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In the present study, AlSi10Mg samples produced by selective laser melting (SLM) were studied. Samples
were machined from two types of bars obtained through different methods: either single laser (SL) or
multiple laser (ML) machine setup. The bars were built perpendicular to the platform, which was pre-
heated at 150 �C (working temperature), up to a height of 300 mm. The effect of the distance from the
platform on the mechanical properties was investigated through tensile samples in as-built condition and
after unconventional heat treatments (U-HT). Tensile strength changed by 80 MPa along the Z-axis (build
direction) for SL case and by 100 MPa for ML case in the as-built samples. Vickers microhardness revealed
an analogous gradient. This was correlated to a gradient in intra-granular precipitates’ distribution along
the Z-axis, as revealed by scanning electron microscopy (SEM). An unconventional heat treatment at
175 �C for 6h slightly improves the mechanical strength; higher temperature treatments at 200 and 225 �C
for the same duration cause a progressive decrease in strength with an increase in elongation. The amount
and size of the precipitates and the thickness of eutectic Si change with the heat treatment temperature,
justifying the mechanical behavior.
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laser melting

1. Introduction

Selective laser melting (SLM) is a particular additive
manufacturing (AM) process that allows producing metal
components of complex geometry. The most frequently used
materials, known for returning excellent properties after SLM
processing, are aluminum alloys, titanium alloys, steel, Inconel
(Ref 1, 2). Usually, SLMed alloys exhibit higher tensile
strength and microhardness than their as-cast counterparts due
to the optimization of laser scan speed, scan strategy, build
direction and new heat treatments (Ref 3, 4). In this context,

improve not only the efficiency of aluminum alloy, but also the
build rate compared to single laser (Ref 5, 6).

As reported by A.H. Maamoun et al. (Ref 7) and K.G.
Prashanth et al. (Ref 8), the eutectic unstable microstructure of
AlSi10Mg produced by SLM affects their mechanical proper-
ties. Specifically, the SML technology kinetically promotes a
cellular microstructure: the part of liquid remaining after a-Al
solidification generates the formation of eutectic Si along the
cellular boundaries during the molten pool solidification.
Considering the scan strategy of SLM, it is possible to observe
that various laser passes induce a microstructural variation: in
fact, a heat-affected zone is generated at the edge of any part of
the material that has been melted (Ref 7–9). The same
morphological inhomogeneity is also present along the Z-axis
as reported by (Ref 3, 8, 9), and in the case of overlapping
lasers there is a condition of inhomogeneity within molten
pools (Ref 7, 10). However, a variation of mechanical
properties is also present along the Z-axis or build axis (Ref
2, 4, 11, 12).

Moreover, the conditions of molten pool solidification such
as the high cooling rate (106 K/s) and the variation of solubility
of Si in the Al matrix (Ref 8) make the cellular microstructure
very sensitive to a limited increase in temperature, for example,
through an aging heat treatment at low temperature (� 200 �C)
(Ref 8, 13, 14).

Due to this sensitivity, the pre-heated build platform may
influence the detectable gradient of mechanical properties as a
function of distance from the surface. As reported by Brandl
et al. (Ref 10), the presence of a pre-heated platform induces an
increase in mechanical properties. As matter of fact, the
permanence of the samples in the temperature range between
150 �C and 200 �C causes the precipitation of an extremely fine
Mg2Si phase along the boundary of cellular a-Al. Several
studies have shown the coexistence of Mg and Si in the same
region around the a-Al grains (Ref 7–9).
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Interesting results are also obtained by aging the AlSi10Mg
alloy; in fact, the applied heat treatments induced a coarsening
of eutectic Si and the precipitation of Mg2Si phase, in addition
to a homogenization of the microstructure, a reduction of
porosity and an increase in ductility (Ref 2, 3, 15, 16, 17).
Takata et al. (Ref 17) demonstrated the greater presence of
Mg2Si at temperatures below 400 �C. On the other hand, Lam
et al. (Ref 9) and Li et al. (Ref 16) showed the presence of
Mg2Si precipitates even within as-built samples. The thermal
cycles induced by SLM technology led to diffusion of Mg and
Si atoms through quenched-in vacancies within the a-Al
supersaturated matrix and consequently to the formation of
Mg2Si phase on preferential sites (Ref 18) such as dislocations
(Ref 19). If a solution heat treatment (SHT) is applied (Ref 3,
7), a significant coarsening of the microstructure and a
destruction of eutectic Si network are induced, causing a
decrease in UTS and ry.

In the same scenario, an unconventional heat treatment
without SHT can be considered with the aim to prevent an
excessive decrease in strength while increasing the ductility as
reported by Montero et al. (Ref 20). In conclusion, Fiocchi
et al. (Ref 14) used low aging temperatures and demonstrated a
significant decrease in mechanical properties already at 294 �C.

In the current scenario, this paper aims to investigate the
mechanical properties and microstructure of the AlSi10Mg
SLM alloy as function of the distance along the build axis in as-
built and in unconventional heat treatment conditions. The
samples printed with single laser and multi-laser are analyzed in
as-built condition. The obtained results show a slight different
between single laser and multi-laser, so the only single laser
samples are studied for the different heat treatment conditions.

2. Materials and Methods

Bulk specimens of AlSi10Mg aluminum alloy were pro-
duced by SLM from spherical gas-atomized powder with
nominal composition as shown in Table 1. SLM processing was
carried out at 150 �C using an SLM500 device (quad laser SLM
solutions) equipped with an Yb:YAG laser. The parameters
used for preparing the samples are as follows: scanning speed
1500 mm/s, power 350 W, layer thickness 50 lm, hatch spacing
0.17 mm. High purity argon gas was used during SLM
processing in order to avoid oxygen contamination. Two
different bars (300x100x10 mm) are manufactured by single
laser (SL) and multi-laser (ML), respectively, in zones D and
AB of pre-heated build platform (Fig. 1a). In agreement of
ASTM E804 standard (Fig. 1b), 26 tensile samples have been
machined to machine tools for each bar printed. Moreover, the
axis of symmetry of these samples was kept parallel to build
platform as reported in (Fig. 1a).

The build pre-heated platform is divided in two different
zones: the first bar (D) is produced by single laser, while the
second, bar (AB), is produced by quadruple laser delivered

though specific algorithms created by the SLM500 machine
manufacturer. Moreover, ‘‘top’’ was used to designate samples
cut at bar height > 150 mm and ‘‘bottom’’ for samples
extracted at bar height < 150 mm.

The AlSi10Mg samples were subjected to different uncon-
ventional heat treatments at 175 �C (U-HT1), 200 �C (U-HT2)
and 225 �C (U-HT3) up to 6h, performed in a muffle furnace
(Nabertherm) with the K-thermocouple placed in contact to
samples.

For tensile tests, samples in as-built and unconventional heat
treated conditions were cut and machined from the solid
geometries (Fig. 1b), according to ASTM E804. Tensile tests
were performed at room temperature using a Zwick Z100 servo
hydraulic device, at a strain rate of 0.008 s–1.

Vickers microhardness was measured at different heights (in
the vertical bars shown in Figure 1a) and in all different thermal
treatment conditions by 500 gf load and a dwell time of 15s.

For microstructure investigations, samples were mechani-
cally ground with SiC papers and polished using colloidal silica
suspension (�60 nm size). Microstructure was characterized by

Fig. 1 (a) Bar AB (ML) and bar D (SL) produced by SLM. Tensile
sample machined by bars with axis of symmetry parallel to build
platform; (b) tensile sample according to ASTM E804

Table 1 AlSi10Mg chemical composition (wt.%)

Al Si Fe Mg Cu Mn Zn Ti Pb Sn

Bal. 9.60 0.10 0.38 < 0.05 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
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optical microscope (OM) (Leica DMi8) and scanning electron
microscopy (SEM: Nova NanoSEM 450 equipped with a field
emission gun source, FEI Thermo Fisher Scientific, Hillsboro,
Oregon, USA). Phase composition was assessed by x-ray
diffraction (XRD: X’Pert PRO, PANAlytical, Almelo, NL)
using Cu-Ka radiation emitted from a conventional source
operated at 40 kV, 40 mA and detected through a 1D array of
solid-state detectors (XCelerator, PANAlytical) with a Ni filter.

Finally, statistical analysis of porosity dimension and
eutectic Si band thickness was performed on polished sample
sections by image analysis (LAS image software equipped with
the OM).

3. Result and Discussion

3.1 Microstructure and Mechanical Properties of as-Built
AlSi10Mg Samples

Figure 2 shows the fine and inhomogeneous microstructure
of SLM samples analyzed in the XY plane and in the XZ plane.
As widely reported in the literature, the first plane mentioned is
characterized by the characteristic ellipsoidal shapes of molten
pool, elongated in the scanning direction; the second shows a
‘‘fish scale’’ structure along build direction. In the next layer,
the laser scanning direction is rotated by 90�, as confirmed by
the transversal line perpendicular to melt pools. Figure 2(a) and
(b) shows the differences between the single laser case (Fig. 2a,
D bar) and the multi-laser case (Fig. 2b, AB bar) in XYplane: it

is possible to observe the greater number of different scan track
directions in Fig. 2(b). In addition, all micrographs (Fig. 2) are
characterized by the random presence of spherical pores that
will be discussed later, but in Fig. 2(c) a keyhole pore is showed
and it is located between two scan tracks at the edge of molten
pool. The microstructure of molten pool (Fig. 3) is character-
ized by an increase in cell size from the center to the boundary,
as widely reported in the literature. Considering the three SEM
pictures showing the Fig. 3(b, c, d) (areas 1, 2 and 3 in Fig. 3),
the eutectic Si network is gradually destroyed from the center to
the coarse and heat-affected zones (HAZ) (Ref 21, 22).

Figure 4 shows the molten pool boundary and the overlap
region among two adjacent track scans, which increases if the
hatch distance decreases (Ref 22, 23). In this case of study, the
sample was scanned with long bidirectional vectors in one layer
with a hatch distance of 170 lm. On the other hand,
considering the high magnification micrograph shown in
Fig. 4(b), it can be emphasized the effect of temperature
gradient (G) and the crystal growth rate (R) within the molten
pool: the grains growth takes place along the thermal gradient
and their orientations change within the molten pool because
the G direction varies (Ref 5, 15, 24–26). As matter of fact,
from the bottom of molten pool, the G direction remains
perpendicular to its boundary; on the contrary, the G direction
will be deflected toward the center of the melt pool from the
side of the same boundary (Ref 25). In fact, the cross section of
molten pool is mainly composed of columnar grains and by
small equiaxed grains near melt pool boundary. In the same
context, considering a melt pool in the last scanned layer n, the

Fig. 2 Light microscopy of SLMed samples showing melt pools, scan tracks and porosity for SL samples (a, c) and ML samples (b, d),
respectively, in XY and XZ planes. The green arrow shows the build direction in the XZ plane (Color figure online)
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grains direction can change from 0� to 90� compared to that
which characterized the melt pool in the layer n-1 (Fig. 4b), as
reported by D. Kong et al. (Ref 26). Finally, the characteriza-
tion of this cellular structure can be done considering the G/R
ratio and the product of G and R: the morphology and the size
of solidification structure were described by the first and the
second values, respectively, as reported by (Ref 25–28).

Image analysis results in Fig. 5(a) shows that the bottom part
of the multi-laser case (AB-bottom) has 60% of its porosity

characterized by an equivalent diameter smaller than 1 lm,
about 17% has a size ranging between 1 and 2 lm and about
7% is between 2 and 3 lm, decreasing to zero for larger areas.
The overall density is 99.9% on overage. At the top of the same
bar (i.e., approximately at the maximum distance from the pre-
heated platform surface), porosity presents a similar size
distribution: 40% of the porosity has an area smaller than
1 lm, about 20% between 1 and 2 lm and 15% ranges
between 2 and 3 lm. The density is 99.2%.

Fig. 3 SEM micrographs of AlSi10Mg sample in as-built condition: (a) molten pool at low magnification (8kX); (b) center of molten pool; (c)
coarse zone; (d) HAZ zone

Fig. 4 High magnification micrographs (500x, 1000x) of SLMed samples in as-built condition along the XZ plane: (a) edges of the molten
pools (yellow dotted lines) and overlap zone between two track scans; (b) region near fusion line, showing cellular growth (Color figure online)
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Considering the single laser case (D-bottom) in Fig. 5(b),
the bottom samples are characterized by 25% of porosity with
equivalent diameter smaller than 1 lm, whereas 20% of the
pores have diameter in the 1-2 lm range and 25% have a
diameter between 2 and 3 lm. The density is 99.0%. As
regards the top samples, pores with an equivalent diameter
lower than 1 lm account for 45% of the overall porosity; this
decreases to 17% and increases again to 22% for the diameter
ranges 1-2 lm and 2-3 lm, respectively. The density is 98.5%.

The frequency of pores with equivalent diameter greater
than 3 lm tends to 0 both for single and overlapping samples.
However, it is possible to observe that the multi-laser case has
the highest frequency of smaller pores, as also reported by Li
et al. (Ref 6). Moreover, bottom samples show slightly lower
porosity than top samples as also reported by (Ref 29); at the
same time, in the bottom section there is a higher frequency of
small pores (equivalent diameter < 1 lm) than at the top one.
As regards the reported values, Aboulkhair et al. (Ref 22) and
Buchbinder et al. (Ref 5) suggested a modification of scan
strategy and an increase in laser power up to 1 kW, respectively,
to increase density. Moreover, the density of as-built AlSi10Mg

SLMed samples was between 95.3% and 99.9%, as reported by
Lam et al. (Ref 9).

In the as-built conditions, very fine eutectic silicon is found
at the border of a-grains, as shown in high magnification SEM
micrographs of Fig. 3. In detail, the average eutectic thickness
ranges from 0.045 to 0.065 lm in both kinds of samples (SL
and ML) with a standard deviation of 0.020 lm as shown in
Fig. 5(c) and (d). Considering such small thickness and the
error associated with the measurements, the statistical distribu-
tions are similar at the top and bottom in the single and
overlapping laser samples. So, in terms of eutectic Si distribu-
tions, there are no great microstructural variations in relation to
machine setup (single or multi-laser) comparing AB and D
bars, as also reported by Zhang et al. (Ref 24). It is inferred that
pre-heating the platform at 150 �C does not induce a significant
coarsening of eutectic Si. A higher platform temperature, on the
other hand, could have caused coarsening of eutectic Si, as
reported by Fiegl et al. (Ref 30) and Buchbinder et al. (Ref 31)
through experiments with a platform heated at 200 and 250 �C.

Analysis of XRD patterns performed on top and bottom SL
samples (Fig. 6) confirms that there are no significant
differences in terms of structure. The Mg2Si phase was detected

Fig. 5 Statistical distribution of porosity (a, b) and eutectic Silicon network thickness (c, d). (a) Distribution of porosity for AB samples, top
and bottom; (b) Distribution of porosity for D samples, top and bottom; (c) Distribution of Si eutectic for AB samples; (d) Distribution of Si
eutectic for D samples
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through a weak peak at an angle (2h) of 40.4� in both patterns
as reported by (Ref 7, 9).

Figure 7 illustrates the microstructural differences inside the
a-grains of top (Fig. 7a and b) and bottom regions (Fig. 7c and
d) of the billets, in single (left column) and multi-laser samples

(right column). There are small precipitates phase inside a-Al
grains at the bottom (Fig. 7c and d), while precipitates are not
visible at the top section (Fig. 7a and b) at the magnification of
80 kX. Higher-resolution views (Fig. 8) at 100 kX clarify that
fine, sub-micrometer precipitates (arrows) do exist in both
bottom (a) and top (b) samples, but they are more numerous in
the former (Fig. 8a). However, it should be remarked that the
amount of precipitates is not fully homogeneous: in both areas,
the amount of precipitates varies among different grains,
probably because of slight differences in thermal history, e.g.,
among center, coarse zone and HAZ as discussed previously.
Considering two different studies of Kim et al. (Ref 32) and
Hadadzadeh et al. (Ref 18), the fine precipitates visible within
the a-Al grains can be both Si precipitates and Mg2Si phases;
so, this condition represents an additional strengthening of the
matrix. All of these are also in agreement with the researchers
reported by R. Casati et al. (Ref 15) and Li et al. (Ref 16). In
this context, Y. Ji et al. (Ref 33) have demonstrated that the
SLM process creates a supersatured solid solution (SSS) of Si
in a-Al matrix due to the solidification process of molten pool.
As matter of fact, the high cooling rate (106-108 K/s) reduces
quantity of Si rejected into the liquid. With the successive
scanned layers, the Si particles precipitate and grow in the
previous solidified layer due to the high temperature that is
generated Ref (33–35). T. Kimura et al. Ref (34) reported the
same scenario with a SSS formed by Si and Mg solvents.

Fig. 6 XRD patterns of the AlSI10Mg top and bottom samples in
as-built condition. The inset shows a high-definition pattern acquired
around the main peak of Mg2Si

Fig. 7 SEM micrographs of the top regions (a, b) and bottom regions (c, d) of the bars for single laser (a, c) and multi-laser (b, d) samples,
respectively
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Figure 9 shows the Vickers microhardness measured along
the build axis (or Z-axis) of the two bars. Vickers microhard-
ness is higher at the bottom of the bar (� 125 HV at 0-30 mm
distance from the bottom for both bars), but at the maximum
height (300 mm), it decreases to 110 HV and 103 HV,
respectively, for AB and D bars. In terms of time and according
to HV values reported in Fig. 9, HV decreases by 12% and 16%
for the single and multi-laser samples, respectively, in 40 h (i.e.,
the job duration time) during exposure at 150 �C (platform
temperature).

The tensile properties measured in samples machined at
different heights of the bar (according to Fig. 1a) are illustrated
in Fig. 10(a) and (b), as a function of the distance from the
platform (distance along Z-axis). The yield strength and the
UTS decrease in samples extracted at higher Z, ranging from
290 to 220 MPa and from 440 to 360 MPa, respectively, for the
Single laser case. For the multi-laser case, both r0.02 and UTS
vary from 300 to 190 MPa and from 445 to 345 MPa,
respectively. The greatest variation was, therefore, obtained in
multi-laser samples (+ 110 MPa for yield strength and + 100
MPa for UTS), compared to the variations obtained for single
laser samples, as reported in Table 2. The % engineering
elongation, e, shows average values of (7 ± 1) % in both kinds

of samples and over the entire 300 mm-long investigation
region along the Z-axis (Fig. 10). Unlike tensile strength,
ductility is not affected by increasing distance along the build
axis.

Hardness and tensile strength values are closely related to
precipitation strengthening phenomena depending on distance
from the heated platform as reported in Fig. 7 and 8 and by (Ref
7, 8, 9). In fact, there is a difference between the top and bottom
samples in terms of intra-granular precipitates (Si or Mg2Si
phase), as explained previously. This can be regarded as an
aging effect due to prolonged exposure to 150 �C. Yang et al.
(Ref 36) confirmed that Mg2Si phase induces a little strength-
ening at 160 �C for 8h. At the top of Z-axis, i.e., farther away
from the heated platform, tensile strength and HV are lower
because the matrix contains fewer precipitates. Therefore, it is
mainly hardened by solid solution, which is a less effective
mechanism than precipitation strengthening. The slight increase
in strength (+ 17 MPa for SL case and + 27 MPa for ML case)
of the last top samples (Fig. 10) can be attributable to lattice
distortion due to Si dispersed in a-Al matrix during SLM
process as previously reported (Ref 15, 24, 37). In fact, these
samples are not affected by build platform which induces a
stress relaxation and/or an overaging, as reported by (Ref 15,
16, 38).

The smaller decline of strengths along the Z-axis in the SL
samples compared to ML samples could perhaps be also
attributable to lower coarsening of the microstructure due to
lower heat input. Anyway, the effect is barely visible by SEM
(Fig. 7). In fact, mechanical properties and microstructure are
largely comparable between SL and ML samples. In this
context, the ML samples are affected by a greater amount of
thermal energy than SL samples due to re-melting or partial re-
melting of solidified tracks (Ref 15, 39). This situation induces
a decrease in anisotropy that characterized the as-built samples;
in fact, the thermal gradient induces a <100> texture
orientation of microstructure along build direction, as reported
by D. Dai et al. (Ref 35) and Guan et al. (Ref 39). Similarly, C.
Zhang et al. (Ref 24) show a greater isotropy for the overlap
samples (18.3% of the area) than single laser samples (12.6%).
So, also considering the effect of build platform as previously
reported, it can be explained how ML samples have a greater
loss in strength than SL samples in the middle part of two bars
printed. Therefore, in the following paragraphs, only the results
of single laser samples will be considered.

Fig. 8 High-resolution SEM micrographs of the bottom (a) and top (b) regions of the single laser sample. Arrows indicate some nanosized Si
within the a-Al grains.

Fig. 9 Microhardness measured along the build (Z) axis for single
laser samples (D) and multi-laser samples (AB)
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3.2 Microstructure and Mechanical Properties of Treated
AlSi10Mg Samples

Figure 11 presents the trend of tensile strengths and
elongations for the AlSi10Mg samples subjected to unconven-
tional treatments at 175, 200 and 225 �C for 6 h, designated as
U-HT1, U-HT2 and U-HT3, respectively, for samples at the top

and at the bottom. Values of mechanical properties are also
listed in Table 3.

From Fig. 11, the gap reduction of tensile properties
between the top and bottom samples is achieved by the U-
HT3. In the bottom samples, which had already been aged at
150�C during the build process itself (as explained previously),
additional aging due to the treatment at 175 �C has a barely
perceivable effect. In the top samples, which were less affected
by the pre-heated platform, the aging effect is comparatively
more significant. In fact, after the U-HT1 treatment, the top and
bottom samples develop comparable microstructures. Both are
rich of fine precipitates within the a-Al matrix (Fig. 12a, b). A
comparison between Figs. 8(b) and 12(b) particularly highlights
the increased amount of fine, intra-granular precipitates in the
top sample. The aging condition of both the top and bottom
samples has thus become comparable after this heat treatment.
On the other hand, the treatment seems not to affect the network
of eutectic Si, which remains comparable to the one seen in as-
built condition (compare Figs. 12 to 8). Fig. 13 shows that U-
HT3 induces an increase in the size of eutectic Si compared to
as-built condition. SEM micrographs shown in Fig. 14(a) and
(b) highlight the incipient destruction of the Si eutectic network
and confirm the coarsening of Si particles compared to Figs. 8
and 12.

After the aging treatment at 225 �C (U-HT3), the UTS and
yield strengths have a maximum decrease compared to as-built
AlSi10Mg samples for top and bottom regions, while ductility
has a maximum increase. In detail, the largest variations occur
for the bottom samples and are 24% and 26%, respectively, for

Fig. 10 Tensile properties measured as a function of the distance from the bottom region for (a) multi-laser laser samples and (b) single laser
samples

Table 2 Variation of the mechanical properties of AlSi10Mg samples for the single laser case and multi-laser case

Variation from bottom to top

Absolute differences Relative change

Dr0.2 DUTS De Dr0.2 DUTS De

Sample AB: Multi-laser 110 MPa 100 MPa � 0.9 % � 37% � 22% + 14 %
Sample D: Single laser 70 MPa 80 MPa � 0.8 % � 24% � 18% + 12 %

Fig. 11 UTS, yield strength and elongation values of top and
bottom AlSi10Mg samples in as-built, U-HT1, U-HT2 and U-HT3
conditions

4988—Volume 30(7) July 2021 Journal of Materials Engineering and Performance



UTS and r0.02. Fiocchi et al. (Ref 14) and Mertens et al. (Ref
40) reported comparable results.

Consistently, XRD patterns in Fig. 15(a), (b) and (c) show
that the Si peaks become somewhat more intense and narrower
after U-HT3 treatment, compared to the as-built condition,
which confirms the coarsening of Si. Further, the relative
intensity of the different diffraction peaks of a-Al changes after
the U-HT3 treatment: the (200) peak at 44.7� becomes more

intense than the (111) peak at 38.5�. This indicates that the a-Al
phase is undergoing a change in crystal orientation.

The greatest UTS loss of 74 MPa is, therefore, explained by
the combined effects of coarsening of the Si precipitates and
interruption of Si eutectic network. The latter phenomenon
allows easier movement of dislocations through the neighbor-
ing a-Al grains: dislocations are less likely to interact with
coarser eutectic Si. Consequently, the strength needed to break
the tensile specimen is also reduced; in fact, the required energy
for plastic deformation must not be dissipated in the deforma-
tion of eutectic Si as reported by (Ref 32).

Due to such major microstructural re-arrangement, the
values of tensile strengths become completely comparable
between top and bottom samples. Any difference between the
aging conditions of top and bottom after the build process is
indeed lost through the alterations caused by the U-HT3
treatment. As regards the ductility, the results obtained on the
U-HT3 samples can be regarded as optimal values, when
compared both to the other samples tested within the present
work (as shown in Table 3) and to literature data pertaining to
analogous thermal treatment conditions (Ref 6, 14, 30, 41).

The U-HT2 condition, on the other hand, seems to provide
an optimum compromise between retaining the mechanical
properties and providing acceptable values of elongation,
although the effect of the distance from the build platform is
retained.

This compromise is achieved as the unconventional heat
treatment causes a slight increase in the size of eutectic Si
(Fig. 13), as well as a slight coarsening effect on the precipitates
within a-Al grains (Fig. 14a, c), but it does not cause a
destruction of the Si eutectic network (Fig. 14a, c), compared to
the as-built condition (compare to Fig. 8).

Table 3 Mechanical properties and their variations of top and bottom AlSi10Mg samples depending different heat
treatment conditions

HT conditions

UTS, [MPa] r0.02, [MPa] e ,[%]

Top Bottom Top Bottom Top Bottom

As–built 367 ± 10 415 ± 19 225 ± 8 270 ± 11 7.3 ± 0.7 7.2 ± 0.6
U-HT1 396 ± 18 419 ± 16 232 ± 11 258 ± 9 7.6 ± 0.6 7.6 ± 0.4
U-HT2 350 ± 9 395 ± 11 199 ± 6 235 ± 12 9.2 ± 0.5 9.0 ± 1.0
U-HT3 331 ± 19 341 ± 15 184 ± 5 199 ± 6 15.2 ± 1.0 13.6 ± 1.1

Fig. 12 High-resolution SEM micrographs of the bottom (a) and top (b) AlSi10Mg samples in U-HT1 condition

Fig. 13 Average values of Si eutectic thickness measured in as-
built condition and different heat treatments
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4. Conclusions

In summary, the effects of distance from the pre-heated build
platform on SLMed AlSi10Mg samples processed by single
and multi-laser (SL, ML, respectively) scanning methods were
studied. All of these were analyzed in as-built condition and
after unconventional heat treatments (U-HTs). The following
conclusions have been drawn:

1. An ultrafine and inhomogeneous microstructure was de-
tected in as-built samples by SEM micrographs and XRD
analysis. It is characterized by a-Al grains with a net-
work of eutectic Si, and nanosized intra-granular precipi-
tates that likely consist of Si and Mg2Si phases. There is
no substantial difference either between SL and ML or
between top and bottom samples in terms of eutectic Si
thickness. Proximity to the pre-heated build platform,
therefore, does not induce coarsening of eutectic Si. In
fact, the range is from 0.045 lm to 0.065 lm with a
standard deviation of 0.020 lm. However, the SL sam-
ples show a lower density than ML samples; furthermore,
the porosity decreases from top to bottom samples. Bot-
tom samples also contain greater amounts of intra-granu-
lar precipitates.

2. Due to these microstructural differences, the tensile
strength and Vickers microhardness decrease linearly as
the height increases along the Z-axis for as-built samples.
The greatest loss of mechanical properties was achieved

for the ML samples. In detail, HV decreases by 12% and
16% for SL and ML samples, respectively. The yield
strength and UTS decrease by about 25% and 18%,
respectively, for the SL case, about 35% and 22%,
respectively, for the ML case.

3. Unconventional heat treatments with suitably adjusted
temperature can provide an optimal combination between
strength and ductility. Starting from the highly
metastable microstructure of the as-built samples, the
aging induced by such heat treatments causes a progres-
sive re-arrangement of the Si network and further intra-
granular precipitation. A treatment at 200 �C, in particu-
lar, causes slight rounding and coarsening of Si to yield
improved ductility, but still it retains high mechanical
strength.

4. The effect induced by the pre-heated platform along the
Z-axis was reduced by unconventional heat treatments at
175 �C (U-HT1) and 225 �C (U-HT3). In the first case,
this is due to the aging treatment induced on the ‘‘top’’
samples, which makes them similar to the ‘‘bottom’’ sam-
ples that had already been aged by prolonged proximity
to the build platform during the SLM process. The sec-
ond case is characterized by coarsening of both intra-
granular precipitates and eutectic Si, and by destruction
of the eutectic Si network, which levels out the properties
in all areas of the sample. The treatment at 200 �C (U-
HT2), on the other hand, retains the mechanical proper-
ties’ gradient along the Z-axis.

Fig. 14 High-resolution SEM micrographs of the top regions (a, b) and bottom regions (c, d) of the bars, respectively, for U-HT2 (a, c) and U-
HT3 (b, d) conditions
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