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Abstract

Simulation of laser processes are more and more efficient. In some cases, as welding and additive manufacturing,
the physical phenomena are complex, multi-physics and multi-phases, thus some assumptions have to be done.
For Laser Powder Bed Fusion, a laser beam melts and vaporizes the substrate and powder materials. In literature,
the vaporization process is supposed to produce a recoil pressure at the surface of the liquid, but the momentum
created on the gas is usually neglected. In the present paper, authors focus on this part of the model in order to
prove the benefit of such consideration. The whole model is described (heat transfers, fluid flows, phase field) and
the vapor consideration is detailed physically and numerically for two assumptions: pressure model and
momentum model. After having shown some numerical comparisons illustrating the benefit of this method, a short
physical analysis is made to conclude on the sensitivity of the vaporization phenomenon on the process.
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Introduction

The Laser Powder Bed Fusion (LPBF) or Selective
Layer Melting (SLM), is one of the laser based
additive manufacturing (AM) processes. It is a
sequential process with a final workpiece, built layer
by layer [1]. A “layer” is the spreading of a few
micrometers of metal powder and this last is
selectively molten by laser, track after track making
a workpiece slice. The particularity and the strength
of this process is the weak rugosity of the built
compared to other AM process (Laser Metal
Deposition or Wire Arc Additive Manufacturing, for
instance). Nevertheless, the single-track quality has
an effect horizontally on other tracks of the same
layer and vertically on the next layer tracks. For
instance, the main defects are pore generation due to
local lack of powder (denudation) or particles
aggregated on the bed (due to spatters) and drift of
sample dimension due to flow instabilities or
mechanical effects (not treated here) [2 - 4]. All of
them can be related to single track quality.

More generally, since 10 — 20 years, additive
manufacturing or metallic 3D printing is one of the
most growing industrial technologies [5 - 6]). As the
industrial machines are now easily available and as
the heavy industry (energy, automotive, aircraft, ...)
is trying to master these processes to ensure pieces
quality, a lot of experimental studies are appearing
in this research field. Nevertheless, for powder bed
technologies, experimental investigations illustrate
some difficulties in terms defects visualization and
analyze. Indeed, due to the small size of the powder
and of the molten pool, due to the powder masking
effect and due to the compacity of the building
chambers, it still difficult to have a pertinent and
efficient experimental setup with diagnostics (high
speed imaging, IR camera, ...). In this context,
numerical approach can give some information and
explanations.

As explain in a previous work [7], the process
stability or instabilities is highly dependent of the
elementary single-track quality and the mesoscale
analysis is an interesting point of view. Moreover, as
it is largely multiphysics (laser beam, heat transfers,
fluid flows, ...) and multiphase (bulk, powder, gas)
it is also a complex case to be analyzed numerically.
Thus, some common but strong assumptions can be
found in the literature, concerning the powder
behavior ([8-10]), and thermal properties ([11-12]).
More recently, some researchers have considered the
whole particles of a part of the powder layer in their
simulations ([13], [14], [15], [7], [1]). Our previous
work on this topic was presented at the Comsol
Conference 2020 [7] and the conclusions were, the
methodology to import powder is quite realistic, the
beam reflection on the material and the vapor jet can
probably have an effect on the melt pool shape. In
the present work, authors focus on recent
developments on the way to produce vapor jet on the
model and how it sensitive.

In this paper, authors describe a mesoscale (static
spot) model of LPBF able to simulate some process
behavior and giving some process answers. As a ray
tracing method has already been done in previous
works assuming a homogenized powder [16] or in
case of welding [17] authors will focus here on the
powder particular description and vapor jet
modeling.  After having justified several
assumptions, recalled the methodology used to
import particles from DEM (Discrete Element
Method) calculation, the physical phenomena will be
recalled, and numerical setup will be described.
Then, the results in terms of molten zones for two
formulation assumptions will be shown and
discussed.

Theory
As this work focus on the mesoscale aspects of the
process (one track), the physical phenomena
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occurring during laser/material interaction are very
close to the welding case.

Briefly, the electromagnetic wave (the laser) travel
through a shielding gas and interacts with the
metallic material. This interaction produces a high
heat input leading to the local melting and
vaporization of the material. During a vaporization
process, metal atoms are ejected from the liquid-gas
boundary. Due to the local momentum conservation,
if particles are leaving the boundary, a “force” is
produced in the opposite direction. The whole
discussion here is about the way to simulate this
mechanical effect. In most works, a pressure is
applied on the liquid boundary, it’s called the recoil
pressure. This formulation is convenient due to its
well-known physical bases as Clausius-Clapeyron
saturation pressure [18]. It’s also a very easy method
to implement and to resolve. The only, missing point
is the metal out going from the liquid to the gas
phase. Indeed, theoretically, the vapor is ejected with
a certain velocity. With the recoil pressure
formulation, this part is totally neglected. The
second formulation is based on the momentum
conservation at the interface, so in the present paper
we will call it, the “momentum” formulation. The
principle, detailed in the following parts is quite
simple, a mass is added in the gas phase, close to the
evaporating boundary, and as we solve the
momentum conservation, this mass produces
implicitly a momentum. This technic is better
physically speaking but is also known to disturb the
numerical resolution.

Geometry
The simulated geometry is a cube composed by two
main volumes, the gas on the upper part (z>0) and
the metal on the bottom part (z<0) (Figure 1). These
domains are only used to mesh setup. It should be
noted that the physical domain and the powder does
not appears yet because it is not considered as a
geometrical entity but as an analytical initialization
law in the Phase Field free boundary problem. This
“handmade” initialization allows a computation with
a

Figure 1 : Simulated geometry

homogeneous mesh and makes easier the first steps
of resolution.

The illustrated geometry on figurel is a cube with
400 um side length. This is set to simulate a simple

elementary static laser case (no feeding rate)
representative of a realist laser/material interaction
time. It should be recalled that the size of the
numerical problem is a real limitation for this kind
of simulation and as we just want to check the
validity of the formulation, a moving case is not yet
necessary.

Governing Equations

As explain before, this case is multiphysics, coupling
heat transfers and liquid/gas fluid flows; and
multiphases; through the presence of solid, liquid,
gas and powder.

Before introducing the mathematical formulation of
physical phenomena and conservation principles, the
free boundary tracking method has to be detailed.

Free boundary
Here the free boundary is supposed to be the whole

interface between metal and gas, as well solid as
liquid. The method used here is the Phase Field
approach simulating a continuous boundary
transportation thanks to the Cahn-Hilliard equation:

2+ 5.Vp =V.47C (1)

G is like a potential and y is the mobility,
determining the time scale of the diffusion
phenomena. Both are purely numerical parameters in
the present case. In the developed formulation, the
previous equation can be written in the two
following second order PDE solving respectively the
Phase Field variable ¢ and the auxiliary variable :

g Lo S yloo
L1576 =7.57% (2)
Y= —F.eTh+ (@ - Do+ 52 (3)

€ is the interface thickness parameter and A is called
the density of mixture energy and link the surface
tension to the thickness parameter. df /¢ is an
additional energy input.

Due to a specific initialization, the Phase Field
variable ¢ is constrained to take values between -1
and 1 with a continuous transition zone defined from
¢ through a hyperbolic tangent law (for more details,
reader can refer to Comsol User Guide).

The boundary settings are for the sides, a “wetting”
condition ﬁz—jw =0 and 7i.£2V¢ = £|Wﬁ| The
upper boundary is set to an outflow condition.

The initial condition here is the initial shape of the
interface (solid substrate and solid grains). As each
particle radius and coordinates come from a previous
DEM simulations (Figure 2 — [19]), authors have
analytically built a function ¢,,;; from this input data
p(x0,y0,20,r0), particle centers and radii.
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Ginie = Np — tanh (:/?) -
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N, is the total amount of particles, the second term
is the flat interface located at zg = 0 mm and the
third one is sum of N, particles p; located at (x'o, 3o,

z'0).
Uolim

Figure 2: Illustration of results coming from DEM
simulations ([19], blue is particles and red is the
substrate).

The methodology to link DEM results to Comsol
Multiphysics® models through Java Programming,
has been presented in detail in [7]. Thus, authors will
not recall this point in the present paper.

The figure 3 illustrates the “boundary” (¢ = 0) set as
initial condition. The reader can see the powder
grains appearing directly and without any
geometrical entities.

Figure 3: Initialization of the ¢ variable (the shown field
is ¢>0).

Heat transfers

As the material can be, now, identified (gas ¢= -1
and metal ¢= 1), the first conservation principle to
consider is the heat conservation:

pocpgq [% + ﬁﬁ] =7. (/19 —V—f) + S60 (5)

p, ¢ and A are respectively the density, the
equivalent specific heat and the thermal
conductivity. The ¢ indication describe the
dependence to the phase, and S, detailed in eq. 6 and
7 is the heat input/output such as the laser beam and
evaporation latent heat. Due to the current Eulerian
free boundary description (smoothed) of the
metal/gas interface, these interfacial phenomena
have to be introduced in the bulk through the §@
function, the Phase Field variable normal derivative.

S = @igser(t) — vaap (6)

aP,
T R2

Praser () =51, [(x = x0)* + (7 —¥0)> <R§] (7)
n: is the z component of the normal vector and « is
the absorptivity. Po, Ro are respectively the laser
power, the beam radius.

MLy,qy, is the vaporization enthalpy, calculated from
the evaporated mass rate i and the latent heat L,,q,.

The first one comes from the Hertz-Langmuir and
Clausius-Clapeyron [18] equations and the second
one comes from the literature data.

. M
m = psat(T) 2mRT (1 - :gr) (8)
M(L_l
Dsat = Do€Xp & Tv T (9)

The side thermal boundary conditions have no real
impact due to the formulation of the problem. As the
heat source is assumed far from the boundaries, and
as the dynamic is very fast, the domain boundary
temperature does not change. A thermal insulation
(¢ = 0) is a good approximation.

Conversely, the upper face is submitted to the flow
leaving the domain, thus the heat transport is
allowed.

The radiative loss is neglected here assuming the
evaporation flux much larger.

The initial condition is the ambient temperature, set
here at 293 K.

Fluid flows

As for the thermal problem, the fluid calculation is
made in the whole geometry and phase properties are
defined with a ¢ variable dependence.

po 52+ (3.9)5 | = V. (pl +1o(F5 + (P5) ) +

(0K + {Precl0}). 6¢ (10)
Fo=lopn(i-Dse)

Equations /0 and [/ are respectively, momentum
and mass conservations. In these two equations, the
terms {...| ...} is related to the two assumptions to
treat the vaporization (detailed in the next part):
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- The left-hand side {| is the part
corresponding to the recoil pressure
formulation.

- The right-and side | ...} corresponds to the
momentum conservation formulation.

p still the density and g is the dynamic viscosity of
each phase. As previously, the interfacial
phenomena; the Laplace pressure ok and usually the
recoil pressure p,.. ([18], [20], [21] and [22]) are
applied in the domain through the delta function §¢.

The initial conditions in velocity and (relative)
pressure are set to zero.

The boundary conditions are, no slip (¥ = 6) for the
metal boundaries and a reference pressure (p = 0)
for the gas boundaries allowing a potential
outflowing.

The flow in the solid metal is annealed thanks to an
“penalized” viscosity appearing with a Heaviside
function, for temperature lower than the solidus
temperature u(T) = po + 106. H(T —Ty).

Vaporization details

It should be noted here that the process of
vaporization leads to a deflection of the liquid upper
boundary, creating the vapor capillary or keyhole.
Numerically, two methodologies can produce this
effect:

- Firstly, setting the recoil pressure at the
liquid/vapor interface (prec eg. 12) but this method
assumes a poor effect of the vapor shearing on the
molten pool [23] (the realistic gas behavior is
neglected).

It should be noted that for our Phase Field
formulation, the recoil pressure can be introduced in
the df /0¢ in eq. 3 source term and in eq. 10.

(1+8,)
= Do+ Poar 2 (12)

pTEC

B, is the retro-diffusion coefficient [20] set to a
constant value here due to the high vaporization rate.
Moreover, one must modify this formulation to
simulate the gas accurately [24] (not done here).

- Secondly, writing the momentum
conservation at the liquid/vapor interface leads to the
modification of the mass conservation (eq. 11, right
side) and Phase Field transport equation (eq. 2) as
fallow [25]:

2+ 5.7 -1 (%) 5(9) = 7.57% (13)

With p  the vapor metal density and Vg, the gas
phase proportion in the transition layer.
The p,, can be approximated by three assumptions, a
constant value, ideal gas law and corrected ideal gas
law (considering the mesh size). In the present case,
the vapor is assumed to be an ideal gas.

In order to validate the implementation of second
technic in our numerical tool, both formulations have
been tried and results are shown in the next section.

Numerical considerations
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Figure 4: Illustration of the mesh.

As the particles have radii in the range [4 um, 31
um], the mesh elements have to be close to the
micrometer. Inside the powder zone the elements are
quadrangular with /5 um maximum size and the
remaining domains is meshed with freely growing
tetrahedral elements.

This numerical settings, i.e. linear elements for heat,
momentun and mass conservation equations and
quadratic elements for the Phase Field problem,
produces almost 300,000 DDL to solve.

The computation was done on Xeon Gold 6248R
CPU with 10 active cores. It tooks slightly less than
9 hours to simulate 200us (fuise: interaction time
corresponding to LPBF process).

Material and process properties

In this case of methodology validation, the material
does really matter, nevertheless, to be consistent, the
numerical case was very close to current
experimental investigation of LPBF on stainless
steel (AISI 316L). The material properties were
assumed to be constants for a given phase (metal and
gas) and are summarized in the tables 1, 2, 3 and 4.

Table 1: Process parameters (Yb-YAG laser)

Process properties Symbol | Value
Laser Power (W) Py 720

Beam radius (um) Ro 100
tpul.ve 200

Interaction time (us)

Results and discussions

As explained previously, two methodologies of
vaporization process or effect can be found in the
literature. The present work is made to check the
validity of our formulation (eq. /0 and eq. 11). The
simulated case is a static laser configuration with



COMSOL

CONFERENCE
2023 MUNICH

720W power during 200us. In both cases, the beam
still the same, i.e. a 100pum radius tophat beam.

Table 2: Metal properties (AI1SI 316L)

Material properties Symbol | Value
Thermal conductivity A 35
(Wm/K)

Density (kg/m®) e, 7200
Specific heat (J/kg/K) cp 760
Melting point (K) T 1712
Solidus (K) Ts 1697
Liquidus (K) Tl 1727
Melting range (K) DT 30
Boiling point (K) T, 3100
Latent heat fusion (J/kg) | Lm 2.47 10°
Latent heat vaporization | L, 5.52 108
(J/kg)

Molecular mass (g/mol) | M 55.8
Retrodiffusion coef. B 0.17
Dynamic viscosity (Pa.s) | uo 0.006

Table 3: Shielding gas properties (4ir)

Material properties Symbol | Value
Thermal conductivity A 0.012
(Wm/K)

Density (kg/m®) e, 1.2
Specific heat (J/kg/K) Cp 1000
Molecular mass (g/mol) | M 28.8
Dynamic viscosity (Pa.s) | u 11073

Table 4: Numerical properties

Material properties Symbol | Value
Interface thickness (um) | ¢ 2.5
Mobility parameter 7 f@)

In both cases, shown in the Figure 5, the physical and
numerical settings are perfectly similar. The vapor
mechanical effect is just set as a pressure in the upper
case and as a momentum interface transfer, in the
lower case.

Two observations have to be highlighted. Firstly, the
molten and vaporized areas are very similar.
Secondly, the liquid behaviors are not perfectly the
same. As the gas flow is not neglected in the last
case, one can observe liquid ejections resulting from
the gas shearing upon the liquid. This mechanism,
usually neglected, is responsible of the slight
differences between the two simulations.

Looking more precisely at the drilling dynamics
(Figure 6), two points can be spotlighted. Firstly, the
vaporization process starts at the same moment and
the firsts molten pool shapes are very close (120-140

us). This is mainly due to the equivalence of the
thermal problems before and during the first steps of
vaporization process. Secondly, after few tens of
microseconds (160-200 ps), the maximum boundary

Figure 5: 3D comparison between pres&ure (upper part) and
momentum (lower part) formulations - Color bar is the
temperature (K).
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Figure 6: Capillary cross section (left part: pressure
formulation - right part: momentum formulation);
color bar is the temperature (K).

deflection is higher with the momentum formulation
than with the pressure. This is a particular effect of
the shearing. As the time increase, the “capillary’’
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(the hole) thickness increases and stronger is the
interaction between gas and liquid. This is quite clear
looking at the 160us and 200us cases, the vapor
drags the liquid at the periphery of the molten pool
(drops and ejections) reducing the liquid thickness
and thus, increasing the penetration. This
phenomenon is amplified with the interaction time
and is confirmed by the maximal temperature values
shown in the Figure 7.

Indeed, as assumed previously, the velocities of the
gas (dashed lines) and the liquid (lines) are much
higher in case of the momentum formulation (in
blue). The high lateral motion of the liquid
(momentum case) can be correlated to the lower
temperature observed during vaporization. Indeed,
as the hottest part of the molten pool is below center
of the laser beam, the radial motion of the fluid
transports the heat from the center to the side, i.e.,
from the hottest to the coldest part of the liquid
surface creating a kind of homogenization. It should
be noted that, although no detailed experimental
validation has been done for this first test case, the
vapor maximal velocities are much more realistic for
this process range (around 200m/s) [26] than the
values seen in the literature [23, 25].
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Figure 7: Maximum temperatures and velocities for
pressure and momentum formulations (dots: temperatures
- lines: liquid velocities - dash lines: gas velocities)

Conclusions and perspectives

In this paper, authors have illustrated the way to
simulate the indirect effect of the vaporization
process on the melt pool dynamics. Indeed, after a
brief description of the model (physically and
numerically), a comparison between a “pressure”
formulation and a “momentum” formulation have
been done. An ejection phenomenon is then
highlighted and seems to be directly related to the
vapor jet (or plume) consideration. At the end, the
maximum gas velocities are plotted in both cases,
and, regarding the literature, the momentum
formulation seems to be more predictive than
pressure. The strong effect of the gas flow on thermal
field, was also demonstrated. Thus, the common
assumption of the recoil pressure applied on the

Maximum Velovity (m/s)

gas/liquid boundary for laser applications, seems to
be too strong to allow simulation of process stability.
To illustrate the perspectives of this kind of
simulation (momentum formulation), several
“moving” cases have been done for different linear
energy (1333J/m and 969J/m) and results illustrate
less ejections for the lower energetic case.
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Figure 8: LPBF simulation case 1 - 720W 0.55m/s (El =
1333J/m) Colorfield is temperature, color vector are
velocity amplitude.
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Figure 9:LPBF simulation case 1 - 320W 0.33m/s (El =
969J/m) Colorfield is temperature, color vector are
velocity amplitude.
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