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Abstract: In the selective-laser-melting process, it is difficult to monitor the evolution of the melt
pool in real time via experimental methods due to the complexity and fine scale of laser-powder
interaction; numerical simulation has become an important technical way to study the selective-
laser-melting process. A coupled thermal—fluid model of the SLM single-layer melt-channel-forming
process is constructed based on hydrodynamic theory for AlSi10Mg metallic materials, and the SLM
single-layer melt-channel-forming process is investigated by combining parametric experiments
and numerical simulation methods. A binarised spatial-random-function pore material model is
proposed, and a multiscale finite-element numerical model of the melt-channel-forming process
is constructed to compare and verify the first-layer melt-channel-forming process and to analyse
the evolution of the melt pool and the change in the temperature field in multi-layer melt channel
formation. The results of this study show that the multiscale numerical model of the SLM multilayer
melt-channel-forming process has a reliable computational accuracy, with an average error of 6.77%
for the melt pool length and 1.69% for the melt pool width; Marangoni convection effects increase
the melt pool size, and the presence of pores significantly affects the evolution of the powder bed
temperature field. With laser scanning and powder bed stacking, the overall temperature of the
powder bed and the peak temperature of the molten pool gradually increased, and the length, width,
and height dimensions of the molten pool increased by 44.9%, 21.7%, and 33.8%, respectively.

Keywords: selective-laser melting; multiscale; numerical simulation; two-phase flow; molten pool

1. Introduction

Selective-laser melting (SLM) is a typical additive manufacturing method, and in recent
years, researchers have conducted numerous experiments using SLM technology on alloys
such as Ti6Al4V, AISI316L, Inconel 718, Inconel 625, and AlSi10Mg [1-4]. The AlSi10Mg
alloy is widely used in automotive, aerospace, and other industries due to its good thermal
conductivity, high strength, low density, and good weldability [5]. Important printing
parameters such as laser power, scanning speed, laser radius, scanning pitch, etc., determine
the rate at which the powder layer obtains energy from the laser beam, which directly
affects the microstructure and mechanical properties of the SLM-formed structure [6,7]. The
combination of inappropriate formation scanning parameters and poor powder melting
can lead to poor densification of the formed structure [8]. Buchbinder [9] carried out
experiments on SLM formation of AlSil0Mg alloys, using a 200 um diameter laser source,
and found that laser powers greater than 150 W were required to prepare structures with
high relative densities. Louvis [10] conducted SLM experiments on aluminium alloys and
found that aluminium alloys have a small forming window and that oxidation effects
are an important factor affecting the density of aluminium alloys formed. Megahed [11]
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investigated the microstructural properties of AlSi10Mg alloys prepared by laser-based
powder bed melting under non-heat-treated and heat-treated conditions, evaluated their
static and dynamic mechanical properties, and investigated the optimum set of heat-treating
parameters in terms of increasing the hardness and eliminating anisotropic microstructural
features. Mustafa [12] investigated the effect of build anisotropy on the organisation and
mechanical properties of selective-laser-melted AlSi10Mg.

The complex heat and material exchange processes inside and outside the melt pool are
difficult to be detected in real time by monitoring instruments, while numerical simulation
methods, as a supplement and extension of testing, can quantify the effects of forming
parameters on the properties of the formed specimens. Macroscale numerical models of
SLM usually ignore the effect of pores between powders and the generation of melt pools
and simplify and calculate the model by treating the powder bed as a whole continuum,
which can efficiently carry out the preliminary process analysis and optimisation, and
mainly use the finite-element method, the finite-volume method, and the finite-difference
method to carry out the macroscale modelling of the SLM process. Li [13] used the finite-
element method to establish a numerical model for the laser-melting process of 316L
stainless steel selective zone and carried out a detailed study on the influence of material
parameters on the forming process and results in the SLM process and found that the
forming process parameters significantly affect the temperature field of the powder bed
and the size of the molten pool, and this discovery provides an important reference to
optimise the SLM process. Ye [14], in order to reveal the complex physical properties of laser—
material interaction, the effects of laser process parameters on the melt pool characteristics
in SLM formation of alloys such as Ti-6Al-4V, 316L stainless steel, and Inconel 625 were
investigated, which provided an important theoretical basis for optimising the SLM process.
Roberts [15] investigated the changes in the distribution of thermal stresses induced by the
evolution of the temperature field of a multilayer powder bed based on a three-dimensional
finite-element model. Zhao [16] investigated the SLM formation process of the GH4169
alloy, and it pointed out that the SLM process is a dynamic process of rapid melting and
solidification and found that there is a large temperature gradient near the turn of the
scanning direction and at the overlap of the scanning lines, which produces thermal strain
and stress concentration, leading to warpage deformation.

Compared with the macroscopic scale, mesoscopic-scale numerical simulations also
need to take into account complex physical phenomena and processes such as surface
tension, recoil pressure of molten pool evaporation, gravity, Marangoni convection, etc.,
in the study of molten pools, which can more accurately predict and control material
defects in the process of melting and forming metal powder. Korner [17] used the lattice
Boltzmann method to develop a two-dimensional model for the SLM process for metal
powders at a mesoscopic scale. The model neglects the interaction between surface tension,
the Marangoni effect and recoil pressure from evaporation. Carolin [17] developed a
two-dimensional lattice Boltzmann model to study the melting and re-solidification of a
randomly filled powder bed during selective melting with a Gaussian laser heat source.
Khariallah [18] developed a three-dimensional powder bed heat flow coupling model and
found that the Marangoni effect is the main driving force of the melt pool. Sonny [19]
observed a molten pool sputtering via a high-speed camera and reproduced the sputtering
process using numerical simulation. Qiu [20] investigated the selective-zone melting
process of the Ti-6Al-4V alloy under different laser parameters and simulated the melt-
splashing behaviour of metallic materials produced during the forming process. It was
found that the formation of porosity and the surface roughness of the formed structure
were related to the thickness of the powder bed; the thicker the powder layer, the higher
the porosity and the lower the surface quality. It was also suggested that the Marangoni
force as well as the steam recoil pressure were the reasons for the instability of the melt
pool. Panwisawas [21] constructed a powder bed model by numerical simulation and
investigated the effects of process parameters such as laser power, scanning speed, and
powder thickness on the densities of the final formed structures.
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In summary, at present, for the numerical simulation of multilayer melt-channel-
forming processes, the macroscopic-scale continuum finite-element model has poor compu-
tational accuracy, and the mesoscopic-scale multi-physical heat-fluid coupling high-fidelity
numerical model has low computational efficiency, which are not able to show the inter-
layer relationship between the powder and the structure of the formation characteristics
effectively. This paper establishes a high-precision multi-physical-field model of the SLM
formation process at the mesoscopic scale and combines the results of mesoscopic numeri-
cal simulation to construct and validate a multiscale numerical model of SLM melt-channel
formation. The evolution of the temperature field of the molten pool and the flow field of
the molten mass during the SLM melt-channel formation was studied, and the change rule
of the overall temperature of the powder bed and the size of the metal molten pool was
obtained, which provides certain research methods and ideas for the numerical simulation
study of SLM.

2. SLM Single-Layer Numerical Modelling and Validation

In this paper, Flow-3D v11.1 software (Flow Science, Santa Fe, NM, USA) is used to
simulate the single-layer selective-laser-melting formation process. Referencing to existing
studies to simplify the problems involved in the process, the following assumptions are
made in this study: (1) the AlSi10Mg alloy powder is assumed to be of regular spherical
shape; (2) the melt in the melt pool is assumed to be an incompressible, homogeneous
Newtonian fluid; (3) the alloy material under study is considered to be a pure material with
valid physical properties.

2.1. Physical Models and Control Equations

The numerical simulation model takes into account the physical effects and phe-
nomena such as thermal radiation, heat conduction, solid-liquid phase transition, pool
evaporation, gravity, surface tension and its resulting Marangoni effect during the SLM
process. The physical process of SLM formation is shown in Figure 1, the thickness of the
single-layer powder bed is set to be 50 pum, and the influence of the powder bed thickness
is not considered. The discrete element method (DEM) is used to simulate the powder bed
model formed by the metal powder with the particle size ranging from 20 pm to 50 pm
under the action of gravity only, and the average particle size of the powder is set to be
35 um. The bulk density of the powder is set to be 1.5 g/cm?; the relative density is 55%.
The powder aggregation effect due to van der Waals forces was not considered as the
powder particle sizes were all larger than 20 um. The powder bed was laid as a whole onto
the top of a planar substrate of the same material, which wasa 1.2 mm x 0.5 mm x 0.2 mm
rectangle, and can be considered as a processing base or a structural part that has been
scanned and formed.

(a) Loser (b)

. Scanning directjon

shielding gas

sputtering evaporation

. ° .
heat radiation ® : ® thermal convection

Formed surface balling temperature

1338370
AAAAAA 1182.042
1025.714
869.365

heat conduction

713.058
556.730
400,402

Figure 1. (a) SLM moulding physical process; (b) Mesoscopic numerical model of SLM process.

The reflection and absorption penetration between the laser and the powder is sim-
plified as a Gaussian-distributed surface heat source, and there is a certain defocusing



Metals 2024, 14, 825

40f21

dispersion effect in the direction of laser action. The heat source’s heat flux expression is

as follows:
mAP X2+ y?
qg(x,y,z) = m’% exp <—m r% (1)
rp = ro+alzo —z| 2)

where P is the laser power, and the value of m is taken as two [18]. As can be seen from the
integration results, the formula sets the energy power within the laser radius to account
for 86.5% of the total laser power, A denotes the absorption rate of the powder to the laser
energy, 1o denotes the laser radius, and a denotes the laser divergence angle.

In the scanning process, the high-energy density laser beam acts directly on the surface
of the powder, the powder absorbs heat and rapidly warms up and melts, and there is a
certain amount of heat loss on the surface of the powder and the melt pool due to radiation
and convection; so, the size of the final input heat flux is adjusted [22].

Gin = q(x,,2) — he(T — To) — e05(T* — T§) — gev ®3)

where /. is the convective heat transfer coefficient of the protective gas, ¢ is the radiant
emissivity, o is the Stefan—-Boltzmann constant, and T is the ambient temperature, the
preheating temperature of the substrate. gey expresses the heat absorbed by evaporation
from the top of the melt pool.

Figure 2 shows the initial profile of the laser energy acting on the surface of the
powder bed; the laser energy acts directly on the spherical powder surface profile and
meets the characteristics of laser defocusing and dispersion. The single layer of metal
powder reaches the melting point under the radiation of the laser and begins to melt, and
with the movement of the laser and the transfer of heat outward, the molten liquid metal
is cooled and solidified. The material is heated and cooled cyclically as the laser scans
adjacent areas for processing. In the SLM process, the unit heat input is provided by the
laser beam, and the heat output is represented by heat conduction, heat radiation, and
convection losses.

A

temperature

415352
412.794
410.235
407.676
405,117
402.559
400.000

Figure 2. Profile view of laser action.

Assuming that the melted liquid metal is incompressible, the thermal expansion
phenomenon is provided by the density as a function of temperature with respect to time,
and the governing equations are the mass continuity equation, the momentum conservation
equation, and the energy conservation equation [23].

9% O
§+V-(pv)—0 4)
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where ¥ and g denote velocity and gravitational acceleration, i1 denotes the hydrodynamic
viscosity, p is the pressure, T denotes the temperature, p denotes the density, and H denotes
the latent heat of phase change in the melting process.

In the laser scanning process, the metal powder particles absorb the laser energy, and
the temperature rises until it melts to form a molten metal pool; the liquid metal surface
tension coefficient can be up to 1000 mN/m or more, and the surface tension calculation of
the surface in the model is replaced by the equivalent surface pressure. In the process of
powder melting and solidification, the temperature at the centre of the melt pool surface
is higher compared to the surrounding area, and the Marangoni effect generated by the
surface tension gradient due to the temperature effect of the surface tension coefficient
affecting the motion of the melt pool fluid, which is characterised by the Marangoni force,

which satisfies p
o
FMarangoni = aT [VT —n(n-VT)] 7)

where ¢ is the liquid metal surface tension coefficient and n is the unit vector.

With the movement of the laser, the liquid melt pool is rapidly solidified, and gravity
acts on the liquid metal in the melt pool for a short period of time, and its driving effect
is relatively small compared with the surface tension and Marangoni effect, which can be
clearly verified in the numerical model results and in the model without applying the effect
of surface tension; the powder cools down and solidifies immediately after the thermal
melting without any obvious deformation.

Considering the vaporisation phenomenon resulting from the heating of the molten
pool under the action of the laser, in which the evaporation heat absorption effect is consid-
ered in the heat source model part, according to the numerical model of the evaporation
process proposed by Alexander Klassen [24] et al., the evaporation heat absorption flux can
be obtained

AH, L= T1V> (8)

= 7¢AHV ex
fev = ammrr P\ P RTT,

where py is the ambient pressure, Ty, is the boiling point of the melt pool, ¢ is the evapora-
tion efficiency, AHy is the latent heat of evaporation, M is the molar mass of the metallic
material, and R is the ideal gas constant.

When the laser energy density is high, the surface temperature of the melt pool reaches
the boiling point, and the alloy vapour produced by the melt pool will generate a large
recoil pressure on the melt pool, which is greater than or equal to 0.55P, where Py is the
saturated vapour pressure of the melt pool, and in numerical simulation is loaded on the
surface of the melt pool in an externally acting manner, which can be derived by using the
Alexander Klassen equation [24]:

_ T—-Ty
pv(T) = 0.55p exp (AHV RTT,, ) 9)

2.2. Material Parameter Setting

The powder bed and the substrate are set to be the same AlSil0Mg material, and the
thermophysical parameters [25] of this material are set as shown in Figure 3 and Table 1.
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Figure 3. Relationship between thermal conductivity, specific heat capacity, dynamic viscosity, density,

and temperature of AlSil0Mg.

Table 1. Thermal properties of materials reprinted with permission from ref. [25]. 2021 American
Physical Society.

Property Value
Solidus temperature (Ts, K) 830
Liquidus temperature (T}, K) 870
Boiling temperature (T1,, K) 2743
Latent heat of melting (AH, J/kg) 3.89 x 10°
Latent heat of evaporation (AHy, ] /kg) 1.07 x 107
Saturated vapor pressure (P,, Pa) 1.013 x 10° (T}, = 2743 K)
Surface tension coefficient (oo, N/m) 1.02
Temperature sensitivity of surface tension (¢7, N/(m-K)) —3.1 x 107*
Convective heat transfer coefficient (1., W/ (m?-K)) 82
Radiation emissivity (¢) 0.4

2.3. Experimental Materials and Forming Equipment

The AlSi10Mg powder used in the experiment was prepared by the State Key Labora-
tory of Powder Metallurgy, Central South University, Changsha, China, and the chemical
composition of the powder is shown in Table 2, and the particle size distribution of the
powder is shown in Figure 4, where D(10) = 17.2 um, D(50) = 30.5 um, and D(90) = 52.7 pm.

1.0

1
o
0

0
T
1

~

]
1
=}
=)

Partical size distribution/%
Cumulative size/%

- 0.4
4rF —
[] <02
2 F J{ —
1
0 n L N L |_| (| 0.0

0 20 40 60 80 100
Partical size/um

Figure 4. AlSi10Mg alloy powder particle size distribution.
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Table 2. Chemical composition of AlSil10Mg alloy powder.
Al Si Mg Cu Ni v Fe Mn Ti Zn
rest 10.3 0.35 0.20 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Using Huashu Hi-Tech FS271M (Shenzhen, China) selective-laser-melting equipment
as shown in Figure 5 for the SLM formation of metal powder, the size of the forming
cylinder of this equipment is 275 mm x 275 mm X 320 mm, equipped with a 500 W fibre
laser and high-precision three-axis scanning galvanometer, and the highest scanning speed
isup to15m/s.

Figure 5. FS271M selective-laser-melting equipment.

The aluminium substrate was preheated to 130 °C, and the forming cavity was filled
with high-purity argon as the protective gas, with the oxygen content below 0.15% by
volume. The forming parameters are shown in Table 3. The melt channel length is set to
20 mm. In order to facilitate the subsequent observation, the single melt channel scanning
is set to 1 mm spacing. The forming is repeated five times. The powder laying and scanning
process is shown in Figure 6.

Table 3. Parameters of selective-laser-melting process.

Laser Powder Layer Laser Scan Linear Energy = Energy Melt

Power (W) Thickness Radius Speed Density Density Gap

(um) (um) (mm/s) (J/m) (J/mm?3) (1m)
300 700 429 85.7 130
300 1000 300 60 130
300 1500 200 40 130
100 50 45 200 500 111 80
100 500 200 44.4 80
100 800 125 27.8 80
100 1000 100 222 80

Figure 6. (a) Powder bed; (b) Forming channel.



Metals 2024, 14, 825 8 of 21

2.4. Model Validation

As the laser energy absorption rate of the alloy powder is unknown and in order to
improve the accuracy of the numerical simulation results, the numerical simulation results
of different energy absorption rates under the single- and double-melt-channel width size.
The morphological features and experimental results match the comparison, determining
that the energy absorption rate of the AlSil0Mg material in this numerical model is 12%
and have a 100 W power single melt-channel-forming morphology, as shown in Figure 7.
The numerical simulation and experimental results are in good agreement, indicating that
the numerical model is reliable and valid. The left side and the right side, respectively,
represent the fuse topography maps obtained by numerical simulation and experiment at
different scanning speeds during the moulding process. The basic outline of the fuse is
outlined by red dashed lines. The size and continuity of the fuse obtained by numerical
simulation are in good agreement with the experimental results, which indicates that the
numerical simulation method is reliable and effective.

V=500mm/s

V=800mm/s

V=1000mm/s
(a) numerical simulation (b) experiment

Figure 7. Comparison of moulding appearance of 100 W power single fuses.

3. Numerical Modelling of SLM Multiscale Melt Channel Formation
3.1. Metal Material Property Setting

The metallic material is in a metallic powder particle state before laser forming, and
after laser irradiation, two solid-liquid cyclic phase transitions occur successively and cool
down to a dense solid state. The physical parameter of the metallic material in the powder
particle state is determined by the material porosity ¢, which is commonly set by Yin [26]
and others:

ppowder(T) = Pbulk(T)(l - (P(T)) (10)
kpowder(T) = kbulk(T)(l - ¢(T))4 (11)

where ¢(T) is defined as the porosity as a function of temperature.

®o, To<T<T;
o) = po(f0), To<T<T (12)
0, T, <T
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where @ is the initial porosity, which is the porosity to reach the solid-liquid phase line
temperature point when the change occurs, higher than the melting point of the material
takes the value of 0; that is, when the metal powder is completely melted, the physical
parameters take the value of the material’s intrinsic value. In this paper, the study of a
heat transfer model, ignoring the impact of changes in material density, only the thermal
conductivity of the material with its state of change is considered. When solid-liquid
phase change occurs, it is regarded as additional latent heat for calculation by changing
the specific heat capacity of the material, and the parameters of specific heat capacity and
thermal conductivity of the material without considering the latent heat of phase change
are set as shown in Figure 8.

1200
A-A A A A —m— Specific heat capacity 4 160
A Thermal conductivity of bulk

---- Thermal conductivity of powder 4 140

| |
_——A 4120
. A
N /l —a—
’,Ar”/ 100

-
| AT
i

1000 | / H - 80
i
i
i

Specific heat capacity(J/kg-K)

I'hermal conductivity(W/(m-k))

——————————————

300 1 1 1 1 1
400 800 1200 1600 2000

Temperature (K)

Figure 8. Material specific heat capacity and thermal conductivity parameter setting.

3.2. Melt Pool Mobility Equivalent

The surface tension of the molten metal pool and its Marangoni effect can be calculated
directly within the high-fidelity fluid model, but the fluid state of the molten pool cannot
be obtained and calculated in this finite-element model of heat transfer, and the influence
of the Marangoni effect on the heat transfer process needs to be taken into account in order
to improve the accuracy of the numerical simulation. In their numerical simulation of the
laser-welding process, Lampa [27] et al. first suggested that the effects of the Marangoni
effect could be modelled by increasing the thermal conductivity of the metal’s liquid phase,
which was experimentally verified, and this method was subsequently applied to the finite-
element numerical simulation of laser additive manufacturing technology by Nikam [28,29]
etal.

In this study, a correction factor Cp, is used to control the thermal conductivity of the
material in the liquid phase state to simulate the effect of the Marangoni effect. When the
temperature is higher than the liquid phase point, the thermal conductivity of the material
becomes Cy, times the intrinsic parameter, and the value of the correction factor Cy, for the
AlSi10Mg material in this study is determined via comparative validation to be 1.8.

In order to estimate the influence of the Marangoni effect on the heat transfer process
in the molten pool, which is characterised here using the dimensionless number Ma,

diwAT

Ma = dT e

(13)

where w is the width of the melt pool, AT is the difference between the peak temperature of
the melt pool and the liquid phase point, y is the dynamic viscosity, and « is the thermal
diffusion coefficient, which is related to the thermal conductivity and specific heat capacity
of the material. Larger values of Ma indicate that the Marangoni convection effect is more
pronounced compared with free diffusion, and smaller values of Ma indicate that the
Marangoni effect has less influence on the heat transfer process in the melt pool.
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(a)

Diameter [mm]
0.5000

3.3. Pore Modelling in Sedimentary Regions

Plessis [30] used X-ray tomography to establish a structural three-dimensional image
of the Ti-6Al-4V alloy and carried out a comprehensive experimental study on the pore
formation mechanism as shown in Figure 9. It was found that the pore morphology was
mainly classified into three kinds of pore forms based on different formation mechanisms,
including irregular and long pores formed due to insufficient fusion of the material; spher-
ical pores formed by alloy vapours or protective gases that did not escape in time; and
keyholes formed by incomplete filling of molten pool depressions at high-energy densities.
In order to reflect the defects and inhomogeneities after laser forming, this study uses
random non-uniform material data and interpolates the phase-transformed unitary mate-
rial, which is used to describe the voids and inhomogeneities randomly appearing in the
material structure after laser forming.

(b)

Diameter [mm]
0.1000
0.0924
00849

“0 L0773
0 0695

\0 ot
Qi

s AMRRRICENN

Figure 9. Distribution of 160 W-360 W power forming structured 3D pores reprinted with permission
from ref. [30]. 2019 Elsevier. (a) 90 W. (b) 120 W. (c) 1600 W (d) 200 W. (e) 240 W. (£) 280 W. (g) 320 W.
(h) 360 W.

A stochastic function is defined in three dimensions by triple summation in three di-
mensions:

f(x,y,2) Z Z Z (k,1,m) cos(27t(kx + ly + mz) + ¢(k,1,m)) (14)
k=—KIl=—Lm=—M

_ __ slklm)
a(k,1,m) = g(k,1,m)h(k,1,m) @i mz)ﬁ/z (15)
where g(k,I,m) is the amplitude coefficient with normal distribution, h(k,,m) is the amplitude
with frequency dependent amplitude, and ¢(k,/,m) is the phase angle with a uniform
random distribution. K, L, and M are integers corresponding to the maximum frequency in
each direction. S is the spectral index, which determines the smoothness of the generated
data; the larger its value, the smoother the obtained data.

The function is based on fractal image theory, calculates a random spatial data set,
sets the spatial frequency resolution and spectral index according to the demand and
calculates to obtain the spatial-random function f(x,y,z), and then adopts Boolean operation
to transform the computed random inhomogeneous data into binary data, which are used
to simulate air-metal materials after the phase transition, and the parameters are finally
defined as:

k* = kintrinsic - (kintrinsic - kair) Lf(x/ Y, Z) > P] (16)
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When the value of the stochastic function is greater than the threshold p, the material
corresponds to the air parameter, and when the value is less than the threshold p, the
material corresponds to the metal intrinsic parameter, and thus, the material porosity can
be controlled by adjusting the size of the value of p in Equation (16). Figure 10 shows
the results of the random data set slices obtained with a different threshold, p. Different
processing results can be selected according to the different porosities of the material-
forming structure. The material parameter setting is controlled by the temperature function,
and when the cell temperature is greater than the solid-liquid phase transition point of the
material and the value of the first-order derivative of the time is greater than 0, the material

is transformed from the powder state to the pore model parameter.

1

0.9
0.8
0.7
0.6
05
0.4
0.3
0.2
0.1
0

(b)

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

z
Il

0

Figure 10. Random function standard data set slices and their Boolean results (a) data set slices
(b)p=03(c)p=035(d)p=04(e)p=045(f) p=0.5.
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3.4. Establishment of SLM Multilayer Melt-Channel-Forming Process

SLM multilayer melt-channel-forming finite-element geometric model includes the
substrate and powder bed, the basic dimensions, and mesh division as shown in Figure 11;
the substrate and powder bed length and width are 4 mm and 2 mm, respectively, the
substrate thickness is 0.5 mm, and the thickness of the powder layer is 0.075 mm. The
calculation is set up by scanning four layers, with the use of tetrahedral mesh fast division.
After mesh independence analysis, the maximum size of the powder bed mesh was set to
30 um, and the maximum size of the substrate mesh was set to 80 um.
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Figure 11. Geometric model meshing and heat centre trajectories.

The grid division and the path of the laser heat source is shown as the red line in
Figure 11, and each layer of the powder bed is set to scan seven adjacent tracks. The track
spacing is set to 100 um, in accordance with the serpentine scanning strategy, in order
from the first to the last. The laser energy is loaded on the surface of the powder bed in
the manner of the Gaussian heat flux, the centre of the heat source through the in-plane
time-domain function of the track and the scanning speed of the laser. The laser is used to
scan the surface of the powder bed. The laser power was set to 300 W and the scanning
speed to 1500 mm/s. The melt path formed by scanning under this path did not spread
over the whole powder bed plane, retaining the powder nature of some materials in its
outer rim area.

The bottom of the geometric model substrate adopts constant temperature boundary;
the top surface is set with a Gaussian moving heat source input, thermal radiation loss,
and evaporation loss; the setting method and parameters are consistent with the previous
heat—flow coupling model; the side surface adopts the boundary conditions of radiative
and convective heat dissipation; and the convective heat transfer coefficient is set to be
equal to the value set in the previous section.

Compared with the use of a high-fidelity heat-fluid coupling model for SLM multilayer
scanning process research, the finite-element method for establishing the heat transfer
model does not need to consider laser scanning on the powder bed surface’s topographic
structure. The advantages of the model can be used in commercial software such as Ansys
or Abaqus, using the birth—death cell technology for SLM multilayer melt-channel-forming
process model building. In this study, in order to simulate the laying and calculation of
a new powder bed, multiple solvers were used to set up different layers of powder in
sequence, starting with the calculation from the first layer of powder bed scanning and
sequentially using the calculation results of the nth layer after the scanning and shaping of
the nth layer as the initial conditions for the n + 1th layer of powder bed scanning, so as to
obtain the results of the multilayered fusion channel shaping as shown in Figure 12.
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(a)

(b)

mm mm

Figure 12. Multi-layer melt-channel-forming process (a) layerl. (b) layer2. (c) layer3. (d) layer4.

3.5. Validation of Numerical Simulation of SLM Multiscale Melt Channel Formation

The temperature-equivalent surface is plotted in the calculation results, and the ref-
erence temperature is set to be 830 K at the liquid phase point of the material, so that the
specific appearance of the melt pool during the scanning process can be obtained. Figure 13
shows the appearance of the melt pool at the moment of the first layer of the powder bed
in the multiscale model at the moment of 0.24 ms, with a melt pool length of 118 um, width
of 175 um, and depth of 60 um. The upper surface of the melt pool is elliptical, without
trailing phenomena.

Figure 13. Characteristics of the melt pool size at 0.24 ms moment of the first powder bed.

The first 0.72 ms time period in the thermal—fluid coupling model is the single-channel
scanning process, and the melt pool size data obtained from this single-channel formation
are used as the reference values to analyse the error in the calculation of the melt pool
size at the same moment of the multiscale model. From the data in Table 4, it can be seen
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that the simulation error of the multiscale model in the melt pool size is relatively small,
indicating that this model has a certain degree of reliability.

Table 4. Analysis of the calculation results of the molten pool size.

Characterisation Length/(um) Width/(um)
Juncture/(ms) 0.24 0.48 0.72 0.24 0.48 0.72
Multiscale modelling of melt pools 175 184 193 118 120 122
High-precision model melting pool 160 172 185 115 118 121
Absolute error/(um) 15 12 8 3 2 1
Relative error/ (%) 9.375 6.977 4324 2.609 1.695 0.826
Average relative error /(%) 6.77 1.69

The size of the melt pool at different moments of the first powder bed was measured
and recorded and compared with the melt pool length and width data calculated by the
coupled thermal-fluid high-precision model in the previous section. The results are shown
in Figure 14, where both models indicate that the melt pool size gradually increases with
the laser heat source at the beginning of the scanning period. However, because the two
melt channels set in the high-precision model have a certain cooling time interval during
the scanning process, the melt pool size at 1.44 ms is slightly smaller than that at the 0.72 ms
moment but significantly higher than that at the 0.24 ms moment due to the thermal
accumulation effect. From the melt pool size trend presented by the multiscale model, it is
clear that the melt pool size will tend to stable as the scanning progresses.
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Figure 14. Comparison of melt pool sizes calculated by the two models. (a) Length. (b) Width.

In addition to the dimensional characteristics of the melt pool and verifying the
accuracy and reliability of this model, it is also necessary to analyse the temperature field
on the surface of the powder bed. In the previous paper, the temperature field analysis
was carried out on the intersection line AB between the central plane of the laser scanning
and the substrate plane. This section arranges an equal-length probe CD at the starting
position of a single-layer melt path to obtain the temperature field data at the same moment.
Figure 15 shows the temperature distribution of the high-fidelity model and the multiscale
model at the same working condition on the line segment of 50 um depth position. It can
be seen that in the scanned area, the temperature field obtained by the multiscale modelling
method is slightly higher than that by the high-fidelity thermal-fluid coupling model, but
the trend of the calculation results is more or less the same, and the peak temperatures
obtained by the two models and the temperature gradient in the un-scanned area at the
front of the melting pool are very close to each other, which indicates that the model is
accurate and reliable.
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Figure 15. Weld temperature field analysis. (a) Starting position of the equal-length probe. (b) Com-
parison of temperature field between the high-fidelity model and the multiscale model.

4. Analysis of Heat Transfer Process in SLM Multiscale Melt Channel Formation
4.1. Liquidity Equivalence Characterisation

In this study, a correction factor Cy, is used in the modelling to control the thermal
conductivity of the material in the liquid phase state, which is used to simulate the influence
of the Marangoni effect on the heat transfer process in the molten pool, and a control model
is added to the calculations with a value of one for the correction factor Cp,, which is used
to simulate the evolution of the characteristics of the molten pool in the absence of the
Marangoni effect.

In order to reduce the calculation time, the control model which does not consider
the flow effect brought by the Marangoni force only simulates and calculates the forming
process of the first layer of the powder bed melt channel. From the calculation results of
the research model and the control model, the metal melt pools formed at the centre of
the first two channels at the moments of 1 ms and 3 ms were selected for comparison to
analyse the variability of the calculation results brought about by the mobility equivalence,
as shown in Figure 16. It can be seen that when the flow effect brought by the Marangoni
force is considered and the correction factor Ci, = 1.8 is used for the equivalent setting,
there are some differences in the dimensional characteristics of the melt pools obtained
under the same working conditions and those obtained without considering the Marangoni
flow effect, and the melt pools considering the Marangoni convection effect are relatively
wider and deeper, whereas the melt pools without considering the Marangoni convection
effect are narrower and longer, with more obvious tail dragging, and the depths of melt

pools are slightly smaller. A Marangoni convection is generated by the surface tension
gradient caused by the temperature gradient, and its convection direction can significantly
affect the morphological characteristics of the metal melt pool. Since the central region of
the heat source is the temperature peak, the melt pool is surrounded by the liquid phase
point, and the length dimension of the melt pool is larger than the width dimension, the
average temperature gradient in the width direction is higher, and the convection effect
is more pronounced in the width direction, which results in the increase in the melt pool
width. Due to the convection effect in the depth direction of the return flow, the bottom of
the melt pool can obtain more heat, so the depth of the melt pool is calculated by taking
into account that the Marangoni effect will also be slightly larger.
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Figure 16. Comparison of liquidity equivalent characteristics.

4.2. Pore Model Characterisation

In order to observe the effect of the presence of pores on the heat transfer process
in the powder bed, the formation of pores in the deposition region was simulated using
binarised random material data to analyse the effect of the presence of a pore model on
the temperature field generated, and conventional non-porous and pore models were
constructed and calculated to compare the results of the study calculations. Figure 17
shows a schematic diagram of the temperature recording points, with point O being the
midpoint of the first melt channel. Figure 18 shows the temperature history of point O
on the surface of the first powder bed during the first 14 ms with and without the pore
model; the laser passes over the point at t = 1 ms when its temperature reaches its peak,
and as the laser moves, the temperature of the point increases when the laser heat source is
close to it, and decreases when it is far away from it. From Figure 18, it can be seen that
there is a significant difference between the results of the computational models established
with or without considering the effect of porosity, in which the peak temperature and the
subsequent warming amplitude are lower than those of the model without considering
porosity when using the porosity model to control the material parameters in the forming
region. The evolution of the material temperature field includes the material heating and
cooling rates, which determine the magnitude of thermal stresses, and the material in the
pore boundary region is more likely to produce stress concentration effects, for which
accurate temperature field prediction and analysis is particularly important.
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Figure 17. Temperature recording point O with coordinates of (2, 0.7, 0.575).
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Figure 18. Point O temperature history.

4.3. Evolution of Temperature Field in Multilayer Melt Channel Formation

During the melting process, the temperature field of the powder bed changes rapidly
with time, and the temperature is highest in the laser centre region at the surface of the
powder bed and decreases with the distance from the centre of the laser beam with a
Gaussian distribution. Figure 19 shows the cloud diagrams of the surface temperature field
of the first powder bed and the top powder bed when the laser is moving to the centre
position of the powder bed. The highest temperature of the first powder bed is between
1600 K and 2000 K, while the highest temperature of the top powder bed melt pool centre
can reach about 2300 K, and the melt pool size is obviously larger than that of the first
powder bed melt pool.

x10° (K)

Figure 19. Surface temperature field of the first and top powder beds. (a) First powder bed. (b) Top
powder bed.

In order to study the temperature change in the powder bed in the process of melt
channel formation in a more specific and detailed way and to analyse the influence of the
laser energy movement and the stacking of the powder bed on the temperature field of
the material, the first layer of the surface of the powder bed is designated as the research
object of the centre point A, which is located in the scanning path of the laser, and the
specific coordinates of the position is shown in Figure 20. The whole scanning process takes
60 ms in total, and the calculation time for each layer is 15 ms, as shown in Figure 21; the
laser centre passes through point A when its temperature reaches a peak value of 1906 K,
and the highest temperature of point A is close to its liquid phase point of 830 K in the
process of moulding adjacent melting channels in the same layer of the powder bed. In
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the second layer of powder bed melt moulding process, the laser passes through point A
directly above, its temperature reaches the peak at more than 830 K, indicating that the
depth of the melt pool exceeds the thickness of the powder bed, and the first layer of the
powder bed has been partially remelted for moulding. This is followed by the third and
the fourth layer of the powder bed melt moulding process, the temperature of point A with
the laser scanning oscillation, and the overall showing an upward trend.

0.8
0.6
0.4 mm
0.2

Figure 20. Temperature recording point A.
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Figure 21. Temperature history and rate of temperature change at point A.

During the SLM moulding process, the metal material is rapidly heated up and cooled
down under the action of the laser, and the rate of change in the material temperature over
time can reach 10° K/s. The extremely high heating and cooling rates have an impact on the
evolution of the thermal and residual stresses in the structure; so, it is extremely important
to predict the material temperature gradient and the rate of change. The temperature history
of point A is derived from time to obtain the rate of change in point A’s temperature with
respect to time, and the results are shown in Figure 21. When the laser energy centre passes
through point A before and after, the heating rate and cooling rate reach the maximum
value of 5.1 x 10° K/s and 4.0 x10° K/s, respectively, and the second layer of the powder
bed is scanned by the melt channel, which also affects the surface of the first layer of the
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powder bed, and the heating rate can reach 1.3 x 10° K/s and the cooling rate can reach
8.2 x 10° K/s, respectively.

4.4. Evolution of Melt Pool Characteristics

As the laser scanning proceeds, the overall temperature of the powder bed continues
to rise, and the peak temperature of the melt pool formed by the melting of the metal
material rises with a correspondingly larger size for a constant laser input energy density.
The melting pool formed at the centre of each layer of the powder bed is obtained, the peak
temperature data at its centre is recorded, and dimensional measurements are carried out.
The peak temperature is shown in Table 5, with the scanning and deposition. The peak
temperature of the melting pool at the centre of the powder bed rises gradually from an
initial 1643 K to 2310 K of the fourth layer, and the growth rate decreases layer by layer.

Table 5. Peak bath temperatures in the centre of the powder bed.

Position First Layer Second Layer Third Floor Fourth Floor
Peak temperature (K) 1643 1920 2127 2310
Raise temperature (K) 277 207 183
Growth rate (%) 16.9 10.8 8.6

The dimensional measurements are shown in Figure 22, in which the melt pool length
increases from 198 pm in the first layer to 287 um in the fourth layer, which is about 44.9%,
and the growth rate of each layer is 16.7%, 18.2%, and 5.1%, respectively; and the melt
pool width increases from 138 pum in the first layer to 168 um in the fourth layer, which
is a total increase of 21.7%, and the growth rate of each layer is 2.9%, 9.2%, and 8.4%,
respectively. The growth rate is small relative to the length dimension; the depth of the
melt pool increases from 65 um in the first layer to 87 um in the fourth layer, with a total
increase of 33.8%, and the growth rate of each layer is 9.2%, 9.9%, and 11.5%, respectively,
with the growth rate increasing gradually, and the trend of the depth dimension increase
is accelerated. It can be seen that with the laser scanning and the stacking of the powder
layers, the size of the melt pool increases layer by layer in all three directions.
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Figure 22. Scatter plot of the powder bed’s centre melt pool and its dimensional data.
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5. Conclusions

In this paper, for selective-laser-melting—moulding technology, with the commonly
used material AlSi10Mg alloy powder as the research object, and through the numerical
simulation method combined with the melting channel moulding experiments, we carried
out an in-depth study on the forming mechanism and the intrinsic law of the selective-laser-
melting-moulding process of the AlSi10Mg alloy. It includes two major parts: a numerical
modelling simulation of a multi-physical-field heat—flow coupling in SLM melt channel
formation and a numerical simulation of a heat transfer process in SLM multiscale melt
channel formation. The main research results are summarised as follows:

(1) A numerical model of SLM single-layer melt-channel-forming process is constructed
based on hydrodynamic theory for AlSil0OMg metallic materials, and the evolution of
melt pool morphology during the SLM formation process of AlSil0Mg materials is
investigated, and the validity of the numerical simulation method is verified through
the melt-channel-forming experiments.

(2) A more computationally efficient multiscale numerical model is established for the
SLM multilayer melt-channel-forming process, and a binarised spatial stochastic
function is used to simulate the formation of pores in the deposition region, and the
simulation errors on the melt pool dimensions are small, with an average error on the
melt pool length of 6.77% and an average error on the melt pool width of 1.69%.

(3) The Marangoni convection effect increases the melt pool size, and the presence of
pores significantly affects the evolution of the temperature field in the powder bed.
With laser scanning and powder bed stacking, the peak melt pool temperature in the
centre of the powder bed grows from 1643 K in the first layer to 2310 K in the fourth
layer, and the melt pool length, width, and height dimensions increase by 44.9%,
21.7%, and 33.8%, respectively.
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