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ABSTRACT: Steel pipelines are susceptible to corrosion by the action of corrosive substance 

in the environment and one of the most common failure modes in buried pipeline coating  

is cathodic disbondment. Consequently, Electrochemical Impedance Spectroscopy (EIS) was used 

to assess the effect of three important parameters, the thickness of coating, the artificial defect 

and electrolyte type, on cathodic disbondment, according to ASTM G8. Experiments were done  

in 3.5 % wt  NaCl, KCl and CaCl2 solutions at room temperature with different coating 

thicknesses (354, 483 and 1014μm) and several artificial defects diameters (3, 6 and 9 mm). 

Immersion time was 28 days and during this period, a -1.5 V cathodic potential (vs. SCE)  

was applied. Further, the EIS measurements were done in Open Circuit Potential (OCP). 

Investigations showed that a thick polyurethane coating was highly resistant to cathodic 

disbondment in intact areas and that coating thickness increases caused decreases in the rate 

of cathodic disbondment in areas with defects. On the other hand, the evaluation on artificial 

defects showed disputable results, though with no logical correlations between artificial 

defects’ diameters and any disbonded area individually. In addition, assessment on electrolyte 

type showed the rate of cathodic disbonding might be classified after two parameters: 

solubility and mobility of ions. So, the disbonded area was dependent on the cation type  

in the electrolyte, and the anion diffusion had less effect in the cathodic disbondment process. 

Furthermore, the comparison between the cations and the anions in solution showed that  

the most important coating disbondments occurred when cations / anions are in a 1:1 ratio.  
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INTRODUCTION 

Steel pipelines are susceptible to corrosion by  

the action of corrosive substance in the environment [1].  

To reduce access of substances to the steel surface, organic 

coatings have been considered; a well selected coating 

can reduce the rate of corrosion to a negligible level, 

corrosion damage being thus prevented. A wide variety  

of organic coatings belonging to different functional groups 

have been used as external coatings for on-ground surface 

or buried pipelines. Polyurethane groups are one  

of the applicable products:  they dry and cure rapidly, and 

come with good adhesion and endurance characteristics. 

After ASTM D16, they are a two-component product. 

However, 100% solid rigid aromatic polyurethanes  

are cheaper and often used for interior lining or buried 

applications [2].  

Cathodic Disbondment (CD) is one of the most 

common failure modes in buried pipeline coating. While 

the coating membrane is still highly resistant [3,4],  

the disbondment, a loss of adhesion between an organic 

coating and its metal substrate, is due to the products  

of cathodic reduction reactions that take place in the interface 

of the coating [5]. Cathodic flow produces alkalinity  

at the interfaces, which causes discontinuities, either 

inherent or induced by the electrolyte in coating [6].   

Cathodic Protection (CP) systems are installed  

to prevent corrosion of metal. Disbondment of coating 

occurs when coatings in a cathodic protection system 

interact either chemically or physically, ultimately 

causing corrosion beneath the layer[7]. Therefore,  

it is very important to perform CD tests when selecting 

coatings [8]. CD tests were developed in the 1960s and 

led to the publication of the ASTM G8-1969 standard, 

which defined which artificial defects to introduce  

in order to simulate the damaged area of a coating [9-11]. 

Many studies have been dedicated to this subject 

regarding the mechanisms of CD of organic coatings  

on steel [12-17]. 

Pipeline corrosion and Stress Corrosion Cracking (SCC) 

occur in electrolytes developed under disbonded coatings 

[18-23]. Corrosion of steel under disbonded coatings  

has been assessed using various electrochemical measurement 

techniques. Computational simulation [24-28] and EIS 

technique have been extensively used to study the coating 

performance and determine the corrosion of steel under 

the coating [29-33]. 

EXPERIMENTAL SECTION 

Specimen preparation 

Carbon steel panels (SAE 1020) were utilized as  

a substrate. The steel panels (100×150×2mm)  

were prepared in accordance with ISO 8501-1, grade  

Sa 2.5(SIS 055900-67) to give a medium profile  

in accordance with EN ISO 8503-2 innuendo profile  

of 75µm, then, degreased with toluene before being painted 

with thick 100% solid rigid aromatic polyurethane 

(ASTM D16, D1186, D4366, D4541), our polyurethane 

was supplied by Madison Company, which is a 

commercial brand, and coating applied by brushing,  

the coating system does not use any solvent to dissolve 

it, carry or reduce any of the coating resins. Furthermore, 

the resins normally still in liquid state will convert, 

100%, to a solid film after application.  

Then, a hole was drilled through the center of each 

specimen through the coating to the substrate. The depth 

of the hole was adjusted to ensure that no coating  

was visible within the area of the defect, and excessive 

penetration into the steel substrate was avoided.   

 

Designing the electrochemical cells 

Electrochemical cells were designed to separate  

the measurements of the cathodic disbondment process 

from the influence of the impedance of an artificial defect. 

The reliability of the experimental setup (double cell) 

shows that the cell does not influence the disbondment 

process in a significant way. An outer electrolyte cell  

was made of a 62-mm diameter glass cylinder on the top 

of the coating and was glued with silicone rubber. A smaller, 

30-mm diameter glass cylinder was also glued around  

the artificial defect to form an inner electrolyte. The exposed 

surface area between the inner and outer cylinders (intact 

area) was 23 cm2, and the inner cell area, including  

the artificial defect, was 7 cm2.  The cell was filled  

with electrolytes. The level of the electrolytes  

was kept unchanged with distilled water during  

the immersion time.  

A three-electrode system was used for the 

measurements of electrochemical impedance spectroscopy. 

The specimen of coated steel was used as the working 

electrode, a platinum net as a counter electrode 

(50×10mm); a Saturated Calomel Electrode (SCE)  

was used as a reference electrode. The reference electrode 

was constructed from glass with a porous plug, 
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Fig.1: Schematics of the electrochemical cell. 

 

and the diameter of the plug was less than 10 mm.  

It was located within 20 mm from the anode; the anode 

was fixed perpendicularly, at 10 mm above the defect. 

During the test without AC impedance measurement,  

a -1.5 V cathodic potential versus SCE was applied  

on both the inner and outer cells. 

 

Testing method 

Experiments were performed in 3.5 % wt NaCl, KCl 

and CaCl2 solutions at room temperature with different 

thicknesses of coating (354, 483 and 1014μm) and 

different diameters of artificial defect (3, 6 and 9 mm). 

Fig.1 displays schematics of the electrochemical cell.  

 

Electrochemical and visual measurement  

The EIS measurements were performed by the 

Potentiostat / Galvanostat Model 273A and SI 1255 (high 

frequency response analyzer). Further, the EIS 

measurements were carried out at the Open Circuit 

Potential (OCP), with a 5mV AC amplitude potential,  

in the 10 kHz - 5mHz range. The analysis of impedance 

data was performed using the well-known Z-view 

computer analysis program.  

After a 28-day immersion, the cylinders were 

removed, and the specimen was washed with water and 

dried, then, examined as follows: six radial incisions  

were made through the coating to the substrate, which 

extended outwards from the defect for at least 30 mm  

and at an angle of approximately 60° from each other.  

The knife point was inserted under the sections; a gentle 

levering action was used to slowly pull each section away 

until a firm adhesion was reached. Finally, disbonded 

areas were evaluated via paper.  

 

RESULTS  AND  DISCUSSION 

Electrochemical impedance measurement 

Impedance diagrams were measured for the coating 

system at various intervals over the 28-day immersion period. 

Research findings have shown that more corrosion 

resistance coatings have resistance values of the order  

of 108–1010 Ω.cm2 and capacitance values of the order  

of 10-10 F/cm2. Relatively poor corrosion protection occurred 

when impedance decreased below 105 Ω.cm2 and  

the capacitance values settled in the upper microfarads 

per square centimeter range [34]. The impedance diagram 

obtained for coating system of outer cell (intact area) and 

inner cell (disbonded area) to the frequency of 10 kHz-

5mHz is shown in Fig.2. Accordingly, coating system 

had good corrosion resistance in intact areas. 

 Rf represents the sum of coating resistance, the charge 

transfer resistance and the solution resistance:  

this is called “pore resistance” as referred to in  

Mansfeld & Kending [35]. 

In Fig.3, three specimens were selected (specimen B: 

354µm in NaCl, specimen E:1.18µm in NaCl, specimen 

G: 363µm in KCl), changes of Rf are shown for coating 

during the immersion time. All of the outer cells  

are indicated as “high resistance”, thanks to the good 

adhesion. Obtained curve shows that the coating system 

is highly resistant to corrosion. Usually, Rf decreases 
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Fig. 2: Bode│Z│diagram, a. Outer cell (Intact area), b. Inner cell (Disbonded area) after a 28 day immersion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Fluctuations of Rf during time (Coating thickness, 

artificial defects diameter, electrolyte consecutively in: 

specimen B: 345 µm, 6mm, NaCl; specimen E: ~1015 µm, 

9mm, NaCl; specimen G: 363 µm, 6mm, KCl) 

 

during the degradation of the coating and, therefore, 

would cause a gradual increase in the corrosion rate of 

the substrate. However, sometimes, when the Rf 

parameter increases with time, it means that the rate of 

corrosion on the substrate decreases. This problem goes 

back to the mechanism of corrosion and the formation  

of corrosion products during the damage process [36-37]. 

 

Effect of coating thickness 

In the evaluation of the coating thickness, based on 

Table 1, it is shown that disbonded area decreases when 

coating thickness increases in areas with defect. 

In addition, the analysis of EIS curves in break point 

frequency (θ = -45) shows that the thickness of coating is 

an efficient factor of the cathodic disbondment, Fig 4, Table 1.  

Impedance plots showed scattered results at the 

beginning of the experiments, but the system reached  

a steady state after a 24-hour immersion. There was  

no visible degradation or disbondment at this stage. 

However, the AC impedance dropped dramatically; water 

accumulated enough at the coating–steel interface  

to maintain the cathodic reaction: this is an essential 

reaction for cathodic disbondment [38-45]. 

The fluctuations of the open circuit potential (Eocp) 

over time indicated the negative trend. It seemed that  

the diffusion of corrosive ions and water absorption under 

the well adhered area were increasing. Thus, the steel 

corrosion reactions sped up. It could be the result  

of electrolyte penetration in the coating and degradation 

of coating, or of the degradation of the double-layer 

capacitance. Very noisy AC impedance was observed, 

due to the diffusion of electrolytes into the coating.  

The biggest influence was observed between the fifth  

and thirteenth days based on EIS plots. It is obvious that 

the diffusion of electrolytes is dependent on the coatings 

thickness and on environmental factors.  

pH value increases due to the entrance of OH- ions 

into the solution and the alkalinity also increases  

(Fig.5, Table 1). Alkalinity reduces water activity,  

and an osmotic pressure gradient on the coating-metal  

is formed, which causes blisters and cathodic disbondment  

of coating. 

According to the EN 10290 and JFE [46-48] 

standards, it is mentioned the separation rate was equal  

to or less than a 10- to15-mm radius. Thus, the separation 

rate for the coating was acceptable. 

0             1E+5          2E+5          3E+5          4E+5        5E+5 

Time (s) 

1E+10 

 

 

1E+9 

 

 
1E+8 

 

 
1E+7 

 

 

1E+6 

 

 
1E+5 

R
f 
(Ω

.c
m

2
) 

0.001      0.01       0.1         1           10        100       1000    10000 

Frequency (Hz) 

0.001                    0.1                  10                  1000           10000 

Frequency (Hz) 

1.0E+10 

 
1.0E+09 

 
1.0E+08 

 
1.0E+07 

 
1.0E+06 

 
1.0E+05 

 
1.0E+4 

 
1.0E+03 

|Z
| 
(o

h
m

s)
 

1.0E+03 

 

 

 

 

 
 

 

1.0E+02 

 

 

 

 
 

 

 

1.0E+01 

|Z
| 
(o

h
m

s)
 



Iran. J. Chem. Chem. Eng. An Electrochemical Measurement for Evaluating ... Vol. 34, No. 2, 2015 

 

87 

Table 1: Evaluation of coating thickness after a 28 day immersion  (In NaCl solution and 6mm diameter of defect). 

Specimen 
Coating Thickness 

(µm) 

Equivalent circuit 

diameter (mm) 

Disbonded area 

(mm2) 

Frequency in θ = - 45 

High frequency (Hz) 

Frequency in    θ = - 45 

Low frequency (Hz) 

B 354 22.94 413.50 3.34 0.034 

A 483 19.02 284.07 0.01 0.01 

D 1014 10.91 93.49 0.005 0.005 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4: │Z│versus frequency to show break point frequency   

in three different thickness of coating (specimen B: 345µm, 

specimen A: 483µm, specimen D: 1014µm, In NaCl solution 

and 6mm diameter of defect). 

 

Effect of the artificial defect 

The artificial defect was investigated with three 

diameters according to Table 2. In the same condition 

such as NaCl solution and coating thickness ~1015 µm, 

specimen D with 6mm artificial defect has shown  

the highest disbondment. However, systematically, specimens 

F and E with 3 and 9mm artificial defects showed  

the lowest disbondment. This means the artificial defect 

is a major factor of the cathodic disbondment coating 

process, but with no logical correlations between artificial 

defects’ diameters and any disbonded area individually. 

 

Effect of electrolyte type 

In order to evaluate the electrolyte type, 3.5 %wt 

NaCl, KCl and CaCl2 solutions were used (Table 3).  

All tests have been performed in accelerated corrosion 

condition in laboratory; the level of concentration of 

chlorides were often selected to simulate chloride 

concentration of seawater which has a salt concentration 

is about 3.5% wt and regarding accelerated corrosion 

tests there is no mention about capacity of ions. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5: pH measurements during the time 

 

 

 

Accordingly, it has been shown that the current 

passing through the metal can free hydrogen atoms and 

cause coating disbondment. It seems that the type  

of electrolyte is one of the other efficient parameters  

in disbondment. In electrolyte evaluation, the rate  

of cathodic disbonding may be classified after 

two parameters: solubility and mobility of ions.  

The disbonded area was the smallest in a specimen with CaCl2 

electrolyte. It seems the electrolyte structure, its white 

sediments and corrosion products avoid the penetration of 

Ca+2 and Cl- ions in the coating. This is likely due to  

the low solubility of hydroxides of divalent cations, here, 

Ca+2. Further, in this specimen, the outing of OH- ions 

from cathodic reactions is very slow. Therefore, when 

compared with other electrolyte types through visual 

inspections, it shows that the exit of OH- ions from  

the cathode reactions is very slow. The specimens with KCl 

electrolyte have a higher disbondment rate than in NaCl 

solutions; therefore, disbonded areas depend on the cation 

type in the electrolyte. The anion diffusion has less effect 

in the cathodic disbondment process, as negative OH− 
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Table 2: Evaluation of artificial defect after a 28 day immersion (In NaCl solution and coating thickness ~1015 µm). 

Specimen Diameter of defect (mm) Equivalent circuit diameter (mm) Disbonded area (mm2) 

E 9 10.26 82.70 

D 6 10.91 93.49 

F 3 10.15 80.90 

 

Table 3: Evaluation of electrolyte type effect (Coating thickness ~ 370 µm and 6mm diameter of defect). 

Specimen Electrolyte Equivalent circuit diameter (mm) Disbonded area (mm2) 

G KCl 27.84 608.59 

B NaCl 22.94 413.52 

H CaCl2 4.78 17.97 

 

ions are already present on the metal surface, due to  

the cathodic electrochemical reaction. Therefore, only  

the positive ions should diffuse through the coating or 

through the defect in order to balance the charge. 

Mobility of the cations is different. Therefore, this 

leads to different hydrated cations dimensions. Actually, 

although  the atomic number of K is higher than  

the atomic number of  Na, it occurs that the hydrated Na+ ion 

is larger than the K+ ion (Na+ ion radius is 0.102 nm and 

K+ is 0.138 nm, when the Na+ hydrated ion radius is  

0.79 nm and K+ is 0.53 nm) [49]. In many studies,  

the mobility of the cation follows a linear relationship 

with the rate of cathodic disbanding [50]. Na+ may diffuse 

through the defect area only, when K+ can diffuse 

through the defect area and the coating. This can cause  

an increase in the cathodic disbondment. Considering  

the cations migrating towards the cathodically protected 

substrate, approximately 1/3 of these cations diffused 

through the intact coating while 2/3 migrated in and 

through the defect area [51]. Thus, the results revealed 

the most coating disbondments occurred when cations / 

anions are in a 1:1 ratio.  

Fluctuations of the open circuit potential (Eocp) over 

time indicated a negative trend, which showed that water 

absorption under the intact area was increasing. Hence, 

the reactions of carbon steel corrosion were also 

increased: this could be the result of electrolyte 

penetration in the coating and of its subsequent 

degradation, or of the degradation of the double-layer 

capacitance. In the specimen with CaCl2 electrolyte, Eocp 

is almost constant over time. Thus, the separation rate of 

the coating is almost constant (Fig.6, Table.3). 

CONCLUSIONS 

Regarding accelerated procedures to assess coating 

delamination resistance for protecting pipeline coatings, 

ASTM G 8 remains a good candidate for simultaneously 

determining comparative characteristics, thanks to  

the useful data it provides. In this research, three parameters, 

the coating thickness, the artificial defect and the 

electrolyte type were investigated according to the ASTM 

G8 standard using Electrochemical Impedance 

Spectroscopy (EIS). The investigations showed the thick 

polyurethane coating can be highly resistant to cathodic 

disbondment in intact areas. If there was no coating 

defect (intact area), cathodic disbondment did not occur 

in a short time. It means more corrosion resistance 

coatings have resistance values of the order of 108–1010 Ω.cm2 

and capacitance values of the order of 10-10 F/cm2. 

Further, evaluation on coating thickness showed that 

disbonded area decreases along with a coating thickness 

increase in areas with defect. On the other hand,  

the evaluation on artificial defects showed disputable results, 

though with no logical correlations between artificial 

defects’ diameters and any disbonded area individually. 

In addition, assessment on electrolyte type showed  

the rate of cathodic disbonding might be classified after 

two parameters: solubility and mobility of ions. So,  

the disbonded area was dependent on the cation type  

in the electrolyte, and the anion diffusion had less effect  

in the cathodic disbondment process. Furthermore,  

the comparison between the cations and the anions  

in solution showed that the most important coating 

disbondments occurred when cations / anions are in a  

1:1 ratio. 
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Fig. 6: Fluctuations of measured potential during time (Coating 

thickness ~ 370 µm and 6mm diameter of defect, electrolyte  

in specimen B: NaCl, specimen G: KCl, specimen H: CaCl2). 
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