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A B S T R A C T   

In this work, PEO process was carried out on SLM samples of AlSi10Mg, characterized by different grades of 
porosity, in direct-current mode using high current densities and short time in a basic silicate electrolyte. For 
comparison, the PEO process was also performed on samples of conventional cast AlSi10Mg alloy. The micro
structure and the composition of the coatings was evaluated with SEM and XPS, whereas the phase analysis was 
performed with XRD. The corrosion resistance was analyzed by potentiodynamic polarization (PDP) and elec
trochemical impedance spectroscopy (EIS) tests. 

The parameters used for PEO process allowed to obtain a continuous coating on all SLM samples, but its 
morphology resulted strongly influenced by the initial microstructure of the substrate. The coatings more 
homogeneous and less porous were produced on the samples with initial lower porosity. The corrosion per
formances of all SLM samples improved after PEO treatment and the PEO coatings with lower porosity resulted 
the more corrosion resistant.   

1. Introduction 

Industry is now benefiting from fabricating geometrically complex 
structures using a range of available additive manufacturing (AM) 
technologies. These processes have the potential to fulfil demands for 
reducing design to-manufacture time through replacing a series of 
production processes by a single-step process [1]. Among the AM 
methods, laser-based AM shows a very high potential for producing 
fully dense metallic structures using a variety of available metal pow
ders and has attracted more and more attention [2]. Selective laser 
melting (SLM) is a process that uses high intensity laser as an energy 
source to directly fuse the metallic powder layers successively deposited 
one over the other as ultrathin two-dimensional cross-sections [3]. 
Among Al alloys, AlSi10Mg is the most applied for additive manu
facturing (AM) processing studies, due to its attractive combination of 
mechanical properties, high heat conductivity and low weight, for ap
plication in automotive and aerospace [4]. 

Clearly the corrosion properties play a key role in the industrial 
application of AM objects and, from the literature, the comparison of 
corrosion properties of AM and cast samples of aluminum alloy still 
represents an open question. Some research found improved corrosion 

properties of AM samples, due to the homogenous microstructure and 
the absence of iron-based intermetallic [5,6], whereas other studies 
showed a decrease in the corrosion performances due to the reduced 
protection of the passive layer [7,8]. Despite the large interests and 
investigations about AM Al alloy samples and their corrosion proper
ties, there is a lack of data showing protection methods against corro
sion. Therefore, the aim of this work is to study a specific surface 
treatment to increase the corrosion resistance of SLM AlSi10Mg. 

The most common surface treatment for aluminum alloys is ano
dizing but in literature was found that the anodizing process of AM 
aluminum alloys is characterized by slower kinetics than those of the 
cast alloy material and the oxide layer was generally thinner in the AM 
samples compared to the cast alloy [9]. To overcome the problems in 
anodizing AM AleSi samples, due to the porosity and inhomogeneity in 
the microstructure, Plasma Electrolytic Oxidation (PEO) treatments can 
be tested. Among the surface treatments for Al alloys, PEO process 
seems to be one of the more promising due to the environmentally 
friendly nature of the electrolyte and due to the good properties of the 
obtained coatings [10]. Due to the high voltage, which is above the 
dielectric breakdown potential of the oxide layer, persistent anodic 
micro-discharges are formed on the surface during the PEO treatment 
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and produce the growth of a protective ceramic coating [11]. PEO 
coatings are generally porous [12] and can be proper functionalized in 
order to give to the sample's particular properties [13]. Moreover, 
Snizhko et al. [14] and Sabatini et al. [15] showed that the presence of 
irregularity on the surface (shapes with complex geometries and non- 
line-of-sight areas) and the presence of Si precipitates, less affected the 
growth of the PEO coating in cast Al Alloys, in comparison with ano
dizing. 

The production of PEO coatings on traditional aluminum alloys has 
been extensively studied in literature [16–18]. However, it has to be 
considered that the microstructure of the samples obtained with AM 
techniques is usually totally different from the one obtained on samples 
obtained with conventional manufacturing processes (silicon is uni
formly distributed forming a cellular substructure inside of the melting 
pools, Fe and Mn intermetallic are totally absent) and this can produce 
significant differences during coating process [19,20]. Moreover, the 
presence of the porosity could influence the growth of the oxide layer. 
The use of PEO for AM aluminum alloys represents an innovation. In 
fact, only few works regarding the PEO treatment on AM Ti and Mg 
alloys for biomedical applications can be found in literature [21–24]. 
Regarding the application on Al alloys only one very recent work [25] 
can be found, but regard alternate current (AC) PEO treatment and do 
not focus on the corrosion properties of the sample, whereas about 
corrosion only one preliminary work of the authors can be found [26]. 

The aim of this work is so to produce by SLM samples of AlSi10Mg 
with a wide porosity range, and to use these samples as substrate for 
PEO process, in order to investigate the capability of PEO to protect 
against corrosion SLM samples of AlSi10Mg. The results will be com
pared with the ones of samples of AlSi10Mg produced by conventional 
casting process in order to study the influence of the microstructure on 
the final PEO coating. 

2. Experimental 

2.1. Production and characterization of SLM samples with different porosity 

SLM AlSi10Mg alloy samples of 3 × 2 × 0.2 cm were employed as 
substrate for PEO coatings. The additive manufactured samples, ob
tained by Selective Laser Melting (SLM) were printed with a Renishaw 
AM400. The employed powders (provided by Renishaw, lot number 
UK3402) were obtained by gas-atomization and have an average grain 
size of 40 μm. The printing parameters are summarized in Table 1 and 
were chosen in order to obtain samples with different grades of por
osity. In detail, four different SLM samples were produced and coated 
with PEO. Also, a conventional cast sample of AlSi10Mg was used for 
comparison. 

The surface roughness was evaluated for the different SLM samples 
with a portable roughness meter ARW-100 with a 2.5 mm cut off and a 
total length of the measure of 12.5 mm. The parameters were chosen in 
order to evaluate only the roughness of the surface not considering the 
different porosity of the samples. 

The microstructure of the AM samples was evaluated with a LEICA 
DMRE optical microscope (OM) and a Cambridge Stereoscan 440 
scanning electron microscope (SEM), equipped with a Philips PV9800 
EDS. The samples were polished with standard metallographic 

techniques (grinded until 4000 grit and polished with clothes with 
diamond suspension 6 and 1 μm) and analyzed to determine the por
osity with image analysis using ImageJ software. To evaluate the mi
crostructural features the samples were also etched with Graff-Sargent 
etch (84 ml water, 15.5 ml HNO3, 0.5 ml HF, 3 g CrO3). To evaluate the 
porosity, 10 images for each sample were employed in order to obtain 
representative results. Also, the cast sample was observed for compar
ison. EDS elemental maps were performed on both SLM and cast sub
strates in order to completely characterize the microstructure and the 
elemental distribution. 

2.2. Production and characterization of PEO coatings 

Before the PEO treatment the samples were degreased in acetone 
using ultrasounds and then dried with compressed air, without altering 
the initial surface. PEO process was performed in Direct Current (DC) 
mode employing a TDK-Lambda 350 V/8A power supply, with the 
sample that worked as anode and a carbon steel mesh that worked as 
cathode. An aqueous alkaline solution 25 g/l of Na2SiO3 and 2.5 g/l di 
NaOH was employed as electrolyte. The treatments were performed at 
0.5 A/cm2 for 10 min. During PEO process the temperature of the bath 
was maintained at 20 °C with a thermostatic bath. Both composition of 
the electrolyte and electrical parameters were chosen on the basis of 
previous works of the authors [18]. After the PEO treatment, the 
samples were washed with distilled water and ethanol and dried with 
compressed air. Both cross section and surface of the coated samples 
were analyzed at SEM-EDS to evaluate the morphological features, the 
homogeneity, the composition and the thickness of the coating. Also, 
EDS elemental maps were performed along the cross section to analyze 
the distribution of the elements into the coating. To analyze the cross 
section, the samples were cut with SiC disk, mounted in epoxy resin, 
grinded with abrasive papers until 4000 grit and polished with clothes 
and diamond suspension (6 μm and 1 μm). The phase composition of 
the PEO layers was evaluated by X-ray diffraction (XRD), performing ϴ- 
2ϴ scans from 10° to 90° with a 0.05 step size and a 1 s dwell time, by a 
Bruker D8 X-ray diffractometer with a Ni-filtered Cu-Kα radiation 
source (λ = 0.15405 nm), operating at 40 kV and 40 mA. 

In order to deeply investigate the surface composition, the 
AlSi10Mg conventional cast sample and the SLM sample characterized 
by the lower porosity (SLM sample 1) were investigated by XPS mea
surements, with a Φ 5600ci Perkin-Elmer spectrometer, using a stan
dard aluminum (Al Kα) source, with an energy of 1486.6 eV operating 
at 200 W. The X-ray source employed was located at 54.7° relative to 
the analyzer axis. The working pressure was < 5·10–8 Pa ~10–11 Torr. 
The calibration was based on the binding energy (B.E.) of the Au4f7/2 
line at 83.9 eV with respect to the Fermi level. The standard deviation 
for the B.E. values was 0.15 eV. The reported B.E. were corrected for the 
B.E. charging effects, assigning the B.E. value of 284.6 eV to the C1s line 
of carbon. Survey scans were obtained in the 0–1350 eV. Detailed scans 
were recorded for relevant regions (O1s, C1s, Al2p, Si2p, Na1s, Al2s). 
The atomic composition, after a Shirley-type background subtraction, 
was evaluated using sensitivity factors supplied by Perkin-Elmer. The 
samples were loaded onto the XPS sample holder by using conducting 
biadhesive tape. The acquired data was then interpreted with the use of 
the Multipak software package. Assignment of the peaks was carried 
out according to literature data [27,28]. 

2.3. Corrosion resistance evaluation 

The corrosion resistance of the samples was preliminary and qua
litatively evaluated with potentiodynamic polarization tests (PDP) and 
then deeply analyzed with electrochemical impedance spectroscopy 
tests (EIS). Both PDP and EIS tests were performed in a 0.1 M Na2SO4 

and 0.05 M NaCl solution to simulate a moderate aggressive environ
ment containing both sulphates and chlorides. For each type of samples, 
three different samples were tested to assure reproducibility. PDP tests 

Table 1 
Parameters for the production of SLM samples.         

Laser 
power 
(W) 

Exposure 
time (ms) 

Point 
distance 
(μm) 

Hatch 
distance 
(μm) 

Layer 
thickness 
(μm)  

Sample 1  220  50  80  80  30 
Sample 2  300  20  80  80  30 
Sample 3  200  30  80  80  30 
Sample 4  200  20  80  80  30 
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were carried out with and AMEL 2549 potentiostat using a saturated 
calomel electrode (SCE) as reference electrode and a Pt counter elec
trode. The potential scans were carried out after 30 min of open circuit 
voltage (OCP) stabilization, with a scan rate of 0.5 mV s-1 from −1.2 to 
−0.2 V. EIS tests were performed with the same cell employed for PDP 
at the value of the open circuit potential, after 1 h of stabilization, and 
in a frequency range between 105 Hz and 10−2 Hz, with a perturbation 
amplitude of 10 mV. The impedance measurements were recorded with 
a Materials Instrument Spectrometer coupled with the 2549 
Potentiostat and the Z-View software was used for the fitting of im
pedance spectra. Both PDP and EIS tests were performed on coated and 
uncoated samples in order to understand, for the different manu
facturing process and for the different porosity, the effect of the PEO 
treatment on the corrosion properties. 

3. Results and discussion 

3.1. Characterization of the substrates 

The microstructure of SLM AlSi10Mg (Fig. 1b–e) exhibited sig
nificant differences with conventional cast one (Fig. 1a). In the con
ventional cast sample, the typical structure coming from solidification 
can be observed, with the presence of dendrites. Considering instead 
the SLM samples, the presence of laser tracks, accordingly to the 
building strategy, and of the melting pools, can be clearly observed. 
Inside the melting pools, a finer cellular microstructure can be noted. 
The microstructure resulted the typical one for aluminum alloys pro
duced by SLM, as confirmed by literature [19,20]. As can be noted from  
Table 1 no differences in point distance, hatch distance and layer 
thickness were present on the samples and so, accordingly to this, no 
differences in the building structure were observed. The main 

Fig. 1. Optical microscope (OM) images of the cast sample (A), sample 1 (B), sample 2 (C), sample 3 (D) and sample 4 (E) obtained at 100× with Graff-Sargent etch.  

L. Pezzato, et al.   Surface & Coatings Technology 404 (2020) 126477

3



differences among the samples were related to the laser powder and the 
exposure time that cause a remarkable difference in the porosity, as can 
be observed both in Fig. 1 and Table 2. 

In detail, the less porous sample (2.2% of porosity with image 
analysis) was the sample 1, obtained with intermediate laser power and 
long exposure time. The higher porosity (28.7%) was instead observed 
in the sample 4, produced with lower laser power and shorter exposure 
time. Sample 2 (high laser power and short exposure time) and sample 
3 (low laser power and intermediate exposure time) showed inter
mediate porosity, 4.3% and 5.7%, respectively. The samples were 
specifically produced with different grades of porosity in order to 
analyze the effect of the pores on PEO coatings and their corrosion 
properties. Considering the surface roughness, in term of Ra, reported in  
Table 2, it can be observed that all the SLM samples were characterized 
by the same values of about 20 μm, indicating that the surface condi
tions of all the SLM samples were comparable and that the only dif
ference in the samples was the porosity grade. 

The BSE-SEM analysis of all SLM samples (Fig. 2a) showed a cellular 
structure, consisting of an interconnected Si network (lighter zone) 
dispersed within a α aluminum matrix. This microstructure, arising 
from the high cooling rates, is typical of the SLM process [19,20]. In  
Fig. 2a is reported the image of sample 1, considered as representative. 
Considering the structure of the conventional cast sample (Fig. 2b), are 
clearly visible the Si eutectic (in light grey) and of the FeeMn inter
metallic (in white) in the Al matrix [6]. These considerations are con
firmed also by EDS elemental maps, reported in Fig. 3. In the cast 
sample (Fig. 3a), the white particles resulted rich in Fe and Mn and the 
grey zones rich in Si, confirming the presence of the intermetallic and of 
the eutectic, respectively. In the sample 1 SLM (Fig. 3b) Si, Fe and Mn 
resulted dispersed in a homogeneous network. 

3.2. Characterization of the PEO layers 

The various samples, after PEO treatment, were characterized both 
on the surface and the cross section. The BSE-SEM observations are 
reported in Figs. 4–5, whereas the thickness of the different coatings is 
reported in Table 3. In the AlSi10 Mg conventional cast sample after 
PEO treatment (Fig. 4a) the coating was adherent to the substrate but 
with significant variations in the thickness that resulted around 40 μm 

but very uneven. The SEM analysis of the surface (Fig. 4b) evidenced 
the typical volcano-like pores [29]. A high number of large pores can be 
noted in fact on the surface. Moreover, the presence of a lot of pancake 
structures can be observed making the surface not smooth. 

Considering the SLM sample 1 after PEO treatment (Fig. 5a, b), that 
is the one with the lowest porosity, a thicker layer (about 80 μm) ad
herent to the substrate can be observed. The surface morphology ana
lysis (Fig. 5b) evidenced the presence of low number of volcano-pores 
with a quite smooth surface. The SLM sample 2 showed a similar sur
face morphology (Fig. 5d), with a reduced number of pores. Con
sidering the cross section of sample 2 (Fig. 5c), the coating resulted 
adherent to the substrate and uniform but the thickness (54 μm) re
sulted reduced in comparison with sample 1. Considering SLM sample 3 
and sample 4, that are the ones with the higher value of porosity, the 
observation of the surfaces (Fig. 5f and h, respectively) showed a high 
number of pores and pancake structures on the PEO layer, on the 
contrary of what observed for sample 1 and sample 2. The surfaces of 
samples 3 and 4 resulted similar to the one obtained on the cast one. 
Considering the cross sections of these samples, although the high grade 
of porosity, the coating resulted always adherent to the substrate. As a 
matter fact, also on sample 4, that is with 28.7% of porosity, the pro
tective layer covered all the surface and, in case of porosities or irre
gular zones on the surface, these resulted “filled” by the protective 
oxide film. The thickness of the protective layer resulted about 75 μm 
for the sample 3 and 47 μm for sample 4. 

Summarizing the SEM analysis of PEO layers formed on SLM sam
ples with different porosity, an increase in the porosity of the coating 
was recorded when the porosity of the substrate was higher. This agrees 
with literature about the influence of the surface roughness on the 
morphology of PEO coatings. Zhu et al. [30] found that, on Ti6Al4V 
alloy, the PEO coating formed on the polished sample was less porous 
that the one obtained on sample grinded with 320 paper. Yoo et al. [31] 
reported similar results on AZ91 magnesium alloy, with a remarkable 
decrease in the porosity of the coating passing, for the substrate, from 
Ra = 2.5 μm to Ra = 0.5. Accordingly, to Zhu et al. [30] this fact is 
correlated with the radius of the spherical cavity where heterogeneous 
nucleation of the bubbles occurs during PEO process. This radius is 
linked with the surface roughness and resulted higher in the presence of 
higher surface roughness, thus producing larger bubbles. As cavities are 
formed due to bubbles break down, it is reasonable that higher surface 
roughness, or higher porosity of the substrate, produced more porous 
PEO coatings. 

Comparing the coatings formed on SLM and on conventional cast 
sample, it can be observed that the coatings formed on SLM samples 
with low porosity are characterized by smoother and less porous sur
face than the one obtained on the cast sample. This fact can be ex
plained with the microstructure of the substrate: in SLM samples the Fe- 
containing intermetallic were not present and the Si network was more 
dispersed than in the conventional cast alloy. As a matter of fact, Wu 

Table 2 
Porosity and surface roughness of SLM samples, evaluated respectively with 
image analysis and with portable roughness meter.      

Porosity (%) Ra (μm)  

Sample 1/SLM 2.2  ±  0.5 19.1  ±  0.6 
Sample 2/SLM 4.3  ±  0.4 20.0  ±  0.5 
Sample 3/SLM 5.7  ±  0.8 19.5  ±  0.5 
Sample 4/SLM 28.7  ±  1.5 19.7  ±  0.7 

Fig. 2. BSE-SEM images of the sample 1 obtained with SLM (A) and of the conventional cast sample (B).  
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et al. [32] found that the morphology of the PEO coatings on AlSi9Cu3 
alloy was affected by the phases of the substrate, due to the different 
electrochemical behavior of the phases. In detail, they observed large 
micro pores on Fe-containing intermetallic and small micro-pores on 
eutectic Si. Moreover, the kinetic of the oxide growth was also found to 
depend on the phases of the substrate [32], thus explaining the het
erogeneous thickness of the coating in the cast sample. 

When the SLM substrates are very porous, the effect porosity 
overcame the one of the microstructures (samples 3 and 4). 

The composition of the different PEO layers was investigated by 
SEM-EDS analysis. The results of the semi-quantitative EDS, performed 
both on the surface and on the cross section of the samples, are reported 

in Table 4. All the coatings resulted mainly composed by O, Si, Al, Na 
and Mg, in agreement with the composition of the electrolyte and of the 
substrate. The composition of all the SLM samples resulted similar and 
not dependent by the porosity. Comparing the SLM samples with con
ventional cast one, in this last sample the aluminum amount resulted 
higher and the silicon one lower. This fact can be correlated with the 
more homogeneous distribution of silicon in the SLM samples that al
lowed a better oxidation also of this element. 

In order to study more deeply the distribution of the elements in the 
protective oxide coating, also EDS elemental mapping were performed 
along the cross section of the PEO coated conventional cast sample and 
1 SLM sample (Fig. 6). Considering the coating on the cast sample 

Fig. 3. EDS elemental map of the conventional cast sample (A) and of the sample 1 SLM (B). microstructures appeared less clear of the ones in Fig. 2 due to the fact 
that the samples are unetched. 

Fig. 4. SEM images of the PEO layers obtained on the conventional cast AlSi10Mg: cross section (A) and surface (B).  
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Fig. 5. SEM images of the PEO layers obtained on the SLM AlSi10Mg sample 1 (cross section (A) and surface (B)), sample 2 (cross section (C) and surface (D)), sample 
3 (cross section (E) and surface (F)) and sample 4 (cross section (G) and surface (H)). 
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(Fig. 6a) a non-uniform distribution of the different elements along the 
coating can be observed. This fact resulted in accordance with the lit
erature on PEO coatings. Krishtal et al. [33] found in fact that an in
homogeneous distribution of silicon in a silumin substrate produced a 
non-uniform distribution of silicon in the PEO layer. In the cast alloy 
silicon is concentrated in the eutectic zones ad near these zones an 
enrichment in silicon in the coating can be observed. Moreover, Deh
navi et al. [34] evidenced that an increase in the duty cycle produce a 
non-uniform distribution of Si into the coating; the DC mode can be 
considered as working with 100% of duty cycle and so this fact can 
further increase the inhomogeneity of the PEO layer. From the analysis 
of the maps performed on PEO coated 1 SLM sample (Fig. 6b) a more 
uniform distribution of Si and of the other elements can be observed 
into the coating, probably due to the more homogenous distribution of 
the elements in the substrate, as evidenced in Fig. 3b. 

To evaluate the phase composition of the coatings, XRD analysis 
were performed and the results are reported in Fig. 7. Considering that 
the patterns of the SLM samples were very similar, only the one of 
sample 1 is reported (Fig. 7a), and compared with the one of the cast 
sample (Fig. 7b). 

In both the samples, the peaks of Al and Si, coming from the re
flection from the substrate, can be observed. In both the samples were 
found also the peaks of SiO2, Al2O3 Al2SiO5 (kyanite), in agreement 
with literature [35], and of NaAlSi3O8. However, the main difference in 
the two patterns was the amount of amorphous phase, which resulted 
remarkably higher in SLM sample. This fact is agreement with the only 
work, which was recently published on PEO coatings on AM aluminum 
alloys [25]. Although the subject is new and still under investigation, 
Rogov et al. explained this behavior with the more homogeneous mi
crostructure of the 3D printed alloy that promotes a simultaneous 
oxidation of Al and Si rich micro-regions, resulting in a mixture of small 
X-ray amorphous crystals [25]. 

In order to have information also on the more external layer of the 
PEO coating, XPS analysis were performed on the SLM sample 1 and on 
the conventional cast sample. The results of the survey scans and of the 
quantitative analysis are reported in Fig. 8 and Table 5. The two sam
ples are very similar in term of composition: O, Si, Al, Na and Mg were 
detected. The presence of C was due to contamination. 

The XPS high resolution spectra of the SLM sample 1 after PEO 
treatment are shown in Fig. 9a–d. The oxygen spectrum was 

deconvoluted in three main components: the main peak located at 
531.8 eV BE corresponding to the metal hydroxides and to alumina 
silicate compounds, whereas the peak at 532.7 eV and at 530 eV BE was 
attributed to silicate compounds and metal oxides, respectively [36] 
(Fig. 9a). The high-resolution Al2p peak is shown in Fig. 9b, where the 
peak at 74.2 eV BE is consistent with aluminosilicate, whereas the peak 
located at 73.5 eV BE corresponds to Al2O3. 

The high resolution Si2p peak is reported in Fig. 9c, and the peak at 
102.2 eV BE was attributed to silicate compounds, whereas the other 
one located at 102.7 is consistent with the presence of aluminosilicate 
compounds [36]. 

The peak of Na 1s at 1071.70 eV BE was attributed to (SiO2) 
0.7(Na2O)0.3 [17], whereas the peak at 1072. 2 is compatible with the 
presence of NaAlSi3O8 [28]. 

The XPS high resolution spectra of the conventional cast sample 
after PEO treatment are shown in Fig. 9e–h, and the results are similar 
to those found for SLM sample 1. 

Summarizing, the surface of both the samples was constituted 
mainly by alumina silicate compounds, silicate compounds and Al2O3. 

3.3. Corrosion properties 

The corrosion resistance of the different samples was evaluated with 
PDP and EIS tests. Potentiodynamic polarization tests were performed 
only for a qualitative and comparative analysis, due to the fact that no 
quantitative evaluation on the corrosion rate can be performed on 
samples coated with a thick insulating film, due to the fact that the 
Tafel law cannot be applied [37]. Considering this, corrosion potentials 
and corrosion current densities were calculated only for some selected 
untreated samples. For each sample only one of the three measured 
Tafel curves is presented, for clarity reasons (the three curves where 
comparable with low statistical error). EIS tests were performed to 
obtain quantitative data on the corrosion resistance of the different 
samples. 

In Fig. 10 are reported the PDP curves of the SLM sample 1 and of 
the conventional cast sample before and after the PEO treatment, in 
order to compare the behavior of the SLM sample with the cast one. 
Considering the untreated samples, a slight increase in the corrosion 
properties of the SLM sample 1 (Ecorr = −0.88  ±  0.05 V, 
icorr = 7.0  ±  1 × 10−7 A/cm2) in comparison with the cast one 
(Ecorr = −0.90  ±  0.06 V, icorr = 7.0  ±  1.1 × 10−6 A/cm2) can be 
noticed. In particular, the corrosion potential remained the same in the 
two samples, whereas a decrease of one order on magnitude in the 
corrosion current was observed in the SLM sample 1, in comparison 
with the conventional cast one. On cast samples the corrosion starts 
preferentially near the Fe-containing intermetallic and the Si-eutectic, 
as evidenced by Arrabal et al. [38]. In the AM samples the corrosion 
instead proceeds by selective dissolution of the α-Al phase along the 
edges of melt pools, due to the presence of more noble precipitates of 
silicon, as stated by Cabrini et al. [8]. Generally, the corrosion re
sistance of AM samples is slightly higher than the cast one, due to the 
absence of Fe-containing intermetallic, the fine grain size, the absence 
of impurities and the uniform distribution of Si that prevent galvanic 
corrosion as stated by Leon et al. and Fathi et al. [5,6]. 

Considering the PEO treated samples, in both cases the treatment 
increased significantly the corrosion properties of the AlSi10Mg alloy, 
indicating that the treatment was effective both on samples produced 
with traditional casting and additive manufacturing. For the PEO 
treated samples the slight increase in the corrosion properties of the 
SLM sample in comparison with the cast one was maintained. This fact 
can be linked with the microstructural observation above reported, in 
fact the PEO layer obtained on SLM sample 1 was less porous and 
thicker than the one obtained on the cast sample. 

In order to understand the influence of the porosity on the corrosion 
properties of the samples, in Fig. 11 are reported the PDP curves of all 
the untreated and PEO treated SLM samples. First of all, can be noticed 

Table 3 
Thickness of the PEO layers on the various samples evaluated from 
SEM observation.    

PEO treated sample Coating thickness (μm)  

Sample 1/SLM 80  ±  20 
Sample 2/SLM 54  ±  12 
Sample 3/SLM 75  ±  12 
Sample 4/SLM 47  ±  12 
Cast AlSi10Mg 40  ±  25 

Table 4 
Results of the Semi-quantitative EDS analysis performed on the surface and the 
cross section of the various samples.         

Al% O% Na% Si% Mg%  

Sample 1/SLM cross section  9.5  49.1 5.8  34.9  0.7 
Sample 1/SLM surface  14.9  48.4 3.8  32.5  0.4 
Sample 2/SLM cross section  10.3  49.1 3.8  36.0  0.8 
Sample 2/SLM surface  14.9  49.3 2.1  33.3  0.4 
Sample 3/SLM cross section  6.3  54.8 –  38.3  0.6 
Sample 3/SLM surface  12.2  49.7 3.2  34.4  0.5 
Sample 4/SLM cross section  8.8  48.1 12.1  30.4  0.6 
Sample 4/SLM surface  12.9  51.3 2.9  33.5  0.4 
Cast AlSi10Mg cross section  22.9  47.7 –  28.9  0.5 
Cast AlSi10Mg surface  10.7  48.2 8.7  32.0  0.4 
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Fig. 6. EDS elemental mapping performed on the cross sections of the PEO treated cast sample (A) and of the PEO treated sample 1 SLM (B).  

Fig. 7. XRD pattern of the SLM sample 1 (A) and of the AlSi10Mg conventional cast sample (B).  
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that, regardless the porosity, the PEO treatment resulted effective in 
increasing the corrosion resistance of the samples. In fact, from the 
sample 1 (2.2% of porosity) to the sample 4 (28.7% of porosity) a re
markable shift towards smaller currents and higher potentials can be 
observed. Analyzing the behavior of the uncoated samples, the porosity 

resulted detrimental for the corrosion properties, in agreement with 
Kong et al. [39] that found localized corrosion inside the pores due to 
different aeration. 

The sample 4 resulted in fact the worst in term of corrosion prop
erties, whereas the others (samples 1, 2, 3) showed comparable corro
sion resistance. Considering the PEO treated samples, sample 1 and 
sample 2 showed better corrosion properties than sample 3 and sample 
4. In fact, a clear shift towards more cathodic currents can be observed. 
This fact agrees with the microstructure of the PEO layers: sample 1 and 
sample 2 were characterized by a smooth surface with reduced number 
of pores, whereas sample 3 and sample 4 presented surfaces with large 
number of pores and pancake structures. Thus, the increase in the 
porosity of the protective coating resulted detrimental for the corrosion 
resistance. 

Fig. 8. Survey scans collected from the samples: Sample 1/SLM and AlSi10Mg cast with main peaks indexed. Binding energies not corrected for surface charging. 
Minor and less visible peaks were not indexed. 

Table 5 
Surface composition (atomic %) of the SLM “Sample 1” and of the AlSi10Mg 
cast sample.         

Sample C% O% Al% Na% Mg% Si%  

Sample 1/SLM  42.1  38.0  4.6  2.1  2.2  11.0 
AlSi10Mg Cast  34.7  45.4  4.5  1.7  1.8  11.9 

Fig. 9. High resolution single peak spectra of the O1s region ((a) Sample1/SLM, (e) cast sample), the Al2p region ((b) Sample1/SLM, (f) cast sample), the Si2p region 
((c) Sample1/SLM, (g) cast sample) and Na1s region ((d) Sample1/SLM, (h) cast sample). 
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In order to deeply study the corrosion behavior of the various 
samples, electrochemical impedance spectroscopy (EIS) tests were 
performed. The fitting of the experimental data was performed with Z- 
view software, using the equivalent circuits reported in Fig. 12. Two 
different equivalent circuits were employed to consider both untreated 
and PEO treated samples. For the untreated samples a simple R/CPE 
circuit was employed as only natural oxide layer is present (Fig. 12a), 
whereas the equivalent circuit of Fig. 12b was used for PEO treated 
samples, in agreement with literature data [40]. This double circuit is 
employed in PEO coated samples in order to consider the presence of 
two layers: an external porous layer and an internal barrier layer. 

Considering the meaning of the different electrical elements Re re
presents the resistance of the electrolyte, Rp the polarization resistance 
of the porous layer and Rb the polarization resistance of the barrier 
layer. In the untreated sample the polarization resistance of the natural 
oxide layer is called Ro. CPEi were used in the equivalent circuit instead 
of capacitances due to the fact that the measured capacitance is not 

ideal. 
The EIS results of the SLM and the conventional cast samples, in 

term of Nyquist plot, are shown in Fig. 13; the results for the untreated 
samples are reported in Fig. 13a, whereas the ones for the PEO treated 
samples in Fig. 13b. The results of the fitting of the experimental data 
are presented in Table 6. First of all, can be noticed the good quality of 
the fitting with the good correspondence between dots and lines in the 
Nyquist plots and the low values of chi-squared. 

From the analysis of the data, in all the cases the PEO treatment 
induced a remarkable increase in the corrosion properties, confirming 
the results coming from PDP. In fact, the untreated samples were 
characterized by polarization resistances from 80 to 160 Ω·cm2, 
whereas the ones of PEO coated samples varied between 5000 and 
9000 Ω·cm2, with an increase of over one order of magnitude. These 
results demonstrated that, regardless the porosity, PEO treatment in
creased the corrosion properties of AlSi10Mg, and confirmed the high 
versatility of this treatment, in comparison with traditional treatments, 

Fig. 10. Results of potentiodynamic polarization tests performed on the AlSi10Mg cast sample and on the Sample 1/SLM before and after PEO treatment (Test 
Electrolyte: 0.1 M Na2SO4 and 0.05 M NaCl). 

Fig. 11. Results of potentiodynamic polarization tests performed on the SLM samples with different porosity grades before and after PEO treatment (Test Electrolyte: 
0.1 M Na2SO4 and 0.05 M NaCl). 
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such as anodizing, that are not able to produce a protective layer on 
samples characterized by high porosity or high surface roughness, as 
described in literature by Menargues et al. [41] and Caliari et al. [42]. 

Considering the PEO treated samples (Fig. 13b), it can be noticed 

that the sample characterized by the higher corrosion properties (po
larization resistance RB over 8000 Ω·cm2) is the sample 1/SLM. The 
sample with the lower corrosion properties is instead the sample 4/SLM 
(RB of 5680 Ω·cm2 after PEO treatment). These results are in accordance 

Fig. 12. Equivalent circuit employed in the fitting of the experimental data coming from EIS tests. The circuit in (A) was used for the untreated samples, whereas the 
circuit in (B) for the PEO treated samples. 

Fig. 13. Results of EIS tests in form of Nyquist plots for all the untreated samples (A) and all the PEO treated samples (B) Dots represent experimental data, lines the 
results of the fitting (Test Electrolyte: 0.1 M Na2SO4 and 0.05 M NaCl). 

Table 6 
Results of the fitting of the experimental data coming from EIS tests.           

Sample RS (Ω·cm2) Ro o RP (Ω·cm2) RB (Ω·cm2) QP (F·Hz1−n) nP QB (F·Hz1−n) nB χ2  

Sample 1/SLM  30  162.1 – 3.0 × 10−6  0.75 – – 8 × 10−3 

Sample 2/SLM  30  83.9 – 2.0 × 10−6  1.0 – – 7 × 10−3 

Sample 3/SLM  30  87.2 – 6.6 × 10−6  0.85 – – 7 × 10−3 

Sample 4/SLM  30  95.3 – 3.5 × 10−6  0.95 – – 2 × 10−3 

AlSi10Mg Cast  30  147.0 – 2.0 × 10−6  0.96 – – 2 × 10−2 

Sample 1/SLM PEO Treated  30  144.5 8391 4.5 × 10−8  1.0 2.9 × 10−5 0.53 1 × 10−4 

Sample 2/SLM PEO Treated  30  44.62 6158 3.6 × 10−6  0.62 4.3 × 10−6 0.65 1 × 10−1 

Sample 3/SLM PEO Treated  30  83.23 6824 3.2 × 10−6  0.73 3.9 × 10−5 0.69 6 × 10−5 

Sample 4/SLM PEO Treated  30  53.4 5688 8.6 × 10−5  0.55 9.2 × 10−7 0.98 6 × 10−3 

AlSi10Mg Cast PEO Treated  30  44.9 6244 1.2 × 10−6  0.80 2.5 × 10−5 0.60 7 × 10−4 
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with the previously reported PDP results and with the morphology of 
the different PEO layers, with the coating produced on sample 1/SLM 
that is less porous and thicker than the one obtained on sample 4/SLM. 
All the other samples exhibit intermediate corrosion behavior with 
values of Rb between 6000 and 7000 Ω·cm2. Generally, the behavior of 
all the PEO treated samples can be considered comparable, evidencing 
the capability of PEO process to successfully protect both cast and AM 
samples, regardless the porosity. The increased corrosion resistance 
given by PEO coatings on cast AleSi alloys agreed with the results re
ported in literature. Mohedano et al. [43,44] found in fact for A356 
alloy a remarkable improvement in the corrosion resistance after PEO 
treatment in comparison with conventional anodizing, thanks to the 
absence of secondary phases with different oxidation behavior. Also, Li 
et al. [45] obtained thick and homogenous PEO coatings on eutectic 
AleSi alloy and found that the presence of 0.1% of Sr in the alloy al
lowed the growth of a thicker and denser film. The testing electrolyte 
employed in this work is different, however the recorded improvement 
in the corrosion behavior is comparable to the one found by Li et al. 
[45] and lower than the one observed by Mohedano et al. [43,44], 
probably due to higher porosity of the oxide film in this case. Con
sidering the results on AleSi SLM samples the improved corrosion 
performances after PEO treatment resulted in accordance with a pre
liminary work published by the authors on this subject [26]. 

4. Conclusions 

PEO coatings were successfully produced both on cast and SLM 
samples with different porosity grades. The initial microstructure and 
porosity of the substrate influenced the morphology of the PEO layer 
that resulted smooth and less porous for the SLM samples with low 
porosity, whereas was very porous with a lot of pancake structures for 
the cast sample and for the SLM samples with higher porosity. From 
XRD analysis the coating resulted mainly composed by phases con
taining Al and Si, with a remarkable increase of the amorphous fraction 
in the SLM sample, if compared with the cast one. Considering the 
corrosion properties of the untreated samples, the sample that showed 
the best corrosion properties was the sample 1/SLM thank to the ab
sence of Fe-containing intermetallic, the homogenous microstructure 
and the absence of pores. Considering the PEO coated samples, in all the 
cases a remarkable increase in the corrosion properties was recorded, 
evidencing the possibility to successfully coat samples with different 
microstructures and different porosity, on the contrary of what happens 
with more traditional techniques such as anodizing. The sample 1/SLM 
after PEO coating showed the higher corrosion resistance due to the 
smooth and less porous coating. 
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