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Abstract
the anticorrosion performance and durability of zinc coated streel (ZCS) because its increasing use

Considering the continuous exploitation of marine resources, it is very important to study

as reinforcements in seawater. Tafel polarization curves and linear polarization curves combined with
electrochemical impedance spectroscopy (EIS) were employed to evaluate the corrosion performance of
ZCS at Qingdao test station during long-term immersion in seawater. The results indicated that the corrosion
rate of the ZCS increased obviously with immersion time in seawater. The corrosion products that formed on
the zinc coated steel were loose and porous, and were mainly composed of Zn;(OH)Cl,, Zns(OH),(COs3),,
and ZnO. Pitting corrosion occurred on the steel surface in neutral seawater, and the rate of ZCS corrosion
decreased with increasing pH.
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1 INTRODUCTION

Zinc coated steel (ZCS) is one of the most common
materials and has wide applications in automobiles,
marine platforms, port docks, concrete structures, and
the construction industry because of its relatively
higher anti-corrosion performance and lower cost
than those of mild steel (Chen et al., 2006; Nam et al.,
2014). The protection obtained by zinc coating arises
from its barrier and galvanic double protective effects
(Kog et al., 2015). As a coating, it can provide a
barrier effect that completely covers the steel surface
and seals the steel from corrosive environments.
Additionally, zinc is anodic to iron and behaves as a
sacrificial material inhumid and aqueous environments
(Veleva et al., 2009; Hamlaoui et al., 2010; Posner et
al., 2014).

Along with the continuous exploitation of marine
resources, the increasing use of ZCS reinforcements
in concrete structures and other marine constructions
has driven research into the anticorrosion performance

of ZCS subjected to seawater environments. Many
laboratory studies and field exposure experiments on
the atmospheric corrosion of ZCS have been carried
out under different controlled conditions. Cachet et al.
(2001, 2002) demonstrated that there are three parallel
paths of zinc dissolution and three absorbed
intermediates (Zn,y", Zn,**, and ZnOH,,) involved in
the anodic oxidation process. Tsuru (2010) proposed
that zinc ions dissolved from the corrosion products
readsorb onto ZCS and prevent further corrosion of
the steel substrate. In an unpolluted atmosphere, ZnO
and Zn(OH), combined with Zns(CO;),(OH)s were
the most abundant corrosion products. On one hand,
Deslouis et al. (1984) found that a passivation layer,
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mainly composed of ZnO, formed during the corrosion
of zinc in an aerated, neutral 0.5 mol/L Na,SO,
solution. On the other hand, Boshkov (2003) reported
that zinc coatings did not have a passivating effect in
an aerated solution. However, few studies have been
conducted to investigate the anticorrosion
performance of ZCS in seawater environments,
especially for long immersion. In our previous work,
we demonstrated that corrosion products deposited on
the surface of zinc coatings could induce pitting
corrosion and were beneficial to the depolarization of
cathodic reactions. High temperature could accelerate
the corrosion rate of the zinc coating and inhibit the
adsorption of corrosion products (Liu et al., 2012,
2013).

In this work, to obtain a better understanding of the
corrosion performance of ZCS in seawater during
long-term immersion, we investigated the corrosion
behavior of ZCS at Qingdao test station for 180 days.
Tafel polarization curves and linear polarization
curves combined with EIS were measured to study
the electrochemical corrosion behavior of the ZCS.
Morphological and chemical characterization of the
corrosion products were carried out using Fourier
transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), 3D digital microscopy, scanning
electron microscopy (SEM), and energy dispersive
spectroscopy (EDS). It is anticipated that the results
will provide essential insight into the corrosion
mechanism of ZCS in marine environments over long
service times.

2 MATERIAL AND METHOD

2.1 Sample preparation and experimental set-up
for electrochemical tests

The ZCS was purchased from BaoSteel, Shanghai,
China. The chemical composition of the zinc coating
was 0.04 wt% C, 0.2 wt% Mn, 0.01 wt% P, 0.008
wt% S, 0.036 wt% Ti, and the balance Zn. The
thickness of the zinc coating was about 30 um and its
surface was smooth and compact. The ZCS samples
were cleaned with acetone in an ultrasonic bath,
rinsed with double distilled water, and then dried
under a hot air stream. Corrosion experiments were
conducted on electrodes with dimensions of 15 mmx
15 mmx3 mm and cold mounted in epoxy resin to
give a working area of 1 cm?.

The seawater used for electrochemical tests was
taken from Huiquan Bay, Qingdao, China. The
experiment was carried out from December 2013 to
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May 2014. All tests were performed at room
temperature (25+£2°C), and the pH of the seawater
was adjusted with dilute H,SO, or NaOH solution.

The electrochemical corrosion tests were conducted
using a classic three-electrode set-up. A platinum
sheet (2.0 cm?) was used as the counter electrode, a
saturated calomel electrode (SCE) was used as the
reference electrode, and the ZCS working electrode
(1x1 cm?) was placed parallel to the counter electrode.
All the potentials give in this work are reported on the
SCE scale. The ZCS working electrode was immersed
in seawater for at least 30 min to attain a stable open
circuit potential (OCP) before starting the
electrochemical test. The polarization curves were
recorded between -250 mV and +250 mV vs. OCP at
a scan rate of 0.5 mV/s by changing the electrode
potential automatically using a computer controlled
EG&G 2273 potentiostat. For the linear polarization
measurements, a sweep range of -10 mV to +10 mV
vs. OCP at a sweep rate of 0.166 mV/s was used, and
the polarization resistance (R,) was determined from
the slope of the potential (£) versus current (i) curve
in the vicinity of the corrosion potential (Liu et al.,
2013). The EIS measurements were carried out in the
frequency range from 100 000 Hz to 0.01 Hz, and the
amplitude of the AC signal was 10 mV. ZSimpWin
3.21 software and an appropriate equivalent circuit
were used to analyze the obtained EIS data.

2.2 Observation and characterization of corrosion
products

Fourier transform infrared spectroscopy (FTIR)
was used to analyze the corrosion products formed
on the surface of the ZCS specimens. The background
spectrum of the corrosion products were obtained
from a pure KBr pellet with the same weight and size
(Tomas et al., 2007). An X-ray diffractometer with
Cu ko radiation (4=0.154 nm) was used to obtain
XRD patterns from powder scraped from the surface
of the specimens. The scanning data were acquired in
the angular range of 10°-80° (26) with a step size of
0.02° (26) and a count time of 0.3 s/step. The data
were evaluated using the MDI Jade 5.0 software
package. The microstructure of the corrosion
products was observed and recorded using a KH-
7700 3D digital microscope and a JSM-6700F SEM
instrument operated at a field emission energy of
10 keV. The chemical composition of the corrosion
products was determined using a GENESIS 4000
energy dispersive spectroscope (EDS) attached to the
SEM.
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Fig.1 Tafel polarization curves of ZCS after different immersion periods in seawater
a.2d;b.60d;c.120d; d.180 d.

Table 1 Corrosion parameters of ZCS after different
immersion periods in seawater

Time (d) E.n(V, vS. SCE) i (WA/cm?) b, (mV/dec) b, (mV/dec)
2 -1.141 1.93 -343.5 141.1
60 -1.056 2.43 -255.2 47.5
120 -1.062 3.89 -188.6 46.9
180 -1.043 13.2 -178.6 37.6

3 RESULT AND DISCUSSION

3.1 Polarization curves of ZCS after different
immersion periods in seawater

Important information on the kinetics of anodic and
cathodic reactions can be directly obtained from
polarization curves (Panagopoulos et al., 2013). Figure
1 depicts the Tafel polarization curves of ZCS
specimens subjected to different immersion period (2,
60, 120, and 180 days) in seawater. Corrosion
parameters including corrosion potential (E,y.),
corrosion current density (i...), and the anodic and
cathodic Tafel slopes (b, and b,), calculated from the
curves using Powersuite software, are listed in Table 1.

It is clear that the corrosion potential (E.,,,) shifted
in the noble direction with increasing immersion time.
This change in E,,, was assumed to be related to the
failure of the zinc coating. The corrosion current
density (i.,,) of the ZCS increased from 1.93 to

13.2 pA/cm with immersion time. The anodic Tafel
slope b, decreased from 141.1 to 37.6 mV/dec, and the
absolute value of the cathodic Tafel slope b, decreased
from 343.5 to 178.6 mV/dec. These trends showed
that the corrosion rate of the ZCS obviously increased
with time in seawater during the long immersion
period. It is well known that the corrosion rate of a
metal is determined by the rates of both the anodic and
cathodic reactions (Zou et al., 2011). In this study, the
value of both b, and b, decreased remarkably with
time, suggesting that the corrosion resistance of the
ZCS gradually declined with increasing time in the
seawater. Additionally, the value b, was much lower
than that of b, for the whole immersion period,
indicating that the corrosion rate of the ZCS was under
cathodic control (Rosliza et al., 2010).

3.2 EIS curves of ZCS under different immersion
times in seawater

EIS is an in situ, rapid, convenient, and non-
destructive method that has many advantages over
other traditional electrochemical techniques. The
results of EIS measurements of the ZCS after different
immersion periods in seawater are shown in Fig.2. All
obtained plots showed two apparent capacitive arcs.
However, three time constants were observed from
the Bode phase angle plots, because the second time
constant was not clearly distinguishable owing to its
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Fig.2 Experimental Nyquist and Bode plots of ZCS after different immersion periods in seawater

Table 2 EIS fitting parameters of ZCS after different immersion periods in seawater

Time (d) R, (Q cm?) O, (uF/cm?) n Ry (Qcem?) O, (uF/em?) n, Ryue(Qcem?)  C(uF/em?) R, (Qcm?)

2 2.82 1.94 0.83 148.2 0.245 0.64 14.36 1.25 4395
60 2.79 2.93 0.81 111.6 5.68 0.65 1563 4.58 4123
120 3.39 1.38 0.84 78.9 110.1 0.56 189.3 5.51 863.2
180 2.56 5.56 0.59 36.3 152.3 0.65 89.3 8.96 156.3

The seawater resistance (R,) was invariant during

the whole immersion period. The change in the

. double-layer capacitance (C) was attributed to the

Fig.3 Equivalent circuit model used to fit the EIS data for
ZCS in seawater

overlap with the first time constant (Chen et al., 2004).

Based on the corrosion process of ZCS in seawater
and the morphology of the corrosion products
adsorbed on the specimen surface (Fig.8), the
equivalent circuit shown in Fig.3 was produced to fit
the EIS data. The fitted results are listed in Table 2.

In the equivalent circuit (Fig.3), the capacitance
was replaced by the constant phase angle element Q,
because a dispersion effect can be caused by
microscopic surface roughness (Liu et al., 2013; Sun,
et al., 2013; Zhao et al., 2014). R, is the resistance of
the solution. The high-frequency elements O, and R,
correspond to the capacitance and the corrosion
products absorbed on the specimen; the medium-low
frequency elements Q, and R, are the capacitance
and resistance of the pores (inner rust layer formed by
localized corrosion); the low frequency elements R,
and C are the charge-transfer resistance and double-
layer capacitance, respectively. For the capacitive
loops, the coefficients n, and n, represent the depressed
feature in the Nyquist diagram.

varied change in the real area of the corroded specimen
during the corrosion process, because the Zinc coating
was subjected to different corrosion conditions and
exposure time. During the 180-d immersion, the
values of R, and R, decreased from 148.2 to
36.3Qcm? and from 4395 to 156.3 Qcm?,
respectively, indicating that the zinc coating was
destroyed under the erosion effect of Cl™ and its
protective ability was subsequently reduced during
the long-term immersion. However, R, increased
from 14.36 to 189.3 Q c¢m? at the initial stage (120 d),
and then decreased to 89.3 Q cm? after 180 days,
suggesting that generation of an inner rust layer may
have improved the corrosion resistance temporarily,
although it was ultimately destroyed by CI™ erosion.
CI" is a strong anodic activator because of its small
radius and volume, which allow it to penetrate through
the initial corrosion product, destroy its structure
(R..), and react with the substrate metal directly,
thereby generating an inner corrosion product (R,).
Once Cl™ had destroyed part of the zinc coating, the
substrate metal was exposed and acted as an anode,
while the corrosion products deposited on the surface
of the zinc coating acted as a cathode. As a result, an
activation-inactivation corrosion cell was formed,
and the smaller anode vs. the larger cathode caused
the corrosion of the ZCS to accelerate over the long
immersion period in seawater (Sun et al., 2013).
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Fig.5 Evolution of R, and E,,, of ZCS estimated from linear
polarization curves (Fig.4) at different seawater pH

3.3 Effect of pH on corrosion behavior of ZCS in
seawater

In seawater, the main anodic and cathodic processes
of ZCS corrosion are the dissolution of the zinc
coating and the reduction of dissolved oxygen,
respectively. In some closed environments, the pH of
the seawater may increase during this corrosion
process. Figure 4 shows the linear polarization curves
of ZCS immersed in seawater of different pH, while
Fig.5 shows the variation in R, and E.,,, observed as a
function of pH. It is clear that E,. shifted from a
negative value to a positive one with increasing pH;
the linear polarization curve gradually became non-
linear. Thus, the fitted zone was restricted to the linear
region (from -5 mV to +5mV vs. SCE). A higher
value of R, suggests a lower ZCS corrosion rate
(Rosliza et al., 2010; Wan Nik et al., 2011). The R, of
the ZCS increased gradually with pH, indicating that
the corrosion resistance of the ZCS improved. This
was probably caused by the generation of a passive
film (mainly ZnO) on the zinc coating in the highly
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Fig.6 XRD spectrum of ZCS immersed in seawater for 180
days

alkaline seawater. Large amounts of needle-like
corrosion products became strongly and compactly
adhered to the specimen surface at high pH, and little
pitting corrosion of the ZCS occurred (Liu et al.,
2012). These results were consistent with those of
Yeomans (Yeomans et al., 2004). Therefore, it is
possible that a stable passive film formed on the zinc
coating and acted as protection against corrosion in
highly alkaline conditions.

3.4 Characterization of corrosion products of ZCS
in seawater

To further investigate the corrosion behavior of
ZCS, the corrosion products deposited on the surface
of ZCS during immersion in seawater were analyzed
by XRD, FTIR, 3D digital microscopy, SEM, and
EDS.

The XRD spectrum of ZCS (Fig.6) immersed in
seawater for 180 d showed prevailing contributions
from Zny(OH)Cl, and Zn(ClO,),, with small
contributions from Zn(OH), and ZnO, with some very
low intensity peaks which require further analysis for
assignment. Solid corrosion products scraped from
the surface of the zinc coating were analyzed by FTIR
(Fig.7). Different compounds have characteristic
absorptions at different positions (Qu et al., 2005).
ZnO only has bands in the 350-600/cm region, which
correspond to the Zn-O bond. Zns(OH),Cl, has strong
bands at 3 450/cm and weak bands at 730, 900, and
1 620/cm. Zns(OH)4(COs5), has strong bands at 1 380
and 1 510/cm, which correspond to the asymmetric
stretching vibrations of the carbonate ion, and also
has bands at 1 040, 830, and 735/cm (Qu et al., 2002).
Therefore, the peak at 478/cm in the obtained
spectrum was the Zn-O bending vibration band, the
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peaks at 837, 1033, 1382, and 1 531/cm indicated the
presence of Zns(OH),(COs),, and the peaks at 941,
2 379, and 3 400/cm were attributed to Zns(OH),Cl,.
The combined XRD and FTIR results indicated that
the main corrosion products on the ZCS were
Zns(OH),Cl,, Zns(OH)4,(COs),, and ZnO.

Figure 8 shows the typical morphology of the
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Fig.7 FTIR of the corrosion product of ZCS immersed in
seawater for 180 days
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corrosion products on the ZCS samples after different
immersion periods in seawater. The observed
corrosion products differed greatly in size. The small
needle-like particles displayed a strong tendency to
accumulate in the form of large aggregates (Fig.8c).
These porous corrosion products were beneficial to
the absorption of dissolved oxygen, and likely
accelerated the oxygen reduction reaction (Liu et al.,
2012). The zinc coating was gradually damaged and
non-uniform corrosion occurred on the ZCS after the
corrosion products were removed from the specimen
(Fig.8d). For better analysis of the corrosion depth
and microstructure of the ZCS after different
immersion periods, Fig.9 shows 3D digital
micrographs of ZCS specimens immersed in seawater
for 90 and 180 d. The color of the corrosion product
grew dark, and the areas of pitting corrosion became
larger with increasing immersion time. The surface of
the zinc coating was damaged obviously by the pitting
corrosion, and the average corrosion depth was found
to be 750 um after 180 d immersion.

EDS analysis (Table 3) revealed that the main
component elements of the corrosion products were

Tam WD 7.7mm

B

NONE S ) Tum  WD78mm

Fig.8 SEM images of ZCS immersed in seawater for different periods

a.30d; b. 60 d; c. 180 d; d. 180 d (after corrosion products were scraped from the zinc coating).
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Fig.9 3D digital micrographs of ZCS immersed in seawater for (a) 90 d and (b) 180 d

Table 3 EDS results of the chemical compositions of
corrosion products of ZCS immersed in seawater
for different periods

Element (wt%) 60 d 120d 180 d
Zn 65.86 60.96 53.76
(¢} 25.54 27.34 28.25
Cl 8.56 10.43 15.21
C 0.04 0.04 0.05
Fe 0 1.23 2.73

Zn, Cl, Fe, O and very small amounts of C. Both the
O content and Cl content of the corrosion products
increased with the immersion time in seawater. Fe
element was detected after 120 d, and its content then
gradually increased with time. This indicated that the
zinc coating had become damaged and the substrate
Fe had been exposed to the seawater and acted as an
anode. The presence of Cl element implied that CI-
not only played a role as a catalyst but also as a
reactant.

4 CONCLUSION

The corrosion performance of ZCS in seawater
during long-term immersion was investigated.
Polarization curves, linear polarization curves, and
EIS as well as a number of characterization methods
were used to study the corrosion mechanism of the
ZCS in detail. The primary conclusions were as
follows:

(1) the rate of ZCS corrosion increased with time in
seawater during long-term immersion;

(2) the zinc coating was damaged and non-uniform
corrosion occurred under CI™ erosion;

(3) the average pitting corrosion depth was 750 um
after 180 days;

(4) the corrosion rate of the ZCS decreased as the

pH of the seawater was increased. A stable passive
film generated and formed a protective layer on the
ZCS under highly alkaline conditions;

(5) the main corrosion products generated on the
ZCS were Zns(OH),Cl,, Zns(OH),(CO;),, and ZnO.
Porous corrosion products were beneficial to the
cathodic depolarization reaction.
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