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Abstract: The corrosion and electrochemical behaviors of 7A09 Al−Zn−Mg−Cu alloy were investigated in 3.5% NaCl (mass 
fraction) solution using complementary techniques such as scanning electron microscopy (SEM), metallographic microscopy and 
electrochemical measurements. The results show that both pitting corrosion from or around the intermetallic particles and 
intergranular corrosion are observed after the immersion test due to the inhomogeneous nature of the microstructure of the 7A09 
alloy. The preferential dissolution of the anodic Cu-depleted zone along grain boundaries is believed to be the possible cause of 
intergranular corrosion. The passivation and depassivation of this alloy show significant dependence of immersion time, owing to the 
formation and dissolution of various passive films on the sample surfaces. Furthermore, the corrosion process and corrosion 
mechanism were also analyzed. 
Key words: 7A09 Al−Zn−Mg−Cu alloy; intergranular corrosion; intermetallic particles; electrochemical impedance spectroscopy; 
polarization 
                                                                                                             
 
 
1 Introduction 
 

7A09 alloy belongs to the 7xxx series (Al−Zn−Mg− 
Cu) aluminum alloys that have excellent combination of 
properties such as high specific strength, fracture 
toughness and thermal conductivity. The superior 
properties of this aluminum alloy make it an ideal 
material for aerospace and automotive applications. This 
material can reach its peak strength through proper T6 
aging treatment [1,2]. 

It has been acknowledged that corrosion resistance 
of aluminum alloy depends on the formation of passive 
film on its surface [3,4]. However, halide ions, especially 
chloride ions (Cl−), show a strong attack to this passive 
film. The adsorption of Cl− into the faults in the 
protective film, and their penetration and accumulation 
in these imperfections are considered one of the 
triggering factors of the process of nucleation of   
pitting [5,6]. Pitting corrosion is thought to be one of the 
principal mechanisms for the damage of high-strength 
aluminum alloys, which often represents the initiation 

sites for other forms of corrosion. As pits grow, they 
often develop into intergranular corrosion (IGC), 
resulting from the existence of a continuous anodic path 
at grain boundaries. When a fibrous structure exists as a 
consequence of cold working, the voluminous expansion 
of the corrosion products can lead to a layered 
appearance, known as exfoliation corrosion [7,8]. 
Intergranular corrosion is usually caused by the 
precipitation of second-phase precipitates at the grain 
boundary [9,10]. During precipitation, an adjacent 
denuded zone free of precipitates (PFZ) is formed, which 
has different solution potentials compared with the 
matrix. The degree of susceptibility of an alloy to 
intergranular corrosion depends on its microstructure, in 
particular, the amount, size and distribution of 
intergranular precipitates, and the composition and the 
width of the PFZ. 

In the past several decades, many researchers 
[2,11,12] have paid attention to 7A09 alloy, especially in 
terms of its manufacturing and deformation behavior. 
However, the corrosion behavior of this kind of  
material has seldom been studied and mentioned to our 
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knowledge, and the passivation and corrosion 
phenomena of which have not been fully understood yet. 
In this work, the electrochemical behavior of this alloy 
was evaluated in 3.5% NaCl solution using 
electrochemical impedance spectroscopy (EIS) and 
potentiodynamic techniques. Furthermore, the 
microstructures of the pitting attack of this alloy were 
investigated by metallographic microscope and scanning 
electron microscope (SEM), and the corrosion 
mechanism was also discussed. 
 
2 Experimental 
 
2.1 Materials and solution 

A commercial T6-tempered 7A09 alloy was used in 
this work with the following chemical composition (mass 
fraction): 5.80% Zn, 2.80% Mg, 1.49% Cu, 0.23% Cr, 
0.45% Fe, 0.06% Si, 0.02% Ti and balance of Al [13]. 
For T6 temper, the specimens were first solution 
annealed and then heated at 120 °C for 24 h. Before 
treatment. The sample surfaces were abraded with a 
series of silicon carbide papers, rinsed with distilled 
water and degreased in acetone. For electrochemical 
measurements, the metal samples were embedded in 
epoxy resin, leaving a geometrical surface area of 1 cm2 

exposed to the electrolyte. 
As the aggressive medium, a naturally aerated and 

stagnant solution of 3.5% NaCl (mass fraction) at pH 8.1 
was used. The saltwater was prepared from analytical 
grade reagents using double distilled water, and the pH 
of the solution was adjusted with a little strong NaOH. 

In order to observe the surface corrosion 
morphology of the samples, the corrosion products were 
eliminated by immersing the samples in 70% HNO3 for  
2 min and then washed with plenty of distilled water. 
 
2.2 Electrochemical measurement 

The electrochemical measurements were performed 
using a conventional three-electrode cell at room 
temperature on a PARSTAT 2273 workstation. The cell 
assembly consisted of 7A09-T6 alloy as the working 
electrode, a platinum sheet as a counter electrode, and a 
saturated calomel electrode (SCE) as a reference 
electrode, which was connected to the corrosion solution 
through a Luggin capillary bridge. 

Electrochemical impedance spectrum (EIS) was 
measured with a perturbation amplitude of 10 mV with 
respect to the open circuit potential (OCP) and the 
frequency range was from 100 kHz to 10 mHz. The EIS 
tests were conducted from high frequency to low 
frequency, and ZSimpWin 3.2 software was used for the 
data fitting of impedance spectra. 

The potentiodynamic polarization curves of the 
samples in each period of immersion time of 0.5, 12, 72 

and 192 h were recorded in the applied potential range 
from −0.4 to 1.0 V (vs SCE) with a scan rate of 1 mV/s. 
 
2.3 Surface characterization 

The optical microscope studies were conducted with 
a Nikon Optiphot metallographic microscope equipped 
with a CCD camera (Sony model Iris) connected to a 
computer. The samples were mechanically ground to 
1500 grit SiC paper, polished with 1.5 μm diamond paste, 
and then etched in the solution (2 mL HF + 3mL HCl +  
5 mL HNO3 + 190 mL H2O) for 20 s to distinguish the 
grain boundary for morphology observation. 

The surface appearance observation of the samples 
was conducted with a JEOL 820−SM scanning 
microscope equipped with a LINK AN−10000 dispersive 
energy analyzer. Finally, energy dispersed spectrometry 
(EDS) analysis was performed during SEM observation 
to study the intermetallic particle composition of the 
samples after the immersion time of 360 h. 
 
3 Results and discussion 
 
3.1 Microstructure examination 

Figure 1 shows the optical micrograph of 7A09-T6 
aluminum alloy. From Fig. 1, it can be observed that the 
microstructure of the alloy in peak-aged condition    
(T6 tempered) is very heterogeneous, containing Al 
matrix, coarse intermetallic particles (constituent 
particles) and strengthening particles. Constituent 
particles (mainly FeCrAl7, FeAl3 and Mg2Si) [14] are 
formed during casting and ingot homogenization due to 
the interaction between alloying elements and impurities 
present in the alloy. 
 

 

Fig. 1 Optical micrograph showing microstructure of 7A09-T6 
aluminum alloy 
 

Hardening particles, such as T(AlZnMgCu), 
precipitate in the matrix during aging treatments and 
provide high strength performance of the alloy. 
Precipitation occurs first at grain boundaries, where 
nucleation is easier, giving rise to the formation of grain 
boundary precipitates with very short interparticle 
distance [14]. On both sides of the grain boundaries, a 
narrow region where matrix is depleted in Cu has been 
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reported [15], leading to the so-called precipitate free 
zone (PFZ). In corrosive environments, the existence of 
these electrochemically differentiated zones gives rise to 
localized corrosion phenomena. 
 
3.2 Electrochemical measurements 
3.2.1 Potentiodynamic polarization curves 

Figure 2 presents the potentiodynamic polarization 
curves for 7A09-T6 alloy in 3.5% NaCl solution after 
different immersion periods. It is found that the corrosion 
potential shifts to more noble values with the increase in 
immersion time. For the potentiodynamic polarization 
curves at immersion time of 0.5 and 72 h in solution, 
neither a passive current plateau nor a pitting potential is 
defined, indicating that active corrosion processes take 
place. Namely, the dissolution potential takes a value 
close to corrosion potential. Recent investigations [16], 
performed with microcells in regions free of intermetallic 
particles of high resistance Al alloys, have shown that the 
pitting potentials of these regions were much higher than 
those associated with particles-bearing regions. It is 
proposed that the observed anodic behavior is mainly 
due to the activity within the intermetallic particles and 
at their vicinity. 

 

 
Fig. 2 Potentiodynamic polarization curves of 7A09-T6 alloy 
immersed in 3.5% NaCl solution as function of immersion time 
 

In the case of the polarization curves obtained after 
12 and 192 h of immersion, a passive range is  
established, which decreases and becomes ill-defined as 
immersion time increases. This response would be 
associated to the bulk passive alloy due to the formation 
of various protective compounds or corrosion products 
on the sample surfaces [17], as presented in Fig. 3, which 
reveals the existence of thick corrosion product film 
containing many microcracks. Corrosion products lead to 
the isolation of long corrosion defects from the 
electrolyte and to the minimization of the 
electrochemical processes. The accumulation of 
corrosion products inside the corrosion defects is 

perceived as the corrosion defects healing and 
contributed, with the oxide film formed on the sample 
surfaces. 

It can also be seen that, for longer immersion time, 
the film breakdown potential or pitting potential shifts to 
more noble values, suggesting that the protective layer 
composition changes, since the φpit value depends only 
on the passive film composition [18]. The above results 
also suggest that the passivation and depassivation 
mechanisms are related to the immersion time. 
 

 
Fig. 3 SEM image of 7A09-T6 alloy sample showing corrosion 
product film formed after immersion in 3.5% NaCl solution for 
168 h 
 
3.2.2 Electrochemical impedance spectroscopy (EIS) 

The experimental results of EIS testing are shown in 
Fig. 4, together with a representative fitting of a selected 
diagram. The plots at the immersion time of 48, 72 and 
96 h present one depressed semicircle from high to 
medium frequencies and an inductive loop at low 
frequencies, and the equivalent circuit for simulating this 
process is shown in Fig. 5(b). It has been documented 
that the inductive behavior is more likely promoted by 
the weakening of the aluminum oxide layer due to the  
 

 
Fig. 4 Nyquist plots for samples of 7A09-T6 alloy immersed in 
3.5% NaCl solution for different immersion of time  
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Fig. 5 Corresponding equivalent circuits used in modeling of 
electrochemical impedance spectrum data: (a) Before 48 h and 
beyond 96 h; (b) 49−96 h 
 
anodic dissolution of aluminum alloy [19]. With 
increasing immersion time, the surface oxide layer 
becomes progressively less and less protective, due to the 
action of aggressive anions of the test solution. Then, the 
relaxation of weak points becomes vanishingly small. 
This is the reason that the inductive loop vanishes with 
the immersion period in agreement with experimental 
observations. 

It seems that all the other Nyquist plots except 0.5 h 
are composed of a depressed semicircle，which may be 
the superimposition effect. Similar Nyquist plots for 
aluminum alloys were observed in the work of ZHOU et 
al [20] and OSORIO et al [21]. With the objective of 
performing accurate analysis of the EIS time-dependent 
constants of the corrosion process, an equivalent circuit 
in Fig. 5(a) has been used, which has already been 
proven to be a adequate choice [22,23]. The values of 
elements in the equivalent circuit can be defined as 
follows: Rs is the solution resistance, Rf is the film 
resistance with constant phase element CPE2 and Rct is 
the charge transfer resistance with constant phase 
element CPE1 [24]. 

The simulation values analyzed by ZSimpWin 
software for the equivalent elements are obtained. Figure 
6 summarizes the time dependence of open circuit 
potential (OCP), Rct, Rf and CPE1 for 7A09-T6 alloy in 
3.5% NaCl solution. As seen in Fig. 6(a), at the early 
stage of immersion, the open circuit potential shifts to 
anodic values until reaching steady state. This evolution 
of OCP is attributed to the dissolution of aluminum and 
the formation of the protective oxide [25,26], which is 
also the reason for the sharp increase in Rf and Rct values 
with the increase in immersion time up to 12 h, 
indicating a much less intense corrosion process. It is 
reasonable to believe that the increase in the thickness of 
the oxide layer leads to the decrease of the interface 
capacitance during the first 12 h of immersion. 

However, at the immersion time of 48, 72 and 96 h, 
the charge transfer and film resistances (Rct and Rf) 
exhibit low values. This result implies that the 
passivation is not found. The breakdown of the passive  

 

 
Fig. 6 Evolution of electrochemical parameters: (a) Open 
circuit potential (OCP); (b) Low frequency capacitance; (c) Rct 
and Rf values for 7A09-T6 alloy samples in 3.5% NaCl solution 
as function of immersion time 
 
state of aluminum and its alloys in a chloride medium 
occurs by the interaction between Al(OH)3 film and Cl− 
ions which can generate AlCl3 compound [27−29] after 
surface saturation with corrosion products in chloride 
confined environments and after sufficiently long time. 
The values of the capacitance CPE1 are unusually high, 
reaching up to 0.82−10.50 mF/cm2 during the whole 
immersion time. This capacitance can be explained by 
the formation of the intergranular or exfoliation 
corrosion feature [30]. With further increase in 
immersion time, both Rf and Rct increase slightly again, 
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but the values are much lower than those of the samples 
during the first 24 h of immersion. This direction of 
change is attributed to the formation of corrosion product 
film, but the film is less compact and corrosion resistant 
than that formed on sample surfaces earlier, which is due 
to the difference in composition of the films. These 
results support those observed by the potentiodynamic 
polarization curves as shown in Fig. 2. 
 
3.3 Morphology of attack 

SEM images of the samples immersed in 3.5% 
NaCl solution for different immersion time are shown in 
Fig. 7. The results show that pitting corrosion can be 
seen easily after immersion for 24 h in Fig. 7(a), and the 
number and size of pits increase with prolonging the 
soaking time. After 360 h of immersion, the sample is 
heavily corroded, with localized corrosion occurring in 
the zones at or surrounding particular types of 
intermetallic compounds. This type of attack leads to the 
formation of large numbers of mud structures and pits, 
which extends to cover a large proportion of the exposed 
surface area over prolonged periods of exposure. 

The susceptibility of aluminum alloys to pitting 
corrosion and other forms of localized corrosion is 
associated with the electrochemical nature of the 
intermetallic phases. Thus, its corrosion behavior is often 

correlated with the difference in potential between the 
matrix and the intermetallic compounds present in the 
alloy [31−33]. Anodic intermetallic particles, such as 
Mg2Si, have been found to be common sites for pits 
nucleation. By a different process, Fig. 7(c) shows the 
evidence of localized dissolution of the aluminum matrix 
around intermetallic particles. Local compositional 
analysis using EDS of the corresponding regions in   
Fig. 7(c) confirms the presence of Al3Fe intermetallic 
particles, as shown in Fig. 7(d). Furthermore, the 
presence of oxygen in the EDS, together with the type of 
corrosion displayed in the neighbouring aluminum 
matrix, tends to confirm the cathodic character of the 
Al3Fe particles. Thus, the process of reduction of O2 to 
OH− takes place on these particles, leading to a local 
increase in pH in the solution adjacent to intermetallic 
particles. The local alkalization results in the dissolution 
of the layer and Al matrix surrounding the cathodic 
particles, while the inclusions themselves remain inert. 

Figure 8 shows optical micrograph of corrosion 
defects for 7A09-T6 sample after 360 h of immersion. 
Cross-sectional view of Fig. 8 reveals that the 7A09-T6 
alloy is susceptible to intergranular corrosion (IGC) and 
the intergranular attack tends to follow the rolling 
direction. Furthermore, exfoliation corrosion was not 
observed. 

 

 
Fig. 7 SEM images of samples immersed in 3.5% NaCl solution for different immersion time: (a) 24 h; (b) 144 h; (c) 360 h; (d) EDS 
spectrum corresponding to representative intermetallics of Al3Fe from 7A09-T6 sample 
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Fig. 8 Optical micrograph of corrosion defects for 7A09-T6 
specimen after immersion in 3.5% NaCl solution for 360 h 
 

It is hypothesized that IGC will initiate when a pit 
or localized corrosion around an intermetallic particle 
grows to reveal a susceptible grain boundary. For a short 
immersion time, the cathodic reaction was primarily 
oxygen reduction on the sample surface, whereas the 
anodic reaction was the dissolution of aluminum inside 
the corrosion defects. When the corrosion propagated, 
the accumulation of corrosion products inside the 
corrosion defects inhibited diffusive convection between 
the outside and inside of these defects to form the 
occluded cell corrosion. With increasing the metal ion 
and accumulation of positive charge, strong electric field 
was formed, attracting Cl− into the pit to maintain charge 
neutrality, which generated a more aggressive solution 
with the combined effect of H+ and Cl−. 

Due to the increased aggressiveness of the 
electrolyte trapped inside the corrosion defects, new 
corrosion defects initiated, and the dissolution of grain 
boundaries and subgrain boundaries also occurred. Two 
intergranular corrosion mechanisms have been proposed 
in Refs. [9,34]. The first one consists of preferential 
dissolution of grain boundary precipitates. If the initial 
grain boundary precipitate is β′ or β, such a particle could 
serve as an anodic site and dissolve preferentially. Given 
that such particles are relatively anodic compared with 
aluminum, their dissolution shifts the alloy potential in 
the cathodic direction, thereby diminishing the 
intergranular corrosion driving force. The second one 
consists of preferential dissolution of the PFZ along 
grain boundaries. 

The intergranular corrosion mechanism of 7A09-T6 
alloy seems to correspond to the second proposed 
mechanism. Indeed, the Cu-depleted zone along grain 
boundaries is less noble and susceptible to anodic 
dissolution in particular. Moreover, pitting corrosion 
helps intergranular corrosion to develop since 
intergranular corrosion nucleates on pit walls. 
 
4 Conclusions 
 

1) The microstructure of 7A09-T6 alloy is very 

heterogeneous. This alloy contains Mg2Si, FeAl3 and 
FeCrAl7 constituent particles. The main hardening phase 
is T(AlZnMgCu). 

2) The 7A09-T6 alloy is able to be passivated and 
depassivated in 3.5% NaCl solution at different 
immersion time due to the formation and dissolution of 
various passive films on the sample surfaces, and the 
presence of AlCl3 decreases the protective properties of 
the films. 

3) After the immersion test, both pitting and 
intergranular corrosion develop in 7A09-T6 alloy. These 
two forms of corrosion seem to be dependent on each 
other since intergranular corrosion starts on pit walls and 
spreads from them. 

4) The intergranular corrosion mechanism of 
7A09-T6 alloy consists of preferential dissolution of the 
anodic Cu-depleted zone along grain boundaries. 
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摘  要：采用扫描电镜、金相显微和电化学测试等综合评价技术研究 7A09 铝合金在 3.5% NaCl(质量分数)水溶液

中的腐蚀和电化学行为。结果表明：7A09 铝合金不均一的显微组织结构导致该合金遭受严重的点蚀和晶间腐蚀，

其中点蚀主要发生于金属间化合物或其周围，而沿晶界分布的阳极贫铜区的优先溶解是引起晶间腐蚀的主要原

因。当不同浸泡时间时，在 7A09 铝合金表面交替进行着不同钝化膜的生成与溶解过程，并伴随着该合金钝化与

去钝化行为的发生。同时，对该合金的腐蚀过程及机制进行分析。 

关键词：7A09 Al−Zn−Mg−Cu 合金；晶间腐蚀；金属间化合物；电化学阻抗谱；极化 
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