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Abstract: Aluminum alloys processed using laser powder bed fusion are attracting industrial and
research efforts striving to achieve the lightweighting potential and combination of good mechanical
and corrosion properties. In this study, border parameter optimization for F357 (AlSi7Mg) alloy
processed using LPBF was performed with the aim of reducing the as-fabricated surface roughness.
The optimization revealed that laser power and scanning speed can significantly influence the surface
roughness of cube vertical surfaces. Measured areal average surface roughness (S,) for cube samples
varied from 15 to 24 um. The cube-based optimized parameters were used to fabricate angled wall
samples with angles ranging from 45° to 90°. The surface roughness reduced when the built angle
increased from 45° to 75°, while for 75-90°, the surface roughness values remained constant.
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1. Introduction

Laser powder bed fusion (LPBF) is an additive manufacturing technique in which
parts are fabricated in a layer-by-layer approach by slicing a CAD model into defined layer
thicknesses that are melted using a specific laser raster. LPBF allows for the fabrication
of complex geometries, reduction in raw material wastage, and components with added
functionalities for various industries such as aviation, aerospace, and medical, to name a
few [1-3]. These are some advantages of LPBF which explain the scientific and industrial
sectors’ enthusiasm to further develop this fabrication process.

Aluminum (Al) alloys have been extensively studied for their good combination
of lightweight, corrosion resistance, and higher specific strength. F357 (AlSi7Mg) is a
beryllium-free variant of A357 alloy that is preferred to avoid the well-known toxicity issue
related to this specific element [4,5]. LPBF was found compatible with F357 aluminum alloy
since it is a near eutectic composition that results in a relatively small freezing range and
has good fluidity [6]. LPBF-processed Al-Si-based alloys exhibit a peculiar microstructure
with x-Al cells surrounded by an eutectic Si network [7-12]. This unique microstructure is
the result of the rapid solidification environment [13].

The surface roughness of as-fabricated LPBF parts is higher than traditional process-
ing methods such as machining, as reported in [14]. Thus, it is important to understand
the variations in as-fabricated surface roughness and its influences on the performance
of components. Previous studies [15-20] investigated the different aspects related to the
surface roughness evolution of LPBF-processed AlSi10Mg aluminum alloy. The factors
studied involved the influence of processing parameters such as laser power, scanning
speed, scanning strategies, and overlap between tracks. These parameters govern the melt
pool characteristics which in turn dictate the roughness evolution of the LPBF-processed
parts. The stair-step effect, spattering, melt pool phenomena, morphology of solidified
tracks, attachment of residual powder particles, and interaction between the adjacent tracks
are among the underlying reasons for the higher surface roughness of LPBF-processed
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parts [21]. Yuan et al. [22] studied the effect of laser scanning speed and reported that a
higher scanning speed resulted in balling and instabilities, which resulted in a discontinu-
ous morphology of the laser track. On the other hand, a lower scanning speed resulted in
continuous and uniform laser weld track. Roughness occurs as a result of the physical in-
teraction between the metal powder and the laser beam melting process [23]. The presence
of overlapping regions in the neighboring tracks during processing results in a variation
of linear surface roughness (R,) when measured in different directions with respect to the
laser scanning direction. Understanding the roughness is critical, as has been shown by
Roach et al. [24]; the dimensional variations associated with surface morphology resulted
in significant differences in the measured elongation to failure in tensile testing.

In the present work, light interferometry is used to study the effect of border scanning
parameters and different printing orientations on the surface roughness of LPBF-processed
F357 aluminum alloy.

2. Materials and Methods

The F357 aluminum alloy plasma atomized powder was supplied by Tekna Advanced
Materials Inc (Sherbrooke, QC, Canada). Table 1 presents the composition of the as-received
powder. A Microtrac Sync Particle Size analyzer was employed to determine the powder
size distribution (PSD), which exhibited a D1 of 33 um, a Dgy of 42 um, and a Dy of
56 um, respectively. The powder particles were observed using a Hitachi SU3500 scanning
electron microscope (SEM) to study particle morphology. Figure 1 shows SEM micrographs
of powder particles, which reveals that the powder particles are spherical with only a
few satellites.

Table 1. Chemical composition of F357 powder as per certificate of conformity provided by the
manufacturer.

Element

Si

Mg Fe Ti Mn Zn Cu Be Al

Wt %

6.7

0.5 0.06 0.1 0.006 0.01 <0.001 <0.0001 Balance

Figure 1. SEM micrographs of F357 powder.

The samples were fabricated using a Renishaw AM 400 LPBF system, equipped with
a Nd-YAG laser, with a maximum power output of 400 W and a laser beam diameter of
approximately 67 um at focus. The fabrication was performed under an argon atmosphere
to prevent the oxidation of parts. The oxygen level was maintained under 700 ppm during
processing. The process used regular aluminum base plates as substrate. A scan rotation
of 67° was employed between each layer. Eight cube samples were printed using a 60 pm
layer thickness to optimize the border parameters. Table 2 presents the range of processing
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parameters used for fabricating cubes and the formula used to calculate energy density.
Figure 2a,b show the schematic of border and bulk of the samples. In addition, Figure 2a
shows the sample position as a function of recoating direction and gas flow direction. In
Figure 2b, the yellow arrow represents the building direction.

Table 2. Processing parameters for 60 pm layer thickness cube samples.

Layer Thickness (L) Power (P) Scanning Speed (v) Energg/];:f)lty ()
(um) W) (mm/s) _
E = (P1000)/(v Ly)
60 270-350 1000-1400 3.75-5.50
Borders

Recoating
Direction

Bulk
Gas flow Direction

(@) (b)

Figure 2. (a) Schematic showing borders of cube samples with diamond-shaped hole. The powder
recoating and gas flow directions are also annotated. (b) LPBF-fabricated sample (yellow arrow shows
the build direction, and blue marking depicts the side wall surface on which surface measurements
were performed).

The optimized border parameters in terms of the lowest surface roughness determined
from the cube study were used to fabricate angle walls with inclination angles varying
from 45° to 90° with respect to the build direction for samples made with a layer thickness
of 60 pm. Figure 3 shows the surfaces which will be referred to as upskin (upward-facing
surface) and downskin (downward-facing surface). Figure 3 also shows the variation
of wall angles from 45° to 90° with a step size of 5°. For surface roughness studies, the
samples were removed from the build plate with a horizontal bandsaw. Further, the angle
wall samples were sectioned using a hand hacksaw to study surface roughness for each
individual inclination angle.

Downskin

(b)

Figure 3. LPBF-fabricated angle walls showing (a) upskin and (b) downskin.
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The surface topography was analyzed using ZYGO-3D optical surface profilometer on
as-fabricated surfaces. For the cube samples, the surface roughness analysis was conducted
on the marked side-wall surface of the cube, as indicated in Figure 2b with a blue circle.
For the angle wall samples, both downskin and upskin surfaces of all inclination angles
were scanned. Measurements were conducted using a 2.75x objective lens and a minimum
surface area of 7 mm X 5 mm was scanned for each sample. Gaussian filter was used
to extract the roughness data in accordance with ISO 21920-2:2021 guidelines [25]. A
cut-off length equivalent to the Dgj of the feedstock was used to solely incorporate the
morphological features associated with partially melted particles [26]. Stitching with 20%
overlap was utilized to ensure the analysis of most of the features of LPBF-processed
specimen surface. In this study, the average areal surface roughness (S,) is reported.

3. Results and Discussion
3.1. Surface Roughness Studies on Cube Samples

Figure 4 depicts the average areal surface roughness (S,) variation with respect to
energy density (E) for the 60 um layer thickness samples. The highest and lowest values of
Sa are 24 um and 15 um at energy densities of 3.75 ]/mm? and 5.10 ] /mm?, respectively.
The results indicate that the surface roughness of LPBF-processed parts can be controlled
using appropriate process parameters. As depicted in Figure 4, the surface roughness
decreases with an increase in energy density till 4.86 ]/mm? and the values did not vary
much for further increase in energy density within the analyzed range. This reduction
can be attributed to the influence of the selected laser power and scanning speed, which
in turn dictates the melt pool characteristics. Similar trends were reported in previous
studies [15,20,27]. From the tested range of parameters, the optimal laser power and
scanning speed, which lead to the lowest value of S,, which is 15 um, are 350 W and
1143 mm/s, respectively. These parameters are further used to fabricate angle wall samples
at 60 pm layer thickness.

60 um Layer thickness samples

3.00 3.50 4.00 4.50 5.00 5.50 6.00
E (J/mm?)

Figure 4. Variation of S, with energy density (E) fabricated using 60 pm layer thickness samples.

It should be noted that continuing increase in energy density cannot guarantee a
lower surface roughness value, as reported by Wang et al. [28], where an excessively high
energy density can lead to defects such as keyhole and balling, which can increase surface
roughness. The surface roughness of vertical walls in LPBF-fabricated samples can be
attributed to aspects such as residual particles, which can be unmelted or partially melted
particles that become adhered to the surface of melt pools because of heat concentrations
at the end of laser tracks as the melt pool is surrounded by powder particles on one end
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and bulk material on the other side. In that context, any factor affecting the melt pool
characteristics, such as process parameters, powder layer thickness, and scanning strategies,
will influence the roughness [15,20,21,29].

3.2. Surface Roughness Studies on Angle Wall Samples

Figure 5 indicates that the surface roughness decreases significantly with the increase
in build angle, irrespective of whether the upskin or downskin surface is considered.
Furthermore, Figure 5 also establishes that the downskin surface roughness is significantly
higher in comparison to the respective upskin value aside from that for the build angles of
85° and 90°, where the surface roughness was similar. As shown in Figure 5, a similar trend
for downskin can be found in roughness data from EOS GmbH for LPBE-processed F357
samples [30]. For the upskin surface, the S, values decreased from 23 pm at 45° to 15 um at
80°. With a further increase in wall angle, the surface roughness value did not differ much.
For the downskin surface, a maximum value of 33 um was observed at 45° and a minimum
value of 16 um was observed at 90°. This variation in surface roughness indicates that
the surface quality of a part will be impacted by the inclination angle with respect to the
substrate. The S, value at a 90° build angle is similar to the side wall roughness of the
60 pm cube sample.

Angle wall samples

—e—Upskin —e—Downskin —&—Downskin roughness data from EOS [30]

30

T T L T T T T T T T T 1

35 40 45 50 55 60 65 70 75 80 85 90
Angle (°)

Figure 5. Influence of build angles on surface roughness of upskin and downskin surfaces [30].

The upskin roughness is dictated by the stair-step effect and, in some cases, the
spatter particles. During the fabrication of angled walls, the length of the overhang, which
can influence the surface roughness, closely relates to the powder layer thickness and
inclination angle, as reported by Yang et al. [20]. It was reported that the overhang length
increases with a reduction in the build angle. This was considered as one of the reasons
why an increase in surface roughness at the lower build angles was observed. The higher
surface roughness of the downskin can be attributed to the phenomenon mentioned above
as it results in residual powder particles or partially melted particles adhering to the
bottom surface during the solidification of the melt pool, which contributes to the surface
roughness of downskin surfaces [31]. When the laser beam interacts with the powder
bed at the borders, the solidified bulk material provides support to the molten pool on
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one side while the melt pool remains in contact with the powder on the other side. With
increase in build angle, the portion of the solid layer that supports molten pool increases,
and the corresponding melt pool area where the powder particles can adhere decreases,
thus lowering the surface roughness at higher build angles [20]. The presence of interlayer
powder particles, melt pool characteristics, and process parameters are important factors
that govern the upskin and downskin surface roughness.

4. Conclusions

F357 aluminum alloy cubes and angle wall samples were fabricated using the LPBF
process and their surface roughness was investigated. Based on the combination of pro-
cess parameters and procedures used in this work, the following main conclusions can
be drawn:

For the cube samples, the surface roughness decreased with an increase in energy
density. The lowest observed surface roughness was 15 pum for the cube sample fabricated
using 350 W laser power and 1143 mm/s scanning speed.

For angle walls, the upskin surface roughness reduced with an increase in build angle
from 23 pum at 45° to 15 um at 80°. For the downskin surfaces, a similar trend followed, as
the surface roughness, which was 33 pm at 45°, reduced to 16 pm at 90°.

Upskin exhibited lower surface roughness values compared to downskin surfaces for
their respective inclination angles, aside from 90° as surfaces are vertical at 90°.
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