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Additive manufacturing of parts on-site in space requires investigating the feasibility of
adapting to zero-gravity and near-vacuum conditions, a technology applied today on Earth
at standard conditions. While a few studies have been conducted for powder bed fusion, a
feasibility study remains to be explored for direct energy deposition using a laser beam and
a metal wire. This is the purpose of this study, which is conducted using a modeling
approach based on computational fluid dynamics. The simulation model developed
includes melting, re-solidification, vaporization, prediction of beam energy absorption
as a function of the local surface temperature and curvature, ray tracing, tracking of free
surface deformation and metal transfer, and wire-resistive heating. The study is carried out
by starting from process parameters suited for stable on-Earth metal deposition. These
conditions were also studied experimentally to validate the simulation model, leading to
satisfactorily results. A total of three other test cases with ambient pressure lowered down
to near-vacuum and/or gravitation down to zero are investigated. It is found that,
compared to on-Earth conditions, in-space conditions can induce vaporization of the
metal alloy that is large enough to result in a curvature of the melt pool free surface but too
small to lead to the formation of a keyhole. The in-space conditions can also modify the
force balance at the liquid melt bridge between the wire and the melt pool, leading to small
changes in the curvature and temperature field at the free surface of the wire tip. Among the
observed consequences are a small increase of the melt pool length and a small elevation
of the bead height. More importantly, for process control, changing to in-space conditions
might also affect the stability of the process, which could be assessed through the width of
the liquid metal bridge. However, by using appropriate process control to maintain a
continuous liquid metal bridge, it is concluded that direct energy deposition of metal using
a laser and a wire could be used for manufacturing metal parts in-space in a tempered
atmosphere.
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1 INTRODUCTION

The ability to additively manufacture parts of different materials
and qualities is expected to be of significant importance for non-
terrestrial applications. The scarcity of refined rawmaterials and
limited supply of spare parts and tools will drive on-site
manufacturing. Owing to its simplicity and versatility in
turning digital drawings into manufactured objects with high
geometrical complexity, additive manufacturing (AM) could
serve many of the on-site manufacturing needs (Sacco and
Moon, 2019; Williams and Butler-Jones, 2019; Zocca et al.,
2019). However, understanding the effect of the non-
terrestrial environment on AM is a prerequisite to verify
process feasibility and lay the foundation for the
development of process control adapted to these adverse
conditions. The first experiments for testing AM under
conditions that differ from the Earth’s gravity and
atmosphere were performed very recently with the so-called
Einstein elevator developed by Reitz et al. (2021) to reproduce
lunar gravity and orbit or outer space microgravity conditions.
These experiments were conducted using a laser beam and a
regolith simulant powder bed to investigate the possibility of
producing infrastructure components utilizing in situ resources.

Additive manufacturing of metal parts in a non-terrestrial
environment would also permit producing tools in situ. Metal
processing through fusion was already applied in space in the
late 60’s using welding (see (Mladenov et al., 2019) and
references therein). Concerning metal AM in such
conditions, little is known yet. The two main sets of
technologies applied to metal AM on the Earth are based on
powder bed fusion (PBF) and directed energy deposition
(DED). PBF performs iteratively the selective melting of a
thin layer of metal powder, deposited to form a bed, by
means of a high power beam. Such a method has been
proven in a microgravity environment by using a gas stream
instead of gravity to keep the powder in place (Zocca et al.,
2019). The use of (high grade) metal powder constitutes a
limitation in that its production is a multistage process,
which typically requires material melting and atomization
along with subsequent sieving. In addition, powder material
usage efficiency with PBF is rather limited, which can be
problematic when resources are scarce.

For the DED processes, the material feedstock, most often in
the form of powder or wire, is instead continuously fed into a melt
pool generated by a high energy source. These feedstock types can
be combined with various energy sources, including a laser beam
(DED-LB/M-DED with a laser beam and metal), electron beam,
and electric arc, the former being the most widely used. Laser
beams can either be operated in vacuum or in an atmosphere and
induce almost no electromagnetic emissions compared to
electron beams that necessitate high accelerating voltage. Also,
they produce better near net shape accuracy than electric arcs.
Therefore, although the low efficiency of converting electrical
energy into light might be a drawback, this study promotes laser-
directed energy deposition with wire (LDEDw) as a particularly
strong candidate for non-terrestrial manufacturing. Compared to
powder-based AM, wire-based AM has indeed the advantage of

higher material usage efficiency (Ding et al., 2015). Furthermore,
a metal wire can be made with relatively simpler equipment and
process than a high grade metal powder, such as through re-
purposing scrap metal parts by drawing wire from them. The
LDEDw technology thus presents several benefits of interest for
non-terrestrial applications. However, the effect on LDEDw of
low pressure or space-vacuum, of micro- or zero gravity, and of
thermal conditions that can change the cooling rates compared to
on-Earth applications remains to be understood.

The approach used in this study is modeling and simulation
with computational fluid dynamics (CFD). Numerical models for
simulation of PBF or DED with powder with considering the on-
Earth conditions have been developed during the last years. For
instance, Khairallah and Anderson (2014) developed a
mesoscopic model (in the in-house code called ALE3D), which
was one of the first models for three-dimensional modeling of
PBF. It considered the melt pool thermal flow fields including
random particle distribution, temperature-dependent material
properties, and surface tension. The effect of the
thermocapillary (or Marangoni) force, radiation, and recoil
pressure were ignored. They simulated selective laser melting
processes and showed the importance of considering the
stochastic nature of the powder bed, which homogeneous
models neglected. Recently, Afrasiabi et al. (2021) proposed a
new 2D smoothed particle hydrodynamics (SPH) method for
mesoscale simulation of the laser-PBF process. Their newmethod
could decrease the computational cost by 50% through
developing a new adaptive refinement method with an
optimized neighbor-search approach. This method could thus
be used for parametric studies and running high-resolution
models with less computational effort. In simulations of laser-
DED with powder, the powder injection is often performed either
by using a mass source term (Wen and Shin, 2011) or applying
streams of particle impinging on the substrate surface (Pinkerton,
2015; Dao and Lou, 2022). The latter approach can consider
particle size, velocity, and temperature distributions and also the
particle–laser–workpiece interactions. Therefore, the deposited
particles pattern and the resulting bead profile can be predicted
more accurately. In the recent study by Dao and Lou (2022), this
approach was used to study different powder/melt-pool size
ratios and reveals the transient characteristics of the thermal
flow in the melt-pool. Contrary to PBF and DED with powder,
DED with a wire started only recently to be modeled and
simulated with CFD.

In order to verify the applicability of LDEDw for non-
terrestrial applications, CFD is used in this study. The
simulated LDEDw process uses a wire feedstock pre-heated by
applying an electric potential between the fed wire and the
workpiece (Hagqvist, 2015). Different values of the ambient
temperature (Tamb) could be considered depending on the
specific application. For instance, Tamb ≈ 3 K in space
shadowed from the sun, Tamb ≈ 300 K in a space vehicle, or
Tamb ≈ 400 K on the sunny lunar ground. The effect of changing
the surrounding temperature is not investigated at this stage. All
the studied test cases are at the intermediate ambience that
corresponds to room temperature in a space vehicle. The
atmosphere, in all cases, is made of a rare gas (argon), and the
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metal is the alloy Ti-6Al-4V. A total of four sets of process
conditions are investigated that differ through the value of the
gravity (| �g|) and the ambient pressure (Pamb) as follows:

C1:
Pamb � 105 Pa,
| �g| � 9.806 m/s2.

{ C2:
Pamb � 11 Pa,
| �g| � 9.806 m/s2.

{
C3:

Pamb � 105 Pa,
| �g| � 0 m/s2.

{ C4:
Pamb � 11 Pa,
| �g| � 0 m/s2.

{
The model is presented in Section 2. The on-Earth conditions

of case C1 were also studied experimentally. The computational
results are compared to the measurements in Section 3.1. Next,
the effect of the gravitation and ambient pressure values on
laser–metal interaction, temperature and velocity fields, melt
pool, metal transfer, and bead height are compared to discern
whether an LDEDw process can be maintained during these
conditions and what considerations have to be made for
deployment.

2 MATHEMATICAL MODEL DESCRIPTION

The model describes the alloy in solid and liquid state and the
gas atmosphere. It predicts the fraction of laser beam energy
absorbed by the alloy as a function of the local surface
temperature and curvature and multiple Fresnel reflection
with a ray tracing approach. It computes the wire resistive
heating, alloy melting, net vaporization and re-solidification,
fluid flow, free surface deformation, and metal transfer using a
Volume of Fluid (VOF) method (Hirt and Nichols, 1981).
This model was implemented in the open source
computational fluid dynamics software (OpenFOAM) based
on earlier developments described in Noori Rahim Abadi et al.
(2021) and Noori Rahim Abadi et al. (2022) and references
therein. Modeling assumptions that can be found in Noori
Rahim Abadi et al. (2021) and Noori Rahim Abadi et al. (2022)
are not repeated here. Concerning the main new
developments made for this study, it is assumed that the
continuum limit still applies to the gas phase when the
pressure is as low as 11 Pa (Li et al., 2019; Luo et al.,
2019). The fusion enthalpy and the solidus and liquidus
temperatures are assumed to undergo a negligible change
when changing the ambient pressure. For simplicity, the
vaporization of Ti-6Al-4V is modeled as the vaporization
of pure titanium since this constituent largely dominates
(by 90%) the alloy. The model is summarized in the next
section, followed by the material properties and process
parameters, and finally the computational domain,
boundary conditions, and solution method.

2.1 Governing Equations
A one-fluid approach is applied and the model is made of five
partial differential equations governing mass, momentum,
(thermal) energy, volume fraction of alloy, and electric
potential. Presented in the same order as implemented, these
equations are written as follows (Luo et al., 2019; Noori Rahim
Abadi et al., 2021; Noori Rahim Abadi et al., 2022):

zα

zt
+ ∇ · α �U( ) + Cα∇ · α 1 − α( ) �Ur[ ] � − _mvap

ρ1
|∇α|, (1)

zρ

zt
+ ∇ · ρ �U( ) � 0, (2)

z ρ �U( )
zt

+∇· ρ �U �U( )−∇· μ ∇ �U+ ∇ �U( )T( )−2
3
μ ∇· �U( )II[ ]+CD

1−fl( )2
f3
l +ϵD

�U

�−∇p+ρm 1−β T−Tm( )[ ] �g
+ σκ+dσ

dT
∇T− �n �n·∇T( )( )−Pr

�n[ ]|∇α| 2ρ
ρ1+ρ2

, (3)
∇ · σϵ∇V( ) � 0, (4)

z ρcpT( )
zt

+ ∇ · ρcpT �U( ) − ∇ · k∇T( ) + ρ1hsf
z αfl( )
zt

+ ∇ αfl
�U( )[ ]

� σϵ|∇V|2 + − _mvap hfg − ϵradσB T4 − T4
amb( )[

+A _qlaser]|∇α|
2ρ

ρ1 + ρ2
, (5)

where t is the time. The primary variables are the metal volume
fraction, α; the one-fluid velocity vector, �U; the pressure, p; the
electric potential, V; and the one-fluid temperature T. The one-
fluid density, ρ = ρ(α); dynamic viscosity, μ = μ(α); specific heat
capacity, cp = cp(α, T); and thermal conductivity, k = k(α, T), are
defined by the mixture model given in Section 2.2.

The remaining terms are now successively defined.
Concerning Eq. 1, the third term at the left hand side was
introduced by Berberovic et al. (2009) to sharpen the
gas–metal free surface. It is active at the free surface alone and
depends on the compression velocity, �Ur � �Ur( �U), and the
compression factor that is here set to Cα = 1 to satisfy
conservation. The term at the right hand side holds for the
net rate of loss of liquid alloy volume fraction due to
vaporization at the free surface. The rate of mass vaporization,
_mvap � _mvap(T), and the vapor (or recoil) pressure, Pr = Pr(T), are
given by (see e.g., Panwisawas et al. (2018) and Luo et al. (2019)):

_mvap � 2
1 − βr
1 + βr

�����
M

2πRT

√
Pr, (6)

Pr � 1 + βr
2

Pamb exp
M hfg

R

1
Tv

− 1
T

( )[ ], (7)

where M is the molar mass of the alloy, R (= 8.314 J/(mol.K))
is the universal gas constant, and hfg and Tv = Tv(Pamb) are the
vaporization enthalpy and temperature, respectively. βr =
βr(Pamb) accounts for the re-condensation of the vaporized
metal as a function of the ambient pressures, Pamb. This
coefficient varies from 1 at a low vaporization rate (i.e., at
high ambient pressure or low laser power density) to 0.18 at a
high vaporization rate (corresponding to low ambient
pressure or high laser power density) (Li et al., 2019; Luo
et al., 2019). The values used in this study are given in Table 1.
At the left hand side of Eq. 1, the third term is the viscous
friction and II denotes the identity matrix. The fourth term is
the Darcy-type source term for damping the fluid alloy
velocity in the mushy zone where it re-solidifies. It depends
on the fraction of liquid alloy, fl = fl(T), that ranges from zero
in the solid region to one in the liquid region. This fraction is
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defined by a continuous function of temperature with
continuous derivative (Rösler and Brüggemann, 2011),
according to

fl � 1
2

erf
4 T − Tm( )
Tl − Ts

[ ] + 1( ), (8)

where Ts is the solidus temperature, Tl is the liquidus temperature,
and Tm = 0.5(Ts + Tl) is the arithmetic averaged melting
temperature. The constant CD (which is inversely proportional
to the permeability of the porous media) and ϵD (that is here to
avoid division by zero in the solid phase) are set to 109 and 0.001,
respectively. At the right hand side, the second term is the
buoyancy force, in which β is the volume expansion coefficient
of the alloy in liquid state, ρm = ρm(Tm) is the working material
density at the melting temperature, and �g is the gravitational
acceleration. The last momentum source term includes surface
tension forces that are the capillary and thermocapillary forces, as
well as the vaporization (or recoil) pressure force applied on the
free surface (Panwisawas et al., 2018; Noori Rahim Abadi et al.,
2022). These forces depend on the surface tension coefficient, σ =
σ(T) (see Table 1), the local unit vector normal to the free surface,
�n � ∇α

|∇α|, and the surface curvature, κ � −∇ · �n. The last coefficient
of Eq. 3 is a multiplier used to maintain the surface forces
independent of the fluid density while liquid alloy and
atmosphere have very disparate densities (Noori Rahim Abadi
et al., 2021). This multiplier is also present in Eq. 5.

In the energy equation, the fourth term is related to metal
melting and re-solidification and hsf is the latent heat of fusion.

The first term at the right hand side is the resistive (or Joule)
heating, whereas σϵ = σϵ(T) is the electrical conductivity. The
following terms act at the free surface. In the radiative cooling
term that follows the vaporization cooling term, ϵrad is the
radiative emissivity, σB (= 5.67 × 10−8 W/(m−2.K−4)) is the
Stefan–Boltzmann constant, and Tamb (= 300 K) is the
ambient temperature. The laser beam of total power Plaser
moves at a travel speed Ulaser along the positive direction x. It
has a Gaussian power density distribution (Noori Rahim Abadi
et al., 2021),

_qlaser �
2 Plaser

π a b
exp −2 x − Ulasert

a
( )2

− 2
y

b
( )2[ ], (9)

which is circular here so that the laser spot radius in focus is
the same along the x and y axis, thus a = b. The fraction of
beam energy locally absorbed,A � A(λ, θi, T), is expressed as a
function of the laser wavelength, λ, the angle between the
incident beam wave vector and the local normal to the
interface at the incidence point, θi, and the material surface
temperature. It is calculated for an unpolarized laser beam
wave made in equal proportions of s- and p-polarization
waves, thus A � 1

2 (As +Ap). Underlying assumptions and
derivation steps are available in Noori Rahim Abadi et al.
(2022) and therefore not repeated here. The fraction of beam
power deposited by the s- and p-polarization waves into the
metal surface is given as follows (Noori Rahim Abadi et al.,
2022):

TABLE 1 | Material properties of Ti-6Al-4V (Li et al., 2019; Boivineau et al., 2006; Mills, 2002; Fan, 2013; Rai et al., 2009; Wieting and Schriempf, 1976; Desai, 1987).

Parameter Value Validity range Dimension

Ts 1877 — K
Tl 1923 — K
Tv 3637

2200
{ Pamb � 105 Pa

Pamb � 11 Pa
{ K

hsf 2.86 × 105 — J/kg
hfg 9.046 × 106

9.410 × 106
{ Pamb � 105 Pa

Pamb � 11 Pa
{ J/kg

βr 0.8
0.2

{ Pamb � 105 Pa
Pamb � 11 Pa

{ -

M 45.9 — u
ρ1, ρm 4420.0 — kg/m3

μ1 0.0035 — kg/(m.s)
cp,1,s 483.04 + 0.215 T

412.7 + 0.1801 T
{ 298≤T <1268 K

1268≤T <Tm K
{ J/(kg.K)

cp,1,l 830.0 Tm ≤ T < 3700 K J/(kg.K)
k1,s 1.2595 + 0.0157 T

3.5127 + 0.0127 T{ 298≤T <1268 K
1268≤T <Tm K{ W/(m.K)

k1,l −12.752 + 0.024 T Tm ≤ T < 3700 K W/(m.K)
σ 1.6–2.6 × 10–4(T − Tm) Tm ≤ T < 3700 K N.m
β 8.0 × 10–6 — 1/K

(σϵ)−1 −10−6 h2 + 0.0011 h + 1.7663
0.0001 h + 1.7428

{ 0≤ h< 850 J/kg
850≤ h< 2000 J/kg{ μΩ.m

h 0.7783 T − 285.3
1.207 T − 632.0{ 298≤T <1400 K

1400≤T <3700 K{ J/kg

N/m+ 2 × 1.36 × 1050 — g/cm3

ϵrad 0.1536 + 1.8377 × 10–4(T − 298) 298 ≤ T < 3700 K —
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As � 1 − cos θi − a( )2 + b2

cos θi + a( )2 + b2
, (10)

Ap � 1 − a − sin θi tan θi( )2 + b2

a + sin θi tan θi( )2 + b2
1 −As( ), (11)

with

a2 � 1
2

n′2ϵ − n′′ 2
ϵ − sin2θi +

�������������������������
n′2ϵ − n′′ 2

ϵ − sin2θi( )2 + 4n′2ϵ n
′′ 2
ϵ

√[ ],
(12)

b2 � 1
2

−n′2ϵ + n′′ 2
ϵ + sin2θi +

��������������������������
n′2ϵ − n′′ 2

ϵ − sin2θi( )2 + 4n′2ϵ n
′′ 2
ϵ

√[ ],
(13)

The refractive index, nϵ′, and the extinction coefficient, n′′ϵ , are
defined as follows (Noori Rahim Abadi et al., 2022):

nϵ′ � 1�
2

√ 1 − Q( )2 + Q

ωλτ
( )1/2

− Q + 1⎡⎣ ⎤⎦1/2, (14)

n′′ϵ � 1�
2

√ 1 − Q( )2 + Q

ωλτ
( )1/2

+ Q − 1⎡⎣ ⎤⎦1/2, (15)

where

Q � ω2
p

ω2
λ + τ−2

, ωp � Ne2

mpϵ0
( )1/2

, and τ � mpσe T( )
Ne2

. (16)

In these expressions, ωp is the plasma frequency, τ is the
electron relaxation time, N is the free electron density, e is the
electron charge, m* is the optical effective mass of a conduction
electron, and ϵ0 is the permittivity of vacuum. The beam wave
frequency, ωλ = 2πc/λ, depends on the beam wavelength, λ (=
1.06 μm), and the speed of light in vacuum, c. The material
electrical conductivity, σϵ = σϵ(h(T)), is a function of the local
temperature at the metal surface through the sensible enthalpy h,
see Table 1.

2.2 Material Properties
The one-fluid properties are defined by the following mixture
model:

ϕ � αϕ1 + 1 − α( )ϕ2 if ϕ � ρ or μ, (17)
~ϕ � α fl

~ϕ1,l + 1 − fl( )~ϕ1,s[ ] + 1 − α( )~ϕ2 if ~ϕ � k or cp.

(18)
The index s holds for the solid phase and l for the liquid one.

The indices 1 and 2 stand for primary (Ti-6Al-4V) and secondary
(argon gas) materials, respectively. To our knowledge, there is no

database containing all the material properties needed here for
the metal alloy. Most of its thermodynamic and transport
properties are taken from Mills (2002). The thermal expansion
coefficient (β) and the surface tension (σ) are taken from Rai et al.
(2009). The properties extracted from other sources are the re-
condensation coefficient (βr) (Li et al., 2019), electrical
conductivity (σϵ) (Boivineau et al., 2006), radiation coefficient
(ϵrad) (Fan, 2013), absorptivity-related parameters (Wieting and
Schriempf, 1976), and latent heat of fusion (hsf) and vaporization
(hfg) (Desai, 1987). They are given in Table 1 and Table 2 for the
shielding gas.

2.3 Computational Domain, Boundary
Conditions, and Solution Method
The computational domain used for the simulations is shown
in Figure 1. It spans 80 × 9 × 15 mm in the x, y, and z
directions, respectively. A 3-mm-thick metal sheet made of
alloy Ti-6Al-4V, which is used as a substrate, is located in the
bottom of the domain to initialize the computations. The
remaining upper part of the domain is filled with argon gas. A
filler wire of same alloy and diameter Dw enters the domain
from the top surface. It makes an angle, θw, with respect to the
x direction and is fed at the velocity Uw. In addition, it is
translated along the positive x-direction at the same speed
Ulaser as the laser beam. The laser beam of wavelength λ and
total power Plaser is tilted by a small angle θlaser with respect to
the z-direction to avoid back reflection into the processing
optics (an issue that typically has to be considered during
LDEDw). At the workpiece surface, the center of the beam
spot is at the (offset) distance of 2 mm from the tip of the filler
wire. This offset value was selected based on previous
experience since it led to a smooth metal transfer through
the liquid metal bridge during the deposition at the on-Earth
reference conditions of case C1.

At the domain boundaries, the alloy is in solid state, at rest,
and cooled with natural convection (= 10W/(m2.K)) and
radiation to the atmosphere at Tamb = 300 K. In the
atmosphere sub-region, the domain boundaries let the argon
gas enter (at Tamb) or exit freely based on the pressure field
computed inside the domain. To predict the resistive heating of
the filler wire, an electric potential difference is applied between
the wire section at the top boundary and the workpiece lower
surface. The boundary value of the electric potential is set to
reproduce the potential difference (ΔV) experimentally measured
in C1 between the wire upper section and its tip on the top surface
of the workpiece. In addition, since the geometry has a symmetry
about the xz-plane passing through y = 0, only half of the domain
is simulated. The process parameters used identically in all the
simulations are summarized in Table 3.

The computational domain is discretized into cuboid grid
cells. The computational results presented in the next section
were obtained with an adaptive mesh refinement technique to
make the grid finer at the gas–metal interface. Based on the mesh
study, the maximum grid size far from the free surface is 1 mm,
while it is reduced to 0.25 mm close to the interface.

TABLE 2 | Material properties of argon gas at 300 K, (Cengel, 2007).

Parameter Value Dimension

ρ2 1.6337 kg/m3

μ2 2.26 × 10–5 kg/(m.s)
cp,2 520 J/(kg.K)
k2 0.0177 W/(m.K)
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The solution method is as described in Noori Rahim Abadi
et al. (2021) and Noori Rahim Abadi et al. (2022). To achieve a
stable solution during solving the highly coupled set of Eqs
1–5, the CFL number is set to 0.04, which leads to a maximum
time step size of 10−4 s. The iterations at each time step
continue until the residual of each variable is less than
10−10. The simulation time is 4 s, at which the solution has
reached quasi-stable condition. This can be confirmed through
observing the evolution over time of the volume of liquid alloy
(see Section 3) and the thermal flow fields.

3 RESULTS AND DISCUSSION

In this section, the model is first tested confronting
computational results to experimental measurements for the
on-Earth LDEDw process conditions C1. Next, the effect of
the ambient pressure with and without the presence of
gravitational acceleration is investigated. The impact of these
changes on various quantities including the fraction of beam

energy absorbed, thermal flow fields, melt pool size, and bead
profile after re-solidification are discussed along with their
implications for the use of LDEDw for non-terrestrial
manufacturing.

3.1 Validation of the Numerical Results
LDEDw induces different heating zones in the workpiece, which
result in specific microstructure, and therefore can be used to
test the model. Figure 2 compares a macrograph image (left)
and computed isotherms (right) obtained with the process
conditions C1 defined in Section 1 and in Table 3. The
results are presented in a cross section selected in the region
where the process is fully-developed. Three different heating
zones can be observed. Away from the heat source, the
unaffected zone (UZ) has the same microstructure as the

FIGURE 1 | Computational domain (sizes are in m).

TABLE 3 | Process parameters common to all the simulations and experiment.

Parameter Value Unit

Uw 4,000 mm/min
θw 42 Deg
Dw 1.14 mm
Ulaser 10 mm/s
θlaser 10 Deg
Plaser 4,100 W
λ 1.06 μm
a = b 5.5 mm
Filler wire offset 2 mm
ΔV 2.8 V

FIGURE 2 | Cross-sectional macrograph image (left) and computed
isocontours (right) visualizing different heating zones. The dashed-dotted line
color and isoline correspondence are blue: α = 0.5, black: T = Tm, and red: T
= Tα−β.
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original substrate since its temperature did not exceed a value of
the order of the α − β transition temperature of the alloy, Tα−β =
1268 K (see the red isoline in Figure 2). On the contrary, close to
the heat source, the fusion zone (FZ), delimited in the right side
of Figure 2 by the computed melting temperature isoline (in
black), results after re-solidification in large grain size that can
be seen in the macrograph image (left). In the intermediate
region (Tα−β ≲ T ≤ Tm) or heat-affected zone (HAZ), the
microstructure is distinct from the UZ and the grain size is
smaller compared to the FZ. It can be seen that the results show
an excellent agreement between the predictions and
experimental data. In addition, the reinforced bead profile
after re-solidification is predicted satisfactorily (in blue)

compared to the experiment, which confirms that the
deposition process is properly simulated by the solver.

3.2 Effect on the Material Heat Input and
Heat Loss
Changing the environment from on-Earth to space conditions
could change the material ability to absorb beam energy as well as
to loose thermal energy through vaporization when performing
LDEDw. These two aspects are now analyzed. Figure 3 shows the
evolution over time of the average fraction of beam energy
absorbed by the alloy. It compares the results computed with
each of the process conditions C1–C4. The plots show no
significant difference. When t ≥ 1.5 s, the average absorptivity
is stabilized and equal to about 0.44 in each of the cases. It implies
that, for the reference case C1 studied, the lowering of the
atmospheric pressure down to 11 Pa did not result in the
transition from conduction to the keyhole mode. In other
words, changing the process conditions from on Earth to in-
space has an impact on the temperature field and on the
deformation of the melt pool free surface (see next sections)
that is sufficiently localized and limited in intensity to have little
consequences on the average absorptivity.

The repartition between the wire and the workpiece of the
absorbed laser beam power is now considered. Figure 4 visualizes
the evolution over time of the rate of beam energy absorbed by the
workpiece and the filler wire for the computed test cases C1–C4.
It can be seen that this rate is almost three times larger in the
workpiece than in the filler wire. A very similar result is obtained
in each of the four cases.

Figure 5 shows the evolution over time of the computed rate of
mass loss due to vaporization for the different operating
conditions C1–C4. It can be seen that the gravitational
acceleration does not have any noticeable effect on
vaporisation. This result is expected since the primary effect of

FIGURE 3 | Evolution over time of the average fraction of laser beam
energy absorbed by the alloy at the different operating conditions C1–C4.

FIGURE 4 | Evolution over time of the rate of beam energy effectively
absorbed by the wire and by the workpiece at the different operating
conditions.

FIGURE 5 | Evolution over time of the rate of metal mass loss due to
vaporization at different operating conditions.
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changing the gravitational acceleration is on the weight and on
the buoyancy force, and not on the thermodynamic properties
related to vaporisation. In addition, when present (as on-Earth)
the forces related to the gravitational acceleration are known to be
of small intensity compared to, for example, the thermocapillary
force. Therefore, if they have any indirect effect on vaporisation,
this one should be weak. In addition, Figure 5 shows that the
ambient pressure has a clear effect on vaporization. At on-Earth
pressure no vaporization takes place. Indeed, at this condition,
the metal temperature does not reach to the vaporization
temperature (= 3637 K), as can be seen in the next section. By
reducing the ambient pressure, the vaporization temperature
decreases while the latent heat of vaporization increases.
Hence, the metal can start vaporizing sooner and result in a
larger rate of heat removal per unit mass vaporized at the lower
ambient pressure. When the ambient pressure is reduced to
11 Pa, the vaporization temperature is 2200 K, which is low
enough for vaporization to occur in the simulations, as can be
seen in Figure 5. It can also be observed that at process start, the
rate of mass loss due to vaporization first increases sharply up to
the time t ≈ 0.3 s, then it decreases suddenly before increasing
again. This abrupt variation is related to the distance between the
wire and the workpiece. Initially, the wire is not in contact with
the substrate and during the simulations multiple beam reflection
is observed in the space between them. When the wire and the
substrate enter into contact, this space disappears as well as the

secondary Fresnel reflections. It results in a sudden lowering of
the energy absorbed by the wire that moreover starts to shadow
the workpiece. Thus, the variations in power absorbed can be seen
in Figure 4 at t ≈ 0.3 s, which in turn affect vaporization.

The results show that at Pamb = 11 Pa the rate of mass loss
reaches to a quasi-stable condition when t > 3.5 s and oscillates
about 10−6 kg/s. Considering now quasi-stable conditions and the
simulated half part of the workpiece, the computed rate of heat
loss by vaporization is almost 10W, which is negligible compared
to the total absorbed energy (≈900W) by the alloy (wire and
workpiece) from the laser beam. Therefore, on average, the
studied non-Earth working conditions do not significantly
change either the trends or the values of rate of net absorbed
heat during the LDEDw process compared to on-Earth operation.
It is however anticipated that a different thermal environments,
such as the interstellar space or lunar ground rather than the
interior of a tempered space vehicle, would change this result.

The LDEDw process conditions C1–C4 thus lead to very
similar mean laser beam heat input into the metal alloy. The
near-vacuum conditions C2 and C4 also experience some heat
loss by vaporisation, contrary to the Earth’s standard pressure
condition.

3.3 Effect on the Thermal Flow
The local effect of changing the ambient pressure and/or the
gravitational acceleration on the temperature and velocity fields is

FIGURE 6 | Top view of isotherms computed at the workpiece upper surface. Upper image: at time t = 2 s; lower image: at time t = 4 s. Upper sub-images: on-
Earth conditions C1. Lower sub-images: in space conditions C4.
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now examined at the free surface. Figure 6 shows the melt pool
top view at time t = 2 s (i.e., during the transient development)
and at t = 4 s (fully developed melt pool). It compares isotherms
computed at the two extreme conditions C1 (on-Earth Pamb and
g) and C4 (near-vacuum Pamb and 0 g). Looking at the evolution
from t = 2–4 s, it is observed that the extent of the melting
temperature isotherm Tm (therefore the FZ) shrinks along the
travel direction while the isotherms at lower T (thus the HAZ)
expand. The former evolution is due to the establishment of re-
solidification, and the latter to the development of the diffusion of
thermal energy from the liquid to the solid alloy. Comparing at
given time the plotted isotherms between the cases C1 and C4, it
can be seen that they differ. Differences are also observed with the
cases C2 and C3 (as seen in Figure 7 as the melt pool contour is
related to the Tm-isoline). They show that a reduction in the
ambient pressure (at constant g), results in an elongation of the
isotherms toward the negative x-direction. The maximum
temperature computed in the melt pool at quasi-steady
condition is given in Table 4 for each of the process
conditions C1–C4. These data show that when the ambient
pressure is lowered while the gravitational acceleration is

constant (i.e. C1 → C2 and C3 → C4), the maximum
temperature is lowered by ≈ 60 K. This weak cooling is
consistent with a weak vaporization. However, it might seem
to be in contradiction with the observed melt pool elongation. A
second effect of vaporisation is to apply a recoil pressure force on
the free surface. The computations show that this force is
maximum around the front side of the wire tip, where the
temperature is highest (see Figure 6). Its influence on the flow
of liquid alloy is discussed with the next figure. In addition, the
results show that when the gravitational acceleration is reduced
while the ambient pressure is constant (i.e. C1 → C3 and C2 →
C4), the isotherms are also elongated in the negative x-direction.
Furthermore, the maximum temperature is increased by ≈ 30 K
(see Table 4). Possible reasons are highlighted below when
examining the results of Section 3.4.

Figure 7 presents the top view of the melt pool with the
velocity field and vectors at the quasi-stable stage (time t = 4 s) for
the four different operating conditions. The results show that the
flow pattern is very similar when lowering the gravitational
acceleration at constant pressure. If instead the pressure is
reduced at constant gravitation, some differences are observed
in the flow direction, especially in the regions that are marked in
the figure. It can be seen that at the atmospheric pressure the flow
is stronger toward the lateral edge of the melt pool, while at near-
vacuum condition the direction is tilted toward themelt pool rear.
Furthermore, the maximum velocity in the liquid alloy is slightly
increased when the ambient pressure is decreased at constant g
(i.e., C1 → C2 and C3 → C4), as can be seen in Table 4. These
differences are explained by the recoil pressure that results from
the metal alloy vaporization occurring when the processes are
operated at reduced ambient pressure. The recoil pressure force is
an import momentum source term at the right hand side of Eq. 3

FIGURE 7 | Velocity field and vectors at the free surface of the liquid alloy at time t = 4 s for every operating condition; (A) | �g| � 9.806 m/s2 and (B) | �g| � 0 m/s2.

TABLE 4 | Maximum velocity (Umax) and temperature (Tmax) in the melt pool at
quasi-steady state for the different process conditions.

Ambient pressure

Earth-standard Near-vacuum

Gravitation
On-Earth C1:

Tmax ≈ 2400 K,
Umax ≈ 0.27 m/s.

{ C2:
Tmax ≈ 2340 K,
Umax ≈ 0.31 m/s.

{
Non-terrestrial C3:

Tmax ≈ 2430 K,
Umax ≈ 0.27 m/s.{ C4:

Tmax ≈ 2370 K,
Umax ≈ 0.34 m/s.{
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governing the �u field. It can explain the melt pool elongation
obtained at near-vacuum condition compared to ambient Earth
pressure.

When the gravitational acceleration is reduced while the ambient
pressure is constant (i.e., C1 → C3 and C2 → C4), the maximum
fluid velocity behaves differently depending on the ambient pressure:
it is unchanged at Earth-pressure, while it varies with g at near-
vacuum condition. A first effect of gravity on convection in the melt
pool is through the momentum transferred with metal transfer. The
related potential energy is here believed to be negligible as the wire tip
is in contact with the pool. A second possible effect could be through
the buoyancy force. At standard Earth-pressure, this upward force is
known to be negligible compared to the other forces present (Cho
et al., 2009). Thus, the unchangedmaximum velocity in C1 and C3 is
observed. In addition, at near-vacuum condition, the computational

results C2 show that the buoyancy force is much lower than the recoil
pressure force. It is thus believed that the buoyancy force has no
significant contribution to accelerating the liquid alloy.

3.4 Effect on the Thermal Zones and Free
Surface Deformation
It has been seen that the ambient pressure and the gravitational
acceleration have some effect on the thermal flow field inside the
melt pool during the studied LDEDw process. Their impact on
the thermal zones and the free surface profile are now considered.
The latter is an important aspect for process control as it might
affect the stability of the process. Figure 8 presents a top view of
the thermal zones during the quasi-stable stage at t = 4 s for the
different operating conditions. The plotted outer edge of the HAZ
corresponds to the α − β transition isotherm. The results confirm
that the length and shape of FZ and the extent of the HAZ within
the workpiece increase when the ambient pressure or the
gravitational acceleration decrease. These variations in HAZ,
which reveal variations in thermal history, might induce small
variations in material microstructure.

In Figure 9, the evolution over time of the total volume of
liquid alloy at the different operating conditions is shown. This
volume becomes almost unchanged after t > 3.5 s, confirming
that at this time the process reaches a quasi-stable state. Then its
value differs by at most 3% between the different cases simulated.
This is consistent with the results of Section 3.2, as the laser beam
power entering the alloy shows no significant variation with the
process conditions and is it much larger than the vaporization
cooling (if any).

In Figure 10, the computed bead profile is presented after re-
solidification for different operating conditions. The results show
that the bead width is seemingly unchanged, while the bead

FIGURE 8 | Melt pool contour and heat-affected zone at the operating
conditions C1–C4.

FIGURE 9 | Volume of liquid alloy as a function of time at the different
operating conditions.

FIGURE 10 |Cross section of the bead profile after re-solidification at the
different operating conditions.
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surface curvature is slightly more downward at the lateral sides.
As expected, the bead height is increased by lowering the ambient
pressure or the gravitational acceleration. The highest elevation is
reached at near-vacuum and no-gravity condition.

Figure 11 compares side view plots showing the gas–metal
interface at the quasi-steady state for the different operating
conditions. At the near-vacuum ambient pressure, vaporization
occurs causing the appearance of the recoil pressure effect by
which the liquid metal surface is pushed downward, as can be
seen in the zoomed image of Figure 11. The displaced liquid
metal then moves to the rear region of the melt pool (see Section
3.3) causing the longer melt pool and the relatively higher bead
profile. The role of gravity and the resulting buoyancy force is not
remarkable in a melt pool, as known from former studies (Cho et al.,
2009). However, in the presence of metal transfer from a filler wire,
the weight might explain the small increase in curvature observed at
the front side of the wire tip (at x ≈ 46.5 mm) at near-vacuum
pressure compared to standard on-Earth atmospheric pressure. This
small change in curvature results in a small increase of the
absorptivity that explains the higher temperature seen at the wire
tip when comparing the isotherms between C1 and C4 in Figure 6.
Thus, it could explain the small increase in maximum temperature
noticed in Table 4 when changing the gravitation from on-Earth to
non-terrestrial condition.

Another important effect observed at the reduced ambient
pressure and in the absence of gravity is the thinner width of
the liquid metal bridge in the region where the wire tip joins the
melt pool free surface. It is most probably a consequence of the
lowering of the free surface by the recoil pressure that was
previously observed in front of the wire tip. As a result, the
distribution of the current density flowing through the contact
section for resistive heating of the wire is more constricted, which
can lead to a larger Joule heating. The thinner liquid metal bridge
implies that the LDEDw process is moving toward more unstable
operating conditions. This is supported by the slightly larger

irregularities of the volume of liquid alloy observed in Figure 9
at Pamb = 11 Pa and | �g| � 0 m/s2. There might then be a risk of
breaking the liquid bridge and changing the metal transfer mode to
drop-wise mode which is not desirable (Heralic, 2012).

3.5 Feasibility of LDEDw for On-Orbit
Manufacturing
As seen in Figure 11, this CFD-based feasibility study shows that
the metal bridge between the wire and the workpiece is
maintained in all the cases. This is the most important finding
from a process standpoint since the continuous metal transfer is a
prerequisite for high material quality and the ability to build
multilayer parts successfully (Heralic, 2012). The variations in
metal bridge width, build height, and thermal profile are all
similar to what an LDEDw control system is made to handle
for conventional on-Earth applications (Hagqvist, 2015). This
indicates that, by using an appropriate process control to
maintain the liquid metal bridge (Kisielewicz et al., 2021),
LDEDw can be used for manufacturing metal parts in-space at
tempered atmosphere.

4 CONCLUSION

In this study, the feasibility of performing LDEDw in a
tempered atmosphere and at near-vacuum ambient
pressure with or without the gravitational acceleration was
investigated numerically. A set of process parameters that led
to a very stable process at on-Earth pressure and gravity was
selected as reference. To simulate the LDEDw at in-space
conditions, a solver developed in the OpenFOAM software in
former studies was further extended. The predicted results
were satisfactorily validated against the experimental data
available at on-Earth process conditions. In addition, the
following outcomes were obtained through the numerical
simulations:

• Metal vaporization can be initiated in LDEDw operated at
near-vacuum ambient pressure. Although weak for the
studied process conditions, it has several local effects on
the process. It has a cooling effect on the liquid alloy
temperature due to the transfer of thermal energy to
latent heat of vaporisation. It changes the free surface
curvature due to the downward force applied by the
recoil pressure, resulting in a thinning of the liquid
bridge. It locally increases the fluid velocity and changes
the flow direction due to the action of the recoil pressure on
the fluid momentum. Finally, these effects result in an
elongation of the melt pool and an increase of the bead
height.

• The absence of gravitational acceleration changes the force
balance at the liquid bridge. Although weak, this change
leads to a change in curvature of the liquid bridge that
results in an increase of the beam energy absorptivity and an
increase of the temperature at the wire tip. It results also in
an elongation of the melt pool and an increase of the bead

FIGURE 11 | Side view of the gas–metal interface at the different
operating conditions.
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height. However, the way the absence of gravitation acts on
the thermal flow to increase of the melt pool length remains
to be explained.

• With the specified process parameters, LDEDw can be
performed at near-vacuum pressure and no gravity
condition without transition to a keyhole mode.
Although, it moved the process toward a more unstable
operating mode by making the liquid–metal bridge thinner,
LDEDw is found to be a suitable candidate for tempered in-
space manufacturing of metal parts.

Finally, further investigation is needed to evaluate the
effect on LDEDw of colder and warmer environments that
can be met in, for example, outer space or a sunny lunar
ground. If the process needs to be operated in an environment
that cannot be tempered, an adjustment of the power input
might then be needed.
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