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Unravelling the multi-scale
structure—property relationship
of laser powder bed fusion
processed and heat-treated
AlSi10Mg

P.Van Cauwenbergh?, V. Samaee?, L. Thijs?, J. Nejezchlebova3, P. Sedlak?, A. Ivekovi¢*,
D. Schryvers?, B. Van Hooreweder® & K. Vanmeensel®™*

Tailoring heat treatments for Laser Powder Bed Fusion (LPBF) processed materials is critical to ensure
superior and repeatable material properties for high-end applications. This tailoring requires in-depth
understanding of the LPBF-processed material. Therefore, the current study aims at unravelling the
threefold interrelationship between the process (LPBF and heat treatment), the microstructure at
different scales (macro-, meso-, micro-, and nano-scale), and the macroscopic material properties of
AISi10Mg. A similar solidification trajectory applies at different length scales when comparing the
solidification of AlISi10Mg, ranging from mould-casting to rapid solidification (LPBF). The similarity

in solidification trajectories triggers the reason why the Brody-Flemings cellular microsegregation
solidification model could predict the cellular morphology of the LPBF as-printed microstructure.
Where rapid solidification occurs at a much finer scale, the LPBF microstructure exhibits a significant
grain refinement and a high degree of silicon (Si) supersaturation. This study has identified the

grain refinement and Si supersaturation as critical assets of the as-printed microstructure, playing a
vital role in achieving superior mechanical and thermal properties during heat treatment. Next, an
electrical conductivity model could accurately predict the Si solute concentration in LPBF-processed
and heat-treated AlSi10Mg and allows understanding the microstructural evolution during heat
treatment. The LPBF-processed and heat-treated AlSi10Mg conditions (as-built (AB), direct-aged
(DA), stress-relieved (SR), preheated (PH)) show an interesting range of superior mechanical
properties (tensile strength: 300-450 MPa, elongation: 4-13%) compared to the mould-cast T6
reference condition.

Laser Powder Bed Fusion (LPBF) is an Additive Manufacturing (AM) process that uses Computer-Aided Design
(CAD) data to build an object layer-by-layer and is also known as Direct Metal Printing (DMP). For the past
decade, prominent progress regarding LPBF processing has been established regarding process scalability, reli-
ability, productivity, and part quality’~. Thanks to these achievements, Aerospace and Automotive adopted the
LPBF technology with a specific interest in high strength-to-weight alloys such as AlSi10Mg>. Although several
authors®!! have contributed to revealing the process-structure-property interrelationship for LPBF-processed
and heat-treated AlSi10Mg, it is still far from fully understood. More specifically, an in-depth understanding of
this threefold interrelationship at multiple length scales remains among the prominent scientific challenges in
metal AM'2. Namely, the lack of understanding of this interrelationship originates from the unique LPBF solidi-
fication conditions leading to an ultrafine and often metastable microstructure with a particular thermal history
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Label Condition Heat treatment procedure

AB LPBF as-built NA

DA LPBF + direct ageing 170 °C, 6 h, Furnace cooling (FC)
SR LPBF + stress relief 270°C,2h, FC

PH LPBF with baseplate preheating at 200 °C | NA

ACT6 | As-cast+T6 ?gg og: 2 L‘: ;/\g\ter quenching (WQ)

Table 1. Labels used for the respective sample conditions with details on the heat treatment procedure.

induced by the intense cyclic heating- and cooling patterns">'*. The lack of understanding of the process-micro-

structure-property relationship is likewise reflected in thermal post-processing of LPBF parts. Heat treatments
for LPBE-processed metals are too often blindly adopted from conventional processing, for example, adopting
a T6 heat treatment for LPBF-processed AlSi10Mg. Considering the fundamental difference in microstructure
obtained after LPBF processing compared to conventional processing, one cannot expect these microstructures
to evolve similarly during heat treatment. Therefore, these conventionally-adopted heat treatments are often
suboptimal for LPBF-processed alloys and can result in inferior mechanical properties compared to convention-
ally processed parts. Consequently, the need for tailored heat treatments for LPBF-processed metals contributes
to the maturity challenges of metal AM'%

Hence, this work aims to examine the threefold interrelationship between the process (LPBF and heat treat-
ment), the multi-scaled microstructure, and the macroscopic material property response of LPBF-processed
AlSi10Mg. This study discusses the solidification mechanisms establishing the morphological distinction within
the meltpool (meso-scale). It applies the Brody-Flemings cellular microsegregation model based on local chemi-
cal distribution measurements to predict the cellular features in the meltpool centre (micro-scale). Moreover, this
study compares the solidification trajectory followed during conventional mould-casting and rapid solidification.
The paper explains the correlation between the macroscopic material property response and the multi-scale
(meso-, micro-, and nano-scale) structural features and their evolution during heat treatment. The ability to
predict the degree of Si supersaturation in LPBF-processed AlSi10Mg via an electrical conductivity model is veri-
fied with TEM EDX analysis. Finally, this work evaluates the extent of elastic and plastic anisotropic behaviour
of LPBF-processed AlSil0Mg.

Materials and experiments

LPBF processing and heat treatment. In the present work, a 3D Systems DMP Flex 350 was used to
build the samples. The DMP Flex 350 LPBF machine is equipped with a fiber laser (500 W) with Gaussian energy
distribution. The samples were built in 60 um layer thickness with 3D Systems’ commercial process parameter
set LaserForm AlSi10Mg(A)_Sv8, and with a volumetric energy density (VED) of 38.7 J/mm”. The same pro-
cess parameter set was applied to build the preheated samples at 200 °C with a baseplate preheating prototype.
LaserForm AlSi10Mg0.3 (A) powder supplied by 3D Systems with a powder particle size ranging from 10 to
63 um was used to print the samples. The chemical compositions of both the AlSi10Mg powder and the printed
part complied with the standards AMS 7018 and ASTM F3318, respectively. The relative density of the LPBF
as-built AlSi10Mg was verified by analysing optical images at magnification 5x via the pixel count method with
the ImageJ software. The average pixel density was 99.8% based on ten samples printed across the build plate.
This study evaluates the AlSi10Mg material properties and microstructure for various conditions, displayed in
Table 1. Besides the as-built (AB) condition, two heat treatments, direct ageing (DA) and stress relief (SR), were
tailored for LPBF-processed AlSi10Mg and selected based on the author’s previous work!!. Next, LPBF process-
ing with baseplate preheating at 200 °C (PH) was also included in the study. Finally, an as-cast T6 (AC T6) condi-
tion served as the reference for this study.

Computational modelling.  Thermodynamic modelling.  The equilibrium and Scheil solidification trajec-
tory of AlSi10Mg0.3 and the solute concentration profiles (Si, Mg) were calculated with the Thermo-Calc 2020b
software, using the TCAL5.1 database for Al alloys.

Thermal modelling. A numerical transient heat transfer analysis was carried out using COMSOL Multiphys-
ics 5.2a software. This thermal model simulates a single-track bead of the LPBF processing of AlSil0OMg. A
volumetric heat source with a Gaussian distribution was used to simulate the laser beam. The numerical model
considers conduction and radiation as heat transfer mechanism and excludes fluid dynamics and phase transfor-
mations. The results of the numerical model were verified and calibrated through comparison to the experimen-
tal meltpool dimensions obtained with single-track experiments using the identical LPBF process parameter
set. A detailed description of the used thermal model was already published by Ivekovi¢ et al.'*. The calibrated
thermal model was applied to predict the temperature distribution, thermal gradients and cooling rates within
the meltpool.

Mechanical testing. Five tensile coupons per sample condition were built to conduct tensile testing. The
respective vertical (Z) and horizontal (XY) coupons were printed and post-machined to round tensile coupons
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according to ASTM E8M specimen 4. An Instron 5985 tensile testing machine equipped with a load cell that
can apply a maximum force of 250 kN was used to conduct the tensile tests. A strain rate of 0.015 mm/mm/
min was applied until the yield point, after which a strain rate of 0.4 mm/mm/min was applied. Tensile testing
was performed in compliance with ASTM E8/E8M. Elastic constants of the LPBF-processed samples at room
temperature were measured by resonant ultrasound spectroscopy (RUS) using a contactless laser-based setup.
The samples were placed in a temperature-regulated chamber filled with a low-pressure nitrogen atmosphere.
An infrared pulsed Nd:YAG laser (Quantel ULTRA, nominal wavelength 1.064 um, pulse duration 8 ns) gener-
ated the sample vibrations. On the opposite side of the sample, the scanning laser vibrometer (Polytec OFV 505)
recorded the vibrations and enabled the scanning of the surface in a regular mesh. Sedlak et al. describe the
experimental setup and the resonant spectra evaluation more in detail'®. The resonant spectra were measured in
a frequency range from 0.2 to 2.5 MHz.

Thermo-physical characterisation. Thermo-physical properties of the samples were characterised
based on Differential Scanning Calorimetry (DSC) and Electrical Resistivity (ER). An LPBF AB AlSil0Mg sam-
ple (500 mg) was used for DSC analysis and was performed on a TA Instruments DSC Q2000. A thermal cycle
between 20 and 550 °C with a heating and cooling rate of 20 °C/min was applied in an argon atmosphere. Two
consecutive thermal cycles were run for the DSC analysis. ER measurements were performed at room tempera-
ture using a four-point contact technique on a Burster Resistomat type 2302.

Microscopy. Vertical cross-sections along the building direction were taken from the bulk material for the
investigation of the microstructure at a multi-scale level, using the following microscopes: light optical micro-
scope (LOM) (Nikon Eclipse MA 100), scanning electron microscopes (SEM) (XL30 FEG, Philips and Nanosem
450, FEI), and scanning transmission electron microscope (STEM) (Tecnai Osiris, FEL, Hillsboro, OR USA), the
latter equipped with an X-FEG operating at 200 kV. Energy-dispersive X-ray Spectroscopy (EDX)—Annular
Dark Field (ADF)-STEM was used for chemical mapping. The samples were mounted in resin and ground with
silicon carbide paper with grit sizes from 320 to 4000. After grinding, the coupons were polished sequentially
with 3 um and 1 um diamond suspension and etched during 12 s with 0.5 vol% HF. A FIB-SEM dual beam FEI
Helios NanoLab 650 instrument was used for TEM sample preparations. Protected by an ion beam-assisted
Pt protective layer, TEM lamellas were lifted out, mounted on TEM grids, and milled with a Ga* ion beam of
30 kV/0.79 nA and lower currents, finishing with a final polishing step at 2 kV/39 pA to reach a thickness of
about 100 nm.

Results
Macroscopic material properties. Elastic tensor. 'The Reuss mean elastic constants and moduli of AB,
DA, and SR were determined via the RUS method. The AB sample exhibits a mean Young’s modulus (E) of 67.7
GPa and a shear modulus (G) of 25.3 GPa. After DA, the elastic moduli increases (E=70.2 GPa, G=26.3 GPa).
Finally after SR, the elastic moduli (E=71.1 GPa, G=26.5 GPa) are comparable to DA. The full elastic tensor, the
mean Poisson ratio, and the anisotropy factor of the respective conditions are covered in the appendix Table A1.
The AB, DA, and SR conditions reveal almost isotropic elastic behaviour (i.e. Cj; = Cs3, Ciy = Cy3,
Cy ~ % [GPa]). Namely, the anisotrogy factor is close to unity (1.04) for all conditions (AB, DA, SR). The
qT

. . ar T . .
anisotropy factor is defined as A = (V";’%) [—], where v?nax[%] and v,,;, [ ] are the maximum and minimum

Ymin
quasi-transverse acoustic wave velocities, respectively. This definition of the anisotropy factor is valid for arbi-
trary material symmetry'®. Therefore, the mean isotropic elastic constants describe well the materials elastic
behaviour. Moreover, the small standard errors of the elastic constants reveal that the directional variations of
those elastic constants are negligible.

Quasi-static tensile properties. Figure 1 shows the average tensile properties based on five coupons, tested for
each of the sample conditions (AB, DA, SR, PH, AC T6) and their orientations (XY, Z). Figure 2 displays the
stress—strain curves of the respective conditions. For readability purposes, only one representative stress—strain
curve is displayed per sample condition. The AB condition exhibits a yield strength (YS) of 250 MPa and a high
ultimate tensile strength (UTS) up to 435 MPa. After DA, the YS increases to 295 MPa, whereas the UTS remains
constant (440 MPa) compared to the AB samples. The SR condition shows a significant decrease in strength,
YS (210 MPa) and UTS (335 MPa). The strength is even further reduced for the PH sample, attaining a YS of
160 MPa and UTS of 310 MPa. The AC T6 reference condition exhibits 180 MPa YS and 225 MPa UTS. Signifi-
cant differences in plastic elongation between vertically and horizontally built samples are observed. For the AB,
DA, and SR conditions, the elongation in the vertically built samples is notably lower than the horizontally built
samples. Nonetheless, it is important to note that all LPBF conditions (AB, DA, SR, PH) show superior mechani-
cal properties compared to the AlSi10Mg as-cast T6 reference condition (AC T6).

Thermo-physical properties. A DSC measurement was conducted on an as-built AlSi10Mg sample, which
underwent two consecutive thermal cycles (20-550 °C) with a heating and cooling rate of 20 °C/min. Figure 3a,b
display the specific heat flow curves of the respective first and the second thermal cycles. A positive heat flow
rate indicates an exothermic reaction. It is important to note that the DSC reaction peak temperature range
depends on the DSC analysis’s applied heating rate. Therefore, careful interpretation is required. The first DSC
cycle shows four exothermic reaction peaks (1), (2), (4), (5) and one endothermic reaction peak (3). The reaction
exothermic peaks (1) and (2) disappear in the second DSC cycle. The first two distinct exothermic peaks appear
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Figure 1. Tensile properties of LPBF-processed AlSil0Mg with conditions AB, DA, SR, PH, and their respective
building orientations (horizontal (XY), vertical (Z)). Tensile properties of reference condition AlSi10Mg As-Cast
T6 (AC T6). The average and 20 standard error values are calculated from five tensile strength data points per
condition.
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Figure 2. Engineering stress—strain curves of AlSi10Mg. LPBF-processed AlSi10Mg (AB, DA, SR, and PH) in
horizontal (XY) and vertical (Z) building orientation; as-cast T6 (AC T6). For readability purposes, only one
representative stress—strain curve is displayed per condition.

between 195 and 290 °C (1) and 305-350 °C (2). Next, the endothermic peak stretches from 350-550 °C (3).
During cooling, two superimposed exothermic reaction peaks (4) and (5) can be noticed. The exothermic peak
(4) ranges from 550 °C until 350 °C. Exothermic peak (5) ranges from 450 to 400 °C and is superimposed on the
previous exothermic peak (4).

Table 2 summarises the electrical conductivity, ¢ [S/m], and thermal conductivity, x [W/m K] of LPBF
AlSi10Mg (AB, DA, SR, PH), measured at room temperature. The thermal conductivity values were calculated
from the electrical conductivity values and rely on the Wiedemann-Franz law'”'8. Thermal post-processing of
the LPBF-processed AlSil0Mg enhances the thermal conductivity significantly from 124 W/m K, in as-built
condition, up to 168 W/m K after SR.

Multi-scale microstructure. Mesostructure. Figure 4a displays the LPBF as-printed mesostructure origi-
nating from the bulk of the material, presenting overlapping meltpools in conduction mode. The dimensions
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Figure 3. DSC cycles (heating and cooling rate: 20 °C/min) showing the specific heat flow curves of as-built
AlSi10Mg: (a) first DSC cycle, (b) second DSC cycle.

AB DA SR PH
0 [10° S/m] 17.4£0.3 21.4%0.7 23.5+0.6 25.6+0.4
Kk [W/mK] 124+2 153+5 168+4 183+3

Table 2. Electrical conductivity (o) and thermal conductivity (k) of LPBF AlSil0Mg (AB, DA, SR, PH),
measured at room temperature.
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Figure 4. SEM images showing (a) the AB mesostructure presenting the overlapping meltpools in conduction
mode; (b) and (c) magnified SEM images at the meltpool boundary showing the morphological transition of the
microstructure between the meltpool centre (MPC—cellular), meltpool boundary (MPB—columnar dendritic),
and heat-affected zone (HAZ).

of the meso- and micro-scaled structural features were manually quantified using the Image] software and a
scale calibration based on the pixel aspect ratio of the image. The meltpools have an average meltpool width
of 189+ 15 um and meltpool depth of 114+ 8 um. The meso-scale meltpools are visible because of the distinct
morphological transition of the microstructure between the meltpool centre (MPC), meltpool boundary (MPB),
and the heat-affected-zone (HAZ), as noticeable in Fig. 4b,c. The MPC’s microstructure consists of a primary
a-Al matrix exhibiting an ultrafine cellular morphology with an average cell size of 0.46 +0.09 pm and a Si-rich
eutectic network in the intercellular region, as a secondary phase. The MPB exhibits a coarser microstructure of
a-Al cells (0.89+0.24 um) mixed with columnar dendrites and with the Si-rich eutectic network surrounding
these cells and dendrites. The HAZ shows a partial disintegration and spheroidisation of the Si eutectic network.
Figure 5a,d,g show the evolution of the mesostructure for the respective conditions (AB, DA, and SR). AB and
DA show no significant difference for the mesostructure. On the other hand, the mesostructure homogenises
partially after SR, yet the meltpool boundaries are still noticeable in certain regions.

Microstructure. 'The microstructural evolution of the AB, DA, and SR conditions was evaluated based on the
microstructural images and Si STEM-EDX mappings, taken from the bulk of the material and displayed in
Fig. 5. The AB microstructure shows sub-micrometre-sized primary a-Al cells surrounded by the Al/Si eutectic
network in the intercellular region, shown in Fig. 5a-c. After DA, ultrafine needle-like and cubic-like Si precipi-
tates form in the primary Al cell while the eutectic network remains intact, as indicated in Fig. 5d-f. After SR,
the microstructure evolves through the disintegration of the Al/Si eutectic network, followed by spheroidisation,
thus obtaining coarse Si particles along the Al cell boundaries. Likewise, Si particles precipitate from the primary
Al cell. The SR microstructure exhibits coarser Si particles with a less dense particle distribution when compared
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Figure 5. SEM images and Si STEM-EDX maps taken from the bulk material with vertical cross-sections along
the building direction (BD) for the respective conditions: (a)-(c) as-built (AB); (d)-(f) direct-aged (DA); (g)-(i)
stress-relieved (SR). The low-magnification images (a), (d), and (g) display the bulk mesostructure across several
layers. The high-magnification images (b), (e), (h); and the Si STEM-EDX maps (c), (f), (i) are taken from the
meltpool centre, indicated by the red-squared area.

Local region Condition | Al [wt%] Si [wt%] | Mg [wt%]
AB 96.8+3.0 2.7+0.2 0.5+0.1

a-Al cell in MPC DA 98.9+3.2 0.7+0.1 0.4+0.1
SR 99.5+3.3 0.3+0.1 0.1+0.02
AB 68.7+£2.3 29.6+0.7 | 1.7+0.2

Eutectic network in MPC DA 70.4%2.3 27.7£0.5 | 1.9+0.2
SR Not applicable due to disintegration of the eutectic network

Table 3. Chemical elemental quantification (Al, Si, Mg) based on local STEM-EDX mappings from the a-Al
cellular region and Al/Si eutectic network in the MPC. The standard error represents the standard deviation
based on four measurement points per condition.

to DA. Thus, the SR microstructure results in a bi-modal Si particle distribution, exhibited in Fig. 5g-i. Besides
the presence of a few Mg-rich Si co-precipitates, no evidence of the stable Mg,Si phase was found in any inves-
tigated microstructures.

Nanostructure. The extent of Si supersaturation was quantified by local elemental analysis using STEM-EDX
mapping. Table 3 displays the chemical content (Al, Si, Mg) from two local regions, namely the a-Al cellular
region and Si-rich eutectic network for the respective conditions (AB, DA, and SR). Figure Al in the appendix
displays the selection of areas used for the local chemical measurement. As the information collected from
the STEM-EDX measurement originates from an ultra-thin sample (~ 100 nm), not the absolute concentration
values but rather their relative comparison and how they evolve during the different heat treatments should be
considered. In the AB condition, 2.7 wt% Si and 0.5 wt% Mg are in solid solution with Al as indicated by the
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Zone PDAS [pm] | Semi-empirical model cooling rate* [10° K/s] | Numerical model cooling rate® [10° K/s]
MPC 0.5%£0.1 9.5 8.3£2.0
MPB 0.9+0.2 1.6 44+0.5

Table 4. Cell size quantification of the MPC and MPB, and the estimation of local cooling rates based on
a semi-empirical equation and numerical model. *Cooling rate prediction based on the analytical equation
Eq. (1). *Cooling rate prediction based on the numerical heat transfer model.

chemical measurement within the a-Al cellular region. Both Si and Mg solute concentrations decrease signifi-
cantly for the two heat-treated conditions (DA, SR). Besides this, the Si-rich eutectic network shows a significant
enrichment of Si (29.6 wt%) and Mg (1.7 wt%) compared to the primary Al cell.

Discussion

Solidification microstructure. Despite the rapid solidification, the as-printed bulk mesostructure exhib-
its a microstructural distinction between the MPC, MPB, and HAZ (Fig. 4). This transition in microstructure
is, on the one hand, induced by the local variation in cooling rate, spatial thermal gradient (G [%}) and growth
rate (R [%l) within the meltpool'®-?2, and on the other hand, induced by the cyclic thermal history across multi-
ple layers®?*, Literature*>** already contains detailed computational parametric studies, describing the thermal
behaviour of multi-layered LPBF-processed AlSi10Mg. Therefore, this work will focus on the discussion of the
solidification microstructure within the meltpool.

Variation of cooling rate and cell size within the meltpool. Matyja et al. report a semi-empirical relationship
between the primary dendritic arm spacing (PDAS, [m]) and the cooling rate (Gx R, [%] ) for rapidly cooled
Al-Si alloys and is given by Eq. (1)*:

PDAS =a(G x R)™" (1)

with the Al-Si material constant, a=43.2[m ( % ) n], and the exponent, n=0.324[—]. Equation (1) allows predict-

ing the local cooling rates of the MPC and MPB, based on the observed PDAS in the local regions, displayed
in Table 4. The MPC exhibits primary cells with an average PDAS of 0.5+ 0.1 pm, resulting in an estimated
cooling rate of 9.5 x 10° K/s. The MPB presents coarser cells with an average PDAS of 0.9+ 0.2 um, resulting
in an estimated cooling rate of 1.6 x 10° K/s. Besides these semi-empirical predictions, the local cooling rates
of MPC and MPB were also predicted based on the single-track transient heat transfer COMSOL model with
identical laser setting parameters as used in the LPBF process. The heat transfer model predicts a cooling rate
0f 8.3 % 10° K/s in the MPC, compared to 4.4 x 10° K/s in the MPB, as shown in Table 4. The cooling rate predic-
tions from the semi-empirical model (Eq. 1) and the numerical heat transfer model confirm the same trend.
Likewise, the measured cell sizes and predicted cooling rates show good agreement with other observations from
literature*>?. Lastly, the HAZ is shortly exposed to annealing temperatures (400-550 °C) due to the characteristic
cyclic heating and cooling pattern induced by the incremental layerwise building process. Thermal simulations
on LPBF-processed AlSi10Mg from Hu et al.>* and Li et al.** confirm that the HAZ is exposed to this annealing
temperature range. This local annealing exposure results in partial disintegration and spheroidisation of the
Si-rich eutectic network in the HAZ.

Solidification morphologies within the meltpool. ~ Al-Sialloys obtain their irregular eutectic microstructures from
the uncoupled solidification, where the a-Al matrix (non-faceted crystal) and the reinforced Si phase (faceted
crystal) grow in a loosely coordinated manner from the liquid phase®®. For hypo-eutectic Al-Si alloys (Si<12.6
wt%), the solid/liquid (S/L) interface is predominantly controlled by the non-faceted a-Al matrix, which in turn
is easily affected by the local solidification conditions (i.e. thermal gradient, growth rate)'®. Authors?*-2>*"?8 have
well established the rapid solidification behaviour of alloys processed via laser-based consolidation. Moham-
madpour et al.*! discuss a reassessment of the solidification map for LPBF Al-Si-Mg alloys and explain how
a variation in thermal gradient (G) and S/L interface growth rate (R) can affect the solidification modes in the
meltpool. The solidification behaviour of LPBF AlSi10Mg within the meltpool is briefly discussed here. As sup-
port for this discussion, Fig. 6a—c displays schematics of the local solidification conditions (G, R) in the meltpool,
while Fig. 6d,e indicates the correlation between these local solidification conditions (G, R) and the observed
microstructural features within the meltpool. During the LPBF solidification, the thermal gradient vector (G)
and S/L growth rate vector (R) vary in direction and magnitude within the meltpool (MPC, MPB). In the MPC
region, high cooling rates apply, and the principal G and R vectors are oriented along the direction of the scan
track, as displayed in Fig. 6a—c. There, the growth rate vector (R) reaches its maximum magnitude approaching
the laser scanning speed”. As such, the local solidification in the MPC results in a fine cellular morphology,
indicated in Fig. 6d,e. On the other hand, in the MPB region, lower cooling rates apply and the heat extraction
at the MPB is more homogeneous due to the heat sink effect of the solidified substrate, surrounding the MPB.
Therefore, multi-directional thermal gradient and growth rate vectors apply locally at the MPB, as shown in
Fig. 6a—c. The G and R vectors are lower in magnitude compared to those in the MPC. Consequently, a coarser
microstructure is obtained, and a transition in solidification morphology evolving from cellular features in the
MPC towards more pronounced columnar dendritic solidification features in the MPB region. The white arrows
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Figure 6. Metlpool schematics indicating local principal thermal gradient vectors (G) and interface growth rate
vectors (R) within the meltpool, affecting the solidification modes in the meltpool centre (MPC) and meltpool
boundary (MPB). (a) meltpool top view; (b) meltpool longitudinal section; (¢) meltpool cross-section; (d)
solidification map; (e) SEM image of LPBF AlSi10Mg (AB) showing the microstructure within the meltpool
with a cellular morphology at the MPC and columnar dendritic morphology at the MPB. (a) and (d) adopted
from Kou?.

indicate this morphological transition in Fig. 6e. The observations mentioned above and discussion are in agree-
ment with the solidification behaviour of rapidly solidified eutectic alloys'*?>*"%,

Microsegregation resulting in the formation of a cellular solidification morphology. The STEM-EDX mappings,
displayed in Fig. 5¢,f,i, and the local chemical quantification (Table 3) show proof of the Si microsegregation
at the primary a-Al cell boundaries in the AB microstructure. Microsegregation is associated with a local fluc-
tuation in chemical composition caused by an unstable solidification interface, which results from solute rejec-
tion and entrapment mechanisms during solidification". Depending on the solidification conditions (G/R),
this unstable solidification front can result in cellular or dendritic microstructural features'®. In literature, the
Scheil model is often used to describe the non-equilibrium state of LPBF as-built alloys"”?**. However, due to
the Scheil’s assumptions that (I) no solid-state diffusion occurs and (II) a stable planar solid/liquid solidifica-
tion front applies during Scheil solidification, the model is limited to predicting macrosegregation and fails
to describe solidification features, such as cells dendrites, resulting from microsegregation'***2. On the other
hand, Brody-Flemings’ analytical microsegregation model* proposes a more general form to describe the solid-
state concentration. In contrast to Scheil’s model, the Brody-Flemings microsegregation model is not restricted
to a stable solidification front. Therefore, Brody-Flemings’ model succeeds in describing the relation between
local solid-state concentration and the solidification features caused by microsegregation, such as cells and
dendrites'*!. This work aims to verify whether the Brody-Flemings cellular microsegregation model still applies
to rapidly solidified AlSi10Mg and whether it can predict the observed cellular eutectic morphology in the MPC
based on local Si solute concentration in the Al cell. Brody-Flemings cellular microsegregation model relies on
the solid-state concentration profile, C,[—], given by Eq. (2):

k _
CS:kOCO[koa_l+<1_k:—01>(1_fs)k0 1:| @)

with the equilibrium partition coefficient, ky[—], the alloy solute concentration, C,[—], the cellular microsegrega-
tion parameter, a[—], and the solid fraction, f,[—]. The cellular microsegregation parameter, g, is given by Eq. (3):

G D
a=—-
R m1C0

€)

with the spatial thermal gradient, G [%}, the solidification rate, R[], the diffusion coefficient in the liquid, D,
{mTZ], the liquidus slope, m,[K]. As such, the cellular microsegregation parameter is determined by the solidifica-
tion process condition (G, R) and the alloy characteristics (D), m;, Cy). Table A2 in appendix summarises the
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AlSi10Mg cglisi wi) Csi[Si wt%] K [] K [-] Bl al-]
a-Al cell in MPC 2.7 10 0.27 0.13 - 6.69 - 1.08

Table 5. Estimation of microsegregation parameter, a, based on local Si solid solution content in the a-Al
cell

cellular region (Cg;’) measured by STEM-EDX. The equilibrium partition coefficient for Al-Si alloys is
ko =0.13Y.
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Figure 7. AlSi; (Mg, ; solidification trajectory under equilibrium and Scheil solidification condition is simulated
in Thermo-Calc. Phases included in the model are liquid, primary Al (FCC_L12), Si (DIAMOND_A4), Mg,Si
(MG2SI_C1).

possible solidification modes depending on the regime of the microsegregation parameter and the partition

coefficient, as described by the Brody-Flemings model. In case |a| < k[}c—;l and ky < k < 1, an unstable solidi-

fication front is formed inducing microsegregation and resulting in a cellular morphology’. Under rapid solidi-
fication conditions, the partition coefficient (k) deviates from the equilibrium partition coefficient, k,'*?"%.
Brody-Flemings cellular microsegregation model describes how the cellular partition coefficient, k.., can be
related to the solute concentration at the solid cellular tip, Crelltip, s given by Eq. (4). Next, the cellular micro-
segregation parameter can then be calculated based on the cellular partition coefficient, as given by Eq. (5)".

Ccelltip Ccelltip
kel = —S— = koL (4)
cell Co 0 Co
kcell
a=1——
. 5)

Applying these equations to the Si solute concentration in the a-Al cell, measured by STEM-EDX, allows for
estimating the microsegregation parameter. The outcome is summarised in Table 5 and indicates that the criterion

to obtain a cellular solidification front (i.e.|a| < ‘ k(}gl ‘) applies. As such, the formation of a cellular solidification

morphology is confirmed. In summary, the Brody-Flemings cellular microsegregation model can predict the
observed cellular solidification morphology of LPBF-processed AlSi10Mg based on the local Si solute concentra-
tion in the Al cell, measured by STEM-EDX.

Solidification trajectory. The solidification trajectory of AlSi10Mg0.3 under equilibrium and Scheil solidifica-
tion conditions is calculated with Thermo-Calc, as shown in Fig. 7. The solute concentration profiles during the
solidification trajectory are displayed in appendix Fig. A2. The equilibrium and Scheil solute concentrations (Si,
Mg) in the primary Al phase and the last fraction of the liquid phase are summarised in Table 6 and compared
with the solute concentrations collected by STEM-EDX from the respective primary a-Al cell and Al-Si eutectic
network of the AB bulk microstructure. Both equilibrium and Scheil solidification models show significant
enrichment of Si and Mg in the last liquid fraction. Following the solidification trajectory, the eutectic network
can be considered representative for the last liquid fraction. A similar trend is observed in the LPBF as-built

Scientific Reports |

(2021) 11:6423 | https://doi.org/10.1038/s41598-021-85047-2 nature portfolio



www.nature.com/scientificreports/

Solute concentration | MPC Equilibrium solidification | Scheil solidification | STEM-EDX AB
si a-Al cell® 1.0-1.6 1.2-15 2.7+0.2
1
Eutectic network® | 10.0-12.5 10.0-12.5 29.6+0.7
a-Al cell® 0.3 0.05 0.5+0.1
Mg
Eutectic network® | 0.3 0.4-4.5 1.740.2

Table 6. Siand Mg solute concentrations in a-Al cell* and Al-Si eutectic network® based on numerical
equilibrium and Scheil models (Thermo-Calc) and experimental chemical analysis of the AB microstructure by
STEM-EDX. *Solute concentration (Si, Mg) from equilibrium and Scheil model are based on simulated solute
concentrations in primary Al (FCC_L12). ®Solute concentration (Si, Mg) from equilibrium and Scheil model
are based on simulated solute concentration in the last fraction of the liquid phase.

400 nm

Figure 8. STEM-EDX mappings (Al, Si, Mg) representing a primary Al cell recorded at the MPC in the as-built
LPBF-processed AlSi (Mg, ; microstructure.

microstructure, where STEM-EDX measurements show significant enrichment of Si (29.6 wt%) and Mg (1.7
wt%) in the eutectic network at the Al cell boundaries. The Si and Mg enriched eutectic network is shown quali-
tatively in Fig. 8 and quantitatively in Table 3. Indeed, the solutes’ equilibrium partition coefficients (k,=0.116
for Si, ky=0.195 for Mg) are much smaller than one. Therefore, the solutes will be rejected from the solidifying
primary Al cells, thus enriching the remaining liquid fraction®.

On the other hand, the rapid solidification during LPBF processing will cause entrapment of solute atoms
in the primary Al cells. Both the equilibrium and Scheil solidification models underestimate the Si and Mg
solute concentration in the primary Al cells compared to the STEM-EDX measurement (Si: 2.7 wt%, Mg: 0.5
wt%). Namely, a high degree of Si supersaturation (2.7 wt%) is observed in the primary Al cells based on these
STEM-EDX measurements (Table 3), thus exceeding the maximum Si equilibrium solubility (1.65 wt%) at
the eutectic temperature. Likewise, Zhao et al. performed local STEM-EDX measurements on as-built LPBF-
processed AlSi10Mg and reported a similar Si solute content (2.2 at%) in the primary Al cell**. Besides the
degree of supersaturation, this work shows that the predicted solidification trajectory seems to be retained
under rapid solidification conditions. Hence, several AISil0Mg microstructures, covering a broad spectrum of
solidification conditions, ranging from casting (AC) to rapid solidification (PH, AB), are compared with each
other, as displayed in Fig. 9. These microstructural images indicate a significant microstructural refinement when
comparing rapid solidification with casting, thus confirming the well-established relation between the cooling
rate and cell size, as given by Eq. (1).

Furthermore, at the triple point of the primary Al cells, a repetitive microstructural eutectic feature pattern
is observed at different length scales when comparing the microstructures obtained through solidification at
different cooling rates, ranging from 1 K/s (AC) up to 10° K/s (LPBF AB). This observation confirms the fact
that the solidification trajectory remains valid under rapid solidification conditions. The arrows in Fig. 9 show
the eutectic structure that forms at the end of solidification for the respective solidification conditions and
concomitant cooling rates. In summary, the high thermodynamic stability of eutectic alloys and the invariant
eutectic phase transformation at the end of the solidification trajectory, result in the formation of a natural in-situ
Al-Si composite arrangement. Hence, thanks to this intrinsic solidification behaviour, eutectic alloys adapt well
to a broad spectrum of solidification conditions and cooling rates, ranging from casting to rapid solidification.
Therefore, an increasing cooling rate leads to a microstructural refinement without fundamentally affecting
the microstructural arrangement of the AlSi10Mg alloy. It is important to note that an increasing cooling rate
enhances the Si solute supersaturation in the primary Al cell significantly, yet it does not appear to affect the
phase stability or the S/L interface stability.

Effect of heat treatment on microstructure and properties. Table 7 summarises the threefold
interrelationship between the processing conditions, the microstructural features, and the macroscopic mate-
rial properties for the respective conditions: AB, DA, SR, and PH. A detailed discussion of the critical pro-
cess parameters (LPBF and heat treatment) determining the microstructural features at different length scales
(macro-, meso-, micro-, and nano-scale) and the concomitant macroscopic material properties (tensile and
thermal properties), is covered in the following sections. Each row in Table 7 displays the predominant micro-
structural feature affecting the particular macroscopic material property.
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Similar solidification trajectory applies, but at different length scales

i Prima
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Al/Si eutectic

Primary a-Al cell

Figure 9. Different AlSi10Mg microstructures covering a broad solidification spectrum with cooling rates

ranging from 1 K/s to 10° K/s: As-cast (left), LPBF-processed with baseplate preheating at 200 °C (PH) (middle),

LPBF As-built (AB) (right). The microstructural images indicate the microstructural scale effect and the

observation of a repetitive microstructural pattern, as indicated by the arrows.

Process critical parameter

Microstructural features

Macroscopic material properties

AB

LPBF: scan speed (cooling rate)

Al-matrix: ultrafine cellular Strength (UTS, YS): ++
Al/Si eutectic: continuous network Elongation: —
Supersaturation: 2.7 wt% Si Conductivity: —

Mesostructure: heterogeneous — MPC/MPB/HAZ

Elastic isotropy: ++
Plastic isotropy: ——

DA

HT: minimum holding time

Al-matrix: ultrafine cellular +acicular Si precipitates
Al/Si eutectic: continuous network

Strength (UTS, YS):

Elongation: ——

Supersaturation: 0.7 wt% Si

Conductivity: +

Mesostructure: heterogeneous — MPC/MPB/HAZ

Elastic isotropy: ++
Plastic isotropy: ——

SR

HT: temperature

Al-matrix: ultrafine cellular + fine Si precipitates
Al/Si eutectic: disintegrated + coarse Si precipitates

Strength (UTS, YS):

Elongation: ++

+

Supersaturation: 0.3 wt% Si

Conductivity: ++

Mesostructure: heterogeneous — MPC/MPB/HAZ

Elastic isotropy: ++

Less dense bi-modal distribution of Si precipitates Plastic isotropy: —
Al-matrix: coarse cellular Strength (UTS, YS): +
Al/Si eutectic: continuous network Elongation: —

PH LPBF: preheating temperature | Supersaturation: 0.2 wt% Si Conductivity: ++

Elastic isotropy: ++

Mesostructure: heterogeneous — MPC/MPB/HAZ L
Plastic isotropy: —

Table 7. Process-microstructure-macroscopic material property table with the critical process parameters
(LPBE HT) affecting the microstructural features and concomitant mechanical and thermal properties.

Si supersaturation in the as-built state. Rapid solidification enhances the solid solute concentration in the
matrix?>**=37, The degree of Si supersaturation drives the Si precipitation, thus driving the microstructural
evolution during heat treatment of LPBF-processed AlSi10Mg'*!?%*, Therefore, it is critical to monitor the
evolution of Si supersaturation in the Al matrix. The Si supersaturation can be estimated based on electrical
resistivity (ER) measurements*~*!. Tang et al. report a semi-empirical equation given by Eq. (6), to estimate the
Si solute concentration in Al-Si alloys®.

185
= 2.84 — 0.094Wg; (6)

Wsis =
with the weight fraction of Si in solid solution, W;[wt%], the electrical conductivity relative to the International
Annealed Copper Standard 0[%IACS], and the total Si weight fraction of the AlSil0Mg alloy, W(; [wt%]. It is
important to note that the current electrical conductivity model neglects the influence of Mg on the electrical
conductivity of AlSi10Mg0.3. The microstructural evolution and the concomitant Si solute concentration in
the Al matrix is displayed in Fig. 10 and Table 7 for the respective LPBF-processed AlSil0Mg conditions. The
estimated Si solute concentration estimated from the electrical conductivity model shows good agreement with
the STEM-EDX Si concentration in the a-Al cell of the MPC (Table 3) for the respective conditions (AB, DA,
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Figure 10. LPBF-processed AlSil0Mg: Schematic microstructural evolution upon heat treatment and
its correlation with the predicted Si solute concentration in the Al matrix as a function of the electrical
conductivity.

SR). The AB condition shows a Si solute concentration ranging from 2.0 to 2.7 wt%, thus exceeding the maxi-
mum equilibrium Si solid solubility in Al (1.65 wt%). Zhao et al.** and Maeshima et al.** report similar Si solute
concentration (2.2 at%) based on STEM-EDX. The Si solute concentrations measured from ER and STEM-EDX
confirm that the rapid cooling (10*-10° K/s) induces a significant enhancement of the Si solid solubility in LPBF-
processed AlSil0Mg. Upon heat treatment, the Si solute concentration drastically decreases with increasing heat
treatment temperature: DA (1.0-1.5 wt% Si) and SR (0.65-1.0 wt% Si). The correlation between the Si solute
concentration and the microstructural evolution, shown in Fig. 10, proofs that the Si supersaturation drives the
Si precipitation in the Al-matrix. Next, LPBF processing of AlSil0Mg with baseplate preheating (PH) attains the
lowest Si solute concentration (0.3-0.5 wt%). This low solute concentration could imply that significant lower
solidification rates apply when processing with baseplate preheating at 200 °C. However, it is important to men-
tion that the in-situ ageing effect, reducing the Si solute concentration, cannot be neglected in the latter case.

To conclude, the electrical conductivity model can predict the Si solute concentration in AlSi10Mg. This
model allows monitoring the extent of Si supersaturation and unravels how the Si supersaturation contributes
to the microstructural evolution during heat treatment. Therefore, electrical conductivity models can be used
for LPBF process optimisation and heat treatment optimisation of precipitation-hardenable alloys.

Microstructural evolution during heat treatment. DSC and ER measurements were combined with microstruc-
tural analysis and STEM-EDX to accurately map the relation between the Si supersaturation and the micro-
structural evolution of LPBF-processed AlSi10Mg during heat treatment. The Si supersaturated-state of the AB
microstructure, shown in Fig. 5a—c, drives the Si precipitation during heat treatment. The exothermic DSC reac-
tion peak (1) from 195 to 205 °C, shown in Fig. 3a, is attributed to the Si precipitation from the supersaturated
Al cell. Furthermore, the disappearance of this DSC peak in the second DSC cycle (i.e. annealed condition),
given in Fig. 3b, confirms the irreversible process of the Si supersaturation driving the Si precipitation during
heat treatment. Indeed, the same Si precipitation reaction occurs during DA. The DA microstructure, shown
in Fig. 5d-f, exhibits an ultrafine distribution of Si acicular and cubic-like Si precipitates in the primary Al cell,
while the Si-rich eutectic network remains intact. These observations are summarised in Table 7 and agree with
literature®”343842,

Next, during a stress relief (SR) heat treatment, the Si supersaturation further decreases due to the intracel-
lular Si precipitation. Moreover, the Si-eutectic network starts to disintegrate, and individual, spherically-shaped
Si particles, lying along the Al cell boundaries, as schematically shown in Fig. 10, start to appear. The increased
Si diffusional activity drives this disintegration and spheroidisation and represents the second exothermic DSC
peak (305-320 °C), as indicated in Fig. 3a. Similar observations were reported by Fiocchi et al.'°. Likewise, the Si
diffusional activity allows Ostwald ripening of the fine intracellular Si precipitates. Thus, the SR microstructure
evolves into a less dense and bimodal distribution of spherical Si precipitates, as displayed in Fig. 5g-i, and sum-
marised in Table 7. Likewise, Zhao et al. report a bimodal Si particle distribution for similar HT conditions™.
The disintegration of the eutectic network and the Ostwald ripening of the fine Si precipitates are irreversible
transformation processes and explain the disappearance of DSC peak (2) in the annealed condition, shown in
Fig. 3b. Despite the disintegration of the eutectic network and spheroidisation of Si precipitates during SR, the
mesostructure has not entirely homogenised, as shown in Fig. 5g. Indeed, the MPB remains apparent in the
mesostructure after SR. Next, solution annealing at high temperatures (400-550 °C) will dissolve the Si precipi-
tates again in the Al matrix due to the increasing Si solubility, and is represented by the endothermic DSC peak
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(350-550 °C), shown in Fig. 3a,b. Finally, the reversible exothermic DSC peaks (4) and (5) during cooling could
be attributed to the precipitation of Si and Mg,Si, respectively. The gradual decrease of the Si and Mg solubility
in Al during cooling drives these precipitation reactions. Based on the insights gained from the Si supersatura-
tion and the microstructural evolution of LPBF-processed AlSi10Mg during heat treatment, it can be concluded
that the solution annealing and quenching step from the T6 heat treatment have become redundant for thermal
processing of LPBF-processed AlSil0Mg.

Mechanical response variation induced by heat treatments. The correlation between the microstructural fea-
tures and evolution during heat treatment and their concomitant mechanical response is summarised in Table 7.
This paragraph covers a more detailed discussion of this correlation. The ultrafine microstructure, together with
the natural in-situ Al/Si composite structure, are dominant contributors to the high strength properties of the
AlSi10Mg alloy in AB condition. Consensus exists in literature about the Si-rich continuous eutectic network
acting as the main load-bearing structure and being a barrier for dislocation movement**>*. Therefore, a sig-
nificant strain hardening effect is observed for the AB and DA conditions, which exhibit a continuous Si-rich
eutectic network. Moreover, the Si supersaturation contributes to a solution-strengthening effect in the AB mate-
rial. On the other hand, the precipitation of ultrafine acicular and cubic-like Si particles in the DA microstruc-
ture act as additional dislocation movement barriers. Therefore, the highest yield strength among all conditions,
yet with impaired ductility, is obtained in the DA condition. The SR microstructure contains a disintegrated and
spheroidised Si-rich eutectic network, and a coarsening of the intracellular Si precipitates occurs. This micro-
structural evolution results in a significant strength loss and a notable increase in ductility. Moreover, it results
in a significant decrease in strain hardening. Lastly, the preheated condition (PH) shows a similar, yet coarser
microstructure compared to the one observed in the DA sample, as schematically indicated in Fig. 10. The
reduced cooling rates in LPBF processing with baseplate preheating cause this coarsening effect. In general, the
Si phase morphology and size in the intracellular and intercellular regions are the major contributing micro-
structural features affecting the mechanical properties®”*2. In summary, the tailored heat treatments for LPBF-
processed AlSi10Mg (DA, SR, PH), offer an interesting range of excellent mechanical and thermal properties.

Elastic and plastic anisotropic behaviour. Regardless of the LPBF-processed and heat-treated condi-
tions (AB, DA, SR), Figs. 1 and 2 show a notable higher ductility for the horizontal samples (XY) when compared
to their respective vertical tensile samples (Z). On the other hand, the vertical and horizontal tensile coupons
show almost similar yield strength (YS) and ultimate tensile strength (UTS) values per condition (AB, DA,
SR). Based on the RUS characterisation, the elastic anisotropy factors show values close to unity (=1.04) for
the respective conditions (AB, DA, SR), thus confirming the isotropic elastic behaviour of the LPBF-processed
material®>. Nonetheless, the mechanical anisotropic behaviour of LPBF-processed Al-Si alloys has been reported
in literature®9263446-3 Recent investigations claim that LPBF-processed Al-Si alloys exhibit isotropic elastic
behaviour, followed by an anisotropic plastic deformation behaviour®**44¢48_ The experimental observations
from this research work support this hypothesis. Consensus exists concerning the root cause of the anisotropic
plastic behaviour. It appears that the coarse microstructure in the MPB and the disintegrated Si-rich eutectic
network in the HAZ act as a weak zone compared to the ultrafine Al cells with continuous Si-rich eutectic net-
work in the MPC. Therefore, the MPB and HAZ regions are more prone to plastic deformation. Consequently,
damage initiation occurs along the MPB and HAZ due to debonding and cavity nucleation at the Al/Si interface,
followed by coalescence of the deformation micro-cavities, resulting in macro-crack formation**”. Hence, the
orientation of the meltpool relative to the tensile loading direction induces the plastic anisotropy observed in
LPBF-processed Al-Si alloys®****¢45_ The plastic anisotropy of the SR condition is reduced significantly com-
pared to the AB and DA condition, but cannot be considered fully isotropic. Namely, despite the disintegration
of the Al/Si eutectic network and spheroidisation of Si precipitates, the mesostructure has not entirely homog-
enised, as shown in Fig. 5g. Therefore, the MPB is still apparent after SR and remains a weak region for plastic
deformation. To conclude, the plastic anisotropic behaviour originates from the heterogeneous mesostructure
across the multiple layers.

Conclusion

A comprehensive study was conducted on LPBF-processed and heat-treated AlSil0Mg, covering a discussion
on rapid solidification behaviour and unravelling the multi-scale structure-property relationship. This research
confirms that a similar solidification trajectory applies for mould-cast and LPBF-processed AlSil0Mg, but at
different length scales. The observed similarity in solidification behaviour triggers the reason why the Brody-
Flemings microsegregation solidification model was able to predict the cellular morphology of the LPBF as-
printed microstructure. Despite the similar solidification trajectory, the rapid solidification (LPBF) of AlSi10Mg
occurs at a much finer length scale. Therefore, the LPBF microstructure exhibits a significant grain refinement
and a high degree of Si supersaturation, when compared to its cast peer. The grain refinement and Si supersatu-
ration are critical assets of the as-printed microstructure, and play a vital role in achieving superior mechanical
and thermal properties during post heat treatment. The high-temperature annealing step of a conventional T6
heat treatment eliminates these two critical assets, and thus vanishes the superior strengthening potential of the
LPBF-processed AlSi10Mg microstructure. Therefore, a T6 heat treatment for LPBF AlSil0Mg should only be
considered for rapid prototyping purposes. Next, this work covers a process-structure—property table, summa-
rising the critical process parameters (LPBE heat treatment) affecting the microstructural features at different
length scales (macro-, meso-, micro-, and nano-scale), and their concomitant mechanical and thermal proper-
ties. Lastly, an electrical conductivity model was able to predict the Si solute concentration in Al. This model
allows monitoring and understanding the Si supersaturation and its driving force for microstructural evolution.
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Such an electrical conductivity model can be proposed for LPBF process optimisation and heat treatment opti-
misation of precipitation-hardenable alloys. The insights gained from this profound experimental work could
be used to verify computational models simulating the microstructural evolution of LPBF-processed and post
heat-treated AISilOMg.
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