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Abstract: Laser-based powder bed fusion (L-PBF) is an additive manufacturing (AM) technique that
uses a computer-controlled laser beam as the energy source to consolidate a metal powder according
to a layer-upon-layer strategy in order to manufacture a three dimensional part. This opens the way
for an unprecedented freedom in geometry, but the layer-wise build-up strategy typically results in a
very poor surface finish, which is affected by the staircase effect and by the presence of partially molten
particles. Surface finishing treatments are therefore necessary to obtain an adequate surface finish, to
improve the fatigue behavior and to meet mechanical and aesthetic needs. The present contribution
systematically compares numerous surface finishing techniques, including laser shock processing,
plastic media blasting, sand blasting, ceramic shot peening and metal shot peening with steel particles
of different sizes (φ = 0.2 mm and φ = 0.4 mm). The results show that all the proposed methods
improve the surface quality and the fatigue life of A357.0 L-PBF parts. However, the achievement of
the lowest surface roughness does not necessarily correspond to the best fatigue performance, thus
suggesting that multiple mechanisms may be active and that besides surface roughness also residual
stresses contribute to increase the fatigue strength.

Keywords: A357.0; laser-based powder bed fusion; additive manufacturing; surface finishing; surface
roughness; fatigue; plastic media blasting; sand blasting; shot peening; laser shock processing

1. Introduction

At present, laser-based powder bed fusion (L-PBF) is the prevailing additive manufacturing (AM)
technique to produce metal-based parts [1]. A powder bed is selectively melted (or sintered) and
solidified layer-upon-layer by a laser beam that is computer-controlled according to an assigned model,
which can be either a computer-aided-design (CAD) or a tomography-based project. The process is
repeated until the intended geometry is completed [2].

L-PBF paves the way for the production of extremely complicated parts, conformal channels and
assemblies, with substantial advantages for high-end applications in the automotive, aeronautic and
biomedical fields. Moreover, since the total cost per part in L-PBF depends on the volume of the part,
especially its height, rather than on its shape [3], geometric complication comes at no cost and therefore
L-PBF offers the opportunity to manufacture customized and one-of-a-kind parts economically [4].
However, L-PBF is still a recent technique and, for this reason, very few feedstock materials are
currently available on the market [5]. Recently, substantial progress has been achieved to extend the
range of raw powders that may be successfully used for L-PBF. In particular, great attention has been
paid to emerging metal-based composite systems [6,7]. Nonetheless, according to a recent survey [8],
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fewer than 50 different metals and alloy compositions are currently commercialized as atomized
powders from about 15 suppliers and are processed in AM at various technology readiness levels.
Moreover, the selection of the optimal alloy for fabrication purposes is not straightforward, because
the research is still on-going and because materials and processes in AM are interdependent [9]. As a
consequence, a gap still exists between the range of materials that are ready to use in AM industry in
comparison with conventional casting and forging processes.

Generally speaking, the assessment of part quality for components produced by means of AM
is still the object of intensive debate in the literature [10], although the American Society for Testing
and Materials International (ASTM) is publishing specific technical standards [11,12]. Moreover,
the behavior of L-PBF components in service conditions must be improved further to support the
widespread diffusion of this technique. In particular, very few contributions have been dedicated so far
to the systematic investigation of the fatigue behavior of L-PBF components under cyclic loading [13–19].
Another hurdle to face is the relatively poor surface quality of L-PBF parts. In fact, the staircase effect
that derives from the layer-wise build-up strategy and the presence of satellite particles that adhere to
the surface of L-PBF usually result in a high surface roughness [20]. The surface quality is influenced by
the size and shape of the feedstock particles, as well as by numerous processing parameters including
energy density, building orientation and layer thickness. Also hatching distance, scan pattern and
re-melting strategies, and even gravity may affect the surface quality [21–23]. Although it is possible
to improve the surface finish through the appropriate choice of starting powder and processing
conditions, the surface roughness of as-built parts is usually in the 25–35 µm range [20]. Surface
finishing treatments are therefore required to allow for correct operation conditions and more reliable
fatigue behavior. However, conventional tooling-based surface finishing methods and post-processing
treatments are incompatible with AM parts. In fact, the geometric complexity that is typical of AM
demands for contactless processes [24]. In this paper, numerous surface finishing treatments are
systematically compared to assess their effects on surface roughness and fatigue behavior of A357.0
parts produced by L-PBF. As a comprehensive retrospect of a wide research activity [18,19,25], the
present contribution takes into consideration:

• Laser shock processing
• Plastic media blasting
• Sand blasting
• Ceramic shot peening
• Metal shot peening with small steel particles
• Metal shot peening with large steel particles

Unlike heat treatments that are intended to modify the volume microstructure of the built part to
change its properties [26,27], laser shock processing, surface blasting and shot peening are specifically
designed to be surface finishing methods. In fact, they improve the surface roughness and, at the same
time, they are known to induce surface compressive stresses that ameliorate the performance and
prolong the life of critical components [28]. As an additional advantage, laser shock processing, surface
blasting and shot peening were chosen because they are all contactless methods. Although they cannot
be applied to internal cavities such as conformal channels, they have no geometry limitations and
therefore they are well suited to treat AM parts.

In laser shock processing, samples are wrapped and surrounded by a transparent layer (often immersed
in water). A laser beam scans the surface passing through the transparent layer. As a consequence, the
surface is heated and instantaneously vaporized. Subsequently, a plasma plume is generated due to vapor
ionization and heating, while the remaining laser beam radiation is additionally absorbed. When the plasma
tries to expand, it remains entrapped between the surface and the transparent layer. This creates a high
surface pressure and ultimately a shock wave that propagates into the material and deforms it plastically. At
the same time, a thin surface layer is heated to very high temperature due to fast heat transfer. The combined
action of the plastic deformation caused by the shock wave and of the superficial heat-up is expected to
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impose compressive residual stress to a depth of some hundreds of microns [19,29]. According to recent
studies, besides creating a beneficial compressive stress state, laser shock processing is thought to help
closing the pores near the surface of AM aluminum alloys (AlSi10Mg) [30].

Plastic media blasting, originally proposed to substitute methylene chloride paint stripping in
the aerospace industry, uses soft and angular plastic particles as the blasting medium [31]. The basic
advantage of plastic media blasting is that soft particles pneumatically applied at low pressure (typically
1.4–2.8 bar) can remove the external surface layer without interfering with the underlying material,
even if the substrate is a relatively delicate material such as aluminum. Since the part is not deformed
and warped, geometric constraints can be easily respected [32]. During sand blasting, fine and irregular
ceramic particles hit the surface of the metal part at high velocity under controlled conditions. Sand
blasting is applied not just to ameliorate the surface finish, but also to improve the fatigue life of metal
workpieces. In fact, the important near-surface plastic deformation that is caused by sand blasting
is responsible for work hardening and for developing compressive residual stresses [33]. As far as
shot peening is concerned, ceramic or metal particles strike the metal part and create multiple, partly
overlapped dimples. The repeated impact of the impinging medium causes sturdy compressive
stresses, as high as 600 MPa [15], that improve fatigue behavior and corrosion resistance [34]. Although
optimizing the shot peening parameters to control the residual stress intensity and distribution, shot
peening is already the most popular surface treatment for metal parts produced by means of the PBF
technique [35].

2. Materials and Methods

2.1. L-PBF Conditions

A357.0 (also known as A357 or A13570, although A357.0 is the official designation for this alloy
recommended by the Aluminum Association—American National Standards Institute, AA-ANSI [36]
was used to build the samples and to test the effect of surface finishing on roughness and fatigue
behavior. The samples were produced on an X Line 2000R Concept Laser equipment (Concept Laser
GmbH, Lichtenfels, Germany) according to the set of parameters listed in Table 1, which correspond to
the optimized processing conditions to minimize microstructural defects and residual pores in the
finished part, as described in preliminary investigations [18,19,25]. A stripes scan strategy was used
for the core, while two contour passes were applied to the skin. The baseplate was pre-heated to 200 ◦C
in order to cause an in situ aging effect that reduced the anisotropy of the finished part and to diminish
the residual stress state by slowing the cooling rate [14,37]. As shown in Figure 1, the geometry of the
samples complied with the prescriptions of UNI EN 3987:2010 standard [38] and the orientation was
kept parallel to the growth direction (Z axis), which is considered the most challenging condition for
fatigue resistance [39].

Table 1. Processing parameters applied to build the A357.0 samples on an X Line 2000 R Concept
Laser equipment.

Processing Parameters Set Values

Scan strategy Skin-core
Skin-core transition depth 2 mm

Skin-core overlap 0.5 mm

Power
Core: 950 W
Skin: 750 W

Scanning speed Core: 2000 mm/s
Skin: 1875 mm/s

Hatch distance
Core: 0.2 mm

Skin: Not applicable
Spot size 400 µm

Layer thickness 50 µm
Inert gas Nitrogen

Platform temperature 200 ◦C
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Figure 1. Fatigue test samples: (A) geometry and size, and (B) building orientation . 

2.2. Surface Finishing 

The surface finishing methods applied to the A357.0 parts before fatigue testing were: 

1. Laser shock processing: as detailed in a previous contribution [19], each sample was treated 
singularly and the main axis on the laser shock processing equipment was kept parallel to the Z 
axis so as to control the rotation properly, thus ensuring a complete and uniform treatment of the 
surface; 

2. Plastic media blasting: pressure: 3 bar, distance: 0.3 m, medium: thermoset urea formaldehyde 
particles (MIL-P-85891A, Type II), density 1.47–1.52 g/cm3 [40]; 

3. Sand blasting: pressure: 3 bar, distance: 0.3 m, medium: Zirblast ceramic particles (composition: 
ZrO2 60–70%, SiO2 28–33%, Al2O3 < 10%)(SEPR Saint-Gobain ZirPro, Le Pontet Cedex, France), 
density 3.85 g/cm3 [41]; 

4. Ceramic shot peening: medium: zirconia-based ceramic Z210 Zirshot particles (composition: 
ZrO2 60–70%, SiO2 28–33%, Al2O3 < 10%) (SEPR Saint-Gobain ZirPro, Le Pontet Cedex, France), 
density 3.85 g/cm3, ϕ = 0.21–0.30 mm [42], 4–6 Almen A [43]; 

5. Metal shot peening (small particles): medium: steel S70 particles, ϕ = 0.2 mm, 4–6 Almen A; 
6. Metal shot peening (large particles): medium: steel S170 particles, ϕ = 0.4 mm, 8–10 Almen A. 

The surface coverage, which represents the extent of the original surface area that is obliterated 
by dents, was 200% for plastic media blasting and for sand blasting, as well as for ceramic and metal 
shot peening. 

All the surface finishing processes were performed on A357.0 parts produced according to the 
same parameters previously listed in Section 2.1 in order to have comparative results. In fact, all the 
as-built parts were analogous and therefore the differences observed on the surface finished parts 
were due only to the surface finishing treatments. 

2.3. Measurement of Surface Roughness and Observation at the Scanning Electron Microscope  

Figure 1. Fatigue test samples: (A) geometry and size, and (B) building orientation.

2.2. Surface Finishing

The surface finishing methods applied to the A357.0 parts before fatigue testing were:

1. Laser shock processing: as detailed in a previous contribution [19], each sample was treated
singularly and the main axis on the laser shock processing equipment was kept parallel to the Z
axis so as to control the rotation properly, thus ensuring a complete and uniform treatment of
the surface;

2. Plastic media blasting: pressure: 3 bar, distance: 0.3 m, medium: thermoset urea formaldehyde
particles (MIL-P-85891A, Type II), density 1.47–1.52 g/cm3 [40];

3. Sand blasting: pressure: 3 bar, distance: 0.3 m, medium: Zirblast ceramic particles (composition:
ZrO2 60–70%, SiO2 28–33%, Al2O3 < 10%)(SEPR Saint-Gobain ZirPro, Le Pontet Cedex, France),
density 3.85 g/cm3 [41];

4. Ceramic shot peening: medium: zirconia-based ceramic Z210 Zirshot particles (composition:
ZrO2 60–70%, SiO2 28–33%, Al2O3 < 10%) (SEPR Saint-Gobain ZirPro, Le Pontet Cedex, France),
density 3.85 g/cm3, φ = 0.21–0.30 mm [42], 4–6 Almen A [43];

5. Metal shot peening (small particles): medium: steel S70 particles, φ = 0.2 mm, 4–6 Almen A;
6. Metal shot peening (large particles): medium: steel S170 particles, φ = 0.4 mm, 8–10 Almen A.

The surface coverage, which represents the extent of the original surface area that is obliterated
by dents, was 200% for plastic media blasting and for sand blasting, as well as for ceramic and metal
shot peening.

All the surface finishing processes were performed on A357.0 parts produced according to the
same parameters previously listed in Section 2.1 in order to have comparative results. In fact, all the
as-built parts were analogous and therefore the differences observed on the surface finished parts were
due only to the surface finishing treatments.

2.3. Measurement of Surface Roughness and Observation at the Scanning Electron Microscope

The surface roughness was measured on the as-built samples and on the surface treated ones
according to ISO 25178-603:2013 [44] using a Nikon LV 150 Confovis Microscope equipment(Nikon,
Tokyo, Japan). The following conditions were applied:

• 20X microscopy objective;
• 0.595 µm lateral resolution, 10 nm vertical quantization and automatic field stitching;
• Scanned area of 0.5 mm × 1.5 mm;
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• Three samples for each kind of material
• Map form removal, GAUSS filter ISO 16610-21:2011 [45] with a cut off of 2.5 µm × 2.5 µm, and

bilateral symmetric threshold filtering (for the removal of spikes).
• Potential hurdles that may derive from the high reflectivity of Al alloys [1] were tackled by

applying a double exposure procedure at each site.

Maps were acquired on 0.5 mm × 1.5 mm areas. In order to verify the consistency of the surface
features, three samples were considered for each group and a surface map was scanned on each of
them. The results were highly repeatable for the single groups as the deviation across different samples
of the same group was comparable to the deviation within each map. Since it was not possible to scan
exactly the same areas before and after surface finishing, as-built parts were also analyzed in order to
have a term of comparison.

Following the prescriptions of ISO 25178-603:2013 [44], the maps were processed to determine the
average surface roughness (Sa), the surface kurtosis (Sku, which is representative of the sharpness of
the roughness profile), the surface skewness (Ssk) and the Abbott-Firestone curve to define the reduced
peak height (Spk) and the reduced valley depth (Svk). Due to its popularity in industrial practice, Ra
was determined based on five profiles extracted along the build direction according to UNI EN ISO
4287:2009 [46]. However, besides Ra, areal parameters were considered because they provide a more
robust description of the surface features of AM parts. Moreover, multiple surface parameters were
calculated in order to obtain an appropriate description of the surface properties of the parts, because a
single value brings about a limited amount of information, which is not sufficient to characterize the
surface of AM components [21].

According to the definitions provided by ISO 25178-2:2012 [47], the surface characterization was
complemented by the calculation of the texture aspect ratio (Str) and of the texture direction (Std). Str
spans between 0 and 1 and gives information about the isotropy of the surface features. As the value
of Str approaches 1, the surface is increasingly isotropic. Std expresses the preferential direction of
the surface features. In the present contribution, the vertical axis (namely the build direction) was
considered as the reference axis to determine Std.

The external surface, before and after finishing, was also directly observed under a scanning
electron microscope, SEM (ESEM, Quanta FEI, Eindhoven, The Netherlands), operated in high
vacuum mode.

2.4. Axial Fatigue Tests

Axial fatigue tests to draw the stress-number of cycles (S–N) curves were conducted on an MTS
858 Mini Bionix II (MTS Systems Corp., Eden Prairie, MN, USA). The tests were performed according to
the UNI EN 3987:2010 standard [38], which includes detailed instructions about the initial peak stress
level, the subsequent changes of the maximum stress level and the minimum number of experimental
points. The endurance limit was fixed to 2 × 106 cycles for all samples, as-built and surface finished.
The UNI EN 3987:2010 standard [38] imposes that the initial peak level for fatigue testing must be
defined according to the results of a preliminary tensile test. The outcomes of these static tests were
fully described in a previous paper [25]. Based on the results of the tensile tests, the initial peak stress
level for the fatigue tests was set to 190 MPa, and this value was reduced to 150 MPa for the subsequent
test and then progressively lowered by a step of 20 MPa until the endurance limit was reached (Table 2).
In order to accomplish with the guidelines of UNI EN 3987:2010 [38] to draw the Wohler curve by
using the minimum number of test pieces, at least 15 samples were considered for each group. As long
as the standard does not specify the minimum number of samples that should be tested for each stress
level, at least two samples of each group were cycled at each stress level in order to obtain average
data. The fatigue tests were conducted in air at room temperature. The fatigue behavior of as-built
parts was considered as a term of comparison [18].
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Table 2. Experimental parameters of axial fatigue tests.

Test Parameters Set Values

Wave shape Sinusoidal load from origin (R = 0)
Frequency 5 (Hz)

Peak stress level (σmax) 190, 150, 130, 110, 90, 70, 50 (MPa)

2.5. Fractography and Cross Sectional Observation

For each kind of material, the fracture surface of both samples that had failed under the maximum
stress level of 110 MPa was observed with the scanning electron microscope, SEM (ESEM, Quanta FEI,
Eindhoven, The Netherlands), operated in high vacuum mode. These samples were considered for the
SEM analysis because 110 MPa was the lowest value of the maximum stress level that caused all the
specimens to fail before reaching the endurance limit of 2 × 106 cycles.

In order to obtain additional information about the microstructure of the samples before and after
surface finishing, one specimen for each kind of material was cut normal to the growth direction and
the cut surface (parallel to the powder bed) was polished and etched with the Dix-Keller reactant
(HF 2% vol, HCl 1.5% vol, HNO3 2.5% vol; water bal.). Metallurgical structures at the sub-surface zone
were investigates by a Nova NanoSEM 450 FEG-SEM (FEI, ThermoFisher Scientific, Eindhoven, The
Netherland) in immersion lens mode.

3. Results and Discussion

3.1. Surface Maps

Figure 2 compares the false color views of the surface height maps of the as-built sample and
of the surface finished ones. The surface of the as-built part was the only one that clearly showed
satellites and weakly joined particles, which are typical of L-PBF processing [13]. These protruding
particles were removed as a consequence of surface finishing and this contributed to a substantial
decrease in surface roughness, as further discussed in Section 3.2. Steel shot peening, independently of
the size of the medium, removed or crushed the top of satellite particles, which created hemispherical
marks. The action of ceramic shot peening was more complicated, since the removal of satellite
particles and the plastic deformation previously seen for metal shot peening were also accompanied
by abrasion. After laser shock processing, a wavy pattern could be detected as a consequence of the
propagation of pressure waves, whereas the surface was extremely flat, without obvious marks, after
plastic media blasting.

3.2. Surface Roughness Parameters

The results of the measurement of the surface roughness for the as-built samples and the surface
finished ones are listed in Table 3. All the surface finishing methods significantly reduced the average
surface roughness, Sa, with respect to the as-built condition. The reduction was indeed as high as −77%
for plastic media blasting. The reduction was about −46% for ceramic sand blasting and −51% for
ceramic shot peening and between−65% up to−69% for metal shot peening. The lowest reduction of Sa,
namely −42%, was observed instead for laser shock processing. However, laser shock processing was
very effective to decrease the reduced peak height, Spk, and the reduced valley depth, Svk. Spk is a very
important surface parameter, because it deeply affects abrasive wear resistance [48]. Under this respect,
the least effective treatment was ceramic shot peening that reduced Spk by about −55%, whereas
plastic media blasting ameliorated Spk by about −86%. Skewness, Ssk, is negative if a distribution has
a long flat tail for smaller values. In other words, a surface has a negative skewness (Ssk < 0) if valley
structures are predominant; otherwise, if peak structures are predominant, skewness is positive (Ssk >

0). Interestingly, ceramic shot peening decreased the Sa value but increased the Ssk value with respect
to the as-built sample. In fact, the combined action of ceramic abrasion, local plastic deformation and
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partial removal of satellite particles (where a “satellite particle” is a weakly joined particle with a small
area joined to the surface) greatly decreased the surface roughness and even produced a new “zero”
surface from which the residual abraded and deformed particles emerged. Ceramic sand blasting,
S170 steel shot peening and laser shock processing caused instead a negative Ssk. In fact, ceramic
sand blasting and S170 steel shot peening imprinted hemispherical impact marks on the surface of the
A357.0 parts, which implied the predominance of valleys. In turn, laser shock processing determined
the vaporization of the surface peaks and, accordingly, a predominance of valleys. Kurtosis of the
areal surface (Sku) is lower than 3 when the surface distribution has a shorter and flatter peak than
the standard distribution. In this comparative analysis, the Kurtosis of the areal surface was lower
than 3 (Sku < 3) for all the tested samples, before and after surface finishing. This result is consistent
with the surface morphology of L-PBF parts, which typically present a smooth solidified surface with
spherical particles joined to it [1]. Skewness and Kurtosis are often considered as inadequate indicators
to describe corrugated surfaces [49]. Nonetheless, they are effective to characterize blasted surfaces
and to offer complementary information to correctly interpret the Sa value. Table 3 also reports the
average profile roughness Ra. Although this value is less representative than areal parameters to
describe the surface features of AM parts, it was also included in the calculations due to its widespread
usage in industry. As already seen for Sa, also Ra was substantially lowered after surface finishing,
with a remarkable reduction of −74% after plastic media blasting and a decrease between −58% and
−65% for all the other finishing treatments.Metals 2019, 9, 1284 7 of 20 
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Table 3. Surface roughness parameters of as-built samples and surface finished ones. The values in
parenthesis express (in %) the change in the surface roughness parameters occurred with respect to the
as-built part that was assumed as reference value ("ref."); the sign “−“ stands for a reduction.

Surface Condition Sa (µm) Spk (µm) Svk (µm) Ssk Sku Ra (µm)

As-built 25.9 (ref.) 10.40 (ref.) 7.30 (ref.) 0.204 2.59 14.7 (ref.)
Laser shock processing 14.9 (−42%) 2.07 (−80%) 1.83 (−75%) −0.137 2.09 6.2 (−58%)
Plastic media blasting 6.1 (−77%) 1.48 (−86%) 1.21 (−83%) 0.324 2.62 3.8 (−74%)

Sand blasting 14.0 (−46%) 4.35 (−58%) 3.68 (−50%) −0.130 2.29 6.1 (−59%)
Ceramic shot peening 12.8 (−51%) 4.69 (−55%) 2.46 (−66%) 0.533 2.64 6.2 (−58%)

Metal shot peening, S70 9.0 (−65%) 2.16 (−79%) 1.78 (−76%) 0.018 2.23 5.2 (−65%)
Metal shot peening, S170 8.0 (−69%) 4.17 (−60%) 2.90 (−60%) −0.203 2.62 5.3 (−64%)

Each polar spectrum graph in Figure 3 is based on the Fourier spectrum of the corresponding
surface. The Fourier spectrum of a surface represents the energy content of each spatial frequency
on that surface. For each direction, the amplitudes of the spatial frequency along the radius can be
integrated between two selected values, f min and f max, in order to calculate a parameter that expresses
the spatial frequency content in that direction. The repetition of this operation for all angles between 0◦

and 180◦ generates a polar spectrum like those in Figure 3. The maximum value of the polar spectrum
graph identifies the main texture direction, Std (which is given in degrees, between 0◦ and 180◦) [50].
As shown in Table 4, the value of the texture aspect ratio, Str, of the as-built material was relatively low
as a consequence of the layered morphology that derives from the layer-wise build up mechanism.
The maximum value in the polar spectrum graph in Figure 3A confirmed that the main texture direction
coincided with the orientation of the layers [50]. The Str values calculated for the surface treated
samples in Figure 3B–G were still very similar to the reference datum of the as-built material, thus
suggesting that, apart from sand blasting, a surface texture could be observed also after finishing.Metals 2019, 9, 1284 9 of 20 
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Figure 3. Polar spectrum graphs of as-built samples and surface finished ones. (A) as-built material; (B)
surface finished material after laser shock processing; (C) surface finished material after plastic media
blasting; (D) surface finished material after sand blasting; (E) surface finished material after ceramic
shot peening; (F) surface finished material after S70 metal shot peening; (G) surface finished material
after S170 metal shot peening.
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Table 4. Texture aspect ratio (Str) and the texture direction (Std) of as-built samples and surface finished ones.

Surface Condition Str Std (◦)

As-built 0.629 82
Laser shock processing 0.518 133
Plastic media blasting 0.573 55.5

Sand blasting 0.789 46.5
Ceramic shot peening 0.650 101

Metal shot peening, S70 0.676 30.8
Metal shot peening, S170 0.554 35.5

The results of the surface analysis were substantially confirmed by the direct SEM observation, as
exemplified by the images in Figure 4. Whereas plastic media blasting produced a very smooth surface
finish (Figure 4C), impact marks could be easily recognized on the surfaces treated by sand blasting
(Figure 4D) and by ceramic shot peening (Figure 4E). Metal shot peening, independently of the size of
the media, produced scaly and flaking surfaces (Figure 4F,G). A wavy morphology was instead typical
of laser shock processing (Figure 4B).
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3.3. Fatigue Strength

Figure 5 compares the complete S–N curves and Table 5 reports the maximum stress level that
corresponds to the achievement of the endurance limit of 2 × 106 cycles for the as-built samples and the
surface finished ones. All the samples were cycled along the growth direction that is usually considered
the worst condition due to the layer-wise build-up strategy of L-BPF. As a consequence, the fatigue
strength measured in the present research can be considered as a conservative result [51–53]. Although
comparing the experimental results to the fatigue data currently available in the literature is not
straightforward because different geometries and loading conditions are applied in different researches,
the fatigue performance of the as-built A357.0 parts was comparable to that of AlSi10Mg [13,39].
Based on the Wohler diagram published by Mower and Long [39], in fact, a peak stress level of about
80 MPa led to fatigue failure after 7 × 105 cycles and the fatigue life of 1 × 107 cycles was measured
at about 55 MPa for AlSi10Mg parts axially tested in fully reversed rotating mode. According to
Mower and Long [39], the fatigue behavior was not improved after surface finishing as long as surface
finishing reduced the surface roughness, but also opened sub-superficial pores and defects. In the
present contribution, instead, all the surface finishing methods increased the infinite fatigue life with an
improvement of +40% for laser shock processing and for S70 metal shot peening and of +80% for plastic
media blasting, sand blasting, ceramic shot peening and S170 metal shot peening. Quite interestingly,
sand blasting and ceramic shot peening did not produce the best surface finish (Table 3) and yet
they were very effective to increase the value of σmax corresponding to the endurance limit (+80%,
Table 5). Generally speaking, these data support the idea that the best surface finishing conditions do
not necessarily imply the best fatigue performance. Coherently with the remarks of Aboulkhair et
al. [13], it is plausible that the role of surface quality on fatigue behavior of aluminum-based parts
produced by L-PBF has been overestimated in the available literature. In fact, since the surface of
as-built parts is very heterogeneous (Figures 2a and 4a), surface finishing is effective to reduce the
surface roughness but not to remove all the micro-defects and notches that may generate cracks.
However, after crack initiation, the crack propagation is deeply affected by the stress state that is
induced by surface finishing. This implies that multiple mechanisms may be active besides surface
defects removal. For example, surface finishing may useful to retard the propagation of cracks by
inducing a compressive residual stress state. Uzan et al. [17] studied the consequences of mechanical
and electrolytic polishing after shot peening on AlSi10Mg parts. As a first result, the Uzan et al. [17]
observed a relevant improvement in fatigue resistance after shot peening that derived from strain
hardening and development of compressive stresses in the sub-surface area. Usually L-PBF implies fast
cooling rates and localized thermal gradients that impart complicated residual stresses to the finished
part [54]. However, since Uzan et al. [17] had thermally treated their samples at 300 ◦C for 2 h after
processing, the residual stresses observed in the surface finished components were directly attributable
to shot peening. In the present contribution, no thermal relieve was performed post-processing,
however the baseplate was pre-heated to 200 ◦C to minimize the residual stresses caused by L-PBF
and therefore the residual stresses in the finished parts were mainly originated by surface finishing.
The second result reported by Uzan et al. [17] was that an additional treatment by mechanical or
electrolytic polishing sensibly reduced the surface roughness but slightly increased the fatigue behavior,
thus confirming the conclusion that residual stresses affect the fatigue behavior more than surface
quality does.

The role of residual stresses also justifies the different efficacy of S70 and S170 steel shot peening
on the fatigue strength. In fact, as previously mentioned (Table 5), the maximum stress level (σmax)
corresponding to the endurance limit was increased by +40% when using S70 particles (smaller ones,
with lower Almen A) and by +80% when using instead S170 particles (larger ones, with higher Almen
A). Mehmood et al. [55] observed indeed that larger shots cause stronger residual stresses in the surface
layers of shot-peened specimens as compared to smaller ones. However, this may have negative
consequences on the fatigue life if residual stresses are excessive [55].
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Laser shock processing increased the infinite fatigue life with respect to the as-build parts, but
was less effective than the other finishing methods. As discussed in detail by Gatto et al. [19], laser
shock processing may cause a dominant shock wave on the material and, for high pulse densities, also
thermally induced relaxation [56,57]. In the present contribution, the focal diameter was relatively low
(1.5 mm) in order to induce strong compressive stresses. However, according to the results, it seems
that having deep compressive stresses is more effective than having stronger residual stresses and, for
this reason, a larger spot diameter should be preferred for future optimization studies.
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Table 5. Maximum stress level (σmax) corresponding to the endurance limit of 2 × 106 cycles. The values
in parenthesis express (in %) the change in σmax occurred with respect to the as-built part; the sign “+“
stands for an increase. The as-built part was assumed as reference value ("ref.")

Surface Condition σmax (MPa)

As-built 50 (ref.)
Laser shock processing 70 (+40%)
Plastic media blasting 90 (+80%)

Sand blasting 90 (+80%)
Ceramic shot peening 90 (+80%)

Metal shot peening, S70 70 (+40%)
Metal shot peening, S170 90 (+80%)

3.4. Fractography and Cross Sectional Observation

Generally speaking, the fracture surface of specimens failed under cyclic loading may be
subdivided in three main regions, which correspond to the crack initiation area, to crack propagation
area, where the crack propagates at a constant speed, and the final area. The comparison between the
broken surface (breakthrough crack) of the as-built sample (Figure 6A) and those of the surface finished
ones (Figure 6B–G) shows that the finishing treatments changed the morphology of the external surface
and therefore they also changed the triggering point for crack initiation.
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Figure 6. SEM images acquired on the fracture surface of different samples showing the crack initiation
point: (A) as-built material; (B) surface finished material after laser shock processing; (C) surface finished
material after plastic media blasting; (D) surface finished material after sand blasting; (E) surface
finished material after ceramic shot peening; (F) surface finished material after S70 metal shot peening;
(G) surface finished material after S170 metal shot peening.

However, the first area of the fracture surface had a fan-like shape for all the samples, independently
of the external surface condition. In more detail, the crack consistently started from a single point
and then diverged in a typical fan-like pattern. The crack was likely to run parallel to the external
surface and to undergo a radial bifurcation, with a dramatic impact on fatigue life. Quite often, after
surface finishing the starting point was preferentially located at the interface between a crushed or
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plastically deformed satellite particle and the underlying surface of the sample. The presence of
sub-surface defects, such as pores or unmelted particles, is frequently considered as an important
reason for crack initiation in L-PBF parts. The problem may be even worsened by surface finishing
treatments if a superficial material layer is removed thus opening pores at the skin-core interface [14,55].
However, none of the fracture surfaces observed in this research exhibited this kind of crack initiation.
This is the consequence of two concomitant factors. First of all, the processing parameters in Table 1
were optimized to obtain fully dense parts and to minimize the presence of microstructural defects,
including sub-superficial ones [25]. Moreover, although satellite particles were obviously detached
from the external surface, the surface finishing treatments conducted in the present contribution were
designed to induce a plastic deformation of the surface, rather than a massive removal of material.
The formation of a thin but continuous layer at the boundary between the external surface and the
bulky internal zone of the specimen plays a key role to hinder the crack propagation.

The crack propagation through the second area is controlled by the applied load, by the cross
sectional area of the sample and by the intrinsic properties of the material. When the cross sectional
area becomes lower than a critical value or the stress intensity factor exceeds the fracture toughness
limit or the material strength, the crack propagation enters the third area and depends only on the
properties of the material. The SEM observation suggested that the transition from the second area to
the third one occurred at a distance of some hundreds of microns from the crack initiation point for all
the samples, as-built and surface finished. Moreover, the third area was analogous for all the samples,
with a cellular morphology that is characteristic of polyphase materials [58]. In fact, during L-PBF
processing the solidification mechanisms in A357.0 result into a cellular-dendritic microstructure, where
α-aluminum solidifies first and rejects the excess silicon to precipitate at the cellular boundaries [59].
The hexagonal cells produced by the segregation of silicon are responsible for the development of the
dimples (concavities) in the fracture surfaces that can be seen in Figure 7, as already reported in the
past for AlSi10Mg parts [16,17,60].
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fracture surface.

The polished and etched cross sections of the A357.0 parts before and after surface finishing
with different methods are compared in Figure 8. As already reported in the literature for this kind
of aluminum-based alloy, during processing, as the material cools down, silicon segregates and
precipitates into fine particles that surround the columnar α-aluminum phase [61]. The result is
a grid of hexagonal cells whose size depends on the location within the melt track, as previously
discussed by Trevisan et al. [62]. Based on the micrographs in Figure 8A–F, the metallurgical structure
of the sub-surface zone was similar for the as-built samples and the surface finished ones, apart from
the workpieces treated by S170 shot peening. In fact, as seen in Figure 8G, it is worth noting that
after metal shot peening with S170 particles, which corresponded to the highest Almen A value, the
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silicon-rich particles experienced a coarsening effect, probably as a consequence of local heating and
mechanical strain [13,14,61]. Although additional investigations are required to clarify the existence of
any systematic correlation, it should be noted that, in spite of this peculiar microstructure, no negative
effects were observed for the fatigue behavior of these samples.
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Figure 8. SEM images acquired on the polished and etched cross section (sub-surface zone) of different
samples: (A) as-built material; (B) surface finished material after laser shock processing; (C) surface
finished material after plastic media blasting; (D) surface finished material after sand blasting; (E)
surface finished material after ceramic shot peening; (F) surface finished material after S70 metal shot
peening; (G) surface finished material after S170 metal shot peening.
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4. Conclusions

The surface quality of as-built workpieces produced by L-PBF is a critical issue, since their high
surface roughness may compromise fatigue resistance, aesthetic properties and correct functioning in
service conditions. The present contribution proposes a systematic comparison between numerous
surface finishing methods, including:

(1) Laser shock processing;
(2) Plastic media blasting;
(3) Sand blasting;
(4) Ceramic shot peening;
(5) Metal shot peening (S70 small steel particles);
(6) Metal shot peening (S170 large steel particles).

The results obtained from fatigue tests and surface characterization can be summarized as follows:

• the best surface finishing conditions were achieved by plastic media blasting, which induced
the highest decrease in average surface roughness (Sa, −77% with respect to the as-built surface,
values in Table 3), in reduced peak height (Spk, −86%) and in reduced valley depth (Svk, −83%);

• ceramic shot peening lowered the Sa value (−51% with respect to the as-build part) but increased the
skewness (Ssk,) value (from 0.204 to 0.533) with respect to the as-built sample due to the combined
action of ceramic abrasion, local plastic deformation and partial removal of satellite particles;

• laser shock processing, sand blasting and S170 steel shot peening caused a negative Ssk (−0.137,
−0.130 and −0.203, respectively), which implied the predominance of valley structures on the
finished surface;

• also Ra was lowered after surface finishing, with an important reduction of −74% after plastic
media blasting and a decrease between −58% and −65% for all the other finishing treatments;

• the maximum stress level (σmax) corresponding to the endurance limit of 2 × 106 cycles was 50
MPa for the as-built parts;

• all the surface finishing methods increased the peak stress level corresponding to the endurance
limit of 2 × 106 cycles, with an improvement of +40% for laser shock processing and for S70 metal
shot peening and of +80% for plastic media blasting, sand blasting, ceramic shot peening and
S170 metal shot peening;

• sand blasting and ceramic shot peening did not produce the best surface finishing effect, nonetheless
they sensibly increased the peak stress level corresponding to the endurance limit;

• all the acquired data support the hypothesis that multiple mechanisms may be active and that,
besides the reduction in surface roughness, also the development of compressive residual stresses
is important to improve the fatigue strength of aluminum-based L-PBF parts;

• crack initiation always occurred at the external surface of the as-built and surface finished samples,
often at the interface between crushed or deformed satellite particles and the underlying surface;

• the third and last part of the fracture surface presented a cellular morphology typical of polyphase
materials for all the samples under exam; this derives from cooling mechanisms in L-PBF
manufacturing, where α-aluminum solidifies first and rejects the excess silicon to precipitate at
the cellular boundaries.
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