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Abstract AlSi10Mg alloy produced by additive manufacturing (AM) technology
using direct metal laser sintering (DMLS) technique has resulted better in handling
complex geometry. However, limited studies are performed for this AM method to
show the integrity of aluminium alloys produced by DMLS to meet the required
industry standard. This study investigates the effect of post-process on microstruc-
ture, mechanical properties, and fatigue life behaviour to AlSil0Mg material that
DMLS produces. In this study, the specimens were tested with different post-process
types: annealing (TS) and heat treatment processes (T5 and T6 conditions). All test
results were compared with as-built processed specimens. Scanning electron micro-
scope (SEM) and optical microscope are used to capture the microstructure images.
The results showed that the tensile strength of the post-processed was decreased
approximately 25% (decreased from 391 to 299 MPa). Still, the ductility was approx-
imately 200% (in-creased from 3.2 to 6.8%) higher than the as-built specimen. This
is because spherical silicon particles become coarsened when the specimen ductility
is increased after heat treatment. For fatigue behaviour, it shows the as-built and
heat-treated specimens are closely similar compared to findings from the literature.
Overall, this study showed that the post-process changed the tensile strength and
microstructural of Al1Si10Mg but only significantly improved fatigue performance.
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1 Introduction

Recently, AM has been further applied into the advanced manufacturing industries
by producing end-products (final parts). Several additive manufacturing (AM) tech-
niques and processes are widely used by giant and well-known manufacturing compa-
nies such as Boeing, BMW, GE, and many more. Therefore, expanding the AM tech-
nology key player and hitting the manufacturing markets worldwide is essential. The
AM material also varies from different types of metals such as aluminum alloy or
titanium and non-metallic such as nylon or polystyrene. Meanwhile, it is still limited
to only a few types of materials. Findings that provide similar outcomes towards AM
technique can be found in several studies done by researchers in the field, such as
SS316L material [1], TiAl6V4 material [2], and AISi10Mg material [3-5]. Propor-
tionally, the process and technology driving the AM machinery also evolve hastily.
It started from selective laser sintering (SLS) in the mid-1980s, followed by electron
beam melting (EBM) in the early 1990s, selective laser melting (SLM), and direct
metal laser sintering (DMLS) in the mid-1990s [6].

Despite meeting manufacturing efficiency, the integrity of AM must be further
studied to ensure human safety indemnity in AM-produced components, especially
for automotive, aerospace, and oil and gas industries. Thus, the static, dynamic and
mechanical characteristic of AM has to be well explored and forecasted [7]. Fatigue
ehavior of AM material is put into relation confrontation in between AM process
[7], built orientation [8, 9], surface roughness and porosity [10, 11], the effect of
post-processes [12] and mechanical properties [11]. Furthermore, microstructure
analysis studies were carried out to understand the characteristics of AM material on
changes after mechanical properties [13, 14]. According to [11], these components
influence the mechanical properties particularly heat treatment and surface roughness
emphatically affects the fatigue strength. Meanwhile, structural integrity analysis is
applied to every AM produced component because cracks emerge from fatigue and
fracture behavior when cycling stresses are applied [15-17].

Previous studies have a lack of research on the structural integrity of AM mate-
rial. Also, most studies on AlSi10Mg material are commonly fabricated by the SLM
method [18]. Most research on the DMLS method is still in the initial stage, not as
mature as the SLM method. Therefore, the material characteristics and microstructure
of AlSi10Mg fabricated by DMLS are investigated in this paper. The aim is to deter-
mine the integrity of AISil0Mg material manufactured by the DMLS technique based
on mechanical characterization. In the following, the response of post-treatment on
AM material manufactured by DMLS is compared to the as-built model. Several
types of experimental work on post-treatment are carried out. The changes in the
material properties and fatigue strength affected by the post-process of AlSil0Mg
are studied and discussed.
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2 Methodology

The effect of post-process on the AM material is conducted in this paper. A flow
chart of the methodology in this paper is shown in Fig. 1. First, a DMLS machine
fabricated all experimental work specimens. Afterwards, specimens remained as-
built (AB) condition and underwent different types of post-process. Several types of
post-processes were carried out in this study which are annealing (TS), solution heat
treatment (T6), and artificial ageing (T5 & T6) processes.

The preparation and fabrication of the A1Si10Mg samples using the DMLS can be
divided into three stages, pre-process, laser sintering, and post-process. Before the
product can be printed using the DMLS method, the input files for the components
should be produced using the 3D computer-aided design (CAD) software. Next,
the model is designed in CAD software before creating an output file known as a
stereolithography (STL) file. This file will be the input file for the AM machine for
fabrication purposes. The support structures are also included along with the model
before the final slicing process is performed. The sliced file then is imported into the
EOS M290 via a computer onboard with the machine.

After that, several specimens were further for post-process. Those specimens
underwent the annealing process at 300 °C for 2 h before going through T5 and T6
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Fig. 2 Geometry design of samples for a tensile test b fatigue test

processes. For T6, 520 °C for 6 h was applied, then quenched with water at room
temperature. Lastly, the temperature for artificial ageing is set at 165 °C, heated for
7 h before being removed, and cooled down at room temperature.

Two types of microstructure analysis were carried out namely scanning electron
microscope (SEM) with energy dispersive spectroscopy (EDAX) and optical micro-
scope. First, microstructure characterization was performed to study the microstruc-
ture on all specimens. Next, the tensile test is performed to determine the mechanical
properties of AM material. This test was conducted by a universal tensile machine
(UTM) following the American Society for Testing and Materials (ASTM) E8 stan-
dard. Then, an Instron testing machine conducted the fatigue test at room temperature.
During the experiment, an ASTM E466 standard stress-controlled testing mode is
applied. The test’s overhead speed (1.8 mm/min) and strain rate (1 x 107 s™!) are
set. For cyclic loading, the test is based on a sinusoidal wave at 15 Hz frequency and
a stress ratio of 0.1 (R = oyin/omax). Then, the fracture surfaces of both tensile and
fatigue samples are inspected and analyzed under an optical microscope.

Figure 2 is the geometry of samples used for the tensile test and fatigue test. These
specimens are fabricated based on the respective ASTM standards. For example,
Fig. 2a shows the geometry design for a tensile sample with a gauge length of 30 mm
which is used in the tensile testing. On the other hand, Fig. 2b indicates the sample
with a 50 mm continuous radius and a minimum of 6 mm diameter used in fatigue
testing. Each specimen was built vertically to build a platform and manufactured
using the EOS M290 machine. All samples are inspected for imperfection on the
surface like sharp edges and any cracks before going through the test.

3 Results and Discussion

3.1 Microstructure of As-Built vs Heat Treated on AlSil0OMg

Figure 3 reveals the microstructure of the metallographic cross-sectioned of as-built
AlSil0Mg specimens. It consists of a-Al columnar fine grains (dendrites) with Si-
particles (interdendrites) disclosed at the melt pool and the boundaries. Figure 3a and
b show clearly that the particles of as-built A1Sil10Mg material have overlapped and
segregated at melt pools and boundaries during laser sintering [19, 20]. According
to Aboulkhair et al. [19], this kind of fine microstructure formation is because of
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Fig. 3 Microstructure of AlSil0Mg for the as-built specimen. Under the microscope: a 500 pm.
b 50 wm. Under SEM of the as-built specimen. ¢ Magnification at 1 pm d Magnification at 10 pm

the rapid cooling rate during fabrication processing. The traces of a series of a laser
beam that passes on the specimens create heat-affected zones with visible coarser
particles, resulting in an inhomogeneous microstructure [20].

Figure 3c and d show the magnified image at the centre of the melt pool. A fine
microstructure of cellular dendrites of a-Al and interdendrites of Si-are observed in
the melt pool. Observed that, the grain size becomes coarser and segregated rather
than spherical near the melt pool boundary. Keeping specimens at high temperatures
with long hours caused the coarsening characteristic since overlapping two adja-
cent melt pools results in a slower solidification rate. The fine grains of the as-built
AlSi10Mg specimens are attributed to the even arrangement of the Si particles in the
microstructure of the specimen, which is likely due to the precipitation of the silicon
phase along the Al-Si cellular boundaries.

Figures 4 are exhibit the microstructure for the heat-treated specimen which
was conducted using SEM. The behaviour of microstructure is clearly displayed.
Figure 4a and b show a microstructure with a columnar morphology indicating fine
cellular-dendritic growth of Al matrix and interdendritic Si-particles during solidi-
fication. The grey cellular features are primarily Al particles and are surrounded by
white fibrous Si particles. In contrast, Fig. 4c and d show the different areas in the
melt pool. Thijs et al. [21] found that the microstructure of AISil0Mg produced by
the AM method is characterized by three regions across the melt pool: a fine and

Fine grains Si-particles

Fig. 4 Microstructure of A1Sil0Mg for the heat-treated specimen. Under microscope: a 500 pm.
b 50 wm. Under SEM of heat-treated (T6) SLM AlSilOMg.a 1 pum. b 10 pm
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a coarse cellular structure inside the melt pool heat-affected (transition) zone and
around the melt pool in the previously deposited layers. In the transition zone, the
eutectic Al-Si network structure is broken to some extent by coarsening the Si into
spheroidized particles, which increases the diffusion rate of the Si [22]. The different
thermal histories experienced by three regions have been attributed in contact with
readily solidified Al. At the same time, the Al has less heat conductivity due to slower
solidification [13, 23].

3.2 Tensile Test

Following are the tensile test results of as-built and post-process AlSil0Mg speci-
mens that were carried out at room temperature as shown in Table 1 and Fig. 5. Based
on the result, realized that the yield and tensile strength were reduced post-processed.
Meanwhile, the ductility of the specimens after post-process was increased.

From the result, the specimens showed brittle behaviour when the strain was
just above 3% under quasi-static loading. The AB specimens showed the highest
tensile and yield strength of 391.0 MPa and 233.0 MPa respectively yet retained the

Table 1 Experimental tensile test results

Specimens | Yield Strength, 0.2% | Ultimate Tensile | Modulus of Elasticity | Strain (%)
offset (MPa) Strength (MPa) (GPa)
AB 233.0 391.0 62.0 32
TS 192.0 304.0 79.9 5.6
TS +T5 187.0 299.0 64.3 6.8
TS + T6 227.0 287.0 74.0 6.6
450
400
~ 350
<
S 300 —
o 250 AB
% 200 —TS
=4
& 150 TS+T5
100 ——TS+T6
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0
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Fig. 5 Comparison of tensile results between as-built and post-processed for AlSil0Mg
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lowest ductility of 3.2% in strain. The annealing process (TS) made an incredible
impact on the mechanical properties. After the specimen went through the annealing
process, great drop in yield strength and tensile strength (192.0 MPa and 304.0 MPa)
was observed. However, the ductility is improved, and the strain increases by 5.6%.
Meanwhile, the specimens experienced annealing with artificial aging on TS5 and
T6 condition also found a similar result. Both decreased tensile (at 299.0 MPa and
287.0 MPa) and dramatically increased ductility (at 6.8% and 6.6%), respectively.
The annealed specimens have been softening compared to AB. The T6 specimen is
the only sample that experienced the peak-hardened solution heat treatment (SHT)
process. Even though the specimen has the lowest UTS among all specimens, the
yield strength is as high as the AB specimen.

The AB specimen consists of high strength and can be a virtue to grain refinement.
This is due to the mechanical properties affected by the grain size [24]. For the
specimen after heat-treated, the strength and ductility changes are influenced by
several factors such as the change of Si phases in terms of number or size, formation
of Mg2Si, the initial hardening rate, recovery rate, etc. [25]. Upon the SHT and
artificial ageing, the Si atom is trapped in the Al matrix, and the distance between Si—
Si particles increases simultaneously. Meanwhile, the size of Si particles increased,
which induced localized stress and strain reduction [26]. Based on the tensile test
result, the ductile and brittleness of the material is difficult to categorize by heeding
the number of strains only [27]. So, the fracture surface of the specimen investigation
is conducted. Alboulkhair et al. [3] claimed that initial failure always starts at a surface
or sub-surface imperfection then propagates along the plane opposite to the loading
direction until the final crack.

3.3 Fatigue Test

Results of data obtained from a series of fatigue experiments are plotted according
to the stress-life (S—V) method. Table 2 and Table 3 both listed the overall fatigue
test results for the as-built and heat-treated specimens respectively. Furthermore,
the loading parameters used in fatigue testing are also included in the table. From
the fatigue test, the stresses are different for as-built and heat-treated. The loading

Table 2 Overall fatigue test results for as-built AISilOMg

Specimens Cycles to Failure omax (MPa) Omin (MPa) Omean (MPa)
90% UTS 1.08 x 103 356.31 35.60 195.97
80% UTS 2.44 x 103 316.72 31.67 174.20
70% UTS 5.99 x 103 277.33 27.71 152.42
60% UTS 1.03 x 10* 237.54 23.75 130.65
50% UTS 3.51 x 104 197.95 19.80 108.87
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Table 3 Overall fatigue test results for heat-treated Al1Si10Mg

Specimens Cycles to Failure Oomax (MPa) Omin (MPa) Omean (MPa)

90% UTS 3.77 x 10* 258.48 25.85 142.16

80% UTS 6.05 x 10* 229.26 22.98 126.37

70% UTS 1.99 x 10° 201.04 20.10 110.57

60% UTS 5.08 x 10° 143.02 17.23 94.78

50% UTS 2.13 x 10° 96.24 14.36 78.98
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Fig. 6 Comparison of fatigue behavior between experimental and previous study for a as-built [3]

and b heat-treated specimens

parameters are designed accruing to the UTS. Five specimens underwent fatigue

testing for each case for the level of stress from 90 to 50% of the UTS.
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Figure 6 shows the fatigue behaviour of the specimens based on the fatigue data
plotted. These data are plotted according to the stress-life (S—N) curve and compared
to the results of the previous study. The fatigue life behaviour is comparable to the
results from Aboulkhair et al. [3]. Since the level of stresses for as-built in the previous
study is lower than the experiment, thus the cycles to failure are significantly lower
than the experimental results for as-built. However, for the heat-treated, the level
of stress is almost similar. Hence, the fatigue life result is better compared to the
previous study. One of the reasons is the author performed SHT for T6 in a different
way. The specimens only underwent heat treatment for 1 h at 520 °C before water
quenched unlike this study; for 6 h. The microstructure is likely not having enough
time for the Si to spheroidized. The formation of Si spheroids through spheroidization
results in strengthening the material through the heat treatment process. On the other
hand, an endurance limit was analyzed based on the S—N curve. The performance was
increased significantly after heat-treated by T6 condition. In comparison to as-built
specimen, heat-treated showed a similar number of cycles in all manner of stress
ranges, favourable fatigue behaviour in low-stress range, and with no overrun during
the test even performed at 96.24 MPa for maximum stress.

Figure 7 shows the crack propagation and fatigue fracture on the surface of the
specimen after undergoing fatigue tests for as-built and heat-treated specimens. It
is found that, the crack initiation is the result of defects in the material. The frac-
ture surface is flat around the crack initiation part from a macroscopic appearance
viewpoint and this is also found in the study of Mcmillan & Hertzberg [28].

The whole fatigue-fracture surface consisted of four main regions. There are (i)
fatigue cracked region, (ii) stretched region, (iii) overload fracture region, and (iv)
final fracture region. However, certain researchers considered the second and third
regions as the fatigue crack propagation region [27]. In SLM, two types of crack initi-
ation under fatigue loading are categorized [29]. The first type is planar fabrication
flaws such as lack of penetration or fusion provide ideal sites for fatigue cracking.
The second type is failure due to poor surface roughness during the fabrication of
the specimens. The effect of post-process on crack propagation and fatigue fracture
inside the test specimen is indicated in Fig. 7b. It is observed that the heat-treated
specimen is reasonably flat and uniform on the fracture surface. However, some
tiny dimples appear on the fracture surface, and it is restricts the perception of the
specimen with any process. It is moreover evident that the heat treatment caused the
microstructural coarsening.



358 S. P. Tan et al.

4 Conclusions

In this paper, both the microstructure and mechanical properties of AlSi10Mg alloy
on as-built and post-process were studied. The main conclusions are the following:

e The microstructure is made up of melt pools with boundaris, while the core of the
melt pool is fine and uniform in grain structure. After post-process, spheroidization
of Si particles was formed and coarsened.

e For the mechanical properties of this alloy after several types of post-process,
it is appealing to increase ductility yet decrease in tensile strength. The as-built
consists of the highest tensile strength (391 MPa) but lowest ductility (3.2%)
among all specimens. Meanwhile, the T5 thermal processed specimen annealed
has the highest ductility (6.8%) but lower tensile strength (299 MPa). This is due
to the spheroidization of Si particles observed in the microstructure.

e As observed, when a different SHT approach is applied, heat-treated specimen’s
cycles to failure have significantly enhanced fatigue life compared to as-built in
comparison to the previous study.

Further studies need to be performed to understand fatigue crack behaviour and
propagation of the specimens. This is mainly for studies on the different types of spec-
imens with different types of post-process when without annealing. This is important
to understand the structural integrity performance of material applied to different
applications.
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