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Abstract

Al-Si alloys are lightweight materials and show excellent mechanical and physical properties, making them appealing for
automotive and aerospace industries applications. In this study, Al-(12-50 wt.%)Si alloys (nearly eutectic to hyper-eutectic
compositions) were fabricated using a laser-based powder bed fusion process (LPBF) or selective laser melting technique
(SLM). The microstructural evolution of the SLM Al-Si alloys as a function of increasing Si contents is investigated in
detail. Refined Al and Si phases are observed and the mechanism of the refinement is discussed. In addition, the mechanical
properties of the Al-Si alloy processed by casting and SLM were compared. Moreover, the influence of Si content and heat-
ing time on the coefficient of thermal expansion (CTE) of the alloys are investigated in detail, and their relationship between
theoretical models and the experimental CTE values for the Al-Si alloys will be discussed and compared.
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1 Introduction

Al-Si alloys are extensively used in automotive and aer-
ospace industries due to their low weight combined with
good mechanical and physical properties [1, 2]. The density
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and coefficient of thermal expansion of the Al-Si alloys
decrease with Si addition, affecting the thermal management
and packaging applications [3]. The coefficient of thermal
expansion of Al-Si alloys are influenced by the size and
morphology of the eutectic or primary Si in the microstruc-
ture [4, 5]. It is known that the randomly distributed coarse
Si phase acts as weak spots for crack initiation, which may
lead to a pre-mature failure [6]. Acharya et al. [7] reported
that the microstructure was refined and the mechanical prop-
erty of the A1-20Si alloy was enhanced by addition y-Al,O4
particles. Wang et al. [8] investigated the effect of AI-P-O
master alloy on Si phase in hypereutectic Al1-30Si alloy, and
found that the primary Si was remarkably refined. As a con-
sequence, the refinement of the Si phase in Al-Si alloys has
been extensively investigated to improve their properties and
to meet the ever-growing application demands in automo-
tive, aerospace and electronic packaging industries [9, 10].

One of the most common methods for refining the Si
phase in Al-Si alloys is the addition of secondary elements
[11]. The addition and composition of such elements are
easy to control and this technique has thus gained atten-
tion and wide application. However, the selection of the
appropriate elements depends on the composition of the
alloy. For example, in hypoeutectic Al-Si alloys, the most
common refiners used are Na and Sr [11], which change
the morphology of eutectic Si from a coarse plate-like to a
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fine fibrous structure. Moreover, it has been reported that
rare earth elements like Y [13], Yb [14], Eu [15] and Sc
[16] can change the eutectic morphology from a coarse
plate-like and acicular structure to fibrous or laminar.
Increase of P from 0.0008 wt.% to 0.001 wt.% changes
the appearance of primary Si from a large plate-like to a
blocky morphology [17]. Moreover, it has been reported
that the primary Si can be also refined through the inclu-
sion of y-Al,0O; [18] Ce [19] and Nb [20]. However, the
elemental addition in the melt may oxidize both the melt
and/or the elements at high temperature and the refinement
effect may not be effectively controlled [4, 9]. Powder met-
allurgy and spray deposition processes have been devel-
oped as alternative routes for the manufacturing of Al-Si
alloys in the past [21, 22]. Unfortunately, these processes
have the following limitations: relatively high costs and
complicated processing steps.

As an innovative rapid solidification technology, selective
laser melting (SLM) fabricates components layer by layer
through the selective melting of the powders as dictated by
the CAD model [22-26]. A very small volume of melt pool
combined with short laser interaction time offers a very
high heating and cooling rates (10*~10% K/s), resulting in a
refined microstructure [27, 28]. Chien et al. [29] observed
that coarse Si particles result in higher coefficient of thermal
expansion (CTE), while finer Si particles may lower the CTE
in Al-Si alloy. Hanemann et al. [30] investigated the CTE
of AlSi10Mg alloy prepared by SLM technology, and found
that the CTE is lower than the conventional cast sample,
as a result of refinement microstructure. Additionally, SLM
offers the production of objects with intricate shapes and

complex geometries making SLM being widely used in both
aeronautic and astronautic industries [28, 31].
Accordingly, in this work, the Al-Si alloys (12, 20, 35
and 50 wt.% Si) were fabricated by SLM of gas atomized
Al-Si alloy powders. The microstructure evolution and the
thermal expansion behavior were systematically investi-
gated. The mechanism of the Si refinement and the influ-
ence of Si contents on the CTE of the alloys were studied.

2 Experimental

Al-Si alloy with four different Si compositions (from
hypoeutectic to hypereutectic based on different application
fields) were selected for investigation, as shown in Fig. 1.
Gas atomized powders (~50 pm) with nominal composi-
tions Al-12Si, Al-20Si, Al-35Si and A1-50Si (wt.%) were
used in the SLM process. SLM 250HL from SLM Solutions
Group AG, equipped with an Yb-fiber laser of maximum
output 400 W was used for fabricating the Al-xSi samples.
High-purity argon gas was used to ventilate the chamber
before and during the building process to minimize oxy-
gen contamination during processing. Cylinder samples
(@ 6 mmXx25 mm ) were fabricated with stripe-type hatch
and the laser beam followed bi-directional scanning. The
SLM samples were processed using the following process-
ing parameters: scanning speed 1455 mm/s, power 320 W
for both volume and contour, layer thickness 50 um, hatch
spacing 110 pm and hatch style rotation of 73°.

The microstructures of the samples were characterized
by optical microscopy (OM) using an Olympus optical
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microscope (GX53F) and by scanning electron microscopy
(SEM, Gemini 1530 microscope) after polishing and etching
the samples in 0.5% HF solution. The phases present in the
samples were analyzed by X-ray diffraction (XRD) using a
D3290 PANalytical X’pert PRO diffractometer with Co-Ka
radiation (A=0.17889 nm) in Bragg—Brentano configura-
tion. The relative densities of the samples were determined
using the Archimedes principle. The measurements for char-
acterizing the thermal expansion behavior of the samples
were carried out under argon atmosphere between room
temperature and 773 K using a thermo-mechanical analysis
equipment (NETZSCH DIL 402C) at heating and cooling
rates of 5 K/min in two consecutive cycles. The size of the
melt pool boundaries were measured from the microscopy
images (OM/SEM). The distance between the centers of one
melt pool to the other is measured as the effective melt pool
size and the average values are given. A minimum of 20
melt pool sizes were measured randomly from at least 3—-5
SEM/OM images and their average values are given in the
manuscript. The dimensions of the Si particles are measured
assuming the Si particles are spherical in nature. The size

(a)

)

of the particles are tabulated by measuring the approximate
size of the Si particles from OM/SEM image using color
contrast imaging (using Image J software) and a minimum
of 75-100 Si particles were measured and their average is
given in the manuscript.

3 Results and discussion
3.1 Microstructural investigation

Figure 2 shows the OM micrographs of the AI-12Si,
Al-20Si, Al-35Si, and Al-50Si samples fabricated by
SLM. Typical laser tracks with anisotropic microstructure
were observed for the Al-12Si SLM samples (Fig. 2a).
The microstructure of the sample can be divided into two
parts, i.e., the melt pool borders with width~9 +0.5 pm
(part I), and the track cores (part II) due to the differ-
ences in the thermal histories. The microstructure of the
SLM alloy is normally affected by the heat generated by

Fig.2 Optical micrographs of the Al-Si alloys prepared by SLM. a Al-12Si, b A1-20Si, ¢ Al-35Si and d Al-50Si
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both the overlapping scan lines and the creation of the
subsequent layers [28]. The melt pool borders (part I) are
melted twice.

Figure 2b shows the microstructure of the SLM Al-20Si
alloy, similar to the SLM-fabricated Al-12Si alloy, where
typical laser tracks can be clearly seen. However, compared
with the AI-12Si alloy, the amount of melt pool borders
is larger and the size of the melt pool borders increases to
21+ 1 pm. With increasing Si content, the size of the melt
pool borders increases, and reaches 52 +3 um, when the
Si content is 35 wt.%. The track cores present a strip mor-
phology, as shown in Fig. 2c. SLM Al-50Si microstructure
becomes rather homogenous (Fig. 2d) where the melt pool
borders and core cannot be distinguished. The melt pool
borders become wider because of the existing primary Si
phase, where primary Si is incompletely melted during the
secondary melting, therefore, serving as nucleation sites for
the secondary melting. The amount of primary Si increases
with increasing Si content in the alloys, resulting in widened
melt pool borders. When the content of Si reaches 50 wt.%,
the microstructure is relatively homogenous due to the abun-
dance of existing primary Si particles.

Figure 3 shows microstructures of the SLM fabricated
Al-Si alloys, where refined Si phase is observed as a
result of the high cooling rate. The diffusion of Si atoms
is hindered and the growth of Si is limited. As observed in
Fig. 3a—c, only eutectic Si with fibrous morphology can be
found in the SLM Al-12Si alloy due to the low content of
Si. The average thickness of the eutectic Si is 431 +£10 nm
in the melt pool borders and 130 +6 nm in the track cores.
Figure 3d—f shows the microstructures of the SLM Al-20Si
alloy, where larger polygonal Si particles are found in the
melt pool borders (with size 1+0.1 pm). The eutectic Si
phase exhibits a fine fibrous morphology in the track cores.
As the silicon content further increases to 35 wt.%, a large
amount of primary Si phase appears in the solidified micro-
structure Fig. 3g—i. The eutectic silicon displays mainly
a fine fibrous morphology, but part of the eutectic silicon
transforms into a granular shape.

The average size of primary Si is 4.5+ 0.4 pm and
2.4+0.2 pm in the melt pool borders and track cores, respec-
tively. With increasing Si content to 50 wt.%, polygonal-
shaped primary Si is observed predominantly in the micro-
structure (Fig. 3j—1). The mean particle size of the primary
Si phase is 5.8 +0.4 pm and 3.7+ 0.3 pm in the melt pool
borders and track cores, respectively. The fibrous eutectic
silicon completely transforms into particles, which can be
ascribed to the presence of enough primary Si particles in
the Al-50Si alloy. The diffusion of residual Si atoms in the
melt will be difficult due to the presence of the surrounding
primary Si particles. Moreover, the primary silicon phase
can serve as nucleation sites for Si atoms and it also helps
in the modification of eutectic Si phase.

@ Springer

For comparison purposes, the typical microstructure
of cast Al-xSi alloy are shown in Fig. 4. Here, we display
the microstructures of the alloys with the lowest and the
highest Si contents. As shown in Fig. 4a, the cast sample
displays a continuous eutectic structure of Al and Si along
with dispersed primary a-Al (bright dendrites) characteristic
for the hypoeutectic compositions. The microstructure of
cast Al-50Si alloy is composed of primary Si phase and of
eutectic Al-Si. The primary Si particles, with polygonal and
plate-like morphologies with size larger than 100 pm. The
microstructures of the cast samples are completely different
from the selective laser-melted counterparts.

The XRD patterns of the SLM Al-Si as a function of Si
content show the typical diffraction peaks of a-Al and p-Si
phases. It is reported that an Al(Si) super-saturated solid
solution (SSSS) in Al-12Si alloy is formed due to the high
cooling rates [28]. However, the diffraction peaks of the Al
phase are shifted to higher angles with increasing Si con-
tent (Fig. 5) indicating the formation of a SSSS. Further-
more, the intensities of the Si (111) and (220) peaks increase
with increasing Si content, which can be attributed to the
increased volume fraction of free residual Si particles.

3.2 Mechanical property and CTE of the SLM Al-Si
alloys

Figure 6 shows the room-temperature compression
stress—strain curves of the Al-12Si and Al-50Si specimens
prepared by SLM and by casting here. The SLM samples
display compression and yield strength of about 726.7 and
506.8 MPa for Al-12Si alloy. The compression and yield
strength of as cast Al-12Si alloy is 488.0 and 331.1 MPa.
The SLM samples present yield and compression strength
of about 731.64 and 666.74 MPa for Al-50Si alloy, respec-
tively, which are much higher than the corresponding values
of the cast material. The increased compression strength of
the SLM samples may be attributed to the refined micro-
structural effects, such as the morphology, size and distribu-
tion of the Al and Si phases, as analyzed by Prashanth et al.
[32-35] and Ma et al. [36].

The CTE can be expressed as the change in the dimen-
sions of a material as a function of temperature [37]. The
variation of the CTEs for the SLM Al—xSi alloys as a func-
tion of Si content show similar trend with increasing tem-
perature (Fig. 7). The CTE of the material is related to the
bonding force between the atoms and the CTE increases
with decreasing bonding force [38]. With increasing tem-
perature, the thermal motion of the Al atoms increases, and
the Al-Si interfacial bonding force decreases, which results
in an increase of CTE. Moreover, it is found that the CTE
decreases with increasing amount of Si in the alloy, which
is mainly because the CTE of Si is much lower than that
of Al (Table 1). However, a distinct peak is observed for
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Fig.3 Scanning electron microscopy images of the SLM fabricated Al-Si alloys. a—c¢ Al-12Si, d—f Al-20Si, g—i A1-35Si and j-1 Al-50Si

the Al-12Si alloy, which may be due to the formation of a ~ which is caused by re-dissolution of a certain amount of Si
SSSS. During the heating step, Si atoms precipitate from  in the Al matrix. The increased solid solubility of Si in Al at
the Al matrix and lead to a rapid expansion of the lattice,  higher temperatures leads to a decrease CTE’s of the gradi-
which corresponds to the CTE peak [9, 39]. With further  ent as a result of the smaller atomic radius of Si than Al [9].
increasing temperature, the CTE curve becomes rather flat, ~ The temperature range of the CTE peak increases and the
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Fig.7 CTE curves of the SLM-fabricated Al-Si alloys

peak temperature decreases with increasing Si content, due
to precipitation of Si from SSSS [40]. With increasing Si
content, more nucleation sites are provided, resulting in a
rapid precipitation of Si atoms and an accelerated expansion
of the Al matrix.

The CTE of all the alloys increase linearly at low tem-
peratures and show a relatively sluggish increase at high
temperatures during the secondary heating process (Fig. 8).
This phenomenon can be ascribed to the combined effects of
solubility of Si in Al and the change of internal stresses on
the matrix with increasing temperature. The solid solubility
of Si in Al increases with increasing temperature (above
523 K), which causes a negative effect on the CTE, because
the lattice parameter of Al decreases with the increment of
Si solubility [41-43]. In addition, large residual thermal
stresses will be generated in the material during cooling
due to the CTE mismatch between the Al and Si [44, 45].
Compressive residual stresses are observed on the Si par-
ticles and as tensile stress on the Al matrix. With increas-
ing temperature, the matrix expands and the tensile stress
decreases and when the tensile stress drops to zero, a new
compressive stress on the matrix is induced resulting in a

Fig.8 Effect of re-heating on the CTE curves of the SLM Al-Si
alloys

decrease of the CTE of the matrix. The influence of the Si
particles on the CTE of the alloy can be ignored because of
the large modulus and strength of Si. It is worth noting that
no CTE peaks are visible for the second heating process,
corroborating that the peak corresponds to the precipitation
of Si from SSSS (Fig. 9).

3.3 Theoretical models of the CTE

For simplicity, SLM Al-Si alloys can be treated as Al-
matrix composites reinforced with Si particles [9]. Based
on assumptions, several theoretical and numerical studies
have provided expressions for the estimation of the CTE
in particle-reinforced composites. In this work, the Turner
and Schapery’ models are used to investigate the temper-
ature-dependent CTE behavior of SLM Al-Si alloys. The
Turner model [46] considers uniform hydrostatic stresses
that are assumed insufficient to disrupt the composite. The
reinforcement and the matrix in the composite change at
the same rate with temperature as the whole composite
with negligible shear deformation. Moreover, the Turner

Table 1 Temperature

. Tempera- Al Si
depend;nce of the phy51cal ture (K) . . . . ‘
properties of Al and Si [8] Elastic modu- Possion’s  CTE Elastic modu-  Possion’s ratio (v) CTE
lus (E/GPa) ratio (v) (al/x 10 lus (E/GPa) (ol X 1078/
/K) K)
323 69.2 0.33 22.6 163 0.22 2.5
373 67.6 0.33 24.2 162 3.0
473 64.0 0.33 25.7 161 34
573 59.8 0.34 27.7 160 3.6
673 54.9 0.36 304 156 3.8
773 49.9 0.38 317 157 4.0
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model does not account for the angularity and the distri-
bution of the reinforcement and gives the CTE of a com-

posite as
. a, Vo K, + a, Vi Koy
VoK, + VK,

(M

where a is the CTE (107%K), V is the volume fraction
(vol.%), and the subscripts m and p refer to matrix and
reinforcement, respectively. K is the bulk modulus, which
can be expressed as:

E

K=——"— shear.
3(1 —20)

@)

E and v denote Young’s modulus and Poisson’s ratio,
respectively, which are provided in Table 1.

The Schapery’ model takes the stress interaction
between the components into account, assume particles
are spherical in shape and wetted by a uniform, isotropic,
homogenous matrix layer; the CTE can be expressed as
[47]
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where G is the shear modulus (GPa), which can be cal-
culated by:
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For the first heating, the CTE values of the SLM Al-Si
alloys are significantly different from the predictions of the
theoretical models. This phenomenon is mainly attributed
to the fact that the theoretical models neglect the formation
of SSSS and precipitation behavior and all the hypotheses
are based on a composite just modified by the presence of
particles. Moreover, the CTE values of the Al-12Si and
Al-20Si alloys during the second heating are lower than the
ones predicted by the Turner and Schapery models, which
can be ascribed to SLM-specific microstructures, where a
large amount of fibrous eutectic silicon exists in these alloys,
which is in contradiction with the theoretical models. With
increasing amount of Si, the CTE values of the Al-35Si
alloy during the second heating are in good agreement with
the Turner model in the temperature range between 373 and
573 K. With further increasing Si content, the amount of
fibrous eutectic silicon phase decreases and the amount of
granular primary silicon increases, in accordance with the
theoretical models. The CTE values for the SLM alloy dur-
ing the second heating lie between the Schapery model and
the Turner model. When the Si content reaches 50 wt.%,
uniformly distributed granular primary silicon is formed,
where this microstructure is closer to the assumptions made
in the Schapery model and the CTE coincides better with
the model predictions.

4 Conclusions

A series of Al-(12-50 wt.%)Si alloys were fabricated by
SLM. The Si phases are refined in size due to the very high
cooling rates. With increasing Si content, the size of the melt
pool borders becomes wider, and the morphology of the
eutectic Si changes from a fibrous to a particle morphology
due to increased nucleation sites during the solidification.
Peaks in the CTE curves are observed for the SLM alloys as
a result of the formation of a SSSS of AI(Si), and the area
of the CTE peaks increases with increasing amount of Si
as a result of the accelerated precipitation of Si from the Al
matrix. The consistence between the experimentally meas-
ured CTE and theoretical models is mainly determined by
the morphology of the Si phase.
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