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Experimental activities
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Chapter 5

Results and discussion

5.1 AISil0Mg by DMLS

In this PhD thesis work, the attention was focused on the development of alu-
minium alloys and Aluminium Matrix Composites (AMCs). Among the alu-
minium alloys, AISi10Mg0.3 from EOS GmbH (Germany) is commercialy avail-
able in powder suitable for SLM/DMLS process. Its nominal composition as
given by EOS datasheets is reported in table 5.1. Looking at the literature, this
alloy has a composition similar to A360.2 cast alloy [95].

Element Si Fe Cu Mn Mg Zn Ti Al

Weight % -1 =0.55 =005 =0.45 0.2-0.45 =01 =015 remainder

Table 5.1: Composition of AlSi10Mg alloy [3]

This alloy exhibits a relatively high owability, which is preferred for Addi-
tive Manufacturing processes (high \castability" of the Al-Si system especially
near to the eutectic). The composition of the alloy is indicated in the phase
diagram reported in gure 5.1:
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Figure 5.1: AIl-Si binary equilibrium phase diagram [95]: the compostion of
Al-Si10% is indicated by the line.

Since DMLS is a powder bed technology, at the beginning it is fundamental
to analyse the status of the powders, which are the input raw material for the
fabrication of parts.

5.1.1 \Process window" of AISilOMg alloy: density opti-
mization

As it was previously described in chapter 3, it was chosen to follow the well
known approach of the volumetric energy density (VED) in order to take into
account the combined e ects of the process parameters, in particular scan speed,
hatching distance, laser power on density (and so porosity) of the studied
AISil0Mg alloy. This type of work allowed to identify the optimal \process
window" in terms of VED for the alloy object of the study, to minimize the
porosity so enhancing the mechanical properties.
The following relation was proposed:

P

VED = ——
hdSSd

where VED is the volumetric energy density, measured in J/mm3, ss is
the raster scanning speed of the laser beam, hy is the scan spacing, and d is
the layer thickness. This equation works when laser spot size is always larger
than hatching distance. Lower layer thickness also means lower shrinkage after



CHAPTER 5. RESULTS AND DISCUSSION 62

melting by moving laser beam, which will increase the dimensional accuracy
and surface smoothness.

To maximize the VED, the highest possible value of the laser power is used
for producing metal parts. The laser power is thus set to 195 W which corre-
sponds to 97.5% of the maximum power and guarantees a uniform continuous
wave. To investigate interaction e ects, the laser power is decreased also to
180 W. Regarding scanning speed and hatching distance, default values for
AISi10Mg alloy are 800 mm/s and 0.17 mm respectively. An increase of scan-
ning speed and hatching distance improves the rate of production and decreases
the VED.

Moreover, it is reported in literature that by reducing scanning speed the
width of the scan line increases and by reducing hatching distance consecutive
scan lines are more closely connected [28]. Thus, higher and lower values of
hatching distance are selected to analyze the overlapping of scan lines. The re-
sults of parameters choice on the microstrucure of the material will be discussed
later.

To investigate the e ect of variations of scanning speed and hatching distance
on hardness and density, four levels of each parameter were selected.

Figure 5.2 shows the in uence of the surface energy density (the layer thick-
ness d is a constant value equal to 30 mm) on the hardness and the density.
Considering the hatching distance of 0.25 mm, a high sensitivity of macroscopic
properties is observed on the variation of the energy density. In fact, the hard-
ness and the density increase by 23.5 % and 5.4%, respectively with a change
of energy density from 0.8 to 1 J/mm?. When the hatching distance was de-
creased from 0.25 mm to 0.17 mm and below, the hardness and density became
less sensitive to the change in energy density It is possible to identify a region,
corresponding to energy density in the range 1.2 - 1.8 J/mm?, in which the
resulting points are concentrated.
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Figure 5.2: In uence of surface energy density on relative density (on the left)
and on hardness (on the right) [5]
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The measured average densities of the AISi10Mg regular samples after DMLS
process are summarized in table 5.2. The specimens were evaluated in three
di erentsurface nishing conditions, in particular: as DMLS, after shot peening,
and after polishing, so after completely removing the roughest outer surfaces.

After DMLS | After Shot After
Peening Polishing
B}*;f/f;g}& 2.59 2.63 2.65
AF;E;;}S‘ 2.63 2.65 2.66
pwgﬁff,f A z0 M
AR

Table 5.2: Avearge densities of AlSil0Mg samples in di erent post processing
conditions [96]

The calculations to estimate the total and closed porosity were made taking
into account a theoretical value of 2.68 g/cm3. As can be observed, the layers
which are relatively close to the external surfaces are more \defective" with
respect to the inner ones ( gure 5.3). As a consequence, the more you reduce
the presence of these subsuper cial pores which are intrinsic of the process, the
more the porosity evaluation is reliable.

Figure 5.3: AlSi1l0Mg sample before (a) and after (b) polishing, so \defective"
outer skins removal

For this reason the surface nishing condition a ects a lot the mechanical
performances of the alloy.

5.1.2 Powder characterization

Aluminium alloy samples were produced using an EOSINT M270 Xtended ver-
sion machine which is available at CSHR-IIT@PoliTo. In this machine a pow-
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erful Yb (Ytterbium) ber laser system in an argon atmosphere is used to melt
powders with a continuous power up to 200 W and a spot size of 100. For more
details concerning the machine refer to chapter 4 of this thesis work. The alu-
minium powder alloy used in this study is a gas atomized one and it is produced
by EOS GmbH.

Preliminary observations were performed to investigate the morphology of
AISi1l0Mg powder particles by using FESEM (Zeiss Supra TM40). The ob-
jective is rst of all to verify whether the conditions of the raw powders are
suitable for DMLS process, in particular from a morphological point of view.
In fact, the more is the spherical morphology of the particles, the more is the
good owability and homogeneous layer distribution in the process.

Figure 5.4 shows some examples of FESEM micrographs at di erent mag-
ni cations of AISil0Mg powder in the as received conditions. The AlSi10Mg
particles are almost spherical and this ensures a good owability and layer dis-
tribution of the particles themselves. The size of AISil0Mg ranges from 1 to
45 mm with an average size around 25 mm. Some bigger clusters of dimension
larger than 40 mm were also observed, due to the fact that the smallest particles
tend to agglomerate to reduce their surface free energy ( gure 5.4b).

Figure 5.4: FESEM micrographs showing the morphology of AISil0Mg powder
in the as received condition

These clusters could be detrimental for the nal density of the DMLS parts,
considering that the layer thickness employed was of 30 mm. This tendency to
agglomerate is con rmed by the granulometric analyses (Fritsch model Analy-
sette 22 Compact) reported in gure 5.5. The diameters corresponding to 10%
(d1o), 50% (dso) and 90% (dgg) of the cumulative size distribution are 19.3 mm,
40.7 mm and 74.8 mm, respectively. In the graph, the frequency distribution is
based on a volumetric assumption. This means that even if the small particles
are far more than the bigger ones in number, their mean volume is three orders
of magnitude less than the big ones: for this reason, they could not be detected
and then displayed.
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Figure 5.5: Particles size distribution of the as received AISi10Mg powder [69]

In addition to the particles size and distribution, also their chemical compo-
sition could a ect the densi cation in DMLS process, as observed by Olakanmi
et al. [59]. The values of the chemical analyses conducted via ICP (Inductively
Coupled Plasma) test are summarized in table 5.3. As it can be seen, the main
alloying elements are silicon and magnesium, as expected, but it is also present
an appreciable quantity of iron.

Element Weight (%6)

S1 10.08
Fe 0.16
Cu 0.001
Man 0.002
Mg 035
Zn 0.002

Ti 0.01
Al balance

Table 5.3: Chemical composition of aluminium alloy powder as determined by
ICP test [69]

The choice of the process parameters required to obtain a part with the best
surface nishing and highest density was described in a previous study from the
same research group in which this thesis work was pursued [31]: the values of
these parameters are given in table 5.4. As explained in that study, the machine
uses di erent parameters for the core of a part and for the outer surfaces: the
lower and upper ones parallel to the building plane, and the lateral ones, called
contour.
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Parameters Skin Core Contour
Scan speed (v) [mm/s] 900 200 900
Laser power (P) [W] 120 193 &0
Hatching distance (/i3) [mm] 0.1 0.17 -
Layer thickness [um] 30 30 -

Table 5.4: DMLS process parameters in use [69]

In addition, concerning the scanning strategy associated to the core and to
the skin, a certain degree of rotation between two successive layers was proved
to lead to a better overlapping. This should make the properties of the parts ob-
tained more isotropic in comparison with more conventional scanning strategies
made of layers with unidirectional vectors. The evaluation of the mechanical
properties of parts by DMLS was pursued on specimens built in four di erent
orientations and with di erent surface nishing conditions. Then, the e ect of
the DMLS process on the microstructure of the components was evaluated by
optical and electron microscopies.

5.1.3 Mechanical properties evaluation

All specimens for mechanical characterizationa were fabricated using the men-
tioned optimized parameters and scanning strategy. The orientations considered
are along the z axis, the building direction, and along three directions on the
building platform (in the x/yplane): parallel to the direction of the powder de-
position, along the normal axis to it and at 45 between them, as it is illustrated
in the scheme in gure 5.6. Samples of rectangular shape and 50 10 5 mm
size were produced to analyze the density, hardness and elastic modulus. Con-
sidering tensile tests, ve specimens for each orientation were built according to
the standard ASTM E8M.
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Figure 5.6: Scheme of the four di erent orientations considered for the fabrica-
tion of AISil0Mg specimens

Due to the high thermal gradients, this process fabricates parts with high
residual thermal stresses. In order to avoid the warping of the parts, before re-
moving them from the building platform, it is necessary to perform an annealing
for 2 h at 300 C. The samples were then shot-peened by using an Ecoblast/F
machine from Silco S.r.l. (Italy), to improve the surface quality and nishing.
In this study, glass beads of 200 mm mean diameter with an air pressure value
of 8 bar for several seconds were used. These beads produce a clean, bright,
satin- nished surface, with an R, average value of 3 mm without dimensional
change or contamination of the parts [96].

Concerning mechanical characterization, the samples were then polished
down to diluted silica suspension paste to allow Vickers microhardness mea-
surements, performed by a Leitz instrument (the load was set to 50 g for 30
s): fteen measurements were repeated to calculate a mean hardness value for
each orientation. Elastic modulus was evaluated by an impulse excitation tech-
nique involving the analysis of the transient natural vibration, by means of a
GrindoSonic MKS5 instrument, according to the standard ASTM C1259. The
results of these measurements are reported in the following table 5.5:

Density (g/cm?®) Residual Porosity (%) Hardness (HV) Young's Modulus E (GPa)

266 08 1055 731

Table 5.5: Microhardness and elastic modulus evaluations on AISil0Mg alloy

Tensile tests were performed on an EASYDUR 3MZ - 5000 testing machine,
with a free-running crosshead speed of 2 mm/min. The strain was measured by a
piezo-electric extensometer. After rupture, the fracture surfaces were observed
by FESEM. Moreover, ASTM E 23 was nally followed to carry out Charpy
impact test of AISil0Mg samples by DMLS. Two di erent types of specimen
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geometry were tested, with V-notch and without notch. The samples with V-
notch and without notch were produced in two orientations, in particular along
the x/y plane, and also in the z direction. The fracture surfaces were then
observed by FESEM.

In the following table 5.6 the mean obtained values from the pursued tensile
tests are reported.

Ultimate Tensile Elongation at

Material Orientation Weclrd Si)“r/;:r,)agth Strenght break
oz (WPa) Ours (MPa) (%)
xy plane 245 330 6.6
AlSiMg after DMLS
Z axis 233 329 4.3
A360 F* - 170 317 5

Table 5.6: Mean values of tensile properties of AISi1l0Mg specimens produced
according to the standard ASTM E8M along di erent orientations, compared
to the A360.2 alloy realized by convetional casting [69]

AIlSi10MgO0.3 tested specimens showed an isotropic behaviuor when built on
the x/y plane. This is due to the scanning strategy consisting of the rotation of
each layer of 67 with respect to the previous one. Considering the specimens
built along the z axis direction, the properties resulted to be relatively lower. In

gure the representative trends of stress-strain curves are illustrated, for each
considered orientation. There is a high reproducibility of the results. In gure
5.7, examples of stress-strain curves of a specimen built along the four di erent
considered directions are reported. Considering the tangent to the curve in the
elastic region, the values for the elastic moduluds could also be estimated: it
was con rmed that they are in good agreement with the results obtained by the
used impulse excitation technique.
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Figure 5.7: Typical stress-strain curves for aluminum alloy DMLS specimens
built along four di erent orientations [69]

Fracture surfaces after tensile tests were investigated by FESEM, as reported
in gure 5.8. As can be seen, the surface is covered by very ne dimples,
clearly visible only at high magni cation. On the left image there can also be
observed two little concave zones probably related to two spherical particles
not completely melted. At higher magni cation is possible to appreciate the

very ne dimension of the microstructure, with presence of particles of tens of
nanometers.

Figure 5.8: FESEM images of an aluminum alloy DMLS fracture surface covered
by sub-micrometric voids and dimples with a nanometric size
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The AISi10Mg samples with V-notch and without notch were produced in
two orientations: in the x/y plane and also in z direction. Specimens with V-
notch were tested in two di erent surface nish conditions, (i) as built and (ii)
shot peened. Samples without notch were tested in three di erent surface nish
conditions: (i) as built, (ii) shot peened and (iii) after polishing, as reported in

gure 5.9.

Figure 5.9: Charpy test specimens with V-notch (a) and without notch (b),
where (i) as built, (ii) shot peened and (iii) after polishing [98]

The results of Charpy tests on samples with V-notch are listed in table
5.7.The impact energy absorbed by the specimens in as built and after shot
peening conditions are comparable. The samples oriented in the x/y plane
absorbed higher energy than the specimens oriented along z direction.
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Table 5.7: Charpy impact energy of specimens presenting the V-notch (a) and
without notch (b) [97]

The impact energy absorbed by the AlISi10Mg specimens produced by DMLS
is superior than that of die cast aluminium alloy parts, even though the surface
roughness of DMLS specimens is in any case higher than die cast components.

Comparing the results from testing specimens with V-notch and specimens
without notch, samples without notch absorbed higher energy, as expected.
Moreover, the samples after polishing absorbed relatively higher energy than
the ones in as built and shot peened conditions. This could be due to the high
roughness of the specimens as fabricated by DMLS process.

In fact, the impact energy is in uenced by subsuper cial defects which are
concentranted at the interface between the outer skins an the core. Figure 5.10
shows the fracture surfaces of a Charpy test specimen oriented in the x/y plane.
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Figure 5.10: FESEM observation fracture surface of Charpy specimen oriented
in x/y plane (on the left) and the fracture surface of a specimen oriented along
the z direction (on the right) [98]

The fracture surface consists of both ductile and brittle regions. In partic-
ular, the ductile region consists of very ne dimples and microvoids. Fracture
surface of Charpy specimen oriented along the z direction is illustrated in gure
5.10(b). The topography of the fracture surface for the z direction specimen
is di erent from the x/y oriented one. This could be due to the nature of the
process and orientation of the layers with respect to the length of the specimens.
In fact, the Charpy hammer impacted perpendicular to the layers in the x/y
plane oriented specimen, and parallel to the layers in the z direction oriented
ones.

5.1.4 Microstructural characterization

Concerning the microstructural analyses, the DMLS samples were cross-sectioned
perpendicular and parallel to the building platform, then polished down to col-
loidal silica suspension (size 0.05 mm) and etched with Weck’s reagent (KMnO4and
NaOH mixed in proportion in distilled water) for 15 s; after that, they were ob-
served by an optical microscope and by FESEM. All the microstructural images
then refer to the core of the parts.

The AISi10Mg samples microstructure was initially analyzed by optical mi-
croscopy. Figure 5.11 shows micrographs of two cross sections: a section parallel
to the build direction, indicated by the black arrow ( gure 5.11 a), and a section
perpendicular to it ( gure 5.11 b).
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Figure 5.11: Optical microscope images of an aluminum alloy sample after etch-
ing with Weck’s reagent: (a) a section along the build direction (z axis); a section
parallel to the powder deposition plane (xy-plane) [69]

The laser beam power is modulated in such a way as to ensure that the
new deposited layer is completely melted and reaches the previous layer, so
remelting in a good joining of the layers (wetting of the layer underneath) at
the same time. Hence, considering a mirror like nished section along the build
direction, these melt pools are all oriented in the same way ( gure5.11a), being
a section made by the superimposition of successive layers. The Weck’s etchant
solution results to be very e ective to highlight the mel pools at the optical
microscope. However, due to the described scanning strategy adopted in this
study and by taking into account the cited remelting, the volumetric shape of
these melt pools is not exactly half-cylindrical. Consequently it is not possible
to de ne their mean depth. On the opposite, considering the polished and
etched section parallel to the powder deposition plane, it could be assumed to
observe the cross-section of the melt pools of di erent successive layers ( gure
5.11b). Moreover, due to the di erent depth, their contours overlap originating
shapes with irregular geometries, depending at which \height" the sample was
cut before the metallographic preparation.

Looking at the micrographs of gure 5.12, even if some porosity is visible
in the samples investigated, the pores dimension is very little. Going at higher
magni cations, it is possible to appreciate their mean size: in gure 5.12 a, two
pores are visible, with a dimension of about 20 mm, while gure 5.12 b is focused
on a single melt pool and its region of contour. As can be observed, the rapid
and localized melting and cooling of DMLS originate very ne microstructures.
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Figure 5.12: Optical microscope images after Weck’s etching showing: (a) the
presence of pores and at a higher magni cation; (b) the shape of a melt pool
with its contour [69]

As published by Manfredi et al. in 2013 [69], in order to appreciate this
small grain size, the section along the build direction was observed by FESEM,
focusing on a region between two melt pools, as shown in gure 5.13a. The area
inside the white parallel lines corresponds to the melt pool contour (mpc), with
a mean height of about 8 mm. At higher magni cations, from gure 5.13 (b -
d), it can be seen that the three regions (mpl, mp2 and mpc) are characterized
by a ne cellular-dendritic structure made by agglomerates of grains with mean
diameters of 80 nm or less. It was found that these agglomerates are di erent in
length, thickness and aspect ratio in the three regions. According to Olakanmi
et al. [59] it can be assumed that there is little or no free-energy barrier to the
phase transformation from liquid to solid. It is due to the complete wetting of
the substrate by the molten metal and the nearly ideal interface provided by
the partially melted heat a ected zone (HAZ) grains at the fusion boundary. In
this way, the grains grow epitaxially, and the grain direction is parallel with the
local conductive heat transfer, as shown in gure 5.13 (b - d).
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Figure 5.13: FESEM images of an aluminum alloy DMLS sample after etching
with Weck’s reagent, sectioned along the z axis: (a) mpl and mp2 are areas of
two adjacent melt pools, while the region delimited by the white lines correspond
to the melt pool contour (mpc); (b{d) the three regions at higher magni cations.
In the inset, it possible to observe the nanometric grain size [69]

During the DMLS process, taking into account the short interaction times
and high conductive heat transfer rate, a very ne microstructure originates.
The exposure period of the laser irradiation is in the range of milliseconds. In

gure 5.14 it can be observed that the denditric predominant phase, constitued
by the a-Al grains which present a submicrometric scale, contains a large number
of darker grains, most probably of silicon, which present a nanometric size.
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Figure 5.14: FESEM observation of the nanometric grains of Si (darker struc-
ture) in the submicrometric a-Al phase (brighter)

Figure 5.15 (a) and (b) shows the microstructure of AISilOMg sample pro-
duced by orienting scan tracks only along x axis (refer to chpater 4 for the
di erent building strategies description).
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Figure 5.15: Optical micrographs of AlSi10Mg specimen produced by orienting
scan tracks along x axis, after etching with Weck’s reagent [5]

It can be observed that the shape of scan tracks is crescent or elliptical.
However, this specimen had a higher porosity with respect to the ones obtained
with the default scanning strategy. Therefore, the default scanning strategy
with 67 is generally chosen to produce AlISi10Mg specimens for the evaluation
of the mechanical properties.

The very high cooling rates promote a great undercooling, thus producing

ne grains and a gradual change in the solidi cation regime from dendritic to
cellular-dendritic. At the same time it is di cult to investigate the nature of
the relatively small amount of precipitates which formation is mainly due to
the non-equilibrium conditions and the solidi cation conditions associated with
the DMLS process. As reported by Manfredi et al. in 2013 [96], in order to
investigate the di erent phases present in the AlSil0Mg samples and to validate
the micostructural description, XRD analyses were performed on cross sections
of poished samples withou etching and the pattern obtained is reported in gure
5.16
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Figure 5.16: XRD pattern from AlSil0Mg specimen processed by DMLS

It is possible to identify the typical peaks which correspond to the Mg,Si
phase, but their intensity is relatively low if compared to Al and Si. It is
interesting to note the presence of some mixed metal oxides (indicated by MOy),
in which M could be Al or Mg or both of them, as in case of a mixed oxide.

It can be concluded that the mechanical properties without the need of a
further heat treatment after DMLS, as usually happens with casting alloys, are
superior.

5.1.5 Heat treatment: T6 cycle characterization

A T6 cycle of solution annealing, quenching and then age hardening was pursued
on a series of AlSi10Mg tensile specimens. The phases were the following:

solution treatment at 530 C for 5 hours;
quenching in water for 20 seconds;
age hardening at 160 C for 12 hours.

Few specimens were fabricated for the characterization of heat treated AlSi10Mg.
The results of the tensile tests and Vickers microhardnesses are reported in the
following table 5.8, which also contains the comparison with AISi1lOMg alloy in
the stress relieved condition:
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Table 5.8: Summary of the tensile tests and microhardness results

From the micostrucutral analysis you can observe that there is a tendency
of the grain size to grow with respect to the the stress relieved AlSi10Mg alloy.
In gure 5.17 some optical micrographs at di erent magni cations are reported
to support this:

Figure 5.17: Optical micrographs of stress relieved AlISil0Mg (on the left) in
comparison with after T6 AISi1l0Mg (on the right)

It could be assumed that a T6 cycle makes the microstructure more ho-
mogeneus, because there are no longer the melt pool regions typical of DMLS
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process. The hardness increases and the elongation to rupture simoultaneously
decreased.
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5.2 AISi10Mg/SiC (10% in wt.) composite

The ceramic materials generally used as particulate reinforcements in the eld of
composites are Al,Og, SiC, B,C and recently also TiB,, TiC emerged as poten-
tial candidates. Topcu et al. recently investigated the mechanical performances
at high temperature of composites with di erent compositions reinforced vary-
ing weight percentages of micro-B4C particles, fabricated by powder metallurgy
and subsequent sintering [84]. In 2008, Kerti et al. proposed a solution to
promote the wettability between the ceramic reinforcement and aluminum melt
during casting phase [85].

However, the most used ceramic is SiC: many literature works were recently
published on the preparation and characterization of composites containing it.
In fact SiC exhibits:

very high strength and melting temperature (2730 C);
excellent hardness and wear resistance.

For example, El-Kady et al. contributed to the characterization of Al-SiC com-
posites in di erent weight percentages, obtained by powder metallurgy, showing
that the decrease in SiC average particle size as well as the increase in con-
tent, improved mechanical properties, in particular hardness and consequently
compressive strength [99].

In the case of DMLS process, silicon carbide was the most studied second
phase, due to its interesting hardness, sti ness and thermal properties. In 2008
Simchi et al. published an investigation of AlSi7Mg0.3-SiC composites by DMLS
[86].

In the AI-SiC system, one of the most serious detrimental issues is the possi-
ble reaction between the aluminum matrix and the silicon carbide reinforcement.
In 1998 Lee et al. reported a thermodynamic study by combining together a
theoretical model based on calculations and a collection of experimental data,
with the aim to suppress the reaction between the two constituents [100]. It is
proved there that by increasing Si activity by dissolving a certain amount of Si
into the aluminum matrix, the Al activity is reduced, resulting in the desired
suppression of the reaction.

The predicted results vary signi cantly depending on the authors, as re-
ported in gure 5.18.
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Figure 5.18: Equilibrium Si content in the Al-SiC composite as a function of
temperature [100]

This reaction is well-known in the literature and brings to the formation of
the aluminum carbide Al,C3 following this equation (1):

4Al+3SiC  3Si+ AlCs (1)

Aluminum carbide is a brittle carbide, that generally reduces the properties
of the composites. Anyway another problem is its reaction with water, that
forms aluminum oxide and methane following the reaction (2):

A|4C3 + 6 H,O 2 A|203 + 3 CHy4 (2)

Thus, if water penetrated inside a composite containing aluminum carbide,
for instance through porosity or cracks, then gas is formed and pressure locally
builds-up, bringing to the disruption of the composite itself. In order to contrast
this dangerous Al;C3 formation, the basic principle is to enhance the Si activity
by solving a proper amount of Si in the Al matrix, as previously mentioned. In
the literature it is suggested that 10% of Si is su cient to prevent the reaction
between aluminum and silicon carbide in the 700 - 900 C temperature range.

5.2.1 Starting material

The composite powder was obtained by mechanically alloying a mixture of the
two di erent powder constituents. In practice the ex situ approach, which lit-
erature advances were discussed in chapter 3, was employed to fabricate this
ceramic reinforced aluminium matrix composite powder. In fact the composite
powder was realized by simply mixing the AISilOMg and SiC powders in the
desired weight percentages in ceramic jars without the use of any additional
grinding medium (milling technique).
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AISi10Mg alloy powder used in the composite fabrication is always the com-
mercial gas atomized one by EOS GmbH, with a nominal density of 2.68 g/cm3.
The powder particles characterization of this alloy was described in the previous
section. Summarinzing the results, their morphology is quite spherical with a
regular shape, ranging in dimensions from 1 to 44 mm, with an average which
could be set around 21 to 27 mm. To help go further two images at di erent
magni cation taken by FESEM showing the morphology of the used powder are
reported in gure 5.19.

Figure 5.19: FESEM observation of AlSil0Mg starting raw powders

The other constituent is the ceramic discontinuos reinforcement, which con-
sists of the used a grade submicrometric SiC, produced by H. C. Starck (Ger-
many): table 5.9 summerizes the properties of the type of SiC powder in use.

Table 5.9: Properties of a grade SiC particles by H.C. Starck [103]

As it is underlined, SiC powders of the type in use have got a mean particle
size of about 0.55 mm. In this case the particles are too small to be able to
evaluate their density by picnometry means, since this technique presents a
intrinsic limit in terms of particle size detection. From the observations taken
by FESEM the particles present an angular shape and show a little tendency to
agglomerate: you can refer to gure5.20 below in which the images are reported.
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Figure 5.20: FESEM image of submicrometric SiC particles

Figure 5.21 shows the composite powders obtained after ball milling as ob-
served by FESEM.

Figure 5.21: FESEM images of the composite powders after mixing AISiMg
with submicrometric SiC (10%wt.)

SiC particles are realtively smaller and tend easily to agglomerate to reduce
their surface free energy (refer to gure 5.20). The AISil0Mg particles alone
( gure 5.19) are mainly spherical, with some satellites due to agglomeration of

ner particles. The observation of the composite powders ( gure 5.21) shows
that the SiC particles cover the aluminum particles with a loosely bound surface
layer, so that the composite powders have approximately the same shape of the
AISi10Mg ones. No powder deformation due to the mechanical mixing could
be directly observed, and the SiC powder appears to be well distributed on the
surface of aluminum.

The laser granulometry technique was carried out on the composite powder
with the aim to undestand how the granulometry of the prepared mixture would
change in comparison with the matrix alone ( gure 5.22). In this graph the
measurements of laser granulometry are based on volumetric assumptions. As
a result the composite presents dig, dso and dgg values of 13.0, 30.2, and 54.4
mm, respectively.
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Figure 5.22: Laser granulometry resulting diagram on Al/SiC composite powder

On the whole, the composite powders were expected to behave similarly to
the pure metal one, con rming the choice of avoiding deformation of the metal
during the mixing of the two powders. The increase of friction between compos-
ite powders due to the presence of the ceramic coating and to the interaction
of the rough surfaces should have been limited due to the large ratio between
the size of the metal and the ceramic particles. However, the AISil0Mg par-
ticles covered by this sort of ceramic u presented a di erent behaviour. In
particular during the spreading phase of the powder on the build platform the

owability of the composite system revealed to be much reduced in comparison
with the owability of AlSil0Mg powder. This phenomen occured for the very

rst deposited layers, and was monitored to be reducing as the building process
continued. It was observed that the already spread powder bed acts as grip for
the subsequently spread particles.

In order to quantify these occuring phenomena, owability measurements
were carried out. However, the technique presents a bottle neck, beacuse it can
not reach the too low owability of these powders for DMLS.
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5.2.2 Density and porosity evaluation

To understand the combined e ects of DMLS process parameters on the densi-

cation of the fabricated composite, cubic specimens of 15 mm side were fabri-
cated by using di erent combinations of the building parameters, in particular
laser power and scanning speed. In fact hatching distance was kept constant at
the default value of 0.17 mm, which is the optimal value for the realization of
dense AISi10Mg alloy parts, as it was concluded in the previous section. Exam-
ples of the cubic samples which were used to investigate the densi cation of the
Al/SiC composite are reported in gure 5.23.

Figure 5.23: Examples of cubic AISi1l0Mg/SiC composite samples fabricated for
density evaluation

As it can be seen, the samples were polished in order to remove the defective
outer skin, being able to evaluate the e ective internal porosities of the examined
material. In this way, you could avoid to take into account the roughness which
is essentialy intrisic in DMLS/SLM process.

As well as the AISil0Mg alloy, the Volumetric Energy Density (VED) eval-
uation was used to properly de ne the best window of process parameters. In
table 5.10 are summarized the 25 di erent combinations which were analysed.
The samples which are put in evidence with deleted rows were not succesfully
fabricated, beacuse of a failure during the building process.
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Table 5.10: VED evaluation for di erent process parameters combination of
Al/SiC 10%wt. composites

Five levels of laser power were chosen: 130 W, 150 W, 165 W, 180 W and
195 W, respectively. The scanning speed was varied ranging from 500 up to 900
mm/s by 100 mm/s step.

First of all, after grinding the samples with abrasive papers to reach the
suitable surface conditions of gure 5.23, it was requried to calculate a reliable
density value of the composite to keep it as a reference.

Hence, the theoretical density of the composite was estimated through the
rule of mixture, using the value of 2.67 g/cm3for AISi10Mg (this value was for
the speci ¢ batch in use), and assuming the density of used SiC powder equal to
3.2 g/cm3, thus obatining a value of 2.71 g/cm?3as a reference for the composite.
In terms of equations this is the rule of mixture:

1 _ freinf + fmartrix

composite reinf matrix

where freins is the percentage in weigth of the reinforcement (so equal to 0.1
in this case), and on the opposite fmatrixiS the matrix weight percentage (equal
to 0.9).

The bulk (or geometrical) density was calculated for each fabricated sample
by following the method which was described in detail in chapter 4, in particular
with reference to the equation (9), which is very useful in geneal to calculate the
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bulk denisty of a part whcih does not present a completely regular shape. Each
weighting operation (in air, in distilled water and of the dried sample after the
weithing in water) was repeated three times in order to reduce the experimental
deviations of the data.

Once the whole set of samples was weighted in the three ways, the porosity
levels could be calculated by using the equations (6) and (7) which you can nd
in chapter 4, which allow to calculate open and closed porosities, respectively.
The total porosity level could be calculated by simply sum the two previously
obtained values. The results are summarized in table 5.11:

Table 5.11: Percentage of porosity with associated VED values for the Al/SiC
characterized samples

In addition, the porosity levels were also evaluated with the second proposed
method of chapter 4, based on optical micrographs analysis, so resuming, by
counting the fraction of pores present on a series of cross-sections of the material
through the help of an image analysis software. Table 5.12 summarizes the
obtained values.
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Table 5.12: Percentage of porosity for the Al/SiC samples by DMLS calculated
by optical microscopy method

The values of porosity obtained by this method are values of total porosity.
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As you can observe, for each sample seven micrograhs were taken in order to
have a more accurate statystics, beacuse the intrinsic error of the method gets
reduced by increasing the number of selected micrographs. Morevore, in gure
5.24 the micrographs taken at 50x magni cation of cross-sectioned sample 10
along the x/y plane are reported as a clarifying example. The scale bar had to
be removed in order to distinguish clearly the porosity.

Figure 5.24: 7 optical micrographs (sample 10) of the cross-sections along the
x/y plane for porosity evaluation

Then, the values of the total porosity obtained by the two di erent methods
(by weighitings and by optical microscopy) could be compared by plotting the
values themsevels versus the VED values, in a summarizing graph which is
reported in gure 5.25 below.
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Figure 5.25: Percentage of total porosity obtained by two di erent methods for
Al/SiC composites by DMLS

The obtained results can be considered really good in particular with re-
spect to the previous studies in literature: in fact, Ghosh et al. [87] for Al-SiC
composites (with di erent matrixes) by DMLS obtained residual porosities of
about 14%.

The composite chemical composition was investigated by means of XRD
analysis: silicon carbide showed a marked reaction with aluminum alloy. For
more conventional processes, this behavior was somewhat unexpected. In fact,
when 10% Si content alloys are used (see the introduction to this paragraph),
generally the reaction (1) reported is suppressed, with no formation of Al4Cs,
thanks also to the small contact time between molten alloy and ceramic rein-
forcement. On the opposite, for laser melting process this was already observed
by Ghosh et al. [87] and other literature works: it is probably due to the very
high temperature achievable in the melt pools formation phase (above 1800 C).
As shown in the XRD spectrum reported in gure 5.26, the peaks of Al;Csphase
are evident under the much higher signals of Al and Si, whereas the SiC peaks
are almost disappeared.
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Figure 5.26: XRD spectrum of fabricated Al/SiC composite by DMLS

As a consequence, it was fundamental to take into account the occuring
reaction in the system. The theoretical value of composite density had to be
recalculated accordingly. In this way, it was possible to obtain new values of
porosities which are even reduced with respect to the unreacted case presented
before. As before, the results are summarzied in a graph of total porosities
values versus VED values (you can observe gure 5.27).
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Figure 5.27: Percentage of total porosity obtained by the two used methods
versus VED taking into account reaction (1)

Another issue had to be taken into account, concerning the evaluation of
porosity. Some of the analysed samples presented a certain quantity of cracks,
mostly solved through a geometrical optimization of the shape of the parts,
such as the introduction of round corners instead of sharp corners (you can see
examples of this in gure 5.28). These parts do no show anymore a visible crack
density after grinding.

Figure 5.28: Examples of optimized shapes of composite parts
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Another important parameter which was modi ed in order to reduce the
stress concentrations in the material is the temperature of the building platform,
which was arised from the default 35 C up to 100 C.

5.2.3 Mechanical properties evaluation

The elastic modulus E of the Al/SiC composite was evaluated by IMCE method
on the same specimens which were fabricated for the bending tests. The speci-
mens are illustrated in gure 5.29.

Figure 5.29: Al/SiC bending test specimens produced by DMLS

The obtained Young’s modulus values are reported in the following table
5.13. The E modulus is higher with respect to the one of the AISi10Mg alloy in
comparable testing conditions (in particular in terms of surface nishing).

Table 5.13: Young’s modulus measurement by IMCE method

In addition to the Young’s modulus, since the IMCE test is not destructive,
three point bending tests were performed on the same composite specimens.
The bending strength results are illustrated in the following table 5.14, whereas
the gure 5.30 shows the stress-extension curves.

Table 5.14: Three point bending tests results on Al/SiC composite by DMLS
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Figure 5.30: Bending test curves from Al/SiC composites by DMLS

5.2.4 Nanohardness characterization

In addition to the described mechanical characterization, nanohardness tests
were carried out, since they could be useful to better undestand the properties
which are striclty dependent on the microstructure scale.

In gure 5.31 is reported an example of a 10x10 indentation pattern pursued
on the surface of a mirror-like polished sample of AlSi10Mg alloy. The associated
stress-strain curves are in the subsequent gure 5.32.

Figure 5.31: Example of a nanoindentation pattern on AlSilOMg by DMLS
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Figure 5.32: Family of stress-strain curves obtained after a 10x10 indentation
test performed on an AISiMg sample

By comparing the AISil0Mg and SiC reinforced composites acquired in-
dentation data ( gure 5.33), ita can be observed that many measurements
were repeated at constant load to have a more reliable statistics of the results.
The graph is particularly interesting because the nanoindentaion measurements
complete the hardness characterization at di erent lenght-scales (from nano to
macro hardness).
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Figure 5.33: Hardness evaluation of AISilOMg alloy and the SiC reinforced
composites by DMLS at di erent lenght-scales: from nano to micro to macro
hardness
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It can be clearly stated that the SiC reinforced composite samples present
a higher hardness with respect to the Al (matrix) alloy. Samples 5, 9 and 25
were chosen in order to investigate the in uence of di erent porosity levels on
the hardness.

Moreover, the behaviour of the alloy is less uctuating in terms of deviations
from the mean values, whereas the composite tends to be more dependent on
the area in which the indentation is performed. This could be attributed to the
fact that in the composite di erent phases of di erent nature are present, and
the structure so results to be less homogeneus with respect to the aluminum
matrix alone.

5.2.5 Microstructural characterization

A dense sample for the microscopy observations was prepared by polishing along
the building z direction with the metallographic polishing means, starting from
abrasive SiC papers down to the silica diluted suspension. In order to enhance
the microstructural elements it was subsequently chemically etched by the use
of Weck’s reagent.

The microstructure of the composite along the z direction sample is illus-
trated in the optical micrograph of gure 5.34.
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Figure 5.34: Al/SiC by DMLS optical micrographs at di erent magni cations

The microstructure is very ne and the laser signs are visible at lower mag-
ni cations, but the presence of SiC particles quitely alters the aluminium alloy
microstructure previously described. In particular it can be observed the pres-
ence of \dark" elongated acicular grains, which probably consist of some types
of mixed oxides that form during DMLS process. At higher magni cations the
characteristics of the microstructure can be appreciated more in detail, like in
the micrograph shown in gure 5.35.
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Figure 5.35: High magni cation optical micrograph of Al/SiC by DMLS

From the micrograph you could distinguish submicrometric grains of Al (a)
solid solution in form of dendrites, Si and other phases. The other phases are
mainly carbides of variable compositions which form in - situ during the DMLS
process.

In the FESEM micrographs the really ne dendritic structure becomes much
more evident. This is due to the extremely fast solidi cation after the localized
melting ( gure 5.36). Some residual porosity is visible, and it could be also
considered consequent to the poorer owability of the composite powder with
respect to the AISil0Mg powder.
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Figure 5.36: FESEM micrographs of Al/SiC composite by DMLS

Moreover it can be assumed that the size of Al4C3 phase after reaction (1)
is su ciently small to be unrecognizable also at a FESEM observation. Instead,
the residual SiC phase could be detected only as agglomerate.

By using the same Berkovich tip which was used to characterize the hardness,
in gure 5.37 an example of the Scanning Probe Microscopy (SPM) images,
which were obtained by raster scanning the surface of a composite sample, is

illustrated.
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Figure 5.37: Example of the Scanning Probe Microscopy (SPM) imaging of
Al/SiC composite sample number 25

These images contribute to con rm that the grain size of the phases which
constitute the material is very ne.
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5.3 AISi10Mg/nanoMgAIl;04(0.5% in wt.) com-
posite

Another ceramic reinforcement which was employed to investigate the feasibil-
ity of fabricating AMCs by DMLS in this PhD thesis work is represented by
MgAI,O4. The reinforcing ceramic content was decreased from 2% down to 1%
in weight, and a nal optimal composition was found out with 0.5% in weight
of nanospinel.

5.3.1 Starting material

In this case the ex situ approach was applied in the same way as it was pur-
sued for SiC reinforced composite. The ceramic particles of MgAl,O4had mean
diameters ranging from 10 to 50 nm, and therefore they highly tended to ag-
glomerate. A batch of powder of Mg-nanospinel was analysed by FESEM prior
to the mixing operation ( gure 5.38).

Figure 5.38: FESEM observation of Mg-nanospinel powder

After mixing the obtained composite powder was then analysed again by
FESEM ( gure 5.39). On the whole, the composite powder behaved very simi-
larly to the Al alloy, con rming the choice of avoiding deformation of the metal
during the mixing of the two powders. The increase of friction between compos-
ite powders due to the presence of the ceramic coating and to the interaction of
the rough surfaces seems very limited in this case, due to the much larger ratio
between the size of the metal and the ceramic particles in comparison with the
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SiC reinforced composite. This is the consequence of the choice of a nanometric
size of the ceramic phase.

Figure 5.39: FESEM observation of Al/Mg-nanospinel powder after mixing

In addition, the morphology and the owability do not change in comparison
to the alloy alone.

5.3.2 Density and porosity evaluation

In the case of nanospinel AMC, the density results to be more dependent on
the hatching distance compared to the laser power. Rectangular specimens of
15x15x10 mm dimensions were fabricated, as illustrated in gure5.40. In this
case the rule of mixture (you can nd the used equation in the paragraph 5.2),
provided a theoretical density of the composite equal to 2.685 g/cm?.
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Figure 5.40: Al/Mg-nanospinel composite samples by DMLS

The porosities of the di erent composites fabrcated with the di erent process
parameters combinations, were evaluated by the same two methods used for the
SiC composite: one based on the optical micrographs analysis and the other one
based on the three weightings (in air, in distilled water and after drying). The
results are shown in gure 5.41, where the total porosities values are plotted
versus the VED values.

Figure 5.41: Percentage of porosity of AlSiMg/Mg-nanospinel versus VED

The trend followed by the experimental data is the same for the two methods.
However there is not a very good superimposition of the porosity values for
relatively high and low values of VED. Moreover, the two composites get a
similar behaviuor, if you compare the graph of gure with the above one. The
operating range is cleraly visible and it is evidenced with a circle.
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5.3.3 Microstructural characterization

The microstructure of the AMC nanospinel composites is very similar to the alu-
minium matrix one, as illustrated in the micrographs of gure 5.42. As typical
of the DMLS process the microstructure is very ne, made by submicrometric
grains, elongated in the correspondence of the melt pools contour due to the
heat transfer ux direction.

Figure 5.42: Optical (above) and FESEM (below) micrographs of AISiMg/Mg-
nanospinel composites by DMLS

For the nanospinel containing composite, the XRD analysis shows the pres-
ence of Al, Si, of the inter-metallic phase Mg,Si and of some mixed metal-
oxide (AISiOx). In the spectrum reported in gure 5.43, there is not the
MgAl,O4phase. This is reasonable because the nano-size originates very large
but short peaks; moreover the spinel phase main peak is around 44.5 , so near
the Al main one, and so could be covered by this. So with respect to the SiC
con-taining composite, there are not new phases as reac-tion products. And it
could be assumed that the phases detected in these composites are practically
the same of the AISiMg alloy after DMLS.
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Figure 5.43: XRD analysis of nanospinel composite
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Conclusions

First of all the AISi1l0Mg0.3 alloy was processed by DMLS and then deeply
investigated with the aim to use it as matrix to develop Aluminum Matrix
Composites (AMCs) by the same DMLS process.

The optimization of the process parameters was performed to determine the
best \process window" based on the mimization of the residual level of porosity
in function of the Volumetric Energy Denisty (VED).

The AISi10Mg parts produced by DMLS process show a very ne microstruc-
ture with respect to the die cast aluminium alloy A360.2, which has a similar
composition. Moreover, the AISil0Mg parts processed by DMLS process show
superior mechanical properties. The properties exhibit anisotropy along the
building direction in comparison to the tests carried out along the plane. In
addition, the surface nish condition of the specimen in uences the mechanical
properties of the material.

Regarding the composites, the AISi10Mg0.3 powder was mechanically al-
loyed with 10%wt. of sumicrometric SiC composite. First of all the residual
level of porosity was contained at less than 5% and with respect to the results
available in the literature for similar materials was a negligible value. The XRD
characterization showed that a reaction between the matrix alloy and SiC par-
ticles occured; anyway the composite hardness was doubled with respect to the
Al matrix.

On the other side, regarding the nano MgAl,Og4reinforced composite, the
material was succesfully fabricated with residual porosities between 1.5 and 2%,
and optimized like the other cited materials.

The main di erence in comparison with the SiC reinforced composite is the
mean size of the ceramic particles: this strongly a ects the owability of the
processed material. In the case of the AISiMg/Mg-nanospinel composite no
reaction was detected between the matrix and the reinforcing ceramic phase,
since this is an aluminum based oxide: this was con rmed by XRD analysis.
The thermal expansion coe cient was reduced employing only 0.5% wt. of

108
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nanoreinforcement in comparison to the matrix alone.

Future investigations

Future investigations could aim to complete the microstructural and me-
chanical characterization of the nano MgAl,Og4reinforced composite (0.5% in
weight). In addition, other AMCs could be realized by the use of di erent
nanoscale reinforcing ceramic phases, because of their reduced e ect on the ma-
terial owability during the DMLS process, with respect to larger sizes of the
reinforcement.

On the opposite, a completely di erent approach to fabricate composites by
DMLS could be represented by the \in-situ" approach. Since the reinforcing
phase is not mechanically added to the matrix but is instead generated during
the fabrication process itself , the possible dedrimental reactions between the
two phases could be avoided.
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