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Abstract

Laser Powder Bed Fusion (LPBF) is an Additive Manufacturing technique,
which allows production of highly complex solid metal parts with good me-
chanical properties, compared to conventionally manufactured parts. Never-
theless, the layer-by-layer fabrication process also offers several disadvan-
tages, including a relatively high surface roughness depending on the shape of
the component, its position and orientation during the fabrication process.
This paper deals with investigations on the surface roughness reduction ca-
pability, and residual surface structures by laser polishing of LPBF AlSi10Mg
parts under varying initial surface roughness in order to investigate the in-
fluence of the surface behavior and initial surface roughness to the achievable
surface quality by laser polishing. Hereto test specimens with varying fabrica-
tion orientations regarding to the built platform are printed and further po-
lished. Thereby the initial arithmetic roughness varies between 19.2 pym and
8.0 um. It could be shown that the achievable surface roughness by laser po-
lishing with continuous and pulsed laser radiation is increasing with rising ini-
tial roughness, but the relative roughness reduction is almost constant in the
range of 95% - 97.5%. The analyzation of the residual roughness structures
shows, that the main roughness differences is found in the middle and long
structure wavelength regime, which are directly depending on the initial sur-
face structures of 3D printing.
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1. Introduction

The powder-bed based selective laser melting (SLM) process is still in an ongo-
ing investigation and development. The production of individual and complex
parts with high mechanical properties and a wide range of applicable metals are
essential advantages of the SLM-technology [1] [2]. This technology permits the
production of parts directly from a CAD model. Due to a greater geometric
freedom, more complex part geometries can be realized compared to other manu-
facturing processes [3] [4]. Because of the layer-by-layer process and the com-
plex geometrical shapes, however, high surface roughness and contaminated sur-
faces result [5], which is undesirable for most applications, especially in the medi-
cal sector, the food industry or in clean rooms. The remaining surface roughness
depends on the shape of the part, the orientation and positioning during the fa-
brication process [3] [4] [6] [7]. In [3] a varying surface roughness for AlSil0Mg
samples with a horizontal fabrication (Ra = 6.88 pum), a fabrication angle of 45
degrees (Ra = 8.38 um) and 90 degrees (Ra = 6.15 pum) were found. In [7] a dif-
ference in surface roughness was observed between vertical fabrication direction
(Ra = 16 um) and horizontal fabrication direction (Ra = 20 pm). Furthermore,
the surface roughness depends on the energy density which is imposed by the
Laser on the surface. By optimizing the linear energy density the surface rough-
ness of vertical planes can be reduced by more than 70% [8].

Several options such as laser parameters [9], laser beam oscillation strategies
[10], laser remelting of each layer [11] and hatching strategies [12] have been
investigated to reduce the surface roughness resulting from the SLM process.
Nevertheless, the mentioned strategies and optimization possibilities improve
the achievable surface qualities in the SLM process not sufficiently for most in-
dustrial applications.

Post-processing of additive manufactured metal components is typically done
by machining with geometrically defined or undefined cutting edges (e.g. turning
and milling or manual grinding and polishing). New alternative post-processing
methods such as electron beam polishing [13], laser shock processing [14] [15],
liquid jet polishing [16], abrasive blasting [17], laser ablation [18], mechanical
polishing [19] or chemical polishing [20] have been considered. The post-pro-
cessing methods mentioned have several disadvantages like environmental con-
straints, non-contact free and non-selective processing, loss of accuracy due to
geometric restrictions caused by the post-processing technology and wastage of
expensive material in common.

As a productive post-processing method for the reduction of the surface rough-
ness and structure of the SLM process, laser polishing [21] has proven. It is con-
tactless and exhibits a comparable degree of geometric freedom as the selective
laser melting process itself [22]. The polishing process uses a laser beam to melt
a thin surface layer of the part to be processed (Figure 1).

Due to the surface tension and capillary forces of the liquid material, the

surface structure is smoothened by a material flow from peaks to valleys [23].
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Figure 1. Simplified scheme of laser remelting with (a) continuous laser radiation and (b) pulsed laser radiation.

Underneath the remelted layer a heat-affected zone is generated. Common modes
of laser operation are continuous wave (Figure 1(a)) and pulsed wave (Figure
1(b)). The two modes of operation differ mainly in the solidification point of the
melt pool. In the pulsed operating mode, the previously melted material solidi-
fies partially or completely while in the continuous operating mode the cooling
and solidification front of the material is constantly following the laser spot.
Concerning the roughness spectrum laser polishing is generally divided into mi-
cro and macro polishing [13] [23]. For long roughness wavelength structures,
macro-polishing is applicable, which is commonly performed with continuous
laser radiation (Figure 1(a)), a treatment by pulsed laser radiation with pulse
durations in the millisecond range is also applicable (Figure 1(b)) [23] [24]. For
improvement of the gloss level and the roughness of short spatial wavelengths
under 80 pm, micro polishing can be used, which is typically carried out with
short or ultrashort laser pulses with a pulse duration in the range of several ps
down to ps [13] [25].

Laser polishing of additively manufactured flat parts is investigated on stain-
less steel 316L [4] [26], Cobalt-Chromium alloys (CoCr) [27] [28] [29], ASTM
F75 [30], Inconel IN 718 [30] [31] [32], ST-100 [33] [34], AlSi tool steel H13
[35], Titanium Ti6Al-4V [36] [37], Aluminium AISi10Mg [38] [39], AlSi420
stainless steel [33], Ti-6.5A1-3.5Mo-1.5Zr-0.3Si (TC11) [36] and SLM Fe-Ni steel
[40]. For AlSi10Mg flat test specimens a roughness of Ra = 0.66 um was achieved
in [39]. For Ti6Al-4V a roughness of down to Ra = 0.32 um was achieved in [37].
Depending on investigated materials, laser parameters and process strategies,
relative roughness reductions of 50% - 90% were achieved, assuming an initial
and untreated surface roughness of approximately. 8 to 22 pm in the mentioned
investigations.

To sum up, surface polishing of commonly used materials for LPBF were
mostly done on flat specimens and significant surface improvements are shown.
Industrial 3D parts typically exhibit complex freeform surface geometries. The

orientation of those parts at the LPBF in relation to the built platform, steadily
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varying stair-effects of the layer wise production and overhanging geometries
occur, which leads to strongly inhomogeneous surface behavior. The systematic
analyzation of these varying SLM surfaces on the roughness reduction capability,
the process efficiency and residual surface structures is still an open field for in-
vestigation.

This paper deals with investigations of the influence of the surface behavior
and initial surface roughness of AlSil0Mg parts, made by laser powder bed fu-
sion (LPBF), on the achievable surface quality by laser polishing. Hereto flat
samples are produced under varying fabrication angle, regarding to the base
plate at the LPBF process. The initial surface topography of the 3D printed parts
and the Laser polished surfaces are qualitatively and quantitatively analyzed by
means of 3D profilometer and tactile roughness measurements. Laser polishing
is done by continuous and pulsed laser radiation in order to compare the process
stability at varying initial surface behavior and the roughness reduction capabil-

ity between the laser operation modes.

2. Experimental Setup
2.1. Material and Samples

In this paper experimental investigations are carried out with the aluminum al-
loy AlSi10Mg. To investigate the influence of the initial surface structure on the
polishing result, rectangular plates with a length of 100 mm, a width of 30 mm
and a material thickness of 3 mm were built up through Selective Laser Melting
(SLM) on a SL280HL SLM-machine (SLM Solutions GmbH) as test specimens.
The SL280HL is equipped with a 400 W Yb fiber laser and a fabrication chamber
with the dimensions 280 x 280 x 280 mm?®. The average powder grain diameter
of the aluminum powder used is 37 um. The fabrication of the samples was car-
ried out with a slicing thickness of 50 pm and recommended building parame-
ters, which were provided by SLM Solutions GmbH. With a laser power of 350
W and a beam velocity of 600 mm/s the layers were melted on the outer contour.
For the core of the part a laser power of 350 W, a beam velocity of 930 mm/s and
a hatch distance of 170 um was used.

The samples were orientated in different angles form horizontally to vertically
by steps of Aa = 15° degrees. Due to the layer wise fabrication of the samples, the
resulting surface topography and roughness is variating strongly [3] [6]. Parts
with an orientation angle (fabrication angle) of 15° and 30° degrees were built
up with a support structure underneath. For each orientation angle, four sam-
ples were built on the base plate with varying positions (Figure 2).

In order to remove most of the oxide layers resulting from the fabrication
process as well as the residual powder particles within the rough initial surfaces
without ablation or modification of the bulk material, the samples were laser
cleaned before laser polished. This was performed with a TruMark 5020
short-pulse laser with a scanning speed of 3000 mm/s, a pulse duration of 70 ns

and a pulse frequency of 65.5 kHz.
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Figure 2. Position and orientation of the Aluminium samples on the SLM-building plat-
form (Base plate).

2.2. Polishing Setup and Process Parameters

The experimental setup is shown in Figure 3. A TRUMPF disk laser of the type
TruDisk4002 with a maximum output power of 4000 W was used. A 200 um
gradient index fiber with a numerical aperture of NA = 0.1 was used to guide the
laser beam to a modified 5-axis TRUMPF laser cell TLC40.

To protect the samples from atmospheric oxygen the work pieces are processed
in a sealed process chamber under a purified inert gas atmosphere. The residual
oxygen concentration was monitored during the laser polishing process with an
Orbitalservice oxygen measuring device of the type PRO2 plus.

The beam is guided by a scanner optic of the type SAO 1.06/1D (Figure 3).
The pendulum movement is realized by a 1D scanner system, which enables a
maximum pendulum length of 70 mm at frequencies between 10 - 300 Hz. Fig-
ure 4 shows the schematic pendulum movement of the laser beam over the sur-
face via scanner optics in conjunction with the machine axis.

Thereby the pendulum movement in y-direction is superimposed by the axis
federate of the scanner head in x-direction. At the two turning points, resulting
from the 1D pendulum movement, the energy input into the material would be
significantly increased at constant laser power. This would increase the melting
depth and process instabilities could occur. This was avoided by dividing the
pendulum axis into 15 segments with adjustable laser power, see Figure 5. Pre-
liminary investigations have shown that a reduction of the laser power by 200 W
and finally 400 W in both turning points proves to be effective, resulting in an
almost constant melt pool depth.

At laser polishing the plates were mounted horizontally on a clamping plate
(see Figure 4). The x-direction is equal to the sample vertical direction (SVD).
Thus the laser beam is steadily vertically orientated regarding to the sample sur-

face in z-direction over all sample, respectively over all fabrication angles.
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The basic laser process parameters of the applied laser operation modes
(pulsed and continuous), used in this study, are based on previous investigations
[38] [41]. The polishing was done on quadratic test fields with a dimension of 10
x 10 mm?. General parameters and specific process parameters for continuous
and pulsed laser polishing within this study are shown in Table 1.

The used laser power as a function of pendulum axis segments is shown in

Figure 5.

Laser Scanner SAO 1.06/1D

Residual oxygen measuring
device PROZ plus

Beam entry window
Sample

Process chamber

Figure 3. Experimental setup, Trumpf Laser Cell TLC 40, process chamber, oxygen mea-
surement device PRO2 plus and SAO 1.06/1D scanner optic.
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Figure 4. Left: Schematic description of the beam guidance by means of a 1D scanner and superimposed
axix movement. Sample orientation on the clamping plate in the process chamber during laser polishing,
left: 90° degree fabrication angle, right: 60° degree fabrication angle.
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Table 1. General parameters and specific process parameters for laser polishing.

Laser Operation Mode

Pulsed Continuous
Pendulum width [mm] 10
General Process gas flow rate [1/min] 15
Parameters Residual Oxygen [ppm] 40
Process gas Argon
Laser Power [W] 1700 1400
Pulse duration [ms] 0.3 -
Pulse frequency [Hz] 1000 -
average Power [W] 510 -
Beam intensity [W/mm?] 1940 1600
Specific P
P;‘:r;:ne::::ss Energy density [J/mm?] 76.5 33.6
Avg. pulse overlap [%] 81.1 -
Track overlap [%] 93.7 92.1/89.0
Focal position [mm] 12
Axis velocity [mm/min] 40 250/ 350
Pendulum frequency [Hz] 10 50
Adjustment of the laser power to the pendulum
movement of the 1D scanner
1800
1700
< 1600
2
1500
m
2 1400
Q
S 1300
wv
8 1200
1100
1000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Segments of pendulum axis

—i—Continous —o—Pulsed

Figure 5. Laser power ramping during the laser polishing processes.

2.3. Measuring Devices and Evaluation Methods

The surfaces of the initial as well as the laser-polished surfaces were quantita-
tively and qualitatively investigated. The analysis of the quantitative surface rough-
ness, given by the arithmetic roughness Ra, was performed tactile according to
EN ISO 4288:1997 using a MarSurf M400 perthometer. For initial surfaces with
Ra > 2 pm a cut-off wavelength of 2500 um was used according to the ISO 4288

standard, while a cut-off wavelength of 800 um was used for laser-polished sur-
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faces with Ra < 2 um. Five measurements were taken for each polishing field and
ten measurements for each of the initial surfaces, from which an average value
was derived. Therefore, the positions of the individual measurements were dis-
tributed homogeneously over the polishing field respectively the test plates.

For a more detailed investigation of the surface structure, the spatial rough-
ness is analyzed with a Fourier transformation. Hereto the tactile measured sur-
face profile is leveled to zero and the tilt of the measurement is eliminated. After
the Fourier transformation the roughness values are clustered into a logarithmic
scale.

The surface topography and roughness of the initial and the polished surface
were measured in sample vertical direction (SVD) of the SLM process (Figure
6). Thus, the dominating roughness structure of the layers have been considered.
The laser polishing process is carried out by an axis movement perpendicular to
the sample vertical direction and a scanner beam deflection in sample vertical
direction (Figure 6).

The qualitative evaluations of the surface topographies were performed by a
3D profilometer VR-3100 (Keyence). This measurement was used to perform an
optical evaluation of the 3D surface topography. The surface appearance and the
microstructures are analyzed by means of a microscope of type Axio Zoom V16
(Zeiss).

3. Results and Discussion

3.1. Initial Surface Characterization

After cutting the samples from the 3D printing base plate, the SLM surfaces rough-
ness were measured in sample vertical direction (SVD). Figure 7 shows the de-
pendency on the sample angle and differences between the frontside and the

overhanging backside surface on the surface roughness Ra.

Frontview Sideview

Boundary Surface Polishing field SVD

Scanner Beam deflection

Measurement in Measurement
perpendicular to SVD a=60° a=90°

Axis movement
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Figure 6. Definition of the LPBF fabrication, polishing and measurement directions on the AM samples.

DOI: 10.4236/msa.2021.121002

22 Materials Sciences and Applications


https://doi.org/10.4236/msa.2021.121002

M. Hofele et al.

al frontside ~ *~ packside

Support ‘ ication angle
F structur
20 -

15 T [

‘ -

15 (f) 30 (f) 45(f) 45 (b) 60 (f) 60 (b) 75 (f) 75 (b) 90 (f)

10

Arithmetic roughness Ra [um]

Fabrication angle frontside (f) backside (b) [°]

Figure 7. Arithmetic roughness Ra of intial samples according to DIN EN ISO 4288 depending on the fa-
brication angle and the side of the specimens.

The roughness Ra of the frontside of the samples is decreasing from Ra = 18
pum at 15 degrees to Ra = 7 um at 60 degrees. Further increasing of the fabrica-
tion angle has no significant influence. At 45° degree the arithmetic roughness
on the overhanging backside of the sample is with Ra = 19 um double as high
compared to the front side of the part. The roughness variation, shown by the
scattering bars, is at arithmetic roughness Ra (Figure 8) above 15 pum bigger
than below 15 pm. Similar dependencies between the resulting surface roughness
and the fabrication orientation at LPBF where found on AlSi10Mg [3] [7].

A qualitative analysis of the initial roughness, by 3D topography measurement,
gives an impression of what causes the main differences of the surface roughness
(Figure 8). It should be noted that the height scale differs between the images.
At 15° degrees, in the upper left picture, the stairs effect of the layer wise fabrica-
tion technique is clearly visible. The linear parallel running welding beads supe-
rimposed by spatter induced material accumulations are causing the main sur-
face roughness structures with maximum variation of height up to 170 pum. With
increasing fabrication angle, the stairs effect is no more visible and the surface is
getting comparable flat. At 90° degrees, the in-homogeneously distributed melt
pool accumulations cause the dominant roughness components and the maxi-
mum variation of the surface height deviation gets decreased. The surface on the
overhanging 45 degree backside shows massive densely packed material accu-
mulations with expansions of several hundred pum, which are responsible for the
highest measured arithmetic roughness Ra of those test batches.

A deeper analyzation of the varying roughness profiles depending on the sample
vertical directions (SVD) is given by the analysis of the Fourier transformation.
The following diagram (Figure 9) shows the partial roughness Ra depending on
the structural wavelength on double logarithmic scales. Over all sample vertical
directions (SVD), the main roughness amounts are present in the long structure

wavelength of greater than 150 um. At short structural wavelength below 40 um
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Figure 8. Qualitative comparison of the initial surface topography (a) Fabrication angle 15° frontside (f), (b) Fabrication angle
90°, (c) Fabrication angle 45° frontside (f), (d) Fabrication angle 45° backside (b). It should be noted that the height scale differs
between the images.
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the fabrication angle has a comparatively small influence on the existing rough-
ness. With increasing structural wavelength the partial surface roughness is sig-
nificantly increased with small fabrication angles (15° and 30°) and overhanging

surfaces (backside-b).

3.2. Pulsed Mode Laser Polishing

In order to analyze the influence of the fabrication angle and the initial surface
structures after additive manufacturing, pulsed mode laser polishing is done
with constant process parameters, mentioned in Table 1 with one and two po-
lishing passes. The roughness Ra for laser polishing with one and two crossings
is given in Figure 10.

Figure 10 shows that the roughness of the laser polished samples is in a range
between 1.0 um and 0.2 pm. It is reduced tendential at increasing fabrication an-
gle. At a fabrication angle of 15°, a roughness of Ra = 0.62 um was achieved with
one crossing (yellow triangle, measured in SVD). By increasing the fabrication
angle up to 75° the roughness was reduced to a minimum of Ra = 0.32 pm (one
crossings measured in SVD). In addition, the roughness measured in the sample
vertical direction, respectively parallel to the fast scanner pendulum movement,
is consistently (about 1/3) lower than the roughness, measured perpendicular to
SVD. The residual average surface roughness after laser polishing regarding to
all fabrication angles is further reduced by a second crossing (average Ra in SVD
= 0.33 um; average Ra perpendicular to SVD = 0.43 pum), compared to one
crossing (average Ra in SVD = 0.45 pum; average Ra perpendicular to SVD = 0.76

pum). The roughness improvement by a second polishing pass is significant

45 () 45 (b) 60 (f) 60 (b) 75 (f) 75 (b) 90 (f)
Fabrication angle frontside (f) backside (b) [°]

Ain SVD | 1crossing  -@-perpendicular SVD | 1 crossing  —a—in SVD | 2 crossings  -@-perpendicular SVD | 2 crossings

Figure 10. Arithmetic roughness Ra of laser polished samples with pulsed radiation according to DIN ISO 4287 measured in and

perpendicular to the sample vertical direction (SVD) with respect to fabrication angle for one and two crossings with an axis ve-

locity of 40 mm/min.
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greater perpendicular to the sample vertical direction. Hence the gap between
the measurement directions are decreased and a more direction independent
surface quality is achieved. The maximum deviation, visualized by the scatter
bars, shows that the achievable roughness is strongly linked to the initial rough-
ness, since the scatter range decreases with increasing fabrication angle, for the
initial roughness as well as the achieved roughness.

The relative roughness reduction (Rajnitiar — Ralaser polishea)/Rainita based on an in-
itial roughness of Rainiia according to Figure 7 and the results in Figure 10 is
given in Figure 11.

Figure 11 shows that the roughness reduction, considered over all fabrication
angles and measuring directions, is more or less independent of the fabrication
angle. In addition, no significant tendency can be seen that the smoothing ability
is strongly dependent on the initial roughness. It becomes clear from Figure 11
that a further roughness reduction, at both measuring directions, can be achieved
by a second crossing over all fabrication angles. Moreover, a further roughness
reduction measured perpendicular to SVD compared to the measurement in the
SVD can be achieved by a second crossing. For the respective backsides of the
samples over all construction angles a higher roughness reduction can be deter-
mined for both measuring directions compared to roughness reduction on the
frontsides. For example, a relative roughness reduction of up to 98.5% (meas-
ured in SVD) can be achieved for a fabrication angle of 45° (b) with two cross-
ings.

The analyzation of the existing partial roughness over the structure wave-

length after pulsed mode laser polishing with varying fabrication angle, meas-

ured in sample vertical direction, is given in Figure 12.

45 (f) 45 (b) 60 (f) 60 (b) 75 (f) 75 (b) 90 (f)
Fabrication angle frontside (f) backside (b) [°]

A in SVD | 1 crossing -@-perpendicular SVD | 1 crossing —a—in SVD | 2 crossings -@-perpendicular SVD | 2 crossings

Figure 11. Roughness reduction in percent measured in and perpendicular to the sample vertical direction (SVD) for one and two

crossings with pulsed radiation under varying the fabrication angle.
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Partial arithmetic roughness Ra [um]

Structure wavelength A [um]

Figure 12. Partial roughness over structure wavelength after pulsed mode polishing: Influence of the fa-
brication angle frontside (f), backside (b) with two polishing passes, measured in SVD.

The residual partial surface roughness at the fabrication angles 15° and 30°
degree is significantly increased in the medium structure wavelength range be-
tween 7.8 - 125 pm, compared to bigger fabrication angles. Hence, the roughness
for a fabrication angle of 15° (f) in the range of 15.6 - 31.25 um is Ra = 0.17 um
while in the same range the roughness for a fabrication angle of 60° (f) is Ra =
0.09 um. Also it can be seen, that the backside surface with 45° degree can be
improved much better, compared to smaller fabrication angles. At the long wa-
velength structures above 125 pum the residual partial roughness correlates to the
initial surface roughness. In this range, the achievable surface quality is directly
depending on the initial roughness. Hence the achieved partial surface rough-
ness varies between 0.19 um and 0.61 pm at the structure wavelength range be-
tween 500 - 800 um.

Differences in the surfaces appearance and surface structures between the dif-
ferent fabrication angles with one and two polishing passes can be taken from
the microscopic images in Figure 13. Comparing the roughness, regarding the
number of crossings, it becomes clear that the polishing with two crossings leads
to a better recognizable roughness improvement at all sample vertical directions.
While the vertical scanner hatches of the laser in pendulum direction (y-direction)
are clearly visible (e.g. Figure 13(a) and Figure 13(e)) with one crossing, at two
crossing those residual structures are smoothed (Figure 13(b) and Figure 13(f)).
Also, it becomes visible that the surface is full of black areas which could indicate
oxide layers, however an EDX-analysis was not performed. Furthermore, crusted
surface structures were observed. With an increasing fabrication angle the size of

the Oxide areas is decreasing.
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High residual
roughness

Vertical scanner
hatches of the
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Figure 13. Microscopic pictures of the surface in selected areas in the middle of the po-
lishing fields after pulsed mode laser polishing with one and two polishing passes de-
pending on the fabrication angles, (a)/(b) 15° (frontside), (c)/(d) 45° (frontside), (e)/(f)
45° (backside) and (g)/(h) 90° (frontside) with the scanner pendulum movement in y-direc-
tion and the axis movement in x-direction.

Figure 14 shows the macroscopic 3D topography of the test fields after laser
polishing with pulsed radiation. It becomes clear, that the short and medium sur-
face structures, caused by the welding tracks of the powder bed fusion process,
melt pool or spatter material accumulations and the stairs of the inclined addi-
tive fabrication angle are flattened compared to the initial structures at the bor-
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der of the images. A comprehensive view of the polishing field shows that long
wavelength structures and height variations are still present. Thus, after laser po-
lishing, a waviness with structure wavelengths above the cut-off wavelength of
the roughness spectrum are still visible. Additionally, especially at 45° degree
backside, at the turning points of the scanner beam deflection a surface super
elevation by material accumulation occurs.

When comparing the residual microscopic structures at the centre of the po-
lishing fields the residual roughness structures in the range of 50 - 100 pum struc-
ture wavelength get visible (Figure 15). In comparison to the other polishing
fields, the polishing field with 90° degree fabrication angle differs with its flat glob-
al surface profile.

3.3. Continuous Mode Laser Polishing

In contrast to the investigations on pulsed mode laser polishing, continuous
mode polishing was done with only one crossing. Therefore two different axis
velocities vi = 250 mm/min with a track overlap of 92.1% and v¢ = 350 mm/min
with a track overlap of 89.0% and the parameters mentioned in Table 1 were
used. The achieved surface roughness Ra, measured in sample vertical direction
(SVD) (in SVD) and perpendicular (perpendicular SVD) under varying fabrica-
tion angles are given in Figure 16.

c)
210 um 3D topography sample angle 45° (f)
2 Crossings

83 um

d)

3D topography sample angle 45° (b)

m .
2 Crossings 76 um

40
~ 10000
-40

5 -83
-28 0pm 0pm

Figure 14. Qualitative comparison of the achieved surface topography during pulsed laser polishing with two crossings (a) fabri-
cation angle 15° (b) fabrication angle 90°, (c) fabrication angle 45°, (d) fabrication angle 45° Backside.
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Figure 15. Microscopic differences at a 40-fold magnification of the achieved surface topography after pulsed laser polishing with
two crossings at the centre of the polishing fields (a) fabrication angle 15° frontside, (b) fabrication angle 90° fronside, (c) fabrica-
tion angle 45° frontside, (d) fabrication angle 45° backside.
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—A—in SVD | 250 mm/min | 1 crossing —@—perpendicular SVD | 250 mm/min | 1 crossing

Figure 16. Arithmetic roughness Ra according to DIN ISO 4287 measured in and perpendicular to the sample vertical direction
(SVD) under varying fabrication angle with continuous laser radiation for one crossing with an axis velocity vr of 250 mm/min

and 350 mm/min.
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Figure 16 shows that the roughness of the laser polished samples is in a range
between 1.3 pm and 0.3 pm. Similar to the polishing with pulsed mode, the po-
lishing with continuous mode shows, that the achieved surface roughness is re-
duced with an increasing fabrication angle. At a fabrication angle of 15° (f), a
roughness of e.g. Ra = 0.47 um (v¢ = 250 mm/min, in SVD) was achieved. By in-
creasing the fabrication angle up to 90° the roughness was reduced to a mini-
mum of Ra = 0.36 pm (v¢ = 250 mm/min, in SVD). Also similar to the polishing
with pulsed mode a higher roughness measured perpendicular to SVD (e.g. 30°
(f)]ve = 250 mm/min: Ra = 0.92 um) compared to the measurement in SVD (30°
(f)]ve = 250 mm/min: Ra = 0.59 pm) exists. Additionally the roughness variation
in the test fields, shown by the scattering bars, is significant higher perpendicular
to SVD and correlates to the variations at the initial roughness after 3D printing.
A reduced axis velocity of 250 mm/min at continuous laser polishing offers no
steady improvement over all fabrication orientations. A higher roughness after
laser polishing exists on the overhanging backsides surfaces for the fabrication
angles 45°, 60° and 70°, compared to the frontsides, with the exception for an
axis velocity v of 350 mm/min measured in SVD at 60° and for both axis veloci-
ties measured in SVD at 75°.

Similar to the investigations with pulsed mode polishing, the percental rough-
ness reduction for polishing with continuous laser radiation, measured in and
perpendicular to the sample vertical direction (SVD) is given in Figure 17.

Figure 17 shows that a higher average roughness reduction over all fabrica-
tion angles is achieved in SVD (average-reduction = 96.4% at vi = 250 mm/min)
compared with perpendicular to SVD (average-reduction = 93.6% at v¢ = 250

mm/min). By measuring the roughness in sample vertical direction, the relative
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Figure 17. Relative roughness reduction in percent, measured in and perpendicular to the sample vertical direction (SVD) for an

axis velocity of ve =250 mm/min and v¢ = 350 mm/min with continuous radiation under varying the fabrication angle.
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roughness reduction is more or less independent of the respective fabrication
angles. Also similar to the results with pulsed mode is that the respective back-
sides of the samples over all construction angles have a higher roughness reduc-
tion for both measuring directions compared to roughness reduction on the
frontsides.

Perpendicular to SVD the resulting surface roughness reduction rates at 90° of
approximately 95%, is significant higher compared to the further frontside sur-
faces of the samples with smaller fabrication angles.

When analyzing the partial roughness over the structural wavelength ranges
of the polished surface (Figure 18), it becomes clear that the main differences
between the individual fabrication angles are in the medium to long wavelength
range. When observing the spectral roughness in the range of 2.5 - 3.9 um, the
roughness variation amounts 50% from Ra = 0.014 um to Ra = 0.028 pm. At the
medium structure wavelength the polished surface of the specimen with 30° de-
gree fabrication angle exhibits der greatest residual roughness, e.g. at 15.6 - 31.25
pum Ra = 0.22 pum. Larger differences can be found in the longer wavelength
above 125 pum, where there is a big gap between the fabrication angles 15° degree
and 45° degree backside and the further fabrication angles. For example at the
range between 500 - 800 um the partial arithmetic surface roughness Ra is with
0.78 um (45° backside) more than three times as high compared to 75° (f) with
Ra = 0.22 um. Compared to the pulsed laser mode, smaller deviations are de-
tected, which results in a slightly better process stability in the continuous laser

mode.
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Figure 18. Partial roughness over structure wavelength with continuous mode polishing: Influence of the
fabrication angle polished in SVD for one crossing frontside (f), backside (b).
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At continuous mode polishing the differences in the surfaces appearance and
surface structures between the different fabrication angles under consideration
of the used axis velocities of vi = 250 mm/min and v¢ = 350 mm/min are dis-
played in the microscopic images of Figure 19. Similar to pulsed mode polishing

the remolten surface layer exhibits encrusted surfaces topography (grey surface

a) 15°(f)| cw | 250 mm/min b) 15°(f)| cw | 350 mm/min
Vertical scanner
hatches of the

laser

":ﬂ-,._'_’_‘jK {

)

Indentations
parallel to the
scanning hatches

4

F g

Figure 19. Microscopic surface pictures after continuous mode laser polishing with an
axis velocity of v¢ = 250 mm/min and v¢ = 350 mm/min depending on fabrication angle,
(a) 15° (f), (b) 45° (f), (c) 90° (f), (d) 45 (b) with the movement of the scanner pendulum
y and the axis velocity x.

DOI: 10.4236/msa.2021.121002

33 Materials Sciences and Applications


https://doi.org/10.4236/msa.2021.121002

M. Hofele et al.

structures), which decrease with an increasing fabrication angle. The resulting
Surface layers after surface remelting of additive manufactured AlSil0OMg, pro-
cessed under comparable process atmosphere, were investigated by Schanz by
means of SEM and EDX [38], where a higher concentration of Oxygen and
Magnesium was detected. Linear indentations parallel to the scanning hatches,
respective to the scanner pendulum direction (y-direction) are clearly visible at
small fabrication angles. They disappear at vertical built parts (Figure 19(g) and
Figure 19(h)).

The macroscopic 3D topography after laser polishing with continuous laser
radiation is shown in Figure 20. In comparison to the polishing field at the fa-
brication angles 45° and 90° frontside the surface at 15° degree has a unevenness
with large areal elevations and depressions. At 45° backside waviness with
shorter wavelength and smaller areal expansion can be seen. While at polishing
with pulsed laser radiation a material accumulation at the turning points occurs,
continuous laser radiation achieves an almost homogenies and flat transition
between the remolten surface layer and the initial surface.

At a 40-fold magnification at the center of the polishing fields the residual
microscopic roughness structures in the range of 50 - 100 pm structure wave-
length get visible (Figure 21). When comparing maximum height variation, the

surface at 45° degree frontside and 90° are significant smother.

a) c)
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250 80
250 60
40
150
20
100 0
50 -20
I 0 -40
: < -52
0 pm -49 0 um
3D topography sample angle 90° (f) 3D topography sample angle 45° (b)
V¢ = 250 mm/min i 98 umV; = 250 mm/min 101 pm
80
80
N v = 60 ) 40
40
: 20 - 0
3 o
s il -40
R o -20 -
i 08 - -65
-40 Oum \ 0pm

0 pm 7 prﬁ

Figure 20. Qualitative comparison of the achieved surface topography during continuous laser polishing with an axis velocity of vr
= 250 mm/min (a) fabrication angle 15° frontside (b) fabrication angle 90° frontside, (c) fabrication angle 45° frontside, (d) fabri-
cation angle 45° backside.
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Figure 21. Microscopic differences at a 40-fold magnification of the achieved surface topography after continuous laser polishing
with an axis velocity of 250 mm/min at the centre of the polishing field (a) fabrication angle 15° frontside, (b) fabrication angle
90° frontside, (c) fabrication angle 45° frontside, (d) fabrication angle 45° backside.

3.4. Fundamental Process Dependencies and Differences between
the Laser Operation Modes

Laser polishing with pulsed and continuous laser radiation on varying initial
surface structures after 3D-printing, generated by varying the fabrication angle,
was investigated. The presented results have shown that the roughness measured
in the sample vertical direction is consistently lower than the roughness meas-
ured perpendicular to the sample vertical direction. This can be explained by a
better smoothing capacity respectively by a higher volume distribution within
the scanner axis, because the movement of the scanner is a multiple times higher
compared to the axis movement (see also Figure 4). The higher reduction of
roughness shown on the backsides can be caused by their structure, which is dif-
ferent from the structures of the front sides. Considering the initial roughness
after the Fourier transformation (Figure 7), large differences in the longer wa-
velength spectrum can be observed. For example, the initial roughness in the
wavelength spectrum of 156.3 to 312.5 um for a fabrication angle of 30° (f) has a
value of Ra = 2.58 um and an achieved roughness by pulsed polishing of Ra = 0.2
pm (spectrum 125 - 250 pm), whilst the initial roughness in the same spectrum
for a fabrication angle of 45° (b) is Ra = 6.72 um and the achieved roughness by
pulsed polishing is as well Ra = 0.2 um (spectrum 125 - 250 pm). The same can
be observed for polishing with continuous wave where the initial roughness at a
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spectrum of 156.3 - 312.5 pm for a fabrication angle of 90 (f) is Ra = 5.3 um and
the achieved roughness at a spectrum of 125 - 250 um is Ra = 0.17 pm compared
to the initial roughness of a fabrication angle of 60° (b) with an initial roughness
at a spectrum of 156.3 - 312.5 pm of Ra = 5.5 pm and an achieved roughness at a
spectrum of 125 - 250 pm of Ra 0.15 pum.

By applying the achieved arithmetic roughness Ra after laser polishing at both
laser operation modes relating to the initial surface roughness after 3D-printing,
the roughness reduction rate can be compared. Following Figure 22, the col-
lected measurement data are displayed of both laser operation modes, measured
in sample vertical direction (SVD).

When looking at the dependency between the initial surface roughness and
the surface quality after laser polishing, measured in SVD (Figure 22), the dif-
ferences in the resulting roughness after laser polishing increases with an in-
creasing initial roughness. Thus the polished surface at an initial roughness Ra
approximately 8 um changes between Ra = 0.25 um - 0.39 um in contrast to Ra =
0.33 pm - 0.64 um at an initial roughness in the range of 13.6 um. Moreover, a
higher smoothing effect can be achieved on the backside surfaces at both laser
operation modes. Hence, a higher amount of data dots on the backsides (b) (9
pieces) is above a roughness reduction of >97% compared to the data dots on the
frontsides (f) (4 pieces). With the exception of the fabrication angle of 15 de-
grees, pulsed laser polishing with two crossings achieves the lowest roughness

over all fabrication angles.
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Figure 22. Achieved arithmetic roughness Ra after laser polishing depending on the initial Roughness Ra, measured in sample

vertical direction (SVD) according to DIN ISO 4287 for one and two crossings at pulsed laser radiation and for an axis velocity of

250 mm/min and 350 mm/min for continuous laser radiation under varying fabrication angle. Lines of constant relative rough-

ness reductions at 96%, 97% and 98% are incorporated.
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Table 2. Comparison of the achieved arithmetic roughness Ra and partial roughness of
structure wavelength ranges, measured in SVD, with one crossings and an axis velocity at
continuous mode laser polishing of 250 mm/min.

Roughness Partial roughness
Re, cw/Ra, pw R:, cw/Ra, pw

Fabrication Angle A=1um-800um A=25-39um A=3125-625um A=500-800um

15° () 0.467 um 0.022 um 0.193 um 0.612 um
0.621 um 0.021 um 0.170 um 0.616 um
75° (6) 0.354 um 0.014 pum 0.116pm 0.225 um
0.324 pm 0.018 um 0.120 um 0.311 um
45° (b) 0.551 pm 0.022 um 0.170 um 0.782 um
0.485 um 0.016 um 0.098 um 0.498 um

When comparing the resulting arithmetic surface roughness Ra and the par-
tial roughness Ra on small, medium and long structure wavelengths after one
crossing, only small differences (for example for 15° (f) 0.004 um at a wavelength
between 500 and 800 um) at the frontside surfaces with fabrication angles 15°
and 75° exists (Table 2). At the backside surface with 45 degree fabrication angle
and the highest initial roughness, the pulsed mode polishing achieves a better

surface quality at the medium and long structure wavelength.

4. Conclusions

The Laser polishing of AISil0OMg SLM parts with continuous and pulsed laser
radiation under varying the fabrication angle was investigated. By changing the
fabrication angle between 15° and vertical built specimens (90° degree fabrica-
tion angle), the initial arithmetic roughness varies between 19.2 um and 8.0 pm.
With increasing fabrication angle the roughness decreases till 60° degree. The
overhanging backside surfaces exhibit a significant higher roughness, which is
more than doubled compared to the frontside at a fabrication angle of 45° de-
gree. Additionally the analyzed roughness composition within the Fourier trans-
formation and 3D Topography measurements shows, that the main roughness
components are above structure wavelength of 30 pm.

Pulsed mode and continuous mode polishing deliver a major relative rough-
ness reduction up to 98.5%. The achievable final roughness after laser polishing
at both laser operation modes directly depends on the initial surface quality.
With decreasing initial roughness the roughness after laser polishing is decreas-
ing. The relative roughness reduction over all investigated fabrication angles for
one crossing, measured in sample vertical direction, respectively the scanner pen-
dulum movement is almost constant and varies between 95.2% and 97.5% at the
pulsed laser mode and 95.0% - 97.5% at the continuous laser mode. Thus the
smoothing ability, given by the relative roughness reduction, does not decline
with an increasing initial roughness, which is an important fact for surface treat-

ment of complex 3D freeform surfaces with steadily varying fabrication angle. A
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constantly lower relative roughness reduction over all fabrication angles at both
laser operation modes is measured perpendicular to SVD. When comparing the
front- and backside surface of the samples a constantly higher relative roughness
reduction rate at both laser operation modes is achieved on the overhanging back-
side surfaces.

The analyzation of the residual partial roughness over structure wavelength
shows, that the achieved surface quality at small structure wavelength has only
small differences between the sample vertical directions. Comparable to the ini-
tial surface, the main residual roughness is found in the medium and long struc-
ture wavelength. At the medium structure wavelengths caused at small fabrica-
tion angles by the stairs effect, at pulsed mode polishing the roughness is noti-
ceable higher. The residual partial roughness at long structure wavelength above
125 pm is directly depending on the initial roughness structures.

The 3D topography measurement shows, that the polishing fields exhibit an
additional wide spread waviness. While continuous laser mode polishing exhibit
a flat transition between the remolten surface layer and the initial surface, pulsed
mode polishing leads to a material accumulation at the turning points of the

scanner pendulum movement.
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