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Abstract 

Rapidly solidified hypereutectic Al-Si alloys are characterized by high tensile strength, hardness and low thermal 
expansion. For example, by adapting the mass fraction of silicon they are predestined for thermal expansion matched 
housings and scaffolds. Additive manufacturing with ultra-short laser pulses results in high cooling rates and a highly 
confined melt pool, which reduces or avoids segregation in the solidified phases. In this talk, powder bed fusion of Al-Si 
with silicon contents of more than 20wt% using 500fs laser pulses at a wavelength of 1030nm is presented. The resulting 
microstructure differs significantly from that in casting or conventional powder bed methods, revealing a fine 
distribution of sub-micron sized primary silicon particles. Moreover, the underlying laser scanning strategy has a crucial 
impact on the as-built quality including surface roughness, density and hardness. We demonstrate, that Al-Si alloys with 
extremely high silicon contents up to 70wt% can be harnessed for additive manufacturing applications. 
 
Keywords: Additive manufacturing; Laser powder bed fusion; Selective laser melting; SLM; Ultra-short laser pulses; Hypereutectic Al-Si 
alloys; Light-weight materials. 

1. Motivation and state of knowledge 

Aluminum silicon (Al-Si) alloys are one of the most important cast alloys for the construction of light-
weight components in automotive, shipbuilding, aircraft and aerospace applications [1]. These alloys are 
distinguished by their high strength over weight ratio, high specific stiffness, excellent castability, wear 
resistance and low thermal expansion coefficient [1,2], which can be further improved by an increasing 

1



 LiM 2019 

silicon content. The main disadvantage for the broad industrial use of hypereutectic Al-Si alloys with silicon 
contents of more than 12.6% is the formation of irregular, coarse and brittle primary silicon particles and 
plates due to the low cooling rates by using conventional casting techniques [3-7], resulting in a degradation 
of tensile strength and ductility and finally the formation of cracks. For several decades, some physical 
methods have been exploited to refine the primary silicon phase in pure Al-Si. The most prominent 
techniques based on melt overheating [8,9], rapid solidification by a large thermal gradient [10], high 
undercooling of the liquid phase [6,11,12] and electromagnetic stirring [13,14] or any appropriate 
combination. Some methods, like spray forming [7], melt spinning [10,15,16] and container-less solidification 
by electromagnetic levitation [17] enable an effective refinement, but they include complicated processing 
environments, expensive equipment and in particular the geometrical variety of the manufactured samples 
is severely limited.  

In contrast, laser metal fusion offers new possibilities to fabricate near net shape components with 
minimum post-processing efforts. Micro cladding [12,18-20] and laser metal fusion (LMF) [21] with 
continuous wave lasers  have shown, that primary silicon can be refined up to 40% of silicon as a result of 
high cooling rates in the range of 103-108 K/s [22-25]. Nevertheless, a refinement at significantly higher 
silicon contents has not yet been demonstrated with these techniques and the precision of manufactured 
structures are limited by the extensive melt pool in the range of several hundreds of micrometers in each 
dimension. 

In this work, we are using ultra-short laser pulses to selectively fuse pre-alloyed Al-Si grains containing 
silicon of up to 70%. Previous investigations have shown that a controlled heat accumulation [26,27] 
combined with a high peak power induced by short laser pulses in the sub-picosecond range are beneficial to 
melt powder materials with a high melting point as well as a high reflectivity, such as tungsten and pure 
copper [28-32]. The reduced heat affected zone leads to a confined melt pool and therefore structure sizes 
below 100µm. Furthermore the influence of the laser parameters on the size and distribution of primary 
silicon in hypereutectic Al-Si alloys could be demonstrated [33].  

In the present study we focus on the additive manufacturing of extreme hypereutectic Al-Si alloys and the 
effects of the pulsed laser interaction on the microstructure. Furthermore advanced scanning methods are 
developed and investigated to improve the as-built quality of the manufactured samples. 

2. Experimental setup and methodology 

In our experiments we are using a home-made fully automated laser metal fusion setup, which is shown 
in Fig. 1. Powder is distributed layer-wise by a moving re-coater that spreads the powder from an upward-
moving powder supplier stage on the built-platform. Subsequently a galvano-scanner (IntelliScan by Scanlab) 
deflects the laser beam over the powder surface and the grains fused to the desired pattern. Afterwards the 
built-platform is moved downwards by a defined layer-thickness and the process starts again. Layer-by-layer 
a solid part is fabricated inside the powder bed. During the process the chamber is flooded by nitrogen to 
avoid oxidation and the smoke is exhausted by a rotary vane pump. 

The ultra-short pulse laser system (Active Fiber Systems) delivers pulses with a duration of 500fs at a 
wavelength of 1030nm. The maximum applicable average output power on the surface of the powder bed is 
25W at a repetition rate of 20MHz. The pulses are focused with a 160mm F-theta lens resulting in a 1/e2 spot 
diameter of 50µm. For the sake of enhanced comparability the wavelength of the laser as well as the 
focusing conditions in these experiments are almost similar to the settings in conventional LSM-machines.  

The powder material is produced by gas atomization of an Al-Si melt and was provided by Nanoval and 
TLS-Technik. The sphere-like grains have a size distribution of 20-63µm with an average diameter of 38µm. 
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Fig. 1. Sche me of the fully automated laser-fusion setup combined with a femtosecond fiber laser system.  

The fabricated samples are analyzed by scanning electron microscopy (SEM) and laser scanning 
microscopy (LSM) to qualify solidification characteristics as well as surface topography. Additionally the 
samples are embedded in epoxy resin and polished with an Al2O3 suspension to reveal the separated phases 
of Al-Si and are visualized with a light microscope. The effect of the scanning strategies on the 
microstructure and the local mechanical properties are substantiated by measuring the Brinell hardness. 

In the experiments the pulse energy (Ep) and scanning speed (vscan) are variied while the repetition rate 
(frep), the spot diameter on the surface of the powder bed (dS), the wavelength and the pulse duration are 
fixed to 20MHz, 50µm, 1030nm and 500fs, respectively. In order to compare the effects of the different 
power levels, the total amount of energy concerning a specific track length, the so called energy per unit 
length is used. It combines the average power (Pav) with the scan speed: 

p rep av

scan scan

E f PQ
v v
⋅

= =   (1) 

3. Experimental setup and methodology 

In previous studies the optimized processing regime for additive manufacturing of single walled structures 
in Al-Si40 with 500fs pulses at 20MHz was determined [33]. At an average power of 25W and a scan speed of 
200mm/s (Q = 125J/m) the most homogeneously molten structures were obtained. 
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3.1. Laser and scanning parameters 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. SEM-images of two adjacent molten tracks with decreasing hatch spacing at 25W and 200mm/s (a). The two images at the right 
show the solidification behavior with 5 and more than 10 neighboring hatch lines. The compilation in (b) compares the influence of the 
island size on the solidification. 

 
Object of the following investigations is the solidification behavior by melting large areas of Al-Si40 with 

these parameters. In Fig. 2 (a) SEM images of two solidified adjacent scanned lines (10mm) with decreasing  
hatch spacing are shown. The layer thickness is 25µm and the generated walls were built up to a total he ight 
of 5mm. Due to the melt width of 90µm two separated lines with a gap in-between can be seen at a spacing 
of 120µm. Further reduction of the distance leads to a fusion of both tracks. Between 70-90µm the molten 
surface shows an instable melt with various interruptions. At around 60µm and below it turns into a 
homogeneous solidification. This behavior can also be observed by connecting up to 10 neighboring tracks 
(see 30µm, 5 in Fig. 2 (a)). At a larger number of tracks as can be seen on the last image on the right of Fig. 2 
(a), the surface is getting rough again with numerous unwanted inclusions that reduces the density of the 
fabricated part. This behavior can be explained by the fact, that the first molten track is almost cooled down 
when the second track is scanned. The melting front tries to merge to the subsequent solidified structures 
and due to the low thermal penetration and poor wettability an instable melt occurs. Additionally the strong 
local melting due to the high intensive pulses leads to an extensive growth of the track in vertical direction. 
Hence, a lateral shrinkage of the powder bed could be observed, so that less powder grains are present for 
the next track.  

In Fig. 2 (b) the size of the area, so-called islands was varied. The hatch spacing was 30µm and the layer 
thickness 25µm. It can be seen, that a low scan length of 0.5mm is short enough to maintain a hot stable 
melt which results into a flat and homogeneous surface. With increasing island size the surface roughness 
and imperfections are increasing as well. 

3.2. Optimization of as-built roughness 

In laser metal fusion the scan strategy has crucial influence on the density, mechanical properties, the 
thermally induced stress and the roughness of the final part [34]. With reference to the results in the 
previous section, systematic investigation of the scan strategy to improve the solidification characteristic and 
as-built surface roughness have been carried out. In Fig. 3 the average roughness in relation to the used scan 
strategy is shown. The average power of 25W and scan speed of 200mm/s is constant for all samples with an 
edge length of 2mm and height of 1mm. The basic layer thickness is 30µm, whereas N indicates the number 
of sublayers. The first scan strategy contains a simple line-by-line pattern, which was also used in section 3.1. 
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Every single line is scanned in the same direction next to the other with a hatch distance of 30µm. The 
average roughness is 19µm. The first approach to improve the roughness was to divide the area into islands 
with a slight overlap of 50µm. At a size of 0.5 x 0.5mm2 the roughness could be significantly reduced to 6µm. 

Fig. 3. Overview of the measured roughness depending on the scan strategy. N denotes the number of sublayers for with regards to a 
layer thickness of 30µm.  
 

Another strategy to avoid a complex division into islands is the laser metal fusion in two stages (4). At first 
a powder layer with a thickness of 15µm is coated and scanned with a large hatch distance of 100µm. This 
results in a dense and uniform grid with intended gaps that will be filled with the next 15µm sublayer. This 
layer is processed with a hatch distance of 30µm under an angle of 45°. Therefore, the gaps are filled will 
melt and the surface is smoothed leading to a roughness value that is comparable to the island strategy.  
A further improvement was achieved by the selective melting in three stages (5). In the first stage the line-
by-line pattern has a hatch distance of 150µm at a layer thickness of 15µm. In the second stage a new 15µm 
powder layer was coated and an offset of the whole line pattern of 75µm was applied to fill the remaining 
gaps. In the last stage the built platform maintained the previous position and fresh powder was coated and 
scanned with a hatch distance of 30µm. The resulting smooth surface has a roughness of just 1.6µm but the 
fabrication time is more than two times as long as for the first reference scan strategy. 

3.3. Improvement of mechanical properties 

The results of the surface quality indicate that imperfections and inclusions lead to a decrease in the 
mechanical properties. In Fig. 4 the Brinell hardness and density in dependence on the fabrication method 
are compiled for Al-Si40. Brinell hardness was determined by pressing a sintered hard metal sphere with a 
diameter of 2.5mm and a load of 62.5kp (623N) for 20s on the polished surface of the sample (in accordance 
with ASTM E10; ISO 6506) and measuring the imprint diameter. The calculated hardness value is 
approximately linearly related to the ultimate tensile strength for low-alloys steels [35] and can be used as a 
rough estimation of the strength for Al-Si40. The effects of underlying pores and inclusion affects the imprint 
depth directly and consequently influences the hardness in a negative way. 
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Fig. 4. Compilation of Brinell hardness and relative density (Al-Si40) in dependence on the scan strategy. In comparison two references 
are shown on the right site. One is produced with a commercial LMF-system and another was fabricated by spray forming spinning 
(Osprey Metals Ltd.). 
 

 In addition to the already presented scan strategies further advanced scan patterns were tested. 
"Meander"-like motion is a line-by-line pattern where the direction of the scanned line is alternating. 
"Triangles" is an equilateral triangular pattern that is rotated step-wise over the whole area and offers a 
more uniform thermal distribution during the melting process. "Cross" is a dendritic pattern with an 
indentation size in the range of the hatch distance. The "optimized scan strategy" is a combination of 
strategy (4) and (5) referring to Fig. 3. In all cases the layer thickness was decreased to 20µm to improve the 
vertical connection. 

As can be seen in Fig. 4 the density of the fabricated samples in the range of 82% to 89% are roughly 
related to the hardness, except for the optimized scan strategy. Here, the Brinell hardness is approximately 
1.5 times higher than for the other ones. Furthermore this value is much higher than for the reference 
samples produced with a conventional LMF-system and via spray forming by Osprey Metals Ltd. even if the 
density in this case is close to the ideal value. One important reason is that the silicon phase is more refined 
and the primary silicon particles are distributed more homogeneously as can be seen in the next chapter. 
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Fig. 5. Polished cross-sections of manufactured single walls with silicon contents of 40, 50, 60 and 70% for 175J/m and 75J/m at 25W 
and a layer thickness of 10µm. 

3.4. Laser metal fusion of extreme hypereutectic Al-Si 

The microstructure of hypereutectic Al-Si alloys consists of three phases: α-Al with 1.65% solved Si, eutectic 
Si and primary silicon. In order to analyze the characteristics of the microstructure of alloys with extreme Si 
mass contents influenced by the pulsed laser irradiation, single walled structures were fabricated with a 
layer thickness of 10µm and a constant power of 25W. In Fig. 5 light microscopic images of the 
microstructures of vertical cross-sections made of Al-Si40,-50,-60 and -70 are shown. Solid fully molten walls 
could be manufactured that only have a few micron-sized gas pores. The size of the primary silicon particles 
(dark areas) are steadily increasing with increasing silicon content. At 40% and 50% the polyhedral growth of 
silicon dominates, which indicates a large undercooling of the melt [4]. Using a high energy per unit length 
(e.g. 175J/m) an accumulation of particles with growing size could be observed in the center and at the 
boundaries. This is an effect of the lateral Gaussian intensity distribution of the laser pulses. The thermal 
gradient is directly related to the gradient of the intensity distribution. Thus, the thermal gradient on the 
rising and falling edge is much higher than in the center and at the boundaries, resulting in a higher cooling 
rate. Therefore, a refinement of primary silicon is more pronounced in that region. At a much lower line 
energy of 75J/m a more uniform distribution and smaller size of primary silicon is observed in all investigated 
alloys.  

 
Fig. 6. Polished cross-section of single walls made of Al-Si70 at different average powers and a constant energy per unit length of 75J/m. 
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In Fig. 6 the microstructures of Al-Si70 at 75J/m for different average powers are presented. The optimum 
refinement and uniformity of Si particle distribution could be found at 21W. Hence, it is possible to control 
the growth and nucleation of primary silicon by melting with ultra-short laser pulses in a specific range 
yielding highly confined, fully molten light weight structures below 100µm even for extreme hypereutectic 
Al-Si alloys. 

4. Summary and Outlook 

The results of this work show the potentials and the challenges in ultra-short laser pulse assisted selective 
melting of hypereutectic Al-Si alloys. The lateral fusion of scanned tracks results in some imperfections on 
the surface leading to a roughness of nearly 20µm. Advanced scanning strategies were developed and 
investigated that have finally improved the as-built roughness to less than 5µm.  

The maximum achieved density with almost 90% is still far from optimum. Nevertheless the maximum 
Brinell hardness value could be estimated to 155 (HBW 2.5/62.5kp) which is much larger than the hardness 
values obtained by samples that have been produced with an optimized parameter setting on a commercial 
LMF-machine (116 HBW) and in comparison to semi-finished parts produced by spray forming (102 HBW).  

Finally we could show that ultra-short laser pulses can be used to fuse Al-Si even with extremely high 
silicon mass contents of up to 70%. At the same time the control of the reduced heat affected zone in 
comparison to conventional cw lasers with more than 100W could be utilized to adjust the microstructural 
features in a defined range.  
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