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Abstract. Post-processing of additively manufactured (AM) aluminium alloy
parts via laser polishing (LP) is particularly challenging due to the materials’ high
thermal conductivity, diffusivity, and reflectivity. Here, a novel multi-step laser
polishing strategy, by combining laser ablation and smoothing steps, is developed
that effectively reduces the surface roughness of AM AISi10Mg parts. The min-
imum average roughness (Sa) and 10-point height (S10z) are achieved as
1.81 um and 23.7 um, representing maximum reductions of 94.1% and 89.8%,
respectively, from the as-built AM surfaces (initial Sa 8 — 28 um). A strong rela-
tionship has been observed between the initial surface roughness and the achiev-
able roughness reduction. Regarding the other surface integrity factors, sub-sur-
face microhardness (between 10-40 pum) after LP increases up to 182 HVo.o1,
compared to the bulk hardness (105 HVo.01) measured ~60 um below the surface.
Clear evidence of material’s flow within the surface asperities during the LP steps
is observed from the cross-sectional microstructures. Further study will involve
in-depth analysis of materials® compositions within the LP-processed layers.

Keywords: Laser Polishing, Additive Manufacturing, AlSi10Mg Alloy.

1 Introduction

Additive Manufacturing (AM) offers immense benefits for design and manufacturing
engineers, from the unparalleled geometric freedom afforded to unique material prop-
erties and potential for producing functionally-graded parts. Despite the reported ad-
vantages of AM technology over the conventional subtractive manufacturing methods,
AM parts, especially metal parts, suffer from substandard surface roughness, requiring
extensive post-processing before functional use [1]. There are a number of techniques
available to modify the surface roughness of components, such as mechanical milling,
grinding, electro-chemical polishing and so on, however these methods either suffer
from reduced geometric freedom (in the case of milling) or cause environmental con-
cerns (e.g., electrochemical polishing).



Laser Polishing (LP) is a promising alternative for the surface modification of AM
parts. LP is a flexible, non-contact and automated method, only requiring line-of-sight
between the optics and the surfaces to be processed, retaining much of the geometric
freedom afforded by AM. LP also does not require any chemicals, and with a very low
material removal the environmental concerns are also minimised.

2 Literature Review

2.1  AM Surfaces

It is well known that AM parts have much higher surface roughness values compared
to the conventionally manufactured parts. A typical AM surface can have roughness
values in the region of ~5-15 pum Ra, compared to milled surfaces, typically with
~0.5-6 um Ra [2]. The high surface roughness of AM parts is detrimental to their func-
tional properties such as tribological characteristics and fatigue resistance, as well as
for their aesthetic appearance [3, 4]. These AM surfaces are dominated by tall peaks,
deep valleys, adhered particles, and other surface contamination. While research has
been undertaken to reduce the roughness by the AM parameters’ optimisation [5, 6] the
process is inherently limited in this regard due to the nature of the feedstocks limiting
the possible resolutions and thus excess powder adhesion is common. Therefore, it is
often necessary to post-process AM parts to reduce the surface roughness to an accepta-
ble level.

2.2 Laser Polishing

Laser Polishing (LP), or more generally laser surface remelting, is the process of ex-
posing a surface to laser irradiation to reduce the surface roughness. This occurs
through melting of the surface material, which then flows by the effects of surface ten-
sion and capillary forces from high points (asperities) to low points (valleys). Due to
the very high thermal gradients present in and around the melt pool (>10° K/mm [7])
the molten flow is highly turbulent, leaving a certain degree of residual roughness after
each pass. When using a pulsed wave (PW) laser source, the residual surface texture
also incorporates evidence of individual melt pools from the repeated melting and so-
lidification as the bean traverses the surface.

With an excess energy input, a portion of the molten material vaporises and can be
removed by extraction systems. This is known as ablation. Ablation results in a degree
of material loss (~10 pm/pass) however at a much lower rate than would be expected
by traditional machining processes (e.g., for milling, material loss is >500 pum/pass).

Both laser remelting and ablation processes are shown schematically in Fig. 1. One
advantage of laser post-processing is the capability to incorporate surface functionali-
sation, such as adding textures to improve tribological performance [8] or corrosion
resistance [9].
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Fig. 1. Schematics of the (A) Laser Polishing and (B) Laser Ablation processes.

2.3 Laser Polishing of Aluminium Alloy Parts

Laser polishing has been implemented to post-process a varied range of metallic AM
materials, such as stainless steel, titanium and nickel alloys over the past 20 years [10],
however to a much-limited extent on aluminium-based alloys. This is because LP of
aluminium alloy parts exhibits a particular challenge as the technology can be executed
within a very narrow processing window. The high thermal conductivity
(130-190 W/mK [11]) and high reflectance (>85% [12]) of Al alloys necessitate high
energy inputs to heat the material, while the low melting point (~580 °C) can result in
over-heating of the parts. Furthermore, aluminium readily oxidises in air, and this oxide
layer requires even more energy to melt.

So far, research into LP of AM aluminium has utilised both continuous wave [13],
and nanosecond pulsed [14] laser systems. Despite the reported improvement in surface
roughness following LP (~95%) it is difficult to draw conclusive remarks on the actual
roughness reduction as either discrete LP locations were analysed for roughness meas-
urement [13, 15] or different roughness filters were used for the polished and unpol-
ished surfaces (0.8 mm and 0.25 mm respectively) [1, 16]. Since the quality of the AM
surfaces vary greatly, it is essential to measure the same area before and after any sur-
face treatment, where possible, and identical data processing operations applied.

The aim of this research is to develop a novel LP strategy that can effectively reduce
the roughness of AM AISi10Mg parts’ surfaces. A multi-stage process is presented to
combine ablation of large surface asperities, with remelting to remove smaller-scale
features from the surface.



3 Methodology

3.1 Manufacture of the AM Specimens

The AM specimens were fabricated on a Renishaw AM250 laser-based powder bed
fusion (L-PBF) system, using gas-atomised AlISi10Mg powder, also sourced from Ren-
ishaw plc. [11]. The manufacturing settings are recommended by the machine manu-
facturer for this particular Al alloy and are provided in Table 1, using the “meander”
scan strategy. The samples measured 50 mm x 40 mm x 3 mm, with the 50 x 40 mm?
surface built vertically onto an aluminium baseplate.

Table 1. AM samples’ manufacturing settings.

AM parameters Values
Laser Power 200 W
Hatch Spacing 100 um
Point Distance 80 um
Exposure Time 140 ps
Oxygen Content <500 ppm

3.2 Laser Polishing

The 50 x 40 mm? surfaces (built vertically) were chosen for the laser polishing trials
due to their higher surface roughnesses compared to the horizontally built surfaces. LP
tests were conducted using a DMG Lasertec 40 laser milling centre, equipped with an
SPI Lasers G3.1 laser source, the specifications of which are given in Table 2.

Table 2. Laser Specifications for SPI G3.1 module.

Laser machine specification Value

Maximum Average Power 20 W

Laser Source Yb-doped fiber laser
Focal Spot Diameter 32 ym

Beam Quality M2=1.2

Emission Wavelength 1064 nm

Pulse Frequency <290 kHz

Pulse Duration 15-220 ns (pre-set)

Two previous pieces of research were formative in the development of the LP meth-
odology in the current research. The first by Bhaduri et al. [14], wherein the roughness
reduction via a given LP strategy was improved by 80-88% when the samples were
polished after placing them on a thermally insulating ceramic baseplate. It was surmised
that the insulating baseplate reduced the conductive heat losses from the samples, re-
ducing the cooling rates and in turn allowing the melt pools more time to re-flow before
solidification. The researchers measured the sub-surface temperatures to be ~30%
higher when using the baseplate compared to that recorded without the baseplate. Based
on this, all trials in the present study were conducted with a thermally insulating ce-
ramic baseplate between the samples and the laser machine’s X-Y stage (made of stain-
less steel).



The second piece of work was by Petkov et al. [17] who proposed a multi-step strat-
egy for LP of AM titanium alloy parts, comprising of steps designed to ablate the very
tall peaks of the surfaces, followed by steps to remelt and smooth the surfaces. Previous
unpublished work at Cardiff University developed an effective laser ablation strategy
for AM AISi10Mg samples, with laser pulse durations (T.) of 15 ns, a pulse frequency
(f) of 290 kHz, and fluence (F) of 14 J/cm?2.

Furthermore, in the work by Bhaduri et al. [14], the greatest smoothing effect for
AM AISi10Mg parts (~88% reduction in Sa after LP from the as-built surface) was
found to be achieved with F = 12 J/cm?, with pulse overlaps of 97% in both the X and
Y directions. This was obtained using Te = 220 ns and f =100 kHz.

Based on these, it was determined a multi-step process combining ablation and
smoothing steps would maximise the potential for smoothing AM aluminium surfaces.
The main thrust of this work involved iterating the speeds (v) and hatch spacings (h)
for each step to determine the optimal pulse overlaps in the range of 90-97% in X and
Y directions. This resulted in scan speeds between 275 and 925 mm/s for the ablation
steps, and 100 to 300 mm/s for the smoothing steps. The hatch spacings were between
1 and 3 um for all steps. Once the optimal pulses’ overlaps were determined, the num-
ber of laser scanning passes for each step was also iterated between 2 and 20, with an
increment of 2 passes from the previous iteration. Iterating the number of passes was
done holistically, ensuring changes to one step did not necessitate changes to any other
steps in the strategy. Finally, the focal offset settings were chosen such that the optimal
fluence and pulses’ overlaps were maintained at the maximum average laser power.

Throughout all the trials, the effectiveness of LP was evaluated based on the surface
roughness response. The roughness response was chosen as this is the most widely as-
sessed surface integrity factor and also due to the shorter analysis time compared to that
required to analyse other surface/material properties. Once the final LP strategy was
determined, further evaluations were conducted with respect to other surface integrity
responses such as porosity, microhardness, and microstructure.

3.3 Surface Integrity Evaluation of the LP Specimens

Surface Roughness. The surface roughness of the samples was measured using a Sen-
sofar Smart optical profilometer using the Focus Variation (FV) technigue. FV essen-
tially works by imaging a surface with a very narrow depth of focus at various distances.
In each image, different regions are in focus; an algorithm then determines at which
height each pixel is in the greatest focus [18]. The resulting pixel heights can then be
displayed as a surface map or processed to determine various surface roughness param-
eters. Four standard roughness parameters were used in this work, namely arithmetic
mean height (Sa), maximum peak height (Sp), maximum valley depth (Sv), and the ten-
point height (S102z).

The surface roughness was initially measured on the unpolished surface and after
each LP processing step to monitor the surface evolution through the strategy. Subse-
quently, only the initial and final surface roughnesses were measured. In all cases the
surface measurements were post-processed using a 0.8 mm gaussian filter to isolate the
roughness features.



Sub-surface Porosity. Once the final LP strategy was determined, a sample was laser
polished according to the final strategy, sectioned, mounted, and mechanically polished
using SiC papers, followed by diamond (6 and 3 um) and silica (0.06 um) suspensions.
Sub-surface porosity of the AM parts was estimated by direct observation on the
cross-sections by using optical microscopy. A selection of the observed pores had the
maximum dimensions measured, while the porosity was estimated using the ImageJ
software to calculate the area coverage (%) from the surface to around 100 um depth.
Bulk porosity was estimated in a similar way, using optical micrographs from a central
region.
Microhardness. Vickers microhardness measurements were conducted using a Mi-
tutoyo MVVK-G1 at a load of 0.01 kgf, and a dwell time of 10 seconds, in accordance
with ASTM E92. Up to 50 um depth below the LP surfaces, indents were spaced ~5 pm
apart along the depth. Beyond this, the spacing was 10 um to a final depth of 150 um.
Four indents were made at each depth at different locations. Indent diameters and
depths below LP surfaces were measured using a Leica DM-LM optical microscope.
Microstructure. LP specimens were immersion etched in Keller’s reagent (2.5% Nitric
acid, 1.5% Hydrochloric acid, 1% Hydrofluoric acid) for 30 seconds to reveal the mi-
crostructure. Micrographs of the microstructure were then taken and inspected.

4 Results and Discussion

4.1  Surface Roughness

The optimum laser parameters of the developed LP strategy that rendered the minimum
surface roughness values are listed in Table 3, while Fig. 2 displays how each LP step
affected the roughness values with respect to the as-built surfaces. Figure 2 reveals that
the first ablation step has the greatest influence on the Sa, Sp, and S10z values, while
the final smoothing step causes the greatest reduction in Sv. Furthermore, only the Sp
value is improved by the third step, clearly showing the ablation steps are effectively
targeting surface asperities, while the smoothing step promotes material’s filling in of
the valleys. This exemplifies the benefit of the multi-step approach as the combination
is far more effective than any one step in isolation when considering a range of rough-
ness parameters.
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Fig. 2. (A) Total roughness reduction of various roughness parameters after each LP processing
step and (B) measured Sa values after each LP step.



Figure 3 shows surface height maps and optical images of the same surface region in
the as built state (A) and after each LP processing step (B-E). It is evident from the
figure that the surfaces after the second and fourth steps (smoothing) are much
smoother, with less variation in the heightmaps, and clear appearance. Fig. 3 C and E
were taken with much lower illumination due to the increased reflectivity. The final
surface shows no evidence of adhered particles or soot as is common on as-built AM
surfaces.

Table 3. Settings for final LP strategy

LP Parameters Step 1 Step 2 Step 3 Step 4
Ablation | Smoothing Ablation Smoothing
Scan Speed (mm/s) 620 325 620 325
Hatch Distance (um) 3.3 3.7 3.3 3.7
Pulse Width (ns) 15 220 15 220
Pulse Frequency (kHz) | 290 100 290 100
Focus Offset (mm) -0.38 -1.34 -0.38 -1.34
Fluence (J/cm?) 13.72 11.94 13.72 11.94
Pulse Overlap X (%) 94 95 94 95
Pulse Overlap Y (%) 91 94 91 94
Number of Passes 8 8 4 14
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Fig. 3. Height maps (top) and optical images (bottom) of (A) the initial surface, and (B-E) after
successive processing steps (Steps 1-4).

The minimum roughness values achieved with the developed LP strategy were
1.81 pm Sa, 12.8 um Sp, 12.2 um Sv, and 23.7 um S10z. The corresponding maxi-
mum roughness reductions for each surface parameter were 94.1%, 91.6%, 83.5%, and
89.8% respectively. While evaluating the repeatability of the LP strategy in improving
the surface finish it was noticed that the roughness reduction was lower at lower initial
roughness values, as can be seen from Fig. 4. It has previously been reported by Hofele
et al. [16] that their strategy was agnostic towards the initial surface roughness of parts.
This was determined based on the average roughness values of surfaces built at various
inclinations. Conversely, the present study shows that there is a relationship when con-
sidering the roughness of the same surface region before and after LP. Fig. 4 shows the
roughness reduction data, along with an inferred trend and 95% confidence bounds for
that trendline.
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4.2 Sub-Surface Porosity

From the cross-sectional micrographs (Fig. 5 (A)) it can be seen that there is an increase
in the porosity concentration just below the melted layer (40-50 um depth) after LP.
This is possibly because the material flow during the smoothing step could not fully
cover the ablated surface, trapping air beneath. The maximum dimensions of pores ob-
served were 40 x 30 um. Using the ImageJ image processing software, the porosity
between the surface and 100 um below the surface was estimated to be 5.8%, much
higher than the 2.2% found in the bulk material.

100 pm

A B)
Fig. 5. Micrographs of (A) the surface region showing the sub-surface porosity, and (B) after
etching to reveal the microstructure of the sub-surface region after the final LP step.

4.3 Microhardness

Figure 6 shows the microhardness data at various depths below the LP surface. It is
observed that there is a slight increase in hardness beneath the LP surface (20% up to
10 um depth) increasing to a maximum of 182 HVqo; between 30 and 40 um depth.
The bulk hardness of 105 HV, 1 is achieved at depths greater than 50 pm. This is sim-
ilar to findings by Bhaduri et al. [14] where surface hardening was observed following
LP. The increase in the sub-surface hardness is possibly due to the enrichment of the
silicon phases towards the surface [14]. However, unlike [14], no softer heat affected
zone (HAZ) beneath the harder sub-surface layer is seen in the current study. Further
investigations on the material compositions in the sub-surface layers after LP is under
progress.
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Fig. 6. Graph showing microhardness at different depths below the LP surface.

4.4 Microstructure

As described in section 2.2, one aim for LP is to reflow surface material from asperities
into depressions to achieve a smoother surface. The evidence of this can be seen
Fig. 5 (B) where the striations beneath the LP surface indicates successive layers of
material have been deposited with each laser pass. Below this, a darker region exists,
resulting from the proceeding ablation step (step 3). The unaffected region shows the
typical fish-scale structures originated from the melt-pools of the L-PBF process.

5 Conclusions

The developed multi-step laser polishing strategy has proven to be effective at reducing
the surface roughness (up to 94.1% reduction in Sa) of AM AISi10Mg parts. The strat-
egy combines ablation and smoothing steps to minimise the residual roughness by tar-
geting different aspects of the surface parameters. Clear evidence of material redistri-
bution is seen in the cross-sectional micrographs. A correlation between the initial sur-
face roughness and roughness reduction due to LP is also revealed.

The LP strategy results in an increased hardness (up to 23% higher) between the
surface and 60 um depth (maxima at 40-50 pum) before bulk hardness is achieved. How-
ever, there is an increase in porosity concentration just below this hardened layer (5.8%
compared to 2.2% in the bulk). This increased porosity is thought to be due to air being
entrained in the surface after the ablation steps and trapped by the flowing molten ma-
terial during the smoothing steps. The success of the developed LP strategy will be
further implemented in large-scale post-processing of AM parts for functional applica-
tions in automotive and aerospace industry.
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