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The fracture and tensile behaviors of the AlSi10Mg alloy processed by Direct Energy Deposition were investi-
gated. Three-point bending fracture toughness and tensile specimens were tested at room temperature along
different crack plane orientations and loading directions. Before being machined and tested, the printed samples
were subjected to heat treatment at 300 °C for 2 h to relieve the residual stresses. Microstructural and fracto-
graphic analyses were performed to investigate the fracture mechanisms and the crack propagation paths for
each crack orientation. Significant differences in the fracture toughness were observed among the crack plane
orientations. Specimens with cracks oriented in the X-Y direction featured the highest fracture toughness values
(Jie = 11.96 kJ/m?), whereas the Z-Y crack orientation (perpendicular to the printing direction) performed the
lowest fracture toughness values (Ji. = 8.91 kJ/m?). The anisotropy in fracture toughness is mainly related to a
preferential crack propagation path along the melt pool boundaries. At melt pool boundaries, pores are pref-
erentially placed, coarsening of the microstructure occurs and there is higher Si content, leading to that area
being less ductile and less resistant to crack propagation.

1. Introduction

Additive Manufacturing (AM) has grown and changed over the past
ten years due to its intrinsic advantages, such as flexibility, possibility to
create complex shapes, and less waste of raw material [1]. Aluminum
alloys are widely used in many sectors, including aerospace, automotive,
and aircraft industries, due to their recyclability, high specific strength,
good corrosion resistance, and good thermal conductivity. However,
some of their physical properties, such as high reflectivity and high
thermal conductivity, make laser processing Al alloys rather challenging
[2,3]. Techniques such as Laser Powder Bed Fusion (LPBF) and Direct
Energy Deposition (DED) are highly employed in 3D printing of
aluminum alloys. DED refers to all processes where a focused beam,
which can be a laser or electron beam, generates a melt pool into which
feedstock material is fed to create a deposit. The feedstock can be in
either powder or wire form. DED is performed using shielding gas or in
an inert-gas filled build chamber to prevent the oxidation of the pro-
cessed materials [4-6].

* Corresponding authors.

Among Al alloys, age-hardenable AlSi10Mg alloy is commonly used
in AM thanks to its good processability, low susceptibility to hot
cracking, good corrosion resistance, and mechanical properties. Few
studies on the mechanical properties of specimens produced by DED
have been published so far, and they mainly focus on hardness and
tensile properties of the material. Lv et al. studied the tensile properties
of an AlSi10Mg alloy fabricated by DED [7]. The results showed that the
tensile strength of the as-built samples increased from 292 MPa to 342
MPa for the samples that were solution treated for a soaking time of 2 h
and aged at 180 °C for 8 h. Mechanical properties of additively manu-
factured parts widely depend on the different post-printing heat treat-
ments. Regarding AlSi10Mg, several heat treatment routes have been
applied to reduce residual stresses and enhance mechanical properties.
T6 temper, which consists in a solution treatment at ~470-530 °C fol-
lowed by water quenching and artificial aging at ~160-220 °C, lead to a
fine distribution of hardening phase, microstructure coarsening, and
reduction of residual stresses [8]. Stress relief is usually performed at
~270-330 °C to mitigate the residual stresses and increase ductility and
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Table 1

List of used DED process parameters.
Laser power 2 kw
Laser spot diameter 1.6 mm

600 mm/min
450 mm/min

Scan speed fill
Scan speed contour

Powder flow 2.8 g/min
Carrier gas flow (Ar) 10 1I/min
Shielding gas flow (Ar) 14 1/min
Track width 2.3 mm
Hatch distance 1.5 mm
Layer thickness 1.1 mm

toughness. T5 temper (i.e., direct artificial aging from the as built con-
dition) is carried out at 160-220 °C to allow precipitation of hardening
phases and preserving the fine solidification microstructure [9,10]. It
allows achieving the maximum material hardness and strength, but low
fracture toughness and elongation at fracture values [11].

The average microhardness and tensile strength of AlSi1OMg pro-
duced by DED are higher than those of the cast samples but lower than
those of the samples processed by LPBF. This is because of the size of
microstructural features (solidification cells/dendrites and eutectic
constituents) generated by the different solidification rate in the three
processes. In the AlSi10Mg alloy produced by DED, the finely dispersed
Si particles enabled the achievement of improved static properties
compared to those of the cast counterparts. However, crack tolerance
along specific directions is usually moderate because of the weak
interface between adjacent layers [12]. Indeed, at melt pool boundaries
pores are preferentially placed, coarsening of the microstructure occurs
and there is higher Si content, leading to that area being less ductile and
less resistant to crack propagation[13,14].

The mechanical properties of as built DED samples are usually lower
than those of their LPBF counterparts due to the finer microstructures that
are formed in LPBF samples [15,16]. As an example, LPBF processed
AlSi10Mg alloy shows higher yield and ultimate tensile strength than DED
samples, due to high supersaturation degree of solid solution and very fine
cell structure. However, the same material printed with DED, due to the
coarser microstructural constituents, show higher ductility values [17].
Only a few papers have been published on the fracture behavior of DED
materials [18-21]. The mechanical properties were found to depend on
microstructure, processing parameters, and heat treatments. To the best
of authors” knowledge, no studies on the fracture properties of AlSi10Mg
processed by DED and their dependance on crack plane orientation are
available in the open literature. Thus, this work focusses specifically on
this topic, and it is an effort aimed to shed light on the
microstructure-related mechanisms ruling the crack propagation in
AlSi10Mg alloy produced by DED. Round tensile bars and three-point
bending fracture toughness specimens were machined from bulk
AlSi10Mg prismatic samples produced by DED and then stress relieved at
300 °C. The fracture specimens were notched having three different crack
plane orientations. An in-depth characterization of the post-mortem ma-
terial have been carried out by fractographic analyses and microstructural
analyses, to correlate microstructural features, including melt pool
boundaries (MPBs), pores, and microstructural constituents, to the crack
path and final mechanical properties of the material.

2. Experimental
2.1. Material processing and heat treatment parameters

AlSi10Mg blocks with dimensions of 70 x 70 x 15 mm? were printed
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using laser and powder based DED using a DMG Mori Lasertec 65 system
with a 4 kW diode laser source with wavelength range from 920 to 1080
nm. The DED process with process parameters listed in Table 1 was
performed without the use of an inert atmosphere chamber resulting in
higher porosity and surfaces oxidation [22].

The chemical composition of the powder is listed in Table 2. The
particle size distribution of the powder was within the range 63-105 pm.
After printing and before the machining operations, the samples were
heat-treated at 300 °C for 2 h in inert atmosphere with oxygen content
lower than 50 ppm to reduce the residual stresses. After heat-treatment,
specimens for microstructural analysis, five tensile specimens and nine
samples for fracture toughness tests were machined out from the block.

2.2. Mechanical testing

2.2.1. Tensile tests

Standard round tension test specimens oriented orthogonally to the
building direction and identified as H (horizontal) were machined from
heat-treated DED bars having a diameter of 4 mm and a gage-length of
15 mm. A schematic representation of the tensile specimens positioned
on the build platform is shown in Fig. 1. Tensile tests were performed
according to the ASTM E8/E8M-21 standard [23] using an MTS-Alliance
RT/100 universal testing machine instrumented with a + 100 kN load
cell and an axial extensometer. Five tensile specimens were tested at
room temperature under a constant crosshead speed of 1.0 mm/min.

2.2.2. Fracture toughness tests

SE(B) specimens for fracture toughness tests, with nominal di-
mensions of W= 14.0 mm and B = 7.0 mm, were machined out of heat-
treated DED samples. The fracture tests were performed according to the
ASTM E1820-20 standard [24] (S = 56 mm). The coordinate system
defined by the ISO/ASTM 52921:2013 standard [25] for additive
manufacturing terminology was applied. According to the referred
standard, the Z axis was defined as the building direction, the X axis was
defined as parallel to the front of the machine, and the Y axis was
defined as perpendicular to the Z and X axes. Fig. 1 shows the orienta-
tion of the coordinate system used as a reference. Fracture specimens
were identified as X-Y, X-Z, and Z-Y depending on the direction normal
to the crack plane and crack plane orientation, following the nomen-
clature of the ASTM E1820-20 standard [24]. According to this docu-
ment, the X-Y and X-Z specimens share the same crack plane, but crack
extensions occur in perpendicular directions. The fatigue precracking
procedure were conducted under force control, with a sinusoidal
waveform at a frequency of 20 Hz and a load ratio (Pyin/Pmax) of 0.1.

14.0

Fig. 1. Schematic representation of SE(B) and tensile specimens identified ac-
cording to the coordinate system defined by ISO/ASTM 52921:2013 stan-
dard [25].

Table 2

Chemical composition (wt%) of the AlSi10Mg alloy powder.
Si Mg Fe Cu Mn Ni Zn Pb Sn Ti Al
10.00 0.35 0.55 0.05 0.45 0.05 0.10 0.05 0.05 0.15 Balance
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b)

Fig. 2. a) LOM micrograph of X-Z plane; b) SEM micrograph of X-Z plane.
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Fig. 3. Engineering stress vs. strain records of stress relieved AlSi10Mg alloy.

Table 3
Main tensile properties of the stress relieved AlSi10Mg alloy.

Specimen  oys [MPa] oyrs [MPa] Oys/OuTS Elongation at fracture
[%]

01 97.0 199.0 0.49 8.7

02 106.0 215.0 0.49 6.3

03 105.0 209.0 0.50 7.3

04 106.0 210.0 0.50 7.5

05 120.0 210.0 0.57 4.4

Mean 106.8 208.6 0.51 6.8+1.4

+7.4 +5.2 +0.03

Like precracking, the fracture tests (three by orientation) were carried
out at room temperature using an MTS Landmark servo-hydraulic
testing machine instrumented with a + 25 kN load cell and an MTS
632.02-20 fracture extensometer. The crack lengths were estimated
using the unloading compliance method. After the tests, the SE(B)
specimens were post-fatigued to mark the final crack extension pre-
cisely. The initial and final crack lengths were measured according to the
9-point average method described in the BS 7448-1:1991 standard [26].

2.3. Microstructural and fractographic analyses

The analysis of microstructure was performed by a light optical mi-
croscope (LOM) and a Field Emission Scanning Electron Microscope (FE-
SEM) model Zeiss Sigma 500 equipped with energy dispersive X-ray
analysis (EDX) and secondary electrons and backscattered electrons
detectors. The fracture surfaces were analyzed with Zeiss EVO 50XVP
Thermionic Scanning Electron Microscope (SEM) with the Oxford Inca
Energy 200 X-ray microanalysis (EDS) detector. Samples for metallog-
raphy were prepared following common grinding and polishing

procedures. Chemical etching was performed by Keller’s reagent to
reveal the microstructural features. SE(B) specimens were cut orthogo-
nally to the crack plane at half the specimen thickness, and the cut
surfaces were grinded, polished, and etched using Keller’s solution to
investigate the crack path through the microstructure. The area fraction
of pores was determined by analysis of LOM images of the cross sections
of unetched samples. ImageJ software was used to obtain the porosity
percentage.

3. Results
3.1. Microstructural analysis

Representative LOM image taken of a section parallel to the building
direction (Z) is shown in Fig. 2-a. Fig. 2-a shows two melt pool regions
characterized by different microstructures, i.e. the core with a dendritic
microstructure surrounded by a fine Al-Si eutectic phase mixture and the
Heat Affected Zone (HAZ) in which silicon particles are coarser and with
spherical morphology. Fig. 2-b shows a higher magnification SEM image
of the core region. In this image it is possible to appreciate the dendritic
structure at the interdendritic eutectic constituent, and, within the pri-
mary a-Al phase, a dispersion of second phases. The average fraction of
pores measured by image analysis for the samples is 1.95 + 0.54%.

3.2. Tensile tests

The experimental tensile stress-strain records are shown in Fig. 3 and
the tensile mechanical properties determined from these curves are lis-
ted in Table 3. As can be observed, an appreciable scatter in the tensile
data was found. This behavior could be attributed to the presence of
pores that can affect the mechanical properties of the material. In
particular, the different distribution of these defects in the bulk samples
can affect the consistency and repeatability of the test results [27].

3.3. Fracture tests

3.3.1. Load vs. CMOD records

The load vs. crack mouth opening displacement (P-CMOD) records
for the SE(B) specimens tested in the X-Y, X-Z, and Z-Y crack orientations
are shown from Fig. 4 to Fig. 6, respectively. A representative SEM
image of the fracture surfaces is shown next to each plot. The unloading-
reloading sequences are noticeable in the experimental records. In the
fracture surface images, from the bottom to the top, the notch, fatigue
pre-crack, stable crack growth (lighter region), and post-fatigue regions
can be distinctly observed. The same regions are visible in the fracture
surface, as shown below.

3.3.2. Crack growth resistance curves
From the P-CMOD records, the J-Integral values and the crack
lengths were calculated for each specimen, and the correspondent J-Aa



G. Lupi et al.

Load (kN)

O O O A A oA
A O © O N B»

© o
o

0.0 0.2 0.4 0.6 0.8
CMOD (mm)

Materials Today Communications 37 (2023) 107460

Fig. 4. P-CMOD records of the X-Y SE(B) specimens and representative SEM image of the fracture surface.
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Fig. 6. P-CMOD records of the Z-Y SE(B) specimens and representative SEM image of the fracture surface.

pairs of points were obtained. Fig. 7 shows the J-Aa pairs for the spec-
imens with cracks in the X-Y orientation, Fig. 8 for the X-Z orientation,
and Fig. 9 for the Z-Y orientation. In addition, the blunting line, the
0.15 mm and 1.50 mm exclusion lines, and the 0.5 mm offset line for
qualifying the data were also plotted. From these figures, it is also
possible to observe the fitted crack growth resistance (J-R) curves ac-
cording to the ASTM E1820-20b standard [24].

Fig. 10 shows all the fitted J-R curves for all SE(B) specimens.
Additionally, the blunting line, the 0.2 mm offset line, and the Aa max
lines were also plotted.

3.3.3. Fracture toughness

The fracture toughness (Ji. values) of the AlSi10Mg alloy produced
by DED and determined according to the ASTM E1820-20b standard
[24] are reported in Table 4. In this table, the ag/W ratio, the stable

crack extension predicted by the elastic unloading compliance method
(Aapred), the physical stable crack extension (Aap), and the difference
among these values as a function of b, (original remaining ligament) are
also reported.

3.4. Fractographic analysis

3.4.1. Tensile test specimens

The fracture surfaces of the tensile specimens were analyzed with
SEM and micrographs are reported in Fig. 11. Dimples on the investi-
gated fracture surfaces are noticeable among the coarser pores, indi-
cating the occurrence of a ductile fracture micro-mechanism. Secondary
cracks originated from the pores, which act as stress concentrators, are
also visible in both images (high magnification in Fig. 11-b).
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Fig. 7. J-Aa pairs of points of the X-Y SE(B) specimens.
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Fig. 8. J-Aa pairs of points of the X-Z SE(B) specimens.
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Fig. 9. J-Aa pairs of points for the Z-Y SE(B) specimens.

3.4.2. Fracture surfaces of SE(B) specimens and crack paths
The stable crack growth region of a representative SE(B) specimen
per each crack plane orientation was investigated by SEM. Fig. 12 shows
the stable crack growth region of specimens with the crack in the X-Y
orientation. Fig. 13, for the crack in the X-Z, and Fig. 14, Z-Y orientation.
The mid-sections perpendicular to the crack plane of representative
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Fig. 10. Fitted J-R curves of the three crack plane orientations.

Table 4
Experimental fracture toughness for the AlSi10Mg alloy produced by DED.
Orientation Specimen  Jy. (kJ/ aop/ Adpred Ag, Diff.
mz) w (mm) (mm)
XY 01 11.32 0.49 1.70 1.88 0.03b,
02 12.18 0.50 1.71 1.99 0.04b,
03 12.37 0.49 1.81 2.03 0.03b,
Mean 11.96 - - - -
+ 0.56
X-Z 01 10.65 0.52 1.62 1.84 0.03b,
02 11.02 0.50 1.68 1.90 0.03b,
03 10.82 0.49 1.65 1.97 0.04b,
Mean 10.83 - - - -
+0.19
zZ-Y 01 9.16 0.52 1.71 1.97 0.04b,
02 8.43 0.50 1.68 2.12 0.06b,
03 9.15 0.49 1.68 1.88 0.03b,
Mean 8.91 - - - -
+0.42

fracture specimens for each crack plane orientation were also investi-
gated by LOM, focusing on the pre-crack and stable crack growth re-
gions. Fig. 15 shows the crack path of a specimen with an X-Y crack
orientation at different magnifications. The path of a crack in the X-Z
orientation is shown in Fig. 16, while in Fig. 17 the path of a specimen
with the crack in the Z-Y.

Fig. 18 shows SEM images with high magnifications of the mid-
sections perpendicular to the crack plane of representative SE(B) spec-
imens for each crack plane orientation, showing the stable crack growth
regions.

4. Discussion

From the results collected in Table 3, it can be observed that the
AlSi10Mg alloy produced by DED and stress relieved features significant
strain hardening, with the average oyrg value approximately twice the
average value of oys. Additionally, the tension test specimens feature
limited necking before fracture. The oys and oyrs values of AlSi10Mg
determined in this work are lower than those achieved in previous works
on the same alloy produced by DED, with oyrs showing the highest
decrease (Table 5). These differences are mainly due to the different
conditions in which the alloy was tested, i.e., as built and T6 for the
literature works and stress relieved for this work. Different microstruc-
tural features and porosity levels due to the different printing setup and
processing parameters might have also an effect on the mechanical
properties of the material [28,29]. The lower resistance of the AlSi10Mg
of this work with respect to the mechanical properties reported in
Ref. [2,30] are consistent with previous work on the same alloy pro-
duced by LPBF. Amir et al. reported that for an AlSi10Mg alloy printed
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a)

b)

Fig. 11. SEM images of the fracture surface of a representative tensile specimen at two magnifications: a) 500x, b) 3000x.

Fig. 12. Morphology of the stable crack growth region of a X-Y specimen at different magnification levels: a) 200 x , b) 1000x, and c¢) 5000x.

with LPBF, the stress relieved heat treatment led to a worsening of the
tensile performance with respect to the same material in as built con-
dition. This behavior was associated to a reduction of the strength
contribution given by the solid solution, to a coarsening of the eutectic Si
particles, and to the increased distance among the Si particles [31,32].
Vice versa, the stress relief heat treatment has a beneficial effect on the
elongation at fracture of the material [33].

The oyrs of AlSi10Mg processed by LPBF and stress relieved ranges
from 220 to 360 MPa, the oys between 170 and 225 MPa, and the
elongation at fracture from 7.2% to 19.9% [33-37]. The tensile prop-
erties of the DED processed materials are lower with respect to the same
material processed with LPBF. Such differences are due to the finer
microstructural features that can be achieved by LPBF [38-40].

In Fig. 15 to Fig. 17, the LOM images of the mid-sections perpen-
dicular to the crack planes are reported, showing the regions corre-
sponding to the notch, the fatigue pre-crack, the stable crack growth,
and the fatigue post-crack. It can be observed, for the X-Y specimens,
that cracks did not follow a preferential path. On the other hand, cracks

in the Z-Y specimens follow the MPBs, which are favorably oriented
along the crack plane. X-Z specimens show an intermediate behavior,
with cracks that propagate through the pool cores, and, when favorable,
they change their direction following the MPBs. From LOM images
(Fig. 2) it is possible to notice that the microstructure at MPBs is not
homogenous. Indeed, the melt pool boundaries include a heat-affected
zone where a coarse microstructure is present. Pores are also visible in
the aluminum matrix. LOM images in Fig. 2-a, Fig. 16 and Fig. 17 show
that pores become more frequent close to the MPBs. Such discontinuities
(i.e., pores and MPBs) is believed to play a fundamental role in gov-
erning the crack path and fracture toughness of the material. In addition,
Fig. 15 to Fig. 17 also show that the fatigue pre-cracks start at the notch
tips and follow smooth and almost straight paths, while within the stable
crack growth region, the crack path is tortuous, following preferentially
the pool boundaries and the pores. This discussion is schematically
represented in Fig. 19, in which cracks are represented by the red lines,
arrows indicate the crack growth orientation, and black spots represent
the pores. The solidification microstructure composed of small dendrites
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Fig. 13. Morphology of the stable crack growth region of a X-Z specimen at different magnification levels: a) 200 x , b) 1000x%, and c¢) 5000x.

Fig. 14. Morphology of the stable crack growth region of a Z-Y specimen at different magnification levels: a) 200 x , b) 1000x, and ¢) 5000x.
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Fig. 15. LOM image of the crack profile of a X-Y specimen. From left to right: notch, fatigue pre-crack, stable crack growth, and fatigue post-crack regions.

Fig. 18. SEM images from the mid-sections perpendicular to the crack plane in the stable crack growth regions of representative SE(B) specimens for each crack
plane orientation.

Table 5
Average tensile properties of the AlSi10Mg alloy processed by DED according to
this work and open literature.

This work Kiani et al. Zhou et al. Lv et al.
[2] [30] [7]
Heat treatment Stress As built As built T6
relief
oyrs (MPa) 209 344 317 342
oys (MPa) 107 200 161 296
Elongation at break 6.8 5.0 5.48 -

(%)

(Fig. 18) seems playing a minor role on the propagation of the fracture
surface. In fact, cracks randomly propagate through the Al cell, without
finding a preferential path along the intercellular/inter-dendritic re-
gions in all the considered notch configurations. However, it has been
reported in literature that, due to the stress relief heat treatment, the
coarsening of the Si particles occurs. It was observed that a higher
density of Si particles is found between the melt pool boundaries with
respect to the core of the melt pools, where the Si particles are also
smaller. This variation in the microstructure influences the mechanical
properties of the material [41]. In particular, in the Z-Y samples, the
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| Z

Fig. 19. Schematic representation of the crack propagation paths. The arrows indicate the crack propagation orientation in the three analyzed crack plane orien-

tations (X-Y, X-Z and Z-Y, respectively).

crack propagates through melt pool boundaries where the density and
size of the brittle Si phase are higher, thus further reducing the fracture
toughness in this direction.

The fracture toughness values are consistent to what observed and
described above regarding the crack paths. Indeed, the sample X-Y
shows the highest fracture toughness value (Jic = 11.96 kJ. /mz), fol-
lowed by the sample X-Z (Ji. = 10.83 kJ/m?) and by the sample Z-Y (Jic
—8.91 kJ/m?). Such results are coherent to those achieved in a previous
works on the fracture toughness of AlSi10Mg produced by LPBF, where
it has been demonstrated that the lowest levels of fracture toughness are
associated with cracks in the Z-Y orientation [11,42-48].

As in the case of tensile tests, the results of this study were compared
to results available in literature on the same alloy but produced with
LPBF. Aratjo et al. studied fracture toughness properties of AlSi10Mg
alloy processed by LPBF and stress relieved for different orientations. In
X-Z direction Ji. was equal to 11.4 kJ/m?, while in Z-Y direction was
equal to 10.4 kJ/m? [45]. By comparing such results with the results of
this study, it can be claimed that DED samples show similar but slightly
lower values of Ji. than the same material printed with LPBF.

5. Concluding remarks

In this study, the tensile and fracture properties of AlSi10Mg parts
produced by the DED technique and heat-treated were determined and
analyzed. Regarding the tensile properties, the material showed average
oys, ours, and elongation at fracture values of 106 MPa, 208 MPa and
6.8%, respectively. These stress limits are lower than those reported in
the literature for samples of the same alloy produced by additive
manufacturing, whereas the elongation at break is higher. This behavior
could be associated with different microstructural features and porosity
levels due to the different experimental setup and with the reduction in
the solid solution strengthening due to the heat treatment.

Anisotropy in the fracture toughness was observed among the three
investigated crack plane orientations. Specimens with cracks in the X-Y
orientation exhibited the highest fracture toughness (Ji. = 11.96
+ 0.56 kJ/m?). Specimens with cracks in the X-Z orientation featured
intermediate toughness (Ji = 10.83 + 0.19 kJ/m?) while specimens
with cracks in the Z-Y orientation featured the lowest toughness (Ji. =
8.91 + 0.42 kJ/m?). According to the observations, this anisotropy was
mainly influenced by the distribution of MPBs, which were the weakest
part of the DED alloy. Indeed, at melt pool boundaries the coarsening of
the microstructure occurs and there is higher Si content, leading to that
area being less resistant to crack propagation. It was observed that the
pores were mainly located near the melt pool boundaries, and cracks
tended to follow them when they were favorably oriented along these
boundaries. Consequently, the crack growth resistance of these samples
was the lowest, as in the case of the Z-Y specimens.
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