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ARTICLE INFO ABSTRACT
Keywords: Selective laser melting (SLM) process, which is one type of additive manufacturing (AM) pro-
Numerical modelling cesses, involves numerous complex physical phenomena such as heat transfer, molten metal flow,

Additive manufacturing
Selective laser melting
Moving laser heat source
Molten metal flow

phase transformation, and Marangoni effect. These phenomena have significant effect on the final
products quality. The aims of this research are to investigate the thermal behavior and molten
metal flow characteristics, and to analyze the influence of the process parameters on scanning
track formation. An integrated numerical modelling of discrete element method (DEM) and
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computational fluid dynamics (CFD) are applied. The results reveal that the molten metal
backward flowed from the laser hot spot to the rear of the melt pool due to the surface tension
gradient. The uniform tear-drop shape and high penetration scanning track occurred with laser
power and scanning speed of 200 W and 1000 mm/s, 250 W and 1000 mm/s, and 250 W and
1200 mm/s. Moreover, the scanning track width and depth of all scanning speed levels, 1000
mm/s, 1200 mm/s, and 1500 mm/s, increased around 4-10 pm and 14-22 pm, respectively, with
the increase in laser power of 50 W and reduced around 1-4 pm and 3-6 pm, respectively, per
increasing in scanning speed of 100 mm/s.

1. Introduction

Selective laser melting (SLM) process is a powder-based AM process for fabrication the metallic components with elaborate
structure that uses moving laser heat source for melting the metal powder bed to achieve the full dense parts [1-3]. The advantages of
SLM process include freedom in products design, low material loss, and near-net-shape parts production [4,5]. Several complex physics
phenomena such as heat transfer, molten metal flow, phase transformation, and Marangoni effect which have a crucial effect on the
final parts quality, can take place during SLM process [6]. These complex physical phenomena are very difficult to observe by
experiment because they appear in a short period and a micro level. However, numerical modelling is an effective method that
provides a better understanding of the mechanism of complex physical phenomena in SLM process [7,8]. Over recent years, the
numerical models for SLM process using the finite difference method (FDM) or finite volume methods (FVM) have been developed by
many researchers [9-11]. For instance, Y. Li and D. Gu [12] developed a three-dimensional model to investigate the thermal behavior
of pure titanium powder in SLM process with ANSYS software. Patiparn et al. [13] investigated the influence of laser power and
scanning speed on the melt pool shape of AISI 420 in SLM process by using numerical modelling method. The results of the study
presented that shape of melt pools can be changed from ellipse shape to tear drop shape with an increase in scanning speed. Moreover,
a three-dimensional SLM process of AIS H13 simulation was developed to examine the melt-pool behavior of a randomly-distributed
powder bed with keyhole formation by Nd-YAG laser [14]. It was found that the keyhole mode, narrow and deep melt pool, can be
formed when evaporation occurs.

In the current study, a powder-scaled computational fluid dynamics (CFD) model was applied to investigate the thermal behavior
and molten fluid flow characteristic, and analyze the effects of process parameters, namely laser power and scanning speed on scanning
track formation in SLM process. The integration of discrete element method (DEM) model and CFD model were used to generate the
powder bed layer on the solid substrate and to simulate the molten metal flow characteristic. A moving Gaussian heat source model
was modeled as a moving heat flux on the top of the powder bed layer. The laser power, scanning speed, layer thickness, and laser spot
size used in this study were 150 W, 200 W, 250 W, 1000 mm/s, 1200 mm/s, 1500 mm/s, 50 pm, and 52 pm respectively. The result
from numerical modelling was validated with the experimental study result reported by Y. Ch. Wu et al. [14].

2. Numerical modelling approach
2.1. Heat transfer and molten metal flow equations

The complex physical phenomena such as heat transfer, molten metal flow in SLM process can be solved by using CFD model, which
is based on mass, energy, and momentum conservation equations [15]. Considering the phase transformation between the solid phase
and liquid phase, the latent heat of fusion model was applied to simulate the phase transformation. In addition, the volume of fluid
(VOF) method was used to track the melt pool surface geometry and position [16].

Marangoni effect is the phenomenon which relates to the mass transfer along the melt pool surface due to the surface tension
gradient. The Marangoni effect strongly influences the surface morphology of molten pool and heat convection. The surface tension
model with temperature dependence is shown in Eq. (1) [14,15].

dy

¥ (D)=t + 4 (T=Ta) e

where Y is the surface tension at temperature T, Y, is the surface tension at melting (liquidus) temperature, T, is melting temperature,
and g—% is surface tension coefficient with temperature dependence.
The materials evaporation occurs when temperature exceeds the boiling point of materials. Moreover, the melt pool morphology

affected by evaporation can be determined by a recoil pressure over the molten metal surface [14,15]. The recoil pressure equation is
expressed as:

T-T,
P, =0.54P,exp (AHv RTT, > 2)

where AH, is the enthalpy of metal vapor, P, is the saturation pressure, R is gas constant, and T}, is boiling temperature of material.
The Gaussian heat source model was defined to simulate the laser moving heat source that takes place on the top of the powder bed
layer which can be expressed as Eq. (3) [15].
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where Q is the instant surface heat flux, Ay, is the absorption coefficient, Py, is the laser power, @, is the laser diameter, xg and yg are the
horizontal positions of the laser beam center.

2.2. Numerical simulation setup

To investigate and simulate the complex physical phenomena such as heat transfer and molten metal flow in SLM process, a
powder-scale computational fluid dynamics modelling was performed using simulation software FLOW-3D/FLOW-Weld version
2.3.4.6. A computational domain of this simulation is 0.6 mm x 1.4 mm x 0.25 mm as shown in Fig. 1. Three million computational
mesh elements with the mesh size of 4.5 pm were utilized to the entire of simulation domain. The space region above the metal powder
layer was set as atmospheric pressure and room temperature. Material used as the metal powder with different sizes of 19-43 pm and
solid substrate is AISI H13 steel. A computational domain of this simulation was 0.6 mm x 1.4 mm x 0.25 mm as shown in Fig. 1. The
space region above the metal powder layer was set as atmospheric pressure and room temperature of 298 K. Material used as the metal
powder, with particle sizes of 19-43 pm, and solid substrate was AISI H13 steel. Material properties used in this simulation include
solidus temperature of 1588 (K), liquidus temperature of 1727 (K), surface tension of 1.7 (kg/sz), and surface tension coefficient of
—0.00043 (kg/s%K) respectively. In addition, latent heat of fusion and latent heat of evaporation of AISI H13 steel are 2.5 x 10° (J/kg)
and 7.34 x 10° (J/kg) [14,15]. The thermal physical properties with temperature dependence including density, specific heat, and
thermal conductivity of AISI H13 steel used in the simulation is tabulated in Table 1.

3. Mesh convergence analysis

In order to acquire a reliability of numerical model, mesh convergence analysis was investigated to determine the appropriate mesh
size for this study. The mesh sizes used in the investigation were 3, 3.5, 4, 4.5, 5, 8, and 10 pm. Each mesh size provided total mesh
elements of 9, 6, 4, 3, 2, 0.45 and 0.2 million respectively. The workstation intel® Xeon® 28 cores E5-2683 V3 CPU with 112 GB RAM
was used for this study. The convergence of mesh size was performed by considering the melt track width. As presented in Table 2, it
can be noted that the melt track width converged with mesh sizes smaller than 4.5 pm, while the solving time increased. Therefore,
from consideration of convergence and solving time, the mesh size of 4.5 pm was selected for the simulation in this study.

4. Results and discussions
4.1. Thermal behavior and molten metal flow characteristic

Temperature distribution in the simulation domain during SLM process with laser power of 200 W and scanning speed of 1000 mm/
s at different times is shown in Fig. 2 (a) as color contour plot. At 50 ps, the model depicted the temperature distribution with a round
shape. The red color area appearing around the irradiated spot showed temperature greater than or equal to 1727 K. At 500 ps, the
temperature distribution changed from round shape to a comet-like shape which its tail pointed opposite to the laser heat source
moving direction. The temperature was decreased from the center to the edge of melt pool boundary. As laser heat source moving
along the scanning direction for 700 and 1000 pm, the comet-shape area of the temperature distribution expanded due to the heat
accumulation in metal powder and solid substrate. Furthermore, scanning track or melt track formation evolution is shown in Fig. 2
(b). The temperature and velocity flow field are presented as color contour and vector plot, respectively. At the beginning of SLM
process, Fig. 2 b(v), the laser heat source irradiation resulted the round shape melt pool which the orange color region was depressed
by recoil pressure. The vectors showed molten metal on the melt pool surface flowing from the center toward the edge. Subsequently,
the melt pool transformed from round to elliptical shape while the laser heat source moving forward on the scanning direction as

Laser beam

0.25 mm

Fig. 1. The schematic of simulation domain.
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Table 1
Thermal physical properties with temperature dependent of AISI H13 steel [17-20].
Temperature (K) 298 373 773 1073 1373 1473 1673 1873
Density (kg/ms) 7650 7650 7640 7600 7550 7100 7000 7000
Specific heat (J/kgK) 447 453 519 573 625 642 677 708
Thermal conductivity (W/mK) 29.50 30.30 35.39 43.90 45.59 50.70 21.98 24.06
Table 2
Mesh convergence analysis.
Mesh sizes (pm) 10.0 8.0 5.0 4.5 4.0 3.5 3
No. mesh elements (million) 0.2 0.45 2 3 4 6 9
Melt track width (pm) 100.0 103.0 105.2 106.0 106.2 106.4 106.5
Solving time (min) 21 35 240 300 480 780 1500
(a) . Temperature lde?vK)] (b) Veloity (cm s .]
(l) 298 655 1013 1370 1727

0 125 250 375 500

Temperature (deg-K)

t=1000 ps
1588 1941 2294 2647  300(

Fig. 2. (a) Temperature distribution on metal powder bed with laser power of 200 W and scanning speed of 1000 mm/s with different time and (b)
Scanning track formation evolution during SLM process.

observed in Fig. 2 b(vi). The molten metal rearward flowed from the center to the tail of the melt pool due to Marangoni effect of the
different surface tension. After the heat source move further along the scanning track, temperature of the tail of melt pool gradually
reduced, and then the solidified track or scanning track was formed below the solidus temperature of 1588 K. Due to the influence of
heat dissipation, Marangoni convection, and heat accumulation, the solidification from the edge to the center of melt pool formed the
tear-drop shaped scanning track as illustrated in Fig. 2 b(vii).

Temperature evolution during SLM process monitored by a probe setting at the middle of powder bed is exhibited in Fig. 3. At 300
ps, the probe still showed room temperature because laser heat source did not pass it. The temperature rose rapidly while the laser heat
source passing the probe, and then plummeted to room temperature as there was no contact between the probe and the molten metal
due to melt pool depression. After the laser heat source passed over the probe, surface tension gradient and Marangoni effect caused
backward flow and raised the molten metal up to contact the probe showing temperature above the solidus temperature again.
Subsequently, the temperature started to decline to the room temperature in solidification stage.

The evolution of melt pool at x = 0.5 mm section view during the laser heat source passing through is displayed in Fig. 4. The
molten region and the velocity flow field that occur during molten pool evolution are presented by red color and arrows. At 250 ps
while the edge of laser spot just reached the observed section plane, metal powder began to melt, and transfer the heat to the substrate
below. At 300 ps, the center of laser beam moved just above the observed section plane and irradiated the metal powder fully melted.
Recoil pressure on the surface of molten metal depressed downward flow as indicated by direction arrows, then a keyhole was formed
as seen at 350 ps. As laser heat source moved away from the observed section plane, recoil pressure was released therefore the molten
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Fig. 3. Temperature evolution observed at the middle point of powder bed during SLM process with laser power of 200 W and scanning speed of
1000 mm/s.

metal changed to flow upward filling the keyhole because of the gravity force. Finally, the melt pool underwent cooling and solidi-
fication which induced the Marangoni effect to generate convex scanning track surface as shown in Fig. 4 (f)-(i).

4.2. The evolution of molten pool with varied processing parameters

A good understanding of the evolution of molten pool with varying processing parameters in SLM process has a great significance to
control the quality of final build parts. Fig. 5 shows the evolution of melt pool with different process parameters at monitoring section
view x = 0.5 mm. The temperature distribution that occurs during the molten pool formation and evolution is displayed by color bar of
temperature in the right bottom corner of Fig. 5. The direction and magnitude of velocity flow filed are presented by direction arrows
and the color bar in the left bottom corner of Fig. 5 (al) - (c4). For this research, three case studies with laser power and scanning speed
of 150 W and 1000 mm/s, 200 W and 1000 mm/s, 200 W and 1200 mm/s are selected to present the effect of laser power and scanning
speed on molten pool formation and evolution. The initial state of the molten pool evolution of three different cases are shown in Fig. 5
(al), (b1), and (c1). With laser power and scanning speed of 150 W and 1000 mm/s, the metal powders, which is spread on the solid
substrate, are not melted due to low heat energy and heat transfer from the laser heat source (al). While at the combination of 200 W
and 1000 mm/s, the metal powder started to melt and begins to transfer heat to the solid substrate (b1). Whereas, the complete melting
between metal powder and solid substrate can be observed with the combination of 200 W and 1200 mm/s as the moving laser beam
arrives at monitoring plane as depicted in Fig. 5 (c1). As time progresses, the formation of molten pool with different process pa-
rameters are presented in (a2), (b2), and (c2). It can be noted that the melting stage of molten pool in conduction mode is generated
with the combination 150 W and 1000 mm/s, and 200 W and 1200 mm/s due to low heat energy from laser heat source to metal
powder as shown in Fig. 5 (a2), (c2). The molten pool in conduction mode typically provided the wide and shallow molten pool shapes.
On the other hand, when the similar the scanning speed of 1000 mm/s, but the laser power was increased from 150 W to 200 W, the
molten pool in transition mode, which effects from the recoil pressure and Marangoni flow resulting depression of molten pool, was
formed due to high thermal energy from laser beam and more heat transfer between the metal powder and the solid substrate as shown
in Fig. 5 (b2). Furthermore, the solidification and cooling stages of molten pool can take place after the laser source moves away from
monitoring section as seen at 450 ps and 650 ps. As shown in Fig. 5 (a3), (b3), (c3), the flow of molten metal in solidification stage of all
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Fig. 4. Melt pool evolution at x = 0.5 mm section view during SLM process.
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Fig. 5. The evolution of melt pool with different process parameters at monitoring section view x = 0.5 mm.



P. Ninpetch et al. Case Studies in Thermal Engineering 24 (2021) 100860

case studies alter from below direction to above direction to fill the gap because of the absence of recoil pressure. At 650 ps, the final
shape and cooling stage of molten pool are illustrated in Fig. 5 (a4), (b4), (c4). The molten pool that formed convex shape can be
generated by the Marangoni effect induced from surface tension gradient. At the laser power of 200 W and scanning speed of 1000
mm/s, it can be obviously seen that the molten metal still takes place at the above of molten pool as presented in red color region in
Fig. 5 (b4). This is due to a large heat accumulation and low cooling rate of molten pool. In contrast, with the combination 150 W and
1000 mm/s, and 200 W and 1200 mm/s, the melt pool with solid state was completely formed. Moreover, it can also be seen that the
final shape and surface morphology of molten pool for each condition are distinctive. The final shape of molten pool is marked with
blue dash-dotted lines. As shown in Fig. 5 (a4) and (c4), the molten pool with laser power and scanning speed of 150 W and 1000 mm/
s, and 200 W and 1200 mm/s showed the irregular shape, convex surface morphology and shallow of penetration depth. On the other
hand, the uniform tear-drop shape molten pool with flat top surface and high penetration in the substrate can be observed when the
laser power and scanning speed of 200 W and 1000 mm/s are applied as illustrated in Fig. 5 (b4).

4.3. Influence of SLM process parameters on scanning track formation

The temperature distribution during the SLM process under different laser power and scanning speed is shown in Fig. 6. The
simulation results pointed out that the temperature distribution region with laser power of 250 W and scanning speed of 1000 mm/s
can expand more than that of laser power of 200 W and scanning speed of 1500 mm/s due to the combination of thermal accumulation
of metal powder and a longer time to interact between the laser heat source and the powder bed. These phenomena influence thermal
stress, distortion, and cracking of final build parts.

Fig. 7 demonstrates the temperature evolution under different laser power and scanning speed which was monitored by probe A
setting at the middle of powder bed and probe B setting 0.8 mm below the probe A in the substrate. The highest point of temperature
took place when the laser heat source passed the probe. The temperature peak of higher laser power was higher than that of lower laser
power as observed in Fig. 7 (b) and (c). For instance, at the probe A, the peak temperature of 250 W, 200 W and 150 W with the same
scanning speed were around 4698 K, 3355 K, and 1963 K, respectively. In contrast, when increasing the scanning speed, the tem-
perature peak decreased due to shorter time that metal powder absorbed the laser energy as observed in Fig. 7 (d) and (e). For example,
at the probe B, the peak temperature of 1000 mm/s, 1200 mm/s, and 1500 mm/s with the same laser power were approximately 1545
K, 1094 K, and 898 K, respectively. The physical phenomena have an influence on microstructure evolution and mechanical properties
of final parts.

Fig. 8 exhibits the cross-sections of scanning track under different laser power and scanning speed from numerical modelling.
Dimensions of the scanning track width, w, depth, d, and height, h, as defined in Fig. 8 (b), d/w ratio, and h/w ratio were illustrated in
Table 3. The numerical simulation results revealed that the high penetration and uniform tear-drop shape scanning tracks, defining as
flat top surface and sufficient penetration of melt track, took place with the laser power and scanning speed of 200 W and 1000 mm/s,
250 W and 1000 mm/s, and 250 W and 1200 mm/s due to high heat input from laser energy to metal powder bed. The criteria of
uniform tear-drop shape in this study were d/w ratio >0.7 and h/w ratio <0.2. On the contrary, the scanning tracks with laser power
and scanning speed of 150 W and 1000 mm/s, 150 W and 1200 mm/s, 150 W and 1500 mm/s, 200 W and 1200 mm/s, 200 W and
1500 mm/s, and 250 W and 1500 mm/s provided the irregular shape and shallow of penetration depth scanning track due to

P=250W
v =1000 mm/s

P=150W
v =1000 mm/s

P=200W (c)
v =1000 mm/s

(b)

P=200W P=200W
(e) v =1500 mm/s

(d) v =1200 mm/s

Temperature (deg-K)

208 655 1013 1370 1727

Fig. 6. Temperature distribution during the SLM process with different laser power and scanning speed.
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Fig. 7. Influence of laser power and scanning speed on the temperature evolution.

insufficient energy heat input. It can be noted that the scanning track width and depth of all scanning speeds increased with increasing
laser power, i.e. increased around 4-10 pm and 14-22 pm, respectively, with the increase in laser power of 50 W. Moreover, it was
found that with higher scanning speed, the laser power had greater effect to the track width variation than with lower scanning speed.
For example, at the scanning speed of 1500 mm/s, the track width difference between laser power of 200 W and 250 W was around 10
pm, while it was around 4 pm at the scanning speed of 1000 mm/s. Likewise, the scanning track width and depth decreased around 1-4
pm and 3-6 pm, respectively, per increasing in scanning speed of 100 mm/s for all cases of different laser power. The width and depth
of scanning track are significant factors to determine the hatch spacing and overlap rate of multi tracks scanning to achieve the full
dense parts.

4.4. Numerical simulation validation

The numerical modelling result in the current study was validated with the experimental result from Y. Ch. Wu et al. [14]. Fig. 9
shows the comparison of molten pool region between the simulation result obtained from this study (a) and the experimental mea-
surement from Y. Ch. Wu et al. (b). The contour plot of numerical modelling represents the melt and unmelt region in red and blue
color respectively. The simulation and the experimental results were in reasonable agreement with minor differences of molten pool
width and depth. Consequently, it was assured that the numerical model in this present study can be further utilized to investigate and
simulate the influence of SLM parameters on thermal behavior, molten metal flow characteristic, and single scanning track formation.

5. Conclusions

In the present research, a powder-scale CFD model was carried out to examine the thermal behavior and molten metal flow
characteristic, analyze the influence of laser power and scanning speed on scanning track formation, and provide an insight under-
standing on the complex physics in SLM process of AISI H13 tool steel. The results reveal that the CFD model can be utilized to describe
the mechanism of complex physical phenomena in the SLM process such as heat transfer and molten metal flow characteristics. The
molten metal can flow backward from the laser hot spot to the tail of molten pool because of the difference between surface tension at
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Table 3
The scanning track width, depth, height, d/w ratio, and h/w ratio under different laser power and scanning speed.
P (W) v (mm/s) w (pm) d (pm) h (pm) d/w ratio h/w ratio Uniform tear-drop shape
150 1000 97 59 10 0.61 0.10 No
200 1000 106 81 16 0.76 0.15 Yes
250 1000 110 95 11 0.86 0.10 Yes
150 1200 89 50 15 0.56 0.17 No
200 1200 98 70 19 0.71 0.20 Yes
250 1200 104 87 17 0.84 0.16 No
150 1500 83 42 15 0.50 0.18 No
200 1500 91 61 24 0.67 0.26 No
250 1500 101 77 26 0.76 0.25 No
melt region

000 0.25 050 0.75 1.00

Width = 106 pm
Depth = 81 um

S A 27, 3
Simulation result from the current study Experimental result from Y. Ch. Wu et al. [14]

Fig. 9. The comparison of molten pool region between simulation result obtained from the current study (a) and the experimental result mea-
surement from Y. Ch. Wu et al. (b).

the hot spot and at the tail. Scanning track with uniform tear-drop shape and high penetration can be formed with laser power and
scanning speed of 200 W and 1000 mm/s, 250 W and 1000 mm/s, and 250 W and 1200 mm/s. Furthermore, it was also found that the
scanning track width and depth increased around 4-10 pm and 14-22 pm, respectively, with the increase in laser power of 50 W, and
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decreased around 1-4 pm and 3-6 pm, respectively, per increasing in scanning speed of 100 mm/s.
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