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The influences of cathodic polarization on the failure process of two coatings, an epoxy coating and a
80wt% zinc-rich epoxy coating, on mild steel were studied with the methods of electrochemical
impedance spectroscopy (EIS), scanning electron microscope (SEM) and Fourier transform infrared
spectroscopy (FT-IR), in order to understand the effect of cathodic protection on coating performance.
The application of cathodic polarization at −0.9 VSCE on the epoxy coating increases the extent of
degradation and reduces the protective properties of the coating, which may be attributed to the
strengthened basic environment at the coating/metal interface due to cathodic polarization. While for
the zinc-rich epoxy coating, cathodic polarization at −0.9 VSCE decreases the dissolution rate of the
zinc particles in coating and increases the coating resistance. The activation of zinc particles is delayed
and the cathodic protection time contributed by the zinc particles is prolonged. As the result the
performance of zinc-rich epoxy coating is improved by cathodic polarization.
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1. INTRODUCTION
In marine environments cathodic protection (CP) is frequently combined with organic coatings
to protect metallic structures [1,2]. With such application, the protection current density during CP is
greatly decreased [3], and the performance of the coating system is also extended. However, the
application of CP would generate hydroxyl ions on the cathodic surface, leading to strong alkalinity at
the coating/substrate interface. Alkalization is the predominant reason for cathodic disbonding which
can also be accelerated by the peroxides and free radicals formed by the cathodic reaction [4]. Some
studies have focused on the influence of CP on organic coatings. Compared with the samples without
CP, those coating systems under CP show smaller water diffusion coefficients and a further water
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uptake process after the saturation [2]. Thu [5] found that a solvent-free coating exhibited the best
compatibility with cathodic protection. Elta [6] reported that the application of cathodic protection at
−1.1 V affected the protective properties of the coating, causing the coating resistance to fall, and the
water uptake of the coated specimens was increased as a result of the increasing level of CP. Elta et al.
[7] also studied the effects of CP on the mobility of Na+, Ca2+, and K+ cations through the coating. The
migration of these cations was shown to increase in the order Ca2+ < Na+ < K+ and the deterioration of
the coating was found to increase in the same order.
Zinc- rich paints (ZRPs) are widely used primers with active pigments in which zinc particles
are electrochemically more active than steel substrate and provide cathodic protection for the substrate
[8]. On the other hand, applied cathodic protection is widely used in marine engineering. In some cases
both ZRPs and applied cathodic protection are applied in order to obtain better protection for steel
structures and ships [9,10]. However, there were few studies reporting the influence of cathodic
protection on primers with active pigments which can provide cathodic protection for the substrate by
themselves. In this paper, the effect of cathodic protection on the failure of a zinc-rich paint is
investigated.

2. EXPERIMENTAL
2.1. Materials and samples preparation
Q235 carbon steel was cut into the size of 150×70×2 mm. The samples were ground using SiC
abrasive paper up to 120 grit. The steel substrate was washed in distilled water and acetone in turn,
then dried in air. The details of the formulation, experimental condition and thickness of four different
samples examined in this study are listed in Table 1. The coatings were applied on the panels by
manual brushing. Samples C and D were coated with a zinc-rich epoxy paint (881-X) that was
obtained from Beijing BIAM New Materials Co and zinc represents 80 wt% on dry film. Samples
named A and B were coated with epoxy coating which was a two component commercial epoxypolyurethane (KFH-01) from Goldfish paint factory, Shijiazhuang, China.

2.2. Experimental condition
Two different continuous immersion conditions were chosen: open circuit potential (OCP) for
samples A and C, and cathodic polarization (CP) at the potential of −0.9 VSCE by a potentiostat for
samples B and D. The potential of −0.9 VSCE was selected because this potential is frequently applied
for cathodic protection of carbon steels. The samples were immersed in 3.5 wt% NaCl solution (pH =
7) which was open to the air and renewed every two weeks. The reference electrode was a saturated
calomel electrode and the counter electrode was graphite. For the EIS and open circuit potential (EOCP)
experiments, the measurements were carried out 15 min after the samples were removed from the
cathodic polarization state.
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Table 1. Thickness of the coatings and the testing conditions
Sample

Coating

Thickness / μm

Experimental condition

A
B
C
D

Epoxy coating
Epoxy coating
ZRP
ZRP

60 ± 5
60 ± 5
120 ± 5
120 ± 5

Without CP
CP
Without CP
CP

2.3. Measurements
Electrochemical impedance measurements were carried out in 3.5 wt% NaCl solution with a
PARSTAT 2273 system, over the frequency range from 100 kHz to 0.01 Hz at open circuit potential
with a 10 mV potential perturbation. The exposed working area was about 10 cm2. A three-electrode
arrangement was used, consisting of a saturated calomel electrode (SCE) as reference electrode, a
platinum electrode as counter electrode, and a coated sample as the working electrode. Fitting of the
impedance spectra was made using ZSimpWin software. To obtain more precise fitting results, the
capacitive responses were fitted by constant phase elements, Q, whose impedance is defined as
1
, in which YD is the CPE constant, j =√-1, f is the frequency (Hz) and the exponent n
ZQ 
YD ( j 2 f ) n
=α/(π/2), α being the phase angle of the CPE (radians). The E OCP of sample D was measured in
following way: a cathodic potential of -0.9 VSCE was applied to the sample. At different time, the
applied potential was removed and the open circuit potential was measured after 30 min. Then the
cathodic polarization was applied again.
The epoxy coating sample and the ZRP sample were immersed in 3.5 wt% NaCl solution for 30
days and 47 days respectively. After immersion the coatings were peeled off from the substrate and a
Hitachi S4700 field emission scanning electron microscope was used to characterize the back
morphology of the coatings. The operating potential of the field emission source was 20 kV. The
samples were coated with gold to preclude the charging effect during measurement. A Fourier
transform infrared spectrophotometer (FT-IR, TENSOR-27, Germany) was used to analyze the
structure variation of the coatings. The spectral resolution was 4 cm-1, and the number of the scans was
30. X-ray photoelectron spectroscopy (XPS) was used to analyze the substrate surface after the epoxy
coating was removed from the steel substrate. XPS measurements were performed using an
ESCALAB250 instrument with a monochromatized Al Kα line (1486 eV) as the excitation source. All
the binding energy values were calibrated according to C 1s peak at 285 eV. The narrow scan spectra
were fitted with XPSPEAK 4.1 software.
3. RESULTS AND DISCUSSION
3.1. SEM observation
Fig. 1 shows the back morphology of the epoxy coating after immersion with or without CP.
For the epoxy coating with CP holes are seen (Fig. 1a) while no visible holes can be found in the
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epoxy coating without CP (Fig. 1b). Cathodic polarization may lead the cathodic surface to become
alkaline by oxygen reduction: 2H2O+O2+4e→4OH-.

A

B
Figure 1. Back morphology of the epoxy coating after 30 days of immersion in 3.5% NaCl solution,
(a) Under cathodic polarization, (b) At open circuit potential

Previous research has proved that the strong alkalinity and radicals could cause hydrolysis of
the coating itself, resulting in depolymerization [11].

A
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B
Figure 2. Back morphology of the zinc-rich paint after 47 days of immersion in 3.5% NaCl solution,
(a) Under cathodic polarization, (b) At open circuit potential

Hence the cross-linked structure in sample B would be damaged by CP. Fig. 2 shows the back
morphology of the ZRP with and without CP. No obvious hole appears in the two samples. This may
be explained by the good electrical conductivity between the zinc particles in ZRP and the substrate
[12], which leads part of the oxygen reduction taking place on the zinc particles [13]. Hence the
alkalinity on the steel substrate is decreased, meanwhile the pores or defects may be blocked by the
corrosion products of zinc particles [14]. Hence the cross-linked structure in the ZRP is not
significantly influenced by cathodic protection.

3.2 .XPS analysis of the epoxy coating samples
After immersion for 30 days in 3.5 wt.% NaCl solution, the coating was peeled off from the
sample surface and the substrate surface was analyzed with XPS. As shown in Fig. 3a, two oxidation
states were identified for iron: Fe0 (the metallic substrate) and Fe2+ (Fe2O3). The Fe 2p3/2 peak at 707.0
eV corresponds to iron in metallic state and the binding energy of Fe2+ 2p3/2 is around 710.0 eV [15].
Fig. 3b shows only one oxidation state (Fe2O3), indicating that the oxide film on sample B is thicker.
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Figure 3. Fitted Fe2p3/2 XPS spectra of the steel surface after 30 days of immersion in 3.5% NaCl
solution, (a) Sample A, (b) Sample B

This may be attributed to the strongly alkaline environment on the coating/substrate interface of
sample B.

3.3. EIS measurements
Fig. 4 shows the EIS results of the four samples in 3.5 wt% NaCl solution. In the beginning for
the sample coated with epoxy coating (sample A) the Nyquist plot shows only one capacitive semicircle. However, after 6 h of immersion two semi-circles may be observed clearly (Fig. 4a), indicating
that water and oxygen have reached the substrate surface and the electrochemical reactions at the
metal/coating interface took place [16]. After 72 h of immersion, the Nyquist plot of sample A showed
a tail, which may be explained by the coating barrier performance against the diffusion of corrosion
products from the metal surface towards the coating. Meanwhile the diffusion process may become a
control procedure in Faradaic processes [17]. The low-frequency |Z| value of specimen A decreased
with time, indicating that the protective property of the coating decreased. After longer exposure time,
792 h, the low-frequency |Z| values of sample A decreased to 1×106 Ω cm2 and rusty spots were seen
on the steel surface under the coating, indicating the coating failure on sample A [18]. As shown in
Fig. 4b, the variation trend of the Nyquist plots for sample B is similar to that for sample A. However,
after 456 h of immersion, the low-frequency |Z| values of sample B already decreased to 1×106 Ω cm2,
suggesting the coating failure of sample B. Therefore, above results show that the service life of the
epoxy coating on steel substrate under CP is shorter than that of the epoxy coating without CP
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Figure 4. EIS spectra of the samples after different immersion times in 3.5% NaCl solution, (a)
Sample A, (b) Sample B, (c) Sample C, (d) Sample D

As shown in Fig. 4c, during the initial immersion, the Nyquist plot of ZRP coated steel without
CP showed one semi-circle, which is attributed to the barrier characteristic of the coating. With elapse
of the immersion time, the diameter of the semi-circle decreased gradually and two capacitive semicircles can be observed, which might be explained by the permeation of the electrolyte into the coating
and the activation of zinc particles. After 408 h of immersion, the diameters of the two semi-circles
increased gradually. This phenomenon may be attributed to the improved barrier property of the
primer. The barrier property of the primer would be improved by deposition of the zinc corrosion
products in the primer. However, the cathodic protection of the primer for the substrate would be
weakened by the zinc corrosion products [8]. After 552 h of immersion, the diameters of the two semicircles decreased again, showing the coating protective property decreased. After longer exposure
time, 1296 h, the Nyquist plot of sample C showed several time constants, which could be attributed to
corrosion of the steel substrate, meanwhile coating blisters on sample C were found. For sample D,
during initial immersion, only one time constant was observed in Fig. 4d, which is attributed to the
barrier characteristic of the coating. With the elapse of time, the diameter of the semi-circle decreased
gradually. Different from sample C, the semi-circle diameter of sample D showed no increase during
immersion, indicating that there was no significantly strengthened barrier stage by the deposition of the
zinc corrosion products. After 1632 h of immersion, two semi-circles were observed on the Nyquist
plot and the low-frequency |Z| value of sample D decreased to 1×106 Ω cm2, suggesting the coating
failure.
The EIS spectra can be fitted well using the equivalent circuits (EEC) shown in Fig. 5. During
the first 6 h of immersion the epoxy coating (sample A) exhibited one capacitive loop, indicating the
intact coating at the beginning. However, from 6 h to 168 h, two capacitive loops may be observed and
the EIS spectra of sample A was fitted well using model A (Fig. 5a). The equivalent circuit consists of
the coating capacitance Qc, the coating resistance Rc, the double-layer capacitance Qdl, and the charge-
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transfer resistance Rct. After 168 h of immersion, model A does not ﬁt the EIS data well due to the
accumulation of corrosion products at the metal/coating interface.
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Figure 5. Equivalent electrical circuits for EIS spectra of the coatings immersed in 3.5% NaCl solution

Taking the diffusion process into account, Model B (Fig. 5b), including Warburg resistance W,
provides a good fitting result [19]. During the first 6 hours, the EIS spectra of sample B can be fitted
well using model A. After the beginning period of immersion, the EIS spectra could be explained
using model B. Fig. 6a shows the variations of coating resistance Rc for epoxy coating with immersion
time. In the initial immersion, the epoxy coating resistance Rc decreased rapidly because of penetration
of the electrolyte. Then the Rc value decreased more slowly than before, which might be explained by
the blockage of pores or defects by corrosion products [20]. Compared with sample A, sample B had a
much low coating resistance Rc after the same immersion time. The protection property of the epoxy
coating for sample B was worse than that for sample A. Since there is no pigment in the epoxy coating,
the deterioration of the organic resin might be the main reason for the coating failure. At the
coating/substrate interface, the cathodic protection generated strong alkalinity, which accelerated the
deterioration of the epoxy coating for sample B.
For the initial immersion (6 h -24 h), the EIS spectra of sample C was fitted well using model
A. After the beginning period of immersion, the EIS spectra could be explained in terms of Model C
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(Fig. 5c), in which Cdiff is the diffusion CPE and Rdiff is the diffusion resistance. Meanwhile, Model C
ﬁts the EIS data of sample D well during the entire immersion period.
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Figure 6. The variations of the coating Rc values with time, (a) The epoxy coating with or without CP,
(b) The ZRP with or without CP

In Fig. 6b, the coating resistance Rc values of samples C and D are plotted with the immersion
time. A decrease of Rc value was found in the initial period of immersion. This situation suggests the
permeation of the electrolyte into the coating and the activation of zinc particles [21]. Then, the
coating resistance Rc values decreased more slowly than before, which might be explained by the
blockage of pores or defects by zinc corrosion products. The variation trend of Rc for sample D is
similar to that for sample C, but the Rc value of sample D is higher than that of sample C. It indicates
that the protective property of the ZRP on steel surface with CP is superior to the situation without CP.
Also the lifetime of the ZRP on steel surface with CP was prolonged. Fig. 7 shows the variation of Rct
as a function of immersion time. As the immersion time prolonged, the Rct value of sample C tended to
decrease, indicating the activation of zinc particles. However, a slight increase occurred after 400 h of
immersion, which may be because that the corrosion products of the zinc powders restricted the active

Int. J. Electrochem. Sci., Vol. 9, 2014

6276

areas on the surface of zinc powders. On the other hand, sample D had a higher value of Rct during the
initial immersion and no increase of Rct value occurred during the whole immersion. Therefore，for
the ZRP on the steel substrate under CP, it was difficult for zinc powders to be activated in the initial
immersion and there was no obvious degradation of cathodic protection for zinc powders in the late
immersion period.
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Figure 7. The variations of the obtained Rct values with time for the ZRP with or without CP
3.4. Polarization current and open circuit potential
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Figure 8. The variations of the polarization current density with time for the two coatings under
potentiostatic polarization at -0.9 V, B-epoxy coating, D-ZRP

Fig. 8 shows the variation of the polarization current for the samples with the two different
coatings under cathodic polarization at −0.9 VSCE with time. During testing time, the polarization
current for the epoxy coated sample under cathodic polarization at -0.9 VSCE remained stable negative
value. Before 300 h the polarization current density for the epoxy coated sample was about 0.7 mA/m2.
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Then the polarization current density increased rapidly to 1.1 mA/m2, indicating decrease of the
coating resistance. On the other hand, for the ZRP coated sample, Fig. 8 shows that before 200 h the
polarization current was negative, suggesting that the substrate metal was under protection by the
applied cathodic current. After 200 h, with the elapse of immersion time the polarization current
fluctuated around the level of zero, which might be explained by that the zinc particles began to be
activated and provide cathodic protection for the substrate.
-0.5
C
D

E / VSCE

-0.6
-0.7
-0.8
-0.9
-1.0

0

400

800

1200

1600

t/h

Figure 9. The variations of the EOCP with time for the ZRP coated samples, C-without CP, D-with CP

Fig. 9 shows the variations of the open circuit potential of the samples as a function of
immersion time. The EOCP of sample D presents a trend of fluctuating downward. For sample C, after
the initial period, the EOCP was between -0.86 and -0.90 VSCE before 700 h of immersion, which was a
coupled potential between the activated zinc particles and the steel substrate. During this stage the steel
substrate in sample C was cathodically protected. After about 700 h of immersion, the ZRP on sample
C lost the cathodic protection property gradually. While for sample D, after the initial period the EOCP
was more negative, fluctuated between -0.90 and -0.95 VSCE until 1600 h. Therefore, the cathodic
polarization lead the potential of the steel/zinc particles system to move to the negative direction,
which resulted in decreased dissolution rate of zinc particles and longer cathodic protection time.
Above results indicate that the active time of zinc particles in sample D was extended because of the
applied cathodic current, and the cathodic protection time provided by zinc particles was prolonged.
As the result, the service life of the coating on sample D was longer than that on sample C. The results
are consistent with previous EIS results.
The dissolution of zinc particles is a key factor for the cathodic protection of ZRPs. The zincrich coatings usually have good conductivity in order to cathodically protect the metal substrate. Hence
during immersion, the potential of zinc powders in coating C was a coupled potential with the steel
substrate, which was between -0.86 and -0.90 VSCE according to Fig. 9. When cathodic polarization at 0.90 VSCE was applied on the ZRP coated steel sample, the potential of the system (the substrate plus
ZRP) was also polarized at -0.90 VSCE. Therefore, after the application of polarization the potential of
zinc particles was moved to the negative direction. In this condition, the dissolution rate of zinc
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particles was decreased compared with the situation without applied cathodic polarization [22]. Hence
the dissolution of Zn is slower in Coating D than in Coating C. As the result, coating blister was found
earlier on sample C (1128 h) than on sample D (1632 h).

3.5. FT-IR analysis
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Figure 10. The FT-IR spectra of the two coatings after immersion in 3.5% NaCl solution with or
without CP, (a) The epoxy coating after 30 days of immersion, (b) The ZRP after 47 days of
immersion

The chemical structures of the two coatings after immersion test were analyzed with FT-IR. In
order to make comparison of the individual peak of interests, all spectra were normalized using the C–
H band at 2853 cm-1 [23]. The FT-IR spectra for the epoxy coating and the ZRP after immersion with
or without CP are displayed in Fig. 10. As can be seen from Fig. 10a, comparing with sample A, the
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peak intensities at 1147 cm-1 and 827 cm-1 on sample B decrease. The peak at 1147 cm-1 is the
characteristic of C-O-C while the peak at 827 cm-1 can be assigned to C-H structure of epoxy group.
The reduction of these peaks indicates that under cathodic protection, chain scission and epoxy
hydrolyzation are accelerated. As the result the increase of the hydroxyl (–OH) and C-OH in carboxyl
stretching at 3423 cm-1 and 1453 cm-1 [23,24] may be observed in Fig. 10a. On the other hand, Fig. 10b
shows that after the cathodic polarization test on sample D, the hydroxyl (–OH) and C-OH peaks,
which represent hydrolysis of the epoxy groups, did not show clear change, while the intensities of the
peak at 469 cm-1 and the band at 723 cm -1 decrease, which are identified as ZnO and simonkolleite
[4Zn(OH)2.ZnCl.H2O] respectively [25]. This result suggests that under CP the dissolution rate of zinc
particles in sample D was slower, consistent with previous results. Because the very large surface area
of the zinc particles in the high zinc–rich coating, during cathodic polarization the cathodic current is
distributed on the surface of both the steel and the zinc particles, leading to obviously decreased
cathodic current density. As the result the process of hydrolysis and depolymerization of the coating by
hydroxyl would slow down. In addition, in ZRPs the formation of zinc hydroxide may also decrease
the hydroxyl content to some degree.

4. CONCLUSIONS
(1) The application of cathodic polarization at −0.9 VSCE on the epoxy coating increases the
extent of degradation and reduces the protective properties of epoxy coating, which may be attributed
to the strengthened basic environment at the coating/metal interface due to cathodic polarization.
(2) For 80 wt% zinc-rich epoxy coating, cathodic polarization at −0.9 VSCE decreases the
dissolution rate of the zinc particles in coating and increases the coating resistance. The activation of
zinc particles is delayed and the cathodic protection time contributed by the zinc particles is prolonged.
As the result the performance of the zinc-rich epoxy coating is improved by cathodic polarization.
(3) For 80 wt% zinc-rich epoxy coating, the degradation rate of the coating resin is slower than
that of the epoxy coating. The presence of zinc particles in the coating would decrease the cathodic
current density, reducing the local alkality, and the formation of zinc hydroxide may also decrease the
hydroxyl content to some degree.
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