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Abstract

The tidal zone is severe marine environment for steel structures due to its wet-dry
cyclic corrosion pattern. Regarding a specific application for inner ship hull, ship
structural steel is always prone to corrosion dealing with three marine environments,
including atmospheric, tidal, and immersion zones. Therefore, the current study aimed
to investigate corrosion behaviors of two commercial ship structural steels, i.e. alloys

II\;%;V:;(JZI corrsion A and B, which were exposed to simulated marine tidal environment. The effects of
EIS sensor specimen arrangements designated as the isolated short-scale and vertical long-scale

specimens were also determined. Based on weight loss determination, it revealed that
the corrosion rates of isolated short steel specimens exposed in the tidal zone were
almost two times larger than that of vertical long-scale steel specimen. In the tidal
zone, the corrosion rates of isolated short-scale steel obtained from weight loss
determination quite agreed with the EIS corrosion sensor results. Based on the
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1. Introduction

A tidal zone is recognized as more severe marine
environment when compared to the atmospheric
and immersion zones. During exposure in the tidal
zone, environmental alternation, i.e. wet-dry cyclic
pattern, is a considerable factor to accelerate
corrosion of steel structure. Tomashov [1] reported
that a thickness of electrolyte film formed on the
metal surface played a key role in controlling the
corrosion rate of metal during exposure to
atmospheric environment. The greatest corrosion
rate was attributed to the formation of electrolyte
film with approximately 10 um thickness on the
metal surface.

Regarding the application of ship in marine
environment, the ballast tanks filled up with sea
water are normally introduced at various locations
of a ship for maintaining the ship’s stability during
sea voyage. Under an actual service condition, such
ballast tanks have to undergo marine tidal
environment due to seawater charge/discharge. In
general, the paint coating and electrochemical
cathodic protection cannot effectively mitigate
corrosion of ship steel structure because of high-

corrosion resistance aspects, the alloy A is slightly better than the alloy B.

frequency wet-dry alternation in the tidal zone
leading to the damages in coatings. As a result, the
steel surface is directly in contact with corrosive
electrolyte as reported by Tang et al. [2]. Moreover,
the ineffectiveness of cathodic protection is
occurred under the wet-dry cyclic pattern due to
insufficiency of the ionic return paths through
seawater [3]. Therefore, it is very necessary to gain
a better understanding on corrosion mechanism of
ship structural steel under marine tidal environment
in order to select an appropriate means of corrosion
mitigation.

As reported in the previous literatures [4,5], the
formation of macroscopic corrosion could slow
down the corrosion rate of the vertical long-scale
carbon steel with respect to the short isolated carbon
steel exposed in the tidal zone. In contrast, the
higher corrosion rates were obtained for the vertical
long scale specimen compared with the short
isolated specimen when exposed in the immersion
zone.

According to ASTM-A131 [6], an ordinary
structural steel with normal strength (yield strength
~ 235 MPa) represented by alloy A is normally used
in shipbuilding. On the other hand, a higher strength
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steel, alloy B, is recommended for building a ship
which requires special characteristics such as bulk
carriers, containers, etc. However, corrosion
behavior of those steels exposed in marine tidal
environment is widely discussed. Therefore, the
current study aims to investigate the corrosion
behaviors of alloys A and B in a simulated marine
tidal zone by means of weight loss calculation and
EIS-sensor corrosion monitoring. In addition, two
arrangements of testing steel specimens, i.e.
isolated short-scale and vertical long-scale
specimens, were also included as a key factor to
influence the corrosion behavior of steel specimens.

2. Experimental
2.1 Specimen preparation

2.1.1 Steel specimens

The rectangular test specimens with a dimension
of 70 mm x 70 mm x 5 mm were prepared from two
commercial ship structural steels, alloys A and B,
whose chemical compositions are given in Table 1.
Hot-rolled oxide scales present on the steel surface
were removed by using sand blasting, Sa2%, in
accordance to I1SO 8501-1:88 [7]. The freshly
descaled steel specimens were then selectively
wrapped by adhesive tape in order to prevent the
formation of atmospheric corrosion products and to
confine an exposure area of 50 mm x 50 mm for
corrosion testing. Epoxy-based paint coating was
applied to eliminate any sensitive area which will be

able to interfere the accuracy of corrosion testing
results as shown in Figure 1(a). Regarding the
formation of vertical long scale specimen, an
insulated lead wires were used for electrical
connectivity to compose a series of the isolated
short scale specimens as shown in Figure 1(b).

2.1.2 EIS sensors

In order to monitor the corrosion behavior of ship
structural steels, a comb-shaped EIS corrosion
sensor consisting of two identical-dimension
electrodes (see Figure 2) was made of the given
steel. Prior to exposure in the simulated marine tidal
environment, the EIS corrosion sensors were
ground using emery paper down to 2000 grit, rinsed
with acetone, and dried off by compressed hot air.
The EIS corrosion sensors were vertically allocated
to acquire corrosion behavior of the steel in the
various positions representing the environmental
conditions of atmospheric and tidal zones (see
Figure 3). In the atmospheric zone, two EIS
corrosion sensors designated as sensors A and B
were installed at 4 and 24 cm far from the high water
level (HWL). In the tidal zone, the positions for
installation of EIS corrosion sensors were 4, 14, and
34 cm below the HWL, which were designated as
C, D, and E, respectively. EIS measurement was
conducted over a frequency range from 100 kHz to
10 mHz with the peak-to-peak amplitude of 10 mV
using a potentiostat/galvanostat (AUTOLAB
PGSTAT302N).

Table 1. Chemical compositions of ship structural steels used in the current study.

Steels C Si Mn P S Cr Ti Nb Cu Fe
Alloy A 0065 0041 0772 0005 0001 0007 0001 0017 0044 Bal.
Alloy B 0.137 0.393 1428 0.014 0.002 0.035 0.001 0.001 0.010 Bal.

a P

o

1123 456178097

Figure 1. Preparation of corrosion test specimens : (a) isoleted short scale and (b) vertical long scale.
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Figure 2. EIS corrosion sensor: (a) EIS sensor dimensions and (b) top view of EIS sensor before experiment.
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Figure 3. Schematic diagram of simulated tidal marine experiment.

Table 2. Synthetic seawater with chemical composition.

Compound Concentration g/90L
NaCl 2207.7
Na:SOs 368.1
KCI 62.55
NaHCO:s 18.09
KBr 9.09
Hs;BOs 243
NaF 0.27
MgCL.6H-0 998.91
SrCL.6H.0 3.78
CaClL.2H-0 138.33

2.2 Marine tidal corrosion simulation

A marine tidal corrosion simulator was used to
investigate the corrosion behaviors of the ship
structural steels with taking into account the
environmental parameters in the atmospheric, tidal
and immersion zones. The tidal zone was defined in
between 13 cm (lower water level: LWL) and 53 cm

(HWL) of water height as schematically shown in
Figure 3. The immersion and atmospheric zones
were specified at the water height below 13 cm and
above 53 cm, respectively. The testing solution was
synthetic seawater whose chemical composition is
shown in Table 2.

In order to simulate the marine tidal zone
representing the actual service condition in a ballast
tank of the ship, the seawater level was periodically
alternated between the low and high tides. The
holding period at the low and high water levels was
356 min. Both water ramp-up and ramp-down
cycles were completely done in 4 min. Figure 4
shows a cyclic pattern for corrosion testing in
marine tidal environment. One complete tidal cycle
took 12 h. In the current study, the tidal alternation
of 120 cycles was set for experimental completion.
After that the corrosion behavior of the exposed
specimens was determined based on weight loss
measurement compared with EIS results. Descaling
of the exposed steel specimens was conducted in
accordance to ASTM G1-99 [8].
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Figure 6. Correlation between a number of tidal cycles and Ryr acquire from EIS corrosion sensors exposed in

the atmospheric zone.

3. Results and discussion
3.1 EIS corrosion sensor

Based on EIS principle according to ASTM G3
[9], the corrosion behavior of steel exposed to

electrolyte can be described by an equivalent circuit
(EC) as shown in Figure 5. High-frequency
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resistance (Rwur) represents the sum of solution
resistance (Rs) and rust resistance (Ry). The
resistance and capacitance of rust layer are denoted
by Rf and Qs, respectively. Qa and Rp are used to
describe the double layer capacitance and
polarization resistance, respectively.

In the previous studies [4,5,10], they suggested
that the solution resistance (Rs) can be represented
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by Ryr at a frequency of 100 kHz. In the immersion
state, Ryr becomes small and stable due to the
sufficient electrical conductivity caused by
seawater. However, Rur is increased as a thickness
of electrolyte film on the steel surface decreased.
Based on the suggestions by some researchers
[4,10,11], a completely dry state could be assumed
when Rue was larger than 1,000 Q-cm?. Figure 6
clearly reveals that the atmospheric zone cannot
significantly cause corrosion to occur in both alloys
A and B because the Rur values acquired from EIS
sensors are above 20,000 Q-cm? which is
categorized into a dry state. Figure 7 shows the Rue
values obtained from the different EIS corrosion
sensors, sensors C, D and E, in the marine tidal
zone. In overall, it can be seen that the highest Rue
values are revealed in the early tidal cycles, which
tend to decrease as the number of tidal cycles
increased. At the given number of tidal cycles, the
Rur values are abruptly dropped when electrolyte
reached to the EIS sensor during an immersion
stage. It is quite interesting for Rur values in the first
tidal, for example, the Rur value starts at around 70
Q.cm? and gradually increased to 130 Q.cm? as a
time of exposure period in the dry stage (ebb tide)
increased. As the sensor exposed to electrolyte in
the immersion state (flood tide), the Rur value
abruptly dropped to 4 Q.cm? and remained until the
beginning of dry stage. From this, it can be said that
an increase in corrosion product thickness, a high
quantity of electrolyte can remain in the corrosion
product, resulting no obvious variation of the Rur
values even in the dry state. This finding is clearly
noticed for all the sensors installed in the tidal zone
when the tidal cycles of 120 were reached. Figure 8
shows a ratio between the immersion and wet
periods of time calculated based on electrochemical
aspects form the sensors C, D, and E. It is seen that
the duration of immersion state found in the sensor
C is slightly smaller than those of the sensors D and
E. The largest duration of immersion state is
obtained for the sensor E. This can explain why the
sensor E indicates its lowest Ry values with respect
to the other sensors.
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Figure 7. Correlation between a number of tidal cycles
and Rur in tidal zone.

PERCENTAGE OF
IMMERSION AND WET TIME
IN CYCLE

m Percent of immersion state

m Percent of wet State

Cc 49.621 50.379
D 49.893 50.107
E 50.432 49.568

Figure 8. Percentage of immersion and wet time in
cycle.
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Figure 9. Correlation between a number of tidal cycles and R acquired from EIS corrosion sensors exposed in

the tidal zone during an immersion state.
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Figure 10. Correlation between a number of tidal cycles and Ryr acquired from EIS corrosion sensors exposed in

the tidal zone during a wet state.

Based on the Rur point of view, the
environmental factors in the marine tidal zone can
cause much more severe corrosion attack of carbon
steel when compared with the marine atmospheric
zone. The Rue values of the alloys A and B exposed
in the marine tidal zone during the immersion and
wet states are shown in Figure 9 and 10,
respectively. In the immersion state, both alloys A
and B reveal their Ryr values in a range between 4
and 6 Q-cm?. Increasing the number of tidal cycles
could not obviously affect the variation of Rue
values due to a direct contact of the steel samples to
bulk seawater (electrolyte solution). It is worth to
note that the lowered Rur values during the early
tidal cycles should refer to the small quantity of
corrosion products formed on the steel surface,
promoting the migration of ions in the solution to
occur easily. On the other hand, an increase in the
Rur values should be attributed to compactness
characteristic of the corrosion product which impair
the mobility of ions transfer between the steel
surface and electrolyte [3]. As the sufficient number
of tidal cycles was achieved, the protective property
of corrosion product was loosen due to their
volumetric enlargement, leading to a decrease of
Ry values. In the wet state (Figure 10), the Rur
values abruptly drop as the number of tidal
increased, in particular during the tidal cycles of 1
to 5. Afterwards, the Ry values gradually decrease
with increasing the number of tidal cycles.
Regarding the much higher Rue values in the wet
state with respect to the immersion state during the
early state of exposure (cycle 1 to cycle 5), it is
attributed to insufficiency of electrolyte film
formed the steel surface, leading to an increase in
impedance between two sensor electrodes. However,
it is worth to note that the Ry values obtained in the
immersion state are almost similar to those obtained
in the wet state after a tidal cycle 20 is exceeded. It
reveals that the sufficient quantity of corrosion
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products formed on the steel surface could maintain
the electrolyte as long as the next cycle of
immersion started again.

Figure 11 shows the Rp* values a function of the
number of tidal cycles, which were acquired from the
sensors C, D, and E made of the alloys A and B. In
the early cycles of immersion state, the Rpt values
increases rapidly until a 40" cycle. After that, the Rp?
values changed not much as the number of tidal
cycles increased, because the compacted corrosion
products obstructed oxygen diffusion from the
electrolyte to the metal surface. However, Rp? of
steel exposed in the wet state becomes more stable
than the immersion state as shown in Figure 12 from
two reasons, on the one hand, with the increase of
cycles, the thickening and compactness of the rust
layer obstruct oxygen migration to the steel substrate
and as the result in decrease Rpt. On the other hand,
the liquid film thickness and seawater content on
steel surface also increase with the increase of rust
thickness, which leads to the higher ions conducting
ability and thus increase Rp®. Therefore, the
combined of two effects result in the stable Rpwith
the increase of cycles.

Comparing between the alloy A and the alloy B,
their Rp? values are almost similar. Regarding to the
wet state as shown in Figure 12, the Rp? values of
both alloys are not significantly varied as the number
of tidal cycles increased. The explanation for those
phenomena should refer to an increase in thickness
and compactness of the corrosion products that
obstructed oxygen migration from the electrolyte to
the steel substrate. On the other hand, the thickness
of the electrolyte film on the alloy surface increases
as the corrosion products become thicker, resulting in
an increase of the Rplvalues. However, it is worth to
note that the Rpvalues obtained for the alloy B is
higher than those of the alloy A. It should be
attributed to the fact the alloy B is to be polarized
more easily with respect to the alloy A.
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Figure 11. Correlation between a number of tidal cycles and reciprocal polarization resistance (Rp) acquired
from EIS corrosion sensors exposed in the tidal zone during a immersion state.
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Figure 12. Correlation between a number of tidal cycles and reciprocal polarization resistance (Re) acquired
from EIS corrosion sensors exposed in the tidal zone during a wet state.
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Figure 13. The reciprocal polarization resistance (Rp?) at the tidal cycles of 1, 59 and 113 during exposure to the
wet and immersion states of the tidal zone.

Figure 13 shows the Rp values obtained fromthe  state is exceeded and then slowly decrease until the
sensor C made of the alloy B during exposure in the beginning of immersion state because of the less
marine tidal zone at the 1t 59" and 113 tidal quantity of corrosion products formed on the
cycles. In the first cycle, the Rp? values gradually  exposed surface of the alloy. As the number of tidal
increase until the exposure duration of 4 hinthewet  cycles increase, i.e. 59" and 113" cycles, the Rp?
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values are increased. But, the Rp* values obtained
from 59" cycle are relatively higher than those
obtained from the 113" cycle. This finding should
be attributed to the characteristics of corrosion
products which are not so compacted when the
thickness of corrosion product increased. In
addition, it is clearly seen that the Rp values of the
alloy exposed to the immersion state are lower than
those exposed in the wet state, indicating that the
corrosion in the wet state are more severe than the
immersion state.

3.2 Corrosion weight loss

Figure 14 shows the corrosion rate of alloy B in
correlation with the specimen arrangements, i.e.
isolated short and vertical long scale specimens,
after being exposed in the simulated marine tidal
environment with 120 cycles. The corrosion rate
was determined based on a weight loss basis. It
clearly reveals that the corrosion rates of the alloys
exposed in simulated marine tidal environment are
in an order from high to low: tidal zone > immersion
zone > atmospheric zone. In comparison between
the isolated short specimens and the vertical long
scale specimens, their corrosion rates in the tidal
zone exhibit a difference in corrosion behavior. The
corrosion rates of the isolated short scale specimens
are obviously higher than those of the vertical long
scale specimens. An average corrosion rate is 0.50
mm-y* for the isolated short scale specimens
whereas the vertical long scale specimens exhibit an
average corrosion rate of 0.30 mm-yl. In

90
80
70

60

Height (cm)

0 0.1 0.2 0.3

Corrosion rate (mm/y)

immersion and atmospheric zone, the corrosion
rates of the vertical long scale specimens are higher
than those of the isolated short scale specimens.

The corrosion rates of isolated short scale
specimens exposed in the marine tidal zone are
around 5 times larger than those exposed in the
immersion zone, and more than 14 times exposed in
the atmospheric zone. It means that the
environmental parameters of marine tidal zone can
significantly accelerate corrosion attack due to its
immersion-wet-dry cyclic characteristics,
especially oxygen transport through the electrolyte
film can occur in the wet state more easily. The
oxygen transport rate dominates the rates of
cathodic reaction of metallic corrosion. The thinner
the film is, the faster the oxygen transports to the
metal surface, and the higher the cathodic reaction
rate is. In addition, a change in the concentration of
existing anion CI™ and probably a change in the pH
of electrolyte can occur under an influence of a
change in thickness of the electrolyte film [1,4,11-
13].

In the tidal zone, the corrosion rates of the
vertical long scale specimens are lower than those
of the isolated short scale specimens because of the
formation of the macroscopic corrosion cell
between the tidal zone and the immersion zone. The
electrically connected specimens in the tidal zone
serve as the cathode of the corrosion cell which can
receive electrons produced through corrosion of the
alloy exposed in the immersion zone. In contrast,
there is no a macroscopic corrosion cell formed in
the isolated short scale specimens [4,5,13].

Corrosion rate of alloy B

~+-Short scale

~#-Long scale

"HWL

-=-MWL

-- LWL

0.5 0.6

Figure 14. Corrosion rate of isolated short-scale and vertical long-scale alloy B specimens after completion of

120-cycle tidal marine corrosion simulation.
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3.4 Calculation of corrosion rate from EIS
sensor

The corrosion rate was calculated by Eq. (1)
according to ASTM G102-99 [14].

CR =k, —lC;" EW @

Where CR (mm-y!) represents the average
corrosion rate, k; (3.27x10° mm g-pA*t-cmt-yr?), p
(7.86 g-cm?®) the density of iron, EW (27.92)
equivalent weight of iron, i, (HA-CM?) the
corrosion current density, icorr is calculated by Eqg.

),

ZN (Rz;(limmersion) timmersion T R;(lwet) twet) (2)
ZN(timmersion + twet)

icorr =k

Where the Eq.(2) according to Xin Mu et al. [4],
Ret is the polarization resistance acquired from
Figure 11 and 12, timmersion and twet are the immersion
and wet time in a cycle obtained from the results of
Figure 8, respectively, k is the Stern-Geary constant
with the value of 0.025 V [15], N is the number of
corrosion cycles ranging from 0 to 120.

Figure 15 shows the corrosion rates acquired
from EIS sensors results compared with those
calculated based on weight loss measurement of the
alloys A and B installed at the different positions in
the marine tidal zone. Based on both EIS sensor and
weight loss measurement corrosion rate calculation,
the alloy A exhibits the corrosion resistance better

than the alloy B approximately 0.1 mm-y?*. The
corrosion rate results calculated from the EIS sensor
quite agree with those calculated based on weight
loss measurement of the exposed specimens.
Therefore, the applications of EIS sensors are
feasible for corrosion monitoring of steel
components and structures that have to be exposed
in the marine tidal environment.

4. Conclusions

1) The corrosiveness of simulated marine tidal
environment for ship structural steel can be
ranked from high to low: Tidal zone >
Immersion zone > Atmospheric zone.

2) Corrosion rate of vertical long-scale steel is
lower than that of isolated short-scale steel
during exposure in the tidal zone, but higher
during exposure in the immersion zone because
of the formation of macroscopic corrosion cell
supplying electrons for corrosion protection in
the tidal zone.

3) Application of EIS sensor for corrosion
monitoring is suitable for both immersion and
wet states of the tidal zone.

4) Corrosion rate results of ship structural steel
obtained from weight loss determination quite
agree with that obtained from EIS corrosion
sensors.

5) In simulated marine tidal environment, the
alloy A reveals better corrosion resistance than
the alloy B.

Comparison corrosion rate alloy A and alloy B

20
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Figure 15. Comparison of corrosion rates obtained from weight loss determination and EIS corrosion sensor

calculation for alloys A and B.
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