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Abstract  
This study investigated the electrochemical performance of pure Al and Al alloy anodes 
in Sw environments for CP real-world applications, such as marine environments, under 
various operational conditions. Experimental results showed a significant activation of Al 
alloy anodes compared to pure Al, as indicated by a more anodic shift in OCP and a marked 
increase in jcorr. The impact of varying DAC and changes in Sw conductivity on CP 
performance was also herein explored. These factors notably influenced both Ecorr and j 
from CP, resulting in deviations from expected design values. 
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Introduction 
The exploration of electrochemical behaviors in Al alloys has been primarily driven 
by their application in batteries and as anode materials in CP systems [1, 2]. Al is 
the ideal choice for crafting galvanic SA to thwart the corrosion of steel structures, 
due to its low electrode E, high current capacity, low density and cost-effectiveness 
[3, 4]. However, contrary to SA requirements, Al corrosion tends to manifest 
through pitting rather than being uniform, due to immediate formation of a passive 
oxide layer upon exposure to the environment [5, 6]. 
Numerous studies have explored the activation of electrochemical anodes [7-10]. 
Ce addition to SA from Al–Zn–In in a NaCl solution, to enhance their 
electrochemical properties and corrosion resistance, was performed by [11], and it 
was found to increase current efficiency, improving the anodes efficiency. 
Furthermore, Ce promotes a uniform surface corrosion, contributing to longer- 
lasting anode performance.  
In their review, [12] have highlighted the potential of Na- batteries as a promising 
alternative to Li+ batteries, with a focus on developing high-performance carbon 
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anodes and providing a comprehensive guide to electrochemical and 
physicochemical evaluation techniques.  
Advancements in metalloid anodes (Si, Ge and B) for air batteries, were reviewed 
by [13], highlighting their potential to surpass traditional metal-air batteries. Si and 
Ge anodes have demonstrated high energy density, longer discharge times and 
environmental benefits, while B and Si have shown promising electrochemical 
performance. The article has also explored metalloid composites and computational 
studies, paving the way for future innovations in air battery technologies.  
Key scientific challenges in the development of Zn- batteries, as a safer and more 
affordable alternative to Li+ batteries, particularly for stationary energy storage, 
have been reviewed [14]. Their article addresses issues such as Zn²⁺/proton co-
intercalation, limitations of conversion chemistry, desolvation penalties, Zn 
dendrite growth and cathode material optimization.  
Several researches have also proposed solutions and valuable insights for 
overcoming these obstacles to advance Zn- technology. For instance, [15] has 
scrutinized the performance of SA from Al–Zn–In–Mg–Ti in a simulated deep 
water environment, employing various techniques. They have observed an 
accelerated corrosion process, primarily due to the heightened cathodic process, 
leading to a significant drop in efficiency in deep water conditions. 
In a laboratory study conducted by [16], in natural Sw, A1–Zn–In anode has 
displayed an anode capacity approximately 7–10% lower and E that was 5-20 mV 
higher at 50 than at 1 Atm.  
The present work has compared electrochemical dissolution processes of pure Al 
and Al alloys as anodes for CP of steel structures in a Sw medium. Electrochemical 
characteristics of these anodes were examined in an artificial Sw electrolyte through 
OCP, PDP and EIS measurements. Microstructures of the anodes, pre- and post-
measurements, were analyzed via optical microscopy. To assess the efficiency of 
Al alloy anode under various exploitation conditions, such as varying Sw 
conductivity and different DAC, a SA model was simulated using FEM. The 
polarization curves of Al alloy anode and steel cathode in simulated Sw served as 
boundary conditions in the simulation model. 
 
Materials and methods 
Microstructure analysis 
In this study, the National Naval Repair Company, a reputable ship repair company 
based in Algeria, has meticulously crafted an Al alloy anode. The fabrication 
process and the alloy composition of Al alloy sample are illustrated and 
summarized in Fig. 1 and Table 1, respectively. Notably, the pure Al sample 
exhibited a remarkable purity level of 99.95%.  
To analyse the microstructures of the specimens, optical microscopy was 
employed. The specimens underwent a meticulous preparation process, including 
successive grinding to 2000 grit, using SiC paper, fine polishing with a 0.3 µm Al 
dispersion, and etching with a solution made of 2.5% HNO3, 1.5% HCl and 1% HF. 
This comprehensive approach ensured a detailed and accurate examination of Al 
alloy’s microstructural features. 



M‘hamed Ouadah and Abderrahmane Younes/ Portugaliae Electrochimica Acta 44 (2026) 201-217 

203 
 

 
Figure 1: Pure Al alloy. 

 

Table 1: Composition breakdown of Al alloy. 
Al Zn Fe Mg Cu Ni 

93.292 5.839 0.593 0.047 0.021 0.001 
Sb Sn Ti Cr Mn Si 

028 0.082 0.003 0.001 0.005 0.079 

 

Electrochemical measurements 
Electrochemical measurements were conducted using a Bio-Logic SP-150 
electrochemical workstation, interfaced with a PC, for precise control. A three-
electrode system was employed, wherein pure Al and Al alloy specimens served 
as working electrodes, with a geometric exposed area of 1 cm². Prior to each 
experiment, the electrodes underwent successive polishing with emery paper of 
increasing fineness (up to 500, 1200, 2000 and 4000 grade), followed by fine 
polishing with a 0.3 µm grit alumina suspension. Subsequently, the electrodes 
were degreased with acetone and thoroughly rinsed with distilled water. A SCE 
functioned as reference electrode, while a Pt wire served as counter electrode. All 
electrochemical experiments were conducted at room temperature, with the 
solution gently stirred using a magnetic stirrer. E values presented in this article 
are referenced to SCE scale. The electrolyte used in the cell was meticulously 
prepared following ASTM D 1141-90. Comprehensive details regarding 
experimental conditions and chemical composition of primary salts in the 
electrolyte solution are provided in Tables 2 and 3, respectively. 
 

Table 2: Composition of mineral salts in an artificial Sw solution. 
Salt NaCl MgCl2 Na2SO4 CaCl2 KCl NaHCO3 

Amount (g.L-1) 24.53 5.20 4.09 1.16 0.69 0.201 

 

Table 3: Experimental conditions and physicochemical characteristics of artificial Sw. 
Salinity (g/L-1) Conductivity (mS/cm-1) pH T (°C) 

35 21.6 6.5 20.6 

 

Distilled water, sourced for its purity, was employed throughout the experiments, 
and all solutions were meticulously prepared using analytical-grade chemicals. 
OCP was continuously monitored for 900 sec. in the electrolyte solution. To gain 
deeper insights into electrochemical and physico-chemical phenomena associated 
with electrode reactions, EIS studies were conducted. Spectra were recorded in a 
frequency range from 100 kHz to 10 mHz, using a 5 mV peak-to-peak signal 
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amplitude. PDP curves were acquired by scanning within a range of ±500 mV/OCP, 
employing a scan rate of 1 mV/s, from the cathodic to anodic direction. The 
determination of jcorr was achieved through extrapolation of anodic and cathodic 
Tafel lines at Ecorr. These comprehensive methodologies were employed to 
thoroughly unveil electrochemical processes and associated phenomena. 
 
CP simulation 
Herein, fundamental components of CP system encompassed a sacrificial Al alloy 
anode (г1), a steel cathode (г2) and Sw (Ω). The design of CP systems requires 
solving Laplace’s equation, ∇2 = 0, while considering relevant boundary 
conditions to determine E distribution and j within the solution. Boundary 
conditions are depicted in Fig. 2. 
 

 
Figure 2: Schematic representation of boundary conditions in CP system, where 1 and 
2 represent the anode and cathode, respectively. 
 

Distinct boundary conditions were applied based on their nature. For symmetry 
boundaries, the following condition was employed [13-17]: 
 
 

డ∅

డ
= 𝑛. ∇∅ = 0  (1) 

 
Prescribed boundary conditions for anode and cathode surfaces were: 
 
 𝑛. 𝐽 = −𝜎

డ∅

డ
= 𝑓(∅) (2) 

 
 𝑛. 𝐽 = −𝜎

డ∅

డ
= 𝑓(∅) (3) 

 
where ϕ is E, Ja and Jc denote j at the anode and cathode, respectively, σ is 
electrolyte conductivity and n is normal boundary surface. Functions fa(ϕ) and fc(ϕ) 
represent the connection between j and E at the anode and cathode, respectively. 
The expression for j at the electrode surface can be formulated in terms of Butler-
Volmer relation. 
 

 𝐽 = 𝐽 ቀ𝑒
ഀೌಷ
ೃ − 𝑒

ఈ್ಷ
ೃ ቁ (4) 

 where J0 is exchange j, R is universal gas constant, T is the electrode absolute 
temperature, F is Faraday's constant, η is over potential, and b and a are cathodic 
and anodic charge transfer coefficients, respectively. 
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Results and discussion 
Microstructure 
Fig. 3 illustrates the microstructure of both pure Al and Al alloy. Both anodes 
exhibit a consistent and homogeneous grain size, with a regular distribution across 
the entire surface. However, there is a notable distinction in aspect between the two. 
 

 
Figure 3: Optical micrographs depicting (a) pure Al and (b) Al alloy microstructures. 

 

OCP evolution 
Temporal evolution of OCP, concerning the studied materials immersed in artificial 
Sw, for 900 s, is depicted in Fig. 4.  
 

 
Figure 4: Temporal changes in OCP for pure Al and Al alloy materials in a Sw solution. 

 

Pure Al exhibited a relatively mild shift of approximately 5 mV towards more 
anodic E, before stabilization. In contrast, Al alloy displayed a rapid and 
pronounced shift towards the cathodic direction, within initial seconds of 
immersion, reaching a steady state after 300 s. These variations can be ascribed to 
gradual changes in Al oxide layer forming promptly on the pure Al surface and to 
Al alloy ongoing dissolution in the electrolyte solution. 
 
PDP 
Fig. 5 illustrates PDP curves of Al alloy and pure Al anodes immersed in a Sw 
solution. Notably, no passivation was seen on the anodic part of Al alloy plot. 
However, variations on the cathodic side were evident, attributed to an apparent 
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catalytic effect of surface elements on O2 reduction. Ecorr value of Al alloy notably 
shifted to more negative values, accompanied by a significantly higher j compared 
to pure Al. This discrepancy implies that the alloyed anode was more prone to 
corrosion in Sw solution than the pure anode. 
 

 
Figure 5: PDP curves for pure Al and Al alloy materials in a Sw solution. 

 

On the anodic part of Al alloy curve, a distinct active-passive transition was seen, 
a phenomenon not observed for pure Al. This distinction arose from the immediate 
formation of a passive film on the Al surface, which could be enhanced by the 
addition of alloying elements that originate precipitates, amplifying Al action. 
Electrochemical parameters from PDP are summarized in Table 4. 
 

Table 4: Electrochemical parameters derived from PDP curves. 

Samples 
Eocp 

(mV) 
Ecorr 
(mV) 

Icorr 

(µA/cm-2) 
Pure Al -786 -828 2.6 
Al alloy -962 -990.6 49.4 

 

The performance of pure Al and Al alloy anodes was evaluated and compared with 
previously reported data by [18], who have demonstrated that microstructural 
evolution plays a crucial role in enhancing their performance regarding 
electrochemical activity, corrosion resistance and structural integrity, which are 
linked to grain refinement and uniform consumption of grain boundaries.  
 
Corrosion mechanism 
Polarization measurements offer mechanistic insights into anodic reactions. The 
following mechanisms are postulated for anodic and cathodic reactions of Al 
corrosion processes in a Sw solution. Anodic reaction involved Al dissolution and 
cathodic reaction pertains to dissolved oxygen reduction, as expressed by Eqs. (5) 
and (6) [19]: 
 
 4𝐴𝑙 → 4𝐴𝑙ଷା + 12𝑒ି (5) 
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 3𝑂ଶ + 6𝐻ଶ𝑂 + 12𝑒ି → 12𝑂𝐻ି (6) 
 
In instances where the predominant cathodic reaction involves oxygen reduction, 
the corrosion process generates an oxygen concentration gradient from the bulk 
electrolyte to the corroding surface. This gradient results from oxygen consumption 
at the solid-solution interface, highlighting the significant role played by its 
diffusion in corrosion processes. Al hydroxide formation is described by Eq. (7): 
 
 4𝐴𝑙 + 3𝑂ଶ + 6𝐻ଶ𝑂 → 4𝐴𝑙(𝑂𝐻)ଷ (7) 
 
Subsequently, Al oxide is generated on the electrode surface through Al hydroxide 
transformation, as expressed by Eq. (8): 
 
 2𝐴𝑙(𝑂𝐻)ଷ → 𝐴𝑙ଶ𝑂ଷ + 3𝐻ଶ𝑂 (8) 
 
The formed oxide film does not provide adequate protection against attacks from 
chloride anions. Due to their diminutive size, chloride ions can easily permeate the 
passive film and reach the bulk substrate, leading to the dissolution of Al when 
exposed to a Sw solution.  
Fig. 6 depicts the characteristic pit morphology observed on the corroded surfaces 
of pure Al and Al alloy following PDP measurements. Al alloy surface reveals a 
multitude of hemispherical pits that are notably larger and deeper than those formed 
on pure Al. In the case of Al alloy, the initiation of matrix dissolution occurs at active 
sites through pitting. Subsequently, flaws on the alloy surface contribute to pitting 
propagation. In this process, the precipitates within the alloy significantly accelerate 
the propagation of pits, thus contributing to the activation of the alloy [20]. 
 

 
Figure 6: Optical micrographs revealing the morphology of corroded surfaces for (a) 
pure Al and (b) Al alloy after PDP in a Sw solution. 

 

Electrochemical impedance diagrams 
Fig. 7 displays EIS spectra acquired for both alloyed and pure Al anodes. EIS 
diagram of Al alloy exhibits a distinctive inductive loop at low frequencies, while 
no such loop is seen for pure Al anode.  
The semicircle in the high-frequency range corresponds to Rct. Notably, Rp value 
for Al alloy surpassed that of pure Al, agreeing with findings from polarization 
measurements. This suggests that the inclusion of alloying elements could enhance 
the anodes’ galvanic efficiency. Rp correlated well with the anodes’ corrosion rates. 
To model Al alloy impedance spectra in Sw, the equivalent circuit shown in Fig. 3 
was applied. 
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Figure 7: EIS for pure Al and Al alloy materials in a Sw solution. 

 

Table 5 provides optimized fitting parameters and values for Al alloy in Sw, based 
on the equivalent circuit model presented in Fig. 8. 
 

 
Figure 8: Corresponding equivalent circuits proposed for Al alloy. 

 

Table 5: Fitting parameters and optimum values for Al alloy in Sw using the equivalent 
circuit model in Fig. 8. 

L1 0,1583/ 10-6 H 
R1 5,313 Ohm 
Q1 30,99 10-6 F/s(a-

A1 0,8608 
R2 1 574 Ohm 
C3 -0,9851/ 10-3 F 
R3 -502,2 Ohm 

 

Several researchers [21, 22] have reviewed the performance of Al alloys as SA in 
Sw, emphasizing their electrochemical properties and alloy compositions within 
marine CP systems. The review has concluded that Al alloys, especially those 
alloyed with Zn and In, outperform pure Al by resisting passivation and offering 
stable, long-term protection. Although, it was also noted that Sw composition and 
environmental factors influence anode performance, overall, Al alloys remain a 
dependable choice for CP in marine environments.  
Al anodes electrochemical behaviour in Sw has been investigated by [23], 
particularly examining the impact of Zn and In as alloying elements. Their research 
has concluded that these additions markedly improved Al’s performance as a SA. 
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The alloyed anodes demonstrated stable and uniform dissolution and provided 
consistent corrosion protection by resisting passivation and sustaining high anodic 
efficiency over time, thereby enhancing their effectiveness for CP in Sw. 
Electrochemical behaviour of pure Al in the presence of Ga ions or in direct contact 
with this element has been studied by [24] in chloride, acetic acid solutions and 
distilled water. Al’s enhanced activity was observed in two active regions: one at 
approximately -1.5 V, where a Ga–Al amalgam was formed after a critical 
concentration of liquid was reached, resulting in uniform attack due to exothermic 
Al ion hydrolysis; and another near -1.1 V, especially in chloride media, where 
solid Ga at the interface facilitated chloride adsorption, leading to depolarization 
of the anodic reaction and localized attack. Two distinct activation mechanisms 
have been proposed for each region. 
 
Sacrificial Al alloy CP  
The model geometry represents a three-dimensional rectangular electrolyte 
volume with dimensions of 30 x 30 x 6 cm, featuring an anode (1 x 1 x 0.5 cm) 
and a cathode (20 x 20 x 0.2 cm), as depicted in Fig. 9. DAC was 0.1 cm. Fig. 10 
illustrates PDP curves measured for the steel cathode. 
 

 
Figure 9: Three-dimensional model geometry featuring Al alloy anode and steel cathode. 
 

Obtained PDP curves from electrochemical measurements of Al alloy anode (Fig. 
5) and steel cathode (Fig. 10) in simulated Sw were employed as boundary 
conditions in the simulation model. 
The studies undertaken by [25] on Al-Zn-In-Mg anodes in deep Sw have reported 
reduced efficiency, due to rapid passivation at higher pressures.  
The present work showed that Al alloy's performance remained stable even under 
varying Sw conductivities, suggesting better long-term corrosion resistance. This 
finding aligns with the improved anodic behaviour of Al alloys in highly saline 
environments, as indicated by [26]. These comparisons highlight the enhanced 
electrochemical characteristics of the as-fabricated Al alloy anodes, suggesting 
their suitability for more challenging marine environments compared to previously 
used SA. 
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Figure 10: PDP curve recorded for the steel cathode. 

 

Contour plots depicting E and j from CP on the steel cathode, considering a Sw 
conductivity of 2.16 S/m and DAC of 1 mm, are illustrated in Fig. 11. E from CP 
ranged from -0.9286 vs. SCE to -0.7079 vs. SCE. Notably, E in the area facing the 
anode was the lowest, at -0.93286 vs. SCE, and it increased with the distance away 
from the anode. Examining the distribution of j from CP, the contour clearly 
illustrates that the highest value of 13.543 mA/cm² was seen in the area facing the 
anode, diminishing as the distance from the anode increased. 
 

 
 (a) (b) 

Figure 11: Contour plot of illustrating (a) E and (b) j from CP. 
 

To demonstrate the impact of varying DAC and adjusting Sw conductivity on the 
attenuation of E and j from CP, DAC was systematically varied from 0.5 to 2 cm, 
and Sw conductivity from 2 to 5 S/m. Contour plots showcasing E and j from CP 
on the steel cathode, with varying DAC and Sw conductivity, are depicted in Figs. 
12-15, respectively. 
Protection potentials for steel in Sw recommended by [27, 28] with respect to 
various reference electrodes, are as follows: 800 mV/Ag-AgCl, -780 mV/SCE, 
-530 mV/standard hydrogen electrode and -850 mV/CuSO4. To define the 
distance protected by the anode, the anode’s operational range was considered. 
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 a  b 

 
 c  d 

Figure 12: Contour plot illustrating E from CP along the steel cathode, at different DAC-
(a) 0.5, (b) 1, (c) 1.5 and (d) 2 cm. 
 

 
 (a)  (b) 

 
 (c)  (d) 

Figure 13: Contour plot representing j along the steel cathode, at various DAC -(a) 0.5, 
(b) 1, (c) 1.5 and (d) 2 cm. 
 

 
 (a)  (b) 

 
 (c) (d/) 

Figure 14: Contour plot demonstrating E from CP along the steel cathode with varying 
Sw conductivity-(a) 2, (b) 3, (c) 4 and (d) 5 S/m. 
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 (a)  (b) 

 
 (c)  (d)  

Figure 15: Contour plot representing CP j along the steel cathode with varying Sw 
conductivity (a) 2, (b) 3, (c) 4 and (d) 5 S/m. 
 

Figs. 16 and 17 depict, respectively, the attenuation of protection E and j with 
varying Sw conductivity and different DAC. In Fig. 16, the anode’s operational 
range is at its peak, reaching 1.42 cm, for a DAC of 5 mm, and diminishing with 
an increase in it. For DAC values of 15 and 20 mm, the steel cathode remained 
unprotected from corrosion, with the operational range of 0 cm. 
 

 
Figure 16: Attenuation of E from CP at various DAC. 

 

In Fig. 17, the operational range of the anode achieved its maximum value at 2.03 cm, 
for a Sw conductivity of 5 S/m, and decreased with decreasing Sw conductivity: 1.86, 
1.68 and 1.49 cm, for 4, 3 and 2 S/m, respectively. Table 6 provides a comprehensive 
overview of the areas protected by Al alloy anode, considering Sw conductivity 
ranging from 2 to 5 S/m, and DAC from 5 to 20 mm. 
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Figure 17: Attenuation of E from CP with varying Sw conductivity. 

 

Table 6: Areas protected by Al alloy anode. 

Surface (cm2)  Sw conductivity (S/m) 
2 3 4 5 

DAC 
(mm) 

5 6.154  8.445  10.74  13.196  
10 3.140  5.554  8.038  10.746 
15 0  0.283  2.834  5.722 
20 0 0 0 0 

 

As per the results, an increase in conductivity expanded the area protected by the 
anode. Conversely, a decrease in DAC diminished the protected area. Notably, 
when D.A.C was 20 mm, the steel cathode remained unprotected from corrosion. 
The highest protected area by the anode, at 13.196 cm², was seen when 
conductivity was 5 S/m and DAC was 5 mm. For effective CP, DAC should not 
exceed 0.5 mm. 
 
Conclusions 
A thorough examination of electrochemical dissolution processes of pure Al and 
Al alloy, both employed as anodes for CP of steel structures in a Sw environment, 
was conducted in this study. The effectiveness of Al alloy anodes was simulated 
under various operational conditions that included diverse Sw conductivity levels 
and several DAC, employing FEM. The results revealed a significant activation of 
Al alloy relative to pure Al, as indicated by the shift in OCP values towards a more 
anodic direction, and an increase in jcorr. Simulation outcomes further highlighted 
the steel cathode’s potential, which had a positive shift with an increasing DAC, 
and a negative shift with rising conductivity. Additionally, the protection j of the 
steel cathode decreased with an increase in DAC and increased with higher 
conductivity. Under specific conditions, such as a Sw conductivity of 5 S/m and 
DAC of 5 mm, the area protected by the anode reached its maximum value at 
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36,726 cm². Conversely, under conditions of Sw conductivity of 2 S/m and a DAC 
of 20 mm, the steel cathode remained vulnerable to corrosion. 
Key conclusions derived from this investigation encompass: experimental findings 
indicate that Zn enhanced the surface activation of Al alloy by accelerating the 
kinetic dissolution process and inducing a more uniform attack morphology. In Al 
alloy corrosion process, alloying elements acted as corrosion centers, fostering 
activation through pitting propagation, thereby increasing the electrode’s active 
area. The elimination of the current plateau in the anodic branch of pure Al 
polarization curve improved Al alloy anode’s surface activity, resulting in more 
uniform dissolution. E from the steel cathode shifted positively with an increasing 
DAC and negatively with a rise in Sw conductivity. Protection j of the steel cathode 
decreased with an increase in DAC and increased with a rise in Sw conductivity. 
The area protected by the anode increased with the rise in Sw conductivity and 
decreased with higher DAC. Ensuring effective CP requires that DAC is kept within 
the critical threshold of 0.5 mm. 
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