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Abstract: In the selective laser melting process (SLM), the region irradiated by the laser beam
is melted and quickly solidified, forming solidification lines (laser scan tracks) with symmetrical
shapes. Because of the unique (rapid) crystallization conditions, the subgrain structures, typically
observed inside these solidification lines, could also have variable geometric symmetrical patterns,
e.g., cellular, pentagonal, or hexagonal cellular. The existence of such distinctive microstructures in
SLM-made alloys has a significant impact on their superior mechanical and corrosion properties.
Thus, any modification of this symmetrical microstructure (due to post-processing) can degrade or
improve the properties of SLM-fabricated alloys. This study presents the experimental results on
the effects of heat treatment and ECAP on microstructure modification and corrosion behavior of
SLM-fabricated AlSi10Mg alloy. Light microscopy, scanning electron microscopy (SEM), electron
backscattered diffraction (EBSD), and X-ray diffraction (XRD) were used for microstructural analysis.
The corrosion properties of the given samples were determined using open-circuit potential (OCP),
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS) techniques. EBSD
observations showed that the imposed strain resulted in an obvious reduction in grain size to ~1.42
pum and ~0.24 um after the first and second ECAP passes, respectively. Electrochemical tests revealed
that the corrosion resistance of the ECAP-processed AlSi10Mg alloy improved significantly, which
was confirmed by a nobler E and lower I values, and higher polarization resistance. The
final results indicated that the strain-induced crystalline defects provided more nucleation sites for
the formation of a denser and thicker oxide film, thus enhancing the corrosion resistance of the
AlSi10Mg alloy.

Keywords: selective laser melting; equal-channel angular pressing; AlSi10Mg alloy; microstructure;

corrosion behavior

1. Introduction

In recent years, ultrafine-grained materials (UFG) have attracted considerable atten-
tion from specialists in materials science. This is because they are characterized by unique
properties such as high strength, superplasticity, and improved fatigue life [1,2]. UFG
materials are commonly fabricated using bulk severe plastic deformation methods (SPD).
These methods include high-pressure torsion (HPT) [3], equal-channel angular pressing
(ECAP) [4], accumulative roll bonding (ARB) [5], and some others [6,7]. Consequently,
processing using the above-mentioned methods results in significant microstructure mod-
ifications. In addition to microstructure refinement, there are also changes in the grain
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boundary misorientation angles, crystallographic texture, defect density, and/or the size
and distribution of intermetallic phases.

Although in recent years a large number of investigations have been reported on the
fundamental understanding of superior mechanical properties for UFG Al-Si alloys [8-14],
the reports on their corrosion behaviors are rather limited. To date, scientists have examined
mainly the corrosion properties of severely deformed hypo- and hyper-eutectic Al-Si alloys.
In this context, Jiang et al. [15] studied the corrosion resistance of a hyper-eutectic Al-26%
Si alloy processed by ECAP. They found that the homogeneous UFG structure contributed
to higher pitting resistance. Gebril et al. [16] investigated the microstructure evolution
and corrosion properties of the ECAP-processed A356 aluminum alloy. They reported a
decrease in the corrosion rate due to particle refinement through ECAP. In another study,
Wang et al. [17] used a similar hypo-eutectic Al-75i alloy to investigate the effect of grain
refinement on its corrosion behavior in a solution of 3.5 wt % NaCl by electrochemical
impedance spectroscopy. They reported enhanced corrosion resistance as a result of a
decrease in the number of active sites, microstructure homogeneity, breakage, and uniform
distribution of brittle coarse silicon and intermetallic phases. Furthermore, Cheng et al. [18]
investigated the corrosion properties of the Al-75i-0.3Mg alloy subjected to spinning defor-
mation. They discovered that the susceptibility to corrosion of the interdendritic region
dropped as a result of the refinement of the eutectic silicon phase.

Compared to traditional manufacturing methods, unique conditions during the SLM
process [19] favor the formation of distinct microstructures composed of the melting pool
boundary network [20], the grain boundary network [21], and the cellular network [22].
These conditions also induce defects, such as porosities, microcracks, and rough surfaces.
Along with the boundaries of the molten pool [23], defects formed during the fabrication
process can eventually act as preferred sites for localized corrosion, thus degrading the
corrosion performance of AM products.

Considering the impact of these imperfections on the corrosion performance of AM Al-
Si alloys, significant attention has recently been devoted to studying the effects of thermal
post-processing on AM parts. In this context, Cabrini et al. [24] and Zakay et al. [25]
studied the effects of heat treatments on the corrosion resistance of the laser powder bed
fusion (L-PBF) AlSi10Mg alloy. Both studies have shown that the corrosion resistance of
the as-fabricated samples was enhanced by heat treatment at 200-300 °C due to stress-
relieving. Nonetheless, the corrosion resistance of the built samples was reduced as the
heat-treated temperature increased to 400-500 °C, which was related to the detrimental
effect on the corrosion performance of the coarse Si particles and Mg,Si. However, it should
be noted that, despite improving corrosion resistance, the heat treatment process is not
currently designed to remove any porosity. AM defects can be minimized by employing
specific approaches, such as hot isostatic pressing (HIP) [26], shot peening [27], or SPD
processing [28]. The HIP is a very effective secondary process that reduces the amount of
porosity in the parts and improves their corrosion resistance. However, this is generally
achieved at the expense of mechanical properties [29]. The shot peening process is also
capable of reducing process-induced pores, refining grain sizes, inducing high compressive
residual stresses, increasing surface hardness, and fatigue life of the SLM samples [27],
but it often results in deterioration of the sample surface quality. On the other hand, HPT
processing can significantly reduce porosity, and refine and homogenize the microstructure,
resulting in improved mechanical and corrosion properties [3,28,30]. This process has
serious limitations—the sample shape is in the form of a disk, which is not appropriate for
industrial applications.

Regardless of the promising capability of the HPT method in modifying the mi-
crostructure and improving the corrosion properties of L-PBF alloys, there is still limited
information available in the open literature on the bulk severe plastic deformation pro-
cesses, such as ECAP as a post-printing procedure on AM parts. In particular, there is
still no solid experimental evidence addressing the following two questions: (i) How do
the defects formed (grain boundaries) modify the reactivity of the passive layer? (ii) How
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does the change in the unique solidification structure of AM alloy due to ECAP affect its
corrosion resistance? Therefore, a systematic investigation and characterization of the mi-
crostructure and corrosion behavior of an ECAP-processed AM Al-Si alloy merits attention,
both for its possible engineering applications and to extend the current knowledge of the
ECAP process.

Consequently, the objective of the article is to investigate the effects of microstructural
modifications caused by repetitive pressings through the 120° ECAP die on the corrosion
behavior of the additively manufactured AlSil0Mg alloy. In this work, the corrosion
performance was measured by conducting electrochemical tests in a sequence of open-
circuit potential (OCP), potentiodynamic polarization, and electrochemical impedance
spectroscopy (EIS). Our results indicated that the melt pool boundary fraction, Si particle,
and grain size significantly affected the electrochemical responses of the ECAP processed
AlSi10Mg alloy; however, despite the beneficial effect of the grain refinement, we identified
that the melt pool boundaries emerged as preferential sites for localized pitting corrosion.

The justification for the use of the additively manufactured AlSi10Mg alloy in this
study lies in the fact that the unique cellular microstructure offers substantially different
deformation mechanisms from conventional counterparts [22], thus providing suitable
starting points for severe grain refinement. According to studies by Zhang et al. [31]
and Kim et al. [32], the basic deformation mechanism in rapidly solidified Al-Si alloys
includes plastic incompatibility across the Al/Si interface (accommodated by geometrically
necessary dislocations during straining) and the deformation twinning of the Si phase.

2. Materials and Methods

In this work, selective laser melting fabricated the samples from a spherical gas-
atomized AlSil0Mg powder supplied by Sigma Aldrich (Germany); Table 1 gives its
nominal chemical composition.

Table 1. Elemental composition of the AlSi10Mg alloy, wt %.

Si

Mg

Fe Ti Zn Mn Ni Co Al

9-11

0.25-0.45

<0.25 <0.15 <0.10 <0.10 <0.05 <0.05 Balance

The TruPrint 1000 system from Trumpf (Germany) fabricated the cylindrical samples
(length 45 mm, diameter 11 mm). All samples were prepared under an argon atmosphere
with H,O and O; concentrations below 20 ppm. The process details (i.e., model slicing,
scanning strategy, component orientation) were planned, using the Materialize Magics
software (Materialise, Belgium). The parameter sets utilized for sample fabrication are
as follows:

e  Scanning speed 1400 mm/s;
e Laser beam diameter 55 um;
e Layer thickness build-up of 20 um.

More details about the applied scanning strategy and SLM process parameters can be
found in our previous studies [33,34].

A short-time low-temperature annealing heat treatment was necessary to relieve the
internal residual stresses derived from the manufacturing process and increase the alloy
workability prior to ECAP processing at room temperature. To achieve this, SLM samples
were placed in a conventional laboratory dryer and heated under an argon atmosphere for
8 min at 300 °C.

Heat-treated cylindrical samples were machined to their final dimensions of 45 mm
long with a 9.95 mm diameter. To reduce friction between the work sample and the die
wall, MoS; was used as a lubricant. The ECAP process was conducted at room temperature
using a die with a channel angle of ® = 120° and a curvature angle of \p = 30° (see scheme
in Figure 1). The work samples were processed by 1 (52-1 sample) and 2 (52-2 sample)
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passes of ECAP via route A. Table 2 shows the labeling scheme and detailed information
about the heat treatment/ECAP procedure.

N

S

Figure 1. Schematic illustration of the ECAP die used in this study.

Table 2. Labels used for respective sample conditions with details on the applied procedure.

Label Condition Heat Treatment/ECAP Procedure

SO As-built none

S2 Heat-treated Annealing at 300 °C for 8 min
S2-1 Heat-treated and ECAP processed Annealing at 300 °C for 8 min + 1 ECAP pass
52-2 Heat-treated and ECAP processed Annealing at 300 °C for 8 min + 2 ECAP passes

An inverted Axio Observer Z1 light microscope (Carl Zeiss NTS GmbH, Oberkochen,
Germany) and a Zeiss Supra 35 scanning electron microscope (Carl Zeiss NTS GmbH,
Oberkochen, Germany) equipped with an energy spectrometer (EDS) characterized the
microstructures of the samples. For this analysis, samples were prepared following standard
metallographic procedures. The polished surfaces were then etched using Barker’s (2 vol.%
fluoroboric acid in distilled water) or Keller’s Reagent (2.5 vol.% nitric acid 1.5 vol.%
hydrochloric acid, and 1.0 vol.% hydrofluoric acid in distilled water).

The structural analysis was performed by X-ray diffraction using a PANalytical X'Pert
Pro diffraction system (Malvern Panalytical Ltd., Royston, UK) equipped with a CoKx
radiation source.

For the electron backscattered diffraction (EBSD) characterization, samples were pol-
ished using the standard metallographic techniques and then etched using Keller’s reagent.
The grain structure was recorded using orientation imaging microscopy (OIM) applying
the EBSD technique integrated with a Zeiss Supra 35 SEM controlled and analyzed using
OIM software (EDAX, Inc., Mahwah, NJ, USA). The step size in EBSD was set to 0.3 um for
heat-treated (52), 0.09 pm for 1 ECAP (52-1), and 0.06 um for 2 ECAP (52-2) samples. A
neighbor orientation correlation data cleaning process (level 4) was applied, followed by a
grain confidence index standardization cleanup with a grain tolerance angle threshold of
2°. After data cleaning, a coincidence index filter of 0.05 was used to remove any points
that were not indexed correctly.
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Prior to corrosion test, the specimens were ground using 4000 SiC abrasive paper. All
experiments were carried out after a fixed time to stabilize the passive film in laboratory
air. Anodic polarization tests were performed using a standard three-electrode corrosion
cell setup connected to a PC-controlled Atlas 0531 EU potentiostat, as per the PN ISO
17475:2010 standard [35].

In this configuration, the test sample, a saturated silver chloride electrode Ag/AgCl,
and a platinum wire were used as the working electrode reference electrode, and supporting
electrode, respectively, and a 3.5 wt % NaCl solution was used as the electrolyte, which is an
effective electrolyte for indexing and ranking the corrosion resistance of different materials.
The dissociation of chloride from sodium is easy through the electron emission. The
dissociation of chloride from sodium is easy through electron emission. The ionic mobility
strength of chloride ions in NaCl 3.5 wt %. is more potent than a solution with higher
ions concertation (i.e., 9.6 wt %NaCl) and less than medium with lower concertation ions
(i.e., 2 wt % NaCl). It is associated with nonlinear inverse functions for the cation mobility
and anion mobility of NaCl solution versus molar concentration at a different temperature.
Potential scans (E ) were carried out after 1 h of open circuit voltage stabilization (Eocp),
with a scan rate of 1 mV/s from the initial value E;;;y = Eocp — 100 mV. EIS tests were
conducted using AutoLab’s PGSTAT 302N system (AutoLab, Warsaw, Poland) with a
frequency response analyzer (FRA2) and a three-electrode system identical to those used
during potentiodynamic tests, after frequency stabilization for 1 h from 10~3 to 10* Hz with
a perturbation amplitude of 10 mV. All electrochemical measurements were performed in
triplicate to ensure high statistical accuracy.

3. Results
3.1. Microstructure Characterization

Figure 2(al,a2) shows the microstructure of the as-built (50) sample taken in the XY
plane, perpendicular to the building direction. The microstructure featured almost sym-
metrical discontinuous laser scan tracks, which are typical for metallic materials prepared
by SLM. The laser scan track boundaries appeared to be more heavily etched and darker
than their interiors, where smaller crystals with diverse crystallographic orientations were
also visible.

50 um e e Fy 50 m

Figure 2. Microstructures of the AlSi10Mg alloy; (al,a2) XY plane and (b1,b2) XZ plane of as-built
sample, (c1,c2) XY plane and (d1,d2) XZ plane of heat-treated sample.

Figure 2(b1,b2) shows the microstructure of the same sample taken in the XZ plane
(parallel to the build direction). As seen, the microstructure consisted of semicircular (fish-
scale) patterns along the Z-direction, of which the geometry is attributed to the Gaussian
effect of the incident laser beam.
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10 pm

EHT =20.00 kY
WD =13.4 mm

EHT =20.00kV
WD =134 mm

Signal A= SEZ
Mag= 500K X

Signal A = SE2
Mag = 30.00 KX

Figure 2(c1,c2,d1,d2) shows the microstructure of the heat-treated sample (S2). The
light microscopy images did not provide distinct evidence of microstructure evolution with
respect to the untreated (S0) sample. Therefore, it was necessary to perform a more detailed
analysis using SEM.

Figure 3(al,a2) shows the microstructure of the as-built SLM AlSi10Mg sample, ex-
amined using secondary electrons. As indicated in the magnified image of the melt pool
boundary, the microstructure of the as-built sample was heterogeneous, showing three
different zones. These zones were identified as fine (‘MP fine’), coarse (‘MP coarse’), and a
heat-affected zone (‘(HAZ’). The ‘MP fine’ zone was composed of fine primary a-Al cells
(darker gray) surrounded by a continuous cellular Si network (lighter white). The ‘MP
coarse’ zone consisted of a coarser Si network, while the ‘"HAZ’ consisted of a partially
broken Si network.

I -« BT B di-Sg5 3 l o EHT =20.00 kv Signal A = SE2
10 m e PR 10 pm i Mag= 5.00KX
2 : DTN : P 2%
. § o ; ¢

A b Al F 4 - W !
EHT =20.00 kv EHT =2000 ki
WD =13.3mm Mag= 30.00KX WD =166 mm

Figure 3. SEM images of the AlSil0Mg alloy melt pool boundary; (al,a2) as-built (XY plane),
(b1,b2) heat-treated (XY plane), (c1,c2) heat-treated (XZ plane).

Heat treatment significantly modified the cellular Si network in the ‘MP fine” and
‘MP coarse’ zones (on the XY plane), Figure 3(b1,b2), and columnar Si network (on the XZ
plane), Figure 3(c1,c2). After being held at 300 °C for 8 min, the initial continuous cellular
network of Al/Si was dissolved by coarsening of the Si precipitates.

Figure 4 shows the optical micrographs of the ECAP processed samples. A microstruc-
ture consisting of multiple semicircular patterns was revealed in sample 52-1, Figure 4a.
These patterns replaced the discontinuous laser scan tracks in the XY plane. The second
pass made significant progress in microstructure evolution, which can be quantitatively
evaluated by measuring the height of the ‘fish scale’ patterns and the fraction of the bound-
ary of the melt pool. As can be seen, the ‘fish scale’ patterns became compressed and
elongated along the x-axis (Figure 4b), so their height decreased from 54 + 6 um (S2-1 sam-
ple) to 16 &£ 5 um (52-2 sample). Additionally, the fraction of melt pools (MP) boundaries
increased; see the brighter areas in Figure 4c,d.
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Figure 4. Microstructure of the AlSi1l0Mg alloy (a,c) heat-treated + 1 ECAP pass, (b,d) heat-treated +
2 ECAP passes.

Figure 5a,b shows the inverse pole figure (IPF-Z) orientation and grain boundary
maps (representing the XY plane) of the heat-treated sample. The IPF-Z orientation map,
Figure 5a, revealed distinct areas with fine grains along a curving area (indicated by dotted
lines) corresponding to the laser scan track boundary (heat affected zone), which is typical
for SLM alloys [36]. Meanwhile, the vicinity of the laser scan track was composed of larger
equiaxed grains. According to the grain boundary map, Figure 5b, and the data summa-
rized in Table 3, the fraction of low-angle boundaries (LABs, defined as boundaries with
misorientation angle between 3° and 15°) of the heat-treated sample was approximately
8%. The measured average grain size for the XY plane was approximately 3.2 um.

Table 3. Summary of microstructural characteristics for investigated samples.

s Fraction of Low-Angle Grain Fraction of High-Angle Grain
Sample Average Grain Size, [um] Boundaries, % Boundaries, %
52 (XY plane) 3.24 8.45 91.55
52 (XZ plane) 10.11 26.71 74.29
52-1 1.42 29.24 70.76
52-2 0.25 19.32 80.68

Figure 5¢,d presents the inverse pole figure (IPF-Z) orientation and grain boundary
maps (representing the XZ plane) for the same sample. The EBSD result shows that the
microstructure was composed of columnar grains, Figure 5c, with an average grain size
of approximately 10.1 um. Such a grain morphology is typical for the side plane of SLM-
fabricated samples and results from the boundaries of the epitaxial growth from the molten
pool [37]. According to the grain boundary map, Figure 5d, the side (XZ) plane contained a
large fraction of LABs than the building (XY) plane (~27% of the total grain boundaries).
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Figure 5. EBSD IPF-Z image and grain boundary orientation maps of AlSi10Mg alloy in heat-treated
condition (a,b) XY plane, (c,d) XZ plane.

Figure 6 shows the inverse pole figure (IPF-Z) orientation and grain boundary maps
of the ECAP processed samples. In these maps, to reduce the influence of noise on the
data, crystallites smaller than or equal to four map pixels were ignored. As is visible,
the first ECAP pass caused significant modification of the microstructure. Referring to
Figure 6a, the microstructure became more homogeneous and finer. The fraction of low-
angle boundaries (LAGBs) increased to ~29.2%. At the same time, the average grain
size decreased to 1.425 pm. The second ECAP pass brought significant progress in grain
refinement, shown in Figure 6¢,d. It appears that the cell boundaries acted as additional
obstacles for mobile dislocation; therefore, with the progressive increase in the number of
ECAP pressings, these cells formed subgrains. Consequently, the fraction of grains that
had low angle misorientation decreased slightly to 19.32%, and the grain size was further
reduced from 1.42 to 0.25 pm.

Figure 7 presents a series of the typical (111) pole figures derived from EBSD data,
which were plotted for heat-treated and ECAP processed samples. According to the
notation proposed by Toth [38], the heat-treated sample on the XY plane demonstrated the
major {011} < 100 > Goss and minor {001} < 100 > cube texture components, shown in
Figure 7a, which is typical for the bi-directional scanning strategy [39]. Taking into account
the side surface (XZ plane), elongated grains oriented along the building direction formed,
shown in Figure 5c, which resulted in an increased preferred fiber texture composed of
{011}<112> (brass) orientations, shown in Figure 7b.
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Figure 6. EBSD IPF-Z image and grain boundary orientation maps of AlSi10Mg alloy (a,b) heat-treated
+ 1 ECAP pass, (c,d) heat-treated + 2 ECAP passes, the color code representing the crystal orientation.

(c) (d)

4.46 511
an an
' 377 ' 431
3.43 301
3.09 351

—_— 275 — i
= 241 —2n
. 200 ‘ . 230

172 190
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- 104 110
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min=0.12
L =22
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min=0.10
L =22
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Figure 7. (111) pole figures of AlSil0Mg alloy (a) heat-treated XY plane, (b) heat-treated XZ plane,
(c) heat-treated + 1 ECAP pass, (d) heat-treated + 2 ECAP passes.

After the first pass of ECAP (Figure 7c), the type of texture components changed.
We identified a strong shear Aj|A; {111}< 112 > texture component with a maximum
intensity of ~4.6 mr (multiply random). With further increasing the deformation strain to
~1.2 (2 ECAP passes), shown in Figure 7d, the Aj|Aj {111} < 112 > components became
strengthened and, additionally, the B|B {112} < 110 > texture component appeared.

Figure 8 shows the full XRD patterns corresponding to each investigated condition.
In these patterns, we identified the main reflections, which corresponded to the Fcc Al,
diamond cubic Si, and cubic Mg,Si phases. As can be observed, the Si peaks for the heat-
treated S2 sample had higher intensities than those of the as-built SO sample, which means
that the heat-treatment period was long enough to initiate the precipitation of excess Si from
the Al matrix, thus decreasing the Si content in the solid solution. This accordingly caused
a lattice parameter increase from 4.0495 + 0.0004 A (S0 sample) to a more equilibrium
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value of 4.0509 + 0.0003 A (S2 sample), which for Al in AlSi10Mg alloys is reported to be
4.0515 A [40]. The inset in Figure 8 illustrates the shift of the Al (100) reflection toward the
lower 26 angles, suggested the minor variations in the Al lattice parameter after ECAP. In
fact, the calculated Al lattice parameter of the S2-1 sample decreased to 4.0476 + 0.0003 A;
however, it increased slightly to 4.0502 4 0.0003 A after the second ECAP pass (S2-2 sample),
which indicated variations in the Si solid solubility during ECAP processing.

100,000

80,000

60,000

40,000

20,000

Al (220)

| AL(111)

40 60 80 100
Figure 8. XRD diffraction pattern of the AlSi10Mg alloy in different investigated conditions.

Based on modified Vegard’s Equation (1) [41], we calculated 1.1 at% Si solute for
as-built, 0.3 at% Si solute and heat-treated samples, respectively. The first pressing of ECAP
led to solid solubility extension of silicon in the aluminum matrix. The amount of Si in the
solid solution increased to 2.2 at% (note that for Al alloys, it is 1.65 at%); however, during
the subsequent ECAP pass, the dynamic precipitation of supersaturated Si depleted the
solute concentration in the solid solution [42], decreasing it to 0.7 at%.

a = 0.40515 — 0.0174X; 1)

where « is the lattice parameter of the Al matrix, and Xg; is the atomic fraction of Si in the
Al matrix.

3.2. Corrosion Properties Analysis

The typical electrode potential (Eocp) as a function of immersion time in a 3.5% NaCl so-
lution for the as-built, heat-treated and ECAP processed samples are presented in Figure 9.
As can be seen, the stabilized E,q, values for the SO and S2 samples were much lower
(~—670 mV, and —685 mV, respectively) than for ECAP processed S2-1 (~-0.760 mV) and
§2-2 samples (~-0.870 mV). Generally, the open circuit potential Eyp reflects the thermody-
namic parameter, which guides us about the thermodynamic tendency of metallic materials
to participate in electrochemical corrosion with the electrolyte or neighboring medium. A
decrease in E,cp values with the subsequent stabilization indicate possible dissolution of
the material surface, whereas an increase in the Eocp values with subsequent stabilization in-
dicates an increased compactness of the passive layer and/or growth of corrosion products
on the samples’ surfaces. The recorded E,, values for the four tested samples belonged to
the passive region domain of AI(OH); or Al,Os3 in the Pourbaix diagram for aluminum [43],
which indicated the formation of a AI(OH); or Al,O3 passive layer on the sample surface.
Accordingly, the higher E,, values for the ECAP processed samples indicated their higher
corrosion resistance, which is due to the possibility of a more effective formation of the
oxide layer from the corrosion product and, in effect, the passivation process.
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Figure 9. Open circuit potential curves of the tested samples.
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Potentiodynamic measurements were conducted to understand the effects of heat
treatment and subsequent ECAP on the corrosion rate. Figure 10 illustrates the polar-
ization plots, while Table 4 lists the potential (Eco), the polarization resistance (Rp), and
the corrosion current density (icrr) obtained from their respective polarization plots by

Tafel extrapolation.

: , : , : . , .
23 4 4
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Figure 10. Potentiodynamic polarization curves of all tested samples.
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Table 4. Summarized results of pitting corrosion test.
Sample Ecorr, ImV] icorrs [MAJcm?] Ry, [kQ-cm?]
S0 —663 £ 11 73+£01 1.1+01
S2 —693 £ 21 185+ 04 09+01
52-1 —550 £17 0.3 £0.05 60.6 £ 2
52-2 —440 £ 14 0.2 £0.04 755+ 4

The obtained values of the corrosion potential E. were in line with the open-circuit
potential behavior Eyp. For the built SO sample, the mean value of the corrosion potential
was Ecorr = =663 £ 11 mV g pgc1- The corrosion potential decreased slightly after heat
treatment to 693 + 21 mV g/ agc1- This is because thermal treatment at 300 °C changed
the size and morphology of Si precipitates and resulted in a depletion of the silicon content
of the aluminum matrix; therefore, the alloy matrix became less noble [44—46]. In this way,
the effect of galvanic stimulation can be emphasized, which means that the Al anode matrix
surrounding the large cathode is more prone to dissolution, which resulted in a cathodic
shift of the E.y, value.

ECAP processing resulted in an increase in the corrosion potential towards more noble
values. The average Ecor values were——>550 £ 17 mV ag/agc1 and —440 & 14 mVpg/agcr,
respectively, for the 52-1 and 52-2 samples. In addition to the nobler E.» value, the ECAP
processed samples were also characterized by a higher value of the polarization resistance
Ry and a lower value of the current density ic;r. The corrosion current density of the SO
and S2 samples (icor = 7.3 £ 0.1 pA/ cm?, and ico;r = 18.5 £ 0.4 pA/cm?, respectively)
was higher than the iy, of the two ECAP processed samples (icorr = 0.3 = 0.05 pA/ cm?,
and 7o = 0.2 + 0.04 pA/cm?, respectively), indicating their slower corrosion rates [47]
(the resistance to general corrosion increases when iq decreases and when E;, becomes
less negative, that is, more noble). Overall, the observed improvement in pitting corro-
sion resistance can also be related to the porosity reduction. According to the study by
Pezzato et al. [48], the presence of the porosity could influence the growth of the oxide
layer. Therefore, a progressive reduction in AM defects during ECAP (according to our
previous study, the porosity level decreased from 0.25% to 0.04% [34]), resulted in increased
corrosion resistance of the samples.

Electrochemical impedance spectroscopy (EIS) was used to further investigate the
corrosion process and characterize the electrochemical interface between the electrode
and electrolytes. Figure 11 shows the representative Nyquist and Bode plots for the as-
built, heat-treated, and ECAP-processed samples. Referring to Figure 11, single distinct
capacitive loops in the middle and low frequencies can be distinguished. The registered
capacitive arc is related to metal dissolution in the corrosion process, whose diameter is
associated with charge transfer resistance, i.e., corrosion resistance. As a result of the Al-
based alloy being immersed in an aqueous solution, a passive layer is first formed, which
is mainly composed of Al,O3. The density and stability of this passive layer correlate with
the corrosion resistance of the Al and Al alloys. The increased diameter of the registered
capacitive arc thus corresponds to a greater ability to form a passive layer and thus an
increased corrosion resistance. Therefore, the much larger capacitive loop radii registered
for the ECAP processed samples indicated their greater surface protection and resistance of
the passive layer against C1™~ [45]. It should be noted that the observed corrosion behaviors
of the tested samples were consistent with the anodic polarization results (Figure 10 and
Table 4), which confirmed the lower current densities for the S2-1 and S2-2 samples.

Equivalent circuits used for modeling the EIS data are depicted in Figure 12. In these
models, Rs represents the ohmic drop in the electrolyte, and R, and CPEy; represents the
charge—-transfer resistance and its corresponding double-layer (dl) constant phase element
at the interface of the substrate and the passive layer. Z,y is the Warburg impedance, which
is related to the diffusion of the reactive species at the electrode surfaces and incorporated
with the lowest-frequency Rt and CPEy; parallel elements to characterize the EIS signal. As
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shown below, only for the S2-2 sample, the Randles equivalent circuit was represented by a
single time constant, which indicates the appearance of a single passive layer (Figure 12b).
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Figure 11. Nyquist (a) and Bode plots (b—e) of analyzed samples.
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L Ry W - Ret

(a) (b)

Figure 12. Schematic illustration and simplified equivalent circuit proposed for the corrosion mecha-
nism of the samples in a 3.5 wt % NaCl solution: (a) SO, S2, and S2-1; (b) S2-2.

The mathematical impedance models of both ECMs are presented in Equations (2)
and (3). The resistances of the electrolyte solution were comparable for all samples (~4 (2).
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1
Z =Rs+ 1 1 T (2)
(Rict + z) + Yoz (jw)™
1
Z=Rs+ (©)

(ﬁ) + Yoo (jw)™

Table 5 shows the fitting parameters obtained from the impedance data for each sample.
The charge transfer resistance (Rt) of the S2 sample (0.7 kQ)-cm?) was marginally lower than
the SO sample (0.8 kQ-cm?). The R value increased significantly after the first ECAP pass
to 22.4 kQ)-cm?, and then after the second ECAP pressing to 24.9 kQ-cm?. The lower Ry
value indicated that a less stable oxide film formed on the surfaces of the SO and S2 samples,
while the higher R.; value means that a thicker and denser inner oxide layer covered the
surfaces of the ECAP processed samples. According to Song et al. [49], crystalline defects,
such as grain boundaries, are advantageous to the formation of more stable and intact
passive films, thus improving the corrosion resistance of aluminum alloys in chloride-
containing solutions [50]. However, the ECAP processing resulted in the formation of a
unique microstructure consisting of multiple melt pool boundaries (see microstructure
evolution; Figure 4c,d), where, according to this study [51], a thinner passive/oxide layer is
formed. This may have suppressed the beneficial effect of grain refinement (second ECAP
pressing), resulting in only a minor increase in the Rt value. Referring to the study by
Jietal. [52], the boundary of the melt pool is where the coarse Si-rich phase gathers. This
area is wide, and the protective film cannot cover it all, which enhances galvanic corrosion
there. Therefore, surfaces that contain multiple melt pool boundaries, which are enriched
with coarse Si particles, might undergo more severe galvanic corrosion. Here, despite the
absence of the passive layer (in some areas), the reduction in grain size and, consequently,
the increased density of the grain boundary density, decreased the overall reactivity of the
surface and improved the corrosion performance of the AlSi10Mg alloy [53].

Table 5. Results of the fitting experimental data coming from EIS tests.

CPEdl y [mV]

Lo 2

Sample Rs, [O] Ret, [KOQ-cm?] Y, [O0-cm—ms-1] ny Zyw
S0 4 0.8 3.6 x 107° 0.84 28
S2 4 0.7 42 x 10 1 10
S2-1 4 24 9.2x 107° 0.80 75
S2-2 4 24.9 9.7 x 107° 0.84 -

3.3. Corrosion Morphology

Figure 13a,b shows the representative light microscopy images of the corroded surfaces
for the SO and S2 samples. Multiple holes formed as a result of pit development. A
qualitative analysis of both surfaces after anodic polarization tests revealed more intensive
pitting along the melt pool boundary (MPB), which confirmed previous assumptions that
the melt pool boundaries acted as weakened zones during corrosion [54]. The corrosion
morphologies of the SO and S2 samples were very similar, although for the SO sample, more
pits were recorded for the analyzed area.

Figure 13c,d shows significantly different corroded surfaces of samples S2-1 and 52-2,
respectively. The surface of 52-1 remained almost unchanged (Figure 13c) with only small
corrosion pits, which confirmed the excellent corrosion resistance of S2-1. However, the
52-2 sample surface underwent selective corrosion. As presented in Figure 13d, localized
corrosion occurred by selective dissolution of the «-Al phase at the triple junction (near
periphery) of the melt pool boundaries. This observation was consistent with reports by
Revilla et al. [55] and Cabrini et al. [56]. According to their results, the localized corrosion
attack in the SLM AlSi10Mg alloy started along the edge of the MPB in heat-affected zones.
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Figure 13. Corrosion morphologies of the (a) as-built, (b) heat-treated, (c) heat-treated + 1 ECAP pass,
(d) heat-treated + 2 ECAP passes.

Figure 14 shows secondary electron micrographs of the S2-2 sample before and after
corrosion testing. A comparison of these images gave a better understanding of how the
evolution of the microstructure (due to ECAP processing) affected the corrosion resistance
of the SLM AlSi10Mg alloy. As shown in Figure 14a,b, coarser silicon crystals existed at the
melt pool boundaries.
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Figure 14. SEM images of the S2-2 sample, (a,b) before corrosion testing, (c) corrosion morphology,
(d) corresponding EDS spectra from image (c).
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Several references [57,58] indicated that such particles stimulate x-Al corrosion since
they produce local galvanic couples. In fact, a higher magnification (Figure 14c) revealed
localized corrosion at the interface between the Si/«x-Al interface. The results of the
SEM/EDX analyses (Figure 14d) confirmed that the corrosion pits were located at the melt
pool boundaries, where the coarser Si particles are exposed to the corrosive environment.

4. Conclusions

Corrosion resistance is one of the most important properties of metallic materials. This
is because the corrosion of engineered materials represents a huge industrial problem. This
causes untold economic losses and catastrophic damage to technical facilities. Corrosion
resistance can be modified by modifying the grain size. Consequently, it is not unreasonable
to expect surfaces with relatively high grain boundary densities to exhibit electrochemical
behavior different from that of coarser grained surfaces with low grain boundary densities.

In this paper, we investigated the effect of ECAP on the microstructure and corrosion
properties of the SLM AlSi10Mg aluminum alloy. The corrosion behavior of the as-built
and heat-treated samples was compared with those fabricated by the hybrid route that
combined selective laser melting, heat treatment, and ECAP processing. The following
conclusions can be drawn:

e  The ECAP-induced microstructural modifications promoted the formation of a layered
structure that comprised semi-circular patterns and melt pool boundaries, whose
fraction increased with additional ECAP pressings.

e  The results of the microstructural study via EBSD revealed that ECAP up to two passes
led to significant grain size reduction to 1.42 pum after the first pass and 0.24 um after
the second pass.

e  Different corrosion behaviors occurred between the as-built/heat-treated and ECAP
processed samples. Potentiodynamic polarization test results revealed the lowest
corrosion current density accompanied by higher R, parameter for ECAP-processed
samples, confirming their superior corrosion resistance.

e  Microstructural examination of corroded surfaces revealed differences in corrosion
attacks depending on the processing history. The as-built and heat-treated, which had
microstructures composed of laser scan tracks, showed almost uniform pitting with
the formation of slightly larger pits along the laser scan track boundaries (melt pool
boundaries). The samples subjected to ECAP, having a microstructure composed of
semi-circular patterns, showed superior corrosion resistance; however, in the sample
subjected to two ECAP passes, the melt pool boundaries showed a more deeply
penetrating corrosion that preferentially initiated in the areas where multiple melt-pool
boundaries overlap. Nevertheless, globally, for ECAP samples, improved corrosion
resistance was observed.
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