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Abstract

The additive manufacturing technique Laser Powder Bed Fusion (L-PBF) offers the opportunity to directly build solid metal
parts with less geometric restrictions, low porosity and good mechanical properties. However, the surface of the parts
exhibits a rough surface with massive adherent powder combined with an oxide layer on it. Laser cleaning provides the
possibility of a contact-free and full-automatable surface treatment with high area rates.

This work deals with the investigation on laser cleaning of L-PBF surfaces made of Aluminium AISil0Mg. The laser cleaning
is investigated with a nanosecond pulsed fibre laser by variation of the pulse energy and single pulse fluency. The ablation
efficiency is analysed by means of SEM, WLI and microscopic images. Dust and oxide layers can be effectively removed.
Adherent powder particles can be partly removed. Fluencies more than 13.2 mJ/mm? are causing surface remelting and
beyond 30.8 mJ/mm? surface structuring occurs.
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1. Introduction

The additive manufacturing technique Laser Powder Bed Fusion (L-PBF) offers the possibility of
manufacturing complex 3D metallic parts with applications in various fields i.e. medical, automotive industry
or aerospace (Denti et al., 2019, Guo et al., 2017, Nasab et al., 2018). Beside great chances offered through
this technology, there are some disadvantages that hinder a more cost efficient application. L-PBF parts suffer
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from a surface with loose and partially molten powder particles, spatters and ballings accompanied by oxide
layers (Nasab et al.,, 2018, Townsend et al., 2016). These characteristics do often not measure up with
industrial requirements (Metelkova et al., 2021). Partially molten particles can even be dangerous, for
example in medical use where they entail a risk of peeling off from implants and being a threat to the patient
(Guo et al., 2017).

Oxide layers on metals often need to be removed in a pre-treatment step as surface preparation before
other laser material processing methods such as laser welding to improve quality (Zhu et al., 2019).

The above mentioned drawbacks of the L-PBF process lead to the necessity of post processing. Unwanted

loose powder can for instance be removed by ultrasonic cleaning. Other ways to eliminate lose particles are
acoustic cleaning, cleaning with mechanical vibrations (Seiffert et al., 2015), air pressure (Kolb et al., 2019) or
laser induced shock waves (Metelkova et al., 2021).
For the removal of partially molten particles and oxide layers, other techniques are applied. All of these
cleaning methods show disadvantages compared to the laser cleaning process. Among others, chemical
cleaning methods are used (Guo et al., 2017, Kelly et al., 2019). The obvious disadvantage is the environmental
damage caused by using chemicals, furthermore the costs created by the disposal of the chemicals cannot be
neglected. Additionally, chemical methods such as surface etching can lead to a reduction of the thickness of
the parts (Pehlivan et al., 2020). Another way to clean L-PBF metal parts is sandblasting (Guo et al., 2017). One
of its drawbacks is that sandblasting does not offer the possibility of precise partial cleaning. In addition, for
sandblasting there is a supplementary step needed to collect and dispose the residual abrasive material, which
makes the process more time consuming. Similar to the sandblasting process snow blasting uses compressed
air combined with CO: ice particles for the cleaning process, a rather loud method where gaseous CO: is
released (Stark, 2021). Additively manufactured parts can also be cleaned with electroplasma based methods
(Guo et al., 2017). The disadvantages are described by Guo et al. as “uneven removal” and “damage to the
framework”.

The laser cleaning process combines a numerous amount of advantages. It is fast, precise and reduces the
risk of generating mechanical forces as it is a contact free method, the process is versatile, controllable, dry,
selective and environmentally friendly due to the absence of chemicals or other additives (Marimuthu et al.,
2018, Wang et al., 2019, Razab et al., 2018). Further the process causes no noticeable loss of base material.

This paper deals with investigations on laser cleaning of L-PBF AISi1l0Mg parts with a nanosecond pulsed
fibre laser. Therefor parameter studies by varying the beam diameter, pulse repetition rate and pulse energy
are performed. Threshold single pulse fluencies for powder particle removal, base material melting and
surface structuring are determined. The cleaning and ablation efficiency is analysed by means of SEM, WLI
and microscopic images.

2. Experimental set-up

The investigations on laser cleaning are done by means of vertically printed rectangular plates with the
dimension of 80 mm length, 50 mm width and a material thickness of 3 mm. The Laser Powder Bed Fusion (L-
PBF) printing process was executed on a TruPrint 1000 Multilaser (TRUMPF, Ditzingen, Germany) with two
200 W infrared fibre lasers. The machine has a cylindrical fabrication volume with a diameter of 100 mm and
100 mm in height. The experimental investigations are executed on Aluminium alloy AlSilOMg. The used
Aluminium powder by the company Heraeus exhibits a particle size distribution of D10=21.3 um to
D90 = 56.9 um. The average powder grain diameter is 35.7 um. The samples were built with recommended
fabrication parameters, with a slicing thickness of 20 um. The layers are molten on the outer contour by 175 W
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laser power and a beam velocity of 2000 mm/s. The core of the parts is manufactured with 175 W, resp.
1400 mm/s and a hatch distance of 120 um. During the fabrication process the chamber is flooded with Argon
with a residual oxygen content of <0.3%. Within one printing job nine plates were fabricated vertically on the
printing platform with a gap between each other of 3 mm. The samples are orientated perpendicular to the
recoating direction, see Fig. 1.

Plate 1 Plate 9

Used surface
of the plates

Fig. 1. Sample orientation at the printing platform during the L-PBF process

After the manufacturing, the samples were severed from the printing platform. In this investigation, two
different pre-treatments of the 3D printed surfaces before laser cleaning are executed in order to analyse the
influence of different amounts of residual powder on the laser cleaning performance. First the major amount
of the loose powder is removed by suctioning the surfaces. Half of the samples were put additionally into an
ultrasonic bath for 5 minutes, which was equipped with ethanol in order to extract the still residual lose
powder particles.

Laser cleaning was carried out with a short pulse fibre laser in the nanosecond range of the type TRUMPF
TruMark 5020 with an average power of 20 W. It is implemented in the 4-axis laser cell TruMark Station 5000,
see Fig. 3 a). The beam is guided two dimensionally by means of a scanner optics in combination with an
f-theta lens with a focal length of 254 mm and a scan field of view of 180 X 180 mm?2. The optics is equipped
with a motorized collimation unit to shift the focal position in the range of £ 24 mm. The resulting beam caustic
was measured by means of a FM100 (Metrolux, Gottingen, Germany). The measured laser beam exhibits a
beam quality M? of 1.6, a focal diameter of 102.4 um and a beam divergence of 21.52 mrad. The existing beam
diameter ds and intensity profiles at the work piece surface depending on the focal position z in the range
between + 2 mm and + 5 mm above the sample surface, used in this investigation, are shown in Fig. 2.
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Fig. 2. Measured beam intensity profiles at the work piece surface depending on the focal position z in the range between + 2 mm and +
5 mm above the sample surface

The investigations on laser cleaning were performed at the re-coater averted side surface of the samples. For
this purpose, the samples were clamped horizontally on the processing table of the machine. On each sample,
eight laser cleaning test fields were created. The hatching direction is perpendicular orientated to the
fabrication direction FD, Fig. 3 b).

a) b)

Scanner optics

F-thetalens

Suction Test fields

Sample

Fig. 3. a) experimental setup with mounted sample in TruMarkStation 5000, b) Test field positions and hatching direction
on the LPBF printed samples, definition of WLI and SEM measuring positions

The surface behaviour is analysed at the initial state after 3D printing and after laser polishing optically by
means of a microscope Axio Zoom V16 (Zeiss, Oberkochen, Germany) with a 50-fold magnification and a
scanning electron microscope (SEM) of type LEO Gemini 1525 (Zeiss, Oberkochen, Germany) with a 500-fold,
resp. 1000-fold magnification. The surface topography is analysed by use of a white light interferometer (WLI)
NewView 8300 (AMETEK, Meerbusch, Germany) with a magnification of 20x.

In order to clearly define the test fields and ensure the identical measuring positions at the initial state and
cleaned state, laser engraving is used to mark in the positions. WLl images with the dimension of 3*3 mm? are
taken at the centre of the test fields. In diagonal direction at two positions (Fig. 3 b), marked with green dots,

SEM images are taken.
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The investigation on laser cleaning is carried out with a constant laser specific maximum average laser
power Payg of 20 W in combination with a scanning velocity vs of 3000 mm/s and a hatch distance dhatch of
34 um. The parameter study is executed with a threefold cleaning pass. By varying the pulse repetition rate
frep from 45 kHz up to 105 kHz, the pulse duration varies between 40 ns - 100 ns. The pulse energy Ep is in the
range from 0.197 mJ — 0.456 mJ. Further, the single pulse Fluency F as well as the pulse and track overlap are
adjusted by changing the focal position, respectively the beam diameter ds, see Table 1.

Table 1 Varied laser parameters and resulting process parameters

Single Pulse

Test Field Beam Diameter ~ Repetition Rate Pulse Duration Pulse Energy Fluency F Pulse Overlap Track Overlap

Number ds [um] frep [kHZ] t, [ns] Ep [m)] (mi/mm?] PO [%]) TO [%]
1 110.4 45 100 0.456 46.4 39.6 69.2
2 110.4 65 70 0.317 321 58.2 69.2
3 110.4 85 50 0.243 24.6 68.0 69.2
4 110.4 105 40 0.197 19.9 74.1 69.2
5 1215 45 100 0.456 38.3 45.1 72.0
6 121.5 65 70 0.317 26.5 62.0 72.0
7 1215 85 50 0.243 20.3 71.0 72.0
8 1215 105 40 0.197 16.4 76.5 72.0
9 135.6 45 100 0.456 30.8 50.8 74.9
10 135.6 65 70 0.317 21.3 66.0 74.9
11 135.6 85 50 0.243 16.3 74.0 74.9
12 135.6 105 40 0.197 13.2 78.9 74.9
13 156 45 100 0.456 233 57.3 78.2
14 156 65 70 0.317 16.1 70.4 78.2
15 156 85 50 0.243 12.3 77.4 78.2
16 156 105 40 0.197 10.0 81.7 78.2

The resulting area rate as a function of the scanning velocity, hatch distance and number of cleaning passes
amounts 20.4 cm?/min.

3. Results and discussion

3.1 Surface appearance and removal of dust and oxide layers

Cleaning the 3D printed surface in an ultrasonic bath results in a sporadic removal of particles from the
surface structure. The entire surface becomes brighter due to the removal of smudge residues, see Fig. 4 b).
Subsequent laser cleaning with a single pulse energy Er 0.46 mJ of and a fluency F of 46.4 mJ/mm? produces
a visible strong change in the surface topography due to remelting and structuring. The gloss level of the
surface is strongly increased by removal of impurities and oxide layers (Fig. 4 c). The reduction of the single
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pulse energy Er to 0.20 mJ is accompanied by reduced structuring and surface remelting. An increasing laser
beam diameter ds to 156 pum causes only a minor change of the surface topography, but also an incomplete
ablation of the brown coloured debris. A fluency F of 10 mJ/mm? leads to an insufficient removal of the
residual particles and dust, respectively oxide layers (Fig. 4 f)).

Initial state Laser cleaning
E,= 0.46 mJ, F=46 4 mJ/mm E,=0.20mJ, F=19. 9 mi/mm?

5 min in Ethano! E =0.46 mj, F=23.4 mi/mm* E,=020mJ, F= 10 0 mJ/mm
Ultrasonic cleaning Laser cleaning

Fig. 4. Microscopic images, a) initial state after laser printing, b) with ultrasonic cleaning, ¢ — f) laser cleaning with
various pulse energy E, and single pulse fluency F

3.2 Powder particle removal

The removal and ablation of powder particles, which are sintered or melted onto the component surface
is analysed using SEM images of the initial state with ultra-sonic cleaning and after laser cleaning. Fig. 5 shows
the initial state of the 3D printed surface with purple coloured powder particles, which could be removed
depending on the used repetition rate frep and laser beam diameter ds.

Laser cleaning achieves a partly ablation of the adherent powder particles. The ablation rate is strongly
varying between the investigated fields within the parameter study. Repetition rates fre, between 45 kHz and
85 kHz at a laser beam diameter of 110.4 um, with high laser beam intensities / and fluency F achieves no
particle removal. Less single pulse fluency F with pulse energies below than 0.317 mJ at a beam diameter of
156.0 um also exhibits no ablated particles at the analysed section of the test field, due to insufficient energy
input.
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Fig. 5. SEM images of the initial surface after ultra-sonic cleaning with marked removed powder particles by laser
cleaning

3.3 Process threshold fluencies

Due to varying single pulse fluency F between 46.4 mJ/mm? and 10.0 mJ/mm?, by changing pulse energy Ep
and laser beam diameter ds, three different process regimes are existing, see Fig. 6. Laser cleaning with low
fluencies F between 10.0 — 13.2 mJ/mm? causes a remelting of a thin surface layer on the adherent powder
particles, while the surface of the component is still not melted. Fluencies F in the range of 16.1 —23.3 mJ/mm?
are resulting in a complete areal surface remelting, which can lead to an enhanced connecting area between
the powder particle and the component surface as well as a fusion between the particles at itself, see Fig. 7 a)
initial state, b) after laser cleaning. Fluencies F above 23.3 mJ/mm? causes an entire surface melting and
structuring, red marked area at Fig. 6.

A more detailed view of the introduced surface structuring is given by the 3D topography WLI images of
Fig. 8 a. At the maximum investigated fluency F of 46.4 mJ/mm? with a pulse overlap PO of 39.6%, a complete
areal structuring of the surface topography with circular depressions with an extension of approx. 50 um
occurs. The resulting remelting zone at the powder particles and the sample surface are given by the
microscopic images of the cross section with a 500-fold magnification at Fig. 7 c), d). The remolten surface
layer exhibits an average melting depth of 3.3 um and varies between 1.2 um and 8.7 um.
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Fig. 6 SEM Images with a 500x magnification of the L-PBF surface after laser cleaning with surface structuring (red), surface
remelting (orange), remelting of powder particle surface layer (yellow) depending on the single pulse fluency F

Within the increasing pulse repetition rate frep and decreasing pulse energy E, the resulting surface
treatment is changing from surface structuring to surface melting, between F = 24.6 - 19.9 mJ/mm?2.

E,=0.46 mi, F=46.4 mi/min’

Fig. 7. a) & b) Fusion of powder particles and increased bonding surface due to particle melting, c) cross section through
powder particles with a re-molten surface layer due to laser cleaning, d) cross section of re-molten surface layer with F =
46.4 mJ/mm?
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With decreasing fluency due to the enhancement of the laser beam diameter the threshold fluency for
surface structuring of F = 30.8 mJ/mm? is reached in combination with a beam diameter ds = 135.6 um. It
results in small circular depressions with a diameter of 20-30 um, respectively less than % of the laser beam
diameter, due to the highest beam intensity at the laser beam centre, see Fig. 8 b. The detailed differences
between the initial surface and laser cleaned surface are given at the middle of Fig. 8.

Initial surface after ultrasonic cleaning

Surface topography after laser cleaning
-"' “-wt- o
-

Fig. 8. 3D Topography of the initial surface after ultrasonic cleaning and resulting surface structures after laser cleaning
with a hatch distance dpatch 0f 34 um, depending on the E, and single pulse fluency F

A reduction of the fluency F < 30.8 mJ/mm?, analysed by WLI, results in no further surface structuring,
due to process temperatures below evaporation temperature of the base material.

4, Conclusion

Laser cleaning of L-PBF AlSi1l0Mg component surfaces can remove dust and oxide surface layers with area
rates of 20.4 cm?/min. It achieves a partial and strongly varying ablation of adherent powder particles with
single pulse fluencies F between 13.2 — 30.8 mJ/mm?2. A process threshold for melting a thin surface layer is
determined above F=13.2 mJ/mm?2. Fluencies F above 30.8 mJ/mm? causes a surface melting and structuring
with a melting depth up to 8.7 um and partly enhanced connecting area of the particles to the components
surface. However, it is also visible, that some particles remain on the surface and, due to the surface remelting,
generate a stronger bond between the particle and the surface. The ablation of those widely fused particles
cannot be reached without changing the surface topography due to laser remelting or structuring.
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