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Abstract 

Buried carbon steel pipe are provided with corrosion prevention systems, namely an insulating coating 

and a cathodic protection system which reduces (or halts) corrosion rate as a result of soil corrosiveness. 

The presence of alternating current (AC) interference may cause serious corrosion damages on metallic 

structures corresponding to coating defects, even if the –0.850 VCSE protection criterion is matched. 

Nowadays, the AC corrosion mechanism, as well as the protection criteria in the presence of AC, is still 

controversial and debated. In this paper, a two-step AC corrosion mechanism of carbon steel under 

cathodic protection condition is proposed: (1) AC causes the electromechanical breakdown of the passive 

film formed on carbon steel under overprotection condition, and (2) after passive film breakdown, high-

pH chemical corrosion takes place. In order to investigate AC effects on passive condition (Step 1), 

experimental tests have been performed on stainless steels in neutral solution, as a result of its passive 

behavior: AC has harmful effects on passive condition, reducing anodic overpotential, and causing film 

breakdown over a critical AC interference level. The electromechanical oxide breakdown mechanism 

resulting from high alternating electric fields (of the order of 106 V/cm) within the passive film is 

proposed. Electrostriction stresses are a possible explanation. After film breakdown, corrosion can occur 

if the pH inside the crack is close to 14; this strong alkalization can be reached in overprotection condition 

(high cathodic current density) and in the presence of AC. 

 

Key Words: alternating current (AC), carbon steel, cathodic protection, passivity, pH changes and 

effects, stainless steels 

1. INTRODUCTION 
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Carbon steel pipe used to transport hydrocarbons and dangerous fluids are provided with corrosion 

prevention systems, namely an insulating coating and a cathodic protection (CP) system which reduces 

corrosion rate below 10 µm/y, which is the maximum acceptable corrosion rate fixed by CP standard.1 

Carbon steel in aerated soil operates in protection condition if the IR-free potential (not affected by ohmic 

drop) is more negative than –0.850 V vs. CSE (Cu/CuSO4 reference electrode, +0.318 V vs. standard 

hydrogen electrode [SHE]).1-2 Alternating current (AC)-induced corrosion still represents a serious threat 

to the integrity of underground structures even if CP is properly applied. When a metallic pipeline is 

parallel to an AC source (typically, high-voltage overhead or underground power lines or AC traction 

systems), AC interference can take place by a conductive or inductive mechanism, causing corrosion 

corresponding to coating defects or porosity where metal is exposed to soil corrosiveness. There is 

agreement that at the utility frequencies (50 Hz or 60 Hz), AC causes corrosion at much higher current 

density than direct current (DC) stray current, as also confirmed by a previous work.3 In the last 30 y, 

several theories have been proposed to describe the mechanism by which AC produces and enhances 

corrosion of carbon steel.3-15 Nevertheless, the corrosion mechanism, as well as the protection criteria,16-

20 in the presence of AC is still controversial and debated. 

In this work, a proposed AC-induced corrosion mechanism of carbon steel under CP condition is 

discussed. The model takes into account previous results obtained in the first phase of the research during 

which the effects of AC interference on kinetics parameters (anodic and cathodic polarization curves) 

and on corrosion rate were widely investigated in various environments (e.g., soil-simulating solution, 

artificial seawater) for different metals (carbon steel, galvanized steel, zinc, and copper). A “mixed 

corrosion mechanism” was initially hypothesized, with a general decrease of both anodic and cathodic 

overpotentials and an increase of exchange current density.3,7 

In the last years, an extensive effort in Europe has been performed to provide acceptable criteria to 

evaluate AC corrosion likelihood. The European standard EN 1528021 (“Evaluation of AC Corrosion 

Likelihood of Buried Pipelines—Application to Cathodically Protected Pipelines”) reports that in the 

presence of AC interference the criteria given in EN 129541 are not sufficient to demonstrate that steel 

is protected against corrosion, and provides acceptable levels, measurements and mitigation procedures, 

and information to deal with AC-induced corrosion likelihood. 

According to the acceptable interference levels reported by EN 15280,21 as a first step the AC voltage on 

the pipeline (measured as an average over a representative period of time, e.g., 24 h) should be decreased 

to 15 V R.M.S. or less. Then, AC corrosion mitigation can be achieved by complying with criteria defined 

in EN 12954,1 and: (1) by maintaining AC density (jAC) lower than 30 A/m2 on a 1 cm2 coupon or probe; 

(2) by maintaining average cathodic current density (jDC) lower than 1 A/m2 if AC density is more than 
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30 A/m2; or (3) by maintaining the ratio between AC density and DC density (jAC/jDC) of less than 3 over 

a representative period of time (e.g., 24 h). 

In other words, while no AC density restrictions are defined for DC densities lower than 1 A/m2, AC 

density is restricted to values lower than 30 A/m2 with DC density in the range from 1 A/m2 to 10 A/m2, 

which corresponds to overprotection condition (potential more negative than –1.2 VCSE). It follows that 

AC corrosion of buried steel structures does not depend only on the AC interference level (expressed by 

AC voltage or AC density), but also on the CP condition of the pipe, i.e., AC corrosion likelihood 

increases as DC density increases. 

More severe acceptable interference levels were defined by means of preliminary long-term CP tests 

(described in detail in a previous work22) in the presence of AC stationary interference on carbon steel 

specimens Type L36023 in soil-simulating conditions, i.e., sand saturated with a sulfate and chloride ions 

containing solution. Laboratory tests showed that in overprotection condition, i.e., potential more 

negative than –1.2 VCSE, only a few A/m2 of AC density (in the range 5 to 20) can cause corrosion of 

overprotected carbon steel. Results showed that cathodic current densities lower than 1 A/m2 in 

combination with AC density higher than 30 A/m2 can lead to AC corrosion, as well as DC density higher 

than 1 A/m2 in combination with AC density higher than 10 A/m2. 

In order to understand the mechanism by which AC causes corrosion of overprotected carbon steel, some 

preliminary thermodynamic considerations are mandatory. From a thermodynamic point of view, CP of 

carbon steel in soil is defined as the establishment of a state of immunity (or quasi-immunity) by a 

cathodic polarization which halts (or reduces) steel corrosion rate. Nevertheless, over time the pH of the 

electrolyte at the metal-to-soil interface will increase as a result of the cathodic reactions (i.e., oxygen 

reduction and hydrogen evolution at more negative potential) occurring on the metal surface. As hydroxyl 

ions production is regulated by the cathodic current supplied to the metal, the local pH will be greater 

corresponding to high CP levels, i.e., high cathodic current or more negative potentials (overprotection 

condition). On the other hand, the presence of transport processes as a result of a concentration gradient 

and of electrophoretic migration contributes to establish a pH profile in close proximity to the metal 

surface. The pH increase identifies a thermodynamic condition defined by the chemically-induced 

formation of a passive film of Fe2O3 and Fe3O4, according to the Pourbaix’s diagram of the iron-water 

system at 298 K24 and in agreement with Pourbaix,11 who reports that local alkalization via CP is 

beneficial because of the formation of a “perfectly protective passive film.” Freiman, et al.,25 outlined 

the concept of “cathodic passivation” strictly promoted by the potential-pH condition. In soil and in 

stagnant solution, where the transport and diffusion of chemical species and oxygen is slow, the pH close 

to the metal surface increases with cathodic current density, reaching a considerably higher level (11 to 
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12) than in bulk aqueous solutions. The effects of electrolyte alkalization under CP condition are well 

known in seawater CP application, where the alkalization promotes the growth on steel surface of a 

calcium carbonate and magnesium hydroxide scale, which acts as a natural protective layer. CP 

effectiveness on carbon steel does not seem to be related only to the potential lowering to an immunity 

condition but also to the formation of a protective passive film promoted by the alkalization of the metal-

to-solution interface (chemical effect of CP2). 

According to this premise, in order to investigate the effect of AC on passive condition, tailored tests 

(i.e., potentiodynamic tests and alternating breakdown voltage measurement) have been performed on 

stainless steel in neutral solution. Undoubtedly, the passive film formed on stainless steel is different in 

composition and structure to that formed on carbon steel at alkaline pH under CP condition. Nevertheless, 

in this work an investigation of harmful effects of AC on passive films is discussed, proposing an analogy 

between the breakdown of the passive film of stainless steel in neutral solution and carbon steel under 

CP condition. Although some AC corrosion models recognize possible harmful effects of AC on passive 

condition, none provide a description of the mechanism by which AC corrodes passive metals. For 

instance, Nielsen, et al.,9 report that AC-induced potential oscillations between the passive, the immunity, 

and the high-pH corrosion domains of the iron Pourbaix diagram may cause corrosion by a destabilization 

of the passive layer. Similarly, Pourbaix11 state that nonprotective films can form when the potential 

oscillates between the passivation domain and the immunity domain, and that superimposed AC can 

destroy passivation films that would be perfectly protective in the absence of AC. 

 

2. EXPERIMENTAL PROCEDURES 

2.1 Potentiodynamic Tests on Stainless Steel in the Presence of Alternating Current Interference 

Anodic and cathodic potentiodynamic tests were performed on Type X5CrNiMo 17-12-2 stainless steel 

(Type 316, UNS S31600(1), EN 1.440126) in the presence of AC stationary interference. After preparation 

and cleaning operations according to ASTM Standard G1,27 stainless steel specimens were placed in a 

PTFE cylindrical sample holder (Figure 1) made of two watertight caps. A circular area of 1 cm2 of the 

metal was exposed to the electrolyte. A metal rod was screwed in a hole on the top of the sample holder 

to provide the electrical contact with the specimen inside the cap. In order to prevent the contact between 

the metal rod and the surrounding environment, a glass tube was placed around the screw and was pressed 

against the sample holder interposing a polymeric gasket. 

                                                 
(1) UNS numbers are listed in Metals and Alloys in the Unified Numbering System, published by the Society of Automotive Engineers 
(SAE International) and cosponsored by ASTM International. 
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Specimens were placed in a test cell containing 1 L aerated stagnant solution (exposed to atmosphere) 

containing 500 mg/L chlorides. Bulk temperature was kept constant at 20°C (±2°C). A four-electrode 

test cell configuration was adopted (Figure 2): in addition to the working (W) and the reference electrode 

(RE) (Ag/AgClKCl,sat., +0.2 VSHE), two MMO-Ti (mixed-metal oxides titanium) counter electrodes were 

used to supply the polarization (CECP) and the interference (CEAC) currents by means of a proper 

electrical circuit designed in order to separate the DC and AC signals (Figure 2). AC was limited to 

approximately 1% of the total AC by a 20 H inductance in the DC mesh, while DC was halted by a 500 

µF capacitor in the AC mesh.7 

After 1 h conditioning in free corrosion condition until a stable potential was reached, AC interference 

was applied by means of an AC feeder (variac device). The circulating AC was measured by interposing 

a digital amperometer connected in series to the circuit. Three AC densities were applied in a stationary 

way: 10, 30, and 50 A/m2 (50 Hz frequency), such that the electrical charge for unit area (given by the 

product between AC density and time) supplied to the metal was constant. In order to minimize the ohmic 

drop in the solution between the reference and the working electrode, a Luggin glass capillary was used. 

Potentiodynamic polarization was performed from –1.2 V vs. Ag/AgClKCl,sat. to 0.4 V vs. Ag/AgClKCl,sat. 

with a potential scan rate of 0.17 mV/s according to standard.28 Because of experimental restrictions with 

the electrical equipment, in the presence of AC, potentiodynamic testing was not performed in a 

continuous mode (continuous displacement of potential) but by steps, varying the potential of 10 mV 

every 60 s, respecting the same potential scan rate. 

 

 

2.2 Alternating Voltage Measurements 

Alternating voltage measurements were performed on Type X5CrNi 18-10 (Type 304, UNS S30400, EN 

1.430126) and Type 316 (EN 1.440126) stainless steels in free corrosion condition and on cathodically 

protected carbon steel specimens Type L360.23 CP was applied in a potentiostatic control at three 

overprotection potentials: –1.1, –1.2, and –1.3 VCSE. Specimens were prepared according to the procedure 

described previously and placed in a test cell filled with 1 L of a stagnant and aerated solution containing 

500 mg/L of sulfate ions. No chlorides were added to the solution. After 1 h conditioning, AC was applied 

by means of an AC feeder and a MMO-Ti counter electrode. AC was applied after attainment of a steady 

value of the protection current density. The stable value of DC current density at the tested polarization 

potentials was 0.22, 0.58, and 1.25 A/m2, respectively. The alternating voltage was increased by steps 
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(about 10 mV every min) and measured by an external high-impedance voltmeter with respect to an 

Ag/AgClKCl,sat. reference electrode placed in a Luggin glass capillary whose tip was positioned in close 

proximity to the metal surface (estimated distance: 1 mm). The circulating current was measured by 

means of a digital amperometer in series to the circuit. Simultaneously, DC potential was measured with 

respect to the reference electrode in the Luggin capillary which allows elimination of the ohmic drop 

contribution in the measurement (resulting from the circulating current in the solution path between the 

sample and the reference electrode). Three tests for each material were performed. 

 

3. RESULTS 

3.1 Potentiodynamic Tests on Stainless Steel in the Presence of Alternating Current Interference 

Potentiodynamic tests were performed on Type 316 stainless steel in order to investigate the effect of 

AC interference on passive condition, i.e., on anodic and cathodic potential-current curves. Preliminary 

results showed that AC interference up to 50 A/m2 causes a weakening of the passive film formed on 

stainless steel resulting in the decrease of the critical chlorides threshold for pitting corrosion initiation.29 

Figure 3 shows potentiodynamic curves (E-log j) in the presence of 10, 30, and 50 A/m2 AC density. A 

control curve in the absence of AC interference is reported for comparison. The passive region is well 

defined in the control curve: the metal is in passive condition and corrosion current is equal to the passive 

current density, namely in the range 3 mA/m2 to 5 mA/m2, which corresponds to a penetration rate of 

about 5 µm/y, i.e., corrosion is negligible. AC has a detrimental effect on passive condition, with the 

decrease of anodic overpotential and the weakening of the passive film. Corrosion current density in the 

presence of AC can be estimated by the intersection of anodic and cathodic curves, which identifies the 

working point of the electrochemical system. Corrosion current density was lower than 10 mA/m2 only 

in the presence of 10 A/m2 AC density. AC of 50 A/m2 causes a corrosion rate of about 100 µm/y, more 

than one order of magnitude greater than corrosion rate in the control condition. A minor effect is 

observed considering the cathodic branch of the polarization curve (oxygen limiting current density and 

hydrogen evolution overpotential). Oxygen limiting current density is in the range 200 mA/m2 to 300 

mA/m2 in stagnant condition, regardless the magnitude of the overlapped AC. Potentiodynamic tests 

confirm the effect of AC on anodic overpotentials, already observed for active and active-passive metals 

in different exposure conditions.7,30 

 

 

3.2 Alternating Voltage Measurements 

Tests on Stainless Steels in Neutral Solution— 
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Figure 4 shows AC density and DC potential (Ecorr) as a function of the applied alternating voltage (VAC) 

on Type 304 stainless steel. Three tests were performed to guarantee test repeatability. AC density 

increased as the applied voltage increased, as expected. The experimental curve can be divided in two 

sections as a result of a strong increase of the curve slope (i.e., more current is exchanged corresponding 

to a voltage increase). Corrosion potential moves initially to more positive values in the presence of AC 

and then, corresponding to the slope variation of the jAC-VAC curve, a drop of corrosion potential is 

measured. The potential drop could be associated to the formation of active (corroding) area 

corresponding to the attainment of a critical voltage (in the following breakdown alternating voltage, 

VBD), with subsequent corrosion of the substrate and an increase of the circulating current in the electrical 

circuit. The average VBD is 0.27 V for Type 304 stainless steel, corresponding to about 20 A/m2 AC 

density (Table 1). 

 

 

Figure 5 shows AC density and potential as a function of the alternating voltage on Type 316 stainless 

steel specimens. The same considerations discussed previously could be extended: AC density increases 

by increasing the applied voltage, until the attainment of the breakdown alternating voltage (VBD). 

Corresponding to the slope-variation of the curve, DC potential decreases as a result of the formation of 

a macrocell between active and passive area. As reported in Table 2, mean value of VBD is 0.32 V and 

the corresponding AC density is about 23 A/m2, both greater than the values measured for Type 304 

stainless steel. 

 

 

Tests on Carbon Steel Under Cathodic Protection Condition— 

Alternating voltage measurements were performed on carbon steel specimens cathodically polarized in 

a potentiostatic control at fixed overprotection potentials: –1.1, –1.2, and –1.3 VCSE, the most critical 

according to AC corrosion.21-22 Figure 6 shows AC density as a function of the applied voltage. The 

breakdown voltage (and the corresponding AC density) was calculated corresponding to the intersection 

point between the tangent of the first part of the curve and the tangent of the second part after passive 

film breakdown. VBD increased as the protection potential became more negative, i.e., from 0.05 V at –

1.1 VCSE to 0.18 V at –1.3 VCSE, while the corresponding AC density decreased as the DC current density 

increased (Table 3). 
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4. DISCUSSION 

4.1 Alternating Current Corrosion Mechanism 

A two-step AC corrosion mechanism of carbon steel under CP condition is proposed: 

(a) Step 1: AC causes the electromechanical breakdown of the passive film formed on cathodically 

protected carbon steel surface; 

(b) Step 2: after passive film breakdown, high-pH chemical corrosion occurs in overprotection 

condition. 

 

4.2 Step 1: The Passive Film Electromechanical Breakdown Mechanism 

The electromechanical film breakdown mechanism is unique considering the interpretation of AC 

corrosion phenomenon but is well known in the study of localized corrosion, as in the description of 

pitting phenomena. Generally, the theoretical models that describe the initiation process of passive film 

breakdown may be grouped into three classes:31-34 (1) adsorption-induced mechanism, where the 

adsorption of aggressive ions as chlorides is of major importance; (2) ion migration and penetration 

models; and (3) mechanical film breakdown theories.  

The adsorption and penetration models are strictly related to the presence of aggressive anions, such as 

chloride ions in pitting corrosion, in the electrolyte in contact with the passive metal. The adsorption 

mechanism for pits nucleation starts with the formation of surface complexes that are transferred to the 

electrolyte much faster than uncomplexed iron ions (e.g., halides enhance the transfer of Fe3+ and Ni2+ 

from the oxide to the electrolyte). This leads to a local thinning of the passive layer and finally to its 

complete breakdown and the formation of a pit. The penetration mechanism requires transfer of the 

aggressive anions through the passive layer to the metal/oxide interface, where they cause internal 

stresses and pit nucleation. The latter model, proposed first by Vetter and Strehblow35 and Sato36 requires 

the film mechanical cracking resulting from a sudden change of the electrode potential; the resulting 

crack gives direct access for the aggressive ions to the unprotected metal. Taking into account the 

thermodynamic description provided by Sato,36 stresses in oxide films can arise from the interfacial 

tension in the film, electrostriction pressure resulting from the presence of a high electric field, internal 

stresses caused by the different properties of the metal and the film, or the presence of impurities. Using 

a thermodynamic framework, Sato suggested that the mechanical failure of the film can result from high 

electromechanical stresses (electrostriction pressure) generated by the presence of an electric field across 

the film and by the interfacial tension, which is not negligible as a result of the thin thickness of the 

oxide. Generally, electrostriction is defined as the deformation of a dielectric material as the result of the 
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applied electric field, which polarizes the randomly aligned electrical domains within the material; hence, 

the opposite sides of the domains become differently charged and attract each other, reducing material 

thickness in the direction of the applied field. It is possible to consider the simplest polarization model 

of a dielectric oxide layer in the presence of a constant electric field. The system consists of a dielectric 

film of thickness L mechanically free to deform on the electrolyte side but constrained on the metal 

surface. The film pressure  (N/m2) acts perpendicular to the film and is determined by the atmospheric 

pressure (0), the electrostriction pressure (E) resulting from the presence of the electric field (E), and 

the interfacial tension ():36 
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where 0 is vacuum electric permittivity and R is relative permittivity of the oxide, which is related to 

the dipole moment per unit volume of the film. The electrostriction pressure (E) depends on the electric 

properties of the film (by means of R) and on the square of the electric field. The interfacial effect is 

high at low film thickness and decreases as the film thickness increases, i.e., film pressure () tends to 

the electrostriction pressure, increasing the thickness of the film. 

Passive film breakdown occurs when the induced stress reaches the film mechanical resistance (R), 

corresponding to the breakdown electric field (EBD): 

 

)1(

8

0

0









 


R

R

BD
LE




  (2) 

 

The breakdown electric field decreases as the dielectric constant of the oxide increases, resulting from 

the larger polarization of the domains of the passive film and, as expected, by decreasing the mechanical 

properties of the oxide, expressed by R. As Sato36 and Strehblow32 reported, metal oxides or hydroxide 

in the presence of electric field of the order of 106 V/cm could deform or break mechanically because of 

the high electrostriction pressure. 

Sato’s model refers to a simplified approach of passive film electrostriction which takes into account the 

response of a simple parallel plate capacitor polarized by the external electric field until its breakdown. 

More accurate models37-39 were proposed in order to investigate the electromechanical behavior of anodic 
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oxide film taking into account the semi-conductive properties of passive films. Nevertheless, even though 

there is a difference in some assumptions, these models establish a correlation between the occurrence 

of the breakdown phenomena of the passive film and the mechanical stresses induced by the presence of 

an electric field. 

Alternating voltage measurements were performed on passive metals in order to ascertain the presence 

of a breakdown alternating voltage (VBD) above which passive film breakdown occurs (expected to be in 

the order of 106 V/cm). The alternating voltage measured according to the procedure described is the 

sum of three contributions: 

 

metalACoxideACsolutionACAC VVVV ,,,    (3) 

 

where VAC,solution is the voltage drop in the solution between the tip of the Luggin capillary and the 

specimen, VAC,oxide is the voltage contribution across the passive film, and VAC,metal is the contribution in 

the metallic phase (specimen and electric cables). VAC,solution is generally the sum of the ohmic drop in 

the electrolyte and all of the contributions localized at the interface between the metal and the solution, 

related to the capacitive and resistive impedances of the electrochemical double layer. While the voltage 

drop in the metallic phase (VAC,metal) can be reasonably neglected, it may be too restrictive to extend this 

assumption to the voltage between the oxide and the tip of the Luggin capillary (VAC,solution). Nevertheless, 

a first set of experimental tests were performed considering both VAC,metal and VAC,solution negligible. The 

measurement provides only an estimation of the alternating electric field (E) across the passive film, 

given by the ratio between the alternating voltage between the opposite sides of the oxide and the 

thickness (L) of the passive film: 

 

L

V

L
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The breakdown electric field, EBD, in Equation (2) is then defined as the breakdown alternating voltage 

measured experimentally (VBD) for unit passive film thickness. A passive film thickness of 1 nm is 

assumed for calculation, according to values reported in the specific literature.33-34,40 

 

Tests on Stainless Steels in Neutral Solution—  

Breakdown electric fields for Type 304 (Pitting Resistance Equivalent Number [PREN] equal to 

18) and Type 316 (PREN index 25) stainless steels are reported in Tables 1 and 2. Breakdown electric 
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field is of the order of 106 V/cm, in agreement with theoretical prediction provided by the electrostriction 

model. Experimental tests confirm the existence of an electromechanical breakdown mechanism of the 

passive film in the presence of AC. Furthermore, the breakdown alternating electric field increases as the 

corrosion resistance of the passive film increases: considering a film thickness of 1 nm, the breakdown 

electric field increases from 2.7×106 V/cm to 3.2×106 V/cm as the PREN index of stainless steel increases 

from 18 to 25. In conclusion, potential oscillations resulting from the superimposed AC may cause 

electromechanical stresses in the passive film, which depend on the electric properties of the film and on 

the electric field. 

Tests on Carbon Steel Under Cathodic Protection Condition— 

Table 3 reports breakdown alternating voltages measured on carbon steel specimens 

cathodically polarized at fixed overprotection potentials: –1.1, –1.2, and –1.3 VCSE. While the breakdown 

electric field increases as the potential becomes more negative, from 0.5×106 V/cm to 1.8×106 V/cm, the 

corresponding AC density and the jAC/jDC ratio decrease, as the protection current density increases. The 

critical current densities ratio (jAC/jDC) depends on the protection potential, i.e., it decreases as the 

protection potential becomes more negative, according to practical experience and to CP criteria 

discussed in a previous work.22 It is reasonable to suppose that this response is a result of the electric 

properties (or thickness) of the passive film formed at different polarization potential. Furthermore, the 

localized morphology of AC-induced corrosion suggests the achievement of a critical breakdown 

condition corresponding to “weak points” of the passive film (as defects, presence of impurities, lower 

thickness zones) or disuniformities in AC distribution on the metal surface.  

 

 

 

4.3 Step 2: High-pH Corrosion of Overprotected Carbon Steel 

After passive film breakdown, corrosion can occur only if thermodynamically possible and, in the 

absence of stray currents, corrosion of cathodically protected steel does not occur. The thermodynamic 

Pourbaix diagram of the iron-water system24 shows two corrosion domains, corresponding to neutral and 

acid environments with formation of ferrous and ferric ions (at low and high potential, respectively) and 

to high-pH condition at potentials considered safe for carbon steel cathodically protected. As reported by 

Pourbaix in his work,24 two equilibrium iron-water system diagrams can be established, depending on 

the stability of Fe3O4 and Fe2O3 or Fe(OH)2 and Fe(OH)3, respectively. 

Considering Fe(OH)2 and Fe(OH)3 as solid substances, the high-pH corrosion domain is delimited by a 

vertical equilibrium line on the potential-pH diagram, which means that the corrosion reaction is 
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potential-independent and occurs over a threshold value of pH. In equilibrium condition, the pH threshold 

is close to 14 and corrosion occurs with the formation of green dihypoferrite ions (HFeO2
–). According 

to the proposed mechanism, after the electromechanical breakdown of the passive film on steel under CP 

condition, corrosion can occur only if the potential-pH condition of the interfered metal crosses the high-

pH corrosion domain. 

Galvanostatic tests were performed in order to measure the pH profile in the test solution in contact with 

a carbon steel specimen Type L360 under CP condition. pH profiles are reported in a previous work29 

and show that a strong alkalization occurs close to the metal under CP condition corresponding to high 

cathodic current densities. In the presence of current densities higher than 5 A/m2, the measured pH in 

the stagnant soil-simulating solution in close proximity to the metal surface is in the range between 13 

and 14, albeit the local pH depends on several factors, such as chemical composition, presence of electric 

fields, diffusion processes, corrosion reactions, and electrolyte convective properties. 

As in pitting corrosion, the local environment in contact with the metal becomes more important than the 

bulk environment and should be considered in order to investigate the “true” corrosion condition. In 

pitting corrosion, the macrocell current exchanged between the pit and the surrounding area causes 

chloride ions migration and a strong acidification within the pit. As reported by Pourbaix,41 a cathodic 

treatment of pitted steel leads to the pH increase of the solution inside cracks or pits, which becomes 

progressively neutral and then alkaline, resulting in a noncorrosive solution. Similarly, after the passive 

film cracking resulting from AC interference, the local solution inside the crack may become more 

aggressive with respect to the bulk electrolyte, as a result of the local pH increase (up to 14) in 

overprotection condition. In other words, high cathodic current density could cause a strong alkalization 

in the crack, making chemical corrosion possible. 

Moreover, the electrical charge equilibrium should be considered. In cathodic protection, electrons are 

involved in the cathodic process, which depends on the potential assumed by the metal. Thus, below the 

equilibrium potential, the applied cathodic current makes electrons available to the metal; therefore, no 

anodic reactions can take place. Consequently, if no oxidation reaction takes place, such as iron ion 

production, this can occur only through chemical corrosion, which is not potential dependent, or, in other 

words, is not influenced by the electrons made available otherwise. 

As electrons are not involved in the corrosion reaction, the process is controlled by a chemical 

equilibrium between species, instead of electrochemical. Chemical corrosion is well known, for instance 

for aluminum, to which corrosion is thermodynamically possible at low and high pH (amphoteric 

behavior) with formation of Al3+ and aluminate AlO2
– ions, respectively. The dissolution process of 

aluminum oxide is potential-independent and occurs below (at low pH) and over (at high pH) critical pH 
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thresholds. Accordingly, in the presence of chlorides, CP of aluminum cannot be achieved by bringing 

the metal potential in the immunity domain that would be at potentials as negative as about –2.3 VCSE 

because the strong alkalization causes aluminum corrosion even if a cathodic current is applied, as a 

result of the main role played by pH on chemical dissolution reaction. Likewise, chemical corrosion of 

carbon steel under CP condition in the presence of AC could be hypothesized in the cracks of the passive 

film. If chemical corrosion occurs, a further cathodic current supply to the metal could be harmful, 

resulting from the pH increase. Therefore, overprotection (high cathodic current density) is the most 

dangerous condition in the presence of AC and must be avoided. 

 

5. CONCLUSIONS 

Experimental tests on carbon steel specimens under cathodic protection condition showed that in the 

presence of AC interference corrosion can occur, even if the –0.850 VCSE criterion is matched. A two-

step AC corrosion mechanism is proposed. In the first step, AC causes the electromechanical breakdown 

of the passive film formed on carbon steel under CP condition.  Electrostriction appears to be a good 

explanation of the passive film breakdown mechanism, as a result of the presence of high alternating 

electric field (of the order of 106 V/cm) across the passive film. After film breakdown, high-pH chemical 

corrosion occurs in overprotection condition as a result of the high CP current density supplied to the 

metal.  
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Figure Captions: 

 

Figure 1. Carbon steel and stainless steel specimen configuration. 

Figure 2. Two-mesh AC-DC electrical circuit for potentiodynamic tests in the presence of AC. 

Figure 3. Type 316 stainless steel: potentiodynamic anodic and cathodic polarization curves in the presence of AC 
stationary interference at 20°C (±2°C). 
Figure 4. Type 304 stainless steel: AC density (jAC) and corrosion potential (Ecorr) varying the applied alternating voltage 
(VAC). 
Figure 5. Type 316 stainless steel: AC density (jAC) and corrosion potential (Ecorr) varying the applied alternating voltage 
(VAC). 
Figure 6. AC density (jAC) varying the applied alternating voltage (VAC) and protection potential of carbon steel specimens 
under cathodic protection condition. 
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Table 1  Breakdown Alternating Voltage (VBD) and Calculated Electric Field Assuming 1 nm Passive 

Film Thickness for Type 304 Stainless Steel  

 

Type 304 (X5CrNi 

18-10) Specimen 

 

Breakdown Alternating 

Voltage (VBD, V) 

AC Density

(jAC, A/m2) 

Breakdown Electric Field 

(1 nm film thickness, ×106 

V/cm) 

1 0.27 21 2.7 

2 0.28 20 2.8 

3 0.27 19 2.7 

Mean 0.27 20 2.7 
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Table 2  Breakdown Alternating Voltage (VBD) and Calculated Electric Field Assuming 1 nm Passive 

Film Thickness for Type 316 Stainless Steel  

 

Type 316 

(X5CrNiMo 17-12-2) 

Specimen 

 

Breakdown Alternating 

Voltage (VBD, V) 

AC Density

(jAC, A/m2) 

Breakdown Electric Field 

(1 nm film thickness, ×106 

V/cm) 

1 0.31 22 3.1 

2 0.33 23 3.3 

3 0.31 23 3.1 

Mean 0.32 23 3.2 
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Table 3  Breakdown Alternating Voltage (VBD) and Calculated Electric Field Assuming 1 nm Passive 

Film Thickness for Carbon Steel Under Cathodic Protection Condition 

 

E (VCSE) 

DC 

Density 

(jDC, A/m2) 

AC 

Density 

(jAC, A/m2) 

jAC/jDC

Breakdown 

Alternating Voltage 

(VBD, V) 

Breakdown Electric Field

(1 nm film thickness, 

×106 V/cm) 

–1.1 0.22 31 139 0.05 0.5 

–1.2 0.58 37 64 0.14 1.4 

–1.3 1.25 24 19 0.18 1.8 
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