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Characterization of a Hypoeutectic Al Alloy
Obtained by Selective Laser Melting
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Abstract—In this investigation, a hypoeutectic AlSil1Cu alloy
was printed. This alloy was obtained in powder form with an average
particle size of 40 um. Bars 20 mm in diameter and 100 mm in length
were printed with the building direction parallel to the bars'
longitudinal  direction. The microstructural characterization
demonstrated an Al matrix surrounded by a Si network forming a
coral-like pattern. The microstructure of the alloy showed a
heterogeneous behavior with a mixture of columnar and equiaxed
grains. Likewise, the texture indicated that the columnar grains were
preferentially oriented towards the building direction, while the
equiaxed followed a texture dominated by the cube component. On
the other hand, the as-printed material strength showed higher values
than those obtained in the same alloy using conventional processes
such as casting. In addition, strength and ductility differences were
found in the printed material, depending on the measurement
direction. The highest values were obtained in the radial direction
(565 MPa maximum strength and 4.8% elongation to failure). The
lowest values corresponded to the transverse direction (508 MPa
maximum strength and 3.2 elongation to failure), which corroborate
the material anisotropy.

Keywords—Additive manufacturing, aluminium alloy, melting
pools, tensile test.

I. INTRODUCTION

OWADAYS, additive manufacturing (AM) technologies

prove to be the revolution in terms of new materials
processing with structural applications [1]-[3]. This fact is
attributed to greater flexibility and speed of production,
reduced amount of wasted material, and a low number of
manufacturing steps delivering a nearly finished product after
printing [4]-[6]. The selective laser melting (SLM) process
stands out within the wide variety of AM techniques. In this
process, the pieces are obtained by melting and re-melting
consecutive powder layers until the piece is final shaped
without the need for a mold [7], [8]. However, there are also
problems associated with the processing of metallic materials
with AM techniques [9], [10]. Some of the issues are related to
the materials' properties to be processed, such as the high
reflectivity of aluminum that causes high powers to be needed
to melt the powders forming pores [11]. It has also been
shown that alloying elements such as copper, magnesium,
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zinc, among others, can cause the formation of microcracks
because they promote large regions of solidification [12], [13].
For this reason, Al-Si alloys, which are characterized by their
good mechanical properties, and their short solidification
ranges, have attracted attention [14], [15]. Another of the most
common problems is the growth of columnar grains [16], [17]
caused by the thermal gradients involved in AM processes
such as SLM due to the fusion and refusion of new layers on
the already solidified layers. In this way, the directional
growth of grains generates anisotropy in printed materials, one
of the most critical research topics in the scientific community
[18]-[20]. To better understand these phenomena, it is
necessary to know the materials'’ microstructural
characteristics and the relationship with their mechanical
response. Therefore, this manuscript aims to study the
microstructure of an AlSil1Cu alloy and its relationship with
tensile mechanical properties. Different microstructural
characterization techniques such as optical microscopy (OM),
scanning electron microscopy (SEM), electron back-scattering
diffraction (EBSD) were used to achieve the objective.
Furthermore, the microstructure results were correlated with
uniaxial tensile tests in different directions concerning the
building direction (BD).

II. MATERIALS AND METHODS

A. Initial Material

Fig. 1 (a) indicates the material received in powder form
with an average particle size of 40 um (Do 19.6 um, D5, 40.4
pum, and Doy 58.6 pm). Table I indicates the chemical
composition of the alloy.

TABLEI
CHEMICAL COMPOSITION OF THE ALLOY
Element Mg Si Ti Mn Fe Cu Al

wt% 054 1073  0.22 0.49 0.25 0.72 Balance

B. Printed Material

The material was printed by SLM in a controlled Argon
atmosphere using a SLM280HL printer with the following
operating parameters: scan speed of 1650 mm/s, power of 370
W, and Hatch spacing of 130 um (see Fig. 1 (b)).

C.Microstructure Characterization

Initially, the microstructure of the printed material was
studied by OM using a Zeiss AX10 microscope. Keller's
reagent (2.5% HNO;, 1% HF, 1.5% HCI, and 95% distilled
water) was used to reveal the microstructure. Microstructural
characteristics were analyzed using Image] software. For
greater detail of the microstructure, a SEM TESCAN VEGA
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SBH3 from Oxford Instruments was used. Using EBSD,
different microstructure characteristics, such as grain size,
misorientations, and texture, were quantified.

The EBSD samples were analyzed with the following
procedure: the material's surface was polished from a 2500
sandpaper passing through 9 pm, 3 um, and 1 pm diamond
suspensions and ending with colloidal silica with a particle
size of 400 nm. Subsequently, the polished surface was
electropolished at 20 kV for 15 s (electrolyte of 30% glycerin,
20% HC], and alcohol).

D.Mechanical Properties

The material's tensile strength was assessed by uniaxial tests
at room temperature with a constant strain rate of 1x107 s
Bone-shaped samples with gauge dimensions of 4 mm x 1.3
mm x 2 mm were cut in different directions (see Fig. 1 (c)).
Through digital image correlation (DIC), the deformation of
the tensile tests was quantified.

Fig. 1 (a) Powder particles, (b) SLM processing, and (c) as-printed
material and tensile samples orientation

III. RESULTS AND DISCUSSION

A. As-printed Material

Fig. 2 (a) shows the printed alloy's microstructure with the
BD parallel to the bars' longitudinal direction. This figure
indicates the formation of stacked cylindrical-shaped melting
pools (MP). Looking in detail within the MP, Fig. 2 (b)
highlights the presence of two phases differentiated by their
light and dark colors. In this case, according to [21],
corresponding to the Al matrix (light color), which is
surrounded by an interconnected network rich in Si (dark
color). In Fig. 2 (b), the presence of a melting pool boundary
(MPB) is also highlighted by the dashed red lines. It is
appreciated that within the MPB, there is a larger expansion of
the Si network. In contrast, within the MP, the Al matrix and

the Si network form a more homogeneously distributed
pattern. This behavior can be attributed to fusion and refusion
between layers that give rise to high thermal impact areas
during printing the material [22]. Using energy-dispersive X-
ray spectroscopy (EDX), it can be evaluated that the areas
presented dark by OM and light by SEM correspond to areas
enriched in Si, according to the EDX spectrum in Fig. 2 (c).
Therefore, it is clear that the printed alloy is made up of Al's
matrix and a network enriched in Si. In addition, it is also
shown that the MPBs are regions where there is considerable
distortion of the Si-rich network due to the more significant
thermal gradients that occur in these areas.

(=]

Fig. 2 (a) As-printed material optical micrographic, (b)
microstructure inside two MPs, and (c) EDX spectra

To better understand the microstructure's characteristics,
Figs. 3 (a) and (b) indicate the distributions corresponding to
the Al matrix and the Si-enriched network, respectively. Using
Imagel, the zones corresponding to the matrix and the Si-rich
phase can be clearly separated by selecting a suitable value of
each phase's color threshold. Therefore, Fig. 3 (a) shows that
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the Al cell size has a mean value of 0.95 pm occupying an
area of 34%. On the other hand, Fig. 3 (b) reveals that the Si
network also follows a logarithmic normal distribution with a
mean value of 0.9 um occupying 66% of the area.
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Fig. 3 (a) Al matrix size and (b) Si network distribution

B. Microstructure Characterization

Fig. 4 summarizes the microstructural properties quantified
by EBSD. Fig. 4 (a) shows the inverse pole figure (IPF) map
in the BD. At first glance, this map allows observing the
existence of a combination of equiaxed grains and others
elongated towards the BD. Furthermore, it is appreciated that
there is a preferential texture towards the direction <001>
IBD, especially from the elongated grains. In contrast,
equiaxed and smaller grains appear to follow the <111>
direction. These observations allow visualizing that AM
processes such as SLM induce a heterogeneous state in the
material.

Fig. 4 (b) shows the grain size distribution as a function of
the area fraction with a mean grain size of 9.9 pm. From this
figure, it is also possible to evaluate and confirm the existence
of two families of grain size, the one formed by grain sizes
smaller than 10 pm and occupying 33% of the area, and the
other family with sizes bigger than 10 um occupying 67% of
the area.

This observation is in agreement with [23], who also found
a high fraction of columnar grains after printing an Al alloy.
Therefore, it can be established that this behavior corresponds
well with recrystallization and grain growth phenomena due to
continuous temperature changes during the union of new
layers [24]. Thus, misorientation angles distribution in Fig. 4
(c) indicates that the nature of the grain boundaries
corresponds mainly to high-angle grain boundaries (HAGB).

This distribution describes a behavior close to random with a
HAGB fraction close to 90% and a mean misorientation of
33°. The low fraction of low-angle grain boundaries (LAGB)
also reflects that the vast majority of grains have low
distortions and that there is no high density of mobile
dislocations within them.

C.Texture Evolution

To better understand the microstructural evolution of the
printed material, through Fig. 5, the evolution of grain size and
texture is analyzed, taking into account the grains'
morphology. l.e., grain sizes with equiaxial and columnar
morphology. With Figs. 5 (a) and (b), it is verified that the
great majority of columnar (mostly, the largest grains) and
equiaxed (mostly, the smallest grains) grains follow well-
defined textures.

Separating the two populations of grains, Fig. 5 (c)
corroborates that the equiaxed grains have an average size of
7.6 um, while the columnar grains almost double in size the
equiaxed ones with an average value of 13.4 pm. These
figures show that the largest grain size growths are located in
the central part of the MPs. On the other hand, higher
concentrations of smaller grains can be found at the MPs'
extremes. This behavior confirms thermal gradients'
formation, which mainly affects the central zone of the MPs,
where the next layer melts and radiates heat towards the
extremes. According to [25], elongated grains are produced
and oriented in the thermal gradient direction.
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Fig. 4 (a) IPF map, (b) grain size distribution, and (c) misorientation
angle distribution

Analyzing the texture for the two families of grains, Fig. 5
(d) indicates through pole figures (PF) that the columnar
grains' texture is dominated by the presence of Cube and Goss
type components. Additionally, the grains with equiaxed
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morphology and smaller size show a texture with a high
intensity of the Goss component. For this reason, the FP of all
grains indicates a clear dominance of the Goss component.
According to various investigations [26]-[28] in Al alloys,
components such as Goss and Cubo are linked with
recrystallization phenomena in the material. Thus, the
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formation of small and big grains can be attributed to two
recrystallization phenomena—the first, larger initial grains
give rise to smaller recrystallized grains. Second, larger grains
are associated with recrystallization at higher temperatures,
leading to abrupt grain growth (i.e., columnar grains).
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Fig. 5 (a) columnar grains IPF map, (b) equiaxed grains IPF map, (c) columnar and equiaxed grains size distribution, and (d) PFs for columnar
and equiaxed grains

D.Mechanical Properties

Fig. 6 indicates the tensile mechanical properties of the
printed alloy. Its values are compared with those obtained by
casting processes and a combination of conventional
deformation processes with severe plastic deformation [29].
At first glance, the printed alloy strength and ductility values
change depending on the direction; e.g., the radial direction,
where the MPs are oriented perpendicular to the load
direction, presented the best strength and ductility values. On
the contrary, the longitudinal direction, where the melt pools
are parallel to the load direction, has the worst performance.
Therefore, it can be inferred that the preferential orientation of
the columnar grains in the BD can act as a failure mechanism,
either transgranular or through the MPBs. However, it is worth
mentioning that much higher strengths can be achieved for the
same alloy through AM processes than by using casting and
grain refinement through severe plastic deformation
techniques. In this way, the great potential of AM technologies
to give way to a new generation of materials is verified. The
fact that high solidification and cooling rates are involved in
SLM makes it possible to obtain heterogeneous
microstructures with different characteristics to those obtained
with traditional processes. However, further studies are still
required to improve the strain hardening capacity of printed

materials.
600 ~#~ Ductility M
= I Strength g,
o
Z £
0 400 g
2 7]
= c
7] =
= E
200 e
©
=

Additive manufacturing

Fig. 6 Mechanical properties summary

IV. CONCLUSION

Through AM, using the SLM process, an AlSil1Cu alloy
was successfully printed. The alloy indicated a structure
formed by an Al matrix surrounded by a network enriched in
Si. The manufacturing process generated a heterogeneous
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microstructure formed by small and equiaxed grains and larger
grains with columnar morphology. Additionally, the texture
studies demonstrated the dominance of recrystallization
components such as Goss and Cubo, indicating the nucleation
of new grains and other grains' abnormal growth. In this way,
the microstructure's heterogeneity helped obtain variations in
the alloy's strength, depending on the direction of
measurement concerning the BD. It was also shown that the
mechanical properties obtained for this type of alloys are
superior to those obtained by processes such as casting and
severe plastic deformation.
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