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Abstract - The cathodic protection performance of the epoxy zinc rich coatings of steel was evaluated by means of 
electrochemical impedance spectroscopy (EIS).The clay nanoparticles were added in coatings and the effect of clay content 
on cathodic protection behaviorwas investigated. Transmission electron microscopy illustrated the separations of clay layers 
which interacted with epoxy resin. In addition, TEM images showed the dispersion of clay nanosheets between zinc particles 
in coating matrix. The cathodic protection period and sacrificial properties improved in the presence of clay in coatings. 
Nyquist diagrams indicated that the addition of 1 wt.-% clay nanosheets enhances the corrosion protection performance of 
the epoxy zinc-rich coating without decreasing its sacrificial properties after long exposure times 
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I. INTRODUCTION 
 
One of the most widely used corrosion protection 
method for steel is the application of an organic 
protective coating [1-3]. The behavior of a protective 
organic coating system depends on several factors 
including adhesion of the coating to the substrate, 
water and oxygen uptake, ion penetration of the 
coating, mechanically weakened spots and pinholes 
and various complicated electrochemical corrosion 
reactions at the metal-coating interface after 
permeation of water and oxygen [4-6]. As a primary 
method for corrosion protection of metals, coatings 
make a barrier by preventing the diffusion of oxygen 
and water through the insulating layer [7-
9].Consequently, once a defect such as a pinhole is 
formed, the corrosive species can easily penetrate the 
coating, resulting in localized corrosion of the metal 
surface [10, 11]. 
 
Zinc particles or zinc dust are currently used as the 
anticorrosive pigment in organic and inorganic 
coatings with the sacrificial action providing both 
cathodic protection and barrier protection [12-14]. 
Zinc-rich paints are one of the most effective coatings 
used in order to protect steel from corrosion. Zinc 
rich paints are widely used in a variety of severe 
environments because of their unique property of 
protecting the metal even after instances of slight 
mechanical damage to the coating [14]. According to 
the nature of the paint vehicle, zinc rich coatings are 
classified into two kinds i.e., organic and inorganic 
coatings [15]. The most common organic binders are 
epoxy/polyamine-amide, vinyl resins, chlorinated 
rubbers, unsaturated polymers, etc. However, the 
corrosion protection ability of the zinc-rich coating 
does not result from barrier properties [15-17]. The 
zinc dust presented in the coating provides cathodic 
protection. The sacrificial action of zinc commences 
only when there is continuous contact between the 

metal particles [13]. Zinc-rich paints are widely used 
in a variety of severe environments due to their 
unique property of protecting the metal even after 
instances of slight mechanical damage to the coating.  
 
The purpose of the present work is to investigate the 
cathodic protection behavior of zinc rich epoxy 
coatings on steel in the presence of nanoclay. The 
cathodic protection and corrosion resistance of zinc 
rich coatings in 3.5 wt.-% NaCl solution were 
investigated by electrochemical impedance 
spectroscopy for 110 days. The structure of the 
nanosheets of clay in the coating was investigated by 
transmission electron microscopy. 
 
II. EXPERIMENTAL 
 
The electrochemical impedance spectroscopy (EIS) 
measurements were performed at open circuit 
potential in 3.5% wt. NaCl solution. A sinusoidal 
voltage signal of 10 mV was applied over a frequency 
range of 100 kHz to 10 mHz. The experimental 
device for EIS measurements was a traditional three 
electrode configuration consisting of a saturated 
calomel electrode (SCE) as reference electrode, 
platinum rod as counter electrode and coated sample 
as working electrode. The EIS tests were carried out 
on 3.14 cm2 area of the samples by PARSTAT 2273, 
EG&G Princeton Applied Research, which controlled 
by PowerSuite software. Fitting of experimental 
impedance spectroscopy data to the proposed 
equivalent circuit was previously explained [18,19]. 
Open circuit potential (OCP) was monitored as a 
function of exposure time while immersing in 3.5% 
wt. NaCl solution for confirmation of cathodic 
protection period.       
Transmission electron microscopy (TEM) was 
performed in order to evaluation of 
intercalation/exfoliation of clay nanoparticles in 
epoxy zinc rich coating matrix using Philips CM30.  



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-12, Dec.-2018, http://iraj.in 

Impedance Studies on Cathodic Protection Behavior of Zinc-Rich Epoxy Coatings in The Presence of Nanoparticles 
 

71 

Four types of zinc rich coatings were prepared. The 
zinc content of all samples was 85% by total weight 
of coating. The clay contents were 0, 1, 2 and 3% by 
the weight of binder and were denoted as coatings A, 
B, C and D, respectively. The epoxy resin and 
hardener were supplied by Pars Composite Co 
(Tehran, Iran). The zinc particles with average 
particles diameters of 2-4 µm were supplied from 
Pars Zinc Dust Co (Tehran, Iran). The claywas 
received from Southern Clay Products Inc. with 
particle size of 0.5–5 μm and layer thickness of 1 
nm.The steel substrates were degreased by acetone. 
Afterwards, the epoxy zinc rich coatings were applied 
on the clean steel substrate using a film applicator.  
 
III. RESULTS AND DISCUSSION 
 
The EIS was utilized in order to investigate the 
cathodic protection efficiency of epoxy zinc rich 
coating in the presence of clay nanoparticles. The 
tests were carried out at different immersion times 
and Nyquist plots are presented in Figures 1. The 
electrical circuit used for simulation of EIS results is 
shown in Figure 2. The Nyquist plots for all samples 
during the exposure to NaCl solution show two loops 
corresponding to two capacitive time constants.The 
first loop, Qc and Rc,in high frequency range is 
related to the coating capacitance and resistance. The 
second loop at lower frequencies, Qdl and Rct,show 
the double layer capacitance and charge transfer 
resistance of zinc/iron dissolution process. The 

solution resistance is represented by Rs.To obtain a 
satisfactory impedance simulation of zinc rich epoxy 
coatings, it is necessary to replace the capacitor (C) 
with a constant phase element (CPE) Q in the 
equivalent circuit. The most widely accepted 
explanation for the presence of CPE behavior and 
depressed semicircles on solid electrodes is 
microscopic roughness, causing an inhomogeneous 
distribution in the solution resistance as well as in the 
double-layer capacitance [20,21].  To corroborate the 
equivalent circuit, the experimental data are fitted to 
equivalent circuit and the circuit elements are 
obtained. Table 1 illustrates the equivalent circuit 
parameters for the impedance spectra of corrosion of 
zinc rich coatings in NaCl solution. According to 
Table 1, in low immersion time, the impedance 
values increases with increasing clay content which 
indicate the barrier properties of clay in coatings. At 
first days of the exposure, the coating resistance, R1, 
of all samples decreases with increasing immersion 
time. The decrease in the impedance of this loop at 
this stage can be attributed to water diffusion in 
coatings. In the higher immersion time, an abrupt 
increase in diameter of high frequency capacitive 
loop is observed due to the accumulation of zinc 
corrosion products in the coating pores. Finally, after 
specific exposure time, for each coating, the 
resistance R1 decreases again due to the penetration 
of water and corrosive ions beneath the coating layer, 
coating degradation and steel corrosion. 

 
Table 1. Impedance parameters obtained for different clay content in different immersion times in 3.5% wt. NaCl solution. 

Coating 
type 

Immersion 
time (days) R1 / Ω Q1/ F n1 R2 / Ω Q2/ F n2 

A 

1 3.2×102 5×10-5 0.6 2.1×103 3×10-4 0.51 
5 1.8×102 2×10-4 0.6 2.7×103 8×10-4 0.5 
13 9.9×102 1.5×10-4 0.5 4.9×103 1×10-3 0.53 
22 2.8×103 1.4×10-5 0.5 4.4×104 1.8×10-4 0.52 
35 2.5×105 1×10-6 0.58 6.1×105 1×10-5 0.45 
42 1.9×105 1.1×10-6 0.53 7.2×105 1.6×10-5 0.48 
75 8.5×104 2×10-6 0.52 1.7×105 3×10-5 0.5 
110 1.3×104 3×10-6 0.49 1.5×105 5×10-4 0.54 

B 

1 1.2×103 7×10-6 0.6 6.9×103 6×10-5 0.51 
5 7.5×102 1×10-5 0.63 5.2×103 3×10-4 0.62 
13 5.5×102 6×10-5 0.6 4.8×103 3×10-4 0.54 
22 3.1×102 1×10-4 0.61 5.4×103 6×10-4 0.54 
35 9.1×103 5×10-6 0.55 6.1×104 2.5×10-4 0.51 
42 2.8×104 1×10-6 0.55 9.8×104 5×10-5 0.52 
75 4.1×105 2×10-7 0.7 6.9×105 2×10-6 0.58 
110 3.1×105 1×10-6 0.55 5.8×105 8×10-6 0.52 

C 

1 2.6×103 5×10-6 0.61 7.9×103 9×10-5 0.54 
5 2.8×102 2×10-5 0.65 4.8×103 10×10-4 0.51 
13 1.6×102 4×10-5 0.64 5.1×103 9×10-4 0.51 
22 4.9×103 4×10-6 0.54 3.1×104 2×10-4 0.5 
35 5.9×104 1×10-6 0.58 9.5×104 5×10-5 0.5 
42 2.7×105 8×10-7 0.55 2.1×105 3×10-5 0.53 
75 4.1×105 7×10-7 0.59 3.5×105 1×10-5 0.52 
110 6.1×104 3×10-6 0.5 1.5×105 1.5×10-4 0.52 
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D 

1 1.3×104 6×10-6 0.54 1.6×104 3×10-4 0.53 
5 6.3×102 1×10-5 0.7 8.8×103 8×10-4 0.52 
13 5.1×102 1×10-5 0.7 6.8×103 1.5×10-3 0.51 
22 3.9×102 3×10-5 0.58 7.8×103 2×10-3 0.5 
35 2.2×104 5×10-6 0.5 4.3×104 2×10-4 0.51 
42 2.7×105 2×10-6 0.58 4.1×105 2×10-5 0.54 
75 7.8×104 3×10-6 0.5 2.5×105 5×10-5 0.53 
110 1.6×104 2×10-5 0.5 5.1×104 1.5×10-3 0.65 

 
According to Table 1, the value of the charge transfer 
resistance R2 for coatings B, C and D decreases in the 
first few days of exposure. This is related to the water 
diffusion which leads to zinc activation and 
dissolution. But in the case of coating A, no decrease 
in R2 resistance is observed in this exposure time, 
because there is no clay nanoparticle present in 
coating A matrix and zinc activation occur in a very 
low time. Clay nanoparticles act as initial barrier at 
the beginning of the immersion and decelerate water 
and corrosive ions penetration through coating by 
forcing the corroding agents to travel a longer 
tortuous path to reach the substrate. Therefore, it 
takes longer time for zinc particles to be activated.  In 
the higher immersion time, resistance R2 increases 
which reveals the decrease in zinc content as a result 
of zinc consumption and accumulation of zinc 
corrosion products in pores of coatings. In this step, 
electrical contact between zinc particles reduces and 
zinc oxide cooperate in barrier protection of coatings. 
R2 value continues to increase for 75 days in the cases 
of coatings B and C, and 42 days in the cases of 
coatings A and D. Then, a decrease in R2 value can 
be seen for all samples. In the high immersion time, 
corrosive ions penetrate to coatings and corrosion 
process of steel substrate commences. Moreover, the 
galvanic action of zinc reduces which cannot protect 
steel.  
 
According to impedance data, the activation period of 
zinc is longer for coating B. In addition, the rate of 
decrease and increase in impedance of coating B is 
slower and its impedance is greater than other 
coatings. After 110 days exposure, corrosion 
resistance of coating B is higher than other coatings 
about one order of magnitude. This can be attributed 
to the less penetration of water and corrosive ions 
through coating B and its better performance against 
corrosion after long exposure time. Another useful 
parameter in understanding the protection behavior of 
coatings is coating capacitance Q. Absorption of 
water causes an increase in the dielectric constant of 
the coating with a corresponding increase in the 
coating capacitance. As shown in Table 1, in low 
immersion times, the capacitance value of coatings 
increases due to the penetration of electrolyte into 
coating and zinc activation. After that, a decrease in 
capacitance of all samples can be observed as a result 
of zinc oxide creation in coating porosities which 
decreases the amount of electrolyte in the coating. 

Eventually, the capacitance value of coatings 
increases again and indicates the penetration of 
corrosive ions to coating and steel corrosion. The 
capacitance value of coatings A and D increases after 
35 and 42 days, respectively. The capacitance of 
coatings B and C, however, continues to decrease 
until 75th day of immersion. It is worth mentioning 
that, the capacitance of coating B is noticeably 
smaller than other coatings at 75th and 110th day of 
immersion. This fact shows that coating B absorb 
very low amount of water after 110 days immersion 
and has a very good corrosion protection performance 
with respect to others. The same capacitance behavior 
is observed for double layer capacitance in different 
exposure times. All these results indicate that the 
addition of 1% clay nanoparticles improves the 
cathodic protection and anticorrosive performances of 
the epoxy zinc rich coating, while addition of more 
than 1% clay could decrease long term protective 
performance of the coating. This is related to 
effective dispersion of 1% clay nanoparticles without 
agglomeration in coating. 
 
Electrochemical properties of zinc rich paints can be 
described by measuring the open circuit potential 
(OCP) of the coating in contact with the substrate. 
Figure 3 presents the evolution of OCP for all epoxy 
zinc rich coatings with immersion time. According to 
the commonly accepted criterion to provide cathodic 
protection, OCP value should remain more negative 
than -0.780 V vs. SCE. As can be seen, the OCP 
values of all coatings are about -0.9 V vs. SCE at the 
first day of the immersion. This result shows that, 
there is a good electrical contact between zinc 
particles among themselves and with steel substrate 
which implies that, steel substrate is under a good 
cathodic protection. The increase in immersion time 
results in the shift of OCP to more positive values. 
The potential of coatings A, B, C and D rises above 
the protection level after 30, 56, 49 and 33 days, 
respectively and drifts to more positive values 
thereafter. The increase in potentials can be 
corresponded to the decrease of the eletroactive zinc 
area which means the decrease of cathodic protection 
intensity. In the other word, the decrease in cathodic 
protection is a result of zinc corrosion products 
precipitation around the zinc particles which lead to 
deceasing the electrical contact between zinc particles 
and galvanic contact between zinc and steel substrate.  
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The results obtained from OCP measurements implies 
that, coating B with 1% wt. clay content in binder has 
the longest cathodic protection period in compare 
with other coatings.  TEM was used to determine the 
intercalation or exfoliation of clay in epoxy based 
zinc rich coating. Figures 4 shows the TEM image of 
coating B with 1% wt. clay loading in binder in the 
presence of zinc. Dark lines, bright regions and dark 
circles in these images represent the clay layers, 
epoxy matrix and zinc particles, respectively.   Some 
individual layer stacks and some larger intercalated 
clay can be identified in Figure 4. Thus, it can be 
concluded that the penetration of epoxy into the 
layers of clay is successfully occurred. In addition, 
Figure 4 shows the well dispersion of clay nanolayers 
between zinc particles in the matrix of coating B. 
These successfully dispersed nanolayers can be 
responsible for the improvement of corrosion 
resistance and barrier properties of coating B and lead 
to decreasing the penetration of water and corrosive 
ions and increasing cathodic protection period of 
zinc. 
 
CONCLUSION 
 
Epoxy zinc rich coatings with different amounts of 
clay nanoparticles were prepared. The effects of 
addition of clay nanoparticles on the cathodic 
protection properties of zinc rich coating were 
studied. Results obtained are listed below: 

1. EIS results showed that, addition of 1% of 
clay nanoparticles led to better corrosion 
protection performance due to the enhanced 
clay dispersion in coating. While, the 
addition of more than 1% nanoparticles 
could decrease the long term protective 
performance of the coating. 

2. OCP measurements of epoxy zinc rich 
coated panels confirmed the superior 
efficiency of these coatings when the clay 
content of the coating is 1%. 

3. TEM results showed that the clay nanolayers 
dispersed and separated successfully 
between zinc particles in coating. 
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Figure 1g 

 
Figure 1h 

Figure 1.Nyquist plots of epoxy zinc rich coatings at different immersion times in 3.5% wt. NaCl solution: (a) 1, (b) 5, (c) 13, (d) 22, 
(e) 35, (f) 42, (g) 75 and (h) 110 days. 

 

 
Figure 2. Equivalent circuit used for fitting of the impedance plots. 

 
Figure 3. Variation of open circuit potentials vs. immersion time of the epoxy zinc rich coatings containing different amounts of clay 

in 3.5% wt. NaCl solution. 
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Figure 4.TEM image of clay nanolayers between zinc particles in epoxy matrix of coating B. 

 
 
 
 

 


