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Abstract 

In order to explain the corrosion inside 20th century power lines, the galvanic corrosion of 

steel and aluminum from 1949 was examined. In this investigation, 0.1 M Na2SO4 + 1 mM 

NaCl was used as moderately corrosive medium. Various electrochemical methods were 

applied to determine the corrosion potential and the different reactions involved in the 

corrosion process. The thickness of the oxide layer that regulates the corrosion of aluminum 

was obtained from impedance measurement and it was shown that the diffusion of oxygen 

through a porous oxide layer is the governing stage for the reaction occurring at the steel 

electrode. Finally, the corrosion of steel regulates the corrosion of both metals when they are 

in electrical contact. 
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1. Introduction 

In rapidly-growing civilizations, it is essential to ensure a constant supply of electricity to all 

facilities. Maintaining a robust transmission network and understanding the deterioration 

process within overhead power wires are critical 1-8. 

In France, the Réseau de Transport d'Électricité (RTE) is in charge of the transport system, 

which is made up of cables from various periods, including those dating back to the first half 

of the 20th century. Certain cables, though older than anticipated, have continued to function 

for longer than expected. Therefore, it is even more critical to understand the material 

corrosion process in order to capitalize on these positive outcomes and create new, more 

robust cable technologies.  

During the first part of the 20th century, the majority of overhead power lines were made up 

of rows of aluminum alloy strands that were grease-coated to protect them and reinforced in 

the middle by galvanized steel strands. The term "Aluminum Conductor Steel-Reinforced 

cables" (ACSR) refers to these cables 8.  

Iron is expected to be more noble than aluminum based on their respective corrosion 

potentials. Moreover, the system formed by the ACSR , Figure 1, is complex because it 

involves three metals, forming different interfaces: steel beneath the zinc layer, zinc from the 

galvanization film, and aluminum from the aluminum strands 5, 7, 9. 

 

Figure 1.-Aluminum Conductor Steel-Reinforced Cable (ACRS) from CROCUS type conductor dating 

from 1949 provided by RTE. 
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After 74 years of operation and environmental exposure, the ACSR shown in Figure 1 has 

sustained some damage, though not enough to warrant decommissioning. The cables may 

start galvanic corrosion when they come into mechanical contact without lubricant. As a 

result, the more noble metal will act as a cathode and the less noble metal as an anode. This 

means that the more noble metal will corrode more slowly than it would if it were alone, 

while the less noble metal will corrode faster. For instance, two strands in contact, one steel 

and one aluminum, observed by optical microscopy are presented in Figure 2. Indeed, zinc 

is removed from the galvanization layer as a result of the galvanic coupling of Al and Zn, 

which dissolves zinc forming zinc hydroxide precipitates in high pH zones as a result of 

reaction (1). Depending on the electrolyte, it can produce the white deposits shown in Figure 

2, the composition of which may vary depending on the nature of ions in solution 10-14. The 

corrosion of the Al-Steel galvanic pair starts as soon as the zinc layer is consumed. This is 

demonstrated by the red oxide film that is present in both images of Figure 2.  

 

 
Figure 2.- Optical images of the strands in contact inside the ACSR, (a) galvanized steel strand and (b) 

aluminum strand. 

Steel is expected to experience oxygen reduction as in reaction (1) since aluminum is anodic 

to steel 15-17. On the other hand, as in reactions (2) and (3), aluminum dissolves and forms 

aluminum hydroxides 16-20. 

O! + 2H!O + 4e" → 4OH" (1) 



 5 

Al + 3OH" → Al(OH)# + 3e"  (2) 

Al(OH)# + OH" → Al(OH)$" (3) 

 

However, for pH values between 4 and 10, the passive film on aluminum acts as a barrier 

layer. It dissolves much slower than outside of this pH range 19, and when steel is in contact 

with aluminum, steel forms an oxide layer according to reaction (4) 16, 21, 22, thus forming iron 

(II) hydroxide, which in turn reacts with water and oxygen to form iron oxyhydroxides 23-25.  

Fe + 2OH" → Fe(OH)! + 2e" (4) 

Moreover, processes that occur during galvanic corrosion, reactions (1) to (3), cause local 

pH changes, as well as current and potential distributions 26-31. This behavior affects not only 

the rate of corrosion, but also the reactions that can develop in each zone 26, 27, 30-36.  

The environment, such as those close to the seaside, has an impact on the corrosion inside 

ACSR. Additionally, it has been demonstrated that corrosion affects these cables' mechanical 

qualities, and several methods have been used to estimate how long they will last 1-4, 37, 38.  

However, employing electrochemical methods remains to be one of the finest approaches to 

comprehend the corrosion process 10, 15-17, 26-29, 32-34, 39-43. Thus, the purpose of this work is to 

evaluate the aluminum-steel galvanic pair utilizing electrochemical techniques such as 

corrosion potential monitoring, linear sweep voltammetry, and electrochemical impedance 

spectroscopy. The second objective of this work was to comprehend the process responsible 

for the corrosion of these cables in the absence of zinc.   

2. Materials 

The electrochemical measurements were performed in a 0.1 M Na2SO4 (ACROS 

ORGANICS 99%) and 1 mM NaCl (VWR Chemicals 100%) solution prepared with twice-

distilled water (2-6 𝜇S/cm), to simulate an aggressive environment, i.e., sea spray 8. 

The aluminum alloy and the steel were taken from an ACSR conductor dating from 1949 

from the line Angers-Corbière-Ecouflant supplied by RTE.  
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As the steel was galvanized, the zinc was removed from the steel by polishing it with 120 

SiC paper first, and then immersing it for 30 seconds in a 5% HNO# solution to remove the 

residual zinc. The final process involved polishing the steel with 1200 SiC abrasive paper. In 

the case of aluminum, pollution from exposure since 1949 and the remnants of the old 

lubricant have created a black film on the surface. By polishing with SiC abrasive paper 

ranging in grade from 320 to 1200, this film was removed. 

The strands were insulated in an epoxy resin (Buehler EpoxyCure 2), then polished from 320 

to 1200 abrasive paper using water and 4000 abrasive paper using 96% ethanol until the 

surface of interest was exposed. To replicate the aluminum-steel ratio inside the ACSR, three 

different types of electrodes were created: a single aluminum or steel strand, two strands, one 

of each strand (2S), and five strands, one steel and four aluminum ones (5S), to simulate the 

ratio of aluminum-steel inside the ACSR. In every case, the exposed surface was made up of 

discs, as seen in Figure 1. 

For the electrochemical measurements, a BioLogic MPG-200 multi-potentiostat was used. 

The working electrode consisted of aluminum and steel strands, a saturated mercury sulfate 

electrode (SSE) was used as a reference electrode, and a platinum mesh was used as a counter 

electrode.  However, all potentials were reported with respect to the saturated calomel 

electrode (SCE), as it is the most used electrode in corrosion studies. At the same time, to 

correctly measure impedance at frequencies above 10 kHz, a 100 nF capacitor was soldered 

to a platinum wire, which was then shorted off and connected to the reference electrode 44. 

Three electrochemical techniques were used: the corrosion potential measurement (𝐸%&''), 

the linear sweep voltammetry (LSV), and the electrochemical impedance spectroscopy (EIS). 

The corrosion potential of each metal was monitored separately in a three-electrode cell for 

a few days in order to confirm that the aluminum alloy utilized in this work was less noble 

than the steel.  

LSV was used to confirm the corrosion potential of the galvanic pair (2S or 5S). The potential 

was swept after 2, 24, 48 and 72 hours of immersion from a value close to the corrosion 

potential (𝐸%&'' ± 0.1	𝑉), allowing the anodic and cathodic branches to be measured 

independently. The intersection of the two curves for steel and aluminum provided the 𝐸%&'' 

of the galvanic pair, which matches the experimentally measured values (vide infra). 
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For the EIS, the dc potential was set at 𝐸%&'', the amplitude of the sine wave perturbation 

was 10 mV, and the frequency was swept between 100 kHz to 10 mHz with 10 points per 

frequency decade. These experimental conditions were selected to fulfill linearity and 

stationarity of the electrochemical system during the EIS measurement.  EIS provides 

information about the thickness of the oxide layer, time constants that may be connected to 

the limiting step in an electrochemical system, and the state of the surface without destroying 

it, which is a significant advantage over LSV. The LSV allows the calculation of 𝐸%&''  and 

the corrosion current density (𝑗%&'') 9. 

3. Results and discussion 

3.1.Corrosion potential and linear sweep voltammetry 

For a period of seven days, the corrosion potential (𝐸%&'') was monitored for different types 

of electrodes (Figure 3). With increasing immersion time, the corrosion potential of 

aluminum (red solid line), becomes nobler with the immersion time and tends towards -0.70 

V vs SCE, while after 4 days, 𝐸%&'' for Steel (blue solid line), becomes less noble with time, 

remaining at about -0.70 V vs SCE. The potential difference between aluminum and steel 

points out the possibility of galvanic corrosion. Nonetheless, it is important to note that these 

two curves intersect after 4.5 days, demonstrating polarity inversion during galvanic 

corrosion 32, 40.  

 

Figure 3.- Corrosion potential (𝐸!"##) measured during 72 hours in a 0.1 M 𝑁𝑎$𝑆𝑂% + 1 mM NaCl 

solution for the four types of electrodes: 1 aluminum strand (red solid line), 1 steel strand (blue solid 

line), 1 aluminum strand in mechanical contact with 1 steel strand (2S green solid line), 4 aluminum 
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strands in contact with 1 steel strand (5S yellow solid line). 𝐸!"## predicted by the intercept of 

polarization curves are shown as diamond markers. 

 

The electrodes 2S (one aluminum strand and one steel strand in mechanical contact) and 5S 

(four aluminum strands and one steel strand) have different 𝐸%&'' values which are 

represented by the green and yellow curves, respectively. After seven days, all corrosion 

potentials tend towards -0.70 V versus SCE, which helps to explain why these materials did 

not corrode quickly. In both situations, the potential is becoming less noble with time. 

LSV was carried out after various immersion times for single aluminum and steel electrodes, 

as shown in Figure 4.  

 

Figure 4.- Polarization curves (LSV) for aluminum (blue) and Steel (red) for (a) 2, (b) 24, (c) 48 and (d) 

72 hours of immersion in a 0.1 M 𝑁𝑎$𝑆𝑂% + 1 mM NaCl solution, potential swept at 1mV/s. 

 

During the first 24 hours of immersion, the intercept of the LSV curves for aluminum and 

steel occurs on the anodic branch of aluminum, which exhibits the usual behavior for 

aluminum 18-20, 45-47 showing the behavior of aluminum in this domain. However, after 48 

hours of immersion, the intercept happens on the cathodic branch of the aluminum LSV, 

between -0.90 and -1.20 V/SCE, i.e., matching the oxygen reduction domain 35, 48. 
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𝐸%&'' can be inferred from the intercept of the LSV curves, and was plotted in Figure 3 as 

black symbols.  It closely follows the curve obtained for the 2S and 5S electrodes (yellow 

and green lines in Figure 3).  

3.2.Electrochemical Impedance Spectroscopy: Aluminum alloy 

Each material was characterized separately. Initially, aluminum corrosion was observed for 

seven days to use EIS to track the growth of the oxide film 49-54. These data are shown in 

Figure 5. After 1 and 2 days of immersion, Figure 5a, the Nyquist diagrams show two 

capacitive loops. In contrast, over three days or longer of immersion, only the beginning of 

a single capacitive loop can be observed. A close examination of the imaginary part of the 

impedance as a function of the frequency, Figure 5c, shows that the aluminum passivation is 

strengthened. This is characterized by an increasing total impedance with an increase in 

immersion duration. 

From the evolution of the phase as a function of the frequency presented in Figure 5d, which 

shows the corrected EIS data for the uncompensated electrolyte resistance 50-55, a constant 

phase element (CPE), which is equivalent to a divergence from the predicted plateau at 90°, 

can be seen. A plateau is seen after one day of immersion, ranging from 1 kHz to about 1 Hz; 

however, the plateau's extension increases with immersion time. Immersed for seven days, 

its frequency range spans from 1 kHz to 100 mHz. As reported elsewhere, the Constant Phase 

Element (CPE) parameters accounting for the double layer can be obtained from a graphical 

EIS data analysis 51, 52, 54. 
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Figure 5.- (a) Nyquist diagrams for 1 and 2 days of immersion, (b) Nyquist diagrams for 3 to 7 days of 

immersion, (c) Bode diagram of the imaginary part, and (d) Bode phase diagram for an aluminum 

strand obtained every 24 hours during 7 days of immersion in 0.1 M Na2SO4 + 1 mM NaCl, 10 points 

per decade, 10 mV amplitude and 𝐸&! = 𝑂𝐶𝑃 

Furthermore, by carefully examining these EIS diagrams, the oxide film's thickness can be 

determined 49, 51, 52 by correcting the impedance due to double layer capacitance using 

Equation 1, where 𝑍%&' is the corrected impedance from the electrolyte resistance, 𝑍()* the 

experimental impedance, j the imaginary number, 𝜔 the angular frequency, 𝛼+, the exponent 

obtained the first slope of Figure 5c (between 10 kHz and 1 Hz), and 𝑄+, can be obtained in 

the low-frequency domain as developed by Gharbi et al.51. This corrected impedance is then 

used to calculate the complex capacitance using Equation 2, in which C is the complex 

capacitance. From the values at high frequencies, it is possible to extrapolate the value of the 

static capacitance, 𝐶-, which in this case corresponds to the capacitance of the oxide layer, 
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𝐶&). This value is, in turn, used to calculate the thickness of the passive film using Equation 

3, where 𝜀. is the vacuum permittivity, 𝜀 the permittivity of aluminum oxide (𝜀 = 11.5) and 

𝛿 the thickness of the passive layer. 

𝑍%&' = 𝑍()* −
1

(𝑗𝜔)/!"𝑄+,
 Equation 1 

𝐶 =
1

𝑗𝜔[𝑍%&' − 𝑅(]
 Equation 2 

𝐶- = 𝐶&) =
𝜀.𝜀
𝛿  Equation 3 

The evolution of the oxide film thickness is shown in Figure 6. The value rises asymptotically 

with time, and after four days of immersion, it reaches a value of about 9 nm, which agrees 

with previously reported data 49-51. Furthermore, the increase in passive film thickness can 

account for the rise in impedance amplitude with immersion time. 

 

Figure 6.- Evolution of film thickness calculated from the EIS data in Figure 5 for an aluminum strand 

in 0.1 M Na2SO4 + 1 mM NaCl at the OCP. 

3.3.Electrochemical Impedance Spectroscopy: Steel 

Steel corrosion was also monitored using EIS. The Nyquist diagram is shown in Figure 7 for 

immersion times ranging from 1 to 7 days. 

A linear domain is shown in Figure 7a. The phase angle is reported for each dotted line, and 

decreases in size with immersion time. After 7 seven days of immersion, it reaches 29.7, as 
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shown in Figure 7a for frequencies over 1 kHz.  The low-frequency capacitive loop, Figure 

7b, is observed for all immersion times, and its amplitude increases with time. Such a 

behavior points out to the formation of a porous layer (see below). As a result, it was decided 

that applying the geometric area to normalize the data would be misleading. 

 
Figure 7.- (a) Nyquist diagrams, (b) Nyquist diagrams at high frequencies, and () Bode phase diagram 
for 1 (blue), 3 (red), 5 (green), and 7 (yellow) days of immersion in 0.1 M Na2SO4 + 1 mM NaCl at the 
OCP, the symbols are the experimental data, the solid lines are the fitting of the experimental data, the 
dotted line indicates the angle of the high frequency and the black symbols represent 100 Hz and 100 

mHz as indicated in the figure. 

The shape of the Nyquist diagrams can be explained by the presence of a porous oxide layer 

over the steel surface, as previously shown by Frateur et al.56-58 in the case of the corrosion 

of cast iron in drinking water. Observation of the steel working electrode after seven days of 

immersion with an optical microscope shows great similarity with the results by Frateur et 

al. 58 (see Supplementary Material). The red oxide layer is electronically insulating and 

ionically conductive, while the black oxide layer has opposite characteristics. Additionally, 

the black oxide layer is covered by a porous “green rust” 56-58.  

The de Levie impedance, Equation 4, can be used to describe the oxygen reduction reaction, 

which is the cathodic reaction on steel, for which the impedance of a pore is expressed by 

Equation 4 56-59, which accounts for 𝑅., the ohmic drop inside the pore for a unit length of 

the pore (Ω	cm"0). This parameter is directly proportional to the resistivity of the solution, 𝜌 
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(Ω	cm) and inversely proportional to the square of the radius of the pore, r (cm). 𝑍., the 

interfacial impedance (also considered for a unit length of the pore - Ω	cm), is represented 

by the equivalent circuit presented in Figure 8a, which consists of a parallel RC arrangement 

identified by the subscript f representing the ohmic drop inside the “green rust”, in series with 

a Randles-type circuit modified for finite diffusion, 𝑍1. This finite diffusion is given by the 

by Equation 6. Finally, L is the length of the pore in cm. Since 𝑍+(2(34( accounts for the 

impedance of a single pore, the whole cathodic impedance, 𝑍5 , is expressed for N pores in 

Equation 7. 

Both the anodic and cathodic reactions are in equilibrium as the corrosion of steel is studied 

at the corrosion potential. Consequently, the equivalent circuit representing the whole 

system, Figure 8b, must account for two parallel impedances, 𝑍6 and 𝑍5 , where 𝑍6 is the 

anodic impedance given by the equivalent circuit in Figure 8c, and 𝑍5  is the cathodic 

impedance represents all the pores on the surface of steel and is given by Equation 7.  

The analogous circuit shown in Figure 8b provides the total impedance for the corrosion of 

steel. 𝑍5  and 𝑍6 are connected in parallel to indicate the simultaneous occurrence of both 

reactions, while the solution resistance 𝑅(, is connected in series. 

Several simplifications were made to make fitting the impedance data easier. First, time 

constants were used in place of capacitances (Equation 8)57. The pore length (L), number of 

pores (N), and pore radius (r) are also included in the de Levie formula. As a result, only the 

ratio of pore length to pore radius (L/r) (Equation 9) and the product of pore number and pore 

radius (rN) (Equation 10) can be calculated. 

𝑍+(2(34( = I𝑅.𝑍. cothM𝐿O
𝑅.
𝑍.
		P 

Equation 4 

 

𝑅. =
𝜌
𝜋𝑟! Equation 5 

𝑍1 = 𝑅1
tanhI𝑗𝜔𝜏1
I𝑗𝜔𝜏1

 
Equation 6 
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𝑍5 =
𝑍+(2(34(
𝑁  Equation 7 

𝜏4 ≡ 𝐶4𝑅4 Equation 8 

𝑅2 = 𝑅.𝐿! =
𝜌
𝜋
𝐿!

𝑟! 
Equation 9 

𝑅7 =
𝑅.
𝑁! =

𝜌
𝜋	

1
𝑟!𝑁! Equation 10 

The fitting of the data was performed with the Measurement Model program 60. The fitting 

of the experimental data with the equivalent circuit is presented as a solid line in Figure 7, 

showing a good agreement between these results and the corrosion process description.  

Figure 9 shows the time constants and the link between the characteristic dimensions of the 

pore. The time constants for diffusion, the cathodic reaction, the anodic reaction and the 

ohmic drop in the “green rust” (𝜏1,	𝜏5 ,	𝜏6, and 𝜏8) are shown in Figure 9a. For all the cases, 

the time constant increases with the immersion time increases, indicating that corrosion 

processes are progressively slower.  

It can be seen that the highest time constant is 𝜏1. This suggests that corrosion of steel is 

controlled by oxygen diffusion through the macropores formed by the black oxide. Let us 

remember that 𝜏1 is directly proportional to the thickness of the diffusion layer (Equation 

11). Since the diffusion coefficient is time-independent, these changes must be ascribed to a 

change in the thickness of the diffusion layer, i.e., an increase in the oxide layer. 

𝜏1 =
𝛿!

𝐷9)
 Equation 11 
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Figure 8.- Equivalent circuits of (a) interfacial impedance inside a pore, (b) complete impedance with 
an anodic and a cathodic branch and (c) the anodic impedance. 

The characteristic dimensions of the pore are its length, radius and quantity of pores (L, r, 

and N). Two of these values can be obtained from the fitting of the experimental results,  L/r 

and Nr, which are shown in Figure 9b 56. After the first day of immersion, rN drops 

significantly, then increases and stabilizes after the fifth day of immersion; L/r increases over 

the first four days of immersion, then steadily decreases. We can therefore conclude that r 

decreases on the first and second immersion days, increasing L/r and decreasing Nr; these 

two values increase on the second and fourth immersion days. If r continues to decrese, this 

could account for the increase of L/r; on the other hand, Nr should decrease, which is not the 

case; this could be explained by an increase of the number of pores, N. 

After five days of immersion, L/r finally decreases slightly while Nr tends to six. Frateur et 

al. noted that r diminishes asymptotically 57, 58 which helps to explain why Nr tends to a 

constant value then L/r gradually decreases between the fifth and seventh day. his could be 

due to the porous oxide layer slowly dissolving. 
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Figure 9.- (a) Time constants, and (b) relationship of the dimensions of a pore and quantity of pores 
obtained from the fitting using the equivalent circuit in Figure 8b. 

 

 

3.4.Electrochemical Impedance Spectroscopy: Galvanic Pair Al-Steel 

The corrosion of the galvanic pair was studied using the same experimental procedure. The 

EIS spectra are shown in Figure 10, the color gradient indicates the immersion time, except 

for Figure 10d which shows the evolution of the phase in the high-frequency domain for 1 
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day (blue circles) and 30 days of immersion (red circles), the dotted line represents the angle 

of inclination of the linear zone. 

The Nyquist diagrams presented in Figure 10a show a flat capacitive loop in the low 

frequency domain, similar to the one observed for steel (Figure 7b), and a small flat 

capacitive loop follow by a linear domain is observed in the high-frequency domain (Figure 

10b). As the immersion time increases the amplitude of the impedance decreases. It is 

interesting to note that even though there are two strands for these experiments, the 

impedance response of the system after one day of immersion, and especially the low 

frequency limit, is similar to the results obtained for a single strand of steel.  

 

Figure 10.- (a) Nyquist diagram, (b) Nyquist diagram of the high-frequency domain indicating the angles 
of the linear zone, (c) Bode phase diagram, and (d) evolution of the angle of the linear zone in the high-
frequency domain for different immersion times in 0.1 M Na2SO4 + 1 mM NaCl, the symbols are the 
experimental data, the solid lines are the fitting of the experimental data, the dotted line indicates the 
angle of the high frequency and the black symbols represent specific frequencies indicated in the figure. 

 

During the first 5 days of immersion, the impedance slightly increases, as can be seen from 

the low-frequency domain. This trend indicates the passivation of the surface; however, the 

impedance begins to diminish after the immersion period of five days or more (Figure 10a). 

Figure 10b shows the high-frequency domain of the Nyquist diagram after one day of 

immersion (blue circles) and 30 days of immersion (red circles). The high-frequency domain 
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consists of a flattened capacitive loop and a linear domain with a phase angle of 44.6° and 

27.1°, respectively. This change in the phase angle is better seen in Figure 10c in the 

frequency domain between 5 and 1000 Hz. 

This behavior of the EIS response can be explained in a similar way to that of steel corrosion. 

Steel is covered by a red oxide layer, and underneath, a black oxide layer similar to that of 

steel is observed; this is illustrated in the Supplementary Material.  

The impedance to this system can be represented as in Figure 8b: where 𝑍6 will account for 

the anodic reactions on both the steel and the aluminum, and 𝑍5  takes into account the 

reduction of oxygen occurring in the porous layer formed by the iron oxides on steel. 

The fitted data are presented as solid lines in Figure 10a and c. As with steel, the ratio between 

pore length and radius (L/r) and the ratio between pore radius and number of pores (rN) are 

shown in blue and orange respectively in Figure 11a. L/r remains around 6 and after 15 days 

of immersion, starts to increase similarly to the behavior observed in Figure 10d where the 

angle indicates that after 17 days of immersion (marked by a red line), the system behaves as 

a semi-infinite porous layer which corresponds to a ratio L/r of 8.  

On the other hand, the Nr parameter, shown in orange in Figure 11, fluctuates during the first 

seven days, similar to the inclination of the linear zone as seen in Figure 10d over the same 

period. After the seventh day of immersion, it remains constant until the 21st day of 

immersion, after which it decreases and tends towards 1. 

During the first three days of immersion, L/r rises sharply while Nr drops. This behavior 

mirrors the observed pattern for steel, suggesting a reduction in r. After the fourth day, L/r 

remains approximately at 5 while Nr fluctuates around 2 until the tenth day. This could imply 

that L and r remain constant while N changes, potentially due to the protective effects of 

aluminum, such as aluminum dissolution. Subsequently, after the tenth day, L/r begins to 

increase while Nr stabilizes. This could be attributed to an increase in L and N alongside a 

decrease in r. Finally, after the twentieth day of immersion, L/r continues to increase while 

Nr decreases. This suggests that N stops to increase while r continues to decrease. 
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Figure 11.- Evolution of (a) the ratio of the length of the pore and its radius (blue) and the relation between 
the radius and the number of pores (orange), and (b) time constants obtained from fitting the data for the 
2S sample. 

 

The time constants obtained from the result of the fitting are presented in Figure 11b. Similar 

to the case for steel, 𝜏1 is the biggest time constat, this time constant is at the same magnitude 

than for steel. It is possible to conclude that the diffusion of oxygen is the controlling step 

for the galvanic pair’s corrosion. As it was mentioned previously, 𝜏1 can be expressed by 

Equation 11. If we assume that the diffusion coefficient is independent of time 61, the increase 

in the time constant must be attributed to an increase in the thickness of the diffusion layer 

(i.e., the oxide layer).  
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The behavior is the opposite of that described by Frateur et al. 58, where the lower time 

constant belongs to the green rust layer, in the case of the time constants for the cathodic 

reaction and the ohmic drop in the green rust layer. Aluminum may be the cause of this 

behavior if it alters the local pH, potential, and current distribution at the surface. Similar 

observations were reported by Van Nam Tran et al. in 2020 using 6061-T6 aluminum alloy 

and high-strength steel 62. As was noted in this paper, the impedance of the galvanic couple 

was between the impedances of the metals corroding separately (see Supplementary 

Material). However, aluminum seemed to be more active in their situation. This could be 

attributed to the concentration of chlorides since they used concentration of 400 mM or more 
63.  

From the time constant defined in Equation 8, it is possible to calculate de capacitance 

ascribed to the “green rust”, 𝐶8 (Figure 12). Equation 3 shows that the impedance is inversely 

proportional to the thickness of the oxide layer. Consequently, if 𝐶8 for steel (blue dots) and 

2S (red dots) it is possible to expect the thickness of the "green rust" on the surface of 2S to 

be bigger than the one on steel. However, this conclusion should be taken with reservations 

since the real area is unknown at a porous layer 64, 65. 

 

 

Figure 12.- Evolution of the capacitance of the “green rust” film for steel (blue dots), two strands sample 2S (red dots), 
and five strands sample 5S (yellow dots). 
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3.5.Effect of the surface ratio 

In the ACSR shown in Figure 1, the surface ratio of steel to aluminum is roughly 0.23 (seven 

steel strands and thirty aluminum strands). To approximate this ratio, one steel strand was 

brought into contact with four aluminum strands (sample 5S). The evolution of the corrosion 

potential (Figure 13) shows that 𝐸%&'',!; is slightly nobler than 𝐸%&'',<;. The difference is 

roughly 40 mV for the first 15 days, and decreases to 15 mV after 30 days, which is still quite 

low for the duration of the immersion. 

 

Figure 13.- 𝐸!"## for 2S (green solid line) and 5S (yellow solid line) in 0.1 M Na2SO4 + 1 mM NaCl. 

 

In Figure 14, the Nyquist diagrams for the corrosion of the 5S sample for 30 days of 

immersion are presented, with measurements performed every 24 hours. Comparable 

features to the sample with only two strands (Figure 10) can be seen in the spectra, which 

show a flattened capacitive loop in the low-frequency domain (Figure 14a) and a capacitive 

loop in the high-frequency domain followed by a linear domain attributed to diffusion in a 

porous layer  (Figure 14b). After 30 days of immersion, the phase angle of the linear zone 

tends toward 34° (Figure 14c), showing a significant departure from the case for 2S. 

 



 22 

 

Figure 14.- (a) Nyquist diagram, (b) zoom in the high-frequency domain, and (c) evolution of the phase 
angle of the linear domain for different immersion times in 0.1 M Na2SO4 + 1 mM NaCl at the OCP, the 
symbols are the experimental data, the solid lines are the fitting of the experimental data, the dotted line 
indicates the angle of the high frequency and the black symbols represent specific frequencies indicated 

in the figure. 

 

Moreover, the angle of the linear zone decreases more slowly for 5S (Figure 14c) than for 2S 

(Figure 10a) and never reaches the theoretical 22.5° that is expected for the diffusion in a 

semi-infinite porous layer.  

To compare the Nyquist diagrams for 2S and 5S, the values have been normalized to the 

maximum real impedance value, as shown in Figure 15.  

For the first day of immersion, the low frequencies of both spectra Figure 15a behave 

similarly. However, the shift in the position of the red symbols, marking each frequency 

decade, indicates that the corrosion process for 5S is slower than for 2S, which is logical due 

to the increased amount of aluminum protecting the steel from corroding faster. In the high-

frequency range, as shown in Figure 15b, the capacitive loop is less flattened for 5S than for 

2S, and the linear domain around 100 Hz for 2S is less apparent for 5S, which could be due 

to differences in the porous layer for the two systems. 
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After 30 days of immersion (Figure 15c), impedance in the low-frequency range behaves 

similarly for both samples. However, the high-frequency domain clearly shows that the EIS 

response is by far less flattened for 5S than for 2S (Figure 13d), in agreement with the 

interpretation of the formation of a porous layer at the electrode surface. This result illustrates 

the importance of the anode-to-cathode surface ratio for corrosion. 

 

 

Figure 15.- Normalized Nyquist diagrams for 2S (circles) and 5S (crosses) after (a) 1 day of immersion 
and (c) 30 days of immersion, and zoom in the high-frequency domain (b and d). The red symbols mark 

each frequency decade  

 

To consider the different behaviors of the materials, it is necessary to modify the interfacial 

impedance of the pore, 𝑍.. The new equivalent circuit is presented in Figure 16. It consists 

of a parallel connection of Constant Phase Element (CPE) and resistor, in series with a 

capacitor-resistor (RC) parallel connection. The CPERf connection represents the ohmic drop 

through the “green rust” and the RC connection represents the ORR on the black oxide.  
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Figure 16.- Equivalent circuits of the interfacial impedance inside a pore for the 5S electrode in 0.1 M 

Na2SO4 + 0.1 M NaCl. 

From the fitting of the experimental data, a relationship between the length of the pores and 

their radius (L/r) and the radius and number of pores (Nr) can be obtained (Figure 17a). It is 

evident from Figure 17a that both values increase with the immersion time. After the 22 days 

of immersion, a sharp increase of L/r is followed by a decrease after the 26 days of 

immersion. If r behaves as proposed by Frateur et al. 57, 58, then the increase of L/r is likely 

due to an increase of L. On the other hand, the behavior of Nr should be attributed to the 

increase of the number of pores. All in all, this behavior corresponds to an increase in the 

porosity of the layer. 

Figure 17b compiles the time constants for the anodic reaction 𝜏=, 𝜏%, and 𝜏8 obtained from 

the fitting of the EIS experiments performed on sample 5S. Unlike in the case 2S, 𝜏= is not 

constant. Its value increases during the first 10 days of immersion, stabilizing at around 2.5 

ks, and then rapidly increases after 25 days of immersion, corresponding to the rapid 

increment of L/r and Nr. 𝜏% decreases after the first five days of immersion and remains at 

about 276 μs for the last part of the immersion period, indicating that the nature of the oxide 

film does not change over time. 𝜏8 increases steadily for 2S, whereas for 5S, it decreases 

from the first to the second day of immersion, and afterwards, it increases until it remains 

nearly constant after five days of immersion. It is possible to calculate the capacitance related 

to this time constant as shown in Figure 12 (yellow dots). As mentioned previously, the 

capacitance is inversely proportional to the thickness of the oxide layer. Therefore, in 

comparison to steel and 2S, it is expected that the green rust would be several times larger 
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for 5S. However, as the actual surface area is unknown, this result should be regarded 

cautiously. Furthermore, it is conceivable that the true oxide layer surface area for 5S is 

greater than that for 2S given the behavior of L/r. 

 

 

Figure 17.- Evolution of (a) the ratio of the length of the pore and its radius (blue) and the relation between 
the radius and the number of pores (orange), and (b) time constants obtained from fitting the data for the 
5S sample. 

 

4. Discussion 

Different electrochemical techniques were used in this work to study the corrosion aged 

overhead cables: the corrosion potential (𝐸%&'') measurement, the linear sweep voltammetry 
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(LSV), and the electrochemical impedance spectroscopy (EIS). Each provided valuable 

insights into the corrosion behavior of the galvanic pair Aluminum-Steel. 

Firstly, the corrosion potential of steel (Figure 3) is not sufficient to indicate with a good 

accuracy the passivation of steel. However, the LSV curves (Figure 4) suggested a gradual 

passivation of the surface (see Supplementary Material), which is also supported by the 

increase in magnitude of the EIS spectra (Figure 7). Furthermore, the characteristics of the 

EIS spectra indicated that corrosion is primarily controlled by diffusion within a porous layer. 

Such a behavior of a porous layer by impedance spectroscopy has been well-studied 

theoretically 59, 66 and experimentally, on steel 56-58, but also in other systems like porous gold 

electrodes 67, thus allowing a fine description of the corrosion process involved for these 

wires. 

Secondly, the corrosion potential of aluminum (Figure 3) shows the passivation of the surface 

as 𝐸%&'' became nobler with the immersion time. This result is in agreement with the LSV 

curves presented in Figure 4 and EIS spectra presented in Figure 5. The formation of passive 

film over aluminum has been extensively studied 6, 68-72, and the use of EIS has yielded results 

consistent with the literature 49-51, 54.  

Thirdly, the corrosion potential of the pair Aluminum-Steel (Figure 13) suggested the 

passivation of the system, supported by the value of 𝐸%&'' predicted from the LSV. Despite 

the decrease of EIS magnitude over time  (Figure 10 and Figure 14), which could be wrongly 

interpreted as exacerbated corrosion, this reduction was granted to the growth of the porous 

layer. This conclusion was also supported by the evolution of parameters, L/r, and Nr (Figure 

11 and Figure 17).  

Inside ACSR, steel was shown to form oxides 73, in agreement with our observations. In the 

literature, aluminum is said to be less noble than steel 73-79 which was also observed here, but 

the corrosion of steel during galvanic corrosion was not explained as extensively as in this 

work. This can be explained by the dissolution of the passive film on aluminum due to a low 

pH 19, 80, 81 or due to chlorides that help the complexation of Al(OH)3 62, 63, 68, 69, 81-83. 

Xavier and Nishimura studied the galvanic pair Al-Fe in 0.1 M NaCl using the Scanning 

Electrochemical Microscope (SECM) 76. Interestingly, they were able to detect Fe2+, Al3+ 

and O2.  They observed the dissolution of iron far from aluminum when both metals are in 
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contact and the dissolution of aluminum near the boundary between Al and Fe, which is the 

reason why the authors concluded that Al protects Fe. They were also able to detect O2 

through competition mode of the SECM, allowing to show that oxygen is reduced on the iron 

part of the metallic assembly. These observations explain why, in our experiments, the zone 

where aluminum is more attacked is close to steel (see Supplementary Material).  

 

5. Conclusions 

The corrosion of steel, aluminum, and the galvanic pair was studied using various 

electrochemical techniques to identify the controlling step and gain insight into the corrosion 

of the galvanic pair of steel-aluminum inside a 1949 ACSR cable. 

The behavior of the corrosion potential of aluminum suggests surface passivation, whereas 

the impedance data made it possible to calculate the thickness of the oxide layer, revealing 

an asymptotic growth of this layer. 

When addressing steel, however, the situation becomes more intricate when employing direct 

current techniques. In such scenarios, EIS emerges as a valuable tool for gaining deeper 

insights into steel corrosion mechanisms. EIS spectra unveil that steel corrosion is primarily 

controlled by the oxygen diffusion in a porous layer formed by iron oxides. 

When aluminum and steel are in mechanical (and electrical) contact, the oxygen reduction 

reaction occurring on the porous layer atop the steel controls the corrosion of the galvanic 

pair in a 0.1 M Na2SO4 + 1 mM NaCl solution with a pH of 5.9. Despite the impedance of 

the system decreases as a function of time, it is likely attributed to the increased in surface 

area resulting from the porosity of the oxide layer on the steel, as measured by the evolution 

of L/r and Nr values.  

As the surface area of the aluminum increases, the impedance also increases. This indicates 

that the corrosion process is slowed down. Additionally, it was shown that the cathodic 

reaction, which is most likely oxygen reduction, is kinetically controlled instead of diffusion-

controlled.  
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