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Abstract
The efficiency of LPBF is significantly increased by multi-laser powder layer bed fusion (M-LPBF), which offers multiple 
application possibilities in the aerospace, biomedical, and industrial industries. However, the spatter phenomenon causes 
defect formations and contaminations, compromising the processing and thus weakening the quality of the manufactured 
part. By far, spatters are assumed as fixed particle sizes, or multiple fixed injection angles in existing spatter models, which 
do not adapt well to the spatter injection from the melt pool. Therefore, a spatter injection model of different particle sizes, 
initial velocities, and angle ranges is established to simulate gas flow and scanning strategy. In gas–solid coupling simulation, 
the spatter injection model as discrete phase and  N2 as continuous phase are calculated together. Particle ejection follows the 
spatter ejection observed by experiments with a high-speed camera. The simulation shows that 300 particles of size 28 μm, 
500 particles of size 55 μm, and 1300 particles of size 114 μm are generated, and an average of 63, 116, and 398 particles of 
the three particle sizes was deposited on the base, respectively. For the three particle sizes, removal rates out of substrate are 
79%, 76.8%, and 69.4%, respectively. Besides, under the scanning strategy perpendicular to the gas flow, 114-μm particles 
are deposited on the start side of the scanning track more than other particles. Most particles are deposited closer to the 
outlet with counter gas flow. These results will provide an important reference model for M-LPBF and optimize the scanning 
strategy to reduce the impact of spatters on parts.

Keywords Multi-laser powder bed fusion (M-LPBF) · Gas–solid coupling simulation · Spatter · Scanning strategy

1 Introduction

LPBF is one of the additive manufacturing technologies in 
which the laser fuses the fine metal powder selectively layer 
by layer to manufacture parts. M-LPBF is an extension of 
LPBF that uses multi-lasers for the same task. Owing to its 
characteristics of manufacturing complex parts, flexibility, 

lightweight, and simplicity, it overcomes the limitations of 
traditional manufacturing methods. It has been widely used 
in aerospace, biomedical, and other fields [1, 2]. In M-LPBF, 
there will be fewer but bigger spatters depositing on the 
printing substrate because the spatter is easier to agglomer-
ate others into a larger spatter when lasers process in overlap 
areas of the scan strategy. Therefore, it is of significance to 
develop a spatter model to explore the transport and deposi-
tion mechanisms of spatter in the overlapping region of laser 
processing under different scanning strategies.

Spatter is a by-product of M-LPBF technology and reflec-
tion on the state of the melt pool [3]. Three main types of 
spatters are ejected from the molten pool when the metal 
powders are melted. Firstly, the metallic spatters are associ-
ated with recoil gas pressure and vapor recoil. Secondly, 
the solid powders are melted, collide and coalesce, referred 
to as entrainment melting spatters. Thirdly, to reduce the 
surface tension of the melt pool, the molten metal drop-
lets eject backward to the rear end of the melt pool [4, 5]. 
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Several spatter models based on the spatter spray from the 
melt pool have been studied in spatter transport and deposi-
tion. Wang et al. [6] set up a spatter spray model at 45°, 90°, 
and 135° angles and the same initial velocity and tracked its 
trajectory and deposition. They found that 90% of spatters 
deposited in the chamber are affected by the initial speed of 
the spatter, injection direction, and laser power. Chen et al. 
[7] only considered a metal spatter produced by vapor and 
established a virtual moving model with the spatters ver-
tically jetted. They found no remarkable effect within the 
range of 60–120° and the denudation zone exposed while the 
ejection angle was larger than 150°. Anwar et al. [8] used a 
discrete phase simulation method with normal distribution 
between 0° and 60° for the backward ejection angle from 
the collected samples of the earlier experiments in the x–z 
plane only to track the trajectory of the spatter and plume. 
They found that the spatters with smaller sizes and masses 
are more likely to be taken away. Zhang et al. [9] set up a 
particle ejection model with a backward and forward ejec-
tion angle range. The former is estimated to be 127.5° to 
165°, while the latter is about 45 to 60°. It was used to study 
the spatter removal rate influenced by the designed structure 
of the outlet and inlet of the chamber. As described above, 
some efforts have done to study spatter removal and its tra-
jectory. However, the spatter ejecting model is not well in 
line with the spatters spraying from the melt pool because it 
has the same size particle and initial velocity. Therefore, it 
is necessary to establish a spatter model based on the initial 
state of spatter ejection from the melt pool.

Besides, spatter ejection and scanning strategies can 
affect powder deposition and transfer, resulting in lower 
forming quality. Anwar et al. [10] believed that the laser scan 
direction is opposite to gas flow, and spatters will appear on 
the laser spot input path, reducing the laser energy input. 
Altmeppen et al. [11] simulated the motion of the spatter 
source by several layers with in-flow, cross-flow, and coun-
ter-flow scan strategies and found that the scanning strategy 
has a decisive effect on the frequency and intensity of flow 
separation and particle deposition in the substrate region. 
Yin et al. [12] studied the interaction between the two-beam 
laser and materials and observed the change process of the 
molten pool at its two-laser approaching-meeting-separating 
motion. They found that the collision of two molten pools 
would change the flow pattern of the molten pool, resulting 
in a larger spatter. After years of joint efforts by scholars, 
spatter deposition under different scan strategies will affect 
the other processing partition areas in experiments but not 
in simulations, which has yet to be studied.

Reviewing the published works, the focus on optimization 
of the spatter ejection angle mainly due to the recoil pressure 
and vapor becomes obvious. However, little effort has been 
devoted to modeling the spatter ejection with different sizes 
in spatter transport and removal following the Marangoni 

effect, vapor recoil, and entrainment flow together. In addi-
tion, seldom work has efforts to simulate the transport and 
removal with gas flow influenced by different scan strategies. 
Therefore, our work includes six different scan strategies 
to discuss the effects of spatter transport and deposition. 
Our work focuses on establishing a spatter spray model and 
investigating the effect of scan strategy on spatter motion 
and distribution under inert gas flow. Therefore, we studied 
the effect of the speed, size, and direction of the spatter from 
the melt pool in spatter spray modeling.

In the article, the research structure is as follows. The 
nomenclatures are listed in Table 1. Section 2 introduces 
the fluid and gas–solid simulation theory and establishes the 
simulation experiment of the spatter model. Section 3 is the 
experimental scheme for gas flow in the printing chamber, 
the interactions between gas flow and powder bed, and dif-
ferent scanning strategies. Finally, the spatter spray model is 
established in our work at Sect. 4 of this article and analyzes 
the simulation result.

Table 1  Symbol list

Nomenclature

ρ Density of the  N2 gas flow
v Velocity of the  N2 gas flow
p Gas pressure in the chamber
e Enthalpy
� Fluid dynamic viscosity coefficient of  N2

�t Viscosity coefficient of  N2 at time t
� Thermal conductivity of  N2

T Temperature of  N2

� Rate of dissipation of turbulence kinetic energy
Gk Turbulence kinetic energy with the mean velocity 

gradient
Gb Turbulence kinetic energy with the mean velocity 

gradient and buoyancy
C1�,C3�

,C1, �, �k,C2

Coefficients in �-equation

Sij The anisotropy of fluid fluctuating strain rate
S The mean strain rate of Sij
k Kinetic energy
xj Distance at y-direction
xi Distance at x-direction
vi Motion speed of particle i
mi Mass of particle i
Fig Gravity of particle i
Fi Force of friction, gas resistance, collision of particle i
Fif Buoyancy of particle i
Fid Drag force of particle i
Ii Momentum of inertia of particle i
w Angular velocity of rotation of particle i
Mij Torque of particle i
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2  Modeling of spatter gas–solid motion

To have a good simplified simulation performance within 
limited computing power and short simulation time, the 
following assumptions are introduced in the model. The 
influence of heat source is neglected, such as evaporation, 
Marangoni effects, and recoil pressure of multi-physics 
phenomena. Laser-induced velocity disturbance is slightly 
above the workbench and less than 1.6 mm at different laser 
power and can be negligible [6]. The simulation explores the 
impact of six scan strategies on spatter motion and deposi-
tion distribution, focusing on the state of the spatter leaving 
the melt pool, such as particle size, speed and ejection direc-
tion. A virtual moving circular domain mimics the melt pool 
motion [7, 13]. It makes spatters size, ejection direction, and 
initial speed from the melt pool a reality as possible and 
focuses on spatters motion and deposition distribution under 
the different scan strategies. The simulations are performed 
with the N2 and particles inside the printing chamber. The 
 N2 is regarded as an ideal and incompressible Newtonian 
fluid. The spatters move in the gas flow, regarded as the cal-
culation of the solid phase. Gas–solid coupling involves the 
numerical calculation of fluid, solid, and gas–solid coupling. 
In addition, a simplified model consistent with melt pool 
spatter spraying is developed in which three different particle 
sizes are available over three different ranges of velocities 
and spray angles.

2.1  CFD model

CFD simulations are performed to study spatter motion in 
the flow field. In order to reduce the computational cost 
of the simulation process while maintaining acceptable 
boundary conditions, a Newtonian fluid of nitrogen with 
constant incompressibility is considered as the ideal fluid 
inside the printing chamber. In addition, the laser as a heat 
source melts the powers causing complex multi-physical 
phenomena. Previously published works simplified the 
simulation with acceptable accuracy [7, 11, 14]. The heat 
source is not discussed in this paper, excluding the influ-
ence of heat gas turbulence. Philo et al. [15] took some 
experimental values directly into discrete phase spatter 
ejection model without heating particles in their research. 
Wang et al. [6] believed that the laser heat source has little 
effect on spatters and gas flow velocity after spatters inject 
out of the melt pool through simulation analysis. There-
fore, the initial gas and particle states are considered in this 
paper. The realizable k-ε turbulent fluid model is used [8, 
16, 17]. The dominant equations of the simulation are the 
fluid continuity model, momentum equation, and energy 
conservation [9]. The formulas are as follows (1)–(6):

Continuity (mass) equation:

where ρ represents the density of the  N2 gas flow and v rep-
resents the velocity of the  N2 gas flow above the formula.

Momentum equation:

where p represents the fluid pressure and � represents the 
fluid dynamic viscosity coefficient.

Energy conservation:

where e represents enthalpy, � represents thermal conductiv-
ity, and T represents temperature.

Transport equation for the turbulence kinetic energy:

Transport equation for the turbulence dissipation rate �:

where Gk and Gb are generated by the turbulence 
kinetic energy with the mean velocity gradient and 
buoyancy, respectively. �t is viscosity, and constants 
C1� = 1.44,C2 = 1.9, �k = 1.0 , C3� is related to the � affected 
by buoyancy, and C1 [8] is as follows:

2.2  Spatter spray model

When the laser energy is introduced, the powders absorb 
energy, melt to form a melt pool and generate spatters. To 
avoid the complex physical fluid flow at the melt pool level 
and simplify the simulation, some experimental param-
eters for spatter ejection model establishment were directly 
adopted from other experimental analysis via high-speed 
imaging by researchers [6, 15]. The spatter spray model is 
set up without heating particle but with the initial speed, 
size and direction of particle. Therefore, it is necessary to 
do research for experimental values.

Three main types of spatters include droplet spatter, 
metallic spatter, and powder spatter [18]. However, Young 
et al. [5] introduced an entrainment melting spatter through 
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an experiment with a high-speed camera. The powder 
absorbs energy and vaporizes into metal vapor. Solid spatter 
was produced through vaporized metal ejecting un-melted 
powder away from the substrate. Molten powder jets under 
recoil pressure and forms metallic spatter. Its size is close to 
the original powder, and its direction is parallel to the open-
ing direction of the depression area of the molten pool [19]. 
Owing to the Magnani effect, molten metal liquid flows back 
to the tail of the molten pool, breaks the surface tension, and 
then transfers into droplet spatter or powder agglomeration 
particles which are 3–5 times larger than the original particle 
size. It jets backward to the rear end of the melt pool. The 
entrainment spatter is the particle surrounding the melt pool 
driven by the entrainment flow. Some of them are melted by 
the moving laser to form the melt track or merge with oth-
ers into bigger ones ejected by the vapor jet with expanding 
large angle [20, 21].

The papers [5, 20] show only when the specific fabrica-
tion parameters velocity at 0.4–1.0 m/s and laser power at 
340–420 W, the four types of spatter used in our work will 
appear together and the spraying angles almost meet with the 
angle ranges set in our model. Many of the parameters used 
in our study are obtained from reference [5]. The AlSi10Mg 
distribution of powder sizes is 15–38 μm. The scanning 
speed is maintained at 1000 m m/s. As shown in Fig. 1a, b, 
spatter sizes and speeds are quantified. A quantified 28 μm of 
the metallic and solid spatter jet with 2.17 m/s initial speed. 

A quantified 114 μm of the powder agglomeration initial 
jet velocity is 0.66 m/s. A quantified 55 μm of the entrain-
ment melt spatter initial jet velocity is 0.83 m/s. In addition, 
initial ranges of spatter spray direction can be quantified as 
45–150° in the image attained by the high-speed camera in 
Fig. 1(c). These spout angles are set as 60–90 ◦ , 30–60°, 
and 45–70 ◦ for the three spatters, respectively. Finally, the 
spatters simulation model is established, shown in Fig. 1d. 
The assumptions of spatter particles in this paper are as fol-
lows: (1) three kinds of spatters are set to be spherical; (2) 
not considering metal vapor effect, Marangoni effects, and 
recoil pressure; and (3) only considering the diameter, initial 
velocity, and spray direction of the spatter particles.

2.3  Discrete element method (DEM) model

The spatters generated by the LPBF process settle onto the 
printing area or the melt tracks, affecting processing quality. 
Therefore, it is of great significance to track spatter par-
ticle trajectory. The protective gas flow affects the spatter 
tracks by the drag force. The speed of spatter along the direc-
tion of the gas flow increases, and the trajectory of spatter 
becomes longer, which helps with spatter removal. In this 
article, for tracking its trajectory and spatters distribution, 
the DEM simulation is carried out to track the motion state 
and position updating of particles in the fluid domain of the 
print area. The motion of the particles can be divided into 

Fig.1  Spatters quantified size, 
speed and direction and model 
establishment [5], jet direction, 
and spray model. a Spatter 
speed; b spatter size; c spatter 
jet direction [20]; d the spatters 
spray model with three different 
particle sizes and ejection angle 
ranges
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translation and rotation, which can be calculated with force 
balance and rotational torque equations of Newton’s sec-
ond law [10]. The simulation shows the transient simulation 
force balance of particles, including gravity, the drag force 
of the airflow, buoyancy, and other possible forces. The force 
balance equation is as follows:

where mi is the particle mass, vi is the particle motion speed, 
Fig is the particle gravity; Fid is the particle drag force, Fif  
is the buoyancy of the particle, and Fi represents the force 
of friction, gas resistance, and collision with a simplified 
Hertz-Mindlin model.

where Ii is the moment of inertia of particle, w is the angular 
velocity of particle rotation, and Mij is the torque of particle.

2.4  CFD‑EDEM coupling simulation

Figure  2 shows the main steps in CFD-EDEM, where 
the blue and pink rectangles represent CFD and EDEM 
steps [14], respectively, and the flow of data information 
computation transfers to each other. The initial boundary 
conditions and coupling simulation are set in the CFD. 
The SIMPLE algorithm is to calculate fluid state and drag 
force. According to the established spatter spray model, 
the EDEM particle factory generates particles with a cer-
tain initial speed, size, and direction. The collision forces 
between particles and between particles and wall are cal-
culated, and then particle torque, speed, and direction of 
motion are updated after the collision. The information of 
these particles is transferred to CFD for the next initial 

(7)mi

dvi

dt
= Fig + Fid + Fif + Fi

(8)Ii
dw

dt
=

∑

j
Mij

iteration calculation. After updating the gas flow field, it 
calculates the fluid drag force on the particles and judges 
whether the iteration time exceeds the preset simulation 
time. If the iteration time does not exceed the preset itera-
tion time, the next time step will be calculated and deter-
mine whether or not the particles are generated. If there are 
particles generated, the number, size, position, and speed of 
particles are calculated. If there are no particles generated, 
the force on the existing particles is calculated directly. If 
it exceeds the iteration time, the simulation ends.

3  Simulation model setup

3.1  Simulation domain

In the simulation experimental analysis, gas flow is rela-
tively steady and uniform above the substrate with different 
designs of outlet and inlet [6, 15]. To reduce the computa-
tional cost, only the printing base with a 1:1 scale is con-
sidered and designed as a fluid domain, and its size is 115 
mm × 115 mm in Fig. 3a. Since the maximum height of the 
spatter particle trajectory is 50–100 mm, a fluid domain 
is designed, and its size is 115 mm × 115 mm × 200 mm 
in Fig. 3a.

The simulated fluid is mainly distributed at 1–100 mm 
above the substrate, and it is uniform [10]. The height of 
the gas inlet has a great influence on the spatter removal. 
Therefore, designing a gas inlet rationally is to make the 
uniform distribution of the fluid domain close to that above 
the base in the actual chamber. The size of the gas inlet is 
20 mm × 115 mm × 15 mm and the size of the gas outlet is 
20 mm × 115 mm at a distance of 5 mm above the substrate 
in Fig. 3a.

Fig. 2  CFD-EDEM simulation flow chart [14]
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3.2  Meshing

The size of the mesh affects the accuracy of the simulation. 
To ensure that the simulation result is close to reality and 
reduce simulation time, the grid size should be rationally 
designed. In the gas–solid coupling of CFD-EDEM, consid-
ering the porosity of particles in the grid, the drag force, and 
the convergence of the calculation, the grid size is generally 
above 3–5 times the particle diameter. Therefore, a coarse 
grid, a medium grid, and a fine grid are used. The sizes of 
the three grids are 5 mm for the wall, 2.5 mm for the gas out-
let and inlet, and 1 mm for the substrate in Fig. 3b–e. There 
are 1,127,520 mesh nodes and 1,094,340 mesh elements.

3.3  Powder bed setup

Since the diameter of the powder particles reaches the 
micrometer level, it is easily taken away by the gas flow. 

Also, it causes the uneven powder bed in some areas, result-
ing in poor quality of the molded parts. Therefore, in this 
paper, we design a 5 mm × 5 mm original powder particle 
bed to study the interaction between gas flow and powder 
bed, analyzing the movement of the particles in the powder 
bed and the changes and states of the fluid.

3.4  Scanning strategy

The scanning strategy influences the trajectory and deposi-
tion of the spatter, affecting energy input and processing 
quality. Therefore, it is necessary to analyze how the spatter 
moves and where it will deposit. The Phantom V1212 high-
speed camera is used to observe spatter motion in a single 
track. Figure 4 shows that six sets of scan strategies are set 
for the virtual “melt pool” movement. Each scan strategy 
has 20 tracks with a hatch of 50 μm, and the length of one 
track is 10 mm.

Fig. 3  Fluid domain physics 
model and meshing. a Physics 
model; b mesh of the model; 
c the mesh of inlet and outlet; 
d the mesh of wall; e the mesh 
of base

Fig. 4  Scan strategy diagram. 
a Printing area in the base; b 
perpendicular to gas flow; c 
parallel and opposite to the 
flow; d parallel and along to gas 
flow; e 45° to gas flow; f 135° 
to gas flow; g perpendicular to 
gas flow and the bilateral scan 
direction
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3.5  Simulation parameter and boundary conditions

The data information of the simulations needs to be trans-
ferred to each other in real time to calculate the particle 
motion state correctly. Therefore, the time is set to be 

transient in Fluent. The realizable k-epsilon model is 
selected. The gas flow inlet is the velocity inlet, and its 
speed is 3 m/s. The gas flow outlet is the flow outlet. The 
gas flow turbulent intensity is 5%, and the gas flow turbulent 
viscosity coefficient is 10. The gas–solid coupling is a two-
phase flow coupling. Eulerian multi-phase flow simulation 
is selected. The fluid is nitrogen  (N2), and the discrete phase 
is the solid particles. The default drag model of the fluid is 
used. All fluid domains are initialized and computed using 
the SIMPLE solver. Other simulation parameters are shown 
in Tables 2, 3, and 4.

4  Results and discussion

4.1  Uniformity analysis of gas flow inertia

In Fig. 5a, the velocity cloud map in the fluid domain is 
stable at the Y–Z plane 57.5 mm from the side wall, the 
X–Z plane 72.5 mm from the inlet, and the X–Y plane 15 
mm above the base. The Y–Z plane shows that the velocity 
is mainly the same height as the gas flow inlet, and its range 
is 2.7–3.18 m/s (Fig. 5b), reaching the expected velocity 
value. Gas velocity, a little above the substrate, is relatively 
low, so the powder particles are not easily taken away. The 
X–Z plane shows that there will be a tiny eddy fluctuat-
ing gas flow, but its height is low, and it can be ignored 
(Fig. 5c). The X–Y plane cloud map shows the uniform-
ity of the velocity and gas flow (Fig. 5d). Behind the inlet, 
the velocity will decrease slightly at 20–58 mm and then 
become stable. However, the overall fluid velocity uniform-
ity performs well, which plays an essential role in removing 
spatter particles. It is conducive to the settlement area farther 
away from the printing area, which is beneficial to improving 
the quality of the parts.

Table 2  Simulation parameters

Name Property Unit Value/method

N2 Density kg/m3 1.138
Dynamic viscosity Pa∙s 1.663e − 05

Velocity-inlet Velocity m/s 3.0
Outflow Flow rate weighting – 1
Fluid viscosity model k-epsilon – Realizable
Drag model Drag law – Spherical

Table 3  Different collision coefficients [5]

Collision property Particle–particle Particle-
base/
wall

Coefficient of restitution 0.5 0.01
Coefficient of static friction 0.75 100
Coefficient of rolling friction 0.01 0.01

Table 4  The types and properties of the material

Spatter particle property 316 L AlSi10Mg

Poisson ratio 0.3 0.3
Bulk density (kg/m3) 7850 2670
Young’s modulus (MPa) 2200 –
Shear modulus (MPa) – 8 ×  104

Fig. 5  The velocity of  N2 distribution. a The velocity contour in three different planes; b Y–Z plane; c X–Z plane; d X–Y plane
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4.2  Motion analysis of particles on the powder bed 
surface

In Fig. 6a, there are 27,472 powder particles distributed in 
the area of 5 mm × 5 mm, and the filling rate of powder 
at the first layer reaches 68.68%. After simulation, it finds 
that the powder particles on the substrate affect the gas flow 
speed and direction, shown in Fig. 6b. The uniformity of 
gas is relatively disordered, but the gas flow speed becomes 
low. However, in the region higher than 1 mm, the flow 
field changes slightly. Particles are generally generated at a 
relatively high initial velocity, and the impact of flow field 
change on the spatter particle trajectory can be ignored. As 
shown in Fig. 6c, with a gas speed of 3 m/s, most powder 
particles have no change in speed, but only a small number 
of powder particles have a low speed. That is because the 
particles generated following a Gaussian distribution, and 
the smaller ones overcome the friction and slip slowly.

4.3  Validation of the spatter particle ejection model

The spray model with the three kinds of spatter particles in 
this experiment is established at different initial spray angle 
ranges and speeds. The spray model moves along the scan-
ning direction in 1 m/s without gas flow, and the simulation 
results are shown in Fig. 7a. It shows that the three kinds of 
spatters still eject backward to the scanning direction, and 
most of the spray angle is about 105–135° relative to the 
scanning direction. This is similar to the results observed 
by the high-speed camera in the article of Young et al. [5] 
as shown in Fig. 7b. In addition, Yin et al. [22] and Wang 
et al. [23] uncovered the same phenomenon in experimental 
analysis. Therefore, the established spatter particle model 
is used as one of the primary conditions of the simulation 
experiment. Spatters motion is opposite to the scan direction 
and then the same as gas flow with the effect of the gas flow 

in Fig. 7c, d. In Fig. 7c, rare particles in 28 μm are deposited 
on the substrate and have an average longest distance from 
the melt pool. While most 114-μm particles are deposited 
closer to the printing areas and have an average shortest dis-
tance relative to another two particles. For the second place, 
the 55-μm particles are deposited on the substrate and have 
a flight distance. It shows that the larger the particle mass 
and the larger the particle ejection angle relative to the scan-
ning direction, the shorter the flight distance it has. Larger 
particles are more likely to deposit on the substrate area than 
smaller ones.

The spatter motion by scanning strategy simulation 
results of the tracks with 45° to gas flow is compared with 
the images obtained by the high-speed camera presented in 
Fig. 8. Within the parameter window suitable for manufac-
turing, the trend of spatters spraying is almost the same. The 
two papers show the same result that the initial trajectory of 
spatters is parallel to the scanning track and then aligns to 
the direction of the gas flow under the gas flow drag force. 
The result agrees with that of Schwerz et al. [24] as well 
as Bidare et al. [25], even though the materials are com-
pletely different in three different experiments. In addition, 
the spatters move to both sides of the scan track in Fig. 8c, 
consistent with its spraying out of the melt pool observed 
under the high-speed camera in Fig. 8d. The momentum of 
the spatter interacts with the gas flow; therefore, it is diffi-
cult for the gas flow to remove spatters partly ejecting to + Y 
than − Y. Therefore, the gas flow plays an impact on the spat-
ter redistribution.

4.4  Spatter deposition and removal study for six 
different scanning strategies

As shown in Fig. 9, scanning areas are divided into six parti-
tions to study the effect on spatters deposition distribution 
on the substrate. After simulation, most 55-μm particles of 

Fig. 6  The velocity change of metal powder bed and gas flow. a Metal powder bed; b the velocity of gas flow above powder bed; c the histogram 
of different velocities of particles
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entrainment melting spatters are deposited near the scan-
ning area, and they are hard to be removed. That is because 
they are produced with a lower speed, smaller spray forward 
angle, and larger size by recoil steam entrainment and easier 
to collide with other particles causing deposits close to the 
printing areas. Figure 9a shows that most spatters deposit on 
one side of the printing areas after the simulation of scan-
ning direction at 90 ◦ to gas flow. Especially, 114-μm spatter 
jet direction along the tail of molten pool deposit mainly 
at the beginning of scanning lines. Spatters deposit closer 

to the outlet by the scan strategy of the scanning direction 
opposite to the gas flow in Fig. 9b than that along the gas 
flow in Fig. 9c. The reasons are that most particles in 114 
μm eject backward to the tail of the scanning direction, and 
the speed of spatters will become lower until stopping and 
then go up along the gas flow with the effect of gas flow. 
Therefore, spatters with initial velocity against the gas flow 
are close to the printing area and more likely to move to the 
laser input path, affecting powder melting. A good spatter 
deposition distribution by the scan strategy parallel to the 

Fig. 7  Spatter motion simulation and spatter single line with a high-speed camera. a Spatter motion in a single track; b spatter motion under a 
high-speed camera [5]; c spatter movement with gas flow; d spatter movement with gas flow high-speed camera

Fig. 8  Spatter motion with 45° 
to gas flow scanning strategy. 
a Spatter simulation; b spatter 
motion under a high-speed cam-
era [24]; c spatter movement in 
the track; d spatter movement in 
the track under the high-speed 
camera
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gas flow will occur, and spatters deposit more on the sec-
ond, third, fifth and sixth scanning areas than the first and 
fourth areas in Fig. 9c. That is because the spatter sprays and 
scatters on both sides of the scan line, and the component 
vector velocity of particles is opposite to gas flow. It finds 
that more spatters deposit close to the scan area compared 
with the results in Fig. 9b, and the component vector veloc-
ity of particles on one side is consistent with the direction 
of gas flow. In contrast, the one on another is in the opposite 
direction. Therefore, particles have different trajectories and 
deposition distances from the melt pool on both sides of 
the track. It conforms to what Schwerz et al. [24] observed 
with a high-speed camera. Within the parameter window 
suitable for manufacturing, the trend of spatters spraying is 
almost the same. The two papers show the same result that 
the initial trajectory of spatters is parallel to the scanning 
track and then aligns to the direction of the gas flow under 
the gas flow drag force. The result agrees with Schwerz et al. 
[24] as well as Bidare et al. [25], even though the materi-
als are completely different in three different experiments. 
Besides, spatters are closer to the outlet in Fig. 9e than those 
in Fig. 9d. Most particles in 114 μm eject backward to the 
tail of the scanning direction and spatter component vector 

velocity along and in line with the gas flow in Fig. 9e. As 
shown in Fig. 9f, particles are more evenly distributed on 
both sides of the scan area by the tracks of scan strategy 
with dual scan direction and at 90° to the gas flow than those 
shown in Fig. 9a. Therefore, the scanning strategy with the 
bidirectional tracks opposite to gas flow is adapted to avoid 
the spatters agglomeration and uneven parts processing qual-
ity on the region where the beginning of tracks is located. 
Spatters have good deposition distribution on the substrate 
and longer trajectory and deposit close to the outlet.

With the influence of the gas flow, most of the particles 
are deposited outside the printing area. The removal rate is 
the proportion of each type of particle removed from the 
base relative to the total amount generated for each type. 
For the 28-μm, 55-μm, and 114-μm particles, they have been 
deposited on the printing area with an average number of 
63, 116, and 398. Their removal rates are 79%, 76.8%, and 
69.4%, respectively, as shown in Fig. 10. It can be attrib-
uted that small particles of size 28 μm have a higher vertical 
rise and removal rate owing to initial high speeds and low 
quality. Besides, 28-μm particles have a longer fly trajec-
tory, which deposits less on the base and more outside the 
base, as shown in Fig. 7c. Because of heavier masses, lower 

Fig. 9  Spatter deposition in different scan strategy. a Perpendicular to gas flow; b parallel and opposite to the flow; c parallel and along to gas 
flow; d 45 ◦ to gas flow; e 135 ◦ to gas flow; f perpendicular to gas flow and the bilateral scan direction
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initial speeds, and shorter fly trajectories, the 55-μm and 
114-μm particles are not enough taken away by the protec-
tive gas flow in Fig. 7c. Therefore, 28-μm particles have a 
higher removal rate. It can be concluded that the particles 
with small sizes and large spray angles are easier to be taken 
away by the gas flow, indicating that the particle fusing with 
others into a large particle is more difficult to be removed.

5  Conclusion

Since deposition and removal of spatters have a significant 
impact on processing in LPBF. In this paper, according to 
the spatters ejecting from the molten pool, a new spatter 
model with 28 μm, 55 μm, and 114 μm of three particle sizes 
and different initial jet speeds and angle ranges of 45–70°, 
60–120°, and 120–150 ◦ is established. In addition, spatter 
deposition and removal rate are analyzed under six different 
scanning strategies within the gas–solid simulation. From 
the results presented and discussions in this paper, we reach 
the following conclusions:During the spatter motion simu-
lations, the spatter particles eject backward relative to the 
single-track scanning direction, and the height of the spatter 
particle in 28 μm is the highest, which is consistent with the 
observation of spatter under the high-speed camera and in 
line with the spatters ejecting from the melt pool.

1. At a suitable gas velocity, a slight velocity variation 
between the gas flow and the powder bed is shown after 
simulation. Therefore, the velocity effect between the 
gas flow and the powder bed can be negligible.

2. Compared with spatter simulation under six different 
scanning strategies in our work, the spatter particle of 
size 114 μm is closer to the outlet under the scan strategy 

of parallel and opposite to the gas flow. Most spatters 
deposit on both sides of the scan area when the tracks of 
the scan strategy are parallel to the gas flow. Most spatters 
deposit on one side of the scan areas when the tracks of 
scan strategy are perpendicular to gas flow, which is not 
conducive to fully melting powders by laser in the next 
layer. Moreover, spatters are better distributed when the 
bidirectional tracks in the scan strategy are perpendicular 
to gas flow. In the scan strategy of 45° or 135° to gas flow 
simulation, one side of the scan area has more spatters 
than another one. The poor distribution of spatters affects 
the forming quality in the next laser, even the whole part.

3. It is easier to remove particles of size 28 μm with a large 
initial velocity and large spray angle by gas flow, while 
particles of size 114 μm are relatively more difficult. The 
removal rates for particles of size 28 μm, particles of 
size 55 μm, and particles in 114 μm are 79%, 76.8%, and 
69.4%, respectively. Therefore, the smaller the particle 
it is, the easier it is to remove.

Finally, the spatter particles are only considered as the 
solid state, not the gaseous and liquid states. Particles 
cannot be merged with other particles when colliding and 
cannot reflect the actual well. Simulations are only in one 
partition. Spatter interference between multiple regions 
needs to be better studied when processing. The next step 
is to study the gas–liquid-solid spatter ejection model and 
the interaction of multi-region spatters for M-LPBF.
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