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Eulerian–Lagrangian Numerical Simulation
of Powder Bed Denudation and Spatter Behavior
During Powder Bed Fusion Process

LIU CAO, RUI-FAN MENG, QIN-DAN ZHANG, and ZHEN-ZHEN GUI

Powder bed fusion using a laser beam (PBF-LB) is rapidly developing toward high laser power,
high scanning speed, and multiple lasers; however, spatter has become one of the major
bottlenecks limiting PBF-LB to form large metal parts. In this paper, the Eulerian–Lagrangian
numerical simulation study was carried out for the spatter formation and spatter-protective gas
flow coupling behavior. Among them, the Eulerian model considered the effect of particles on
the gas-phase flow, and the Lagrangian model took into account the fluid drag force, gravity,
buoyancy, non-uniform pressure distribution, additional mass force, and particle–particle
collisions. For the effect of metal vapor on spatter and powder bed denudation, it was found
that the larger the metal vapor jet speed or jet area, the faster the spatter speed and the larger the
width of the powder bed denudation zone; the larger the lateral dimension of the metal vapor
action zone (the scanning direction is longitudinal), the larger the number of spatters. For the
effect of protective gas flow velocity on spatter movement, it was found that the longitudinal
movement distance of spatter was significantly larger for larger protective gas flow velocity, and
almost all spatters fell on the powder bed or substrate for smaller protective gas flow velocity.
This paper is expected to provide scientific guidance for regulating PBF-LB spatter.
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I. INTRODUCTION

POWDER bed fusion using a laser beam (PBF-LB),
one of the most promising technologies for rapid
forming of large metal parts, is rapidly developing
toward high laser power, high scanning speed, and
multiple lasers.[1] However, the complex interaction
between the laser beam and the metal powder during
the forming makes spatter accompany the whole
PBF-LB process. Spatter has become one of the major
bottlenecks in PBF-LB forming of large metal parts, as
it leads to porosity and inclusion defects on the one
hand[2] and reduces the quality of powder recovery on
the other.[3]

In the PBF-LB forming process, on the one hand, the
evolutionary behavior of spatter is closely related to the
complex kinetic phenomena occurring in the molten
pool. That is, the metal material evaporates violently

under the action of high energy density, the high-tem-
perature molten pool forms the keyhole driven by the
strong recoil pressure of metal vapor, and there is a
complex mutual mechanical interaction between the
keyhole, molten pool, and metal vapor. The high-speed
jet of metal vapor causes violent fluctuations on the
molten pool, causing some of the liquid–metal to be
ejected with the metal vapor, forming the so-called
droplet spatter.[4] On the other hand, the evolutionary
behavior of spatter is significantly influenced by powder
bed denudation. That is, under the combined influence
of the protective gas as well as the metal vapor injected
at high speed, gas convection is induced near the laser
action zone based on the Bernoulli effect, resulting in the
accumulation of metal particles in the laser action zone.
Powder bed denudation causes some of the metal
particles to enter the laser action zone, which is then
heated into the molten pool or ejected with the metal
vapor, forming the so-called powder spatter.[5] Figure 1
shows the schematic diagram of powder bed denudation
and spatter behaviors during PBF-LB forming process.
Conducting experimental studies on the characteris-

tics observation and process laws of powder bed
denudation and spatter is the basis for understanding
the PBF-LB spatter behavior. At present, with the help
of high-speed cameras,[6] X-ray in situ imaging,[7] acous-
tic information acquisition,[8] and other experimental
means, researchers have focused on the effects of laser
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power,[9] scanning speed,[9] multiple lasers,[9] powder bed
thickness,[10] protective gas type,[11] protective gas pres-
sure,[12] protective gas flow rate,[13] and other factors on
powder bed denudation and spatter behaviors. Qu
et al.[14] proposed to reduce the large droplet spatter of
PBF-LB with the help of nanoparticles. The regulation
mechanism includes two aspects, firstly, nanoparticles
attenuate the fluctuation of the molten pool and
secondly, nanoparticles attenuate the aggregation of
droplets. The above experimental studies have played an
important role in the in-depth understanding of powder
bed denudation and spatter behaviors. However,
because the PBF-LB-forming process occurs in a rapidly
changing solid–liquid-gas coupling environment, where
the complex thermophysical interaction process often
occurs in microsecond time, and the metal vapor is high
in temperature, low in density, and invisible to the naked
eye, the existing experimental means are insufficient to
capture the information of metal vapor temperature and
velocity in the keyhole, which makes it difficult to
quantify and visualize the influence of metal vapor and

protective gas on powder bed denudation and spatter
behaviors.
Based on the obtained experimental research results,

the research on the prediction of powder bed denuda-
tion and spatter behaviors can provide a new path to
reveal the evolution law and regulation mechanism of
PBF-LB spatter. Eulerian–Lagrangian method[15] is a
class of numerical simulations specifically designed to
analyze the coupling behavior of fluid and particle
phases. At present, researchers mainly rely on Eule-
rian–Lagrangian method to predict powder bed denuda-
tion and spatter behaviors, and some of the current
researches are given in Table I. In summary, the current
simulation studies fall into two main categories, one
focusing on the formation of powder bed denudation
and spatter, when the motion of the particles under the
action of metal vapor and the coupling between the
particles and the gas phase are considered, but the
spatter motion inside the forming cavity after spatter
formation is not predicted.[16,17,19] The other focuses on
the spatter movement in the forming cavity after spatter
formation, when the drag effect of the protective gas on

Fig. 1—Schematic diagram of powder bed denudation and spatter behaviors during PBF-LB forming process: (a) view perpendicular to the
scanning direction; (b) view parallel to the scanning direction.
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the metal particles is considered, but the initial velocity
of the particles is often directly specified without
predicting the formation of powder bed denudation
and spatter.[18,21,22] It can be seen that it is necessary to
predict both the formation of powder bed denudation
and spatter and the subsequent motion of spatter in the
forming cavity, for obtaining the complete motion
trajectory of spatter.

This paper conducts a numerical simulation study of
the powder bed denudation and spatter behaviors of
PBF-LB based on the open-source computational fluid
dynamics code OpenFOAM. Among them, the spatter
formation and spatter-protection gas flow coupling
behavior are predicted. In this paper, the effects of
metal vapor injection velocity and injection area on the
spatter formation and powder bed denudation, as well
as the effects of protective gas flow velocity on spatter
motion are investigated separately. This paper is
expected to provide scientific guidance for the regulation
of spatter.

II. EULERIAN–LAGRANGIAN NUMERICAL
MODEL

The main objective of this paper is to reproduce the
powder bed denudation and spatter formation, as well
as the spatter trajectory under the action of protective
gas. Numerical simulations in the absolute sense need to
fully reproduce the melting, vaporization, and solidifi-
cation of metal particles under the action of laser, the
powder bed denudation and spatter formation in the
mesoscopic molten pool scale, and the spatter trajectory
in the macroscopic forming cavity scale. This work is a
typical multiphase (solid phase, liquid phase, gas phase,
particle phase), multiphysical field (thermal field, flow
field), and multiscale (mesoscopic, macroscopic) simu-
lation study, which is difficult to carry out directly at
present. In addition, experimental studies have found
that powder spatter accounts for up to 85 pct of the total
spatter.[4] Therefore, the numerical simulation study
here was carried out based on the following simplifica-
tions and assumptions:

1. Only powder spatter is considered, and melting,
vaporization, and solidification of metal particles
under the laser action are not calculated, and a
high-speed inlet boundary is imposed below the
powder bed in lieu of metal vapor, and the inlet
velocity is set according to experiment.

2. Only the flow field is calculated, and the tempera-
ture field is not calculated.

3. The difference in composition between metal vapor
and protective gas is not distinguished, and both are
considered as the same fluid phase in the calcula-
tion, and the fluid phase is considered as incom-
pressible Newtonian fluid.

4. It is considered that all metal particles are ideally
spherical.

A. Computational Fluid Dynamics for Fluid Phase

In this paper, the single-phase Navier–Stokes equa-
tion is used to describe the motion of the fluid phase, the
effect of particles on the fluid-phase flow is considered,
and the turbulence model is applied. The momentum
equation and continuity equation used here are shown
below:

@qf*uf

@t
þr � qfu

*

f � u
*

f

� �
¼ �rpf þ lf ru

* þru
*T

� �
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� ��ssgs þ qfg
* þ f

*

p�f

½1�

r � u*
f
¼ 0 ½2�

where qf is the density of the fluid phase, kg/m3; u
*

f
is the

velocity of the fluid phase, m/s; t is the time, s; pf is the
pressure of the fluid phase, Pa; lf is the dynamic

viscosity of the fluid phase, PaÆs; ssgs is the sub-grid
stress tensor obtained by introducing the LES turbu-

lence model;[23] g
*

is the gravity acceleration, m/s2; f
*

p�f

is

the force of particles on the fluid, N/m3.

B. Discrete Parcel Method for Particle Phase

In this paper, the discrete parcel method (DPM) is
used to describe the motion of metal particles, consid-
ering the effects of fluid drag force, gravity, buoyancy,
non-uniform pressure distribution, particle–particle col-
lision, and additional mass force on the particle motion.
The main difference between DPM and discrete element
method (DEM) is that the object of study of DPM is
particle parcels, and each particle parcel can contain
several particles with the same size, velocity, and other
properties, and DPM can only deal with spherical
particles. When the number of particles inside the
particle parcel in DPM is one, it is essentially the same
as the effect of DEM processing spherical particles. The
particle motion control equation used here is:
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p
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where, mp is the particle mass, kg; u
*

p
is the particle

velocity, m/s; F
*

f�p
is the drag force of the fluid on

particles, N; F
*

g
is the sum of the gravitational and

buoyant forces on the particle, N; F
*

p
characterizes the

effect of non-uniform pressure distribution on particle

motion, N; F
*

a
is the additional mass force, i.e., the

reaction force of the nearby fluid on the particle when
the particle does accelerated motion, N;

F
*

n
and F

*

t
are the normal and tangential forces

generated during the particle–particle collision, respec-
tively, and are described here using the soft sphere
model, N;[24] Ip is the rotational inertia of the particle,

kgÆm2; x
*

p
is the rotational angular velocity of the

particle, rad/s; R
*

is the rotation force arm, m; qp is the

density of the particle phase, kg/m3; Dp is the particle
diameter, m.

C. Eulerian–Lagrangian Coupling Strategy
and Simulation Process

In the Eulerian–Lagrangian approach of this paper,
the coupling between the fluid phase and the particle

phase is represented by f
*

p�f

in Eq. (1) and F
*

f�p
in Eq. (3),

respectively.The specific formulas for f
*

p�f

and F
*

f�p
are as
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where Vcell is the volume of a single mesh cell in the
CFD calculation, m3; Cd is the drag force coefficient;[25]

Rep is the particle Reynolds number.
The simulation study in this paper is based on the

open-source CFD code OpenFOAM,[23] and Figure 2

shows the simulation flow of Eulerian–Lagrangian
method here. In which, the Eulerian method is used to
obtain the flow field distribution of the fluid phase and
the Lagrangian method is used to obtain the motion
trajectory of the particle phase. After solving each time
step, the coupling force between the fluid phase and the
particle phase is updated for the next time step based on
the current flow field information and the particle
motion information.

III. RESULTS AND DISCUSSION

A. Spatter Formation and Powder Bed Denudation

In this paper, we first focus on the spatter formation
and powder bed denudation under the action of
high-speed metal vapor. The metal material is 316L
stainless steel particles, the protective gas is nitrogen,
and Table II shows the parameters required for the
calculation.[16,18] The initial positions of the particles
were obtained with the help of the open-source discrete
element method code Yade,[25] and the total calculation
time was 0.1 s. The mesh size has a large impact on the
accuracy of the Eulerian–Lagrangian coupling calcula-
tion, and Ref[26] . suggests that for the non-resolved
Eulerian–Lagrangian coupling calculation, the mesh size
should be taken as two to four times the average particle
diameter, so the mesh size used here was 90 lm. In
addition, the computing resources used are configured
with Intel Xeon Gold 6240 CPU (dual CPU, 72 threads,
128 GB RAM) and Intel Xeon Gold 5120 CPU (dual
CPU, 56 threads, 96 GB RAM). To analyze the effects
of metal vapor injection velocity and size on spatter
formation and powder bed denudation, simulation
studies were carried out as shown in Table III.
The gas-phase flow velocity and 3D spatter distribu-

tion at different moments for the case of calculation
scheme A2 are given in Figure 3. From the calculation
results, it can be seen that when the high-speed gas inlet
boundary came into play, a high-speed gas flow jet zone
immediately appeared in the forming cavity, and it
moved continuously along the scanning direction [Fig-
ures 3(a1) through (a4)]. At the same time, metal
particles were continuously ejected upward under the
drag effect of high-speed gas flow, forming spatters, and
the generated spatters gradually increased due to the
continuous movement of the high-speed gas flow jet
zone [Figures 3(b1) through (b4)]. To investigate the
origin of the spatter, the gas-phase and particle velocity
distributions at a given moment for calculation
scheme A2 are given in Figure 4. From the direction
of gas-phase flow in the X-directional cross-section
[Figure 4(a)], it can be seen that the gas directly above
the inlet was influenced by the high-speed gas flow
upward and fast, resulting in a decrease in gas pressure
directly above the inlet, which makes the gas around the
inlet gather in the jet zone under Bernoulli effect, and the
gas flow gathered in the jet zone then drove the particles
around the inlet to gradually gather in the jet zone
[Figure 4(c)], which is the so-called powder bed denuda-
tion phenomenon. As can be seen, the spatters in

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 54A, JULY 2023—2775



Figure 4(b) originate from particles originally located
above the scanning path on the one hand, and from
surrounding particles that accumulate in the gas jet zone
due to powder bed denudation on the other hand. The
simulation results of spatter and powder bed denudation
for calculation scheme A2 and the experimental results
in the literature are presented in Figure 5. The qualita-
tive comparison shows that the simulations of spatter
and powder bed denudation agree well with the exper-
imental results, so it can be concluded that the Eule-
rian–Lagrangian simulation method used herein can be
used to reproduce the powder bed denudation and
spatter behaviors in the PBF-LB forming process.

Figures 6, 7, and 8 give the calculated results for
different cases of high-speed inlet velocity and size. To
illustrate the effect of different inlet velocities and sizes
on the high-speed gas flow jet zone, the equivalent
surface with gas-phase rate of 1 m/s (Figure 6) at a
certain moment for different calculation schemes is
extracted here, and the rate equivalence surface is
considered to represent the size of the high-speed gas
flow jet zone. From the comparison results, it can be

seen that when the inlet size was certain, the high-speed
gas flow jet zone became significantly larger as the inlet
speed gradually increased, especially its Z-directional
size [Figure 6(a) through (c)]. When the inlet velocity
was fixed and the X-directional size of the inlet was
increased, the jet zone became significantly larger
[Figures 6(b), (d)]; when the Y-directional size of the
inlet was increased, the jet zone also became significantly
larger [Figures 6(b), (e)]; when the X-directional and
Y-directional sizes of the inlet were increased simulta-
neously, the jet zone became most significantly larger
[Figures 6(b), (f)]. The variation of the high-speed jet
zone directly affects the formation of spatter.
Figures 8(a) through (c) quantifies and compares the
spatter data at a certain moment for different calcula-
tion schemes, and it should be noted that the metal
particles are judged to be spatter based on whether their
rate is greater than 0.1 m/s. From the quantified
comparison results, it can be seen that when the inlet
velocity or inlet area was larger, the spatter speed was
significantly faster [Figure 8(a)]; when the Y-directional
size of the inlet increased, the number of spatters

Fig. 2—Eulerian–Lagrangian method simulation flow.
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increased significantly [Figures 8(b), (c)]. Figure 7 gives
the predicted results of the powder bed denudation zone
for different calculation schemes. Combined with the
data of the denudation zone width given in Figure 8(d),
it is easy to know that the denudation zone width
increased significantly when the inlet velocity or the inlet
area increased. In summary, the spatter speed and the
width of the powder bed denudation zone are mainly
affected by the combination of the metal vapor jet speed
and area, i.e., the larger the metal vapor jet speed or
area, the faster the spatter speed and the larger the width
of the powder bed denudation; the number of spatters is
closely related to the transverse dimension of the metal
vapor action zone (the scanning direction is

longitudinal), i.e., the larger the transverse dimension
of the metal vapor action zone, the larger the number of
spatters.

B. Effect of Protective Gas on Spatter Motion

The paper then focuses on the effect of the protective
gas on the spatter motion after the spatter has been
formed. The parameters required for the calculation are
consistent with Table II. Figure 9 shows the geometric
and mesh models, where the forming cavity size is
100 9 5 9 50 mm, the powder bed size is
10 9 5 9 0.1 mm, the powder bed is 10 mm from the
right-side wall, and the height of both the protective gas

Table II. Parameters Required for the Calculation[16,18]

Parameter Value Unit

Metal Density[16] 7800 kg/m3

Metal Young’s Modulus[16] 2.2 9 109 Pa
Metal Poisson’s Ratio[16] 0.3 N/A
Protective Gas Density[18] 1.17 kg/m3

Protective Gas Dynamic Viscosity[18] 1.18 9 10–5 PaÆs
Gravity Acceleration (0, 0, -9.81) m/s2

Particle Diameter 25 ~ 55 lm
Particle–Particle Collision
Response coefficient 0.95 N/A
Spring coefficient 1.5 N/A
Friction coefficient[16] 0.62 N/A

Particle–Wall Collision
Response coefficient 0.31 N/A
Spring coefficient 1.5 N/A
Friction coefficient[16] 0.62 N/A

Powder Bed Sizes 10,000 9 5000 9 100 lm
Number of Metal Particles 39,839 N/A
Scanning Speed 0.2 m/s
Scanning Length (X-direction) 8 mm
Time Step 5 9 10–6 s
Moment when High-Speed Gas Flow Starts to Act 0.025 s
Moment when High-Speed Gas Flow Ends Its Action 0.065 s

This table is original and only data from Refs. [16] and [18] are used. The value of the response coefficient ranges from 0 to 1. When the response
coefficient is 1, it means complete rebound (no loss of kinetic energy); when the response coefficient is 0, it means no rebound at all (complete loss of
kinetic energy). In this paper, the reason for setting the response coefficient of particle–particle collision to 0.95 is to consider that the particle–particle
collision is close to complete rebound, while the reason for setting the response coefficient of particle–wall collision to 0.31 is to consider that the
particle–wall collision is close to complete non-rebound. When the spring coefficient in OpenFOAM is set to 1.5, the physical meaning is that the
change in the response coefficient is non-linear. The value of the spring coefficient does not affect the calculation results since the response coefficient
is a given value here, but it is a parameter that OpenFOAM requires to be set. Other parameters not stated as sources are geometric and
computational control parameters, whose settings are based on the author’s previous PBF-LB simulation study.[25]

Table III. Calculation Schemes for Analyzing Spatter Formation and Powder Bed Denudation

Calculation Scheme Inlet Velocity of High-Speed Gas Flow (m/s) Inlet Sizes of High-Speed Gas Flow (lm)

A1 (0, 0, 20) 90 9 90
A2 (0, 0, 30) 90 9 90
A3 (0, 0, 50) 90 9 90
A4 (0, 0, 30) 180 9 90
A5 (0, 0, 30) 90 9 180
A6 (0, 0, 30) 180 9 180

The metal vapor flow rate and area in the actual PBF-LB process are dynamically changing, and the six calculation schemes used herein are
mainly used to analyze the effect of the velocity magnitude and size of the high-speed gas flow on the spatter behavior, and do not directly yield the
real spatter behavior.
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Fig. 3—Gas-phase velocity distribution of the Y-directional mid-section (a1 to a4) and 3D spatter distribution (b1 to b4) at different moments
for calculation scheme A2.
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inlet and outlet is 15 mm, and both are 10 mm from the
bottom wall [Figure 9(a)]. On the basis of ensuring the
accuracy of calculation, in order to reduce the number
of meshes as much as possible, this paper divided the
non-uniform mesh with the help of the blockMesh
function that comes with OpenFOAM, i.e., the X- and
Y-directional mesh sizes of the calculation domain were
100 lm, and the Z-directional mesh size transitioned
from 100 to 312.5 lm according to certain rules, and the
total number of nodes finally obtained was 13,079,358,
and the total number of cells was 12,760,000 [Fig-
ure 9(b)]. The high-speed gas flow inlet velocity was (0,
0, 30) m/s, the high-speed gas flow inlet size was
100 9 100 lm, and the total calculation time was
0.25 second. In addition, parallel calculations were
carried out with the help of OpenMPI and the compu-
tational mesh was manually partitioned in order to
assign as many cores as possible to the particle calcu-
lations. In order to analyze the effect of the protective
gas on the spatter motion, simulation studies were
carried out as shown in Table IV.

Figure 10 gives the gas-phase flow velocity and
spatter distributions at different moments for calculated
scheme B1. From the calculation results, it can be seen

that the metal particles were ejected under the action of
high-speed gas flow to form the spatter. Subsequently,
due to the obvious flow of protective gas above the
powder bed, the spatter was deflected significantly under
the drag effect of the protective gas flow, i.e., the
protective gas flow showed an obvious spatter removal
effect. The different results of the spatter motion in the
case of calculation scheme B1 are given in Figure 11.
Among them, the destination of the splatter can be
divided into three main scenarios: the first scenario is
due to the low initial velocity of the spatter and the
limited movement height, thus being less influenced by
the protective gas flow, which tends to fall into the
powder bed or the substrate [Figures 11(b1), (b2)]; the
second and third scenarios are both due to the high
initial velocity of the spatter, which is more influenced
by the protective gas flow and thus being removed
directly via the protective gas outlet [Figures 11(c1),
(c2)], or collision with the side wall [Figures 11(d1),
(d2)]. It can be seen that combining the spatter forma-
tion with the protective gas flow and carrying out the
calculation of the spatter-protective gas flow coupling
can provide guidance for optimizing the spatter removal
measures.

Fig. 4—X-directional cross-sectional gas-phase flow velocity distribution (a), spatter velocity distribution (b) and local particles velocity
distribution (c) at the moment of t ¼ 0:03 s for calculation scheme A2.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 54A, JULY 2023—2779



The calculation results for different protective gas
inlet velocities are given in Figures 12, 13, 14. From the
comparison results, it can be seen that as the inlet
velocity of the protective gas gradually decreased, the
protective gas flow rate gradually decreased [Fig-
ure 12(a1) to (a3)], and then the influence of the
protective gas flow on the spatter gradually decreased,

which made the movement distance of the spatter in the
X-direction significantly shorten [Figures 12(b1), (b3)].
Figure 13 gives the final distribution of particles and the
spatter motion trajectory under different calculation
schemes. From the calculation results, it can be seen that
when the protective gas inlet velocity was large, a
considerable part of the spatter would eventually be

Fig. 5—Simulation and experimental comparison of spatter and powder bed denudation: (a1 ~ a3) spatter distribution at different moments for
calculation scheme A2; (b1 ~ b3) experimentally obtained spatter distribution at different moments[27]; (c1 ~ c3) powder bed denudation area at
different moments for calculation scheme A2; (d1 ~ d2) experimentally obtained powder bed denudation area[17] (Note: Parts b1, b2, and b3 are
reprinted from reference,[27] under the terms of the Creative Commons CC BY 4.0 license; parts d1 and d2 are reprinted with permission from
reference[17]).
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Fig. 6—High-speed jet zone at the moment of t ¼ 0:045 s for different calculation schemes (equivalent surface with gas-phase rate of 1 m/s): (a)
scheme A1; (b) scheme A2; (c) scheme A3; (d) scheme A4; (e) scheme A5; (f) scheme A6.
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removed via the protective gas outlet or collide with the
side wall, which in turn made a large amount of spatter
eventually accumulate near the left wall of the forming
cavity [Figures 13(a1), (b1)]. Figure 14(a) illustrates this
phenomenon quantitatively, while Figure 14(c) demon-
strates that more spatters were removed via the protec-
tive gas outlet at higher protective gas inlet velocities.
When the protective gas inlet velocity was small, almost
all of the spatter fell into the powder bed or substrate

[Figures 13(a3), (b3)]. In addition, Figure 14(b) illus-
trates that the spatter eventually moved a limited
distance in the Y-direction and showed a clear pattern
of clustering near the scanning path. Figure 14(d)
illustrates that when the protective gas inlet velocity
was larger, the more complex the protective gas flow
field inside the forming cavity was, the more the local
vortex area formed even brought the spatter into the
front of the scanning zone. In summary, the protective

Fig. 7—Powder bed denudation zone at the moment of t ¼ 0:045 s for different calculation schemes: (a) scheme A1; (b) scheme A2; (c)
scheme A3; (d) scheme A4; (e) scheme A5; (f) scheme A6.
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gas flow velocity has a significant effect on the spatter
motion. The longitudinal (i.e., scanning direction)
movement distance of the spatter is significantly larger
for larger protective gas flow velocities, and almost all of
the spatter falls into the powder bed or substrate for
smaller protective gas flow velocities.

IV. CONCLUSIONS

(1) In this paper, Eulerian–Lagrangian numerical
simulations based on OpenFOAM, an open-
source CFD code, were carried out to investigate

Fig. 8—Comparison of spatter and powder bed denudation data for different calculation schemes: (a) ‘‘spatter velocity-particles number’’
histogram; (b) ‘‘spatter velocity-accumulated particles number’’ curve; (c) total number of spatters; (d) width of powder bed denudation zone.
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the powder bed denudation and spatter behaviors
during PBF-LB forming process. The Eulerian
model was used to describe the gas-phase motion,
which took into account the effect of particles on
the gas-phase flow and applied a turbulence
model; the Lagrangian model was used to
describe the particle motion, which took into
account fluid drag force, gravity, buoyancy,
non-uniform pressure distribution, additional
mass forces, and particle–particle collisions.

(2) For the effect of metal vapor jet speed and jet area
on the spatter formation and powder bed

Fig. 9—Geometric model and mesh model: (a) geometric model; (b) mesh model.

Table IV. Calculation Schemes for Analyzing the Effect of
Protective Gas on Spatter Motion

Calculation Scheme Protective Gas Inlet Velocity (m/s)

B1 (� 1.5, 0, 0)
B2 (� 1.0, 0, 0)
B3 (� 0.5, 0, 0)

The actual PBF-LB process in which the protective gas inlet
velocity is dynamically changing, and the three calculation schemes
used herein are mainly used to analyze the effect of the protective gas
inlet velocity magnitude on the spatter behavior and do not directly
derive the real spatter behavior.
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Fig. 10—Gas-phase flow velocity distributions (a1 to a5) and spatter distributions (b1 to b5) of the Y-directional mid-section at different
moments for calculation scheme B1 (Note: The particles were magnified 15 times during post-processing to clearly show them).
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denudation, it was found that the larger the metal
vapor jet speed or area, the faster the spatter
speed and the larger the width of the powder bed
denudation zone; the larger the transverse dimen-
sion of the metal vapor action zone (scanning

direction is longitudinal), the larger the number of
spatter.

(3) For the effect of protective gas flow velocity on
spatter motion, it was found that the longitudinal
movement distance of spatter was significantly

Fig. 11—Different results of the spatter motion for calculation scheme B1: (a) spatter distribution at the moment of t ¼ 0:13 s; (b1, b2) spatter
falling into the powder bed or substrate; (c1, c2) spatter removed via the protective gas outlet; (d1, d2) spatter bouncing off the side wall (Note:
The particles were magnified 15 times during post-processing to clearly show them).
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larger for larger protective gas flow velocities, and
almost all splash fell into the powder bed or
substrate for smaller protective gas flow
velocities.

(4) As a pre-study of PBF-LB spatter behavior,
certain simplifications and assumptions were
adopted in this paper, such as imposing a high-
speed inlet boundary instead of metal vapor and
not considering droplet spatter. In fact, the
PBF-LB phase transformation process involves
the coupling between metal solid phase, metal

liquid phase, metal vapor phase, metal particle
phase, and protective gas phase, and the direct
prediction of the complex kinetic behavior of
these five phases is one of the main difficulties and
one of the main development directions in the
current PBF-LB numerical simulation research.
Since the multiphase coupling behavior is not
directly predicted, the formation of metal vapor
phase cannot be directly predicted here, and the
gas-phase inlet velocity can only be set based on
the experiment. Since the accuracy of current

Fig. 12—Gas-phase flow velocity distributions in the Y-directional mid-section (a1 to a3) and spatters distributions (b1 to b3) at the moment of
t ¼ 0:12 s for different protective gas inlet flow velocities (Note: The particles were magnified 15 times during post-processing to clearly show
them).
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experimental determination of metal vapor flow
speed is low, and the formation of metal vapor
during PBF-LB-forming process is dynamic,
which makes the artificial setting of inlet velocity
reduce the accuracy of prediction results;

therefore, the melting, solidification. and vapor-
ization phase transformation processes need to be
considered in the next study to reveal the gener-
ation and motion law of spatter (powder spatter
and droplet spatter) in a more realistic way. In

Fig. 13—Final particle distributions (a1 to a3) and spatter motion trajectories (b1 to b3) for different calculation schemes: (a1, b1) scheme B1;
(a2, b2) scheme B2; (a3, b3) scheme B3 (Note: The particles were magnified 10 times during post-processing to clearly show them).

2788—VOLUME 54A, JULY 2023 METALLURGICAL AND MATERIALS TRANSACTIONS A



addition, conducting PBF-LB experiments under
different process conditions and comparing and
analyzing the experimental and simulation results
of the final distribution of spatter to verify the
accuracy of PBF-LB spatter prediction are also
one of the focuses of the subsequent research.
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