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Abstract

Additive manufacturing (AM) is revolutionizing the industrial scenario. Four copper samples have been printed via Laser
Powder Bed Fusion (LPBF) at DIAM Laboratory (INFN—Sezione di Padova, Padova, Italy). Samples had different geo-
metrical characteristics, to test the feasibility of the AM as a productive technique for the creation of unsupported copper
structures that are characterized by surfaces with a very small inclination angle, where supports cannot be placed. Parts have
been printed successfully even in case of 18° of inclination of unsupported walls with respect to the horizontal plane, and
on the same samples, surface finishing treatments (performed by Rosler Italiana S.r.1. and INFN-LNL) have been performed
to reduce the roughness of the down-facing surfaces. Indeed, the down-skin regions are the most critical areas of AM parts.
Several surface treatments are under investigation: mass-finishing treatments (mechanical and chemically assisted mechani-
cal processes), chemical polishing, and electropolishing, and for some of them, the results are extremely positive: from an
initial roughness (Ra) of 30—35 um, the treatments allowed us to achieve a Ra value lower than 1 um. The study here exposed
presents a good way to rapidly reduce the roughness of 3D-printed parts, reaching a mirror-like aspect.
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1 Introduction

AM technology is an innovative manufacturing technique,
and, in some fields, it represents a revolutionary process,
even though it was developed in the late 1980s [1]. Indeed,
with AM it is possible to create geometrically complex
components that could not be produced with subtractive
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and conventional manufacturing processes, such as turning
or milling. Moreover, the AM allows to produce compo-
nents very rapidly compared to the traditional processes,
and at the same time the material waste is minimal [2,
3]. The aerospace and automotive industries are taking
great advantage from this production method [4, 5]. AM
seems to be peculiarly suitable also for the biomedical
sector: indeed, the freedom of customization and the abil-
ity to produce complex-shaped implants make the AM
an extremely interesting technology for creating patient-
specific implants that replace, for example, hard tissues
like bones. The technology can mimic the lost bone tis-
sue with high accuracy, from mechanical, biological, and
geometrical points of view [6]. Scaffolds created with the
most suitable materials are then the best compromise that
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allows rapid tissue regeneration and integration, minimiz-
ing stress shielding and improving the cell adhesion phe-
nomena [6]. Nowadays, a great number of materials can
be additively manufactured, such as polymers (especially
thermoplastic ones), ceramics, composites, and metals. In
this paper metal additive manufacturing (also known as
MAM) is concerned. The feedstock material could gener-
ally be a powder, a wire, or a sheet [5, 7].

There are several MAM methods available, such as Laser
Powder Bed Fusion (LPBF), also known as Selective Laser
Melting (SLM), where a laser is the energy source that melts
the metallic feedstock; Electron Beam Melting (EBM), in
this case, the energy source is an electron beam [2]; Direct
Metal Laser Sintering (DMLS); or Direct Metal Deposition
(DMD).

In this work, the LPBF technique was employed. It
reaches high dimensional accuracy and high relative den-
sities [2, 6]. A laser beam melts selectively a thin layer of
powder that is laid onto a powder bed [1, 2, 5, 6, 8]; this
layer is characterized by a certain thickness. On this, the
laser scans the cross section of the object to be printed;
then, a coater blade spreads another layer of powder; and
the process repeats. The working principle is simple: parts
are created layer-by-layer lasering the cross section of the
objects at each layer, the objects are modeled in CAD soft-
ware, and then the geometries are sliced; that is, they are
virtually divided into many two-dimensional cross sections,
one for each layer. The layer thickness can vary, depending
on the material and the printing technique [2, 5, 6, 9]. Usu-
ally, a low-layer thickness is essential to reach the maximum
density of the printed components; thus, also the mechani-
cal properties can reach higher values. In some cases they
achieve almost the same values as the bulk material. But
generally, a compromise between layer thickness and final
characteristics of the 3D-printed parts that must be achieved
is found, because the more the layer is thin, the more the
printing time increases, and this would raise costs.

The material properties depend on several factors: the
process parameters and the microstructure influence the final
performances of the parts [2].

Generally, an inert gas atmosphere inside the printing
chamber is recommended for minimizing the oxidation of
the material [5].

As previously mentioned, AM technology offers great
advantages, especially where topological optimization and
rapid prototyping are requested [1, 3, 10]. But on the other
side, the technology could result very limited because of the
poor surface quality of the AM parts [6, 10]; moreover, ani-
sotropy and heterogeneity in microstructure and mechanical
properties are frequent [7]. The defects that can be found in
AM surface parts are due to several causes, such as staircase
effect, lack of fusion, balling, and surface orientation [1,
6-8, 10].

@ Springer

The resulting surface roughness is often inadequate, and
surface post-treatments are commonly engaged to reduce the
irregularities that come from the printing process: indeed,
imperfections can reduce the fatigue life of the components,
wear, and scratch resistance [10]. Also, dimensional accu-
racy and aesthetics are strongly affected by surface quality
[10].

In terms of roughness, the surface quality of 3D-printed
components depends on the AM technique (PBF processes,
DMD, etc.), the printing parameters, the characteristics of
the feedstock material (the powder particle size distribu-
tion and particle shape), and the geometry of the part to be
printed, but it also depends on the orientation of the surface
itself with respect to the platform [6, 10, 11]. Here are sum-
marized some typical surface definitions and a graphical
representation is reported in Fig. 1:

1. Top surface: the surface that faces up and it is parallel
to the substrate.

2. Vertical surface: the surface perpendicular to the sub-
strate.

3. Lower surface: this surface is typically the one directly
in contact with the powder.

4. Down-skin (downward facing surface): is the surface
with an inclination angle smaller than 90°, with respect
to the substrate [11]. This surface is very critical and
generally the roughness is high, especially in the case
of unsupported zones: here the surface touches the pow-
der underneath, and the heat of the laser beam cannot
be efficiently dissipated; thus, the heated and unmolten

Fig. 1 In 3D-printed parts roughness strongly depends on surface ori-
entation: 1 top surface, 2 vertical surface, 3 lower surface, 4 down-
skin or downward facing surface, and 5 up-skin or upward facing sur-
face
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powder adheres to the surface increasing the final rough-
ness [6].

5. Up-skin (upward facing surface): is the surface with an
inclination angle bigger than 90°, with respect to the
substrate [11]. This surface shows generally a good fin-
ish because the heat that comes from the laser can be
rapidly dissipated by the underneath layers and the full
beam exposure permits the complete melting of the pow-
der [6].

For the down-skin and the up-skin, some printing param-
eters are more important than others: the contour parameters
for instance are more influential than the core parameters for
the final surface quality. Inclined surfaces are particularly
challenging if the aim is to get very smooth surfaces; indeed,
also the inclination angle and the stair-step effect are crucial:
this latter comes from the intrinsic principle of the additive
manufacturing technology since it is a layer-by-layer process
[10, 11].

Generally, supports are recommended if the angle
between the horizontal plane and the surface is smaller than
45°; this would avoid distortions and part collapsing. A post-
process is necessary to remove the support structures, and
generally the surface finish is very poor. The minimum angle
for unsupported surfaces strongly depends on the material.

Also, the inclination angle affects the quality of the sur-
face. Commonly, the more the angle is small (with respect to
the horizontal plane), the more the quality of the down-skin
surface is poor [10].

The defects and the issues are generally the same for all
the metallic materials processed via LPBF, but using copper
powders, some aspects must be considered. Indeed, copper
is one of the most reflective and highly conductive metals
and, because of this, the LPBF process is critical [3, 12, 13].
Pure copper can exhibit a thermal conductivity of 400 W/
mK in annealed conditions [3]; such high values cause rapid
heat dissipation. Therefore the feedstock material does not
melt completely, and the resulting scan-tracks are not regu-
lar and homogeneous. Moreover, copper reflects almost the
total radiation if the laser wavelength drops into the infrared
range (1000-1100 nm); consequently, the energy absorbed
by the powder could be too low to create an appropriate
melt-pool, especially if the maximum laser power is 400 W.
Some studies have shown that less than 5% of the incident
red laser energy is absorbed [3, 13]. Typically, copper alloys
are more processable via LPBF with respect to pure copper,
especially alloys containing elements that slightly decrease
thermal and electrical conductivity [12].

Because of the aforementioned characteristics of the
material, it is very hard to obtain copper AM parts with
high relative densities; in other words, porosity is the main
issue [3].

Surface roughness is typically very high on 3D-printed
parts: rough surfaces are due to several aspects that have
been already mentioned, such as the staircase effect, balling,
and surface orientation, and also partially molten particles
that remain stuck to the object increase the roughness [14].
The as-built faces can be smoothened by a wide range of
treatments, and the entity of roughness reduction relies on
the material and the method applied. For instance, milling is
much more effective than blasting to reduce Ra in AM parts,
Ti-6Al-4 V samples characterized by as-built surfaces with
Ra of 17.9 ym reached a Ra value of 0.3 um after machining
and 10.1 um after sand-blasting [15], but these two treat-
ments are suitable in case the 3D-printed parts with simple
and accessible geometry; electropolishing is another valid
solution, thanks to its tunable smoothening action is suit-
able for AM parts of different materials: thanks to it, Jiang
et al. obtained a surface Ra of 1.2 um after 5-min-long treat-
ment on Hastelloy X, starting from a roughness of 10.3 um
concerning planar surfaces, while for down-skin region, Ra
decreased from 22.3 to 4.5 um [14]. Surface post-treatments
are then necessary to obtain a good and repeatable morphol-
ogy of the surface because a good surface finishing improves
both the esthetical and mechanical properties of the pieces
[10]. Here is why this field is a growing area of interest.

Several techniques are available, which rely on different
physical or chemical principles.

In general, surface finishing treatments can be distin-
guished in different ways:

¢ By the smoothening process: the surface can be smoothed
removing the top layer of material, eliminating the out-
ermost region that is characterized by the imperfections,
or applying a plastic deformation that alters the initial
surface, such as machining and sandblasting, respectively
[10];

e By the nature of the smoothening agent: solid bodies,
chemical solutions, electromagnetic waves (lasers), plas-
mas, or electric currents are just some of the available
media;

e By the scale of their action: some treatments are suit-
able for reducing the macro-roughness, whereas others
are appropriate for polishing; they act especially on the
micro-roughness.

In some cases, the smoothening action of the media is
supported and enhanced by vibrational or rotational move-
ments of the objects to be treated (concerning mechanical
treatments, such as Barrel Finishing or Vibro-Tumbling) or
the stirring of the solution (in the case of chemical treat-
ments) [16, 17]. Hybrid finishing treatments can also be
adopted: in this case, media of different compositions
are combined with the aim of accelerating the roughness
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reduction or/and operating on macro- and micro-scale
simultaneously.

In addition to the “traditional surface treatments,” coat-
ings could provide a smoothening effect because the film
fills the recesses and thus reduces the discrepancies between
peaks and valleys of the surface.

In this work, conventional mass-finishing processes,
chemically assisted mass-finishing processes, and chemi-
cal and electrochemical polishing have been applied to the
additive-manufactured copper specimens. Operating condi-
tions and principles are described in the next chapters and
considerations on results will be exposed.

2 Materials and methods

The feedstock material for this work was a pure copper pow-
der produced by Legor Group S.p.A. (Bressanvido, Vicenza,
Italy). In Table 1, the chemical composition of the feedstock
material is reported.

The metal powder is characterized by spherical particles
since it has been produced by gas atomization. The morphol-
ogy is visible in Fig. 2. This powder is very fine: its distribu-
tionis D;y=12 um, D5y=19 um, and Dy, =28 um. Spherical
particles are suitable for the LPBF technology because the
resulting powder has a very high flowable rate and it can be
properly spread onto the build platform to create a homo-
geneous layer.

The LPBF machine that has been used for printing the
specimens is an EOSINT® M280 (Electro Optical Systems
GmbH, Krailling, Germany); it is provided with a Yb red
laser having a maximum power of 370 W; the wavelength
of the laser is approximately between 1060 and 1100 nm.
The laser spot diameter is 100 um and it can scan a building
area of 250 x 250 mm?, while the maximum printable height
is 325 mm. The printing chamber has been filled with a
nitrogen atmosphere, and the oxygen level was kept below
0.5% during the printing process. The building platform can
be heated up to 200 °C for decreasing the temperature gra-
dients between the substrate and the part, thermal stresses
are reduced, and a good bonding of the first layer is assured.
The platform used in this work was made of stainless steel,
which guarantees good adhesion of parts printed with cop-
per, and the platform temperature has been set to 40 °C to
avoid powder oxidation.

A prior parameter optimization campaign was done:
the core of the different samples has been printed with the

Fig.2 SEM image of the pure copper powder used in this work

same combination of laser power (370 W), scanning speed
(400 mm/s), hatch spacing (0.09 mm), and stripe width
(5 mm) [18]; the down-skin parameters are different with
respect to the core ones (laser power 150 W, scanning speed
1600 mm/s). The layer thickness was set to 20 um.

Three different samples with three different sloping
angles in the critical zone are investigated, keeping constant
core and down-skin combination process parameters. The
sloping angle variations of the samples (18°, 23°, and 28°)
are shown in Fig. 3. The maximum external diameter of the
samples is 49.5 mm.

The geometry of the samples wants to simulate half of
the shape of an RF cavity; the dimensions refer to the 6-GHz
superconductive cavity prototype. This geometry is particu-
larly critical to print, and it is a good reference for this study.

The geometry in Fig. 3a represents half of ideal-cavity;
the inclination angle was varied for some samples, since
the limiting angle for pure Cu was unknown. The authors
wanted to be sure that at least one of the three configurations
was successfully printed.

2.1 Surface treatments

The surface treatments have been performed first by Rosler
Italiana S.r.l. (Concorezzo, Monza Brianza, Italy), a com-
pany specialized in surface treatments, especially mass-
finishing and shot blasting. Two different mass-finishing
approaches have been evaluated and many steps have been
carried out. Surface roughness of the parts was measured at
the beginning (in as-built conditions) and after each step:

Table 1 Chemical composition (expressed in ppm, except for Cu element) of the feedstock pure copper powder

Cu P O Sn

Zn B Fe Mn Pb

99.8 wt% 569 2495 500

700 6 10 1 55
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Fig.3 a Original design with an inclination angle of the unsupported surface equal to 18°, b change of the geometry with a new inclination

angle of 23°, and ¢ 28° of inclination

the examined surface was the down-skin, since it is the most
critical surface to be treated. In order to simulate the process
realistically, two printed samples were coupled together dur-
ing treatments, creating a cavity-like geometry (Fig. 4).

In this study, a pure mechanical mass-finishing treatment
and a chemically assisted mechanical mass-finishing treat-
ment were assessed: the two procedures have been applied
on two different cavity-like assemblies. Here, different
media, like abrasive ones, water and chemical compounds
allow the surface smoothening thanks to the vibration and
rotation of such reagents that flow inside the cavity-like
assembly. The material removal is assured by the mechani-
cal abrasion of the surface acted by the media.

2.1.1 Conventional mass-finishing treatment

This kind of process is a mechanical treatment that relies
on the abrasion of the surface by means of solid media,
which are metallic bodies with different sizes, and an abra-
sive paste. The smoothening action is obtained by the rela-
tive movement (vibration and rotation) of the sample to be
treated with respect to the media: the test setup makes the
abrasive agents flow inside and outside the cavity. With this
treatment, roughness is reduced because the peaks on it are
broken through a shear effect by means of the medium. Sam-
ples 1 and 2 have been treated this way; high-density media
have been used in order to get a high abrasive action. Four
different approaches were tested:

1) Use of spherical stainless-steel media, with different
dimensions (to reach all the corners inside the sam-
ple, the spheres have a diameter that ranges from 3 to

Fig.4 Assembly of two halves
to simulate the treatment of a
complete cavity. The two halves
have been kept in position with
a sample holder during the
treatment steps

5 mm) + abrasive paste (RSP 587, mainly composed of
SiC, SiO, — cristobalite, and Al,O5).

2) Use of Cu needles (10 mm in length, with a diameter of
approximately 2 mm) + abrasive paste (RSP 587).

3) Use of Cu needles + abrasive paste (corundum powder).

4) Use of Cu needles + abrasive paste (synthetic diamond
powder).

All the media and the abrasive pastes are commercialized
by Rosler Italiana S.r.l.

The first approach was maintained for 5 steps of the treat-
ment; at step 6 the media was changed. Step 7 saw also a
change in the abrasive paste; corundum powder has been
used until step 8; then, from step 9 to step 10, the synthetic
diamond powder has been employed.

Before the mechanical treatments, a sand-blasting pre-
treatment (90 mesh corundum media at 3 bar for 3 min) has
been carried out on sample 1, while sample 2, which showed
a better surface finish, was directly treated without any pre-
liminary operations.

Each step of mechanical treatment lasted about 24 h,
and the abrasive paste was renewed every 8 h. A total of 10
mechanical steps were conducted, and roughness has been
recorded after each one; surface images have been also taken
at the optical microscope.

2.1.2 Chemically assisted mass-finishing treatments

Chemically assisted tests were then assessed on the remain-
ing sample 3 and sample 4 starting from the as-built
conditions.

Ceramic spherical-shaped media (Rosler media RMBD1),
with different dimensions (diameter 3-8 mm), were used
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for the treatment, together with the Rosler compound CMP
03/21 L (composed of inorganic acids and halogen com-
pounds), specially developed for Cu alloys: ceramic material
is chemically inert and does not react with the compound.
It is a batch process; a single step lasted about 24 h, as the
mechanical tests, but the chemical solution was renewed
every 2 h. Five steps have been conducted; the concentra-
tion of the compound was increased progressively and so the
smoothening effect.

Samples 1 and 2 were also subjected to the chemically
assisted mass-finishing treatment after the mechanical one:
in this case, the media used are a mixture of ceramic spheres
and synthetic diamond powder, with the addition of the
smoothening action of the chemical compound.

Once the resulting roughness of the samples was lower
than 1 pum, the samples have been processed at Laboratori
Nazionali di Legnaro (INFN, Legnaro, Italy). In particular,
two approaches have been adopted and will be described in
the next two paragraphs (Sections 2.1.3 and 2.1.4).

2.1.3 Chemical polishing solution (SUBU5)

SUBU is a chemical polishing solution developed at CERN.
A SUBU bath chemical etching method was developed for
LEP2 at CERN for processing 500-MHz and 350-MHz cavi-
ties. Two SUBU etchant solutions were developed, SUBU5
and SUBU20, which are composed of the same reagents, but
in different concentrations. The name SUBU derives from
its two main compounds: SU — sulfamic acid, and BU —
butanol. For this work, SUBUS was employed.

This treatment is usually done on traditionally produced
copper cavities to clean and smooth the inner surface [19].
SUBUS solution contains sulfamidic acid (H;NO3;S —
99.0%, 5 g/L), hydrogen peroxide (H,0O,; 30%, 50 mL/L),
n-butanol (C,H;,0 — 99.9%, 50 mL/L), and ammonium
citrate (C4H;;NO; — 99.0%, 1 g/L) [19-22]. The treatment
time can vary depending on the final requirements since the
smoothening rate depends on the sample surface/solution
volume ratio [20, 21]. Before the treatment, the substrate
is cleaned in the ultrasound bath with GP17.40 commer-
cial soap. After SUBUS polishing, the sample is placed into
a diluted solution of sulfamidic acid (~5 g/L) for passiva-
tion [19, 21, 22]. The polishing technique removes up to
some microns of material; usually, the entity of the material
removed depends on the method used for shaping the copper
to create a cavity [19].

Samples 1 and 3 were subjected to this chemical pol-
ishing. The temperature during the treatment was set to
72 °C =2 °C. A magnetic stirring of the chemical solution
was maintained during the etching. The total volume of
the solution was 3.1 L. Samples have been soaked into the
SUBUS solution, moving them up and down.
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2.1.4 Electropolishing (EP)

Electropolishing is gaining more and more interest as sur-
face finishing post-treatment for 3D-printed parts; it is
another well-known surface preparation process because it
is suitable for geometrically complex and small objects [23],
where other polishing technologies are not possible, as in the
case of abrasive polishing. Moreover, this treatment can be
applied to most of the metals and their alloys, also because
the working principle is rather simple: the objects to be pol-
ished are immersed in a bath and they represent the anode
of the electrical circuit. The bath is made of an electrolyte
or a mixture of several compounds; the chemical nature of
the electrolytic solution is specifically determined by the
metal or the alloy that must be treated [20, 24]. Concerning
copper, the electrolytic bath is made of phosphoric acid and
butanol (volume ratio of 2:3). The process can be done at
room temperature and the current intensity can vary: it can
be higher in case a bath agitation is needed, or lower in case
it is important to avoid bubbles formation [20].

A surface is characterized by a sequence of peaks and
valleys: when a current and a certain voltage are applied, the
surface is smoothed thanks to the dissolution of the peaks
into the electrolytic bath. This happens because the electrical
resistance of the peaks is lower than the resistance of the val-
leys; in other words, the current intensity is higher on peaks
with respect to recesses: this leads to a selective action and
thus a higher rate of dissolution of the tips [25].

Voltage, current density, and treatment time can be tuned
to identify the optimal conditions for the specific application
and material.

The technique is getting more and more interest also for
additively manufactured components, where the geometrical
constraints of the printed objects do not allow the exploita-
tion of more traditional processes: fluid-based approaches
like electropolishing (EP) can reach hidden areas very eas-
ily [23].

The advantage of EP is that it is a very quick process,
compared to other processes such as Centrifugal Barrel Pol-
ishing (CBP) [26], but the minimum achievable Ra depends
on the initial surface conditions because EP operates mainly
on micro-roughness. So, EP is the final treatment in most
cases.

Samples 2 and 4 were subjected to EP treatment. Voltage
ranged between 5 and 2 V. The planar cathode was main-
tained at 1 cm from the samples.

In general, chemical polishing (SUBU) may produce pit-
ting on the surface, while electropolishing (EP) allows to
obtain a very smooth, morphologically homogeneous, and
free of defect surface, like pitting or scratches, that indicates
that it could be the most appropriate treatment for the prepa-
ration of the copper surface.
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2.2 Roughness measurement

Roughness has been measured on the down-skin region
(highlighted in Fig. 5) by means of the two-dimensional con-
tact instrument Mahr Perthometer PGK120 (Mahr GmbH,
Gottingen, Germany). Linear profiles have been evaluated
(sampling length 5.6 mm, evaluation length 4 mm, cut-off
0.8 mm).

The recorded data need to be elaborated using filters
because not all the irregularities are due to a rough surface;
for instance, surfaces can be divided into periodic surfaces
and non-periodic ones: for example, the former comes from
traditional machining, such as turning, where the tool pro-
gressively creates grooves along the piece; in this case, a
waviness filter must be applied. Otherwise, the shape of the
surface alters the measurement. Non-periodic surfaces, on
the other hand, are not characterized by a well-defined undu-
lation. Most of the time the discrimination between periodic
and non-periodic profiles is left to the discretion of the user,
but it must be said that additive-manufactured surfaces can
be treated as non-periodic, as in this work. In this specific
case, a standard Gaussian filter has been applied and the
measures have been performed on the most planar regions.

Roughness can be expressed by means of several param-
eters; the most important ones for the discussed case are
exposed.

Ra: arithmetic average roughness or arithmetical mean
height. It is a widely used parameter and it can be defined
as the average value of the filtered roughness profile with
respect to the center line within the evaluation length

Fig.5 The area highlighted in yellow is the examined region

(which is the length along a given direction used for
assessing the profile under consideration).

1 L
Ra= —/ |Z(x)|dx (1)
LJ

where x is the position at which the height of the profile Z(x)
is evaluated. Clearly, a profilometer can measure discrete
elements, so the integral becomes a summation:

1 N

Ra=5 X212 @
where N is the number of the acquired points and Z, is the
height of the generic acquisition point.

This parameter is useful for general quality control, but
it does not describe the shape of the surface, because it
takes into account only the height of peaks, not their width
or frequency. Some surfaces can have the same Ra value,
but their profile could be totally different.

Rp: maximum height of the peaks. This parameter indi-
cates the distance between the mean line and the highest
peak within the sampling length (which is the length along
a given direction used for identifying the irregularities
characterizing the profile under evaluation).

Rp = max(Z(x)) ?3)

Rv: maximum depth of the valleys. It is similar to the
Rp parameter, but it indicates the profile valley depth, that
is, the lowest point of the deepest valley within the sam-
pling length.

Rv = min(Z(x)) 4)

Rz: ten-point height. It indicates the sum of the average
height of the five highest peaks and the average depth of
the five deepest peaks within the sampling length. The
exact definition of this parameter changes according to the
considered standard (ISO, DIN, etc.).

Rz=Rp+Rv Q)]

Another parameter is Rg, which is the root-mean-square
roughness of the assessed profile, evaluated within the
sampling length. It represents the standard deviation of
the distribution of surface heights.

1 L
Rq = 7 / 0Z2(x)dx 6)

The digital implementation becomes:
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R s>

Fig.6 Downward facing surfaces of the four samples. Sample 1 =18°, sample 2=28°, sample 3=23°, and sample 4 =18°

Fig.7 Mass (a) and aver-
age roughness (Ra) (b) of 84
samples 1 and 2 83 4 82795 8115 g 9g9 81823 81749

82 1
81 1
80 -
79 A
78 A
77 A
76 -
75

Mass [g]

45 -
] —e— Sample 1
“e - -« - Sample 2

=n
Ra [um]
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Table 2 Roughness

Sample no Step no Ra (um) Rp (um) Rv (um) Rz (um) Rg (um)
measurement on samples 1 and

2 after each step 1 As-built 343+4.1  734%94 93.5+1.0 167.0+£20.5  42.6+5.8
1 15.0+5.3 70.1+184 38.1+9.5 70.1+18.4 182+64

2 11.5+3.7 21.0+6.9 33.1+10.9 54.1+17.5 144+5.0

3 104+2.3 53.5+11.6 36.0+8.9 53.5+11.6 14.0+2.9

4 10.1+2.9 17.7+5.2 28.6+5.5 46.3+10.5 12.7+3.3

5 9.1+29 16.2+4.2 27.9+11.8 44.1+15.7 11.9+3.9

6 83+24 16.1+4.6 30.5+2.9 46.6+10.7 12.0+2.9

7 59+2.6 11.2+5.1 20.1+6.2 31.3+10.6 82+3.5

8 59+24 11.0+4.2 19.6+9.3 30.6+13.3 8.5+3.4

9 49425 74+3.4 15.7+7.7 23.1+10.4 6.5+3.3

10 39+1.1 7.8+2.5 13.6+2.6 21.5+5.0 50+1.1

1 ch-mec 0.8+0.3 1.4+0.4 2.7+04 42+0.7 1.2+0.5

2 ch-mec 0.8+0.2 1.6+£0.2 3.1+0.8 4.6+0.7 1.0+0.3

2 As-built 27.6+4.6 63.4+13.5 63.9+6.2 127.2+19.2 33.7+5.6
1 16.4+2.0 39.0+2.9 439+5.3 83.0+38.1 204+2.4

2 11.0+1.6 19.3+3.1 31.3+2.8 50.6+4.8 134+14

3 9.1+23 17.2+5.2 27.7+6.3 442+11.3 11.5+3.1

4 95+14 17.4+2.8 349+5.6 52.3+6.2 11.8+1.9

5 94+14 16.5+2.2 30.6+3.3 47.2+4.9 11.8+1.4

6 8.6+1.5 15.0+2.7 30.4+4.2 454+6.6 112+1.6

7 6.6+2.4 11.5+4.8 248+5.5 36.4+9.9 8.8+2.9

8 6.5+2.0 11.9+29 23.7+39 355+6.7 8.7+2.0

9 54+1.4 89+24 17.7+3.8 26.6+5.3 69+14

10 42+0.8 79+1.1 13.7+2.1 21.6+3.2 5.8+1.3
1 ch-mec 0.6+0.2 1.1+0.3 22+03 3.8+0.3 0.80+0.3

2 ch-mec 0.6+0.1 1.1+0.1 2.6+0.2 3.7+0.1 0.7+0.1

N

Ra and Rq are similar, but Rq is more sensitive to the
irregularities and changes of the profile than Ra and it is
generally higher in value [27, 28].

Rp, Rv, and Rz are defined as discrete parameters because
they refer only to a single peak, while Ra and Rq are not
discrete because their values come from the assessment of
an entire segment of a profile.

Five radial profiles have been assessed on each sample,
and after each treatment step, the average results for each
measure will be exposed in the next section.

2.3 Material loss

The material loss gives information on how much the treat-
ment is aggressive: if the material removed is high, this
could be an issue because it would mean that the geometry
could sharply change; cavities are specifically designed to
create a resonance with the working radiofrequency applied.
Each specimen was weighed before and after each treatment

step, both for the mechanical and the chemically assisted
treatments.

3 Results and discussion

The specimens have been printed successfully even with a
minimum inclination angle of 18°. The quality of the down-
skin was poorer for the sample with the minimum angle with
respect to the samples with the angles of 23° and 28°. In
Fig. 6 are reported the specimens upside-down to show the
down-skin from the macroscopic point of view.

From Fig. 7, it is possible to see that mechanical treat-
ments are good if it is necessary to quickly reduce the rough-
ness, especially if the initial roughness is high, as in the case
of the 3D-printed components. But after 4-5 steps the pro-
cess does not improve the surface quality anymore: the Ra
could not go below 9 pm. Other treatments were required,
because Ra values were still too far from the target (1 pm),
indeed some different media have been adopted: at step 6 Cu
needles were used despite of spherical stainless-steel media
of the previous steps; this is because copper density is higher
than the stainless-steel’s one. Thus, the abrasive action is

@ Springer
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Fig.8 Mass (a) and average

roughness (Ra) (b) of samples
3 and 4
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higher; then at step 7 the abrasive paste was also changed,
corundum powder replaced the RSP 587 abrasive paste, and
from step 9 diamond powder replaced the corundum pow-
der. The abrasive paste was changed due to the necessity
of a higher abrasive action for removing a higher amount
of material from the surface. The initial down-skin rough-
ness ranged from 30 to 35 pm, in as-printed conditions. The
mechanical treatment turned out to be very efficient during
the initial stages since the roughness after the first step was
a half with respect to the initial value (15-16 pm), and a
third of the initial value after the second step (11 pm). Then
the efficiency of the treatment decreased, and roughness fol-
lowed an asymptotic behavior, here is why a change in the

@ Springer

abrasive paste and media was necessary. Indeed, different
media allowed to enhance the smoothness of the surface,
and at the end of step 10, a Ra of approximately 4 pm has
been achieved. The material loss was also measured and
after the first step the removed mass was less than 1 g; mov-
ing forward with the steps, the loss became lower and lower.
Thus, the amount of the material removed resulted almost
negligible. The trends of mass and roughness are visible
in Fig. 7a and b, respectively, and roughness values are
reported in detail in Table 2.

The mechanical mass-finishing process is quite efficient,
especially at the first stages, but very slow. Moreover, the
smoothening occurs only because of the cutting of the peaks,
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E:;:uieigztggﬁesfmples 3 and Sample no Step no Ra (um) Rp (um) Rv (um) Rz (um) Rq (um)
4 after each step 3 As-built 33.8+4.5 743+9.3 84.0+7.0 1584161  44.5%22
1 208+2.6 37.1+7.8 54.1+£39 91.2+11.2 25.8+4.4
2 159+44 262+6.6 43.8+29 69.9+8.8 20.4+4.1
3 10+£4.8 17.3+8.1 25.14+9.0 42.4+16.6 125455
4 22410 37+x14 54+1.1 9.1+25 4.0+2.9
5 08+04 1.7+06 2.8+1.0 45+1.5 1.1+0.6
4 As-built 348+1.7 70.6+2.2 85.0+£13.2 162.5+13.3 38.9+8.3
1 202+22 91.7+11.6 52.6+10.5 91.7+11.6 25.8+4.1
2 159+3.0 304+63 33.6+6.4 63.9+13.5 18.8+4.0
3 10.3+29 17.55+4.0 269+7.6 445+11.5 13.7+3.6
4 30+1.6 4.6+23 7.5+2.3 12.1+4.6 42+23
5 09+03 1.1+03 2.9+0.5 4.1+0.7 1.1+£04

Probe

Material

Fig.9 If the tip radius is too big, the probe cannot analyze the deep-
est valleys, altering the roughness results

but the valleys remain, so a very long treatment would be
necessary in order to eliminate the holes. Once the peaks are
smoothed, roughness is mainly determined by the valleys;
indeed, the decrease of Rp values is faster than the Rv ones

(Table 2). This means that an important amount of material
should be removed to eliminate the negative discontinuities,
and this causes a slowdown of the treatment effectiveness.

In addition, this treatment is suitable only for samples
with a certain geometry: if the object has very small details
or an intricated structure, the application of such treatment
may not be recommended and efficient, because the medium
could not reach all the corners and surfaces.

On the other hand, the chemically assisted treatment
partly overcomes the issues of the mechanical treatment,
because the chemical compound is aggressive and able to
remove material from the surface itself: for this reason, the
material loss (visible in Fig. 8a) is high and this is negative
for the geometrical characteristics, as previously explained;
however, it has a positive effect on the surface smoothen-
ing. Concerning samples 3 and 4, roughness decreased less
rapidly with respect to the mechanical tests after the first
three steps (the initial value was ~34 um, as can be seen in
Fig. 8b), so, starting from step 4, the chemical compound

c ‘.

Fig. 10 OM images of down-skin surfaces of samples 1 (top) and 2 (bottom) in as-built conditions (a), after step 5 (b), after step 8 (c), and after

step 10 (d)

@ Springer
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Fig. 11 OM images of down-skin surfaces of samples 3 (top) and 4 (bottom) in as-built conditions (a), after step 3 (b), after step 4 (c), and after

step 5 (d)

Fig. 12 Details of sample 1
(top) and sample 2 (bottom)
after two chemically assisted
treatment steps: the surfaces
show a different aspect with
respect to samples 3 and 4. The
action of the chemically assisted
treatment was different

Sample 1

Sample 2

was used at a higher concentration. The roughness value
decreased incredibly quickly after steps 4 and 5, and the Ra
achieved roughly 0.8 um (Table 3).

The chemically assisted treatment seemed to be the best
choice between the two mass-finishing approaches for its
capability in reducing roughness down to the target value.
Nevertheless, the material loss is something that needs to be
taken into account; in fact, for this treatment at least 10 g of
material was lost for each specimen, while the total material
loss due to the mechanical treatment is about 2 or 3 g.

However, it must be pointed out that the initial rough-
ness value is surely underestimated: it could be more precise

@ Springer

saying that the initial roughness was higher than 30-34 um.
This is due to the fact that a contact instrument might affect
the roughness estimation, because this profilometer meas-
ures the surface imperfections touching the material with a
probe tip (the usual tip radius is 2 pm): the radius of the tip
can be bigger than the space between two adjacent peaks.
For this reason, the probe cannot analyze the deepest val-
leys of a surface (Fig. 9). Another problem of the contact
profilometer comes up with “soft” materials: if the speci-
men to be analyzed is characterized by a very low hard-
ness, the probe tip could scratch the surface, altering the
measurement.
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Fig. 13 OM images of down-
skin surfaces of sample 1 (top)
and 2 (bottom) after the first

(a) and second (b) chemi-

cally assisted treatment steps
performed. The surfaces are not
homogeneous as in the case of
samples 3 and 4

Fig. 14 Details of sample 3
(top) and sample 4 (bottom)
captured with OM. Surfaces
are generally very smooth, but
some pores are extremely dif-
ficult to eliminate

Sample 3

@ Springer
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Fig. 15 Samples 1 and 3 after SUBUS. Dark spots, probably due to
SUBUS treatment, are clearly visible on the surface of sample 1

Fig. 16 Samples 2 and 4 after EP treatment

In both cases, the roughness measured is not the real one.

Concerning the surface aspect, it is evident how the con-
ventional mass-finishing treatments work: on samples 1
and 2, peaks are smoothed and “cut” by the abrasive bodies
while the valleys are not modified by the media (Fig. 10).
On the other hand, chemically assisted mass-finishing pro-
cesses performed on samples 3 and 4 are more homogene-
ous in their action: the whole surface (peaks and valleys) is
etched by the chemical solution, and peaks are smoothed
by the solid medium similarly to the mechanical treatments
(Fig. 11).

However, it must be noticed that, after 10 steps of
mechanical treatments, the chemically assisted treatments
performed on samples 1 and 2 produced a completely dif-
ferent texture on the surfaces (Figs. 12 and 13).

At the same time, scratches and dark areas are clearly
visible on the micrographs at higher magnitudes regarding
samples 3 and 4 (Fig. 14): that could be caused by the manu-
facturing technology or by the solid (metallic or ceramic)
media. Scratches are presumably due to the media, while
the dark areas could correspond to artifacts generated by
the additive manufacturing, maybe because of non-optimal
printing parameters or because of the lack of supporting
structure that contributed to generating irregular surfaces.

Despite the good Ra value achieved with chemically
assisted treatments, bigger pores could not be eliminated
easily, and they represent possible contaminated sites,
because the reagent and waste compounds accumulate there,
and they are extremely difficult to wash away (Fig. 14).

Samples 1 and 3 have been treated with SUBUS. The
treatment lasted 13 min, and less than 10 pm of material has
been removed from the surface. The surfaces here are shiny
and mirror-like (Fig. 15), but irregularities due to AM build-
ing process are evident: the surface is still wavy. In this case,
it is possible to see some point-like defects on the internal
surface (down-skin). The non-homogeneous behavior of the
chemical polishing might be due to different grain orien-
tation of the copper surface and/or the microscopic struc-
tures (pores or microscopic asperities) produced by AM.
Literature [20, 22, 29] confirms the pitting produced by the
treatment also on bulk copper samples; this could generate
a higher surface roughness compared to the EP-treated sur-
faces. Samples 1 and 3 look similar, except for some dark
areas on sample 1. These darker regions look like oxidized
copper. Recent works [22] revealed that dark brown color
develops on the surface of the substrate when acid is com-
pletely consumed and oxide formation starts; this happens
when the final cleaning stage is not performed properly and
a small amount of acid remains on the surface, but further
investigations need to be carried out to understand if these
spots and their distribution are caused by SUBUS, by the
prior smoothening treatments (conventional mass-finishing
treatment + chemically assisted mass-finishing treatment) or
by the manufacturing method. The first two hypotheses seem
to be the most realistic, considering that sample 3 does not
show any spots.

Electropolishing was tested on samples 2 and 4; the
treatment lasted 1 h and the process removed roughly less
than 40 pm of material. The action of the EP occurred

Table 4 Roughness

Sample no Treatment Ra (um) Rp (um) Rv (um) Rz (um) Rq (um)
measurements after the final
surface treatments for all the 1 SUBUS5 0.9+0.2 1.6+0.5 2.0+0.6 3.7+0.6 12403
samples 2 EP 0.6+0.1 11+0.1 17402 2803  07+0.1
3 SUBU5S 0.4+0.1 0.9+0.2 1.3+0.6 2.2+0.8 0.6+0.2
4 EP 1.1+0.3 1.2+0.4 29+09 41+13 1.3+0.5
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on the whole surface, not only the internal one; thus, the
material removal concerns the entire surface.

The surface looks very smooth and bright, near to mirror-
like aspect (Fig. 16), even though the irregularities due to the
AM are still clearly visible, like on SUBUS5-treated samples.
There are no evident differences between samples 2 and 4
after the EP treatment, but the surface is wavier on sample
4 because of the 18° of inclination.

Roughness measurements after the polishing treat-
ments revealed the smoothening action of EP and SUBUS
(Table 4). It is evident that Ra values are roughly the same
with respect to the Ra reported in Tables 2 and 3, but gen-
erally, the values are higher, except for sample 3, which
abundantly decreased the values. This could be due to the
heterogeneity of AM surfaces; the measure could be strongly
affected by the examined region. What is important to note
is that the Rz roughness is lower than before polishing; this
means that surfaces are more planar, and the difference
between peaks and valleys is reduced. Surfaces are more
uniform; indeed, the standard deviation is generally lower if
compared to the values reported in Tables 2 and 3. As long
as it is a discrete parameter, Rz could be a more reliable
indicator with respect to Ra and Rq to evaluate the results,
since Ra and Rq are averaged values and might not represent
properly the surface conditions (i.e., different surfaces can
show the same Ra values).

4 Conclusions

A preliminary analysis to demonstrate the quality assurance
of surface finishing treatments was conducted on copper
AM samples. Additive manufacturing of copper revealed
to be a promising production technology also for peculiar
geometries characterized by very low inclination angles of
the downward facing surfaces. In the discussed work, the
absence of supporting structures was mandatory, but the
printing process showed that inclined copper structures with
an angle of 18° can be printed without supports. Down-skin
roughness of as-built samples is high for the design requests;
thus, different finishing techniques have been investigated.
To achieve the desired down-skin roughness, post-process
treatments are essential: this is a general issue that can be
referred to for the main metal powders processed via LPBF.
In this work, conventional mass-finishing treatments quickly
reduced the initial roughness and at the same time the mate-
rial removal was minimal, but the effectiveness of such
treatment decreased step after step. Chemically assisted
mass-finishing processes, on the other hand, are easily tun-
able in their efficiency. Increasing the concentration of the
chemical compound, the smoothening effect can go beyond
the asymptotic behavior that characterizes the conventional
process: the compound can penetrate into the valleys since

it has no hindrance, so the whole surface that is exposed is
involved. However, even if the roughness reduction is more
efficient, the material loss is extremely high if compared to
the mechanical treatments, and this could be the main aspect
that limits the application of such smoothening treatment.
The post-processing could be optimized by combining the
two procedures: initial mechanical treatment steps can dras-
tically reduce the roughness, and then chemically assisted
steps could be performed to achieve the targeted Ra value.

All the samples treated with mechanical or chemically
assisted mass-finishing techniques achieved a down-skin
roughness lower than 1 pm, starting from 30 to 40 um in
as-built conditions. To further increase the surface quality,
further polishing treatments, such as EP (samples 2 and 4)
and SUBUS (samples 1 and 3), were implemented.

Both generated final mirror-like surfaces; the action was
similar for samples characterized by a different smoothening
history (i.e., SUBUS was tested on sample 1 and sample 3,
treated with conventional mass-finishing treatment + chemi-
cally assisted treatment and only chemically assisted treat-
ment, respectively). But on the surfaces etched with SUBUS,
pitting has been generated and sample 1 developed darker
spots on its down-skin face, while the EP produced very
smooth and homogeneous surfaces.

Further investigations and studies need to be carried out,
in order to get the best as-built surface properties and repro-
ducible results. Printing parameter optimization could lead
to better down-skin homogeneity. Post-printing treatments
need also to be optimized: it is necessary to create the best
combination between mechanical treatments, chemically
assisted processes, EP, and SUBUS treatments, in order to
get the most efficient procedure that minimizes the process-
ing time (in terms of steps/treatment time for each process)
and the material loss, and at the same time maximizes the
smoothening action.

The finishing procedure, in this work, can be considered
as a general purpose to treat irregular rough surfaces, typical
of additive manufactured surfaces.
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