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AlSi7Mg and AlISi10Mg are the most used alloys to manufacture Laser Powder Bed Fusion lightweight compo-
nents. These products have high specific strengths but a sometimes-limited ductility. Several direct aging and T6
heat treatments were applied to as-built alloys to solve the problem and optimise their tensile properties. In-
vestigations about causes of premature failure in AlSi7Mg and AlSi10Mg tensile samples were performed in the
as-built, direct aged (200°C x 4h) and T6 (solution heat treatment at 505°C x 4h followed by aging at 175°C)
treated conditions. In as built and direct aged samples, laser scan track boundaries affected the crack propagation
and, consequently, the elongation values in each analysed condition. Higher elongation values were obtained
when the crack predominantly propagates within the heat affected zones and along the laser scan track
boundaries. After T6 treatment, defects and needle-like 5-AlsFeSi intermetallic particles are observed contrib-
uting to the crack nucleation of samples. The laser scan track boundaries remain after the solution heat treatment
and redirect the crack propagation in T6 Al-alloys. The effects of precipitation hardened a-Al matrix on the
fracture mechanisms were also investigated in AlSi7Mg samples.

1. Introduction

Laser-Powder Bed Fusion (L-PBF) is a relevant additive
manufacturing process for the fabrication of Al-Si-Mg components. Its
high flexibility, material-saving features, and the possibility to manu-
facture 3D objects with a complex geometry promote the use of L-PBF in
aerospace and automotive applications [1,2]. Industrial sectors, in
which the excellent balance between tensile strengths and weight of the
Al-Si-Mg alloys, and their corrosion resistance, make them the most
used metal alloys [3]. As-built (AB) AlSi7Mg0.6 and AlSi10Mg0.3 alloys
generally show higher tensile strengths than the as-cast ones, thanks to
their fine microstructure with fine a-Al cells (<1 pm) surrounded by a
Si-eutectic network. This network grows with a tubular-like shape from
the bottom to the top regions of the sample [4-6]. At the same time,
ductility values < 10% conferred by this particular microstructure
morphology and by the presence of gas and lack-of-fusion pores can
limit the use of Al-Si-Mg components [3,7]. For these reasons, the
microstructure morphology and the presence of defects make the anal-
ysis of both the failure mechanisms and the consequent damages very
important to avoid the premature failure of the manufactured
component.

* Corresponding author.

In order to increase the ductility values and to homogenize both the
mechanical properties and anisotropy of AB Al-Si-Mg samples, several
studies [3,5,8-10] suggested different direct aging (DA) heat treatments
at temperatures lower than 225 °C. In fact, DA performed at higher
temperatures (>250°C) promotes greater worsening effects on the me-
chanical properties due to the coarsening phenomena of the Si-eutectic
network (a decrease in UTS and YS of — 40% and — 30%, respectively
[31). The best anisotropy reduction and the highest worsening effects on
the tensile strength are conferred by the solution heat treatment (SHT).
It recrystallizes the a-Al cells into a-Al grains and generates a dispersion
of coarsened Si-eutectic particles in the a-Al matrix [3,11]. In this sce-
nario, the damage behavior is substantially controlled by Si-rich parti-
cles and not by the Si-eutectic network obviously [12]. As a matter of
fact, it depends on the strength, shape, and distribution of secondary
phases. Artificial aging (AA) performed on solubilized Al-Si-Mg alloys
improves their mechanical properties, at the expense of elongation,
through the precipitation hardening of the a-Al matrix. In fact, Petit
et al. [13] affirmed that a hardened matrix promotes a void formation at
coarse inclusion easier. During artificial or direct aging, Mg and Si
alloying elements diffuse from the supersaturated a-Al lattice and
harden the a-Al matrix thanks to the following precipitation sequence
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Table 1

Nominal chemical compositions (wt.%) of AlSi7Mg and AlSi10Mg powders.
Alloys Al Si Fe Mg C Mn Cu [¢]
AlSi7Mg-powder Bal. 7.04 0.06 0.59 0.007 0.006 <0.005 0.030
AlSi7Mg-sample Bal. 6.98 0.09 0.58 3.80 - - 0.60
AlSi10Mg-powder Bal. 10.0 0.12 0.31 <0.005 0.005 0.001 0.028
AlSi10Mg-sample Bal. 10.40 0.08 0.28 2.99 - - 0.52

AlSi7Mg and AlSi10Mg samples were manufactured by L-PBF process into a SLM®280 machine (SLM Solution, Liibeck, Germany) by using the process parameters
listed in Table 2.

X

¥

Fig. 1. a) Schematic representation of laser powder bed-fused billets and bars: red and yellow parts indicate the zones in which samples were manufactured through
single and double-lasers, respectively. D is about 11.3 mm. b) Tensile sample’s geometry after machining process of the billet. Yellow rectangles represent the
deposited layer that are parallel to the build platform (xy plane). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 2
Process parameters used to manufacture AlSi7Mg and AlISilOMg samples
following the skin-core scanning strategy.

Process parameters Skin Core

Scanning speed [mm/s] 1400 600

Laser power [W] 370 330

Hatch spacing [pm] 70

Layer thickness [pm] 920

Energy density [J/mm?] 42 87

Build platform temperature [°C] 150
Table 3 2
Heat treatment conditions of AlSi7Mg and AlSi10Mg alloys. L oy racture profile

Heat Treatments T, [°C] t, [h] Alloys

Direct Aging 200 4 AlSi7Mg, AlSi10Mg

Solution treated 505 4 AlSi7Mg, AlSi10Mg

Solution treated + aging 175 4 AlSi7Mg, AlSi10Mg

8 AlSi7Mg

Fig. 2. Representative OM micrograph showing broken Si-particles (yellow
arrows), voids formed between two parts of cracked particles (orange one) and
formed at Al/Si-eutectic interface (red ones). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

[3]: SSS — GP zone — f’’ coherent precipitates — B’ semi-coherent
precipitates — p-MgsSi incoherent precipitates. The Guinier-Preston
(GP) zone consists of a layer of atoms formed by rows of Si and Mg
atoms, as analysed by Ref. [14], and it confers the lower strengthening
contribution. The metastable 8’ precipitates confer indeed the highest
strengthening effects; while the incoherent -MgsSi precipitates lastly
confer over-aging phenomena [15,16].

Nevertheless, the technological advances and the optimization of the
process parameters, defects like keyhole, gas, and lack-of-fusion (LOF)
pores induced by the L-PBF process continue to be a crucial problem in
failure mechanism both for AB and heat-treated samples [3,17]. As a
matter of fact, crack most likely to propagate along a path with the
highest number of defects [18]. In addition, both the precipitation
phenomenon and coarsening effects of the gas pores induced by a

pre-heated build platform (>150°C) confer another contribution in
terms of mechanical properties [5,9,19].

The current investigations aim firstly to describe the failure mecha-
nisms characterizing the AB and heat-treated L-PBF Al-Si-Mg alloys that
showed uncharacteristic (unusual or far from average) ductility values.
Microstructural analysis and mechanical characterization were already
performed in several studies conducted by the authors in Refs. [5,8,9].
Therefore, the paper investigates the correlation between damages
taking place during the tensile test at room temperature and the
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Fig. 3. SEM micrographs of Al-Si-Mg samples in the as-built conditions (xy plane) showing elongated grains aluminum cells in a) and rounded ones in (b). Blue
arrows indicate precipitates within the a-Al cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 5. SEM micrographs of Al-Si-Mg DA at 200 °C x 4 h (a) and after T6 heat treatment (b) acquired at 50kX and 4kX magnifications, respectively. Orange and
yellow arrows indicate Si-eutectic particles and Fe-rich intermetallics, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

uncharacteristic ductility obtained. Analysis that covers the progressive
evolution of the microstructure, in terms of both the Si-eutectic and to
a-Al grain growth, from the Si-network (AB) to the globularized and
coarsened Si particles (T6). This investigation also explains the causes

that promoted the uncharacteristic ductility values on the same samples
by evaluating both the damages induced on the zones very close to
fracture surfaces and the fracture morphology. It lastly tries to add
relevant findings to the literature in which there is a lack of different
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Fig. 6. SEM micrographs and EDS maps showing a) Si particles and b) relative EDS map based on SiKa; ¢) Fe intermetallic particle and b) relative EDS map based

on FeKa.

Table 4
Density values related to AlSi7Mg and AlSi10Mg samples in AB, DA, and T6
conditions.

Heat treatment AlSi7Mg AlSi10Mg
diti
conditions Top Bottom Top Bottom
As Built 99.87 + 99.88 + 99.83 £ 99.87 +
0.01% 0.01% 0.01% 0.01%
Direct Aging at 99.89 + 99.62 + 99.60 + 99.73 +
200°C-4h 0.02% 0.01% 0.02% 0.01%
T6 (505°C-4h + 99.36 + 98.90 + 98.00 + 98.26 +
175°C-4h) 0.01% 0.04% 0.03% 0.04%

aspects of the failure, especially on the damage quantification. Knowing
the failure mechanisms of Al-Si-Mg alloys and their damages can pro-
vide support for both the design of several AlSi7Mg and AlSi10Mg
components and the choice of the best heat treatment.

2. Material and methods
2.1. Materials and L-PBF process

Gas-atomized powders, in the range 20-60 pm, were used to
manufacture both AlSi7Mg and AlSi1OMg samples. Their chemical

compositions are listed in Table 1. The same table shows the chemical
compositions obtained by EDX spectra performed on the AB samples.
Higher wt.% contents of C and O were revealed.

Skin-core scan strategy was used to scan and melt each deposited
layer. In the core zone, laser scan tracks follow directions inclined of
56.5° with respect to the skin base. The scanning pattern was then
rotated of 67° with respect to the previously deposited and scanned
layer. For each Al-Si-Mg alloy, more than one billets (base of 100 x 10
mm?) and bars (base of 10 x 10 mm?) were laser printed perpendicu-
larly to the build platform up to a height of 300 mm (Fig. 1a). Billets
were characterized by twenty-six semicylindrical zones from which cy-
lindrical tensile samples were machined (Fig. 1b). For these reasons, the
turning process removed the skin zone (depth of ~ 100 pm) from each
sample. Bars were indeed used to obtain the aging profile of AlSi7Mg
alloy.

2.2. Mechanical properties

Tensile tests were performed at room temperature using cylindrical-
shaped samples (Fig. 1b) according to ASTM E8/E8M standard. Twenty-
six tensile samples, with a cross-section area of about (28.5 + 0.2) mm?
and a gauge length of 30 mm, were machined by each billet by keeping
their major axis of symmetry parallel to the build platform (xy plane in
Fig. 1b). For a better understanding of the results, sample ‘1’ is the
nearest tensile samples to the pre-heated build platform, while sample
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Fig. 7. Lack-of-Fusion (a) and gas (b) pores present in AB Al-Si-Mg samples.
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Fig. 8. Mechanical properties of a) As Built samples for both alloys and b) after direct aging at 200°C-4h and T6 treatment (505°C-4h + 175°C-4h) for AlSi10Mg
alloy, as function of the distance from the build platform. Elongation data with full symbols belong to samples to be analysed.

Table 5
Minimum and maximum values of elongation related to AlSi7Mg and AlSi10Mg
samples.

Alloys HT conditions Distance from the building EL
platform [mm] [%]
AlISi7Mg AB 144.0 10.5
259.0 12.7
Solution treated at 133 22,5
505°C-4h
T6 (505°C-4h 4+ 175°C- 133 10.6
4h)
505°C-4h + 175°C-8h 133 12.2
AlSilOMg  AB 18 5.6
295.0 9.1
DA at 200°C-4h 6.5 9.2
259 6.5
T6 110 7.0
121 13.4
156 14.0
271 6.9

‘26’ is the furthest one.

Tensile tests were carried out on AB and heat-treated AlSi7Mg and
AlSi10Mg samples (Table 3) using the Z100 (Zwick/Roell, Zwick GmbH,
Ulm, Germany) servo-hydraulic machine, with a strain rate of 102 s,
Samples were heat-treated before the machining process in a muffle
furnace (Nabertherm GmbH, Lilienthal, Germany), where temperatures
were controlled by the K-thermocouple placed in contact with the
samples. Table 3 lists the heat treatment conditions analysed in the
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Fig. 9. tensile properties and aging curve of AlSi7Mg samples measured after
exposure at 505°C — 4h and at 175 °C (4 h and 8 h).

present manuscript which were chosen in relation to the optimization
analysis presented and discussed by the authors through the previous
studies [5,8,9].

Focusing on AlSi7Mg alloy, the present manuscript also shows the
aging curve obtained by treating the solubilized samples (505°C x 4h) at
175°C for exposure time from 0.5 to 32h. Tensile tests were only carried
out on samples treated at 8h, since it represents the peak-aging
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Fig. 10. Fracture profiles of as-built (a) and direct aged (c,d) AlSi10Mg samples, and their possible fracture modes (b) (Adapted from Ref. [3]).

conditions, and at 4h in order to be comparable with T6 AlSi10Mg
(505°C x 4h + 175°C x 4h). Aging profiles were obtained by Vickers
microhardness measured on ground and polished sample surfaces by
applying a load of 500 gf for 15 s. Each HV value was the average of 9
indentations (3x3 matrix).

2.3. Damage analysis

Analyses of fracture profiles were performed through an optical
microscope (OM) (DMi8, Leica, Wetzlar, Germany) on polished cross-
section area of tensile tested Al-Si-Mg samples. To perform the ana-
lyses, each broken sample was divided into two parts by cutting it along
the symmetry axis. The mirror-polished surface was obtained with
colloidal silica suspensions. The fracture surfaces were, instead,
observed through scanning electron microscopy (Auriga Compact FIB-
SEM, Zeiss, Oberkochen, Germany), equipped with Schottky Field
emitter and EDS microanalysis. Damage of T6 samples was quantified
considering i) the % of broken Si-particles (yellow arrows in Fig. 2) and
ii) the % of voids formed at Al/Si-eutectic interface (red arrows in Fig. 2)
or between two parts of cracked Si-particles (orange arrows in Fig. 2).
Light microscopy images were recorded in regions very close to the
fracture profile, at a magnification of 1000X for ‘i)’ and at 200X for ‘ii)’.
The total population of Si particles was of 1000 objects at least, for each
case. The error bands associated with areas of the matrix damages follow
the methodology illustrated in Ref. [20]. The percentages of the
damaged matrix were lastly calculated.

For a better understanding, “Al-Si-Mg” will be used when AlSi7Mg
and AlSi10Mg samples showed the same results unless it is explicitly
expressed.

3. Results and discussion
3.1. Microstructure in as-built and heat-treated conditions

Fig. 3 shows SEM micrographs of the as-built microstructure (XY
plane) of an Al-Si-Mg sample. The as-built microstructure is charac-
terized by columnar (Fig. 3c) and equiaxed (Fig. 3d) grains present both
in the center and at the boundary of the same molten pool. The micro-
structural difference promotes a variation in terms of strength, hardness,
and elongation because the columnar grains better accommodate the
crack due to their higher ductility than the equiaxed one [8,9,21]. The
a-Al cells, which are surrounded by the Si-eutectic network (yellow ar-
rows in Fig. 3c,d), contain Si nanoparticles (blue arrows) and MgsSi
phases, as confirmed by the authors in Ref. [5] and also supported by
Refs. [22-24]. Precipitation phenomena originate from the supersatu-
rated solid solution of the a-Al matrix thanks to the exposure at 150°C
(build platform heating) during the fabrication process.

Simultaneously, the different exposure time between the bottom
region and the top one promotes a precipitation gradient of Si-
nanoparticles (Fig. 4) and Mg,Si phase in the a-Al cells [5]. The bot-
tom region (Fig. 4a) shows indeed a higher number of Si-nanoparticles
(blue arrows) than the top one (Fig. 4b). The same exposure time at
150°C influences the sample’s density since the bottom regions are
characterized by larger pores than the top ones as widely discussed by
the authors in Ref. [20]. No variation was observed in terms of the
Si-eutectic particle dimensions in the Si-network instead [5,20].

A coarsening phenomenon starts for the Si-eutectic network and Si
nanoparticles (Fig. 5a) after exposure at 200°C for 4h, with an average
diameter increment of the eutectic Si from (40 £+ 10) nm to (60 + 10)
nm. The T6-type heat treatment (505°C-4h plus aging at 175°C-4h)
definitively destroys the Si network (Fig. 5b) and the previously nano-
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Fig. 11. SEM micrographs of fracture surfaces related to AlSil0Mg samples
having minimum (a) and maximum (b) elongations; c¢) higher magnification
micrograph of yellow zone in b). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

sized a-Al cells become bigger a-Al grains as revealed through the
channeling effects exhibited and discussed by the authors in Ref. [20].
Other studies [3,19,25] support these findings. The coarsened si parti-
cles have dimensions in the range (0.2-5.4) pm for AlSi7Mg and
(0.2-7.4) pm for AlSi10Mg. Particles are more evenly distributed now
than in the AB or DA conditions. Fig. 5b also shows needle-like Fe-rich
intermetallics (green arrows). Their presence is now visible because of
Fe atom diffusion along the grain boundaries or at Al/Si-eutectic in-
terfaces during the exposure at 505°C-4h, as will be confirmed in the
figure (Fig. 6).
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Fig. 12. Elongation values of AB and DA Al-Si-Mg samples correlated to the
percentage of cracked laser scan tracks or cracked melt pools (Fig. 10c).

Fig. 6 reports high-magnification SEM micrographs and EDS maps
for particle identification. Fig. 6a and 6b refer to coarsened Si particles,
with evidence of particle fragmentation and damage, while Fig. 6¢ and
6d highlight the Fe-rich intermetallic dispersed in the aluminium ma-
trix. In the calculation of damage, Si particles will be taken into
consideration.

As the density of the alloys is a property that can be an indication of
any problem with the integrity of the material, density values are
calculated and listed in Table 4 for different material conditions and
heat treatments [20]. Despite the density reduction after exposure at
505°C-4h due to the increase of area and/or number of pores, both
AlSi7Mg and AlSi10Mg tensile samples resulted as fully dense samples.

Defects types that affect, firstly, the sample density and, secondly,
the crack propagation (as will be discussed later) are the lack-of-fusion
"LOF’ (Fig. 7a) and gas pores (Fig. 7b). Several studies analysed the ef-
fects of gas and LOF pores to elongation and confirm their influence on
the fracture mechanisms in terms of initiation site of micro-crack and
preferential path for crack propagation [17,26-28]. Willson-Heid et al.
[29] affirmed that pores larger than 450 pm reduce the tensile ductility
when the gauge diameter is 6 mm. In this case, LOF pores have more
detrimental effects on ductility than gas ones because of their irregular
shape, determining high-stress concentration factor at the defect tips
[30]. Lastly, Di Egidio et al. [24] affirmed that LOF affects ductility more
than microstructural features like grain orientation and size.

3.2. Mechanical properties

Fig. 8a shows the tensile properties of AB AlSi7Mg and AlSi10Mg
samples. The UTS and YS values decrease along the height of the build
platform due to the precipitation gradient of Si-nanoparticles (Fig. 4)
and Mg,Si [5] promoted by the pre-heated build platform. Previous
studies, conducted by the authors, had widely analysed this condition
[5,8,9]. At the same time, the % elongation values fluctuate around the
average of 12% and 7% for AlSi7Mg and AlSi10Mg, respectively. After
T6 heat treatment (505°C-4h + 175°C-4h), UTS and YS of AlSi1OMg
become similar from the bottom region to the top one ((293 + 4) MPa
and (238 + 4) MPa) thanks to the microstructural homogeneity reached
in terms of o-Al grains and Si-eutectic particles after the solution heat
treatment, and in terms of Mg,Si precipitates after the artificial aging.
Some studies confirmed these observations as also expressed in the
Introduction. Ductility values exhibited significant discrepancies
ranging between values of 6% and 15%, regardless of their position with
respect to the build platform (Fig. 8b) due to the presence of both several
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Fig. 13. SEM micrographs of fracture surfaces showing the presence of several defects, such as aluminium carbides (a), aluminium oxides and LOF pore (b). EDS

spectra relative to highlighted crosses are shown under each SEM micrograph.

Fig. 14. Fracture surfaces of Al-Si-Mg samples that highlight cleavage zones (a) and tear ridges. Yellow and red arrows indicate Si-particles and matrix damages,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

defects, like aluminium oxides and pores, and 5-AlsFeSi phases as will be
discussed later. A1Si10Mg samples, DA at 200°C x 4h, are characterized
by UTS and YS mean values of (366 + 7) MPa and (223 + 6) MPa,
respectively, due to the coarsening of both Si-eutectic network and
precipitates (Fig. 5a) as investigated by the authors in Ref. [5]. The
elongation values also show a fluctuation around an average of 7.5%,
regardless of their distance from the build platform. Elongations values
identified by the full-coloured symbols in Fig. 8, refer to tensile samples
whose longitudinal and tri-dimensional surface fracture will be analysed
due to their extreme ductilities (maximum or minimum).

To resume, Table 5 lists the AlSi7Mg and AlSi10Mg samples char-
acterized by minimum and maximum values of elongation, whose
fracture surfaces and results will be analysed and discussed in section
3.3.

Fig. 9 shows mechanical test results of AlSi7Mg samples after T6
treatment (505°C-4h + aging at 175°C) which will be subsequently
considered for damage evaluation. Vickers microhardness values show a

typical profile of an age-hardening material, with an increase from (62
+ 2) to (111 + 2) HVO0.5 at the peak-aging value. Similar trends were
confirmed for the UTS and YS which increased from (163 + 4) to (245 +
8) MPa and from (251 + 7) to (293 + 10) MPa, respectively. Conversely,
% elongation values strongly decreased from (22.5 + 0.6)% to (10.6 +
0.3)% after 4h aging of artificial aging at 175°C, and it slightly increased
to (12.2 £ 0.2)% at the peak-aging condition. In the latter case, ductility
exhibits an unusual trend between 4 and 8h of exposure.

3.3. Fractography

Fig. 10 illustrates the fracture surface profile closest to the middle
longitudinal plane of the AlSil0Mg alloy. At low magnification, the
same fracture path is visible for AB (Fig. 10a) and DA samples (Fig. 10c,
d). The crack generally propagates both in trans-track (blue arrows in
Fig. 10a,b) and in inter-track (red arrows in Fig. 10a,b) modes, ac-
cording to other studies in which horizontal samples were investigated
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Fig. 15. Fracture profiles of T6 Al-Si-Mg samples having elongation <10%
(minimum) (a) and >10% (maximum) (b) elongations. ¢) Fracture profile of T6
Al-Si-Mg sample showing the influence of several laser scan track boundaries.

[24,31,32]. At the beginning, the crack propagates in trans-track mode
across the laser scan track or molten pool center (Fig. 10c). Later on, the
inter-track or inter-layer zone (orange arrows in Fig. 10b) allows the
crack advancement through the HAZ zone (Fig. 10d). The same con-
siderations apply to AlSi7Mg samples.

The fracture surfaces of AB AlSilOMg samples are illustrated in
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Fig. 11. Figs. 11a and 11b compare the trans-track and the inter-track
propagations of the cracks, respectively, in Al-Si-Mg samples charac-
terized by the minimum (~ 5.6%) and maximum (~ 9.1%) elongation
values. The presence of slanted surfaces (Fig. 11a,b) indicates the pre-
dominance of shear stress during the fracture process rather than the
tensile one. The same observations were made by Refs. [32,33]. These
SEM micrographs also highlight the presence of secondary cracks, gas
pores, and zones where un-melted powders are partially fused during
the L-PBF process that accommodate the propagation of the main crack
(Fig. 11c). The crack that propagates into HAZ (inter-layer fracture)
makes visible the half-cylindrical shape of the laser scan tracks instead
(Fig. 11c). HAZ generally accommodates the crack propagation due to
its lower YS than that characterizes the molten pool center [3,5,24]. This
condition promotes a higher amount of plastic deformation on HAZ.

Since the trans-track fracture mechanism seems to be the primary
one, the elongation % has been plotted versus the % of melt pools which
exhibit trans track fracture (Fig. 12). The graph in Fig. 12 confirms that
less ductile samples (both AB and DA) show cracks that basically
propagates in trans-track mode (Fig. 10b, ¢ and Fig. 11a). The same
conclusions are also drawn by Rosenthal et al. [34]. These results are not
always correlated to those of the strengths, since higher elongations
sometimes correspond to higher strengths (Fig. 8b) when typically, the
reverse should be the case.

A more in-depth investigation shows that the crack path is strongly
influenced by the presence of several defects revealed on fracture sur-
faces of less ductile samples, such as cubic-shaped inclusions in Fig. 13a.
The inclusions promote the crack propagation thanks i) to void forma-
tion and growth (red arrows in Fig. 13a), ii) to crack initiation sites
(yellow arrows in Fig. 13b), due to the developed stress concentrations
during the tensile test [35-37]. The origin of these non-metallic in-
clusions, referable as aluminium carbide thanks to the EDX spectrum A
and their cubic-shaped (Fig. 13b), can be traced back to both powder
contamination (Table 1) and to the possible problems related to the
L-PBF process [38,39]. In both cases, no further analysis can be done on
these aspects. Finally, lower ductility values (Fig. 8) were probably
affected by aluminium oxides (Fig. 13b) that promote crack initiation
and cause a local brittle fracture (cleavage zone) of the material [39].

At higher magnification (Fig. 14a), the fracture surface presents
shallow dimples that reflect low ductility and high strength of the ma-
terial [4,11]. Tear ridges presented in Fig. 14b indicate a more ductile
fracture that occurs in Al-Si-Mg samples having maximum elongation
values, compared to those exhibiting cleavage planes (Fig. 14a). Several
Si-eutectic particles (yellow arrows) are debonded from the a-Al matrix.
Crack propagation takes place indeed along the Si-eutectic network
because it can easily interconnect the voids formed at Al/Si-eutectic
interface. At the same time, the higher stress localized at the crack tip
generally induces a rupture of the Si-eutectic network and the detach-
ment along the a-Al cells due to the elastoplastic behaviour of Si and Al
phases. Zhao et al. [40] confirmed the same observation and highlighted
the presence of some cracks contained in «-Al cells, namely trans-
granular cracks. In this latter case, Al-Si-Mg samples are characterized
by lower ductility values. On the other hand, ductility failure takes place
despite non-evident necking formation, as widely analysed in Ref. [8]
through the Considere’s criterion. In this study, only T6 Al-Si-Mg
samples that show elongation % higher than 10% reaching the forma-
tion of the neck.

Void formation at Al/Si-eutectic interface is an energetic process and
W [J] is the work necessary to create a crack. It is described by the
following equation (1):

Wy +rs— Yaisi €))

where y4;, 75, and yas; [mN/m] are the surface energies of the a-Al
matrix, Si-eutectic particles, and Al/Si-eutectic interface, respectively
[8]. Coarse a-Al cells and damaged Si-eutectic network increase the
contribution of y;/5;, so reduce the work necessary to nucleate both void
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Fig. 16. Fracture surfaces of T6 Al-Si-Mg samples that are characterized by maximum (a) and minimum (b) elongation values. EDX spectra are referred to orange
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and crack [40]. This is a condition for which crack propagation is fav-
oured in HAZ in samples where defects do not deflect the crack
propagation.

Considering T6 Al-Si-Mg samples (Fig. 15), crack generally propa-
gates by interconnecting the voids formed at Al/Si-eutectic interface
(Eq. (1)) and detaches the Si-eutectic particles from the a-Al matrix (red
arrows). At the same time, crack can advance through the matrix
damages (yellow arrows) or across through cracked Si-eutectic particles
(yellow circles). In details, the tortuous crack pathway shown in Fig. 15a
characterized T6 Al-Si-Mg samples having elongation <10%, while the
more linear one (Fig. 15b) referred to T6 samples with elongation
>10%. It is useful to note that fracture mode does not show significant
changes from the AB and DA Al-Si-Mg samples since it is based on
dimples and microvoid coalescence [24,34]. Voids nucleate at
Al/Si-eutectic interface due to Si particle decohesion or fracture, and
then voids grow thanks to plastic straining of the close a-Al matrix.
Moreover, silicon particle size affects the damage mechanism. Small Si
particles generate lower stress concentration than the big ones and
contain a lower density of defects which reduces both the probability of
void formation and their rupture. Fig. 15a also shows secondary cracks
that tend to interconnect bigger Si particles due to their debonding and
cracking. Tortuous fracture profile and secondary cracks generally
characterized Al-Si-Mg samples with lower ductility values. At the same
time, they also show a higher amount of melt pool and laser scan track
boundaries, which remain visible even after the SHT, reroute the crack
path due to the closeness between the Si-particles (Fig. 15¢) [8].

From a 3D point of view (Fig. 16), the fracture surfaces show large Si
particles (yellow arrows, Fig. 16a) with one or more brittle cracks due to
the critical load transferred by the o-Al matrix [37,41]. Large
Si-particles, in fact, contain substantially higher amounts of internal
defects increasing the probability of Si-particle failure and void forma-
tion (J’Al/si in Eq. (1)). At the same time, it needs higher load plastic
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deformation at Al/Si-eutectic interface to trigger void nucleation. This is
one of the reasons why T6 Al-Si-Mg samples show higher ductility than
AB and DA ones. Fig. 16a also shows the presence of a cracked
needle-like 5-AlsFeSi intermetallic (blue arrow) within a dimple.
Fig. 15b shows a cracked aluminium oxide (orange spectrum) that may
promote the premature failure of the Al-Si-Mg sample together with the
LOF defect in which it is located. Green arrows indicate the portion of
un-broken a-Al matrix part of the LOF defect on which smaller
aluminium oxide particles (blue spectrum) were formed during the
L-PBF process. LOF and aluminium oxide particles influence the me-
chanical behaviour of T6 Al-Si-Mg samples by reducing their ductility
values. The fluctuation of % elongation values (Fig. 8) can be also
conferred by the increase in the number of pores during the SHT, as
widely presented and discussed in Ref. [20].

Focusing on the elongation values of solubilized and aged AlSi7Mg
samples (Fig. 9), the percentage of the damaged matrix decreases with
ductility (Fig. 17a). As a matter of fact, SHT samples show — 92% and —
78% of the damaged matrix than the aged samples at 8h and 4h,
respectively. In addition, the analysed matrix damages in SHT samples
are characterized by lower mean area, as reported in Fig. 17b. On the
contrary, the hardened o-Al matrix of aged samples confers greater
percentages of damages. The precipitation phenomena, responsible for
a-Al matrix hardening, promote indeed damage nucleation on coarse
particles and its coalescence during the tensile test [13,37,42]. Fig. 17¢c
shows the percentage of broken Si-particles counted in the analysed area
close to the fracture profile. The high percentage corresponds propor-
tionally to the lower amount of matrix damages in solution heat treated
samples. Therefore, the fracture mechanism is substantially based on the
interconnection of both the debonding formed at the Al/Si-eutectic
interface and of broken Si-particles. The higher percentage of the
damaged matrix (Fig. 17a) corresponds to lower values of broken
Si-particle, and vice-versa. In this context, aged samples at 175°C x 4h
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were characterized by a higher debonding phenomenon of Si-particles
from the a-Al matrix, while those in peak-aging conditions by cracking
phenomena of Si-particles. As a matter of fact, Fig. 17c does not consider
the broken Si-particles separated by a damage zone. The most hardened
a-Al matrix generates a high amount of dislocation compared to the
softer one. The higher stress level reached during the plastic deforma-
tion promotes these high amounts of broken Si-particles [13,37]. This
fracture behaviour might provide a slight increase in elongation (Ae =
1.6%) shown in Fig. 8. Further analysis of strain hardening effects, and
their consequence on ductility behaviour, will be performed through
TEM observations. As a matter of fact, differences in terms of size, lat-
tice, and distribution of §’*, p’, and p precipitates can influence ductility
[43,44].

Focusing on AlSi10Mg samples solubilized at 505°C x 4h and aged at
175°C x 4h (peak-aging conditions), the percentage of the damaged
matrix increases with elongation values, as shown in Fig. 17a. At the
same time, the more ductile samples are characterized by a higher
number of damages having large dimensions. Fig. 17c correlates the
percentage of broken Si-particles with the elongation. This percentage
slightly decreases with the ductility. Samples with a greater percentage
of the damaged matrix show a lower percentage of broken Si-particles
and vice-versa, as previously discussed for AlSi7Mg alloy. Lastly, the
presence of defects and laser scan track boundaries (Figs. 15 and 16)
govern the high variation in ductility shown by AISiMg samples
(Table 5).

From the observations previously discussed, Fig. 18 represents the
damage mechanism of microstructures that characterize i) AB and DA
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samples (Fig. 3 and 5a) and ii) T6 ones (Fig. 5b). When Si-eutectic
network form the Al-Si-Mg microstructure, formation of voids takes
place on the network due to its load bearing capacity and the consequent
dislocation pile-up at the Al/Si-eutectic interface. Once the damage is
triggered, the crack quickly interconnects the voids leading to sample
failure. This situation explains the presence of the segmented Si-eutectic
network (Fig. 15). In a sample devoid of defects (pores, aluminium ox-
ides and/or carbide), cracks generally propagate through the HAZs
thanks to their lower failure stress with respect to the center zones of the
molten pool [3,24]. The presence of defects, in contrast, can certainly
deflect the crack propagation, and can promote the crack initiation due
to the stress concentration and consequent void formation (Fig. 13a).
More ductile samples show indeed an inter-track mode of fracture,
where tear ridges and deeper dimples characterized their fracture sur-
faces. Cleavage zones (Fig. 14a) and a higher amount of defects (Fig. 15)
are indeed observed in the less ductile samples. In the case of T6 sam-
ples, the critical load promotes the formation of voids at the
Al/Si-eutectic interface and cracked Si-particles (Fig. 15a,b). For the
damage based on the Si-particle size, since smaller particles statistically
contain less internal defect, they may have higher load capacity (i.e.,
higher failure stress). Increasing the load, cracks then interconnect
Si-broken particles and voids, leading to sample failure. As a result,
ductility is reached through void formation, growth, and coalescence.
Aluminium oxides and pores can trigger cracks and deflect their prop-
agation lowering the % elongation values. Simultaneously, laser scan
tracks (Fig. 16¢) influence ductility by deviating the crack propagation
thanks to the small inter-particle spacing in their boundaries. Lastly, the
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formation of voids in the Al-matrix increases with hardening phenom-
ena (Fig. 17).

4. Conclusion

The present manuscript investigated the fracture mechanisms that
affect laser powder bed-fused AlSi7Mg and AlSi10Mg samples, and the
several causes of their premature failure. Failure analysis carried out on
as-built, direct aged at 200°C x 4h, and T6 (SHT at 505°C x 4h followed
by AA at 175°C) Al-alloys led to the following conclusions:

1. As-built and direct aged alloys show a local microstructural anisot-
ropy: heat-affected zone generally accommodates the crack propa-
gation because it less effectively hinders the dislocation movement
than the melt pool center. In this case, samples show the highest
elongation values.

2. As-built and direct aged samples show a combined fracture path:
trans-track, -layer, and inter-track.

3. Cracks generally nucleate from Al/Si-eutectic interface due to the
void nucleation and propagate by interconnecting other formed
voids. The presence of several defects (lack-of fusion and gas pores,
aluminium oxides and carbides) reroutes the crack propagation, also
within the melt pool center, and/or triggers other new cracks. This
situation leads to the lowest elongation values and to trans-track
fracture mechanisms of crack advancement.

4. T6 Al-Si-Mg samples exhibit a fracture mode based on dimples and
micro-void coalescence. The presence of defects and/or brittle
8-AlsFeSi phase promotes the crack formation and the consequent
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premature failure. Elongation values (¢ < 10%) reach comparable to
those obtained by as-built and direct aged samples.

5. The presence of molten pool boundaries in solubilized and T6
Al-Si-Mg samples reroutes the crack paths.

6. SHT AlSi7Mg samples exhibit fracture profiles characterized by
deeper dimples than those shown by aged samples. Samples in peak-
aged conditions show the highest percentage of the damaged matrix
due to both the debonding phenomena at the Al/Si-eutectic interface
and the separation of broken Si-particle parts. Aged AlSi7Mg samples
show a failure mode governed by both decohesion and particle
fracture mechanisms.
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