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A finite element model of Laser Powder Bed Fusion (LPBF) process applied to metallic alloys at a mesoscopic
scale is presented. This Level-Set model allows to follow melt pool evolution and track development during
building. A volume heat source model is used for laser/powder interaction considering the material absorption
coefficients, while a surface heat source is used to consider the high laser energy absorption by dense metal
alloys. An energy solver is applied considering convection and conductivity evolution in the system. Shrinkage

during consolidation from powder to dense material is modelled by a compressible Newtonian constitutive law.
An automatic remeshing strategy is also used to provide a good compromise between accuracy and computing
time. Different cases are investigated to demonstrate the influence of the vaporisation phenomena, of material
properties and of laser scan strategy on bead morphology.

1. Introduction

Interest is constantly growing for the manufacturing of aeronautical
parts made by additive manufacturing (AM) processes [1]. These new
processes bring a revolution in the design of parts. One of the most used
AM technology is Laser Powder Bed Fusion (LPBF) whose principle is
depicted in Fig. 1. Typically, the desired part is designed and prepared
for build with a 3D CAD software. Thereafter, the geometry is sliced
horizontally in layers with a thickness generally between 20 and 100
um. Sprayed atomised powder is deposited with a roller or a recoater on
the substrate or on the predeposited material.

Then, a high-power laser beam melts selectively the powder along
the trajectories generated by the 3D model. A liquid domain is devel-
oped leading to a partial melting of the previous layers. The upper layer
is rapidly solidified and bonded to the previous ones. The plateau goes
down to receive the next layer spread by the recoater. These two steps
are repeated until the final part is formed. The process operates in a
protective atmosphere (typically argon) to avoid oxidation of the liquid
metal and ensure final quality of manufactured parts. The LBPF process
has several advantages over conventional forming techniques such as
machining or casting. (i) Complex parts like lattice [2,3], foam [4] or
fractal [5,6] structures can be manufactured. An example is en-
countered in the context of heat exchangers: fractal structures can im-
prove performance both by increasing the exchange surface between
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hot and cold fluids and by generating small turbulent vortices in the hot
fluid [5]. Furthermore, the mass of built parts is reduced [2] when
optimising final shape. (ii) The manufacturing time is reduced since
multi-components parts can be redesigned as a single part with AM
technologies. (iii) The manufacturing cost with AM is lower compared
to conventional techniques for small production volume. As an ex-
ample, substantial investments have been made in aeronautical in-
dustries in order to develop LPBF processes and other related AM
technologies [7]. Such investments come from other high-tech in-
dustries as encountered in medical, energy or spatial sectors [8,9].
Numerical simulation is an essential tool to achieve a better un-
derstanding of the various physical phenomena involved during PBF
processes and their influences. For instance, as shown in Fig. 1, denu-
dation [10,11] or vaporisation phenomena are observed during the
process and strongly influence the final state of the built part [12,13].
In addition, LPBF process modelling provides assistance to investigate
process parameter effects on part evolution during manufacturing in
order to propose optimised solutions. Models have been developed in
recent years mainly at macroscale (part-scale) and mesoscale (track/
bead-scale). At the macroscale, Li and Gu [14] apply their model to a
Ti-6A1-4V alloy and predict the temperature field by using a Gaussian
heat source with temperature dependent material properties. They de-
monstrate that the heat is mainly extracted by conduction through the
cold substrate. Hodge et al. [15] use a more complex heat source model
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Metallic vapour

Fig. 1. Laser powder bed fusion - schematic of the multiple phenomena in-
volved.

based on Gusarov's approach [16]. The thermal history and the cu-
mulative plastic strain are obtained during the multilayer building. Van
Belle et al. [17], Roberts et al. [18] and Marion et al. [19] have de-
veloped FEM based on birth and death technique for Direct Metal De-
position (DMD) modelling. Van Belle [17] shows the influence of the
annealing temperature on the cumulative plastic strain and the re-
sulting residual stresses in nickel-based alloys. Roberts et al. [18] and
Marion et al. [19] use a heat source model considering the local ab-
sorption of laser energy in Ti-6A1-4V alloy. Finally, Zhang et al. [20]
present an original and complex finite element model (FEM) applied to
IN718 alloy. Both unmelted powder and surrounding gas domains are
meshed. In addition, a dynamic mesh adaptation strategy is developed.
The freshly sprayed layer to be melted is decomposed into several
fractions that are heated consecutively. This original approach has been
applied to simulate the building of a complex geometry. Interestingly,
larger thermal gradients are encountered in the powder bed compared
to the substrate due to the low thermal conductivity of powder.
Nevertheless, these models do not predict the shape of the tracks
since the melt pool behaviour is not considered in such approaches. In
the same way, the convective transport inside the melt pool and the
latent heat effect associated with melting and solidification are ne-
glected despite these phenomena have a great influence on heat transfer
in the LPBF process. For these reasons, many authors developed models
at a smaller scale (mesoscopic) to provide better estimations of local
thermal gradients and bead shape morphologies. Particle-mesoscale
models have been developped, using the discrete element method
(DEM), or the FEM, coupled with CFD methods [12,21-25]. Bidare
et al. [12] use a multiphysics model including laser plume and finally
conclude that the laser plume velocity in LPBF process goes from 300 to
600 m.s™! (depending on the laser input energy in the Knudsen layer
and decreases exponentially with height to a value close to 100 m.s™%.
Khairallah et al. [21] present a Lagrangian-Eulerian finite element
approach applied to Ti-6A1-4V considering the powder bed as a set of
compact random spheres. They demonstrate the importance and in-
fluence of the Marangoni effect. In addition, the recoil pressure asso-
ciated to the keyhole development, due to the intense vaporisation, is
taken into account. Its effect on the melt pool shape evolution is de-
monstrated. The model is able to compute the denudation phenomenon
around the melt pool due to powder movement toward the melt pool.
Martin et al. [22] use a similar approach and demonstrate the influence
of laser turning points on the occurrence of porosities on the same alloy.
Korner et al. [23] propose a numerical approach based on the lattice
Boltzmann method. This latter approach allows them to simulate the
manufacturing of single walls in 2D. The numerical results are
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compared with experimental measurements. They show that the surface
forces and the density of packed powder bed are responsible for binding
faults. Bayat et al. [24] show good experimental agreement on melt
pool depth estimation when coupling resolution of heat conservation
equations with the hydrodynamical solution. Aggarwal et al. [25] used
a similar approach demonstrating the capability to get the transition
from a conduction to a keyhole mode by reducing the laser spot radius
with good agreement through experimental work. The main drawback
of these particle-mesoscale models is that they are excessively time
consuming since the computation of a surface representation including
wetting effects is computer demanding [26]. For instance, Aggarwal
et al. state that 120 hours are needed to compute a 0.75 mm track using
40 cores [25]. As a consequence, numerical simulations are generally
limited to a single track or a single wall.

To avoid this numerical issue, an alternative approach consists in
using continuous-mesoscale models, considering the powder as a con-
tinuous domain and not a discrete one [27,28]. This approach simplifies
the computation of the moving interface in the material but requires the
determination of homogenised material properties in the powder bed
which have to be defined as functions of gas and bulk properties and
considering its average porosity. Mukherjee et al. [27] have developed
such a model. Their approach is suitable for modelling a multi-layer and
multi-hatch building. In addition, applications are developed on dif-
ferent alloys to observe the influence of material properties on the bead
shape. Nevertheless, this model does not consider the capillary effects
such as surface tension and Marangoni forces. As a consequence, the
exact morphology of the bead cannot be obtained.

In the present work, a continuous-mesoscale Level-Set model of the
LPBF process is presented to follow melt pool evolution and track de-
velopment during building. This FEM approach is based on previous
developments by Chen et al. [28] to model ceramic materials evolution
during LPBF process. The present paper provides an extension of this
model to metallic materials, through several developments. Indeed, for
ceramic materials with the laser wavelength generally used in AM by
LBM, a single volume heat source is relevant to consider the low ab-
sorption of laser energy. However, the laser energy absorption is much
more significant for metallic melt pool. Consequently, a modeling
change for laser-metal interaction is required. Furthermore, some
phenomena induced by vaporisation: release of latent heat in the
thermal resolution and application of the recoil pressure in the me-
chanical resolution [12,13], which were not considered in Chen's ap-
proach, have to be considered. The heat source is modelled considering
separately laser/melt pool and laser/powder interactions. A surface
heat source is used to take into account the high laser energy absorption
by dense metal alloys. In addition, a volume heat-source model is ap-
plied on the powder bed considering the material absorption coeffi-
cient. Like in Chen's approach [28], shrinkage during consolidation
from powder to liquid is modelled by a compressible Newtonian con-
stitutive law. The automatic remeshing strategy is used to provide a
suitable compromise between accuracy and computational cost. Ap-
plications are developed both for IN718 and Ti-6Al-4V alloys since
these materials are particularly suitable for aeronautics for their ability
to provide good performance at high temperatures. Numerical cases of
increasing complexity are investigated corresponding to i) a static laser
shot, ii) a single track and iii) multiple-tracks to highlight the influence
of hydrodynamic forces or material properties on the bead shape in a
context of building lattice structures corresponding to very small-size
beads. These results are not compared with experimental observations
but illustrate how surface morphologies may vary, depending on ma-
terial data and scanning strategy.

2. Numerical model
Material and gas domains are both included in a single system of

interest. The powder bed is considered as continuous with a given
porosity. The densification of the powder bed is a one-way
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Fig. 2. Schematic of the LPBF process with the Level-Set (LS) method to track
the interface associated to the isovalue 1 = 0 of the signed distance function.

transformation. No residual porosity is considered when powder is fully
melted. In addition, both powder loss and projection are neglected.
During the heating stage, the powder bed melts continuously to form a
compact deposition on the substrate. This progressive transformation is
modelled by a temperature-dependent powder fraction expression, also
including a transition domain.

2.1. Level-set method

The material domain, D;, and gas domain, D,, are shown in Fig. 2.
The Level-Set method is used to track the evolution of the gas/material
interface [29]. A signed distance function 7 is used respecting the ei-
konal condition [|Vy Il = 1.

This function is arbitrarily chosen positive in a domain and conse-
quently negative in the other. For instance, this function is considered
positive in the gas domain in the present approach as shown in Fig. 2. A
transition zone with half thickness ¢ is used to compute the Heaviside
function .# defined as:

0 Pp<—c¢
H(Y) = %[1+%+%Sin(%)] Ipl < e
1 P>e 6]

A continuous evolution of physical properties at the material/gas in-
terface is made possible considering this Heaviside function. For any
given property y, the property is firstly averaged between phases by
their volume fractions in each domain D;, according to the concept of
Representative Elementary Volume [30]:
Q=Y ghxt Viell, 2

¢ (2)
where ggi is the volume fraction of phase ¢ in the domain D; and y? is
the intrinsic value associated to property y in the phase ¢. Then, the
global property {y} is averaged between the two domains by the Hea-

viside function, in particular in the transition zone around the D,/D,
interface [31,32]:

= 7200P + Q- 0™ 3

The Dirac function, &, can be derived from the Heaviside function as:

A W) _ %[1 + cos(%)] Pl <e

() = "

0 Il > € (&)

This function will be used to convert surface mechanical loads along the
gas/metal interface into volume loads applied within the 2e-thick
neighbourhood of the interface. Finally, the evolution of the interface
position is tracked by a two-step procedure. First, the resolution of the
transport equation of this distance function is developed as (5) :

oy

E +u~Vz,b= 0 (5)

where u is the velocity field induced by the powder shrinkage and the
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melt pool evolution. Then, a geometric reinitialisation method is used
in order to compute the distance function with respect to the eikonal
condition after transport [33]. Finally, considering that the Level-Set
method involves mass conservation issues, a method developed by
Zhang et al. [34] has been used to overcome this drawback.

2.2. Governing equations

2.2.1. Energy conservation and heat source modelling

The modelling of heat transfer in LPBF is obtained as the solution of
the non-steady equation for energy conservation [24,28]:
d{ph} . .
2L V-({ohiu) — V-({}VT) = ¢, —
where p is the density, h the specific enthalpy, 1 the thermal con-
ductivity and T the temperature. ¢, represents the heat source asso-
ciated with the laser, while ¢, denotes the heat loss associated to va-
porisation (detailed further).

Heat source modelling. The laser follows a radial Gaussian distribu-
tion considering a reflection coefficient R (or an absorptivity coefficient
(1 — R)). Consequently the heat flux at the upper surface, ¢,(r, 1), is
given by the following expression:

2P, 2r?
¢o(r, 1) = (1 — R) =% exp(—%)
r, ) 7

where P, is the laser power and , is a specific radius depending on the
state of the material where laser radiations interact. Two cases should
be considered depending on the state of the surface, as depicted in
Fig. 3.

The first case corresponds to the interaction between the laser and
the powder bed (i.e. laser/powder interaction). Multiple reflections
occur due to the interactions between powder particles and radiations
when the laser progressively penetrates the powder bed. Considering
these reflections, the heat source associated to powder ¢/ can be ex-
pressed with a volume formulation. Complex expressions are used in
the literature, which take into account the number of particles or the
albedo [35,36]. In the present work, a Beer-Lambert law is considered
where the heat source is equal to the flux variation in the propagation
direction z [28,37]:

N z
4f(r, z) = ¢y (r, fine) eXp(— j; ordl) ®
where r, is the interaction radius and « is the local value of the
- d)O (Tv TL)
Tint - ¢o(7, Tint)
L

Laser ny,

Powder ™. Melt pool

Fig. 3. The laser/powder interaction model is represented on the left, con-
sidering multiple reflections between particles. The laser/dense matter inter-
action occurring at the melt pool surface is represented on the right side with a
surface term due to high absorption of laser energy.
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absorption coefficient. It should be emphasised that the multiple re-
flections phenomenon leads to an enlargement of the interaction radius
(rint > rL)-

The second case corresponds to the interaction between the laser
and the dense matter (in practice, the melt pool). As a result of the high
absorption of dense metals, the heat source is expressed with a surface
formulation. However, in the Level-Set context, the surface heat source
is converted into a volume heat source by use of the Dirac function
[38]:

G (r, 2) = ¢y (r, 1) cos(6) & () 9

where r;, is the nominal laser radius and 6 is the angle between n, the
normal of the gas/melt pool interface and n;, the fixed laser direction.
The direct use of the Dirac function § (Eq. (4)) would introduce un-
desirable heat into the gas when it should essentially be restricted to the
dense material. Alternative expressions can be considered. In this work,
the following 6, function will be used (Eq. (10)).

0 ifyp>0

1) =
=Lty ity 20 o

If the laser power irradiates concurrently the melt pool and the powder
bed, the heat source applied is deduced from the liquid fraction value to
ensure that the laser energy is provided correctly:

ag=0-g) qu + 8 qLd an

where g, is the volume liquid fraction. Since solidification occurs under
high temperature gradient, the evolution of the volume liquid fraction
is oversimplified by evolving linearly with temperature during the
melting/solidification path:

0 T<T,
g=11=5 r<r<y
T-T
1 . <T (12)

where T; and Tj correspond respectively to the solidus and liquidus
temperature.

Vaporisation heat loss modelling. The plume of metal vapour is not
taken into account in the model since this would require a considerable
modelling effort and would result in significant undesired numerical
constraints [12,13]. In the present paper, only consequences of vapor-
isation are considered and modelled in terms of heat transfer (here-
under) and momentum conservation (next section).

When the temperature exceeds the boiling temperature T;, the en-
ergy loss due to the ejection of metallic vapours is modelled by a vo-
lume heat sink ¢, [21,39,40]:

G=0-p) -2 exp(L“M (u)) L, &)

\ 27T 0 RL\ T 14

where represents the vaporisation rate in mass per unit surface and unit
time. 5. is the retrodiffusion coefficient assumed equal to 0.17 [21,24],
M is the molar mass of the alloy, R the universal gas constant, p, is the
atmospheric pressure and L, is the latent heat of vaporisation per unit
mass. The retrodiffusion coefficient §, represents the percentage of
metallic vapour surrounding the liquid/vapour interface, more pre-
cisely in the Knudsen layer [41], which returns to the melt pool. Thus, a
low value of this coefficient means that metallic vapour tends to leave
the melt pool (high vaporisation state). On the contrary, a high value of
the retrodiffusion coefficient signifies that particles have a strong ten-
dency to return by recondensation to the melt pool. Klassen et al. [41]
determine that this coefficient is defined as a function of the Mach
number at the Knudsen layer and vary between 1 down to 0.17. Fur-
thermore, Bidare et al. [12] and Khairallah et al. [21] outline that the
Mach number around the Knudsen layer is at least close to the sonic
state and explained consequently the choice of this value (0.17) for the
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retrodiffusion coefficient in the present approach.

2.2.2. Momentum conservation

The convective flow has a major influence on the temperature field
and the melt pool shape. Fluid dynamics equations are established by
the mass and momentum conservation equations. A compressible
Newtonian flow behaviour has to be considered in order to assume the
change of apparent density in the powder bed during the melting stage
[28]:

Yucgo L diBl

{o} dt (15)

Jdu 5 1 .3 =

{p}( i + (u V)u) \% (2{#}(2 3tr(&:)I) pI) =fy 16)
where 6 is the negative volume expansion rate associated with the
transition from powder to dense material,  is the dynamic viscosity, £
is the strain rate tensor, I is the identity tensor and f, are the volumetric
forces. The dynamics of the melt pool have several origins: i) the ca-
pillary effects driven by surface tension £} and Marangoni forces f3'";
ii) the recoil pressure 5" during the vaporisation phase which induces
the deflection of the interface by the high velocity of ejected metal
vapour; iii) the buoyancy forces f§ due to the local variation of density
with temperature. This set of forces are all considered in the present
modelling. Consequently, the volumetric force is written as the sum of
these forces respectively as:

£ = 67 + £ + 57 + £ an

Capillary forces. The main driving forces for the convection of the melt
pool are capillary forces. Chen shows that these forces have a major
influence on the evolution of the capillary front and on the melt pool
shape [42]. The surface tension force represents the action of gas mo-
lecules on the liquid to minimise the interface energy. This force is
directed toward the liquid at the liquid/gas interface for negative cur-
vature and tends to bend the liquid consequently:

57 = y(T) x 65T n (18)

The surface tension coefficient, y, is considered highly dependent on
temperature with the following linear relation:

y(D =+ L - 1)
where ¥, is the value of the surface tension coefficient at the liquidus
temperature T}, xk = —V-n represents the curvature of the interface with
; zi 0 the unit normal vector, and 657 is a Dirac function defined
similarly as Eq. (4). However, this function is computed with a separate
Level-Set function associated to the liquid/gas and liquid/powder in-
terface as shown in Fig. 4(a). Chen et al. [28] detail the numerical
method used to compute surface tension forces on these interfaces.
Due to the high temperature gradient in the melt pool, shear stress
at the liquid/gas interface occurs and modifies drastically the convec-
tion. This phenomena is due to the Marangoni effect corresponding to
change in the magnitude of the surface tension coefficient. These

n=

fVSTi fVSTt
n
£
Z V4
X Substrate Y Substrate
(2) (b)

Fig. 4. (a) Surface tension and Marangoni forces are applied on the liquid/gas
interface (blue) and at the liquid/powder interface (yellow). (b) Spatial dis-
tribution of the recoil pressure force.
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Table 1
Material properties for IN718 and Ti-6A1-4V alloys.
Property Symbol Value Units Ref
IN718 Ti-6Al-4V
Reflection coefficient R 0.7 0.7 [56]
Solidus temperature Ty 1170 1536 °c [57]
Liquidus temperature T 1336 1636 °c [571
Boiling temperature T 2913 3336 °c [57]
Density of solid phase Oy 8190 4200 kg. m—3 [57]1
Density of solid phase o 7300 3900 kg. m—3 [57]1
Heat capacity of solid phase Cp.s 512 550 J. kg™l K! [57]
Heat capacity of liquid phase Cpi 720 895 J. kg™l K1 [57]
Latent heat of fusion Ly 270 286 kJ. kg™! [57]
Latent heat of vaporisation L, 6300 8890 kJ. kg™! [24,58]
Thermal conductivity of dense material Ad Fig. 5(a) Fig. 5(a) W. mLl K1! [57]
Thermal conductivity of powder bed Ap Fig. 5(a) Fig. 5(a) W. mL K! [59]
Absorption coefficient of powder bed (ap) 25 25 m-!
Surface tension coefficient 1 1.89 1.42 N. m-! [57]
Marangoni coefficient dy /8T —1.1-107% —2.48-10~% N. mL K1 [571
Dynamic viscosity (powder/dense material) M (up/ug) Fig. 5(b) Fig. 5(b) Pas
— 0.2 40 e 3 Frr=c=—=F== ‘
'_l' IN718 'T 102 Solidimeation dense | IN718
- material \
o 0.16 —.l3) 10 N
| 0.12 .= - " o) Powder melting N 0
g L e - 20 = ) 100 path \
T 0.08| e VR 10-1 \ i,
g '_—‘ T:1-|l 10 g i —_— - ,u'd A ,Ltl:7810
=, 0.04 \ — 102 <,Up> AT s oo ogoo o
— —
< 0 0 < 1072 =
~ 500 1000 150 500 1000 1500 2000
o o
(a) T [°C] (b) T [°C]
o 0.2 " 40 i SFec====F======2 T
T Ti-6Al-4V T 10 Solidification dense |T1_6A1_4V
M 0 . 1 6 / 30 M 1 02 material lA
. . — 1 > 0
- - - wn >
‘T 0.12F LeeT " 1 T o) 10 Powder melting > ATO
| & 20 'z A& 1000 etk '.
. O . = 107! Vo5 10-3
- -
= goabent" T =T, = o |77 Hd \(8510°°
— . P — 10 Aq’w
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T [°C] T [°C]

Fig. 5. (a) Thermal conductivity evolution of the bulk and the powder bed with temperature. (b) Dynamic viscosity as a function of temperature for the two alloys
investigated (IN718 and Ti-6Al-4V).

evolutions are induced by temperature evolution at the liquid/gas in- gas interface as shown in Fig. 4(b):
terface. The associated volume force is expressed by:
1+ -

fsT_ 57/ VT 85T f‘lipn = _(Tﬁr) Do eXp(Ll{;‘VI(T TR)) dn

V. T S (20) v 21
where Vi T represents the thermal surface gradient (i.e. the tangential This force is responsible for keyhole at high input linear laser energy
component of the temperature gradient at the interface) defined as [43,44].
Vs T =VT = (VT'mn. Buoyancy force. Finally, the dependency of the density with tem-

Recoil pressure force due to vaporisation. During vaporisation, an in- perature generates buoyancy forces expressed as:

tense ejection of metallic vapours is generated. This ejection implies an .
action/reaction mechanism inducing a force towards the liquid that i = lolg (22)

deforms the melt pool surface inwards and allows the laser energy to
penetrate deeper into the material. In the literature [21,24], this force is
expressed proportionally to the saturated vapour pressure at the liquid/

where g is the acceleration due to gravity.
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Fig. 6. (a) Simulation domain and associated dimensions in Table 2. (b) Configurations in multiple single tracks with an (i) unidirectional and (ii) alternate scanning
with the sixteen local points where the temperature field is retrieved (20 pm deep in the substrate, Z = 0.94 mm).

Table 2
Domain sizes and machine settings for all configurations investigated.
Parameters Units SLS ST — MT
Domain size Wy [mm] 1.00 2.00
I [mm] 1.00 2.50
h [mm] 0.95 0.96
hg [mm] 0.10 0.10
Machine settings P, [W] 250 285
Tint [um] 50 50
L, [um] 50 42
v [m. s71] / 1.0
hy [um] 50 40
hy [um] / 110
Iscan [mm] / 1.25
Table 3
Boundary conditions for thermal and mechanical resolutions
Zones Thermal Fluid
Lateral faces Adiabatic un=0
Bottom Adiabatic un=0
Top Free Free
Table 4
Argon gas properties.
Property Symbol Value Units Ref
Density Py 1.3 kg. m—3 [60]
Heat capacity Cpg 520 J. kg™l K1
Thermal Ag 0.025 W. mL K! [60]
conductivity
Viscosity Mg 10—4 Pa.s
Absorption ag 0 m-!
coefficient

(@) (b)

t=504s  Shrinkage t=8048 Densification

T
—_—
50 pm
t=300 us t=200us
Solidification Vaporisation

l

(CY ©

Fig. 7. Successive stages during laser-matter interaction: (a) shrinkage of the
powder. (b) Densification of the powder into a melt pool. (c) Vaporisation stage
with recoil pressure. (d) Interruption of the laser / Beginning of the solidification.

2.3. Numerical methods

As previously mentioned, the finite element method is used to solve
the different equations which are loosely coupled.

2.3.1. Energy conservation

The energy conservation equation is solved in the whole system
(matter and gas) using a preexisting FE solver [45]. This solver is based
on a non-linear temperature resolution using a tabulated phase trans-
formation and tabulated phase properties. Phase changes are conse-
quently modelled both during heating and cooling stages considering
this general description.

The volume heat source is computed as explained previously in
Section 2.2.1. The spatial integration of the absorption (Eq. (8)) is
computed on a regular grid with a trapezoidal rule. These values are
then mapped onto the non-structured FE mesh.
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Fig. 9. (a) Dimensions of the solid shape investigated. (b) Temporal evolution
of the maximum of temperature in the melt pool for two different values of §,
(0.17 and 0.50).

Table 5
Dimensions of the newly formed solid after laser shooting for two different
values of 8, (0.17 and 0.50).

Dimensions B, =017 B, =0.50 |Deviationl [%]
happ 32 31.1 4.06

Rims 43 50.2 16.74

eapp 140 141 0.71

2.3.2. Momentum conservation

For the computation of momentum conservation equation, a
Variational MultiScale (VMS) method is chosen. This method was in-
itially proposed by Tezduyar et al. [46,47]. The solver consists of a
stabilised P1 formulation and results from developments conducted by
Gouttebroze [48,49] and Hachem et al. [50,51]. A slight modification
in the VMS formulation has been implemented to consider the
shrinkage of the powder bead when transformed into a compact
medium [28]. Concerning the capillary forces and more precisely the
computing of the curvature, Brackbill et al. [38] demonstrated that
prohibitive numerical limitations are encountered if these forces are
fully explicitly treated. Consequently, the present model relies on
former works by Hamide [52] and Khalloufi [53], who developed a
semi-implicit treatment of the curvature computation to reduce this
limitation.
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2.3.3. Remeshing strategy

As the computational cost with FE methods is highly dependent on
the number of degrees of freedom, an optimised and adapted mesh is
required to get sustainable CPU times. Indeed, even if there are extra
costs when using adaptative remeshing (such as metric calculation,
remeshing and transport of fields from old to new mesh), the gains by
coarsening and refining locally the mesh where it is useful remain
predominant compared to the use of a static mesh. Consequently, a
dynamic remeshing strategy is developed to follow the spatial evolution
of the gas/material interface, the liquid fraction or the heat source
term. In the present model, an anisotropic mesh controlled by a suitable
multi-objective metric is used. Indeed, the metal/gas interface, the
mushy zone or the laser heat source input have to be finely meshed for
good accuracy. This method was initially developed by Coupez [54,55]
and is based on an error estimation related to selected solution fields.
Zones where the Hessian (second spatial derivative) of these fields is
high are consequently finely remeshed.

3. Application to LPBF configurations
3.1. Configuration and material properties

Increasingly complex simulations are investigated in a building
context with the LPBF process:

® A static laser shot (SLS) on a IN718 powder bed to identify the
different stages during the process and to investigate the influence
of the retrodiffusion coefficient 8, on the simulation process;

® A single track (ST) on a IN718 powder bed to investigate the in-
fluence of the vaporisation phenomena on the bead shape;

e Multiple tracks (MT) on IN718 and Ti-6Al-4V powder bed with
different laser scan strategies (Fig. 6(b)) in a context of a lattice
structure (very thin layer) building to understand their influences on
the shape of the beads.

The whole system is described in Fig. 6. The substrate has overall di-
mensions I X wy X hg evaluated in Table 2. The powder layer and gas
thicknesses are denoted h, and h,. For the MT case, the laser trajectory
follows a unidirectional or alternate scanning pattern with hatch dis-
tance k) equal to 110 pum.

The system dimensions are chosen so that the boundary conditions
expressed in Table 3 are fulfilled. The physical properties of the dif-
ferent alloys investigated and the gas are described in Tables 1 and 4.
The properties of the gas are those from argon [60]. The gas absorption
coefficient is assumed equal to zero.

The laser considered in this study is a Yb: YAG with wavelength
Ar = 1070 nm. The reflection coefficient R used for the laser heat source
model (7) is highly dependent on the laser wavelength [61]. According
to the literature, a relevant value of the reflection coefficient in a laser-
metal interaction context with this wavelength is 0.3 [56]. At the be-
ginning of the building of each single track, the power of the heat
source is progressively introduced from 0% to 100% of effective power
with the following expression:

ssimulation _ 1 — ex (_L)) .
q; ( p 7 q. (23)

where 7 = r;/v; and vy, is the laser scan velocity.

As the powder bed is considered as a continuous medium, equiva-
lent material properties need to be provided to the powder. For ex-
ample, the apparent density of the powder bed p, is obviously expressed
as a function of the apparent density of the bulk p, and the average
porosity of the powder bed ¢,:

o) = (o) (1 — &) (24)

The equivalent thermal conductivity of the powder is more complex to
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Fig. 10. (a) Zoom on the laser-matter interaction zone. (b) 2D transversal section at Y = 0.8 mm. (c) Temporal evolution of the maximum temperature in the dense

matter and the volume of the melt pool.

Table 6
Dimensions of the solid bead after the laser shooting for the two different
configurations investigated (case 1 and case 2).

Dimensions Case 1 Case 2 |Deviationl [%]
happ 38.1 39.4 3.4
hins 43 19 55.8
eapp 108 128 185
Table 7

Adimensional terms values for IN718 where L. is the characteristic length
chosen as 150 pm (melt pool width) and ay is the thermal diffusivity coefficient.

Number Notation Definition Value
Bond Bo Apg L ~ 0.001
"

Prandtl Pr H ~ 0.2
Ad

Reynolds Re o llull Le ~ 500

H

Marangoni Ma ("l) L¢ AT ~ 800

oT) W ar

determine. An analytical law proposed by Zehner and Schliinder [59] is
used to have access to this estimation. This law takes into account the
thermal conductivity of the bulk, 14, and of the gas, 4, the powder bed
porosity, non-linear contacts and radiative effects between the powder
particles:

) _ 204 [a-ps 1Y B+1 B-1

(1-pBB?  \gB 2  1-§B
(25)

where ¢, =1 —¢,, f = A,/A4 and B = 1.25 (§,/4,1°°.
The absorption coefficient of the powder «, is arbitrarily set to 25

mm~' (1/a, = hy). Consequently the laser input energy is mainly ab-
sorbed in the whole powder bed thickness due to multiple reflections.
The thermal conductivity of the bulk and the powder bed are expressed
in Fig. 5(a) depending on temperature.

The dynamic viscosity is assumed to have stable values at low
temperature respectively equal to 10 Pa.s and 1000 Pa.s for both
powder and dense matter. These values evolve later at higher tem-
perature: the powder viscosity progressively decreases when attaining
the solidus temperature with a densification domain AT; = 300°C
(Fig. 5(b)). This domain is larger than the phase change domain asso-
ciated to the alloy due to numerical issues [28]. A similar decrease is
proposed for the dynamic viscosity evolution associated to the dense
matter, however, restricted to the melting/solidification domain. Liquid
viscosity is then reached when temperature exceeds the liquidus tem-
perature (Fig. 5(b)). Moreover, the model considers powder densifica-
tion as a one-way transformation.

4. Results and discussions
4.1. Static shot applied to IN718

The first case investigated is a static laser shot on a powder bed of
IN718 with a porosity of 50 % (fixed for all cases). The laser power is
equal to 250 W with a radius of 50 um(Table 2). Different stages of the
process are predicted by the model as shown in Fig. 7.

First, the powder shrinkage induced by the high laser input energy
and temperature increase generates a decrease in thickness of the
powder bed before getting a dense medium (Fig. 7(a)). A melt pool
progressively develops at larger temperature in the bottom part
(Fig. 7(b)). Then, the melt pool extends due to the progressive melting
of powder. Once the melt is fully developed, the spheroidisation of the
melt pool is achieved by surface tension effect. During the laser shot,
the temperature and thermal gradient increase. Thus, the Marangoni
forces intensify and enlarge the melt pool. When the temperature
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Fig. 12. (a-e) Temporal evolution of the maximum temperature in the dense
matter, the volume of the melt pool and the dimensions of the melt pool (hp,
hims and eqpp) at X = 1.25 mm.

exceeds the boiling temperature, the recoil pressure deflects the melt
pool and consequently significantly modifies its shape (Fig. 7(c)). Fi-
nally, when the laser stops, the recoil pressure which was counter-
balancing the surface tension force disappears implying a significant
raise of the melt pool by surface tension effect (Fig. 7(d)). High tem-
perature gradients around 5 X 107 °C-m~! are observed in Fig. 8, which
lead to significant Marangoni forces. In addition, two different values of
B, are used in the present simulations in order to investigate the ret-
rodiffusion coefficient effect on melt pool evolution. Indeed, a coeffi-
cient equal to 0.17 is firstly used as proposed in the present model.
Secondly, a value of 0.50 provided in the literature [62] is chosen to
compare maximum temperature evolution and saturation pressure ob-
tained in the melt pool.

As shown in Fig. 9(b), The maximum temperature observed is lar-
gely greater than the boiling temperature of the IN718 alloy in both
cases. When the value of the retrodiffusion coefficient is higher, the
vaporisation of the metal is lower. Slightly higher temperatures are
consequently observed in the melt pool as the heat sink source term

decreases with 8, as shown in Fig. 9(b). The maximum temperature as
shown in Fig. 9(b) is approximately 50 °C higher when the retro-
diffusion coefficient is higher than the one typically chosen in littera-
ture [21,24]. Even if the difference of maximum temperature are not
significant, it induces a non-negligible difference value of recoil pres-
sure, due to the Clapeyron expression (Eq. (21)), and consequently
changes the dimensions of the melt pool as shown in Fig. 8.

As shown in Table 5, the melt pool depth hy, increases when §.
increases due to stronger recoil pressure forces (approximately 28%
stronger for B, = 0.5 than for 8. = 0.17). This gap between the two cases
can increase if a higher laser power is used. Therefore, the dimensions
of the melt pool are highly dependent on the vaporisation phenomena.
The maximum in velocity magnitude observed in this simulation is
close to 0.75 m. s~1. The non turbulence hypothesis is consequently
validated in this framework (Re < 2500).

4.2. Single scan applied to IN718

The configuration investigated is similar to the first case except that
the domain is larger (Fig. 6) with a continuous displacement of the laser
with scan velocity v;, of 1 m. s~. IN718 nickel-based superalloy is in-
vestigated as in the previous case. The main interest in this case is to
analyse the influence of the vaporisation phenomena on the bead
morphology during or after the solidification and in particular the
different forces introduced in the momentum conservation equations.
Two configurations are investigated. The first one is a ST simulation
with the present model introduced in the first part of the paper (case 1).
The second one (case 2) is the same simulation without the effects of
vaporisation phenomena. Consequently, the heat loss ¢, (Eq. (14)) in
the energy conservation equation (Eq. (6)) and the recoil pressure f5 "
(Eq. (21)) in the momentum conservation equation (16) are ignored. As
shown in Fig. 10(a), except from the first interaction to melt the
powder, the laser mainly interacts with the melt pool. This observation
is consistent with experimental in-situ observations reported in the
literature [44,63,64] in a LPBF context regarding standard metallic
construction configurations. The two simulations investigated are sig-
nificantly different in many aspects. The melt pool shape during the
simulation as shown in Fig. 10(a,b,c) is deflected for case 1 due to the
recoil pressure forces acting on the liquid surface contrary to case 2. In
the latter case, the recoil pressure does not counter the surface tension
force. The melt pool is consequently bended leading to a convex shape.
As previously demonstrated in static shooting, the recoil pressure de-
forms the melt pool towards the material and allows a better penetra-
tion of the laser energy.

This results in a higher penetration and melt pool volume as shown
in Fig. 10(a,b). In addition, the maximum temperature reached in case
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Fig. 13. Temporal evolution of the temperature on local points detailed in Fig. 6 for the different cases investigated.

1 as shown in Fig. 10(c) is almost 1000 °C lower than the one observed
in case 2 because of the heat loss induced by vaporisation. When the
steady state is reached, approximately at t = 0.8 ms as shown in
Fig. 10(c), higher temperature gradients are obtained in the case where
there is no vaporisation phenomena, leading to stronger Marangoni
forces and finally to larger melt pool dimensions. Indeed, the melt pool
is deeper but slightly smaller for case 1 than for case 2 as shown in
Fig. 10(b) and Table 6. The vaporisation phenomena have a greater
influence on the bead depth h, than it does on the apparent bead
height h,,, as shown in Table 6.

The study of different numbers such as Prandtl, Bond, Reynolds and
Marangoni in Table 7 demonstrates that:

e Capillary forces and recoil pressure forces are mainly conducting the
melt pool behaviour contrary to buoyancy forces (low Bond number
Bo);

e The velocity profile has a low effect on temperature field (low
Prandtl number Pr)

e As previously observed in a context of a static laser shooting, the
fluid flow is non turbulent (Re < 2500).

10

e Surface convection generated by the surface tension gradient pre-
dominates thermal diffusion and viscosity effects (high Marangoni
number Ma).

4.3. Multiple scans applied to IN718 and Ti-6Al-4V

A multiple laser scan configuration is thereafter investigated. This
investigation is divided into two tests cases: an unidirectional and an
alternate back and forth laser scan strategy as shown in Fig. 6. With
respect to single scan tests, the domain sizes are here increased again to
ensure that the limit conditions are respected during the computation.
The displacement of the laser is still supposed to be continuous corre-
sponding to a scan velocity v, of 1m. s7! as indicated in Table 2 (MT
case). Furthermore, in addition to the IN718 nickel-based superalloy, a
titanium based alloy, Ti-6Al-4V, has been investigated in similar
scanning strategies. This comparison may help to reveal the influence of
material properties on final bead shape.

4.3.1. Influence of material properties
The influence of material properties is firstly analysed considering
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both scan strategies. A top view of the final state obtained for both
materials and of the convection flow close to the keyhole are shown in
Fig. 11. The temporal evolution and final dimensions of the bead shape
are shown in Fig. 12. The time evolution of temperatures are shown in
Fig. 13(b) for local points mentioned in Fig. 6.

As shown in Fig. 12(b-e), a quasi-stationary regime is established
from the building of the fourth track. The melt pool enlarges with time
for both materials as the whole system is heated continuously
(Fig. 12(b)). Larger melt pool volumes are observed for simulations
with IN718 powder than with Ti-6Al-4V due to the thermodynamic
material properties. More especially, the solidus and liquidus tem-
peratures of the nickel-based material are lower compared to
Ti-6A1-4V (Table 1). As shown in Fig. 12(c), the apparent height hp,
increases since the next track attaches to the substrate on one side and
the previous one by surface tension on the other while the first one
attached itself only to the substrate.

Furthermore, the progressive rise of the melted zone height h
(Fig. 12(d)) and the apparent width e,,, (Fig. 12(e)) are observed in
both alloys during multi-scanning process. The temperature en-
countered track-by-track increases with time because the laser heats a
powder that is becoming hotter (Fig. 13) until the quasi-stationary re-
gime is achieved. After the almost complete solidification of the four
parallel tracks, as shown in Fig. 11(a), the shape of the bead is influ-
enced by alloy properties. Due to the higher value of surface tension
coefficient and a lower Marangoni coefficient for IN718 compared with
Ti-6A1-4V (Table 1), the bead shape is more spherical and less wide for
simulations with IN718 powder compared with Ti-6Al-4V as shown in
Fig. 12(c-e).

Lack of fusion is observed in Fig. 11(a) between the first track and
the second one of IN718 alloy since the width of the first track e, is
lower than the hatch distance h fixed for this comparison (Fig. 12(e)).
However, this lack of fusion is not observed with Ti-6Al-4V (Fig. 11(a))
because the melt pool width is greater than the hatch distance
(Fig. 11(d)). After 4 tracks, the maximum temperature (Fig. 12(a)) and
the volume of the melt pool (Fig. 12(b)) begin to stabilise meaning that
a quasi-stationary regime is established.

A longitudinal snapshot at t = 2.432 ms is shown in Fig. 11(b) in the
second track approximately when the melt pool volume is stabilised (or
almost stabilised for IN718). The capillary digging is more pronounced
on Ti-6Al-4V powder compared with IN718 due to the thermodynamic
properties of the materials, also considering the vaporisation tempera-
ture and the molar mass of the material. Even if the maximum tem-
perature in the melt pool over time is larger for the case with one
Ti-6A1-4V powder than the other material (Fig. 12(a) and Fig. 13), the
surface recoil pressure force is nearly the same between the two ma-
terials (8.5% greater for IN718 alloy). Nevertheless, the surface tension
coefficient is approximately two times larger for IN718 than Ti-6Al-4V.
Consequently, the equilibrium between recoil pressure and surface
tension force is obtained with a greater value of curvature (Eq. (18)) of
the liquid/gas interface for Ti-6Al-4V than IN718. This configuration
leads consequently to an increase of the curvature until the equilibrium
is reached considering the similar recoil pressure values observed.
Therefore, the competition between the two forces is responsible of the
more pronounced capillary digging for Ti-6Al-4V than for IN718.

4.3.2. Influence of the laser scan strategy

Previous MT simulations were conducted using unidirectional
scanning. In this section, different snapshots are also provided in Fig. 14
to demonstrate the influence of the laser scan strategy on the mor-
phology of beads.

As previously demonstrated in Chen's simulations [28], the scan
strategy has a significant influence on the final bead shape. In alternate
scanning strategy as shown in Fig. 14(a,b), when initiating a new track,
the tail of the previous one is still melted in the alternate scanning case
contrary to the unidirectional case. This creates an enlarged melt pool
at that position. This phenomenon is not observed in unidirectional
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scanning strategy as the solidification process is achieved. This phe-
nomenon is not prominent in the context of the construction of a part
with long beads of several millimetres since these zones represent a
minor proportion of the total bead. Nevertheless, this assumption is not
verified in the context of small pillar building of lattice structures where
such dimensions of beads must be processed [6]. This configuration of
interest justifies the need to investigate the influence of laser scan
strategy.

Furthermore, since the dimensions of the beads are small in this
context, the previous track is typically at higher temperature than in
more traditional built-up part situations. The temperature evolution on
local points in Fig. 13 for each material demonstrates that the laser scan
strategy has an obvious influence on the temporal temperature dis-
tribution. The major difference between the two configurations is that
some zones and in particular the beginning and the end of the tracks are
not heated at the same time. These zones have a thermal history sig-
nificantly different with more or less accumulated heat of the previous
beads. Consequently, it also implies (Fig. 13) differences both in values
of temperature and temperature gradients values in the local points for
both alloys investigated. It is well known that these differences influ-
ence dramatically the evolution of the microstructure during the soli-
dification of the material. For instance, in the case of Ti-6Al-4V, as
shown in Fig. 13, the beta transus temperature is reached for the local
point 3’ in the alternate scanning configuration whereas it is not
achieved in the unidirectional scanning case. This difference is crucial
since the beta phase has an influence on the mechanical properties such
as the Young modulus or creep resistance [65].

4.3.3. Discussion

For the present simulations, 32 h are required with the continuous-
mesoscale model to compute a 1 mm track (parallelised on 56 cores).
This time can be compared to the 120 h needed to compute a 0.75 mm
track with a particle-mesoscale model as mentioned previously in in-
troduction [25]. Assuming a perfect efficiency of parallelism, and not
taking into account the specificity of the cores used, the ratio between
the two methods is equal to 3.5, the present continuous-mesoscale
being the faster.

For a given set of process, material and numerical parameters and as
discussed in the previous section, the first layer of the IN718 simulation
contrary to the case with Ti-6Al-4V seems to be not large enough (or
the hatch distance is too wide) to get a full dense 4-track layer
(Fig. 11(a)). The requirement of not having any unmelted powder be-
tween tracks is essential to ensure the good quality of the final part.
From this point of view, it should be noticed that the different simu-
lations presented have been achieved with a possible underestimated
absorptivity (1 — R) value. Trapp et al. show measurements of the ab-
sorptivity for a 316L stainless steel as a function of the laser power for
different laser scan velocities [66]. More specifically, for a fixed laser
scan velocity, the absorptivity increases as the laser power raises. Ob-
viously, by increasing the laser power, higher temperatures will be
reached. The latter will result in stronger recoil pressure and deeper
keyhole. Consequently, as shown in Fig. 15, multiple reflections will
develop into the keyhole and will finally lead to stronger absorptivity of
laser energy [67].

In addition, for a fixed linear energy, when both laser scan velocity
and power increase, absorptivity also raises. For higher laser scan ve-
locities, the keyhole tends to be more inclined. This trend is more likely
to concentrate the laser rays in the center of the keyhole. Therefore, the
temperature in the melt pool will rise and lead to the same conclusions
as previously. According to literature [66], a possible more relevant
value for the absorptivity would be between 0.65 and 0.75 and not 0.3
as used in the present work.

As a consequence, by increasing the absorptivity (that is decreasing
the reflection coefficient R), higher temperatures will be encountered
for the two different materials. Larger bead would be observed with
stronger recoil pressure providing tracks of expected quality for LBPF
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process. However, following the results with static laser shooting, a
significant rise in temperature will generate a stronger recoil pressure
due to higher vaporisation rate. This rise may lead to undesirable gas
entrapments. In the framework of the present paper, the purpose of
which is to illustrate the response of the model depending on material
properties and laser scan strategy, the variation of the absorptivity has
been ignored. However, this discussion motivated an ongoing work,
consisting in comparing predicted calculated variables with experi-
mental observations and measurements, considering this increase of the
absorptivity with the linear energy.

5. Conclusion

In this work, a Level-Set FE method has been used to model AM by
powder bed fusion with application to two metallic alloys of industrial
interest, the IN718 nickel-based superalloy and the Ti-6A1-4V titanium-
based alloy. A volume heat source model is proposed for powder do-
mains based on the work of Chen [5] considering local absorption of the
laser energy. Then a surface heat source is used to take into account the
absorption of laser energy at the dense matter surface. As the powder
bed is assumed as a continuous domain in the present model, a com-
pressible Newtonian law is used to take into account the shrinkage of
the powder bed upon melting. A remeshing algorithm is used to ensure
a moderate computing time based on error estimation.

Several configurations of variable complexity have been in-
vestigated in the present model, providing a better understanding on
the influence of vaporisation phenomenon and associated effects. Both
vaporisation rate and recoil pressure influence the temperature field
evolution in the melt pool and its shape due to the digging of the ca-
pillary. The model demonstrated its flexibility when applied to two
different materials with distinct scan strategies. Significant gaps are
shown in the shape of the obtained melt pool. Future work will be
dedicated to the validation of the present model through experiments
on bead geometry measurements. Research activities are also in pro-
gress aiming to achieve multilayer numerical simulations to investigate
the influence of successive bead development.
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