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The degradation of organic-inorganic hybrid materials based on epoxy resin was characterized electrochemically in aggressive
chemical electrolyte. In the present study, the hybrid material as primer was prepared from epoxy resin pigmented by zinc phos-
phate cured with polyamide (EPZ). The hybrid material was coated on mild steel substrate, and the corrosion behavior was studied
by electrode-potential time measurements and mainly by electrochemical impedance spectroscopy (EIS) in 5% NaCl solution.
The impedance parameters, namely, coating capacitance (Cc), pore resistance (Rpo), charge transfer resistance (Rt), double layer
capacitance (Cd1), and break point frequency ( fb), corresponding to 45◦ phase angle as a function of time of exposure were
estimated. The observed impedance behavior were compared with the established equivalent electrical circuit represents the coated
metal/electrolyte interface. Changes in the values of the circuit components given the information on the stages of degradation and
physical phenomenon occurring throughout the degradation of primer coating were also been predicted. In addition, information
related to the porous nature of the primer, limited passivation effect, and delamination of coating with longer exposure that
resulted in the diffusion controlled corrosion of metal are also recognized. Thus, results indicate that the EPZ coating had good
corrosion resistance. This could be a nonpolluting alternative to the traditional chromate like environmentally harmful coatings.

1. Introduction

Epoxy coatings, generally crosslinked with amines or poly-
amides, are widely used as heavy duty moisture and chemical
resistance, well adhesion, and corrosion-resistive coatings
and lining in various environments, since they create a
three dimensional protective network [1]. The mechanism
by which a polymer coating protects a metal substrate against
corrosion is of greater interest. The coating serves as a mass
transport barrier to the substrate, but this role does not
describe completely the phenomenona that are observed in
some systems. Though epoxy resins have been widely des-
cribed for various coating applications with progress of time,
water, oxygen, and ions penetrate the coating, which initiates
corrosion at metal-coating interface [2, 3]. This penetration
of species may occur either by diffusion through the polymer
or more likely by ingress at local defects. Pigments can
be added to organic coatings in order to improve their
protection capabilities. The pigments might protect by

physicochemical (barrier mechanism), electrochemical, or
ion-exchange mechanism [4]. Anticorrosive primers are
generally applied directly on metal substrate to protect
against corrosion as a second line of defense. Thus the study
of anticorrosive behavior of primer is essential to know about
the changes taking place in the paint film and corrosion
reaction at metal-coating interface.

In this work, a commercial zinc phosphate was incorpo-
rated into epoxy-polyamide matrix in order to evaluate the
contribution of this pigment to the protection properties of
an epoxy-polyamide coating. Zinc phosphate is a well-known
pigment that shows anticorrosion properties by forming a
protective layer when in contact with iron ions of mild steel.
In addition the zinc phosphate composite films to act as a
protective coating for mild steel are feasible and might be
advantageous in the replacing of the conventional system
of phosphatized layers on mild steel that was recognized
by many researchers [5–8]. Besides, conversion treatments
such as phosphatization and chromatization face restrictions
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due to their toxicity and due to environmental concerns.
Improving the homogeneity of pigment distribution within
the epoxy-polyamide film and its surface would probably
enhance its protective action.

Maintain a good coating performance; it is very impor-
tant to detect the performance of coatings in corrosion
environments [9]. Electrochemical impedance spectroscopy
(EIS) has established itself as a primary method of evalu-
ating the performance and degradation process of organic
coating systems [10–14]. Its advantages over conventional
DC techniques are well documented [5–11]. By analyzing
the impedance spectra, some important parameters might
be obtained such as coating resistance, coating capacitance,
electrochemical reaction resistance, and double-layer capac-
itance, which provide the evaluation of the coating systems
[15, 16]. The high-frequency impedance behavior represents
the coating characteristics and that of low-frequency part of
impedance represents the corrosion reactions occurring at
the bottom of the pores of the coating [17–19]. Generally,
the coatings with resistance over 108 Ω cm2 provide good
corrosion protection, while those with resistance under
106 Ω cm2 provide poor corrosion protection [20]. Macedo
et al. [21] recently studied the performance of epoxy, alkyd,
and polyurethane paints by EIS, pointing out that although
EIS is an excellent tool to monitor the behavior of organic
coatings, a deeper understanding of the electrolyte/paint
film interactions is absolutely essential to perfectly analyze
the impedance data. In addition, because the relatively
long testing time and the complicated spectrum analysis,
EIS methods are mainly applied in laboratory studies.
Some authors studied fast evaluation methods for coating
performance by EIS, trying to find the parameters which
reflected the coating performance and can be obtained
quickly, in order to avoid the complicated spectrum analysis.

EIS has also been used to study the performance of thick
coatings with or without pigments and to elucidate degra-
dation mechanism either by studies about defective areas in
coatings or studying the anodic and cathodic sites separately
[22–26]. From these investigations useful information has
been obtained for the formation of corrosion under a
defective coating on the diffusion limitations and on the
pathways for ionic conduction between anodic and cathodic
sites. In spite of large number of articles published on the
use of EIS to characterize organic coatings, measurement of
setup and analyzing the procedure still needs further optimi-
zation of its wide acceptance by manufactures and users.

EIS analysis and prediction of long-term behavior of
translucent pigmented and unpigmented epoxy and conven-
tional epoxy-polyamide system with varying coating thick-
ness have been reported by Scully [22]. The pigments used
were mostly quartz to study its effect on the deterioration
of coating using Bode plots, open-circuit potential, and low-
frequency impedance. The anticorrosion behavior of dif-
ferent inorganic pigments in epoxy-polyamide [3], degrad-
ation of epoxy coating with artificial defect [27, 28], and
chemical degradation of novolac coatings [29] has been
analyzed by EIS to obtain information on the corrosion pro-
tection. Epoxies represent perhaps the best combination of
corrosion resistance and mechanical properties, when they

Table 1: Composition of zinc phosphate containing epoxy-poly-
amide hybrid primer.

Composition Amount (% wt)

PACK A (for 100 gm)

Epoxy resin 34.60

Red oxide of iron 5.70

Zinc phosphate 17.15

Silica/asbestine 10.75

Toluene, MIBK, and butanol (in ratio
of (1: 1: 1))

20.25

PACK B

Polyamide 11.55

are crosslinked notably with suitable amines or polyamides
[1, 6]. The coating characteristics are modified in the pre-
sence of pigments, fillers, and solvent.

Thus, the study of such coatings in terms of their imped-
ance response can provide better insight into the mechanism
of corrosion protection and can be useful in the prediction
of long-term protection behavior. In the present study, the
EIS measurement was carried out on steel coated with
zinc phosphate-pigmented epoxy-polyamide primer (EPZ)
in 5% NaCl in the frequency range 100 KHz to 10 Hz. The
impedance data over 100 days of exposure has been analyzed
in terms of both Nyquist and Bode plots. In addition to the
EIS studies, EPZ coating was also evaluated by potential-time
measurement over 100 days of exposure. The time depend-
ence of Cc, Cdl, Rpo, Rt, fb, and Eoc has been estimated to
show a relationship with the observed degradation of coat-
ing.

2. Experimental Details

2.1. Preparation of Steel Surfaces. Cold rolled mild steel hav-
ing the composition Carbon: 0.05%, Phosphorous: 0.025%,
Sulphur: 0.14%, Silicon: 0.03%, Manganese: 0.013%, and
rest of iron was selected for the study. The dimensions of
specimens 150 mm × 100 mm × 2 mm were cut from the
rod after making into slices and adopted the posttreatment,
and evaluations were off with AR-grade chemicals. The
posttreated specimens were mechanically polished with 4/0
emery paper successively and dipped in 5% NaOH solution
for 2 min to activate the surface [30]. Activated specimens
were cleaned with cleaning powder to remove the black
colored smudge formed over the surface and were washed
thoroughly with running water and dipped in conc. HNO3

solution for 60 seconds. The specimens were then washed
with distilled water and used for coating of epoxy hybrid
protective material. The panels were degreased with sulphur
free toluene and dried before application of paint.

2.2. Preparation of Epoxy Hybrid Material and Coated Speci-
mens. The composition of the epoxy-polyamide containing
zinc phosphate is given in Table 1. The zinc phosphate-pig-
mented epoxy consists of one pack, and the other pack
consists of polyamide curing agent. The ratio of the epoxy
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in pack A to polyamide as curing agent in pack B was kept
as 3 : 1. Both packs were mixed and stirred to uniform con-
sistency and made a hybrid-coating material called zinc
phosphate epoxy-polyamide (EPZ). Two coats of EPZ were
applied on activated mild steel specimen by conventional
spraying. The second coat was applied after 24 hours of appli-
cation of the first coat. The specimens having an average film
thickness of 70± 5 μm were measured using Elcometer thick-
ness meter and were selected for exposure into the aggres-
sive aerated 5% NaCl solution.

2.3. Evaluation of Corrosion-Resistant Property. The EPZ-
coated specimens were made as working electrode over
which specially arranged cylindrical glass tube of 7 cm length
was fixed with epoxy adhesive leaving an exposed area of
1 cm2 reported [31]. The cell was filled with 5% NaCl
solution up to 5 cm length of glass tube; addition of demin-
eralized water made the evaporation loss of electrolyte. Pre-
treated followed by EPZ-coated mild steel was used as work-
ing electrode in the conventional three electrode assemb-
ly having platinum foil as counter electrode and saturated
calomel electrode (SCE) as reference electrode.

Corrosion resistance property of EPZ-coated specimens
was evaluated through electrochemical impedance spec-
troscopy (EIS) and potential-time as open-circuit potential
(Eoc) measurements in aerated 5% NaCl. The EIS measure-
ment was carried out by using EG & G PAR model 638
impedance measurement systems, which consisted of model
173 potentiostat, model 6310 lock-in analyzer. The EIS mea-
surement was carried out at the impressed open-circuit
potential in aqueous 5% NaCl solution with 15-minute inter-
val to reach steady-state potential for each measurement.
The frequency range of each measurement was varied from
100 kHz to 10 Hz using an AC excitation potential of 10 mV.
The analysis of the impedance spectra was done by fitting
the experimental results to equivalent circuits using the
nonlinear least square fitting Z-view software from Scribner
Associates. The quality of fitting to equivalent circuit was
judged firstly by the chi-square value (χ2, that is, the sum
of the square of the differences between theoretical and
experimental points) and secondly by limiting the relative
error in the value of each element in the equivalent circuit
to 5% [32]. All impedance measurements were carried out
by triplicate in a Faraday cage in order to minimize external
interference on the system studied.

Change in potential of EPZ-coated specimens was
noticed during different time intervals over 100 days of
exposure in 5% NaCl under open-air atmosphere. Electronic
multimeter Philips model PM 2518 was employed to moni-
tor the potential change against saturated calomel electrode
(SCE). This measurement was taken to discuss about the
correlation between the corrosion potential of the coating,
and real behavior of the system was documented in the litera-
ture [29, 33].

3. Results and Discussion

Impedance behavior of mild steel coated with EPZ was
studied about 100 days of exposure in 5% NaCl in open-air

atmosphere. The results were analyzed in terms of both the
Nyquist and Bode plots. From the shape of the impedance
plots, three stages of degradation were identified, that is,
the stage between 0–5 days, 10–30 days, and beyond up to
100 days. The first stage shows one time constant, the sec-
ond two-time constants, and the third a predominantly dif-
fusion controlled process. So the results are analyzed taking
into consideration the representative curves of each stage.
In case of one semicircle in the Nyquist plot, the Rpo has
been estimated from its diameter. With two semicircles, the
diameter of the high-frequency semicircle represented Rpo

and that of lower frequency Rt . The coating capacitance
(Cc) was estimated from the Fmax, frequency maxima of the
semicircle of the Nyquist plot at which reactive component
reaches a maximum and using the relationship [34]:

Cc = 1

2π
(
Fmax · Rpo

) . (1)

3.1. Stage I: one Time Constant Process. Evolutions of the
electrochemical behavior of epoxy-polyamide-coated spec-
imens were clearly indicated by the EIS. In the first hours
after immersion, the impedance diagram is highly capacitive,
exhibiting the phase shift of 90◦ over wide frequencies. The
Nyquist and Bode plots of EPZ-coated steel in 5% NaCl
for selected period are shown in Figure 1. A semicircular
plot corresponding to one time constant is seen between 1
hour and 5 days (Figure 1(a)) which represents an equivalent
circuit as in Figure 2(a) evident from earlier [35]. The
resistance RΩ is the resistance of the electrolyte. It was
accepted [36] that the value of coating resistance, Rct, is the
best for the measurement of coating degradation, where it
can be found from semicircle diameter of the Nyquist plot
and shows very high capacitive and resistive values. The
Bode magnitude (Figure 1(b)) plot also reflects a combina-
tion of capacitive (frequency-dependent region in high
frequency) and resistive (frequency-independent region in
low frequency) behaviors. The phase angle (Figure 1(c))
shows a gradual shift from −90 to 0 degrees while moving
from high to low frequency. This further indicates a porous
nature of coating and water penetration in the film on expo-
sure to electrolyte [34].

3.2. Stage II: Two-Time-Constant Process. Typical Nyquist
and Bode plots between 10 AND30 days of exposure in 5%
NaCl are shown in Figure 3. Almost two clearly resolved
semicircles showing a two time constant process is seen from
the Nyquist plot (Figure 3(a)) with an indication about the
degradation of epoxy coating and an interaction between
steel surface and solution [35]. One due to Cc and Rpo for the
high frequency indicating the properties of coating and the
other due to Cdl and Rt for the low frequency reflecting the
properties of the metal-electrolyte interaction or corrosion
reaction at the metal surface. Figure 3(b) shows the Bode-
magnitude plot with two frequency-independent regions,
and Figure 3(c) also confirms degradation of coating with
the phase angle shifting from −90◦ degree at higher fre-
quency towards 0 in the frequency range of 100 Hz showing
coating characteristics which indicated the degradation of
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Figure 1: Typical (a) Nyquist, ((b) and (c)) Bode plot of EP primer coated steel in 5% NaCl showing one time constant.

the coating. Further drop in phase angle and shifting towards
0 at 0.1 Hz is the consequence of charge transfer reaction
and hence the second time constant. With the elapse of time
the diagram shape changes and two capacitive semicircles
can be observed, which, respectively, correlate to the electric
properties of the organic coating and the faradic process at
the substrate [37]. Conversely, a continuous decrease in the
impedance values for the films is observed at all times. The
equivalent electrical circuit as in Figure 2(b) can represent
impedance response of this type.

Analysis of the impedance spectra in terms of the
equivalent circuit Figure 2(b) allowed for the parameters Cc

and Rpo to be determined. Changes in the magnitudes of
these parameters as a function of their exposure time to the
test solution are given in Table 2. The capacitance of the
coating Cc does not change significantly, and only a variation
in Cc values with longer time was found for the specimens
exhibited by a significant delamination of the coating. Hence,

analysis of Cc values is not a sensitive procedure to establish
the occurrence of delamination of coatings during shorter
time of exposure.

The coating resistance values Rpo of the coating against
time of immersion are presented in Table 2. A continuous
decrease of Rpo values with the elapsed time is clearly
observed and is smaller than 108 ohms even shortly after
immersion of the specimen in the test solution. This trend
clearly indicates that the metal substrate is not much effect-
ively isolated from the aggressive environment. Thus protec-
tion of the metal requires a thicker coating to be applied over
than 200 μm. A similar observation was also reported with
epoxy-polyamide with 100 μm to 500 μm coatings exposed
in 3% NaCl solution in earlier [37].

Visual observation on the 10th day showed the develop-
ment of a brown spot at one place but no visual rupture of
film or corrosion product. There has been varying opinion
regarding the separation of two semicircles in the Nyquist
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Table 2: Equivalent circuit parameters of EPZ primer-coated steel in 5% NaCl.

Exposure duration
(∗hour/days)

Rpo (107, ohms) Rt (106, ohms) Cc (10−9, Faraday) Cdl (10−7, Faraday) Rt/Rpo Tm/T f

∗1 5.6 5.26 8.50 1.096 0.094 1.21

1 2.65 3.12 8.00 1.855 0.118 2.73

5 2.14 1.92 7.10 3.016 0.089 3.81

10 0.05 0.63 7.50 9.176 1.260 144.53

15 0.204 1.35 7.60 4.289 0.662 36.19

25 0.152 0.098 7.93 98.27 0.064 80.25

30 0.082 0.062 9.00 936.90 0.076 830.00

55 0.027 0.038 35.02 542.34 0.141 219.25

80 0.0033 0.023 40.12 257.30 0.697 455.23

100 0.0003 0.0058 43.00 996.50 1.933 4446.15

Cc

RΩ

Rpo

(a)

Cc

Cdl

RΩ

Rpo

Rt

(b)

Cc

CdlRΩ

Rpo

Rt

(c)

Figure 2: Equivalent electrical circuit representing coated metal-
electrolyte interface. (a) Intact coating, (b) without and (c) with
Warburg impedance.

plot [34, 38]. The complex plane plot obtained in this study
is made up of two semicircles with time constants (units in
seconds) for the paint film Tf and for metal Tm as given by:

Tf = Cc · Rpo, Tm = RtCdl. (2)

The circuit parameters and the time constants calculated
during the period of 10–30 days (stage II) are given in
Table 2. They are in almost in agreement with the criteria for
the separation of two semicircles reviewed by Ramesh et al.
[29] as follows:

0.2 ≤
(

Rt

Rpo

)
≤ 5;

Tm

Tf
≥ 20. (3)

Further in this system, the Tm was much higher than Tf

(Tm �> Tf ), which had a condition given for observation
of two distinguished semicircle in the Nyquist plot [39].
The circuit parameters were estimated using the equivalent
circuit model as given in Figure 1(b). Thus, the second semi-
circle undoubtedly represented the charge transfer reaction
at coating-metal interface [35].

3.3. Stage III: With Warburg Impedance. Second semicircle of
the Nyquist plot shown in Figure 3(a) gradually changed to
a tail with an angle of inclination to real axis but the first
semicircle still continues after 30 days. During this period
2 to 3 small brown spots developed and in the initial spot
the coating was damaged and corrosion was visible along the
periphery of damaged coating. Thereafter, the floating of rust
particles was seen in the electrolytic solution. Representative
Nyquist and Bode plots for 80 and 100 days are shown in
Figure 4. The Nyquist plot shows a high frequency semicircle
and a tail in the low frequency with an angle of inclination
of nearly 45◦ at lower frequency. The Bode-phase plot
(Figure 4(c)) shows limited capacitive characteristic but fre-
quency independent impedance is seen in the low frequency
range. It can be seen that the phase angle shifts towards
−40◦ in the corresponding low frequency range. This type
of characteristics pertains to the diffusion controlled process
with mass transfer [34, 39, 40] and can be modeled in terms
of equivalent circuit as in Figure 2(c) shows the Randles cir-
cuit. The elements used in this EC, an excessive with W ,
Warburg impedance, that is given by [35]

W = [σω]−1/2(1− j
)
, (4)

where j = imaginary number, σ = Warburg coefficient, ω =
2π f is the angular frequency, and f = frequency.
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Figure 3: (a) Nyquist ((b) and (c)) and Bode plots for EPZ primer-coated steel in 5% NaCl showing two time constants.

The Randless circuit is used when the corrosion is con-
trolled by a diffusion process with diffusion of reactant and/
or products to the interface. For diffusion-controlled process
the impedance is given by [41],

Zo =
[

tan B
(
jω
)1/2

]

Yo
(
jω
)1/2 , (5)

where B = l/(D)1/2−D is the diffusion coefficient, l is the dif-

fusion layer thickness, and Yo = (σ (2)1/2)
−1

.
The variation of Cc, Rpo, and Rt of EPZ coating during

different period of exposure is shown in Figure 5. The Cc

nearly remains unchanged up to 25 days after a slight initial
fluctuation up to 5 days. It suddenly increases after 30
days, which reflects a deterioration of coating. The other
parameter Rt gives an indication about corrosion process at
steel surface. This can be used to study the effectiveness of
coatings in the protection of metals. Figure 5 also reflects
the changes of Rt values slowly during initial exposure and
attains a minimum after 10 days and further increases up to

15 days. Thereafter, it slowly decreases until 30 days followed
by decreases as fasts about 100 days of exposure due to the
penetration of solution between the coating and steel sur-
face. This penetration can be passed through breakdown sites
of the coating [28]. The Rt increases between 10 and 15 days
of exposure indicating the protection of steel by the forma-
tion of corrosion products, and thereafter it decreases by
penetration of electrolyte. After 30 days of exposure, appear-
ance of a depressed semicircle tail in the Nyquist plot indi-
cates the presence of Warburg-type impedance- and a sharp
increase in Cc beyond this period indicates the deterioration
of primer coating. It was not possible to estimate Rt beyond
30 days, which was masked by low-frequency tail or due to
severely interacting time constants [37, 41, 42].

3.4. Break Point Frequency. Degradation of the coated spec-
imens was first investigated by means of the break-point
frequency method proposed by Haruyama et al. [19]. In this
method, values of a characteristic breakdown frequency fb
are determined experimentally from the impedance spectra
as they are related to the delaminated area in the initial stage
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Figure 4: (a) Nyquist and ((b) and (c)) Bode plots of EPZ primer coated steel in 5% NaCl showing diffusion process.
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Figure 5: Time dependence of Cc, Rpo/Rt of EPZ coated steel in 5%
NaCl.

of delamination. This characteristic breakdown frequency
fb is the frequency corresponding to 45◦ phase angle in

capacitive-resistive region which has also been used by Scully
et al. [22–24] and Mansfeld [41] to study the electrochemi-
cally active area of coated metal in corrosive environment.

The time dependence of fb is quite sensitive method to
the development of localized low-resistive defects, delamina-
tion, and also actively corroding areas, and hence it is a good
predictive parameter for long-term coating performance.
The variation of fb for EPZ primer-coated steel is plotted
against the time of immersion and is shown in Figure 6. Since
the break-point frequency is related to the delaminated area
[19]. The fb shows minor changes between 1 and 5 days
and then suddenly shifts to higher frequency at 10 days fol-
lowed by a reverse at 15 days. Its shift to high frequency is
prominent after 30 days. The shift of fb to higher values with
increased exposure duration was interpreted as an increase
due to the delaminated area or on the thickness of the coated
film [37]. The shift of fb to low frequency was followed by
an increase in Rpo and to high frequency by a decrease in
Rpo. The improvement in the coating behavior and the del-
amination was clearly reflected in terms of shift of fb to
low or high frequencies, respectively [22, 23]. The visual
observation of a brown spot on the 10th day in the coating
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was reflected in the impedance behavior in terms of decrease
in Rpo, appearance of Rt (second semicircle), and sudden
drop in Eoc to more negative value shown in Figure 7. This
was possible due to the creation of local defect in the coat-
ing on exposure to electrolyte. But the spreading of damage
was restricted due to the presence of zinc phosphate anti-
corrosive pigment, which passivates the metal, and blocking
of microspores of the primer coating takes place [43]. This
was further supported by an increase in Rt and Rpo between
10 and 15 days. Further a slower rate of damage of coating
takes place up to 30 days followed by delamination beyond
it. During this period, the shift of fb to higher frequency
indicates an increase in the corroding area. The passivation
effect was limited due to the low concentration of pigment
used and high chloride ion concentration of electrolyte [44].

Trend in Figure 6 qualitatively represents the time
course of degradation of the coated material. It is seen in
Figure 6 that the rate of delamination of the coated speci-
men increases steeply after 30 days for the remaining expo-
sure time. At that stage, the occurrence of delamination could
be discriminated by visual observation. The values of the
break-point frequencies are also found to vary little with
time, showing a characteristic small increase at early expo-
sure times which is followed by a slow decay to reach a rather
stationary value at sufficiently longer exposure times. This
behavior is characteristic for a coated system which effect-
ively protects the metal substrates from the aggressive envi-
ronment [37].

Many workers have stressed the proper analysis of the
Nyquist plots. Alternative fitting procedure of curves, con-
stant phase element [27, 45], and most probable equivalent
circuit concept have been developed and used for accurate
determination of impedance parameters which was used for
predicting long-term performance taking into account the
complex nature of impedance curves involved in different
systems. In this study, impedance parameters could be
determined using typical equivalent circuit as in Figure 2 for
different stages of degradation. It is important to mention
that the visual observation of coatings (on set of degradation,
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Figure 7: Time dependence of Eoc of EPZ-coated steel in 5% NaCl.

corrosion) and corresponding shapes of the Nyquist plots
were showing close resemblance.

Duplicate sets (triplicates) of experiments were carried
out. The similar three stages (namely, one time constant, two
time constant, and diffusion controlled) of degradation, and
initial decrease and further increased were also visualized.
However, the exact exposure period during which these
stages appeared was varying. This is possible because of the
variation of coating thickness, uniformity of pigments, and
crosslinking of epoxy polymer coating. Further the degrada-
tion mechanism of the polymer coating is dependent on the
metal characteristics, the application limitations, polymer
properties, and aggressive environment of exposure. Con-
ventional spraying-coated panels used in this study and no
further finishing touches were given keeping in view the
practical conditions. Hence it will not be worth to index this
as the performance of epoxy primer in absolute terms, rather
a reflection of degradation pattern under a specified condi-
tion. Nevertheless, the experimental results, in fact, repre-
sented typical simulated curves [34] for different equivalent
circuit for coated metals (intact and deteriorating coatings).
Thus, EIS seems to be an ideal technique for analysis of the
mode of deterioration/degradation of polymer coating and
the corrosion of coated steel.

TheRct andCdl are the two parameters which are normal-
ly used to specify the disbanding of the coatings and the onset
of corrosion at the interface. These parameters decrease the
Rct and increase the capacitances during the first few days,
indicating the entry of electrolyte into the epoxy coating [46].
The Cdl is a measure of an area from which the coatings 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 coating or on the accumulation
of corrosion products during the corrosion processes [47].

In the present work, the Cdl value increase (shown in
Table 2) upon longer duration implies the disbanding of
coatings observed in visual observation. Variation in capa-
citance with immersion time could be induced with water
uptake in coatings. The penetration of Na+ and Cl− ions in
the coatings can also influence the capacitance [48].
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3.5. Potential-Time Measurement. Electrode potential (Eoc)
against exposure time provides a means of estimating the
corrosion tendency of specimens and also supports the EIS
study about the degradation of EPZ coating of this study.
Figure 7 represents the Eoc, of EPZ-coated specimens, plotted
against immersion time. It is clearly marked that the EPZ
hybrid coating exist minimum potential as less negative
during initial period of exposure (i.e., after one day immer-
sion shows −26 mV versus SCE) due to anodic passive effect
[49]. Further a sudden drop between 1 day and 10 days
from −26 mV to −539 mV versus SCE, any negative shift
of Eoc, is explained as due to permeation of moisture or
water through the pores of the films and initiates active cor-
rosion in the metal film interface [50]. In longer duration
the same formulation of coating material which had more
negative potential shift from −539 to −620 mV versus SCE
takes place, which may be owing to the fluctuation of anodic
and cathodic sites.

4. Conclusions

Epoxy coating degradation was observed up to 100 days of
exposure in corrosive 5% NaCl environment at room tem-
perature. Well-controlled EIS experiments of zinc phos-
phate-pigmented coating can provide the detailed mecha-
nistic information on the degradation behavior on coated
steel substrate. Three distinct stages investigated in the
degradation behavior of a zinc phosphate-pigmented epoxy
primer have been presented in this study. Visual observation
of deterioration of primer coating was also reflected in the
shapes of the Nyquist and the Bode plots. The corrosion
of substrate by the ingress of ionic species through coating
increases disbanding between coating and substrate, which
promotes the degradation of coating by the action of
aggressive chemical (5% NaCl) environment.

The passivation effect due to anticorrosive pigment could
be the reason for the improvement in coating characteristics
and diminish the porosity on early stage of exposure but
during longer exposure enhances the porosity and undergoes
the penetration of electrolyte through the coating causing the
deterioration of coating. Coating thickness of the material
coated became thinner; porous nature of the films and high
concentration of Cl− ion being responsible for breakdown of
the coating during the course of longer exposure in aggres-
sive chemical environment was well established and also
supported throughout this study. Thus, results of the present
study indicate that the zinc phosphate-containing epoxy-
polyamide coatings had good corrosion resistance, which
could be an eco-friendly alternate to the traditional conver-
sion coatings.
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