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Conventional thermal processing may not always be well-suited for modifying the unique, as-built microstructure of Additively Manufactured (AM) AlSi10Mg. Conventional post-build processing of AM AlSi10Mg
components involves a Solution Heat Treatment (SHT) at elevated temperatures (∼500 °C) followed by lowtemperature aging (170 °C). Here we characterize low-temperature aging (170 °C) of AM AlSi10Mg components
both with and without a conventional solution heat treatment. The samples without a solution heat treatment
are ﬁrst held at room temperature for several months, during which we monitored the reduction of Si in the Al
matrix, from 4.74 to 3.98 at% with limited changes in hardness. We also correlate the as-built microstructure
back to the processing conditions. During the room temperature hold, and when these samples are subsequently
aged at 170 °C without a solution heat treatment, they retain a eutectic ribbon microstructure but lose the
supersaturation of Si within the Al matrix with aging. These samples reach a peak hardness after 2 h at 170 °C
that is approximately 50 % higher than the peak hardness of SHT samples after 5 h at 170 °C. We contrast the
microstructure and density changes resulting from both heat treatment paths and explain how this modiﬁed heat
treatment complements AM AlSi10Mg’s unique, as-built microstructure.

1. Introduction
AlSi10Mg is a standard AM aluminum alloy with applications in
aerospace, automotive, and aeronautical industries [1–3] due to several
advantages including competitive mechanical properties, corrosion resistance, density, thermal and electrical conductivity, and processability by AM [2,4–9]. In the literature, AM AlSi10Mg is routinely
compared to similar cast Al alloys (such as A360), and in many cases,
AM AlSi10Mg has comparable (and sometimes superior) performance
in terms of hardness and tensile strength [2,10–12], corrosion resistance [13], and ductility [14].
Several authors have discussed how the properties and microstructure of Al alloys are impacted by standard AM process parameters
(i.e., laser power, speed, and hatch spacing) [15–19]. In addition, room
temperature (or natural) aging is known to occur in Al alloys [20–22],
and others have studied or leveraged the room temperature aging effects after a SHT of AM Al alloys [23–26]. However, the eﬀects of room
temperature aging on the microstructure and properties of as-built AM
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Al parts have not yet been reported.
Many authors have described the impact of thermal post-processing
parameters on Al alloys in general [27–33]. While other aluminum
alloys are better known for their response to post-processing, and their
superior precipitation hardening (such as the Al-Cu, Al-Mg, and Al-Zn
based systems) [20], post-processing profoundly inﬂuences AlSi10Mg’s
properties, as evidenced by ductility and tensile strengths ranging from
5.6 to 38.8% and from 184 to 479 MPa, respectively [34]. Thus, a
thorough understanding of thermal post-processing is crucial to fully
characterizing the range of achievable microstructures and properties
of AM AlSi10Mg.
The strength of AM AlSi10Mg parts has been linked to hardening by
Mg2Si and Si precipitates [2,6,20,28,35–38], Hall-Petch-like strengthening [39–42], dislocation hardening [43], and solid solution
strengthening [28,39,44–49]. A supersaturation of Si in AM AlSi10Mg
is attributed to the rapid cooling of AM processes [47,49–51], along
with a cellular eutectic microstructure. However, the relationship and
balance between the supersaturation, the eutectic structure, and the
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evolution, we immediately extracted the build plate from the chamber
and removed the samples from the build plate by electro-discharge
machining (EDM). To minimize surface artifacts, we carefully polished
all samples on a Struers Tegramin 20 polisher for characterization. We
collected the ﬁrst XRD data set ﬁve hours after the build ﬁnished. For
imaging, we brieﬂy etched samples in Keller’s reagent (Ricca Chemical
R2500001A).
We performed symmetric XRD on a Philips X-Pert Pro XRD tool from
23 degrees to 101 degrees two theta using Cu K-alpha radiation, a
current of 40 mA, and a voltage of 45 kV. We performed regular scans
on a Si standard calibration powder (NIST Si standard batch 640c) to
correct for machine error. Jade 9.0 was used for peak identiﬁcation and
ﬁtting, while additional analyses were performed using Matlab. We
used the Nelson Riley correction [70] to extract the lattice parameter
from the XRD scans while accounting for minor oﬀsets in the sample
position.
In the literature, researchers use several methods to correlate
compressive strain in the Al lattice with the amount of Si dissolved.
Milligan’s [44] approach (a=-0.0032*(at% Si) + 4.0494 Å) is based on
Vegard’s law [71], and has been used by others (Note: in one article
Milligan’s equation is copied, but with a slight error: the intercept of the
equation was changed, but the slope remained the same (a=0.0032*(at% Si) + 0.40494 nm) [39]). Per compelling arguments in
the literature [45,46,72], we selected Bendijk’s method instead (slightly
modiﬁed to match the Al lattice parameter from PDF #00−004-0787)
as the more nuanced and accurate equation which overcomes potential
limitations and simpliﬁcations of Vegard’s Law. Thus, we used a slightly
modiﬁed version of Bendijk’s method to estimate dissolved Si in the Al
matrix:

strengthening mechanisms are still not fully understood as a function of
thermal post-processing.
A variety of AM AlSi10Mg post-processing treatments are described
in the literature, including: hot isostatic pressing (HIP) [30,34,52–55],
several creep studies [9,56,57], stress relief anneals (often ∼300 °C for
a few hours) [9,58–62], and T6 style post-processing (a solution heat
treatment (SHT) followed by low-temperature artiﬁcial aging)
[12,16,26,27,55,63]. We found over 30 publications that perform a
SHT- the most common approach - and over 20 that perform some sort
of stress relief anneal on AM AlSi10Mg or similar AM Al-Si alloys.
Though the stress relief is at a lower temperature than the SHT, it still
reduces supersaturation and breaks down the eutectic microstructure
[47,61]. In the majority of these studies [23,24,29,30,47,64–68], the
hardness drops following the SHT, but then increases after artiﬁcial
aging. However, it rarely recovers to as-built values. This is due in large
part to the fact that the conventional SHT after build reduces the supersaturation and eliminates the eutectic microstructure [47,64]. In
addition, the stability of microstructures and mechanical properties at
long aging times has not been studied thoroughly, even though this is
relevant for any application involving cyclic or sustained exposure to
elevated temperatures.
While many studies investigate conventional thermal treatments
such as T6, far fewer publications explore alternative post-processing in
which one bypasses the SHT and stress-relief treatment and directly
ages at low temperatures (< 210 °C)) [28,29,34,40,64,69]. The rationale for an alternative heat treatment is based on the knowledge that
the high solidiﬁcation rates of AM are known to produce metastable
microstructures with excess solute and reﬁned microstructures. Thus,
we want to explore utilizing the excess solute to enhance precipitation
strengthening while retaining the reﬁned eutectic microstructure to
maximize strengthening. Earlier studies have shown that bypassing the
SHT generally results in lower ductility, but can contribute to higher
hardness and tensile strength. However, there are discrepancies between the relative increases in hardness as a function of alternative
processing. Some report a larger increase [29,34,40], one shows a small
increase [28], and others show a decrease [64,69].
In this work, we explore an alternative, post-build thermal treatment that includes a room temperature hold and aging at 170 °C. We
identify in detail its eﬀects on the microstructure and properties of
AlSi10Mg parts built using Powder Bed Fusion (PBF), and we compare
them to those of a conventional T6 treatment that includes a SHT followed by aging at 170 °C. We ﬁrst characterize the as-built AM microstructure and infer details of the thermal history during the build.
We then explore microstructural changes, and eﬀects of holding samples at room temperature (RT) for several months following the
build—in particular, the extent and evolution of supersaturated Si
content in the Al lattice using X-Ray Diﬀraction (XRD) and mechanical
properties using microhardness tests. Finally, we ﬁnd that the alternative heat treatment signiﬁcantly increases the hardness relative to the
conventional SHT (especially after long aging times), and we identify
the microstructural causes and implications of those diﬀerences.

a= − 0.174 * X Si + 4.0494Å

(1)

where ‘a’ is the Al lattice parameter in Å, and XSi is the atomic fraction
of Si dissolved [45]. For a more detailed justiﬁcation of this selection,
see section one of the supplemental information.
Microhardness characterization was performed using a LECO-100
Microhardness tester, a 1000 g load, and a four-sided diamond pyramid
tip. We extracted Vickers hardness values from the indent size using the
‘Conﬁdent’ software. Per ISO 6507−1 recommendations, we spaced the
micro-indents from each other by a distance equivalent to six times the
average indent width. Each hardness data point represents a total of at
least six measurements across at least two samples. We imaged samples
using a Leica DMi8 light microscope and a Tescan MIRA 3 GM Scanning
Electron Microscope (SEM) in secondary electron mode, with energy
dispersive spectroscopy (EDS) and electron backscatter diﬀraction
(EBSD).
For Transmission Electron Microscopy (TEM), we sliced thin samples with a diamond wire saw. We polished samples to a 45−50 μm
thickness using water and pads of varying grit sizes (800–1200). The
ﬁnal polishing step used a water-free 0.05 μm colloidal silica solution
and a cloth pad to create a damage-free surface with little to no
scratches. We punched a 3 mm diameter disk from each sample and
thinned them in a GATAN precision ion polishing system (PIPS) at
−100 °C to create a small hole for TEM observations. We used a ﬁeld
emission gun TF30 TEM microscope at 300 keV for microstructural
characterization. We also performed high-angle annular dark-ﬁeld
scanning TEM (HAADF-STEM), high resolution (HR) TEM, and obtained
TEM diﬀraction patterns.
During the room temperature hold, XRD and hardness measurements were performed on four samples from approximately the same
location in the build area to minimize sample variation due to location
on the build plate. To minimize variation due to sample orientation, we
used only the top surfaces of the samples for in depth XRD, hardness,
TEM, and SEM analysis. However, Supplemental Fig. S6 shows the
cross-sectional perspective of an as-built part. Throughout the report,
error bars indicate a single standard deviation.
We held a diﬀerent set of four samples at room temperature for four

2. Experimental details
A 12 × 12 array of 8 × 8 × 8 mm samples was additively manufactured using a commercial EOS M290 PBF system with a 400 W Ybﬁbre laser, a laser focus diameter of 100 μm, and AlSi10Mg powders.
The processing parameters were laser power = 370 W, scan velocity =
1300 mm/s, hatch spacing = 190 μm, a rotation angle of 67° between
layers, and a layer thickness of 30 μm. The build plate temperature was
35 °C and the samples were spaced 2 mm apart. The size distribution of
the starting AlSi10Mg powders was measured to be d10 = 9.29 μm,
d50 = 17.24 μm, and d90 = 30.97 μm using a Horiba Particle Size
Analyzer (PSA). Table 1 shows the powder composition speciﬁed by
EOS.
To assess the earliest stages of room temperature microstructural
2
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Table 1
AlSi10Mg powder chemical composition (wt%).
Al
Bal.

Si
9−11

Mg

Fe

Cu

Mn

Ni

Zn

Pb

Sn

Ti

0.2−0.45

≤0.55

≤0.05

≤0.45

≤0.05

≤0.1

≤0.05

≤0.05

≤0.15

Fig. 1. Two AM sample thermal processing paths: a conventional path with a solution heat treatment (SHT), and an alternative path with a room temperature (RT)
hold that avoids a solution heat treatment. Both utilize aging at 170 °C for diﬀerent times, as shown in green.

pool width and depth. The optical contrast in the melt pool boundaries
highlights the inhomogeneity inherent in AM materials due to the laser
processing and steep thermal gradients. These gradients can cause local
microstructural diﬀerences in cell size and grain size.
While melt pool length scales are hundreds of microns, grain sizes
typically ranged from 3 to 10 μm in diameter (from a top-down perspective). We attribute the broad grain size distribution to variations in
locations within the melt pools [5]. To obtain a representative distribution of grains, we averaged grain size data across multiple EBSD
scans that were randomly selected in diﬀerent sample regions and obtained an average, as-built grain diameter of 4.4 ± 3.7 μm. The pole
ﬁgure (Fig. 2b) shows a strong [001] (cubic) texture. The dominant Al
(200) peak in XRD (Fig. 2d) conﬁrms this cubic texture.
The SEM image in Fig. 2c shows the eutectic cellular network with
an average spacing of 550 ± 140 nm and nanoscale features within the
eutectic ribbons that form the cell boundaries. TEM conﬁrms that
single, aligned grains encompass many cells (see supplemental Fig.
S1a), and that nanoscale precipitates exist within the cells (Fig. 2e and 7
b) and within the eutectic ribbons (Fig. 7b, 8a, and 8c) as observed by
Zhou et al. [27]. By HRTEM, we characterize more clearly the nanoscale precipitates in the Al matrix, and by HAADF STEM, we conﬁrm
that the eutectic ribbons are Si-rich (see supplemental Fig. S1b).
Using EDS, we estimated the chemical compositions in the as-built
aluminum cells and eutectic ribbons, and Table 2 lists these compositions for both the cell centers and eutectic ribbons of the microstructure
(Fig. 3). Within the aluminum cells, we ﬁnd an average of 5.9 at% Si
and 94.1 at% Al, and within the eutectic ribbons, we observed 14.7 at%
silicon and 85.3 at% Al. We measured similar chemical compositions
across multiple samples, images, and locations. The density before 170
°C aging was 2.668 ± 0.004 g/cm3, which is consistent with the manufacturer’s reported density for this alloy (2.67 g/cm3) [75].
XRD showed a small, broad peak for the Si phase (Fig. 2d) following
the build and evidence of a Mg2Si peak, indicating some Mg2Si precipitates exist after fabrication (Fig. 2d- inset), which is consistent with
prior observations [64]. Using the Nelson Riley correction and modiﬁed
Bendijk’s equation, we measured up to 4.98 at% Si dissolved in the Al.
However, this value decreases over time, as discussed next.

months to produce a stable microstructure and Si content before more
processing. We solution heat treated two of the four samples at 530 °C
for ﬁve hours (Fig. 1) followed by quenching in room temperature
water. The other two samples had no SHT following the four-month
hold at room temperature (RT). Both sets of samples were then aged at
170 °C in an alumina crucible ﬁlled with aging oil to ensure even
heating of samples. We selected the aging temperature of 170 °C for
multiple reasons. First, Diﬀerential Scanning Calorimetry (DSC) experiments of the starting powders showed strong exothermic peaks
above this temperature (see Supplemental Fig. S4, S5 and
[49,61,73,74]), indicating breakdown of the eutectic structure in the
material. Fiocci’s work [61] shows that even two hours at 294 °C can
initiate breakdown of the as-built eutectic microstructure. Secondly, we
selected 170 °C not only to avoid breakdown of the eutectic structure
but also for direct comparison to prior literature [28]. After cumulative
aging times ranging from 10 min to 604 h, the samples were removed,
quenched in water, and rinsed with solvents and water to remove trace
amounts of oil before characterization via XRD, SEM, and hardness
testing. Both the conventional thermal processing with a SHT and the
alternative thermal processing with just a RT hold are shown schematically in Fig. 1. In addition to these heat treatments, we prepared separate RT and SHT samples for TEM analysis before 170 °C aging and
after peak aging (two hours and ﬁve hours, respectively).
To measure sample density as a function of post-processing, we used
a high precision Mettler Toledo X53DU scale to measure mass, and a
Micromeritics Accu Pyc II 1340 gas pycnometer to precisely measure
the volume. We estimated density for three samples from each condition (RT and SHT samples before aging, at peak aging, and at the overaging conditions). Based on the manufacturer’s speciﬁed density of 2.67
g/cm3, we estimated the relative volume increase of the samples [75].
3. Results
3.1. As-built microstructure
The as-built microstructure revealed that the characteristic melt
pool traces (Fig. 2a) are consistent with a hatch spacing of 190 μm and a
rotation angle of 67° between layers. The light microscopy images show
re-melting of up to four layers in some areas and local variations in melt
3
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Fig. 2. Anatomy of an as-built AM AlSi10Mg sample: a) light microscopy image (dark-ﬁeld), b) EBSD map with corresponding pole ﬁgure c) SEM micrograph, d) XRD
(inset shows the Mg2Si peak), and e) TEM micrograph.

samples was 4.0411 ± 0.0003 Å, much smaller than that of pure Al
(4.0494 Å) and corresponding to 4.74 ± 0.18 at% Si dissolved (Fig. 4a
and b).
Surprisingly, the Al lattice parameter, and thus the dissolved Si
(XSi), evolved with time at room temperature. As shown in Fig. 4a, the
lattice parameter increased sharply in the ﬁrst few hours/days (almost
0.025 % in the ﬁrst week), and then continued to increase almost another 0.025 % in the following months. The full increase in the lattice
parameter corresponds to a signiﬁcant drop in the amount of dissolved
Si from 4.74 ± 0.18 at% to 3.98 ± 0.13 at%.
Despite nearly a 20 % decrease in dissolved Si, the hardness of the
samples held at room temperature varied little with time and hovered
between 114 HV and 120 HV, averaging 116.6 HV over the full hold at
room temperature (Fig. 4c). We note that the average hardness did
increase slightly in the ﬁrst 40 h after the build and again between 1000
h and 3360 h, but these variations are not statistically signiﬁcant due to
large error bars.

Table 2
Representative summary of EDS chemical compositions.
Location

Si (at%)

Al (at%)

Cell centers
Eutectic ribbons

5.9 ± 1.0
14.7 ± 2.4

94.1 ± 1.0
85.3 ± 2.4

3.3. Eﬀects of a solution heat treatment
The solution heat treatment at 530 °C for ﬁve hours results in a
complete breakdown of the eutectic ribbons (Fig. 5a–c, 6 e, 7 e and f),
the formation of microscale Si precipitates (Fig. 5c, 6 e–g, and 7 e), and
a reduction in sample hardness to 72 ± 3 HV (Fig. 6d). However, the
average Al grain size was 4.6 ± 3.2 μm after a SHT, based on multiple
randomly selected EBSD map locations, suggesting no statistical change
from the as-built, average grain size of 4.4 ± 3.7 μm. The pole ﬁgure
(Fig. 5b) and XRD (Fig. 5d) both showed evidence that the cubic texture
was maintained during the SHT. However, we did observe increased
porosity in the samples after the SHT (Fig. 5a, 5 c, and 11), with the
density decreasing to 2.625 ± 0.001 g/cm3, corresponding to an estimated volume increase of 1.70 ± 0.03 %.
The XRD data after a SHT shows a sharper silicon peak from the
large Si precipitates and maintains a small Mg2Si peak similar to the asbuilt material (Fig. 5d). The SHT signiﬁcantly increases the Al lattice
parameter to 4.0519 Å, suggesting a state of tension compared to pure
Al (4.0494 Å), which is quite diﬀerent from the shrinkage observed in
the RT samples (4.0411 Å) (Fig. 10a). We attribute this tension to
mismatched coeﬃcients of thermal expansion between the Si and Al

Fig. 3. SEM micrograph showing regions for EDS.

3.2. Room temperature hold
As reported here and by others in the literature [39,44,47], a supersaturation of Si dissolved in the Al lattice causes shrinkage of the
measured Al lattice parameter. Based on the XRD data collected ﬁve
hours after the build ﬁnished, the average lattice parameter across 4
4
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3.4. 170 °C aging
Fig. 6 shows hardness and microstructure as a function of time at
170 °C for SHT and RT samples. The hardness of the SHT samples peaks
at 100 ± 4 HV after ﬁve hours at 170 °C and then drops to 74 ± 2 HV
after 104 h and to 56 ± 1 HV after 604 h. The starting value, peak
hardness, and shape of the solution heat treatment hardness curves are
comparable to prior reports in the literature [27,28]. The hardness of
the samples held at room temperature for four months is 130 ± 4 HV,
and it drops slightly to 127 ± 4 HV after ten minutes at 170 °C. These
as-built RT+170 °C samples reach a peak hardness of 147 ± 2 HV after
two hours at 170 °C, and maintain a higher hardness, regardless of
annealing time (relative to the SHT+170 °C samples). Even after aging
for 604 h at 170 °C, the hardness only drops to 121 ± 2 HV. Comparing
peak to peak, the RT+170 °C samples achieve a peak hardness that is
47 % greater than the peak hardness for the SHT+170 °C samples.
Comparing the highest data point from the RT+170 °C samples with
the lowest SHT+170 °C samples data point, we observe a 163 % increase in hardness from the over-aged SHT+170 °C sample.
These signiﬁcant variations in hardness correlate with noticeable
diﬀerences in the observed microstructure both in SEM and TEM (Fig. 6
and 7). In particular, the RT+170 °C samples maintain the eutectic
ribbon structure for all aging times tested (Fig. 6a–c). The cell size
(calculated by image analysis) typically ranges from 400 to 930 nm
with an average size of 550 ± 140 nm (similar to prior observations
[43]), and this does not change signiﬁcantly regardless of the time at
170 °C. However, after a few hours at 170 °C, SEM shows a network of
Si precipitates inside the Al-rich cells for RT+170 °C samples, and this
is conﬁrmed by TEM (Fig. 7d)). In contrast to the RT samples aged at
170 °C, the SHT samples show no eutectic structure but instead contain
micron-scale Si particles after solution heat treatment (Fig. 6e-g and 7
e) and ﬁner, nanoscale Si precipitates after aging (Fig. 7h).
Using TEM, we quantiﬁed the size and spacing of nano-precipitates
in both sets of samples before and after aging. We measure a spacing of
22 ± 8 nm and a diameter of 5 ± 4 nm for the nanoparticles in the RT
samples without aging (Fig. 2e and 7 b). After peak aging for two hours,
the Si precipitates in the RT+170 °C samples coarsen (Fig. 7d), yielding
an average precipitate spacing of 84 ± 20 nm and an average diameter
of 24 ± 21 nm. In contrast, the SHT samples show micron size, faceted
Si precipitates before aging, with a matrix mostly free of nanoprecipitates (Fig. 7e and f). After peak aging for ﬁve hours, the SHT+170 °C
samples contain many nanoscale precipitates throughout the matrix,
with a smaller average precipitate separation of 16 ± 7 nm and a
smaller average diameter of 5 ± 5 nm (though the precipitate distribution is not homogeneous between grains (Fig. 7g and h)).
Regarding Mg2Si precipitates, XRD shows evidence for crystalline
Mg2Si immediately after the build (Fig. 2d inset). The Mg2Si peak
(though small) is still present after the SHT (Fig. 5d inset), and after
long times at 170 °C (Supplemental Fig. S2 inset). Thus, at least some
portion of the crystalline Mg2Si phase survives independent of heat
treatment or aging time (though it may reform during the SHT). In the
as-built and alternatively processed material, both the cell centers and
eutectic ribbons may contain Mg2Si precipitates [27,37].
Besides aﬀecting precipitation, 170 °C aging also aﬀects the morphology of the eutectic ribbons in RT samples. After peak aging, there is
no change in cell size, but there is a coarsening of the particles comprising the eutectic ribbons (Fig. 8a–d). In addition, few particles in the
matrix survive immediately adjacent to the ribbons; these appear to be
absorbed into the eutectic ribbons. Most of the remaining precipitates
are located in the cell centers (similar to prior observations [29]).
However, 170 °C aging, and the SHT, do not statistically aﬀect the
average grain size (Fig. 9). After 604 h, the average grain size is
4.1 ± 2.5 μm for RT+170 °C samples and 4.3 ± 2.8 μm for SHT+170
°C samples.
The time at 170 °C also aﬀects density (Fig. 11). For RT samples, the
density decreases to 2.652 ± 0.003 g/cm3 after peak aging (2 h), and to

Fig. 4. Room temperature evolution of a) the Al lattice parameter, b) the
atomic concentration of Si dissolved in the aluminum lattice, XSi, and c) the
microhardness of the samples.

phases (see discussion section for details). Correspondingly, the Si lattice parameter is compressed slightly to 5.429 Å compared to its expected value of 5.431 Å. Due to the tensile strain in the Al lattice, we
cannot calculate the dissolved Si by Bendijk’s equation. However, according to EDS, the Si dissolved in the Al is between 0.5 and 1.1 at%.
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Fig. 5. Eﬀects of a solution heat treatment: a) light microscopy, b) EBSD map with pole ﬁgure, c) SEM micrograph, d) XRD with an inset for the Mg2Si peaks, and e)
TEM micrograph showing dislocations and a Si particle. The XRD plot in (d) also includes data for an RT sample without aging (red) for comparison.

2.646 ± 0.001 g/cm3 after over-aging (604 h), corresponding to an
estimated volume increase of 0.7 ± 0.1 %, and 0.94 ± 0.05 %, respectively. However, for SHT samples, the density decreases further to
2.624 ± 0.006 g/cm3 after peak aging (5 h), and to 2.612 ± 0.007 g/
cm3 after over-aging (604 h), corresponding to an estimated volume
increase of 1.76 ± 0.21 %, and 2.22 ± 0.26 %, respectively.
Aging at 170 °C does not signiﬁcantly alter the relative peak intensities (texture) seen in the XRD scans (see supplemental Fig. S2), or
the presence of the small Mg2Si peak, but it does aﬀect the Al lattice
parameter for the RT+170 °C samples (Fig. 10a). The Al lattice parameter increased steadily with aging until it converged on the value
expected for pure Aluminum (4.0494 Å) after 13 h at 170 °C, which
suggests a reduction in the compressive strain within the Al lattice. In
contrast, the Al lattice parameter remained relatively stable at 4.052 Å
(Fig. 10a) for the SHT+170 °C samples, with a slight decrease to 4.051
Å after 604 h.

λ = 43.2T˙ −0.324

(2)

where λ is the separation between cells in μm , and Ṫ is the cooling rate
in K/s. Based on cell sizes of 400−600 nm, we calculated cooling rates
between 1.9 × 106 and 5.4 × 105 K/s. These values are consistent with
model predictions of 1 × 106 to 6 × 106 K/s by [51]. Thus, a calculated
cooling rate of 1 × 106 K/s based on cell size is reasonable. This rapid
cooling and any associated strain build-up likely contributes to a higher
concentration of vacancies and dislocations in the material, which can
impact precipitate formation and solute diﬀusion [77–80,100].
4.2. Evolution of the microstructure
The maximum equilibrium solubility of Si in solid Al is 1.65 at%
[7,16], and is closer to only 1.05 at% at 530 °C [81], though alternate
phase diagrams for the faster cooling rates have been proposed [49]
with higher solubilities. Five hours after the build, we measured 4.74 at
% dissolved Si which is nearly 3x the maximum equilibrium solubility.
The EDS results for XSi in samples held at room temperature were
slightly higher on average than those obtained by XRD. We attribute the
diﬀerence to signals from Mg2Si particles and from Si particles in the
samples, i.e., in eutectic ribbons or existing precipitates. XRD only detects dissolved Si atoms through the distortion of the Al lattice parameter, while EDS detects both dissolved Si and Si within particles. Thus,
the slightly higher EDS results of 5.9 ± 1.0 at% Si in the Al cell regions
are in reasonable agreement with the maximum XRD measured value of
4.74 at% dissolved Si.
During the room temperature hold, we observe an increase in the Al
lattice parameter (Fig. 4a) - corresponding to a decrease in the dissolved
Si (Fig. 4b). Then during the 170 °C aging of these samples, the Al
lattice parameter steadily increases much further (Fig. 10a) - corresponding to a further decrease in the dissolved Si (Fig. 10b) - until
virtually all Si has de-solutionized. A question then arises: what happens to the Si atoms as they come out of solution during the room
temperature hold and the 170 °C aging? The TEM analysis conﬁrms that
nanoscale particles (Fig. 2e, 7 b, and 8 c) are present in samples within
the center of Al cells following a hold at room temperature, similar to
earlier TEM studies [27,43]. Thus, some of the dissolved Si likely goes
into forming nanoscale Si precipitates in the cell interiors during the

4. Discussion
4.1. Thermal history during the build
By analyzing the as-built AM AlSi10Mg microstructure, we can draw
several conclusions about the thermal history of the PBF process. The
supersaturation of Si in the Al matrix (around 5−4 at%) suggests rapid
cooling from the liquid and is consistent with prior observations [49].
Nanoprecipitates with diameters over 15 nm (compared to an average
of 5 nm) in the matrix (Fig. 2e and 7 b) suggest some nucleation caused
by thermal cycling due to the melting of subsequent layers. However,
the maintained supersaturation of Si implies that any thermal spikes
were brief, which is consistent with modeling [50]. The fact that a
single grain encompasses many vertically aligned cells implies that
most eutectic ribbons maintain epitaxy with the surrounding Al during
solidiﬁcation (Fig. 2b and S1a). We suggest that the low plate temperature during the build increased the thermal gradient across the
samples, and thus maximized solutionized Si through increased cooling
rates.
We can estimate the cooling rate based on the average Al-Si eutectic
cell size [76]:
6
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Fig. 6. a-c) SEM micrographs of RT samples: a) before 170 °C aging, b) after three hours at 170 °C, and c) after 604 h at 170 °C. d) shows hardness vs. time for both RT
(red) and SHT samples (black). e-g) SEM micrographs of SHT samples: e) before 170 °C aging, f) after three hours at 170 °C, and g) after 604 h at 170 °C.

microstructures at the start of the 170 °C aging. While a 530 °C solution
heat treatment (and quench) leaves only 1 at% Si in the Al lattice, it
eﬀectively homogenizes the microstructure - eliminating local eutectic
ribbons and erasing small Si particles. Any undissolved Si appears in
coarse, broadly spaced Si particles (similar to prior observations
[39,53]). Thus, upon aging at 170 °C, nucleation and growth lead to a
dense distribution of ﬁne Si particles. However, for the RT+170 °C
samples, the presence of pre-existing precipitates and ﬁnely spaced
eutectic ribbons (550 nm) after the room temperature hold appears to
favor growth of existing particles over nucleation of new ones when
aging at 170 °C. Thus, we obtain a coarser distribution of nanoparticles.
Ideally, we would have tracked the decrease in dissolved Si during
the aging of the SHT+170 °C samples. However, tensile strains are
consistently observed in the Al lattice of these samples (Fig. 10a), and

room temperature hold. However, the density of these Si particles is
lower than expected and decreases with aging at 170 °C. TEM of the
RT+170 °C peak aged (2 h) samples show coarsening of existing precipitates and the eutectic ribbons. The cell regions adjacent to the eutectic ribbons are depleted of particles, while coarsened, faceted particles dominate in cell centers (as seen in Fig. 7d, 8 b and d). These
observations imply that large particles (in the cells and the eutectic
ribbons) coarsen at the expense of nanoprecipitates (Ostwald ripening)
within the cell interiors during aging at 170 °C of the RT samples. This
is particularly true of the nanoprecipitates near the eutectic ribbons.
In contrast, the samples that were solution heat treated and then
aged at 170 °C revealed much smaller and more densely spaced precipitates, even after peak aging for 5 h. We attribute this diﬀerence in
ﬁnal precipitate size, spacing, and density to the distinct and respective
7
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Fig. 7. TEM micrographs of a,b) samples held at room temperature, b)-inset shows HRTEM of a nano-precipitate; c, d) RT peak aged (two hours at 170 °C); e, f) SHT
samples, and g, h) SHT peak aged (ﬁve hours at 170 °C). Red arrows indicate precipitates, while yellow arrows indicate eutectic ribbons.

To predict these thermal stresses and the associated strains, we use
an equation that describes the stress for a precipitate enclosed in a
matrix [82–84]:

these tensile strains prevent the use of symmetric XRD to determine the
evolution of dissolved Si. We attribute the tensile strains in the Al lattice
and the compressive strains in the Si lattice to diﬀerences in contraction
on cooling from the solution heat treatment. With a coeﬃcient of
thermal expansion (CTE) of 23.4 × 10−6/K for Al and 2.6 × 10−6/K
for Si, Al contraction is far greater on quenching, and internal stresses
are predicted to arise [64].

P=

2Ein Em (αm − αin ) *ΔT
(1 + νm) Ein + 2 (1 − 2νin ) Em

(3)

where ‘P’ is the hydrostatic pressure at the matrix/inclusion interface;
8
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Fig. 8. TEM micrographs of RT samples: a, c, e, f) before 170 °C aging (red arrows indicate dislocations); b, d) after two hours at 170 °C.

coalescence or annihilation at grain boundaries, surface oxidation
during annealing, de-solutionization of Si, and pore formation due to
hydrogen dissolved in the as-built matrix [88]. We expect increased
porosity due to hydrogen is the primary contributor to the density decrease, and aﬀects part properties [30,58,63,89,90]. However, dissolved Si also impacts density. Solutionized Si increases density (heavier Si atoms occupy a smaller atomic volume than the Al atoms- thus
the compressive lattice strain in Bendijk’s equation), while de-solutionized Si decreases density (elemental Si is only 2.33 g/cm3 [91]). Reducing the dissolved Si from 4 to 0 at% (Fig. 10b), and leaving all Si in
its bulk phase, could cause a decrease in density of approximately 1%.
We plan to address the relative contribution of these two factors and
others in future work.

Ein and Em are Young’s modulus of the inclusion and the matrix, (150
GPa [85] and 69 GPa [86], respectively); νin and νm are the Poisson
ratios of the inclusion and matrix, (0.2 [85] and 0.3 [86], respectively);
and αin and αm are the coeﬃcients of thermal expansion of the inclusion and matrix, (2.6 × 10−6/K [85] and 23.4 × 10−6/K [86], respectively). ΔT is the diﬀerence between the initial and ﬁnal temperatures. By combining this pressure with Hooke’s law (P = BΔ, where B is
the bulk modulus and Δ is the dilatational strain) [87], we can estimate
the average strain caused by the Si inclusions. For a ΔT of 500 °C, we
estimate maximum tensile strains up to 0.46 % in the Al (though in the
matrix, this strain rapidly decays with increasing distance from the
inclusion), and compressive strains up to -0.31 % in the Si. In practice,
these estimated stresses decay to the yield stress of the matrix. These
calculated thermal stresses and strains are more than adequate to account for the observed strains of 0.064 % in the Al lattice parameter,
and -0.037 % in the Si lattice parameter, and the appearance of dislocations in the solution heat treated material may be caused by the Al
matrix yielding to the large thermal stresses (Fig. 5e).
In addition to an evolution of Si during aging, we measure a density
decrease after aging at 170 °C (Fig. 11). Several eﬀects may contribute
to this density change during thermal processing, including: vacancy

4.3. Mechanical properties
Regarding the hold at room temperature, we do not see a statistically signiﬁcant change in hardness during this time, in part due to
large error bars. However, we attribute the slight long term increase in
average hardness (from ﬁve hours to four months) to coarsening of
precipitates and eutectic ribbons and to the formation of some
9
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Fig. 9. EBSD maps of RT samples a) before aging and b) after 604 h at 170 °C aging, and SHT samples c) before aging (see supplemental Fig. S3 for more details on Si
particles) and d) after 604 h at 170 °C. The IPF legend inset in (a) applies for (a-d).

nanoprecipitates in cell centers (as Nie et al. have shown the favorability of intragranular solute clustering and nucleation in Al alloys
[92]). Given the dissolved Si decreases at room temperature within the
AM microstructure, the properties of as-built and non-solutionized AlSi10Mg parts may change slightly over long durations at room temperature, highlighting the need to examine the long-term stability of asbuilt mechanical and physical properties. If as-built parts are aged
without a solution heat treatment, then the time at room temperature
prior to aging should also be monitored, and its impact understood to
guarantee reproducible properties following aging heat treatments of
AM AlSi10Mg parts [1,93]. The following example highlights this need.
While long times at room temperature after the build do not conclusively improve hardness, the nanoprecipitates do pin some dislocations (Fig. 8e and f), and we observe a signiﬁcant boost in precipitation
hardening when the RT samples are aged at 170 °C relative to a similar
set of experiments by Hitzler et al. [28]. Hitzler also performed direct
170 °C aging of AM parts (built on a 200 °C build plate) and observed a
small ∼5% increase in hardness after two hours at 170 °C, their peak
aging condition. However, we see a much cleaner and more prominent
peak after two hours at 170 °C (∼15 % increase). We attribute the more

Fig. 11. Measured density as a function of post processing. ‘Peak-aged’ represents 2 and 5 h at 170 °C for the RT and SHT samples, respectively, and
‘over-aged’ represents 604 h.

Fig. 10. a) Aluminum lattice parameter as a function of aging time at 170 °C, both for samples with and without a solution heat treatment and b) atomic concentration of dissolved Si in Al matrix as a function of time at 170 °C for RT samples only.
10
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that can withstand extended times at elevated temperatures.
Lastly, we note that not only do diﬀerences exist in the magnitude
and the stability of hardness for RT+170 °C and SHT+170 °C samples,
their peak aging times diﬀer signiﬁcantly as well. It is 2.5 times shorter
for RT samples (two hours) compared to SHT samples (ﬁve hours). A
higher Si solute content in the RT+170 °C samples is a likely source for
the shorter time to the peak-aging condition, in addition to the preexisting precipitates that may appear during the room temperature
hold. In future work, we will augment this hardness data by characterizing the tensile strength and ductility of samples following similar
conventional and alternative heat treatments.

pronounced peak hardening to the formation of nanoprecipitates during
the room temperature hold before extended exposure to 170 °C (Fig. 2e,
7 b, and 8 e). Some of these precipitates survive (and grow) during 170
°C aging, and thus ﬁll the cell centers with more precipitates. Thus, we
expect that combining a cool build plate with a room temperature hold
accounts for the higher reported hardness increases by similar alternative post-processing [29,34,40]. Though the correlation between
hardness and yield stress has its limits [87,94], both papers that report
yield stress of alternatively aged AlSi10Mg show increased yield stress
with increased hardness (relative to the as-built condition) [29,34].
However, in one case the tensile strength and ductility are lower [29].
In contrast, works that use a heated 200 °C build plate report a minor
hardness increase, or a decrease with aging [28,64,69], which we attribute to less dissolved Si in the as-built structures. This in turn
minimizes the potential impact of a room temperature hold, as well as
precipitation hardening in alternative post-processing that lacks a SHT.
After aging the RT samples at 170 °C, we expect both precipitation
hardening and Hall-Petch like strengthening contribute to the higher
peak hardness value depicted in Fig. 6d, which is consistent with the
blocked dislocations observed in Fig. 8c–f. We also anticipate some
contributions from Mg2Si particles [20,37] and limited contributions
from existing dislocations [43]. We can estimate precipitation hardening contributions due to particles from the following equation:

τ = G * b/ L

5. Conclusions
We observe several unique microstructural features (supersaturation, small cell size, and intra-cell precipitates) following the PBF
deposition of AlSi10Mg, which correlate with the rapid cooling and
thermal cycling of AM. However, some of these features evolve at room
temperature. The Si dissolved in Al lattice decreases sharply in the
hours and days after the build, but is more stable at about 4 at% months
after the build. While holding AM samples at room temperature promotes nucleation of nanoprecipitates in the center of Al cells, it may
also coarsen existing precipitates and eutectic ribbons. The observed
room temperature microstructural evolution may have implications for
the long term stability of ﬁelded, as-built AM AlSi10Mg parts and for
optimizing post-processing thermal treatments.
Regarding post-processing thermal treatments, a conventional solution heat treatment de-solutionizes most of the Si from the Al lattice
(which may decrease the material’s density), increases its porosity, and
erases the eutectic ribbons. Through an alternative heat treatment
combining a room temperature hold and 170 °C aging, we exploit the
supersaturated Si to form stable Si precipitates in the centers of cells,
and we preserve the eutectic ribbons, which are the primary strengthening mechanism in the AM material. By customizing the heat treatment to capitalize on the microstructural advantages of AM, we achieve
hardness values that are 47 % higher (peak-to-peak) than for a conventional combination of a solution heat treatment and 170 °C aging.
The alternative heat treatment of a room temperature hold plus 170 °C
aging also demonstrates long-term stability for warm environments by
retaining a high hardness after more than three weeks at 170 °C, in
contrast to signiﬁcant softening of conventionally treated parts. Thus,
the unique microstructure of AM, paired with apt post-processing, can
achieve a broad range of AlSi10Mg properties depending on the demands of the ﬁnal application.

(4)

while τ is the shear stress, G is the shear modulus of the matrix (26.5
GPa), b is the magnitude of the Burgers vector (0.286 nm), and L is the
distance between precipitates [42,101]. We can use σ = 2τ to convert
to tensile stress. From our TEM image analysis, the average particle
spacing is 84 nm after two hours at 170 °C. This spacing results in an
estimated relative strengthening boost of Δσ =180 MPa.
The Hall-Petch equation estimates the strengthening due to
boundaries impeding dislocations motion:

σHall − Petch = σ0 + k / d

(5)

where σ0 includes contributions from other (non-Hall Petch) strengthening mechanisms, ‘k’ is a constant relating to the boundary’s eﬀectiveness at impeding dislocation motion (which changes depending on
the material and boundary type), and ‘d’ is the average diameter of the
regions enclosed by the boundary. In this material, two boundary types
contribute: Al grain boundaries and eutectic ribbon boundaries. For Algrain boundaries, k = 50 MPa* μm [96]; this value, or similar values
[97], have been used both for Al grain boundaries [98], and as the kfactor for the eutectic ribbons [43]. However, according to Telli et al., a
k-factor of 191 MPa* μm is more appropriate for eutectic regions in a
similar hypoeutectic Al-Si alloy [99]. A higher k-factor is reasonable, as
Fig. 8e and f show that eutectic ribbons constrain dislocations, which is
consistent with reports from other researchers who have shown the
eﬀectiveness of the cell walls in blocking dislocation motion [41]. For
an Al grain diameter of 4.4 μm, the grain size Hall Petch boost is only
24 MPa. By comparison, eutectic ribbon spacings of 400 nm–930 nm
contribute between 198 and 302 MPa, with the average of 550 nm
contributing an estimated 257 MPa. Thus, solution heat treatments
remove the most prominent strengthening mechanism in AM AlSi10Mg
by erasing the eutectic ribbons.
A surprising and very promising result is the long-term stability of
the eutectic ribbon structure that enables the high resistance to plastic
deformation. Note in Fig. 6, the eutectic structure and a relatively high
hardness are both maintained in the RT samples even after 604 h at 170
°C. While the eutectic ribbon morphology changes slightly with overaging (Fig. 6), the eutectic ribbons maintain a similar cell size. In
contrast, the SHT samples soften signiﬁcantly upon over-aging, likely
due to precipitate coarsening (as grain size does not change), increased
porosity, and a potential decrease in the thermal stress (Fig. 10a). This
diﬀerence implies that this alternative processing method not only
leads to stronger microstructures but also more stable microstructures
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