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Abstract

Directed Energy Deposition (DED) has emerged notably by offering new
possibilities for (re-)manufacturing parts. The multi-phase thermal-fluid
models that simulate powder stream deposition are computationally too ex-
pensive. The mono-phase Arbitrary Lagrangian-Eulerian (ALE) method are
limited in prediction due to exclusion of powder deposition parameters. To
address this, we propose an improved 3D mono-phase thermal-fluid model
that incorporates powder deposition effects and employs a Moving Thermal-
Fluid (MTF) framework to accelerate simulations. Mass, energy, and mo-
mentum conservation equations are solved using the finite element method
(FEM) and an implicit time integration algorithm, and the ALE method
tracks the free surface during deposition. The improved ALE allows con-
sidering enthalpy and momentum related to powder deposition through the
implementation of new source terms in the energy and momentum conser-
vation equations, leading to more accurate predictions without significantly
increasing computing time. Numerical investigations into powder deposition
parameters, such as powder distribution, powder enthalpy, and powder mo-
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mentum, are conducted to identify their impact on melting pool prediction.
The in-situ and ex-situ measurements of the melting pool are also performed
to check the efficiency of the proposed model. The applications highlight
the importance of incorporating powder stream effects and demonstrate the
proposed model’s computational efficiency compared to the classical ALE
model.

Keywords: multiphysics model, ALE method, Directed Energy Deposition,
Thermal-fluid simulation, Powder deposition effects

1. Introduction

Additive manufacturing (AM) has attracted extensive attention and has
been developing greatly in the past few decades. The DED process is one
of the AM processes, where powders are delivered by the carrier gas flow
(such as Argon) onto the substrate or into the melting pool. The manufac-
tured part is printed layer upon layer, thus providing new possibilities for
manufacturing parts with complex geometries and different materials. DED
processes also present great potential for repair operations. However, the
manufactured parts may exhibit various defects, including high roughness,
surface defects, cracking, and microstructural heterogeneity. These issues
have limited the widespread industrialization of AM technologies. There-
fore, both experimental and numerical approaches are employed to gain a
better understanding of the physical challenges associated with the process,
with the ultimate goal of improving the quality of manufactured parts.

Shah et al. [1] experimentally investigated the effects of process param-
eters and melt pool variables on the surface roughness of the final part and
concluded that melt pool disturbance is a vital parameter in determining
the surface roughness. Pinkerton et al. [2] concluded that the hardness of
manufactured samples increased with increasing pulse frequency and had a
negative correlation with the pulse duty ratio. Li et al. [3] performed a com-
parative study of melt pool motion, temperature variation, and dendritic
morphology of Inconel 718 by applying pulsed-wave laser and continuous-
wave laser. Experimental results showed that the pulsed-wave laser resulted
in finer columnar dendrites. Recently, Jegou et al. [4] developed an in-situ
observation platform to observe the evolution of the melting pool during the
DED process, and high-quality images of the melting pool have been mea-
sured for better controlling the process. In general, the complex multiphysics
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and multi-material phenomena occurring during the process make it impossi-
ble to capture all the essential information, and the experimental studies can
be very expensive considering that the process parameters can be numerous
[5]. In this context, numerical methods are alternative solutions and can
provide the quantities of interest at all points of the structure, which allow
for better understanding of the physical phenomena behind the process and
investigating the effect of each process parameter.

The numerical models that solve only heat transfer equations are efficient
in terms of computational time. However, these models are not predictive
because they do not account for transport phenomena and multiple interac-
tions. The formation of the deposited layer is generally performed by quiet
or inactive element techniques [6]. Various numerical techniques, such as the
apparent heat capacity method [7], enhanced thermal conductivity approach,
adaptive heat source methods [8, 9, 10], and state transformation (powder
to compact) [11], have been proposed and applied to improve the numerical
prediction quality. However, the capability of heat transfer models is guar-
anteed only for certain processing parameters, even with the aforementioned
numerical techniques, and calibrations are always necessary, which require
experimental data and are always time-consuming.

To increase the predictiveness of numerical models, the interactions among
the laser beam, powder stream, fluid flow, and heat transfer have been consid-
ered and modeled by multi-phase thermal-fluid models. The Computational
Fluid Dynamics (CFD) techniques have been exploited to model such pro-
cesses. The CFD models in DED processes are sophisticated, allowing for
the comprehensive modeling of various physical phenomena. Methods such as
the level-set [12, 13] and volume-of-fluid (VOF) [14] techniques are employed
to track interface evolution during deposition. Various physical phenomena
have been investigated by multi-phase models (air, metal), such as the role
of the powder stream on heat and fluid flow conditions [15], vaporization
phenomena and the impacts of vaporization on powder motion [16], and pre-
diction of inter-track voids [17], etc. More complex modeling frameworks,
such as those integrating the Discrete Element Method (DEM) and CFD,
have been proposed for DED simulations [18, 19]. These thermal-fluid mod-
els offer a unique perspective on modeling real powder particles, providing
insights into the physical mechanisms governing powder deposition. Studies
have demonstrated that the energy and momentum associated with pow-
der deposition can significantly alter temperature distribution and fluid flow
within the melting pool if the quantity of powder absorbed is substantial.
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However, one main drawback is that the computational cost is too expen-
sive to simulate several millimeters. Another notable drawback of certain
methods, like the VOF technique, is the numerical diffusion of the diffuse
interface, leading to a loss of precision and issues with mass conservation
20, 21]. Therefore, a fine mesh should be employed at the interface and its
future position, and consequently, the simulations become more computa-
tionally expensive. In the aforementioned multi-phase thermal-fluid models,
powder particles can be directly modeled, requiring a very fine grid size in
the micrometer range. They provide detailed insights into how each powder
particle affects the fluid dynamics within the melt pool. Despite efforts to
accelerate computations [22], the modeling domain remains limited to several
mm? with millions of elements.

The ALE-based mono-phase thermal-fluid models allow for the consid-
eration of only the substrate with the deposited layer, thus the ALE-based
thermal-fluid model is more computational efficient thanks to two facts: (i)
the modeling domain is much smaller in ALE method; (ii) the small viscos-
ity value of air leads to a smaller time step in volume of fluid and level-set
methods. Morville et al. [23] employed a 2D transient finite element thermal-
fluid model to improve the understanding of the phenomena responsible for
deleterious surface finish, and the dynamic shape of the molten pool is ex-
plicitly tracked by the ALE moving mesh technique. This approach has also
been extended to 3D models [24, 25, 26]. Kumar et al. [24] studied the
effect of melt pool convection and found that Marangoni-Benard convection
is dominant in fluid flow dynamics. Wirth et al. [25] proposed a physical
modeling and predictive simulation of the laser cladding process, where all
the input parameters are obtained from measurements without compromis-
ing assumptions or calibration. More recently, a local moving thermal-fluid
(MTF) framework has been proposed by Jia et al. [27]. This method involves
solving the exclusive thermal-fluid problem only in a small zone containing
the melting pool. Application in part-scale models has been demonstrated in
welding and DED, highlighting its computational efficiency. The ALE-based
thermal-fluid models are typically developed using the finite element method,
where the boundary of the modeling domain represents the interface between
the gas and the substrate with deposited layers. Material addition is gener-
ally modeled by increasing the volume of elements inside the melting pool.
The enthalpy and momentum brought by the powder stream are assumed to
be the same as the melting pool. These oversimplifications can sometimes
lead to a loss of precision.
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In this study, we introduce an improved 3D ALE-based thermal-fluid
model for modeling DED processes using the finite element method. This
model accounts for surface tension effects (both the ’curvature effect’ and
the "Marangoni effect’), buoyancy forces, free surface motion, and mass ad-
dition. As the ’'keyhole’ mode is typically not involved, the free surface is
explicitly tracked using the ALE method, ensuring reasonable computing
times. Compared to the aforementioned classical ALE-based thermal-fluid
model reported in the literature, the powder deposition parameters, including
mass, enthalpy, and momentum related to powder particles, are integrated
into the model through the addition of new source terms to the conservative
governing equations. Meanwhile, the local moving thermal-fluid framework
(MTF) is also incorporated into the current model to accelerate the simula-
tions. Numerical investigations are first conducted to explore the impact of
powder deposition parameters on fluid dynamics within the melting pool. In
the second part, both the proposed model and the classical ALE method are
employed to simulate the DED process, and experimental measurements are
used to validate the proposed models.

2. Mathematical modelling and methodology

Figure 1 presents the DED process with a co-axial nozzle. A co-axial
nozzle moves in the scanning direction over the substrate. The powder par-
ticles are delivered by the carrier gas, and a laser beam can heat the in-flight
particles and the substrate. In general, the laser beam initializes a melting
pool on the substrate. The particles that fall into the molten pool will be
melted, and the track layer is created once the molten material solidifies.

Figure 1: A schematic overview of DED process (co-axial nozzle).
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The proposed model considers heat transfer, transport phenomena within
the melting pool, and, more importantly, the interactions between powder
and laser or powder and melting pool. The following classical assumptions
are made [23, 26, 28]:

e The fluid is assumed to be Newtonian, laminar, thermally dilatable,
and mechanically incompressible.

e The energy distribution of the laser beam is assumed to be a Gaussian
distribution.

e Only the powder falling in the region of the melt pool is melted. The
other powder will bounce off from the solidified substrate.

e The pressure evolution related to shielding gas and turbulence is small
and can be neglected.

e The powder stream is considered as a continuum medium.

To prepare the input parameters, the powder deposition parameters, such
as powder concentration, powder momentum, and the heating effect due to
powder-laser interaction, should be identified by numerical methods [29, 30,
31] or experimental measurements [32, 33, 34]. The identification of these
parameters is a subject of ongoing research topic, and this aspect will not be
detailed here since it is beyond the scope of the current study.

2.1. Mowving thermal-fluid (MTF) framework

For a given modeling domain and mesh, solving the thermal-fluid problem
discretized by the P1+P1 element requires significantly more computational
resources (CPU time, RAM, disk space) compared to solving the heat transfer
problem discretized by the P1 linear tetrahedral element. This is due to
the higher number of degrees of freedom (DOF) involved in the thermal-
fluid problem. The MTF framework [27] aims to accelerate simulations by
partitioning the overall modeling domain into two parts: a small moving
zone containing the melt pool, where the thermal-fluid problem is solved,
and a considerably larger part where the heat transfer problem is addressed.
The domain is meshed with linear tetrahedral elements. The thermal-fluid
computational zone is defined by a cubic box co-moving with the laser beam.
Table 1 presents the governing equations in each computational zone, and
Table 2 provides a summary of the boundary conditions involved. More
details about MTF framework can be found in work of JIA et al. [27].

6
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Figure 2: Application of MTF framework to DED simulations.

Table 1: Governing equations in different computational zone.

Thermal-fluid computa-
tional zone (P1+P1)

Heat conduction computa-
tional zone (P1)

Governing

divv 42 =00
p(%—?—i—vgradH) —

OHY\ _ 1; _
equations p(4) —div(AgradT) = 0

div(AgradT) — Q =0 @
p(%+gradv-v) =

—gradp + divs + f,

(1) mass conservation equation, v the velocity, % volume change.

(2) energy conservation equation, H the specific enthalpy, Q the heat source to
simulate heating effects, A thermal conductivity.

(3) momentum conservation equation, p being the fluid pressure, s stress deviator,
f, represents the volume forces.

Table 2: The associated boundary conditions.

Zone| Thermal-fluid computa- | Heat conduction compu-

m tional zone tational zone

Heat A-VT - -n= A-VT - -n=

transfer —he (T = Th) ~he (T = Tp)

—eo (T =T W —eo (T =T W

Fluid Surface tension:

dynamics Osurtace = Y1g ) NO

ALE Free surface:

movin G

moving V(t) = (v ‘n+ ;) n, ® | NO

(1) heat convective and radiative losses. Temperature should be in Kelvin.

() curvature and Marangoni effects, ~ surface tension, 1g local surfacic 2D unit tensor.

() free surface moving equation, v the velocity given by momentum conservation
equation, % the free surface motion due to surfacial mass addition.
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2.2. Improved ALE thermal-fluid model

As the fluid is thermally dilatable and mechanically incompressible, the
volume change only depends on the temperature evolution. In the mechanics
of fluid, the stress tensor can be expressed as:

azS—pIzQ,qu—pI ]
D, =D+ {1 (1)

where p is the pressure, p is the viscosity of fluid, D is the Eulerian strain
rate (D = 1 (gradv + (gradv)")), Dy, is the mechanical strain rate. The
variations of p are only due to the thermal dilation effects, and £ = —3aT,
where « is thermal expansion coefficient. The material is supposed to be
mechanically incompressible.

Figure 3 focuses on some details in modeling the region of the melt pool.
Let us consider a bounded modeling domain {2 with boundary 0f2. Only the
powder falling in the region of the melt pool (02;) is melted, which creates
a new track after cooling. It’s important to note that the powder stream
introduces not only mass addition, which can create new tracks, but also
energy (powder heated by the laser beam) and momentum (powder impinging
into the melting pool with initial velocity) perturbations within the melt pool
across the interface. In general, the energy and momentum associated with
the powder stream are ignored in classical ALE thermal-fluid models due to
oversimplifications. Some aforementioned work [15, 18] shows that the energy
and momentum related to the powder stream can significantly influence the
fluid dynamics in the melt pool and thus the final track shape after cooling.
Therefore, it is important to incorporate the powder deposition effects in
ALE thermal-fluid models to benefit from their computational efficiency.

Powder mass distribution (&)

a0

Q

(b)

Figure 3: (a) powder deposition a through free surface of the molten pool £2;, (b) modeling
domain {2 and its boundary 0{2.
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To accurately calculate the fluid flow behavior and free surface evolution
without significantly increasing the complexity of the thermal-fluid model,
the present study introduces an improved ALE thermal-fluid model. This
model aims to reveal the complex physical phenomena of DED processes, in-
cluding fluid dynamics in the melt pool, heat transfer in solid and fluid states,
free surface evolution, laser-substrate interaction, melting, and solidification
processes. The mass addition is performed by introducing an additional
velocity at the free surface (02;), which depends on powder distribution in
space. The energy and momentum associated with the powder stream will be
incorporated into the set of governing equations by adding additional source
terms, which will lead to a more accurate and physically realistic prediction
of fluid dynamics in the molten pool and final track shape. Since the powder
deposition effects (mass, enthalpy, momentum) directly impact the surface of
the melting pool, all these effects will be integrated through the 2D element
of the free surface in the corresponding governing equations.

In the current study, mixed P1+P1 tetrahedral elements are used for the
discretization of fluid elements. The finite element formulation of the fluid
problem relies on a mixed velocity—pressure (v, p) variational formulation
[35]. The coupled heat transfer and fluid flow dynamic problems are governed
by the following three equations:

Variational formulation of mass conservation

The weak formulation of mass balance is written :

Jor* (div(v) g dv =0
p (div(v) +2) N

with boundary condition : pv - n = @ on the free surface (2;.

where a represents the powder concentration distribution in space. More
details can be found in section 2.4.

Variational formulation of momentum conservation (Navier—Stokes
equations)

The variational formulation of conservation of momentum (Navier-Stokes
equations) takes its form:
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— [o v (% +grad(v) - v)dr — [, D* : 2uD,dr + [, div (v*) pdr
(3)
+ faQ v*. Qodds + Svol + Ssuf + Smom =0

where (o prescribes surface force (equal to o -n) on 927. Sye represents the
source term of volume force. Sgyf is the surface tension effects (corresponding
to fy in Table 1). Spyom is the newly implemented source term to consider
the momentum related to the powder stream.

In the fluid flow simulation, the source term S, can be used to describe
the buoyancy forces and is expressed as follows (Eq. 4):

Svol = /Qv’k A dr = /QV* “lpo(1 — (T — Tp))gldr (4)

with py being the material density at the reference temperature Ty, g the
gravitational acceleration.

Since surface tension effects play an important role in fluid dynamics in
the molten pool [36, 37, 38], it is necessary to take these effects into account.
Different forms of classical techniques have been proposed in finite-element
codes [39, 40]. In the current study, we adopt an efficient approach based on
the equivalence between the effects of surface tension and those of a fictitious
stressed membrane bonded to the free surface [41]. (Eq. 5):

Ssuf = / D* : 7ds (5)
aﬂskin

To derive the source term S,,om, We start with a volumetric mass addition
term A (unit: kg - s7' - m™3) instead of the surface mass addition term @
(unit: kg - s7! - m~2). In this case, the global momentum balance is now
written for any material domain 2 (Eq. 6):

d .
— (/ deT) :/fvdT+/ cpdds—l—/AvadddT
dt \Jo Q a0 Q
= / (fv + Avadd) dr + / o - nds
Q o0

with fy, the force volume density representing the external actions, and ¢,
the stress vector representing the areal stress density associated with the
contact actions between {2 and the rest of the medium. v,4q represents the

(6)

10



x5 velocity vector of the powder stream. o is the Cauchy stress tensor, and n
»6 1S the outgoing direction normal to 0f2.

267 By integrating mass conservation into the left-hand sides of Eq. 6, we
s currently obtain :

%(/ﬂpvaﬁ‘) :/(lv(%qtpdiv(v)) dTJr/Qp(%ngradv-v) dr
:/AvdeL/p(@ngradv-v)dT
Q Q ot
(7)

269 By applying the divergence theorem to transform surface integrals into
o0 volume integrals, the final global momentum balance is finally written :

p (aa—: + grad v - v) dr — (diva +fy + A (Vaaa — v)) dr =0 (8)

an To calculate an equivalent boundary condition applied on 92;, for a given
o2 point P on the free surface 02;, we consider an infinitely small surface dS

213 centered on this point and a volume dV' corresponding to the surface dS
o extruded inward from {2 through a thickness of e (see Fig. 4).

Figure 4: Calculation of equivalent boundary condition for representing momentum Syom-

215 In reality, the mass addition is performed by a surface mass flux a through
s the free surface of the molten pool 0f2;. Let’s distribute this surface mass
o7 flow in the volume dV, and the relationship between the volume mass flow
s and surface mass flow can be expressed as A = % Thus, the integration of
29 partial differential equations governing the conservation of momentum (Eq.
20 8) in the volume dV is finally written as (Eq. 9):

11



/ (p (86_\; +gradv-v) —dive —f, — : (Vada _V)) dr =
v ¢

<p <5_V 4 grady - V) _ fv> edS — i (Vaga — V) dS — / divodr =0
ot av

(9)

281 By applying the divergence theorem on the term | gv div odT then letting
22 the thickness e tend to 0, one can deduce (Eq. 10):

o -n=a(vaq — V) on surface 00, (10)

263 Finally one has (Eq. 11):

Svol = / v d(vadd — V)dS (11)
297

284 The final weak formulation of conservation of momentum is formulated
25 as follows (Eq. 12):

— [o v (% +grad(v) - v) dr — [, D* : 2uD,dr + [, div (v*) pdr

+faQV gods+fﬂv de—I—faQ D* : Tds

skin

+ fmd v* - a(Vagqa — v)ds =0

(12)
x6 Variational formulation of energy balance
287 Similarly to the derivation of momentum conservation equation, the global
28 energy balance equation for any material domain (2 is written (Eq. 13) :
d
pHdT SdT - v -nds + AHadddT

= / (s + AHadd) dr + / Agrad T - nds
Q a0

250 with s, the volumetric heat source. H represents the local enthalpy of volume
200 $)and @, the heat flux density vector. ¢ is related to the temperature gradient
2 by Fourier’s law: ¢ = —Agrad T.

12
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The term fQ AH,qqdr in Eq. 13 represents the energy input associated
with the mass addition, with H,4; the enthalpy of the powder stream which
depends on the temperature of powder stream.

By integrating mass addition (A) into the left-hand sides of Eq. 13, we
currently obtain Eq. 14:

d dp . OH
@ Hir) = [ H(Y 1 T v ograd H
o (/Qp 7') /Q (dt+pdlv(v))d7‘+/ﬂp<at + v - grad )d’T
:/AHdT+/p(a—H+v-gradH) dr
(14)

By applying the divergence theorem to transform surface integrals into
volume integrals, the final global energy balance is finally written (Eq. 15):

OH .
p <E + v - grad H> —div(AgradT’) — s — A(Haa — H) =0 (15)
We perform the integration of partial differential equations governing the
conservation of momentum (Eq. 15) in the volume dV' (Fig. 4), and we have

(Eq. 16) :

I .
/ p (a(‘)_t +v- gradH) —div(A\gradT’) — s — A(Haaa — H) dr =
av

(p (%_if 47 grad H) _ s) ¢dS — A (Huq — H)dS — /dv div(AgradT)dr = 0
(16)

By applying the divergence theorem on the term | g div(AgradT’)dr then
letting the thickness e tend to 0, one can deduce (Eq. 17 ) :
or .
)\a— = a(Hauqa — H) on surface 0€) (17)
n
Thus the final variational formulation of energy balance can be expressed
as :

— fﬂ T p (aa—[j +v- gradH) dr — fQ gradT™ - \gradT'dr + fQ T*sdr
(18)
+ f@ﬂ T*QdS + f@Q,'l T*a (Hadd — H) ds =0

13
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2.3. ALE moving mesh

After solving the global system (thermal-fluid and heat transfer), the
temperature and velocity fields at nodes are determined. To track the free
surface evolution, the ALE moving mesh technique is employed to account
for the fluid dynamic effects as well as the mass addition. Therefore, the
displacement corresponding to the free surface evolution depends on both
the velocity field calculated from the momentum conservation equation and
surface mass addition (@). As it has been assumed that only the powder
falling into the melt pool can be melted, which means that only the nodes
processing a temperature beyond the melting temperature (7) can include
the term %. Finally, the displacement at node i can be expressed as (Eq. 19):

AUi:(v-n+g)At-n (19)
p

where AUj; represents the displacement of the node 7 for a given time step
At, and p is the density of powder particles. v is the velocity field calculated
from the momentum conservation equation.

Figure 5 illustrates the strategy for updating nodal position during ALE
procedure, two temperature criteria (Tieting and Tapg) have been defined
(Thelting greater than Tapg). To ensure a good mesh quality, the elastic
domain (Teement > TarLg) for reposition of nodes is larger than the melting
pool since the mass addition can be important.

A liquid element

A non-liquid element
Free surface nodes:
@ liquid node (T>= Tmetting)
@ non-liquid node (T<Tmelting)
Internal nodes:
© Movable node
(a) (b) @ Fixed node

+«—— Imposed displacement
® @ Fixed node

- ALE domain ( Telemert > Taie: elastic behavior)

- Other domain (Fixed node)

Figure 5: Illustration of ALE procedure for updating the nodal position.
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2.4. Proposed global resolution schema

Figure 6 presents the proposed global resolution schema, which allows
better appreciation of the proposed efficient resolution schema. This di-
agram illustrates the interactions between the sub-sections, including the
MTF framework, improved governing equations, and the ALE moving mesh.

New
increment:
t=t+dt

Geometry / mesh
Processing parameters
Dimensions of thermal-
fluid computational zone

Step 1:

MTF framework

+
Improved thermal-fluid
model

Thermal-fluid

. computational zone
Equivalent

Aodiﬁed mass / energy

/ momentum
conservation equation
(P1+P1 element)

Heat conduction
computational zone

Energy conservation
equation
(P1 element)

MTF Assembly G

1. Assemblage of global matrix
2. Initial and boundary conditions
3. Resolution of system

Step 2:
ALE moving mesh

Imposing the nodal displacement

of free surface as boundary

AU,:(
O

conditions

Ef'-ﬁ.+2) At -7
Iy

Updating the free surface and nodal

positions

Figure 6: Overview of proposed global resolution procedure.
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;330 3. Numerical case studies

331 In this section, two kinds of numerical tests in DED simulations are pre-
s sented to assess the efficiency of the proposed model. Thanks to the imple-
;3 mentation of source terms in the thermal-fluid governing equations, different
s powder deposition parameters can be efficiently accounted for by the pro-
15 posed ALE method for the first time, and the effects of these parameters
1 (powder flux distribution, enthalpy of powder flux, velocity of powder par-
s ticles) will be investigated numerically. These studies contribute to a better
ss understanding of the DED process and further accelerate the optimization
;39 of fabrication parameters.

340 The first example involves a fixed nozzle and laser in space, and temperature-
s independent material properties are used to simplify the physical model and
sz comparisons. Since this analysis focuses solely on the numerical models, the
.3 physical models (material properties) are of less importance, as the material
s and operational parameters can vary. Our primary interest is in observing
us  the trends in melting pool size when different powder deposition parameters
us  are employed, highlighting the significance of considering these parameters
sz in numerical models. Using constant material properties simplifies the nu-
us  merical resolution as well as the comparison of numerical results, particularly
s regarding the predicted melt pool size, allowing us to better isolate the di-
w0 rect effects of powder deposition parameters. In this case study, numerous
;51 powder deposition parameters will be investigated in detail. The effects of
32 each parameter will be quantified through comparisons of numerical results,
553 such as temperature evolution and melt pool size.

354 The second application involves simulating the DED process with a mov-
35 ing nozzle and laser beam, where temperature-dependent material properties
6 are employed. The simulation case is supposed to be more realistic than the
57 first one. Both the classical ALE thermal-fluid model and the improved ALE
s thermal-fluid model will be utilized to simulate the same case. Comparisons
39 of the numerical results will underscore the importance of considering pow-
w0 der deposition parameters in achieving more accurate simulations. The de-
s velopments are integrated into FE software SYSWELD”™ version 2023 [42],
32 and the pre/post-treatment are prepared by Visual-Environment [43] in this
53 study. Certainly, the idea can be extended and implemented in other soft-
s ware. For simplification, the improved ALE-based thermal-fluid model will
s be called "Improved ALE” in the sequel.

16



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

3.1. Fized nozzle and laser beam

Figure 7 shows the configuration and mesh of the test case with a fixed
nozzle and laser beam, with some basic dimensions provided. This numerical
test includes about 17k nodes and 90k 3D elements, and the smallest element
dimension is 100 gm in the powder deposition zone. The energy distribution
of the laser beam and powder deposition parameters (mass concentration,
enthalpy, momentum) are simplified and defined by a constant value or a
spatial-temporal function. All external surfaces can exchange freely with the
air.

Laser beam

Mass/energy/velocity
= | functions of space and
time coordinates

(a) (b)

Figure 7: Configuration and mesh of test case with fixed nozzle and laser beam.

The laser beam is projected in the z direction, and the center of the laser
beam coincides with the origin of the coordinate system. As the numerical
results will not be validated against the experiments, the intensity of laser
power is described by a Gaussian function as:

nBP B x (22 + 92
R S e (20)

Qr,y) =

where Q(z,y) is the laser power intensity distribution at Gauss point that
depends on the relative position (x,y) compared to the center of the laser
beam (See Figure 7); R, B, n, P represent the radius of the laser beam,
coefficient of Gaussian distribution, coefficient of absorption, and the power
of the laser beam. The exact parameters are detailed in Table 3.

In the literature, the powder concentration depends on the choice of de-
position distance between the surface of the substrate and the nozzle. In
general, the converging point is selected to improve the catching efficiency
by the melt pool, and experience shows that the powder concentration at the
converging point follows a Gaussian distribution [44]:
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Table 3: Parameters of the laser beam.

Power (P)  Radius (R) Absorptivity (n) Gaussian function (B)
Watt m - -

300 0.001 0.4 1
, C,xm (-5
= p 21
a(r) s 7”2 x e (21)

where C), r, 1,  are the Gaussian parameters, distance from the deposition
center in the plane X-Y, effective radius of powder deposition, and mass
deposition rate (kg/s), respectively. Table 4 shows the powder concentration
parameters that are employed in the numerical test.

Table 4: Powder concentration parameters in fixed nozzle case.

Mass flux (1) Radius (r) Gaussian parameter (C),)
kg/s m -
0.00013 0.001 1

The temperature of powder stream can be defined by a constant value or
a time-space function as the powder concentration, and this parameter can
be measured experimentally or simulated. In the current tests, a constant
value 7T}, that represents the average temperature is used for simplification.

To consider the effect of momentum (a product between mass and veloc-
ity), the velocity can be defined by a vector or a time-space function, which
should be determined experimentally or numerically. Same as the tempera-
ture, a constant and uniform vector v (0,0, 1) is used to describe the velocity
of powder flow (the coordinate system is shown in Figure 7).

Table 5: Material properties used in first test [45, 46].

Density Specific =~ Thermal Surface Surface Dynamic vis-
heat conductivity tension tension cosity (liquid)
gradient
kg/m® J/(kg K) W/mK N/m N/(mT) Pas
8000 450 14.7 1.51 2.28%10~% 0.007

For simplifying the complexity of model, table 5 presents the constant
material properties of 316L in the first case. The melting temperature is of
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ws 1450 °C. It’s important to note that dynamic viscosity needs to be defined
ws based on the element state (liquid, non-liquid). The non-liquid elements are
ws assigned a larger viscosity value (about 100 Pa s) to better simulate the solid
wr  state. The surface tension ( 7y) value at melting temperature (7},,) is given in
ws Table 5, and the surface tension can be written as y(T') = v+ (T — T,) - d.
409 To investigate the importance of powder deposition parameters, all the
a0 simulations are performed in two steps. Firstly, a thermal-fluid simulation
a1 without powder deposition for 0-0.25 s, and an initial melting pool is created.
a2 Secondly, the powder deposition starts at 0.25 s for a duration of 0.1 s.
a3 Both classical ALE method and improved ALE method are employed. The
as  classical ALE method makes strong assumptions that the powder absorbed
a5 has the immediately same velocity and temperature as the melting pool,
a6 and the powder deposition parameters are ignored. Thus the melting pool
a7 predicted by the classical ALE method is generally much deeper and larger,
sz in general, a lower non physical laser absorptivity should be calibrated to
a0 have a better approximation. The melting pool simulated by classical ALE
w20 method is shown in Figure 8.

temperature distribution at t=0.25s

=

1450.0
I 1124.0

_ 848.0

temperature distribution at t=0.35s

&

Figure 8: Temperature distribution and melting pool at the beginning (t=0.25 s) and end
(t=0.35 s) of powder deposition simulated by Classical ALE.

1 The simulation with the improved ALE method is performed with an
a2 average powder temperature of 7, = 1000 °C and a powder flow velocity of
23 v = —1m/sin axis z. The temperature distribution at ¢t = 0.35 s is presented
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in Figure 9. The melting pool predicted by the improved ALE method is
smaller than that of the classical ALE method. This can be explained by
the fact that the unmelted powder (at 1000 °C) absorbed can cool down the
melting pool. Therefore, a smaller melting pool will subsequently absorb less
powder, resulting in a smaller height and length of the melting pool simulated
by the improved ALE method compared to that given by the classical ALE
method.

°C

1450.0
height [
O . 1124.0
_ 8480
L sn20

296.0

I 20.0

melting pool size simulated by classical ALE and improved ALE

length (mm) height (mm) depth (mm)
Classical ALE 1.83 0.23 0.52
Improved ALE 1.72 0.22 0.28

Figure 9: Temperature distribution and melting pool at t=0.35 s simulated by improved
ALE.

Table 6: Different powder deposition parameters.

Analysis ID | Gaussian (C,) | Temperature (7,,) | Velocity (V})
Powder 0.5 0.5 1000°C Tm/s
corvlzentration C-1 1 1000°C 1 m/s

C3 3 1000°C 1 m/s

T-1 3 800°C Lm/s

tPe(il\;Vd:;ature C-3 3 1000°C 1 m/s
0 T-3 3 1500°C 1 m/s
C-3 3 1000°C Tm/s

VP;ZE? V-2 3 1000°C 4m/s
' V-3 3 1000°C 8 m/s

Turning now to the investigation of powder deposition parameters, we ex-
amine the effects of powder concentration, powder temperature, and powder
velocity (see Table 6). It should be noted that the Gaussian parameter (C))
plays an important role, directly modifying the quantity of powder absorbed
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by the melting pool, and consequently affecting the associated enthalpy and
momentum. Therefore, the powder concentration parameter is the most
dominant.

The first investigation is the effect of powder concentration on tempera-
ture distribution and melting pool. To individually investigate the powder
concentration effect, the assumption here is that the laser power reaching at
the surface will not depend on the powder concentration (without evolution
of laser attenuation).

With an increase in powder concentration, the initial melting pool pre-
sented in Figure 10 will absorb more powder. Therefore, the simulation case
with C=3 exhibits the highest absorption among all the simulations. An-
other interesting finding is that the depth in case C=3 is the lowest, which
confirms that unmelted powder reduces the depth of the melting pool, lead-
ing to smaller penetration. Meanwhile, the length of the melting pool in case
C=3 becomes larger, which may be explained by the fact that the melting
liquid tends to elongate to achieve more stability. To highlight the effect of
powder temperature and powder velocity on the melting pool, a Gaussian
parameter of 3 is taken for the following analysis.

melting pool size simulated by improved ALE 1

°C
1450.0

[ 1124.0

_ 848.0

572.0

length (mm) height (mm) depth (mm) 296.0
C=0.5 1.72 0.12 0.31 I
: 20.0
C=1 1.72 0.22 0.28
- C=3 1.80 0.49 0.01

Figure 10: Investigation the effect of powder concentration on the temperature distribution
and melting pool at t=0.35 s simulated by improved ALE.

Figure 11 provides a comparison of the melting pool with different pow-
der temperatures predicted by the proposed model. The higher the powder
temperature, the larger and deeper the melting pool becomes. In contrast,
the height of the melting pool becomes smaller with an increase in the pow-
der temperature. This may be explained by the fact that the quantity of
powder absorbed by the melting pool remains almost the same; therefore, a
larger melting pool will lead to a smaller melting height.
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melting pool size simulated by improved ALE

T-3

&

°C

1450.0

848.0

[ 1124.0

length (mm) height (mm) depth (mm)
T-1 1.67 0.57 -0.07 296.0
C-3 1.80 0.49 0.01 I
20.0
_T-3 1.86 0.43 0.22

Figure 11: Investigation the effect of powder temperature of the temperature distribution
and melting pool at t=0.35 s simulated by improved ALE.

The last comparison concerns the effect of powder velocity (Figure 12).
Since the gradient of surface tension is positive, the fluid circulates from
the border to the center. Therefore, one can imagine that deposited powder
could accelerate the circulation, which may increase the depth and length
of the melting pool, consequently leading to a smaller height of the melting
pool.

c-3 V-2 V-3

&

°C

b —y [
|

1124.0

848.0

melting pool size simulated by improved ALE

length (mm) height (mm) depth (mm)
C-3 1.80 0.49 0.01 2906.0
V-2 1.84 0.43 0.04 I 20.0
V-3 1.86 0.36 0.09

Figure 12: Investigation the effect of powder velocity of the temperature distribution and
melting pool at t=0.35 s simulated by improved ALE.

The effect of powder concentration, powder temperature, and powder
velocity on the melting pool are investigated individually. Powder concen-
tration has the most significant and direct effect on the temperature and
consequently on the dimensions of the melting pool. Powder temperature
has a direct impact on the melting pool; in general, the powder will cool
down the melting pool during the DED process. Powder velocity can modify
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the local mass transfer effect in the melting pool, thus changing the tem-
perature. However, the effect of powder temperature and velocity depends
strongly on the quantity of powder absorbed.

3.2. Mobile nozzle and laser beam

3.2.1. Experiments set-up

Figure 13 presents the experimental setup, which has been developed
to perform DED processes with in-situ observation [4]. The RGB camera
captures the size of the melting pool in-situ on the upper surface. An optical
microscope is employed after the process to determine the width and depth
of the melt pool, as well as the fusion profile.

(b) 6-axes robot

Bl @»

(c) powder particles (d) RGB Camera

Figure 13: Schematic view of the experimental setup.
Table 7 summarizes all the devices applied in the experimental setup.

The samples are produced by a water-jet process, which allows increasing
the absorptivity of laser.

Table 7: Devices of the experimental setup.

Parameters Values

Laser and optics Laserline LMD2000, Spot size: 1.4 mm
Nozzles Precitec - ZM YC50 DIS II Carrier Gas (inner)

Precitec - ZM YC50 DAS 0.5 IT (outer)
Powder injectors Oerlikon Twin 150

Powder cerlikon metco, metcoclad 316L-Si, 106 £+ 45um
6-axis Robot Staubli RX160
Carrier gas Argon

RGB camera Precitec ZO YW30 CAM90° YW50 660
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Table 8 details the parameters employed in the experiments. Experiment
1 (Exp-1) and Experiment 2 (Exp-2) maintain identical line energy, calcu-
lated as the ratio of laser power to scanning speed. Similarly, all experiments
maintain the same powder deposition rate, calculated as the powder feed
rate divided by the scanning speed, at approximately 0.015 g/mm. Cur-
rently, in-situ measurements for mass/enthalpy/momentum of powder flow
are unavailable. As a result, only two experiments have been conducted
to assess the efficiency of both the classical ALE method and the proposed
model for the same benchmark.

Table 8: Fabrication parameters used in experiments.

Label Laser Scanning Powder Carrier gas
power speed feed rate rate

- W mm/s g/min L/min

Exp-1 250 10 6.8 6

Exp-2 350 14.1 9.6 6

3.2.2. Numerical model set-up

Figure 14 shows the geometry and some basic dimensions of the mesh.
The experimental results indicate that the melting pool size stabilizes after
a printing length of 5 mm. To reduce computational costs, a mesh with a
length of 10 mm has been prepared for the simulations. Symmetry conditions
are also applied to further reduce the mesh size, with the smallest element
dimensions being approximately 100 pm (y direction) x 100 pm (x direction)
x 6 pm (z direction).

Table 9 shows the material properties of 31610 employed in the numerical
models. The melting temperature is 1450 °C, and a positive gradient of
surface tension has been used in the current study.

Table 9: Material properties of 316L stainless steel used in this model [45, 46, 47].

Parameters 20 °C 1400 °C 1450 °C 2800 °C
Thermal conductivity [W/mK] 14.7  28.3 28.3 28.3
Specific enthalpy [kJ/kg] 0 831.5 1165.4  2062.24
Density [kg/m?] 8000 7300 7300 7300
Dynamic viscosity [Pa s] 1000 1000 0.007 0.007
Surface tension [N/m] - 1.50 1.51 1.83
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Figure 14: Schematic representation of geometry and its dimensions.

For the fiber laser, the intensity of laser power is generally described by
a Gaussian function using the same formulation (Eq. 20). The diameter
of the laser beam (1.4 mm) has been measured experimentally. Since the
laser power intensity after attenuation caused by the powder stream is not
measured in this study, a small value of the Gaussian function parameter (B)
is used to approximate the laser attenuation effect. The absorptivity value
is calibrated numerically to obtain the same melting pool width. Table 10
provides the laser power parameters.

Table 10: Parameters of heat source.

Power (P)  Radius (R) Absorptivity () Gaussian function (B)
Watt mm - -
250/350 0.7 0.45 1

In the current model, the powder-related parameters (powder concen-
tration, enthalpy due to the laser-powder interaction, momentum related to
the powder deposition) should be measured or calculated/calibrated before
the simulations. These powder-related parameters serve as the inputs for
the proposed model. The powder concentration can be fitted by a Gaussian
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distribution, which can be expressed by:

B ! —Bx*
a(r) = 220y B (22)

with B = 2.0 for EXP-1 and 1.2 for EXP-2, r, = 1 mm. m is the mass
deposition rate shown in Table 10.

Turning now to the definition of momentum associated with powder flow,
we consider that powder particles have the same speed as the carrier gas.
Therefore, the velocity of powder particle is expressed as:

‘/gas
T * (R2 - Ri2nt)

ext

% 12

|vp| = (23)
where Vi, is the debit of gas (L - min™!); Rex (7 mm) and Ry (6.5 mm)
are the radius of external and internal nozzle. For simplifying the definition
of velocity field, all the particles are supposed to have the same value, ap-
proximately equal to V, = —|v,| * cos(#) where 6 is the angle between speed
vector and axis z (see Figure 14).

Similar to the powder concentration, the temperature of powder particles
can depend on the distance to the centre of deposition and travailing trajec-
tory. In the current study, a Gaussian distribution is employed to describe
the temperature distribution is space:

2

)

r_
T

-C
T(r) = C % T(0) % ¢ (24)
where C', ry and T'(0) are parameters to define temperature distribution. In
the current study, 7'(0) = 1000 °C, C = 1.1 and rr = 1 mm are used.

3.2.3. Comparisons of results

Figure 15 shows the temperature distribution and velocity field. Thanks
to the MTF framework, the thermal-fluid problem is solely performed in a
small zone containing the melting pool, where the velocity field is presented.
The MTF framework can considerably accelerate the simulation without re-
ducing the precision of the numerical solution. A time step of 2*¥107% s is
employed for all the simulations. Both the classical ALE model and the
improved ALE model are used to model the same problem. Thanks to the
MTF framework, the proposed improved ALE model is approximately two
times more efficient than the classical ALE model, highlighting the enhanced
computational efficiency of the proposed model.
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Figure 15: Temperature distribution and velocity field.

Temperature field

°C
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1164.0
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Compared to the improved ALE method, the classical ALE method uti-
lizes the same powder concentration parameters (Eq. 22) and heat source
parameters (Table 10). The key distinction lies in the fact that the improved
ALE method incorporates the enthalpy and momentum associated with the
powder flux, while all the other parameters remain the same. Compared to
the classical ALE method, the improved ALE method introduces new input
parameters into the model, resulting in more physically accurate simulations
with the possibility of finer control.

Exp-1 Exp-2

@F Tdepth

o
measurement measurement ¢
1450.0

‘ -
_ 878.0

Classical ALE Classical ALE

—

Improved ALE

_ 592.0

” 306.0

20.0

Improved ALE

Comparison of melting pool size ex-situ by micoscope

type height (mm) width (mm) depth (mm)
Label analysis value iati value iati value iatil
measurement | 0.46 1.24 0.01
. . 0.24 0.342
Exp-1 os7 | 01
P Classical ALE (23.9%) 148 | (1939 | 0.352 (34.2)
0.02 -0.04 -0.004
Improved ALE | 0.44 (-4.3%) 1.20 (-3.2%) 0.006 (-40%)
measurement | 0.42 1.32 0.07
0.20 0.25
Exp-2 . . 0.17
(o] Classical ALE 0.59 (40.5%) 1.52 (15.2%) 0.32 3.57)
0.04 0.08 0.01
Improved ALE | 0.46 (8.7%) 1.40 (6.1%) 0.08 (14.3%)

Figure 16: Melting pool size observed in ex-situ measurements and simulations.

Figure 16 illustrates the shape of the melting pool measured and simu-
lated after solidification, with the melting pool dimensions provided in the
table. The deviation represents the difference between the simulated and
measured dimensions. A symmetry condition is used to reproduce the com-
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plete fusion profile. The comparisons confirm that the improved ALE method
enables better simulation of the DED process by considering the effects (en-
thalpy, momentum) of the powder flux, showing excellent agreement with
the experiments. In contrast, the classical ALE method overestimates the
melting pool size due to its oversimplifications.

Figure 17 illustrates the measured and simulated height of the track af-
ter cooling, offering insights into the evolution of the melt pool height as a
function of printing distance. The comparison indicates that the improved
ALE model provides a more accurate prediction of the height of the newly
formed track compared to the classical ALE model. Furthermore, both ALE
models demonstrate a smooth prediction of the track’s height, while the ex-
perimental measurements show oscillations, likely attributed to the presence
of non-melted powder particles and measurement noise.

1.0 1.0
EXP-1 Measuremen it EXP-2 Measuremen it

0.8 @mmmEXP-1 Improved ALE 0.8 s EXP-2 Improved ALE
—_ s EXP -1 Classical ALE @ £ XP-2 Classical ALE
£ E
Eo06 €06
2 < . pet / 4 o,
.g 0.4 " £0.4 ™
< 2 !

0.2 0.2

|
0 0
0 2 4 6 8 10 0 2 4 6 8 10
y (mm) y (mm)

Figure 17: height of new formed track in printing direction.

Turning to the comparison of melting pool size during the process, the
melting pool length and width are captured in-situ by the RGB camera.
Figure 18 presents the comparisons of the melting pool observed in-situ and
simulated. Generally, a good correlation of melting pool size has been ob-
served for both the Classical ALE and Improved ALE methods. Compared
to ex-situ measurements (1.24 mm in Exp-1 and 1.32 mm in Exp-2), it is
noteworthy that the in-situ measurements (1.26 + 0.2 mm in Exp-1 and
1.32 £ 0.2 mm in Exp-2) have almost same estimation of the melting pool
width, which confirms the camera gives good measurements. The melting
pool width/length confirms that the improved ALE method provides better
predictions in both cases. The melting pool size predicted by the Classical
ALE tends to be consistently overestimated compared to the measurements
due to its oversimplifications.
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Figure 18: Melting pool size observed in in-situ measurements and simulations.

According to the aforementioned comparisons of melt pool size (in-situ
and ex-situ), the improved ALE model demonstrates better accuracy in pre-
dicting the melt pool size across all cases compared to the classical ALE
model, thus confirming the fidelity and improved performance of the pro-
posed model.

4. Conclusions and perspectives

In this study, we introduced an improved ALE method for DED simula-
tion, applying the MTF framework to accelerate the simulations. Compared
to the classical ALE method, the improved ALE approach considers the ef-
fects of powder (mass, enthalpy, momentum) on melting pool simulation,
which requires more input parameters, resulting in a more physically accu-
rate and predictive simulation. The proposed model provides the possibility
of more controlling of the simulation, which gives better correlation with the
experiments. The proposed ALE model is not as sophistic as multi-phase
CFD models that model directly powder particles, while it strikes a balance,
providing a good compromise between the finer resolution of multi-phase
CFD models and the classical over-simplified ALE model.

The first application with the fixed nozzle shows that the variation of
temperature and momentum of powder particles can impact the melt pool
size. The parameters of powder concentration have an signification effect on
the final melt pool shape. The momentum/enthalpy depend on both veloc-
ity /temperature of the powder and the mass absorbed rate by the melting
pool.

The second application in DED simulation shows the efficiency of pro-
posed model in simulating the real engineering case. The classical ALE
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o0 method has over-estimated the melting pool size, especially the depth, due to
s10 its non-physical assumptions and simplifications. The improved ALE method
sui  has successfully predicted the melting pool size.

612 The future developments concerns firstly development of experimental
s13 measurements or numerical methods (finite volume method coupled with
s1e discrete element method) for calculation powder-related parameters (powder
a5 distribution, velocity, temperature). Secondly, a static refined mesh is em-
16 ployed for the entire melted zone in the current study, which is computational
s cost. Therefore, it is possible to use the adaptive mesh refinement (AMR)
sz technique [48] to accelerate the simulation, especially for large-scale geome-
10 try. Additional diagnostic tools should be developed and utilized to obtain
e20 more experimental data, which will provide stronger support for validating
21 and enhancing the numerical results.
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