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The effects of pH on the electrochemical properties and corrosion behavior of the Al-Mg-Si alloys
were investigated by scanning electron microscopy (SEM), Potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS). The results show that the corrosion behavior of Al-
Mg-Si alloys strongly depends on the pH of the solution. The Al-Mg-Si alloys is susceptible to two
forms of corrosion, including pitting corrosion in acidic solutions, and general corrosion in alkalinity
solutions. When Ph is 4, the Ecor and icor are -1352 mV and 9.78x10 pA cm respectively; when pH
is 10, the Ecor shifts negatively to -1413 mV, and the icor is 1.35%10% pA cm™. The corrosion
resistance of the Al-Mg-Si alloys is the lowest, and the corrosion is the most serious in acidic solution.
The lowest sensitivity of the Al-Mg-Si alloys in neutral solution results from the especially stable
protective oxide layer.
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1. INTRODUCTION

Al-Mg-Si alloys are widely used in aerospace, automotive, navigation, and industrial areas due
to their high strength-to-weight ratios and corrosion resistance. [1-3]. The microstructures of Al-Mg-Si
alloys can be altered by heat treatment, including the precipitation of intermetallic compounds and
precipitates. These precipitates would adversely influence the corrosion performance of the alloy by
forming local anode/cathode areas (galvanic effects), hence promoting the occurrence of corrosion
fatigue and/or cracking, which is regarded as one of the gravest catastrophes [4,5]. So that more and
more researchers have focused on the study of corrosion behavior and mechanism of aluminium alloy
to find better protective methods and technologies [6-8].

In fact, the passivation layer (natural or artificial) generated on the surface of aluminum and its
alloys is an efficient barrier against metal dissolution and is typically resistant to corrosion in aqueous
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solutions [9]. Because of the uneven chemical composition and microstructure of the alloy surface
micro-area, corrosion frequently begins here, and local corrosion, such as pitting corrosion and
intergranular corrosion, occurs [10]. In Al-Mg-Si alloys, two basic types of intermetallic compounds
are the Mg.Si phase and the FeMn-rich phase. Because these intermetallic compounds have different
electrochemical characteristics than the aluminum matrix, preferential dissolution of the matrix or the
intermetallic particles themselves occurs, resulting in localized pitting corrosion or intergranular
corrosion in the alloy [11,12]. Birbilis et al.[13] discovered that Mg>Si has a lower corrosion potential
in neutral NaCl solution than the aluminum matrix, which acts electrochemically anodic. Mg2Si
dissolves itself by preferentially releasing Mg. It has also been discovered that Si enrichment may
reverse the galvanic interaction between Mg.Si and the Al matrix while simultaneously dissolving Mg.
Luo et al.[14] demonstrated that the presence of the Mg.Si phase may cause local pitting corrosion and
even promote intergranular corrosion.

Recently, several researchers discovered that the corrosion environment can influence the
corrosion development process of the Mg.Si phase [15-17]. Kairy et al.[18] used electrochemical
experiments to investigate the corrosion behavior of Al-Mg-Si alloys. The results revealed that
corrosion occurred preferentially around the MgSi phase in NaCl solution with pH=3.5, and the main
corrosion type is pitting corrosion. There have also been studies that demonstrate pitting corrosion of
aluminum alloys is common phenomenon in the pH range of 2 to 10 [19-21]. Furthermore, alkaline
corrosion is a required process prior to anodization. Investigating the corrosion of non-neutral areas
has crucial practical implications for future heat treatment and further enhancing alloy corrosion
resistance. Nabhan et al.[22] hypothesized that raising pH can accelerate corrosion Kinetics strongly.
Due to the non-uniform microstructure of AA6061, however, anodizing is frequently necessary to
overcome the local corrosion problem. It is known little about the corrosion process of the alloy and
the effect mechanism of corrosion rate induced by the solution pH, Some data on the influence of pH
on the corrosion behavior of Al-Mg-Si alloys is still unclear.

Consequently, this work presents a study on corrosion behavior of the Al-Mg-Si alloys in 3.5
wt.% NaCl solution with different pH supported by evaluation of the electrochemical characteristic
and microstructures. For this purpose, electrochemical, Scanning Electron Microscope (SEM) and
transmission electron microscopy (TEM) analyses together to investigate the corrosion behavior of Al-
Mg-Si alloys, as well as its polarization curve and AC impedance techniques aiming to establish a
comprehensive EIS equivalent model to understand the corrosion mechanisms and corrosion Kinetics.
In addition, paying a particular attention to the dissolution of the second phases in different pH
solution.

2. MATERIALS AND METHODS

The experimental alloys used in this research were made of high-purity Al, industrial pure Mg,
high-purity Ag (99.99%), Al-50Sn, Al-16Mn, Al-20Si, Al-50Cu (wt.%), and other intermediate alloys
that were smelted in a good resistance furnace. The chenmical compositions of the examined alloys are
provided in Table 1. An ingot with a size of 45x25x30 mm was used. The ingot was homogenized at
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520°C for 24 h, and each surface was cut to 5 mm thick. The alloy plate was subsequently solution
treated at 550°C for 2 h. After that, the alloy plate was then immediately water-quenched to room
temperature and artificially aged at 170°C for 4h. The sample dimensions are 3mm X 30mm X
10mm. Before the corrosion test, all samples were ground with 1200 and 2400 grit silicon carbide
sandpaper, polished with 9mm, 3mm, and 1mm diamond paste, washed with ethanol, and dried. Three
samples were corroded together in the same solution for each corrosion test. The average of three test
samples' measurements. In this work, a 3.5 wt.% NaCl solution was utilized, and the pH of the solution
was changed with NaOH and 1 mol/L HCI.

Table 1. The detailed chemical compositions of the studied Al-Mg-Si alloys

Mg Si Mn Zr Sn Ti Al
1.35 1.38 0.24 0.15 0.04 0.15 Bal.

Electrochemical experiments were performed at room temperature (25 °C) using a typical
three-electrode electrochemical workstation. The alloy under investigation serves as the working
electrode, the auxiliary electrode is a platinum sheet electrode, and the reference electrode is a
saturated calomel electrode. All samples were cut into 10 mm 10 mm 8 mm cubes, and the pH of the
electrolyte was changed using HCI and NaOH. The scanning speed is 2 mV/s. the scanning interval is -
1500 mV~200 mV. Furthermore, electrochemical impedance spectroscopy (EIS) measurements were
carried out in 3.5 wt.% NaCl solutions at various pH levels. the frequency range is 10 khz~0.1 hz. At
steady state, electrochemical impedance spectroscopy (EIS) experiments were carried out. ZSimp Win
software was used to fit EIS data with equivalent circuits (EECs). SEM was used to examine the alloys
before and after corrosion.

3. RESULTS AND DISCUSSION

3.1 Open circuit potential

Open circuit potential (OCP) refers to the potential of the working electrode relative to the
reference electrode when no current or potential in the cell [23,24]. Fig.1 shows the OCP versus time
curves by immersing the samples in different pH NaCl solutions. The OCP of the samples moves in a
negative way as the pH value increases or falls. In acidic solutions, the studied Al-Mg-Si alloy has a
relatively stable OCP at around 1200 mV. In a pH=10 NaCl solution, the OCPs stable at roughly 1230
mV. The maximum OCP value is seen in a neutral solution with pH = 7.
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Figure 1. Effect of pH value on the OCP response.

3.2 Potentiodynamic polarisation test

Fig.2 depicts the polarization curves of Al-Mg-Si alloys in NaCl solutions with varying pH.
The Tafel extrapolation technique of the cathode branch of the polarization curve was used to
determine corrosion current density and other associated parameters at the self-corrosion potential. The
results are shown in Table 2. The corrosion potential (Ecorr) Was -1142 mV when the solution pH was
7, and the corrosion current density (icor) Was 1.91x10° uA cm™. As the pH value rises or falls, the
passivation plateau of the anode branch shortens and the self-corrosion potential tends to decrease.
When the pH of the solution was 10, the Ecor moved negatively by -1413 mV, and the icorr Was
1.35%10 pA cm™. When the pH of the solution reached 4, the Ecorr moved negatively to -1.35 V, and
the icor was 9.78x10* pA cm™.

Logi/A-cm’

-1.6 -4 -2 -1.0 0.8
E/V

Figure 2. Polarization curves of the tested Al-Mg-Si alloys in different pH NaCl solution conducted at
the steady state.
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Table 2. Electrichemical data determined from polarization curves of the tested Al-Mg-Si alloys
immersed in NaCl solution with different pH value

PH  E MV VsSCE) Ep(mVvs SCE)  Eoit = Eeor(MV) 5 A cm?)  Ba(mVidec)  Bo(mV/dec)

4 -1352 -989+11 361 9.78x10* 85 121
7 -1142 -912+10 228 1.91x10° 82 129
10 -1413 -1093+13 317 1.35x10* 88 118

The corrosion parameters of the Al-Mg-Si alloys are shown in Table 2. The corrosion
parameter revealed the following order of corrosion sensitivity of the Al-Mg-Si alloys: pH 7 < pH 4 <
pH 10. Aluminum alloys have an amphoteric chemical reaction, which means they are soluble in acid
and alkali solutions. The solubility of AI** in acidic solutions enhances the breakdown of the aluminum
matrix. However, the corrosion process of aluminum alloys in neutral and alkaline media is connected
to the creation of an aluminum hydroxide protective layer, and the high concentration of OH" in
alkaline solution dissolves and thins the oxide film evenly. In neutral solution, the passivation coating
generated on the surface of the alloy by aluminum hydroxide (AI(OH)3) is particularly stable due to its
poor solubility.

3.3 Corrosion morphology

Fig.3 depicts the surface morphology of the alloy following the detection of the alloy's
polarization curve. Fig.3a shows the alloy with several corrosion pits. When the pH was 7, the alloy
displayed fewer corrosion spots and the majority of dense pits closely packed along grain boundaries
are linked, but the grain surface is relatively intact. When the pH of the alloy reaches 10, When the pH
is 10, the alloy exhibits general corrosion accompanied by a large number of corrosion pits.

Figure 3. Corrosion morphology of the Al-Mg-Si alloy immersed in NaCl solution with different pH.
() pH=4; (b) pH=7; (a) pH=10
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3.4 Electrochemical impedance spectroscopy

Fig.5 depicts the electrochemical impedance spectroscopy (EIS) plots of Al-Mg-Si alloys in
NaCl solutions with varying pH values. The high-frequency impedance spectra of an Al-Mg-Si alloy in
NaCl solutions with varying pH levels revealed capacitive reactance arcs. The capacitive arc in lower
frequency range can illustrate the breakdown of the oxide-film and porous deposit, such as AI(OH)%*
ads, AI(OH)?* or AI(OH)s, and can be viewed as an symbol of pitting corrosion. As the pH of the
solution increased, the low-frequency sections gradually changed from capacitive reactance arcs to
inductive reactance arcs. Table 3 displays the corresponding fitting parameters. The charge transfer
resistance R1 of the alloy increases fast when the pH value decreases or increases, and icorr INncreases
significantly. When combined with the previous study' results that the oxidation product varies with pH,
it is plausible to suppose that when the pH value rises, a considerable amount of hydroxide develops,
resulting in broad-area dissolving corrosion of the aluminum matrix and an increase in the anodic
reaction [13].
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Figure 4. EIS curves of the Al-Mg-Si alloy immersed in NaCl solution with different pH at 25°C.

Fig. 5 shows two equivalent circuits used to illustrate the sample’s corrosion behaviour. Rs, Rsf,
and R represent the solution, surface film, and charge transfer resistances, respectively; Q1 and Q:
represent the surface film and electric double layer capacitance constant phase angle elements,
respectively; and L represents the relaxation process inductance element. The phenomenon is
frequently linked with high CI™ adsorption in limited corrosion zones, such as those surrounding the
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second phase. Table 3 displays the corresponding electrochemical parameters obtained by
extrapolating the Tafel slopes.
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Figure 5. Equivalent circuit of the EIS results. (a) pH=4 and pH=7; (b) pH =10

Table 3. EIS fitting parameters of the AlI-Mg-Si alloy immersed in NaCl solution with different pH.

oH Q1x 10'5(9' n Rsurf Ret
s"cm?) (Q-cm?) (Q-cm?)
4 3.25 0.92 8431 4986
7 3.84 0.94 15677 7298
10 3.54 0.93 10562 6371

MnFe and MgSi intermetallic phases were observed on the surface. Surface flaws will
inevitably emerge due to the presence of these intermetallics [25,26]. In neutral solution, intermetallic
complexes such as MnFe operate as cathodes, causing corrosion of the surrounding Al matrix, PFZ, or
MgSi anodic phase [27]. The release of Mg ions from Mg2Si particle corrosion leads in the formation
of SiOz in solution. The main anodic reactions are as follow:[28]

Mg — Mg?* + 2¢° [1]
and the cathodic reactions occurred on pure Al are mainly hydrogen evolution reaction and oxygen
reduction reaction, respectively [29,30].

2H++2e"— Hy [2]

O2 + 2H20 + 4e” — 40H" [3]

Most of the Mg»Si phase is completely separated from the Al matrix. In the corrosion process,
Al will significantly promote Mg>Si preferentially dealloying, and as the corrosion period grows, these
enhancing effects decreases [31].

Electrochemical measurements revealed that the Mg.Si phase dissolves quickly in acidic
environments. These findings are consistent with those reported by Birbilis et al.[32] When the pH
increases, the majority of the aluminum element exists in the solution as a positive ion. Depending on
the pH of the solution, aluminum ion can quickly react with hydroxyl ion to generate insoluble
hydroxide sediment or soluble hydroxyl complex (4)-(7) [32].
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AR + OH — AI(OH)?* [4]
Al + 20H" — AI(OH),* 5]
AR + 30H" — AI(OH)s 6]
AR + OH + 2CI- — AI(OH)Cl, [7]

In addition, Alkaline solution has the ability to passivate magnesium. The main reactions as
following:[33]

Mg + 20H" — Mg(OH)2 + 2e [8]

Mg(OH)2 — MgO + H20 [9]

In alkaline solution, the Al-Mg-Si alloy corrodes with a slower rate than it does in acidic solution

because the corrosion products deposit themselves on the surface of the corrosion [34]. Notably, when

these corrosion products deposit in the opening of the corrosion pit, an occluded corrosion cell is

formed, resulting in a lower pH value at the corrosion site's front. Corrosion continued along grain
boundaries into the alloy's interior.

4. CONCLUSIONS

This paper puts an emphasis on the electrochemical performances and corrosion behavior of the
Al-Mg-Si alloys in NaCl solution with different pH. The main conclusions can be drawn as follows:

1. The electrochemical performances and corrosion behavior of Al-Mg-Si alloys are greatly
influenced by the pH of the NaCl solution. In CI* containing solutions with varying pH, distinct
corrosion with different degrees occurred around the MnFe and MgSi phases.

2. When the pH of the NaCl solution is 4, the Ecor and of icorr are -1.35 V and 9.78x10™* uA cm™
2, respectively; when the pH of the NaCl solution is 10, the Ecor moves negatively to -1.41 V, and the
icorr i 1.35%10 pA cm™. The pH of the corrosive solution has a significant influence on the corrosion
behavior of Al-Mg-Si alloys.

3. Under acidic or alkaline conditions, the Al-Mg-Si alloy displays large-area corrosion. When
the pH of the NaCl solution is 7, the Al-Mg-Si alloy shows slight pitting corrosion and the lowest
corrosion sensitivity.
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