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ABSTRACT 

The corrosion behavior of water borne epoxy-ester primer coatings (10% - 50% PVCs) was evaluated through electro-
chemical techniques such as polarization and impedance spectroscopic (EIS) measurements. Studies were carried out 
for a longer duration of exposure extending up to 60 days in aqueous solution of NaCl (5%). Corrosion current (icorr), 
Corrosion potential (Ecorr), Coating resistance (Rc), Charge transfer resistance (Rct), Coating capacitance (Cc), Double 
layer capacitance (Cdl), break point frequency (fb), Water uptake (), diffusion coefficient (Dw) etc., indicated that 10% - 
30% PVC coatings performed well in comparison to higher PVCs. Changes in the electrochemical characteristics were 
found to occur as a function of exposure time in all cases. The corrosion stability of the coatings were found to be 
greatly affected by the percentage of PVCs. Studies further indicated that when lower concentration of pigments were 
available, they remained completely surrounded by the binder; Thus leaving no space for the entry of corrosive agents. 
From these studies, it was concluded that the water borne paints could replace the conventional coatings, containing 
organic solvents. Therefore, water soluble epoxy-ester primers have to be employed in paints for developing eco- 
friendly coatings. 
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1. Introduction 

Corrosion is one of the most acute industrial problems. It 
mostly occurs on metals and its alloys as well as on 
polymers, woods and ceramics due to materials interac-
tions with water, humid environment, acid rains, indus-
trial emissions, pollutants, chemical by-products and in- 
dustrial wastes as well as sunlight etc. It usually begins at 
the surface and decreases the lifespan of materials; as a 
result materials lose their physical appearance, mechani-
cal and chemical properties. In order to decrease the rate 
of corrosion and increase the lifespan of materials, sev-
eral methods are being investigated in recent years [1]. 
Strict regulations by many countries on the use of vola-
tile organic compounds (VOC) has lead to the develop-
ment of solvent free coating technologies like powder 
coating, water borne coatings, electrocoating, UV curable 
coating systems etc. Among these, in recent years, water 
borne organic coatings have gained greater importance [2, 
3] because of their better performance, availability, ease 
of application, eco-friendly to environment etc.  

The anti-corrosive action of organic coatings to protect  
a metal substrate from corrosion depends on many fac-

tors [4] such as, 1) the quality of the coating, i.e., their 
chemical and mechanical properties and adhesion to the 
substrate, water uptake and permeability to water, oxy-
gen and ions etc., 2) the characteristic of the substrate 
and the surface modification, 3) the properties of the 
metal/coating interface and their dielectric properties. 
These offer protection, either by acting as barriers to cor- 
rosive agents (O2, water and ions) by suppressing anodic 
and cathodic reactions or by inserting a high electrical 
resistance between the anodic and cathodic areas of the 
corrosion reaction etc. Normally, the conventional or-
ganic coatings act as physical barrier against aggressive 
agents (such as O2 and H2O). However, they are not very 
effective as impenetrable coatings and corrosive agents 
reach the substrate due to some defects in the film. In 
order to improve their corrosion protection properties, 
pigments can be added to coating materials, which may 
protect the metals through physico-chemical (barrier 
mechanism), electrochemical or ion exchange mecha-
nisms [5]. 

In recent years, several studies have been conducted to 
evaluate the protection ability of coatings through physi-
cal, chemical and electrochemical methods. Among these, *Corresponding author. 
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electrochemical analysis of coatings have been found to 
be more advantageous results can be achieved in a very 
short period of exposure [6-10]. Generally, electrochemi- 
cal methods are employed to identify the degradation of 
coated metal substrates after penetration of water at the 
coating-substrate interface, osmotic blistering, cathodic 
and anodic delamination etc. [11]. The corrosion of coated 
metals is an electrochemical process; therefore we em-
ployed the electrochemical methods to evaluate the cor-
rosion performance of coatings over a metal substrate 
exposed to aggressive medium [10]. In the present stud-
ies, corrosion stability of water borne epoxy-ester primer 
was evaluated through many recent techniques employed 
in evaluating the corrosion stability of coatings. Electro-
chemical techniques such as polarization and AC elec-
trochemical impedance (EIS) measurements were em-
ployed. In addition to impedance measurements, polari-
zation measurements were also used to evaluate the coat- 
ings through their corrosion current and corrosion poten-
tial with respective tafel plots. Even though the Tafel 
polarization method may not be very useful in highly 
resistive coatings, still it can be employed as a quantita-
tive method to evaluate the coating performance. Among 
the electrochemical techniques, the EIS has proved to be 
an effective tool to evaluate the coating parameters and 
also to identify the better quality primers [12,13]. 

2. Experimental Details 

2.1. Materials and Method of Preparation of  
Vehicle 

Synthesis of epoxy-ester (EER) resin: Synthesis of ep-
oxy-ester was done described earlier [14]. In brief, a 500 
ml three-necked round bottom flask equipped with reflux 
condenser, stirrer, sample charging portion with ther-
mometer pocket was used. In the synthesis of resin, solid 
epoxy resin was dissolved in MIBK and charged in the 
flask, which was heated and stirred to facilitate the dis-
solution of epoxy resin. Temperature was adjusted to 
110˚C. Pyromellitic dianhydride (PMDA) as curing agent 
was added gradually over a period of half an hour to ep-
oxy resin solution. The esterification was carried out for 
obtaining a product with a desired epoxy equivalent and 
acid value. The acid value and epoxide equivalent of 
PMDA reacted product was determined following ASTM 
[15]. When the desired polymerization stage was achieved 
(i.e., epoxide value reached to 80), half of butyl cel-
losolve (co-solvent) was added and MIBK was removed 
using a Dean and Stark assembly as azeotropic distilla-
tion process [16]. The sample was cooled to 80˚C and 
neutralized with NH3, followed by the addition of de- 
ionized water with constant stirring to obtain required 
solid content of aqueous dispersion of pyromellitic dian-
hydride cured epoxy resin. 

2.2. Composition of Epoxy-Ester Paint (EEPS) 
Method of Preparation  

Synthesized epoxy-ester [14] was used for formulating 
the water-soluble epoxy paint with 40% volume solids. 
Pigments were premixed and added to epoxy-ester slowly 
in an attritor. The attritor was run till the Hegmann gauge 
value of 5 is reached. Various pigment volume concen-
trations (ranged between 10% - 50%) were prepared by 
taking required quantity of pigments, binder and solvents. 
The paint was then transferred to an airtight container. 
For washing the attritor a mixture of methyl isobutyl ke-
tone (MIBK), cellosolve and water was used as solvent. 
A typical formulation for 10% PVC of net weight of 500 
gm of epoxy-ester paint (40% volume solid) was as fol-
lows: 

Red iron oxide = 50.00 g 

Zinc phosphate = 10.00 g 

Talc = 20.00 g 

Resin (30%) = 406.00 g 

Water-butyl cellosolve mixture (4:1) = 14.00 g 

The viscosity of the paint was adjusted with solvents 
and then paint was applied using brush on cleaned mild 
steel substrates. The paint was then allowed to cure for 
about half an hour in hot air oven at 180˚C, and thereaf-
ter, it was kept under ambient conditions for one-day 
before subjecting to various tests. The thickness of the 
films was kept at approximately (40 ± 5) m, which was 
used as the working electrode for the electrochemical 
measurements.  

2.3. Electrochemical Evaluation of the Coatings 

Three cylindrical glass tubes (each of 5 cm length and 1 
cm dia.) were fixed on the coated flat surfaces with the 
aid of epoxy adhesives to obtain a good adhesion to the 
flat metallic coated substrate, which created a specially 
arranged cell set up (Figure 1). The electrolyte (5% 
NaCl) was filled in the tube up to 3.5 cm height. The 
exposed area of the coated substrates was kept at 1 cm2 
[17,18]. The coated metallic electrodes were then evalu-
ated through the Tafel polarization and impedance spec-
troscopic methods under atmospheric conditions. 

2.3.1. Tafel Polarization Measurement 
Polarization measurements of coated materials were car-
ried out at three hours interval up to 24 hours. A glass 
tube was filled with aqueous solution of NaCl (5%) to 
which a platinum foil and a saturated calomel electrode 
were placed to act as counter and reference electrodes. 
The painted panels of 1 cm2 were exposed to NaCl (5%) 
which acted as working electrode. (See Figure 1 for 
schematic diagram of the experimental cell assembly).  
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Figure 1. Experimental cell setup: 1) painted steel panel, 2) 
paint removed area for making working electrode contact, 3) 
glass tube, 4) platinum counter electrode, 5) SCE reference 
electrode, and 6) test electrolyte.  

The assembly was connected to BAS 100 A Bio-elec- 
trochemical analyzer. A time interval of 15 minutes was 
kept for each experiment to obtain a constant open circuit 
potential (OCP). The changes in potential were recorded 
until its stabilization at a value referred to as the corro-
sion potential (Ecorr) was reached. The coated substrates 
were polarized at 300 mV anodically and 200 mV ca-
thodically with respect to OCP of the system at a sweep 
rate of 1 mV/sec. Log current vs potential plots were 
recorded. The corrosion current (icorr) and corrosion po- 
tential (Ecorr) were calculated from their respective Tafel 
plots. The corrosion rate of coatings was calculated from 
their respective corrosion current densities following 
Gonzalez et al. [9] as follows:  

 
 7

e corr1.24 10 W i
Corrosion rate mpy

D

 
   

where,  
We—Electrochemical equivalent (mg/columb) 
icorr—Corrosion current density (A/cm2) 
D—Density (g/cm3). 

2.3.2. EIS Measurement 
The electrochemical cell set up was similar to that used 
in the Tafel polarization measurement. EIS measurement 
was performed by using an EG & G Princeton Applied 
Research (PAR) model 6310 Potentiostat/Galvanostat 
lock-in amplifier with Equivcurt 398 software [19,20].  

The impedance measurements were carried out over a 
frequency range of 100 KHz to 10 mHz at 10 mV AC 
amplitude sinusoidal voltage was super imposed over the 

steady state potential. From the impedance plots, coating 
resistance was obtained from the lower frequency end of 
the corresponding Bode /Z/ plots (impedance vs fre-
quency). Coating capacitances (Cc) were estimated from 
the extrapolation of the linear portion of Bode-amplitude 
graphs.  

The coating resistance (Rc) and the coating capacitance 
values were calculated using the equivalent circuit con-
sisting of solution resistance (Rs), coating resistance (Rc) 
and constant phase element (Figure 2(a)). For the de-
scription of a frequency independent phase shift between 
an applied ac potential and its current response, a con-
stant phase element (CPE) was used which is defined in 
impedance representation as: 

    n1
0Z CPE Y j   

where Y0 is the CPE constant,  is the angular frequency 
(in rad·s–1), j2 = –1 is the imaginary number and n is the 
CPE component. Depending on n, CPE can represent 
resistance (Z(CPE) = R, n = 0), capacitance (Z(CPE) = C, 
n = 1), inductance (Z(CPE) = L, n = –1) or Warburg im-
pedance (n = 0.5) [21]. For converting Y0 in to Cc [22], 
following equation was used, 

 n 1n
c 0 mC Y 


  

where, Cc is the coating capacitance and n
m  is the an-

gular frequency at which n is maximum. The impedance 
data were also analyzed using equivalent circuit given in 
Figure 2(b). Where Rt is the charge transfer resistance 
and Cdl as the constant phase element for the double layer 
capacitance. Experiments were carried out up to a maxi-
mum period of 60 days and the corrosion ability of each  

 
(a) 

 
(b) 

Figure 2. (a) Equivalent circuit for painted steel panel; (b) 
Equivalent circuit for defected coated steel. 
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primer coating was used to apply suitable electrochemi-
cal circuits (Figure 2(a) or Figure 2(b)).  

3. Results and Discussion 

3.1. Tafel Polarization Measurement 

The potentiodynamic polarization of pigmented epoxy- 
ester coated substrates was carried out in aqueous solu-
tion of NaCl (5%) and the results are shown in Table 1. 
Corrosion potential (Ecorr) of uncoated and coated speci-
mens was shifted towards negative direction with the 
passage of time; however, in coated specimens the shift 
was a little less in the negative direction (Table 1) indi-
cating the cathodic control of the corrosion process. Fur-

ther, during the study period of 24 hrs, an increase in 
corrosion current implies that the corrosion process was 
active with oxygen reduction as the rate-controlling step 
[23]. The high values of negative shift of corrosion po-
tential with increase in exposure duration for all coatings 
indicated high susceptibility of steel surface to corrosion 
[24]. These observations indicated that, corrosion process 
is directly related to the diffusion of water, ions and oxy- 
gen from the polymer matrix/environment. This may be 
related both to the chemical composition of the matrix as 
well as to the presence of pores, voids or other defects in 
the coatings [25]. With increase in the PVC (between 
10% - 50%) of the formulation, a negative shift of the 
corrosion potential with increased corrosion current was  

 
Table 1. Potentiodynamic polarization results of water-based EEPS of various PVC’s/uncoated steel substrates in 5% NaCl 
medium. 

Specimen gradient Immersion time (t) hrs. Corrosion potential (Ecorr) mV/SCE Corrosion current (icorr) nA/cm2 Corrosion rate (mpy)

1 –395 0.35 1.6e–04 

6 –479 0.68 3.0e–04 

12 –524 1.44 6.4e–04 

18 –558 1.51 6.7e–04 

10% PVC 

24 –597 2.24 10.0e–04 

1 –509 0.93 4.2e–04 

6 –522 3.63 16.2e–04 

12 –569 4.78 21.3e–04 

18 –584 5.88 26.3e–04 

20% PVC 

24 –615 6.31 28.2e–04 

1 –512 3.55 15.8e–04 

6 –569 5.50 24.6e–04 

12 –646 5.62 25.1e–04 

18 –680 11.7 52.2e–04 

30% PVC 

24 –707 22.0 98.3e–04 

1 –678 153 11.2e–02 

6 –752 200 8.93e–02 

12 –770 234 10.4e–02 

18 –783 331 14.8e–02 

40% PVC 

24 –826 346 14.1e–02 

1 –761 363 16.2e–02 

6 –775 760 34.0e–02 

12 –800 794 35.5e–02 

18 –805 933 41.7e–02 

50% PVC 

24 –835 1000 44.7e–02 

1 –791 1100 56.8e–02 

6 –856 1356 68.4e–02 

12 –853 1432 72.3e–02 

18 –843 1462 78.7e–02 

Uncoated steel substrate 

24 –852 1471 81.8e–02 
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observed. 

Normally, with lesser amount of pigments, the pig-
ment particles remains completely surrounded by the 
vehicle or binder, however, when the amount of pigment 
is increased a situation arises when enough binder is not 
available to fill the voids between the pigment particles 
and the binder [26]. It was clear from these results that 
low PVC formulation possesses the best corrosion resis-
tant property. Comparing the polarization results of 
higher PVC formulations and uncoated specimens one 
can observe the anodic nature of the coatings. These re-
sults are similar to there reported by other workers [27]. 
Further, it was also observed that, when the polarization 
is carried out beyond 24 hrs a positive shift of corrosion 
potential and significant fall in corrosion current was 
observed. This may be attributed to the protective nature 
of the corrosion products that were formed, which per-
haps kept the metal in the passive state. A similar obser-
vation was also reported with acrylic electrodeposited 
coatings exposed to a detergent solution of pH 11 [28].  

3.2. EIS Measurement  

Electrochemical impedance spectroscopy method is a 
powerful tool to study the performance of high resistance 
paint coatings and has been extensively used to measure 
the corrosion protection properties of organic coatings on 
metal surfaces [29-33]. Bode impedance plots for epoxy 
ester based primers of 10% - 50% PVC formulations 
applied on steel surface immersed in aqueous solution of  

NaCl (5%) for different exposure durations are shown in 
Figures 3-6. The responses of impedance magnitude and 
phase shift varied with the exposure duration indicating 
the decaying nature of the coats under a specific corro-
sive environment. Normally, metals protected with or-
ganic coatings behave like multiphase heterogeneous 
systems [34]. Water, ions and oxygen penetrates through 
the defective coating and reach the metal/paint interface 
leading to the initiation of the corrosion processes. The 
equivalent circuits in the case of coatings with very high 
barrier effect and defective coatings are shown in Fig-
ures 2(a) and (b) respectively [35].  

Normally for intact coatings Rc is high, which is typi-
cally 108 ·cm2 [36,37]. The incorporation of water to 
polymeric film in due course results in enhanced conduc-
tivity and switchover from capacitive behavior to a mixed 
control i.e., capacitive at high frequencies and resistive at 
low frequencies. In some cases decrease in /Z/ at low 
frequencies was not continuous but some recovery was 
possible with the coated panels showing a renewed ca-
pacitive effect. This may be attributed to the specific role 
of the pigments. Further, the thickness of the coatings 
seems to have an influence on diffusion process for the 
aggressive species such as water and chloride ions. The 
low frequency (LF) part of the diagram shows the be-
havior of metal-coat interface in terms of either corrosive 
or anticorrosive property. 

A decrease in impedance on the LF side with increase 
in time of exposure in all the formulations (shown in Fig-  

 

 

Figure 3. Bode /Z/ plots of 10% PVC EEPS coated substrate exposed at different time intervals in 5% NaCl.  
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Figure 4. Bode /Z/ plots of 20% PVC EEPS coated substrate exposed at different time intervals in 5% NaCl.  

 

Figure 5. Bode /Z/ plot of 30% PVC EEPS coated substrate exposed at different time intervals in 5% NaCl. 

ures 3-6) indicates the absence of reaction process, which 
impedes corrosion. While in the high frequency part of 
the Bode /Z/ plot no such remarkable differences in im-
pedance behavior was observed. 

In case of 10% PVC formulation, even after 60 days of 
exposure coating impedance remained at 107 cm2 
suggesting an excellent performance. Impressive per-
ormance was also observed with 20% PVC for up to 35  f   
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Figure 6. Bode /Z/ plot of 40% and 50% PVC EEPS coated substrate exposed at different time intervals in 5% NaCl.  

days and with 30% PVC good performance only up to 20 
days of exposure was observed to corrosive medium. 
Because of the poor performance at 40% and 50% PVC 
data was merged and shown only for the minimum days 
(Figure 6). For 10% - 30% PVC coatings, middle fre-
quency range of spectra contained only one capacitive 
contribution (Figures 3-5) shown in linear form of the 
logarithm of electrode impedance, log/Z/ against log f 
with a slope very close to –1 [38]. Resistance of low 
PVC (10%) coatings was higher than 20% and 30% PVC 
coatings. It is perhaps due to low conductivity, diffusion 
of ions from the aqueous solution of NaCl (5%) did not 
occur. 

During shorter period of exposure, the slope of im-
pedance against logf was about –1 and the phase angle 
was almost –90˚ [39], indicating high impedance of the 
coatings (see Figure 7). With 40% and 50% PVC for-
mulation (curve d and e in Figure 7) horizontal part of 
all frequencies correspond to low phase angle indicating 
the corrosive state of the substrates. With lower formula-
tions (10% - 30% PVC), the rise in phase angle may sug-
gest the capacitive behavior of coatings. Figure 7 is also 
useful for measurement of breakpoint frequency (fb), 
which evaluates the capacitive-resistive transition behavior 
of the coatings. According to Haruyama et al. [40] high 
frequency breakpoint (fHF) is proportional to the delami-
nated area (Ad). However, Hack and Scully [41] have 
broadened the breakpoint method with certain assump-
tions showing a relationship between the low frequency 

breakpoint (fLF) and the defected area (A). It is impossi-
ble to measure correctly the value of high frequency f45 
using the breakpoint method if the ratio of Ad/A was 
lower than 5 × 10–4 [42].  

In the present studies fb was calculated as low fre-
quency breakpoint (fLF). Because of the high resistance 
of the coatings, the depression of the phase angle curve at 
high frequencies was above 45º particularly during the 
initial periods of exposure when the delaminated area 
was minimum. Further, the defective area percentage was 
almost 0.001%. According to Hack and Scully [41] 
when the defective area percentage of coatings was  
0.001%, the depression of the phase angles does not oc-
cur in high frequency domain. The variation in break-
point frequency during the exposure duration for formu-
lations of 10% - 30% PVC coatings exhibited complete 
resistive behavior over all other frequency ranges where 
the phase angle was below 45˚ [43].  

The low values of fb for 10% PVC suggests best per-
formance, followed by that of 20% and 30% PVC’s. The 
shift of fb to higher values with increased exposure dura-
tion was interpreted as an increase due to the delaminated 
area or on the thickness of the coated film [44]. For all 
the coatings, except 50% PVC no depression in the ima- 
ginary part of the impedance (Z”) at all the frequencies 
during the initial period of exposures was observed sug- 
gesting high capacitive nature of the film (Figures 9(a) 
and (b)). Only during longer exposure duration a depres-
ion in Z” was observed, which is in semicircular plots  s  
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Figure 7. Bode phase diagram of different PVC EEPS coated substrates at their limit of exposure times.  

 

Figure 8. Breakpoint frequencies of EEPS coated on mild steels immersed in 5% NaCl solution. 

indicated the onset of the corrosion process at the coat-
ing-metal interface [28]. The diffusion controlled corro-
sion process was determined from the rising portion of 
the curve at low frequency tail end.  

The coatings had very high resistance during the initial 
period of exposure and almost similar as seen at the be-
ginning of exposure duration when coatings generally 
acted as intact layer. The electrical equivalent circuit 
(EEC) of intact coatings (shown in Figure 2(a)) is gen-
erally represented by a series of connections of solution 

resistance (Rs) and coating capacitance (Cc). It must be 
noted that the capacitance is often substituted by a con-
stant phase element (CPE) in order to take into account 
the divergence from the pure capacitive behavior.  

When an ionic path was created in the coatings, a de-
pressed semicircle was observed in the Nyquist plot 
when the coated materials were exposed to the aqueous 
solution of NaCl (5%) for a longer duration. This type of 
impedance (Z”) can be represented by an EEC including 
he solution resistance (Rs) in series with a parallel com-  t  
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(a) 

 
(b) 

Figure 9. (a) & (b) Nyquist plots of different PVC EEPS coated substrates at their limit of exposure time. 

bination of coating capacitance (Cc) and the coating re-
sistance (Rc), which is related to the ionic conduction 
through the coatings. Inspection of the EIS spectra (Ny-
quist) of higher PVC coatings revealed a two-time con-
stant in most of the cases, most probably this may be due 
to the higher frequencies of PVC of coatings and possi-
bly it may be an artifact of the voltage clamp (Figure 
9(b)). 

The impedance parameters were obtained from respec-
tive Bode /Z/ plots and are shown in Table 2. The Rt and 
Cdl are the two parameters which are normally used to 
specify the disbanding of the coatings and the onset of 
corrosion at the interface. These parameters decrease the 
charge transfer resistance and increase the capacitances 

during the first few days, indicating the entry of electro-
lyte into the epoxy coating [45,46]. According to Fick’s 
Law [47] this may the first step of electrolyte penetration 
through the micropores of an organic coating and was 
related to water uptake. Thereafter, during the initial pe-
riod of exposure values of Rt, Cc and Cdl reached a pla-
teau and remained constant over a longer duration. This 
behavior perhaps also confirms the hypothesis of the 
existence of passive film on the steel surface, which per-
haps prevents corrosion process at the substrate, indicat-
ing good corrosion protective properties of lower PVC 
coatings. This may be taken as the second step in elec-
trolyte penetration through the macro pores of the coat-
ng, which may become deeper and deeper with the pas-  i    
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Table 2. The electrochemical impedance results of water-based EEPS coated substrates in 5% NaCl medium at 100 kHz - 10 
mHz [Bode Z plot]. 

Pigment volume  
concentration (%) 

Exposure time  
(in days) 

Charge transfer resistance 
(Rt) ohms 

Double layer capacitance  
(Cdl) F·cm–2 

Coating capacitance  
(Cc) F·cm–2 

2 3.89e9 2.57e–10 3.53e–12 

5 1.17e9 8.55e–10 3.63e–12 

10 3.34e9 3.00e–10 4.08e–12 

15 1.53e9 6.53e–10 1.53e–11 

20 1.23e9 8.13e–10 1.66e–11 

25 9.70e8 1.03e–09 1.82e–11 

30 9.96e8 1.00e–09 2.00e–11 

35 8.24e8 1.21e–09 3.31e–11 

40 7.35e8 1.36e–09 6.85e–11 

45 4.59e8 2.18e–09 9.10e–11 

50 5.02e8 1.99e–09 3.35e–11 

10 

55 6.05e7 1.65e–08 3.95e–10 

2 4.42e8 2.26e–09 4.88e–11 

5 8.17e8 1.22e–09 5.10e–11 

10 1.90e8 5.26e–09 5.55e–11 

15 1.31e8 9.17e–09 8.93e–11 

20 1.09e8 8.77e–09 1.13e–10 

25 9.97e7 1.00e–08 1.49e–10 

30 6.80e7 1.47e–08 1.72e–10 

20 

35 1.08e7 9.26e–08 2.32e–10 

2 6.44e8 1.55e–09 2.91e–11 

5 5.40e8 1.85e–09 4.90e–11 

10 4.22e8 2.37e–09 5.85e–11 

15 8.70e6 1.15e–07 1.72e–10 

30 

20 1.46e6 6.85e–07 2.05e–10 

2 3.07e7 3.26e–08 - 

5 3.00e4 3.33e–05 - 

40 

10 2.00e4 5.00e–05 - 

50 2 5.21e4 1.82e–05 - 

 
sage of time until the aggressive materials pass through 
the epoxy coating and reach the metal surface. This leads 
to the beginning of electrochemical process on the metal-
lic interface as a consequence of the loss of coating. 
Higher values of Rt and lower values of Cc and Cdl for the 
epoxy coatings with 10% and 20% PVC’s indicated 
greater corrosion stability due to the existence of passive 
anodic oxide layer [48,49]. 

The Cdl is a measure of an area from which the coat-
ings have been disbanded and can be measured only at a 
very advanced stage of deterioration. The change in Cdl 
values may depend either on disbanding of the coatings 
or on the accumulation of corrosion products during the 
corrosion processes [50]. The best performance with 10% 

PVC and the impressive performance of 20% PVC were 
established from the constant values of Cdl during the 
long period of exposure (35 - 60 days).  

Results of impedance values showed fluctuations in 
the resistance and capacitance values during the period of 
exposure (Table 2). According to Yin et al. [44], fluctua-
tions in these values were found to be associated with the 
instability of the accumulated corrosion products on the 
metal-coating interface. Variations in capacitance with 
immersion time could be 15% of plasticization effect and 
rest 85% coalescence induced with water uptake espe-
cially in water borne coatings [51].  

The penetration of Na+ and Cl– ions in the coatings can 
also influence the capacitance [52]. The relationship be-
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tween the capacitance and the dielectric constant (relative 
permittivity, r) was calculated according to the follow-
ing equation:  

r 0
c

S
C

d

 
  

where, 
0 is the vacuum dielectric constant (8.85 × 10–14 F·cm–1); 
S is the surface Area; 
d is the coating thickness. 
The water uptake causes an increase in the relative di-

electric constant values [53]. In the present studies, rela-
tive permittivity values were around 10 indicating low 
water content in 10% - 30% PVC coatings on steel sur-
face (low porosity), revealing better corrosion stability 
compared with higher PVC coatings [54]. Reduction in 
barrier effect of primers can be evaluated through the 
measurement of the volume of the water that enters and 
the rate at which it penetrates through coatings [55]. The 
entry of water not only affects the value of resistance but 
also modifies the dielectric properties of the coatings, 
which may cause the onset of corrosion process at the 
metallic surfaces. The time for the coating to be saturated 
by the intake of water coincides with the capacitance and 
also with the resistance values of the coatings to be stabi-
lized [56]. The water uptake was calculated by employ-
ing the empirical Brasher-Kingsbury equation [57]: 

 
2

t 0

H O

log C C
100

log
    

where, 

 is the water absorbed in percentage;  
Ct is the coating capacitance at saturated state, t; 
C0 is the coating capacitance at zero immersion time; 

2H O  is the relative dielectric constant of water (80 
at T = 20˚C). 

It was observed during the initial period of exposure, 
that water uptake increased steeply for 10% - 30% PVC 
coatings (Figure 10), which denotes a faster diffusion of 
water into the coatings. The data showed highest water 
uptake for 30% PVC coating, followed by 20% and 10% 
PVCs.  

Our earlier studies [14] have revealed that even during 
longer period of exposure, 10% and 20% PVC primers 
showed a very slow process of water uptake, indicating a 
very low loss of adhesion and no blistering on steel sur-
face. Best performance of low PVC (10% and 20%) 
primers was achieved therefore a saturation of water up-
take over a longer period of exposure. The diffusion co-
efficient of water (Dw) in the coatings was calculated 
using the following expression [58]:  

 

 
 

1
P t 2 2

w2
P s

C 8
D t l

C π
  

Linear plots shown in Figures 11(a)-(c) for 10% - 
30% PVC coatings were used for calculating Dw values. 
The Dw values for 10%, 20% and 30% PVC primers were 
0.2e–10 cm2·s–1, 0.3e–10 cm2·s–1 and 15.2e–10 cm2·s–1 re- 
spectively indicating an increase in diffusion coefficient 
values with increase in PVC contents of the primers. 
Lower values of diffusion coefficients at 10% - 20%  

 

 

Figure 10. Volume fraction of water of EEPS as a function of immersion time exposed in 5% NaCl.  
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(a)                                                        (b) 

 
(c) 

Figure 11. (a)-(c) coating capacitance normalized as a function of the square root of exposure time. Calculation of slope al-
lows the determination of diffusion coefficient of water, Dw. 

PVCs indicated low rate of water penetration through 
coatings, while high diffusion coefficient value at 30 PVC 
indicated an increase in coatings degradation. This may 
be attributed to the absence of any interaction between 
the diffused ions and the pigment [59]. Figure 12 shows 
the absence of linearity in water vs. square root of expo-
sure duration indicating the deviation from the ideal pure 
Fickian behavior particularly during longer period of 
exposures. This may be a result of an interaction between 
the paint constituents and water contents in metal/coating 
interface [60].  

4. Conclusions 

The electrochemical characterization of eco-friendly 10% 
- 50% PVC primers of epoxy-ester was carried out in an 
aqueous solution of NaCl (5%).  
 Studies had revealed that anodic reaction was more 

polarized than the cathodic part, which was further 
confirmed by polarization measurements. Studies were 
carried out beyond 24 hours and a positive shift in 

corrosion potential was observed. This might be indi-
cating the protective nature of the corrosion products 
in the passive state. 

 EIS study established nearly the constant value of Cdl 
and Rt over longer period of exposure indicating the 
best corrosion stability at 10% PVC, followed by 20 
and 30% PVC coatings. It was also confirmed through 
the studies on water uptake, dielectric constant and 
volume fraction of water as a function of immersion 
time. 

 Water-soluble epoxy-ester primer was prepared from 
epoxy resin cured with pyromellitic dianhydride, which 
possesses an excellent corrosion protection property. 
These are being considered a potential coating mate-
rials in protecting steel surface against both localized 
and general corrosion in aqueous solution of NaCl 
(5%). Further, these studies also showed that water- 
soluble coatings are able to offer a better protection to 
steel from corrosion over the conventional coatings. 

    Since they are water based formulations contain no  
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Figure 12. Linear fitting analysis of water based EEPS primer evaluating water uptake with square root of time of immersion 
in 5% NaCl solution. 

organic solvent, therefore these can be considered as 
eco-friendly formulations. 
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