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Abstract: Powder Bed Fusion of Metals using a Laser Beam (PBF-LB/M) is increasingly utilized for
the fabrication of complex parts in various industrial sectors. Enabling a robust and reproducible
manufacturing process is one of the main goals in view of the future success of PBF-LB/M. To
meet these challenges, alloys that are specifically adapted to the process are required. This paper
demonstrates the successful interplay of simulation studies with experimental data to analyze the
basic phenomena of in situ alloying. The meshless Smoothed-Particle Hydrodynamics (SPH) method
was employed for the numerical simulation of two-component powder systems considering both
thermodynamics and fluid mechanics in the solid and the melt phase. The simulation results for the
in situ alloying of stainless steel 316L blended with the aluminum alloy AlSi10Mg were enriched and
validated with the data from a novel experimental test bench. The combination of both approaches
can enhance the understanding of the process for in situ alloying. Therefore, future investigations of
the PBF-LB/M process with multi-component powder systems can benefit from detailed numerical
studies using SPH.

Keywords: additive manufacturing (AM); Powder Bed Fusion of Metals using a Laser Beam (PBF-
LB/M); Smoothed-Particle Hydrodynamics (SPH); in situ alloying; simulation

1. Introduction and State of the Art

Initially employed for rapid prototyping only, Powder Bed Fusion of Metals using
a Laser Beam (PBF-LB/M) recently achieved a technology-readiness level suitable for
series production [1]. In addition to its almost unrestricted geometrical design possibilities,
a major advantage compared to the traditional manufacturing processes is the easy access
to customized powders. Tailored material combinations allow one both to control the
printing process and to improve the particular part characteristics, such as the strength,
the hardness, and the corrosion behavior [2]. In recent years, there have been just a few
commercially available alloys on the market [3], and most of these alloys were originally
designed for conventional manufacturing processes such as forging and drawing only.
In contrast, the PBF-LB/M process is characterized by a high energy input in a small
volume resulting in unstable melt pools and rapid solidification. Zhao et al. [4] and
Martin et al. [5] demonstrated that the formation of porosities is associated with unstable
melt pools. Alloys that are specifically designed for the process are able to improve the melt
pool stability or alter the melting and the solidification behavior. Montero-Sistiaga et al. [6]
showed that adding 4 wt.% silicon to the aluminum alloy 7075 significantly reduced the
number of microcracks.
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A simple but effective approach manipulating the melt pool dynamics and the printing
result is to blend a commercially available powder with additives. The blend is then
mixed together in the liquid phase during the PBF-LB/M process, also called in situ
alloying. Wimmer et al. [7] showed experimentally that the in situ alloying of a stainless
steel 316L powder blended with small amounts of the aluminum alloy AlSi10Mg can
alter the temperature fields of the melt pool and the sensitivity to cracking during PBF-
LB/M. The key effect was attributed to the difference in the thermal conductivity and
the surface tension of both alloys. As the surface tension of AlSi10Mg is characterized by
almost half the surface tension of 316L and is less sensitive to temperature variations [8,9],
the Marangoni effects are significantly reduced with a high impact on the melt pool
dynamics. Wimmer et al. [10] showed an increasing melt pool stability with increasing Al
content, which was attributed to the Marangoni convection.

However, experimental investigations can only partially observe the physical quan-
tities and mechanisms of action that are responsible for the melt pool dynamics and the
solidification behavior. Numerical modeling is therefore necessary to capture a holistic
view of the effects in the melt pool.

The classical simulation approaches following Eulerian descriptions, e.g., Finite-
Volume, Finite-Difference or Finite-Element methods, have been applied to PBF-LB/M
in the past [11–14]. However, considering the complex physics including multiple phase
interfaces, phase change phenomena, variable surface tension, and violent interface de-
formation and fragmentation, these methods are strongly limited in their applicability by
the nature of the schemes. As a remedy, particle-based Lagrangian methods have gained
strong interest as they are naturally suited for this application. Here, the Smoothed-Particle-
Hydrodynamics (SPH) method was employed for discretization of the governing equations.
Originally developed for astrophysical problems [15,16], SPH has proven its capabilities for
complex fluid mechanical problems such as the PBF-LB/M process. Further information
on the state of the art in SPH modeling can be found, amongst others, in Ye et al. [17].
Opposed to the advantage of the capability for complex multi-phase modeling with SPH,
the freely advecting particle system unfortunately challenges the computational efficiency.
This higher cost as compared to grid-based approaches is typically counteracted by utilizing
GPU computing [18,19].

Russell et al. [20] used the Smoothed-Particle Hydrodynamics (SPH) method to model
the PBF-LB/M process in two dimensions. An isothermal incompressible framework
was formulated to simulate liquid metals under the consideration of a thermal expansion.
The PBF-LB/M process was modeled for a particle bed, where every third particle was
given twice the thermal conductivity of its neighbors. They showed that this localized
higher thermal conductivity is sufficient to increase the global heat transfer into the powder
material. This led to a deeper melt pool and an increased rate of solidification.

Weirather et al. [21] modeled the PBF-LB/M process with a three-dimensional weakly
compressible multi-phase SPH formulation. In their model, the effects of thermal con-
duction, laser absorption, phase-change (melting and solidification), Marangoni forces,
and evaporation (recoil pressure) are considered. The simulation results were compared to
the experimental ex situ data and showed good agreement. This work demonstrated the
feasibility of the SPH method for simulating the complex PBF-LB/M process. However,
within their one-component formulation, multi-component effects cannot be considered.

1.1. Problem Statement

According to the state of the art, a three-dimensional multi-component model for
the PBF-LB/M process, which is capable of representing a variable diffusivity and its
temperature-dependence would increase the process understanding of the in situ alloying.

1.2. Approach

In this paper, the authors’ existing SPH framework [21] was extended to account for
the in situ alloying by solving an additional advection-diffusion equation for the additive
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concentration. The code implementation builds on OpenFPM, a scalable and open C++
framework for particles and mesh simulations [18]. This package allows performing ef-
ficient SPH simulations on distributed multi-CPU architectures or on GPU hardware.
There exist many variants of SPH, e.g., truly incompressible SPH [22,23] or δ-SPH [24].
Here, the weakly-compressible approach [25] was used due to it’s algorithmic simplicity.
It is known that classical SPH is non-gauge free and suffers from numerical dissipation.
This deficiency is eliminated with the use of the transport-velocity formulation [26]. The
phase-change model including tracking of different types [27,28] utilizes the Lagrangian
nature of the method. Each fluid phase is tracked with a separate set of particles, thus
no additional interface information is required. Complex phase interactions are handled
implicitly by different inter-particle forces between neighboring particles. Since the powder
and the fluid phases are represented with SPH particles, the generalized wall-boundary
condition [29] was applied. Following [30], this boundary condition is well utilized for
arbitrary geometries such as the solid - melt interface. The species transport of the addi-
tive components is modeled similarly to the energy transport [31,32]. Where available,
temperature-dependent material data were taken from the literature. The fully coupled
material model uses mixture quantities for all relevant properties (see Appendix A).

For the experiments, a novel PBF-LB/M test bench was used that is capable of moni-
toring the melt pool dynamics via high-speed thermographic imaging. The macroscopic
melt pool lengths of the steady-state simulation results and the experimental observations
were compared for various powder blends. In addition, segregated alloy particles in the
final solidified material were evaluated regarding their concentration profile and compared
to the simulation results.

2. Numerical Modeling of the In Situ Alloying

This section focuses on the novel alloy model. For more details and verification of the
general solver, we refer to our previous work [21].

Alloy Species Transport

The mixing of additives with the main powder occurs within the liquid melt phase
and is governed by advection and diffusion. The temperature-dependent diffusivity of
liquids and gases can reach millimeters or centimeters per second. For solids, this effect is
usually slow and therefore neglected [33]. Following the Fickian diffusion [34], the material
transport equation of an alloy component is given by

dCi
dt

= Di∇2Ci , (1)

where Ci and Di denote the tracer concentration and the temperature-dependent diffusivity
of the SPH particle i, respectively. It should be noted that the advective transport is
naturally considered by the Lagrangian formulation.

The discretized form of the alloy material transport Equation (1) is given by [32,35]

dCi
dt

=
1
ρi

N

∑
j=1

Vj
4DiDj

Di + Dj
(ρi + ρj)

rij∇iWij

r2
ij + η2

(
Ci − Cj

)
. (2)

Here, η is the dynamic viscosity, Vj is the volume of particle j, Wij = W(ri − rj, h) is
a kernel function with the smoothing length h, rij = |ri − rj| is the distance between two
particles, ρi and ρj are the densities, Ci and Cj are the concentrations, and Di and Dj denote
the diffusivities of the respective SPH particles. It should be noted that this conservative
formulation was chosen out of several existing discretizations since the density variation
between the solid and liquid alloy phase was neglected in this work. The evolution of the
concentration equation was added to the velocity-verlet time-integration scheme of the
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fluid solver. Similarly to a predictor-corrector approach, the concentration of each SPH
particle was advanced as follows:

Cn+ 1
2 = Cn + 0.5∆t

(
dC
dt

)n
(3)

Cn+1 = Cn+ 1
2 + 0.5∆t

(
dC
dt

)n+ 1
2

(4)

where the indices n, n + 1/2, and n + 1 denote the values at the start, in the middle,
and at the end of a time step, respectively. To ensure a stable time integration, the numer-
ical time-step ∆t is chosen as the minimum condition of the relevant criteria according
to Morris et al. [36]. Adding the transport equation for an additive concentration gives
another limiting condition similar to the viscous time-step criterion:

∆tc = 0.125
h2

Dmax
, (5)

where Dmax is the maximum diffusivity occurring in the simulated setup, h is the smoothing
length, and ∆tc is the time-step criterion for the diffusion condition.

To implement the temperature-dependent diffusivity of 316L and AlSi10Mg in the
numerical model, the alloy combination is simplified to an Fe-Al system due to the lack of
material data for both alloys.

The diffusivity of each particle Di is determined using the data of [37]. In order to
obtain an analytic function, the data weree curve-fitted by

Di = a exp(
b
Ti
), (6)

with the curve fitting parameters

a = 8.34 · 10−5 m2

s
and (7)

b = −2.62 · 104 K. (8)

Ti is the temperature of the SPH particle i. The stainless steel 316L and the aluminum
alloy AlSi10Mg exhibit diverse thermophysical properties. As each SPH particle represents
a material volume including potentially both components, the material mixture properties
are locally approximated using the mass concentrations as weighting.

As a verification of the alloy transport equation, the diffusion process of a concentra-
tion jump in a non-moving solute is presented here. The analytical solution of this problem
is given as [35]

C(z, t) =
C0

2
erfc

(
z1 − z√

4Dct

)
for z ≤ z0 (9)

C(z, t) =
C0

2
erfc

(
z− z2√

4Dct

)
for z > z0, (10)

where C0 is the initial concentration jump, z1 and z2 define the initial concentration profile,
z0 is the midpoint of the initial concentration profile, Dc is the constant diffusivity, and t
denotes the time. The simulation setup with the chosen material parameters is given in
Table 1. The quasi one-dimensional problem was initialized in a two-dimensional domain
with characteristic length-scales of the target application. A comparison of the analytical
solution with the numerical simulation of the concentration profile at the time instant
(t = 1.0 s) is shown in Figure 1. Already for the moderate numerical resolution with the
particle spacing ∆x = 1 µm, a good agreement between the analytical and the numerical
solutions was found.
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Figure 1. The verification case (a) and the comparison of the analytical solution with the numerical
solution for t = 1.0 s (b).

Table 1. Simulation parameters and material properties for the diffusion verification.

Symbol Property Value Unit

l Height of the domain (z-direction) 100 µm
b Width of the domain (x-direction) 40 µm
x1 Position of the stripe in x-direction 20 µm
z1 Position of the stripe in z-direction 44 µm
z2 Position of the stripe in z-direction 55 µm

C0 Solute concentration 100 %
C1 Solvent concentration 0 %
ρ0 Solute density 1000 kg/m3

ρ1 Solvent density 1000 kg/m3

D0 Diffusivity 1× 10−4 m2/s
∆x Particle size 1 µm

3. Experiments

The simulation model was validated with the experimental data of a single-track
experiment using the novel test bench [10]. Following the usual practice, the geometrical
information of the molten pool was used to quantify the accuracy of the simulation results
on a global scale [21,38,39]. In contrast to the validation with ex situ data, which uses
microsections over several millimeters, this work provides in situ validation data on a
spatial resolution that is equal to the one used in the simulation. To the best of the authors’
knowledge, for the first time cross-sectional thermographic, images of the melt pool were
used to validate the simulation results of the PBF-LB/M process.

3.1. Experimental Setup

The experiments were carried out in a novel laser test bench (see Figure 2) for the
process monitoring of the PBF-LB/M process. It consists of a 1000 W fiber laser (IPG
YLR-1000-WC-Y14), a thermographic high-speed infrared camera (FLIR X69000sc) with
a FLIR precision optics (100 mm focal length), and an optical setup. The optical setup
includes a breadboard (Thorlabs), on which several optical instruments are mounted and
aligned for an open beam path. The beam is expanded by a collimator (IPG D50-F200)
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and is then guided through the scanning systems for area irradiation (Scanlab intelliSCAN
III30) and beam waist variation (Scanlab varioSCAN de40i). The observed window of the
camera was resolved with 96 × 40 pixels. To increase the imaging scale, distance rings with
a length of 68.5 mm were used. With this resolution and the hardware settings, a maximum
frame rate of 9762.5 Hz was achieved.

Figure 2. Experimental setup for the process monitoring during PBF-LB/M.

Figure 3 depicts a schematic close-up of the experimental chamber, which allows us to
observe the cross-section of the melt pool. The setup enables single or multiple powder
layers over an area of 39 × 70 mm2 with a variable powder layer thickness from 1 µm up
to 600 µm. The components of the setup are designed to quickly remove the powder and
for an easy access to the chamber for cleaning. In consequence, the setup is well-suited for
investigating different powder mixtures.

Metals 2021, 1, 0 7 of 14

Number Name

1 High-speed IR camera
2 Protective glass
3 ZnS glass
4 Height adjustment
5 Glass ceramic
6 Laser protective glass
7 Pressure regulator
8 Building platform
9 Recoater unit
10 Overpressure valve

Figure 3. Sectional view of the PBF-LB/M chamber with a description of the various components

Calibration of the thermographic imaging system

With the chosen scanning speed of 0.375 m/s, the image details set on the camera,
and the frame rate of 9762.5 Hz, the melt pool appeared on about 44 frames within the
resolved window. Due to the high number of frames and the unstable emissivity in the
liquid phase, the melt pool geometry was evaluated with an automated algorithm that
uses a reference temperature at the point of the phase transition [40]. Thus, the melt pool
geometry was determined independently of the emissivity.
The transmission spectra of the glass ceramic and the ZnS glass were evaluated to enable
the calibration of the transmission coefficient. With a spectral range of 3 to 5 µm (range
of the lens set-up used), the ZnS glass has a mean transmission of 72.57 % while the glass
ceramic has 43.13 %. This results in a combined transmission of 31.30 %.
To analyze the melt pool geometry with high precision, it is crucial to know the exact pixel
size of the image. By using distance rings, the pixel size deviates from the one declared
by the manufacturer. To determine the exact size, the pixels were calibrated with the
same set-up used for the experiments. A glass scale with a resolution of 100 µm was
used. The scale was placed in the chamber and a soldering iron was used as a heat source.
The difference in the thermal radiation between the stripes and the glass was analyzed
with the high-speed IR camera. This method was performed for the horizontal axis and the
vertical axis and resulted in a pixel length and height of 17.6 µm with the consideration of
a quadratic pixel size at an orthogonal view.

Experimental approach

The powder bed and laser properties of the experiments are summarized in Table 2. The
optimal parameter settings were determined with preliminary studies. Note that in this
paper the unit wt.% is used to indicate the amount of AlSi10Mg additives in relation to
the whole powder blend, and the concentration C (in %) is the amount of AlSi10Mg at a
specific location.
To demonstrate the effect of additives on the melt pool stability, three settings with different
amounts of AlSi10Mg additives were investigated. The stainless steel 316L powder was ob-
tained from Oerlikon (d50 = 15.4 µm) and, for the AlSi10Mg additives, the powder of SLM
Solutions (d50 = 11.3 µm) was used. During the experiments, a 316L plate with dimensions
39 x 70 x 8 mm3 served as a building platform. The plate was sandblasted on the upper sur-
face to provide a better adhesion for the powder particles during coating. The laser beam
was positioned at the edge of the building platform, so that the high-speed IR camera was
capable of observing the melt pool in the cross-section. Preliminary geometry-studies (mi-

Figure 3. Sectional view of the PBF-LB/M chamber with a description of the various components.

3.1.1. Calibration of the Thermographic Imaging System

With the chosen scanning speed of 0.375 m/s, the image details set on the camera,
and the frame rate of 9762.5 Hz, the melt pool appeared on about 44 frames within the
resolved window. Due to the high number of frames and the unstable emissivity in the
liquid phase, the melt pool geometry was evaluated with an automated algorithm that
uses a reference temperature at the point of the phase transition [40]. Thus, the melt pool
geometry was determined independently of the emissivity.
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The transmission spectra of the glass ceramic and the ZnS glass were evaluated to
enable the calibration of the transmission coefficient. With a spectral range of 3 to 5 µm
(range of the lens setup used), the ZnS glass has a mean transmission of 72.57%, while the
glass ceramic has 43.13%. This results in a combined transmission of 31.30%.

To analyze the melt pool geometry with high precision, it is crucial to know the exact
pixel size of the image. By using distance rings, the pixel size deviates from the one
declared by the manufacturer. To determine the exact size, the pixels were calibrated with
the same setup used for the experiments. A glass scale with a resolution of 100 µm was
used. The scale was placed in the chamber, and a soldering iron was used as a heat source.
The difference in the thermal radiation between the stripes and the glass was analyzed
with the high-speed IR camera. This method was performed for the horizontal axis and the
vertical axis and resulted in a pixel length and height of 17.6 µm considering a quadratic
pixel size at an orthogonal view.

3.1.2. Experimental Approach

The powder bed and laser properties of the experiments are summarized in Table 2.
The optimal parameter settings were determined with preliminary studies. Note that in
this paper the unit wt.% is used to indicate the amount of AlSi10Mg additives in relation to
the whole powder blend, and the concentration C (in %) is the amount of AlSi10Mg at a
specific location.

To demonstrate the effect of additives on the melt pool stability, three settings with
different amounts of AlSi10Mg additives were investigated. The stainless steel 316L powder
was obtained from Oerlikon (d50 = 15.4 µm) and, for the AlSi10Mg additives, the powder
of SLM Solutions (d50 = 11.3 µm) was used. During the experiments, a 316L plate with
dimensions 39 × 70 × 8 mm3 served as a building platform. The plate was sandblasted
on the upper surface to provide a better adhesion for the powder particles during coating.
The laser beam was positioned at the edge of the building platform so that the high-speed IR
camera was capable of observing the melt pool in the cross-section. Preliminary geometry-
studies (microsections) of the solidified tracks showed no statistically significant differences
between the single-melt tracks in the center or at the edge of the building platform.

Table 2. Powder bed and laser properties.

Symbol Property Value Unit

d Powder layer thickness 20 µm
- Amount of AlSi10Mg additives in the powder blend 0 wt.%

1 wt.%
5 wt.%

P Laser power 175 W
r Laser beam radius 40 µm
vb Laser beam velocity 0.375 m

s

3.2. Simulation Setup

The described numerical method was used to replicate the single-track experiments in
the simulation. The process parameters were selected according to the experiments (see
Table 2). For a reasonable comparison with the experiments, the simulation was performed
with all available physical models including the gravity, the friction, the surface tension
with thermocapillary effects, the heat conduction, the phase changes, the vaporization
effects (recoil pressure), and the alloy species diffusion. The numerical parameters are
summarized in Table 3. The chosen spatial resolution results in a total of 1.3× 106 particles.
To generate the powder particles utilized in the PBF-LB/M process, the algorithm of
Zhou et al. [41] was used. The powder particles are generated according to a drop-and-roll
mechanism and therefore consist of multiple SPH particles. With regard to the experimental
validation, a similar median value (d50 = 13.7 µm) of the Particle Size Distribution (PSD)
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was used. The material properties of the stainless steel 316L and the aluminum alloy
AlSi10Mg used for the simulations are listed in Appendix A (Tables A1 and A2).

Table 3. Numerical settings.

Symbol Property Value Unit

ρ0 Reference density 7763 kg/m2

- Kernel type Quintic spline -
h0 Particle spacing 2.0 µm
g Gravity 9.81 m/s2

t Exposure time (vb = 0.375 m/s) 10.4× 10−4 s

4. Results and Discussion

The simulation model is validated by comparing the simulated melt pool lengths
with the experimental data from single-melt tracks. The melt pool length is defined as the
distance between the onset and the end of the liquid region in the scanning direction for
a given steady-state time-step. This definition is used both for the experimental data as
well as for the simulations. In addition, the mixing characteristic of the AlSi10Mg additives
with the 316L base powder is compared after the solidification.

Figure 4 illustrates the SPH representation of the powder blend at the initial condition
(a) and after the melting (b). The colormap indicates the concentration of AlSi10Mg in
percent for the respective SPH particle. Figure 4b shows both the solid phase and the
melted regions with respective alloy concentration fields. It should be noted that for
different amounts of additives, i.e., 1 wt.% and 5 wt.% AlSi10Mg, the overall shape of
the melt pool is unaffected. However, at identical time instances, the observed liquid
regions in the experiments and in the simulations are larger for the powder blends with
a high amount of AlSi10Mg additives. This expected behavior is due to the fact that
the liquidus temperature of AlSi10Mg is much lower than the liquidus temperature of
316L. The quantitative comparison of the melt pool lengths between the experiments
and simulations is shown in Figure 5 for the different powder blends. The experimental
results show a clear monotonic increase in the melt pool length with an increasing additive
content. The simulations confirm this tendency: the virtual melt pool lengths for 316L
with additives match with the experiments within the standard deviation σ. However,
comparing the simulation and the experimental results for the 316L without additives
shows that the data overlap only with 2σ. Possible reasons for this might be, on the one
hand, inaccuracies of the material models used and, on the other hand, a viscosity that
is assumed to be too small. Interestingly, the higher the AlSi10Mg content, the higher is
the spread of the melt pool, which can be used to alter the resolution of the printed parts.
In addition, the longer-lasting liquid areas could also allow the control of emerging defects.
Note that the numerical setting is neither fine-tuned nor adjusted to match the current
experimental data. Instead, a validated physical model implementation was used together
with literature data for the material parameter. The simulation results demonstrate that
the SPH method is capable of reproducing the fundamental physical phenomena, which
results in overall good agreement with the experimental data.
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Figure 4. The initial powder bed (a) and the steady-state melt pool (b) for 316L blended with
5 wt.% AlSi10Mg.
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Figure 5. Comparison of the melt pool length between the steady-state simulation results and the
experimental results in dependence of the amount of AlSi10Mg additives.

The experimental distribution of a single AlSi10Mg powder particle, which was
melted and solidified at the edge of the melt pool, was investigated via Scanning Electron
Microscopy (SEM; JEOL JSM-IT200, magnification 1600, acceleration voltage 30 kV) and
Energy-Dispersive X-ray Spectroscopy (EDS; energy resolution 129 eV, take-off angle 35◦).
Figure 6 shows an SEM image of a solidified track in the longitudinal direction with a
superimposed EDS mapping of AlSi10Mg. A single AlSi10Mg powder particle is depicted
at the top of the image in orange color. This qualitative image was quantitatively evaluated
with two line scans and compared with the simulation result of an AlSi10Mg powder
particle in a similar position (Figure 7). Both results demonstrate a mixing in depth and in
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lateral direction. Due to the marginal advection of a powder particle at the edges of the
melt, the concentration profile of AlSi10Mg is dominated by diffusion effects.

Figure 6. SEM image of a longitudinal microsection with a superimposed EDS mapping of AlSi10Mg
showing a single AlSi10Mg powder particle after single-track melting; the laser scanning direction
was in the positive y-direction.
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Figure 7. Comparison of the simulation and the experimental results of the mixing behavior for a
single AlSi10Mg powder particle after single-track melting in two spatial directions.

The deviation of the simulation result in the lateral direction between 6 and 9 µm
may be caused by a differing cross-section position of the analyzed particle. However,
the overall mixing behavior shows very good agreement between the simulation and the
experiment. Due to the fact that the dissolution of the AlSi10Mg powder particle is not
complete, this can lead to inclusions that can impair mechanical properties.

5. Conclusions and Outlook

This paper presents a framework to investigate the basic phenomena of the in situ
alloying of stainless steel 316L with the aluminum alloy AlSi10Mg during PBF-LB/M.
The numerical simulation results were complemented and validated with experiments.
The main findings are summarized in the following:

• The powder blends consisting of 316L and AlSi10Mg were successfully simplified
with an Fe-Al system using curve-fitted material parameters.

• The simulation results were validated with a novel experimental setup. High-speed
thermographic imaging provided validation data of the melt pool cross-section on a
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small spatial scale. The global validation quantity was the melt pool length. For both
simulation and experiment, the same trend of increasing melt pool dimensions with
higher amounts of additives was found.

• The simulation results show a good agreement with the experimental SEM-EDS results
for the concentration profile of a single AlSi10Mg powder particle.

• The presented framework is a suitable basis for the simulation of in situ alloying
during PBF-LB/M.

In the future, more elaborate multi-component alloy systems can be implemented
using a multi-component species concentration. In addition, an extension of the simu-
lation tool for a hot-cracking prediction is pursued in ongoing work, as in situ alloying
is a promising approach to reduce hot-cracking during PBF-LB/M and requires further
fundamental investigations. The simulation will significantly reduce the experimental
effort for analyzing new material combinations.
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Appendix A

Table A1. Material properties of 316L for the simulations.

316L Property Temperature Range Value Units References

Ts Solidus temperature − 1633 K [42]
Tl Liquidus temperature − 1683 K [42]
Tb Boiling temperature − 3073 K [43]

k Thermal conductivity
T < Tl 9.59 + 141× 10−4 ·K−1 · T W

K m [44]
Tl > T > Ts 355.93− 196.90× 10−3 ·K−1 · T W

K m [44]
T > Tl 6.60 + 121.40× 10−4 ·K−1 · T W

K m [44]

H Specific enthalpy

T < 1132 K −138, 595.00 + 458.93 ·K−1 · T J
kg [45]

1132 K < T < Tl −374,150.00 + 714.29 ·K−1 · T J
kg [45]

Ts < T < Tl −8,181,263.00 +5494.51 ·K−1 · T J
kg [45]

T > Tl −336,177.97 + 847.46 ·K−1 · T J
kg [45]

c Specific heat capacity T < Tl 492 J
kg K [42]

T > Tl 736 J
kg K [42]

η Dynamic viscosity T > Tl −180.76 · e−1.95/T + 180.68 kg s
m2 [46]

α Surface tension coefficient Tl < T < 2166 1.82 N
m [47]

T > 2166 1.84− 0.11× (T − 2000 K)× 10−3 N
m [47]

M Molar mass - 57.96× 10−3 kg
mol

a Absorptivity 0.4 − [43]
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Table A2. Material properties of AlSi10Mg for the simulations.

AlSi10Mg Property Temperature Range Value Units References

Ts Solidus temperature − 816 K [48]
Tl Liquidus temperature − 853 K [48]
Tb Boiling temperature − 2737 K [49]

k Thermal conductivity T < Tl 155 W
K m [50]

T > Tl 120 W
K m [51]

H Specific enthalpy
T < Tl − 230,136.36 +909.09 ·K−1 · T J

kg [42]

T < Tl −8,243,682.40 + 10, 729.61 ·K−1 · T J
kg [42]

Ts < T < Tl 140,209.01 +909.09 ·K−1 · T J
kg [42]

c Specific heat capacity T < Tl 920 J
kg K [52]

T > Tl 1050 J
kg K [51]

η Dynamic viscosity T > Tl −163.16 · e−1.78/T + 163.12 kg s
m2 [53]

α Surface tension coefficient T > Tl 0.88 N
m [54]

M Molar mass - 332.14× 10−3 kg
mol

a Absorptivity 0.09 − [55]

It should be noted that following common practice [56] , the dynamic viscosity given
in Tables A1 and A2 includes a multiplication factor of 20 to stabilize the molten pool under
surface tension.
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