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Abstract: During the powder bed fusion of metals using a laser beam (PBF-LB/M), an inert atmo-
sphere is maintained in the build chamber to avoid reactions of the liquid metal with ambient air
leading to the creation of oxides or nitrides, which alter the mechanical properties of the processed
part. A continuous gas flow is guided over the process zone to remove spatters and fumes. This flow
induces a convective heat transfer from the molten metal to the gas, which, depending on the level of
the heat flow, may alter the melt pool dimensions by influencing the cooling rate. The present work
investigated these phenomena with single-line trials, both experimentally and numerically. For this
reason, a smoothed-particle hydrodynamics model was utilized to investigate the temperatures of
the melt pool, cooling rates, and the integral heat balance with various gas atmospheres. In parallel,
an on-axis pyrometer was set up on an experimental PBF-LB/M machine to capture the surface
emissions of the melt pool. The atmosphere in the simulations and experiments was varied between
argon, helium, and two mixtures thereof. The results showed a slight increase in the cooling rates
with an increasing fraction of helium in the process gas. Consistently, a slight decrease in the melt
pool temperatures and dimensions was found.

Keywords: additive manufacturing; laser powder bed fusion; smoothed-particle hydrodynamics;
aluminum; process gases; thermal history

1. Introduction
1.1. State of the Art

The powder bed fusion of metals using a laser beam (PBF-LB/M) is an additive manu-
facturing process, which enables the production of parts with high geometrical complexity
and mechanical properties similar to or better than those resulting from conventional man-
ufacturing processes. This is achieved by selectively melting the metal powder feedstock
with a laser beam in a layerwise manner until the entire part is built. To avoid unwanted
chemical reactions between the liquid metal and the ambient atmosphere during process-
ing (e.g., oxidation or nitridation), the build chamber is flooded with an inert gas prior
to the build job. During manufacturing, an additional laminar gas flow is directed over
the process zone to remove process by-products, such as spatters and fumes. Typically,
argon (Ar) or nitrogen gas is applied for this purpose. In addition to heat transfer by
conduction and radiation, this gas flow leads to a convective heat transfer from the liquid
metal to the gas, which, depending on the gas type and flow characteristics, alters the heat
balance of the melt pool. In recent years, the influence of the gas type and gas flow on
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the process capability and the part properties has been increasingly studied. Also, studies
were conducted to unveil the characteristics of the heat transfer during PBF-LB/M. For
this purpose, experimental as well as numerical approaches were used. Amongst the nu-
merical approaches, the smoothed-particle hydrodynamics (SPH) method was extensively
employed for simulating the PBF-LB/M process. In the following, an overview of literature
relevant to this work is presented.

Various studies have investigated the influence of the gas flow and type on the PBF-
LB/M process as these parameters have shown to be crucial factors for maintaining a
reliable and reproducible process. A suitable gas flow velocity must be found to ensure
proper removal of process by-products, such as fumes [1] and spatters [2], while not
blowing away the powder bed. Ladewig et al. [2] studied the effect of a decreased gas
flow velocity and found areas of increased surface roughness, which was attributed to an
increased number of spatters adhering to the part surface.

These findings were extended by studies linking the gas flow velocity and uniformity
to the part porosity [3]. Yang et al. [3] unveiled that a non-uniform gas flow leads to an
increased porosity and lower tensile properties of the built part. The upper limits for the
gas flow velocity were studied analytically by Baehr et al. [4]. The authors developed a
model able to determine the powder- and gas-specific particle pickup velocity. The velocity
was found to be notably higher for helium (He) compared to Ar.

Further influences of He compared to Ar on the PBF-LB/M process were unveiled.
Positive effects of He and Ar–He mixtures on the cooling of spatters were found by Pau-
zon et al. [5]. Lower spatter temperatures were found to reduce the negative impacts of
spatters on the properties of the parts, such as the surface roughness and porosity.

However, the gas flow velocity must be adapted to ensure comparable flow conditions
between the gases [4]. To determine the actual gas flow velocity above the build plate and,
hence, to adapt it properly, measurements, such as vane anemometer measurements as
presented by Weaver et al. [6], need to be conducted.

In addition to the gas flow, various other factors influence the physical phenomena
occurring in the process zone during PBF-LB/M that are highly complex and mainly
controlled by heat and mass transfer. The high scanning velocity of the laser (typically
around 1000 mm/s) leads to high heating and cooling rates of the melt pool (typically
around 105–106 K/s), which can influence the local microstructure and, thus, properties of
the part [7]. For aluminum (Al), cooling rates in the order of magnitude of 106 K/s were
reported [8].

Within the melt pool, heat is mainly transported by convection. This is a result of the
liquid metal being transported by spatial gradients of the surface tension (also known as
Marangoni convection) and by buoyancy. The intensity of this flow and the level of heating
influence phase-change phenomena from liquid to vapor and plasma.

Towards the environment, heat is transferred through conduction (e.g., into the un-
derlying solidified metal), radiation into the ambient atmosphere, and convection (e.g.,
by the gas flow). Thermal cycles cause spatial variations to accumulate over several layers,
causing inhomogeneous properties of the final part.

A common modeling approach is to neglect convection and radiation [9]. However, es-
pecially the convective heat transfer introduced by the gas flow can influence the process [9].
Masoomi et al. [9] showed that the gas flow direction relative to the laser scanning direction
highly influences the convective heat transfer. An increased heat transfer was found at
concurring laser scanning and gas flow directions compared to opposed directions.

In general, the SPH method is employed for the simulation of the PBF-LB/M process
at the melt pool scale according to the state of the art. SPH represents the continuum by a
set of particles that interact with each other through a smoothing or a filtering operation
over local neighbor particles. This particle-based approach allows SPH to efficiently handle
multiphase fluids. One of the essential advantages of SPH in simulating melt pool dynamics
is its inherent ability to capture the material interface of an arbitrary number of neighboring
phases and handle large interface deformations. Several different SPH versions have



Metals 2024, 14, 1058 3 of 19

emerged from the original SPH formulation of Gingold and Monaghan [10], such as the
family of δ-SPH schemes [11], arbitrary Eulerian–Lagrange SPH [12] and Riemann-SPH [13].
Russel et al. [14] were among the first to investigate the PBF-LB/M process using SPH.
Since then, SPH has emerged as a powerful tool for the simulation of PBF-LB/M and has
been used in numerous studies.

Afrasiabi et al. [15] made use of the SPH method for basic investigations on the
influence of varying process parameters on the melt pool dimensions during the processing
of Inconel 718 via PBF-LB/M. The SPH model incorporated relevant physical phenomena,
such as the recoil pressure or the Marangoni convection. In another work using SPH,
Weirather et al. [16] focused on the melt pool shape and dimensions during PBF-LB/M
of Inconel 718. Their SPH model was valid for the conduction-melting regime, as it
neglected phenomena, such as multiple reflections, that are characteristic for the keyhole-
melting regime.

1.2. Need for Action and Research Objective

Few studies have been dedicated to investigating the heat transfer phenomena during
PBF-LB/M under varying atmospheres. The use of simulations is necessary to better
understand the process since several melt pool features are not accessible via experiments.
However, existing SPH studies and their models mainly focus on nickel-based alloys and
did neither include the ambient atmosphere nor the associated heat transfer mechanisms.

The presented study aims to unveil the influence of gases with highly varying thermo-
physical properties (i.e., Ar, He, and two mixtures thereof) on the heat balance, dimensions,
and dynamics of the melt pool in PBF-LB/M. The processing of a 2000 series Al alloy
was investigated.

An existing and validated SPH simulation setup was extended by means of integrating
varying atmospheres. In the first step, the experimental results were compared with the
numerical results. In the second step, the simulation model was utilized to study effects
that are not observable via the experiments. In particular, the differences in the heat transfer
between the gases investigated and between the process with and without a gas flow
were studied.

2. Numerical Modeling
2.1. Methodology
2.1.1. Fluid Dynamics Model

The fluid dynamics of the liquid melt pool and the process gas are governed by the
weakly-compressible Navier–Stokes equations (e.g., Morris et al. [17]). In this work, the quasi-
Lagrangian transport-velocity formulation, originally proposed by Adami et al. [18], was used.
It aims to effectively cure the tensile instability, a well-known defect associated with negative
pressure values regarding the ambient pressure, which ultimately leads to non-physical
particle clustering, numerical fragmentation, and severe instability problems [19]. This is
achieved by introducing an additional velocity by which the particles are being advected.

The continuous surface force model [20] was utilized to represent surface tension
effects between multiple phases with distinct interfaces. This work used the density-
partitioned stress-based formulation of Zöller et al. [21], which implicitly incorporates
Marangoni stresses and allows for a larger time step size in comparison to prior stress-
based formulations due to density weighting of the surface stress. Additionally, it shows
excellent agreement for flows dominated by capillary and Marangoni forces for high density
ratios and high physical viscosities.

2.1.2. Heat Transfer Model

The evolution of the temperature in the solid substrate, in the liquid melt pool, and in
the process gas was described by the conservation of energy. In a Lagrangian formalism,
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where the material or Lagrangian derivative with the momentum velocity u is d
dt =

∂
∂t + u·∇,

the transport of enthalpy is given with the density ρ by [16]

ρ
dh
dt

= −divq + ω̇v + ω̇l + ω̇r. (1)

The enthalpy h and the temperature T are coupled through

h(T) =
∫ T

T0
Cp(ϑ)dϑ, (2)

where T0 denotes an arbitrary reference temperature and Cp denotes the temperature-
dependent specific heat capacity. The conductive heat flux is q = −k∇T and the volumetric
heat sources for evaporative cooling, energy transfer by the laser, and heat radiation are ω̇v,
ω̇l, and ω̇r, respectively. The temperature-dependent thermal conductivity is denoted by k.

The SPH discretization of the divergence of the conductive heat flux in the transport
Equation (1) follows the work of Cleary et al. [22,23], which ensures continuity of the heat
flux across discontinuous material properties.

The maximum surface temperature of the melt pool can easily reach its boiling temper-
ature as a consequence of the laser-induced heating, leading to an increased evaporation
rate of the liquefied metal. The work described here utilized the simplified evaporation
model of Anisimov and Khokhlov [24], which has been successfully applied before (e.g.,
Khairallah et al. [25], Semak et al. [26,27], and Weirather et al. [16]). The model does not
explicitly resolve the transition from liquid to vapor but models the vapor recoil pressure
onto the liquefied metal [28]. Considering melt removal due to evaporation negligible
in favor of the hydrodynamic mechanism induced by the recoil pressure is a reasonable
assumption as long as the evaporation rate is low enough to produce a noticeable recoil
pressure [27], which, as noted by Khairallah et al. [25], is typically the case in PBF-LB/M.
For a detailed description of the utilized evaporation model within the SPH framework,
the reader is kindly referred to the work of Weirather et al. [16].

The primary driving mechanism of the PBF-LB/M process is the energy input into the
material due to laser illumination on its surface. Consequently, a sufficient description of
the laser beam is of prime interest for accurately modeling the melt pool dynamics. Several
models with increased computational demand and complexity exist for describing the laser–
material interaction. The ray tracing method was used in this work to accurately describe
both absorption and reflection, while being computationally feasible at the same time. At
its core, ray tracing consists of approximating the laser with discrete rays and tracking
those rays geometrically along their path in space, which only change due to reflection or
refraction on an interface. The ray tracing method has been utilized in traditional Eulerian
schemes with great success as it provides a more generic laser beam model than a simple
heat source [16] but is more affordable than solving Maxwell equations [29] (e.g., in the
works of Khairallah et al. [30,31] and Zenz et al. [32]). In this work, a methodology similar
to that of Shah et al. [33,34] was used, who developed a combined SPH and ray tracing
method to study the keyhole formation in laser drilling [33,34] and PBF-LB/M [34] of
stainless steel and aluminum, respectively. The proposed methodology does not require
an explicit interface representation; therefore, it puts no constraints on the topological
evolution of the material interface, making their method a more natural fit to SPH than
previous attempts.

The radiative cooling is typically described by the Stefan–Boltzmann relation for
black-body radiation. However, since the heat losses due to radiation are typically small in
PBF-LB/M [35], the source term was not included in this work.
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2.1.3. Integral Heat Balance

An integral formulation of the enthalpy transport Equation (1) reads∫
M(t)

dh
dt

dm︸ ︷︷ ︸
≡Ḣ

= −
∮

A(t)
q· ndA︸ ︷︷ ︸

≡Q̇

+
∫

V(t)
ω̇v dV︸ ︷︷ ︸

≡Ω̇v

+
∫

V(t)
ω̇l dV︸ ︷︷ ︸

≡Ω̇l

, (3)

where V denotes the control volume (CV), and A and M its surface area and mass, respec-
tively. The heat flow rate is abbreviated as Q̇, and the volume integrals of the heat sources
are abbreviated as Ω̇. The heat flow rate incorporates the heat flux through conduction ex-
plicitly and the heat flux through convection implicitly, as convection leads to an increased
heat transfer across the surface of the CV due to the Lagrangian transport of enthalpy in the
fluid phase. Positive heat flow rates (Q̇ > 0) correspond to heat being transferred into the
CV, and negative heat flow rates (Q̇ < 0) correspond to heat being withdrawn from the CV.
Positive integral heat sources (Ω̇ > 0) correspond to net heating, and negative integral heat
sources (Ω̇ < 0) to net cooling of the CV. For steady-state simulations, the heat flow rate
and integral heat sources are balanced, and the total enthalpy transfer rate Ḣ approaches
zero (i.e., Ḣ → 0).

The integral heat balance Equation (3) was applied to the melt pool in this work. Thus,
the integral heat balance equation reads

ḢM = Q̇M→S + Q̇M→G + Ω̇v
M + Ω̇l

M. (4)

The heat flow rate Q̇M over the melt pool surface AM was split up into the heat flow
rates through the melt–substrate interface Q̇M→S and through the melt–gas interface Q̇M→G,
respectively. The utilized SPH discretization of the heat flow rate is given in Appendix A.1.

2.2. Numerical Setup

The PBF-LB/M process parameters and conditions used for the numerical simulations
presented in this work are summarized in Table 1. The given values are in accordance with
the experimental setup.

The computational domain used in this work is shown in Figure 1.
The simulations were performed on an initial Cartesian lattice particle distribution,

where the initial particle spacing was ∆x = 6 µm. The smoothing length h was equal to the
characteristic particle spacing (i.e., h = ∆x). The chosen resolution ensured that the melt
pool was at least discretized by 30 particles along its width when steady-state was reached.
The final time of the simulation was set to tf = 1.25 ms, which allowed the laser to travel
1000 µm within the simulation time. This ensured that the melt pool reached steady-state
behavior. The artificial speed of sound was set to c0 = 50 m s−1, which limited density
fluctuations to the incompressible regime, where the weakly-compressible equation of state
used in this work is valid.

Table 1. The process parameters used throughout this work for the numerical simulation.

Process Parameter Value Units

Scan speed, v 0.8 m s−1

Laser power, P 200 W
Laser spot size radius, rσ 40 µm
Laser wavelength, λ 1064 nm
Gas flow velocity, u∞ 1.5 m s−1

Atmospheric pressure, p∞ 1 × 105 Pa
Ambient temperature, T∞ 600 K
Gravitational acceleration, g 9.81 m s−2
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Substrate

Shielding Gas

Meltpool

37.5 × 𝑟𝜎

OutflowInflow

𝑥

𝑧

𝑦

12.5 × 𝑟𝜎

12.5 × 𝑟𝜎

12.5 × 𝑟𝜎

Figure 1. Cross-sectional view of the computational domain for the PBF-LB/M SPH process simula-
tion. The red area indicates the laser beam. The extend of the domain into the y-direction was 25 × rσ;
negative x: scanning direction.

Both the temperatures of the process gas and the substrate were initially set to
T∞ = 600 K, which accounted for the heating due to previously built layers during
the process. This was shown by Jadhav et al. [36], who measured the system temperature
experimentally for a pure copper process.

The wall boundary conditions were enforced by the utilization of the methodology
proposed by Adami et al. [37], which constraints particles in the vicinity of the walls to
a fixed temperature Twalls = T0 and a slip boundary condition for the velocity. The fluid
phases were enclosed in all directions by wall boundary conditions apart from the inflow
and outflow boundaries. The in- and outflow boundary conditions used the method-
ology of Lastiwka et al. [38], where particles are being injected with an inflow velocity
uinflow = 1.5 m s−1 and inflow temperature Tinflow = T0 at the inlet and are being removed
from the computational domain at the outlet without generating excessive waves. The wall
as well as the in- and outflow region were discretized using at least three particle layers,
which ensured full support for the fluid particles in the vicinity of those regions and for the
chosen quintic spline kernel [39]. An isothermal slip-wall boundary condition was used on
the top of the computational domain.

The powder layer was not taken into consideration in this work to reduce the com-
putational effort of the parameter study. It was shown in preliminary studies and in
the literature that this does not affect the results significantly [40]. Thereby, less spatial
resolution was needed in comparison to simulations that fully resolve the powder particles.

2.3. Macroscopic Material Properties

The macroscopic material properties for the used Al alloy are given in Table A1 in
the Appendix B. A linear fit was used for the temperature-dependent surface tension
coefficient. The dynamic viscosity (The nominal viscosity of the liquid Al alloy was twenty
times as high in the simulation compared to the presented value given in Table A1 in
the Appendix B for improved numerical stability of multiphase flows with high density
ratios and low absolute viscosities (see, e.g., Russel et al. [14] or Weirather et al. [16]).) was
evaluated using an Arrhenius fit. The surface tension coefficients between the liquid Al
alloy and Ar and between the liquid Al alloy and He were considered identical.

The temperature-dependent absorptivity of the laser was obtained from the electrical
resistivity of the material and the wavelength of the laser by using the Hagen–Ruben
relationship [41].

The temperature-dependent values for the material are given in Table A2 in the
Appendix B. A linear interpolation was used for temperature values between the tabulated
data. A constant extrapolation for the thermal conductivity and specific heat capacity was
used for temperature values outside the given range, and a linear extrapolation was used
for the enthalpy.
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The macroscopic material properties for the process gases Ar and He are given in
Table A3 in the Appendix B. A polynomial fit for the thermal conductivity and a power
function for the dynamic viscosity were used (see Figure 2). The density and the specific
heat capacity were assumed to be constant over the temperature range. A volume-weighted
average was used for the Ar-He gas mixtures. For example, the thermal conductivity for
such a gas mixture was calculated by

k(T) = ∑
α

kα(T)Xα, (5)

where Xα denotes the volume fraction of the pure gas components. The density, the dynamic
viscosity, and the specific heat capacity were calculated analogously.
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Figure 2. Temperature-dependent material properties for different process gases. (a) a polynomial fit
for the thermal conductivity k and (b) a power function for the dynamic viscosity µ for argon (Ar)
and helium (He) from 300 K to 3000 K.

3. Experiments
3.1. Experimental Setup

All experiments in this study were conducted in a lab-scale PBF-LB/M machine
(AconityMINI, Aconity3D GmbH, Aachen, Germany). The machine was equipped with a
500 W fiber laser with a wavelength λ of 1064 nm and a laser spot diameter of 80 µm with
a Gaussian energy distribution. The build plate measured a diameter of 140 mm. A picture
of the experimental setup used is given in Figure A1 in the Appendix C. A Zr-blended
2000 series Al alloy with a particle size distribution of 20–60 µm was used as the powder
material. Its chemical composition, provided by the manufacturer, is given in Table 2.

Table 2. Chemical composition of the Zr-blended 2195 aluminum alloy [42].

Element Aluminum Copper Lithium Magnesium Silver Zirconium
(Al) (Cu) (Li) (Mg) (Ag) (Zr)

wt% Bal. 4.0 1.0 0.5 0.4 1.8

The build job layout for the experiments consisted of three randomly distributed
cubes with a size of 10 mm × 10 mm × 8 mm with two single lines each on the top layer
(see Figure 3). The laser power P and the scan speed v as given in Table 1 were applied.
This parameter combination has reportedly shown to provide a stable process window for
Al single lines [43]. The hatch distance h and the layer thickness t were set to 80 µm and
30 µm, respectively. This resulted in a volumetric energy density VED = P

vht of approxi-
mately 104 J/mm³. The scanning strategy was parallel stripes with a rotation of 67° per
layer. This parameter combination showed a high relative density of >99.5% in preliminary
trials. For the build jobs, four gases were applied with a velocity u∞ of 1.5 m/s: Ar, He,
70 vol.-% Ar + 30 vol.-% He (ArHe30), and 30 vol.-% Ar + 70 vol.-% He (ArHe70). The oxy-
gen level within the build chamber was kept below 500 ppm.
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After the build job, the cubes were sawed off the build plate and were further processed
via metallography. Firstly, they were cold embedded using a resin (EpoFix Resin, Struers
GmbH, Willich, Germany) and a hardener (EpoFix Hardener, Struers GmbH, Willich,
Germany) in a ratio of 25:9. The subsequent grinding and polishing followed a four-step
procedure: (1) grinding with a 220 grit grinding paper, (2) 9 µm polishing, (3) 3 µm polishing,
(4) 1 µm polishing. In the final post-processing step, the cubes were chemically etched for
15 s by the immersion technique using an etchant consisting of HNO3, HCl, and HF in water
(Keller-Wilcox, Bernd Kraft GmbH, Wetzlar, Germany). To measure the penetration depth
of the single lines, the etched cubes were measured by optical light microscopy (VHX-5000,
Keyence Deutschland GmbH, Neu-Isenburg, Germany). The measuring procedure and a
top view indicating the fabricated single lines are depicted in Figure 4.

Figure 3. Schematic top view of the build plate showing the build job layout (not to scale); x: recoating
direction, y: gas flow direction, z: building direction.

Figure 4. (a) Cross-sectional view of an etched single line melt pool outlining the measurement of
the melt pool width and depth (the melt pool is indicated by a black dotted line), (b) top view of a
fabricated cube showing the single lines; z: building direction.

3.2. Pyrometry Setup and Data Analysis

The machine was equipped with an on-axis high-speed pyrometer (KG 740-LO,
KLEIBER Infrared GmbH, Unterwellenborn, Germany). The spectral range of the de-
vice lay in a range between 1450 and 1700 nm and its response time t95 was 6 µs at a
frequency of 100 kHz. Considering the size of the specimens and the scanning speed, ap-
proximately 150,000 data points were sampled per layer (depending on the stripe angle). A
dichroic mirror in the scanner unit ensured the trespassing of the respective heat radiation
from the process zone.

Due to a lack of knowledge about the temperature-dependent emission coefficient of
the Al alloy, no calibration of the pyrometer signal was performed for real temperatures.
Only relative changes that correlated with variations in the surface temperature were
considered in the investigations. Thus, as suggested by [44], the pyrometry results shown
in this study are given in non-dimensional values of digital numbers (DN) ranging from
0 to 900 DN. At no laser illumination, the signal oscillated by as much as 1 DN, which is
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why this was assumed to be the noise level of the pyrometry measurements. Any values
below 1 DN were excluded from the analysis.

The measuring spot had a diameter of about 200 µm in the setup used. A simplified
scheme of the experimental setup is given in Figure 5. It shows the optical path of the
setup and a magnified process zone outlines possible sources of heat radiation detected by
the pyrometer: the melt pool, the by-products (fumes and spatters), and the surface of the
current layer.

The pyrometer signals were stored in a point cloud data (PCD) file. The software
MATLAB was applied to evaluate the PCD files (R2021a, Mathworks Inc., Natick, MA,
USA). The mean values of the data were considered to compare the influences of the various
gases on the heat balance of the melt pool.

Figure 5. Schematic representation of the pyrometry setup.

4. Results and Discussion

In the following, the experimental and the numerical results are presented and dis-
cussed to study the efficacy of various process gases to alter the heat transfer during
PBF-LB/M. The numerical methodology outlined in Section 2 was first compared to the
measurements from the experimental setup outlined in Section 3. Subsequently, the numer-
ical results were exploited to study features that are impossible to study experimentally
due to the limited spatial and temporal resolution of real-world experiments. If not stated
otherwise, the numerical analysis was performed at the final simulation time where the
melt pool has reached steady-state status.

4.1. Comparison of Experimental and Numerical Results
4.1.1. Surface Temperature of the Melt Pool

Figure 6 depicts the results from the pyrometer measurements. For the representation,
the moving average with a period of ten of the mean values of the pyrometer data calcu-
lated per layer was displayed. The results showed that the heat radiation emitted from
the processing zone differed only slightly between the gases studied. With an increasing
fraction of He in Ar, decreasing temperatures were found. Also, an increasing temperature
between the start of the build job at 0 mm and a build height of 1 mm could be observed.
After that, a stationary temperature established itself. This is typical for the PBF-LB/M
process and was described, for example, by Chaudry et al. [45]. In the first layers, an in-
tense heat conduction into the build plate occurs. With an increasing build height, this
effect decreases, and additionally, the isolating powder bed prevents further cooling by
convection. Thus, heat accumulation appears.
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Figure 6. Moving average (mov.avg.) of the mean values of the pyrometer signal depending on the
process gas; Ar: argon, He: helium, ArHe30/70: 70/30 vol.-% Ar + 30/70 vol.-% He.

The mean values and the standard deviations of the average surface temperatures of the
melt pools from simulations with and without gas flow are given in Table 3. The data were
evaluated over the time interval tsample = [1.15 ms, 1.25 ms] using ∆tsample = 1× 10−6 s. The
evaluation approach of the average surface temperature in SPH is given in the Appendix A.2.
As it can be seen in Table 3, the temperature slightly decreased monotonically from Ar to He for
simulations with u∞ = 0.0 m s−1, which was in accordance with the pyrometer measurements
given in Figure 6. The presence of a gas flow with u∞ = 1.5 m s−1 reduced the average surface
temperature. However, the gas flow introduced additional noise to the measurements of the
average surface temperature. Thus, there was no clear trend observed between the different
compositions of the gas flow in this case.

Table 3. Mean values and standard deviations of the surface-average temperatures of the melt pool
received from the simulation depending on the process gas; Ar: argon, He: helium, ArHe30/70:
70/30 vol.-% Ar + 30/70 vol.-% He.

Condition Ar ArHe30 ArHe70 He Unit

u∞ = 0.0 m s−1 1206.8 ± 0.4 1204.9 ± 0.5 1204.0 ± 0.3 1203.8 ± 0.3 K
u∞ = 1.5 m s−1 1195.0 ± 3.3 1195.8 ± 2.5 1194.8 ± 3.7 1195.0 ± 2.6 K

4.1.2. Melt Pool Dimensions

The results from the measurements of the melt pool dimensions in the case of a gas
flow are summarized in Figure 7. The mean data received from the experiments and
simulations of each gas are depicted with their standard deviations. As it can be seen,
the widths of the melt pools were generally larger compared to the depths for all gases.
This indicated a conduction melting regime during the process in accordance with the
study of Kempen et al. [46]. Only little differences occurred between the gases for the melt
pool widths and depths. The experimentally determined melt pool widths and depths
varied in the range of 180–195 µm and 141–160 µm, respectively. Also, decreasing values of
the standard deviation of the melt pool depth measurements could be observed from Ar to
He in the experiments. The numerical results showed widths in the range of 214–217 µm
and depths in the range of 103–106 µm. In addition to the experimental data, the melt pool
lengths could be extracted from the simulations. These are depicted in Figure 7 but showed
no significant differences between the gases.
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Figure 7. Mean values of the melt pool dimensions depending on the process gas; Ar: argon, He:
helium, ArHe30/70: 70/30 vol.-% Ar + 30/70 vol.-% He.

The melt pool dimensions showed only a weak dependence on gas properties for the
numerical simulation as well as the experiments, which was in accordance with the surface
temperature measurements. The marginally lower values of the melt pool width and depth
under He compared to Ar could be correlated to the marginally higher heat transfer under
He compared to Ar.

4.2. Numerical Investigation of the PBF-LB/M Process Zone

In the following, the simulation results obtained from the validated methodology
outlined in Section 2 are evaluated. The Ar-He gas mixtures were omitted from the
presented figures for the sake of clarity.

4.2.1. Melt Pool Temperature and Flow Field

The temperature fields and melt pool morphologies through the x-z plane for Ar and
He are shown in Figure 8 for different gas flow conditions (i.e., with and without gas flow).
No significant differences in the melt pool shapes were observed for all investigated process
gases and flow conditions. Therefore, it can be concluded that the increased heat transfer
between the gas and the melt pool due to convection has no significant influence on the
dynamics of the melt pool.

The temperature distributions in the melt pool and in the substrate only differed
marginally for all investigated atmosphere conditions. In contrast, the temperature dis-
tributions in the gas were found to be significantly different due to the different material
properties and transport coefficients of Ar and He. The temperature field in the gas phase
for simulations with gas flow was being advected in the direction of the flow in comparison
to the case without gas flow.

Close to the interaction zone between the laser beam and the melt pool, the highest
temperatures of up to approximately 2800 K were found. The temperature gradient towards
the substrate in the negative z-direction was higher compared to the temperature gradient
towards the gas phase (i.e., the ambient temperature of 600 K was reached closer to the
melt pool in the substrate than in the gas phase). This indicated higher cooling rates due to
a comparably higher heat transfer by conduction in the solid material, which is discussed
in more detail in Section 4.2.2.

The fluid flow within the melt pool is dominated by the Marangoni convection,
as described in Section 1. It drives the flow from the hot laser-induced heating zone
towards colder regions on its surface and produces a reversed flow within the melt. No
significant effects of the investigated process gases and flow conditions on the melt pool
flow were found under the assumption of equal surface tension coefficients between the
liquid Al and Ar and between the liquid Al and He.
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Figure 8. Cross-sectional view of the melt pool (x-z plane) under various gas flow settings (with and
without gas flow) depicting the temperature fields and flow velocity arrows; (a) argon, (b) helium.

4.2.2. Heating and Cooling Rates

The absolute temperature rate-of-change fields (i.e., the heating and cooling rates) in a
logarithmic scale through the x-z plane for Ar and He and different flow conditions (i.e.,
with and without gas flow) are given in Figure 9. The thermal gradients and cooling rates
are essential metrics for assessing the manufacturing process as they are responsible for
the final microstructure that is characteristic for PBF-LB/M [47]. The spatial distribution
of heating and cooling rates is generally unavailable from an experiment and can only be
investigated from a numerical simulation.

In this work, the heating and cooling rates were used to investigate the influence of
the surrounding process gas on the liquid melt and solid substrate.

For all gases studied, globally similar heating and cooling rates were found. The high-
est heating rates of up to 108 K/s appeared close to the interaction zone of the laser beam
and the melt pool. With an increasing distance from this area in the negative x-direction,
the heating rates decreased until they reached values in the order of magnitude of 106 K/s.
Passing the black iso-surface in the positive x-direction, which separates zones of heating
and cooling, the liquid metal started to cool due to heat conduction and convection. Similar
cooling rates in the range of 106–107 K/s were found in all cases. The observation of higher
temperature gradients towards the substrate compared to the ones towards the gas phase
in Figure 8 could be related to similar higher gradients in the temperature rates found
in Figure 9.

Considering the cooling rates in the vicinity of the melt pool surface, comparable
values as those received in an experimental study in the order of magnitude of 106 K/s
were determined [47]. Hooper et al. [47] applied a high-speed thermography method to
determine the cooling rates during the processing Ti6Al4V. Also, the melt pool surface
cooling rates determined numerically by Li et al. [8] for Al processed via PBF-LB/M of
106 K/s could be related to the results given in Figure 9.

The temperature rates in the substrate only differed marginally between the different
process gases and gas flow conditions. The temperature rates in the gas and in the melt
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pool were, however, heavily influenced by the choice of the atmosphere conditions. The
iso-surface bent more in the direction of the flow for simulations with forced gas flow than
for simulations without. Consequently, the temperature rate distributions were different in
the vicinity of the melt–gas interface.
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Figure 9. Cross-sectional view of the melt pool (x-z plane) under various gas flow settings (with and
without gas flow) with the absolute temperature rate-of-change fields |Ṫ| in a logarithmic scale; the
zones of heating (Ṫ > 0) and cooling (Ṫ < 0) are separated by the converging iso-contour lines for
decreasing values of |Ṫ|, where |Ṫ| approaches zero rapidly; (a) argon, (b) helium.

The differences in the temperature rates in the mushy zone, which is the zone around
the melt pool where the material has neither been fully melted nor solidified, are expected
to be reflected in the mechanical properties of the final part as they affect the local mi-
crostructure formation. Such temperature effects have already been reported in [48] for
other materials.

4.2.3. Evaluation of the Integral Heat Balance

The individual contributions to the heat balance of the melt pool, as evaluated follow-
ing the methodology outlined in Section 2.1.3, are given in Table 4 for Ar, ArHe30, ArHe70,
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and He at steady-state with gas flow. The data were evaluated and averaged over the time
interval tsample = [1.15 ms, 1.25 ms] using ∆tsample = 1 × 10−6 s.

Table 4. Evaluation of the integral heat balance (mean values with standard deviations) for the
PBF-LB/M process with gas flow; Ar: argon, He: helium, ArHe30/70: 70/30 vol.-% Ar + 30/70 vol.-%
He, ḢM: total enthalpy transfer rate, Q̇M→G/Q̇M→S: heat flow rates between melt and gas/substrate,
Ω̇v

M: cooling through the evaporation of liquid metal, Ω̇l
M: energy transferred into the melt pool

through laser illumination.

Parameter Ar ArHe30 ArHe70 He Unit

ḢM −0.766 ± 0.690 −0.888 ± 0.771 −0.833 ± 1.269 −0.619 ± 0.648 W
Q̇M→G −1.902 ± 0.147 −2.062 ± 0.381 −2.077 ± 0.305 −2.146 ± 0.203 W
Q̇M→S −40.74 ± 0.263 −40.25 ± 0.369 −41.06 ± 0.384 −40.28 ± 0.416 W

Ω̇v
M −0.194 ± 0.116 −0.179 ± 0.098 −0.199 ± 0.126 −0.177 ± 0.086 W

Ω̇l
M +42.07 ± 0.564 +41.61 ± 0.402 +42.51 ± 0.989 +41.98 ± 0.387 W

It was found that the total enthalpy transfer rate of the melt pool was relatively small in
comparison to the energy transfer into the material by laser illumination for all investigated
process gases (i.e., |ḢM| ≪ |Ω̇l

M|). Thus, the heat flow rates and integral heat sources were
balanced and the steady-state assumption was justified.

The average heat flow rate of the melt through the melt–gas interface Q̇M→G showed
an increased heat flow for process gases with an increased He content. That means that
the heat flow rate with Ar was the smallest in comparison to the heat flow rate of He,
which was the highest. However, even though a trend towards increased heat flow rates
with an increased He content was observable, the differences were still small. The average
heat flow rate of the melt through the melt–substrate interface Q̇M→S was comparable
for all investigated process gases. No clear trend for an increasing He or Ar content
was observable.

The heat flow rates through the melt–gas and the melt–substrate interfaces contributed
with approximately 5% and 95%, respectively, to the total heat flow rate. Therefore, the ab-
solute heat flow rate through the melt–gas interface was much smaller than the one through
the melt–substrate interface (i.e., |Q̇M→G| ≪ |Q̇M→S|).

The cooling through the evaporation of liquid metal was small (Ω̇v
M < 1 W) in com-

parison with the competing heat transfer mechanisms in the melt pool and showed no
significant differences between the investigated process gases.

The energy transferred into the melt pool through laser illumination was Ω̇l
M ≈ 42 W

for all investigated process gases. Considering the nominal laser output power of 200 W,
this resulted in an effective absorptivity of αeff ≈ 0.238 despite the relatively low nominal
absorptivity of Al (α ≈ 0.0588 at room temperature [41]) due to the elevated absorptivity at
high temperatures.

The energy transferred into the solid substrate through laser illumination was Ω̇l
S ≲ 0.1 W.

This means that the laser almost exclusively illuminated the liquid melt in the steady-state
process window.

5. Conclusions

The goal of this study was to investigate the heat transfer mechanisms during the
powder bed fusion of metals using a laser beam (PBF-LB/M) under various atmospheres.
The four gases argon (Ar), helium (He), 70 vol.-% Ar + 30 vol.-% He, and 30 vol.-% Ar +
70 vol.-% He were investigated. A validated smoothed-particle hydrodynamics (SPH)
model was utilized to simulate the processing of a high-strength aluminum alloy via PBF-
LB/M. The high-fidelity model considers all relevant physical phenomena occurring in the
PBF-LB/M process zone, such as evaporation, surface tension, and Marangoni convection.
The laser beam is modeled using a detailed ray-tracing methodology to take multiple
reflections of the laser beam with the melt pool surface into account.
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In the first step, the SPH model results were compared to experimental results to
evaluate its capability to represent the given use case. This was conducted by comparing the
melt pool dimensions and the melt pool surface temperatures obtained by metallography
and pyrometry, respectively, with the associated values extracted from the numerical model.
Then, the simulation model was utilized to study heat transfer phenomena that are not
available via experiments. The melt pool flow and temperatures as well as the heating and
cooling rates within the melt pool were investigated in particular. Finally, an integral heat
balance was applied to quantify the heat transfer between melt and gas and between melt
and substrate. The main conclusions of the study can be summarized as follows:

• The employed SPH model is suitable for representing the experimental PBF-LB/M
process. In both approaches, simulation and experiment, only a small dependency
of the process to varying gas compositions was found. A slight trend towards lower
surface temperatures and lower melt pool dimensions with an increasing fraction of
He in the process gas was observed.

• The temperature fields in the melt pools and substrates, as well as the melt pool
flows received from the SPH simulation, showed only small differences for the four
gases. With an increasing fraction of Ar in the process gas, the temperature field was
advected more strongly in the direction of the gas flow.

• The temperature rate-of-change distribution close to the melt-gas surface was strongly
influenced by the gas flow setting (i.e., with or without gas flow) but only showed
small differences between the four gases.

• With an increasing fraction of He in the process gas, the heat flow rate through the
melt–gas interface increased. The heat flow rate through the melt–substrate interface
was comparable for all gases studied.

The results highlighted that the heat transfer in the PBF-LB/M process zone is mainly
influenced by heat conduction (i.e., the heat flow rate between the substrate and melt pool),
whereby using a gas flow has additionally shown to change the temperature fields close to
the melt pool. The differences in the melt pool heat balance when using He instead of Ar
turned out to be marginal. In future works, the influence of increased gas flow velocities
on the heat balance and dynamics of the melt pool should be studied. These studies could
be extended towards more complex and larger geometries to further support the industrial
applications of PBF-LB/M.
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Appendix A. Post-Processing in SPH

Appendix A.1. Evaluation of the Heat Flow Rate

The heat flow rate Q̇ (i.e., the surface integral of the heat flux over the surface A) is
being approximated using

Q̇ = −
∮

A
(k∇T)· ndA = − ∑

α ̸=β

(
N

∑
i
⟨k∇T⟩i· ∇Cαβ

i Vi

)
. (A1)

A non-symmetric smoothing operator for the heat flux gradient is used [23] accord-
ing to

⟨k∇T⟩i = ∑
j∈N(ri)

2kik j

ki + k j
(Tj − Ti)∇iWijVj. (A2)

Here, ∇iWij denotes the gradient of the kernel function between the particle i and j
and N(ri) denotes the set of neighboring particles of the particle i.

Appendix A.2. Evaluation of the Average Surface Temperature

The average surface temperature Tαβ of the α-β phase interface Aαβ is given by

Tαβ =

∮
Aαβ

T dA∮
Aαβ

dA
=

∑
α ̸=β

(
N

∑
i

Ti∥∇Cαβ
i ∥Vi

)

∑
α ̸=β

(
N

∑
i
∥∇Cαβ

i ∥Vi

) , (A3)

where ∇Cαβ
i denotes the gradient of the color function between the α-β phase interface [49],

Ti and Vi the temperature and volume of the particle i, respectively, and N the total number
of particles.

Appendix B. Macroscopic Material Properties

The material properties for the Al alloy are given in Tables A1 and A2. The properties
for Ar and He are given in Table A3.

Table A1. Material properties for the studied 2000 series Al alloy [41,50–53].

Material Property Value Unit

Mass density ρ [50] 2785.0 kg m−3

Solidification temperature Ts [50] 811.0 K
Liquification temperature Tl [50] 905.0 K
Boiling temperature 1 Tb [51] 2792.0 K
Surface tension coefficient 1,3 σ [50] 0.86 − 1.8 × 10−4(T − 933.0) N m−1

Dynamic viscosity 3 µ [52] 4.473 × 10−4 exp(965.6/T) N m−1

Thermal conductivity k [50] Table A2 W m−1 K−1

Specific heat capacity Cp [50] Table A2 J kg−1 K−1

Latent heat of fusion Lf [50] 297 × 103 J kg−1

Latent heat of evaporation 2 Lv [51] 10.025 × 103 J kg−1

Molar Mass 2 M [53] 29.02 × 10−3 kg mol−1

Electrical resistivity 3,4 ϵ [41]
−1.0 × 10−8 + 1.25 × 10−6T +
1.93 × 10−6max(0, T − Ts)−

1.73 × 10−6max(0, T − Tl)
Ω m

1 Value taken for pure aluminum. 2 Value was estimated on the basis of the weighted and averaged data of the
chemical elements. 3 The value of T has to be inserted in the unit K based on absolute zero. 4 Reprinted with
permission from [41]. Copyright 1997, Laser Institute of America.
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Table A2. Temperature-dependent material properties for the studied 2000 series Al alloy following
Mills [50]; k: thermal conductivity, Cp: specific heat capacity, H: enthalpy.

Temperature T Unit

298 373 473 573 673 773 811 905 K

k 175 185 193 193 190 188 188 85 W m−1 K−1

Cp 850 900 950 970 1000 1080 1100 1140 J kg−1 K−1

H 253,300 318,925 411,425 507,425 605,925 709,925 751,345 1,048,345 J kg−1

Table A3. Material properties for argon and helium [54,55].

Material Property Argon Helium Units

Mass density ρ 1.6116 0.1615 kg m−3

Dynamic viscosity 1 µ [54] 4.059 × 10−7T0.71 3.674 × 10−7T0.70 N m−1

Thermal conductivity 1 k [55]
4.9 × 10−3 +

4.8 × 10−5T −
1.0 × 10−8T2

4.5 × 10−2 +
3.641 × 10−4T −

4.58 × 10−8T2
W m−1 K−1

Specific heat capacity Cp 520 5193 J kg−1 K−1

1 The value of T has to be inserted in the unit K based on absolute zero.

Appendix C. AconityMINI PBF-LB/M Machine

A picture of the AconityMINI PBF-LB/M machine is given in Figure A1.

Figure A1. Picture of the AconityMINI PBF-LB/M machine.
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