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Abstract The anodic polarization behavior of alloy Al–
17Si–14Mg in borate solutions with and without 0.01 M
NaCl was compared to that for pure Al. Results showed
that, for the alloy, the passive current density increased but
the pitting susceptibility decreased. The first effect was
ascribed to a significant electrochemical activity of the
Mg2Si intermetallics and the second to improved stability
of the oxide film. X-ray photoelectron spectroscopy
analysis of potentiostatically formed passive film on the
alloy showed that it consisted of aluminum oxyhydroxide
with incorporation of silicon in its elemental and two
oxidized states (+3 and +4). Mott–Schottky analysis
showed that trivalent silicon ion acted as an n-type dopant
in the film. The interrelationship between passive film
composition, electronic properties, and pitting behavior has
been discussed.

Keywords Pitting susceptibility . Alloying element . Silicon
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Introduction

Aluminum alloys have been extensively used in technolog-
ical applications due to their low density and high strength-
to-weight ratio. Efforts to develop new alloys and aluminum
matrix composites with high strength-to-weight ratio and
increased stiffness continue. For instance, aluminum matrix
composites reinforced with high volume fraction SiC
particles are attractive for different structural and electronic
packaging applications not only due to its lowweight but also
due to its ease of fabrication and good thermal properties [1].
Among the different methods of fabrication, the pressureless
infiltration technique is a promising one for processing high
volume fraction SiCp/Al composites; however, inadequate
wetting of silicon carbide and the potential attack of SiC by
molten aluminum at temperatures above 900 °C (by the
interfacial reaction 4Alþ 3SiC ! Al4C3 þ 3Si) represent
two major drawbacks. Inadequate wetting leads to consid-
erable levels of residual porosity in the composite, and
Al4C3 is considered a deleterious phase because it causes a
degradation of the thermal–mechanical properties of the
composites [2, 3] and also a chemical degradation by its
reaction with H2O [2, 4, 5]. Both problems can be overcome
by adequately controlling alloy chemistry, processing
time and temperature, preform porosity, particle size, etc.
[6, 7]. Magnesium and silicon are the most important
alloying elements in aluminum alloys that are designed
specifically for infiltrating SiC performance. Both elements
reduce the melting point and increase the fluidity of molten
aluminum. In addition, Mg is a powerful surfactant which
improves wetting of SiC, and Si helps to reduce the activity
of aluminum at the interface, thus preventing the formation
of Al4C3. Due to these requirements, typical levels of
Si and Mg are generally higher than those for commercial
Al–Si–Mg alloys [8].
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A previous work of our research group has focused on
optimizing the degree of infiltration [7], evaluating me-
chanical properties [9] and corrosion behavior [10] of Al–
Si–Mg/SiCp composites. Ongoing research involves the use
of composites prepared with Al–Si–Mg alloys of varying
Si/Mg molar ratio, and one of the objectives is to evaluate
the corrosion behavior of plain alloys and compare it with
that of the composites.

It is generally accepted that the localized corrosion of
aluminum alloys starts at weak spots in the air formed or
anodic oxide film and, in the case of highly alloyed
substrates, such flaws are often associated to second-phase
particles or intermetallics [11–13]. During the past decade,
several studies have focused on the electrochemical
behavior of intermetallic phases. Starting with the contri-
bution from Suter et al. [14, 15], various authors have used
microcapillary electrochemical cells to get an insight into
the electrochemical behavior of intermetallics in aluminum-
based alloys [16–19]. Other authors used local probing
techniques such as atomic force microscopy [20–22],
scanning Kelvin probe force microscopy [20, 23, 24], and
scanning electrochemical microscopy [21, 22, 25] to
investigate the influence of material heterogeneities on
localized corrosion properties of aluminum alloys. Al-
though the presence of alloying elements has a determining
effect in the formation of second phases or intermetallics
(and therefore in the electrochemical behavior of the alloy),
it also has a significant effect on the properties of the
passive film [12, 13, 26] which may become more or less
resistant to pitting corrosion. This is due to the possible
incorporation of alloying elements into the oxide film [27,
28] or a modification of its acid–base properties [29].

In this work, the electrochemical behavior of passive
films on an Al–Si–Mg alloy with a typical composition of
the alloys used for infiltration of SiC performance was
evaluated. The role of alloying elements in the composition
and electrochemical characteristics of the passive films
formed in near-neutral solutions has been discussed in
relation to the corresponding passive film for high-purity
aluminum.

Materials and methods

The Al–Si–Mg alloy was fabricated in an induction furnace
adding aluminum, silicon, and magnesium of commercial
purity. The chemical composition is shown in Table 1.

Samples of the alloy were embedded in epoxy resin,
leaving a rectangular exposed area of approximately
0.8 cm2. High-purity aluminum (Goodfellow) with a
circular cross-section of 0.283 cm2 was used as a reference
material. Before each electrochemical experiment, the
surface of the specimens was abraded down to a 1,200-
grit SiC paper, rinsed with distilled water, and dried in hot
air. For surface characterization, the samples were also
polished to mirror finish using aqueous slurries of 1 to
0.05 µm alumina, then were cleaned ultrasonically for
3 min in distilled water and finally dried with hot air.

Microstructural characterization was carried out by
scanning electron microscopy (SEM) with energy disper-
sion X-ray analysis (EDAX) using a Philips XL30
equipment. X-ray photoelectron spectroscopy (XPS) was
used to analyze the chemical composition of the potentios-
tatically formed oxide layer on the alloy surface. A Perkin-
Elmer PHI 560 ESCA-SAM system was used. Binding
energy (BE) calibration was based on C 1s at 284.6 eV.

Electrochemical measurements were performed with a
Gamry series G300 potentiostat–galvanostat in a conven-
tional three-electrode cell where the working electrode was
the alloy and Al, the reference was a saturated calomel
electrode (SCE), and the counter electrode was a Pt sheet.
In order to characterize the anodic behavior of the alloy,
potentiodynamic tests were carried out at a sweep rate of
0.3 mV s−1 in borate solutions pH 8.4 (with and without
addition of 0.01 M NaCl) deaerated with N2 bubbling
before and during the test. Passive films for XPS analysis
were grown potentiostatically during 2 h at 0.1 VSCE in the
borate solution without chlorides.

The electronic behavior of passive films on aluminum
and the alloy was investigated in 0.1 M K2SO4 solution pH
7.0 using the Mott–Schottky approach. The electrodes were
prepolarized at 0.1 VSCE for 1.5 h to attain steady state,
corresponding to a nearly constant thickness of the passive
layer. Capacitance versus potential results were then
obtained by electrochemical impedance measurements
using a 10-mV sinusoidal signal at a single frequency of
10 kHz for potentials between −0.7 and 0.55 VSCE. The
impedance measurements started at the more negative limit
and proceeded by steps of 0.15 V to the upper limit with a
hold time of 30 min at each potential for stabilization.

Results and discussion

Microstructural characterization

Figure 1 shows a backscattered electron SEM image of the
Al–17Si–14Mg alloy in which the presence of three phases
commonly found in Al–Si–Mg casting alloys is evident
[30–32]. The corresponding EDX spectra are presented in

Table 1 Chemical composition (in weight percent) of alloy

Si Mg Fe Cu Mn Al

17.51 14.44 0.66 0.02 0.11 Balance
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Fig. 2. The dominant phase (phase 1) consists of dark
particles, which, according to the EDX analysis and similar
microstructural features reported in the literature [20, 31],
has been assigned to Mg2Si. The Mg/Si ratio (in atomic
percent) was 1.7:1. This is smaller than the expected (2:1),
but it is probably due to the fact that the phase was slightly
dissolved during polishing with the aqueous lubricant
(which also explains the presence of the oxygen signal).
Phase 2 was ascribed to the AlSi eutectic and phase 3 with
a typical lamellar or “Chinese-script” structure to the
intermetallic compound π-AlFeMgSi [30–32].

Electrochemical measurements

Figure 3 shows the anodic polarization curves for the Al–
Si–Mg alloy and pure aluminum obtained in borate
solutions pH 8.4 with a single sweep rate for Al and two
sweep rates for the alloy. It is evident that the Mg content in
this alloy has a determining effect on the anodic polariza-
tion behavior. Compared to pure Al, the polarization curve
for the alloy (at the same sweep rate) is characterized by a
much higher anodic activity and the open circuit potential
(OCP) is approximately 300 mV more negative. The
current density for Al in the passive range is of approxi-
mately 10 µA cm−2, while for the alloy is one order of
magnitude higher. According to the microstructural charac-
terization, the presence of Mg in the surface of the alloy is
by and large in the form of the intermetallic phase Mg2Si.
So, the high anodic activity of the alloy is most likely due
to selective dissolution of Mg from this phase. The anodic
reactivity of the Mg2Si intermetallic in aqueous solutions is
well-documented in the recent literature [16–20]. It is
interesting to observe that the anodic polarization curve
for the Al–Si–Mg alloy obtained at 0.3 mV s−1 exhibits a
small shoulder followed by a slight current decrease at
around −0.75 VSCE. At a higher scan rate, the shoulder
becomes broader, is shifted to less negative potentials, and
involves a net current increase. Such dependence on scan
rate suggests that the shoulder might be related to a solid-
state mass transport process. This process can be ascribed
to dealloying of Mg2Si and the simultaneous formation of a
silicon-rich oxide [18, 20] with some sort of passivation
effect (since the magnitude of the current decreases once
this oxide is formed). Based on the above discussion, we
propose in Fig. 4 a schematic representation of the alloy
surface at two different stages of the anodic polarization:

Fig. 1 SEM image of the Al–Si–Mg alloy. The EDAX spectra for the
marked phases are presented in Fig. 2

Fig. 2 EDAX spectra for phases 1, 2, and 3 in Fig. 1 corresponding
to Mg2Si, the AlSi eutectic, and the π-AlFeMgSi intermetallic,
respectively

Fig. 3 Anodic polarization curves for Al and the Al–Si–Mg alloy in
deaerated borate solutions pH 8.4. For the alloy, results obtained with
two sweep rates are presented
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one when the anodic reactivity of the Mg2Si particles is
high and the other when it is low. Figure 4a corresponds to
the initial stage (for potentials below the potential region
corresponding to the shoulder) where the Si-rich oxide is
absent and Fig. 4b corresponds to the stage when it is
present.

Figure 5 shows that, for pure Al, the pitting potential
(Epit) is clearly defined (around −0.45 VSCE) by a sharp
increase in the current density, while in the case of the alloy
Epit is defined by the second current increase in the
polarization curve (the first one is associated to the shoulder
observed in chloride-free borate solutions). The pitting
potential for the Al–Mg–Si alloy exhibited only a slight
shift to more noble values; however, the difference between
Epit and OCP is wider than that corresponding to pure Al.
This suggests that, although its passive current density is

large, the pitting susceptibility for the alloy is lower than
that for Al. It would be desirable to reduce the current
magnitude in the passive region. Thus, future research will
be aimed at finding a suitable corrosion inhibitor to
suppress the anodic reactivity of the Mg2Si particles.

The increased pitting resistance of the Al–17Si–14Mg
(in weight percent) alloy compared to Al can be related to
changes in the properties of the passive film due to the
presence of silicon as an alloying element. This assertion is
based on the following two reasons: (a) We have recently
investigated the effect of Mg alloying addition on dissolu-
tion behavior of oxide films [33] and anodic polarization
behavior in chloride-containing solutions of Al–Si–Mg
alloys [34]. Results of this latter study showed that the
pitting potential for Al–10%Si–X%Mg (X=3, 6, 9.5 wt.%)
alloys, in borate solutions pH 8.4 with 10 mM NaCl, was
about 200 mV more positive than that for pure Al and
independent of the Mg content; (b) Unpublished results
obtained in our laboratory with Al–12%Si alloy (Good-
fellow) have shown, in agreement with observations by
other authors [28, 35], that the presence of silicon does
indeed increase the resistance to chloride attack. One
explanation for the case of Al–Si alloys is that Si is present
in the passive film as SiO2 and, in this form, it alters the
acid–base properties of the film, making it more negatively
charged (leading to an increase in the pitting resistance)
since the isoelectric point of this oxide is less than that for
Al2O3 [29]. The other possible explanation is that silicon
incorporation repairs the film’s defects and renders it more
stable [28]. Thus, to assess whether silicon is incorporated
or not in the passive film of the Al–Si–Mg alloy, an XPS
analysis was carried out. The passive films were grown
potentiostatically at 0.1 VSCE during 2 h in the borate
solution. Next, we present the results of potentiostatic
experiments and then the XPS analysis.

Alloy matrix

Mg2SiMg2Si

Passivating oxide film

Alloy matrix

Mg2SiMg2Si

Passivating oxide film

(a)

(b)

Silicon-rich oxide

Fig. 4 Schematic representation of the alloy–solution interphase,
considering when the anodic reactivity of the Mg2Si particles is a high
or b low

Fig. 5 Anodic polarization curves for Al and the Al–Si–Mg alloy in
deaerated borate solutions pH 8.4 containing 0.01 M NaCl

Fig. 6 Potentiostatic transients for Al and the Al–Si–Mg alloy in
deaerated borate solutions, pH 8.4, E=0.1 VSCE
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Figure 6 shows the typical current transients for Al and
the Al–Si–Mg alloy (the inset shows the behavior at short
times). The characteristic decrease in anodic current density
with time suggests oxide film formation for both samples.
For pure Al, the quantity of charge (Q) used for such
process was determined by integrating the area under the
curve (i− iss) versus time where iss is the steady-state current
density. From the value of Q (=43.6 mC cm−2), the oxide
film thickness δox was estimated using Faraday's law:

dox ¼ MQ

zFr
ð1Þ

where M (101.96 g mol−1) is the oxide molecular mass, ρ
(3.2 g cm−1) is the density of Al2O3, z (6) the number of
electrons used in the process, and F is the Faraday's
constant. The value of film thickness determined in this
way (24 nm) is in good agreement with the literature [36,
37]. For the alloy, it is evident from Fig. 6 that the charge
associated to the current transient is much larger than that
for pure Al (about 50 times), suggesting that not all of it
was used for oxide film formation. As indicated earlier, part
of the current density arises from electrochemical dissolu-
tion of intermetallics, and since deconvolution of this
contribution is not straightforward then the passive film
thickness for the alloy cannot be determined by this
method.

XPS surface analysis

Figure 7 shows an XPS survey spectrum for the passive
film grown potentiostatically in the Al–Si–Mg alloy. The O
1s, Al 2p, and Si 2p core level principal peaks can be
observed. Although the two Mg KLL Auger peaks appear
to the left of the C 1s photoelectron peak, the Mg 2p signal
is barely discernible. It appears then that, of the two main

alloying elements, only silicon shows up in the passive
film. In order to elucidate the nature of aluminum oxide and
the role of silicon in the film, high-resolution spectra were
acquired for O 1s, Al 2p, and Si 2p.

Figure 8 shows the high-resolution spectrum for Al 2p.
Deconvolution of this spectrum with the XPSPEAK
software [38] suggests that it consists of two peaks,
corresponding to aluminum metal (Al0) and oxidized
aluminum (Al3+). Such assignment has been made based
on the value of BE for oxidized aluminum and the chemical
shift between the two peaks (approximately 3 eV) in
agreement with more specialized XPS studies of oxidized
aluminum [39, 40].

Figure 9 shows the high-resolution spectrum for Si 2p.
Analysis with the XPSPEAK program suggests that it
consists of three peaks. The predominant peak at 103.6 eV
can be ascribed to the Si4+ component, corresponding to SiO2

[41, 42]. Although the peak corresponding to Si0 is often
reported in the literature to be in the order of 99.5 eV [41–

Fig. 7 XPS survey spectra for passive film formed on the Al–Si–Mg
alloy after 2 h of potentiostatic treatment at E=0.1 VSCE

Fig. 8 High-resolution spectrum for Al 2p. Passive film grown as
indicated in the caption of Fig. 7

Fig. 9 High-resolution spectrum for Si 2p. Passive film grown as
indicated in the caption of Fig. 7
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44], we found that, in this case, it is about 1.5 eV lower. The
peak with a BE of 100.2 eV is most likely related to one of
the suboxide states (possibly Si3+) in the film [44]. The
appearance of this peak might be an indication that the silicon
oxide in the passive film is nonstoichiometric.

The high-resolution spectrum for O 1s is presented in
Fig. 10. Based on more specialized XPS studies on aluminum
oxides and oxyhydroxides, this spectrum was decomposed
into three components [39, 40]. The first and second peaks
(located at 531 and 532.1 eV, respectively) were attributed to
the Al–O–Al and Al–O–H features of aluminum oxyhydr-
oxide. As pointed out by Sherwood and collaborators [27,
39], it is difficult to distinguish among different aluminum
oxides by core level XPS since the chemical shifts between
them is very small. The third peak (533.2 eV) can be
attributed to the contribution from water (H–O–H) or to the
Si–O bond corresponding to the silicon oxide [42, 45].

To sum up, the results of the XPS analysis suggest that
the passive film for the Al–Si–Mg alloy consists of an

aluminum oxyhydroxide and a certain amount of non-
stoichiometric silicon oxide. Its presence might be respon-
sible for the changes in the acid–base properties of the film
and also in the electronic properties, as shown below.

Mott–Schottky analysis

It is generally accepted that the resistance of metals and
alloys to corrosive attack is related to the solid-state
characteristics of the passive film [46, 47]. In particular,
for Al and Al alloys, various authors have discussed the
correlation between the semiconducting properties of the
oxide film and the corrosion resistance [29, 48–51]. For
instance, McCafferty [29] reported a dependence of the
pitting potential on the flat band potential (Efb) and the
isoelectric point of the oxide. Previously, Bockris and Kang
[48] had also found a linear relationship between the pitting
potential and the potential of zero charge for aluminum and
supersaturated aluminum alloys. Most studies have shown
that the oxide film on aluminum and its alloys is an n-type
semiconductor [29, 48–50].

The analysis of capacitance versus potential data based
on the Mott–Schottky theory [52] is the most common
method for probing the electronic properties of passive
films. According to this theory, the space charge capaci-
tance (Csc) for an n-type semiconductor oxide follows the
Mott–Schottky equation:

1

C2
sc

¼ 2

e""0ND
E � Efb � kT

e

� �
ð2Þ

where ND is the donor concentration, ε is the dielectric
constant of the semiconductor, ε0 is the vacuum permittiv-
ity, e is the elementary charge, k is the Boltzmann constant,
and T is the temperature. This equation suggests that a plot
of 1

�
C2
scversus E gives a straight line. The point of

intersection with the potential axis gives the flat band
potential and the slope gives the carrier density.

In this work, values of the space charge capacitance were
obtained from the experimentally determined electrode
capacitance (C) and the following relationship [47]:

1

C
¼ 1

Csc
þ 1

CH
ð3Þ

corresponding to the series connection between Csc and the
Helmholtz layer capacitance CH. A typical value of CH=
50 µF cm−2 [48] was used in the calculations. Figure 11

Fig. 10 High-resolution spectrum for O 1s. Passive film grown as
indicated in the caption of Fig. 7

Fig. 11 Mott–Schottky plot for Al and theAl–Si–Mg alloy after the passive
film was grown during 2 h at E=0.1 VSCE in a 0.1-M K2SO4 solution

Table 2 Results of Mott–Schottky analysis

Sample Efb (VSCE) ND (cm−3)

Al −1.23 9.7×1019

Al–Si–Mg −1.32 1.93×1020
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shows the Mott–Schottky plots for aluminum and the Al–
Si–Mg alloy obtained in a 0.1-M K2SO4 solution. Linear
relations with positive slopes indicate that, for both
materials, the passive films are n-type semiconductors.

As reported by Schultze and Lohrengel [47], the dielectric
constant for Al2O3 ranges between 7.5 and 15. In a recent
work, Jun et al. [53] showed that Al2O3 films deposited by
chemical vapor deposition had an initial ε of 7.8 which then
increased up to 11.5 after dipping the films in distilled water
(i.e., an increase in the dielectric constant due to hydration of
the film). Our XPS results described above have shown that
the passive film consist of an aluminum oxyhydroxide. Thus,
for the estimation of the donor concentration from the slope
of the Mott–Schottky plot, a value of ε=10 was used. Values
of Efb and ND obtained from the Mott–Schottky analysis are
presented in Table 2. For pure aluminum, the n-type
semiconductor behavior of the passive film is most likely
due to a predominance of oxygen vacancies. The donor
density and the flat band potential are in good agreement with
those reported by Bockris and Kang [48].

In the case of the Al–Si–Mg alloy, the flat band potential is
about 100 mV more negative than that for passive Al. This is
consistent with the finding of Menezes et al. [45] that Efb
increases with the tendency of aluminum to undergo pitting.
In this case, pure Al is more susceptible to pitting corrosion
than the alloy. Concerning the donor concentration, Table 2
shows that ND for the alloy is about twice that for Al. The
XPS results showed that silicon ions are actually found in the
passive film and that the ion charge could be +4 or even +3.
The fact that the donor density increased suggests that
trivalent silicon ion acts as an n-type dopant in the film.
Conduction-band electrons were generated by transformation
of trivalent silicon (possibly located on an Al lattice site) to
the more stable tetravalent state. It is also likely that
incorporation of Si species into the Al2O3 lattice produced
more oxygen vacancies.

Conclusions

The as-cast microstructure of the Al–17Si–14Mg alloy
consisted of the Al matrix, the AlSi eutectic, and two
intermetallic constituents, Mg2Si and π-AlFeMgSi. Due to
the high levels of Mg and Si, the predominant intermetallic
compound was Mg2Si.

Results of anodic polarization curves in near-neutral
borate solutions showed that the Mg content in the Al–Si–
Mg alloy had a determining effect (due to the high anodic
reactivity of Mg2Si) leading to a one-order-of-magnitude
increase in the passive current density compared to that for
Al. Nevertheless, in the presence of chloride ions, the
passive film in the alloy exhibited a better pitting resistance
compared to that for Al, and this effect was attributed to an

improved performance of the oxide film caused by the
presence of alloying elements, such as Si.

The XPS analysis of potentiostatically formed passive
films in the alloys showed that they consisted of aluminum
oxyhydroxide with incorporation of silicon in its elemental
and two oxidized states (+3 and +4). On the other hand,
Mott–Schottky analysis showed that trivalent silicon ions
acted as n-type dopants in the film, leading to an increase in
the donor concentration compared to the passive film on
pure Al. The silicon ions incorporation also led to a shift in
the flat band potential, which, in agreement with other
authors, could be correlated with an increase in the pitting
resistance compared to that for Al.
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