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In this paper, high-silicon Al-42Si alloy was prepared by selective laser melting (SLM) with different process
parameters. Microstructures evolution and defects formation were studied and process parameters were opti-
mized. The results shown that the density of SLM-fabricated Al-42Si alloy increases as input energy density
increases. The highest and lowest density of SLM-fabricated Al-42Si alloy are obtained, when input energy
density is 42.9J/mm?® and 33.8J/mm® respectively. The microstructures of Al-42Si alloy fabricated by selective
laser melting is mainly composed of primary silicon phase and eutectic silicon phase, which is distinct from
casting alloy because of diffient grains size and shapes of the primary silicon. With higher energy density, larger
size of the primary silicon observed during process due to higher heat released by powder. The size of primary
silicon phase particles is in the range of 2.9-9.4pm, and the size of molten pool during SLM process is in the range
of 125 4 10pm-140 + 10pm in this study. Also the hardness of SLM-fabricated Al-42Si alloy increases as input
energy density increases between 40.0J/mm?® and 42.9J/mm?®. After heat treatment, the residual stress is elim-
inated, microstructure stability and homogeneous of SLM-fabricated Al-42Si alloy are improved. The silicon
distribution is more uniform and sizes increases about 1~2pm, and the hardness decreases after heat treatment.
The optimal SLM parameters for Al-42Si alloy are laser power of 320W, scanning speed of 1355 mm/s, layer
thickness of 50pm and scanning space of 110pm.

1. Introduction

High silicon aluminum alloy have emerged as new type of electronic
material because of high thermophysical properties, low coefficient of
thermal expansion and stable chemical properties [1, 2]. High silicon
aluminum alloy such as Al-42Si alloy is widely used in aerospace
industry and modern electronic information technology and other
high-tech fields. High-silicon Al-Si alloy prepared by traditional pro-
cessing methods such as casting usually exhibit coarse grain sizes and
uneven microstructure, this typical microstructures tend to poor
mechanical properties of the alloys [3, 4]. Therefore, it is important to
improve the mechanical properties of high-silicon Al-Si alloy by grain
sizes refinement and microstructure modification.
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Selective laser melting (SLM) technology uses a high-energy laser as
the heat source, and then melts the metal powder based on the three-
dimensional model. The powder melts quickly and solidifies layer by
layer to fabricate high-performance, high-precision components with
complex geometries, and the components can be used only by simple
polishing without complicated processing [5, 6, 7, 8]. SLM has multiple
rapid melting and solidification processes, which can increase nucle-
ation sites and refine the structure. SLM has been widely used to
fabricate range of materials, including Fe-based alloys [9, 10, 11],
Al-based alloys [12, 13], Ni-based alloys and Ti-based alloys [14, 15,
16, 17].

The microstructures produced by SLM are very fine usually and pre-
sent duplex grain structure. Also SLM technology can increase the
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Figure 1. Powder particle size distribution of Ti-42Si alloy.

strength of alloys and shorten the components fabricate cycle, and has
broad development prospects in industrial manufacturing [18].

Aluminum alloy powder easily forms an oxide film on the surface.
Therefore, when the laser power is low, input energy cannot break the
oxide film, which hinders the interaction between each layer of metal.
This will leads to defects such as pores and cracks during aluminum alloy
processing. In order to obtain high-strength aluminum alloy in SLM, it is
necessary to prevent it from oxidizing. Aluminum alloy has high thermal
conductivity and laser reflectivity, and the energy utilization rate is lower
than other metals [19, 20]. SLM processed high-silicon aluminum alloy
materials can significantly refine its microstructure and improve their
performance. E.O. Olakanmi proved [21, 22] that the density of Al-12Si
depends on the intensity of the laser and the scanning speed, and the
direction of the voids and the density of the processed alloy vary greatly
on process parameters. Prashanth [20, 23, 24] studied the influence of
the microstructure of selective laser melting fabricated Al-12Si alloy on
the mechanical properties. Those experiments employed two different
ways of scanning speeds and other parameters unchanged, and results
shown that the higher heat treatment temperature is, the coarser the
grains of the sample becomes. Also the tensile strength decreases and the
fracture toughness increases with higher heat treatment temperature.
Therefore, the size and shape of grains in microstructure have serious
impact on the mechanical properties of the alloys, and alloys show
different mechanical properties with different process parameters. But
different process parameters will introduce process defects during se-
lective laser melting.

Al-42Si alloy prepared by SLM has defects such as pores, uneven
microstructure and residual stress, which will significantly reduce the
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Table 1. List of the process parameters selected to fabricate A1-42Si samples. The
energy density is calculated by Eq. (1).

Samples  Laser Scanning Layer Hatch Energy
power speed (mm/s)  thickness spacing density (J/
w) (um) (mm) mm?)

1# 320 1455 50 0.11 40.0

2# 320 1455 50 0.13 33.8

3# 320 1355 50 0.11 42.9

4# 340 1455 50 0.11 42.5

Figure 3. Selective laser melting process of high-silicon Al-42Si alloy samples.

elongation and fatigue resistance of the alloy. In order to improve the
mechanical properties of Al-42Si alloy, researchers have developed a va-
riety of post-treatment methods, such as heat treatment, hot isostatic
pressing, and friction stir processing [25, 26, 27, 28]. In this paper, selective
laser melting technology is used to prepare Al-42Si alloy. The printability
of Al-42Si alloy has been verified by experiments, and we also have studied
the formation of defects in Al-42Si alloy microstructure and process under
different process parameters, optimized the additive manufacturing process
parameters. In addition, this paper studies the microstructure and me-
chanical properties of the Al-42Si alloy material during the heat treatment
process to improve its comprehensive performance.

2. Experimental materials and methods
2.1. Material analysis

In this paper, Al-42Si alloy powder was selected as the material,
which was prepared by gas atomization technology with particle size

Figure 2. Scanning electron microscope morphologies of Al-42Si powder particles.
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Figure 4. Selective laser melting fabricated Al-42Si alloy samples.

ranging from 20pm to 60um. The particle size was analyzed by laser
diffraction particle size analyzer (Mastersizer 3000E), and the particle
size distribution as shown in Figure 1. The particle refractive index is
1.268 and the particle absorption rate is 1.000. The typical values of Dy,
Dsp and Dgy were 11.1pm, 41.8ym and 87.0pm, respectively. The
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medium particle size of the powder is 41.8um, and the thickness of the
printing layer is 50pm, which meets the printing conditions.

The morphologies of powder was observed using Coxem EM-30 Plus
scanning electron microscope, as shown in Figure 2. The powder
morphology of Al-42Si alloy in Figure 2 was obtained. The particle size
of the powder is about 20-60pum, and there are some smaller particles.
These small particles adhere to the large particles to form satellite
spheres, Also some special-shaped powders that possess the weird shapes
in the powder. The satellites ball and special-shaped powder are irregular
particles, which make the fluidity and dispersion of powder worse. Those
irregular particles are disadvantageous in powder laying process of
selective laser melting [29, 30].

2.2. Selective laser melting process

The samples of Al-42Si alloy were fabricated using a EOSINT M280
equipment. The equipment is equipped with IPG ytterbium laser (a
maximum power of 400W and a spot diameter of 70 pm), which
can provide high performance, high stability, and high quality laser for
printing process. The fabrication of the samples was carried out in an
argon atmosphere with less than 0.05% oxygen. The building platform
was preheated at 80 °C. a stripe scanning strategy was employed during
SLM process. Bulk samples with dimensions of 10 x 10 x 10 mm® were
built for microstructural analysis and hear treatments, respectively. Four
groups of SLM-fabricated samples were obtained according to Table 1
parameters. Based on sample 1#, and change the scanning spacing,
scanning speed and laser power to obtain parameter 2#, parameter 3#
and parameter 4#.

The relationship between energy density and other parameters is as
follows [31]:

P

E={vD M

Where E is energy density (J/mm®), P is laser power (W), D is the hatch
spacing (mm), V is the scanning speed (mm/s), h is the layer thickness
(mm). The SLM-fabricated process is shown in Figure 3.

After finishing printing, wait for the temperature of samples drop to
room temperature, then take out the samples and the substrate together,
and then use wire cutting to take down the samples from the substrate.

Figure 5. Optical micrographs for the cross-section of SLM-fabricated samples using different process parameters according to Table 1.
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Figure 6. Variation in relative porosity with energy density for SLM fabricated
Al-42Si samples with different process parameters.

Finally, four groups of cube samples with side length of 10mm were
obtained, the samples fabricated by SLM were shown in Figure 4.

2.3. Characterization methods

The cross sections of SLM-fabricated samples parallel to building di-
rection were ground and polished according to standard metallographic
procedures, and the microstructure was observed by Olympus optical
microscope (OM) and Coxem EM-30 Plus scanning electron microscope
(SEM) equipped with an energy dispersive spectrometer (EDS). Metal-
lographic preparation was carried out for each set of parameter samples,
and the grinding surface was selected as the side surface (longitudinal
section) for observation. Relative density calculation was done with an
optical microscope pictures taken from the middle part of the longitu-
dinal direction in each sample using Image J software. In each sample, at
least 20 micrographs were assessed for relative density measurements.

The heat treatment were conducted to reduce the stress and make
microstructure homogeneous compared to SLM-fabricated samples. The
heat treatment temperature and time were set at 550 °C for 24 h. The
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heat treatment was conducted in a muffle furnace and the samples were
retrieved from furnace and cooled in air. The microhardness measure-
ments were conducted with a standardized Vickers measuring test device
(HVS-1000B) at a load of 4.908N (500g) and a dwell time of 10(s) on the
surface of longitudinal section of SLM-fabricated and heat treatment
samples with polished surfaces. The every values of microhardness were
average of 10 times measurements.

3. Results and discussion
3.1. The relative density of SLM fabricated Al-42Si alloy samples

Figure 5 displays the OM images of SLM fabricated Al-42Si samples
with different process parameters. The images were observed with an
optical microscope, and 20 pictures were taken in sequence by selecting
different areas. It is observed from the images that the printability of
Al-42Si alloy samples is good, and there is no obvious crack in SLM
fabricated samples. Also some large silicon phase can be observed in the
images, and the black spots can be seen on the surface, which are
considered as porosity. The relative porosity of the four groups of sam-
ples were respectively 0.031%, 0.042%, 0.013% and 0.018% by defects
calculation with software. According to the data, the relationship be-
tween energy density and porosity is characterized, as shown in Figure 6.

Figure 6 shows the variation in relative porosity with energy density
for SLM fabricated Al-42Si samples, which can be seen that the relative
porosity of the samples increases with the increase of the input energy
density. The density of the alloy is negatively correlated with porosity.
The porosity mainly contain non-fusion and pores in selective laser
melting process. When the energy density is 42.9J/mm?, the relative
porosity is the lowest (0.013%) and the relative density is the highest.
When the energy density is 35.8J/mm?, the relative porosity reaches the
lowest of 0.042% and the relative density is the lowest. Compared with
3#, 1# reduces the scanning speed of 3#; Compared with 4#, the laser
power of 1# increases and the density of the alloy increases.

The melting ability of the powder decreases with the input energy
density being low. If scanning speed is fast at this time, the cooling rate of
the molten pool will be accelerated. At this time, the bubbles released
during the melting of the powder cannot be discharged, and pores will
appear during SLM process. When input energy density reach the highest,
the excessive energy will pass through the metal powder to melt the
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Figure 7. Phase diagram of binary Al-Si alloy [34].
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Figure 8. SEM-SE micrographs of the cross section of SLM fabricated Al-42Si alloy at different process parameters.

solidified metal again, increasing the thermal stress between metals and
cracks being prone to appear [32, 33]. Moreover, decreasing the scan-
ning speed and appropriately increasing the laser power can increase the
density of the alloy, and the influence is greater than the energy density.

3.2. Microstructure characterization of SLM fabricated Al-42Si alloy

Figure 7 shows the phase diagram of a binary Al-Si alloy. High-silicon
content alloys fall in the range of hypereutectic Al-Si alloys, and there are
two phases at room temperature, named primary $-Si and (a+p) eutectic
phase upon equilibrium solidification. The microstructure of hypereu-
tectic alloy is composed of p(Si)+eutectic (a+f). In this study, the silicon

content is 42%, is a hypereutectic alloy, its equilibrium microstructure
composition of eutectic structure (a+f) and primary silicon p(Si).
Figure 8 shows microstructures of SLM-fabricated Al-42Si alloys at
different process parameters. As can be seen from Figure 8, although this
alloy has a high silicon content, many primary silicon phases are formed
in microstructures, it can still see the morphology of the molten pool
clearly, as shown by orange arrow in figures. The typical microstructures
of SLM-fabricated Al-42Si alloy mainly present primary silicon phases
(p-Si) and (a+p) eutectic phases, which is similar to phase composition
in as-cast alloy. Also some white oxide particles can be seen in micro-
structure, these white oxide particles are mainly oxides containing Al and
Si, which may be formed by the oxygen contained in the additive
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Figure 9. SEM-SE micrograph and composition distribution of white oxide particles in SLM-fabricated Al-42Si alloy using EDS.

manufacturing metal powder and the oxygen in the atmosphere being
sucked into the alloy during SLM process, as shown in Figure 9.

The molten pools shown different length and width under different
process parameters. When compared with the size of the primary silicon
phases in the microstructures of SLM-fabricated Al-42Si alloys, the sizes
of primary silicon phases in the center of the molten pool is obviously
smaller than that at boundary of molten pool. After measuring the size of
the molten pool from images in Figure 8, take its average value. The pool
sizes of four groups samples are 130 + 12um for 1#, 140 + 10um for 2#,
125 + 10pm for 3#, and 126 + 8um for 4+#, respectively (in order of
parameters). According to the size of the molten pool, when the energy
density is the highest (3#, 42.9J/mm®), the molten pool is the smallest,
which is 125 + 10pm. When the energy density is the smallest (2#,
35.8J/mm®), the molten pool is the largest, which is 140 &+ 10pum.

Figure 10 shows SEM-SE morphologies and composition distribution
of SLM-fabricated Al-42Si alloy. Figure 10(a) reflects the microstructures
at the boundary of molten pool of SLM-fabricated Al-42Si alloy. The Si
content in the black part of Figure 10(a) is 77.22%, which indicates that
is primary silicon phases with high Si contents. In EDS results of the gray
part, the highest peak is Al, and its content value is 72.45%, which
indicates that it is eutectic structure. Figure 10(b) shows the area occu-
pied by Al and Si, in which the proportion of Al is 57.5% and that of Si is
41.1%, which is consistent with the nominal materials composition.

The size of primary silicon phases was measured according to
the longitudinal section images of the samples. It can be seen that when
the energy density is the largest (3#, 42.9J/mm®), the maximum value of
the primary silicon phase is also the largest, and the silicon phase size
ranges from 3.3 to 9.4um. With the decrease of the energy density, the
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Figure 10. Morphologies and composition distribution of SLM-fabricated Al-42Si alloy using SEM-SE with EDS.
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Figure 11. SEM-SE micrographs of SLM-fabricated Al-42Si alloy after heat treatment, (a) 1#, (b) 2#, (c) 3#, (d) 4#.

maximum value of the primary silicon phase also decreases gradually.
When the energy density is the lowest (2#, 35.8J/mm?), the maximum
value of the primary silicon phase is the minimum, and the size range of
primary silicon is about 2.9-6.5um. The size range of primary silicon of
the two groups of energy density is 3.2-7.5um for sample 1# and

\J

- .

D ts 3

3.3-7.6um for sample 4#, that is, the order of primary silicon size is 3# >
4#>1# > 2# (according to the maximum value). Therefore, the higher
the input energy density, the smaller the density of the primary silicon.
This is because the energy density is higher, the more heat is released
with the powder melted during selective laser melting process, the more

Figure 12. SEM-SE micrographs and distribution of primary Si phases of 3# Al-42Si alloy at SLM-fabricated state (a) (b), and heat treatment state (c) (d).
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Table 2. Hardness values (HV).

1 2 3 4
SLMed 156.3 178.7 179.9 169.6
Heat treatment 120.9 108.4 101.5 115.1

temperature rises, so the silicon phase grows. However, because the rapid
cooling hinders the diffusion of silicon atoms, so the growth of silicon is
limited to some extent, when compared with as-cast alloys.

3.3. Microstructures of SLM fabricated Al-42Si alloy after heat treatment

After heat treatment, the samples were grinded into metallography,
and their microstructures were observed by SEM-SE, as shown in
Figure 11. Some little primary silicon phases are merged, and the mor-
phologies of primary silicon phase changed from a sharp corner to a
round shape in some extent in microstructure of SLM-fabricated Al-42Si
alloy after heat treatment. Heat treatment process can eliminate or
reduce the residual stress, make the microstructures become more stable,
and the composition distribution is also homogeneous [35, 36]. Also
white oxides containing Al and Si are increased after heat treatment, and
the size of these particles are grew.

Since the heat treatment temperature is close to the eutectic tem-
perature, the size of primary silicon grows gradually during heat-treated
process. By measuring the size of primary silicon, the size of silicon can
be obtained:1# increases to 8.3pm, 2# increases to 7.3pm, 3# increases
to 9.4pm, and 4# increases to 8.9um (because the microstructure is
uniform after heat treatment, the silicon phase size is averaged). The four
groups of samples were compared, and the size order was 3# > 4#>1# >
2#. This size order remained unchanged with that before heat treatment,
and was one-to-one corresponding to the input energy density, that is, the
greater the input energy density, the greater the primary silicon.

Figure 12 shows the morphologies and distribution of primary Si
phases of SLM-fabricated state and heat treatment state of sample 3#.
The distribution of primary silicon phase in SLM-fabricated state is not
uniform and the size is not consistent, which can clearly see the arc of the
molten pool boundary. The size of primary silicon phase in the center of
the molten pool is smaller than that at the boundary obviously. Heat
treatment can effectively eliminate the internal defects of the samples
and improve the primary silicon phases distribution in SLM-fabricated
Al-42Si alloy. Therefore, the sample microstructure after heat treat-
ment is more uniform, the size and morphology of primary silicon are
consistent, and the boundary and morphology of molten pool are more
difficult to distinguish.
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Figure 13. Hardness value before and after heat treatment.
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3.4. The hardness of SLM-fabricated Al-42Si alloy

The measured hardness values of the SLM-fabricated and heat-
treated samples are averaged respectively, and the obtained hardness
values are shown in Table 2. According to hardness values obtained in
Table 2, a line graph is made as shown in Figure 13. The results show
that the hardness of the alloy increases with the energy density from
40.0J/mm® to 42.9J/mm3, which is consistent with the change of
density with the energy density. When the porosity in the alloy is high,
the hardness load will cause the material to collapse, leading to the
decrease of hardness.

However, when the energy density is 35.8J/mm?>, the hardness of the
alloy is obviously higher, because the selective laser melting is a process
of rapid heating and cooling, and has the effect of fine grain strength-
ening and the size of primary Si particles. According to the Orowan
reinforcement equation [37, 38]:

0.4MG,, In (@)

Vo=
27A(1 — )2

(2)

Where d, is the average particle size; M is the average orientation factor;
b is the bergheit vector of alloy; Gy, is the shear modulus of alloy; v is
Poisson's ratio; A is the particle spacing. Therefore, the larger the Si
particle size, the higher the strength. According to the silicon phase size
measured in 3.1, the size of 3# is the largest, so the strength of 3# sample
is highest. It can be calculated from Eq. (2) that the contribution of pri-
mary Si phase to the hardness of 3# sample increases by 15.7HV
compared with 1# sample. The calculated result is close to the experi-
mental increment of 23.6HV in 1# and 3# samples. It also can be seen
from the change of hardness in SLM-fabricated alloy and heat treatment
alloy, the change of 1# selective laser melting technology decreases, but
its hardness increases obviously. After heat treatment, the internal
residual stress is eliminated and the alloy possesses distribution unifor-
mity and the hardness of the alloy decrease with different degrees.
Sample 3# has the highest hardness with SLM-fabricated state, and de-
creases most after heat treatment, and its hardness value is the lowest
among the four groups after heat treatment. The hardness of sample 1#
with the lowest value in SLM-fabricated state, and with least decreases
after heat treatment.

4. Conclusion

In this study, the successful process of SLM-fabricated Al-42Si alloy
will expand the application range of Al-42Si alloy especially in aero-
space, electronics and semiconductors. Many parts with complex shapes
can be made by SLM technology, but the manufacturing of these parts is
still limited by their forming methods. Therefore, Al-42Si alloy
successfully prepared by SLM technology will further promote its appli-
cation scope and field.

(1) The relative density of SLM-fabricated Al-42Si alloy is positively
correlated with the laser energy density during selective laser
melting process. The relative density of the alloy is also affected by
scanning speed, laser power and scanning spacing. And the rela-
tive density of the alloy increases first and then decreases with the
increase of the laser energy density.

(2) The higher the input laser energy density, the larger the primary
silicon size in SLM-fabricated Al-42Si alloy and the smaller size of
the molten pool, and the growth of primary silicon will be limited,
due to rapid cooling. n summary, the optimal process parameters
are laser power is 320W, the scan rate is 1355 mm/s, the layer
thickness is 50pm, and the scan pitch is 0.11mm in this study.

(3) The hardness of SLM-fabricated Al-42Si alloy increases as the
energy density increases in the range of 40.0J/mm> to 42.9J/
mm?, and the hardness of SLM-fabricated Al-42Si alloy decreases
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with the relative density decreases. the hardness decreases after
heat treatment.

(4) After heat treatment, the size of the primary silicon phase of SLM-
fabricated Al-42Si alloy increases, and the distribution of the
microstructure is uniform. Heat treatment process can eliminate
residual stress and improve internal defects, and the distribution
of primary silicon phase in microstructures changes from inho-
mogeneous homogeneous. Also, the size of the primary silicon
phase is increased about 1~2pm after heat treatment.
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