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Abstract: The high cooling rates reached during metal additive manufacturing (MAM) generate
microstructures very different from those obtained by other conventional manufacturing methods.
Therefore, research about the modeling of this type of microstructure is of great interest to the MAM
community. In this work, the prediction of the lamellar spacing of an AlSi10Mg sample manufactured
by laser powder bed fusion (LPBF), is presented. A multiscale approach is used, combining a
CALPHAD (Computer Coupling of Phase Diagrams and Thermochemistry) model to predict the
material properties, with a macroscale model of the sample manufacturing and with a microscale
model to predict the microstructure. The manufacturing and metallographic characterization of
the sample is also included. The results prove that the multiscale strategy followed is a valid
approximation to simulate this type of manufacturing process. In addition, it is shown that the use
of a generic simulation software focused on metal casting processes can be useful in predicting the
lamellar spacing of the microstructure manufactured by LPBF. Finally, the relationship between the
cooling rate and the resulting lamellar spacing has been established for this AlSi10Mg under the
specific manufacturing conditions considered.

Keywords: LPBF; microstructure; simulation

1. Introduction

Additive manufacturing (AM) is a disruptive technology that makes it possible to
manufacture geometries that are almost impossible to achieve by other manufacturing
methods. This fact, together with its good adaptability to customized production and
with the possibility of being integrated into intelligent production systems, makes AM an
essential ingredient of Industry 4.0, where it may become a key technology [1]. Although
there are still some doubts about its applicability in mass production, the utilization of AM
in the industry is on the rise in different sectors such as aerospace, biomedical, automotive,
etc. In fact, the overall AM market for metal and polymer systems was valued at 8.33 billion
EUR in 2021 with a projected growth of compound annual growth rate (CAGR) of 18.2 %
until 2026. Related to the metal AM (MAM) market alone, it was valued at 2.50 billion EUR
in 2021 with an expected CAGR of 25.5% until 2026 [2].

The main types of processes used in MAM are powder bed fusion (PBF), direct energy
deposition, material jetting, and binder jetting. Considering power bed fusion, the two
main technologies of this group are laser powder bed fusion (LPBF), also known as selective
laser melting (SLM), and electron beam melting (EBM). The LPBE, one of the most extended
in this industry, basically consists of the deposition of a metallic powder layer on a platform
and the selective melting of the powder by the laser. Once the layer has been selectively
melted, the platform descends, and a new layer of metallic powder is deposited to be
selectively melted; this process is repeated until the complete part is manufactured layer
by layer [3].
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An important constraint of MAM is related to the resultant microstructure of the
manufactured part, as it is directly correlated with the material's mechanical performance.
The high temperatures reached during the process, together with the extremely fast heating
and cooling rates, may promote the appearance of certain microstructures, which are
detrimental to the mechanical properties. For example, the fine microstructure that results
from high cooling rates can be detrimental to crack propagation resistance in fatigue
behavior [4].

In fact, currently, there are only a limited number of alloys that can be processed
by MAM since the rest present a poor performance related to hot cracking and/or low
mechanical properties [5-9]. Therefore, microstructure prediction is a very useful tool not
only to support the process parameter’s optimization but also to help in the development
of new alloys more suitable to be used in this manufacturing process.

Several authors have studied different approaches for the modeling of the LPBF. For
example, Bidare et al. study the interaction between the laser beam and the powder bed
by means of FEM analysis, including the dynamics of the gas and plasma phases for
stainless steel 316 L [10]. Acharya et al. developed a model combining a CFD model
with a phase-field model to predict the microstructure of the Inconel 718 [11]. Zhang et al.
use a 3-D heat transfer finite element model for predicting melt pool dimensions in the
LPBF of stainless steel 17-4PH [12]. Denlinger et al. model the thermal behavior of the
Inconel 718 during the LPBF manufacturing by means of a 3D Lagrangian transient thermal
analysis [13]. There are also works devoted to the particular case of aluminum alloys,
although the number is lower. For example, Azizi et al. studied the LPBF of AlSi by means
of a phase-field formulation [14], and Rehman et al. studied the spatter formation and
splashing-induced defects in AlSi10Mg LPBF [15]. Many others have also made interesting
contributions [16-22].

The motivation of the present work is to contribute to the LPBF modeling by presenting
an alternative approach to tackle this type of simulation. In addition, the experimental
results by themselves are also an interesting contribution for other researchers interested in
this type of manufacturing method.

The research hypothesis is the possibility of predicting the microstructure of an LPBF
part through a multiscale and multi-software approach, being one of the software specifi-
cally developed for other types of metallic manufacturing processes, where cooling rates
are very different from those experimented in LPBF. To validate this hypothesis, the man-
ufacturing process simulation was carried out, combining three different models. One
thermodynamic model, one model at the macroscale level representative of LPBF manufac-
turing, and one model at the microscale level focused on the microstructure evolution. The
models have been adjusted, taking as a reference the metallographic study of experimen-
tally manufactured samples.

The main novelty of the approach is the multiscale modeling: the software used to
predict the microstructure was not developed for the LPBF microstructures. This approach
may be useful for those researchers that have not available specific software tools for this
manufacturing process but are interested in their modeling. The work contribution is
intended to provide an alternative approach to this type of modeling rather than closing a
specific research gap in this topic.

2. Materials and Methods

In order to be able to validate the simulation models developed in this work, sample parts
have been manufactured and characterized to evaluate their microstructure experimentally.

The alloy studied is the AlSi10Mg. Its chemical composition has been analyzed by
optical emission spectrometry, obtaining the composition shown in Table 1.
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Table 1. Alloy chemical composition.
Al Si Fe Zn Mg Cu Ti Mn Ni
Base 10.7 0.21 <0.01 0.26 <0.01 0.02 <0.01 <0.01

2.1. Samples Manufacturing

The sample parts were built using a Samylabs ALBA300 machine (Figure 1), which
has a fiber laser with a maximum power output of 250 W and 1080 nm wavelength. The
laser spot focalized in the substrate corresponds to a diameter of 71 um (1/e2 method).

Figure 1. Samylabs ALBA300 machine at IMH Campus.

The build chamber was filled with argon (purity level 99.999%) before operation and a
constant shielding gas flow was used during the build for spatter removal following [23].
The oxygen content in the build chamber was maintained below 0.43 vol% (4300 ppm)
during the process following [24,25].

The samples were built directly on EN AW-5083 aluminum substrate without pre-
heating because the equipment in which the experiment was carried out does not have a
substrate heater. The 20 mm thick substrate plate functioned as a heatsink to allow heat to
be conducted away from the samples.

The manufacturing path was generated by SamyStudio 5.1 software using a powder
layer thickness of 25 um. Different parameters were set for the core and the edge of the part
to improve part density and surface quality (Figure 2). The core was built by a bidirectional
meander hatching pattern with 67 degrees clockwise turn between layers. The edge of the
part was built by a single contour path.

1 contour path

+67°
Clockwise

Bidirectional meander
hatching pattern

Figure 2. Manufacturing path strategy: layer path and part path.
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The core parameters used for the manufacturing of the samples were 800 mm/s
scanning speed, continuous 250 W laser power and 0.15 mm hatch width. These process
parameter values were set by the previous Box-Behnken Design of Experiments analysis
optimized for minimizing porosity. More information about Box-Behnken Design of Ex-
periments can be found at [26]. The contour path was built by 800 mm/s scanning speed,
continuous 200 W laser power and 0.07 mm contour distance, which were determined
based on previous works.

The sample geometry was designed in order to avoid additional support structures,
to rule out any effect they might have on the finished part, and to facilitate the manual
removal of parts from the substrate (Figure 3).

Figure 3. Manufactured samples for metallographic characterization.

2.2. Metallographic Characterization

Metallographic samples were prepared in three different planes (Figure 4) to check the
relationship of microstructure-direction, assuming that the components manufactured by
LPBF show a high anisotropic temperature dependence.

Figure 4. Cutting planes to carry out the microstructure inspection.

Samples were prepared according to the classical method [27]: resin embedded, pol-
ished, and etched (2 mL of HF, 3 mL of HCI, 5 mL of HNO3, and 190 mL of water). The
observation of microstructures was performed by means of light (bright and dark fields)
and electronic microscopy.

2.3. Modeling

A multiscale approach has been used to model the microstructure evolution. First, the
thermo-physical material properties have been calculated based on the alloy's chemical
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composition. Next, the sample manufacturing process has been simulated by means of a
macroscale simulation, taking into account the previously calculated material properties.
Afterwards, the temperature profiles obtained as a result of the macroscale modeling have
been used to define boundary conditions that, applied to the microstructure evolution
model, produce equivalent cooling rates in the material (see Figure 5).

[ caphad |

!

’ Material properties f(T)

|

Material properties
calculation at T constant

l

Macro-scale Simulation
LPBF process

)

I Temperatures f(t) |

}

Calculation of
Solidification cooling rates

!

Calculation of the
Equivalent Boundary Conditions | mep
for the micro-scale simulation

Micro-scale Simulation
LPBF process

Figure 5. Flow chart of the multiscale models' connection.

2.3.1. Thermo-Physical Material Properties Calculation

Material properties have been calculated by a CALPHAD (Computer Coupling of
Phase Diagrams and Thermochemistry) based modeling.

The CALPHAD methodology is based on computational thermodynamics models,
which use experimental information collected for binary and ternary subsystems to extrap-
olate the properties of higher order alloys (multicomponent systems), predicting aspects
like the phases or some thermo-physical properties, such as, for example, the density or the
enthalpy among others [28].

In this case, commercial CALPHAD software [29] has been used to calculate the mate-
rial properties of the alloy. A microsegregation model known as back diffusion has been
used to predict the material properties, assuming a cooling rate according to values found
in the bibliography for the LPBF process (750 x-10° K/s) [30] and the chemical compo-
sition previously measured (Table 1). The back diffusion model [31] can be considered a
balance between the well-known lever rule model (which considers a complete mixing
of the solute in the solid, that is a very good diffusion) [32] and the Scheil model (which
assumes no diffusion at all in the solid phase) [33]. The solid fraction curve has been
obtained together with the density, the thermal conductivity, and the enthalpy, all of them
temperature-dependent (Figure 6).
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Figure 6. Thermo-physical properties obtained.

The software used to model the LPBF process is not able to work with temperature-
dependent properties, therefore, considering the fast solidification rates and the punctual
heat source, the average value at solid state has been used for the density and the thermal
conductivity. The temperature corresponding to 50% of the solid fraction has been assumed
as the melting point. Another restraint of the software is the requirement to use the specific
heat (Cp) value instead of the enthalpy value (H). Therefore, the specific heat curve has
been calculated from the enthalpy curve at solid-state, following Equation (1), where (T)
represents the temperature, and its average value has been used in the simulation.

Cp(T) = == @

2.3.2. Sample Manufacturing Modeling

The sample manufacturing has been modeled by means of commercial software
specifically developed for the LPBF simulation [34]. The sample geometry is a small cube
with a pyramidal support whose dimensions can be seen in Figure 7 (left).

10 mm -

10 mm

-

10 mm

>
»

4 mm

4mm a

Figure 7. Sample geometry (left), mesh (right).
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The manufacturing process has been modeled considering the experimental conditions
previously detailed in Section 2.1. The model includes the powder layers deposition and
the heat transfer phenomena, including the powder fusion by the laser and the cooling.

Referring to the boundary conditions, the convection coefficient has been fixed to a
value equivalent to natural convection (12.7 W/m?K). The power absorption is included
as a percentage, and it has been fixed at 11%. The process conditions correspond to those
used during the part manufacturing (Table 2).

Table 2. Process parameters.

Hatch Space Laser Diameter . Laser Power Powder Layer
(mm) (mm) Velocity (mm/s) W) Thickness (mm)
0.15 0.071 800 200 0.025

The main phenomenon considered in the simulation is heat transfer, therefore, the
main equation solved is the heat transfer equation shown in (2).

d
Q=pC, o ~ V-(kVT) e

The model is solved by the finite element method. Although our interest is focused on
the thermal behavior during the LPBF manufacturing, the thermo-mechanical solver has
been used due to its better stability when compared with the stability of the thermal solver
alone, included in the software. In fact, using the thermal software alone, convergence
problems were experienced that prevented its use in this case.

Referring to the material properties, the melting point, the density, the thermal con-
ductivity, and the specific heat values previously calculated have been used (Table 3). The
emissivity value corresponds to the default value included in the software database for
this alloy. For the mechanical properties (Young’s modulus, Poisson ratio, etc.), the default
values included in the database for this alloy have been used.

Table 3. Material properties.

Specific Heat Conductivit Melting Point

. 3 | % y g P

Density (kg/m?) (J/kgK) (W/mK) %) Emissivity
2608.79 1005.11 151.55 846.82 0.18

The geometry has been discretized by a regular mesh formed by voxel elements with
0.25 mm side (Figure 7 right); this size is 10 times bigger than the powder layer thickness,
but it has not been possible to employ smaller elements due to software limitations.

The temperature-time curve of every node has been extracted and processed to obtain
the solidification cooling rate (SCR), which has been calculated following Equation (3),
where T represents temperatures expressed in K and t represent times expressed in seconds.
The SCR is expressed in K/s.

SCR (K/S) _ Tliquidus(K) - Tsolidus(K) (3)
tliquidus(s) — tsolidus (S)

The SCR distribution in the manufactured part has been analyzed by applying cluster-
ing techniques. More precisely, a KMeans algorithm has been used to classify the cooling
rates in 5 different clusters. KMeans is a classification algorithm that clusters the data by
trying to separate the samples in n groups of equal variance, minimizing a criterion known
as the inertia or within-cluster sum-of-squares [35].
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2.3.3. Microstructure Prediction

The final objective is to predict the lamellar spacing of the microstructure. Considering
that the magnitude order expected for the lamellar spacing is microns, a reduced model
based on a representative volume element (RVE) has been used to equilibrate the use of a
mesh smooth enough with a reasonable calculation time.

The RVE used is a cube 0.25 mm side, whose height is equivalent to 10 powder layers
(0.025 mm/layer). It has been drawn and discretized by a finite element mesh formed by
tetrahedral elements 0.025 mm side, giving a mesh formed by 1479 nodes and 6786 elements
(Figure 8 left).

Heat extraction
0.25 mm s
0.25 mm boundary condition

0.25 mm

Figure 8. RVE model (left). Heat extraction condition (right).

Commercial software specifically developed for metal casting simulations [36] has
been used to predict the microstructure. As a consequence, some assumptions must be
made in order to set up the case to be representative of the LPBF process. The idea is to
reproduce only the solidification process. For this reason, the initial temperature of the
alloy has been fixed, equal to liquidus temperature (585 °C), and a heat extraction boundary
condition has been applied to the top surface of the RVE (Figure 8 right).

The heat extraction boundary condition has been adjusted to produce an SCR in the
RVE similar to the values predicted in the LPBF process simulation, following equation
(4). Considering a volume equal to 1.5625-10 7! m?, an average value in the solidification
range for the density and the specific heat (p = 2507 kg/m?, Cp = 1132.8]/kgK) and a
SCR equal to 698,062 K/s (see Section 3), a value equal to 30.98 W is obtained.

Q (W) = V(m3) 0 (kg/m3) .Cp(J/kgK)-SCR(K/s) @)

The main governing equations of the physics involved in alloy cooling and solidifica-
tion, for this case, are the heat transfer Equation (2) and the nucleation and growth of the
grains. The software solves the nucleation and growth of the grains following Equations
(5) and (6) proposed by Oldfield [37], where N,,.,; is the number of nuclei, A, and n are
the nucleation constants, T is the temperature, (dR_nuclei)/dt is the growth, and i is the
growth coefficient.

Nnuclei = AE'(AT>n (5)
e _ . .(aT)? ©

Material properties were calculated by the CALPHAD method previously mentioned,
but the values of the nucleation and growth constants (A., n, j.) must be adjusted de-
pending on the alloy, the cooling rate, the metal treatment, etc. In this case, an optimization
algorithm has been used to adjust them.

The model adjustment can be considered an optimization problem, where the objective
is to minimize the differences between the values predicted by the simulation and the
reference values measured experimentally. This is achieved modifying the values assigned
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to the variables to be correlated (in this case, the nucleation and growth constants) until
the value predicted (in this case, the lamellar spacing) matches the values measured ex-
perimentally. This minimization can be made by manually modifying the values assigned
to the variables [38—41] or by means of optimization algorithms. Several authors have
explored the use of different types of optimization algorithms for model adjustments [42—48]
in different fields. In this case, the NEWUOA algorithm included in the Python Parallel
Global Multiobjective Optimizer [49] was used to perform the adjustment. NEWUOA is a
deterministic local optimization algorithm developed by M.ED. Powell is well known for
his work in numerical analysis, especially in optimization [50].

3. Results and Discussion
3.1. Metalographycal Characterization

The microstructure in planes YZ and XZ, as defined in Figure 4, shows a structure
very similar to those obtained in a typical welding process. The different weld seams can
be observed in Figure 9.

091351-003.

Figure 9. Microstructure on the XZ (left) and YZ (right) planes (x100).

In the plane XY, a different pattern can be observed (Figure 10). This is more related
to the welding path along the laser beam movement on the upper surface of the sample
(diagonally interlaced).

091351003 091351903

Figure 10. Microstructure on the XY plane x50 (left), X100 (right).

To have a closer view of the microstructure, samples were observed in a scanning
electron microscope. The images (Figure 11) showed a needle-like structure (eutectic type)
quite typical in fast-cooled metals. These needles appear finer in the core of the weld seam
and slightly coarser in the border of adjacent seams.
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Figure 11. Microstructure on the XY plane x1000 (left), x5000 (right).

The interlamellar spacing of the needles was measured in different regions of the
sample in the weld seam. The measurement was performed using image analysis software.
The mean value obtained for this interlamellar spacing is 0.71 microns (710 nm).

Assuming a behavior similar to those of the needle-like structures (as for example
martensite, or perlite), this spacing could be inversely related to the mechanical strength of
the material. That is, the smaller the lamellar space, the higher the mechanical strength.

3.2. Sample Manufacturing Simulation

The results obtained show an average SCR between 1 x-10° and 1-x 10° K/s in most
of the sample (Figures 12 and 13). The average SCR in the central area of the manufactured
part is equal to 698,062 K/s. This high value was consistent with the values calculated by
different authors [51,52].

2.5x10°
[ 2.0x10°

— 1.5x10°

cooling_rate

— 1.0x10°
[ 5.0x10°
2.0x10°

Figure 12. Solidification cooling rates distribution along the part.

3.3. Microstructure Modeling

A preliminary estimation of the nucleation and growth parameters has been made by
obtaining an average lamellar spacing estimation equal to 0.693 um. This value gives an
error of only 2.5% compared with the 0.71 um measured experimentally. In any case, the
model has been adjusted by means of the optimization algorithm, improving its accuracy.
The algorithm has reduced the average error to 3.01-x 10~ as can be seen in Figure 14.
The values finally assigned for the nucleation parameters are shown in Table 4.
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Solidification cooling rates

10x10

1.0x10%

10x104

10x10%

Cooling rate (K/s)

10x10

1.0x 10

4 0
Clusters

Figure 13. Solidification cooling rate values in different areas of the part.

Optimization progress
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0.001 - .
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.
.

0.0001

. tee e seseseee

0.00001
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Iterations

Figure 14. Evolution of the optimization process.

Table 4. Nucleation parameters.

A, n
3.08 x 10° 7.50

He
25.44

The values obtained for nodes near the RVE top surface present some dispersion due
to their proximity to the extreme boundary condition applied. Therefore, these three nodes
have been removed from the results.

Figure 15 shows the relationship between the nodes' location and the cooling rates
reached in them and between the nodes' location and the lamellar spacing predicted.
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Coolingrate vs node location Lamellar space vs node location
20x 105

18x 10
163108
18%108
12z
10% 10
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O Boxi - .

Lamellar space (microns)
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20%10¢
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Figure 15. Cooling rate (left) and lamellar spacing (right) vs. nodes location.

Figure 16 shows the relationship between the cooling rate and the lamellar spacing.

Lamellar space vs cooling rate

Lamellar space (microns)

0 20x10¢ 40x10* 60x10* 80x10¢ 1.0x105 12x105 14x10° 16x105 18x10° 20x10°
Cooling rate (K/s)

Figure 16. Lamellar spacing vs. Cooling rate.

These results show that a multiscale approach combining the CALPHAD modeling, the
macroscale modeling of the sample manufacturing by LPBE, and the microscale modeling
of the microstructure evolution is a valid approximation to predict the lamellar spacing of
the sample manufactured by LPBE.

This approach may be useful for those researchers that have not available specific
software tools specifically written for this manufacturing process but are interested in
its modeling.

4. Conclusions

The LPBF manufacturing of the AlSil0OMg under the studied process conditions
(800 mm /s scanning speed, continuous 250 W laser power, and 0.15 mm hatch width) shows
a structure very similar to those obtained in a typical welding process, where different weld
seams are observed.

Under these process conditions, the manufacturing has produced a very fine needle-
like microstructure with lamellar spacing values of about 0.71 um. For the conditions
studied, it has been possible to produce crack-free parts without using preheating.

A generic simulation software specifically developed for metal casting processes can
be used to predict the lamellar spacing of the microstructure manufactured by LPBF.

The values adjusted for the nucleation parameters (nucleation constants: A, = 3.08-10%;
n = 7.5; and the growth coefficient = 25.44) have shown to be appropriate to predict the
lamellar spacing value of the manufactured sample by LPBE.

The multiscale approach followed combining the CALPHAD modeling, the macroscale
modeling of the sample manufacturing by LPBEF, and the microscale modeling of the
lamellar spacing has been proved as a valid approximation to predict the lamellar spacing
of the sample manufactured by LPBF.
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This approach may be useful for those researchers that have not available specific
software tools for this manufacturing process but are interested in their modeling.

The relationship between the cooling rate reached and the resulting lamellar spacing has
been established for this type of alloy (AlSi10Mg) and the manufacturing conditions considered.
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