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a b s t r a c t

316L stainless steel is currently one of the most critical stainless-steel materials due to its
excellent corrosion resistance and comprehensive mechanical properties. Selective laser
melting (SLM), as an additive manufacturing technology for directly forming complex
metal parts, has been applied in the production of 316L stainless steel components.
By introducing reasonable and comprehensive equivalent processing models (e.g., gasi-
fication pressure, gasification heat dissipation, and equivalent physical parameters), a
predictive model of the dynamic behavior of the molten pool on the workpiece scale
(two-phase flow model) was established for the SLM process of 316L stainless steel.
The related equivalent processing models were customized by secondary development
means based on the commercial software Fluent. By comparing and analyzing the dif-
ferent calculation schemes, it was found that surface tension stabilizes the liquid metal
surface, while the Marangoni effect and the gasification recoil force cause the liquid
metal surface to appear concave. The tangential movement of the liquid metal surface,
caused by the Marangoni effect, causes the molten metal to accumulate around the
central region, forming a liquid surface morphology resembling a crater. The influence of
different processing parameters (scanning speed and laser power) on the SLM process of
316L stainless steel was analyzed. The simulated and experimentally obtained solidified
track sizes were in good agreement.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

316L stainless steel is currently one of the most critical stainless-steel materials due to its excellent corrosion resistance
and comprehensive mechanical properties, and it is widely used in many products, including pipelines, chemicals,
heat exchangers, and molds [1]. However, with the increasing demands on component structures (such as industrial
precision molds with conformal cooling channels), traditional 316L stainless steel smelting, forging, and material reduction
processing methods (such as CNC machine tools) have gradually become inadequate to meet the growing processing
requirements for the fabrication of complex parts. Additive manufacturing technology is a ‘‘bottom-up’’ production
method for stacked materials, which can quickly produce complex parts [2]. Selective laser melting (SLM), as a major
technical approach in metal additive manufacturing, has been widely used in automotive, aerospace, dental and other
fields [3] (Fig. 1).

In recent years, scholars have carried out many experimental studies on SLM of 316L stainless steel powder, mainly
involving the observation of SLM process, and the influences of process parameters on the microstructure and mechanical
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Nomenclature

ρ, ρ1, ρ2 Mixed, metal-phase, and gas-phase densities, respectively (kg/m3)
u Velocity (m/s)
t Time (s)
⊗ Tensor product
p Pressure (Pa)
τ Stress tensor
g Gravitational acceleration (m/s2)
F buoyancy Buoyancy (N/m3)
Fmushy Mushy zone drag force (N/m3)
F tension Surface tension (N/m2)
FMarangoni Marangoni force (N/m2)
Frecoil Gasification recoil force of liquid metal (N/m2)
α1, α2 Volume ratios of metal and gas phases, respectively
µ, µ1, µ2 Mixed, metal-phase, and gas-phase dynamic viscosities, respectively (Pa s)
β Thermal expansion coefficient (1/K)
T Temperature (K)
Tref Thermal expansion reference temperature (K)
KC Porous media permeability coefficient (1/s)
CK A custom small value, such as 1e−2
fl Liquid ratio of metal phase
σ Surface tension coefficient (N/m)
κ Gas–liquid interface curvature (1/m)
n Gas–liquid interface unit normal vector (pointing from gas phase to metal phase)
dσ/dT Rate of change of σ with temperature (N/(m K))
pvap Gasification pressure of liquid metal (Pa)
pamb Protective atmosphere pressure (Pa)
ce, cp1, cp2 Equivalent, metal-phase, and gas-phase specific heat capacities, respectively (J/(kg K))
Lf Metal melting latent heat (J/kg)
Tl, Ts Metal liquidus and solidus temperatures, respectively (K)
k, k1, k2 Mixed, metal-phase, and gas-phase thermal conductivities, respectively (W/(m K))
qcon Convective heat dissipation (W/m2)
hcon Convective heat transfer coefficient (W/(m2 K))
Tcon Outside temperature at gas–liquid interface (K)
qrad Radiant heat dissipation (W/m2)
σs Stefan–Boltzmann constant (W/(m2 K4))
ε Emissivity
Trad External radiation temperature (K)
qvap Gasification heat dissipation of liquid metal (W/m2)
Qlaser Laser energy density (W/m3)
Wlaser Laser power (W)
ξ Energy distribution factor
η Effective absorption factor
χ Ratio of central energy density of lower end face to upper end face
ze, zi Height coordinates of upper and lower end faces of laser energy distribution area (m)
re, ri Radius of upper and lower end faces of laser energy distribution area (m)
r0 Laser distribution cross-section radius corresponding to height coordinate z (m)
w, s, E, F Calculation intermediates
ṁvap Gasification mass of liquid metal on unit liquid surface per unit time (kg/(m2 s))
∆Hvap Metal gasification latent heat (J/kg)
m Metal molecular mass (kg)
kB Boltzmann constant (J/K)
p0 Standard atmospheric pressure (Pa)
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Tv Metal gasification temperature (K)
Tleft , Tright Left and right critical temperatures of transition zone (K)
psmooth Transition zone pressure (Pa)
βr Recombination rate
ρe Equivalent density (kg/m3)
φ Initial porosity of powder layer
ke Equivalent thermal conductivity (W/(m K))
kr Thermal conductivity for characterizing internal radiation of powder layer (W/(m K))
Fview Internal radiation factor
TP Temperature of metal particle (K)
DP Average particle diameter (m)

Fig. 1. SLM technology and its typical application: (a) SLM schematic; (b) industrial precision mold with conformal cooling channels printed by SLM.

properties of parts [4–6]. Cherry et al. [7] investigated the effect of the volumetric energy density on 316L stainless steel
properties during the SLM process. The point distance and exposure time were varied, and their impact on the porosity,
surface finish, microstructure, density, and hardness were evaluated. The surface roughness was primarily affected by the
point distance – an increased point distance resulted in an increased surface roughness – and the material hardness was
related to the material’s porosity. Liu et al. [8] performed single-track SLM experiments to observe the spatter behavior
using a high-speed camera. The influence of the energy input on the spatter behavior was investigated by employing 316L
stainless steel powder. The results indicated that the energy input affected the size, scattering state, and jetting height
of the spatter. The above experimental research results have important value for understanding the process of SLM of
316L stainless steel powder. However, because the SLM process is in a rapidly changing high temperature environment,
it is difficult to quantitatively analyze the characteristic data of the SLM process, such as the change in the depth of the
molten pool over time. As a typical quantitative analysis method, numerical simulation has gradually become a powerful
tool for studying the SLM process [9,10].

At present, the numerical simulation research on SLM process is mainly divided into two aspects: based on the particle
scale [11,12], and based on the workpiece scale [13,14]. The so-called particle scale refers to the geometric modeling of
the actual morphology of the powder bed particles, and then to calculate the complex interaction between the laser beam
and the metal particles [15]. It mainly involves the research contents of spreading powder [16,17], laser heat source [18],
and molten pool dynamics [19,20]. Zheng et al. [19] proposed a novel physical model for SLM, providing insights into
the surface morphology evolution in the pulsed SLM process. Both Marangoni effect and recoil pressure, which were
the prevailing driving forces for the melt flow, were incorporated in the model. The disadvantage of the particle-scale
simulation research is that the calculation efficiency is low, because the mesh size is often at the micron level and the
time step is at the microsecond level [21]. The so-called workpiece scale refers to the powder bed as a continuous phase,
and then the equivalent thermophysical parameters and equivalent flow behavior model are used to describe the SLM
process. It is mainly used to obtain the change of the temperature and size of the molten pool with time during the
forming process [22,23]. Bruna-Rosso et al. [24] proposed a finite element model of the SLM process, and reduced melt
pool geometries were simulated in the first tracks which led to lack of fusion defect. The advantage of the workpiece-
scale simulation research is that it requires less computing resources to describe the SLM process by equivalent methods,
which makes its calculation efficiency high [25]. But these simulation studies have adopted single-phase flow model to
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Fig. 2. Schematic of SLM process.

alculate the evolution process of the molten pool and have failed to describe the phenomenon of the liquid metal surface
luctuations during the SLM process [22–25].

In this paper, by introducing reasonable and comprehensive equivalent processing models (e.g., gasification pressure,
asification heat dissipation, and equivalent physical parameters), a dynamic behavior prediction model of the SLMmolten
ool based on the workpiece scale (two-phase flow model) was established for the SLM process of 316L stainless steel. The
econdary development method was used to customize the relevant equivalent processing models based on Fluent, and a
umerical simulation of the SLM process of 316L stainless steel was carried out. To illustrate the effects of surface tension,
he Marangoni effect, and the gasification recoil force on the dynamic behavior of the molten pool, the calculation results
ith and without the surface tension and the Marangoni effect included were considered. Next, the effects of different
rocess parameters (e.g., laser power and scanning speed) on the SLM process of 316L stainless steel were calculated and
ompared with the experimental results.

. Mathematical and numerical modeling

.1. Dynamic behavior control equations of SLM molten pool based on the workpiece scale

Fig. 2 shows the schematic of SLM process. During the calculation, the powder bed was melted by the laser beam, and
hen gradually solidified. In addition, the following three assumptions were adopted here: the mass loss caused by metal
iquid gasification was not considered, the effect of metal density changes on the volume was not considered, and the
luids were considered to be incompressible, Newtonian fluids.

.1.1. Momentum conservation equation
When metal particles are melted by laser radiation, factors affecting the flow behavior of the liquid metal include the

urface tension between the liquid metal and the protective gas, the Marangoni effect (due to the surface tension gradient
aused by the temperature difference on the liquid metal surface under the laser’s active area), the gasification recoil force
f the liquid metal, buoyancy, the internal pressure of the liquid metal, internal viscous forces of the liquid metal, gravity,
nd the difference in the fluidities between the liquid and solid metal during solidification. The first three influencing
actors are surface forces, and the last five influencing factors are volumetric forces. To fully consider the various factors
ffecting the dynamic behavior of the molten pool during the SLM process, the model used herein was a two-phase flow
odel and, based on the Navier–Stokes equations [26], the momentum conservation equation is as follows:

∂ρu
∂t

+ ∇ · (ρu ⊗ u) = −∇p + ∇ · τ + ρg + F buoyancy + Fmushy

+
(
F tension + FMarangoni + F recoil

)
|∇α1|

2ρ
ρ1 + ρ2

flα1

(1)

here

ρ = α1ρ1 + α2ρ2 (2)

τ = 2µ
[(

1
∇u +

1
(∇u)T

)
−

1
(∇ · u) I

]
(3)
2 2 3
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i

µ = α1µ1 + α2µ2 (4)

F buoyancy=ρgβ
(
T − Tref

)
(5)

Fmushy = −α1ρKC

[
(1 − fl)2

f 3l + CK

]
u (6)

F tension = σκn (7)

FMarangoni =
dσ
dT

[∇T − n (n · ∇T )] (8)

F recoil =
(
pvap − pamb

)
n (9)

n =
∇α1

|∇α1|
(10)

κ = −∇ · n (11)

Fmushy can be used to characterize the difference in the fluidity caused by the liquid–solid transition [27]. F tension is
calculated using the CSF (continuum surface force) model [28]. FMarangoni is used to characterize the Marangoni effect
(because the laser energy density is Gaussian in the horizontal plane, the temperature on the liquid metal surface is high
in the center and lower in the surrounding area; the surface tension is related to temperature, and thus, liquid metal flow
occurs on the surface under the influence of the surface tension gradient [29]). KC is used to characterize the extent to
which the mushy zone affects the flow, as the mushy zone can be considered to be a special porous medium, and the
value of KC used herein was 1.0, which was derived from the recommended value of software Fluent. CK is used to prevent
the drag force of the mushy zone from becoming infinite during the calculation (when fl is zero). In addition, the purpose
of |∇α1| in the rightmost term of Eq. (1) is to make the surface forces (surface tension, Marangoni effect, and gasification
recoil force) equivalent to the volume forces, and the purpose of 2ρ

ρ1+ρ2
flα1 is to obtain a smooth force distribution near

the liquid metal surface. The calculation of pvap will be explained in Section 2.3.
The volume ratio factor of the metal phase α1 is used to indicate the volume fraction of the metal phase at different

locations, where a value of 1 indicates that the mesh element is completely occupied by the metal phase, a value of 0
indicates that it is completely occupied by the gas phase, and a value between 0 and 1 is at the interface. The equation
governing α1 is the volume ratio equation (volume of fluid algorithm) [30]:

∂α1

∂t
+ ∇ · (α1u) = 0 (12)

α1 + α2 = 1 (13)

2.1.2. Energy conservation equation
The factors to be considered in the calculation of the temperature field of the SLM process include the absorption of the

laser energy, melting of the solid metal, gasification of the liquid metal, convection and diffusion inside the metal phase,
and heat exchange between the metal phase and the surroundings (convection and radiation). The energy conservation
equation is as follows:

∂ρceT
∂t

+ ∇ · (ρuceT ) = ∇ ·
(
k∇T

)
−

[(
qcon + qrad + qvap

)
|∇α1| − Qlaser

] 2ρce
ρ1cp1 + ρ2cp2

(14)

where

ce =

⎧⎨⎩ α1

(
cp1 +

Lf
Tl − Ts

)
+ α2cp2 Tl < T < Ts

α1cp1 + α2cp2 T ≥ Tl or T ≤ Ts
(15)

k = α1k1 + α2k2 (16)

qcon = hcon (T − Tcon) (17)

qrad = σsε
(
T 4

− T 4
rad

)
(18)

The expression for ce was obtained from a previous report [31]. In addition, the purpose of |∇α1| in Eq. (14) is to equalize
the surface heat dissipation (convection, radiation, and gasification heat dissipation) and the body heat dissipation, and
the purpose of 2ρce

ρ1cp1+ρ2cp2
is to obtain a smooth heat dissipation distribution near the liquid metal surface.

.1.3. Mass conservation equation
Since the fluids involved were considered incompressible in the calculation process, the mass conservation equation

s as follows:

∇ · u = 0 (19)
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Fig. 3. Schematic of Gaussian body heat source: (a, b) laser transmission between particles; (c) energy density distribution of body heat source.

.2. Gaussian body heat source considering laser reflection between particles

The laser energy model used here was a Gaussian body heat source [23,32]. Fig. 3 shows the schematic of the energy
ensity distribution of the body heat source. The mathematical expression is as follows:

Qlaser =
ξηWlaser

π
(
1 − e−3

)
(E + F)

(
1 − χ

ze − zi
z +

χze − zi
ze − zi

)
exp

(
−

3r2

r20

)
(20)

here

r0 =
z2

w
+ s (21)

w =
z2e − z2i
re − ri

(22)

s =
riz2e − rez2i
z2e − z2i

(23)

E =
1 − χ

ze − zi

{(
1
w2

z6e
6

+
s
w

z4e
2

+
s2

2
z2e

)
−

(
1
w2

z6i
6

+
s
w

z4i
2

+
s2

2
z2i

)}
(24)

F =
χze − zi
ze − zi

{(
1
w2

z5e
5

+ 2
s
w

z3e
3

+ s2ze

)
−

(
1
w2

z5i
5

+ 2
s
w

z3i
3

+ s2zi

)}
(25)

2.3. Gasification pressure and heat dissipation model

For general metals, the gasification temperature is around 3000 K. The laser beam has a very high energy density during
the SLM process, and it is often able to vaporize the metal in a very short time. Therefore, an accurate SLM simulation
must account for the effects of the gasification heat dissipation and the gasification recoil force. The calculation model of
gasification heat dissipation [33] used in this study is as follows:

qvap = α1ṁvap∆Hvap (26)

where

ṁvap =
(
pvap − pamb

)√
m

2πkBT
(27)

The role of α1 in Eq. (26) was to ensure that the gasification heat dissipation of the gas-phase element was zero, and the
role of pvap −pamb in Eq. (27) was to ensure that the gasification heat dissipation was zero when the element temperature
was lower than the gasification temperature.



L. Cao / Computers and Mathematics with Applications 96 (2021) 209–228 215

v

s
p
f

Fig. 4. Schematic of gasification pressure model.

The calculation of pvap uses the gasification pressure model for different environmental pressures proposed by Pang
et al. [34]:

pvap =

⎧⎪⎪⎨⎪⎪⎩
pamb 0 ≤ T < Tleft
1 + βr

2
p0 exp

[
m∆Hvap

kB

(
1
Tv

−
1
T

)]
T ≥ Tright

psmooth Tleft ≤ T < Tright

(28)

The value of βr depends on the Mach number of the vapor plume. For high gasification rate conditions (such as under a
acuum or at a high laser intensity), βr = 0.18, and for low gasification rate conditions (such as under a high ambient

pressure or at a low laser intensity), βr = 1. In other cases, the value of βr is between the two.
The purpose of setting the transition zone is to avoid the sharp discontinuous first derivative of pvap, to ensure the

tability of the numerical solution. The function of the transition zone pressure, psmooth, is to achieve a smooth interfacial
ressure over the entire temperature range (Fig. 4). The intersecting temperature, Tvb, in Fig. 4 can be calculated by the
ollowing formula:

1 + βr

2
p0 exp

[
m∆Hvap

kB

(
1
Tv

−
1
Tvb

)]
= pamb (29)

Once Tvb is determined, the left and right critical temperatures of the transition zone, Tleft , Tright , were set as follows:

Tright − Tvb = Tvb − Tleft = 0.075Tvb (30)

To obtain a smooth transition, the form of psmooth was artificially selected as:

psmooth = aT 3
+ bT 2

+ cT + d (31)

To ensure a smooth transition of the interface pressure at Tleft and Tright , the distribution of psmooth can be obtained
based on the coordinates of the two ends and the slopes of the tangents.

2.4. Equivalent thermal property parameter based on formation state

The core of the numerical simulation based on the workpiece scale is to select an equivalent special material to
represent the powder layer. However, in the actual SLM process, the powder layer undergoes a process of melting into
liquid metal and becoming a dense solid. Therefore, the powder layer can be considered to undergo transitions between
three state: particle, liquid, and solid states. In the calculation process, the basis for judging whether the state of the
powder layer has changed is as follows: (1) once the temperature of the original particle element exceeds its melting
temperature (generally taken as the intermediate value of the liquidus and solidus temperature), the element state is
converted to a liquid state; (2) for elements that are originally in the liquid or solid state, their state will only change
between liquid and solid (based on the liquidus–solidus temperature of the metal). The equivalent physical properties
(density, specific heat capacity, and thermal conductivity) based on the formation state of the powder layer (particle,
liquid, and solid states) are described below.
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Fig. 5. Calculation flow chart.

Fig. 6. Adopted geometry and mesh models (black lines were split lines of meshes). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

(1) Equivalent density and specific heat capacity based on formation state
During the calculation, the density of the powder layer element is expressed as follows:

ρe =

{
(1 − φ) ρ1 + φρ2 particle state
ρ1 liquid state or solid state

(32)

where ρ1 and ρ2 are temperature-dependent. The specific heat capacity of the powder layer element was expressed
similarly.

(2) Equivalent thermal conductivity based on formation state
For the thermal conductivity of the powder layer, an expression similar to Eq. (32) cannot be used (the equivalent

physical property parameter is the weighted average of the physical parameters of the constituent phases). For the powder
layer element in the particle state, the thermal conductivity is mainly determined by the heat conduction of the gas phase
between the particles, but it is also slightly affected by the thermal conductivity of the particles themselves. Thus, the
equivalent thermal conductivity model [35] of the powder layer is as follows:

ke =

⎧⎪⎨⎪⎩
(
1 −

√
1 − φ

)
(k2 + φkr) +

√
1 − φ

{
2

1
k2

−
1
k1

[
1

1 −
k2
k1

ln
(
k1
k2

)
− 1

]
+ kr

}
particle state

k1 liquid state or solid state

(33)
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Fig. 7. Temperature calculation results of the liquid surface (a∼c) and the mid-section (d∼f) at different times in scheme A: (a, d) 3 × 10−5 s; (b,
e) 1.02 × 10−3 s; and (c, f) 1.86 × 10−3 s (Unit: K).

where

kr = 4FviewσsT 3
P DP (34)

Fview is 1/3 [35], and k1 and k2 are temperature-dependent.

2.5. Numerical solution of dynamic behavior of SLM molten pool on workpiece scale

Using the commercial CFD software Fluent, a numerical calculation of the dynamic behavior of the SLM molten pool
on the workpiece scale was carried out. The selected solution models were Multiphase-Volume of Fluid, Energy, Viscous–
Laminar, and Solidification & Melting. The user defined functions (UDFs) included a moving Gaussian body heat source,
equivalent physical parameters (density, specific heat capacity, and thermal conductivity), heat dissipation conditions
(convection, radiation, and gasification), the Marangoni effect, and the gasification recoil force. To calculate the natural
convection inside the gas phase, the gas density was determined by the Boussinesq model. The pressure–velocity coupling
algorithm was SIMPLEC, and the time step was 1 ns. Fig. 5 shows the calculation flow chart for this study.

3. Results and discussion

According to the above physical model and numerical solution, the dynamic behavior of a SLM molten pool on the
workpiece scale was predicted using Fluent. Firstly, to illustrate the effects of the surface tension, the Marangoni effect,
and the gasification recoil force on the dynamic behavior of the molten pool, the calculated results with and without
the surface tension and Marangoni effect included were compared. Secondly, to analyze the effects of different process
parameters (e.g., laser power and scanning speed) on the SLM process of 316L stainless steel, the dynamic behaviors of
the SLM molten pool for different processes were calculated and compared with the actual solidified track sizes obtained
in the SLM experiments completed by Masmoudi et al. [36]. The mesh generation tool was ICEM CFD, and CFD-Post was
used for post-processing.

3.1. Calculation parameters and mesh model

The composition (mass percentage) of the 316 L stainless steel was as follows: Fe 65.395-C 0.03-Si 1.0-Mn 2.0-P 0.045-S
0.03-Ni 12.0-Cr 17.0-Mo 2.5. Table 1 shows the required 316 L stainless steel physical parameters, calculated by software
JMatPro 7.0.
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p
c

Fig. 8. Calculation results of the liquid surface fluctuation (a∼c) and the mid-section phase distribution (d∼f, red is metal phase, and blue is gas
hase) at different times in scheme A: (a, d) 3 × 10−5 s; (b, e) 1.02 × 10−3 s; and (c, f) 1.86 × 10−3 s. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Calculation results of the liquid surface speed (a, b) and the local velocity (c, d) at different times in scheme A: (a, c) 1.02 × 10−3 s; (b, d)
1.86 × 10−3 s (Unit: m/s).
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Fig. 10. Calculation results of the mid-section speed (a, b) and the local velocity (c, d) at different times in scheme A: (a, c) 1.02 × 10−3 s; (b, d)
1.86 × 10−3 s (Unit: m/s).

Fig. 11. Calculation results of the liquid surface fluctuation (a∼c) and the mid-section phase distribution (d∼f, red is metal phase, and blue is gas
phase) at different times in scheme B: (a, d) 3 × 10−5 s; (b, e) 1.2 × 10−4 s; and (c, f) 5.1 × 10−4 s. (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of this article.)

The gasification pressure, pvap (Pa), of the 316L stainless steel calculated according to Eqs. (28)–(31) was as follows:

pvap =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1.01325 × 105 0 < T < 2950
1.964 × 10−3T 3

− 17.444T 2
+ 5.164 × 104T − 5.086 × 107 2950 ≤ T < 3430

60795 exp
[
50193 ×

(
1

−
1
)]

T ≥ 3430
(35)
3090 T
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Fig. 12. Calculation results of the liquid surface fluctuation (a∼c) and the mid-section phase distribution (d∼f, red is metal phase, and blue is gas
hase) at different times in scheme C: (a, d) 3 × 10−5 s; (b, e) 6 × 10−4 s; and (c, f) 1.2 × 10−3 s. (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of this article.)

Table 1
Physical parameters of 316L stainless steel.
Parameter Value

Density (kg/m3) 6130 (2773 K)-7050 (1708 K)-7220 (1658 K)-7300
(1568 K)-7350 (1493 K)-7660 (793 K)-7850 (298 K)

Solidus temperature (K) 1493
Liquidus temperature (K) 1708
Gasification temperature (K) 3090
Latent heat of melting (J/kg) 2.7 × 105

Latent heat of vaporization (J/kg) 7.45 × 106

Specific heat capacity (J/(kg· K)) 755 (1600 K)-502 (298 K)
Surface tension coefficient (N/m) 1.76
Change rate of surface tension
coefficient with temperature (N/(m· K))

−4.002 × 10−4

Molecular mass (kg) 9.3692 × 10−26

Thermal conductivity (W/(m· K)) 46.33 (2773 K)-29.99 (1708 K)-32.56 (1668 K)
-32.49 (1618 K)-31.12 (1493 K)-15.76 (298 K)

Dynamic viscosity (Pa· s) 0.00225 (2773 K)-0.0042 (2108 K)-0.00772
(1708 K)-0.00901 (1608 K)-0.01155 (1493 K)

The protective atmosphere in the experiment was argon, and the other parameters required for the calculation are
hown in Table 2.
Fig. 6 shows the geometry and mesh model used in the simulation. The calculation area was divided into three parts:

as, powder, and solidified layers. The geometric dimensions of the three layers were 1 ×0.5× 0.15 mm3, 1 ×0.5×
0.05 mm3, and 1 ×0.5× 0.2 mm3, respectively, and the corresponding mesh sizes were 0.01 ×0.01× 0.01 mm3, 0.01
×0.01× 0.005 mm3, and 0.01 ×0.01× 0.02 mm3. The corresponding numbers of mesh elements obtained were 75000,
50000, and 50000, respectively. The boundary conditions were as follows: the top surface of the gas layer was set as the
pressure outlet boundary, the contact surface between the powder and solidified layers was set as a coupled wall, and
the other boundary faces were assigned convective heat transfer conditions. In addition, the laser scanning start point,
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c

Fig. 13. Calculation results of the liquid surface fluctuation (a∼c) and the mid-section phase distribution (d∼f, red is metal phase, and blue is gas
phase) at different times in scheme D: (a, d) 3 × 10−5 s; (b, e) 1.02 × 10−3 s; and (c, f) 2.01 × 10−3 s. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)

Table 2
Other parameters required for calculation.
Parameter Value

Initial porosity of powder layer 0.44
Density of gas phase (kg/m3) 1.4
Specific heat capacity of gas phase (J/(kg K)) 520
Thermal conductivity of gas phase (W/(m K)) 0.01795
Dynamic viscosity of gas phase (Pa s) 2.2442 × 10−5

Relative molecular mass of gas phase 39.94
Laser absorption ratio 0.3
Laser spot diameter (m) 6.8 × 10−5

Average particle diameter (m) 3 × 10−5

Powder bed thickness (m) 5 × 10−5

Convective heat transfer/radiation outside temperature (K) 288
Convective heat transfer coefficient of lower surface of solidified layer (W/(m2 K)) 80
Emissivity 0.36
Initial temperature (K) 288
Stefan–Boltzmann constant (W/(m2 K4)) 5.67 × 10−8

Boltzmann constant (J/K) 1.3806505 × 10−23

Standard atmospheric pressure (Pa) 1.01325 × 105

end point, and scanning direction in the single-pass process are indicated in Fig. 6 (the x coordinates of the start and end
points were 0.35 and 0.65 mm, respectively).

3.2. Effects of surface tension and marangoni effect on dynamic behavior of SLM molten pool

In order to analyze the influences of three factors (surface tension, Marangoni effect, and gasification recoil force) on
the dynamic behavior of the molten pool, four calculation schemes were designed, as shown in Table 3. For the method
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Fig. 14. The liquid surface temperature (a∼e, unit: K) and local velocity (f∼j, unit: m/s) distributions when the laser was applied to the center of
he powder layer at different scanning speeds: (a, f) 0.1 m/s; (b, g) 0.2 m/s; (c, h) 0.3 m/s; (d, i) 0.4 m/s; and (e, j) 0.5 m/s.

n which the surface tension was neglected, the surface tension coefficient in Phase Interaction was set to 0 N/m. For the
method in which the Marangoni effect was neglected, the change rate of surface tension coefficient with the temperature
in the UDF file was set to 0 N/(m K).

Figs. 7 and 8 show the calculated temperature distribution and liquid surface morphology at different times in Scheme
A. Since the laser energy density was Gaussian in the horizontal plane, the temperature at the center of the active laser
region was high, and the surrounding temperature was low (Fig. 7a–c). When the powder layer element was in the particle
state, its thermal conductivity was almost 1/1000 of that of the metal phase, and the heat was transmitted faster in the
laser-application region (Fig. 7). As the temperature of the active laser region gradually increased, the molten metal surface
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Fig. 15. Bottom view (a∼e) and side view (f∼j) of the liquid surface and molten pool morphology when the laser was applied to the center of the
owder layer at different scanning speeds: (a, f) 0.1 m/s; (b, g) 0.2 m/s; (c, h) 0.3 m/s; (d, i) 0.4 m/s; and (e, j) 0.5 m/s.

able 3
our calculation schemes to examine the effects of surface tension, Marangoni effect, and gasification recoil force.
Calculation schemes Laser power (W) Scanning speed (m/s) Surface tension considered? Marangoni effect considered?

A 300 0.1 Yes Yes
B 300 0.1 No Yes
C 300 0.1 Yes No
D 300 0.1 No No

gradually became concave under the combined influence of the surface tension, the Marangoni effect, and the gasification
recoil force (Fig. 8).

Figs. 9 and 10 show the velocity distributions of the liquid surface and the mid-section in Scheme A. Based on the
liquid surface velocity, the liquid metal flowed from the center of the molten pool to its periphery under the influence
of the Marangoni effect due to the Gaussian distribution of the liquid surface temperature (Fig. 9). Based on the velocity
in the mid-section, an annular convection phenomenon about the axial center of the molten pool also occurred in the
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Fig. 16. The experimental [36] and simulation results of the solidified track shape at the scanning speed of 0.1 m/s: (a) experimental result of
the surface morphology of the solidified track; (b) experimental result of cross-section morphology of the solidified track; (c) simulation result of
cross-section morphology of the solidified track.

Fig. 17. Solidified track sizes comparison of simulation and experiment [36] at different scanning speeds.

gas phase due to the Marangoni flow on the liquid surface. The tangential flow of the molten pool surface and internal
convection affected the morphology of the molten pool (Fig. 10).

To examine the influences of three factors (surface tension, Marangoni effect, and gasification recoil force) on the
evolution of the liquid metal surface morphology, the calculated liquid surface morphologies at different times for schemes
A, B, C, and D were compared. When the influence of surface tension was not considered, the liquid metal surface in
the active laser region sharply depressed as the laser action time increased and the depressed area gradually enlarged.
Moreover, the edge of the concave area was significantly higher than the initial position of the surface of the powder layer,
resembling a crater (Fig. 11). When the influence of the Marangoni effect was not considered, the liquid metal surface
morphology did not show large fluctuations as the active laser time increased, which showed that the surface tension and
the gasification recoil force were well balanced in this process (Fig. 12). When the influences of surface tension and the
Marangoni effect were neglected simultaneously, as the active laser time increased, the liquid metal surface was sharply
depressed under the gasification recoil force. However, the edge of the concave area was not significantly higher than the
initial position of the surface of the powder layer (Fig. 13).

In summary, the surface tension stabilized the liquid metal surface, while the Marangoni effect and the gasification
recoil force cause the liquid metal surface to appear concave. The difference between the Marangoni effect and the
gasification recoil force is that the tangential movement of the liquid metal surface caused by the Marangoni effect causes
the molten metal in the central region to accumulate, forming a crater-like liquid surface morphology.

3.3. Effect of scanning speed on SLM process

Fig. 14 shows the liquid surface temperature and local velocity distributions when the laser was applied to the center of
the powder layer at different scanning speeds for a laser power of 100W. As the scanning speed increased, the temperature
of the spot area was significantly reduced (Fig. 14a–e), because the action time of the laser at a fixed position was reduced.
The local velocity distributions of the liquid metal surface (Fig. 14f–j) showed that as the scanning speed increased, the
Marangoni effect weakened and the tangential velocity of the liquid metal on the surface became smaller. The simulation
results of the liquid surface and the molten pool morphology at different scanning speeds (Fig. 15) showed that as the
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Fig. 18. Liquid surface temperature (a∼e, unit: K) and local velocity (f∼j, unit: m/s) distributions when the laser was applied to the center of the
powder layer under different laser powers: (a, f) 80 W; (b, g) 90 W; (c, h) 100 W; (d, i) 110 W; and (e, j) 120 W.

scanning speed increased, the size of the molten pool gradually decreased, but the fluctuations of the liquid metal surface
did not change significantly.

Fig. 16 shows the experimental and simulated results of the solidified track shape at a scanning speed of 0.1 m/s.
The cross-section of the solidified track obtained experimentally was a semi-elliptical shape, and the upper part of the
solidified track was wider than the lower part in the simulation. The reason for this is that the model based on the
workpiece scale could not characterize certain motion, such as the collapse of the particles. However, key data of the
SLM process can be obtained through the simulation results, namely the solidified track width and depth (as defined in
Fig. 16b). The simulated solidified track width was 192.75 µm and the depth was 31.75 µm (Fig. 16c). The experimentally
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Fig. 19. Bottom view (a∼e) and side view (f∼j) of the liquid surface and molten pool morphology when the laser was applied to the center of the
owder layer under different laser powers: (a, f) 80 W; (b, g) 90 W; (c, h) 100 W; (d, i) 110 W; and (e, j) 120 W.

btained solidified track width was 179 ± 21 µm and the depth was 28±2.95 µm[36]. Thus, the two were in good
greement. Based on the simulated and experimental solidified track size results at different scanning speeds (Fig. 17),
s the scanning speed was increased, the width of the solidified track was gradually reduced. When the scanning speed
xceeded 0.4 m/s, the rate of the decrease in the molten width with the scanning speed significantly decreased. The
epth always decreased linearly with the scanning speed. Therefore, the molten pool dynamic behavior model based on
he workpiece scale can be used to describe the SLM process to a certain extent, and the model can feasibly describe the
LM process.

.4. Effect of laser power on SLM process

Fig. 18 shows the liquid surface temperature and local velocity distributions when the laser was applied to the center
f the powder layer under different laser powers for a scanning speed of 0.1 m/s. As the laser power increased, the
emperature of the spot area increased significantly (Fig. 18a–e). Based on the local velocity distributions of the liquid
etal surface (Fig. 18f–j), as the laser power increased, the Marangoni effect became more apparent, and the tangential
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Fig. 20. Comparison of the simulation results for the solidified track sizes under different laser powers.

speed of the liquid metal on the liquid surface became larger. Based on the simulated results of the liquid surface and
the molten pool shape under different laser powers (Fig. 19), as the laser power increased, the sizes of the molten pool
gradually increased, but the fluctuations of the molten metal surface were not significantly different. Fig. 20 shows the
comparison of the simulation results for the solidified track sizes under different laser powers. The width and depth of
the solidified track exhibited a linear increase with the laser power.

4. Conclusions

(1) A reasonable and comprehensive model of the SLM process was constructed. Liquid metal gasification pressure
and heat dissipation models were established based on the smooth gasification pressure model. To characterize the
transformation of the powder layer state (particle, liquid and solid) in the SLM process, the equivalent density, specific
heat capacity and thermal conductivity models based on the state were established.

(2) By comparing and analyzing the different calculation schemes, it was found that the surface tension stabilizes the
liquid metal surface, while the Marangoni effect and the gasification recoil force cause the liquid metal surface to appear
concave. The difference between the Marangoni effect and the gasification recoil force is that the tangential movement
of the liquid metal surface caused by the Marangoni effect causes the molten metal in the central region to accumulate,
forming a liquid surface morphology that resembles a crater.

(3) The influence of different process parameters (scanning speed and laser power) on the SLM process of 316L stainless
steel was calculated and analyzed. The results of the simulation and the experimentally obtained solidified track sizes were
in good agreement. As the scanning speed was increased, the width of the solidified track was gradually reduced. When
the scanning speed exceeded 0.4 m/s, the rate of decrease of the molten width decreased significantly. The depth always
decreased linearly with the scanning speed. The width and depth of the solidified track exhibited a linear increase with
the laser power.
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