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Abstract. In this study, a numerical approach is developed to simulate the molten pool formation during
the melting of a powder bed. It is based on a fluid formulation that allows taking into account the
dynamics in the molten pool through the two effects of surface tension (including both “curvature effect”
and the “Marangoni effect”) and buoyancy. Additionally, the free surface is considered using an ALE
method. The shrinkage of the powder layer after its melting and the change of the thermo-physical
properties depending on the material state (powder or compact) are also modeled. As an application, a
3D thermo-fluid simulation of the powder bed melting is carried out. It is found that the powder layer
porosity has a great effect on the molten pool morphology.

1 INTRODUCTION

Additive manufacturing processes have begun to occupy an increasingly important place in the industrial
world, especially those based on the melting of a powder bed. They consist of producing parts through
layer by layer deposition and selective melting of powder layers using a laser. During the melting of
a powder bed, different materials can be used: polymers, metals, and ceramics. Metals are by far the
most used materials in different industrial environments such as medical, industry energy, aerospace,
and automotive. The melting of a powder bed requires continuous studying to improve its performance.
Experimental approaches are often used to study and improve this process [1]. These approaches can be
very expensive and inaccessible. For this, the numerical simulation can be an alternative solution. It can
allow optimizing the process parameters for a reasonable cost and time.

Depending on the objectives targeted by the simulation, different numerical approaches have been devel-
oped. These approaches can be classified according to the simulation scale: powder scale (microscopic
scale), molten pool scale (mesoscopic scale), and part scale (macroscopic scale). The scale can be
changed according to the aim of the numerical simulation. For example, the aim of the macroscopic
simulation is to estimate the residual stresses and distortions, thus providing very useful information for
fatigue lifetime predictions. The thermal part of this simulation kind is generally simplified in order
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to reduce the computation time since it is used to simulate large structures. This type of simulation is
not totally predictive as far as temperature distributions are concerned. Their prediction indeed requires
carefully simulating the fluid flows, which plays an important role, particularly on the morphology of the
molten pool [2]. These fluid flows are generally taken into account during the microscopic and meso-
scopic simulations. Indeed, the aim of these two simulations is to consider the physical phenomena
involved by the process itself [2], [3]. However, the complexity of the modeling of these phenomena
makes the computation time very important especially for the microscopic simulation [4], [5], [6].

In this context, this study proposes a new approach to simulate the melting of a powder bed at the
molten pool scale. It is based on the formulation of the fluid problem developed by Saadlaoui et al. [2].
This formulation allows taking into account the surface tension (including both the ”curvature effect”
and the ”Marangoni effect” [7]), buoyancy forces, and the free surface evolution. The originality of
this formulation remains its simplicity, its efficiency, and especially its computation time, which is very
reasonable [2]. Thus, the proposed approach allows taking into account the dynamics in the molten pool,
the change of the thermo-physical properties depending on the material state (powder or compact), and
the shrinkage of the powder layer after its melting. The paper is organized as follows:

• in Section 2, the proposed approach to simulate the melting of a powder bed at the molten pool
scale is presented. It contains three parts: presentation of some physical phenomena involved
during this process, fluid formulation, and the procedure of the proposed approach.

• in Section 3, a 3D thermo-fluid simulation of the melting of a powder bed is presented. It will
allow us to study the effect of the powder layer porosity on numerical results (fluid velocity, free
surface, temperature, etc.).

2 Modeling of the melting of a powder bed

2.1 Physical phenomena

The powder bed melting process is a thermo-mechanical process that shares several physical phenomena
(thermal cycles, the formation of the molten pool, metallurgical transformations, etc.) with welding
techniques. However, this process differs in a few points. Thus, during the melting of a powder bed, the
raw material is in the form of the granular media. This media has completely different properties from
those of a solid part (continuous media):

• Density: for the same material, the powder layer is a granular media that has a lower density than
that of a compact media (solid part). This difference is related to the high porosity in a powder
layer. This porosity decreases and then can disappear after the melting. This can cause an increase
in density and thus shrinkage of the layer.

• Thermal conductivity: a powder layer has a lower thermal conductivity than that of a solid part of
the same material. This is related to the powder layer porosity.

• Specific heat: because of its porosity, a powder layer has a different specific heat than that of a
solid part of the same material.

2



Yassine.Saadlaoui, Eric.Feulvarch, Jean-Baptiste.Leblond, Jean-Michel.Bergheau

It can be necessary to take into account these phenomena, and especially the powder layer shrinkage
during the numerical simulation of the powder bed melting. Controlling the shrinkage of the powder
layer can help avoid manufacturing defects such as porosity formation into manufactured parts. Indeed,
as shown by figures 1 and 2, the shrinkage of the first powder layer (thickness e) can generate the
increasing of the second layer thickness (thickness e + ∆e). Machine parameters initially optimized
according to the initial thickness e can be inadequate to melt a thickness of e+∆e. The unfused powder
into manufactured parts can generate porosity which will affect the quality of these parts. Moreover, the
thermal properties of a material such as thermal conductivity and specific heat have a direct effect on the
temperature evolution and the molten pool morphology. Therefore, well-defined properties during the
simulation can be necessary to ensure good numerical results.

Figure 1: Shrinkage of the powder layer after melting: (a) powder layer before melting, (b) formation of the
molten pool after melting.

Figure 2: New thickness of the second powder layer.
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2.2 Fluid formulation

The fluid formulation developed by Saadlaoui et al. [2] is used to take into account the formation of the
molten pool. The momentum equations can be written in the following form:

−grad p+divs+ fv = ρ(
∂v
∂t

+gradv.v) (1)

The fluid flow is supposed to be laminar and Newtonian. Here p is the fluid pressure, s, the stress
deviator, fv, the volume force, and v, the fluid velocity. Buoyancy forces can be considered using the
volume forces which are given by the following equation:

fv = ρ0g(1−β(T −T0)) (2)

g being the gravitational acceleration and ρ0 the mass per unit volume at the reference temperature T0.
The finite element formulation of the fluid problem relies on a mixed velocity-pressure (v, p) variational
formulation. The problem is now to find (v, p) ∈ (νad×Pad) such as ∀(v∗, p∗) ∈ (ν0

ad×Pad):

−
∫

Ω
v∗ρ( ∂v

∂t +gradv.v)dv−
∫

Ω
D∗ : 2µDmdv+

∫
Ω

div(v∗)pdv+∫
Ω

v∗.fvdv+
∫

∂Ωϕ
v∗.ϕdds = 0∫

Ω
p∗div(v+ ρ̇

ρ
)dv = 0

(3)

with Ω is a bounded fluid domain and ∂Ω its boundary, and ϕd is the surface force.

Note that the P1+/P1 tetrahedral element is used for the discretization [8]. Thus, the velocity field can
be written in the following expression:

v = vs +vb (4)

where vs is the part calculated from the velocities of the vertex nodes, and vb is the part calculated from a
vector of additional degrees of the freedom of the bubble (internal) node. An implicit backward scheme
for ∂v

∂t and a linearization of the advection term (gradv.v) are used for the time integration. This allows
linearizing the fluid problem in order to minimize the computation time [2].

The surface tension is modeled through a surface hydrostatic state of stress τ=

[
γ 0
0 γ

]
, where γ is the sur-

face tension, applied to membrane-type elements (skin elements) that do not have any material properties
[7]. The weak formulation of the fluid problem must be modified by adding the term −

∫
∂Ω f ree

D∗s : τds to
take into account at the same time the two effects of the surface tension, where ∂Ω f ree is the free surface
of the fluid.

2.3 Proposed approach

In this section, the principle, as well as the steps for implementing the proposed approach, are presented.
The principle of this approach is to assume that the powder layer is a continuous media that has char-
acteristics different from those of a solid part. Thus, the material is considered as a layer of powder
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(state 1) before the melting. Once the powder melted, it becomes a compact material (state 2) which has
other properties. The different steps of the approach implementation are given by figure 3. As shown
in figure 3, the initial mesh is assumed to consist of a powder layer (state 1), which has a density ρp, a
thermal conductivity λp, and a specific heat Cp. The first step consists in beginning with a purely thermal
simulation to reach the melting temperature of the material. Then, we start the loop with a time step of
the thermo-fluid computation by activating the fluid flows in the molten pool. The elements which have
a temperature lower than the solidus temperature Tsolidus remain in state 1 (powder). Thus, nodes with
temperatures lower than Tsolidus remain fixed (solid nodes). The powder layer begins to transform in state
2 between Tsolidus and Tliquidus. The fraction of material transformed in state 2 remains definitively in
state 2. The properties of the state mixture ρm, λm, and Cm are calculated by combining the properties of
the two states (states 1 and 2). Thus, for T between Tsolidus and Tliquidus:

ρm = Xρc +(1−X)ρp (5)

λm = Xλc +(1−X)λp (6)

Cm = XCc +(1−X)Cp (7)

With X = T−Tsolidus
Tliquidus−Tsolidus

is the fraction of state 2 (x = 0 for T ≤ Tsolidus, x = 1 for T ≥ Tliquidus).

In the case where T ≥ Tliquidus, the material passes completely to state 2, taking on the properties of a
compact material ( ρc, λc, and Cc). Subsequently, the ALE approach developed by Saadlaoui et al. [2] is
used to reposition the free surface nodes and the fluid nodes inside the molten pool. At the same time, this
ALE approach is adapted to take into account the shrinkage related to the density variations according to
the material state (powder or compact). Thus, the updated mesh takes into account the displacement of
the nodes related to fluid flows (Marangoni effect and buoyancy) and also to the density variation.

The proposed approach allows thus to simulate the melting of a powder bed taking into account, the fluid
flows in the molten pool, the variation of material properties according to its state (powder or compact),
and the shrinkage of the powder layer after its melting.

3 Numerical simulation of the melting of powder bed process

3.1 FE model

In this section, a 3D thermo-fluid simulation of the melting of a powder bed is presented. All simulations
are performed in SY SWELDT M software. As shown in figure 4, the mesh consists of two blocks. The
lower part (pink color) presents a 316L substrate with 8000µm length, 500µm width, and 500µm thick-
ness. A powder layer in 316L (blue color) with 500µm thickness is initially present on the substrate.
The thermo-physical properties of the powder layer (with a porosity of 20%) and of the substrate are
given in table 1. The powder layer as well as the substrate have symmetry along the Y Z plane. The mesh
(figure 4) includes 120985 linear tetrahedral elements (P1+/P1), 22152 linear triangular elements (skin
elements), and 24701 nodes. In the powder bed as well as the substrate, the element size is 45µm.
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Figure 3: Proposed algorithm.

Figure 4: Mesh.
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An equivalent ellipsoidal heat source [3] [9] is applied in the melt direction to carry out a single track
with a building speed of 500mm.s−1. The laser power density of 6500MW.m−3 is applied (with a max-
imal front source intensity of 1600 and a maximal rear source intensity of 1500). It is assumed that
100% of the laser power is absorbed. A front length of 0.32mm, rear length of 0.5mm, half-width of
0.3mm, and penetration of 0.5mm are used to define the heat source dimensions. The simulation time
is 12ms, including 2ms for the creation of the molten pool (thermal computation without fluid flows),
and 10ms for the thermo-fluid simulation (with fluid flows) with the motion of heat source. The time
step is equal to 1ms for the creation of the molten pool, and 10µs after the activation of the fluid flows.
During the thermo-fluid simulation, in the solid zone (T ≤ Tsolidus), the elements are assumed to have a
high dynamic viscosity µ = 106 Kg.m−1.s−1. In the fluid zone, the elements have a dynamic viscosity
equal to µF = 6.210−2 Kg.m−1.s−1. A temperature-dependent surface tension γ = γL +α(T −TL) with
γL = 0.45N.m−1, TL = 1500 ◦C, and α = 2.10−4 N.m−1.K−1 is taken into account to include both the
”curvature” and ”Marangoni” effects. Note that heat exchanges due to convection and radiation on the
boundary with the external medium are taken into account:

φ = φconvection +φradiation (8)

with
φconvection = h(T −T0) (9)

φradiation = εσ0(T 4−T 4
0 ) (10)

where h= 40W.m−2.K−1 is the transfer coefficient, T0 = 293K the room temperature, σ0 = 5.67−8W.m−2.K−4

the Stefan-Boltzmann constant, and ε = 0.7 is the emissivity. These conditions are enforced on all mesh
faces except the symmetry plane, where an insulating condition is imposed.

In order to study the effect of powder layer porosity on numerical results (fluid velocity, temperature,
and free surface) porosities of 0, 7, 20, and 33% are examined (Table 1).

Table 1: Thermo-physical properties
State density ρ[Kg.m−3] Thermal conductivity

λ[W.m−1.K−1]
specific heat
C[J.Kg−1.K−1]

Compact (porosity of 0%) 7500 34 700
Powder (porosity of 7%) 7000 20 600
Powder (porosity of 20%) 6000 20 600
Powder (porosity of 33%) 5000 20 600

3.2 Results and discussion

In this section, the thermo-fluid results of the simulation of the powder bed melting are given. Figure
5 shows the distributions of the temperature and fluid velocity at instant t = 6ms. The fluid velocity
is generated mainly by the Marangoni effect which is dominant during this process. This effect of a
positive ∂γ

∂T is clearly visible in figure 5-b, it is linked to the temperature gradient. An average velocity
approximately equal to 0.3m.s−1 is found. This value is consistent with a literature values [2] [5] [6]
[10].
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Figure 6 shows the shrinkage of the powder layer ∆e after melting (displacement Uz at t = 2.4s) for
different porosity (0, 7, 20, and 33%). It is related to the density variation after the melting (transition
from state 1 to state 2). As expected, this shrinkage is very sensitive to porosity. Indeed, it is more
important for high porosities.

The porosity effects on temperature, flow velocity, and free surface are given respectively by figures 7,
8, and 9. Figure 7 shows that the free surface evolution is very sensitive to the porosity of the powder
layer. A maximum gap of about 220% is found between the free surface displacements of porosities of 0
and 33%. This great effect of the porosity is related to the powder layer shrinkage after its melting. This
shrinkage has a direct effect on the free surface evolution and thus on the molten pool morphology. As
shown in figure 7, the shrinkage is more important for high porosities. Thus, for example, the shrinkage
is about 0.17mm for a porosity of 33% whereas it is less than 0.05mm for a porosity of 7%. Contrary
to the free surface, the fluid velocity in the molten pool is not very sensitive to porosity (figure 8). A
maximum gap of about 12% is found between the velocities of porosities of 7 and 33%. Similarly, the
temperature is not very sensitive to the porosity of the powder layer. A maximum gap of about 7% is
found between the temperatures of porosities of 7 and 33%.

Figure 5: Thermo-fluid results (porosity of 20%): (a) temperature field, (b) fluid velocity.
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Figure 6: Shrinkage of the powder layer ∆e after melting (displacement Uz at t = 2.4ms) for different powder
layer porosities.

Figure 7: Free surface evolution along the melt line: (a) t = 3ms, (b) t = 9ms.

Figure 8: Velocity evolution along the melt line: (a) t = 3ms, (b) t = 9ms.
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Figure 9: Temperature evolution along the melt line:(a) t = 3ms, (b) t = 9ms.

4 CONCLUSIONS

In order to simulate the melting of a powder bed, a new numerical approach was proposed. It is based on
a fluid formulation that allows us to minimize the computation time. This approach allows taking into
account the molten pool formation and the variation of the thermophysical properties (density, thermal
conductivity, and specific heat) according to the material state (powder or compact). The variation of
the density according to the material state has allowed simulating the powder layer shrinkage after its
melting.

As an application, a 3D thermo-fluid simulation of the melting of a powder bed was carried out. The
numerical results have shown that the powder layer porosity has a great effect on the shrinkage and on
the free surface evolution. Thus, the shrinkage is more important for high porosities. The fluid velocity
and the temperature were not very sensitive to the porosity.

The proposed approach can be improved in order to take into account other physical phenomena (dénudation,
vaporization, spatter, etc.).
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