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Abstract

We investigate the use of ultra-short laser pulses for the selective melting of Al-Si40-powder to fabricate complex light-
weight structures with wall sizes below 100 um combined with higher tensile strength and lower thermal expansion coef-
ficient in comparison to standard Al-Si alloys. During the cooling process using conventional techniques, large primary
silicon particles are formed which impairs the mechanical and thermal properties. We demonstrate that these limitations
can be overcome using ultra-short laser pulses enabling the rapid heating and cooling in a non-thermal equilibrium process.
We analyze the morphology characteristics and micro-structures of single tracks and thin-walled structures depending on
pulse energy, repetition rate and scanning velocity utilizing pulses with a duration of 500 fs at a wavelength of 1030 nm. The
possibility to specifically change and optimize the microstructure is shown.

Keywords Additive manufacturing - Selective laser melting - Ultra-short laser pulses - Hypereutectic Al-Si alloy

1 Introduction

In the last decade, selective laser melting and sintering
(SLM/SLS) of metal powders evolved as one of the most
promising tools for the fabrication of three-dimensional free-
form elements with highly sophisticated geometries that can-
not be processed with conventional machining methods or
casting techniques [1, 2]. Nowadays SLM is advanced to the
serial production of customized products in a wide range of
applications, especially in automotive, aerospace and medi-
cine. One outstanding advantage is a high level of flexibility
in the design of tailored and optimized light-weight struc-
tures. In this context, aluminium as a major alloy compo-
nent is predominantly used due to the combination of low
density, high thermal conductivity and low material costs.
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Usually silicon is added to reinforce the material to achieve
an improved torsion resistance, ultimate tensile strength,
wear resistance and ductility as well as a reduction of the
thermal expansion coefficient [3—5]. The eutectic point of
this binary system is located at a mass fraction of 12.2%
silicon and 577 °C [6, 7]. A hypereutectic Si content leads
to a significant improvement of the ultimate tensile strength
and elastic modulus and a decrease of the thermal expansion
coefficient [3]. However, utilizing conventional techniques
such as extrusion, forging, casting, powder metallurgy and
continuous-wave laser (cw laser) treatment, the cooling rate
is low, resulting in the formation of large primary silicon
plates that deteriorate the mechanical and thermal proper-
ties [1, 8]. At a mass fraction of 40 % silicon the liquidus
temperature is 350 K above the eutectic temperature [7]. Up
to now only a few methods such as spray deposition and melt
spinning allow a rapid cooling that is suitable to achieve a
desired fine distribution of silicon particles in an aluminium
matrix [9-12]. However, these techniques only allow the fab-
rication of semi-finished products without complex designed
structures. First SLM investigations of Al-Si40 using cw
laser radiation reveal a promising fine grained distribution of
silicon as well [13]. Moreover, the smallest sizes that could
be achieved with hypereutectic Al-Si powders are above
150 pm using laser cladding with a cw laser [14, 15].
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To overcome these limitations, we investigate the use of
ultra-short laser pulses as an alternative heat source. Ultra-
short laser pulses in the range of femtoseconds to picosec-
onds are commonly used in laser material micro processing
for burr free and low-damage ablation with negligible heat-
affected zone [16, 17]. Nevertheless, even for ultra-short
laser pulses a certain amount of energy remains in the mate-
rial [18]. When the time between two successive pulses is
shorter than the characteristic heat diffusion time the heat is
accumulating and temperature rises [19]. This heat accumu-
lation effect is specifically utilized, e.g., for the local welding
of glass [20-22]. So far, the use of ultra-short laser pulses
at high repetition rates has been reported only few times
for the SLM of materials with high melting temperatures
and high thermal conductivities such as tungsten, zirconium
and copper [23-29]. In the investigations presented here,
we make use of the extraordinary short interaction time of
the laser pulses with the hypereutectic Al-Si alloy to real-
ize fast controlled heating and cooling cycles for producing
samples with optimized microstructure and highly confined
geometrical features.

2 Experimental setup

The experiments were realized with a basic SLM-setup that
enables the layer-wise melting of powder which is illustrated
in Fig. 1.

The irradiation source was a femtosecond fiber laser
(Activefiber Systems GmbH) that generates pulses with
a central wavelength of 1030 nm and a duration of 500 fs.
The maximum average power is 25 W at a repetition rate of
20 MHz that can be modified with an internal acousto-optic
modulator (AOM). The pulses were deflected by a com-
puter controlled galvano-mirror scanner (SCANgine from
Scanlab). The scanner system was equipped with a 100 mm
-F-Theta lens that focuses the pulses with a waist diameter
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Fig.1 Scheme of the SLM-setup
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(dy ) of 35 pm onto the surface of the powder bed. By
adjusting the distance between powder bed and focusing lens
the beam diameter can be adapted up to 300 pm. The powder
was deposited manually on a standard aluminium building
platform with a rubber blade. After illumination the plat-
form was lowered stepwise using the upper lifting axis. The
position was controlled with a dial gauge having an accu-
racy of 5 pm. With this setup it is possible to fabricate parts
with maximum dimensions of 10 mm x 40 mm x 40 mm?
(H x W x D). To avoid oxidation a sealed chamber was
installed that was flooded with nitrogen to keep the residual
oxygen level less than 0.1% as described by Louvis et al.
[30]. Additionally, an exhauster was fixed close to the melt
pool for removing the strong smoke to protect the exit win-
dow of the objective against the deposition of soot. In all
the experiments, Al-Si powder with a mass fraction of 40 %
silicon was used supplied by TLS-Technik. The gas atomized
powder grains have a size distribution of 20—63 pm with a
mean diameter of 38 pm as can be seen in Fig. 2a.

The additive fabrication of fine structures requires both
a small particle size and a low layer thickness. Hence, the
sphere-like particles have been sieved again with a strainer
mesh size of 40 um. The mean particle size obtained is
approximately 25 pm which nearly fits the focal diameter
and ensures a more homogeneous powder deposition at a
layer thickness below 30 pm. In Fig. 2b, a polished cross
section of loose powder grains is shown. As already men-
tioned, large primary silicon plates (gray areas) surrounded
by eutectic Si and a-Al (brighter two-phase area) can be
observed.

After SLM, the samples were analyzed by different imaging
techniques such as optical microscopy and scanning electron
microscopy (SEM) to qualify the melting characteristics and
to quantify melt widths and heights. Furthermore, the pro-
cessed samples were embedded in epoxy resin and polished
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Fig.2 a Histogram of the Al-Si40 powder fraction. b Light micro-
scopic image of a representative polished grain section. The phase
separation between primary silicon (dark and light gray) and the sur-
rounding @-Al and eutectic Si (bright) is clearly visible
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with Al,O; nano-powder to obtain deeper insight into the
microstructure.

3 Results

The interaction of ultra-short laser pulses with matter is dif-
ferent and more complex in comparison to cw lasers. In SLM
studies using cw lasers essentially, the applied power (P,
), scanning velocity (vg,,). wavelength and focal diameter
are varied apart from the built orientation and different scan
strategies. For ultra-short pulsed lasers, pulse energy (Ep),
pulse duration () and repetition rate (f,.,) are additionally
influencing the interaction. Hence, some preliminary stud-
ies are required to define an appropriate processing regime.

3.1 Parameter and Morphological Studies

In selective laser melting, ablation should be avoided. To
determine the damage/ablation threshold of materials in
ultra-short laser pulse processing, the energy density or the
so-called fluence

_8-E,

F =
2
ﬁ'ds

6]

is used. The single pulse ablation threshold fluence of alu-
minium and silicon at 1030 nm is approximately 0.12$ in
the sub-picosecond regime [31, 32]. For shorter laser wave-
lengths, the silicon particles linearly absorb the laser radia-
tion which strongly decreases the threshold for ablation [31].
This could lead to a greater loss of silicon and an undesir-
able change of the material composition at higher fluences.
Additionally, multi-pulse irradiation may reduce the ablation
threshold further depending on the repetition rate [33].

To figure out possible limitations caused by such unfa-
vorable ablation effects, we studied the basic pulse-powder
interaction depending on pulse energy, spot diameter and
repetition rate. Therefore, we deposited a single powder
layer with a thickness of 30 pm on the building platform and
scanned squares with an edge length of 2 mm and a hatch
distance of 1 of the spot diameter (dg) to ensure a suitable
track overlap. For these investigations, we kept the energy
per unit length

_ E, frep _ P, ?)

Vscan

Q

vscan
constant at 150& to compare results with different pulse
energies, repetition rates and scanning velocities. Figure 3
exemplary shows the threshold power and fluence for a rep-
etition rate of 500 kHz for different spot diameters (a) and
for a spot diameter of 35 pm and varying repetition rate (b).
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Fig.3 a Power and fluence which is needed to blast the powder
away in dependence of the spot diameter for a fixed repetition rate
of 500kHz. b Power and fluence threshold for blasting at fixed spot
diameter of 35 pm at different repetition rates

The threshold values represent the onset of powder
blasted away from the underlying platform. This removal can
be explained by a strong pressure due to a combination of
material vaporization and generated shock waves. Figure 3a
shows that the blasting fluence decreases with increasing
spot diameter. However, for spot diameters > 150 pm the
threshold fluence practically remains constant. Moreover,
the decrease of the blasting threshold with increasing repeti-
tion rate at fixed spot diameter indicates also a cumulative
effect (see Fig. 3b).

To fully apply the average power of 25 W provided by the
laser system, the repetition rate and beam diameter were set
to 20 MHz and 50 pm, respectively, for the following inves-
tigations. This ensures a high spatial resolution without lim-
iting effects of vaporization and blasting. The influence of
average power and energy per unit length was investigated by
scanning single lines with a length of 2 mm. All tracks were
separated by a minimum distance of 1 mm to melt the pow-
der on pristine positions and to avoid any potential interplay
between neighboring lines. The average power was altered
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in the range of 2.5-25 W and energies per unit length were
varied between 25 and 350 é Seven layers with a thickness
of 30 pm each and the same line patterns were processed to
achieve significant and comparable results. Figure 4a shows
a representative selection of SEM images of molten tracks
with an approximate height of 200 pm.

On the left side, the average power was fixed to 25 W
corresponding to a pulse energy of 1.25 pJ, and on the right
side tracks with a constant energy per unit length of 150 L
are shown. Based on these images one can identify various
melting morphologies which yield important insight into
the solidification characteristics. At low scanning velocities

Veean < 120 =2 (Q > 210 —) the amount of heat is too high
resulting in melt warps that protrude from the powder bed
and consequently disturb the preparation of following lay-
ers (see left side of Fig. 4a). The extreme heat flow leads to
an extensive heat-affected zone that is several times larger
than the irradiated area. Here, the track widths are in the
range of 150-200 pm with a rough surface and a multitude
of attached particles on the side walls. At scanning velocities

Veean > 800 == (0 < 30 ) irregular structures are formed
including 1nterrupt10ns "and welding beads. Additionally,
when the average power is decreased below 5 W (see right
side of Fig. 4a) the particles are only surface-sintered. This
can be explained by persistent liquid phase sintering [34],

(a) Q = 150J/m

210J/m

150J/m
100J/m
75J/m
50J/m
25J/m

Fig.4 a SEM images of molten tracks with different energies per
unit length at a fixed average power of 25W and a repetition rate
of 20MHz (left side). Different characteristic morphologies can be
observed due to the change in the scanning velocity and the corre-
sponding energies per unit length. The influence of different aver-
age powers for Q = 150 L is shown on the right side. b SEM images
of molten tracks at different average powers and a fixed Q-value of
150 ; using multiple scanning repetitions from 1 to 6
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which is not sufficient to melt primary silicon to achieve a
homogeneous mixture.

In an intermediate regime above 12 W and 40 L uniform
structures with a significantly reduced roughness could be
melted. The homogeneity can be significantly improved by
re-scanning a single track several times. Figure 4b illustrates
this effect for different processing regimes. Between two
successive scans a dwell time of 1 s was set to cool down
the material below the melting point. After three cycles an
improved compaction and a decrease of the waviness of the
track can be seen. Too frequent re-melting results in rip-
ples and grain agglomerations. At low average powers, no
improved uniformity could be obtained.

Figure 5 summarizes the quality characteristics depending
on average power and energy per unit length. We determined
a suitable processing window in the range of P,, = 12-25W
and Q = 40—170 %

3.2 Structural investigations

After defining a suitable processing regime, we studied the
achievable feature sizes and microstructural morphology of
additive manufactured samples. Therefore, we constructed
single circles with a diameter of 1.5 mm, consisting of 50
layers with a thickness of 30 pm, each. The circle paths were
re-scanned three times for each layer. The average laser
power and scan velocity were varied, resulting in different
values of Q. The thin-walled hollow cylinders are shown in
Fig. 6a.

The wall thickness was measured at ten different positions
along the circumference to achieve a reliable average value.
Therefore, the samples were cleaning in an ultrasonic bath
and polished on the topside as can be seen in Fig. 6b. Fig-
ure 6¢ illustrates the wall thickness depending on the energy
per unit length and power. In the range of Q = 40—150 i,
the wall thickness grows almost linearly with O and slightly
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Fig.5 Melting morphologies depending on average power/single
pulse fluence and energy per unit length
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Fig.6 a Photograph of hollow cylinders on the building platform
after cleaning; b top-view of two representative top-edges before and
after polishing. ¢ Wall thickness depending on energy per unit length
for three different average powers

increases with average power. The smallest achievable wall
thickness was 54 + 5 pm at 18 W and 40 é

To analyze the phase composition and distribution of Al
and Si, the fabricated thin-walled cylinders were embed-
ded in epoxy resin and polished upright on the top edge.
In Fig. 7, the micrograph series shows the distribution of

18W, 75J/m

Fig.7 Micrographs of thin-walled cylinders polished on the top edge
for different parameter settings

primary silicon particles (bulk gray) and the surrounding
Al/eutectic Si (bright).

Black sections illustrate boundaries and cracks. The pri-
mary silicon particle size is decreasing with increasing aver-
age power and energy per unit length. In addition, a more
uniform and fine distribution of these particles surrounded
by a-Al and eutectic Si is observed for average powers above
12 W. Some flaws recognizable in between fine distributed
silicon could be based on thin oxide films present on the
surface. Below 10 W, the silicon particles agglomerate in
different directions, resulting in deteriorate formation of sin-
tering necks between adjacent powder grains which reduces
the stability of the entire structure.

These investigations suggest the use of high average
power and energy per unit length as the optimum process-
ing parameters.

3.3 Lightweight sample structures
On the basis of these results different lightweight structures

with high aspect ratios of more than 1 : 50 were realized
which are shown in Fig. 8.

(a)

(b)

(c)

1mm

Fig.8 a Hollow thin-walled hemisphere with a starting overhang
angle of 35° on the platform (left) and a SEM image of a molten
intersection (right). b Hexagonal wall arrangement with a minimum
wall thickness of 80 pm. ¢ Impeller (right) with a detailed view on the
centered hub after polishing the surface (right)
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The samples were fabricated with a layer thickness of
30 um using an average power of 25 W and an energy per
unit length of 125 % corresponding to a scan velocity of
20 % Each constructed path was scanned for three times
and to increase lateral structure sizes the areas were hatched
along the contour with a distance of 30 pm. The SEM image
of the hemisphere in Fig. 8a shows a neat and robust connec-
tion between the intersecting walls with a mean thickness of
80 pm. Here, no external supporting structures are necessary
in overhang areas even at angles down to 35°. The SEM
image of the hexagon in Fig. 8b imparts insight into the
wall quality. The appropriate vertical overlap of the molten
layers leads to a dense framework with an average roughness
of 10 pm. Furthermore, the lateral connection of the melted
areas reveals low porosity as can be seen in the SEM image
of the central hub in Fig. 8c after polishing of the top side.

4 Conclusions

These investigations clearly demonstrate the potential of
ultra-short laser pulses for additive manufacturing of non-
eutectic alloys such as Al-Si40. A controlled energy deposi-
tion allows a homogeneous re-solidification of the melted
Al-Si40 powder which is necessary for reproducible and
stable parts. By appropriate choice of the processing param-
eters the microstructure can be optimized. High aspect ratio
lightweight elements with structure sizes down to 70 pm and
an average roughness of about 10 pm could be realized.

In future work, we will determine the mechanical and
thermal properties such as elastic modulus, ultimate tensile
strength and hardness as well as the thermal conductivity
and thermal expansion coefficient of the produced structures.
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