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The calculation of pvap uses the vaporization pressure model under different environmental
pressures, as proposed by Pang et al. [32]:

pvap =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
pamb 0 ≤ T < Tle f t
1+βr

2 p0 exp
[

m�Hvap
kB

(
1

Tv
− 1

T

)]
T ≥ Tright

psmooth Tle f t ≤ T < Tright

(21)

Here, p0 is the standard atmospheric pressure, Pa; Tv is the metal vaporization temperature, K;
Tle f t, Tright are the left and right critical temperatures of the transition zone, respectively, K; psmooth is
the transition zone pressure, Pa; and βr is the recombination rate, and its value depends on the Mach
number of the vapor plume. For high gasification rate conditions (such as a vacuum or at a high laser
intensity), βr = 0.18, and for low gasification rate conditions (such as a high ambient pressure or at a
low laser intensity), βr = 1. In other cases, the value of βr is between the two.

The effect of the transition zone pressure, psmooth, is employed to achieve a smooth interfacial
pressure over the entire temperature range (Figure 2). The junction temperature, Tvb, in Figure 2 can be
calculated by the following formula:

1 + βr

2
p0 exp

[
m�Hvap

kB

(
1

Tv
− 1

Tvb

)]
= pamb (22)

 
Figure 2. Schematic of the vaporization pressure model.

The left and right critical temperatures of the transition zone, Tle f t, Tright, satisfy the following
(the coefficient of 0.05 is an artificially set value for smoothing):

Tright − Tvb = Tvb − Tle f t = 0.05Tvb (23)

The transition zone pressure, psmooth, can be defined as

psmooth = aT3 + bT2 + cT + d (24)

In order to ensure a smooth transition of the interface pressure at Tle f t and Tright, the distribution
of psmooth can be obtained according to the coordinates of the two ends and the slopes of the tangents.
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2.4. Equivalent Thermal Property Parameters Based on the Formation State

The core aim of the numerical simulation based on the workpiece scale is to equate the powder
layer to a special material, but, in the actual SLM process, the powder layer will undergo a process
of melting into liquid metal and become a dense solid. Therefore, it can be considered that the
powder layer undergoes three state transitions: a particle state, a liquid state, and a solid state. In the
calculation process, the basis for judging whether the state of the powder layer is changed is: (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 the elements that were 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 will be described below.

2.4.1. Equivalent Density and Specific Heat Capacity Based on the Formation State

During the calculation, the density of the powder layer element is

ρ =

{
(1−φ)ρm + φρa particle state
ρm liquid state or solid state

(25)

Here, φ is the initial porosity of the powder layer and ρm, ρa are the densities of the metal and gas
phases, respectively, kg/m3. It should be noted that ρm and ρa are temperature-dependent. In addition,
the powder layer element was treated equivalently to the specific heat capacity.

2.4.2. Equivalent Thermal Conductivity Based on the Forming State

For the thermal conductivity of the powder layer, a treatment like that in Equation (25) cannot
be performed (the equivalent physical property parameter is the weighted average of the physical
parameters of the constituent phase). This is because, 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 is also slightly affected by the thermal conductivity of the particles themselves. The
equivalent thermal conductivity model [33] of the powder layer used here is

k =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(
1− √

1−φ
)
(ka + φkr) +

√
1−φ

{
2

1
ka
− 1

km

[
1

1− ka
km

ln
(

km
ka

)
− 1

]
+ kr

}
particle state

km liquid state or solid state
(26)

where
kr = 4FviewσsT3

PDP (27)

Here, km, ka, kr are the thermal conductivities of the metal phase, the protective gas, and the
internal radiation of the powder layer, respectively, W/(m·K); Fview is the internal radiation factor,
which is 1/3; TP is the temperature of the metal particle, K; and DP is the average particle diameter, m.
It should be noted that km and ka are temperature-dependent.

2.5. Numerical Solution of the Dynamic Behavior of the SLM Molten Pool Based on the Workpiece Scale

Based on the commercial CFD software Fluent v19.1, the numerical calculation of the dynamic
behavior of the SLM molten pool on the workpiece scale was carried out. Among them, the selected
solution models were Energy, Viscous-Laminar, and Solidification & Melting. User Defined Functions
(UDFs) included a moving Gaussian body heat source, heat transfer boundary conditions (convection
heat dissipation, radiation heat dissipation, and vaporization heat loss), and equivalent physical
parameters (density, specific heat capacity, and thermal conductivity). The pressure–velocity coupling
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algorithm used SIMPLEC, and the time step was 1 ns. Figure 3 is the calculation flow chart for
this study.

Start Update 
element state

Equivalent processing 
of physical parameters

Solve discretised 
momentum equation

Solve pressure 
correction equation

Correct pressure and 
velocities

Solve second pressure 
correction equation

Correct pressure and 
velocities

Load Gauss body 
heat source

Load heat transfer 
boundary conditionsEnd Finish ?

Yes

No

Solve temperature 
equation  

Figure 3. Calculation flow chart.

3. Results and Discussion

According to the physical model and numerical solution described above, the dynamic behavior
of the SLM molten pool on the workpiece scale was predicted by using Fluent. First, in order to verify
the feasibility of the SLM molten pool dynamics model, the single-pass process was calculated and
compared to the experimentally obtained solidified track size, according to the experimental conditions
for forming the Inconel 718 alloy by SLM outlined by Zhang et al. [34]. Secondly, the influences of
different process parameters (laser power, scanning speed) on the SLM formation of the Inconel 718
alloy were analyzed, and the calculation results were verified with the experimental results according
to the SLM experiment done by Wu et al. [35]. The mesh generation tool used ICEM CFD v19.1 and
CFD-Post v19.1 was used for post-processing.

3.1. Experimental Verification of the Inconel 718 Nickel-Based Superalloy by the SLM Process

3.1.1. Calculation Parameters and Mesh Model

The composition (mass percentage) of the Inconel 718 alloy is Ni 50.4-Fe 21.86-Cr 18.44-Nb
5.04-Mo 3.02-Ti 0.88-Al 0.33-C 0.03. Table 1 contains the Inconel 718 physical parameters calculated
by JMatPro-v7.

Table 1. Physical parameters of the Inconel 718 alloy.

Parameter Value

Density, kg/m3 8250 (298 K) − 7488 (1373 K) − 7803 (1638 K) − 7378
(2000 K) − 6470 (2773 K)

Solidus temperature, K 1373
Liquidus temperature, K 1638

Vaporization temperature, K 3000
Latent heat of melting, J/kg 2.19 × 105

Latent heat of vaporization, J/kg 7.34 × 106

Specific heat capacity, J/(kg·K) 760
Surface tension coefficient with temperature change

rate, N/(m·K) −3.24 × 10−4

Molecular mass, kg 9.9134 × 10−26

Thermal conductivity, W/(m·K) 11.03 (298 K) − 28.01 (1373 K) − 27.86 (1638 K) − 45.72
(2773 K)

Dynamic viscosity, Pa·s 0.021 (1373 K) − 0.009 (1638 K) − 0.005 (1933 K) −
0.002 (2773 K)

The constant specific heat capacity was chosen to improve the computational efficiency and the temperature
dependent values were set using a simple linear interpolation.
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The vaporization pressure, pvap, Pa, of the Inconel 718 alloy was calculated according to
Equations (21)–(24):

pvap =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
1.01325× 105 0 < T < 2935
3.376372× 10−3T3 − 29.4454291T2 + 85590.17272T − 8.28202513× 107 2935 ≤ T < 3244
60795 exp

[
52724×

(
1

3000 − 1
T

)]
T ≥ 3244

(28)

The protective atmosphere in the experiment was argon and the other parameters required for the
calculation are shown in Table 2.

Table 2. Other required calculation parameters.

Parameter Value

Initial porosity of the powder layer [36] 0.4
Laser absorption rate [33] 0.36

Laser spot diameter, m 1.0 × 10−4

Average particle diameter, m 3.0 × 10−5

Powder bed thickness, m 4.0 × 10−5

Laser power, W 285
Scanning speed, m/s 0.96

Density of the base plate, kg/m3 7200
Thermal conductivity of the base plate, W/(m·K) 28
Specific heat capacity of the base plate, J/(kg·K) 640

Density of the gas phase, kg/m3 1.225
Thermal conductivity of the gas phase, W/(m·K) 0.0242
Specific heat capacity of the gas phase, J/(kg·K) 1006.43

Convective/radiation heat transfer temperature of the
surroundings, K 300

Convective heat transfer coefficient of the lower surface of the
base plate and the upper surface of the powder layer, W/(m2·K) 80

Emissivity 0.36
Initial temperature, K 353.15

Stefan–Boltzmann constant, W/(m2·K4) 5.67 × 10−8

Boltzmann constant, J/K 1.3806505(24) × 10−23

Standard atmospheric pressure, Pa 1.01325 × 105

Figure 4 shows the geometry and mesh model used here. The calculation area was divided into
three parts: the power layer, the solidified layer, and the base plate. The geometric dimensions of the
three parts were 1 × 0.5 × 0.04 mm3, 1 × 0.5 × 0.08 mm3, and 1 × 0.5 × 0.2 mm3, and the mesh sizes
were 0.01 × 0.01 × 0.0025 mm3, 0.01 × 0.01 × 0.01 mm3, and 0.01 × 0.01 × 0.02 mm3, respectively. The
number of mesh elements obtained in each part was 80,000, 40,000, and 50,000, respectively. Boundary
conditions included the top surface of the power layer set to convection, radiation, and vaporization;
the bottom surface of the base plate set as convective heat transfer; the contact surface between the
powder layer and the solidified layer set as a coupled wall; and the other boundary faces set as heat
insulation. In addition, the start position, end position, and scanning direction of the laser in the single
pass process are indicated in Figure 4 (the x coordinates of the start and end points are 0.1 mm and 0.9
mm, respectively).

3.1.2. Comparison of Simulation and Experimental Solidified Track Sizes

Figure 5 shows the temperature distributions in the top and middle sections at different times. It
can be seen from the calculation results that, since the laser energy density is Gaussian in the horizontal
plane, the temperature in the center of the active laser region was high, and the temperature was
low around the periphery (Figure 5a–c). From the temperature distribution in the middle section
(Figure 5d–f), the highest temperature of the pool was not at the center of the laser beam, indicating that
the metal particles at the center of the laser spot were not completely melted. It can also be seen from
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the figure that, as the laser started to heat the powder layer, the upper surface of the solidified layer
was significantly heated, meaning that there was heat exchange between the powder and the solidified
layers. This heat came from two sources: part of the laser energy passing through the powder bed, and
heat conduction between the powder layer and the solidified layer. Figure 6 shows the molten pool
shapes at different times, which were characterized by separately extracting the liquidus temperature
isothermal surface of the powder layer and the solidified layer. From the top-view (Figure 6a–c), it can
be seen that, when the heat exchange in the formation process reached the quasi-steady state, the shape
of the molten pool was in the shape of a teardrop. From the side-view (Figure 6d–f), it can be seen that
the solidified layer was partly re-melted, due to indirect heating from the laser, which is typical for the
SLM process and required to properly prepare the printed component.

 

Figure 4. Adopted geometry and mesh models.

 

Figure 5. Simulation results of temperature fields in the top (a–c) and middle (d–f) sections at different
times: (a,d) 6 × 10−5 s; (b,e) 4.5 × 10−4 s; (c,f) 8.4 × 10−4 s (unit: K).

 

Figure 6. Simulation results of top- (a–c) and side- (d–f) view molten pool shapes at different times:
(a,d) 6 × 10−5 s; (b,e) 4.5 × 10−4 s; (c,f) 8.4 × 10−4 s.
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Figure 7 shows the velocity distributions on the top surface at different times. It can be seen from
the simulation results that, due to the Gaussian distribution of the temperature on the top surface,
the liquid metal flowed from the center of the molten pool to its periphery under the influence of the
Marangoni effect (Figure 7d–f). Moreover, the speed distribution results (Figure 7a–c) show that the
speed was low in the reverse scanning direction because the temperature of the laser-applied region
was high, so the temperature gradient from the center to the activated region was low. Figure 8 shows
the velocity distributions in the middle section at different times. Due to the Marangoni flow on the
liquid surface, the annular convection phenomenon, centered on the molten pool axis, occurred inside
the molten pool, and the tangential flow of the molten pool surface and internal convection affected the
morphology of the molten pool. It should be noted that the difference in the flow behavior of the liquid
and solid phases during the formation process was achieved by setting different dynamic viscosities,
and a continuity condition was required in the calculation process, yielding velocity values outside of
the solidified track, but their impact on the simulation results was limited.

 
Figure 7. Simulation results of velocity magnitude (a–c) and local velocity (d–f) distributions on the
surface at different times: (a,d) 6 × 10−5 s; (b,e) 4.5 × 10−4 s; (c,f) 8.4 × 10−4 s (unit: m/s).

Figure 9 shows the density distributions of the top surface and the side-view solidified track shapes
at different times. It can be seen that the density of the powder layer element changed from the particle
state to the liquid or solid state after being melted by heat, and it also reflects that the solidified track
sizes were basically stable after the heat exchange reached the quasi-steady state during the formation
process. Figure 10 shows the simulation result of the transverse section of the solidified track. By
comparing with the experimental result [34], the experimental transverse section of the solidified track
was semi-elliptical, and the powder layer and the solidified layer did not show a smooth transition
to the solidified track in the simulation result. The influence of the solidified layer re-melting on the
internal flow of the powder layer molten pool was not considered here, and the calculation model
based on the workpiece scale could not characterize the dynamics, such as the collapse of the particles,
so the temperature and velocity fields of the powder layer and the solidified layer were calculated
independently. However, the key data of the SLM process was obtained through the simulation results,
namely the molten pool width and depth. The simulation solidified track width was 126.08 μm and
the depth was 65.26 μm (Figure 10). The experimentally obtained solidified track width was 124.14 μm
and the depth was 66.21 μm, which was directly from Ref. [34]. The two agree well. Therefore, the
molten pool dynamic behavior model based on the workpiece scale can be used to describe the SLM
formation process to a certain extent. The model can feasibly describe the SLM process.
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Figure 8. Simulation results of velocity magnitude (a–c) and local velocity (d–f) distributions in the
middle section at different times: (a,d) 6 × 10−5 s; (b,e) 4.5 × 10−4 s; (c,f) 8.4 × 10−4 s (unit: m/s).

 

Figure 9. Simulation results of density distributions on the surface (a–d) and side-view solidified track
shapes (e–h) at different times: (a,e) 6 × 10−5 s; (b,f) 4.5 × 10−4 s; (c,g) 8.4 × 10−4 s; (d,h) 1.5 × 10−3 s
(unit: kg/m3).
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Figure 10. Simulation result of the transverse section of the solidified track.

3.2. Analysis of the SLM Process of the Inconel 718 Nickel-Based Superalloy

3.2.1. Calculation Parameters and Mesh Model

The parameters required to calculate this process were basically the same as those in Section 3.1.1,
and Table 3 lists the different parameters. In addition, the geometric models used were nuanced. The
geometric dimensions of the calculation area for the powder layer, the solidified layer, and the base plate
were 1 × 0.5 × 0.03 mm3, 1 × 0.5 × 0.06 mm3, and 1 × 0.5 × 0.2 mm3, respectively. The corresponding
mesh sizes were 0.01 × 0.01 × 0.002 mm3, 0.01 × 0.01 × 0.006 mm3, and 0.01 × 0.01 × 0.02 mm3. The
number of mesh elements obtained in each area was 75,000, 50,000, and 50,000, respectively.

Table 3. Related parameters of this experiment.

Parameter Value

Laser spot diameter, m 7.0 × 10−5

Powder bed thickness, m 3.0 × 10−5

Laser power, W 150, 200, 250, 300, 350
Scanning speed, m/s 0.4, 0.5, 0.6, 0.7, 0.8

3.2.2. Influence of the Laser Power on the Solidified Track Width

Figure 11 shows the temperature and local velocity distributions of the top surface under different
laser powers when the laser acted on the center of the powder layer, where the scanning speed was set
to 0.6 m/s. It can be seen that, as the laser power increased, the temperature of the active laser area
increased significantly (Figure 11a–e). From the local velocity distributions (Figure 11f–j), as the laser
power increased, the Marangoni effect became more apparent, and the tangential speed of the liquid
metal at the surface became larger. Based on the shapes of the molten pools (Figure 12), the sizes of the
molten pool also increased as the laser power increased.

Figure 13 shows the simulation results of the final shapes of the solidified tracks under different
laser powers. From the simulation results, it can be seen that the solidified track width remained
stable after the heat exchange from the SLM process reached a quasi-steady state. As the laser power
increased, the width of the solidified track increased. Although the solidified track shapes in the
experimental results [35] were not as regular in the simulation results, it is obvious that the solidified
track width increased as the laser power increased. From the comparison of the simulation with the
experimental solidified track widths under different laser powers (Figure 14, the experimental data
was directly from Ref. [35]), the simulation results were in good agreement with the experimental
results, and both showed that, as a rule, the solidified track width increased linearly with the laser
power. It should be noted that, if the laser power was too large, the solidified track broke down due to
balling and liquid instabilities [37].
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Figure 11. Simulation results of temperature (a–e, unit: K) and local velocity (f–j, unit: m/s) distributions
on the surface under different laser powers when the laser acted on the center of the powder layer:
(a,f) 150 W; (b,g) 200 W; (c,h) 250 W; (d,i) 300 W; (e,j) 350 W.
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Figure 12. Simulation results of top- and side-view molten pool shapes under different laser powers
when the laser acted on the center of the powder layer: (a) 150 W; (b) 200 W; (c) 250 W; (d) 300 W;
(e) 350 W.

 

Figure 13. Simulation results of the final shapes of solidified tracks under different laser powers:
(a) 150 W; (b) 200 W; (c) 250 W; (d) 300 W; (e) 350 W.

Figure 14. Comparison of simulation and experimental [35] solidified track widths under different
laser powers.
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3.2.3. Influence of the Scanning Speed on the Solidified Track Width

Figure 15 shows the temperature and local velocity distributions of the top surface under different
scanning speeds when the laser acted on the center of the powder layer, where the laser power was
set to 250 W. It can be seen that as the scanning speed increased, the temperature of the active laser
area was significantly reduced (Figure 15a–e), because the active time of the laser on a fixed position
was reduced. From the local velocity distributions (Figure 15f–j), as the scanning speed increased, the
Marangoni effect weakened and the tangential speed of the liquid metal at the surface became smaller.
From the shape of the molten pools (Figure 16), the sizes of the molten pool decreased as the scanning
speed increased.

 

Figure 15. Simulation results of temperature (a–e, unit: K) and local velocity (f–j, unit: m/s) distributions
on the surface under different scanning speeds when the laser acted on the center of the powder layer:
(a,f) 0.4 m/s; (b,g) 0.5 m/s; (c,h) 0.6 m/s; (d,i) 0.7 m/s; (e,j) 0.8 m/s.
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Figure 16. Simulation results of top- and side-view molten pool shapes under different scanning speeds
when the laser acted on the center of the powder layer: (a) 0.4 m/s; (b) 0.5 m/s; (c) 0.6 m/s; (d) 0.7 m/s;
(e) 0.8 m/s.

Figure 17 displays the simulation results of the final shapes of the solidified tracks under different
scanning speeds. From the simulation results, it can be seen that, when the heat exchange of the
SLM process reached a quasi-steady state, the width of the solidified track remained stable and, as
the scanning speed increased, the width of the solidified track gradually decreased. Although the
solidified track shapes in the experimental results [35] were not as regular as the simulation results,
it was obvious that the solidified track width decreased as the scanning speed increased. From the
comparison of the simulation and the experimental solidified track widths under different scanning
speeds (Figure 18, the experimental data was directly from Ref. [35]), the simulation results were in
good agreement with the experimental results, and both showed, as a rule, that the solidified track
width decreased linearly with the scanning speed. It should be noted that, if the scanning speed was
too small, the solidified track broke down due to balling and liquid instabilities [37].

 

Figure 17. Simulation results of the final shapes of solidified tracks under different scanning speeds:
(a) 0.4 m/s; (b) 0.5 m/s; (c) 0.6 m/s; (d) 0.7 m/s; (e) 0.8 m/s.
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Figure 18. Comparison of simulation and experimental [35] solidified track widths under different
scanning speeds.

4. Conclusions

(1) The more reasonable and comprehensive equivalent processing models included the following.
Based on the smooth vaporization pressure model, the liquid metal vaporization heat loss models
were established. To characterize the transformation of the powder layer state (particle state,
liquid state and solid state) in the SLM process, the equivalent density, specific heat capacity, and
thermal conductivity models based on the formation state were established.

(2) The SLM single-pass formation of the Inconel 718 alloy process was calculated. The simulation
and experimental solidified track sizes were in good agreement, and the feasibility of the SLM
molten pool dynamics model was verified.

(3) The influences of different process parameters (laser power, scanning speed) on the SLM
formation of the Inconel 718 alloy were calculated and analyzed. Comparing the simulation
and the experimentally determined solidified track widths, the two agreed well, and the results
showed that, as a rule, the width increased linearly with the laser power and decreased linearly
with the scanning speed.

(4) Key to the current metal additive manufacturing process is that the geometry of the workpiece
has an important influence on the thermal-melt-stress evolution. To analyze the influence of
the “heat transfer process-geometry-stress distribution” on the quality of the workpiece using
the molten pool dynamics model, the thermal load under different process parameters must be
obtained based on the model discussed here and be introduced into the stress calculation of the
workpiece in a reasonable way.

(5) The complex thermophysical interactions existing in the SLM process often occur in a very short
period of time and on a microscopic scale, such that the microstructure of the workpiece is
greatly affected by the SLM process. Therefore, predicting the evolution behavior of an SLM
solidification structure under different process parameters is also an important direction to study
the “microstructure-molten pool-performance” of SLM parts.
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