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ABSTRACT

The mechanical properties of additive manufactured laser powder-bed fusion (L-
PBF) AlISi10Mg specimens, built with the chessboard building strategy and followed
by three thermal treatments, were evaluated using standard mechanical testing in
tension. Metallography and fractography tests were conducted to reveal the
microstructure and connect them to the properties in various stages of the research.
A strong relationship between hatching strategy, build direction and loading
direction was found and it was concluded that the mechanical properties of the alloy
in the modified T5 (200°C) thermal condition are similar to the as-built condition
for the concept strategy. The mechanical properties are similar albeit the differences
found in the fracture faces of X and Z specimens. The similarity of the mechanical
properties in the X and Z directions also suggests that the additively manufacturing
(AM) L-PBF process yields fairly homogenous mechanical properties of AlSi10Mg
(excluding the T5 treated alloy). The mechanical properties and the microstructure
obtained were compared to an equivalent alloy AM L-PBF manufactured using an
EOS© system with a different hatching strategy. The three different thermal
conditions, employed in this research, provided insight into the mechanical behavior
under different strategies. Understanding these changes in mechanical properties,
as a result of these thermal conditions, allows for tailoring AM parts for engineering
applications having various requirements. The onset of the elastic-plastic
deformation and the possible effects of the hatching strategy on the elastic-plastic
deformation and the strain hardening behavior were also discussed.

KEYWORDS: Additive manufacturing, AlSi10Mg alloy, Laser powder-bed fusion,
Mechanical properties, Fractography.

1. INTRODUCTION

Al-Si alloys are of significant interest and widely used
in many important industries, such as the automotive
and aerospace industries. This is due to their
combination of relatively high strength and low
density alongside the ability to manufacture complex
shapes with thin walls most commonly through
casting [1], [2]. The typical microstructure of
conventionally cast Al-Si alloys normally contains
relatively coarse acicular silicon as well as different
Mg precipitates; the rough Si secondary phase is
harmful to the ductility and is typically refined [3].
Additive manufacturing (AM) is a promising

technology that has brought great opportunities for the
design and production of metallic components with
high geometrical complexity [4]-[6]. One of the most
popular AM processes is the selective laser melting
with a powder-bed system. In this process, thin-
layered powders of metals are constantly spread and
are fused by laser beam irradiation. Recently laser
powder-bed fusion (L-PBF) AM technique, which has
high heating and cooling rates (up to 10® K/s), has
been used to improve the microstructure of Al-Si
alloys and to significantly improve the mechanical
properties of those materials. AlISilOMg alloy is
compatible with the L-PBF AM technique as it is
close to the eutectic Al-Si composition leading to
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high castability and weldability properties, as well as
exhibiting fully dense parts. The mechanical
properties of AM AISil0Mg alloy are higher or at
least comparable to conventional high-pressure die-
cast material which can be attributed to the extremely
fine microstructure as well as eutectic silicon particles
that comprise the AISi10Mg, resulting from the AM
process [7]-[11]. Several papers have been published
recently describing the mechanical properties and
microstructures observed in laser-fabricated PBF
samples of AISilOMg alloy and other Al-Si alloys
[12]-[18]. However, the results and interpretations
differ significantly. In order to maximize the
performance and  functionality of  specific
components, the AM L-PBF industry currently faces
fundamental issues of the AISilOMg material's
mechanical properties tailoring related to the material
processability as well as post-processing [19]-[21]. In
this study, three metallurgical conditions were
examined and compared, in order to understand the
effect of different heat treatments on the mechanical
properties.

The aim of this research was to examine the
mechanical properties in tension of AM L-PBF
AlSi10Mg standard specimens in two build directions
and three thermal conditions, and to investigate the
correlation between mechanical properties and
microstructure. The novelty of the current research is
that it may provide new data for structural
applications of L-PBF Al alloys.

2. EXPERIMENTAL PART

The main elements of this research were planned and
directed towards its leading objective: exploring the
mechanical properties in tension of AM AlSil0Mg
alloy in two built directions and three thermal
condition (for each built direction). The four stages
of the experimental procedures were: (1) specimen
preparation, (2) revealing the  as-received
macrostructure, (3) tensile testing, and (4)
fractographic analysis. The results are discussed and
compared to an equivalent alloy AM L-PBF
manufactured using an EOS© system with a different
hatching strategy.

2.1. Specimen Preparation

AM of AISi1l0Mg parts powders were performed on a
Concept Laser© M2 L-PBF machine, with build
envelope dimensions of 250 x 250 x 350 mm?3. The
M2 apparatus has an Nd: YAG fiber laser operated in
continuous wave mode with a maximum power of
360 W. Processing was performed under an argon
(below 0.1% oxygen content) atmosphere. A
chesshoard-scan hatching strategy was used to
produce the rod-shaped parts (Fig. 1); the layers were
divided into several 5.6 mm islands. Each square was
shaped by raster scanning of the laser and then the
beam scans were carried out around the perimeters.

For each consecutive layer, the square pattern was
shifted by 1 mm in X- and Y-direction and rotated by
90° to exclude the build-up of discontinuities between
islands perimeters. The scanning strategy is illustrated
in figure 1.
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Fig. 1. Schematic illustration of the chessboard
hatching strategy used to produce the rod-shaped
parts. The layers are divided into several 5.6 mm

squares. For each consecutive layer, the squares are
shifted by 1 mm in the X and Y-directions and the
scanning direction inside the islands is rotated by 90°.

Three metallurgical conditions were examined
in this research: (a) as-built; (b) 2 hours at 300°C (also
known as T5 treatment); (c) 2 hours at 200°C (a
modified T5 treatment). Heat treatments in air were
applied following the machining of the tensile
specimens.

2.2. Macrostructure Evaluation

A computerized Nikon© SMZ800 light microscope
system, equipped with a TV camera, was used to
evaluate the typical chessboard macrostructure
morphology,  following the application  of
metallography ~ procedures. ~ The  chessboard
macrostructure morphology is demonstrated in figure
3a and 3b in comparison to the commonly used 67°
hatching strategy (Fig. 3c) [8], [17].

2.3. Mechanical Testing and Fractography

Uniaxial quasi-static tensile tests were
conducted according to ASTM E8/E8M-16a standard
test method for tension testing of metallic materials
[22] on three specimens for each metallurgical
condition. Tensile tests were conducted on a
computerized 5-ton E43.504 MTS®© universal testing
system equipped with an alignment fixture. All the
tests were performed at a constant crosshead velocity
of 0.5 mm/min, equivalent to an engineering strain-
rate of 8.34 x 10 s, As an extensometer was not
able to be utilized due to the loading line
configuration limitations, displacement data was
obtained from the crosshead position sensor and used
to calculate strain and elongation to fracture. Hirox©-
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RH-2000 multi-focal high-resolution light microscope
(LM) system was used to examine the fracture face
morphology following the tensile tests. This multi-

focal digital LM has high pixel density, and very low
image noise. Moreover, it combines large working
distance and width depth of field.

(2) (b) (©)

AISil0Mg AISil10Mg
Concept Laser© C.once.pt Lasen:@
g tap, Z-direction specimen X-direction specimen
223 L
S =4
yﬂ‘

Fig. 2. Build setup: (a) specimen drawing; (b) images of the as-machined AM L-PBF AlSi1l0Mg tensile
specimens printed in the vertical Z direction; (c) images of the as-machined AM L-PBF AISi10Mg tensile
specimens printed in the horizontal X direction. The cylinders shown in (b) and (c) were used for as-built

metallographic examination

500 pm
| ——

Fig. 3. (&) The building direction of Concept Laser© chessboard track segments morphology in AM L-PBF
AlSi10Mg Z specimen is perpendicular to the photo plane; (b) The building direction of Concept Laser©
chessboard fish-scale morphology in X specimen is parallel to the photo plane; and (c) The building direction of
EOQS© 67° strategy track segments morphology in Z specimen is perpendicular to the photo plane
3. RESULTS 300°C), are shown in figure 4. Room temperature
proportional limit, UTS and elongation-to-fracture
values in tension are presented in table 1 (calculated
from the stress strain curves). A comparison between
the stress-strain curves, obtained from Concept

3.1. Mechanical Testing

Graphs of room-temperature tensile elastic-plastic

portions of the engineering stress-strain curves for
AM L-PBF AISil0Mg specimens built in X and Z
direction, for all the applied metallurgical conditions
(as-built, modified T5 at temperatures of 200°C and

Laser© and EOS®© strategies AM specimens, built in
the Z direction, is presented in figure 5 for all the
thermal conditions discussed here. The results of the
EOS®© curves were obtained in a previous research [17].

Table 1. Room temperature mechanical parameters in tension calculated from the stress strain curves (Fig. 5).
*As an extensometer was not able to be operated, the total elongation of the AM L-PBF AlSi10Mg specimen gage
was measured after fracture relatively to the initial gage length.

S Proportional Limit UTS ¥Total Elongation
Built Direction Heat Treatment [MPa] [MPa] to fracture, [%]
X As-built 100 464 + 2 7.1
Z 100 468+ 1 5.4
X 5 100 310+3 9.2
z T5 (300°C) 100 3425 6.5
X Modified T5 125 459 +3 6.8
Z (200°C) 125 478+ 1 3.0
VOLUME 30 (YEAR XXX) 2019 7
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Fig. 4. Elastic plastic deformation curves in tension for
AM and heat treated AM L-PBF AlISi10Mg specimens,

(a) as-built; (b) modified T5 (200°C); and (c) T5
(300°C)

3.2. Fractography

Multi-focal LM revealed the fracture face morphology
in the as-built AM L-PBF AISil0Mg X-axis parallel
to the Y-Z plane as shown in Fig. 6 and the fracture
face morphology in the as-built Z-axis, parallel to X-
Y the plane as shown in figure 7. The same
observations are shown for modified T-5 (200°C)
specimens (Fig. 8 and 9) and for T5 (300°C)
specimens (Fig. 10 and 11). The fractography results
are discussed in section 4.2 of the discussion part.

4. DISCUSSION

4.1. Analysis of the Mechanical Testing
Results

The first issue observed when analyzing the

mechanical behavior of AM AISil0Mg specimens
(produced with the same thermal condition), was
surprisingly the similar response to loading of
specimens built in the X direction comparing to Z
specimens (Table 1). As shown schematically in
figure 12, the integration of a complicated
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Fig. 5. Stress-strain curves, representing the Concept

Laser© chessboard strategy compared to the EOS©

scanning stripes strategy, in the Z direction, for all the

thermal conditions and testing directions

configuration, consisting of loads applied to different
macrostructures, was not straight forward at first
observation. It was assumed that AM parts might
exhibit a “loading-direction sensitive” mechanical
behavior. Should we consider the strength of AM
parts in terms of “building-layers separation-strength
in tension” (“building-layers” stands for track
segments originating from the scanning of the laser
beam, as shown in figure 1lc, representing the
fracture face of Z specimens) or “the building-layers
shear-strength”?

Regardless, it is clear that both hatching strategy
types (EOS© or Concept Laser©) produce parts
having a complicated meso-structure, which are
subjected to complicated stress and strains states,
even when an external load is applied solely along
“traditional” axes. Observations from stress-strain
curves for the as-built and heat treated samples are
presented below; keeping in mind that: (a) loading-
line in tensile tested X-specimens is parallel to layers
and perpendicular to building direction and (b)
loading-line in tensile tested Z-specimens is
perpendicular to layers and parallel to building
direction.

8
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Fig. 6. Multi-focal LM observation Fig. 7. Multi-focal LM observation Fig. 8. Multi-focal LM observation

of the fracture face morphology in
the as-built AM L-PBF AlSi10Mg
X-axis: a) general view; b) and c)

is parallel to Y-Z plane)

Tensile direction

i

Building direction Z Building layers direction X-Y

Fracture face

Z-Axis specimen
Y
X

Fig. 12. Schematic drawing showing the
interconnected factors of the tensile specimen build
production (hatching strategy and “built layer”
directions), and the corresponding tensile test layout
(loading direction), affecting the mechanical
properties results

Fracture face

Tensile direction

X-Axis specimen

In figure 12 it can be noticed that layers of
metals powder are spread and then fused by laser
beam in the horizontal X-Y plane (turning to laser
track segments upon cooling). Then, the process
proceeds in the Z direction, forming the chessboard
structure.

of the fracture face morphology in
as-built AM L-PBF AISil0Mg Z-

axis: a) general view; b) and c)
higher magnifications (fracture face higher magnifications (fracture face
is parallel to X-Y plan)

of the fracture surface morphology
in AM L-PBF AISi10Mg modified
T-5 (200°C) X-axis: a) general view;
b) and c¢) higher magnifications
(fracture face is parallel to Y-Z plane)

4.1.1. Experimental Notes on the Onset of
Elastic-Plastic Deformation

The onset value of elastic-plastic deformation, the
proportional limit, observed at AM L-PBF AISi10Mg
in X and Z as-built and T5 (300°C) specimens was
100 MPa. The proportional limit observed in X and Z
specimens that underwent the modified T5 (200°C)
heat treatment was 125 MPa. The proportional limit
values for X and Z as-built and T5 treatment
specimens could possibly suggest similar structural
response to loading regardless of their different
structure\loading combinations: Specimens that were
built along X-axis are subjected to the deformation
mode of layers-shear as a result of tensile loading,
while Z specimens, subjected to deformation mode of
layers-separation as the loading line in this case, are
perpendicular to the layers.

As-built specimens were not exposed to any
heat treatment. On the other hand, the influence of the
combinations  of  loading\building  directions
dependency can be supported by possible temperature
effects on yielding of X and Z specimens exposed to
heat treatments at 200°C and 300°C. The same
proportional limit was measured for both X and Z
specimens, for each heat treatment. The measured
proportional limit values were 125 MPa and 100 MPa
for modified T5 (200°C) and T5 (300°C) specimens,

VOLUME 30 (YEAR XXX) 2019
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respectively. It was assumed that temperature effects
on the interactions of Si particles, and pre-existing
dislocation network in deformed AISi10Mg contribute
to the proportional limit, and later to the elastic-plastic
portion of the stress-strain curve. A rational

1 mm

500 um

200 um

explanation for any possible relationship between the
proportional limit and the hatching-strategies \
building-directions \ thermal-conditions \ loading-
directions is outside the scope of the present discussion
and might be the subject of a future research.

J 1 mm - 2 mm
| —_—

500 pm 1000 mm

200 pm

Fig. 9. Multi-focal LM observation Fig. 10. Multi-focal LM observation Fig. 11. Multi-focal LM observation

of the fracture surface morphology
in AM L-PBF AISi10Mg modified

of the fracture surface morphology
in AM L-PBF AISil0Mg T-5

of the fracture surface morphology
in AM L-PBF AISi1l0Mg T-5

T-5 (200°C) Z-axis: a) general view; (300°C) X-axis: a) general view; b)  (300°C) Z-axis (the fracture face is

b) and c) higher magnifications

and c) higher magnifications

parallel to X-Y plane; typical track

(fracture face is parallel to X-Y plane) (fracture face is parallel to Y-Z plane) segments are marked in figure 11c)

4.1.2. The Effect of Elastic-Plastic Deformation
and Strain Hardening

As-built AM L-PBF AISil0Mg Z specimens show a
higher degree of strain hardening, starting from a
100MPa and ending at similar ultimate tensile stress
(UTS) values measured in X specimens. The total
elongation measured in the X direction was somewhat
higher than the total elongation in the Z direction.
Modified T5 (200°C) X and Z specimens show
similar stress-strain behavior starting at 125 MPa
proportional limit and ending at UTS higher by 20
MPa for Z specimens. The degree of strain hardening
was the same for X and Z specimens. It can be
concluded here that the modification of T5 from
300°C to 200°C heat treatment hold temperature,
resulted in the AISilOMg alloy having closer
mechanical properties, as compared to as-built
condition. T5 (300°C) X and Z specimens results
exhibit completely different mechanical properties
comparing to the previous results. This heat treatment,
commonly known as a stress-relieving treatment

actually alleviates residual stresses, but, on the other
hand, dramatically changes the elastic-plastic
behavior of the alloy, comparing to the as-built
condition. Both X and Z exhibit lower UTS (about
340 MPa for Z specimens and 310 MPa for X
specimens). The total elongation to fracture was 9.2%
for T5 (300°C) X specimens - about 30% higher
comparing to the total elongation to fracture measured
in as-built X specimens, suggesting the reason is
mainly the existence of an almost completely
annealed micro-structure.

Comparing the Z specimens Concep Laser© to
EOS®© 67°C hatching strategy mechanical properties,
no significant differences are revealed except for the
total elongation values measured in T5 (300°C)
specimens (about 100% higher values in EOS®©).

4.2. Fractography Observations
An attempt was made to find a correlation between

the features observed on the fracture faces and the
corresponding mechanical properties of the AM L-

10
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PBF AISi10Mg alloy in each direction and for all the
heat treatments. In figures 6 to 11 (three
magnifications of the fracture surfaces for each build-
direction\thermal condition) we demonstrate that the
fracture faces of X specimens comparing to Z
specimens are completely different. The main features
observed in the fracture faces of Z specimens, in all
the thermal conditions, are the laser track segments.
Respectively, the examination of X specimens, in all
the thermal conditions, reveal very similar features for
all the thermal conditions specimens manufactured in
the X or Z directions. We assumed that the additively
manufactured specimens would exhibit different
mechanical properties if tensile loads were directed
parallel or perpendicular to the “building-layers”.
However, the values of mechanical properties
obtained for the as-built and modified T5 (200°C) X
and Z specimen (Table 1) suggest that in these cases
the AM process and the following thermal treatment
(for modified T5 specimens) vyields fairly
homogenous mechanical properties.

Although the fracture faces observed in X and Z
specimens, with the T5 (300°C) heat treatment, show
the same features discussed before, their mechanical
properties differ from the properties of the other
specimens tested. The plastic deformation stresses are
considerably lower comparing to as-built and
modified T5 (200°C) specimens. It can be assumed
that the annealed structure enables the existence of
distinctive changes in the features of the specimen
cross section, subjected to tensile loads, and these
changes can be associated with weak points through
which the fracture originates/propagates more easily
(in the annealed structure) leading to much lower
strength and higher degree of ductility (UTS of 310
MPa and total elongation of 9.2% for X specimens
and 340 MPa and total elongation of 6.5%,
respectively, for Z specimens). Close values were
obtained in EOS© T5 (300°C) Z specimens: low
values of UTS (320 MPa) and total elongation of 18%

(Fig. 5).
5. CONCLUSIONS

Following the discussion on the strong relationship
between hatching strategy, build direction and loading
direction (mechanical properties and fractography
results), it was concluded that the mechanical
properties of the AM L-PBF AISil0Mg alloy in the
modified T5 (200°C) thermal condition are similar to
the as-built condition for the concept strategy. It was
emphasized that the mechanical properties are similar
albeit the differences found in the fracture faces of X
and Z specimens.

The similarity of the mechanical properties in
the X and Z directions also suggests that the
additively manufacturing L-PBF process yields fairly
homogenous mechanical properties of AISil0Mg
(excluding the T5 treated alloy).

Comparing the Z specimens Concept Laser© to

EOS® 67°C hatching strategy mechanical properties,
no significant differences are revealed except for the
total elongation values measured in T5 (300°C)
specimens (about 100% higher values in EOS©). It
should be noted that some differences between the
hatching strategies did exist, mainly manifested
through elongation values. This suggests that some
properties are more susceptible to changes due to
macro features of the AM process.

The three different thermal conditions,
employed in this research, provided insight into the
mechanical behavior under different strategies.
Understanding these changes in  mechanical
properties, as a result of these thermal conditions,
allows for tailoring AM parts for engineering
applications having various requirements.
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