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• The design a periodic microstructural
gradient by liquid powder bed fusion
in an aluminium alloy is demonstrated

• The ultrafast cooling allows forming
nanoscale features which structure and
composition are established.

• Local strain hardening is evidenced in Al
crystal in the vicinity of eutectic areas.

• Short range ordering of silicon together
with the formation of Si nanocrystals is
shown in former eutectic areas.

• Two populations of solute clusters are
detected by APT: Mg-rich clusters (con-
taining Si) Mg-free Si-rich clusters.
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A layered nanostructure is produced by laser powder bed fusion of an Al-Si10Mg alloy. Melt pools are formed
of repeated Al cells exhibiting a gradient of dislocation density and nano-layers of amorphous-phase enriched
in Al and Si containing fine dispersions of diamond-Si nanocrystals. The high solidification rate involves the for-
mation of a high density of solute-rich clusters in Al crystals
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In this study, the formation of a periodic microstructural pattern designed by laser powder bed fusion (LPBF),
commonly called selective lasermelting (SLM), of anAlSi10Mg alloy is revealed at high resolution using scanning
transmission electron microscopy and atom probe tomography. Special attention is paid to the description of
non-equilibrium structures and compositional fields resulting from the ultrafast cooling of the LPBF process. Ob-
servations reveal the existence of a glass state in eutectic areas, wherein short-range ordering of the diamond-Si
structure is observed. The apparent very fast solidification of eutectic regions is found to involve a local strain in
adjacent Al cells, which extends up to 100 nm on average. In the supersaturated aluminium solid solution
retained by the LPBF process, two populations of clusters are identified, for which the potential role of the selec-
tion of hardening phases is discussed. It is proposed that the microstructure of former melt pools outside heat-
affected areas is described by the repetition of a periodic microstructural pattern consisting of eutectic regions
/strain-hardened Al-crystals /strain-free Al-crystals with a high density of solute-rich clusters.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Elaboration of metallic parts by laser powder bed fusion (LPBF) or
selective lasermelting (SLM) ofmetallic powders [1–13] offers a unique
opportunity to achieve significant hardening by microstructure design.
Hardening of alloys is commonly pursued by combining contributions
such as lattice friction, solid solution strengthening, work hardening,
Hall-Petch strengthening, and precipitation hardening. Insofar as LPBF
is applied to produce end products, work hardening cannot be directly
considered. Although LPBF is intrinsically a casting process, its advan-
tage comes from the incredibly high cooling rates involved (in the
range 103–106 K/s) [1,14,15]. Whereas similar cooling rates could only
be obtained using specific methods such as melt spinning, which pro-
duces thin ribbons only [16–18], LPBF allows for the trapping of alloy
systems in complex non-equilibrium states, which can also serve as a
basis for smart microstructure design by well-defined heat treatments.

Among the aluminium alloys used in additive manufacturing,
hypoeutectic alloys are quite common because of their good castability,
high strength, and good corrosion resistance [4,19]. Poor ductility and
anisotropy are often associated with the as-built condition, which ex-
plains why long-duration high-temperature annealing is usually ap-
plied to “reset” the microstructure inherited from the LPBF processing
[20]. However, in the as-built condition, AlSi10Mg is known to exhibit
high tensile strength andhardness compared to the samematerial proc-
essed by conventional casting [20]. Indeed, from the as-built state, inter-
esting properties can already be achieved for Al\\Si alloys [12,21,22]. As
illustrated in the work by Lien et al. [22], an excellent compromise be-
tween the strength and strain can be achieved by means of laser rapid
solidification compared to classical casting applied to Al-20wt%Si mod-
ified alloys. These authors have clearly shown how the drastic refine-
ment of the microstructure obtained by rapid solidification was
responsible for this gain in strength and ductility.

Accounting for the complex gradients inherited by the LPBF process,
advanced material design by heat treatments can be pursued. Physical
metallurgists may hence dispose of a complex tangle of regions with
significantly different compositions and microstructures at the submi-
cron scale that they can force to evolve to achieve some target proper-
ties. In this study, much attention has been paid to the fine-scale
characterisation of an AlSi10Mg alloy in the as-built state by a combina-
tion of transmission electronmicroscopy (TEM) and atomprobe tomog-
raphy (APT) analyses. Observations by these two techniques allow for
the connection of the non-equilibrium structures to the high cooling
rate resulting from the LPBF process. While the repetition of a micro-
structural pattern in the melt pools is identified, solute clustering in
the Al cells is quantitatively investigated, and the potential role of clus-
ters in phase selection during further heat treatments is discussed.

2. Experimental

2.1. Materials elaboration and specimen preparation

Bulk LPBF samples weremanufactured on an EOSM290 in the form
of plateswith dimensions of 150mm×35mm×5mm. The build plat-
form was maintained at 35 °C. The choice of this rather low tempera-
ture was made to avoid softening and phase decomposition during
the process. The fabrication parameters were optimised by the ma-
chine manufacturer, which were a laser power of 390 W, powder
layer thickness of 30 μm, hatch spacing of 0.19 mm, scanning speed
of 1300 mm/s, and rotation between scans rotation of 67°. To prevent
sample oxidation during fabrication, the manufacturing chamber was
under protective argon gas.

For TEM/scanning TEM (STEM) andAPT analyses, sampleswere pre-
pared by focussed ion beam (FIB) using the in situ lift-out technique in a
cross-beam NVISION-40 ZEISS. In the first step, a chunk was removed
from a bulk sample with milling currents of 6.5 nA and 1.5 nA at
30 kV and welded to a copper grid with a gas injection system, which
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uses an organometallic gas composed of platinum and carbon. In the
last step, the chunk was machined into a fine lamella with milling cur-
rents of 300 pA and 80 pA at 30 kV using Ga ions. To reduce Ga implan-
tation and damage in the region of interest, the final step of milling of
the lamella was performed at a low acceleration voltage of 2 kV.
2.2. Characterisation tools and protocols

Atom probe experiments were performed using a Cameca LEAP
4000 HR, operating in voltage mode. The voltage pulse fraction was
20%with a pulse repetition rate of 200 kHz,while the specimen temper-
ature was set to 40 K. APT reconstructions and data mining were per-
formed using the IVAS® software. TEM and STEM observations were
obtained with a JEOL ARM equipped with a Cs-corrector of the probe
forming system. The microscope voltage was set to 200 kV.

In the APT reconstructions, the level of decomposition of the alumin-
ium solid solutionwasfirst analysed byplotting radial distribution func-
tions (RDFs) [23,24] An RDFwas plotted for a given atom type (e.g. Mg).
For each atom of the selected element in the APT reconstruction, the
concentrations of all elements in a shell of radius r and thickness dr
around the atom were calculated (CAl(r), CMg(r), CSi(r)), and then com-
pared to the average concentration of each of these elements in the
whole APT reconstruction by calculating the concentration ratio.
Hence, a clustering was indicated by an RDF value >1, whereas a ran-
dom distribution of solutes would give a value of 1.

Quantification of clustering in theAl solid solutionwas performed by
applying the maximum separation distance (MSD) algorithm [25,26]
extended to high-order nearest neighbour distances, first to Mg atoms
and, second, to Si atoms. This well-established cluster searchmethodol-
ogy for APT is described and compared with other cluster search
methods in several reviews [27–29]. For the sake of clarity and to
allow the reader to compare the present results with the literature,
the principle and limitations of the method are summarised hereafter.

MSD gathers atoms of selected species in a given cluster if they are
closer than the distance dmax. Classically, MSD has been applied to first
nearest neighbour (1NN) distance distributions in the literature, and
this is also the case in a recent work on an AlSi10Mg alloy elaborated
by LPBF [30]. Nevertheless, since 1NN distribution of clusters strongly
overlap with the 1NN distribution of the matrix in most cases [30,31],
applying dmax to 1NNdistribution results in the selection of a significant
proportion of wrong clusters (corresponding to the “noise” of the algo-
rithm) coming from the start of 1NNdistribution in thematrix, together
with actual clusters (which are the “signal” of the algorithm). This prob-
lem iswell documented in the literaturewith the support of simulations
[29,31], and it has been proven that applying a criterion Nmin on the
minimumnumber of solute atomsper cluster is not sufficient to retrieve
a satisfying signal over noise ratio if only the 1NN distance distribution
is considered. On the contrary, the reliability of the MSD algorithm is
significantly improved by considering KNN (Kth nearest neighbour dis-
tance) distributions with K > 1 [31,32].

Insofar as an arbitrary definition of (K, dmax,Nmin) is not expected
to lead to optimum values (i.e., maximising the signal-to-noise ratio
and providing a fair description of the clusters), a heuristic approach
has been used to identify the optimum parameters for the algorithm
[32–35]. This is done by comparing the results of cluster selection
for numerous sets of parameters (K, dmax,Nmin) in the analysed vol-
ume and in its equivalent randomised volume wherein atomic posi-
tions are randomly exchanged. For cluster selection based on Mg
atoms, the signal-to-noise ratio was found to be optimum for K = 5,
dmax = 1.8 nm, and Nmin = 21. For cluster selection based on Si
atoms, the signal-to-noise ratio was found to be optimum for K = 7,
dmax = 1.0 nm, and Nmin = 39. Subsequently, the envelope method
[36] was used to associate other atoms to the selected clusters. For
this method, the envelope length was set to 1 nm and the erosion dis-
tance was 0.7 nm.
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3. Results

3.1. Non-equilibrium features in eutectic areas and local strain hardening

After LPBF, the microstructure consists of a superimposition of melt
pools containing a succession of Al cells separated by eutectic zones.
Over several tens of microns, Al cells may display a similar crystalline
orientation, suggesting that they belong to the same primary dendritic
Al crystal. Such observations not reported here are already vastly re-
ported at this scale inmany papers [12,21,37,38]. In Fig. 1, TEMobserva-
tions of Al cells and eutectic zones are displayed. The specimens were
selected well into the melt pools, away from thermally affected zones
that can be generated by the LPBF of superior layers. All observed Al
cells in Fig. 1 have the same orientation, as revealed by fast Fourier
transform (FFT) in high-resolution TEM. Their thickness (i.e., their
smallest dimension) is approximately 400 nm. No clear precipitation
could be revealed inside the Al cells at this scale, suggesting that cooling
was fast enough to avoid long-range diffusion of solute elements and
phase separation. On the contrary, a slow cooling rate or reheating of
the material would have led to solid-state decomposition in the Al
cells, along with the formation of Mg2Si and/or Si particles predicted
by the ternary phase diagram. Furthermore, contrasts due to lattice dis-
tortions are visible in the Al cells in the vicinity of eutectic regions. Such
distortions (indicated bywhite arrows in Fig. 1(a)) could either be gen-
erated by coherency strain across the Al-cell/eutectic zone interface or
by the volume variation of the eutectic region at the end of its solidifica-
tion, which occurs after the rapid formation of Al cells. As will be shown
hereafter, eutectic areas do not exhibit a lattice structure that could
form a coherent interfacewith Al cells. Hence, lattice distortions are pro-
duced by volume variation during the solidification of eutectic regions.
Complex interface structures involving both crystalline and amorphous
phases have also been shown to produce dislocations in the literature
[39,40]. Such distortions are expected to contribute to the residual stress
measured at the microscopic scale [41].

Fig. 2(a) shows the observation of a eutectic zone in the high-
resolution TEM (HR-TEM). The thickness of the eutectic area trapped
between the Al cells is in the range of 10–20 nm. The interface with
the Al cells is notwell-defined because of the superimposition of phases
along the direction of projection. While Moiré fringes are generated by
overlaps of the crystalline structure along the specimen thickness,
Fig. 1. (a) Bright FieldTEM image displaying Al cells separated by eutectic zones. White arrows
field STEM image showing preferential location of dislocations in Al cells at the vicinity of eute
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obvious contrasts reveal the presence of nanocrystals and an amor-
phous phase in the eutectic area.

By computing an FFT of the image in Fig. 2(a), several spots consis-
tent with the spatial frequency of the {111} planes of diamond Si are
identified in Fig. 2(b). The random orientation of these reflexions is
the signature of equiaxed crystallisation of diamond Si in the eutectic
area. By selecting the eutectic area for the calculation of the FFT, it was
confirmed that both these spots and the diffuse circle of radius
3.2 nm−1 are generated by the eutectic region.Whereas the circle of dif-
fuse intensity is generated by an amorphous structure, the recurrent
3.2 nm−1 frequency indicates a local ordering compatible with the for-
mation of {111} planes of diamond Si. This is confirmed by the presence
of numerous nanoclusters in Fig. 2(c). Insofar as the thickness of the APT
specimen rapidly reaches tens of nanometres, direct correlative analysis
by APT and HR-TEM becomes inappropriate if the determination of
nano-scale features such as those observed in Fig. 2(a) is pursued.
Hence, the structural analysis of eutectic regions has been determined
in thin foils only, and the distribution of alloying elements in these re-
gions has been investigated in needles analysed by APT.

A eutectic area was intercepted in the APT analysis of a region of in-
terest selected by FIB SEM, and the result is shown in Fig. 3. Significant
enrichment in Si was visible in the projected volume. Quantification of
local composition variations has been performed with respect to this
enrichment by first identifying isosurfaces based on the variations in
the Si composition. In the APT reconstruction of Fig. 3(a), three regions
(designated as I, II, and III) are identified. The composition profiles
displayed in Fig. 3(b) have been plotted across the interface separating
regions II and III in the direction indicated by the arrows in Fig. 3(a). Re-
gion I shows, with a radius of 2 nm, a Mg:Si ratio > 2 and an Al content
of about 20 at.%. Such contents are compatible with a Mg2Si-type pre-
cipitate of a non-equilibrium composition. This non-equilibrium com-
position is associated with the high Al content in the precipitate.
Region II is significantly rich in Al, although the level of solute elements
(>30 at.%) is incompatible with the composition of an Al cell. It is
surrounded by a shell of nearly equiatomic composition in Al and Si (re-
gion III), fromwhich the Si andMg contents gradually decrease as the Al
content increases. The APT analysis of a eutectic region confirms that
LPBF can generate unusual and non-equilibrium composition variations
at the nanometre scale. Phases present along the gradient interface are
therefore identified owing to the structural features revealed by
point out lattice distortions in the vicinity of eutectic regions. (b) Large-angle annular dark
ctic regions.



Fig. 2. Al-Si10Mg alloy in the as-built condition. (a) HR-TEM of a eutectic zone surrounded by two Al cells oriented along a [001] zone axis. This region dominated by an amorphous contrast
contains nanocrystals as indicated by circles. (b) FFT of the whole image in (a). A diffuse circle of radius 3.2 nm−1 consistent with the spatial frequency g111

Si associated with (111) planes of Si
diamond structure is observed. A discontinuous circle drawn by symmetric spots of similar spatial frequencies is superimposed with the diffuse circle. (c) Enlarged HR-TEM view of the eutectic
area. Circles highlight local ordering in the amorphous region.
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high-resolution observations and FFT analysis of Fig. 2 and from the ad-
ditional information provided by the APT analysis. Nano-scale precipi-
tates of diamond Si and Mg2Si phases are formed in the eutectic
region. They are embedded in an amorphous phase, wherein the
short-range order of the diamond-Si is revealed. This non-equilibrium
amorphous structure is observed in a transient state of decomposition.
Region III of Fig. 3, which spreads over several nanometres, is perfectly
consistent with the local diamond Si short-range order regions
highlighted in Fig. 2(c). Region II of Fig. 3 was consequently identified
as the retained amorphous phase.

3.2. Quantification of clustering in the supersaturated solid solution

APT analyses were performed in the Al cells. The composition of the
solid solution is detailed in Table 1. As expected, the rapid cooling
Fig. 3. APT analysis of a eutectic zone in the as-built state. (a) 3D reconstruction displaying only
and III). (b) Composition profiles calculated across the Si isosurface shown in (a). Three zones
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undergone by LPBF induces a large supersaturation in the Al cells, and
noprecipitation could be revealed away from the heat-affected zone. In-
deed, Zandbergen et al. showed that the solid solubility of Si andMgwas
lower than 0.05 at.% below 180 °C [42]. However, thefluctuations of sol-
ute distribution in the Al solid solution may be already identified in
Fig. 4(a) and affect bothMg and Si at a very fine scale. In order to clearly
identify and quantify these fluctuations, RDFs [23,24] were calculated in
the APT reconstruction of Fig. 4 for Mg atoms and Si atoms separately.
These are plotted in Fig. 5. Around Mg atoms, the composition of Mg is
on average significantly higher (up to 3 times higher on average),
whereas a significant enrichment in Si can also be distinguished. These
enrichments may extend slightly above 2 nm. Around the Si atoms,
the solute distribution is also found to be non-random. Nevertheless,
it is impossible to conclude from RDF calculations whether local solute
enrichments correspond to one or more populations of clusters. For
Si atoms (green points) and an isosurface of 25.5 at.% of Si (green surface between region II
named I, II and III are identified.



Table 1
Composition of the solid solution of the Al-Si10Mg alloy in the as-built condition.

Al Si Mg

Composition (at.%) 96.78 ± 0.01 3.08 ± 0.01 0.14 ± 0.01

Fig. 5. Radial distribution functions calculated around (a) Mg or (b) Si atoms extracted
from an APT analysis performed in an Al cell of the Al-Si10Mg alloy in the as-built
condition.
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this purpose, further quantification of clustering has been undertaken
using thewell-established cluster searchmethodology described in sec-
tion 2.2.

In Fig. 6(a,b), clusters selected by considering the neighbourhood of
Si or Mg atoms are displayed. TheMg:Si ratio as a function of the cluster
size in Mg-rich clusters is plotted in Fig. 6(c). Although the largest clus-
ters exhibit a Mg:Si ratio close to 2, large discrepancies are observed for
smaller ones, with a significant Mg enrichment in some. On the con-
trary, Si-rich clusters do not contain Mg atoms in proportions superior
to the nominal composition. Consequently, the Mg enrichment shown
by the RDF calculated around the Si atoms is attributed to the Si atoms
present in the Mg-rich clusters. For comparison, the composition in
the Si-rich clusters is plotted as a function of their size, as shown in
Fig. 6(d). The Si composition is larger than 50 at.% on average. This cor-
responds to a drastic enrichment compared to the average content of Si
in the solid solution (~3 at.% from Table 1).

Finally, the number densities of the two populations of clusters were
calculated and are displayed in Table 2. The measured values are typi-
cally one order of magnitude larger than values reported in the litera-
ture of 6xxx wrought alloys (see, for instance, [42,43]). One can also
notice that we detect two more Si clusters (free of Mg) than Mg-rich
clusters (containing Si). Although Si contributes to both populations of
clusters, the larger number density of Si-rich clusters is consistent
with the much larger supersaturation in Si in the solid solution com-
pared to the supersaturation in Mg.

4. Discussion

In this study, a complex periodic microstructure of AlSi10Mg de-
signed by LPBF is described. Observations have been focussed on the
Fig. 4. APT analysis performed in an Al cell of the Al-Si10Mg alloy in the as-built condition. Mg and Si atoms are shown in the APT reconstruction.
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Fig. 6. Solute clusters selected by the cluster search algorithmapplied on Si atoms (a) andMg atoms (b) extracted fromAPT data. (c)Mg:Si ratio in clusters shown in (b). (d) Fraction of Si in
clusters shown in (a).

Table 2
Number densities of solute-rich clusters in the as-built state of the AlSi10Mg alloy.

Mg-rich clusters Si-rich clusters

Number density (m−3) (4.9 ± 0.5) 1023 (8.9 ± 0.9) 1023
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microstructures formed in regionswhere the cooling rate is expected to
be maximum and where no evidence of reheating (by melting of supe-
rior layers) was provided. In addition, much attention has been paid to
detail both the composition and structure of the eutectic regions at high
resolution. In the literature, the characterisation of eutectic regions of
Al\\Si alloys in the as-built state more often provide two-dimensional
chemical mappings by energy dispersive x-ray spectroscopy coupled
with SEM, TEM, or STEM observations [44–47]. Although significantmi-
crostructural information was revealed by these techniques (cell size,
texture, eutectic decomposition, etc.), APT is necessary to detect the
fine-scale distribution of elements induced by the LBPF process at the
nanometre scale. In addition, it is mandatory to compare the informa-
tion accessible by APT with observations at the same scale using (S)
TEM to relate compositional variations to the structure of the material.
By combining these techniques, new information is provided in the
present work that highlights the potential of microstructural design of
alloys by LPBF.

First, it is demonstrated that LPBF allows trapping of the AlSi10Mg
system in an amorphous state in eutectic regions. This is clearly attrib-
uted to the very fast cooling associated with the LPBF elaboration pro-
cess. Similarly, in the case of surface laser processing, the formation of
amorphous phases has also been reported and attributed to the short
existing time of the melt pool [39,48]. The amorphous matrix observed
6

at high resolution contains large concentrations of both Al and Si, as in-
dicated by the composition profiles in Fig. 3. However, more indications
about the eutectic regions were given by APT: i) Mg and Si composition
varied gradually from the core of the eutectic region towards the sur-
roundingAl cell; ii) composition profiles are not consistentwith equilib-
rium compositions predicted by the phase diagram of the Al–Mg–Si
system. Correlating these APT results with HR-TEM observations con-
firm that, in eutectic regions, fast cooling enables rapid crystalline or-
dering at the nanometre scale, accompanied by insufficient long-range
diffusion of solute elements. Inside the amorphous matrix, phase sepa-
ration is shown to start by a short-range ordering compatible with the
diamond-Si structure. Some Si nanocrystals are indeed visible in the
HR-TEM. APT analysis of a eutectic region also revealed a local enrich-
ment consistentwith the formation of aMg2Si precipitate. Nevertheless,
as they are likely to form without any specific orientation with respect
to the Al cells, they are not expected to give any obvious contrast in
TEM unless their long axis is by chance oriented along the direction of
observation. Short-range diffusion therefore enables the start of a
solid-state decomposition, which is rapidly stopped during the LPBF
process. The fast cooling rate, thus, locally retains a nanostructure,
which is usually obtained by methods that enable high cooling rates
such as melt spinning [16–18].

The contraction associated with the rapid solidification of eutectic
areas is shown to involve local strain hardening in adjacent Al cells, as
shown in Fig. 1. This strain hardening was observed locally in the direct
vicinity of eutectic zones and was not found to extend to more than
100 nm distant from eutectic zones on average. This local strain of Al
cells at the location of the Al-cell/eutectic region interface was system-
atic in our observations. Inside a melt pool, this results in the formation
of a repeated pattern consisting of a eutectic area surrounded by Al
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crystals, for which the level of strain hardening gradually decreases to-
wards their core.

Inside the Al-cells investigated by APT, a significant supersaturation
of the solid solutionwas observed (Table 1), in agreementwith previous
works [30,49]. In their paper [30], Maeshima and Oh-ishi investigated
the solid solution of an AlSi10Mg alloy. By applying the MSD algorithm,
they found that clusteringmainly concernedMg atoms, whereas Si was
not found to form either Si clusters or to participate inMg clusters. Nev-
ertheless, based on their calculation offirst nearest neighbours only, this
quantification was inevitably strongly affected by a low signal-to-noise
ratio, as discussed in detail in some reference work and reviews on the
topic [27,31,50] and in the experimental section above. In the present
work, by following a well-established heuristic protocol for cluster se-
lection [32,35,51,52], the type of clusters present in the solid solution
in the as-built condition has been clearly established. Cluster analysis
revealed that two populations of clusters exist: i) Mg\\Si co-clusters
with a Mg:Si ratio equal to 2 or above, and ii) Si-rich clusters free of
Mg, with a Si content above 50 at.%. These findings confirm that, despite
the rapid cooling rate intrinsic to LPBF, short-range clustering already
occurs in the supersaturated solution of Al cells.

The presence of these clusters obviously plays an important role in
the further precipitation of hardening phases if the microstructure is
later submitted to a T5-type heat treatment, that is, involving no prior
solution treatment but just a low-temperature ageing. Mg-rich clusters
are expected to promote the formation of the equilibrium β-Mg2Si
phase predicted by the ternary phase diagram. Meanwhile, the Si-rich
clusters, which are twice the number of Mg-rich clusters, are expected
to favour the formation of diamond-Si, as predicted by the ternary
phase diagram. Moreover, if a heat treatment is applied at moderate
temperature (i.e., in the 120–170 °C range) with or without pre-
ageing (i.e., below 100 °C), a sequence ofmetastability implying the for-
mation of Guinier Preston-zones or β” precipitates could be observed
[42,43,53,54]. Hence, a T5-type heat treatment may result in precipita-
tion hardening, involving precipitates commonly observed in the Al–
Mg–Si system (i.e., β”, β’, or β-Mg2Si) together with diamond-Si parti-
cles, which formation will be favoured by the existence of Si
nanocrystals in eutectic regions and Si-rich clusters in the matrix. A de-
tailed and systematic study of precipitation hardening kinetics starting
from the as-built condition, which falls outside the scope of this paper,
are required to reveal the hierarchy of phases to be formed and the as-
sociated mechanical properties for T5-type hardening treatments. It
must also be mentioned that T5-type heat treatments have already
been shown to produce significant hardening compared to T6-type
heat treatments (involving a prior solution heat treatment) in other
alloy systems [55].

Insofar as processing parameters may play a critical role in the final
designed microstructure, further investigations are required to identify
the exact correlations between these parameters and the particular mi-
crostructural features revealed by thiswork. These include the existence
of an amorphous phase together with Si nanocrystals in eutectic regions
and the strain regions in Al cells in the vicinity of eutectic regions. As a
particularly important parameter, the temperature of the platform
was set to 35 °C to avoid significant phase decomposition and softening,
which are expected to occur if this temperature is raised to 180–200 °C,
as would typically be done to minimise residual stress in large pieces of
material in the as-built state. A low temperature of the platform clearly
promotes a high cooling rate and formation on nano-scale periodic gra-
dients, but may be detrimental for residual stress [56].

5. Conclusion

Elaboration of alloys bymeans of SLM/LBPF offers newways to guide
the microstructural design. One of the main advantages of this method
is its high cooling rate, which allows the trapping of alloy systems in
non-equilibrium states. Such states can later serve as the basis of
smart design using further heat treatments or can lead to unusual
7

properties in the as-built state. In this study, the fine microstructure
inherited by the LPBF of an AlSi10Mg alloy was investigated. By means
of various microscopy tools, the repetition of a periodicity has been re-
vealed, which implies several scales (from hundreds of nanometres
for Al cells to atomic clusters). High-resolution observations have re-
vealed the existence of a glass state in eutectic areas, wherein short-
range ordering of the diamond-Si structure could be observed. In
these eutectic regions, early stages of phase separation could also be
demonstrated by the presence of Si nanocrystals and by the existence
of complex compositional fields determined by APT. The apparent
very fast solidification of eutectic regions is found to involve a local
strain in adjacent Al cells, which extends up to 100 nm on average.
The recurrence of this observation produces the repetition of a periodic
pattern inside former melt pools (eutectic regions first, surrounded by
strain-hardened Al crystals, followed by strain-free Al crystals).

The supersaturated aluminium solid solution retained by the LPBF
process was quantitatively investigated by APT. Two populations of
clusters were identified: Mg/Si co-clusters and Mg-free Si clusters. De-
termining the role that these clustersmay play in the selection of phases
and on subsequent hardening during a precipitation treatment (T5
type) would require further investigation.
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