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A study of the thermodynamic behavior during the selective laser melting process
of AISi10Mg alloy was conducted using a combined numerical simulation and
experimental approach. A multiphase flow model incorporating gas-liquid-solid
phases was established. The numerical simulation results aligned well with expe-
rimental findings, affirming the reliability of the numerical model. Insufficient and
excessive laser power densitie,s respectively, led to incomplete fusion defects and
spherical pore defects. The evolution of the melt pool was primarily influenced by
recoil pressure, Marangoni force, and surface tension, resulting in keyhole forma-
tion, convective flow, and liquid surface oscillation as characteristic features of
melt pool evolution. Solidification process and mechanical analyses revealed that
the central region of the melt pool exhibited smaller temperature gradients and
higher solidification rates. Properly increasing the scanning speed under suitable
laser power conditions is more conducive to optimizing the solidification structure
and enhancing the mechanical properties of selective laser melting components.
This study elucidates the thermodynamic evolution mechanism during the selective
laser melting process of aluminum-based alloys, providing theoretical support and
guidance for optimizing the selective laser melting process.
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Introduction

Additive manufacturing (AM), or 3-D printing, is a rapid prototyping technology that
constructs objects by sequentially depositing powdered metal or plastic layers based on digital
models [1]. This process typically utilizes material printers based on digital technologies, ena-
bling the direct fabrication of complex structural products. Compared to subtractive manufac-
turing, AM offers significant advantages such as greater design freedom and higher efficiency,
making it widely applicable in fields such as medicine, aerospace, and automotive industries [2,
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3]. The direct and precise shaping characteristics of AM not only drive the development of
complex structures but also promote the transformation of material systems and processing
technologies.

Laser additive manufacturing (LAM) is a technique that uses a laser heat source to
rapidly melt and solidify powdered materials, followed by layer-by-layer deposition to form
objects, belonging to a category of 3-D printing processes [4]. For metal materials, LAM mainly
includes selective laser melting (SLM) and direct energy deposition (DED) technologies [5].
The SLM technology uses a high-energy laser beam to melt a layer of metal powder, which
then solidifies to form a 3-D solid part [6]. On the other hand, DED technology directly gener-
ates a molten pool in the deposition area under the action of a laser, and then feeds the material
as powder or wire directly into the high temperature melt pool, mainly used in the preparation
of large-sized metal components [7]. The SLM technology achieves melting and solidification
by first depositing powder and then laser scanning, with the static nature of the powder resulting
in higher forming accuracy, suitable for AM of small-sized parts.

The SLM process involves complex physical phenomena such as heat transfer, mate-
rial phase changes, and interfacial interactions [8]. During the SLM process, frequent heating
and cooling cycles can lead to significant temperature gradients and unstable melt pools. The
temperature history and melt pool evolution process directly affect the micro-structure and ul-
timately determine the mechanical properties. Therefore, under certain processing conditions,
AM still faces some limitations, such as issues with cracks and pore defects. Among them, pore
defects have the most significant impact on mechanical properties, and these pores are difficult
to eliminate completely even through heat treatment [9]. Pore defects are usually accompanied
by melt pool movement, making an in-depth exploration of the melt pool evolution mechanism
of great significance. Parameters such as laser power and scanning speed directly affect the
geometry of the melt pool, and changes in driving force distribution under different process
parameters, including gasification recoil pressure, Marangoni force, and surface tension, also
occur [10, 11]. Gasification recoil pressure and Marangoni force can cause varying degrees of
depression on the liquid surface of the melt pool, resulting in a keyhole shape, while Marangoni
force can enhance heat transfer in the melt pool [12]. Regarding surface tension, a smooth melt
pool surface can be obtained when the molten metal is well-bonded to the substrate, whereas
poor wetting and an unstable melt pool can lead to the splitting of the melt pool into single or
multiple spherical regions, resulting in a balling effect [13]. Zuo et al. [14] conducted numerical
simulations based on the finite element method and found that surface tension and gasification
recoil pressure jointly influence the melt pool morphology, with surface tension having a greater
impact on the melt pool morphology when the temperature peak is below the material's boiling
point. Weirather et al. [15] used the smoothed particle hydrodynamics (SPH) method for SLM
numerical simulations and observed the evolution process of the melt pool shape. Liu et al. [16]
conducted a multi-layer multi-pass simulation study, which showed that with the increase in
layers, the peak temperature, geometric size, and existence time of the melt pool all increased.
Scharowsky et al. [17] captured images of melt pool morphology during electron beam melting
and observed the evolution process of the melt pool, noting periodic oscillations of the liquid
surface for the first time. Bruna-Rosso et al. [18] through numerical simulations combined with
experiments, observed changes in melt pool size and insufficient melting of metal powder,
among other defects.

In conclusion, existing studies have explored the effects of process parameters on melt
pool morphology, but there are few reports on the relationship between melt pool evolution
characteristics and thermodynamic parameters, especially the quantitative relationship between
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driving forces and melt pool geometric characteristics, and the thermodynamic mechanisms
remain unclear. Therefore, this study uses a numerical model that unifies the gas-liquid-solid
phases to solve the melt pool evolution process during the SLM process, combined with exper-
imental results, to analyze in-depth the inherent relationship between process parameters, melt
pool evolution laws, and component performance.

Selective laser melting experiment

This study utilized AlSi10Mg alloy powder with particle morphology approximately
spherical, and a median particle size of 30 um. The experiments were conducted on an SLM-
100C device equipped with a German IPG 1000 W single-mode fiber laser with a wavelength
of 1064 nm. Argon gas was used as the circulating protective gas in the printing chamber, and
the laser beam scanning path was in a checkerboard pattern, with a inter-layer offset angle of
67°. The SLM process is depicted in fig. 1, including model input, control system, optical path
transmission system, and forming system. During the SLM process, the powder layer thickness
was 0.03 mm, the scan spacing was 0.06 mm, the laser power is 300 W, and the scan speed
increased from 900 mm/s to 2400 mm/s.

Control system Laser source Scanner system

. Roller/Rake
:/’

; Laser beam
O | . Part

| Building
| platform

Powder delivery
system

CAD model

Physical and mathematical models

Model assumption

The SLM process involves complex interactions among multiple physical fields, as
depicted in fig. 2, encompassing physical phenomena such as melting, vaporization, and solid-
ification of metal particles. Following laser irradiation of the powder bed, metal particles are
either reflected or absorbed, undergoing heat conduction between particles and the substrate to
form a melt pool, which subsequently cools and solidifies to create a melt track. It is noteworthy
that the aforementioned physical phenomena interact with one another. Melt pool flow en-
hances heat transfer, while temperature distribution reciprocally influences melt pool flow. The
vaporization of metal melt accelerates heat dissipation, and the recoil pressure resulting from
vaporization further impacts melt pool evolution.

The highly non-linear thermal properties of metal materials significantly increase the
computational workload. To balance computational efficiency and accuracy, this study made
the following assumptions about the computational model [19]:

— Metal powder is considered an opaque medium, and reflections between powder particles
are disregarded.
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— Metal powder is assumed to be isotropic,
with its physical properties being temper-
ature-dependent. Vaporization P

— The liquid metal and gas are treated as in- '
compressible Newtonian fluids with lam- Convectio
inar characteristics.

— The mushy zone between the solid phase
and liquid phase is treated as an isotropic
porous medium.

— The buoyancy term caused by temperature
changes is calculated using the Bous-
sinesq approximation.
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Radiation
Spatter
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Figure 2. Complex physical phenomena in
SLM forming process

The heat-fluid governing equation

This study is based on the numerical solution of the Navier-Stokes equations, which
include the continuity equation, the momentum conservation equation, and the energy conser-
vation equation, as shown in:

Vi=0 (1)
pgt_u+p(ﬁ VYU =-Vp+uV2U-pG+paf(T —T,)+ Foue +Fa @
pCFC’q I:% + HV(T):I - V(kVT) + Qlaser5(¢) - Qloss (3)

where V is the gradient operator, t — the velocity vector, p, t, p, i, g are density, time, pressure,
dynamic viscosity, and gravity vector, respectively, £ — the thermal expansion coefficient, T —
the temperature, Tm — the melting temperature, C& — the equivalent specific heat capacity, k —
the thermal conductivity, Quaser — the input heat of the laser, 5(¢) — the phase field function, and
Qioss — the heat loss.

The Fparey from eq. (2) is Darcy damping force, whose function is to solve the mo-
mentum loss caused by material melting and solidification [20]. The Fyo stands for momentum
source term, including surface tension, Marangoni force, and gasification recoil pressure, which
together control the flow of metal powder after melting. The specific expression is as:

1_ 2
I:Darcy = _Kc (gf‘% u (4)
where K. and B are constants that inhibit the velocity of the mushy zone, and their values are
1-106 and 1-10°3, respectively, gi — the volume fraction of the liquid metal, and g, decreases to
0 when the mushy zone is completely solidified, and Darcy resistance reaches its maximum:

Fos = 0x16(8) +[VT (VT |57+ Prio(9) (5)

where o is the surface tension, x [m*] — the surface curvature of the molten pool, i —the normal
vector of the surface, Precoil — the gasification recoil pressure, and §(¢) converts the surface force
into the volume force as the source term of the momentum equation. The laser heat source is a
surface heat source in the form of Gaussian distribution [21], and the expression is as:
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where A is the laser absorption rate, Piaser — the laser power, ro — the laser spot radius, and r1 —
the radial distance from a certain point on the surface of the material to the center of the laser
spot.

The Qioss from eq. (3) is the source term of heat source loss, which includes convective
heat loss, radiant heat loss and vaporization heat loss. The expression is as:

Qloss :{hc (T _TO)+Grkb (TA_TO4)+ Lvm}5(¢) (7)

where hc is the convective heat transfer coefficientl, or — the surface emissivity of the material,
ko, — the Boltzmann constant, L, — the latent heat of vaporization, s — the vaporization rate, and
6(@) — the phase field function that controls the heat loss only at the gas-liquid interface [22].
Physical property and calculation settings

The physical properties of the material in the numerical simulation were set according
to the AISi10Mg and Argon, as shown in tab. 1.

Table 1. Thermal properties of AISi10Mg and Argon [23]

Parameter Symbol AlSi10Mg Argon
Density [kgm™] P 2680 (s, ) 1.6337 (g)
Thermal conductivity [Wm'K™] k 238 (s), 100 () 0.0177 (g)
Specific heat [Jkg'K™] Cp 917 (s), 1080 (1) 520 (g)
Thermal expansion coefficient [K'] B 110 () 3.41x1073 (g)
Dynamic viscosity [kgm's™] u 1.2x107 (/) 2.25x107 (g)
Surface tension [Nm™] o 1.2() -
Solidus temperature [K] Ts 830.15 -
Liquids temperature [K] Ti 893 -
Evaporating temperature [K] Ty 2338 -
Latent heat of fusion [Jkg™'] Lr 3.54x10° -
Enthalpy change of vaporization [Jkg™'] Ly 1.05x107 -
Temperature coefficient of surface tension [Nm K] do/dT —3x10* -

(s, I and g are solid, liquid and gas, respectively)

Considering the computational expenses, this research employs a 2-D computational
domain for numerical simulation. The transition from 3-D to 2-D is illustrated in fig. 3(a) and
3(b). The movement of the laser heat source is modeled as the beam traversing a 2-D cross-
section of the powder bed, with its temporal evolution described by a Gaussian pulse function.

The 2-D computational domain, depicted in fig. 3(b), comprises powder particles of
approximately spherical shape with a median particle diameter of 30 wm uniformly dispersed
on the substrate. The walls of the metal domain are assumed to exhibit a heat flux boundary
condition, while the boundaries of the gas domain are set as pressure outlet boundaries at 1
atmosphere. The initial temperature is set at 300 K, with the bottom wall treated as an adiabatic
boundary condition. The mesh division type is free tetrahedral mesh. Furthermore, the vicinity
of the powder particles undergoes mesh refinement to capture the intricate flow details of the
melt pool, as shown in fig. 3(c). In addition, in order to avoid the influence of the grid on the
simulation results, the grid independence is tested based on the change of the molten pool area
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over time. As shown in fig. 3(d), the number of mesh units corresponding to mesh-01, mesh-
02, and mesh-03 is 36170, 47378, and 56606, respectively, and the variation of the melt pool
area corresponding to mesh-02 and mesh-03 is basically the same. Therefore, this study carried
out numerical simulation based on mesh-03.
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Figure 3. (a) 3-D computing domain, (b) 2-D computing domain andboundary
conditions, (c) Mesh and local refinement, and (d) grid independent test

Results and discussion

Molten pool defects and model validation

Figure 4(a)-4(f) depict optical micrographs of sample cross-sections at different scan-
ning speeds when the laser power is 300 W. At scanning speeds of 900 mm/s and 1200 mm/s,
the higher energy density at lower scanning speeds leads to significant gasification recoil pres-
sure, resulting in more keyhole pores. Additionally, gases generated by local material vapori-
zation may remain in the melt pool, forming residual bubbles. The number of pores is relatively
low at scanning speeds of 1500 mm/s and 1800 mm/s. At 2100 mm/s, some non-spherical pores
begin to appear, and the pore area significantly increases at 2400 mm/s. Non-spherical pore
defects are mainly due to insufficient energy at high scanning speeds, resulting in incomplete
melting of the powder and the formation of incompletely fused pores, most of which are located
at the edge of the melt pool. Figure 4(g) shows the relative density of the samples measured
using the Archimedean drainage method. The relative density first increases and then decreases
with increasing scanning speed, reaching a maximum of 98.3% at 1800 mm/s.

These results indicate that at a laser power of 300 W, lower scanning speeds lead to
more spherical pore defects, while higher scanning speeds lead to more pronounced non-spher-
ical pore defects. For AlSil0Mg powder, defect-free and dense SLM components can be ob-
tained at a scanning speed of 1800 mm/s.
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Figure 4. (a)-(f) Pore defect distribution and (g) change of relative density with scanning speed

After the cross-section of the AlSi10Mg sample is corroded with an aluminum alloy
corrosion agent, the solidification trajectory of the melt pool can be clearly observed, providing
a benchmark for comparing with simulation results. Figure 5 shows the variation of the melt
pool morphology with laser scanning speed, with the numerical value in the bottom left corner
indicating the ratio of melt pool width to depth. The width-to-depth ratio of the melt pool in-
creases with increasing scanning speed. At 2400 mm/s, due to insufficient laser energy, the
powder cannot be completely melted, resulting in spheroidization under the action of surface
tension, as shown by the red dashed line in fig. 5(c). The numerical simulation results exhibit a
similar trend, with an error of less than 5% compared to experimental results, indicating good
overall agreement and verifying the accuracy of the computational model for thermodynamic

analysis of melt pool evolution.
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Figure 5. Comparison of molten pool morphology between numerical simulation and experiment

Thermodynamic evolution of molten pool

The convection movement of the melt pool is influenced by viscosity and driven by
various external forces (such as gasification recoil pressure, Marangoni force, surface tension,
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gravity, and buoyancy), especially the first three forces play important roles in the evolution of
the melt pool [8]. Figure 6 shows the evolution process of the melt pool at 300 W and 1800
mm/s. The black solid line represents the contour line of 893 K, which indicates the boundary
between the melt pool and the solid, with the metal liquid above and the metal solid below. The
black arrows in the figure represent the velocity vectors of the melt pool, and the white approx-
imately spherical region is the ambient gas trapped inside the melt pool.

As the laser heat source moves, the surface of the metal powder begins to melt and
collapse, and then the melt pool area gradually increases, as shown in figs. 6(b)-6(d). When the
surface temperature of the melt pool reaches above the vaporization temperature of 2338 K,
with the gradual increase of gasification recoil pressure, the melt pool liquid surface starts to
deform and sag. At 40 ps, the liquid surface of the melt pool exhibits a significant concave
shape. After 50 ps, the melt pool starts to cool gradually, and the liquid surface of the melt pool
shows up-and-down oscillations under the action of surface tension until it completely solidifies
and becomes stationary.
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Figure 6. The molten pool evolution process at 300 W-1800 mm/s

Figure 7 depicts the distribution cloud map of the driving forces acting on the melt
pool, which belong to the surface forces of the liquid metal and are mainly distributed at the
gas-liquid interface. In the figure, the blue dashed box indicates the time period of the driving
force, and the red arrows represent the direction of the driving force. From fig. 7(a), it can be
seen that the recoil pressure mainly acts near the center of the laser spot, with the force pointing
downward into the melt pool. Figure 7(b) shows that the Marangoni force mainly acts within
half of the melt pool size, with the force direction pointing from the center of the melt pool
towards the sides, which is also the main reason for the formation of the Marangoni circulation
effect. Figure 7(c) demonstrates that surface tension exists almost throughout the entire melt
pool interface. It is worth noting that the direction of surface tension is constantly changing,
and it varies in magnitude and direction at different positions of the melt pool interface, which
is the main cause of the later-stage up-and-down oscillatory motion of the melt pool. Addition-
ally, it is observed that the duration of the three driving forces increases sequentially, with sur-
face tension almost spanning the entire lifecycle of the melt pool and playing a dominant role
in the middle and later stages.

The evolution of melt pool morphology is the result of the complex interplay between
the laser heat source and various driving forces. Here, we characterize the dynamic evolution
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Figure 7. Distribution of gasification recoil pressure, Marangoni force, and surface tension at
the interface of molten pool; (a) gasification recoil force, (b) Marangoni force, and (c) surface tension

of the melt pool by examining the changes in melt pool liquid level over time. Figure 8 illus-
trates the variation of the melt pool liquid level with time. During the initial stage of powder
melting, the melt pool surface undergoes a minor collapse under the influence of weak recoil
pressure and gravity, leading to the formation of the first trough at 15 ps. As the powder con-
tinues to melt, the surface tension gradually increases, counterbalancing the recoil pressure and
causing the melt pool interface to rise, resulting in the first peak at 25 ps. Subsequently, the
recoil pressure increases significantly, reaching its maximum depth at 42 ps, corresponding to
the lowest position of the melt pool liquid level. As the laser heat source gradually moves away,
the recoil pressure diminishes, the Marangoni force weakens, and the surface tension begins to
play a dominant role. Given that the direction of surface tension is perpendicular to the melt
pool interface, the melt pool liquid level exhibits up-and-down oscillatory motion due to inertia,
as observed in the waveband between 75 pus and 120 ps in fig. 8. This behavior is akin to the
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Figure 8. Change of molten pool level with time
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oscillations reported by Scharowsky et al. [17] in electron beam melting. Furthermore, the gas-
ification recoil pressure only affects the initial stage of the melt pool cycle, the Marangoni force
operates in the first half of the melt pool cycle, while surface tension is present throughout
almost the entire melt pool cycle. Therefore, surface tension significantly influences the late-
stage oscillatory motion of the melt pool, which aligns with the findings presented in fig. 7(c).

Analysis of transient solidification mechanism

The solidification process of molten pool is very rapid, and the transient solidification
process controls the morphology of microscopic grains and directly affects the final mechanical
properties of formed parts [24]. Temperature gradient, G, and solidification rate, R, are the key
parameters that determine the solidification structure, and they affect the shape and size of the
microscopic grains, respectively. Smaller G and larger R are conducive to the formation of fine
microstructure. The formula for calculating G and R is as [25]:

G (K/m) = VTh 8)

coolingrate (K/s)

R (m/s) =
(m/s) temperature gradient (K/m)

9)

where 1 is the unit normal vector at the solid-liquid interface pointing to the interior of the
molten pool.
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Figure 9. Solidification process of molten pool; (a) the change of G at the monitoring point,

(b) the change of R at the monitoring point, (c) temperature gradient cloud map, and

(d) solidification rate cloud map

In order to quantitatively analyze the solidification parameters of local regions in the
melt pool, monitoring points were set at the center (Point 1), edge (Point 2), and bottom (Point
3) of the melt pool for data extraction, as shown in the insets of figs. 9(a) and 9(b). The variation
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of G and R over time at different monitoring points indicates that the temperature gradient at
Points 1-3 increases sequentially, while the solidification rate decreases sequentially throughout
the entire solidification process. Both G and R show a general decreasing trend but exhibit
fluctuations rather than a linear pattern. The fluctuation amplitude is greatest at Point 1, which
is closer to the melt pool surface, where the fluctuation of the melt pool liquid level leads to
more drastic temperature changes.

Figures 9(c) and 9(d) show the distribution maps of G and R, respectively. The maxi-
mum value of G at the edge of the melt pool is 1.26-107 K/m, which is about 7 times higher
than the value of 1.78-10% K/m at the top of the melt pool. The maximum value of R at the top
of the melt pool is 8.34 m/s, which is approximately 15 times higher than the value of 0.57 m/s
at the edge of the melt pool. The top of the melt pool exhibits a smaller temperature gradient
and a larger solidification rate, resulting in a finer microstructure, whereas the opposite is true
for the edge and bottom of the melt pool.

It can be inferred from the previous analysis that the variation in solidification rate
reflects the solidification behavior under certain parameters, thereby predicting the relationship
between process parameters and microstructure.

The solidification process of the melt pool is crucial for grain refinement, and a faster
cooling rate favors grain refinement [24]. To investigate the relationship between process param-
eters, cooling rate, and mechanical properties, a comparative study was conducted on the cooling
rates and mechanical properties at different scanning speeds under a laser power of 300 W.

As shown in fig. 10(a), with increasing scanning speed, the moment when the melt
pool begins to cool advances sequentially, starting at 55 ps, 40 ps, and 30 ps, respectively. The
higher the scanning speed, the shorter the cooling time of the melt pool. At a scanning speed of
2400 mm/s, the cooling time of the melt pool (30-100 ps) is significantly shortened, with the
maximum cooling rate reaching 3.49-107 K/s. Figure 10(b) shows that the hardness value of the
SLM component is the smallest at a scanning speed of 1200 mm/s, which is due to the increase
in porosity defects under high energy density leading to a decrease in mechanical properties.
The hardness value at 2400 mm/s is slightly lower than that at 1800 mm/s, which is because the
insufficient laser energy at high scanning speeds results in more incomplete fusion defects,
thereby reducing the mechanical properties. Relatively speaking, SLM components obtained at
appropriate scanning speeds such as 1800 mm/s have fewer porosity defects and better mechan-
ical properties.
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Figure 10. (a) The average cooling rate of molten pool at different scanning speeds and
(b) vickers hardness of samples at different scanning speeds
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Conclusions

Through the establishment of a unified multiphase flow model of gas-liquid-solid
phases and combined experimental analysis, the thermodynamic behavior during the SLM pro-
cess has been studied, yielding the following conclusions.

e The morphology of the melt pool obtained from numerical simulations matches well with
experimental results, verifying the reliability of the constructed numerical model. Under
high laser energy density, severe keyholes exacerbate the generation of spherical pore de-
fects. Conversely, at low laser energy density, incomplete melting of powder particles leads
to the formation of non-spherical pores. Both extreme cases have a negative impact on the
SLM components.

e The evolution of the melt pool is mainly influenced by three driving forces (gasification
recoil pressure, Marangoni force, and surface tension). Gasification recoil pressure causes
the melt pool surface to indent, and excessive indentation can lead to keyhole formation;
Marangoni force promotes the formation of circulating flow in the melt pool. The uneven
distribution of surface tension causes periodic oscillations of the melt pool surface.

e The temperature gradient at the edge of the melt pool is 1.26-107 K/m, which is 7 times
greater than that at the center of the melt pool, which is 1.78-10% K/m. The solidification
rate increases from 0.57 m/s at the edge of the melt pool to 8.34 m/s at the center of the melt
pool, an increase of 15 times. A shorter melt pool lifetime (e.g., increasing the scanning
speed) is more conducive to optimizing the solidification structure. Therefore, appropriately
increasing the scanning speed under suitable laser power is expected to enhance the me-
chanical properties of SLM components.
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