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Abstract: The objective of the study is to investigate the corresponding microstructure and mechanical
properties, especially bending strength, of the hypereutectic Al-Si alloy processed by selective laser
melting (SLM). Almost dense Al-22Si-0.2Fe-0.1Cu-Re alloy is fabricated from a novel type of powder
materials with optimized processing parameters. Phase analysis of such Al-22Si-0.2Fe-0.1Cu-Re
alloy shows that the solubility of Si in Al matrix increases significantly. The fine microstructure can
be observed, divided into three zones: fine zones, coarse zones, and heat-affected zones (HAZs).
Fine zones are directly generated from the liquid phase with the characteristic of petaloid structures
and bulk Al-Si eutectic. Due to the fine microstructure induced by the rapid cooling rate of SLM,
the primary silicon presents a minimum average size of ~0.5 µm in fine zones, significantly smaller
than that in the conventional produced hypereutectic samples. Moreover, the maximum value of
Vickers hardness reaches ~170 HV0.2, and bending strength increases to 687.70 MPa for the as-
built Al-22Si-0.2Fe-0.1Cu-Re alloys parts, which is much higher than that of cast counterparts. The
formation mechanism of this fine microstructure and the enhancement reasons of bending strength
are also discussed.

Keywords: selective laser melting; Al-22Si-0.2Fe-0.1Cu-Re alloys; microstructure; mechanical proper-
ties; bending strength

1. Introduction

Al-Si alloys are lightweight materials with good castability and excellent mechanical
properties [1–3]. The Al-Si alloys can be catalogued into three types based on silicon
content, which are: (1) hypoeutectic (<10 wt.% Si), (2) eutectic (10–13 wt.% Si), and (3) hy-
pereutectic (>13 wt.% Si). Among them, hypereutectic Al-Si alloys exhibit great potentiality
in various applications of electronics, optics, automobiles, and aerospace for their low
thermal expansion [4,5] and high wear resistance [1]. It was found by Jia et al. [6] that the
morphology, distribution, and size of primary Si particles (PSPs) had a significant influence
on the properties of such alloys. However, the conventional casting process leads to the
existence of brittle and coarse PSPs in Al-Si alloys due to the low cooling rate [4,6]. The
crack initiation and stress localization are generated in these brittle and coarse PSPs sites,
which deteriorates the strength and ductility [7,8]. This is considered as the main cause for
the restricted application of such alloys [9]. To solve this problem, the rapid solidification
method is commonly considered to achieve microstructural refinement of hypereutectic
Al-Si alloys, such as high pulse electron beam [10] and spray forming [8]. Although refined
grains can be realized as reported, the complicated manufacturing processes make these
techniques both expensive and time-consuming [11].

Compared to the aforementioned techniques, selective laser melting (SLM) presents
great potentiality in fabricating metallic parts with fine microstructure and sophisticated
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geometry [12,13]. During the SLM process, a laser beam with high energy concentration
melts the powder selectively in a layer-by-layer fashion under the control of a computer-
aided design (CAD) software [14]. The cooling rate (up to 106~108 C/s) in the SLM
process is much higher than that of the conventional casting process, which helps to
create a controlled microstructure of hypereutectic Al-Si alloys [15,16]. Much refined
microstructure and better mechanical properties in SLMed Al-18Si (wt.%) and Al-50Si
(wt.%) can be achieved than those of the cast samples [4,17]. So far, extensive attention has
been paid to SLMed Al-Si alloys such as AlSi10Mg [18–24] and AlSi12 [25–29] due to their
common use in industrial application [30].

Due to the high reflectivity, low laser absorptivity, high thermal conductivity [3], and
high susceptibility to oxidation [13] of the Al-Si alloy powder, various kinds of defects
(i.e., porosity, cracks, and surface defects [3,13,31,32]) arise in the SLMed Al-Si alloy parts,
which are adverse to their mechanical properties and seriously affect the application of
these materials [3,13]. A lot of measures have been taken to produce as-built parts with less
or even no defects and high mechanical properties. By optimizing processing parameters
of SLM, porosity could be minimized, and surface defects will also be alleviated [31,33,34].
Attention has also been paid to the quality of powder feedstock whose size, shape, com-
position, and microstructure may obviously affect the forming quality and properties of
SLMed alloys [13]. Alloying additives especially Cu and Mg [35,36] have been used to
strengthen the Al-Si alloys. Crack reduction [37] and strength improvement [38,39] have
been demonstrated by increase of Si content in Al alloys. Ma et al. [40] have reported
that the tensile properties of SLMed Al-20Si (wt.%) alloys could reach 500 MPa, which is
50–100 MPa higher than eutectic Al-Si alloys [13].

Compared with conventional counterparts, SLMed Al-Si alloys usually have fine
microstructures with metastable phases [13,33]. The microstructure in AlSi10Mg and
AlSi12 is inhomogeneous, which is divided into three zones, namely, the fine zone in the
molten pool core, the coarser zone in the molten pool boundary, and the heat-affected zone
(HAZ) [21,25,41]. Moreover, the fibrous Si network formed in the fine and coarser zone was
broken into particles in the HAZs. Due to directional transfer and high thermal gradients
in the SLM process [13], AlSi10Mg and AlSi12 have a more equiaxed structure parallel
to the building direction and a more columnar structure perpendicular to the building
direction, which is found to cause anisotropic tensile properties [13,41,42]. However, most
research focuses on eutectic Al-Si alloys and tensile properties. Limited attention has been
paid to bending property, which plays a significant role in determining the deformability
of SLMed parts for automotive applications [43,44]. In addition, the microstructure and its
formation mechanism of hypereutectic Al-Si alloys are not being systematically studied
and the relationship between microstructure and mechanical properties of SLMed hypereu-
tectic Al-Si alloys are still not clear. Moreover, the existing theories of hypereutectic Al-Si
alloys prepared by conventional casting technique are not applicable to SLMed samples.
Therefore, it is necessary to establish the microstructure and the relationship between
microstructure and mechanical properties of SLMed hypereutectic Al-Si alloys.

According to previous investigations [40], we limit our attention to the Al-22Si-0.2Fe-
0.1Cu-Re alloy manufactured by SLM using a novel type of powder materials and opti-
mized processing parameters. Afterwards, the phase, forming quality, and microstructures
are investigated in detail. Then, the microhardness and bending strength of as-built sam-
ples with high relative density and high surface quality are determined and discussed
with a focus on the relationship with microstructures. The comparative study between
SLMed samples and conventional casted samples is also carried out. Emphasis is laid on
the refined microstructure and the enhancement mechanism of mechanical properties of
SLMed hypereutectic Al-Si alloys.
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2. Experimental
2.1. Powder Materials

In our work, Al-22Si-0.2Fe-0.1Cu-Re alloy powder is the raw material prepared for
SLM. This novel type of powder is made by special Vacuum Inert Gas Atomization tech-
nology (VIGA) in order to obtain powders with suitable particle size, composition, and
other properties. The chemical composition of the alloy powder is analyzed by inductively
coupled plasma-atomic emission spectrometry (ICP-AES, Prodigy XP, LEEMAN, America),
as shown in Table 1. The size distribution of the gas atomized powder grains is measured
by a laser particle size analyzer (LS230, Beckman coulter, America) The true density of
the powder is obtained by gas replacement with the true density analyzer (Upyc 1200e,
Quantachrome, Boynton Beach, FL, USA).

Table 1. Parameters of selective laser melting (SLM) processed (built) samples.

Scanning Path Laser Power Scanning Speed Layer Thickness Hatch Distance Scanning Strategy

Interior 160 W 1000 mm/s 30 µm 80 µm

Stripes (Initial angle 35◦,
Rotation angle 67◦, shift 1.6

mm, strip width 8 mm, strips
interval 0.05 mm)

Contour 80 W 500 mm/s 30 µm 40 µm two contours

2.2. SLM Process

The printing machine used for the SLM process is the HBD-100 (Shanghai Hanbong
United 3D Tech Co., Ltd., Shanghai, China) with IPG 200 w fiber laser beam. The laser
beam diameter is approximately 50 µm. Argon is used as a protective gas in the print-
ing chamber, where the oxygen level is below 0.1%. The base plate with the size of
110 mm × 110 mm × 5 mm is made from Al6061. The detailed parameters used for laser
processing are summarized in Table 2. The powder is placed in a vacuum drying oven
(DZF-6090, Shanghai Shanzhi Instrument Equipment Co., Ltd., Shanghai, China) at 70 ◦C
for more than 12 h before printing to remove surface moisture and reduce the porosity
of printed samples [13]. A total of 20 cuboid samples are made with the dimensions of
20 mm × 5 mm × 5 mm for the measurement of densification, surface roughness, and
mechanical property. The samples used for bending tests and the scanning strategy of the
samples are shown in Figure 1a,b, respectively. Contour printing is employed to ensure the
dimensional accuracy of the printed samples. The two contours with a distance of 40 µm
share the same printing parameter as shown in Figure 1.

Table 2. Weight percent composition of Al-Si powder determined by ICP-AES.

Element Weight (%) Si Fe Cu Re * Others Al Density (g/cm3)

Al-Si powder 22.22 0.20 0.10 0.05 0.02 bal. 2.6486
* Re means mixed rare earth metals and the weight percent composition is shown in Table 3.

2.3. Microstructure Characterization

The printed samples are separated from the base plate by a line cutting machine,
followed by ultrasonic cleaning for 1 h to remove pollutants such as oil stains, to guarantee
the accuracy for measurement. The relative density of the samples is obtained by a
densimeter (FA2004J, Shanghai Yueping Scientific Instrument Co., Ltd., Shanghai, China)
based on the Archimedean principle. The relative density of 10 samples is measured, and
an arithmetic average is calculated. The roughness of the samples (top and side surfaces) is
measured by a microscope (VK-X1100, KEYENCE, Osaka, Japan). An optical microscope
(OM, 5XB-PC, Shanghai Optical Instrument Factory No. 1, Shanghai, China) is applied to
analyze the defects after the samples being milled and polished by SiC sandpapers. The
samples are etched with a Keller (nitric acid 2.5 mL, hydrochloric acid 1.5 mL, hydrofluoric
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acid 1.5 mL, distilled water 95 mL) for about 2 min and then used for metallographic
examination. The microstructure is observed by a scanning electron microscope (SEM,
SU1510, HITACHI, Japan). X-ray diffraction (XRD, DX-2700, Dandongfangyuan Instrument
Co., Ltd., Dandong, China) is performed at room temperature using a Cu-tube at 30 kV
and 30 mA. The X-ray generator with Cu Kα1 (λ = 0.15406 nm) radiation is applied, with
the scan rate of 6◦/min and the 2θ angle varying from 20◦ to 90◦.
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Figure 1. Images of (a) selective laser melting (SLM) processed bending samples and (b) the scanning strategy used for SLM.

2.4. Mechanical Properties Characterization

A bending test is implemented to obtain the mechanical strength of Al-Si alloys
processed by SLM because of the brittle feature of SLMed hypereutectic Al-Si alloys [45].
The bending strength and microhardness of printed samples are tested at room temperature
using a hydraulic universal testing machine (CHT4305, MTS, Eden Prairie, MI, USA)
and Vickers hardness machine (DHV-100, Shanghai Shangcai Testermaching Co., Ltd.,
Shanghai, China). The three-point bending method is applied for the measurement of
bending strength. The distance of support cylinders on the fixtures is 16 mm, and the
loading rate is set to be 0.5 mm/min. A total of 6 samples are tested for bending strength,
and the average is calculated. The loading duration of the microhardness test is set to be
15 s with a load of 1.96 N. The microhardness of 2 samples (including top and side surfaces)
are measured. Three points are tested on each surface of the samples.

3. Results and Discussion
3.1. Powder Characterization

The chemical composition of the Al alloy studied in this work is shown in Tables 2 and 3.
The raw material mainly consists of Al and Si with little Fe, Cu, Re, and other elements.
The true density of this powder (see Table 2) is 2.6486 g/cm3. The particle size distribution
is d10 = 16.39 µm, d50 = 25.39 µm, d90 = 49.78 µm. Figure 2a presents how the volume and
number fraction of the powder varies with particle size. Two peaks are observed at both
curves near the same particle size but with different peak heights. When the particle size
of the powder is in the range of 10 to 20 µm, the large amounts of particles in this range
leads to a slight increase of powder volume.

Table 3. Weight percent composition of Re (mixed rare earth metals).

Element Weight (%) La Ce Others

Al-22Si-0.2Fe-0.1Cu-Re powder 36.42 63.57 0.01
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Figure 2. (a) Particle size distribution and (b,c) morphologies of fresh feedstock powder and (d) its
cross-section image with red arrows referring to irregular internal pores.

Powder quantity is significantly reduced with particle size greater than 40 µm, whereas
the volume fraction is still high. It indicates the existence of a few particles with large
size, which have a negative impact on the process of SLM since large particles are favored
neither for energy efficiency nor for flowability. SEM investigations of the powder material
demonstrate that the particles have a nearly spherical shape and smooth surface with
almost no attached satellites. These characteristics lead to better flowability for powders,
and additionally, the deposition of a uniform layer for the SLM process is ensured [31,46]. A
few holes induced by gas escaping from droplets during the atomization process are found
on the surface of the powder particles (Figure 2c). A polished cross-section of powder
particles (Figure 2d) reveals their internal morphology. Irregularly shaped pores (pointed
out by red arrows) with a size around 3 µm are found, which implies the presence of
entrapped gas that gives rise to porosity [13,31] in the as-built samples. Small spherical
primary silicon grains (the gray area) [46,47] that are evenly dispersed inside particles can
be observed. The homogeneous powder contributes to a reduction of segregation that
might occur in the as-SLMed samples.

The Al-22Si-0.2Fe-0.1Cu-Re powder has a suitable particle shape, proper surface state,
and uniform composition which are favored for the SLM process [13], yet appropriate
process parameters should still be applied to eliminate the influence of defects caused by
imperfect particle size distribution and internal pores [31].

3.2. Phase Analysis and Forming Quality
3.2.1. Phase Analysis

The Al-Si binary phase diagram, together with the XRD patterns of the Al-Si powder
and those of the top and side surface of the SLMed samples, are shown in Figure 3.
According to the Al-Si binary phase diagram, hypereutectic Al-Si alloy consists of primary
silicon phase and α-aluminum phase, which leads to its unique structures and properties.
XRD patterns in Figure 3b also suggest the presence of α-Al and Si in both the powder
particles and the as-built specimens and no new phase and oxide are detected. Compared
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to powder materials, the α-Al peaks of both top and side surfaces of the as-built samples
shift to higher angles, which reveals the existence of lattice distortion induced by large
residual stresses associated with the high heating and cooling rate [33] characteristic of
the SLM process and the increase of solid solubility of Si in α-Al. This result is confirmed
by Ma et al. [40] in SLMed Al-20Si alloys and also reported for SLMed Al-50Si [7,11] and
Al-12Si (wt.%) [25] alloys. The weak intensity of the Si peaks that indicates the decrease of
“free” silicon also validates this result.
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The specific solubility of Si in the Al matrix can be estimated by a linear relationship
of Vegard’s Law [11,30,40,48]:

a = 0.40491 − 0.0174 X2
Si (1)

where a is the lattice parameter of α-Al and XSi is the atomic fraction of Si.
On the basis of a measured by the XRD patterns, XSi is calculated to be 8.25%, which

is higher than the maximum solubility of Si at eutectic (1.65%) and room (0.05%) temper-
ature [40]. The change of solid solubility of Si is more obvious compared with samples
processed by casting [11,25,40], which is the conventional manufacturing techniques of
hypereutectic Al-Si alloys.

It can be observed that the Si peaks of the as-built specimen for both surfaces are
wider than that of the powder particles, indicating a reduced size of primary silicon [25].
The intensity of Al (111) and Al (200) peaks of the side surface of the as-built sample is
reversed with respect to the top surface of the same sample. This phenomenon illustrates
the existence of texture in different tested samples. The texture of the bulk samples has
been reported by Jia et al. [11].

3.2.2. Densification and Porosity

Almost dense samples whose relative density is 99.54 ± 0.25% are built in this work.
Porosity defects can be found on the surface and interior of the as-built specimens, as
shown in Figure 4, which results in the decrease of relative density. Typical molten pool
morphology of SLMed samples is also visible in the optical microscopic images. The
molten pools with diverse sizes and a half-cylindrical shape are shown in Figure 4b,d.
Metallurgical pores and lack-of-fusion pores [3,13,31,34] are common defects formed in
the SLMed materials. The metallurgical pores characterized as small size and spherical
morphology [34] evenly distribute inside the sample, while the lack-of-fusion pores with
large size and irregular shape [3] are mainly found beside the molten pool boundaries. By
using optimized processing parameters, no keyhole pores or large lack-of-fusion pores
which are significantly detrimental to the mechanical properties of the as-built samples are
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found in this study. The influence of a few lack-of fusion pores and small metallurgical
pores that can hardly be removed on the bending performance can be minimal [3]. In
addition, more pores are observed on the surface (Figure 4a) than inside (Figure 4c),
which is attributed to thermal influence (i.e., remelting [49]) caused by subsequent laser
scanning to some extent. This phenomenon could lead to the enhancement of the sample
densification. Our findings are also confirmed by Dai et al. [49], who reported that the
entrapped gas in the solidified molten pool may shift upward and escape during the
remelting of the previous layer.
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3.2.3. Surface Roughness

Figure 5 illustrates the surface quality of the top and side surface of the as-built
specimen with the roughness of 10.407 µm and 14.578 µm, respectively. Apparent laser
scanning traces are found and depicted in Figure 5a. The roughness of the top surface
can be divided into two parts: one is smoother but contains some holes on it, another is
rougher with obvious protrusions breaking the regular scanning traces. This phenomenon
is attributed to the strip scan strategy, which divides a large scanning surface into several
smaller parts. Areas around the junction of two parts are rougher due to the unstable state
of the molten pool at the start and end of scan tracks [41,50] and the residual stress in
different parts [33]. The side surface is covered by powder particles during the entire SLM
process, so balling and satellites illustrated as protrusions in Figure 5b are quite common
surface defects in SLMed specimens. It is worthy to note that the presence of apparent
boundaries between layer and layer worsens the surface roughness. The top surface of
the specimen exhibits better surface quality compared to the side surface or other SLMed
samples [33]. The side surface defects have more negative effects on the bending strength,
which will be discussed later.
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3.3. Microstructure Characterization

The microstructure of the top and side surface of the etched sample is depicted in
Figures 6 and 7. The molten pool morphology (white molten pool boundaries and gray
cores shown in Figures 6a and 7a) can be clearly distinguished at lower magnification.
A fine but inhomogeneous microstructure with metastable phase generated by the high
cooling rate [26,33] can be catalogued into three distinct regions, namely, the fine zone, the
coarse zone, and the heat-affected zone (HAZ) [21,26,41]. The fine zone at the molten pool
core (Figures 6c and 7c) shows characteristic petaloid structures [40,51] composed of fine
near-spherical primary silicon in the center, elongated fibrous silicon network around the
primary silicon, fine fibrous silicon around the silicon network, and bulk Al-Si eutectic
structures with ultrafine fibrous silicon, divided into different grains by grain boundaries
(marked by a red dash line in Figures 6c and 7c). The petaloid structures are destroyed
with a fibrous silicon network broken into particles, and bulk Al-Si eutectic structures do
not exist in the HAZs (Figures 6d and 7d), which only consists of coarse silicon particles
and primary silicon. In the coarse zone at the bottom of the molten pool (marking with
yellow dash line in Figures 6b and 7b), coarser primary silicon, smaller bulk Al-Si eutectic,
coarser cellular-dendrites coexist, and the petaloid structures partially remain. Due to
the rapid solidification rate of the SLM process, the primary silicon is evenly distributed
among three regions with average sizes of ~0.5 µm, ~0.7 µm, and ~1 µm, respectively,
which is significantly smaller than that (size of 60–80 µm) in the as-cast samples [40].
The microstructures of the Al-22Si-0.2Fe-0.1Cu-Re samples are remarkably different with
other [11,21,26,41,46,51] SLMed Al-Si alloys with different silicon content. There is no
appreciable difference between the morphology of the top and the side surface of the
same sample. All of these phenomena are considered to be attributed to the formation of
primary Si located in the center of unique petaloid structures. The morphology of primary
Si is consistent in both surfaces, and the subsequent phases remain constant as a result,
which suggests the morphology of the primary phase plays a pivotal role in the final
structures [51].
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Figure 6. The microstructure of the as-built Al-Si samples in top view. The molten pool morphology
of the top surface of a sample etched with Keller’s are visible in the SEM image (a). The structure in
the red frame in the picture (a) is magnified to ensure visibility in the picture (b–d). In picture (b),
fine zones and coarse zones are distinguished by yellow dash lines as well as the heat-affected zones
(HAZs). The morphologies of fine zones and HAZs are illustrated at higher magnifications in the
picture (c,d).
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Figure 7. The microstructure of the as-built Al-Si samples in side view. The scan tracks (white zones)
morphology of the top surface of the sample etched with Keller’s are visible in the SEM image (a).
The structure in the red frame in the picture (a) is magnified to ensure visibility in the picture (b–d).
In picture (b), fine zones and coarse zones are distinguished by yellow dash lines as well as the HAZs.
The morphologies of fine zones and HAZs are illustrated at higher magnifications in the picture (c,d).
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The solidification mechanism in SLMed Al-22Si-0.2Fe-0.1Cu-Re alloy is believed to be
cellular-dendritic and eutectic [13]. Due to the liquid oscillations and temperature profile,
an inhomogeneous structure is formed in the molten pools [28]. According to the Al-Si
binary phase diagram, Si phase nucleates firstly in the Si-rich area, which is regarded as
the heterogeneous nucleation mechanism with the detailed process being that the grains
remain from the partially molten zone or laser spatters land onto the molten pool as the
possible nucleation center [13]. The solidification front rejects Al into the liquid with the
growth of Si particles. As a result, the solvent Al is enriched in the undercooled liquid
surrounding the Si particle, then the α-Al phase solidifies as a cellular structure in the Al-
rich area with residual Si segregated at the cellular boundaries around the Si phase, which
exactly hinders the growth of the primary Si phase [40]. Subsequently, the component of
the liquid is transferred into the eutectic zone. The eutectic phase is solidified both around
the already generated phase and in the liquid phase, where equiaxed grains are eventually
formed, separated by grain boundaries. Moreover, ultrafine fibrous eutectic Si is formed
on the matrix because of the rapid cooling rate and high thermal gradients (as high as
103~108 K/s [28]).

For the formation of coarse zones and HAZs, the reason is related to the heat effect of
the next hatch or layer, which causes the partial remelting of the hatches or layers that are
previously-deposited during the SLM process [21,22,41]. The schematic diagram is shown
in Figure 8. The temperature reaches its maximum value at the laser contact point and
gradually decreases as the distance gets farther. When the temperature is between solidus
and liquidus, already-solidified metal is remelted in a semi-solid state [21]. According
to the Al-Si binary phase diagram, some primary silicon that remains solid because of a
high melting point will grow at this temperature range, causing the reduction of Si, which
further results in coarser α-Al phase and reduced eutectic phase. Hence, the coarse zones
are formed, whereas the structures are still fine because of the high cooling rate [28]. Beside
the coarse zones where the temperature is lower than solidus, the base metal is still solid
but undergoes heat effects just like heat treatments [21,30,40]. Therefore, the Si network
is broken into particles, and Si precipitates generated from the supersaturated Al and
eutectic Si become coarser owing to the increased Si diffusion, which is induced by the
heat source [30,41], and thus, the HAZs are formed under this condition. Nevertheless, the
“heat treatment” process only lasts for a very short time because of the high movement rate
of the heat source and high heat dissipation effect, which corresponds to the limited time
for Si particles to grow. As a result, a fine structure is formed in the HAZs with an even
dispersion of Si particles and primary Si. Similar results with respect to formation of coarse
zones and HAZs are also reported by others [21,25,30,41].
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3.4. Mechanical Properties
3.4.1. Micro-Hardness

To investigate the mechanical properties of the as-built specimens, Vickers hardness is
tested. The average micro-hardness of the top, side, and front surface is 176.85 ± 10.25 HV0.2,
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173.27 ± 4.93 HV0.2, and 171.37 ± 11.17 HV0.2, respectively. It is worth noting that the
Vickers micro-hardness values of three surfaces are almost the same, demonstrating the
uniformity of micro-hardness for the whole specimen. Besides, the SLMed Al-Si alloys that
we prepare show an excellent micro-hardness value higher than or almost the same as the
as-cast and other SLMed Al-Si alloys as shown in Table 4, which could be mainly ascribed
to the fine microstructure and high Si content of the alloy [13].

Table 4. Microhardness of the Al-Si alloys manufactured by cast, SLM, and SLM with heat treatment.

Materials As-Cast (HV) As-SLMed (HV) As-SLMed + Heat-Treated (HV)

AlSi10Mg 95–105 [41] 127 [41], 140–150 [52] 100–103 [23]
AlSi12 69 [53] 145–150 [54],154–162 [29] 105–115 [54]
Al-15Si / 170 [55] 110–135 [55]
Al-20Si 79 [56] 188 [57] 91–177 [57]
Al-50Si 112 [48] / /

3.4.2. Bending Properties

The as-SLMed Al-Si alloys usually show brittle and low ductility features [13,25,30,33].
It has been reported that the number of defects is correlated to sample size [58]. For further
investigations on the mechanical properties of as-built samples, a bending test is conducted
whose samples could be small and simple in shape. What is more, density, defects, and
other performance analyses could also be conducted using these samples without the
deviation caused by sample size. The dimension of the bending sample is depicted in
Figure 9a. The bending strength-displacement curves of as-fabricated Al-22Si-0.2Fe-0.1Cu-
Re specimens tested at room temperature are shown in Figure 9b. These specimens
have excellent bending strength that is measured to be 644.0 ± 43.7 MPa, which is much
higher than the conventional counterparts and almost the same as SLMed AlSi10Mg alloys
and SLMed TiB2/AlSi10Mg composite as shown in Table 5. Nevertheless, the bending
strength of different specimens processed by the same SLM parameters has relatively large
fluctuations, which may be attributed to the unstable distribution of defects [13].
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Figure 9. (a) Dimension of the as-SLMed Al-Si samples and (b) bending strength-displacement curves for the as-built
samples.

Figure 10 shows the fracture morphologies of the bending samples. The fracture
is relatively flat with no significant deformation being observed. It is obvious that the
crack initiates near the side surface of the net-shaped sample (shown in Figure 10a) and
propagates inward, leading to fracture. Notch defects (marked by the white arrow in
Figure 10b) between layers are regarded to be responsible for the crack initiation, implying
that surface defects have a detrimental influence on the bending property of the SLMed
parts [3]. Inclusions (marked by red arrows) can also be observed in the crack initiation site.
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Table 5. Bending data for the Al-Si alloys manufactured by different methods.

Materials Processing Methods Bending Strength (MPa) Source

AlSi10Mg SLM 600–660
Ref. [24]SLM+T6 563–595

TiB2/AlSi10Mg composite As-cast 321.6
Ref. [18]SLM 674.8

Al-12Si
As-cast 130–170 Ref. [45]

Squeeze casting 300–350 Ref. [59]
Al-12Si composite Hot extrusion 170–242 Ref. [60]

Al-20Si Pressure infiltration 150–200 Ref. [61]
50 vol% Sip/Al-20Si composite Hot press sintering 386 ± 10 Ref. [62]

Al-22Si-0.2Fe-0.1Cu-Re SLM 644.0 ± 43.7 Present work
Al-30Si composite Hot extrusion 286–378 Ref. [60]

Al-50Si Hot press sintering 275–300 Ref. [63]
Al-50Si composite As-cast 206 Ref. [64]

The bending strength published in other articles will be affected by their test conditions, so they are offered just
for reference.
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Figure 10. Bending fraction morphologies of the as-built Al-Si alloys. (a) Overall view of the
fracture sample and its crack initiation region (marked by red frame) is magnified in picture (b),
with inclusions and notch defects pointed out by red and white arrows, respectively. (c) Partially
magnified image of the fracture surface. Two different fracture morphologies are illustrated at higher
magnifications in the picture (d,e), with fractured and debonding Si particles marked by yellow and
blue arrows, respectively.
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In Figure 10c, cleavage steps and cavities can be found on the fracture surface. The pres-
ence of cleavage planes further confirms the occurrence of brittle fracture and low plasticity
of the as-built samples [30,33,65]. Two main morphologies resembling the microstructure
shown in Figures 6 and 7 are revealed in Figure 10d,e, respectively, corresponding to the
fracture morphology of cores and boundaries of the molten pools [25,30]. In Figure 10d,
obvious microcracks exist in bulk Si particles (marked by yellow arrows in Figure 10d),
which are generated from the large residual stress around hard and brittle Si particles
during bending. Fractured Si particles will become the preferential sites for the crack
initiation site and further result in fracture of the samples. On the other hand, cracks also
initiate from a small part of Si particles that are expected to be separated from the matrix
as indicated by the smooth surface marked by the blue arrow in Figure 10d. Therefore,
the fracture or decohesion of Si particles could be responsible for crack initiation and
propagation [3,60]. The shallow dimples, which are the characteristic of a ductile fracture,
are observed in the molten pool boundary in Figure 10e, which implies a better ductility of
this zone. In addition, fractured Si particles could often be found at the end of the dimples,
as highlighted by yellow arrows in Figure 10e.

The enhancement of the strength of the as-fabricated parts processed by SLM could
be attributed to possible reasons as follows:

(i) Due to the rapid cooling rate of the SLM process, the solubility of Si in the Al matrix
has a significant increase, which leads to the lattice distortion [33] and further hinders
dislocation movement [18]. Hence, the strength and hardness of the as-built samples
are improved by solid-solution strengthening.

(ii) The primary Si particles formed in conventional cast hypereutectic Al-Si alloys have
coarse polygonal morphology (with the average size of ~80 µm) and are unevenly
distributed in the matrix [40], which could easily accumulate strain during bending
or tensile tests, causing fracture or decohesion of Si particles [3,60], then seriously
deteriorating the mechanical properties of hypereutectic Al-Si alloys [61,64]. A lot
of research has been done to improve the mechanical properties of hypereutectic
Al-Si alloys through adjusting the morphology, size, and distribution of primary
Si particles [48,56,64]. Due to the high cooling rate, primary silicon in the as-built
samples has extremely small sizes (about 1 µm), nearly spherical morphology, and
uniform distribution. Therefore, the stress accumulation around these primary Si
particles is rather small compared to that around those particles in conventional cast
alloys, which is beneficial to the performance improvement of Al-22Si-0.2Fe-0.1Cu-Re
alloys. In addition, the presence of a highly-dispersed nanosized eutectic Si phase
in the matrix could also hinder dislocation movement, according to the Orowan
strengthening mechanism [18].

(iii) Moreover, grain refinement is also expected to be responsible for the improved
properties [25,57]. With the decrease of crystallite size, the number of grains begins to
rise, along with the increase of grain boundaries that is considered to be the resistance
for dislocation movement, and thus, it is harder for the dislocation to move among
grains, leading to a significant enhancement for strength.

(iv) The final reason is that the unique molten pool morphology is formed in the whole
SLMed parts [49]. Significantly different structures between the molten pool cores
and boundaries can be observed, which induces visible differences in the bending
fracture morphologies. Hence, the molten pool boundary acting as the grain boundary
considerably restricts the propagation of cracks, resulting in the enhanced mechanism
of the as-built samples. Moreover, the size, amount, and shape of the molten pool can
be modified by optimizing processing parameters [49], implying the possibility of
further enhanced properties.

4. Conclusions

In this work, the almost dense Al-22Si-0.2Fe-0.1Cu-Re alloy parts are fabricated using
optimized processing parameters and a novel type of powder materials. The powder
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properties together with the phase, defects, microstructures, and mechanical properties of
the as-built parts are systematically studied. The main conclusions can be drawn as follows.

(1) Due to the rapid cooling rate of the SLM process, the solid solubility of Si in the
Al matrix has an obvious increase estimated to be 8.25%, which is beneficial to the
enhancement of the bending strength and hardness of the SLMed Al-Si alloys.

(2) The relative density of the Al-22Si-0.2Fe-0.1Cu-Re alloys samples reaches 99.54 ± 0.25%.
Porosity and surface defects can still be observed for the almost dense specimens.
More pores exist near the surface than inside, leading to the enhancement of the
sample densification, which could be attributed to remelting of the solidified layers.
The surface quality of the top face of the specimen is better than that of the side
face, and the side surface defects have an obvious detrimental effect on the bending
strength of as-built samples.

(3) There is no appreciable difference between the fine microstructures of the top and
side surface of the sample. Three zones can be observed from the microstructure. (i)
Fine zones with characteristic petaloid structures and bulk Al-Si eutectic are formed
directly from the liquid formed by melted powder and remelted base metal and
solidified as cellular-dendritic and eutectic. (ii) Because of the thermal effect induced
by laser scanning of the next hatch or layer, coarse zones with grown-up primary Si
and partially broken petaloid structures and Al-Si eutectic generate from remelted
base metal in a semi-solid state close to fine zones. (iii) The temperature decreases as it
is away from the laser contact point, so the base metal remains solid while undergoing
heat effects just like heat treatments. As a result, the HAZs with Si particles and
primary Si generate beside the coarse zones.

(4) The mechanical properties of Al-22Si-0.2Fe-0.1Cu-Re alloy parts processed by SLM
are significantly improved. Due to the fine microstructure induced by a high cool-
ing rate, Vickers hardness reaches ~170 HV0.2, and bending strength increases to
644.0 ± 43.7 MPa for the as-built samples. The micro-hardness is uniform for the
bulk sample with similar Vickers hardness. The enhanced bending strength could
be attributed to solid-solution strengthening, the optimization of Si phase, grain
refinement, and the formation of unique molten pool morphology in the SLM process.
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