFD simulations explain the formation mechanisms of two types of pore defects: spherical 
and irregular shaped. A deep keyhole is formed with low scanning speed, resulting in the 
entrapment of gas bubbles during the collapse. High scanning speed can suppress the wetting 
behavior between melted powers and pre-existing layers, since the energy intensity may be 
inadequate to extend the melt pool to the substrate underneath the power layer. Suitable laser 
parameters can be applied to build a solidified track with smooth surface and eliminate the 
development of pore defects. 
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