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Abstract 

 An electrochemical study was performed on a low-nickel stainless steel (SS) in 

order to evaluate its corrosion behaviour. The conventional AISI 304 SS was also studied 

for comparative proposes. A carbonated alkaline solution was used as electrolyte. The 

effect of carbonation and the combined effect of carbonation and the presence of chloride 

ions were studied. The low-nickel SS exhibited similar corrosion behavior to the 

conventional AISI 304 SS with corrosion potential and charge transfer resistance of the 

same order while the pitting potential were slightly lower. Corrosion current density 

supported these results with very similar values between the two studied SSs.  
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1 INTRODUCTION 

Reinforced concrete structures (RCS) normally present a great corrosion 

resistance. The high alkaline media, such as that contained in the pores of the concrete 

(pH about 12‒13) promotes the formation of a protective oxide layer on the surface of the 

steel that prevents it from corrosion [1, 2]. Previous studies have revealed that these 

passive oxide films, formed of iron and chromium oxides, are of the order of only a few 

nanometres (nm) thick or even less depending on the time of exposure of the sample to 

the passivating media [3]. However, the presence of chlorides (Cl–) can lead to damaging 

effects on passivity and the appearance of pitting corrosion when chloride ions reach the 

metal/concrete interface [4]. In addition to this phenomenon, carbonation processes over 

the solution contained into the pores of the concrete causes severe corrosion problems 

due to a drop in pH (under the value of 9) that turns the passive state to an active corrosion 

process [1]. These two factors lead to the corrosion and deterioration of the RCS with the 

result of a less stable and secure structure and the subsequent costs in maintenance and 

reparation works. 

Among the corrosion protection methods, cathodic protection, corrosion 

inhibitors and galvanized steel, stainless steel (SS) reinforcements are a reliable way to 

guarantee the durability of RCS in extremely aggressive environments where carbon steel 

presents protection limitations [5-7]. Although SS reinforcements may be the most 

economical solution in the long term [8, 9], the initial cost involved has so far limited 

their use. 

The interest in SS reinforcements is a result of its resistance to a great variety of 

environments and its property of self-regeneration after partial destruction of its passive 

film. As a result, structural service-life spans of SS reinforced structures are increased 

with respect to traditional carbon steel ones [10]. Stainless steel reinforced concrete was 



first used in the construction of a pier built in the Gulf of Mexico (Port of Progresso, 

Yucatán, Mexico), between 1937 and 1941 [11]. The latest inspection of the structure 

revealed that it is virtually free of corrosion. USA, Canada, Australia and some European 

countries are currently using SS as reinforcements in RCS.  

The SSs most frequently used as reinforcement are the austenitic types AISI 304 

and AISI 316. Previous works have shown that both of them present a very good corrosion 

resistance in chloride contaminated media, between mortars as much as simulated pore 

solutions [12, 13]. However, the use of SS rebars has been limited due to their high cost 

compared to traditional carbon steel. Nickel is one of the alloying elements that 

significantly increase the cost of austenitic SSs. Its price has risen by 79% in the last five 

years, reaching a historic high of about 38,000 €/t in 2007 [14]. For this reason, new SSs, 

in which the nickel content is partly replaced by other elements, are being evaluated as 

possible alternatives to traditional carbon steel. Low-nickel austenitic SSs exhibit 

attractive properties, comparable to those of conventional austenitic SSs, such as good 

corrosion resistance, high strength and ductility, and a low tendency towards grain 

sensitization [15].  

Despite the great advance in the field of SSs throughout the past years, 

electrochemical techniques still represent an effective tool that offer the possibility of 

studding the corrosion behavior in all different metals and passive alloys. Electrochemical 

techniques are effective accelerated laboratory tests that present the advantage of being 

highly sensitivity, easy to perform and reproduce, fast in data acquisition and, finally, 

easily comprehensible to interpret. Potentiodynamic polarization tests as well as 

electrochemical impedance spectroscopy (EIS), which has emerged as a powerful non-

disturbing technique to study the passive films formed on the steel surface [16-18], 



represent an excellent approach to study the corrosion behavior of metals and passive 

alloys, such as SSs, in a certain electrolyte, what is directly related to corrosion.  

The aim of this work is to study the corrosion behavior of a new low–nickel SS in 

a carbonated calcium hydroxide (Ca(OH)2) solution where the effect of chloride ions was 

investigated by polluting it with different amounts of sodium chloride (NaCl). This way, 

the effect of carbonation process on the passivity of the reinforcement, as well as the 

highly aggressive environment resulting from the dual effect of carbonation and the 

presence of chloride ions, are investigated. Conventional AISI 304 SS is also studied for 

comparative purposes, being the most common austenitic SS used as reinforcement. 

 

2 MATERIALS AND METHODS 

 The test specimens consisted of 5.0 cm × 2.0 cm × 1.0 mm (Width × Length × 

Thickness) plates of the low-nickel austenitic SS and the AISI 304 SS. The decision to 

use plates instead of traditional bars was due to the design of the electrochemical cell.  

The low-nickel and the AISI 304 SS samples were supplied by ACERINOX SA 

(Palmones, Cádiz, Spain). Table 1 shows the chemical composition (% by weight) of the 

two materials, according to the manufacturer. Specimens were initially ground using a 

series of silicon carbide (SiC) emery papers down to grade 600 before finishing with an 

ultrasonic clean in ethanol for one minute and rinsed with distilled water. 

 

 

The test solution was a carbonated solution with different concentrations of 

chloride. A saturated Ca(OH)2 solution with a pH~12–13 was prepared. Carbonation was 

achieved by bubbling CO2 into the solution until a pH=8 was reached, a level below the 

referenced value of 9 to ensure the complete carbonation of the solution. The pH decrease 



was controlled using a pHmeter (Crison GLP22). The precipitated CaCO3 formed was 

filtered and different amounts of NaCl were added to the solution. The solution was used 

immediately after preparation to avoid contamination. The molar concentration of 

chloride in the solution was 0, 0.07, 0.17, 0.34, 0.51 and 0.85 M. The reason of using 

these molar concentrations is that they correspond to the following NaCl concentrations 

in weight percentage (wt. %): 0, 0.4, 1.0, 2.0, 3.0 and 5.0 %, which are very often used in 

corrosion science literature. In the present paper all concentrations are expressed in 

molarity.   

The chemical products used to prepare the solutions were laboratory grade 

reagents: NaCl purisimum CODEX supplied by Panreac and Ca(OH)2 for analysis 

supplied by Merck. All the solutions were prepared with distilled water. 

 One of the most common problems observed after a pitting resistance evaluation 

of a passive metal or alloy, as is the case of SS, throughout electrochemical methods is 

the presence of crevice corrosion. The occurrence of this type of corrosion, simultaneous 

to pitting corrosion, enables other corrosion mechanism, thus complicating the evaluation 

of the electrochemical behavior of the metallic material in the presence of pitting 

corrosion mechanisms only. 

 In order to minimize the effect of crevice corrosion, an Avesta cell was used [19] 

for the determination of the pitting potential (Epit) by means of polarization curves 

measurements. The Avesta cell working procedure is based in the elimination of the 

aggressive solution contained in the crevice through the incorporation of distilled water 

in it. The aim of this method is not to eliminate the crevice, but to prevent the 

accumulation of aggressive ions and the local acidification in the crevice by the dilution 

of the solution contained within. With the aid of this particular type of electrochemical 

cell the Epit is accurately determined. 



A conventional three-electrode configuration was used, with the sample acting as 

working electrode, a saturated calomel electrode (SCE) as reference electrode and a 

platinum mesh as counter electrode. All the potentials presented in the present study are 

thus referred to the SCE. 

 A PARC 273A potentiostat (EG&G Instruments) was used to perform the 

electrochemical experiments. The corrosion potential (Ecorr) of the samples was 

monitored for 40 min in each test solution. This was the time needed to reach a stable 

potential.  

Pitting corrosion susceptibility was characterized by means of cyclic polarization 

curves. A potential scan rate of 0.1667 mV s‒1 was used [20]. The current density limit 

for reversing the potential scan was 10─3 A cm‒2. The Epit was defined as the potential 

value at which the current density sharply rises and the protection potential (Eprot) as the 

potential value at which the curve, in its reverse scan, intersects the passivity plateau.   

EIS measurements were recorded at the Ecorr in a frequency range from 105 Hz to 

10–3 Hz with a logarithmic sweeping frequency of 5 points per decade. The EIS method 

involved the imposition of a 10 mV r.m.s. amplitude excitation voltage. A 1255A 

Solartron Frequency Response Analyser linked to an EG&G PARC 273A potentiostat was 

used for EIS measurements. Fitting of all the spectra were performed with Z‒View 

software. All the experiments were performed at the room temperature of the laboratory 

(~25 ºC) and in triplicate to ensure reproducibility. 

 

3 RESULTS AND DISCUSSION 

3.1 Potentiodynamic Measurements 

 Fig. 1 shows the cyclic polarization curves for the low-nickel SS and the AISI 304 

SS (for comparative purposes) in carbonated solution subjected to different chloride 



concentrations. The Ecorr values presented were very similar, though a small increase was 

observed as the chloride concentration increased in the solution. This small increase may 

indicate that a more stable film was formed on the metal surface but the increment is so 

small that should be taken carefully as it could also be due to very small surface 

differences after the sample preparation. A passivation–like behavior in a wide range of 

anodic potentials is observed by means of the plateaus of current densities exhibited in 

the curves. 

 The current density required to maintain a metal in a passive state is called passive 

current density (ip) and represents a measure of the protectiveness of the film. At ip the 

metal dissolution occurs at a nearly constant rate and the passive film formed on the metal 

surface grows thicker. Hence, a lower ip is a consequence of a more corrosion resistant 

metal/alloy. As the potential in the metal tends to more anodic values, the current 

increases until a sharp rise can be observed normally due to the localized breakdown of 

the passivating oxide film. This breakdown causes the underlying metal dissolution 

leading to the formation of pits. Fig. 2 shows the current density dependence with 

potential in the passive region for the low-nickel SS and the AISI 304 SS. As observed in 

Fig. 2 for the low-nickel SS, in general meanings, the ip increases as the chloride 

concentration grows in the solution indicating a lower corrosion resistance with the 

content of these ions. In a closer inspection, a threshold is found for chloride 

concentrations higher than 0.17 M with a noticeable increase in the current density. Above 

this concentration a less protective film is formed and the chlorides induce a higher 

dissolution of the SS. For the AISI 304 SS, although the overall trend observed is similar 

to the low-nickel SS with higher current densities as the chloride concentration increases, 

it is hard to determine a threshold only by the observation of the ip. Nevertheless, above 

chloride concentrations of 0.17 M a sharp increase in the current density is exhibited at 



lower potential values as the result of a lower resistance to pitting corrosion, as shown 

further on. It is interesting to remark that both SSs present ip values of the same order, 

revealing their similar behavior in the passive region in terms of metal dissolution in 

carbonated solution under the effect of chlorides. This behavior is most likely due to a 

high similitude in the oxide films formed on both SSs. 

The Epit determines the local breakdown of the passive film, leading to an active 

corrosion state. In the absence of chloride, an Epit of 0.563 V is observed for the low-

nickel SS after a wide passivity plateau of ~480 mV (see Fig. 1a). When the chloride 

concentration is equal to 0.07 M, Epit decreases in ~200 mV. The same trend is observed 

for the rest of chloride containing solutions, exhibiting a descent in the Epit as the chloride 

ions increase. These results showed the directly proportional relationship between the 

tendency to localized corrosion and the concentration of chlorides in the carbonated 

solution. It is worth noting the fact that an Epit is exhibited in the absence of chlorides, 

which can somewhat result unexpected as no halide is present in the solution. As 

previously mentioned, all the experiments were carried out in triplicate obtaining 

reproducible results with a defined Epit for all of them. Thus, any accidental contamination 

with chlorides in the electrochemical cell is highly unlikely (neither being the source the 

synthetic electrolyte nor a leakage or flow of chlorides from the reference electrode 

solution to the test solution). Hence, the carbonate ions ( −2

3CO ) appear to be responsible 

for this behavior. As previously reported [21], −2

3CO  is capable of causing pitting 

corrosion in AISI 304L SS and AISI 316L SS. The increase in the −2

3CO concentration 

decreases the Epit to more negative values, hence increasing the pitting corrosion 

susceptibility. According to this, the pits generated in the absence of chlorides in the 

present research work are attributed to the local breakdown of the passive films of the 



low-nickel and the AISI 304 SSs as a consequence of the carbonates present in the test 

solution. 

It is generally accepted after experimental observation over the last decades that 

for a given material Epit in the presence of a halide (i.e. chloride ion) is a function of the 

halide activity as yielded in the following equation [22]: 

−−=
xpit aBAE log      (1) 

where A and B are constants and −x
a  is the activity of the halogen anion. Taking the 

activity of chloride as unity, this relationship enables the estimation of Epit for a given 

chloride concentration. As proposed by Macdonald [23], the Point Defect Model (PDM) 

accounts for the growth and breakdown of a passive film involving transport of anions 

(oxygen ion) and cations (metal ion) or their respective vacancies. Anions diffuse from 

the film/solution (f/s) interface to the metal/film interface (m/f) and subsequently 

resulting in the film thickening. Cations diffusion may results in breakdown of the passive 

film when metal vacancies (or metal holes) production rate at the f/s interface is higher 

than the rate of metal hole submergence into the bulk metal or alloy at the m/f interface. 

Under this assumption, cation vacancies pile up at the m/f interface and their 

accumulation above a critical value may act as a pit incubation process. When the halide 

is chloride the PDM yields the following relationship [24]: 
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where Jm is the rate of submergence of metal holes into the metal, x is the charge on a 

cation, Jo and u are exponential terms related to the metal and oxygen vacancies in the 

film (more information about this term can be found in Ref. [24]), α is a parameter that 

indicates the external potential dependency of the potential drop across the m/f interface 



and F, R and T have their usual meanings. The form of Eq. (2) coincides with the 

experimental Eq. (1), where 
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 Fig. 3 shows the linearity between Epit and log[Cl−] for the low-nickel SS. The 

values of A and B parameters can be obtained from this plot, resulting in A = 224.98 mV 

and B = 114.64 mV. The parameter α can be calculated then from α = 2.303RT/BF yielding 

an experimental value of 0.516 for the low-nickel SS at 25 ºC. Similar experimental B 

values were obtained by Strehblow and Titze for iron in borate buffer solution (pH = 8) 

[25] and by Yashiro et al. for AISI 304 SS when they studied the Epit dependence with 

temperature in chloride containing solutions [22]. As observed in the inset in Fig. 3, 

values of A and B for the AISI 304 SS could not be determined since no linear-like 

behavior of the Epit vs. log [Cl–] was detected. This may be due to differences in the 

experimental setup with respect to the bibliographic data presented as the Avesta cell was 

used. Nevertheless, important information is deduced from the variation of the Epit with 

the applied voltage depicted in Fig. 3 (see inset). The AISI 304 SS shows higher Epit values 

than the low-nickel SS for all the chloride concentrations used. The bigger differences are 

observed in the absence of chlorides and when the minimum chloride concentration is 

present. The increase in the Epit for the AISI 304 in the absence of chlorides informs about 

the lower tendency to localized corrosion due to the effect of carbonate ions. When a 

concentration of 0.07 M of chloride ions is added, the combination of the carbonate and 

chloride anions creates a double effect on the oxide film of both SSs, being the one formed 

on the low-nickel SS less resistant than that on the AISI 304 SS when high overpotentials 



are applied. With the increase of [Cl−], the low-nickel SS presents a linear decay in its Epit 

while the AISI 304 SS exhibits a stable value of approximately 375 mVSCE. Thus, of 

chlorides present an important role on the film stability and this could be explained in 

terms of the passive layer thickness as it will be discussed in detail later on. 

 After the current density limit imposed was reached, all the potentiodynamic tests 

defined an Eprot, after a clear hysteresis loop. The Eprot is the potential at which a stable 

growing pit ceases to grow and below which repassivation of existing pits is achieved. 

Although it occurrence has been widely observed, the use of Eprot is still controversial on 

the basis of the following arguments [26]: (i) the measured Eprot is inversely dependent 

on the pit depth and, because of this, the Eprot measured in shallow pits or by a relatively 

rapid scan rate may not be sufficiently conservative, and (ii) the Eprot measured on deep 

pits may be too low and therefore unnecessarily conservative for predicting the 

occurrence of localized corrosion. Predictive models have been proposed to explain and 

calculate the Eprot as a function of environmental conditions. Okada proposed that the 

steps taking place in repassivation are as follow: a thin oxide film forms on the metal 

surface which, in contact with the non-protective metal halide (i.e. chloride) film, is 

strongly corroding at the pit bottom, then the oxide extends over the active area of the pit 

resulting in a passive film that prevents the dissolution of the metal base [27]. A linear 

dependence of Eprot on the activity of the halide was observed in an analogous way than 

that presented previously for Epit. However, this model presented deficiencies when 

reproducing the two distinct slopes of the Eprot dependence on the logarithm of the activity 

of chlorides observed for very low activity values as well as explaining the drastic 

changes in Eprot in a corrosion inhibited environment. To account for these limitations, 

Anderko et al. [26], inspired by the work of Okada [27], developed a model based in 

competitive reaction of various species leading to the formation of oxide within a metal 



salt film for predicting Eprot on different passive alloy/environment systems. They also 

found that for a number of corrosion resistant alloys, the repassivation potential has a 

complex dependence on the logarithm of chloride concentration [26]. 

 The variation of Eprot for the low-nickel SS as a function on the logarithm of 

chloride concentration is shown in Fig. 4. It is observed that a linear-like behavior was 

exhibited as predicted by the models previously described [26, 27]. A decrease of Eprot 

with increasing chloride was exhibited, indicating a more difficult repassivation of the 

generated pits. Only a single logarithmic slope was observed in the curves depicted in 

Fig. 4 because the chloride concentration did not reach a sufficiently low value, as has 

been generally reported for AISI 304 SS in chloride containing solutions [26]. This 

behavior is determined by the parameters that represent the dissolution of the metal 

through the formation of metal/chloride complexes [26]. Fig. 4 also shows the Ecorr values 

presented by the low-nickel SS and the AISI 304 SS in the carbonated solution subjected 

to different chloride concentrations. As observed, the increase in [Cl–] resulted in a 

progressive approach of the Eprot to the Ecorr, reducing the region where repassivation is 

achieved and making the materials less corrosion resistant. Despite this fact, repassivation 

was accomplished for all chloride concentrations used. 

 

3.2 Electrochemical Impedance Spectroscopy (EIS)  

 Bode plots for the low-nickel SS and the AISI 304 SS in carbonated solution 

subjected to different chloride concentrations are shown in Figs. 5 and 6, respectively. 

These comparative measurements show that both SSs exhibited a similar behaviour with 

changes in log|Z| and phase angle vs. log(f). In these plots f is the frequency and |Z| the 

impedance modulus. At high frequencies the impedance modulus defined a straight line 

with a zero slope and the phase angle remained in zero degrees, indicating a resistive-like 



behavior not associated to a relaxation process. This resistance was attributed, as 

commonly accepted, to the electrolyte resistance. Bode plots showed a capacitive-like 

behavior at the medium and low frequencies, characterized by a slanted impedance 

modulus and a phase angle defined maximum. When the lowest frequencies were reached 

the phase angle tended to zero as the impedance modulus approached a resistance. Thus, 

from the raw observation of the experimental data the system appeared to be defined by 

a single relaxation process. Additionally, the phase angle maximum smaller than 90º 

(~75º) and the absolute value of the impedance modulus slope lower than unity (~0.8) 

suggest a deviation from the ideal capacitor, generally due to dispersion of the time 

constant caused by irregularities on the electrode surface, surface roughness, fractal 

surface and, in general, processes associated with an irregular distribution of the applied 

potential [28].  

 Before proceeding to the evaluation of the impedance data, the Kramers–Kronig 

transforms (KK) were used with the aim of evaluating the consistency of EIS 

experimental data [29]. General KK relations are integral equations with real and 

imaginary parts as given in Eqs. (5–7). 
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where Z'(x) and Z''(x) are the real (Zreal) and imaginary (Zimag) parts of the impedance, 

respectively; x (0<x<∞) is the integration variable and ω is the angular frequency. Using 

Eqs. (5) and (6) it is possible to transform the imaginary part into the real part and vice 



versa, Eq. (7). Comparison of the experimental plots with the transformed plots by means 

of KK transforms represents a validation test for EIS measurements.  

 Figs. 7 and 8 show the comparison between the EIS experimental data and those 

obtained by means of the KK transforms for the low–nickel SS and the AISI 304 SS in 

carbonated solution subjected to a chloride concentration equal to 0.51 M, respectively. 

Only Figs. 7 and 8 are presented due to its representative nature as both SSs exhibited 

very similar diagrams in all the range of chloride concentration used. A good consistency 

of the experimental data was observed, existing a small dispersion at very low frequency 

values for both SSs (lower than 4×10–2 Hz) probably due to a lack of stability in the 

relaxation processes experienced by the system in such frequencies or the presence of 

noise during the measurement.  

 Additionally, the results were analysed by comparing the transformed data with 

the experimental data, using a statistical error function [30]:  
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where │Zexp(x) ─ ZKK(x)│ represents the absolute magnitude of the difference between 

the value of the experimental impedance (Zexp(x)) and that calculated via the KK 

transform, (ZKK (x)); Zmax is the maximum value of the experimental impedance, and N 

the number of points in the experimental data. 

 Table 2 shows the average error, Z (%), obtained using Eq. (8) for both SSs. It 

is observed that the calculated average errors were always lower or equal to 2.74%, both 

the real to imaginary and the imaginary to real transformation. The fact that these errors 

were always lower than 3.0% confirms the consistency and therefore, the validity of the 

experimental data obtained by means of EIS, as the KK transforms were satisfied [30]. 



Impedance data were fitted using the electrical equivalent circuit (EEC) depicted 

in Fig. 9. A constant phase element (CPE) unit was used to account for the frequency 

dispersion observed. This EEC consisted of a resistance, Re, in series with a parallel 

combination of a CPE unit and a second resistance, Rp. For the lowest frequency values, 

the phase angle tended to zero reporting no evidence of corrosion, normally characterized 

by the presence of diffusion processes in the low frequency domain. In addition, no 

apparent sign of pits was found after the EIS measurements, so that a passive-like 

behavior was assumed to be exhibited by the system in the test conditions. This is in 

agreement with the low current density values shown in the proximity of the Ecorr (see 

Fig. 1). Consequently, the time constant (τ) presented at medium and low frequency 

values was associated to the electric resistance of the passive film to the current flow, 

where Rp was the polarization resistance; and the CPE unit represents the capacitance 

associated to the system, which will be discussed in detail later on. Finally, Re represents 

the electrolyte resistance between the reference electrode and the working electrode.  

A CPE is often used instead of an ideal capacitor to account for the non-ideal 

capacitance of the electrode. The impedance of a CPE is defined by the expression:  

nCPE
jY

Z
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1

0 
=      (9) 

where Y0 is the admittance, j2 = (–1), ω is the angular frequency, and n is a dimensionless 

fractional exponent. When n equals 1 a CPE simplifies to a capacitor; when n equals 0 a 

CPE represents a pure resistor, and when n equals 0.5 a CPE behaves as a Warburg 

impedance. 

The EEC proposed in the present work, previously reported by El–Egamy and 

Badaway [31] to account for the passivity and passivity breakdown of the AISI 304 SS in 

alkaline solutions, was selected as it provided a good fitting of the experimental results 

and represented a good description of the electrochemical system keeping the number of 



circuit elements at a minimum. Figs. 5 and 6 also show the fitting results, exhibiting an 

excellent concordance with the experimental data. At very high frequencies (104‒105 Hz) 

the phase angle plot showed positive values since the imaginary part of the impedance 

appeared below the real axis. This is most likely due to the inductance associated to the 

wires connecting the electrochemical cell and the potentiostat. These artifacts present in 

the experimental data were discarded in the analysis since they do not correspond to any 

physical process in the studied system.    

  The total impedance of the model proposed presents the following transfer 

function: 
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where all the parameters have the meaning previously described. Table 3 reports the 

fitting result of the experimental impedance data for the low-nickel SS and for the AISI 

304 SS in carbonated solution subjected to different chloride concentrations yielded using 

the EEC of Fig. 9. 

 It is worth noting that the plot of the phase angle vs. log(f) presented in Figs. 5 

and 6 may suggest the presence of more than one time constant with the increase of 

chloride concentration. With the aim of determine such a case additional EEC models 

were evaluated. The association of two time constants, either in parallel or in series [18, 

32], has been so far the most often proposed model; whereas the physical interpretation 

of the circuit elements is not always clear and remains nowadays subjected to a big 

controversy. These two time constant EEC’s were evaluated but the simulation errors 

where significantly higher resulting in a not suitable models to interpret the systems 

presented in the present work.  



 Upon closer inspection of the data, Re appeared to be responsible for the phase 

angle shifting and broadening. The phase angle is defined by ( )'''arctan ZZ= , where ϕ 

represents the phase angle and, Z’’ and Z’ are the imaginary and real part of the impedance 

when expressed as a complex number, respectively. Being Re contained exclusively in the 

real part of the impedance transfer function, an influence of this parameter on the phase 

angle plot is expected. Considering an electrochemical system controlled by a single 

relaxation process, when Re increases the high frequency limit of the real part of the 

impedance becomes higher, shifting the phase angle peak towards lower frequency values 

and reducing the capacitive region. Consequently, a broadening of the phase angle plot 

and a shift of its maximum is observed when Re decreases, thus increasing the capacitive 

region. This is in perfect agreement with the results presented in Figs. 5 and 6, where the 

phase angle exhibited a broadening and its maximum shifted to higher frequency values 

with the increase in the chloride concentration, showing a larger capacitive region in the 

frequency domain.  

 As previously described, the impedance of a CPE unit is dependent on the 

fractional exponent n, which in the case of a pure capacitor is equal to unity. In such a 

case, the admittance of the system results in the capacitance’s analog. Nevertheless, when 

n deviates from unity, even if that deviation is small, the approximation of Y0 to a 

capacitance should be avoided as it may result in large computational errors [33]. In order 

to evaluate the evolution of the capacitance with respect to [Cl–], the effective capacitance 

(Ceff) of the different systems under study was calculated. Hsu and Mansfeld equation, 

Eq. (11), suggests that Ceff can be calculated from Y0 upon the observation that the 

maximum in the imaginary component of the impedance occurs at the same critical 

frequency (ωc), regardless of the value of α [34]. 

 
1

0 )( −= ceff YC      (11) 



where ωc is the critical angular frequency (rad/s). The critical frequency, defined as the 

point where the maximum in the imaginary component of the impedance occurs, 

represents an important parameter since in the case of an ideal capacitor it allows the 

determination of the capacitance associated to a particular relaxation process defined by 

a Voigt element according to the following expression: RC c/1= . In the case of a CPE 

unit, ωc can be calculated from values of Y0, Rp and α found from the fitting results of the 

experimental impedance data according to the following expression [34]: 
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Using Eq. (12), the critical frequency was found to be 7 mHz for the low-nickel 

SS and 6 mHz for AISI 304 SS (from 0 M to 0.85 M). Thus, in the present work none of 

the SSs studied presented a critical frequency below the experimentally measured 

frequency, indicating that the passive films did not change during the EIS measurements 

conducted at the low value of the critical frequency. Fig. 10 shows the deviation of the Y0 

with respect to Ceff, calculated using Eq. (11). A remarkable difference is observed 

between these two parameters, confirming the unsuitability of the use of the admittance 

as a capacitance value for the study of an electrical double layer, even for an α value close 

to unity. 

 As commonly accepted, the system formed by a SS in contact with an electrolyte 

is constituted by the metal base covered by a thin layer of an oxide that presents 

semiconducting properties in direct contact with the electrolyte. This general structure 

establishes three different capacitances: (i) a first capacitance associated to the m/f 

interface due to the charge alignment resulting from the difference of the Fermi level on 

each side (CM), (ii) a second capacitance associated to the f/s interface normally explained 

by means of the Helmholtz double layer (CH) and, (iii) a third capacitance associated to 



the passive film due to the space charge layer generated inside the film (CSC) [35]. The 

combination of these three series capacitances results in the total capacitance of the 

system (CT), expressed by the following equation: 

HSCMT CCCC

1111
++=     (13) 

Being the charge carrier density in metals much higher than in semiconductors, it 

is reasonable to assume that CM is larger than CSC. Additionally, it is well known that the 

capacitance associated to the Helmholtz double-layer is bigger than CSC [35]. 

Consequently, CM and CSC are negligible according to Eq. (13) and CT is approximately 

equal to CSC. According to this, the Ceff obtained by the impedance measurements, which 

in this particular system is the CT analog, was considered as a global capacitance 

associated to the passive film. 

A closer inspection of Ceff for the low-nickel SS and AISI 304 SS with respect to 

[Cl–] is shown in Fig. 11, where the same trend was observed for both SSs. A linear-like 

behavior was exhibited with bigger Ceff values when the chloride concentration increased. 

As observed, both materials accomplished a similar slope. The calculated Ceff values 

range from 67 to 90 μF cm–2 for the low-nickel SS and from 78 to 97 μF cm–2 for AISI 

304 SS, as shown in Fig. 11. For both SSs the minimum capacitances were observed in 

the absence of chloride. As the chloride concentration grows in the solution an increase 

in Ceff values is observed. As shown in Fig. 11, the calculated capacitances were very 

similar, being for the low-nickel SS always slightly lower than those observed for AISI 

304, with a difference of ~10 μF cm–2 both in the absence and presence of chloride in the 

solution. 

The thicknesses (δ) of the passive films formed were estimated from Ceff 

capacitance values assuming the model of a parallel plate capacitor defined by the 

following expression: 



effC


 0=      (14) 

where εo was the vacuum permittivity (8.854×10–12 F m‒1) and ε was the dielectric 

constant of the passive film formed on  SS, ε= 15.6 [36]. It is well known that, along with 

chemical composition, the thickness of a passive layer plays a significant role in the 

corrosion resistance of a metal or a passive alloy. For similar chemical composition, a 

thicker layer provides a more effective barrier against corrosive agents. Thus, changes in 

the passive film thickness of the oxide films formed on the SSs studied is extremely 

informative. As shown in Fig. 12 a negative linear relationship was found between the δ 

of the passive films formed on both the low-nickel and the AISI 304 SSs and [Cl–], 

indicating that the amount of chloride in the electrolyte resulted in a thinner and thus less 

protective passive layer. This finding is supported by a previous work where the thickness 

of the oxide layer formed on the low-nickel SS studied in the present paper and the AISI 

304 SS were inversely related to the chloride concentration in the electrolytic media [37]. 

As observed in Fig. 12, the low-nickel SS appears to present thicker passive films than 

the AISI 304 SS both in the absence and presence of chloride ions. This may suggest a 

higher corrosion resistance. Nevertheless, these differences are of the order of 10‒2 nm 

and may be due error accumulation during the Ceff calculation or to small deviations in 

their oxide layer chemistry that, although of a very similar nature [37] is not precisely 

equal. Thus, based on the results obtained it is observed that both SSs present comparable 

passive film thicknesses and, consequently, an equivalent corrosion resistance in the test 

solutions used in the present work under non polarization conditions. 

 As previously indicated, Rp represents the electric resistance of the passive film to 

the current flow. The electric resistance of a conductor is expressed as follows: 

A

L
R


=      (15) 



where R is the electric resistance (Ω), ρ is the electrical resistivity of the conductor (Ω 

cm), A is the cross-section area (cm2) and L is the length (cm), which in the case of a 

passive film is the thickness analog. Consequently, under a comparable chemical 

composition, differences in Rp indicate changes in the oxide layer thickness. As observed 

in Table 3, when the chloride concentration increased in the solution, a monotonous 

decrease in the Rp values is observed, indicating a progressively lower corrosion 

resistance for both SSs. It is interesting to remark how the effect of carbonation processes, 

by itself, reduces significantly the corrosion resistance of the low-nickel SS, exhibiting a 

Rp value in carbonated solution in the absence of chloride lower than the one observed in 

a previous work [14], where the same material was exposed to a fresh non-carbonated 

solution of saturated Ca(OH)2 with a chloride concentration equal to 0.85 M. As observed, 

the low-nickel SS present almost identical Rp values than the conventional AISI 304 SS 

in the chloride concentration range (see Table 3). This finding is supported by all the 

experimental results previously presented in this paper and confirm that the presence of 

chlorides does not only affect the corrosion resistance when an overpotential is applied 

on the system (Figs. 2 and 3) but also affects the protective properties of the passive layer 

in the non-polarized state. 

 

3.3 Corrosion Current Density (icorr) 

 It may be assumed, as an approximation, that the polarization resistance (Rp) is 

inversely proportional to the current density at the Ecorr, also referred as corrosion current 

density (icorr), which is directly related to the corrosion rate of a corrosion process [38]. 

Thus, the determination of icorr provides important information about the kinetics of the 

corrosion process as well as the corrosion resistance of a metal or an alloy in a particular 



environment. Impedance fitting results were used to calculate icorr by means of the 

Stern−Geary equation: 

 
p

corr
R

B
i =      (16) 

 

where B is a constant determined by the Tafel slopes according to the following 

expression: 

   
)(303.2 ca

ca
B





+
=      (17)                                

where βa and βc are the anodic and the cathodic Tafel slopes, respectively. Due to the 

novelty of the low-nickel SS studied in the present work and the specific character of this 

parameter for each particular system [39], βa and βc were experimentally determined for 

both SSs. For this purpose, a pontentiodynamic polarization of 250 mV was performed 

both in the cathodic and in the anodic direction from the Ecorr for the low-nickel SS and 

the AISI 304 SS in each particular solution, where the Tafel slopes were calculated after 

the linear fit of the Tafel region (see Fig. 13 which is presented as a representative example 

of the procedure). Table 4 shows the Tafel slopes and the experimental B constant 

calculated for the low-nickel SS (B~53 mV/decade) and the AISI 304 SS (B~48 

mV/decade) in carbonated solution subjected to different chloride concentrations. As 

observed in Table 4, the low-nickel SS presented bigger B constant values than the AISI 

304 SS resulting from more slanted anodic and cathodic slopes. Once the B constant was 

determined, icorr values were calculated using Eq. (16), where Rp represents the Rct the 

polarization resistance obtained by the experimental impedance data analysis. In addition, 

icorr values were determined by means of the direct current (DC) measurements from the 

point of intersection of the Tafel plots at the Ecorr.  



 Fig. 14 shows the comparative icorr values for both SSs, the low-nickel and the 

AISI 304, in carbonated solution subjected to different chloride concentrations obtained 

by DC and AC measurements. A good agreement is found between both methods with the 

bigger differences in the absence of chlorides and for the lowest chloride concentration 

of approximately 0.03 to 0.06 µF cm–2, which can be consider a negligible dispersion. As 

observed, both SSs exhibit the same trend since icorr increases linearly with the increase 

in [Cl–], indicating a less corrosion resistance as the halide concentration grows in the 

solution. Nevertheless, the icorr values, always of the order of 10‒7 µF cm–2, confirm that 

the systems exhibit a passive-like behavior in the proximity of the Ecorr. As observed, the 

low-nickel SS shows similar icorr values to the AISI 304 SS in the presence of chlorides, 

indicating a comparable corrosion resistance in the non-polarized state under the 

experimental conditions, and supporting the results previously presented in this study. 

   

4 CONCLUSIONS 

 Electrochemical tests have been performed on a new low-nickel SS in a 

carbonated Ca(OH)2 solution subjected to different chloride concentrations. The effect of 

carbonation process as well as the combined effect of carbonation and the presence of 

chloride was studied. Potentiodynamic tests show that the Ecorr slightly tended towards 

more noble values, while the Epit decreased, as the chloride concentration increased in the 

carbonated solution. In terms of passivity, low-nickel SS showed a passive-like behaviour 

in all the chloride concentrations studied with defined passivity plateaus, although a 

descent was observed as the chloride concentration increased. EIS results showed that Rp 

values decreased with the addition of chloride. Calculated thickness exhibited a linear–

like behaviour tending towards thinner passive films as chloride concentration increased. 

Determined icorr values grown with [Cl–]. The effect of carbonation, by itself, affected the 



corrosion resistance of the low-nickel SS in a detrimental way; whereas, the combined 

effect of carbonation and chloride ions increased the corrosion susceptibility leading to a 

lower corrosion resistance. In comparison with the traditional AISI 304 SS, the low-nickel 

SS presented very similar corrosion behaviour to the conventional AISI 304 SS. 
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Table 1. Chemical composition (wt.%) of the low-nickel SS and the AISI 304 SS studied. 

The balance was Fe. 

Material C Si Mn P S Cr Ni  Mo Cu N 

Low-nickel 0.082 0.48 7.26 0.027 0.001 16.56 4.32 0.07 0.13 0.075 

AISI 304 0.049 0.32 1.75 0.028 0.001 18.20 8.13 0.22 0.21 0.050 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Average error values, Z (%), for the low-nickel SS and the AISI 304 SS in 

carbonated solution (pH=8, 25 ºC) with different chloride concentrations. 

[Cl–] 

(mol l–1) 

Z  (%) 

Low-Nickel SS AISI 304 SS 

ZImag→ZReal ZReal→ZImag ZImag→ZReal ZReal→ZImag 

0 

0.07 

0.50 1.56 0.52 1.17 

0.97 2.54 1.33 1.26 



0.17 

0.34 

0.51 

0.85 

0.77 2.26 0.77 2.26 

0.89 1.60 0.56 1.64 

0.69 1.25 0.93 2.35 

0.60 1.82 0.45 1.19 

 



Table 3. Fitting results of EIS experimental data for the low-nickel SS and the AISI 304 SS in carbonated solution (pH=8, 25 ºC) subjected to 

different chloride concentration. 

Low-Nickel SS 

[Cl–] 

(mol l–1) 

Re 

(Ωcm2) 

Error (%) 

Rp 

(MΩcm2) 

Error (%) 

Y0 

(µScm─2sn) 

Error (%) 

n 

 

Error (%) 
χ2 

0 1005 0.41 0.204 0.77 50.01 0.51 0.89 0.25 3.1×10–3 

0.07 152 0.90 0.197 1.36 53.88 0.86 0.88 0.32 5.2×10–3 

0.17 83 0.94 0.188 1.36 54.78 0.84 0.88 0.28 4.5×10–3 

0.34 45 1.20 0.175 1.58 56.22 1.00 0.89 0.31 5.8×10–3 

0.51 29 1.06 0.171 1.15 58.98 0.71 0.89 0.20 2.6×10–3 

0.85 19 1.48 0.158 1.74 65.41 1.10 0.88 0.31 6.4×10–3 

AISI 304 SS 

0 977 0.78 0.217 0.98 55.54 0.55 0.88 0.17 1.6×10–3 

0.07 159 1.09 0.192 1.72 57.53 1.06 0.88 0.30 8.6×10–3 

0.17 85 1.05 0.187 1.49 58.08 0.90 0.87 0.34 4.8×10–3 

0.34 48 0.97 0.178 1.30 59.29 0.76 0.87 0.27 3.2×10–3 

0.51 28 0.73 0.171 0.95 63.89 0.56 0.88 0.16 1.8×10–3 

0.85 19 0.49 0.162 0.81 67.58 0.53 0.87 0.26 2.1×10–3 

 



Table 4. Tafel slopes, βa and βc, and B constant for the low-nickel SS and the AISI 304 SS in carbonated solution (pH=8, 25 ºC) with different 

chloride concentrations.  

[Cl–] 

(mol l–1) 

Low-Nickel AISI 304 

a (mV/decade) c (mV/decade) B (mV/decade) a (mV/decade) c (mV/decade) B (mV/decade) 

0 298 –212 54 263 –197 49 

0.07 300 –209 53 275 –188 49 

0.17 302 –199 52 273 –182 47 

0.34 317 –199 53 277 –180 47 

0.51 316 –195 52 292 –183 49 

0.85 321 –194 53 278 –185 48 

 

 

 

 

 

 

 



 
 

Fig. 1. Cyclic polarization curves in carbonated solution (pH=8, 25 ºC) subjected to different chloride concentrations (0, 0.07, 0.17, 0.34, 0.51 

and 0.85 M) for (a) the low-nickel SS and (b) the AISI 304 SS. 
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Fig. 2. Variation of the current density with the applied potential for the low-nickel SS 

and the AISI 304 SS in carbonated solution subjected to different chloride concentrations 

in the passive region. 
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Fig. 3. Pitting potential (Epit) as a function of the chloride concentration for the low-nickel 

SS and the AISI 304 SS in carbonated solution (pH=8, 25 ºC). 
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Fig. 4. Protection potential (Eprot) and corrosion potential (Ecorr) as a function of the 

chloride concentration for the low-nickel SS and the AISI 304 SS in carbonated solution 

(pH=8, 25 ºC). 
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Fig. 5. Bode plots for the low-nickel SS in carbonated solution (pH=8, 25 ºC) subjected 

different chloride concentrations. 
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Fig. 6. Bode plots for the AISI 304 SS in carbonated solution (pH=8, 25 ºC) subjected 

different chloride concentrations. 
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Fig. 7. Comparison of experimental impedance data () and calculated impedance data 

using KK transforms (+) for the low-nickel SS in carbonated solution (pH=8, 25 ºC), 

[Cl–]=0.51 M. 
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Fig. 8. Comparison of experimental impedance data () and calculated impedance data 

using KK transforms (+) for the AISI 304 SS in carbonated solution (pH=8, 25 ºC),   

[Cl–]=0.51 M. 
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Fig. 9. Electrical equivalent circuit (EEC) used for EIS experimental data fitting for the 

low-nickel SS and the AISI 304 SS in carbonated solution (pH=8, 25 ºC) subjected to 

different chloride concentrations. 
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Fig. 10. Deviation of admittance (Y0) with respect to calculated effective capacitance 

(Ceff) for the low-nickel SS and the AISI 304 SS as a function of the chloride concentration 

in carbonated solution (pH=8, 25 ºC).  
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Fig. 11. Calculated effective capacitance (Ceff) for the low-nickel SS and the AISI 304 SS 

as a function of the chloride concentration in carbonated solution (pH=8, 25 ºC). 
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Fig. 12. Calculated passive film thickness (δ) for the low-nickel SS and the AISI 304 SS 

as a function of the chloride concentration in carbonated solution (pH=8, 25 ºC). 
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Fig. 13. Tafel slope determination for the low-nickel SS in carbonated solution (pH=8, 

25 ºC), [Cl–]=0 M. 
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Fig. 14. Corrosion current density (icorr) for the low-nickel SS and the AISI 304 SS, 

obtained by means of DC and AC methods, as a function of the chloride concentration in 

carbonated solution (pH=8, 25 ºC).  
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