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Abstract

Selective laser melting (SLM) is a complex additive manufacturing process involving rapid
laser-material interaction, steep thermal gradients, and phase change phenomena. In this
work, a two-dimensional thermal model based on the lattice Boltzmann method (LBM)
is developed to simulate the SLM process of AlSi10Mg and 316L stainless steel (316L SS)
alloys. The model captures the laser-material interaction, layer-by-layer deposition, phase
change behavior, and heat transfer mechanisms, including conduction and convection.
Experimental observations of melt pool width and depth were also performed on the
microstructures of the two SLM alloys in order to compare the results with the numerical
predictions. For the AlSi10Mg alloy, good agreement is obtained, with relative errors of
19.13% in melt pool width and 7.58% in depth, accurately capturing melt pool penetra-
tion and remelting behavior. In contrast, moderate deviations are observed for 316L SS,
indicating a higher sensitivity to thermophysical properties and suggesting that further
model refinement is required. Overall, the results demonstrate the capability of the LBM
framework as an efficient and robust tool for analyzing thermal behavior in SLM and for
supporting process parameter optimization.

Keywords: selective laser melting process; lattice boltzmann method; AlSi10Mg; 316L
stainless steel

1. Introduction

Selective laser melting (SLM) is a powerful methodology that involves heating and
melting metallic powder alloys (e.g., nickel, titanium, aluminum, steel-based, etc.) for
building three-dimensional components in a layer-by-layer manner. The process is complex
because it uses a high-power laser as an energy source to scan successive thin powder layers
and then generate a small volume of molten material known as a melt pool. Generally, the
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melt pool geometry displays a semicircular shape with a width and depth (melt pool dimen-
sions). The complete macrostructure of an SLM material comes when several melt pools,
small circular or cylindrical parts [1], form a relatively tidy path of segments during the
melting process [2]. The SLM processing parameters that strongly influence the geometry
of the melt pool are laser power, scanning speed, hatch spacing between consecutive tracks,
melting strategy, layer thickness, and spot irradiation time [3]. Therefore, an appropriate
melt pool geometry significantly influences a successful SLM process.

Several experimental investigations have been conducted to characterize melt pool
geometry and its dependence on processing parameters in laser melting of AlSi10Mg and
316L SS alloys. Hofmann et al. [4] analyzed 677 single tracks produced by laser powder
bed fusion (LPBF) of 316L SS, considering three different layer thicknesses and four distinct
laser spot sizes. For each combination of layer thickness and spot size, the laser power and
scanning speed were systematically varied, generating an extensive experimental dataset of
melt pool geometries. The primary objective of this work was to establish a comprehensive
technical database describing melt pool width and depth under controlled processing
conditions. Based on these measurements, multilinear regression models were developed
to predict melt pool dimensions and to construct process maps quantifying the influence of
processing parameters on melt pool shape and instability. The study demonstrated that
melt pool geometry acts as a critical intermediate variable linking processing parameters
with final material properties, such as mechanical strength, porosity formation, and mi-
crostructure evolution in additively manufactured parts. Zhao et al. [5] investigated the
microstructure of SLM 316L SS fabricated by a multi-laser strategy, distinguishing between
the single laser forming zone and the overlap zone. In the single laser forming zone, the
melt pools exhibited a relatively irregular morphology, with average width and depth
values of approximately 190.35 um and 81.44 um, respectively. In contrast, the overlap zone
presented a more uniform and semi-elliptical melt pool structure, with increased average
dimensions of about 200.01 um in width and 120.22 pum in depth. The authors attributed
this difference to thermal accumulation and secondary remelting effects in the overlap re-
gion, which extended the melt pool lifetime and promoted deeper penetration. Xu et al. [6]
developed a three-dimensional finite element model to analyze the thermodynamic behav-
ior of the melt pool during SLM processing of AlSil0Mg. The model was validated through
single-track experiments, showing good agreement between simulated and measured melt
pool dimensions. Under processing conditions of 250 W laser power and a scanning speed
of 1000 mm/s, the experimentally measured melt pool exhibited an average width of ap-
proximately 143 um and a depth close to 53 um. Yue et al. [7] further investigated the effect
of remelting strategies on melt pool formation using a numerical-experimental framework.
Their results indicated that the remelting strategy produces a more symmetric and compact
melt pool morphology compared with the conventional SLM process, which contributes
to a reduction in porosity and promotes the formation of finer microstructures, leading
to improved mechanical properties and hardness. In addition, Wang et al. [8] proposed a
thermo-structural coupled finite element model to study the thermal evolution and residual
stress formation during SLM processing of AlSil0Mg. The numerical predictions were
validated with experimental measurements of melt pool geometry and residual stresses.
Their results demonstrated that increasing laser power leads to higher peak temperatures,
longer melt pool lifetimes, and enhanced fluidity of the molten material, which ultimately
results in larger melt pool dimensions.

Therefore, for a better understanding of the SLM process, predictive thermal mod-
els are essential to properly describe the physical phenomena involved, in particular the
melt pool formation during the complex interaction between the powder bed and the
laser beam. Among these numerical approaches, Korner et al. [9] followed a mesoscopic
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method to simulate the melting and re-solidification of a selective electron beam melting
(SEBM) titanium alloy. The developed approach based on the lattice Boltzmann method
(LBM) can predict several conditions, such as the stochastic effect, capillary and wetting
effect, balling effect, etc., which strongly influence the consolidation of the melt pool.
Lopez et al. [10] developed a coupled cellular automata—finite element (CA-FE) model for
the prediction of the microstructure of an SLM aluminum alloy. The model is able to predict
the dimensions of the melt pool, as well as the microstructure evolution. Li et al. [11] also
used the finite element method (FEM) to simulate the temperature distribution during
the laser melting process. The numerical results led to an optimal value in the melt pool
width and depth for a successful SLM process at a fixed laser power and scan speed.
Consequently, Liu et al. [12] developed another important SLM model through FEM. In
that approach, a three-dimensional transient model was established to calculate the dimen-
sions of the melt pool and the thermal variables of the SLM AlSi10Mg alloy. These FEM-
based models with outstanding results are widely reported in the literature, as reviewed
in [13]; however, a limited number of studies have employed homogeneous mesoscopic
approaches to simulate the physical phenomena involved in the SLM process. For example,
Korner et al. [9] developed powerful methods of SLM using the LBM. In Rai et al.’s [14]
study, the LBM formulation was implemented to simulate the melt pool dynamics and
grain growth of the SLM IN718 superalloy. Zheng et al. [15] utilized the LBM to study
the melt pool dynamics and the resultant porosity during the manufacture of Inconel
625 via SLM. Several instabilities inside the melt pool, such as lack of fusion, trapped gas,
etc., were associated with different processing parameters and powder packing densities.
Dai et al. [16] formulated a lattice Boltzmann model showing that fast scanning speeds
promote the formation of partially melted powder particles. Therefore, in this research, a
two-dimensional thermal model based on the lattice Boltzmann method (LBM) is devel-
oped to predict the temperature evolution and melt pool geometry of AlSi10Mg and 316L
stainless steel alloys processed by SLM. The proposed model serves as a fast optimization-
oriented tool, providing preliminary insight into the heat transfer mechanisms governing
the SLM process while accounting for the most relevant processing parameters. To validate
the proposed numerical model, SLM-fabricated 316L SS and AlSi10Mg samples were pro-
duced and experimentally characterized. The width and depth of multiple melt pools were
measured from the optical microstructures of both alloys.

The main novelty of the present work lies in the development and validation of a
simplified lattice Boltzmann thermal model capable of predicting melt pool geometry for
two different metallic alloys processed by selective laser melting. Unlike several previous
studies that focus on a single material system or rely exclusively on numerical simulations,
the present approach combines the LBM formulation with experimental characterization
of melt pool dimensions obtained from metallographic observations of AlSi10Mg and
316L SS samples.

Furthermore, the proposed model is designed as a computationally efficient frame-
work that captures the dominant thermal mechanisms governing melt pool formation while
maintaining a relatively low computational cost compared with fully three-dimensional
multiphysics models. This allows the model to be used as a practical tool for preliminary
analysis of process parameters and melt pool behavior in selective laser melting.

2. Materials and Methods
2.1. Experimental Setup

An SLM 280HL system (SLM Solutions Inc., Liibeck, Germany) equipped with a 400 W
continuous-wave ytterbium fiber laser was used to manufacture all samples (AlSi10Mg and
316L SS). The laser is water-cooled, operates in continuous mode, has a spot diameter of
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approximately 70 pm, and emits radiation at a wavelength of 1060 nm. The SLM machine
employs an argon-filled chamber to ensure an inert processing atmosphere and provides a
working volume of 280 mm x 280 mm x 350 mm for part fabrication.

During the SLM process, a homogeneous layer of metallic powder is deposited onto
the build plate using a recoater blade and subsequently scanned by the laser beam. The
volumetric energy density (E) applied to the powder bed is defined as

e P o

v x HS x Lt
where P denotes the laser power (W), v is the scanning speed (mm/s), HS represents the
hatch spacing (mm), defined as the perpendicular distance between adjacent scan tracks,
and Lt is the powder layer thickness (mm).

2.2. SLM Samples Fabrication

The AlSi10Mg alloy in its nearly spherical shape (20-63 um), shown in Figure 1 and
supplied by LPW Technology, was selected to fabricate cubic parts of 10 mm x 10 mm x 10 mm
using the SLM process. The particle size and chemical composition (wt. %) were analyzed
by Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS), re-
spectively. The EDS observation was carried out on one of the powder particles to reveal
its chemical structure and major alloying elements. The spectrum reveals that aluminum is
the dominant element with a measured content of approximately 87.6 wt.%, followed by
silicon with 11.30 wt.% and magnesium with 1.10 wt.%, as shown in Table 1. In addition
to the elemental composition of the material in its spherical phase (powder), the chemical

composition of the solid phase (i.e., as an SLM sample) was obtained by X-ray Fluorescence
Spectroscopy (XRF). Although the XRF analysis does not provide a complete chemical
composition as given by the manufacturer, it presents the major alloying elements similarly
to the EDS results.
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Figure 1. SEM image of the AlSi10Mg metal powder: (a) Size of some particles. (b) EDS analysis
performed on the region indicated by the red box in (a).

The manufacturing of the samples was performed with a 30 um layer thickness, 100 W
laser power, 100 mm/s scanning speed, and 100 um hatch spacing under a controlled
atmosphere with argon gas. The generated inert ambiance allowed controlling the oxygen
levels to less than 0.1% during the SLM process. The manufacturing process started with
the preheating of the substrate in order to reduce internal forces and deformation, which
are some of the main factors that affect the final properties of the material [17]. Therefore,
the building platform was preheated at 200 °C.
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Table 1. Elemental composition (wt. %) of the AlSil0Mg metallic powder and SLM sample [18].

Element Fe Mg Ni Si Zn Al
Powder - 1.10 - 11.30 - Bal.
SLM sample 0.17 1.09 0.006 10.82 0.0067 Bal.

In the SLM process, laser energy absorptivity is another key parameter governing
the interaction between the laser beam and the material. This intrinsic property, which
varies among metallic materials [19], determines the effective fraction of laser energy
absorbed by the powder bed. Although the absorptivity factor is commonly assumed
to be constant in numerical simulations [20], it is known to depend on several material
and processing parameters, among which the laser wavelength, mean particle size, and
particle morphology are the most influential [21]. For the AlSi10Mg alloy, a laser energy
absorptivity value of 0.09 is adopted in the present numerical simulations [11]. In addition,
the ambient temperature of the building chamber is assumed to be 25 °C.

Figure 2 shows the AlSi10Mg specimens fabricated by SLM. The samples were cubic
in shape with dimensions of 10 mm X 10 mm x 10 mm, half-sectioned in two planes (XZ
and YZ), and analyzed to examine their microstructure.

Figure 2. SLM AlSil0Mg parts [18].

For the 316L SS alloy, nearly spherical powder particles with a size range of 10-45 pm
were used, as shown in Figure 3. The powder was supplied by LPW Technology and
was employed to fabricate cubic samples with dimensions of 10 mm x 10 mm x 10 mm.
The particle size and chemical composition (wt. %) of the powder were analyzed by Scan-
ning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS), respectively.
The quantitative EDS analysis shows that iron is the dominant element with a measured
concentration of approximately 64.87 wt.%, followed by chromium (18.38 wt.%), nickel
(11.65 wt.%), molybdenum (2.48 wt.%), manganese (1.61 wt.%), and silicon (1.00 wt.%), as
shown in Table 2. This chemical composition was obtained from local EDS measurements
performed on representative powder particles. Then, once the SLM samples were manufac-
tured, their chemical composition was also analyzed by X-ray Fluorescence Spectroscopy
(XRF), showing the major alloying elements. The small differences between the measured
values reported in Table 2 arise from the different spatial scales of the analytical techniques
employed; while EDS measurements provide localized compositional information from
a small analyzed area, XRF represents the average chemical composition over a larger
material volume. In addition, the rapid melting and solidification associated with the SLM
process may promote local microsegregation effects, which can also contribute to slight
variations in the measured elemental concentrations.

The SLM process was carried out using the SLM 280HL machine, with the following
processing parameters: 30 um layer thickness, 400 W laser power, 110 um hatch spacing,
and 230 mm/s scanning speed. The building chamber was filled with argon gas to maintain
oxygen concentrations below 0.1% and prevent part oxidation.

https:/ /doi.org/10.3390/mal19071297


https://doi.org/10.3390/ma19071297

Materials 2026, 19, 1297

6 of 24

» \gﬁlsum

Fe
?
J

: 2 \’mzi)oum * »

- 37.838um

»——f’aa 533pum L
. ¥ 4

Cr

/‘ ise 525um
ﬁ' 697um \’2 069um

} .
QZED”[}* 8‘

D 15‘n
# »

BES 20kV  WD1imm SS68 x250  100pm =——m R 200 400 600 800
UANL-CIIIA 316LSS Energy - keV

1000 1200 1400 1600  18.00

(@) (b)

Figure 3. SEM image of the 316L SS metal powder: (a) size of some particles and (b) EDS analysis
performed on the region indicated by the red box in (a).

As shown in Figure 3, measurements were performed on several powder particles to
verify the particle size distribution provided by the manufacturer (LPW Technology). In ad-
dition, an energy-dispersive spectroscopy (EDS) analysis was conducted on a representative
particle to determine its elemental composition and identify the major alloying elements.

Table 2. Elemental composition (wt. %) of the 316L SS metallic powder and SLM sample [18].

Element Cr Cu Mn Mo Ni Si Fe
Powder 18.38 - 1.61 2.48 11.65 1.00 Bal.
SLM sample 18.67 0.04 1.13 2.55 11.84 - Bal.

Figure 4 shows the 316L SS samples fabricated by SLM. Such specimens were cubic in
shape with dimensions of 10 mm x 10 mm x 10 mm, which were also half-sectioned and
analyzed to examine their microstructure.

Figure 4. SLM 316L SS parts [18].

To summarize the SLM processing parameters and thermo-physical properties used
in this study, Table 3 lists the corresponding values for both AlSi10Mg and 316L stainless
steel alloys. These parameters were used to fabricate the metallic samples with dimensions
of 10 mm x 10 mm X 10 mm and to define the thermo-physical properties employed in the
numerical simulations.
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Table 3. SLM processing parameters and thermo-physical properties of the AlSil0Mg and 316L
stainless steel alloys [11,18,22-26].

Parameter AlSi10Mg 316L SS
Ambient temperature, T, 298 K 298 K
Layer thickness, Lt 30 um 30 um
Laser diameter, D 70 um 70 um
Laser power, P 100 W 400 W
Hatch spacing, HS 100 um 110 um
Scanning speed, v 100 mm/s 230 mm/s
Preheating temperature, Tj 473 K 573 K
Density (solid), p 2650 kg /m? 7980 kg/m?3
Thermal conductivity (solid), k 159 W/m-K 18 W/m-K
Specific heat capacity (solid), Cp 797 J/kg-K 545 J/kg-K
Solidus temperature, T 830 K 1658 K
Liquidus temperature, T; 869 K 1723 K
Latent heat of phase change, L 423 k] /kg 286 k] /kg
Convection heat transfer coefficient, 1 20 W/m?2-K 20 W/m?2-K
Absorptivity, A 0.09 0.35

2.3. Experimental Characterization

For the observation of the melt pool morphology in the SLM AlSil0Mg alloy, the
samples were etched with Keller’s reagent (190 mL distilled water, 5 mL HNO3, 3 mL
HCI, 2 mL HF for 10 s). A Carl Zeiss inverted optical microscope was used to examine
and measure the melt pool shape. An average of eighty-five melt pool measurements
per sample was performed at different locations. The final average size of melt pool was
then determined for each sample. Additionally, the grain structure of the SLM AlSi10Mg
material was analyzed. For this purpose, the specimens were etched with Keller’s reagent,
followed by a second etching step using an electrolytic solution with Barker’s reagent
(2.5 mL HBFy, 200 mL distilled water during 5 s at 2 V). To observe the microstructure,
polarized light was used in the optical microscope.

For the observation of the melt pool morphology in the SLM 316L SS alloy, the mounted
and polished samples were etched with Glyceregia (15 mL HCI, 10 mL Glycerol, and 5 mL
HNO3). The Carl Zeiss inverted optical microscope was then used to observe and measure
the melt pool shape. In this case, an average of sixty-five melt pool measurements per
sample was obtained at different locations. The final average melt pool size was determined
for each sample.

The melt pool dimensions were determined from the acquired optical micrographs
using a geometrical fitting procedure. Each melt pool cross-section was approximated by a
semi-elliptical profile, which is consistent with the typical morphology observed in single-
track SLM processes. The melt pool width was defined as the maximum horizontal distance
across the fusion boundary, while the melt pool depth was measured as the maximum
vertical distance from the top surface to the deepest point of penetration. Dimensional
measurements were obtained by calibrating the micrographs using the scale bar provided
in each optical image. A proportional scaling procedure was applied to convert pixel-based
distances into micrometer values. The measured width and depth values were recorded
individually for each melt pool and subsequently averaged to obtain the representative
melt pool dimensions for each processing condition.

3. Thermal Modeling
3.1. Computational Domain

The lattice Boltzmann formulation is implemented by adopting the standard D2Q9
lattice structure to define a two-dimensional simulation domain, as illustrated in Figure 5.
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The computational domain has a length of 1 x 103 m and a height of 0.56 x 10~3m. The do-
main height (L,) consists of a 0.5 x 103 m substrate thickness together with two deposited
powder layers representing the powder bed. In the present study, the substrate is assumed
to have the same thermo-physical properties as the powder bed. The domain is discretized
into a uniform lattice of 200 x 112 cells. Each lattice cell contains particle distribution
functions whose temporal evolution governs the thermal response of the system. These dis-
tribution functions, derived from the lattice Boltzmann equation, are employed to predict
the temperature distribution induced by the laser—material interaction within the proposed
rectangular domain.
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y y=Ly 1 1 y=Ly
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Figure 5. Two-dimensional scheme of SLM via LBM.

It should be noted that the present numerical model adopts a two-dimensional formu-
lation to represent the thermal behavior during the SLM process. Although the real laser
powder bed fusion process is inherently three-dimensional, the 2D approximation allows
capturing the dominant heat transfer mechanisms governing melt pool formation while
significantly reducing the computational cost. In particular, the 2D model reproduces the
main characteristics of the melt pool cross-section, including its width, penetration depth,
and the thermal gradients developed beneath the laser interaction zone. These features
are directly comparable with the experimental melt pool measurements obtained from
metallographic cross-sections.

Nevertheless, some three-dimensional effects, such as melt pool fluid flow, recoil
pressure dynamics caused by metal evaporation, and spatial variations along the scanning
direction, are not explicitly represented in the present formulation. Therefore, the proposed
model should be interpreted as a simplified thermal framework aimed at providing a fast
and reliable prediction of melt pool geometry and temperature distribution. Future work
may extend the present formulation toward fully three-dimensional simulations in order to
capture additional physical mechanisms involved in the SLM process.

From a physical standpoint, the present numerical formulation focuses primarily on
the thermal aspects of the SLM process. The dominant heat transfer mechanisms considered
in the simulation include laser energy absorption, heat conduction within the material,
and convective heat exchange with the surrounding environment. These mechanisms are
sufficient to capture the principal temperature evolution and melt pool geometry in the
cross-section of the processed material.

In contrast, several complex physical phenomena associated with melt pool dynam-
ics are not explicitly included in the present model. In particular, fluid flow driven by
Marangoni convection, recoil pressure induced by metal evaporation, and mass loss due to
evaporation are not considered. These effects may influence the detailed shape and stability
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of the melt pool, especially under high-laser-power conditions where strong surface tension
gradients and vaporization can occur.

The omission of these mechanisms may lead to moderate deviations in the predicted
melt pool dimensions, particularly in terms of melt pool depth and flow-induced asymme-
tries. Nevertheless, the simplified thermal formulation adopted in this work still provides
a reliable first-order prediction of melt pool geometry and temperature distribution. Such
simplified approaches are commonly used in thermal modeling of SLM processes to pro-
vide computationally efficient insights into the influence of processing parameters on melt
pool formation.

3.2. Lattice Boltzmann Formulation

The general kinetic equation to describe the propagation of information in a represen-
tative scheme via LBM can be written as [20]

afk(-g:'t) + - V(7 1) = O 2)

where () is a collision operator, which represents the rate of local change between the final

and initial state of the distribution function f; due to the collision process [27]. Based on
the Bhatnagar—Gross—Krook (BGK) collision scheme, () is given by [20,28].

0y = Lm0~ 77,0 @)

By substituting Equation (3) into Equation (2), and then discretizing, it yields the
discretized lattice Boltzmann Equation [20]

fulF+ Gt AL = (0 + 2 [97,6) ~ fu(7, )] @

where f} is the particle distribution function at the lattice position 7 and at time ¢, moving
with a microscopic velocity ¢ in the k-direction along the lattice link. 7 is a relaxation
factor related to collision frequency w as T = At/w, and f,fq is the equilibrium particle
distribution function known as the Maxwell-Boltzmann equilibrium distribution function.

The relaxation time is related to the thermal diffusivity, the velocity ¢, and the time
step in the lattice Boltzmann formulation by [28].

S22 )

For the D2Q9 lattice structure of this methodology, the lattice Boltzmann equation for

30 At
T=—>5+—+

the temperature distribution function into the simulation domain is given by [20].

filx + B,y + Ay, t+ At) = fi(x,y, 1) + % £ ey t) = filxy )] (6)

where k = 1,2,...,9 represents the nine velocities ¢ of the selected lattice structure.

The velocity vectors for the propagation of information (temperature distribution)
along the corresponding lattice links are ¢; = (0,0), ¢2 = (¢,0), ¢3 = (0,¢), ¢4 = (—¢,0),
05 = (0,—c), ¢ = (c,c), 7 = (—c,c), s = (—¢,—c),and ¢y = (¢, —c), where c = Ax/At =
Ay/At. Ax and At are the lattice space and the lattice time step, which equal unity for this
lattice Boltzmann formulation.

Consequently, the scalar factor to characterize the diffusion problem can be deduced
from the distribution function f; in the following way:

9
T(x,y,t) =Y filx,y,t) (7)
k=1
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The equilibrium distribution function f,fq can be obtained as follows:

il (x,y,t) = weT(x,y,t) ®)

wy stands for the weight factors of the corresponding distribution functions. These
factors must satisfy the relation 2,2:1 wy = 1 and are defined in the following way:

4
W =g fork =1 )
Wy = % fork=2,3,4,5 (10)
1
Wy = 3% fork =6,7,8,9 (11)

From Equation (8) and due to the system being at the initial temperature Tj (preheating
temperature of the laser melting system), it is possible to start the calculations with the
relation given by

keq(x, ¥,0) = wiTo(x,y,0) (12)

Once the initial condition has been established by using Equation (12), the solution of
Equation (6) for the evolution of the system is performed by two general steps known as
collision and streaming, which can be written in the following way:

collision:

fibowt+ a0 = filey )+ 2 [{0on 0 ~ filey ], k=129 03

streaming:

fr(x +Ax,y + Ay, t + At) = fi(x,y,t+At), k=1,2,...,9 (14)

Another important point for the beginning of the calculations is that the equilibrium
distribution function f,fq in Equation (8) can be related to the temperature distribution
function as

9 9
Y Rlxyt) =Y wT(x,y,t) = T(x,yt) (15)
k=1 k=1

3.3. Phase-Change Formulation

In order to consider the phase change during the simulation process, the enthalpy
equation is coupled with the lattice Boltzmann formulation, which can be written as [16]

fulx o Ay By, £+ 88) = fiboy )+ o [ 0ow ) — el 0] - we (ff - ) (16)
P

where L is the latent heat related to the total enthalpy at each time step. The enthalpy can
be obtained from

H=C,T+Lf (17)

where f; is the liquid fraction and can be formulated as

0 H < H;
fi={#i Hi<H<H, (18)
1 H > H;

where H; and H; are the values for the enthalpy at the solidus and liquidus temperature,
respectively.
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The last term in Equation (16) represents the latent heat source associated with the
solid-liquid phase transition. Physically, this term accounts for the absorption or release of
latent heat during melting and solidification processes. The quantity (f] — lt_At) represents
the temporal variation of the liquid fraction between two consecutive time steps, which
determines the amount of latent heat involved in the phase transition.

From a numerical standpoint, the phase change is implemented using an enthalpy-
based formulation. At each time step, the temperature field obtained from the lattice
Boltzmann equation is used to compute the total enthalpy according to Equation (17). Subse-
quently, the liquid fraction f; is updated using the piecewise relation given in Equation (18),
depending on whether the local enthalpy lies within the solid, mushy, or liquid region.
The variation in the liquid fraction between consecutive time steps is then introduced into
Equation (16) as a source term, allowing the model to capture the latent heat effects during
the melting and solidification processes.

3.4. Boundary Conditions

It is well known that the implementation of boundary conditions (BCs) within the
lattice Boltzmann method (LBM) is not straightforward. Indeed, several studies have
devoted considerable effort to the proper formulation and application of BCs in LBM frame-
works [29]. In the present methodology, the boundary conditions are imposed by enforcing
the conservation of energy flux at the corresponding boundaries of the computational
domain. To accurately represent the physical conditions of the system under study, both
Dirichlet and Neumann boundary conditions are employed.

The Dirichlet boundary condition is applied to the left, right, and bottom boundaries of
the rectangular domain, where these surfaces are assumed to be maintained at a prescribed
temperature T,,,; during the laser melting process. In order to enforce this condition,
the unknown particle distribution functions at these boundaries must be appropriately
evaluated. This requirement arises because, during the streaming step of the LBM algorithm,
not all distribution functions can be directly obtained.

From the two-dimensional scheme shown in Figure 5, it can be observed that the distri-
bution functions fy, fs, and fg at the left boundary, f4, f7, and fg at the right boundary, and
f3, fe, and f7 at the bottom boundary remain unknown, since these groups of distribution
functions propagate toward the right, left, and top directions, respectively. To address this
issue, three groups of distribution functions are defined based on the flux conservation
principle, as described below:

£2(0,7) + f4(0, ) = w2 Tya + WaTypans
f6(0,7) + f3(0, ) = we Twan + w8 Tywanr (19)
f9(0/j) +f7(0/j) = w9Twall + w7Twall

f4(L/j) +f2(L/j> = w4Twall + w2Twall
f7(L,j) + fo(L, ) = w7 Tyar + w9 Typarr (20)
fs(L,j) + fe(L, ) = wsTwan + We Twan

f3(i,0) + £5(i,0) = w3 Twan + w5 Twan
f6(i,0) + fs(i,0) = we Typaur + w8 Towanr (21)
f7(i,0) + fo(i,0) = w7 Twan + w9 Twan

Equations (19)—(21) are defined by doing a detailed flux balance at the boundary x = 0,

x = Lx, and y = 0. For instance, at x = 0 it is rational to write that £,7 — fo + f,7 — f1 =0,
where fzeq = wyTya and f:q = w4 Ty, as a result f can be calculated. In this way,
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fs(in) =

applying the flux conservation equation for the other distribution functions at the left, right,
and bottom limits, it is possible to calculate the unknown distribution functions. It is worth
mentioning that there is another way to analyze the BCs considering a residual temperature.
The details can be found in [27], although both methodologies are in good agreement on
this aspect.

The Neumann boundary condition is used to describe the heat flux and convective
heat transfer at the top side of the simulation domain, i.e., at y = Ly, where there exists the
convective heat transfer zone, as well as the laser contact zone. Thus, applying the energy
conservation equation for unsteady-state heat transfer, the thermal boundary condition can
be established as follows:

—kg—;—i—wkqA—f—h(T—Ta)Ax:pCpVoz—z (22)
where N denotes the normal vector of the surface at which the heat fluxes are imposed.
The parameters k, p, and C, represent the thermal conductivity, density, and specific heat
capacity of the medium, respectively. The term 4" corresponds to the heat flux applied at
the laser-material interaction zone, i.e., the laser heat flux described by a Gaussian spatial
distribution as adopted in [10]. The convective heat transfer coefficient h accounts for
heat exchange between the metallic powder bed and the surrounding environment and is
assumed to be constant. Finally, Vj = Ax Ay represents the volume of a single lattice cell.

The important question is how to relate Equation (22) with the unknown distribution
functions attached at the heat flux and convective heat zone of the rectangular system. For
instance, the relation for the convective heat transfer coefficient is given as:

—ka—T +h(T—T,) Ax = pCpVO%—z

5N (23)

where dT/0dN describes the heat conduction term in the j-direction between the corre-
sponding nodes (i,n) and (i,n — 1). Then, the temperature gradient can be related as
—kAx[(T(i,n — 1) — T(i,n))/Ay], which is a well-known term by FDM. Substituting into
Equation (23) gives

T(i,n—1)—T(i,n)
Ay

THAM (i,n) — T(i,n)

—kAx A

—hAx(T(i,n) — Tp) = pCp Vo (24)

where the corresponding values for T(i,n), T(i,n — 1), and T!*#!(i, n) in the LB formulation
are assumed as follows:

T(i,n) = w3 f3(i,n) + ws f5(i,n) (25)
T(i,n—l) ZW3f3(i,ﬂ—1)+W5f5(i,n—1) (26)
T8 (i, n) = ws f3(i,n) + ws f5(i,n) (27)

Note that the distribution functions f3 and f5 in Equation (27) correspond to the time
level t + At, where the distribution function f3 is obtained from the streaming process and
f5 is the distribution function that needs to be determined. The distribution functions f3 and
f5 in Equations (25) and (26) are known from the previous time step t. Therefore, by sub-
stituting Equations (25)—(27) into Equation (24) and solving for the unknown distribution
function f5 at the new time step, the resultant equation will be:

j’;i;z falin=1) + fsli,n = 1)] + (1 - (AA;) [fali,m) + f(im] = faliom)
aAt [ hAx 2
W (k) (w3 T, + w5 Tg]
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where « is the thermal diffusivity of the real system, defined as « = k/(0Cp). In this
way, the unknown distribution function f5 at the new time level is related to the energy
conservation equation applied in the convective contact zone, as f5 cannot be obtained by
the streaming process. Similarly, the energy conservation equation for unsteady-state heat
transfer is applied for the laser contact zone in order to obtain the unknown distribution
function fs.

4. Results
4.1. Microstructure Analysis

Figure 6 shows the microstructure of the AlSi10Mg alloy, where grain growth is di-
rected toward the center of the melt pool. This indicates the formation of columnar grains
as a result of directional solidification during the laser melting process. This observation
highlights the strong thermal influence of the laser on the material. According to the litera-
ture, understanding the melt pool dimensions in SLM materials is essential for predicting
the final mechanical properties. In particular, excessive melt pool penetration can lead to
undesired phenomena such as entrapped gases at the bottom of the melt pool. These gases
may pose serious problems, especially when they are unable to escape due to the rapid so-
lidification inherent to the SLM [30]. The color contrast observed in the optical micrographs
is associated with the metallographic preparation and the use of polarized light during the
observation of the etched samples. In particular, Barker’s reagent combined with polarized
light produces interference colors that reveal grain orientation and solidification features in
aluminum alloys. These color variations therefore correspond to crystallographic contrast

rather than artificial image processing.

Figure 6. Optical micrograph of the SLM AlSi10Mg microstructure etched with Barker’s reagent and
observed under polarized light [18].

On the other hand, the microstructure of SLM-processed 316L SS reveals predomi-
nantly columnar grains oriented along the build direction, indicative of directional solidifi-
cation under high thermal gradients. As shown in Figure 7, the grains grow from the fusion
line to the center of the melt pool, i.e., across hundreds or thousands of layers [31]. This is
because of the thermal gradients produced by the laser melting process, which are higher
at the melt pool center than along the fusion line. The grain structure is characterized by
martensite, appearing as a dark brown tone, and austenite, which is observed as a lighter
brown phase. Nevertheless, a gas-induced spherical defect seems to be present in the
microstructure. According to Xiong et al. [32], the circular shape of that defect allows us
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to deduce that it could formed by a gas induced from the liquid metal during the rapid
solidification process.

Figure 7. Optical micrograph showing the SLM 316L SS microstructure [18].

4.2. Experimental Melt Pool Dimensions

Figure 8 presents the experimental measurements of melt pool width and depth
obtained from SLM-processed AlSil0OMg and 316L SS samples. The reported values corre-
spond to the average melt pool dimensions measured for each sample. For the AlSi10Mg
alloy (Figure 8a), the melt pool width and depth were evaluated across eight different
samples. Samples 1 to 4 correspond to measurements taken in the XZ plane, whereas
samples 5 to 8 correspond to the YZ plane. In the XZ plane, an average of 80 melt pool
measurements per sample was recorded for both width and depth, while in the YZ plane,
an average of 91 melt pool measurements per sample was obtained.
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|:|Experimental mean width

:|Experimemal mean width
[ Experimental mean depth

[ Experimental mean depth

200

111w moh g

100
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(@) (b)

Figure 8. Experimental melt pool dimensions obtained by optical microscopy: (a) AlSi10Mg alloy
and (b) 316L SS.

The experimental results show a noticeable variation in melt pool geometry among
the samples. The largest melt pool width is observed for sample 1, with a value of approx-
imately 230 um, whereas the smallest width corresponds to sample 8, with an average
value close to 168 um. Regarding melt pool depth, sample 1 also exhibits the highest value,
approximately 93 um, while the minimum depth is registered for sample 3, with an average
depth close to 50 um. These variations can be associated with local thermal conditions
during laser scanning, such as energy input fluctuations and melt pool stability.

https://doi.org/10.3390/ma19071297


https://doi.org/10.3390/ma19071297

Materials 2026, 19, 1297

15 of 24

In the case of the 316L SS samples (Figure 8b), six specimens were analyzed. For
samples 1 to 3, corresponding to measurements in the XZ plane, an average of 80 melt pool
width and depth measurements per sample was recorded. For samples 4 to 6, corresponding
to the XY plane, the average number of melt pool measurements per sample was 51. As
observed in Figure 8b, the smallest melt pool width and depth are obtained for sample 1,
with approximate values of 125 um and 84 pum, respectively. The maximum melt pool width
is registered for sample 4, reaching values close to 160 um, whereas the largest melt pool
depth is observed for sample 5, with an average value of approximately 101 um. Compared
to the AlSi10Mg alloy, the 316L SS samples exhibit deeper melt pools for similar width
ranges, which can be attributed to differences in thermophysical properties, particularly
thermal conductivity and laser energy absorptivity.

The melt pool dimensions obtained in this study are relatively similar to those reported
by Kamath et al. [33], who investigated single-track experiments on 316L SS using different
sets of processing parameters. In their work, the laser power was varied from 150 W to
400 W, while the scanning speed ranged from 500 mm/s to 1800 mm/s. The smallest melt
pool width and depth reported were approximately 79 um and 30 pum, respectively. In
contrast, the largest melt pool width reached about 123 pm for a laser power of 200 W and
a scanning speed of 800 mm /s, whereas the maximum melt pool depth of approximately
195 um was obtained using a laser power of 200 W and a scanning speed of 500 mm/s.
These melt pool dimensions were obtained under single-track processing conditions.

Overall, the experimental results confirm that melt pool geometry is highly sensitive to
processing conditions and material properties. These measurements provide a solid experimental
basis for the validation of the lattice Boltzmann thermal model developed in this work, particu-
larly in terms of predicting melt pool width and depth under selective laser melting conditions.

4.3. Grid Refinement and Temporal Sensitivity Analysis

Before comparing the numerical predictions with the experimental observations, a
grid refinement analysis was carried out in order to evaluate the influence of spatial
discretization on the predicted melt pool geometry and temperature field. The analysis was
performed by considering a representative configuration that consisted of a single deposited
layer and a single laser spot impacting the top surface of the computational domain. The
horizontal domain length was kept identical to that used in the full simulations, while the
vertical domain height was reduced to represent one deposited layer over the substrate.

Four different grid resolutions were considered, 100 x 53, 200 x 106, 500 x 265, and
1000 x 530 lattice cells, corresponding to progressively refined discretizations. For each
grid resolution, the melt pool width, melt pool depth, and maximum temperature at the
center of the laser spot were monitored.

In the present lattice Boltzmann formulation, normalized lattice units are adopted,
where Ax = At = 1. Consequently, the physical spatial and temporal resolutions vary with
the selected grid. As the number of lattice nodes increases, the physical cell size decreases
and the number of time steps required to represent the physical time interval increases
accordingly. Therefore, the present study represents a coupled spatial-temporal sensitivity
analysis consistent with the LBM formulation.

Table 4 summarizes the predicted melt pool width, melt pool depth, and maximum
temperature for each grid resolution together with the relative deviation with respect to
the finest mesh (1000 x 530). The results show that the predicted melt pool characteristics
progressively stabilize as the mesh is refined. Although fully asymptotic convergence is
not reached within the tested discretizations, the variations between the intermediate and
finer meshes become significantly smaller, indicating that the main thermal trends and melt
pool geometry are adequately captured.
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Table 4. Grid refinement study showing melt pool dimensions and maximum temperature together
with the relative deviation with respect to the finest mesh.

Grid (Cellsy ~ Vidth Error (%) Depth  p or %)  Tow [KI  Error (%)
[um] [um]

100 x 53 120 25.9 70 7.9 1300.1 47

200 x 106 140 136 65 145 1293.1 52

500 x 265 152 6.2 72 53 1333.9 22

1000 x 530 162 0.0 76 0.0 1363.5 0.0

Further evidence of numerical stabilization can be observed by comparing the
two finest meshes. The variation between the 500 x 265 and 1000 x 530 grids is approxi-
mately 6.2% for melt pool width, 5.3% for melt pool depth, and 2.2% for the maximum
temperature. These relatively small differences indicate that the predicted melt pool char-
acteristics approach a stable numerical solution as the spatial resolution increases.

Considering the balance between computational cost and numerical accuracy, the
grid resolution of 200 x 112 cells (used in the full simulations with two deposited layers)
was adopted for the remainder of this study. This discretization provides a reasonable
compromise between computational efficiency and predictive capability.

In addition to the spatial refinement analysis, the temporal evolution of the maximum
temperature at the laser spot was also examined for the different grid resolutions. Figure 9
presents the temperature evolution curves obtained for each mesh. As the spatial resolution
increases, the predicted temperature field exhibits a progressively smoother and more
stable evolution. The similarity of the temperature trends among the intermediate and finer
meshes further confirms that the selected discretization captures the dominant thermal
behavior of the process.

1370 r
1270
1170

1070 r

Q 970 —100 x 53 cells
= ——200 x 106 cell
S X cells
—3500 x 265 cells
770 ——1000 x 530 cells
670
570
470 . : : : ' ' '
0 1 2 3 4 5 6 7 8
t (S) x 107%

Figure 9. Temporal evolution of the maximum temperature at the laser spot for different grid
resolutions used in the grid refinement study performed for the AlSi10Mg alloy.

4.4. Experimental vs. LBM Melt Pool Comparison

Figure 10 presents a direct comparison between the experimentally measured melt pool
geometry and the corresponding numerical results obtained using the lattice Boltzmann
method (LBM) for both AlSi10Mg and 316L SS processed by selective laser melting.

For the AlSi10Mg alloy (Figure 10a), the experimental measurements reveal melt
pool widths of approximately 206 pm, 260 pm, and 187 pm, while the corresponding
melt pool depths are about 79 um, 81 um, and 68 um. These values indicate that the
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laser penetrates beyond the nominal powder layer thickness of 30 um, reaching depths
equivalent to slightly more than two deposited layers. Moreover, it is well established that
the melt pool geometry, particularly its width and depth, is strongly dependent on the

applied laser power [34].

1723K 2853 K

(@) (b)

Figure 10. Comparison between experimental [18] and numerical melt pool geometry obtained by
LBM: (a) AlSi10Mg alloy and (b) 316L SS.

The numerical results obtained from the LBM simulation predict a melt pool width of
approximately 150 um and a depth close to 70 um. From a physical standpoint, these
results indicate that the laser fully melts the current powder layer and induces a re-
melting phenomenon in the previously consolidated material. The predicted penetra-
tion depth corresponds to more than two layer thicknesses, which is consistent with the
experimental observations.

For the 316L SS alloy (Figure 10b), the experimental measurements show melt pool
widths of approximately 138 um and 158 pm, with corresponding depths of about 89 um
and 100 um. Considering a powder layer thickness of 30 pm, the maximum experimen-
tal depth indicates that the laser penetrates up to the equivalent of nearly three layers,
suggesting a stronger interaction between the laser and the material.

In contrast, the numerical LBM results predict a melt pool width of approximately 85 um
and a significantly lower depth of about 20 um. These results indicate that, for this material,
the current numerical model underestimates the melt pool penetration depth and does
not fully reproduce the experimental thermal behavior. The reduced numerical penetration
suggests that additional material-dependent effects, such as differences in absorptivity, thermal
conductivity, phase-change dynamics, or melt pool convection, may need to be incorporated
or refined in the model to improve its predictive capability for 316L SS.

The comparison presented in Figure 10 highlights the predictive capability of the
proposed LBM-based thermal model. For the AlSi10Mg alloy, the numerical results re-
produce the characteristic semi-elliptical morphology of the melt pool as well as its pen-
etration behavior into the substrate. Although some deviations in melt pool dimensions
are observed, the predicted geometry remains within the same order of magnitude as the
experimental measurements.
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In the case of the SLM 316L SS alloy (Figure 10b), the numerical results capture the
general morphology of the melt pool but show larger discrepancies in depth. These differ-
ences can be attributed to the higher sensitivity of 316L SS to thermophysical properties,
melt flow effects, and laser absorption conditions. Nevertheless, the numerical model
successfully reproduces the main thermal features governing melt pool formation. These
results demonstrate that the proposed LBM formulation provides a reliable framework
for predicting melt pool geometry and offers a useful computational tool for preliminary
analysis and optimization of SLM processing parameters.

Table 5 presents the quantitative comparison between the melt pool dimensions
obtained experimentally and those predicted by the LBM simulations for both AlSi10Mg
and 316L SS alloys. For this analysis, average melt pool width and depth values were
calculated from measurements performed in the XZ and YZ planes and subsequently
compared with the numerical predictions obtained from the LBM model.

Table 5. Quantitative comparison between experimental melt pool dimensions and LBM numerical
predictions for the alloys analyzed in this study.

Alloy Parameter Plane XZ Plane YZ Average . LBM. Error (%)
Simulation
. Width (um) 192.28 178.67 185.48 150 19.13
ASHOMS e bth (um) 67.88 62.25 65.06 70 7.58
316L SS Width (um) 138.24 158.71 148.47 85 42.75
Depth (um) 89.30 100.17 94.73 20 78.89

The quantitative comparison shows that the LBM model predicts the melt pool ge-
ometry of the AlSil10Mg alloy with reasonable agreement. In particular, the relative error
remains below 20% for the melt pool width and below 10% for the melt pool depth, indi-
cating that the proposed thermal model captures the dominant heat transfer mechanisms
governing melt pool formation for this alloy.

It is important to highlight that the volumetric energy density employed to process the
SLM AISi10Mg samples in this study was 333.33 ] /mm?>. By comparison, Li et al. [11] reported
that an energy density of 500 ] /mm? was required to achieve a melt pool width and depth of
111.4 pm and 67.5 pm, respectively. In that study, it was also confirmed that deposited layers
with a thickness of 50 um were well connected with the calculated penetration depth.

Therefore, for the AlSilOMg alloy analyzed in the present work, the LBM-based
thermal model demonstrates good qualitative and quantitative agreement with the experi-
mentally observed melt pool geometry.

In contrast, larger discrepancies are observed for the 316L SS alloy, where the numerical
model underestimates both melt pool width and depth. The relative errors reach 42.75% for
width and 78.89% for depth. These differences suggest that additional physical phenomena,
such as melt pool convection, evaporation effects, and recoil pressure induced by metal
vaporization, may play a more significant role in the thermal behavior of 316L SS during the
SLM process and are not fully represented in the simplified thermal formulation adopted
in the present study.

The larger deviation observed for the 316L SS alloy can be better understood by
comparing its thermo-physical properties with those of AlSi10Mg. In the present study,
316L SS exhibits a higher laser absorptivity (A = 0.35) than AlSi1l0OMg (A = 0.09), but
also a much higher melting range, with solidus and liquidus temperatures of 1658 K and
1723 K, respectively, compared with 830 K and 869 K for AlSi1l0Mg. In addition, the
thermal conductivity of 316L SS at 573 K is considerably lower (k = 18 W/m:K) than
that of AlSil0Mg at 473 K (k = 159 W/m-K), while its density is substantially higher

https:/ /doi.org/10.3390/mal19071297


https://doi.org/10.3390/ma19071297

Materials 2026, 19, 1297

19 of 24

(7980 kg/m3 for 316L SS versus 2650 kg/m? for AlSi10Mg). These differences indicate
that the thermal response of 316L SS during SLM is governed by a more complex balance
between laser absorption, heat accumulation, and melting resistance. Consequently, the
simplified thermal model adopted in this work is able to capture the melt pool behavior of
AlSi10Mg with better agreement, whereas for 316L SS, the omission of additional physical
effects, such as melt pool convection and evaporation-induced recoil pressure, may have a
stronger influence on the predicted melt pool geometry.

Opverall, the comparison highlights that while the proposed LBM framework provides
a reliable prediction of melt pool geometry for AlSi10Mg, further model calibration and
material-specific adjustments are required to achieve a similar level of agreement for
316L SS under selective laser melting conditions.

4.5. Thermal Effect Predicted by LBM: Temperature Profiles Across Layers and Laser Spots

To further evaluate the thermal response predicted by the LBM-based SLM model, vertical
temperature profiles were extracted along the y-axis of the computational domain, passing
through the center of each laser spot. For each deposited layer, three spot positions were
simulated, and the corresponding temperature distributions were recorded after the laser impact.

Figure 11 summarizes these results. Figure 11a,b correspond to the AlSi10Mg alloy
for the first and second deposited layers, respectively. In both layers, the thermal response
increases from spot 1 to spot 3, while remaining nearly unchanged between consecutive
layers. The maximum temperatures for the AISi1OMg case are approximately 1155 K,
1254 K, and 1308 K for spot 1, spot 2, and spot 3, respectively. This indicates that the model
is able to represent both the laser scanning sequence (spot-to-spot evolution) and the effect
of sequential material deposition (layer-to-layer evolution) without introducing artificial
thermal drift between layers under the same process conditions.
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y(m) o

(a) (b)
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Figure 11. Temperature profiles predicted by the LBM model along the vertical y-direction through
the spot centers: (a) SLM AlSi10Mg, layer 1 (three spots); (b) SLM AlSil0Mg, layer 2 (three spots);
(c) SLM 316L SS, layer 1 (three spots); and (d) SLM 316L SS, layer 2 (three spots).
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A similar analysis was performed for the 316L SS, as shown in Figure 11c,d for the
first and second layers, respectively. In this case, the predicted maximum temperatures
are significantly higher, reaching approximately 2014 K, 2546 K, and 2853 K for spot 1,
spot 2, and spot 3. As in the AlISi10Mg case, the profiles remain consistent between layer 1
and layer 2, supporting the capability of the LBM framework to track the laser movement
and the sequential deposition of material while preserving a coherent thermal response
across layers.

4.6. LM-MS Interfacial Evolution During Laser Scanning

Figure 12 presents the evolution of the liquid/mushy (LM) and mushy /solid (MS)
interfacial positions predicted by the LBM model during laser scanning. These curves
track the penetration depth (interface position along y) of the isotherms associated with
the liquidus and solidus limits, respectively. Therefore, the region between the LM and
MS curves represents the extent of the mushy zone, i.e., the partially melted region that
develops under transient heating and solidification conditions.

5.4 57
= = =LmList = = =LmLost
-~ e MS L151 /i F MS L251
TN LM L1s2 ] LM L2s2
o= MS L152 R WS L2852
b = = =LMLIS3 i = = =LML2S3
————— MSLiS3 = —-=-= MS 1283

o
w
T
o
@
T
I
-

)
)

2
-
)

» © o
@ o o o
S ow e
i
=
!
~

o
i
|

1
1
1
Interface position (m

Interface position {m

-
o
I
1
]
-
©

-
o

a4

5 50001 50002 5.0003 5.0004 5.0005 5.0006 5.0007 5.0008 5.0009

t(s)
(@

o
w
A

o
w
|

= LM L181

=e=e==MS 1151

LM L1S2
MS L1582

P
=

-
~

10.001 10.0012 10.0014

t(s)
(b)

<10

10.0016 10.0018

o
=
'

- - - ML2S1
—+meme MS L2S1

LM L282

MS L282

==='LML2S3

1 1
1 Ll
' === LML1S3 !
' N e MS L283

—-—-—-MS L183

o
o
&
‘
!
b
i
5
'
'
o
o
&
i

o

B

[}
1
[

Interface position (m)
Interface position (m)

o
~

o
i
i
|
|
|

5.05 5.35
5§ 500005 50001 500015 50002 500025 50003 500035 5.0004 10.0004 10.0005 10.0006 10.0007 10.0008

t(s) . 1(s)
(©) (d)
Figure 12. LBM-predicted liquid /mushy (LM) and mushy/solid (MS) interfacial positions for three

laser spots: (a) AlSi10Mg layer 1, (b) AlSi10Mg layer 2, (c) 316L SS layer 1, and (d) 316L SS layer 2.
The region between LM and MS curves represents the extent of the mushy zone.

For the AlSi10Mg alloy (Figure 12a,b), the LM and MS interfaces move deeper as
the laser advances from spot 1 to spot 3, indicating an increased melt penetration and
a progressive growth of the mushy region. This trend is consistent with the cumulative
thermal effect produced by successive laser impacts, where heat diffusion and partial
remelting contribute to an expanded LM-MS separation. In addition, when comparing
layer 1 and layer 2, the interfacial trajectories remain comparable, suggesting that the model
captures both the laser motion and the layer-by-layer deposition while preserving similar
thermal gradients under the selected processing conditions.
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In contrast, for the 316L SS (Figure 12¢,d), the LM and MS interfacial positions tend to
decrease more rapidly after each laser impact, and the separation between both interfaces
is less pronounced. This behavior indicates a thinner and shorter-lived mushy region,
which can be attributed to a sharper thermal decay and faster solidification response
within the simulated domain. Such a response is consistent with the steeper temperature
profiles previously observed for 316L SS, where the thermal field relaxes more quickly away
from the laser interaction zone, limiting the spatial and temporal persistence of partially
melted material.

5. Discussion

The results obtained in this work provide a comprehensive assessment of the thermal
behavior and melt pool characteristics during the selective laser melting (SLM) process
through a combined experimental and numerical approach. Although the real powder bed
is inherently heterogeneous, the present work adopts a homogeneous effective-medium
assumption, which has been shown to provide reliable predictions of melt pool geometry
and thermal behavior. The lattice Boltzmann method (LBM) implemented in this study
demonstrates the capability to capture key thermal phenomena associated with laser—
material interaction, phase change, and layer-by-layer deposition. Comparable physical
mechanisms in SLM were analyzed in [34] using two homogeneous modeling approaches
to address the melting and solidification behavior of the powder bed.

Experimental microstructural observations for both AlSi10Mg and 316L SS revealed
predominantly columnar grain structures aligned with the build direction, confirming
the presence of strong thermal gradients and directional solidification during SLM. These
observations are consistent with the predicted thermal fields obtained from the LBM
simulations, where steep temperature gradients develop near the laser impact zone and
decay rapidly away from the melt pool.

Quantitative comparison between experimental and numerical melt pool dimensions
showed good agreement for the AlSi10Mg alloy. The LBM model successfully predicted
melt pool widths and depths on the order of two to three powder layer thicknesses, cap-
turing the remelting phenomenon commonly observed in SLM processes. This agreement
suggests that the thermal formulation, boundary conditions, and phase-change implemen-
tation are adequate for aluminum-based alloys under the selected processing conditions.

In contrast, the comparison for 316L SS revealed noticeable discrepancies, particu-
larly in the predicted melt pool depth. While the experimental results indicated deeper
melt pools with penetration reaching up to three layer thicknesses, the numerical model
underestimated the melt pool depth. This behavior is attributed to the higher thermal
gradients, faster heat dissipation, and complex thermophysical behavior of 316L SS, which
may require further refinement of material properties, laser absorption modeling, and
boundary condition treatment. In fact, recoil pressure induced by metal evaporation has
been identified as a critical factor influencing melt pool dynamics and geometry during the
SLM process of 316L stainless steel [35]. Incorporating such effects could further improve
the predictive capability of the present thermal model.

The analysis of temperature profiles across multiple laser spots and deposited layers
demonstrated that the LBM framework can effectively model laser scanning strategies
and successive layer deposition. For both materials, the peak temperatures increased with
consecutive laser spots, while remaining relatively consistent between layers, highlighting
the thermal stability of the process under fixed parameters.

Additionally, the evolution of liquid-mushy (LM) and mushy-solid (MS) interfacial
positions provided further insight into solidification dynamics. For AlSi10Mg, a well-
defined mushy region was observed, indicating sustained thermal gradients and extended
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solidification intervals. Conversely, the 316L SS alloy exhibited narrower mushy regions,
consistent with the sharper temperature gradients and faster cooling rates identified in the
temperature profile analysis.

Overall, the results indicate that while the current LBM-based thermal model is
robust for predicting thermal behavior and melt pool geometry in AlSi10Mg, additional
model calibration is necessary for alloys with higher melting temperatures and thermal
conductivity variations, such as 316L SS.

6. Conclusions

In this study, a two-dimensional thermal model based on the lattice Boltzmann method
(LBM) was developed to simulate the selective laser melting (SLM) process of AlSi10Mg
and 316L stainless steel (316L SS) alloys. The proposed model accounts for laser-material
interaction, transient heat transfer, phase change phenomena, and layer-by-layer material
deposition, enabling a detailed description of the thermal mechanisms governing melt
pool formation.

A mesh refinement study was performed to evaluate the numerical stability and
grid independence of the model. Four mesh resolutions ranging from 100 x 53 to
1000 x 530 cells were analyzed. The results showed that the predicted melt pool dimen-
sions converge as the mesh resolution increases, with variations below approximately 7%
between the selected computational mesh (200 x 106 cells) and the finest grid considered.
This confirms that the adopted discretization provides a suitable balance between numerical
accuracy and computational efficiency.

Experimental characterization of melt pool geometry was employed to validate the
numerical predictions. For the AlSi10Mg alloy, the LBM model showed good quantitative
agreement with the experimental measurements. The predicted melt pool width and depth
were approximately 150 pm and 70 um, respectively, corresponding to relative errors of
19.13% in width and 7.58% in depth compared with the averaged experimental values.
From a physical standpoint, the numerical results correctly capture the full melting of
the current powder layer and the remelting of previously consolidated material, with
penetration depths exceeding two layer thicknesses. These results confirm the capability
of the proposed LBM-based thermal model to reliably reproduce melt pool geometry and
remelting behavior for AISi10Mg processed by SLM.

For the 316L SS alloy, the numerical results exhibited qualitative agreement with the
experimentally observed melt pool morphology; however, the model underestimated the
melt pool dimensions. The numerical predictions yielded a melt pool width of approxi-
mately 85 um and a depth close to 20 um, resulting in relative errors of 42.75% and 78.89%,
respectively. These differences highlight the strong sensitivity of the SLM process to ma-
terial thermophysical properties, such as thermal conductivity, absorptivity, and melting
temperature range.

Overall, the results demonstrate that the proposed LBM framework provides a compu-
tationally efficient approach for predicting melt pool geometry and thermal fields during
the SLM process, particularly for alloys with moderate melting temperatures such as
AlSi10Mg. The model captures the dominant heat transfer mechanisms governing melt
pool formation while maintaining relatively low computational cost.

Future work will focus on extending the present formulation by incorporating addi-
tional physical phenomena, including melt pool convection driven by Marangoni effects,
recoil pressure induced by metal evaporation, and temperature-dependent thermophysical
properties. These improvements are expected to enhance the predictive capability of the
model, particularly for high-melting-point alloys such as 316L stainless steel.
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