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Abstract 
This paper presents a summary of the results obtained during 3 years of PhD studies on “AC 

Corrosion of Cathodically Protected Pipelines” at the Technical University of Denmark and 

MetriCorr, finalised in October 2018 and defended in January 2019 [1]. Amongst the findings 

are: an improved understanding of AC corrosion as different corrosion phenomena under low 

and high levels of cathodic protection respectively, an enhanced understanding of the 

reactions in soil systems that lead to establishment of corrosive environments, discovery of a 

close correlation between current density criteria and the Pourbaix diagram, improved 

understanding of the influence of the CP level on the electrochemical double-layer 

characteristics and presentation of a new model for AC corrosion that considers ionic 

dissolution and hydrogen evolution in the passive film destabilisation mechanism. The results 

are discussed in relation to literature and relevant cathodic protection and AC interference 

standards. 

Introduction 
AC corrosion is a topic that has gained a lot of attention in recent years, particularly in the 

pipeline industry. Characteristic for this form of corrosion, it has been found to be enhanced by 

traditional corrosion protection strategies such as cathodic protection and high impedance 

pipeline coatings, in the presence of an alternating voltage. The primary source of AC on buried 

pipelines is electromagnetic interference from high voltage transmission lines above ground, 

when the two are sharing the same right-of-way. The Danish company MetriCorr has produced 

corrosion rate monitoring probes since 2002, specifically designed to investigate corrosion of 

cathodically protected structures under electrical interference conditions AC and/or DC. In 

2014 an industrial PhD study was initialized in collaboration with MetriCorr and DTU, financially 

supported by the Innovation Fund Denmark, to investigate the phenomenon in detail. This 

paper outlines (some of) the findings of this study [1]. 

AC alters DC polarisation characteristics and influences pH 
It is well established that AC alters the DC polarisation behaviour of steel. In particular, the 

depolarisation of both anodic and cathodic reactions causes an increase of the cathodic current 

density, JDC, under cathodic protection at the same polarised potential [2]–[8]. This behaviour 

is also termed faradaic rectification of the alternating current [9]. On the other hand, the 

cathodic current also influences the AC current density, JAC, at an induced AC voltage, UAC, 

because of alkalisation of the local environment at the steel surface that alters the spread 

resistance RS of a coating defect. RS is a parameter that is inherently dependent on the soil 

resistivity, ρsoil and the geometry of a coating defect. Depending on the soil system’s response 

to alkalisation, RS may do one of the following things: 
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• Increase - due to formation of calcareous deposits or drying of the soil 

• Stay unchanged - e.g. due to the buffering capacity of some soils or flow of electrolyte 

that hinders pH elevation 

• Decrease - due to increasing ionic conductivity of the local environment with increasing 

pH 

The mutual influence of AC on DC and DC on AC is best illustrated by the “vicious circle” or 

“autocatalytic nature” of AC corrosion as shown in Figure 1. If the local environment is such 

that RS decreases with alkalisation, then the circle does become a self-perpetuating 

mechanism with  

 

Figure 1: The vicious circle of AC corrosion. A set of pre-requisites needs to be present: A very negative 
protection potential, low soil resistivity and a small defect, and an AC interference voltage. These drive 
a self-perpetuating mechanism: The cathodic current influences soil chemistry and the spread 
resistance → Spread resistance influences AC and DC current densities → AC current enhances the 
cathodic current via ‘faradaic rectification’ or ‘depolarisation’ → Corrosion occurs at high AC and DC 
current densities. 

The correlation between cathodic current density and pH is well known and well documented 

[10], [11]. However, one realisation from the present study is, that very high levels of AC has 

been found to lower the pH when the polarised potential is shifted positive of the hydrogen 

evolution potential – despite a cathodic current [12]. This effect is termed AC induced de-

alkalisation, and at present the phenomenon still requires more investigation. 

AC Corrosion is not an unambiguous corrosion phenomenon 
AC corrosion is observed at both low and high levels of cathodic protection but does not occur 

for the same reasons at the two CP levels. Therefore, it must be treated differently in either 

case.  

Low CP AC corrosion 

AC corrosion at low levels of cathodic protection (or no CP) can be understood differently under 

potentiostatically applied CP or galvanostatically applied CP. In the case of potentiostatically 

applied CP, the polarised potential may at all times satisfy the -850 mVCSE CP criterion [13], 

but the open circuit potential (OCP) of the steel is highly dependent on the AC interference 

level [2], [4]. Figure 2a shows a set of simplified generic polarisation curves at increasing levels 

of AC interference. They are based on numerous observations of shifting OCP and 

depolarisation of both the cathodic and anodic reactions in literature [3]–[8], [14]. In un-

interfered conditions (JAC = 0 A/m2, blue curve), a polarised potential of say -0.9 VCSE sits 

comfortably on the cathode branch of the polarisation curve. But if the OCP shifts negatively 

of the polarised potential over an AC interference range as shown in Figure 2b, the direction 

of current will be inverted, and an anodic current will leave the pipe causing corrosion. 
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Figure 2: Explanation for low CP AC corrosion under potentiostatic control. Increasing level of AC 
causes a shift of the open circuit potential (OCP) in first the negative and later the positive direction. If 
the OCP is more negative than the rectifier potential, the rectifier system will deliver an anodic current 
of the pipe that causes corrosion. 

Is low CP AC corrosion then avoided if a small galvanostatic CP current is applied under AC 

interference? – unfortunately, the answer is no. Figure 3a shows the same generic polarisation 

curves as in Figure 2a and vertical lines indicate two levels of galvanostatic CP current.  

 

Figure 3: Explanation for low CP AC corrosion under galvanostatic control. The polarised potential 
corresponds to the intersection between the galvanostatically applied current and the cathode branch 
of the polarisation curve. Due to the effect of AC on DC polarisation behaviour, the polarised potential 
may end up positive of the 850 mVCSE CP criterion, which is associated with AC induced de-alkalisation. 

The polarised potential is given by the intersection of these lines and the cathodic branch of 

the polarisation curve. It can be seen in Figure 3 that, at a certain AC interference level the 

polarised potential may end up shifting positively of the CP criterion, which is associated with 

AC induced de-alkalisation, loss of passivity and ultimately corrosion. 
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High CP AC corrosion 

At high CP levels and AC interference, the pre-requisites for the vicious circle of AC corrosion 

in Figure 1 may be present. This will lead to strong alkalisation of the environment around a 

small coating defect. Depending on the soil response to pH elevation (e.g. calcareous deposit 

formation or not) this may lead to higher AC and DC current densities. Formation of stone-

hard-soil structures on top of coating defects is a well-known AC corrosion characteristic 

caused by the strong alkalisation and the presence of earth alkaline metals (e.g. Ca and Mg). 

Figure 4 shows an example of such a structure [15]. 

 

Figure 4: a) Half of a semi-spherical stone-hard-soil formation discovered on a CP'ed pipeline in low 
resistivity soil, caused by AC corrosion (Ø ≈ 22 cm). b) Cross-section of the epi-centre showing corrosion 
products (brown/black), brucite precipitation (white), and a clear alteration of the soil appearance.  

In addition to increasing alkalinity towards the centre, confirmed by observation of cement-like 

minerals within the inner 0-2 cm, it has been found that the stone-hard-soil structure is enriched 

in chlorides towards the coating defect. This will further lower the local soil resistivity over time 

and provide an increasingly corrosive environment. Enrichment in negatively charged Cl- ions 

seems counter-intuitive towards a negatively charged surface but has indeed been confirmed 

by others under AC interference [16]. 

High pH alone does not lead to corrosion, since usually high pH favours passivity. To better 

understand this form of AC corrosion, the Pourbaix diagram is needed. 

AC corrosion, criteria and the Pourbaix diagram 
Figure 5 shows corrosion rates in AC/DC current density plots from cathodically protected steel 

subjected to increasing AC interference voltages (0 – 20 V). In Figure 5a the CP was applied 

galvanostatically (-JDC = 0.01 A/m2 – 30 A/m2) and in Figure 5b the CP was applied 

potentiostatically (Eon = -900 mVCSE – -1600 mVCSE) [1].   

In both plots a low and high CP AC corrosion domain is visible. In Figure 5b a part of the plot 

covers anodic currents. All the points showing low CP AC corrosion under potentiostatic CP 

were characterised by having periods of anodic current, despite exhibiting an overall average 

low cathodic current density. This is in line with the explanation given in Figure 2. 
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Figure 5: AC/DC current density plots with corrosion rates measured by ER probes, indicating a low and 
high CP AC corrosion domain for both (a) galvanostatic CP or (b) potentiostatic CP [1] 

In the upper right corner of both plots, the criteria according to ISO 18086 and EN 15280 are 

drawn and they nicely outline the high CP AC corrosion data [17], [18]. The low CP AC 

corrosion points in Figure 5a were characterised by having a polarised potential positive of -

850 mVCSE as explained in Figure 3. 

The pH of steel under cathodic protection may be approximated by a simple function of the 

cathodic current density (1) [12]. 

pH = 12.318 + 0.741∙log(-JDC)  (1) 

Using this measure of pH and the IR compensated potential (polarised potential), the corrosion 

data in Figure 5a-b can be plotted in the Pourbaix diagram in Figure 6a-b. Methods to 

determine the IR-free potential are described in detail elsewhere [12]. Equation (1) does not 

take into account the effect of AC interference and the possible AC induced de-alkalinisation 

mechanism, and this effect needs to be considered for points polarised positively of the 

hydrogen line as it has been done in Figure 6a. 

 

Figure 6: Representation of the datapoints from Figure 5 in a Pourbaix diagram representation. The high 
CP AC corrosion data fall in or around the HFeO2

- region at high pH. AC induced de-alkalinisation shifts 
the low CP AC corrosion (galvanostatic) points above the hydrogen line to the low pH corrosive region 
(Fe2+) in a) [1]. 
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Observing the correlation between the high CP AC corrosion data and the high pH corrosion 

region in the Pourbaix diagram, a preliminary conclusion may be made: The industry criteria 

for AC corrosion are directly related to the stability regions of the Pourbaix diagram. This 

statement is valid for high CP AC corrosion and galvanostatic low CP AC corrosion. Low CP 

AC corrosion under potentiostatic CP control is closer related to a DC interference corrosion 

phenomenon due to the anodic current leaving the pipeline steel. 

This realisation is perhaps not that controversial. There is general agreement that cathodic 

protection in soil is achieved through concentration polarisation (an increase of pH), and that 

the -850 mV criterion corresponds to the intersection between the hydrogen line and the 

passive region in the Pourbaix diagram (Fe3O4) [11]. If the pH is raised too much (as we know 

may happen due to faradaic rectification of the AC current), and the effect of AC interference 

is a shift of the polarised potential towards the hydrogen line at the same time (depolarisation), 

then the steel will end up in the high pH corrosion region and experience corrosion due to a 

fluctuating potential in and out of this region [19], [20]. AC induced de-alkalisation and positive 

shift of the polarised potential under low galvanostatic current corresponds to reverting the 

effect of cathodic protection. 

An AC corrosion model 
Figure 7 shows a schematic explanation of the corrosion mechanism. Under cathodic 

protection and AC interference, the oxides formed on a steel surface has been found to be one 

or more of the oxides Fe(OH)2, Fe3O4 or a green rust (GR). GR is not illustrated in the Pourbaix 

diagram in Figure 6, and in Figure 7, only Fe3O4 is considered for simplification. 

 

Figure 7: AC corrosion mechanism. a) Corrosive conditions: At high pH a potential fluctuation across 
the HFeO2

- region will continuously dissolve a bit of the steel interface – cause precipitation (oxidation) 
– again dissolve the interface – disturb the passive film by hydrogen evolution. This cycle is repeated 
causing continuous corrosion and growth of the corrosion product. b) Passive conditions: The cathode 
reaction takes place on top of a protective passive film that may exist even in the presence of AC. 

These oxides are able to transfer alternating charge via redox-reactions within the passive film 

and pass the cathodic current so that hydrogen evolution takes place on top of the passive film 

(Figure 7b). If pH is increased by the cathode reaction, to the point where a soluble ion HFeO2
- 

is thermodynamically favourable, the alternating voltage across this stability domain will 

dissolve the interface between passive film and steel, leading to hydrogen evolution on the 

steel surface and continuous disruption of the passive film, ultimately causing corrosion (Figure 

7a). The model in Figure 7a is essentially also valid in a low pH environment (e.g. caused by 
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AC induced de-alkalisation), where the soluble ion will be Fe2+ and a loss of passivity will be 

more pronounced.  

Figure 8 illustrates another two situations using the same model for AC corrosion. In a), the 

polarised potential and pH may favour formation of HFeO2
-, but if the AC level is insufficient to 

oxidise or reduce the dissolved species, the concentration will increase, causing the stability 

region to shrink, and eventually disappear from the Pourbaix diagram. In b) the polarised 

potential of the steel is so low that the entire AC potential oscillation lies in the immune region 

of the Pourbaix diagram. Using the latter as an AC corrosion mitigation strategy is not advisable 

because it involves strong cathodic activity, increase in pH and possibly overprotection of the 

steel that leads to other detrimental effects. 

 

Figure 8: AC corrosion mechanism (continued). a) Polarising a steel to the HFeO2
- region in a high pH 

environment will not cause corrosion if the AC interference levels is small because the extent of the 
HFeO2

- region is highly dependent on the concentration of soluble ions. In the shown example, some 
ions are formed initially, but because they are not actively “used”, the region will shrink as the 
concentration increases. b) A sufficiently negative polarised potential may shift the entire AC oscillation 
in the immune region and stop corrosion. This is however associated with strong cathodic activity, 
increase of pH (and thus the HFeO2

- domain) and possibly overprotection. 

Figure 7 and Figure 8 may be used to illustrate the common standard criteria [17], [18]. 

• Figure 7a: -JDC > 1 A/m2 and JAC > 30 A/m2. pH and AC interference level is high and 

corrosion takes place. 

• Figure 7b: -JDC < 1 A/m2 and JAC > 30 A/m2. AC interference level may be high, but the 

CP level controlled, and pH is below ~12. 

• Figure 8a: -JDC > 1 A/m2 but JAC < 30 A/m2. pH may be high, but the AC interference 

level is low, and corrosion does not take place. 

• Figure 8b: -JDC > 1 A/m2 and JAC > 30 A/m2, but JAC/-JDC < 5 (preferably 3). The AC 

interference level may be high, but the CP level is high enough to polarise the steel into 

immunity. 

The ongoing discussion of criteria and discrepancies from different studies and standards on 

AC corrosion may be explained by the simple fact that the stability regions and considered 

phases of the Pourbaix diagram are dependent on many factors such as temperature, 

concentration of dissolved species, presence of aggressive ions, etc. [17], [18], [21]–[24]. For 

the same reasons it is not feasible to use the Pourbaix diagram directly as guide for effective 

corrosion mitigation. Nor is it very practical due to the complications of measuring pH or IR-
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free potentials, as opposed to current densities. The ISO 18086 and EN 15280 current density 

criteria are specific to high CP AC corrosion, and low CP AC corrosion is essentially covered 

by compliance with the CP protection potential or measurement of a cathodic current to the 

structure to be protected. NACE SP21424 indirectly addresses low CP corrosion by having a 

JAC < 100 A/m2 limit for -JDC < 1 A/m2, but on the other hand it does not recognise an 

intermediate CP strategy to mitigate AC corrosion. Standards specify that effective AC 

corrosion mitigation may also be demonstrated by measurement of an acceptable corrosion 

rate by suitable methods. This definition essentially supersedes all other criteria if corrosion 

can be documented to be under control. Depending on the corrosion rate monitoring solution, 

this may prove to be a cost-effective solution as opposed to installing conventional AC 

mitigation in low resistivity soils. 

Effect of CP and defect geometry on interfacial impedance 
The simplest electrochemical equivalent circuit model for a steel/electrolyte interface is the 

Randles’ circuit; having a double layer capacitance in parallel with a charge transfer resistance, 

coupled in series with the solution resistance as shown in Figure 9. Diffusion effects may also 

be considered, as may effects of passive film build-up and calcareous deposits etc. that will 

further complicate the model [16], [25]. For the sake of the argument, only the simple model 

will be considered here.  

 

Figure 9: A simple Randles' circuit representation of an electrode surface with a charge transfer 
resistance, a double layer capacitance and a solution resitance. 

The impedance of this interface is very frequency dependent due to the presence of the 

capacitance. DC currents cannot pass via the double-layer capacitance and must run via the 

solution and charge transfer (electrochemical) reactions, i.e. hydrogen evolution. AC currents 

on the other hand run via the solution resistance, and then either via charging/discharging of 

the double layer or via electrochemical reactions. The fraction of the alternating current that 

runs via electrochemical reactions is also termed the faradaic fraction, ΧF, given by (2) for the 

simple Randles’ circuit, where Rct is the charge transfer resistance and ZCdl is the impedance 

of the double layer capacitance. 

𝛸𝐹 =
𝑅𝑐𝑡
−1

𝑍𝐶𝑑𝑙
−1 +𝑅𝑐𝑡

−1                  (2) 

Only the faradaic fraction of the alternating charge that is passed through a steel surface may 

actively contribute to oxidation (corrosion). Interestingly, EIS investigations have found that the 

faradaic fraction is dependent on a number of factors such as the CP level and coating defect 

geometry [1], [25]. Figure 10a-b shows how the faradaic fraction increases significantly at IR-

free potentials lower than -1 VCSE (i.e. with increasing levels of CP). This further illustrates why 

excessive CP will be a contributing factor to causing AC corrosion.   
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Figure 10: Faradaic fraction of the alternating current is very much dependent on the CP level. a) For 
different length/with ratios of a 1 cm2 coating defect from 100 to circular. b) For different coating defect 
areas (all circular). 

It is well known that defect geometry affects the spread resistance and therefor the propensity 

towards AC corrosion, but the effect of geometry on the faradaic fraction at high levels of CP 

will also be significant. According to Figure 10a a scratch-like defect will corrode more than a 

circular one of the same area at comparable AC/DC current densities. This has also been 

observed in practice. According to Figure 10b larger defects will have a larger ΧF at high levels 

of CP, but naturally the AC/DC current densities will be much lower on larger defects, and 

therefore a large defect will not necessarily corrode. Also, the increasing area will have a larger 

volume of passive film for transferring AC current via redox-reactions within the oxide (charge 

transfer) while the DC current density may be insufficient to elevate the pH to corrosive 

conditions. On the other hand, smaller defects will have a smaller ΧF and this may offer an 

additional explanation as to why a 1 cm2 defect has been found to be the most critical [26], 

[27]. 

Conclusions 
This paper presents in short form some of the main findings of a recently published PhD thesis 

on AC corrosion of cathodically protected pipelines. The findings are discussed in relation to 

industrial standard criteria. The main conclusions can be outlined as follows: 

• The autocatalytic nature of AC corrosion as a self-perpetuating mechanism has been 

confirmed in all experiments performed and is particularly pronounced in low resistivity, 

non-scaling environments. 

• Investigation of a soil precipitation (stone-hard-soil) revealed that AC and CP may 

enrich the soil with NaCl locally, forming a low resistivity and highly corrosive 

environment with time.  

• The phenomenon AC induced de-alkalisation is observed for steel under low levels of 

galvanostatic CP and high AC interference. It is associated with depolarisation of the 

steel to above the hydrogen line in the Pourbaix diagram. 

• AC corrosion is observed at both low and high levels of cathodic protection and they 

are essentially different corrosion phenomena. 

• Low CP AC corrosion is dependent on the type of CP control; potentiostatic or 

galvanostatic. 



10 
 

• High CP and galvanostatic low CP AC corrosion can be explained by the corrosive 

regions in the Pourbaix diagram. 

• Potentiostatic low CP AC corrosion is caused by an inversion of the current supplied 

by the CP system, i.e. closer related to a DC interference corrosion mechanism. 

• An intermediate CP strategy exists where no corrosion occurs despite high AC 

interference levels. This is explained by the presence of a thin passive film that may 

transfer alternating charge via redox-reactions as well as pass the cathodic protection 

current to allow for the cathode reaction to take place on top of this film. This film may 

consist of one or more of the oxides Fe3O4, Fe(OH)2 or a form of green rust (GR). 

• The faradaic fraction of the alternating current is dependent on CP level and coating 

defect geometry. More negative CP levels < -1 VCSE, scratch like defect geometries and 

larger defects favours faradaic charge transfer. Small scratch-like defects are 

estimated to be most susceptible to experiencing AC corrosion. 
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