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Abstract: Recently, additive manufacturing techniques have been gaining attention for the fabrication
of parts from aluminium alloys to composites. In this work, the processing of an AlSi10Mg
based composite reinforced with 0.5% in weight of MgAl2 O4 nanoparticles through laser powder
bed fusion (LPBF) process is presented. After an initial investigation about the effect of process
parameters on the densification levels, the LPBF materials were analysed in terms of microstructure,
thermo-mechanical and mechanical properties. The presence of MgAl2 O4 nanoparticles involves an
increment of the volumetric energy density delivered to the materials, in order to fabricate samples
with high densification levels similar to the AlSi10Mg samples. However, the application of different
building parameters results in modifying the size of the cellular structures influencing the mechanical
properties and therefore, limiting the strengthening effect of the reinforcement.
Keywords: laser powder bed fusion; additive manufacturing; aluminium alloys; nanocomposites;
scanning electron microscopy; mechanical properties; volumetric energy density

1. Introduction
Additive manufacturing (AM) is nowadays well recognised as a breakthrough in the manufacturing
of metal components. Many specific technologies exist in the AM family, among which powder bed
fusion (standard term according to ISO/ASTM52900-15) assume particular interest. Generally, powder
bed AM techniques are widely used to produce components made of Ti-alloys, Ni-based alloys, Fe-based
alloys, Co-based alloys, intermetallics, as well as Al-based alloys [1–4]. Among this family of AM
technologies, laser powder bed fusion (LPBF) process works on the principle of spreading a layer of
loose powder and then melting it through a focused laser beam in definite positions, determined by a 3D
computer-aided design (CAD) data.
Regarding the aluminium alloys, among the several possible compositions, aluminium-silicon
systems are particularly suitable for these technologies due to their good melting behaviour.
In particular, the aluminium alloys commonly used in AM are hypoeutectic Al-Si alloys such as
AlSi10Mg and A357 [5–8], together with few Al-Si iper-eutectic alloys such as AlSi12 and AlSi20 [9,10].
The high thermal gradients typical of LPBF process lead to a microstructure where fine α-Al cells
are surrounded by Al-Si eutectic [11]. This fine microstructure significantly improves the mechanical
strength, compared to the same alloy produced by casting [12].
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In order to improve the strength of LPBF-processed aluminium alloys, in recent years, some
studies have been carried out on the production of aluminium matrix composites (AMCs), using as
reinforcement different ceramic particles, the most common being SiC and TiC.
For instance, Chang et al. [13] studied the AlSi10Mg + SiC system, characterised by different
SiC particle sizes. They found that during the building process, a laser induced reaction between
aluminium and SiC arises. The mechanical characterisation of these composites showed that the best
mechanical performance was achieved when fine SiC particles were used.
Gu et al. [14] investigated the densification behaviour of AlSi10Mg reinforced with TiC nanoparticles
and they revealed that TiC dispersion within the matrix strongly depends on the building parameters
used. When high energy density was used, the particles agglomerate driven by the Marangoni flow and
due to the relatively long melt pool lifetime. When low energy density was used, on the contrary, the
lower intensity of the thermocapillary flow and the shorter melt pool lifetime do not allow the particles
agglomeration. This correlation was confirmed by the model presented by Dai et al. [15] who predicted
the effect of the thermodynamics of the melt pool on the distribution of AlN nanoparticles in LPBF
AlSi10Mg matrix composites.
On the other hand, the reinforcement of aluminium-magnesium spinel (MgAl2 O4 ) is less common,
notwithstanding it can be an attractive substitute for the typical reinforcements, e.g., SiC and TiC,
owing to its high Young modulus as well as low coefficient of thermal expansion (CTE). Furthermore,
MgAl2 O4 is crystallographically compatible with aluminium on a specific set of planes, suggesting
that a good interface can form between matrix and reinforcement, thanks to the lattice mismatch of the
MgAl2 O4 (100) plane with the Al (100) plane, which is only 0.25% [16,17]. For these peculiar features,
a previous investigation of AlSi10Mg powder with 1 wt % of nanoMgAl2 O4 ceramic particles was
carried out, obtaining nanocomposites with lower hardness and densification level than the alloy [18].
In addition, it was demonstrated that also a lower filler content does not imply a positive effect on the
mechanical performances of the AlSi10Mg alloy [19].
On the basis of this, the primary goal of this work is to study the effect of the different process
parameters (scanning speed, hatching distance and building direction) on the microstructure and
mechanical behaviour of nanocomposites obtained through LPBF, using AlSi10Mg powder and adding
only 0.5 wt % of nanoMgAl2 O4 .
2. Materials and Methods
2.1. Materials
The AlSi10Mg powder was supplied by EOS GmbH (Krailling, Germany), while the MgAl2 O4
nanoparticles, with an average diameter of 30 nm [20], were produced from Nanocerox (Ann Arbor,
MI, USA). Powders were characterised by field emission scanning electron microscope (FESEM—Zeiss
SupraTM 40, Zeiss, Jena, Germany) in terms of size and shape. A particle size distribution mainly from
1 to 39 µm was determined by FESEM for AlSi10Mg powder, analysing 100 particles. Pycnometric
analysis (Ultrapyc 1200 e Quantachrome INSTRUMENTS, Boynton Beach, FL, USA) was used to
determine the skeletal density of the AlSi10Mg powder.
In order to prepare the composite powder avoiding both particle agglomeration and deformation,
AlSi10Mg and 0.5 wt % nanoMgAl2 O4 powders were dry mixed in the correct proportions for 48 h
using a ceramic jar in a ball milling system and with a speed rate of 60 rpm, without using any grinding
media. After milling, the powders were dried to remove humidity and then sieved with a 63 µm sieve.
For the rest of the paper, the AlSi10Mg + 0.5 wt % nanoMgAl2 O4 composite will be indicated with
the term nanocomposite. Both AlSi10Mg alloys and nanocomposite samples were fabricated using
an EOSINT M270 Dual Mode system (EOS GmbH, Krailling/Munich, Germany). The LPBF machine is
equipped with a 200 W Yb (ytterbium) fibre laser with a spot size of 100 µm working under protective
argon atmosphere with an oxygen content lower than 0.10%.
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2.2. Specimen Manufacturing
Firstly, it was studied the effect of different process parameters on the densification levels.
The basic parameters of LPBF technology are the laser power P (in W), the scanning speed of the laser v
(in mm/s), the layer thickness t and the hatching distance hd (both in mm). By a combination of these
single parameters, it is possible to define the volumetric energy density (VED, in J/mm3 ), as illustrated
in Equation (1) [7,8,19,21]:
P
VED =
(1)
v t hd
In this work, the EOS stripe scanning strategy was used, rotating the laser scanning direction by
67◦ between consecutive layers, avoiding possible orientation issues and reducing residual stresses.
Both AlSi10Mg alloy and nanocomposite samples were produced with different VED values.
Due to low laser absorption of the Al-based alloys, the laser powder was fixed at 195 W. A layer
thickness of 30 µm, generally used for the AlSi10Mg samples, was employed [6,22]. A hatching
distance of 0.10 mm was chosen, according to the best process parameters selected for composite
materials already investigated [19]. Finally, the scan speed was modified using six different values.
In view of a comparison between materials produced with the same conditions, the standard process
parameters used for AlSi10Mg (195 W, 800 mm/s and 0.17 mm) were also included [6].
In this way, it is possible to determine the parameters to build nanocomposite samples with
a good compromise between the densification levels and build-up rate. In order to investigate the
effect of different setup parameters on the densification levels, 3 sets of cubic samples with a dimension
of 10 × 10 × 10 mm3 were produced for each VED value, as listed in Table 1.
Table 1. LPBF (laser powder bed fusion) process parameters used for the fabrication of AlSi10Mg alloy
and nanocomposite samples.
Volumetric Energy
Density (VED)

Laser Power
(P)

Scan Speed
(v)

Hatching Distance
(hd )

Layer Thickness
(t)

(J/mm3 )

(W)

(mm/s)

(mm)

(µm)

40.6
47.8
65.0
81.3
108.3
130.0
162.5

195
195
195
195
195
195
195

1600
800
1000
800
600
500
400

0.10
0.17
0.10
0.10
0.10
0.10
0.10

30
30
30
30
30
30
30

Before removing the specimens from the building platform, they were heat treated for 2 h at 300 ◦ C
(as suggested by EOS for the AlSi10Mg alloy [23]) in order to reduce residual stresses. The porosity
values were determined by Archimedes method according to the ASTM B311-17 standard and by
image analysis method using optical microscope (OM—Leica DMI 5000 M, Leica Microsystems,
Wetzlar, Germany).
In the latter case, the images were analysed by means of Image J software (version: v1.51J8,
National Institutes of Health, Bethesda, MD, USA) that allows the determination of the percent
porosity in area. For OM analysis, the samples were cut along the building direction (z-axis), then
ground and polished to 0.03 µm using a colloidal silica suspension and analysed along this orientation.
For each sample, 6 images at a magnification of 50× were taken, analysing a total area of about 13 mm2 .
The average porosity values and standard deviation determined by Archimedes method and optical
microscopy were assessed on three LPBF samples realised with the same parameters. Finally, the
samples were also etched with Keller’s reagent for 10 s to observe the microstructural features by
means of the FESEM analysis, along the building direction.
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2.3. Thermal Characterisation
The thermal properties of alloy and nanocomposite samples built with specific parameters were
tested. Thermo-mechanical analysis (TMA—SETSYS Evolution, Setaram Instrumentation, Caluire-et-cuire,
France) was used to determine the coefficient of thermal expansion (CTE) in the range of 100–400 ◦ C
under argon atmosphere with a heating rate of 5 ◦ C/min. In order to eliminate deviation due to the
relaxation of residual stresses, two consecutive cycles were performed on each sample and only the second
cycle was used to evaluate the CTE.
Laser Flash analysis (LFA—Flashline™ 4010, Anter Corporation, Pittsburgh, PA, USA) allowed
the measurement of the thermal diffusivity in the 200–400 ◦ C range with a step of 100 ◦ C in agreement
with the ASTM E1461-13.
2.4. Microstructural and Mechanical Characterisation
The microstructures of AlSi10Mg and nanocomposite samples were analysed by means of OM
and FESEM.
The AlSi10Mg alloy and nanocomposite samples built with the selected parameters were firstly
tested by means of Brinell hardness measurements HBW2.5/62.5 according to the ASTM E10-17
standard. Five measurements were carried out on each cross section of the cubic samples.
Furthermore, oversized specimens for tensile test were produced with AlSi10Mg alloy and the
nanocomposite with the selected process parameters. The oversized specimens were built both along
x-axis and y-axis.
The LPBF samples were then machined to obtain specimens with a gauge a gauge length of 40 mm
and a diameter of 8 mm, according to the ASTM E8/E8M-16a standard. Tensile tests were performed
on a Zwick/Roell Z100 testing machine (Zwick/Roell, Ulm, Germany) , with a strain rate value of
8 × 10−3 s−1 , using three tensile specimens for each condition. After the tests, tensile fracture surfaces
were analysed by FESEM.
3. Results and Discussion
3.1. Powders Characterisation
The powders were investigated by FESEM, revealing that the AlSi10Mg particles were fairly
spherical (Figure 1a), while nanoMgAl2 O4 particles were agglomerated, due to enormous surface
energies [24],
as shown in Figure 1b.
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Figure 1. FESEM (field emission scanning electron microscope) images of: (a) the AlSi10Mg alloy; (b)

Figure 1. the
FESEM
(field emission scanning electron microscope) images of: (a) the AlSi10Mg alloy;
nanoMgAl2O4 spinel; (c,d) and the mixed particles at different magnifications.
(b) the nanoMgAl2 O4 spinel; (c,d) and the mixed particles at different magnifications.
Mixing without grinding media allowed the aluminium alloy particles to maintain the spherical
shape (Figure 1c), guaranteeing a uniform spreading of the powder in the machine. In addition, the
AlSi10Mg particles exhibited a uniform coating of the nanoMgAl2O4 particles on their surface, as
highlighted in Figure 1d. In this way, by avoiding the deformation of the AlSi10Mg particles but
merely coating them with the nano‐reinforcement, the powder mixture should maintain a good flow
behaviour.
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The theoretical density of the nanocomposite was calculated with the rule of mixture, using for
the AlSi10Mg its skeletal density of 2.66 ± 0.10 g/cm3 , whereas for the nanoMgAl2 O4 was considered
the theoretical density of 3.58 g/cm3 , calculating for the nanocomposite a density of 2.663 g/cm3 .
Mixing without grinding media allowed the aluminium alloy particles to maintain the spherical
shape (Figure 1c), guaranteeing a uniform spreading of the powder in the machine. In addition,
the AlSi10Mg particles exhibited a uniform coating of the nanoMgAl2 O4 particles on their surface,
as highlighted in Figure 1d. In this way, by avoiding the deformation of the AlSi10Mg particles
but merely coating them with the nano-reinforcement, the powder mixture should maintain a good
flow behaviour.
3.2. Effect of the Process Parameters on the Densification Levels
The metallic and composite powders were then employed to produce cubic specimens with
a combination of different parameters and consequently, a various range of VED values, then heattreated and characterised. In particular, the residual porosity of AlSi10Mg alloy and nanocomposite
samples built with different VED values was determined using both Archimedes and image analysis
methods, which are conventional techniques used to determine the residual porosity within the
specimens, as reported in Table 2 [25].
Table 2. Values of residual porosity with their standard deviation obtained by Archimedes method
and by image analysis on AlSi10Mg and nanocomposite samples.
AlSi10Mg
VED
(J/mm3 )
40.6
47.8
65.0
81.3
108.3
130.0
162.5

Nanocomposite

Archimedes Method

Image Analysis

Archimedes Method

Image Analysis

Residual Porosity (%)

Residual Porosity (%)

Residual Porosity (%)

Residual Porosity (%)

1.31 ± 0.22
0.37 ± 0.08
0.53 ± 0.10
0.61 ± 0.07
0.50 ± 0.09
0.56 ± 0.03
0.47 ± 0.05

2.21 ± 0.30
1.21 ± 0.18
1.22 ± 0.27
1.20 ± 0.10
0.95 ± 0.22
1.01 ± 0.19
1.00 ± 0.27

2.35 ± 0.12
1.40 ± 0.13
0.75 ± 0.02
0.59 ± 0.09
0.68 ± 0.05
0.67 ± 0.07
0.51 ± 0.02

2.87 ± 0.15
2.03 ± 0.15
1.43 ± 0.20
0.96 ± 0.07
1.37 ± 0.14
0.97 ± 0.10
1.00 ± 0.12

The values determined by Archimedes method and image analysis are different since the fact that
Archimedes method takes into account the whole sample volume, while the image analysis considers
only some cross-sections of the samples.
By analysing the residual porosity of AlSi10Mg alloy and nanocomposite samples built using
different VED values of Table 1, it is evident that denser samples were produced with higher VED.
In both cases, slighter differences were recorded at high VED, even if these values are diverse for the
two materials. The trend of residual porosity versus VED for AlSi10Mg alloy and nanocomposite
materials are published elsewhere [19].
High densification levels are obtained for the alloy and nanocomposite samples employing a VED
value of 47.8 J/mm3 and 81.3 J/mm3 , respectively. These evidences that for the nanocomposite samples
the nanoparticles slow down the flow of liquid aluminium, requiring a longer time in the liquid phase
(i.e., higher VED) to assure proper densification of the parts, as also reported for LPBF TiC/AlSi10Mg
system [14].
For the nanocomposite, by further increasing the VED values it seems that a slightly higher
densification level can be obtained. However, this would imply even slower scan speeds and
consequently, lower build-up rates (see Table 1). Hence, in order to avoid an excessive build-up
rate reduction, a VED of 81.3 J/mm3 was chosen as the reasonable compromise to fabricate dense
nanocomposite samples.

micrographs reveal the presence of elongated pores, as visible in Figure 2a,c, probably related to lack
of fusion. In fact, in literature, similar pores were mainly attributed to an improper selection of the
process parameters [5].
On the contrary, using appropriate process parameters, the microstructure only exhibits fine
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as highlighted in Figure 2b,d, which are caused by the solubility of gas in the
melt
pool and are typically called “trapped gas porosities” [26,27]. The comparison of the OM images, well
underlines how the selection of appropriate process parameters and therefore, specific VED values,
Figure 2 show the OM images of AlSi10Mg and nanocomposite samples built using low VED values
are crucial to fabricate dense parts. Moreover, by comparing Figure 2b,c, it is possible to note that the
and the selected parameters resulting in high densification levels. In the first case, the micrographs
production of metallic and composite specimens with the same VED value leads to different porosity
reveal the presence of elongated pores, as visible in Figure 2a,c, probably related to lack of fusion. In fact,
amounts, confirming the effect of the ceramic particles on the melt pool behaviour.
in literature, similar pores were mainly attributed to an improper selection of the process parameters [5].
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3.3. On
Microstructural
the contrary,Investigations
using appropriate process parameters, the microstructure only exhibits fine
spherical pores, as highlighted in Figure 2b,d, which are caused by the solubility of gas in the melt
pool and are typically called “trapped gas porosities” [26,27]. The comparison of the OM images, well
underlines how the selection of appropriate process parameters and therefore, specific VED values,
are crucial to fabricate dense parts. Moreover, by comparing Figure 2b,c, it is possible to note that the
production of metallic and composite specimens with the same VED value leads to different porosity
amounts, confirming the effect of the ceramic particles on the melt pool behaviour.
3.3. Microstructural Investigations
The LPBF process, due to the high cooling rates (around 106 K/s [28]) that occur over the areas
subjected to the laser beam, typically leads to the formation of fine microstructures consisting of α-Al
cellular structures separated by areas of Al-Si eutectic [11,29]. The effect of the nanoparticles can
be observed by high magnification FESEM images (Figure 3a,b), analysing the size of the cellular
structures in the central part of the melt pool for AlSi10Mg and nanocomposite samples.
By FESEM investigations, in both samples, the α-Al phase appears darker while the silicon-rich
zones of the aluminium-silicon eutectic appear brighter. In the alloy, the eutectic microstructure was
very fine, with the α-Al cell and Si particle size of 600 and 100 nm, respectively. On the other hand,
for the nanocomposite, a larger size of both the aluminium and silicon phases was observed, with
values of 800 and 250 nm, respectively. This suggest that the higher VED employed for nanocomposite
densification implies slightly coarser microstructure with respect to the base alloy. Regarding the
MgAl2 O4 nanoparticles, it was not possible to observe them by FESEM analysis or to distinguish them
from silicon particles.

very fine, with the α‐Al cell and Si particle size of 600 and 100 nm, respectively. On the other hand,
for the nanocomposite, a larger size of both the aluminium and silicon phases was observed, with
values of 800 and 250 nm, respectively. This suggest that the higher VED employed for
nanocomposite densification implies slightly coarser microstructure with respect to the base alloy.
Regarding the MgAl2O4 nanoparticles, it was not possible to observe them by FESEM analysis or to
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Figure 3. Schematic melt pool representation along building direction, pointing out the position of the
Figure 3. Schematic melt pool representation along building direction, pointing out the position of
FESEM images of (a) fine cellular structures for the AlSi10Mg alloy built using the standard parameters;
the FESEM images of (a) fine cellular structures for the AlSi10Mg alloy built using the standard
(b) cellular structure not continuous of the nanocomposites built using the selected parameters to
parameters; (b) cellular structure not continuous of the nanocomposites built using the selected
generate dense samples (after etching with Keller’s reagent).
parameters to generate dense samples (after etching with Keller’s reagent).

3.4.
3.4. Thermal
Thermal Properties
Properties
The
The CTE
CTE values
values and
and thermal
thermal diffusivity
diffusivity of
of AlSi10Mg
AlSi10Mg and
and nanocomposite
nanocomposite samples
samples built
built with
with
specific
parameters
were
determined
by
means
of
TMA
and
LFA
analyses,
respectively.
In
specific parameters were determined by means of TMA and LFA analyses, respectively. In the
the range
range
◦ C, the AlSi10Mg had an average CTE of 25.3 × 10−6 K−1 , whereas for the nanocomposite
100–400
100–400 °C,
the AlSi10Mg had an average CTE of 25.3 × 10−6 K−1, whereas for the nanocomposite a
−6 −1 was recorded.
avalue
valueofof24.4
24.4× ×
−6 K−1K
1010
was recorded.
The
asas
can
bebe
seen
inin
Table
3.
Thethermal
thermaldiffusivity
diffusivityofofthe
thetwo
twomaterials
materialsrevealed
revealedvery
verysimilar
similarvalues,
values,
can
seen
Table
The
results
showed
thatthat
adding
only
0.5 0.5
wt %
particles
did not have a relevant effect on
2 O42O
3. The
results
showed
adding
only
wtof%MgAl
of MgAl
4 particles did not have a relevant effect
the
CTE
as
well
as
the
thermal
diffusivity
with
respect
to
the
base
alloy.
on the CTE as well as the thermal diffusivity with respect to the base alloy.
Table
diffusivity
values
with
theirtheir
standard
deviation
obtained
for AlSi10Mg
alloy
Table3.3.Average
Averagethermal
thermal
diffusivity
values
with
standard
deviation
obtained
for AlSi10Mg
and nanocomposite samples.
alloy and nanocomposite samples.

TT
(°C)
(◦ C)
200
200
300
300
400
400

2 /s)2/s) Nanocomposite
AlSi10Mg
(cm
Nanocomposite
(cm2/s)
AlSi10Mg
(cm
(cm2 /s)

0.69
± 0.01
0.69
± 0.01
0.66
± 0.01
0.66
± 0.01
0.63
±
0.01
0.63 ± 0.01

± 0.03
0.67 0.67
± 0.03
0.64 0.64
± 0.02
± 0.02
0.62 0.62
± 0.01
± 0.01

3.5. Mechanical Characterisation
Brinell hardness values of the AlSi10Mg built with standard parameters and nanocomposite built
with the selected parameters were respectively 104 ± 1 HBW and 103 ± 1 HBW, showing that the low
amount of the ceramic reinforcement had a negligible impact on the hardness performances.
Figure 4 illustrates the stress-strain curves of AlSi10Mg and nanocomposite samples, while the
tensile data are given in Table 4. First of all, it is possible to note that the EOS stripe scanning strategy
guarantees the isotropy of mechanical properties in the x-y plane: for each material, in fact, very
slight differences are recorded for samples built along the two different directions. On the other
hand, it is easily visible that the two materials exhibit significantly different behaviours. In particular,
the AlSi10Mg specimens revealed greater tensile properties than nanocomposite ones: the AMC
presents a reduction of the yield (σ0.2 ) and ultimate tensile strength (σUTS ) of about 30% and 20%,
respectively, with respect to the alloy.

differences are recorded for samples built along the two different directions. On the other hand, it is
easily visible that the two materials exhibit significantly different behaviours. In particular, the
AlSi10Mg specimens revealed greater tensile properties than nanocomposite ones: the AMC presents
a reduction of the yield (σ0.2) and ultimate tensile strength (σUTS) of about 30 and 20%, respectively,
with respect to the alloy.
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curves
for AlSi10Mg
alloyand
and nanocomposite
nanocomposite specimens
built
along
the two
Figure 4.Figure
Stress-strain
curves
for AlSi10Mg
alloy
specimens
built
along
the
different
orientations.
two different orientations.
Table 4. Tensile properties obtained for AlSi10Mg and nanocomposite specimens built with different

Table 4. Tensile properties obtained for AlSi10Mg and nanocomposite specimens built with different
VED values in order to reach high densification levels, tested after a stress relieving treatment.
VED values in order to reach high densification levels, tested after a stress relieving treatment.
LPBF Specimens

LPBF Specimens

Orientationx

AlSi10Mg *

Yield
Ultimate Tensile
Young
Strength
Strength
Modulus
Young
Yield
Ultimate
Tensile
VED(J/mm3)
(GPa) Strength
(MPa)
(MPa)
Modulus
Strength
47.8
73 ± 3
257 ± 2
384 ± 2
(MPa)
(J/mm3 )47.8 (GPa)73 ± 2 (MPa)
256 ± 2
382 ± 3
1982 ± 1
323±±23
47.8 81.3 73 ± 376 ± 1 257 ±
384
1982 ± 1
322±±31
47.8 81.3 73 ± 274 ± 0.2 256 ±
382

Orientation

y

VED

Elongation
at Break
Elongation
at (%)
Break
6.7 ± 0.8
7.3(%)
± 0.2
6.3 ±±0.7
6.7
0.8
6.0 ±±0.1
7.3
0.2

x
Nanocomposite
* x
AlSi10Mg
*
y
y
relieved
°C for
x
81.3* Stress 76
± 1 at 300198
± 12 h.
323 ± 3
6.3 ± 0.7
Nanocomposite *
y
81.3
74 ± 0.2
198 ± 1
322 ± 1
6.0 ± 0.1
As already demonstrated *[19],
LPBFatnanocomposite
Stressthe
relieved
300 ◦ C for 2 h. can present lower tensile properties
than the alloy, contrarily to the production of AMCs by traditional methods (powder metallurgy,
squeeze casting, stir casting and similar processes), in which the nanoparticle addition implies a
As already demonstrated [19], the LPBF nanocomposite can present lower tensile properties than
strengthening of the metal matrix, mainly owing to a refinement of the structure [30].
the alloy, contrarily to the production of AMCs by traditional methods (powder metallurgy, squeeze
In our materials, the higher VED value chosen for nanocomposite production causes larger cell
casting, stir
and similar
processes),
which
the nanoparticle
addition
implies
a strengthening
sizecasting
and eutectic
sizes mainly
due to in
lower
solidification
rates, thus
explaining
the different
tensile
of the metal
matrix,
mainly
owing
to
a
refinement
of
the
structure
[30].
properties between the alloy and the nanocomposite.

In our materials, the higher VED value chosen for nanocomposite production causes larger cell
size and eutectic sizes mainly due to lower solidification rates, thus explaining the different tensile
properties between the alloy and the nanocomposite.
The cell structures of LPBF aluminium samples are strongly correlated to the cooling rates, which
is the key factor influencing the dendritic size: more precisely, the higher is the cooling rate the finer is
the microstructure [31,32].
The cooling rates can be modified by heat input and so by VED values; in fact, the more
intensive are the heat input, the lower are the cooling rates and therefore, the larger are the dendritic
structures [31].
For this reason, it is reasonable to suppose that the higher VED used for nanocomposite processing
provides more intense power to materials resulting in a higher temperature within the melt pools, thus
reducing the cooling rates [19].
In order to support this hypothesis, tensile tests were performed on AlSi10Mg samples built
along the x-direction using the selected VED of the nanocomposite (81.3 J/mm3 ) and the results are
compared with those of AlSi10Mg (built with standard VED of 47.8 J/mm3 ) and nanocomposites
(VED of 81.3 J/mm3 ) in Figure 5a and Table 5. Furthermore, the microstructures of the specimens were
observed (Figure 5b–d) within the central part of the melt pool, as schematically reported in Figure 5e.
The tensile curves of AlSi10Mg samples built using the standard VED value revealed greater
tensile strengths and ductility than AlSi10Mg ones built using a high VED, pointing out the influence

compared with those of AlSi10Mg (built with standard VED of 47.8 J/mm3) and nanocomposites (VED
of 81.3 J/mm3) in Figure 5a and Table 5. Furthermore, the microstructures of the specimens were
observed (Figure 5b–d) within the central part of the melt pool, as schematically reported in Figure
5e.
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Table5. 5.Tensile
Tensile
properties
obtained
for AlSi10Mg
samples
built with
the selected
VEDthe
value
alongVED
the x-direction.
nanocomposite
samples
built with
selected
value along the x‐direction.

LPBF Specimens

VED
(J/mm3 )

AlSi10Mg *
AlSi10Mg *
Nanocomposite *

47.8
81.3
81.3

Young
Modulus

Yield
Strength

Ultimate Tensile
Strength

Elongation at
Break

(GPa)

(MPa)

(MPa)

(%)

73 ± 3
71 ± 2
76 ± 1

257 ± 2
203 ± 3
198 ± 1

384 ± 2
301 ± 6
323 ± 3

6.7 ± 0.8
5.4 ± 0.4
6.3 ± 0.7

* Stress relieved at 300 ◦ C for 2 h.

3.6. Fracture Surfaces Analysis
The FESEM images of the fracture surfaces of AlSi10Mg and nanocomposite samples built
along x-direction with selected VED values (47.8 and 81.3 J/mm3 , respectively) are displayed in
Figure 6a,b, respectively.
The micrographs mainly revealed a ductile fracture mode with microvoids coalescence, although
few brittle fractures were presented. At a higher magnification view (Figure 6c,d), both AlSi10Mg alloy

3.6. Fracture Surfaces Analysis
The FESEM images of the fracture surfaces of AlSi10Mg and nanocomposite samples built along
x‐direction with selected VED values (47.8 and 81.3 J/mm3, respectively) are displayed in Figure 6a,b,
respectively.
Metals
2018, 8, 175
10 of 12
The micrographs mainly revealed a ductile fracture mode with microvoids coalescence,
although few brittle fractures were presented. At a higher magnification view (Figure 6c,d), both
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FESEMimages
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surface of
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LPBF samples
Figure
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FESEM
samplesbuilt
builtalong
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(a,c)AlSi10Mg
AlSi10Mg
sample;
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sample; (b,d) nanocomposite sample.

4. Conclusions
4. Conclusions
this
work,the
theeffect
effectofofprocess
process parameters
parameters (scanning
(scanning speed,
building
In In
this
work,
speed,hatching
hatchingdistance
distanceand
and
building
direction) on the microstructure and the mechanical behaviour of an aluminium alloy and a
direction) on the microstructure and the mechanical behaviour of an aluminium alloy and a nanocomposite
nanocomposite AlSi10Mg + 0.5 wt % nanoMgAl2O4 produced by LPBF were compared.
AlSi10Mg + 0.5 wt % nanoMgAl2 O4 produced by LPBF were compared.
The main results can be summarised as follows:
The main results can be summarised as follows:
(1) The effect of the combination of different process parameters on the densification levels allowed
(1) The
of the combination
of different
process parameters
the densification
theeffect
fabrication
of dense and crack‐free
nanocomposites
with aon
residual
porosity of levels
0.59 ± allowed
0.09%
theusing
fabrication
of
dense
and
crack-free
nanocomposites
with
a
residual
porosity
of
0.59
±
0.09%
3
a VED of 81.3 J/mm , reaching densification levels similar to AlSi10Mg alloy (residual
3 , reaching densification
3
using
a
VED
of
81.3
J/mm
levels
similar
to
AlSi10Mg
alloy
(residual
porosity of 0.37 ± 0.08% using a VED of 47.8 J/mm ).
porosity of 0.37 ± 0.08% using a VED of 47.8 J/mm3 ).
(2) The nanocomposite samples built with a VED of 81.3 J/mm3 presented larger cellular structures
and consequently, lower tensile properties than AlSi10Mg samples built with a lower VED value
(47.8 J/mm3 ).
(3) The different cellular dimensions appear to be chiefly influenced by the VED values; the higher
is the VED values, the coarser is the cellular size. In fact, AlSi10Mg samples built with a higher
VED value (81.3 J/mm3 ) exhibited lower tensile properties than AlSi10Mg built with a VED of
47.8 J/mm3 .
(4) When the samples obtained with equal VED value are considered, the nanocomposites revealed
slight higher σUTS than AlSi10Mg samples, suggesting an effect of the nanoparticles on hindering
the dislocations.
(5) Both AlSi10Mg and nanocomposite materials built with selected VED exhibited mainly ductile
fractures with dimples as well as some brittle fractures. It is interesting to note that the
nanocomposite samples revealed larger dimples, mostly due to larger cellular structures with
respect to the base alloy.

Metals 2018, 8, 175

11 of 12

The results indicate that for fabricating LPBF nanocomposites, it is not only essential to determine
appropriate parameters to generate dense samples but it is also crucial to consider the effect of
the parameters on the microstructure. In particular, a different combination of building parameters,
involving a different VED value, may give rise to some alterations on the microstructure and mechanical
properties, restricting the positive effect of adding the nanoparticles.
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