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ABSTRACT: Poor surface quality represents an important issue that needs improvement for
metal Additively Manufactured parts. Both short or long wavelength lasers have been applied
for surface polishing in order to improve the surface finish. In this work, the possible use of a
CO2 laser for the surface polishing of AISi10Mg parts made by Laser-based Powder Bed
Fusion (L-PBF) was explored. The high surface roughness in the as-built condition can lead to
increased laser energy absorption. In order to assess the effects of the main laser-related process
parameters, the experiments were carried out on L-PBF samples built vertically with respect to
the build platform. Their effect on the surface were evaluated by means of the surface
arithmetical mean height (Sa), surface skewness (Ssk) and primary profile root mean square
slope (Pdq), obtained via confocal microscopy. Micro structure evolution was also
investigated by means of SEM and EDS analysis. The results showed a large reduction in
surface roughness, ranging from the 67% to the 85% of the starting value. Microstructure of
the remolten layer revealed an increased grain size and an increased Si content that led to an
overall hardness increase from 85 to 121 HV.
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1. Introduction
1.1. Powder-based metal Additive Manufacturing and surface quality

Over the last two decades, the interest in metal Additive Manufacturing (AM) processes has
grown due to several benefits of these processes over traditional subtractive technologies. More
specifically, the possibility to produce near-net-shape metal parts following a layer wise
fashion and with a higher freedom in design is allowing applications in many industrial
contexts compared, for instance, to conventional CNC machining [1]. Moreover, the increasing
availability of different metal and alloy feedstock suitable for AM provides a further boost to
the already widespread use of this manufacturing process [2]. Powder-based metal AM
processes such as Laser Powder Bed Fusion (LPBF), Electron Beam Powder Bed Fusion (E-
PBF) and Laser Metal Deposition (LMD) represent the leading technologies for the metal
additive manufacturing of parts. These technologies provide at the same time a more efficient
use of raw materials and a part building rate that is independent from the degree of part design
complexity [1]. On the other hand, the current lack of a deep know-how combined with some
intrinsic characteristics of these processes results in several drawbacks such as entrained
porosity, high residual stresses and poor surface quality [3]. Concerning the latter, it is well
established that metal AM produced parts have a high surface roughness (often identified as
the profile arithmetic height distribution, Ra [4]), ranging from few to several tens of micron
depending on the specific case [5]. This level of roughness makes such parts unacceptable for
many end use applications. The fundamental mechanisms that contribute to this issue are also
well described in the literature, namely the powder particle size distribution, the laser spot size,
the staircase effect and the balling effect. These lead to a rough surface texture characterized
by the presence of visible overlapped layers and sintered metal powders [3,6]. These aspects
continue to be issues, despite the work on process parameter optimization and the adoption of
what are called in-situ contour strategies [1,7]. This makes necessary in many cases therefore
the adoption of a post process surface finishing step in order to improve the surface quality of
the manufactured parts and to meet the required final surface roughness.

1.2. Post-process surface finishing techniques for metal additively manufactured parts

According to the state of the art, surface roughness of metal AM parts can be reduced by means
of different techniques that can be classified according to the interaction nature with the
surface, i.e. mechanical, chemical/electrochemical and thermal. Given the large number of
those techniques, some authors proposed a comprehensive review work in this context [8,9].

Mechanical interaction-based treatments mainly include CNC machining [10,11], shot peening
[12,13], vibratory polishing, sand blasting [14,15] and so on. Moreover, other technologies
typically used in other contexts were subjected to a feasibility study in the surface finishing
context, given their higher capability of access into complex parts features in comparison with
the previously mentioned techniques. Examples of these processes are the Fluidized Bed and
Hydrodynamic cavitation technologies [16-19]. However, in general, mechanical based
surface treatments present strong limitations related to the physical access of tools and abrasive
media into complex parts shapes such as the ones achievable with AM.

Chemical and electrochemical-based surface treatments, on the other hand, have the advantage
of the higher mobility of the chemically aggressive solutions employed in comparison to
abrasive media and machining tools, making therefore these treatments very suitable for high
complex parts. Moreover, the presence of an electric potential improves the not close control
of the material removal rate [20], probably the main drawback of pure chemical interaction-
based finishing processes. In literature, those treatments are often called Chemical polishing
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and Electro polishing, according to the work of several authors conducted on parts produced

by L-PBF and E-PBF technologies [21-23]. It is worth to mention that and both Chemical

polishing and Electro polishing are capable to perform a selective material dissolution with

respect to the surface asperities. In Chemical polishing, higher etching rates can be achieved

on the surface peaks against the valleys if the chemical solutions are properly conceived. This

effect is also quite useful for the removal of the molten pool edges underlying the sintered

powders-rich texture of powder-based metal AM parts. On the other hand, the surface

symmetry improvement can be enhanced in Electro polishing due to greater etching rates for
the surface peaks imposed by the electric potential.

Thermal interaction-based finishing processes consist in providing a certain heat input on the
surface, in order to promote its smoothing through different surface modification mechanisms
such as re-melting and ablation [24]. Laser polishing represents in this scenario one of the main
investigated finishing processes. Despite similar considerations to mechanical finishing
processes are also valid in this case such as the limited physical access into complex part
features, laser polishing offers several advantages such as very precise control of the process
parameters, high level of process automation and a very high surface quality. Moreover, the
thermal cycles imposed by laser polishing determines a superficial microstructure refinement,
enhancing properties such as corrosion and wear resistance. In this scenario, several authors
have investigated the effects of laser polishing on the surface quality of metal AM parts. This
work has mostly been performed for the L-PBF process and both in-situ and ex-situ approaches
have been investigated for several alloys such as aluminum [25,26], stainless steel [27,28] and
titanium alloys [29]. The majority of the provided contributions have been related to the use of
fibre laser, such as Neodymium-doped Yttrium Aluminum Garnet (NdYAG) and Ytterbium
(Yb) sources. The latter laser type also represents the most utilized laser in L-PBF machines.
The relatively short wavelength (1.07 pm) of the fibre lasers compared to that of the CO2 laser
(10.6 um) enables better energy absorption. The lower wavelength is more typically highly
absorbed by most of the metals and alloys, for which the CO2 laser wavelength is relatively
poorly absorbed [30], especially for high reflective metals such as aluminum and copper. This
aspect was further demonstrated by the recent yet poorly explored research trend in the context
of laser pol ishing, related to the use of pulsed lasers with an ultrashort pulse duration that
guarantees a very high radiation absorption as well as a high retaining of the microstructure
features [31]. On the other hand, it is also well known that the laser radiation absorption
mechanisms do not depend solely from the material itself, but also from the surface roughness.
If the latter is greater than the laser wavelength, the absorption mechanisms are also dictated
from optical considerations such as multiple reflections of the laser beam within the surface
asperities [24]. Taking in consideration that the typical surface roughness range of the as-built
L-PBF parts is 6-25 pum [5], the aforementioned roughnessinduced laser absorption
enhancement could extend the use of the more widely available and employed CO2 laser
[28,32—-34] also for the polishing of the aforementioned high reflective materials. With this
premise, this work investigated the possibility to employ a CO2 laser to perform ex-situ surface
polishing of L-PBF parts made with AlSilOMg alloy, the latter widely used in aerospace and
automotive parts applications. More specifically, the following questions were arisen and
answered, assumed that CO2 laser is less absorbed than fibre laser but it provides higher output
power and it is still the most used laser type for a large number of applications: (i) Is it possible
to perform a satisfactory polishing process by taking advantage of the undesired rough surface
of the as-built AM parts for an enhanced laser absorption? (ii) If so, which is the effect of the
laser power, scanning speed, overlap between the tracks and focus position on the surface
texture and microstructure evolution of the considered samples?
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2. Materials and methods
2.1. L-PBF samples

The experiments were carried out on square flat samples (dimensions: 20 x 20 x 2 mm3), built
by means of L-PBF with a vertical build orientation, see Fig. 1(a). AlISi10Mg powders provided
by EOS GmbH were used as the feedstock, with D10, D50 and D90 of 13.3 um, 31.2 um and
56.8 um respectively. Fig. 1(b) shows an SEM image of the AISi10Mg powders employed.
The samples were manufactured by means of an EOS EOSINT M280 L-PBF machine (no
longer in production), and the process parameters used to produce the samples were related to
the locked exposure profile EOS Part Property Profile AlSi10Mg Speed 30 um provided by
EOS GmbH. The printing parameters were set to: beam power P = 370 W, hatch distance h =
0.19 mm and scanning speed v = 1300 mm/s. A layer thickness of 30 um was used resulting in
a volumetric energy density VEDH = 49.9 JJmma3. The scan strategy was stripes, rotated at
each layer by an angle of 67°in order to homogenize the heat distribution, according to the
aforementioned EOS process parameters profile. The produced L-PBF samples were
subsequently stress relieved at 300 °C for 2 h.

2.2. CO2 laser polishing

2.2.1. Experimental setup

The CO2 laser polishing experiments were carried out by means of a Rofin DC-015 CO2 laser,
whose technical specifications are reported in Table 1 [35]. Fig. 2a presents a scheme of the
experimental setup used. The samples were clamped on a steel vise mounted on the translation
stage of the laser machine and supported beneath with an aluminum back-plate. The latter was
used in order to avoid distortions of the sample subjected to the heat input, by the efficient
dissipation of the generated heat. Fig. 2b illustrates the raster- polishing strategy adopted for
the experiments, having a total laser polish width of 10 mm.

2.2.2. Experimental campaign

In order to roughly identify the process parameters with the most significant effect on the
surface texture evolution and their levels, a few preliminary tests were initially considered
including laser power, scanning speed and the percentage overlap between adjacent tracks.
Subsequently, a 33 full factorial Design of Experiments (DoE) was carried out with the laser
power (P), the scanning speed (V) and the percentage overlap between two adjacent polishing
tracks (OV%). In these experiments, the laser focus position was fixed and set on the peaks of
the surface and the argon shielding gas pressure which was set at 0.2 bar. Table 2 lists the levels
of the process parameters investigated for the DoE, while Table 3 reports the conditions for all
the 27 experiments, each of them carried out three times in order to evaluate the repeatability
of the results. Table 3 reports also the corresponding values of the energy input per unit area E
(3/mm?), calculated according to the following Eq. (1) [36]:
P

E=
2,V

(1)

where P represents the laser power provided (W), 2rb represents the laser spot diameter (mm)
and V represents the laser scanning speed (mm/min). The OV% values noted were achieved
with the corresponding hatch spacing noted in Table 2 for the spot size of 200 um.
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Fig. 1. (a) Picture of the L-PBF produced sample, and (b) SEM image of the AISi10Mg powder
feedstock (magnification 1000x).

Table 1
Technical specifications of the Rofin DC-012 CO5 laser [35].
Source wavelength (1) 10.6 pm
Beam quality factor (M%) 1.05
Max. power 1.5 kW
Focus diameter 200 pm
Laser mode Continuous wave
X-y stage speed 0 to 5000 mm/min
Shielding gas Argon

Based on the best process conditions obtained from the DoE, the influence of the laser focus
position with respect to the surface was also investigated. In this case, the aim of the tests was
to evaluate the effect of the focus shift above the surface peaks, in order to provide a range of
experimental energy density inputs on the surface. The defocused beam experiments were
carried out considering a total focus shift of 3 mm, taking as a reference the focal position used
for the DoE experiments, and the effect of this process variable was investigated considering
three steps in level each consecutive being set 1 mm further apart from the other. Moreover, in
order to quantify E in this process configuration, the new theoretical values of the laser spot
for each defocusing condition were calculated according to the Eq. (2), applicable only for the
Gaussian CO2 laser beam [37]:

1+(ﬁ)] @
w7

where r represents the new value of the beam spot radius (um), rf'is the radius of the laser focus
(um), A is the laser wavelength (um) and z is the distance of the laser focus from the surface
(um). The calculated spot values were also used to quantify the new values of E, after having
fixed the best values of P and V from the DoE experiments. Moreover, as for the DoE
experiments, each experiment in the defocused beam condition was carried out three times to
evaluate the repeatability of the results.

r=r
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Table 2
Factors and levels considered for the DoE experiments.

Power [W) Seanning speed (mm,/min) OV U Hatch (pm)

Level 1 350 200 50 100
Level 2 450 750 65 70
Level 3 250 1000 80 40

a) —Laser head b) HL—I
Polishing \i
strategy

20

X-y stage

¢ JL_._

Fig. 2. (a) General scheme of the CO2 laser polishing experimental setup and (b) illustration
of the adopted polishing scan strategy.

Table 3
Experimental combinations of the DoE experiments.

Run P (W) V (mm/min) OV E [memz}l
1 550 750 50 220
2 450 500 80 270
3 550 750 80 220
4 550 500 65 330
5 350 1000 50 105
[ 450 1000 50 135
7 550 1000 80 165
8 450 500 65 270
9 350 1000 65 105
10 550 500 80 330
11 550 1000 50 165
12 450 750 50 180
13 350 750 80 140
14 350 500 80 210
15 350 750 65 140
16 450 750 65 180
17 450 1000 80 135
18 450 750 80 180
19 450 1000 65 135
20 550 1000 65 165
21 350 500 65 210
22 350 500 50 210
23 450 500 50 270
24 350 750 50 140
25 350 1000 80 105
26 550 500 50 330
27 250 750 65 220
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2.2.3. Characterization procedure

Before and after the treatment, the samples were cleaned in a distilled water ultrasonic bath for
15 min, and then dried at 80-C for 1 h. Subsequently, the results in terms of surface
modification were analyzed with a Leica DCM3D confocal microscope. Confocal microscopy
is a flexible surface characterization technique, provides reliable results compared to stylus
profilometry, and provides the possibility to analyze both areal and profile surface roughness
parameters [38]. For each sample, an 8 x 8 mm2 area was considered in order to acquire a
consistent region of the sample without edge effects and using the sample center as the
reference point. The acquired surfaces were then corrected for tilt, shape and missing points
errors before extracting the surface texture parameters by means of the in-bundle software
Leica Map® v7. Given the random texture of the L-PBF process resulting surface, no filtering
operations were considered. Concerning the surface texture parameters, the surface
arithmetical mean height Sa and the surface skewness Ssk were investigated as areal parameters
[39]. The former represents the areal equivalent of the most widespread Ra, whereas the latter
describes the distribution symmetry of the peaks and the valleys within the acquired area. The
results were plotted considering the average and the standard deviation calculated on the basis
of the three experiments carried out for each set of processing conditions. The root mean square
slope of the primary profiles, Pdg, was calculated in order to evaluate the steepness of the
surface [40,41]. According to literature [42], this parameter is related to the smoothness and
brilliance of a surface. Moreover, in the specific context of this work, Pdq could represent a
further useful indicator of the smoothing mechanisms in relation to the specific surface texture
investigated for the as-built samples. On the other hand, the equivalent areal parameter, Sdq,
was not investigated since it describes a surface gradient that evaluates the shape evolution
rather than the asperities [39]. The Pdq values reported in this work were calculated on the
basis of ten profile measurements, five for each of the two principle laser processing directions,
and then averaged for both the profile measurements and repeatability. The profiles were
directly extracted from the acquired areas, using the profile extraction function included in
Leica Map® v7. To better understand the results obtained from confocal microscopy, a
qualitative analysis of the treated surfaces was carried out by performing in-plane imaging with
an Hitachi TM3000 SEM.For the qualitative comparison, 3D surface plots obtained from
confocal microscopy were also considered, showing the heights distribution in color-coded
scale and reporting a histogram that indicates the mean height distribution of the
topo graphical events (the peaks or the valleys). The images were taken in order to compare
the surface morphology before and after polishing. Moreover, a detailed metallography
analysis was carried out to inves tigate the microstructure evolution. The samples investigated
in this case were those that produced the lowest and highest surface roughness results for the
DoE experiments, and the samples treated with the different defocused beam conditions. After
metallographic specimens preparation [43], the microstructure analysis was carried out first
from the observation of optical macrographs obtained by means of a Zeiss Axioplan 2 Optical
Microscope. To prepare the samples for metallography, they were cut perpendicularly to the
polishing tracks and then etched by swabbing the surface for 10s with a 0.2% vol HF aqueous
solution. The macrographs were analyzed to reveal the molten pools derived from the laser
polishing and to measure the laser polishing resulting melt pool depth. Subsequently, SEM
analysis was also carried out on the same sections to evaluate qualitatively the microstructure
evolution from the comparison of the grain morphology between the molten and the base
material under the different treatment conditions. Moreover, Energy Dispersive X-ray
Spectroscopy (EDS) analysis was adopted to evaluate the chemical composition changes
experienced from the material during polishing, using a SwiftED 3000 EDS probe integrated
in the SEM.
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3. Results

3.1. Design of experiments results

Fig. 3 shows the evolution of Sa before and after the treatment, as a function of E and OV%.
For the sake of brevity, the evolution of Ssk and Pdq is reported in Table 4. Before polishing,
the L-PBF samples had Sa values mostly above 20 um and with considerable variability relative
to the laser polished samples. The resulting Sa values after the laser polishing shows that every
investigated polishing condition led to a significant roughness reduction. An increase of both
E and OV% led to a reduction in Sa. The best case observed within the DoE process window
was obtained by the combination of highest values of E (330 J/mm?) and OV% (80%), and
lowest scan speed. This process parameters led to a Sa of 7.9 £ 0.8 um, Run 10 from Table 3.
Excessive energy density and overlap could lead to excessive surface melting and hence to an
increased surface roughness. However, it is clear that this was not the case within the process
parameter range investigated. While the resulting average Ssk values were higher for the non-
laser polished samples, no clear trends can be observed even after polishing. A much higher
level of surface roughness was again detected for the non-treated samples. On the other hand,
the negative Ssk values suggest that the surfaces of the as-built samples are asymmetrical from
the valleys side, whereas the polishing treatment promoted an increase of this asymmetry, i.e.
exerting a prevalent smoothing effect on the surface peaks (for the best case, the measured final
value was — 0.1 £ 0.2, which is close to zero that represents the ideal symmetry condition).
Concerning the evolution of Pdq, a very similar trend to Sa can be observed according to the
data reported in Table 4. Also in this case, the highest reductions were measured for Run 10
with a measured final value of 6.1 £ 1.7-.

Table 4
Surface texture parameters comparison before and after the DoE tests.
Run 8, (pm) 5, st.dev. (&) (pm) Sa S stdev. (a) Py, 7] Py, stdev (o) (*)
Before After Before Affter Before After Before Affter Before Affter Before After
1 32 10 09 0.7 0.z 0.3 0.2 03 484 10.1 3.8 05
2 235 10.0 24 0.2 0.1 0.4 0.5 0.4 453 8.2 B9 0.2
3 216 B.7 13 0.7 0.2 0.7 0.4 05 443 7a 93 16
4 20.6 10.5 31 T 0.3 0.3 0.4 0.1 4756 8.3 4.2 0.9
3 0.2 13.6 0.8 1.2 0.1 0.4 0.1 0.1 498 13.8 4.3 1.5
] 215 10.6 09 0.5 0.1 0.3 (1 R1] 0z 453 116 5.1 [ vy
T 21.4 9.3 11 0.2 0.1 0.z 0.3 05 47 .4 6.2 4.5 21
-1 4.7 10.5 30 0.2 0.a 0.3 0.1 04 481 9.7 b6 (X
9 209 11.7 01 0.1 0.z 0.4 01 0.0 437 120 5.7 16
10 223 7.9 13 0.8 0.1 i1 0.4 02 422 &1 9.0 1.7
11 19.6 9.7 20 1.0 03 0.7 0.3 0% 416 9.2 76 23
12 235 10.2 1.2 0.6 0.0 0.2 0.2 03 4.9 9.6 70 1.5
13 220 10.7 1.0 1.0 0.1 0.6 0.4 0.1 434 79 119 1.9
14 216 10.0 1.0 12 0.3 0.4 0.1 0z 422 6.4 bB.E 20
15 24 11.7 21 0.6 0.3 0.5 0.z 0.0 481 118 a5 11
16 21 10.8 18 16 L] 0.3 0.3 01 425 9.2 79 1.0
17 218 93 1.0 0.3 0.a 0.5 0.2 0z 4.7 a1 4.1 (X
18 220 B.7 0.8 11 o1 0.5 0.1 0.1 481 7.0 8.7 14
19 234 10 1.0 0.4 0.3 0.3 0.3 02 442 9.4 B3 e
20 0.2 A | 12 0.7 o1 0.3 0.5 0.0 413 B2 6.7 (X}
21 210 10.3 1.7 0.5 0.2 0.4 0.2 0.1 4.5 11.0 4.6 14
22 221 11.2 22 0.3 0.0 & 0.4 02 458 10.2 9.1 1.0
23 0.7 10.4 [IX.) 0.3 0.z 0.3 0.z 01 43.0 9.6 4.5 16
24 21.9 12.1 31 0.6 0.1 0.3 0.7 0.1 435 11.6 B.3 24
25 212 10.9 09 0.5 0.a 0.4 0.3 01 425 91 103 1.5
26 221 91 24 09 0.4 0.4 0.3 1.0 443 50 108 01
by 234 B.9 [VE.] 0.8 0.2 0.3 0.2 0.4 439 5.8 B.7 14

The effect of the different polishing conditions in comparison with an as-built surface can be
also observed from the 3D plots depicted in Fig. 4, reporting the acquired surfaces of the worst
(Run 5) and the best (Run 10) laser polishing cases.

The quantitative results observed were supported by the in-plane SEM observation of the
samples. Fig. 5 shows the SEM images of the not treated surface, and the treated surfaces of
Run 5 (highest roughness resulting from the lowest E and OV%, see Table 3) and Run 10
(lowest roughness resulting from the highest E and OV%, see Table 3). Expectedly, the as-
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built surface presents a sintered powder-rich texture and some crater-like defects generated
during the L-PBF process. On the other hand, there was no evidence of residual sintered powder
for the lowest surface roughness condition, which was found for Run 10. Concerning the worst
laser polish case of Run 5, the SEM image shown in Fig. 5 presents regularly repeating regions
of lack of melting (dark lines) and higher levels of melting. To explain this, it could be
considered that as the focused laser is scanned across the surface and taking the temperature at
the center of the laser spot, a temporal temperature profile along the laser track path is created
which is not constant but rather is uniformly repeating, thus causing increases and decreases of
the temperature along the scan track. The corresponding peaks and trough regions would then
correspond to where there is more and less molten and solidified material as is observed in the
direction of the laser scan itself. Moreover, the differences in terms of surface modification
between the worst and best laser polish scenarios are also clearly visible from the optical
macrographs reported in Fig. 6, obtained from the crosssectional microstructure observation.
Concerning the not treated surface, the macrograph revealed the typical defects of the L-PBF
process, such as gas inclusions and lack of melting within the material, and the sintered
powders on the surface due to the balling effect. On the other hand, the worst case surface
morphology appears more wavy with more pronounced higher depth region with asperities and
a lower depth region. Moreover, the overall average re-melting depth was less for Run 5 (84 +
13.3 um) compared to Run 10 (115 £ 11.3 um). For both Run 5 and 10, the resulting molten
pools can be clearly seen in the polished zone (PZ), overlapping the preexisting ones produced
from the L-PBF process. Furthermore, a heat affected zone (HAZ) can be clearly seen at the
interface between the base material (BM) and the PZ, as well as at the interface between the
produced molten pools.

NT W Runs o  Run10 oo
250

T

200 200

150 150

100 100

50 Sy w0
K

0

K
Fig. 4. Comparison between the 3D surfaces, obtained through confocal microscopy, of the not
treated surface (NT), the worst polishing case (Run 5) and the best polishing case (Run 10).

NT Run 10
1 mm 1 mm

Fig. 5. SEM images for the top view comparison between the not treated surface (NT), the
worst polishing case (Run 5) and the best polishing case (Run 10) (100x magnification).
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In order to provide a more detailed microstructure description, Fig. 7 shows the SEM images
of the main microstructure features observed above. Given the primary importance of the
surface quality improvement, this observation is reported for sake of brevity only for Run 10.
In the BM region (Fig. 7a), the typical microstructure of the L-PBF processed AlSi10Mg was
observed, i.e. a very fine cellular microstructure composed by Al grains surrounded by a Si-
rich eutectic phase [44]. In the HAZ (Fig. 7b), a coarsening of the Al grains and an alignment
towards the laser axis direction can be noted. Moreover, the thickness of the eutectic phase
increased, as shown in the PZ (Fig. 7c) and in the latter the grains appear to be more equiaxed.

Fig. 6. Cross-sectional view of the optical macrographs showing the morphology and
microstructure comparison between a not treated surface (NT), the worst (Run 5) and the best
(Run 10) DoE resulting roughness levels (BM = base material; HAZ = heat affected zone; PZ
= polished zone; 100x magnification).

Fig. 7. High magnification SEM images of the microstructures observed in the different regions
for Run 10: a) BM, b) HAZ and c) PZ (5000x magnification).

3.2. Defocused laser beam experiments results

According to the previous results, the process parameters related to the Run 10 experiment
were identified as the best (P =550 W; V = 500 mm/min; OV% = 80). Therefore, having fixed
this process parameters set, Fig. 8 reports the Sa evolution as a function of the laser focus
position shifts of 1, 2, and 3 mm above the surface. More specifically, the comparison between
Run 10 for the different laser focal positions is reported. As for the DoE experiments, the
evolution of all the investigated surface texture parameters is reported in Table 5 and 3D
surface plots are also reported in Fig. 9. Despite the high uncertainty of the values before the
treatment, the Sa evolution reported in Fig. 8 indicates a clear decreasing trend for Sa with an
increase in the distance of the focal plane from the surface. Moreover, when the focus was set
3 mm above the surface peaks, the largest reduction is Sa was observed, with a final Sa value
of 3.3 = 1.3 um. Nonetheless, a reduction in Sa over that of the focal position on the surface
was also observed with the +1 and + 2 mm focus shift conditions, as reported in Fig. 9.
Concerning the Ssk evolution, a more clear trend was observed compared to the DoE
experimental results. More specifically, the results suggest that the surface symmetry is more
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close to an equal distribution of residual peaks and valleys after polishing, since the skewness
approached to zero for each investigated condition. However, given the significant uncertainty,
this conclusion cannot be drawn with a high degree of confidence. On the other hand, the
evolution of Pdq revealed a relative independence of this parameter from the laser focus
position, considering the very small differences measured: even for the best case observed in
terms of Sa (Run 10 F + 3), the final Pdq value of 5 £ 1.7¢ is slightly different from the ones
measured for Run 10 and for the other defocused beam conditions. All these considerations
were supported again by the in-plane SEM observations reported in Fig. 10, from which an
increase of treated surface flatness was observed as a function of the laser focus shift increase.

The transverse microstructure evolution is reported in Fig. 11. Besides the presence of the same
microstructure features observed for the DoE experiments, the observations revealed in this
case an increase of the re-melting depth in comparison with Run 10 (115 + 11.3 um against
132 + 8.5 um for Run 10 F + 1, 191 + 8.2 um for Run 10 F + 2 and 222 + 5.4 um for Run 10 F
+ 3) as well as the presence of more porosities, mostly located towards the bottom of the PZ.
The macrographs revealed also that the porosity level increased with the increase of the laser
focus shift. As for the DoE experiments, a detailed microstructure observation by means of
SEM is reported in Fig. 12, for sake of brevity only for the defocused beam condition that
provided the best surface quality improvements (Run 10 F + 3). The results showed that the
microstructure alterations occurred are very similar to the ones observed for Run 10 (see Fig.
7).
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Fig. 8. Sa comparison before and after the defocused beam experiments (NT = not treated);
whiskers about the mean points represent + one standard deviation.

4. Discussion

4.1. Surface texture evolution

The first result observed concerning the surfaces of the as-built samples produced in this study
was the higher variability of the surface for the L-PBF process compared to the laser polished
surface roughness. As a general consideration, roughness result variability can be ascribed to
the well-known balling effect occurring during L-PBF process, whereas the stair-step effect
contribution was negligible given the geometry and the building direction used for the samples.
Another LPBF process variable that has to be considered as a source of the surface quality
variance is the size distribution of the powders feedstock. More specifically, a highly dispersed
powder particle size distribution promotes a less efficient powder settling on the build platform
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as well as the formation of asperities of different heights, i.e. more loosely sintered powders. It

is also worth to note that the latter contributes also to the formation of undercuts and crater-

like defects (see Fig. 6), which are difficult or even impossible to be acquired with confocal
microscopy.

An important outcome of the presented experimental work was that the process parameters
combination related to the highest value of E, derived from the highest P and the lowest V,
resulted in the lowest level of roughness within the DoE tests, as shown in Fig. 3 and Table 4.
Despite the fact that, in general, more consistent surface modifications with higher energy
inputs are expected, it can be considered in this case that the higher energy density input, with
the more absorbing rough LPBF produced surface, compensated for the generally otherwise
poor absorption of CO2 laser by AISi10Mg. Given the Gaussian distribution of the laser beam,
the higher OV% also provided better uniformity in surface energy exposure and hence melt
pool layer thickness uniformity. It was observed that if an insufficient value of OV% was
provided as well as an insufficient energy input, a wavy surface was generated after laser
polishing. The latter observation was supported in first instance from the evolution of Ssk
reported in Table 4, the in-plane SEM observations reported in Fig. 5 and the surface
morphology comparison between Run 5 and Run 10 through the 3D surfaces and optical
macrographs illustrated in Figs. 4 and 6.

Table 5
Surface texture parameters comparison before and after the defocused beam experiments.

Run Sa (um) S, st.dev. (o) (ym) S S st.dev. (&) Paq (°) Puq st.dev (a) ()
Before After Before After Before After Before After Before After Before After
10 223 7.9 1.3 08 0.1 0.1 0.4 0.2 42.2 6.1 9.0 1.7
10F 41 18.5 6.2 0.2 0.7 0.3 0.1 0.1 0.1 41.3 4.6 7.1 L5
10F + 2 20 6.2 0.7 0.7 0.3 0.1 0.2 0.2 44 5.6 11 04
10F + 3 19.4 3.3 0.8 1.3 0.3 0.2 0.3 0.2 49 5 5.3 17
Run 10 F+1 w0 Run10 F+2 :f,'.;'(', Run 10 F+3 r o
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Fig. 9. Comparison between the 3D surfaces, obtained through confocal microscopy, of the
laser polished samples with the different defocused beam conditions.

Furthermore, in relation to the Pdqg evolution reported in Table 4, the general outcome is that
this parameter is strictly related to the sintered powders on the L-PBF as-built surface. More
specifically, it can be observed that the main contribution of the profiles steepness is given by
the sintered powders, whose removal after polishing provides a significant Pdg reduction, as
similarly observed for Sa. Therefore, according to the observed trends, the sintered powders
layer removal represents therefore a primary surface modification mechanism, taking place due
to surface re-melting. This is also supported by the presence of the observed new molten pools,
see Figs. 6 and 11, as well as from the negligible average weight variation measured for the
samples before (2.0887 + 0.0085 g) and after (2.0871 + 0.0091 g) the treatment. Moreover,
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concerning the investigated process parameters, it can be concluded also that the OV% has a
prevalent effect on Pdq compared to P and V.

Run 10 F+1

Run 10 F+2 Run 10 F+3

Fig. 10. Top-view SEM images comparison between the DoE experiment (Run10) and the
three investigated defocused beam conditions (100x magnification).

Run10 F+1 Runl0 F+2 Runl10 F+3

increased
gas pores

100 pm 100 pimn 100 o

Fig. 11. In-section optical macrographs showing the morphology and microstructure
comparison between the samples treated with the three different defocused beam conditions
(100% magnification).

20 pm # 20 pm

Fig. 12. High magnification SEM images of the microstructures observed in the different
regions for the best case of the defocused beam experiments (Run 10 F + 3): a) base material,
b) HAZ and c) polished zone, (5000% magnification).

From the analysis of the subsequent defocused beam experiments, the results revealed that the
laser focus position set above the surface provided a significant improvement in the surface
quality, where all the other process parameters were fixed from the DoE for the case, Run 10.
However, this result is most likely ascribed to the further OV% increase dictated by the laser
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focus shift, despite the original value fixed at 80%. To better discuss this aspect, in Table 6 are
reported the theoretical values of the laser spot calculated using Eq. (2), based on the three
investigated focal positions. The determined values were used also to calculate the
corresponding new values of E and OV%, the latter based on geometric considerations between
two overlapping laser spots with the same hatch spacing as set for the 80% OV spot surface
focus condition. From the obtained results it can be concluded that the OV% increase
compensates the lower E values in relation to the surface modification. More precisely, the
OV% increase provides exposure of a same surface region to a discrete number of thermal
cycles. With this premise, the defocused beam condition led to a higher heat input on a
considered surface region, due to a more prolonged residence time of the beam due to the OV%
increase. This observation was supported by the increase of the measured re-melting depth, as
also reported in Fig. 11.

Other factors might have contributed to the surface finish improvements observed in the
defocused beam experiments. In first instance, the aforementioned OV% increase subsequent
to the laser focus shift determined a greater compensation of the differential polishing effects
due to the Gaussian distribution of the laser, as well as a higher “repolishing” effect on the
same areas that have already experienced the treatment compared to the DoE experiments. The
beneficial effect of this second consequence of the beam defocusing could be supported
considering that surface finish improvements were observed in a similar experimental work
reported elsewhere [45], for which wrought aluminum surfaces were successfully polished with
CO2 lasers although having a significantly lower starting roughness compared to the ones
observed in this work. Moreover, when the focus position is set closer to the surface, the
provided energy distribution on the surface is more localized, resulting in a somewhat higher
thermal gradient region and therefore rough surface region.

In conclusion of the surface texture evolution analysis, it is worth to highlight that the
investigated process led to an Sa reduction of the 85% considering the best case of the entire
experimental campaign. This result is very good in comparison with similar reported works in
literature about laser polishing [25,26,46].

4.2. Microstructure evolution

On the macroscale, after laser polishing new molten pools defining the re-melting zone are
evident, whose inner microstructure was heterogeneous. Another notable experimental
outcome observed in relation to the defocused beam experiments was the increasing presence
of porosity as a function of the laser focus shift (see Fig. 11). As well known, those defects are
detrimental for the mechanical properties of the processed surface. According to [47], the
observed defects are compatible with hydrogen evolution within the molten pool, whose
formation may take place following different mechanisms such as moisture absorption from
the environment and coalescence from oxides and pores already present in the L-PBF processed
material. This result might be ascribed also to the decay of the shielding effect promoted by
the argon used in the experiments, as the laser head is further from the free surface. Moreover,
according to the effects of the beam defocusing on the OV% discussed in the previous section,
an increased residence time of the beam on the same surface region would be expected to have
increased the local temperature of the molten pool, thus allowing for increased hydrogen
solubility within the processed material. On the other hand, any significant influence of
porosities already presents in the L-PBF as-built samples cannot be excluded considering that
their presence in the near-surface region was observed (see Fig. 6). Therefore, given the
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preliminary experiments conducted in this work and primary aim to optimize the surface
quality, the mitigation of those defects needs further investigation.

Table 6
Comparison between the values of the laser spot, E and OV% imposed for DoE
best case (Run 10) and the theoretical values calculated for the defocused beam

experiments.
Laser spot (pm) E (J/mm?) OV%
Run 10 (z = 0) 200 330 80
Run 10 F + 1 (z=1 mm) 210.6 314 80,5
Run 10 F + 2 (z = 2 mm) 240.8 274 83
Run 10 F + 3 (z = 3 mm) 284 232 85

From the SEM microstructure analysis, the results observed from the best cases of both of the
presented experimental campaigns (see Figs. 7, 12) showed that the laser polishing promoted
a grain coarsening in the PZ. This result, according to the respective OV% values considered,
is in agreement with the previous observations based on the optical macrographs and the
surface texture evolution concerning the repeated thermal cycles experienced from the
material. This result would lead to a decrease of the surface hardness according to the Hall-
Petch law. However, the different Al and Si distribution in the PZ compared to the base material
counteracted this effect. Further SEM-EDS analyses were carried out on the different regions
of the Run 10 F + 3 sample illustrated in Fig. 12. According to the results reported in the Table
7, the microstructure alteration induced during polishing promoted a decrease of the Si content
of about 1.5% wt in the HAZ and an increase of about the 0.8% wt in the PZ, compared to the
reference chemical composition of the base material. This result, according to exploratory work
reported in literature [48], is compatible with an overall increase of the resulting hardness, as
confirmed also by Vickers microhardness tests carried out in this work, using a 25 g load
applied for a dwell time of 20s. For sake of brevity, the tests were carried out only considering
the L-PBF as-built condition, the Run 10 case and the Run 10 F + 3 case. The results, calculated
as mean and standard deviation over five indentations for each sample, showed a hardness
increase range from 9 to 30% after laser polishing over the as-built condition (As-built: 85 £
5.4 HV, Run 10: 93 + 10.3 HV, Run 10 F + 3: 121 + 12.6 HV). This result suggests therefore
an increase of the superficial mechanical properties after CO2 laser polishing.

Table 7
Chemical composition comparison between the different microstructure regions
of the Run 10 F + 3 sample, evaluated by means of EDS analysis (Magnification.

5000 x).
Element BM HAZ PZ
Wit% Wt% o Wit% Wt% o Wit% Wit% o
Magnesium 0.462 0.034 0.444 0.034 0.446 0.036
Aluminum 86.385 0.117 87.91 0.115 85.602 0.124
Silicon 13.154 0.114 11.646 0.111 13.952 0.121

It is also worth to mention that the measured differences in chemical composition between the
HAZ and the PZ, but more specifically the Si increase in the PZ that promoted the hardness
increase, could have also reduced the sensitivity of the molten material to the detrimental
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balling effect during laser polishing, thus promoting a flatter surface. According to an

experimental work reported in literature concerning the surface tension of Al-Si alloys at

elevated temperatures [49], the surface tension decreases when the Si content in the alloy

increases. From the point of view of laser polishing, this aspect implicates an enhanced re-

melting effect and the inhibition of any balling tendency given the reduced surface tension of

the molten pool. Moreover, given that the surface tension decreases also with the temperature

increase, the beneficial effect of the laser defocusing on the surface quality is more strongly

proved since the focus shift above the surface induced an increase of laser residence time on a
fixed surface region and, therefore, a raise of the melt temperature.

5. Conclusions

In this work, a preliminary experimental study was carried out to assess the possibility to use
CO2 lasers to perform a surface polishing treatment on AlSi10Mg alloy samples manufactured
via L-PBF. To the best knowledge of the authors, this represents the first study conducted in
this specific context. The experimental campaign examined how the high surface roughness of
the L-PBF processed alloy could be laser polished effectively with a CO2 laser, therefore,
extending their use and providing a further useful laser polishing option. In the presented
experiments, the effects of laser power, scanning speed, overlap between the polishing tracks
and focus position were investigated. Moreover, different surface texture indicators were
analyzed for a better understanding of the process mechanisms, whose discussion was also
supported with a detailed microstructure analysis and microhardness measurements. According
to the results obtained, the following conclusions can be drawn:

e Considering an average Sa value of 21.5 um for the as-built samples and a wavelength
value of 10.6 um for the laser surface polishing implemented, a resulting Sa/A ratio of
2 was examined. The set-up implemented proved to be effective in order to perform
laser polishing;

e According to the results obtained from the DoE experiments and the related process
parameter window, a combined increase of the areal energy density (E) and the
percentage overlap between the tracks (OV%) promoted a significant surface quality
improvement. In this context, an energy density value of 330 J/mm2 (obtained from a
laser power of 550 W and a scanning speed of 500 mm/min) and an OV% value of 80%
promoted an Sa decrease of 65%;

e The surface roughness (Sa) reduction was increased to 85% when the previously
mentioned process parameters were adopted in combination with a laser focus position
of 3 mm above the surface peaks. This result is in line with the most results observed
for the case of laser polishing with fibre laser;

e The evolution of the surface skewness (Ssk) towards values close to zero suggested a
more symmetrical surface after the best polishing condition for the entire experimental
campaign;

e The evolution of the primary profile slope (Pdq) suggested a similar dependency as Sa
with respect to the controlled process parameters. However, laser focus position did not
affect significantly this parameter, despite the further Sa decrease for the defocused
beam polishing condition. This result indicated that a primary polishing mechanism of
the considered surfaces is the removal of the aforementioned sintered powders by
means of surface re-melting, leading to a 90% decrease in Pdq for the best case of the
entire experimental campaign;
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e The laser polishing process induced a coarser microstructure within the re-molten layer
with respect to the bulk material. However, the microhardness of the laser polished
material experienced an increase of the 9% for the best DoE case and the 30% for the
best defocused beam condition with respect to the 85 HV value of the as-built condition.
This result was justified by a Si content increase of about 0.8 wt% in the re-molten
zone, subsequent to a re-distribution from the HAZ.
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