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a b s t r a c t

Selective laser melting (SLM) is an additive manufacturing technology to directly form complex metal
parts. It has been demonstrated in aerospace and other fields. In the SLM single-pass formation process,
the SLM layer distribution was modeled here via the discrete element method model (particle contact
force model and particle motion equation). A dynamic behavior model of molten pool based on the par-
ticle scale was also established. The governing equations considered the influence of thermodynamic fac-
tors such as Marangoni effect, gasification recoil, and gasification heat dissipation. The laser energy model
used a Gaussian heat source based on interface tracking. To study the influence of laying powder on SLM
single-pass formation, the corresponding simulations were performed from three aspects: particle size
distribution, powder bed tightness, and lamination thickness. To obtain a good formation zone in the
actual SLM process, metal powder with a smaller average particle size should be used on the basis of sav-
ing money, and the proportion of large-sized particles in the powder should be minimized. A higher pow-
der bed tightness is needed on the basis of ensuring a good connection with the substrate or the previous
printed layer. Finally, a larger lamination thickness should be used on the basis of ensuring that the pow-
der bed is sufficiently melted in the formation zone. This paper is expected to provide some guidance for
the actual SLM laying powder process.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Based on the idea of ‘‘layering-superposition”, the additive
manufacturing technology can directly and quickly manufacture
digital models into three-dimensional solid parts. It has a series
of advantages such as high flexibility, no mold, and no structural
restrictions [1]. Of these, selective laser melting (SLM) is an addi-
tive manufacturing technology to directly form metal parts. It
has high formation precision and short formation cycle. This solves
the problem of low formation efficiency of complex parts in tradi-
tional processes. It has been applied in aerospace, automotive,
medical, and other fields [2]. However, the current SLM technology
has a considerable distance from industrial applications—
especially research on the mechanism of SLM formation and the
influence of process parameters for further study.

The complex thermophysical interaction processes that exist
during SLM formation often occur in a very short period of time
and on a mesoscale scale. Relevant experimental studies focus on
co-observations of the formation [3], laying powder [4], process
parameters [5], part defects [6], microstructure characteristics
[7], and mechanical properties of the parts [8]. These studies can
explain the basic details of SLM formation; however, it is difficult
to obtain accurate procedural information and quantitative analy-
sis of the influence mechanism of various factors in experimental
research. For example, the current engineering experimental meth-
ods cannot obtain the three-dimensional shape of the molten pool
in the SLM formation. The numerical simulation technology has
been widely used in industrial production for its visibility and
forward-looking value. It is an effective technical means for study-
ing physical processes and control defects of mechanical manufac-
turing [9,10].

SLM has outstanding advantages, but the physical process is
very complicated. In the past ten years, numerical simulation
research on the dynamic behavior of the molten pool in SLM for-
mation has gradually emerged. These theoretical studies can be
roughly divided into two directions: those based on the workpiece
scale [11] and those based on the particle scale [12].

(1). Molten pool dynamics based on the workpiece scale

The so-called workpiece scale refers to the powder layer
(including metal particles and voids) as a special material. This
scale indirectly describes the temperature field and flow field
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evolution during SLM formation by setting equivalent physical
parameters and flow behavior models. The mesh size is often a
few hundred microns or even a few millimeters. During the calcu-
lation process of such a simulation method, the equivalent physical
property parameters need to be adjusted based on the state of the
powder layer (particle state, liquid and solid state), metal particle
material, and powder bed tightness. The equivalent flow behavior
model can only treat the metal phase and the gas phase as a whole.
They can then artificially adjust the kinetic parameters (such as
dynamic viscosity) based on the continuous medium [13–17].
Fig. 1 shows the temperature field and flow field results under dif-
ferent SLM scanning speeds calculated by Mukherjee et al. [15]
based on the workpiece-scale method. This kind of simulation
method can greatly reduce the calculation amount by equivalent
processing to obtain the temperature, the shape of the molten pool,
and the thermal deformation in the whole SLM-formation, how-
ever, it is impossible to directly describe the complex flow behav-
ior of molten metal between particles due to the continuous
treatment of the entire powder layer. Thus, the simulation accu-
racy is low.

(2). Molten pool dynamics based on the particle scale

The so-called particle scale refers to modeling based on the
actual particle morphology. It directly calculates the heating and
melting effect of the laser on the metal particles and describes
the complex flow behavior of liquid metal between particles. The
mesh size is often a few microns. This type of simulation method
mainly involves two parts: the laying powder process and the mol-
ten pool dynamics.

A. Laying powder process

The laying powder process includes particle size distribution
and powder bed distribution. Methods for obtaining particle size
distribution are divided into artificial [18] (uniform size, bipolar
distribution, normal distribution) and experimental [19] determi-
nation. The role of the powder bed distribution is to obtain the par-
ticle locations. The calculation methods include regular
distribution [20], raindrop model [21], and discrete element
Fig. 1. Temperature field and flow field results under different SLM scann
method [22,23] (DEM). The key idea of DEM is to study the individ-
ual particles as the research object considering the normal and tan-
gential contact between the particles, as well as the force between
the particles and the roller. This can update the particle motion and
position and obtain a powder bed distribution that is realistic.
Fig. 2a shows the result of a single layer of powder via DEM.

B. Molten pool dynamics

The physical factors to be considered in the calculation of the
molten pool dynamic behavior during the SLM formation include
surface tension between the liquid metal and the substrate and
particles, coupling between the gas phase and the liquid metal,
Marangoni effect, gasification recoil, buoyancy, internal viscosity
of the melt, gravity, and mushy zone drag force. Khairallah et al.
[24] used the multiphysics code ALE3D to directly calculate the
pore defect distribution at different SLM scanning speeds, but the
influence of the Marangoni effect on the flow process was not con-
sidered. Tang et al. [25] analyzed the influence of surface tension
and gasification recoil on pore defects during SLM formation based
on the open source computational fluid dynamics code OpenFOAM
(Fig. 2b). This kind of simulation method can directly describe the
SLM formation and directly predict the formation and evolution of
formation defects such as pore, spheroidization, and surface rough-
ness. However, the calculation accuracy is greatly affected by phys-
ical modeling, and the calculation amount is often large. In
addition, there is currently no simulation work on the impact of
the actual laying powder process for SLM formation.

In this paper, the SLM layer distribution was obtained based on
the discrete element method model (particle contact force model
and particle motion equation). A dynamic behavior model of mol-
ten pool based on the particle scale was also established. The gov-
erning equations considered the influence of thermodynamic
factors such as Marangoni effect, gasification recoil, gasification
heat dissipation, etc. The laser energy model used a Gaussian heat
source based on interface tracking. To study the influence of laying
powder on SLM single-pass formation, the corresponding simula-
tions were carried out from three aspects: particle size distribu-
tion, powder bed tightness, and lamination thickness. This paper
is expected to provide some guidance for the actual SLM laying
ing speeds by using the method based on the workpiece scale [15].



Fig. 2. Dynamic behavior simulation of molten pool based on the particle scale: (a) single layer result by using DEM; (b) SLM molten pool evolution results at different times
[25].
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powder process and provide a technical basis for the subsequent
prediction of single-layer multi-pass and multi-layer multi-pass
SLM formation in the large-scale computing domain.
2. Physical modeling and numerical solution

2.1. DEM model for laying powder

The actual powder bed distribution is a prerequisite for describ-
ing the SLM formation based on the particle scale. The SLM laying
powder process is a typical multi-particle process considering that
metal particles undergo slight deformation during the collision
process. The shape of most metal particles may be considered as
near-spherical; therefore, this paper uses a soft ball model to
describe the relationship between force and displacement during
particle collision. The soft ball model can be used to simulate the
simultaneous collision of two or more particles, and the collision
occurs within a certain period of time, and the contact force
between the particles is then calculated according to the overlap
between the spheres.

The soft ball model uses the vibrational motion equation to
characterize the contact between particle and particle, as well as
particle and boundaries. The normal and tangential decomposition
of the vibrating motion of the particle contact process can be
obtained, and the normal vibration equation during the particle
contact process is:

me
d2un

dt2
þ Dn

dun

dt
þ Enun ¼ Fn ð1Þ

The tangential vibrational motion of the particle contact process
is characterized by tangential sliding and rolling:

me
d2ut

dt2
þ Dt

dut

dt
þ Etut ¼ F t ð2Þ

Ie
d2h

dt2
þ Dt

dut

dt
þ Etut

� �
r ¼ M ð3Þ

where, me is the equivalent mass of particle i and particle j; un and
ut are the normal and tangential relative displacements of the
particles, respectively; t is the time; Dn and Dt are the normal and
tangential damping coefficients of the contact model, respectively;
En and Et are the normal and tangential elastic coefficients of the
contact model, respectively; Fn and F t are the normal and tangential
components of the particle contact force, respectively; Ie is the
equivalent moment of inertia; h is the rotation angle of the particle
itself; r is the radius of rotation; and M is the external torque of the
particle.

The tangential sliding of the particles and the rolling of the par-
ticles are affected by the friction between the particles. The sliding
model can establish the limit conditions for the tangential sliding
and rolling of the particles:

Ft ¼ lEnunsgn Et ut þ dh
2

� �� �
ð4Þ

Here, l is the coefficient of friction, and sgn is the symbolic
function.

After obtaining the contact force of the particles, the motion
equation of the particle i is obtained as follows according to New-
ton’s law of motion:

mi€ui ¼ Fsum ð5Þ

Ii€hi ¼ Msum ð6Þ

where,mi is the mass of particle i; €ui is the acceleration of particle i;
Fsum is the external force of particle i at the center of mass; I i is the
rotational inertia of particle i; €hi is the angular acceleration of par-
ticle i; and Msum is the external torque of particle i at the center
of mass.

Using the Euler method to simultaneously integrate the two
sides of Eqs. (5) and (6), the particle velocity _uið ÞN and the angular

velocity _hi
� �

N
of the next time step can be obtained:

_uið ÞN ¼ _uið ÞN�1 þ
Fsum

mi

� �
N

Dt ð7Þ

_hi
� �

N
¼ _hi
� �

N�1
þ Msum

I i

� �
N
Dt ð8Þ



Fig. 4. Schematic diagram of SLM formation.

L. Cao / International Journal of Heat and Mass Transfer 141 (2019) 1036–1048 1039
Simultaneous integration of both sides of Eqs. (7) and (8) gives
the updated particle displacement uið ÞNþ1 and the rotation angle
hið ÞNþ1:

uið ÞNþ1 ¼ uið ÞN þ _uið ÞNDt ð9Þ

hið ÞNþ1 ¼ hið ÞN þ _hi
� �

N
Dt ð10Þ

Fig. 3 is the schematic diagram of SLM laying powder process.
The process consists of four steps: (a) generating a cloud of parti-
cles above the substrate, (b) pushing the powder to the front of
the roller, (c) the roller moving forward to lay powder, and (d)
obtaining the powder bed with a certain thickness in the forming
cavity.

2.2. Control equations of SLM molten pool dynamic behavior

In the study of SLM molten pool dynamic behavior based on the
particle scale, solid phase metal particles are incapable of moving.
When the particles are melted by laser radiation, the formed mol-
ten pool undergoes complex flow behavior, and the thermody-
namic factors involved include heat absorption, heat conduction,
heat convection, heat radiation, Marangoni effect, and gasification.
Fig. 4 is the schematic diagram of SLM formation. In order to
ensure the efficiency of numerical solution, four appropriate
assumptions are made in this paper: The flow condition of the mol-
ten pool was considered to be an incompressible Newtonian fluid
with laminar flow; The mass loss caused by metal gasification
was not considered; The influence of metal density change on vol-
ume was not considered; and The spatter formation was not con-
sidered. In addition, since the solid particles were considered to
be incapable of movement during the calculation, the denudation
of the powder layer near of molten pool could not be considered.
Next, the three types of conservation equations used in this paper
will be introduced.

(1). Momentum conservation equation

To fully consider the various factors affecting the molten pool
dynamic behavior during SLM formation, the calculation model
used here is a two-phase flow model. The volume ratio factor of
metal phase a1 is used to indicate the volume fraction of metal
phase at different positions: a value of 1 indicates that the position
is completely occupied by the metal phase, and a value of 0 indi-
cates that it is completely occupied by the gas phase. The value
of the element at the interface is between 0 and 1. The equation
governing the law of a1 distribution is the volume ratio equation
(VOF algorithm) [26]:
Fig. 3. Schematic diagram of SLM laying powder process: (a) start; (
@a1

@t
þr � a1uð Þ ¼ 0 ð11Þ

a1 þ a2 ¼ 1 ð12Þ
where, a1; a2 are the element volume ratios of the metal phase and
the gas phase, respectively; t is the time; and u is the velocity.

Through the distribution of a1, the unit normal vector n at the
interface can be obtained as:

n ¼ ra1

ra1j j ð13Þ

where, the direction of n is directed from the gas phase to the metal
phase. Further, the curvature j at the interface can be obtained as
follows:

j ¼ �r � n ð14Þ
The momentum conservation equation used is:

@qu
@t

þr � qu� uð Þ ¼ �rpþr � sþ qg þ Fmushy

þ Ftension þ FMarangoni þ Frecoil

� 	 ra1j j 2q
q1 þ q2

ð15Þ
among them:

q ¼ a1q1 þ a2q2 ð16Þ
b) substrate push out powder; (c) roller lay powder; (d) finish.
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s ¼ 2l 1
2
ruþ 1

2
ruð ÞT

� �
� 1
3

r � uð ÞI
� �

ð17Þ

Fmushy ¼ �qKC
1� f lð Þ2
f 3l þ CK

" #
u ð18Þ

F tension ¼ rjn ð19Þ

FMarangoni ¼ dr
dT

rT � n n � rTð Þ½ � ð20Þ

Frecoil ¼ 0:54P0exp
Lvm
kB

1
Tv

� 1
T

� �� �
n ð21Þ

where, q; q1; q2 are respectively the mixed density, the metal
phase density, and the gas phase density. Similarly, the same mix-
ing treatment is performed for other physical parameters such as
dynamic viscosity; � is the tensor product; p is the pressure; s is
the stress tensor; l is the mixed dynamic viscosity; I is the unit
matrix; g is the acceleration of gravity; Fmushy is the mushy zone
drag force used to characterize the difference in fluidity caused by
liquid-solid transition [27]; KC is the permeability coefficient of por-
ous media; CK is a custom small value to avoid the drag force of the
mushy zone during the calculation to infinity; f l is the liquid frac-
tion of metal phase; Ftension is the surface tension (the calculation
model adopts the CSF (Continuum Surface Force) model) [28]; r
is the surface tension coefficient; and FMarangoni is used to character-
ize the Marangoni effect. Here, the liquid surface temperature of the
molten pool shows a central high and a low four-week state
because the laser energy density is Gaussian in the horizontal plane.
The liquid surface tangential flow occurs under the influence of the
surface tension gradient because the surface tension is related to
temperature [29]. In addition, dr

dT is the surface tension coefficient
with temperature change rate; Frecoil is the gasification recoil of liq-
uid metal; P0 is the ambient pressure; Lv is the latent heat of vapor-
ization;m is the molecular mass; kB is the Boltzmann constant; Tv is
the gasification temperature; and T is the temperature of liquid
metal. In addition, the purpose of ra1j j in the rightmost term of
Eq. (15) is to equivalent the surface force (surface tension, Maran-
goni effect, gasification recoil) to the volume force. The purpose of
2q

q1þq2
is to obtain a smooth force distribution near the surface of

the molten pool.

(2). Energy conservation equation

The energy conservation equation used is:

@qceT
@t

þr � quceTð Þ ¼ r � krT
� �

� qcon þ qrad þ qvap
� 	 ra1j j � Qlaser


 � 2qce
q1c1 þ q2c2

ð22Þ

among them:

ce ¼ a1 c1 þ Lf
Tl�Ts

� �
þ a2c2 Tl < T < Ts

a1c1 þ a2c2 T P Tl or T 6 Ts

(
ð23Þ

qcon ¼ hcon T � Tconð Þ ð24Þ

qrad ¼ rse T4 � T4
rad

� �
ð25Þ

qvap ¼ 0:82
Lvmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT

p P0exp
Lvm
kB

1
Tv

� 1
T

� �� �
ð26Þ
where, ce; c1; c2 are the equivalent specific heat capacity [30], the
heat capacity of metal, and the heat capacity of gas, respectively;
Lf is the latent heat of melting; Tl; Ts are the liquidus and solidus

temperatures, respectively; k is the mixed thermal conductivity;
qcon is the convection heat dissipation; hcon is the convective heat
transfer coefficient; Tcon is the ambient temperature at the gas-
liquid interface; qrad is the radiation heat dissipation; rs is the
Stefan-Boltzmann constant; e is the emissivity; Trad is the radiation
outside temperature; qvap is the gasification heat dissipation of liq-
uid metal; Qlaser is the laser energy density. In addition, the purpose
of ra1j j in the rightmost term of Eq. (22) is to equivalent the surface
heat dissipation (convection heat dissipation, radiation heat dissi-
pation, and gasification heat dissipation) to the volume heat dissi-

pation, and the purpose of 2qce
q1c1þq2c2

is to obtain a smooth heat

dissipation distribution near the surface of the molten pool.
The distribution of laser energy used in the SLM formation is

Gaussian in the horizontal plane:

qlaser ¼
2gPlaser

pR2 exp �2
x� x0 � vtð Þ2 þ y� y0ð Þ2

R2

 !
ð27Þ

where, qlaser is the laser surface energy density; g is the laser absorp-
tion rate of the material; Plaser is the laser power; R is the laser spot
radius; x0; y0 are the initial horizontal plane coordinates of the spot
center; v is the rate at which the laser moves along the X-axis; and
x; y are the horizontal coordinates of the spot center during laser
movement.

Considering that the laser energy density is extremely high dur-
ing the SLM formation, it is easy to cause the temperature field to
be diverged when it is directly applied as a surface heat source.
Therefore, this paper describes laser energy as a body heat source
Qlaser:

Qlaser ¼
f Dzqlaser

Dz
ð28Þ

where Dz is the equivalent size of the laser energy element such as
the side length of the cube element, and f Dz is the energy ratio occu-
pied by the element. During the calculation process, it is necessary
to first track the initial layer interface element to which the laser
spot is radiated in real time. Second, one should find the elements
within a certain distance along the gravity direction with the first
layer interface element as the starting point. Finally, the laser
energy ratios are allocated based on the metal phase volume ratio
of each element (the sum of the energy ratios of the single-
column laser energy elements is one).

(3). Mass conservation equation

Since the fluids involved are considered to be incompressible
fluids in the calculation process, the mass conservation equation is:

r � u ¼ 0 ð29Þ
2.3. Numerical solution

Combined with the above theoretical model, this paper first
obtained the SLM powder bed distribution based on the open
source DEM code Yade. Here, the geometric model of SLM laying
powder process was introduced in the form of STL format. The
metal particles are regarded as elastic materials with contact fric-
tion, and the roller was considered to be a rigid body. The SLM lay-
ing powder process—including the up and down movement of the
substrate and the movement of the roller—was realized by a cus-
tom code. Second, the dynamic behavior of the SLM molten pool
was calculated based on the finite difference method (FDM). The



Table 1
Physical properties of 316L stainless steel [25].

Parameter Value Unit

Density of solid metal 7650 kg/m3

Density of liquid metal 6870 kg/m3

Specific heat of solid metal 596 J/(kg�K)
Specific heat of liquid metal 775 J/(kg�K)
Thermal conductivity of solid metal 9.248 + 0.01571T W/(m�K)
Thermal conductivity of liquid metal 12.41 + 0.003279T W/(m�K)
Solidus temperature 1658 K
Liquidus temperature 1723 K
Evaporation temperature 3090 K
Latent heat of melting 2.7 � 105 J/kg
Latent heat of vaporization 7.45 � 106 J/kg
Viscosity of liquid metal 0.00345 Pa�s
Surface tension 1.6 N/m
Temperature of surface tension �8 � 10�4 N/(m�K)
Molecular mass 9.3 � 10�26 kg
Ambient pressure 101,325 Pa
Boltzmann constant 1.3806505(24) � 10�23 J/K
Emissivity 0.26
Stefan-Boltzmann constant 5.67 � 10�8 W/(m2�K4)

In the table, T is the temperature (K).

Table 2
Heat source parameters.

Parameter Value Unit

Laser spot diameter 54 lm
Scanning speed 1.5 m/s
Laser power 200 W
Absorption coefficient 0.35
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flow field and thermal field were solved by the explicit algorithm
with a calculation time step of 10 ns. Fig. 5 is the calculation
flowchart.

3. Results and discussion

This paper used the above physical modeling and numerical
solution process to simulate the influence of laying powder on
the SLM single-pass formation. It then compared the results from
three aspects: particle size distribution, powder bed tightness,
and lamination thickness. In addition, the computing resources
are configured as Intel Xeon Gold 5120 CPU (32 GB RAM).

3.1. Calculation parameters and mesh model

The material used in this paper is the 316L stainless steel, and
its alloy composition (mass percentage) is Fe 65.395, C 0.03, Si
1.0, Mn 2.0, P 0.045, S 0.03, Ni 12.0, Cr 17.0, and Mo 2.5. Table 1
shows the required physical properties of 316L stainless steel
[25]. Table 2 shows the heat source parameters used herein, and
the absorption coefficient was considered to be a constant.

Fig. 6 is the adopted computing domain with an overall size of
1000 lm � 150 lm � 130 lm with a substrate thickness of 50 lm
and a mesh size of 2.5 lm. During the calculation, the initial tem-
perature was 300 K, the total formation was set to 600 ls, and the
laser started to move from the horizontal coordinate (100 lm,
75 lm) with stops after 500 ls. In terms of computational effi-
ciency, the average calculation time required for the SLM single-
pass formation was 8 h.

To analyze the influence of particle size distribution, powder
bed tightness, and lamination thickness on the SLM single-pass for-
mation, the single-layer powder beds under different conditions
were obtained by Yade (Table 3). The particle size distribution sat-
isfies the normal distribution, and thus the average value and half
width (the difference between the average value and the maxi-
mum or minimum value) are described. In addition, scheme A1
is the same as scheme B3 and scheme C2. A different naming con-
vention is used to facilitate subsequent comparative analysis. The
different powder bed tightness in schemes B1, B2, and B3 were
obtained by setting different particle friction coefficients in Yade.

3.2. Influence of particle size distribution on SLM single-pass formation

The influence of particle size distribution on the SLM single-
pass formation was analyzed first. Considering that the main
parameters of particle size distribution are average value and half
width, two kinds of comparison cases were set in this paper: The
Fig. 5. Calculatio
average value varies with a constant half width (A1, A2, A3, see
Table 3), and a varying half width with a constant average value
(A4, A5, A6, see Table 3). The powder bed distributions in the case
where the average values are inconsistent and half widths are uni-
form are shown in Fig. 7. The number of particles in the single-
layer powder bed is significantly reduced as the average particle
size increases. The tightness of the large-sized particle powder
bed is significantly lower.

Fig. 8 is the simulation results of the temperature field and the
solid-phase fraction during the formation at different times in cal-
culation scheme A1. The cross-sectional view is the Y-direction
middle section of the calculation domain shown in Fig. 6. The metal
particles were melted by heat to form the molten pool once the
laser began to act on the powder bed; as the laser moved forward,
new particles were continuously filled in the front of the molten
pool, and the tail of the molten pool gradually cooled down to form
n flowchart.



Fig. 6. Adopted computing domain.

Table 3
Single-layer powder beds with different particle size distribution, powder bed tightness, and lamination thickness.

Influencing factor Calculation scheme Particle size distribution Powder bed tightness Lamination thickness (lm)

Average value (lm) Half width (lm)

Particle size distribution A1 25 5 58.4737% 50
A2 35 5 58.7699% 50
A3 45 5 51.9563% 50
A4 30 0 60.5049% 50
A5 30 5 59.7262% 50
A6 30 10 58.0671% 50

Powder bed tightness B1 25 5 37.6437% 50
B2 25 5 45.0412% 50
B3 25 5 58.4737% 50

lamination thickness C1 25 5 55.0183% 30
C2 25 5 58.4737% 50
C3 25 5 61.0047% 80

Fig. 7. Powder bed distributions of schemes A1, A2, and A3.
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Fig. 8. Simulation results of temperature field and solid fraction in formation at different times in calculation scheme A1: (a) top view; (b) sectional view (Y = 75 lm).
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the solidified track. Some of the substrate was also melted by heat
and solidified. Finally, the area in which the laser acted in the pow-
der bed formed the continuous solidified track. Fig. 9 shows the
local temperature field and velocity field distributions of the mid-
dle section at a certain moment in the calculation scheme A1. The
temperature of the molten pool surface area at the center of the
spot was the highest since the energy density at the center of the
laser spot was the largest. Gasification recoil force was generated
in the liquid surface region when the temperature exceeded the
metal vaporization temperature—this caused a significant down-
ward movement. Due to the obvious liquid surface temperature
gradient distribution in the rear part of the molten pool, Marangoni
flow occurred in the liquid surface region, i.e., there was flow of the
high-temperature liquid surface region to the low-temperature liq-
uid surface region. Finally, the molten pool area showed obvious
concave shape under the combined action of gasification recoil
and Marangoni effect.

Fig. 10 is the simulation results of the final solidified track mor-
phology of the calculation schemes A1, A2, and A3; Table 4 is the
characteristic data of each solidified track. Here, the fluctuation
value of the solidified track width refers to the variation range of
the one-side boundary of the solidified track along the Y direction.
The upper surface coordinate and the lower surface coordinate of
Fig. 9. Local temperature field and velocity field distributions of the
the solidified track represent the contribution of the metal parti-
cles and the substrate to the solidified track, respectively. (This is
the region solidified first after melting; the Z-axis coordinate of
the upper surface of the substrate is 0 lm). The width of the solid-
ified track and its fluctuation gradually increased as the average
particle size gradually increased; the coordinate of the upper sur-
face of the solidified track gradually decreased. The coordinate of
the lower surface of the solidified track was significantly smaller
when the average particle size was 45 lm. Powder bed with the
small average particle size has a large amount of gas phase thermal
resistance between the particles. When the average particle size
was large, once the metal particles were locally heated, the heat
was quickly conducted inside the particles. This made the width
of the solidified track significantly larger, at the same time, the
fluctuation of the solidified track width was also large due to the
randomness of the particle distribution. The tightness of the pow-
der bed was significantly lower with the average particle size of
45 lm (Table 3). The contribution of the metal particles to the
solidified track was small, ans thus the coordinate of the upper sur-
face was small.

The powder bed distributions in the case where the half widths
are varying and average values are constant are shown in Fig. 11.
Particles with a smaller size were distributed between the large
middle section (Y = 75 lm) at 50 ls in calculation scheme A1.



Fig. 10. Final solidified track morphology simulation results for calculation schemes A1, A2, and A3: (a) top view; (b) sectional view (Y = 75 lm).

Table 4
Characteristic data of solidified tracks of calculation scheme A1, A2, and A3.

Calculation scheme Solidified track width (lm) Upper surface coordinate of solidified
track (lm)

Lower surface coordinate of solidified
track (lm)

Average value Fluctuating value Average value Fluctuating value AVERAGE value Fluctuating value

A1 59.92 11.90 23.71 12.25 �9.88 7.90
A2 67.64 17.90 19.76 28.05 �9.87 11.46
A3 80.00 28.00 16.05 26.08 �14.04 16.05

Fig. 11. Powder bed distributions of schemes A4, A5, and A6.
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particles as the half width of the particle size increased gradually,
i.e., a wider particle size distribution. This has a significant filling
effect, which can improve the tightness of the powder bed.

Fig. 12 presents simulation results of the final solidified track
morphology of the calculation schemes A4, A5, and A6. Table 5 is
characteristic data of each solidified track. The results show that
as the half width of the particle size increased gradually, the width
of the solidified track remained basically constant, and its fluctua-
tion was gradually increased; the coordinate of the upper surface
was gradually decreased, and its fluctuation was gradually
increased. The reason is that when the half width of particle size
distribution was large, the large-sized particles in the powder
bed gradually increased. Concurrently, the width fluctuation and
the upper surface coordinate of the solidified track were large
due to the randomness locations of the large-sized particle. Since
the characteristic data fluctuation of the ideal SLM single-pass
solidified track should be as small as possible to obtain a flat for-
mation zone, the upper surface coordinate should be as large as
possible to increase the height of the formation layer. The coordi-
nate of the lower surface should be moderate to establish a good
connection to the substrate or the previous printed layer. In sum-
mary, there is greater fluctuation in the solidified track character-
istic data when there are more large particles in the particle size
distribution, and there is larger the upper surface coordinate of
the solidified track when there is higher tightness of the powder
bed. Therefore, from the viewpoint of controlling the particle size



Fig. 12. Final solidified track morphology simulation results for calculation schemes A4, A5, and A6: (a) top view; (b) sectional view (Y = 75 lm).

Table 5
Characteristic data of solidified tracks of calculation scheme A4, A5, and A6.

Calculation scheme Solidified track width (lm) Upper surface coordinate of solidified
track (lm)

Lower surface coordinate of solidified
track (lm)

Average value Fluctuating value Average value Fluctuating value Average value Fluctuating value

A4 67.74 14.11 24.19 16.13 �7.66 12.10
A5 67.11 19.74 23.81 19.84 �7.94 15.87
A6 70.84 23.75 15.87 33.73 �10.32 11.90
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distribution, in order to obtain a good formation zone in the actual
SLM production, metal powder with a small average particle size
should be used on the basis of lower production costs, and the pro-
portion of large-sized particles should be minimized.

3.3. Influence of powder bed tightness on SLM single-pass formation

The influence of the powder bed tightness on SLM single-pass
formation was analyzed next, and the powder bed distribution
under different powder bed tightness values is shown in Fig. 13.
The powder bed tightness of calculation schemes B1, B2, and B3
were 37.6437%, 45.0412%, and 58.4737%, respectively (Table 3).
Here, different powder bed tightness values were obtained by set-
ting different particle friction coefficients in Yade. Fig. 13 shows
Fig. 13. Powder bed distribution
that the particle arrangement under a low powder bed tightness
was significantly looser.

Fig. 14 presents simulation results of the final solidified track
morphology of calculation schemes B1, B2, and B3. Table 6 is char-
acteristic data for each solidified track. The difference of the solid-
ified track width and its fluctuation were small when the powder
bed tightness increased gradually. Here, the coordinate of the
upper surface gradually increased, and the coordinate of the lower
surface also gradually increased. This is because the higher the
powder bed tightness, the more the number of particles that were
melted during the single-pass formation, so that the formation
height of the solidified track was higher. In addition, the less
energy was applied to the substrate or the previous printed layer,
resulting in a reduction in the part of the substrate or the
s of schemes B1, B2, and B3.



Fig. 14. Final solidified track morphology simulation results for calculation schemes B1, B2, and B3: (a) top view; (b) sectional view (Y = 75 lm).

Table 6
Characteristic data of solidified tracks of calculation scheme B1, B2 and B3.

Calculation scheme Solidified track width (lm) Upper surface coordinate of solidified
track (lm)

Lower surface coordinate of solidified
track (lm)

Average value Fluctuating value Average value Fluctuating value Average value Fluctuating value

B1 64.29 13.89 15.63 15.62 �12.11 13.67
B2 63.55 13.82 18.60 19.38 �11.63 8.14
B3 59.92 11.90 23.71 12.25 �9.88 7.90
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previously formed layer that was melted. Therefore, from the per-
spective of controlling the powder bed tightness, in order to obtain
a good formation zone in the actual SLM production, it should be as
high as possible on the basis of ensuring a good connection with
the substrate or the previous printed layer, which is advantageous
for obtaining a higher formation zone height and thus increasing
production efficiency.

3.4. Influence of lamination thickness on SLM single-pass formation

Finally, the influence of the lamination thickness on SLM single-
pass formation was analyzed, and the powder bed distributions
under different lamination thickness values are shown in Fig. 15.
The lamination thickness of the calculation schemes C1, C2, and
Fig. 15. Powder bed distribution
C3 were 30 lm, 50 lm, and 80 lm, respectively (Table 3). Fig. 15
shows that the powder bed tightness increased as the lamination
thickness increased.

Fig. 16 presents the simulation results of the final solidified
trackmorphology of the calculation schemes C1, C2, and C3. Table 7
is characteristic data of each solidified track. The results show that
as the lamination thickness increased, the coordinate of the upper
surface of the solidified track increased significantly, and the coor-
dinate of the lower surface also increased. When the lamination
thickness was too large, a large amount of unmelted metal parti-
cles was present at the bottom of the powder bed resulting in a
large number of pore defects in the lower portion of the solidified
track. This is because when the lamination thickness was too large,
the metal particles at the bottom of the powder bed could not
s of schemes C1, C2, and C3.



Fig. 16. Final solidified track morphology simulation results for calculation schemes C1, C2, and C3: (a) top view; (b) sectional view (Y = 75 lm).

Table 7
Characteristic data of solidified tracks of calculation scheme C1, C2, and C3.

Calculation scheme Solidified track width (lm) Upper surface coordinate of solidified
track (lm)

Lower surface coordinate of solidified
track (lm)

Average value Fluctuating value Average value Fluctuating value Average value Fluctuating value

C1 65.13 19.74 14.84 13.67 �15.63 7.81
C2 59.92 11.90 23.71 12.25 �9.88 7.90
C3 67.28 16.62 Many particles were not melted on the lower part of the powder bed
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absorb sufficient laser energy. Therefore, from the viewpoint of
controlling the lamination thickness, in order to obtain a good for-
mation zone in the actual SLM production, on the basis of ensuring
that the powder bed is fully melted in the formation zone, a larger
lamination thickness should be used for improving production
efficiency.
4. Conclusions

(1) The SLM powder bed distribution was obtained based on the
open source DEM code Yade. The soft ball model was used to
describe the relationship between force and displacement during
particle collision, and the particle size distribution adopted a nor-
mal distribution.

(2) The dynamic behavior of SLM molten pool was predicted
based on FDM. The governing equations considered the influence
of thermodynamic factors such as Marangoni effect, gasification
recoil, and gasification heat dissipation. The laser energy model
used a Gaussian heat source based on interface tracking.

(3) In order to obtain the good formation zone in the actual SLM
process, metal powder with a smaller average particle size should
be used on the basis of ensuring the production cost, and the pro-
portion of large-sized particles in the powder should be minimized.
Concurrently, a higher powder bed tightness should be obtained on
the basis of ensuring a good connection with the substrate or the
previous printed layer. Finally, a larger lamination thickness
should be used on the basis of ensuring that the powder bed is suf-
ficiently melted in the formation zone.

(4) This paper evaluated the influence of laying powder on SLM
single-pass formation. To further analyze the impact of laying
powder on the performance of SLM parts, it is necessary to predict
the single-layer multi-pass (interaction between neighbor tracks
and scanning strategy sensitivity) and multi-layer multi-pass
(influence of the previous printed layer) SLM formation in the
large-scale computing domain. This is one of the key directions
of subsequent research.
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