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Abstract

The electrochemical behaviour of high-carbon steel was examined in highly alkaline 
simulated concrete pore solutions with varying chloride and sulphate concentrations. 
Electrochemical measurements, including open-circuit potential (OCP), electrochemical 
impedance spectroscopy (EIS), and potentiodynamic polarization, were conducted at mul-
tiple immersion times to assess passive-film stability. Results show that at low chloride 
concentrations steel maintains a stable passive state, while higher chloride concentrations 
facilitate passive-film degradation. Sulphate ions altered this electrochemical response 
through competitive adsorption, affecting passive-film properties and influencing passive 
film breakdown. The combined influence of chloride, sulphate, and exposure duration 
significantly impacts corrosion behaviour, offering valuable insights into the durability of 
steel in concrete environments.
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1. Introduction
The wide application of prestressed concrete structures in bridges, buildings, marine 

constructions, and other engineering structures is related to their high performance and 
durability [1–3]. In this case, it should be noted that one of the main factors determining 
the durability of this type of structure is the steel’s resistance to corrosion [4,5]. Normally, 
due to the highly alkaline nature of the pore solution formed during cement hydration, a 
passive oxide film forms on the surface of the steel, thereby preventing corrosion [6–8]. 
However, if aggressive ions enter the concrete, this film may be damaged, causing localised 
corrosion [9].

Many aggressive species can penetrate the concrete promoting corrosion of steel in 
reinforced and prestressed concrete structures; however, the most dangerous among them 
are chloride ions, which are considered the primary cause of corrosion [2,6]. These ions 
enter the concrete from the marine environment, de-icing salts, and contaminated raw 
materials. Once they reach a certain concentration, these ions destabilise the passive film, 
causing pitting corrosion [3,9,10].

Apart from chlorides, sulphates are another common constituent of groundwater, sea-
water, industrial settings, and sulphate-containing soils. While their effect on steel corrosion 
is not as clearly understood as that of chlorides, some authors claim that sulphates can act 

Mater. Proc. 2026, 34, 3 https://doi.org/10.3390/materproc2026034003

https://crossmark.crossref.org/dialog?doi=10.3390/materproc2026034003&domain=pdf&date_stamp=2026-10-28
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materproc
https://www.mdpi.com
https://orcid.org/0000-0002-9474-6633
https://orcid.org/0000-0002-6679-7214
https://sciforum.net/event/CMD2026
https://doi.org/10.3390/materproc2026034003


Mater. Proc. 2026, 34, 3 2 of 9

in some cases as corrosion inhibitors stabilising passive films, by competing with chlorides 
for adsorption sites, thus preventing the destruction of the passive film under specific 
conditions [11–14]. In other studies, it was found that sulphates affect the composition of 
corrosion products and the electrochemical activity of steels [15]. This implies that steel 
corrosion in the concrete pore solution depends not only on the concentration of individual 
aggressive ions but also on the combined effects of all of them.

Another very important factor affecting the corrosion process is the exposure time. 
Despite the rapid formation of the passive film under highly alkaline conditions, its 
chemical composition, thickness, and protective capabilities continue to change during 
exposure [16–18]. Sulphate ions can further influence this evolution through their inter-
action with the steel surface and their competition with chloride ions, with their effect 
depending on the relative concentrations of both species [11].

Electrochemical methods have proven useful for studying these processes. Open Cir-
cuit Potential (OCP) is used to determine the tendency of steel to corrode; electrochemical 
impedance spectroscopy (EIS) is used to study the electrochemical characteristics of the 
passive film; and potentiodynamic polarisation studies help elucidate the kinetics of corro-
sion [16,19,20]. Along with that, estimation of the thickness of the passive film by means of 
the Hirschhorn–Orazem power law is performed.

In the present work, the effect of chloride and sulphate ions on the electrochemical 
behaviour of high-carbon steel in modified concrete pore solutions was studied. Four 
different electrolytes with varying amounts of chloride and sulphate were analysed at 0, 7, 
and 21 days. The electrochemical analysis was performed by OCP, EIS and potentiodynamic 
polarisation measurements, and the thickness of the passive film was estimated from the 
EIS data. The results obtained will provide new information on the influence of chloride 
and sulphate concentrations and exposure time on the corrosion of high-carbon steel in an 
alkaline environment.

2. Experimental Procedure
Commercially available hot-rolled high-carbon steel wire rod, containing 0.82 wt.% C, 

was used as the substrate for the present study. The chemical composition of the steel is 
presented in Table 1.

Table 1. Chemical composition of the hot rolled wire.

C Mn Si P S Cr Ni Mo Cu Al V

0.8200 0.6850 0.2460 0.0100 0.0120 0.2190 0.0510 0.0070 0.05870 0.0020 0.0480

Samples were embedded in epoxy resin, successively abraded with silicon carbide 
abrasive papers and subsequently polished to a mirror finish before conducting any ex-
periments. Simulated concrete pore solution (SCPS) was prepared by dissolving 0.131 M 
NaOH, 0.320 M KOH, 0.0032 M CaSO4 ·2H2 O, and 0.032 M Ca(OH)2  in deionised water, 
yielding a solution with a pH of around 13.5 open to air. To investigate the effect of aggres-
sive ions on high-carbon steel in a concrete pore environment, chloride and sulphate ions 
were introduced into the base SCPS using NaCl as the source of Cl−  and CaSO4 ·2H2 O as 
the source of SO4 2− , respectively. The required amounts of NaCl and CaSO4 ·2H2 O were 
added to the base SCPS before the start of the immersion experiments, and the resulting 
solutions were homogenised before the steel specimens were immersed. Thus, the specified 
chloride and sulphate concentrations were present from the beginning of immersion. The 
concentrations reported in Table 2 represent the additional amounts of Cl−  and SO4 2−  added 
to the base SCPS and therefore do not include the 0.0032 M SO4 2−  intrinsically supplied by 
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CaSO4 ·2H2 O in the base solution. Accordingly, the total SO4 2−  concentration in each test 
solution was equal to 0.0032 M plus the corresponding additional sulphate concentration 
reported in Table 2. No further addition or replenishment of Cl−  or SO4 2−  was performed 
after immersion, after passivation, or at any measurement stage during the immersion 
period. Electrochemical analysis was carried out using the standard three-electrode system, 
in which the high-carbon steel sample served as the working electrode, platinum wire 
as the counter electrode, and Ag/AgCl (Saturated KCl) as the reference electrode. The 
electrochemical behaviour of high-carbon steel as influenced by different chloride and 
sulphate concentrations was examined in terms of the open-circuit potential (OCP) and 
electrochemical impedance spectroscopy (EIS) measurements at 0, 7, and 21 days of im-
mersion. Potentiodynamic polarisation tests were performed after 21 days of immersion in 
the aggressive solutions. The impedance spectra were fitted using an equivalent electrical 
circuit to determine the electrochemical parameters, and the passive film thickness was 
subsequently estimated using the Hirschhorn–Orazem power-law model.

Table 2. Additional Cl−  and SO4 2−  concentrations added to the base SCPS for each test solution.

Solution Cl−  Concentration (M) SO4 2−  Concentration (M)

LCl–LS 0.036 0.0062
LCl–HS 0.036 0.0736
HCl–LS 0.914 0.0062
HCl–HS 0.914 0.0736

The Hirschorn–Orazem power-law model treats the passive layer as a non-uniform 
medium whose electrical properties vary throughout its thickness [21]. Figure 1 illustrates 
the equivalent electrical circuit used to fit the EIS spectra. In the present study, the inner 
passive-film response was considered for estimating passive-film thickness; therefore, the 
CPE parameters Q3  and α3 , corresponding to the inner passive-film branch of the equivalent 
circuit, were used in the calculation. The passive-film thickness was calculated according to 
the equation reported by Ogunsanya and Hansson [21]

𝜹 =
(𝜺𝜺0)𝜶

gQ𝝆1−𝜶
𝜹

(1)

where
g = 1 + 2.88(1 − 𝜶)2.375 (2)

where (𝜺) is the dielectric constant of the passive film, (𝜺0 ) is the vacuum permittiv-
ity, 𝝆 is the passive film resistivity, and Q3 and 𝜶3 are the constant phase element 
(CPE) parameters obtained from equivalent circuit fitting (see Table 3). The values of 
(𝜺 = 12 μF/m) and 𝝆 = 450 Ω·cm [21] were adopted from the literature for the passive film 
thickness calculations.

Figure 1. Equivalent electrical circuit used for fitting the EIS spectra.
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Table 3. Passive film thickness at different immersion times.

Condition Exposure Time Q3  (F·s(𝛂−1) ) 𝛂3 R3  (𝛀) 𝛅 (nm)

LCl− /LS− 
30 min 1.948 × 10−4 0.894 3.25 × 104 0.458

7 d 1.608 × 10−4 0.870 2.03 × 105 0.996
21 d 1.66 × 10−4 0.850 2.31 × 105 1.147

LCl− /HS− 
30 min 2.203 × 10−4 0.877 2.28 × 104 0.668

7 d 1.384 × 10−4 0.875 8.11 × 105 1.102
21 d 2.14 × 10−4 0.780 5.90 × 105 1.924

HCl− /LS− 
30 min 1.957 × 10−4 0.810 1.92 × 104 0.434

7 d 9.879 × 10−4 0.704 1.58 × 104 0.618
21 d 1.99 × 10−4 0.870 9.12 × 103 0.850

HCl− /HS− 
30 min 2.844 × 10−4 0.705 5.424 × 103 0.34

7 d 2.160 × 10−4 0.887 2.28 × 105 0.548
21 d 3.10 × 10−4 0.880 9.88 × 102 0.183

3. Results and Discussions
3.1. Open Circuit Potential (OCP)

The results of the 21-day open-circuit potential (OCP) testing, as presented in Figure 2, 
demonstrate the significant influence of chloride and sulphate ions on the corrosion stability 
of high-carbon steel in simulated concrete pore solutions. At day zero, after 30 min of 
immersion, all samples exhibited relatively negative OCP values (approximately −0.34 to 
−0.47 V), indicating electrochemically active surfaces with limited passive-film development. 
Between day zero and day seven, OCP values shifted positively in all solutions, reaching 
approximately −0.25 to −0.27 V, suggesting the initial formation and stabilisation of a 
passive oxide layer promoted by the highly alkaline environment. After day seven, a clear 
divergence emerged. Under high-chloride conditions, the OCP of HCl/LS decreased from 
−0.270 V at day 7 to −0.469 V at day 21. In comparison, HCl/HS decreased from −0.246 V to 
−0.460 V, indicating significant passive-film destabilisation and the development of active 
corrosion. The slightly less negative final potential in HCl/HS compared with HCl/LS 
does not indicate a protective effect of sulphate under high-chloride conditions; rather, 
the combined presence of high chloride and high sulphate still resulted in substantial 
deterioration of the passive state.

In contrast, under low-chloride conditions, OCP remained relatively stable and shifted 
further positive by day 21, particularly for LCl/HS, which reached −0.208 V, indicating 
a beneficial effect of higher sulphate concentration under low-chloride conditions. This 
observation is consistent with the findings of Liu, Lupeng et al. [10,22], who reported 
that OCP progressively increases with immersion time when the chloride concentration 
remains below the threshold. In contrast, at concentrations above the threshold, OCP 
initially increases before decreasing as passive-film breakdown occurs. According to ASTM 
C876, active steel corrosion is less than 10% probable for potentials more positive than 
−245 mV versus SCE. In contrast, potentials more negative than −395 mV indicate a high 
probability of active corrosion. Accordingly, the low-chloride conditions remained within 
the range associated with a stable passive state, while the high-chloride conditions reached 
potentials characteristic of active corrosion. Overall, the OCP evolution demonstrates that 
chloride concentration is the dominant factor controlling passive-film stability, while the 
effect of sulphate depends strongly on the chloride level [23–25].

https://doi.org/10.3390/materproc2026034003

https://doi.org/10.3390/materproc2026034003


Mater. Proc. 2026, 34, 3 5 of 9

Figure 2. The evolution of Eocp with exposure time of high-carbon steel in simulated concrete pore 
solution with different chloride and sulphate concentrations.

3.2. Electrochemical Impedance Spectroscopy (EIS) Response
Electrochemical impedance spectra of the high-carbon steel in the modified simulated 

concrete pore solutions were investigated using Nyquist diagrams, which are shown in 
Figure 3. below. The impedance diagram displays two reduced capacitive arcs, suggesting 
two electrochemical time constants associated with the passive film and the charge-transfer 
mechanism at the steel/electrolyte contact surface [26]. The high-frequency reduced capac-
itive arc suggests the contributions of the passive film’s resistance and capacitance, while 
the low-frequency reduced capacitive arc relates to charge transfer in the corrosion process. 
At the initial immersion time (0 days), there were small diameter arcs, suggesting that 
there was low polarisation resistance and a thin passive film formed. This observation is 
consistent with the negative value of the OCP at the early stage of the immersion test period.

Figure 3. Nyquist plots of EIS measurements for low- and high-chloride/sulphate environments at 
different immersion times.
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After 7 days of immersion in low-chloride media, the impedance response of the 
samples increased significantly, indicating the gradual formation of a protective passive film. 
This result corresponds to a cathodic shift in OCP values and implies improved corrosion 
resistance. However, the impedance changes were lower in high-chloride solutions, which 
may indicate the onset of chloride interference during passive film formation.

After 21 days of immersion, there was an even more noticeable difference between 
these conditions. The maximum value of the capacitive loop was observed under the 
LCl/HS condition, indicating the highest electrochemical resistance and the most developed 
protective passive film. On the contrary, the HCl/HS condition caused a dramatic decrease 
in impedance, indicating the destruction of the passive film and activation of corrosion. 
Although there is still a notable impedance response under this condition, it could be related 
to the formation of resistive corrosion products. Such results correspond to the cathodic 
shift in the OCP value. This behaviour can be attributed to the competition of chloride 
and sulphate ions on the steel surface [13]. In the initial stages of exposure, sulphate ions 
compete with chloride ions for adsorption sites and thus limit the degradation of the passive 
film due to the presence of chloride ions. As time passes, chloride ions begin to destabilise 
the passive film, causing its destruction and increasing the corrosion rate [21,24]. The same 
behaviour was observed by Ogunsanya et al. [21], in that increased chloride ions shift 
the corrosion potential to more negative values, while increased sulphate ions counteract 
this effect.

The fitting of the impedance spectra was performed using the equivalent circuit shown 
in Figure 1, from which R3 , representing the passive-film resistance, was obtained and 
considered as a key parameter for evaluating the resistance properties of the passive film 
(Table 3). As shown in Table 3, the increase in passive-film thickness corresponds to an 
increase in R3  and a decrease in the CPE exponent α3 , indicating an increase in the non-ideal 
behaviour of the film as it develops. This trend was most evident when comparing the 
two opposite cases: LCl/HS resulted in the thickest film (1.924 nm) and the highest R3 
value (5.90 × 105 Ω), whereas HCl/HS resulted in the thinnest film (0.183 nm) and the 
lowest R3  value (9.88 × 102 Ω) (Table 3). The effect of sulphate ions was therefore strongly 
dependent on the chloride concentration: sulphate stabilised the passive film at low chloride 
concentration, whereas at high chloride concentration, the combined presence of chloride 
and sulphate resulted in a synergistic effect that aggravated passive-film degradation, as 
evidenced by the reduced film thickness and R3  value.

3.3. Anodic Polarisation
As shown in the polarisation curves (Figure 4) and the electrochemical parameters 

reported in Table 4, the corrosion behaviour of high-carbon steel is strongly influenced by 
the combined concentrations of chloride and sulphate ions. Under low-chloride conditions, 
increasing the sulphate concentration from LCl/LS to LCl/HS resulted in a decrease in the 
corrosion current density from 0.232 to 0.061 μA cm−2 , together with an increase in the 
pitting potential from 0.60 to 0.63 V, indicating enhanced passive-film stability. In contrast, 
under high-chloride conditions, the effect of sulphate was markedly different. Increasing 
the sulphate concentration from HCl/LS to HCl/HS increased the corrosion current density 
from 4.31 to 7.12 μA cm−2  and caused a pronounced decrease in the pitting potential from 
0.42 to 0.026 V, indicating a higher susceptibility to passive-film breakdown and localised 
corrosion. Thus, sulphate ions do not exert a universally protective effect; their influence 
depends strongly on the chloride concentration. While sulphate can contribute to passive-
film stabilisation when chloride concentration is low, at high chloride concentration its 
presence may enhance the deleterious effect of chloride, leading to increased corrosion 
activity and an earlier onset of localised corrosion. These polarisation results are consistent 
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with the EIS analysis, which showed the highest passive-film resistance and thickness under 
LCl/HS. In contrast, the HCl/HS condition exhibited the lowest passive-film resistance and 
thickness [11,15,27,28].

Figure 4. Anodic polarisation curves of samples exposed to low- and high-chloride/sulphate condi-
tions after 21 days of immersion.

Table 4. Corrosion current density (icorr ) and pitting potential (Epit ) obtained from potentiodynamic 
polarisation measurements after 21 days of immersion.

Condition LCl-/LS- LCl-/HS- HCl-/LS- HCl-/HS-

Epit  (V) 0.60 0.63 0.42 0.026

Icorr  (μA⋅cm−2 ) 0.232 0.061 4.31 7.12

4. Conclusions
1. The combined effects of chloride and sulphate ions strongly influence the electro-

chemical behaviour of high-carbon pearlitic prestressing steel. Sulphate enhances 
passive-film stability at low chloride concentration, whereas at high chloride concen-
tration it promotes further degradation of the passive state.

2. The combined analysis of EIS, passive-film thickness, and anodic polarisation measure-
ments demonstrates that passive-film stability is closely related to corrosion resistance. 
The low-chloride conditions, particularly LCl/HS, exhibited thicker and more resistive 
passive films, lower corrosion current densities, and higher pitting potentials, whereas 
the high-chloride conditions, particularly HCl/HS, showed severe passive-film degra-
dation, higher corrosion current density, and lower pitting potential.

3. This work provides new insight into the corrosion behaviour of high-carbon pearlitic 
prestressing steel by demonstrating that the beneficial effect of sulphate is strongly 
dependent on chloride concentration. These findings improve understanding of cor-
rosion mechanisms in prestressed concrete exposed to combined chloride–sulphate 
environments and provide useful guidance for assessing the durability of prestressing 
steel under aggressive service conditions.
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