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Abstract

The additive manufacturing using direct metal laser sintering (DMLS) is currently gaining interest among researchers. This is due to its
potential to improve the manufacturing process in the aerospace and automotive industries. This paper aims to analyse the mechanical
properties, microstructure and fatigue behaviour for both conditions, as-built and heat-treated (T6). The microstructure of the as-built
specimen shows ultra-fine grain boundaries whereas the heat-treated specimen showing homogenous and coarsened microstructure. The
ultimate tensile strength for the as-built specimen is 392 MPa whilst the heat-treated (T6) specimen is recorded at 287 MPa. The heat-
treated specimen exhibiting a significant improvement in fatigue life in all range of stresses compared to as-built during fatigue testing.
Hence, the heat-treatment does improve the material characteristics as well as the fatigue behaviour. Nonetheless, more researches are
needed to enhance the integrity of the AISi10Mg produced by additive manufacturing.
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1. Introduction

Various manufacturing industries are now benefiting from the
additive manufacturing (AM) technology due to complex structur-
al designs are able to be manufactured using metal materials. This
is because of the advantages of AM technology for being able to
build components with complex geometry by adding the materials
instead of subtracting the materials like conventional methods
such as computer numerical control (CNC). The AM technology is
known for product development, thus the other name for AM is
rapid prototyping. Today, the AM is not only used to manufacture
prototypes but it is used to manufacture end-products (final parts).
This is because the metal materials are now can be used by AM
technology in product manufacturing and development.

Therefore, the AM technology is rapidly generating popularity not
only in manufacturing industries but also to researchers. Teaming
up with several universities around the world, the large manufac-
turing companies such as Boeing, GE, Airbus and many other
automotive companies are starting to established and manufactur-
ing numerous end-products [1-3]. The AM technology fulfils the
manufacturing goals by shortening the processes thus shortening
the supply chains that lead to lower total manufacturing time while
increasing the production rates proportionally. Several studies
have been produced by other researchers in particular to AM ma-
terials such as for TiAI6V4 material [4, 5], SS316L material [6]
and AISi10Mg material [7-10].

However, the lack of integrity analysis of the AM material and the
components produced by AM technology is the main concern.
This is due to the facts that it is related closely to the human safety
especially when the components are used in automotive or public
transports. Hence, the structural integrity analysis is used to study
the components produced by AM technology. For many decades,

the structural integrity analysis has become a challenge for engi-
neers to overcome. This is due to the existence of crack due to
fatigue phenomenon arises from the cyclic stresses [11, 12]. Alt-
hough after than four decades, the fatigue and fracture behaviour
is still considered as a critical area for researchers since it is relat-
ed closely to human safety.

Based on the literature, the number of researches in investigating
the structural integrity of the AM material is still considered below
par compared to the rapid growth in the AM applications in the
industries. Furthermore, the most of the researches are using the
AISi10Mg material, but the components are produced by selective
laser melting (SLM) method. Therefore, this paper aims to deter-
mine the integrity of the AM components using AISi10Mg materi-
al produced by DMLS method. This is including the material
properties and characteristics, microstructural behaviour and fa-
tigue behaviour.

2. Experimental Procedures

Figure 1 is showing the methodology in the form of a flowchart
that is used in this study. Specimens were fabricated using direct
laser metal sintering (DMLS) machine. Then, heat-treatment (T6)
is subjected to a batch of fabricated specimens. Microstructural
characterization is conducted to observe the microstructure on the
surface of the specimen. The specimen underwent various prepa-
ration procedures prior to microstructural analysis. This includes
mounting, grinding, polishing and etching of materials. Micro-
structural analysis was carried out using two types of microscopes
which are optical microscope and scanning electron microscope
(SEM).
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Fig 1: Methodology.

For the tensile test, universal testing machine (UTM) is used for
determining the mechanical properties of the as-built material and
heat-treated material. The test was conducted following the
ASTM-E8 standard with strain rate and overhead speed of 1.8
mm/m and 1 x 10-3 s-1 respectively. In addition, the fatigue test
was performed using an Instron testing machine. Fatigue tests
were conducted in a stress-controlled testing mode following the
ASTM-E466 standard. Tests were conducted in atmospheric air at
room temperature. The cyclic loading followed a sine wave. The
frequency used is 15 Hz and the R-value of 0.1. Finally, the frac-
ture surface of the specimen both from tensile and fatigue tests are
observed and analysed using an optical microscope respectively.

2.1. Design of fabricated specimen made for testing

There are two types of tests in this study, namely the tensile test
and fatigue test. Different designs of the specimen are fabricated
for both of the test based on ASTM standard mentioned previous-
ly. Figure 2 (a) represents the drawing for tensile specimens with
30 mm gauge length and 6 mm diameter. The neck is fillet with a
15 mm radius to reduce the stress concentration when it is subject-
ed to tensile loading. Figure 2 (b) shows the drawing of fatigue
specimen, build with continues radius of 15 mm and a diameter of
6 mm. The specimens were manufactured using DMLS machine
by EOS M290. It is built vertically, perpendicular to the build
platform and. The specimens were ground and polished as well as
examining for major defects such as voids and visible cracks prior
to mechanical tests.
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Fig 2: Schematics of fabricated specimens for (a) tensile test (b) fatigue
test.

3. Results and Discussion

Experimental results obtained from the characterization of the
microstructure, tensile test, fatigue tests on AlSi10Mg specimens
are discussed. The microstructural analysis consists of two parts
which are the observation of the fracture surface and chemical
composition mapping using a scanning electron microscope
(SEM). The effects of heat treatment for the T6 condition on the
microstructure of the specimens are discussed. In addition, this
section also discusses the mechanical properties of the alloy
AISi10Mg. The results of tensile and fatigue tests of materials (as-
built and heat-treated) are presented and compared.

3.1. Microstructure of as-built AISi10Mg

According to Thijs, et al. [13], the microstructure of AISil0Mg
manufactured using AM process can be divided into three zones:
namely, the melt pool, melt pool boundary and heat affected zone.
Manfredi, et al. [14] also mentioned the microstructural features
that are typical of the AM material produced by AM process. Fig-
ure 3 shows the microstructure of AlISi10Mg specimen through an
optical microscope. In this figure, the core of the melt pool and the
melt pool boundary can be seen clearly. Ultra-fine grains can be
observed in the core of the melt pool.

However, coarser grains are seen on the melt pool boundary. It
also has a columnar morphology indicating cellular-dendritic
growth during solidification. This is attributed to the region being
in contact with readily solidified Al that has lower thermal con-
ductivity imposing slower solidification. When the liquid metal
solidifies on a flat solid surface, unidirectional solidification is
adopted rather than equiaxed solidification [9]. Figure 4 shows the
composition map for elements on the surface of the specimen. It
can be seen that the composition of the aluminium is dominant
compared to silicon. This is because the coarsening of Al at the
melt pool of boundaries reduces the fraction of grain boundaries in
the area. This led to a reduction of sites where the segregation of
Si occurs.
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Fig 3: Microstructure of as-built AISi10Mg.
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Fig 4: Chemical composition of as-built AISi10Mg.
3.2. Microstructure of heat-treated (T6) AlSi10Mg

Figure 5 shows a homogeneous and uniform microstructure after
the specimen underwent heat treatment (T6). In this study, the
specimen is heat-treated based on peak hardening method. In peak
hardening, solution heat treatment (SHT) involves maintaining the
material at an elevated temperature (520 °C) for a duration long
enough in order to obtain a homogenous supersaturated solid solu-
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tion after quenching [10]. The material then undergoes an artificial
ageing process at a temperature of 165 °C for 7 hours. After the
specimen underwent SHT, the microstructure coarsened and Si
started diffusing to form particles (spheroidisation). High tempera-
ture imposed during the heat treatment process provides the neces-
sary activation energy for the diffusion of Si. Figure 6 shows the
composition map for chemical elements in AlISilOMg and con-
firmed that the diffusion of Si to form particles (spheroidisation).
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Fig 5: Microstructure of heat-treated (T6) AISi10Mg
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Fig 6: Chemical composition of heat-treated (T6) AlSi10Mg.
3.3. Tensile test

Table 1 is showing the overall tensile test results for both as-built
and T6 specimen. It was found that there is a reduction in ultimate
tensile strength (UTS), yield strength, and modulus of elasticity of
the heat-treated (T6) compared to as-built specimens. Figure 7
shows the results that are obtained from a tensile test using as-
built and heat-treated (T6) specimens. The specimens exhibiting
brittle behaviour under quasi-static loading and the amount of
strain recorded is shyly above 3%. The yield strength for the as-
built specimen is showing 233.2 MPa while the ultimate tensile
strength (UTS) is recorded at 391.9 MPa. For the heat-treated
specimens, it shows a reduction in terms of maximum strength of
the material. In contrast, the ductility of the material was found to
have improved. It can be seen that the strain increases by 6.6%.
The yield strength of the specimen is 226.9.0 MPa and the ulti-
mate strength of the specimen decreased to 287.2 MPa. Overall,
the UTS of heat-treated specimens is reduced by almost 30%
when compared to as-built. However, the ductility of the T6 spec-
imens is improved by a factor of 1.375. Similar behaviour between
as-built and T6 specimens are also presented by [9, 15] in their
study. It is because of when the specimen is undergoing SHT to
T6 condition, the material is experiencing annealing hence, soften-
ing the material compared to as-built.

Table 1: Overall tensile test results

AlSil0Mg Yield Modulus of Ultimate Strain
Specimens Strength, Elasticity Tensile (%)
0.2 % offset (GPa) Strength
(MPa) (MPa)
As-built 233.0 62.0 392.0 438
Heat-treated 227.0 74.0 287.0 6.6

450
400 e T6 - EXPERIMENT
350 AS BUILT - EXPERIMENT
300
250 o ®
200 .
150
100
50 2

STRESS (MPa)

o] 2 4 6 8
STRAIN %

Fig 7: Tensile graph of as-built AISi10Mg.

From the tensile testing, it is difficult to categorize these speci-
mens as ductile or brittle materials by the observing the amount of
strain only [16]. Therefore, the observations of the fracture surface
of the specimen are conducted. According to [17], failure always
originated at a surface or sub-surface flaw and propagates along
the plane perpendicular to the loading direction until the final
fracture. Figure 8 (a) revealed that failure comes from the defects
on the surface of the specimen. Also, Figure 8 (b) shows that the
shear lip inclined by 45° near the end of crack propagation and
this implies the brittleness of the material.

Fig 8: Tensile crack surfaces of as-built of AISilOg (a) Crack propaga-
tion (b) Shear lip.

Figure 9 (a) shows the direction of crack propagation for speci-
mens that have been heat-treated (T6). The surface of the speci-
men shows a lot of small dimples and uniform surface in contrast
to the surface of the specimen original material (as-built speci-
men). Figure 9 (b) shows that the shear lip is not visible as com-
pared to the as-built material. This also implies that the ductility
has been introduced into the material itself.

Fig 9: Tensile crack surface of heat-treated (T6) of AISi10Mg (a) Crack
growth (b) Crack propagation

3.4. Fatigue test

Batches of data obtained from the experimental results are plotted
based on the stress-life (S-N) method. Figure 10 (a) illustrates the
fatigue behaviour of the specimens based on the plot data along
with the inclusion of the results from the literature. From the fa-
tigue testing, not a single of the specimens that are tested reaches
the endurance limit. This is due to the range of stresses are higher
as compared to the heat-treated condition. In the range of high
stresses, it can be seen that the improvement in cycle life is quite
low.

Figure 10 (b) show a significant increase in the fatigue perfor-
mance of the specimens that were heat-treated (T6). It can be seen
that the increase in the number of cycles is relatively high in all
manner of a range of stresses compared to the as-built specimen.
Moreover, the performance of the specimen shows very good
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fatigue behaviour in a range of low stresses. However, there are no
materials tested considered as run-out in the experiment even at
the lowest maximum stress which is 143 MPa.
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Fig 10: Fatigue behaviour of compared with [9] for (a) as-built (b) heat-
treated (T6)
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Figure 11 (a) shows the fatigue fracture and crack propagation on
the surface of the specimen obtained from the fatigue test. It can
be seen that the initial crack is derived from material defects and
fracture surface is flat around the area where fatigue crack initia-
tion occurs. According to McMillan and Hertzberg [18], the frac-
ture surface of a fatigue sample is generally flat from a macro-
scopic appearance viewpoint. A fatigue fracture surface is usually
divided into four main regions: namely the fatigue cracked region,
the stretched region, the overload fracture region, and the final
fracture region. Some of the previous studies combine both fatigue
crack and stretched region as the fatigue crack propagation region
[16]. Wycisk et al. [19] categorised the types of crack initiation
under fatigue loading of SLM parts into two categories: namely
failure due to lack of fusion between the layers of powder during
sintering or surface defect caused by the poor surface roughness in
the as-built specimens.

Figure 11 (b) shows the effect of heat treatment on the fatigue
fracture and crack propagation of the specimen under cyclic load-
ing. It can be seen that the fracture surface of the heat-treated
specimen is quite flat and uniform. Tiny dimples appear on the
fracture surface of the heat-treated specimen as opposed to the
observation made on the as-built specimen. It is clear that the heat
treatment led to microstructural coarsening.
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Fig 11: Fatigue fracture surface of (a) as-built (b) heat-treated (T6).

4. Conclusion

Series of experiment and observations have been conducted for
the AISi10Mg material manufactured using DMLS. The micro-
structural analysis is performed for both as-built and heat-treated
(T6). It is observed that the microstructures of the aluminium alloy
and silicon particles are segregated uniformly for the as-built con-
dition. However, for the heat-treated (T6) condition, the silicon
particles are coarsened and spheroidized into larger particles, thus
making it more ductile. The material properties are also compared
and characterized through tensile testing for both conditions. The
as-built specimen recorded higher UTS compared to T6 specimens
respectively at 391.9 MPa and 287.2 MPa. However, the ductility
for heat-treated specimen improved by almost double than as-built
due to the improvement in the microstructure. The fatigue behav-
iour also observed. From the results, the fatigue life for heat-
treated specimens is improved significantly compared to the as-
built condition.
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