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The widespread use of Cu-Zn alloys containing lead (Pb) in plumbing applications poses significant health risks
due to potential Pb leaching into drinking water. In response to international legislation aimed at reducing or
eliminating Pb in metal alloys, there is an increasing demand for environmentally friendly brass. In this
experimental work, authors show that during the Laser Beam Powder Bed Fusion (PBF-LB) process of the CuZn42
(CW510L) alloy, small particles only a few microns large mixed with large particles that are hundreds of microns
in size, are spattered from the material. Large particles show average Zn/Cu ratio around 0.22, while for small
particles it increases up to 3, against a nominal value of 0.72 for the CW510L alloy. The fallout of such particles
on the produced part enriches surface of Zn, thus altering the surface chemical composition with an increase in
Zn concentration beyond the acceptance limit of 43 at.%. To restore the standard chemical composition of the
surface, a treatment based on the ablation of the surface material by a laser beam was proposed. Results clearly
show that, after the laser treatment, the chemical composition of the surface is completely restored, and the
standard properties recovered.

1. Introduction

Cu-Zn alloys are widely used in industry for their deformability,
machinability, high corrosion resistance, low friction coefficient, and
diamagnetism. Lead (Pb) is commonly added to these alloys to enhance
machinability, increase tool life, and facilitate chip fracturing, thereby
reducing manufacturing costs and minimizing machining interruptions
[1]. However, leaded Cu-Zn alloys pose significant health risks in
plumbing applications due to potential Pb dissolution in drinking water
[2,3]. As a consequence, the interest in new Pb-free Cu-Zn alloys stim-
ulates the research of eco-friendly materials, such as CW510L [4-8].

The higher machining costs, increased energy consumption, and
lower chip control of eco-friendly brass [4], along with the requirement
for preliminary release tests, drive the adoption of Additive
Manufacturing (AM) technologies for producing prototypes and
pre-series of valves, taps, and hydraulic devices. AM, particularly suited
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for small-lot and prototype production, combined with new Pb-free
Cu-Zn alloys, can boost the development of new products. Among AM
technologies, Laser Beam Powder Bed Fusion (PBF-LB) is capable of
processing brasses with low Pb and high Zn content [9].

Although, a number of papers are present in literature dealing with
Cu-Zn alloys there is still a lack of knowledge on the chemical modifi-
cations induced by Zn vaporization when Cu-Zn alloys are processed by
high laser surface energy density, as occurring in PBF-LB. Furthermore,
literature data report numerous papers dealing with AM of bronze, but
few papers are available investigating brass [5], and most of them focus
on low Zn-containing brass (red Brasses). Copper alloys with different
alloying elements or Zn percentages exhibit different behavior during
AM processes. The high Zn content in Cu-Zn alloys enhances Zn
vaporization effects, thus originating compositional variations during
the layer-by-layer growth of the component processed by AM technol-
ogies. Hugger et al. [10] evidenced zinc evaporation effects on the
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key-hole shape during laser welding of the CuZn37 brass. The melt pool
selective vaporization during laser processing causes loss of most vola-
tile alloying elements (selective dealloying). Yin et al. [5] observed that
loss of high vapor pressure elements is common to several alloys pro-
cessed by laser high energy density: Mg and Zn for aluminum alloys, Cr
and Mn for high-manganese stainless steels, and Zn for brass. They also
studied CuZn10 components produced by PBF-LB and evidenced the
vaporization effects on the chemical and physical features of the man-
ufactured parts. Kovivchak et al. [11] observed Zn depletion of the
LS59-1 brass (42% Zn) on a surface treated by ion beam. Alloying
element vaporization occurs when the evaporation pressure overcomes
surface tension as well as hydrostatic and hydrodynamic effects. A sec-
ond mechanism causing dealloying is micro explosions occurring in the
melt pool. Local micro explosions happen due to the liquid fluctuation
that causes a sudden variation of transmission heat exchange surface,
causing rapid local heating. The power gradient of the laser spot
(TEMOO) promotes Marangoni flow and spattering-inducing hydrody-
namic behavior (liquid fluctuation) of the melt pool [12,13].

Yin et al. [5] evidenced that for Cu-10 Zn alloy in the range 1700
K-2930 K, the Zn saturated vapor pressure is 1-4 orders higher than Cu.
These values have a substantial effect on spattered and condensed ma-
terial production, causing loss of volatile elements and selective
vaporization. Liu et al. [14] studied the composition of the laser ablated
material from a CuZn35 alloy. They showed that particles produced by
the laser action can be catalogued as ejected molten droplets and
droplets condensed from vapor. Furthermore, they found a dependence
of the Zn/Cu ratio on the size of the ablated particles. Smaller particles,
originating from vapor condensation, are enriched with high vapor
pressure elements, while larger particles are ejected from the melt pool.
The larger particles have a different composition from the bulk because
the melt pool is depleted of the volatile elements. Vaporized droplets
from the most volatile elements may condense on the surface of the
larger particles ejected from the melt.

During the PBF-LB process, droplets of variable size may fall on
unmelted areas or on areas that are going to be melted by the laser, thus
interacting with the melt pool after landing [15], or they may be
captured by the inert gas flow and carried away from the build area.

The fallout of droplets locally modifies the surface chemical
composition of the manufacturing part, whose outer surface result to be
enriched of Zn with respect to the core. Building in a spatter-rich envi-
ronment may be a severe problem for the effectiveness of the process
[16]. Therefore, to restore the chemical composition of the part, it is
necessary to remove its outer skin.

Conventional finishing processes such as peening, hand polishing
and electrochemical polishing are expensive and time-consuming.
Moreover, they are economically ineffective for pre-series and compo-
nents with complex geometry [17,18]. A different approach could be
laser polishing, which is generally used to improve the surface quality of
the manufactured part by reducing roughness. Laser polishing uses
thermal energy to smooth rough surfaces by melting a thin material
layer. Some authors have suggested that in laser polishing treatment of
the surface, the molten material removed from the peaks of the rough
surface is distributed in the valleys without any loss of material. [19].
This mechanism is generally accepted, but it does not explain what
happens when an alloy with a low-boiling-point component is treated.
The vast literature on Laser Polishing application of metallic 3D printed
components predominantly deals with Steels, Al alloys, Co-Cr alloys,
Ni-base superalloys, and Ti alloys. For such materials, literature data
reports a reduction of average roughness up to 80 % [20-22]. However,
the literature data cannot be used to explain what happens in applica-
tions based on the CW510L alloy [17]. In this case, during the laser
action, the high vapor pressure of Zn causes its vaporization, that leads
to Zn depletion of the melt pool and Zn enrichment of the surface of the
manufactured part. Changes in the chemical composition affects phys-
ical and chemical properties of the material [23-26]. Therefore, in the
case of alloys containing highly volatile elements, post-treatment must
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not only improve roughness but also be able to change the chemical
composition of the surface.

In a previous experimental paper [9], we have demonstrated that the
CuZn42 (CW510L) alloy can be processed by PBF-LB by careful control
of the printing parameters. In this experimental work, we show that
during the PBF-LB process of the CW510L alloy, small and large parti-
cles, with different chemical composition, are spattered from the ma-
terial. The fallout of such particles on the produced part enriches surface
of Zn, thus changing the surface chemical composition. To restore the
standard chemical composition of the surface we propose a treatment
based on the ablation of the surface material by a laser beam. Results
clearly show that, after the laser treatment, the chemical composition of
the surface is completely restored, and the standard properties
recovered.

2. Experimental method
2.1. Specimen manufacturing

A gas atomized CW510L powder provided by AMP GmbH Advanced
Metal Powders was processed by a 3D4BRASS (3D4MECH S.r.L., Sasso
Marconi, Bologna, Italy) Laser Beam Powder Bed Fusion (PBF-LB)
manufacturing system to produce cubes of size 12x12x12 mm?>. The
raw powder was virgin and has been processed after furnace drying at 80
°C for 24 h. The chemical composition of the raw powder is compatible
with the composition limits for drinking water components, reported in
Table 1.

The 3D4BRASS processing system was equipped with a 300 W Yb
fiber laser operating in a continuous flow of nitrogen gas. The nitrogen
gas, used as protective atmosphere inside the manufacturing chamber,
was produced by a local on-board generator. Preliminary tests evi-
denced that spattered particles captured by the protective flowing gas
can preclude the efficiency of the filters of the manufacturing system.
Therefore, a cyclone was placed before the battery of filters. The in-
clusion of this low-pressure droplet abatement system protected the
battery filters from inefficiency, thus allowing black powder to be easily
captured. This solution allowed collecting small (< 10 ym) and large (>
100 pum) size particles separately. The production process would stop if
the oxygen content inside the chamber exceeded 0.2 percent.

Based on the results obtained in our previous study [9], the process
parameters reported in Table 2 were adopted to manufacture three
full-dense cubes for each combination of the six process parameters.
Layer thickness of 50 um allows for a good compromise between pro-
duction time and quality of the as-manufactured bulk sample.

The building process occurred on the top of a support structure from
a steel baseplate, using a standard raster scanning strategy with an 80-
deg rotation between layers. Along with the raster scanning, pre-
contour and post-contour passes on the outer edge of each pass were
completed.

In this study, results are discussed in terms of surface energy density
(SED) instead of volume energy density (VED), because preliminary tests
performed on the CuZn42 alloy by using a single laser path in our
manufacturing system showed that the melted zone depth ranged from
five to six-layer thickness t. Thus, single-layer thickness t does not
represent a significant value for data comparison, as the actual melted
layer thickness varies with laser power and scanning speed. Conse-
quently, VED does not effectively correspond to energy absorbed by the

Table 1
CW510L composition limits for drinking water component, Procedure for the
acceptance of metallic materials for PDW, 12th Revision, 14th October 2019 [3].

Constituents Impurities

Cu [%] Zn Al [%] Fe[%] Ni[%] Pb Sn other
[%] [%] [%]

57.0-59.0  Bal. <005 <03 <0.2 - <03 <0.02
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Table 2
Process parameters used to produce specimens; Power (P), scanning speed (v),
hatching space (h), layer thickness (t) and surface energy density (E).

Sample name P [W] v [mm/s] h [mm] t [mm] Es [J/mm?]
P190V200 190 200 0.1 0.05 9.5
P190V600 190 600 0.1 0.05 3.2
P190V800 190 800 0.1 0.05 2.4
P270V200 270 200 0.1 0.05 13.5
P270V600 270 600 0.1 0.05 4.5
P270V800 270 800 0.1 0.05 3.4

unit volume of powder layer.

2.2. Surface laser polishing treatment

Three out of four lateral faces of each specimen were treated by a
pulsed fiber laser (Wuxi Raycus Fiber Laser Technology CO., LTD.) with
beam quality M? <1.8, average power P = 47 W and wavelength A =
1060-1085 nm (Table 3). Fig. 1 shows the schematics of the cube
specimen inside the production chamber, supported on the bottom plate
of the manufacturing system.

Lateral faces of the cube are numbered from 1 to 4, while the face T is
the top surface of the specimen, that is the last layer of material pro-
cessed in the build direction. Face 1 faces the opening of the production
chamber of the manufacturing system and was not submitted to the laser
polishing treatment. Top and bottom surfaces of the cube differ from the
lateral surfaces for absence of the staircase effect and presence of the
removed supports marks, respectively. For such reasons top and bottom
surfaces have been excluded from this investigation. From preliminary
characterizations of lateral faces carried out before the polishing treat-
ment, no significative differences in terms of surface topography and
chemical composition were found. Thus face 1 was considered as
reference.

The laser polishing process consisted in a first treatment common to
faces 2, 3 and 4 of the cube (Fig. 1) with a laser frequency v = 55 kHz
(Step 1). Then a second treatment at v =75 kHz and v = 100 kHz (Step 2)
was carried out on faces number 3 and 4, respectively. Details of the
surface polishing treatment on the lateral faces of the cube are reported
in Table 3.

2.3. Structural and chemical characterization

A Scanning electron microscope (SEM) Tescan Vega 3 equipped with
an EDAX Elements energy dispersive microanalysis (EDS) system was
used to investigate the surface morphology and the chemical composi-
tion of the cube faces submitted to the laser polishing treatment.

A Bruker D8 Advance diffractometer operating at V=40 kV and I =
40 mA, with Cu-Ka radiation, in the angular range 20 = 20°- 80° was
used for X-ray diffraction (XRD) analysis. Peak indexing of the XRD
patterns was carried out by the DIFFRAC.EVA (Bruker) software pack-
age by using the ICDD—PDF 2 database. Shape analysis of XRD peaks
was carried out by the OriginPro 2024 software package, while esti-
mation of the phase concentration in the samples was performed by
Rietveld analysis using the MAUD (Material Analysis Using Diffraction,

Table 3
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Bottom
Plate

Fig. 1. Schematics of the cube lateral faces treated by the laser polishing sys-
tem. The bottom plate, the top surface of the specimen and the build direction
are also reported.

http:/maud.radiophema.com/) software, after calibration of the
instrumental broadening by reference AloO3 powder. For the Rietveld
refinement the following phases were considered: 1) a-brass
Cug 64Zng 36, cubic, space group Fm-3 m (225), nominal lattice param-
eter a = 0.369612 nm (ICDD-PDF2 file n. 50-1333), 2) p-brass CuZn,
cubic, space group Pm-3 m (221), nominal lattice parameter a =
0.294800 nm (ICDD-PDF2 file n. 02-1231), 3) y-brass CusZng, cubic,
space group [-43 m (217), nominal lattice parameter a = 0.886000 nm
(ICDD-PDF?2 file n. 25-1228), 4) Zn, hexagonal, space group P63/mmc
(194), nominal lattice parameters a = 0.266500 nm and ¢ = 0.494700
nm (ICDD-PDF2 file n. 04-0831), 5) ZnO, hexagonal, space group
P63mc (186), lattice parameters a = 0.324982 nm and ¢ = 0.520661 nm
(ICDD-PDF2 sile n. 36-1451). All XRD pattern are reported in square
root intensity scale to enhance low intensity peaks.

2.4. Roughness

The surface roughness of the as-built specimen surfaces and the
polished ones was measured according to DIN EN ISO 4287/4288 and
DIN EN ISO 25,178 and by a Nikon LV 150 Confovis Microscope in-
strument using the following parameters: 20X microscopic objective;
0.595 pm lateral resolution; Scanned area of 0.5 x 1.5 mm?; Map form
removal, GAUSS filter (ISO 16,610-62) with a cut off of 2.5 um for 2.5
um, and bilateral symmetric threshold filtering (for removing the
spikes).

The maps (ISO 25,178) allowed estimating the following parameters:
a) Average surface roughness Sa; b) Surface skewness Ssk. and c) Surface
kurtosis Sku.

Surface skewness assesses the incidence of valleys and peaks. For
values of Ssk > 0 peaks prevail, otherwise depressions prevail. For Ssk =
0, peaks and valleys are symmetrically distributed around the mean
plane. Surface kurtosis evaluates the sharpness of profiles. A normal
distribution has a kurtosis value Sku = 3, while Sku<3 and Sku>3
indicate a distribution biased above the mean plane and a spiked dis-
tribution, respectively.

Treatment type and parameters used in the laser polishing process. P - average power, t, — single pulse duration, A — wavelength, E;, — single pulse energy at 50 Hz.

Number of the treated face refers to the schematics in Fig. 1.

Treatment name Treated Frequency P t, A E, (mJ)
Face (kHz) w) (ms) (nm)
f. Fi 1
(ref. Figure 1) Step 1 Step 2
AM = As Manufactured 1 - - - - - -
SS = Single step treatment 2 55 - 47 218 1060 - 1085 1
DS75 = SS + laser treatment at 75 kHz 3 55 75
DS100 = SS + laser treatment at 100 kHz 4 55 100
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3. Results and discussion
3.1. Virgin raw and black powders

Morphology of the particles in the raw powder can be observed in
Fig. 2A, while Fig. 2B shows the XRD pattern with the weight amount of
each phase, as provided by the Rietveld refinement. The size distribution
of powder particles evaluated by a laser-based granulometry system
according to ISO 13,320 provided an average diameter size d = 41 pm.
As shown in Fig. 2B, the virgin raw powder is mainly formed of f-brass
(78 wt.%) with lower amounts of y-brass (18 wt.%) and a-brass (4 wt.%).

The role of the cyclone pre-filter inserted before the filtering system
of the manufacturing machine was collecting large particles, while small
particles were collected in the filter. Therefore, on exclusion of the
cyclone pre-filter from the filtering system all particles captured by the
nitrogen gas flow were collected by the filter, independently on size. In
this case, the result of the filtering action was a powder, here named
“black powder”, formed of particles with a wide size range, from few
microns to few hundred microns. The aspect of the black powder
collected in the filter on exclusion of the cyclone pre-filter is shown in
the SEM image of Fig. 3A, while Fig. 3B reports the XRD pattern of the
black powder with the estimated amounts of phases with the experi-
mental errors (in wt.%), as provided by Rietveld refinement.

As shown in Fig. 3A, particles that are hundreds of microns in size are
mixed with particles that are only a few microns large. EDS analysis
performed in spot mode on large and small particles of the black powder
showed that the Zn/Cu ratio depends on the particle size. Large particles
show average Zn/Cu ratio around 0.22, while for small particles it in-
creases up to 3, against a nominal value of 0.72 for the CW510L alloy.
These results support the model of Yin et al. [5] based on the dual origin
of the spattering: vaporization and explosion, as well as the findings of
Liu et al. [14] on the correlation between size and composition of the
spattered particles. The irregular shape of the large particles suggests
that they are originated from the explosion mechanism of the melt pool
rather than from vaporization. The laser action caused evaporation of
Zn, which is the element of the CW510L alloy with the lowest value of
vapor pressure. Then, the localized overheating due to the hydrody-
namic behavior of the melt pool caused Zn vapor rapid expansion (ex-
plosion) and ejection of droplets (large particles) depleted in Zn. On the
surface of the large Zn-depleted particles condensed nanometer particles
almost entirely composed of Zn, originated from the vaporization action
of the laser beam.
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The XRD pattern in Fig. 3B shows that the black powder is formed of
Zn and ZnO without any evidence of crystallized Cu-containing com-
pounds, although the presence of such compounds cannot be completely
excluded. The high amount of ZnO (95 wt.%) in the black powder is
probably due to the oxidation of the powder during the operation of
opening the filter box to remove the black powder.

3.2. As manufactured and treated surfaces

Structural characterization by XRD, SEM and EDS analysis was car-
ried out on the treated and untreated faces of all samples analyzed. The
results of XRD analysis showed that all samples after the polishing
treatment contained only a-brass and p-brass phases, independently on
the sample composition before treatment, as shown in Fig. 4. The laser
action causes powder melting and Zn vaporization, which reduces the Zn
content and consequently the Zn/Cu ratio in the melt pool. The reduced
Zn content suppresses the formation of the y phase in favour of the a and
B phases during cooling. In our previous work [9], we found a correla-
tion between the relative amount of « and f phases and the energy
delivered to the sample during the laser action, confirming this
mechanism.

In all samples analyzed, the resulting amount of o and p phases after
polishing depends on the type of polishing treatment (SS, DS75, DS100).
As a general trend, all samples showed an increase in the weight fraction
of a-brass according to the type of polishing treatment in the sequence
SS, DS75, DS100. This general trend is independent on the amount of
phase in the untreated sample (AM), thus suggesting that variation in
the phases content must be ascribed to the laser polishing treatment. In
our previous work [9] dealing with the PBF-LB manufacturing of parts
based on the CuZn42 alloy, we reported on the variation of a and p
phases fraction as a function of surface energy density (SED) and laser
power (P), showing that the mechanisms involved depends on both
manufacturing parameters. Therefore, the general trend evidenced in
this work for the treated samples can be summarized as in Table 4,
where results of the Rietveld refinement carried out on the XRD patterns
of Fig. 4 are shown for the laser polished samples produced with the
lowest (Es=2.4 J /mm?) and the highest (E;=13.5J /mm?) values of SED
atP =190 W and P = 270 W.

The increase of the a phase amount with the increase of the laser
frequency of the polishing treatment is due to the weight loss of Zn
induced by the laser action. It is worth noting that the Zn/Cu ratio for
the a phase is 0.61, while for the § phase Zn/Cu = 1.07. Therefore, a
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Fig. 2. Virgin raw powder: (A) SEM image and (B) XRD pattern with the weight fraction of phases provided by Rietveld refinement with MAUD software.
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Fig. 3. Black powder collected in the filter: (A) SEM image and (B) XRD pattern with the weight fraction of phases and the experimental errors, provided by

Rietveld refinement.
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Fig. 4. XRD patterns of the as manufactured (AM) face and of the faces submitted to the different polishing treatments (SS, DS75, DS100): (A) sample manufactured
at P = 190 W with the lowest value of SED (E, = 2.4 J/mm?) and (B) sample manufactured at P = 270 W with the highest value of SED (E; = 13.5 J/mm?). Patterns

reported in square root intensity at the same full scale value.

Table 4

Variation of amount of o and f brass phases with the type of laser polishing
treatment for samples deposited at the lowest and highest values of the surface
energy density (SED) manufactured with laser power values of 190 W and 270
W, respectively. Results obtained by Rietveld refinement of the XRD patterns.

Brass P190V800 - Es = 2.4 J/mm?> P270V200 - Eg = 13.5 J/mm?>
phase

AM SS DS75 DS100 AM Ss DS75 DS100

a-brass 1.6 5.6 8.2+ 8.4+ 12.5 5.7 9.0 £ 15.2 +

+ + 0.2 0.2 +03 £ 0.2 0.2
0.1 0.2 0.2

p-brass 98 94 92 + 92+ 2 88 + 94 91 + 85+ 1
+3 +3 2 2 +3 2

lower Zn content in the alloy due to Zn evaporation makes the formation
of the a phase easier. This result shows that at the same value of the laser
power (47 W) of the polishing treatment the microstructure of the
sample is controlled by the laser frequency (Table 4).

SEM observations of the laser treated faces of samples P190V800 and
P270V200 reported in Fig. 5 show that the polishing treatment refines
the topography of the as manufactured surfaces with a progressive
smoothing action from single step to double step laser ablation (Fig. 5).

SEM observations of the laser polishing effect on faces of samples
P190V800 and P270V200 are reported in Fig. 5. Surface morphology
depicted for as manufactured (AM) samples finds reason in the melting
phase of the PBF-LB process, when the laser beam supplies sufficient
energy to locally melt the powder. However, in areas close to the melted
zone, the powder temperature remains below the melting point,
resulting in numerous spherical CuZn42 particles being only partially
bonded to the surface of the AM bulk samples. This creates the surface
morphology depicted in Fig. 5A and 5B. Fig. 5C-5H show that the pol-
ishing treatment refines the topography of the as manufactured surfaces
with a progressive smoothing action from single step to double step laser
ablation. However, most original powder particles remain clearly
distinguishable and new pores, previously concealed by partially melted
particles, are unveiled.
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Fig. 5. SEM micrographs of lateral faces of samples P190V800 and P270V200 at low magnification (60x): AM (A and B); SS (C and D); DS75 (E and F) and DS100 (G

and H).

The average surface roughness (Sa) of as manufactured samples
(Fig. 6) exhibits a direct correlation with the process parameters. On
increasing surface energy density (Es), Sa decreases, up to Es = 4.5 J/
mm?2. DS100 laser treatment reduces the average surface roughness of
AM samples. Particularly, from the difference curve in Fig. 6, calculated
as AM-DS100, it is evident that the treatment is more effective when the
sample is rougher, thus fabricated at lower surface energy density. For
samples manufactured with higher values of surface energy density,
ablation efficacy becomes independent of E.

The lack of standardized cleaning procedures for samples extracted
from the build plate prior to roughness measurements presents chal-
lenges in comparing data across various studies. Nevertheless, some
authors assert that the enhancement in surface quality achieved by laser
polishing is localized, because of the limited size of the melt pool, which

35
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Fig. 6. Average surface roughness (Sa) of AM and DS100 VS surface energy
density (Eg) used for manufacturing the specimens #1 to #6. Difference is
calculated as AM-DS100.

is insufficient to eliminate planarity deviations [27], as confirmed by
SEM observations in Fig. 5. Ramos-Grez et al. [22] report the effec-
tiveness of E; = 30 J/mm? in reducing the roughness by at least 80 %
over bronze-infiltrated stainless steel. Alfieri et al. [28] report the use of
energy density ranging from 1 to 10 J/mm? resulting in a roughness
reduction of 70 % at most on 316 L stainless steel. The roughness
reduction measured in our study results lower than the reported litera-
ture data. In our study, the roughness reduction of the AM faces laser
polished using DS100 treatment, is about 30 % for samples produced at
lower surface energy density, up to 10 % for samples produced with
higher E values (Fig. 6).

Literature data evidenced two different laser polishing regimes: i)
Surface shallow melting (SSM), where the thickness of the melted layer
is lower than height of the surface asperities, from top to bottom. In this
regime, the capillary pressure guides [29,30] material flow from peaks
to local valleys; ii) Surface Over Melting (SOM), where the entire surface
becomes liquid, and the surface tension gradient drives the formation of
surface periodical structures. In laser polishing, surface shallow melting
(SSM) prevails on surface over melting (SOM). Therefore, the surface
peaks melt and fill the valleys generating a smoother surface, as visible
from Fig. 5. In this work, the distribution of peaks and valleys of as
manufactured and laser treated surfaces is described by the skewness
(Ssk), while the kurtosis (Sku) measures the peak sharpness and valley
depth. As shown in Fig. 7, surfaces show more valleys than peaks in as
manufactured condition (Ssk < 0). DS100 laser polishing results in
flattening the peaks and softening the valleys, thus leading to a more
symmetrical distribution of valleys and peaks (Ssk ~ 0). Furthermore,
AM faces present predominantly sharp peaks (Sku > 3), that DS100 laser
polishing smooths (Sku ~ 3).

Sample produced with Es = 13.5 J/mm“ exhibits an anomalous
behavior respect to the Ssk and Sku trend. This is likely due to Eg value
above the process window within which fully dense samples were ob-
tained in our previous work [9], identified in the range E;=2-10J /mm?
for the CuZn42 alloy. Above the process window, when the energy
density is too high, a deposition condition known as “keyhole mode” is
reached. In the keyhole regime, the melt pool is very deep and
re-melting of multiple layers occurs. Within the process window, hard-
ness values are strictly linked to density rather than to the type of brass
phase [9]. Therefore, in our samples, the size of macroscopic defects
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Fig. 7. Surface roughness parameters of skewness (Ssk) and kurtosis (Sku) of AM and DS100 VS surface energy density (E,) used for manufacturing the specimens #1

to #6. Dashed lines indicate Ssk = 0 and Sku = 3.

determines both density and hardness values. Above E; = 10 J/mm?,
both density and hardness drop because of larger internal cavities and
pores [9]. Consequently, in the sample fabricated with Eg = 13.5 J/mm’2
porosity covered by semi-fused particles and satellites emerge after
DS100 laser treatment. For this reason, valley distribution increases (Ssk
< 0) and the sharpness of peak greatly rises (Ssk > 3).

Laser polishing also affects the chemical composition of sample
surfaces (Fig. 8). EDS analysis of as manufactured surfaces in Fig. 8 re-
veals an increase in Zn concentration beyond the acceptance limit of 43
at.% [31], corresponding to a Zn/Cu ratio of 0.75. During PBF-LB process,
spattered material, such as vapor or ejected particles, condenses or falls
in the unmachined area or along the already solidified laser path. In this
latter case, when the laser melts a layer, remelting typically 4-5 previous
layers, facilitates the alloying of the condensed or fallen material in the

melt pool, restoring a composition close to the original. Nevertheless,
material sputtered at the borderline area may adhere to the component
as larger particles or condense as zinc vapor, potentially contaminating
the border and altering the chemical composition. Furthermore, the
spattered material generated from the high vapor pressure elements,
captured by the flow, results in a general loss of material, primarily zinc.
This described mechanism induces a localized change in chemical
composition. Therefore, the chemical composition of the surface may
deviate from that of the bulk, which in turn may differ from the
composition of the raw powder used. Therefore, AM surfaces require
post processing finishing, in addition to aesthetic or tribological func-
tions [31], for ensuring compliance with composition specifications.
Laser polishing action melts the outer layer of the samples, leading to Zn
evaporation. A lower Zn content in the laser treated alloy facilitates the

1.4
- AM
1,3 B . SS
- DS75
124 » DS100
1,1 1
i
3 1.0 i 3
Sl i
N
0,9 ~
0,8 3 }
¢
0’7-.@ ..... E} ....... % ...................................... % .............................. E
0,6 T T T T T T T T T T
2 4 6 8 10 12 14

E.(J/mm®)

Fig. 8. Zn/Cu from EDS analysis VS surface energy density (E). The dashed line indicates the nominal Zn/Cu ratio (0.72).
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formation of the a-phase, which is more deficient in zinc than the
f-phase. Therefore, all samples exhibit an increase in weight loss of Zn
based on the progressive laser frequency from 50 to 100 kHz (Fig. 8).
The Zn/Cu ratio decrease results in an increase in the weight fraction of
a-brass (Table 4). Moreover, laser polishing reduces the percentage of Zn
to acceptable levels and aligns it with the nominal value of Zn/Cu ratio
of the CuZn42 alloy (0.72).

Therefore, the target of laser polishing may be to restore chemical
composition within prescribed limits, along with smoothing the initial
topography, additionally offering the advantage of treating complex
shapes without encountering issues related to environmental impact,
prolonged processing times, high costs, and health risks for operators, as
associated with alternative technologies [31].

4. Conclusions

This paper investigates the nature of the spattered powder and
demonstrates that a laser polishing treatment can restore the standard
chemical composition of the surface of a lead-free CuZn42 (CW510L)
part produced by Laser Beam Powder Bed Fusion (PBF-LB). The results
obtained can be summarized as follows:

Exclusion of the cyclone pre-filter results in the formation of a "black
powder" formed by large particles which exhibit a lower Zn/Cu ratio
compared to small particles, thus indicating size-dependent varia-
tions of chemical composition influenced by spattering mechanisms;
e CuZn42 components produced by PBF-LB evidence an enrichment of
the percentage of Zn on the external surface, causing the overcoming
of the Zn/Cu limits for drinking water applications;

Laser polishing treatments lead to a reduction in surface roughness,
also confirmed by SEM investigation, with greater efficacy observed
at lower surface energy densities;

Laser polishing induces changes in surface chemical composition,
primarily through Zn evaporation, leading to a decrease in Zn con-
tent and the restoration of chemical composition within prescribed
limits;

The increase in a-brass phase content post laser polishing is attrib-
uted to Zn evaporation induced by laser action, facilitating a-phase
formation due to lower Zn content.

In conclusion, laser polishing presents a promising approach for
enhancing the surface properties of CuZn42 alloy components, offering a
balance between topographical refinement and chemical composition
restoration.
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