
INTRODUCTION

Atmospheric corrosion is one of the most widespread
forms of metallic corrosion, which occurs on a metallic surface
that is covered with a thin layer of dilute electrolyte produced
from condensation or adsorption. The corrosion behaviour of
metals coated with a thin electrolyte layer differs from metals
in bulk solutions. Atmospheric corrosion occurs mainly from
the presence of salt and gases that are dissolved in a thin layer
on the surface of a metal. The atmospheric corrosion rate for
metals depends on the thickness of the electrolyte layer1.
Changes in the thickness of the layer affect the gas transport
rate of oxygen through the electrolyte layer and the solubility
of the corrosion products and hence, the metal corrosion rates2.

Galvanized steels are increasingly being used in automo-
biles, building structures, roofing and other industrial structures
because of their high corrosion resistance compared to iron.
There are numerous literature reports on the investigation of
the corrosion performance of galvanized steels3-8.

The presence of chemically active pollutants that are water
soluble has a considerable effect on corrosion in humid atmos-
pheres. Sulfur dioxide is the most widespread contaminant in
the atmosphere in urban and industrial regions. Sulfur dioxide
is dissolved in the moisture film and is primarily oxidized into
sulphuric acid9. Thus, many corrosion product films formed
in the atmosphere contain large concentrations of sulphate ions
from species like sulphite and bisulphate10-12. Additionally, if
the conditions are suitable, generally at high partial pressures
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of sulfur dioxide, sulfur dioxide may act as a cathodic reductant,
which results in the formation of various reduced sulphur
anions, e.g., thiosulphite, di-thionite, sulphite and sulphide13.

Organic coatings are the most commonly used method
for the protection of metals from corrosion. Organic coatings
have long been used for the protection of metals and alloys
against corrosion. However, mechanical damage can remark-
ably decrease the protection properties, even in the case of
protective organic coatings. Although such coatings form a
barrier against the diffusion of aggressive ions, water and oxy-
gen are permeable, therefore, they can be present at the metal-
coating interface. Under certain circumstances, the presence
of water and oxygen can lead to substrate corrosion and coat-
ing delamination14. The use of organically coated galvanized
steel products in a wide variety of industrial applications has
grown drastically, which has inevitably led to increasing per-
formance demands. Therefore, it is vitally important, both from
a commercial and an environmental perspective, to optimize
the lifetime of products by minimizing degradation.

Electrochemical impedance spectroscopy has been used
by a significant amount by other workers during the study of
the general degradation of organic coatings15-24, the impedance
response of organic coatings with artificially produced defects25

and the impedance response of painted galvanized steel.
In this work, the sulfur dioxide gas degradation of paint

films on epoxy-coated galvanized steel substrates under diffe-
rent relative humidities were studied using electrochemical
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impedance spectroscopy (EIS), anodic polarization curves and
linear polarization resistance (LPR) measurements. The data
obtained from these tests were interpreted in terms of an
equivalent electrical circuit and the components of the circuit
were related to the electrochemical processes on the coated
specimen.

EXPERIMENTAL

Sections of galvanized steels, with dimensions of 5 cm ×
10 cm were first coated with 10 µm of wash primer (polyvinyl
butyral) and then 35-40 µm of epoxy paint was applied as a
top coat. A test cell was prepared, with dimensions of 50 cm ×
75 cm × 40 cm made from Plexiglass that contained the
appropriate water-glycerol mixture11 to control the internal
relative humidity at different values. After 24 h, after reaching
equilibrium, the samples were placed at an inclination of 45º
relative to the horizon (Fig. 1), then the samples were exposed
to SO2, according to the SO2 gas environment for 20 days at
room temperature (25 ºC). The rate of SO2 gas flow through
the chamber was 0.17 and 0.16 g s-1 for air, which was regulated
through-out the exposures to maintain constant SO2 in the
amount of 1.2 g/m3 and air density of 1.45 g/m3 in test cell.
Epoxy-coated galvanized steels were removed from the atmos-
pheric corrosion testing cell after they were under the influence
of SO2 for 20 days in 100, 90, 80 and 70 % relative humidity.
Three electrode electrochemical cells were produced by gluing
PVC cylinders (2 cm in diameter and 3.14 cm2) onto the subs-
trates and filling with a solution of artificial acid rain (pH 3.5),
which was obtained by dissolving the SO2 gas in corrosive
media. The counter electrode was a platinum sheet with a 1
cm2 surface area. A Ag/AgCl (3 M KCl) electrode was used as
the reference during the electrochemical measurements
(Fig. 2). The polarization curves, electrochemical impedance
spectroscopy and linear polarization resistance measurements
were performed using a CHI 660 C Serial number: F1070.
The epoxy-coated galvanized steel was immersed into corro-
sive media for 1 h to establish a steady state open circuit
potential (Eocp). The electrochemical measurements were
performed after measuring the Eocp. The EIS experiments were
conducted in the frequency range of 100 kHz to 10 mHz at
open circuit potential. The amplitude was 0.01 V (peak to
peak). The LPR measurements were conducted by recording
the electrode potential ± 0.010 V around the open circuit
potential with a 0.001 V s-1 scan rate. The corrosion behaviour
of the epoxy-coated galvanized steel in an artificial acid rain
solution was also investigated as a function of the relative
humidity with the polarization curves. The polarization curves
were obtained in the potential ranges from (Eocp) to 1.2 V, with
a scan rate of 0.001 V s-1.

RESULTS AND DISCUSSION

The Nyquist diagrams of the electrochemical impedance
data for the sample that was exposed to SO2 gas for 20 days at
70, 80, 90 and 100 % relative humidities (RH) are shown in
Figs. 3-6, respectively.

The equivalent electrical circuits, which are proposed for
the epoxy-coated galvanized steel specimens that were tested
during the present study, are shown in Fig. 7(a-b). These

Fig. 1. Experimental test cell set-up

 

Fig. 2. Three-electrode system used for the impedance measurements on
coated galvanized steel
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Fig. 3. Nyquist diagram of the epoxy-coated galvanized steel after being
exposed to a SO2 gas corrosion test for 20 days (o) at a relative
humidity of 70 %. The fitted curve is shown as a solid line

circuits, with appropriate values for each circuit element,
provided good simulations of the experimental data when the
impedance of the constant phase element term is used instead
of the double-layer capacitance and paint film capacitance.

The Nyquist plots show one capacitive arc and one time
constant at 70 and 80 % relative humidities (Figs. 3 and 4)
The circuit in Fig. 7(a), with one time constant, appears to be
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Fig. 4. Nyquist diagram of the epoxy-coated galvanized steel after being
exposed to a SO2 gas corrosion test for 20 days (o) at a relative
humidity of 80 %. The fitted curve is shown as a solid line
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Fig. 5. Nyquist diagram of the epoxy-coated galvanized steel after being
exposed to a SO2 gas corrosion test for 20 days (o) at a relative
humidity of 90 %. The fitted curve is shown as a solid line
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Fig. 6. Nyquist diagram of the epoxy-coated galvanized steel after being
exposed to a SO2 gas corrosion test for 20 days (o) at a relative
humidity of 100 %. The fitted curve is shown as a solid line

the most suitable simulation for these relative humidities.
Under these relative humidities, the coating resistance is too
high in places where the organic coating is generally intact,
but the coating resistance and capacitance are measurable. In
this model, the single time constant represents the impedance
of a surface coating or layer and can be described by coating
capacitance (CPE1), solution resistance (Rs) and coating resis-
tance (Rpf)26-30. The impedance parameters that were obtained
by fitting the EIS data to the equivalent circuit are listed in
Table-1. The calculated Rpf values from the fitted impedance
diagrams are 20954 and 2563 kΩ cm2  at 70 and 80 % relative
humidities, respectively. The *Rp value, also calculated from
the LPR technique, is provided in Table-1. The *Rp values,
which were obtained from the LPR technique, are 31400 and
3140 kΩ cm2 at the same RH, respectively. When the relative
humidity increases from 70-80 %, the resistance of epoxy
coatings decreases approximately 8 times. Despite this, the
protection of the metal has not been significantly lost.

   

Fig. 7. Equivalent electrical circuit for defective organic-coated metals.
(a) Rs: solution resistance, Rpf: coating resistance, CEP1: coating
capacitance, (b) Rpo: pore resistance, CPE2: double layer capacitance

It is apparent from Table-1 that the constant phase
element (CPE) values tend to increase as the Rpf value
decreases. This decrease in the CPE can be attributed to the
decrease of the local dielectric constant or to an increase in
the thickness of the electrical double layer24,31.

Nyquist plots of the epoxy-coated galvanized steel sample
that was exposed to SO2 gas for 20 days at 90 % RH are
provided in Fig. 5. There are two capacitive loops observed in
the high and low frequency regions. The high frequency
capacitive loop is related to the coating resistance (Rpf) and
the low frequency capacitive loop is related to the pore resis-
tance (Rpo)32,33.

The related electrochemical equivalent circuit that was
used to model the epoxy-coated galvanized steel/electrolyte
solution interface is shown in Fig. 7(b), where Rs represents
the solution resistance, the Rpf, which corresponds to the first
loop of Nyquists plot and Rpo represents the pore resistance.
Rpo (Rpo = Rct + Rd + Ra) and it includes the charge transfer
resistance (Rct), diffuse layer resistance (Rd) and the accumu-
lated species resistance at the metal/solution interface (Ra).
*Rp represents the polarization resistance. The value of n is
between 0 and 1 (0 ≤ n ≤ 1) which is related to the deviation
from the ideal capacitive behaviour34. The CPE represents a
constant phase element to replace the double-layer capacitance
(Cdl) to provide a more accurate fit to the experimental results35.
The impedance parameters that were obtained by fitting the
EIS data to the equivalent circuit are listed in Table-1. In Table-
1, CPE1 and CPE2 represent the coating capacitance and
double layer capacitance, respectively. The total capacitance
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of the capacitors is equal to the sum of the double-layer and
coating capacitances. During the evaluation of Table-1, the
calculated Rpf value is 628 kΩ cm2 for 20 days, which indicates
more corrosion processes.

In Fig. 6, the Nyquist plot for the epoxy-coated galvanized
steel sample exposed to SO2 gas for 20 days at 100 % relative
humidity is given. As seen in Fig. 6, there are two time constants.
The high frequency capacitive loop is related to the coating
resistance (Rpf). The low frequency capacitive loop is related
to the pore resistance (Rpo)36-38. The Nyquist plots of the epoxy-
coated galvanized steel in SO2 gas at 100 % relative humidity
do not yield the perfect semicircle that is generally attributed
to the frequency dispersion, as well as to the inhomogeneity
of the surface and resistance to mass transport. A slightly
depressed semi-circular shape in the Nyquist plot indicates
that the corrosion of the epoxy-coated galvanized steel is
primarily controlled through a charge transfer process36. It is
known that the anodic dissolution of epoxy-coated galvanized
steel and the cathodic oxygen reduction reactions occur
simultaneously on the metal surface. The diffusion process
may either be due to the transportation of corrosive ions and
soluble corrosion products at the metal/solution interface or
to the diffusion of dissolved oxygen to the surface of the coated
galvanized steel39. However, the latter is more probable. The
values of the resistance and capacitance, as determined from
the Nyquist plots for the equivalent circuit, are given in Table-
1. It is evidenced in Table-1 that the calculated film resistance
of the epoxy-coated galvanized steel reduced to 8.4 kΩ cm2 at
100 % RH. The Rp (*Rp) values, also calculated from the LPR
technique, are given Table-1. The LPR technique was used
for Rp, which is more or less confirmed the EIS results.

After accelerated corrosion tests two types of coated areas
were distinguished, specifically, the areas of intact coating at
70 and 80 % RH and the areas of defective coating at 90 and
100 % RH, where the corrosion occurs. The former produce
impedance plots that have a single time constant and the latter
have two-time constants. These two types of areas represent
stages on the continuum of coating degradation14. The Rpf value
was less than 150 kΩ cm2 only at 100 % RH. Rpf is only 8.4
kΩ cm2. This means that the epoxy coating was undamaged
under 70 and 80 % RH. It was degraded at 90 and 100 % RH
in the presence of coating defects that facilitate corrosion under
the film. Furthermore, because the values for n are small for
these relative humidities, a diffusional or dispersive impedance
response is dominant. The diffusional impedance may arise
from the barrier preventing metal ion movement outwards or
oxygen diffusion inwards, which is provided by corrosion
products on the corroding metal surface. This diffusional
control modifies the impedance response of the corroion
reaction, e.g., the charge transfer resistance and double layer
capacitance.

The representative anodic polarization curves of the
epoxy-coated galvanized steel that was exposed to SO2 gas
for 20 days at different relative humidities (70, 80, 90 and 100
%) are shown in Fig. 8.

Fig. 8. Anodic polarization curves of epoxy-coated galvanized steels after
exposure to a SO2 gas for 20 days at relative humidities of 70 %
( ), 80 % (o),  90 % ( ) and 100 % (*)

As clearly seen in Fig. 8, an increase in the anodic disso-
lution of metal would be expected with increasing relative
humidities. The corrosion current density, as well as the
corrosion rate of the coating, increased considerably with
humidity. These results are indicative of the presence of some
defects with the corrosion process on the coating. The anodic
current-potential curves (Fig. 8), which give rise to parallel
lines, indicate that the change in relative humidity does not
modify the anodic dissolution mechanism of the metal. How-
ever, there is not an absolute shift in the corrosion potential to
either more anodic or more cathodic potentials in response to
different relative humidities. These results indicate that the
corrosion current density depends on the humidity. The current
density increased slightly when the relative humidity changed
from 70-90 %. The current density was further increased after
the relative humidity was increased to 100 %.

Conclusion

The effect of sulfur dioxide on the atmospheric corrosion
of epoxy-coated galvanized steel at different relative humidity
was studied using electrochemical impedance spectroscopy,
linear polarization resistance and current-potential measure-
ments. From the obtained results, the following points can be
emphasized: After exposure to SO2 gas for 20 days in a test
cell, the epoxy-coated specimens experienced corrosion and
the corrosion process is confirmed through localized imped-
ance measurements. Epoxy-coated galvanized steel provides
effective protection from corrosion under lower relative humidity
(less than 90 % RH) atmospheric conditions with SO2 gas.

TABLE-1 
FITTING PARAMETERS CPE1, Rpf, CPE2, Rpo AND n FOR THE EPOXY COATING AT 70-100 % RELATIVE HUMIDITY 

Relative humidity (%) (LPR) *RP (kΩ cm2) Rpf (kΩ cm2) Rpo (kΩ cm2) CPE1 (F cm-2) CPE2 (F cm-2) n1 n2 

70 31400 20954 – 1.82 × 10-9 – 0.89 – 
80 3140 2563 – 5.19 × 10-9 – 0.65 – 
90 785 628 251 9.49 × 10-9 1.28 × 10-5 0.70 0.50 

100 16 8.4 9.5 4.70 × 10-7 8.99 × 10-5 0.58 0.45 
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The experimental data were fitted using the ZView program
and appropriate values for each equivalent circuit element have
been identified for epoxy-coated galvanized steel after exposure
to SO2 gas in atmospheric corrosion tests. According to the
EIS results, the resistance of the epoxy-coated galvanized steel
was observed to decrease more under 100 % relative humidity.
When the relative humidities were changed from 70-100 %,
the radius of the semicircle decreased. This was confirmed
with linear polarization resistance method. As shown in the
Tafel curves, the current density values were increased with
increasing relative humidity. Atmospheric conditions with
higher relative humidity and SO2 gas accelerated the damage
and corrosion rate of the epoxy-coated galvanized steel.
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