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Abstract: Selective Laser Melting (SLM) is a method of additive manufacturing enabling the production of
complex parts directly from metal powder. Components manufactured by SLM typically have similar
mechanical properties compared to conventionally manufactured ones. However, up to now surface roughness
does not fulfill the criteria for a wide span of applications. Process strategies can be applied to influence the
arithmetical mean height and the maximum height (S, and S,) of the surface roughness. By processing an
AISi40 alloy the impact of the main process parameters on resulting surface roughness, such as laser power,
scan speed and focus position are investigated. The findings obtained of the experiments show a clear
dependency of line energy and surface roughness in order to have a smooth surface roughness at a low line
energy level of 0.8 J/Jmm compared to the necessary line energy of 6.7 JJmm to manufacture parts with high
density. For the fabrication of AlSi40 parts with a density above 99.5% and a low surface roughness at the same
time, it is feasible to separate the hatching and boundary parameters due to the difference between the required
energy inputs.
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. INTRODUCTION

Selective Laser Melting (SLM) enables the production of light weight structured components without
the need for part specific tooling. It allows the production of parts with very complex geometries as well as the
integration of additional functions like conformal cooling channels, which represent great challenges for
conventional manufacturing methods. [1] SLM is a complex thermo-physical process that depends on materials,
laser, scan, and environmental parameters [2]. It has been widely applied with different kinds of metal powders,
such as stainless steel, titanium or aluminum alloys [3] and results in parts that have mechanical properties
comparable to those of bulk materials [4]. In a layer-by-layer process SLM creates bulk parts by selectively
melting and consolidating thin powder layers using a scan laser beam.

Aluminum (Al) alloys are some of the most common metal materials and are well suited for several
lightweight applications e.g. automotive components for the reduction of fuel consumption [5]. In the field of
additive manufacturing the most widespread alloys are of the 4xxx type containing silicon such as AlSi10Mg or
AISi12 and are complemented by scandium modified alloys (Scalmalloy®) [6], leading to parts with a density
above 99.5% [7]. Further potential for light weight applications can enhance the necessary requirements on the
used material. For instance the fabrication of aluminum cylinder bores does require an especially high wear
resistance [8]. In addition, the current state of surface roughness for SLM generated parts requires excessive
post processing methods to ensure quality expectations. Besides functional and aesthetic reasons the surface
roughness has an impact on the fatigue strength [9]. Thus, light weight driven branches have to ensure the
product quality with very cost and time consuming processes. The overall surface quality is highly depending on
the chosen process parameters and part orientation and can either be dominated by partially melted powder
particles or by the remelting process of previous melt tracks [10]. Up to now, the effects of the SLM process and
powder parameters on the physical, mechanical and micro-structural properties of aluminum powders and its
alloys are yet to be fully proven. There is little information available in literature about how to improve the
surface quality of aluminum alloys. Low surface quality is one of the major shortcomings which prevent SLM to
be adopted in wide applications although the SLM process provides many advantages compared to conventional
machining [11].

This paper addresses the improvement of surface quality and the determination of main influencing
process parameters on surface roughness and density of an AlSi40 aluminum alloy processed via SLM.
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Il.  EXPERIMENTAL
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2.1 MATERIAL AND SLM PROCESS

An AISi40 aluminum alloy comprising 60 weight percent Al and 40 weight percent Si was
investigated. AISi40 is a hypereutectic alloy that contains silicon particles in a eutectic matrix. Pure silicon
particles have high hardness and wear resistance as well as a lower thermal expansion compared to aluminum
leading to a higher temperature range and a two phase solidification along with the high brittleness of local
silicon concentrations resulting in a higher possibility for cracked parts and a higher surface roughness
compared to near eutectic alloys such as AISi10Mg. [8] Prior to the production of SLM parts, the powder was
sieved with a 36 um sieve to ensure a good flowability. The powder particles have a median particle size
between 36 pm and 75 pm. Figure 1 shows the spherical morphology of the provided particles. A SLM -
Realizer 250 machine with a 200 W IPG single mode fiber laser was used to produce the parts. The machine
employs a fiber laser with a wavelength of 1073 nm. The standard beam diameter is 50 pum. Argon gas is used
for the process atmosphere with a remaining oxygen content of 0.2%.
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The objective of the experiments was to optimize the process parameters to achieve the highest
possible density as well as a low surface roughness. Therefore, the influence of the process parameters laser
power Py, scan speed v, hatch distance dy that describes the spacing of the scan lines and focus position f, on
surface roughness and density were investigated (Figure 2). Scan speed can be further divided into two parts,
named point distance d, and the exposure time t.. All experiments were conducted with a constant layer
thickness I, of 50 pm.
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Fig. 2 SLM process parameters

The focus position affects the laser spot size which changes the irradiance of parts’ surface. It produces
an effect on molten depth and forming.For a focus position of 0 um the focus lies on surface of the current layer,
whereas a negative value shifts the focus inside the layer and a value above 0 pm shifts the focus above the
current layer respectively. The general processability of the AISi40 powder was investigated within the
parameter variations given in Table 1.For the measurement of the relative density cube shaped specimens with
10 mm edge length were fabricated. Via metallurgical cross sections the relative density was determined with a
ZEISS AX10 microscope and the Image Access Enterprise V8 Software for particle analysis. The intended
thresholddy, for the relative densityis above 99.5% and comparable to the achieved density of AISi10Mg [7].
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Table 1 AISi40 Parameter Study
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Parameter Symbol Setting
Laser power P, 120 W to 200 W
Scan speed Vs 30 mm/s to 420 mm/s
Hatch distance dy 50 um to 300 um
Layer thickness I, 50 um
Point distance dp 25 umto 150 um
Focus position fo -100 pum to 100 pm

2.2ROUGHNESS MEASUREMENT

Octagonal contour parts with a height of 10 mm were made for studying the surface roughness. By
only building the contour of the octagonal parts, experimental time was reduced. The surface roughness was
obtained on the lateral surfaces of the octagonal parts by means of 3D Laser Scanning Microscope VK-9700
from Keyence. Three pictures were taken from every side with a 10x magnification. The used confocal method
is a contactless measurement and creates surface area topography information of the highly irregular surface of
SLM generated parts [12]. The evaluation of the surface quality was expressed by the arithmetical mean height
S, and the maximum height S, of the scale-limited surface [13].

1. RESULTS

3.1RELATIVE DENSITY

The density of the parts machined with different laser power and scan speed values is exemplified by
means of cross sections as shown in Figure 3. The relations among relative density, laser power and scan speed
are shown in Figure 4a with a hatch distance of 150 um. Parts fabricated with the highest possible laser power
and low scan speed resulted in a relative density above 99.5%. Towards low laser power and high scan speed,
the amount of porosity increases. For a constant laser power the highest density is achieved for low scan speed
values.
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Fig. 3 Micrograph of SLM samples with scan speed and laser power
The influence of the hatch distance on the relative density is depicted in Figure 4b. When scan speed is
constant, the relative density decreases with increasing hatch distance. This is caused by the increased gap
between two successive tracks leading to insufficient connection. Furthermore, the relative density is reduced
with decreasing laser power and fixed scan speed and hatch distance.
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Fig. 4Relative density as function of laser power and a) scan speed and b) hatch distance

Laser power and scan speed determine the energy supplied by the laser beam to solidify the powder
material. The energy input per volume unit is defined as volume energy density E, according to [14] and can be
expressed as:

By =— @
v Vs * dh . lz
P Laser power W
Vs Scan speed mm/s
I, Layer thickness pum
dy Hatch distance pm

E, is an experimental quantity that has large influence on part density. E,decrease as the scan speed
increases. Thus, if E, is too low to melt the powder sufficiently, it will lead to porosity and low relative density
[15]. The intended relative density of 99.5% was achieved by a large span of energy density values with a
maximum value of 99.97%. Figure 5 displays the progression of increasing relative densities of the fabricated
parts with increasing energy input. The necessary threshold Ey ., for a maximum relative density of 99.97% is
800 J/mm® and above.

100 I 4 Parameters

P, 120 W to 200 W

oo " @
%0t

. Vs 30 mm/s to 420 mm/s
% |- L]
I d, 50 um to 300 pm
d

° ]
96 - l, 50 pm

50 um

Volume energy density

PL
E, =
94 * Vo ovgedp -l

E,, ¢ > 800 J/mm?

Relative density d

92 ‘ ‘ ‘ Oy > 99.97%

0 200 400 600 J/mm3 1000
Volume energy density E,

Stoll (Dorfert) 2017 BIAS ID 171677

Fig. 5 Relation between volume energy density and relative density

3.2SURFACE ROUGHNESS
The influence of the main process parameters laser power and scan speed on the surface roughness is
displayed in Figure 6 for the arithmetical mean height S,(6a) and for the maximum height S, of the surface (6b).
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With increasing scan speed values the surface roughness is significantly reduced between 150 mm/s and
200 mm/s alongside an approximation of the roughness values for different laser powers. Thus, with increasing
scan speed the influence of the laser power is less significant. Increasing vs beyond 200 mm/s resultsin a steady
increase of surface roughness. For very low scan speed values a low laser power leads to a lower surface
roughness.
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Fig. 6 Influence of laser power and scan speed on a) S, and b) S,

Besides the hatch distance for the overlapping of successive tracks the point distance influences the
continuity of a single track due to the gap between the exposures of the laser beam spot on the powder and the
resulting energy input. For a constant exposure time of 500 s and a laser power of 140 W there is an inflection
point at a point distance of 100 um that provides the lowest surface roughness for a continuous track as shown
in Figure 7a.The relation of focus position and surface roughness is shown in Figure 7b. There is no significant
influence of the focus position from - 50 um to 50 um, whereas for higher offset values of -100 um and 100 um

the roughness increases.
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Fig. 7 Relations of a) point distance and b) focus position on surface roughness

Furthermore, the main process parameters laser power and scan speed are related to the line energy E_
according to Equation (2). Exposure time t. and point distance d, are introduced to depict the scan speed with
the following relation of Equation (3).
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PL Laser power W

Vs Scan speed mm/s
te Exposure time s

dp Point distance pm

Figure 8 shows the relation of line energy and surface roughness.Increasing line energy E, up
to 0.8 J/mmresults in a decrease inS, and S,. However, the values of S, and S, increase while E, varies from
0.8 JJmm to 4.5 J/mm. A minimum of S, and S, can be obtained of 6.65um and 91.16 um. Overall, S, and S,
will follow the same trend when varying process parameters.
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Fig. 8 Relation between line energy and surface roughness

V. DISCUSSION

The fabrication of AlISi40-parts via SLM shows that several process parameters have to be adjusted
accurately within a narrow window to achieve optimal combinations of material density and surface quality.
Aluminum and aluminum alloys in general require a high energy input due to the high thermal conductivity and
reflectivity [7]. Thus, low scan speed and high laser gower result in parts with a relative density above 99.9%by
applying a volume energy density E, of 800 Jmm’or a line energy of 6.7 J/Jmm respectively. However, the
necessary energy input for the complete melting of the powder material based on the melting enthalpy and the
bulk density is estimatedwith 1300 J/mm?®. Thus, the experimental value of 800 J/mm?® within the given system
parameters leads to high density parts but is not sufficient for a complete solidification of the powder particles.

Besides the relative density the energy inputalso has a significant impact on the parts’ surface quality.
Whereas a low energy density results in partially molten powder particles that are present on the parts’ surface,
very low scan speeds and high energy inputs leading to a large melt pool and consequently to a balling effect
that reduces the surface quality [16]. Due to the incomplete solidification of the powder material partially
molten powder particles on the parts’ surface are likely the reason for the present surface roughness instead of
balling phenomena. The surface finish is done during the solidification of the part’s contour after the hatching of
the volume for every layer. In order to reduce the surface roughness the partially molten powder particles
present on the side walls have to be avoided or remeltedduring the boundary step without influencing the
surrounding powder bed. Thus, if the solidification of the contour is done with a low line energy of 0.8 J/mm the
heat conduction into the powder bed can be neglected leading to significantly lower surface roughness values
due to surface-tension effects as usually applied by laser polishing [17]. Overall, it is a feasible approach to
separate the hatching and boundary parameter sets with a line energy of 6.7 J/mm and 0.8 J/mm respectively in
order to create high density AlSi40 parts with the lowest possible surface roughness.

V. CONCLUSION
The presented research demonstrates that with the aluminum alloy AlSi40 high density parts with an
optimized surface quality can be fabricated. The high surface roughness is based on partially molten powder
particles on the parts’ side wall and can be greatly influenced during the boundary solidification with every
layer. The parameter set for the boundary fabrication has to beprecisely adjusted at a low level of line energy in
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order to avoid the creation of new adherent powder particles during the polishing step due to unnecessary heat
conduction into the powder bed.
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