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In order to identify the causes of coating delamination on buried pipelines, a field test was conducted to 

determine the environmental condition of delaminated coatings, and then an electrochemical test and 

DSC were used to find the cause of  delamination. The results show that the main cause of delaminated 

coatings with defects is  the diffusion of electrolyte on the coating and metal interface, which can be 

divided into three stages, the formation of corrosive crevice, oxygen concentration corrosion, and the 

hydrogen evolution process. In addition, based on the physical meaning of EECs, the correlation between 

fθmax and all other parameters was established. The result of DCS demonstrates that lacking the cross-

linking density of epoxy can also result in delamination of 3PE coatings. 
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1. INTRODUCTION 

The combination of cathodic protection and coatings is commonly used for anti-corrosion of 

buried pipelines. Coatings as the first line [1] of anti-corrosion isolate pipelines from corrosive medium, 

and also greatly protect pipelines from mechanical damage [2]. However, under some circumstances, 

delamination of coatings occurs, which may result in remarkable financial loss. Coating failures can 

occur for many reasons. Typical causes include poor applications, defective coatings [3], pitting 

corrosion,  development of residual stresses, inadequate specifications, etc. [4]. It is critical to determine 

the root causes of coating failures. Not only does this help avoid financial loss but also is often the first 

step to solve the problem. 

In general, there may be four causes of delamination of 3PE coatings (Fused epoxy - extruded 

polyethylene structural protective coating, that consists of three layers, named as fused epoxy, adhesive 
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substance and extruded polyethylene, respectively). First, due to mechanical damage, some defects on 

the surface of coatings make pipelines directly exposed to the soil. Under this circumstance, hydrogen 

evolution reaction or corrosion may occur induced by stray current in soil, and then corrosion crevice is 

gradually formed and transports along pipelines, resulting in delamination [5]. Second, if the PE layer is 

damaged, the water or electrolyte in the soil diffuses in the epoxy layer, and an electrochemical reaction 

occurs when it reaches the coating and metal interface, and then the alkaline environment and the 

accumulation of corrosion products may destroy the bonding force between the coating and metal, 

causing delamination [6]. Third, because of the interference of ultra-high voltage power transmission, 

vigorous fluctuations of potential of buried pipelines may directly destroy the coatings. Lastly, non-

conformity of coatings may lead to insufficient adhesion between coatings and pipelines, leading in 

delamination [7].  

To investigate and analyze the conditions that cause the failure, data of failed coatings  must be 

collected, including the coating types, application procedures, service history and environment, and 

physical evidence. The data is used to determine why, how, when and where a failure may occur [8]. 

Therefore, in this paper, a field test was first conducted to determine the environment delaminating 

coatings, and then an electrochemical test and differential scanning calorimetry (DSC) were used to 

explore the causes of delamination. Understanding the causes of failure is necessary to prevent future 

coating failures 

 

 

2. EXPERIMENTAL SECTION 

There were two types of delamination with and without defects in coatings found in the field test. 

In the environment with a  water content higher than 50%, at the location of stripped coatings with 

defects, its cathodic protection potential of -0.974~-1.36VVS.CSE meets the requirements [9]. Therefore, 

the electrolyte diffusion on the coating and metal interface from the defects may result in delamination. 

On the other hand, as shown in Figure 1, for the delaminated coating without defects, there is little 

corrosion products on the surface of the pipeline. Hence, the delamination could be caused by insufficient 

cured epoxy. Based on above analysis, this paper employs the electrochemical test and DSC analysis  to 

identify the causes of delamination [10].  

 

  
 

Figure 1. Pictures of delaminated coating without defects in field 
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In this paper, to explore the electrochemical reaction on the interface, an artificial defect with a 

diameter of 6.4mm was created, as shown in Figure 2. From bottom to top, the 3PE coatings  consist of 

three layer of fused epoxy, adhesive substance and extruded polyethylene (PE), which thickness is 

123μm, 184μm and 2.1mm, respectively. And the substrate metal is X65 steel. The process for preparing 

the 3PE samples is described as follows. Firstly, the temperature of X65 steel is heated to 190~210℃, 

and then the epoxy and adhesive layer are successively laid by electrostatic spraying. Thirdly, lay PE 

layer and quickly remove the specimen to cool through spraying water to room temperature. After the 

preparation is completed, digital engraving machine is applied to drill the holes with diameter 6.4mm. 

Except for the artificial defect, the rest part is covered with a PE layer that can keep intact in a long 

immersion, hence, diffusion in the normal direction can be ignored. In this experiment, the cathodic 

protection potential of -1.0Vvs.CSE was applied and EIS was conducted over the frequency range from 

100kHz up to 10mHz using an electrochemical working station PARSTAT2273. The measurements 

were performed using a 10mV voltage amplitude. A PVC tube with an inner diameter of 75mm was 

clamped onto the 3PE coated metal and was subsequently filled with the wt.3.5% NaCl solution. This 

experiment was conducted at the constant temperature of 25℃ in an oven GDJS-408. The equivalent 

electric circuits were fitted by ZSimpWin software [11]. 

 

 
 

Figure 2. Experimental design of EIS on coating/metal interface under cathodic protection 1-Pt as 

auxiliary electrode and SCE as reference electrode; 2-PE layer; 3-Electrochemical working 

station PARSTAT2273; 4-An artificial defect with diameter 6.4mm;5-Cathodic protection 

devices; 6-Pt as anodic electrode 

 

3. RESULTS AND DISCUSSION 

3.1 Analysis of diffusion on coating and metal surface  

Figure 3 shows the tested curves of EIS over time. The fitted results of equivalent electric circuits 

were also obtained and shown in Table 1. It is obvious to observe that the entire process of diffusion on 

the coating and metal surface can be divided into three stages. 
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The first stage is in the timeframe of 0 to 72h. It can be seen that at 24h, the Nyquist plots can be 

described by the combination of capacitive resistance and diffusion impedance. The presence of the 

diffusion resistance indicates that the electrolyte has gradually spread into the interface. Under the 

cathodic protection, oxygen reaction dominates in the near-neutral pH solution, that is, in cathode: 

O2+2H2O+4e-→4OH-; in anode: Fe→Fe2++2e-. Therefore, this stage is dominated by the  oxygen 

depolarization reaction and electrolyte diffusion on the interface to form corrosion crevice. At this 

moment, the capacitance of the coating Qc increases as resistance Rc decreases, and the diffusion 

resistance Zw  performs an non-ideal Warburg resistance at n≈0.75 [12]. However, as the reaction lasts 

to 72h, while there is still a tail of diffusion resistance [13,14], the diameter of the capacitance resistance 

arc decreases obviously. The tail illustrates that the oxygen in crevice is gradually exhausted [15,16], 

and the electric double layer is progressively formed. In addition, the time constant τ=Cc·Rc basically 

remains unchanged. 

The second stage is from 72h to 144h. When the experiment is undergone to the time of 96h, the 

diffusion impedance disappears completely and corrosion crevice is formed. Because of the ungated 

characteristic of corrosion crevice, external oxygen is difficult to permeate to the corrosion front. 

Therefore, the oxygen concentration cell goes into the point outside of crevice and works as cathode 

while the cell inside of crevice is identified as anode. Consequently, the dissolution and hydrolysis of 

metal occur in the crevice front: Fe+2H2O→Fe(OH)2+2H++2e-. Within the subsequent 36h, oxygen 

concentration corrosion dominates the whole process. At this stage, the time constant stays the same 

magnitude order [17].  

As the test time goes to the 168h, obvious Warburg diffusion occurs with n≈0.5. Under the 

cathodic protection, based on the theory of IR drop [18,19], the hydrogen evolution reaction on the 

crevice front may occur: H2O+e-→Had+OH-. Therefore, the adsorption of Had on the surface of metal 

takes place and the diffusion layer of Had results in the appearance of Warburg resistance. In this stage, 

charge transfer resistance Rct  decreases and capacitance of the double electric circuit Cdl increases.  

Based on the above analysis, the entire process can be divided into three stages. First, the 

electrochemical reaction is mainly oxygen depolarization and then corrosion crevice is gradually formed. 

Next, once the crevice is formed, due to the feature of crevice, oxygen concentration cells enter into 

being, and dissolution and hydrolysis of metal occurs in the crevice front. Then, with the cathodic 

protection and without oxygen, hydrogen evolution reaction may occur [20].  
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(1) First stage of 0~72h 

   
(2) Second stage of 72h~144h 
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(3) Third stage of 144h~168h 

Figure 3. Equivalent electric circuits and error analysis over test time  

 

At this moment, the physical structure is under the ungated and electrochemical reaction 

conditions, which include insufficient oxygen, the presence of water and cathodic protection, and being  

located at the crevice front. Those conditions provide an environment for water to permeate into the 

coating. Hence, when water in soil diffuses to the coating and metal interface, the hydrogen evolution 

reaction [21] occurs due to the accumulation of hydrogen resulting from the cathodic protection, which 

may lead to stress concentration and delamination of coatings. 

 

Table 1. Fitted results of equivalent electric circuits 

 

          Time 

Parameter  

24h 48h 72h 96h 120h 144h 168h 

Rs 

(Ω) 

Value 5.36 5.54 5.85 4.98 5.01 6.77 4.90 

Error% 0.78 1.54 0.37 0.38 0.38 0.31 0.52 
Qc 

(F/cm2) 

Value/10-2 0.70 0.73 4.17 4.60 4.65 4.40 17.71 

Error/% 2.91 6.911 1.32 3.37 3.43 3.00 13.26 

n 
Value 0.7535 0.78 0.77 0.70 0.71 0.71 0.55 

Error/% 1.14 2.61 0.92 1.64 1.56 1.40 8.75 

Rc 

(Ω) 

Value 299.50 236.00 243.90 2.30 2.67 4.19 0.49 

Error/% 11.77 18.64 12.66 18.59 19.28 11.50 10.74 

Zw 

(Ω) 

Value/10-2 0.88 0.80 1.62 - - - 80.00 

Error/% 6.50 10.39 19.61 - - - 16.99 

Cdl 

(F/cm2) 

Value/10-2 - - - 0.83 0.85 0.868 11.99 

Error/% - - - 18.89 18.94 20.03 14.46 

Rct 

(Ω) 
Value - - - 342.8 334.6 217.7 59.19 

Error/% - - - 6.246 5.845 3.729 22.85 

 

3 6 9 12 15 18

0

2

4

6

8

10

12

14

5.0 5.2 5.4

0.0

0.2

0.4

0.6

-2

-1

0

1

2

R
s
(Q

c
(RcW(C

dl
R

ct
)))168h

 

 

Z
im

/o
h

m
s

Z
re

/ohms

 

 

E
r
r
o

r
 /

%

logf /Hz



Int. J. Electrochem. Sci., Vol. 14, 2019 

  

7395 

Figure 4 shows the relationships between log f and log Z, and log f and the phase angle 

respectively. The curves show the similar regulations to the analyzed results of Nyquist plots. Those 

curves also demonstrate that the whole diffusion process can be divided into three stages. 

In the first stage of 0~48h, at f=0.5Hz, the phase angle reaches the peak value of 55°, rather than 

90°. It indicates that a non-ideal capacitance exists in the region of low frequency, which agrees with the 

analysis in Nyquist plots with n≈0.75. Two aspects lead to this phenomenon. One is the occurrence of 

diffusion on the coating and metal interface, and another is the existence of the artificial damaged defect. 

The combination of the two aspects makes the characteristics deviate from the pure capacitance, and 

leads to the phase angle deviating from 90° in the initial stage. 

In the second stage of 48h~144h, the frequency of the maximal phase angle reduces to 0.07Hz. 

Even though the maximal phase angle at 72h is slightly larger than that at 48h, as test time goes by, the 

maximal phase angle gradually decreases. It proves that the corrosion crevice and double electric layer 

are formed [22], which is consistent with the aforementioned analysis. 

In the third stage of 144h~168h, the frequency of the maximal phase angle reduces to 0.02Hz, 

and the maximal phase angle reduces to 35°. The frequency of capacitance turning into resistance 

transforms from 100Hz to 0.5Hz, and the charge transfer resistance decreases from 1404Ω to 71Ω. At 

this moment, the double electric layer is formed. Due to the adsorption of Had generated by the hydrogen 

evolution reaction, the  mass transfer process gradually replaces the charge transfer process [23].  
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(2) logf-φ 

 

Figure 4. Curves of resistance and phase angle in frequency 

 

Isao Sckine et al. [24] proposed that the frequency of the maximal phase angle, named as fθmax, 

can be used to evaluate the performance of coatings. At the beginning of water permeation, the 

equivalent electric circuits (EECs) of coatings can be described by Rs(CcRc). Under this condition, the 

fθmax is in a linear relationship with Rc. Considering the dispersion effect, the relationship between fθmax 

and Rc is expressed by Eq.(1): 

( ) ( ) ( )2

θmax s c clog log 2 0.5log 0.5logf R C R= − − −
 

Table 2 presents  the calculation results and errors of fθmax and Rc using Eq.(1). Except for the 

point at 72h, fθmax and Rc have good consistency Therefore,  fθmax can be applied to evaluate the 

characteristic of coatings to study  water permeating into coatings or research the failure process due to 

diffusion on the coating and metal interface,  

However, it should be noted in Table 2 that there are unacceptable errors of Rc and log(fθmax) 

calculated by Eq.(1). This is due to neglecting the impact of other parameters on fθmax. Therefore, in this 

section, based on the physical meaning of EECs, the correlation between fθmax and all other parameters 

is established. 

In the first stage, comparing Eq.(1) with the EECs, the error is derived from neglecting the 

influence of the dispersion coefficient in Eq.(1). Hence, the modified equation can be described as 

follows [25,26]: 

( ) ( ) ( )2

θmax s clog log 2 0.5log / 0.5logf R Q n R= − − −
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In the second stage, the corrosion crevice and double electric layer are gradually formed. 

Therefore, the feature of the double electric layer must have a great influence on  fθmax. It should be noted 

that Rct is different from Rc  because it is mainly affected by the charge transfer process in high frequency.  

 

Table 2. Relationship and calculated error of fθmax and Rc using Eq.(1) 

 

Time fθmax Rc log(fθmax) Calculation Error/% 

24h 0.50 299.50 -0.30 -0.25 -18.46 

48h 0.50 236.00 -0.30 -0.22 -26.33 

72h 0.07 243.90 -1.15 -0.99 -13.85 

96h 0.07 2.23 -1.15 0.01 -100.90 

120h 0.07 2.67 -1.15 -0.03 -97.48 

144h 0.07 2.42 -1.15 -0.05 -95.79 

168h 0.02 0.49 -1.70 -0.23 -86.18 

 

It can be seen in the range of high frequency from Figure 4(1) that  Rct is almost a constant, which 

indicates that Rct is not impacted by the test frequency [27]. Hence, the maximal phase angle in Rc(CdlRct) 

of the double electric layer, named as θmax

'f
, can be described as follows: 

( ) ( )
θmax

' 2

c dl ctlog log 2 0.5log logf R C R= − − −
 

As a result, the fθmax for total EECs of Rs(Qc(Rc(CdlRct))) can be described as : 

 

( ) ( ) ( )

( ) ( )( )
θmax

2 '

θmax s

2 2

s c dl ct

log log 2 0.5log / log

                 = log 2 0.5log / log 2 0.5log log

f R Q n f

R Q n R C R



 

= − − +

− − + − − −
 

As mentioned above, Eq.(4) can also be used to describe the third stage. 

Table 3 shows the calculation results and errors using Eq.(2) and Eq.(4). It can be seen that the 

maximal error is less than 20%, showing a better consistency. The error existing in new equations 

includes the systematic error and fitting error of the EIS method. In terms of  choosing the EECs, the 

relationship between  fθmax and parameters proposes a new idea to identify the effectiveness of EECs. 

 

 

Table 3. Relationship and calculated error of fθmax and Rc using Eq.(2) and Eq.(4) 

 

Time fθmax Rc log(fθmax) Calculation Error/% Note 

24h 0.5 299.50 -0.30 -0.31  1.95  
Eq.(2) 

48h 0.50 236.00 -0.30 -0.28  -6.30  

72h 0.07 243.9 -1.15 -1.05  -8.85  

Eq.(4) 

96h 0.07 2.299 -1.15 -1.32  14.22  

120h 0.07 2.672 -1.15 -1.36  17.43  

144h 0.07 2.419 -1.15 -1.20  3.74  

168h 0.02 0.486 -1.70 -2.01  18.46  

( )3

( )4
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3.2 Analysis of glass transition temperature 

Epoxy is widely used as the bottom base of 3PE coatings because of its high crosslinking density 

and good bonding strength with metal. However, its performance is greatly impacted by the glass 

transition temperature (Tg), which can be tested by a differential scanning calorimeter (DSC). The greater 

the degree of cure, the higher the  Tg of the coating. In this study, the DSC is used to test the epoxy Tg  

in different cure time to identify the causes of delamination of 3PE coatings due to epoxy. 

In this experiment, epoxy power was applied on test blocks using thermal spraying, and then the 

blocks were cooled at ambient temperature. The thickness was measured at five points, 4 corners and 

the center, on each sample every other day. The mean of the five measurements is taken to reflect the 

actual thickness of the specimens. DSC was conducted at 200℃ in a nitrogen environment, and then is 

cooled down to the ambient temperature at the rate of 10℃/min. 

As shown in Figure 5, it is obvious that the coating thickness and Tg first increase and then keep 

unchanged over time. On the fourth day, the Tg changes a little at 100℃, and in the following three days, 

it increases slightly to 105℃. The coating thickness shows the similar features. Therefore, the process 

of cure can be considered completed while Tg is 105℃ and thickness is 33±2μm. At this moment, the 

epoxy is in a good condition with high crosslinking and adhesion [28]. 

The Tg of delaminated coating for the field use was tested, and the result is presented in Figure 

6. As shown in the figure, Tg of the delaminated coating is much lower than that of the intact coating. It 

indicates that  the coating delamination without defects is caused by  the improperly cured coating. And 

the initiation of failure occurred may be the differential thermal expansion properties between the steel 

pipeline and epoxy power, enhanced by thermal cyclic fatigue loading due to the operation temperature, 

which may cause shrinkage stresses resulting in disbanded coating. 

 
Figure 5. Coating thickness and Tg of single epoxy coating over cure time 
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Figure 6. Results of DSC for coatings with/without delamination 

 

4. CONCLUSIONS 

In this paper, the causes of coating delamination are investigated, and the conclusions are drawn 

as follows: 

(1) For the delaminated coatings with defects, the electrolyte diffusion on the coating and metal 

interface from the defects may result in delamination. The entire diffusion process  can be divided into 

stages, formation of corrosive crevice, oxygen concentration corrosion, and hydrogen evolution. 

(2)  Delaminated coatings without defects could be caused by insufficient cure of epoxy, as a 

result of Tg lower than that of intact coatings. 

(3)  fθmax can be applied to evaluate the characteristic of coatings to study water permeation into 

coatings or investigate the failure process due to diffusion on the coating and metal interface,. Based on 

the physical meaning of EECs, the correlation between fθmax and all other parameters was established. 
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