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Abstract: Corrosion of mooring chains is regarded as one of main threats to the offshore mooring
systems. Localized corrosion is even more dangerous than uniform corrosion because it may not
show significant mass loss but it can cause stress concentration and initiate cracks under force, leading
to accelerated degradation of mooring chains. Localized corrosion of steel in seawater is influenced
by many factors such as the local heterogeneities of the steel, and the local electrochemical and
microbiological environments. It is difficult to predict and the mechanism is not fully understood.
The aim of this work was to study the mechanism of localized corrosion on mooring chain steel in
seawater which is helpful in the search for corresponding monitoring tools and mitigation methods.
The corrosion behavior of chain steel grade R4 was studied in artificial seawater and artificial
seawater containing microorganisms collected from a practice field. The corrosion behavior of the
steel was studied using different techniques such as potentiodynamic polarization, linear polarization
resistance measurements and electrochemical impedance spectroscopy. The microstructures such
as inclusions and compositions of the chain steel were studied using SEM and EDS. The microbial
cells were observed using epi-fluorescence microscopy. The corrosion morphology and pit geometry
were investigated using photo-microscopy. The localized corrosion rate has been found to be much
higher than the uniform corrosion rate of the steel in the seawater in the presence of bacteria. In the
case of localized corrosion, applying uniform corrosion measurement techniques and formulas is not
considered representative. The representative areas have to be introduced to match physical results
with the measurements. Inclusions, such as MnS and TiVCr found in the steel have a critical influence
on localized corrosion. The corrosion mechanism of the steel in seawater is discussed.

Keywords: localized corrosion; mooring chain; MIC; SEM; steel

1. Introduction

Mooring chains are widely used to fix a floating production, storage and offloading
(FPSO) system. Mooring chain steel has to withstand seawater corrosion and cyclic force
loading during service. Marine corrosion, in particular localized corrosion, combined with
mechanical loading is the main reason for mooring chain failures [1–4]. Ma et al. compiled
a historical review of integrity issues of mooring systems [1]. They found that the chain,
connector and wire rope are the top three components causing more incidents. Fontaine
et al. undertook an industry survey of past failures and degradations for mooring systems
of floating production units. They found that almost half of all failures were associated
with chains and two out of three chain failures were related to corrosion and fatigue [2].

Many factors affect the corrosion of metals in marine environments. Marine envi-
ronments include a number of zones, such as atmospheric, splash, tidal, submerged and
bottom sediment areas. Some recovered chain links showed uniform corrosion in the splash
zone and pitting corrosion in the submerged near-surface zone [5]. Microbial activity in
concentrations around and below the low water zone leads to an aggressive form of con-
centrated corrosion, known as accelerated low water corrosion, which has been identified
as microbiologically influenced corrosion (MIC) [6,7].
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The steels for making mooring chains are classified so far by specified minimum
ultimate tensile strength into five grades (R3, R3s, R4, R4s and R5) [8]. To achieve the
required strength the chemical compositions and manufacture processes have to comply
with the approved specifications [8,9]. Even so, the steels showed different corrosion rates
in different seawater areas. It was reported that 120 mm diameter R4 chain serviced in
the North Sea located in the Pierce field for 13 years has a corrosion rate of 0.53 mm/y
of diameter reduction in the pitted area (for the worst case) [10]. Fontaine al. inspected
76 mm-diameter chain links of type R3 and ORQ grades in West African waters [11]. The
long-term corrosion rate of these links was approximately 1.5 mm/y of dimeter reduction
in the pitted areas, which is significantly higher than the corrosion wear allowance of
1 mm/y required for tropic waters [12,13].

Local corrosion attack may initiate at inclusions or grain boundaries due to a local
electrochemical potential difference [14–16]. Avci et al. investigated MnS-mediated pit
initiation and propagation in carbon steel in an anaerobic sulfidogenic media. They found
that pitting on 1018 carbon steel was initiated within a 20–30 nm zone at the MnS inclusion
boundary [17].

Jeffery et al. investigated the effect of microbiological involvement on the topography
of corroding mild steel in coastal seawater and found that microbiological factors are
responsible for the more severe pitting observed on the natural seawater coupons [18].

Melchers et al. investigated the corrosion of a working chain continuously immersed
in seawater and developed a model to predict short- and long-term corrosion rates based
on general corrosion loss [19]. For pitting corrosion, field data are necessary for calibration
of the pit depth model [20].

A long-term field exposure test is a simple and valid method to verify the long-
term corrosion performance of the steel but it is a time-consuming process. Mass loss
gives an average corrosion rate which cannot reflect the localized corrosion rate. Sample
surface analysis is necessary. Corrosion in seawater is an electrochemical process. Is
there any electrochemical method that can be used to monitor the corrosion of offshore
steel structures?

Potentiodynamic polarization (PDP) curve measurements under sliding were em-
ployed by López et al. to investigate the tribocorrosion of mooring high–strength, low-alloy
steels (grade R4 and R5) in synthetic seawater [21]. Based on the mass loss it was found
that both the R4 and R5 steels have the same triboccorosoion behaviour in seawater. The
PDP method is a destructive method that does not fit long-term monitoring.

Linear polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS)
are less destructive (compared to PDP) to the system to be studied since only a small dc or
ac potential amplitude is applied. These techniques only give corrosion resistance of the
steel. To convert the corrosion resistance to corrosion rate, Tafel slopes are necessary and
are obtained from the PDP curves. Using these electrochemical techniques combined with
microbiological and surface analytical techniques may be helpful in studying MIC [22].

So far, localized corrosion has been difficult to predict, and the mechanism is not fully
understood. The aim of this work was to study the mechanism of localized corrosion on
mooring chain steel in seawater which is helpful for the search of corresponding monitoring
tools and mitigation methods.

Investigation into the mechanism of local corrosion was carried out by exposing sam-
ples of mooring chain steel grade R4 (named R4 according to the International Classification
Society of Offshore Systems) in artificial seawater (SW) in the laboratory. During and after
exposure, electrochemical and microstructure analyses were performed. Since MIC is ex-
pected to be one of the main causes of local corrosion, tests were also run with the addition
of microorganisms cultured in the laboratory. These microorganisms, collected at Makassar
Strait (Indonesia), contained different types of corrosive organisms.

The corrosion behavior of the steel in seawater was investigated using PDP, LPR
measurements and EIS. Microbial attachment and biofilm formation were studied using
fluorescent dye and epi-fluorescence microscopy [23]. The surface microstructures and
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compositions were analyzed using SEM and EDS, the corrosion morphology using
photo-microscopy.

2. Experimental

The experiments were designed to investigate local corrosion and how that is influ-
enced by micro-organisms. This means that electrochemical measurements and microbial
growth needed to be combined. For practical relevance, chain steel material as served
in the North Sea was used and a bacterial culture was enriched from a representative
offshore site. Various methods were applied to measure and analyze the results which are
described below.

2.1. Materials

Steel samples were cut from a chain link (R4, Φ120 mm) used in the North Sea at a
depth of 85 m for 13 years, provided by a project partner. The nominal composition of the
steel is presented in Table 1. The dimensions of steel samples were 25 × 20 × 10 mm3. A
copper wire was connected with the steel sample for an electrical connection. Steel samples
and connections were embedded in epoxy resin and polished using sandpaper up to 1200
grit. Then the samples were cleaned ultrasonically in ethanol for 2 min and blow dried
in air.

Table 1. Nominal composition of the grade R4 steel in wt.% (the rest is Fe).

QR4 C Mn Si P S Ni Mo Cr Al Cu Sn V Ti As

min. 0.18 0.85 0.15 0.50 0.20 0.90 0.015 0.04

max. 0.24 1.20 0.35 0.020 0.015 0.80 0.40 1.25 0.040 0.25 0.030 0.10 0.015 0.025

2.2. Experimental Set-Up

In Figure 1 a typical vessel for test exposure is shown. Each vessel contains two
identical steel samples (duplicates, as working electrodes (WEs)) and a platinum counter
electrode (CE). A reference electrode (KCl saturated Ag/AgCl) was inserted just before
electrochemical measurements and taken out after the measurements. The reference elec-
trode was always cleaned in alcohol before it was inserted in a glass bottle through the
hole in the rubber cover to prevent the interference of microorganisms from outside of
the vessels. The vessels were closed during the tests. In Table 2 an overview of the test
methods, including samples, electrolytes (artificial seawater (SW) and artificial seawater
with addition of bacteria (SW + bacteria (MIC))), and test period is given. The steel sam-
ples P1 and P2 were for PDP measurements, samples B1–B4 for combined LPR and EIS
measurements, and samples with initial code S for only LPR measurements.

Table 2. Experimental methods and conditions.

Samples SW SW + Bacteria (MIC) Test Duration (Day)

P1, P2 PDP

B1, B2 LPR + EIS 28

B3, B4 LPR + EIS 28

S5, S6 LPR 21

S8, S9 LPR 7

S10, S11 LPR 21

S12, S13 LPR 28

S14, S15 LPR 7
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cultured in the laboratory were added to the artificial seawater.  

Figure 1. A typical sample exposure vessel for linear polarization resistance (LPR) and electrochemical
impedance spectroscopy (EIS) measurements.

Samples were exposed to stagnant electrolytes (600 mL) at room temperature. The pH
of the solutions at the start was 8.0. The electrolytes were described in Section 2.3. Using
stagnant electrolytes aimed to decrease disturbance to the growth of biofilms.

Different test durations were designed to study how biofilm and corrosion develop
in different time durations, e.g., tests for samples S8, S9, S14 and S15 were stopped after
exposure for 7 days and they were taken out for surface analysis. This information may
help us to understand how biofilms build up and about the initiation and progress of
localized corrosion is in different media.

2.3. Electrolytes

Two types of electrolytes were used in this study. One electrolyte was low-nutrient
loaded artificial seawater (SW) that was used for exposure of samples without MIC contri-
bution. The SW was freshly prepared using chemicals presented in Table 3 [24].

Table 3. Chemical concentration (g/L) in the artificial seawater.

NaCl MgCl2 CaCl2 Na2SO4 KCl NaHCO3 KBr H3BO3 NaF SrCl2 Yeast Lactate

23.93 5.07 1.15 4.01 0.68 0.197 0.099 0. 03 0.01 0.14 0.01 4.2 mL

The other electrolyte was SW+bacteria (MIC), which was for investigating the suscep-
tibility to MIC. In this electrolyte, microorganisms collected at Makassar Strait and cultured
in the laboratory were added to the artificial seawater.

To support the bacteria to grow, an additional nutrient supply of 0.004 g FeSO4 ·7H2O,
0.30g Na3C6H5O7 ·2H2O and 0.10 g C6H8O6 dissolved in 10 mL deionised water was
added through a 0.2 µm pore size filter.

Moreover, once a week 250 mL of the electrolyte was exchanged with fresh solution to
supply enough nutrients for a continuous microbial growth.

2.4. Inoculation of Microorganisms

Different groups of corrosion relevant microorganisms have been detected from moor-
ing chain environment in Makassar Strait and were enriched under laboratory conditions.
Bacteria included sulfate-reducing bacteria (SRB), iron-reducing bacteria, sulfur-oxidizing
bacteria, acid-producing bacteria, slime-formers and manganese-oxidizing bacteria. The
bacteria were grown in specific media to keep them active until the start of the experiment.



Corros. Mater. Degrad. 2022, 3 57

A total amount of 6 × 106 cells/mL were added to the vessel (counted using a Thoma
counting chamber).

2.5. Electrochemical Measurements
2.5.1. Potentiodynamic Polarization (PDP) Curve Measurements

The PDP curve measurements were performed to obtain the Tafel slopes of polarization
curves to calculate the corrosion current density and corrosion rate. These slopes were used
to calculate the corrosion rate from the corrosion resistance measured by the LPR and EIS
measurements. The PDP measurements were carried out after holding the cells at open
circuit for 1 h and the open circuit potential (OCP) was measured in SW, open to air. The
polarization curves were measured by scanning the potential, started at −0.25 V vs. OCP
and ended at 0.35 V vs. OCP. The scan rate was 0.167 mV/s.

2.5.2. Linear Polarization Resistance (LPR) and Electrochemical Impedance Spectroscopy
(EIS) Measurements

The LPR measurements were performed in closed vessels (see Figure 1) after holding
open the circuit for 0.5 h, and OCP was measured. A linear polarization line was scanned
from−0.01 V vs OCP to +0.01 V vs OCP. The EIS were measured using ac, amplitude 0.01 V,
in frequency range 0.01–100,000 Hz. The LPR and EIS measurements were carried out after
7, 14, 21 and/or 28 days of exposure.

2.6. Surface Analysis
2.6.1. Epi-Fluorescence Microscopy

After the exposure test, samples were taken out and stained by a fluorescent dye to
discriminate cells in active (green) or inactive (red) cells. Stained microbial cells were made
visible by exciting the DNA/stain with ~490 nm blue light and observing the emitted green
or red fluorescence under the microscope. In the case of no bacteria, no fluorescence will
be detected.

2.6.2. Photo-Microscopy

The exposed sample surfaces were cleaned first in 15% HCl solution with the addition
of 0.5% hexamethylenetetramine for 10 min, then rinsed in tap water, ultrasonically in
alcohol for 2 min. and finally dried in blowing air. The topography of the exposed
samples was analysed using optical microscopy to see if corrosion took place uniformly
or locally at sample surfaces. The optical microscopes used were Olympus (DP200, for
low magnification) and Leica (Reichert MEF 4 M, for high magnification) with the Infinity
X camera and DeltaPix software. In the case of localized corrosion, pit depth was first
measured manually using microscope Leica by turning the “Fine adjustment” from focusing
on the sample surface to focusing on the bottom of the pits. The depth was calculated from
the turning scales on the “Fine adjustment” which was calibrated. The deepest pits were
chosen to gain a cross-sectional view in order to measure the real depth to make sure no
deposit at the pit bottom might hinder the light reaching the real bottom. Four deep pits on
each sample were measured by cross-sectional view.

2.6.3. Scanning Electron Microscopy (SEM)

The steel sample surface was first ground using grinding paper (SiC) till 2500 grit and
then polished up to 1 µm. The microstructure such as inclusions and the compositions at the
steel surface were analysed using SEM in combination with energy-dispersive spectroscopy
(EDS). SEM was undertaken using a Jeol JSM 5800LV instrument equipped with a Noran
instrument EDS system.
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3. Results
3.1. Electrochemical Measurements
3.1.1. PDP Curve Measurements

Figure 2 shows polarization curves in semilogarithmic plots for both polished samples
P1 and P2. Small (Tafel) slopes in the anodic polarization parts and large slopes in the
cathodic polarization parts are observed, approximately 50 mV more active than the
corrosion potentials. This means that the corrosion is controlled by the cathodic reactions
for the steel in the seawater.
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Figure 2. Polarization curves for the polished samples in artificial seawater (open to air) at 20 ◦C.

The anodic reaction is iron dissolution [25],

Fe⇒ Fe2+ +2e− (1)

The cathodic reactions include here mainly the reduction of dissolved oxygen,

O2 + 2H2O + 4e− ⇒ 4OH− (2)

and, possibly, hydrogen evolution in anaerobic environments, e.g., under depsoits and biofilms,

2H+ + 2e− ⇒ H2 (3)

or,
2H2O + 2e− ⇒ H2 + 2OH− (4)

Corrosion current density icorr can be calculated from the Tafel slopes in the polariza-
tion curves using the Stern–Geary equation [26],

icorr = ba × bc / (2.3·Rp·(ba + bc)) (5)

where ba and bc are anodic and cathodic slopes, respectively, in the polarization curves; Rp
is the polarization resistance.

The general corrosion rates (CR) can be calculated from the corrosion current densities
using the following equation,

CR = 3267·(icorr ·Meq)/ρ (mm/y) (6)
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where icorr is current density (A/cm2), Meq equivalent mass (g), and ρ density of the
materials (g/cm3).

The corrosion potentials and corrosion current densities are presented in Table 4. The
average corrosion rate is about 0.3 mm/y. The corresponding corrosion resistance is about
1030 Ω·cm2 (as a reference for further comparison with LPR results).

Table 4. Corrosion potentials and corrosion rates for the polished samples in seawater.

Steel Ec (V) icorr
(µA/cm2) ba (mV/dec) bc (mV/dec) CR (mm/y)

P1 −0.64 26 68 618 0.30
P2 −0.63 25 65 676 0.29

3.1.2. LPR Measurements

The OCP values as a function of time for the steel in the different electrolytes are
shown in Figure 3. The OCP values for the samples in the seawater without bacteria are
around −0.6 V. With bacteria, the OCP values moved from −0.67 V to −0.6 V within 7 days.
This suggests that the corrosion systems are unstable in the initial period (within 1 week).
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Figure 3. Open circuit potential (OCP) values as a function of time measured for R4 steel samples in
seawater with and without bacteria.

A typical linear polarization (LP) curve for a sample (S5) in SW exposed for 14 days is
shown in Figure 4. The LPR (Rp = ∆E/∆I) was calculated from the line in ±5 mV near the
corrosion potential (zero current).

A typical LP curve for a sample (S10) in the SW + bacteria is shown in Figure 5.
The linear range of the LP curve near the corrosion potential (−0.61 V) is much narrow
compared to that of the S5 in SW near the corrosion potential (zero current). In the presence
of bacteria, biofilms formed at the sample surfaces, which exhibit capacitive behaviour. In
this case, the corrosion resistance was estimated in the anodic part.
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Figure 6 shows the polarization resistance after various exposure times measured for
R4 steel samples in SW and in SW+bacteria (MIC). The polarization resistance for the sam-
ples in the seawater without bacteria (S5-6 SW) increased from 2.4 kΩ·cm2 to 3.6 kΩ·cm2,
while for the samples in the seawater with bacteria (MIC) it decreased from 10 kΩ·cm2

to 1 kΩ·cm2 in 21 days. This indicates that the sample surfaces exposed to seawater with
bacteria became more active in 3 weeks, compared to those exposed to seawater only.
Originally the designed LPR test duration was for 21 days. Samples S12 and S13 were
added and extended the test duration to 28 days to see if their LPR would further decrease
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in the SW + bacteria. (No sample was added to SW for 28 days, since the LPR in SW did
not change much within 21 days).
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Figure 6. Polarization resistance measured by LPR as a function of time measured for R4 steel samples
in seawater with and without bacteria. S5 and S6 in SW showed the same LPR values.

3.1.3. EIS Measurements

To better study the corrosion resistance, EIS measurements were performed for sam-
ples B1–B4. The OCP values for the samples varied around −0.62 V (±0.05 V).

Figure 7 shows the Nyquist plots (a) and Bode plots (b) for the samples exposed
to SW and SW+bacteria (MIC) for 14 days. The semicircles of B3 and B4 (in SW) in the
Nyquist plots are larger than those of B1 and B2 in SW+bacteria (MIC). The amplitude of
the impedance for the samples (B3–B4) in SW is higher than in the SW+bacteria (B1–B2
MIC) at low frequency side (0.01 Hz). The phase peaks shifted to the low-frequency side
for the samples in the SW with bacteria, which suggests that the capacitive behaviour
is significant.
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SW + bacteria (B1, B2 MIC) for 14 days.

Figure 8 shows a comparison of Nyquist (a) and Bode (b) impedance plots of samples
exposed to SW+bacteria (B1 MIC) and exposed to SW (B3) for different time durations. The
impedance module at 0.01 Hz decreased over time in both conditions. The phase angle
peak of B1 (MIC) shifted in the low-frequency direction with the increase of duration.

The impedance of the samples at a frequency of 0.01 Hz measured with different
exposure durations is presented in Table 5. The electrochemical impedance value at the
low-frequency side is related to the corrosion resistance of the steel. The samples exposed
to the seawater with microorganisms have smaller impedance values and larger phase
angle than without microorganisms.

Table 5. Impedance values and phase angles at 0.01 Hz.

Sample Solution Time (Day) |Z| (Ω·cm2) Theta

B1 SW + bacteria
14 1629 −49
21 980 −66
28 392 −73.2

B2 SW + bacteria
14 2268 −40
21 478 −74.6
28 460 −73

B3 SW
14 7036 −14.7
21 5038 −12.5
28 3227 −14.9

B4 SW
14 5093 −12.3
21 3880 −13
28 3275 −16
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Figure 8. A comparison of Nyquist (a) Bode (b) impedance plots of samples exposed to SW + bacteria 
(B1 (MIC)) and exposed to SW (B3) for different time durations. 

0

1000

2000

3000

4000

5000

6000

7000

8000

0 2000 4000 6000 8000

-Z
"(

Ω·
cm

2 )

Z' (Ω·cm2)

B1 (MIC) day14

B1 (MIC) day21

B1 (MIC) day28

B3 (SW) day14

B3 (SW) day21

B3 (SW) day28

Figure 8. A comparison of Nyquist (a) Bode (b) impedance plots of samples exposed to SW + bacteria
(B1 (MIC)) and exposed to SW (B3) for different time durations.



Corros. Mater. Degrad. 2022, 3 64

The impedance module can be influenced by resistance, capacitance and even induc-
tance in a corrosion cell. To further analyse the capacitive and resistive behaviour of the
corrosion cells, the impedance data were fitted with an equivalent circuit presented in
Figure 9. The capacitive elements are submitted by constant phase elements (CPE) Qc and
Qdl. The impedance of a CPE can be calculated by the equation:

ZCPE = Y0
−1(jω)−n (7)

where Y0 is the admittance constant of the CPE (in sn/Ω); ω is the angular frequency
(rad/s); n is the CPE exponent, and n = α/(π/2) (α is the constant phase angle of the CPE).
When n = 1, the CPE becomes a pure capacitor [27].
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The fitting results are presented in Table 6. The fitting results show that the resistance
attributed to the surface layer (Rcp) is very small, compared to the charge transfer resistance
Rct. Thus, the polarization resistance is in the same order of the Rct. After exposure for
28 days the corrosion resistance is approaching the same level (3.5 kΩ·cm2) for the samples
in SW and in SW+bacteria (MIC). The corrosion resistance was calculated using apparent
surface area of the samples, since the real active corrosion area was unknown.

Table 6. Parameters and fitting results of the impedance data using an equivalent circuit, R in Ω·cm2

and C in (F·cm−2).

Sample Time (Day) Cc n1 Rcp Cdl n2 Rct χ2 (×10−4)

B1 (MIC) 14 0.00227 0.893 15 0.00125 0.899 3210.8 0.6

21 0.00673 0.869 17 0.00211 0.9998 4328.6 1.2

28 0.01239 1 3 0.01007 0.868 3624.8 3

B2 (MIC) 14 0.00104 1 3 0.00052 0.808 3654 0.9

21 0.00754 0.931 4 0.01378 0.932 4216.5 8

28 0.01590 0.997 7 0.00410 0.814 4477.5 1.8

B3 (SW) 14 0.00020 0.88 39 0.00007 0.965 7825.5 4.5

21 0.00023 0.932 14 0.00018 0.922 5494.3 8

28 0.00038 0.94 10 0.00030 0.93 3487.4 5.9

B4 (SW) 14 0.00015 0.872 12 0.00019 0.943 5512.6 5.2

21 0.00021 0.922 12 0.00031 0.931 4222.6 4.4

28 0.00043 0.931 11 0.00038 0.93 3569 3.6
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The capacitance was also calculated (C = Y0
1/n·R(1 − n)/n, [28]), using apparent surface

area. The steel samples in SW+bacteria have a larger capacitance of the double layer, than
in SW. A larger capacitance results in a lower impedance module at the low-frequency side
(Table 5).

3.2. Surface Analysis
3.2.1. Epifluorescence Microscopy

After 7 days of incubation, microorganisms were regularly found on the metal coupon
surface. Biofilms covered the damaged area. Active cells (green) were mostly found in
and around the pits. The outer part of the biofilm is inactive because the surface was
often covered by red (inactive) cells (Figure 10). This means that microorganisms initially
attached to the entire surface but could only grow in limited areas where they could form a
biofilm. These preferred spots for microbial attachment may contain the right (metallic)
nutrients to encourage the growth of bacteria or deliver attractive sites for attachment.
The electrons given out by iron at a corrosion spot can be harvested by an SRB film via
extracellular electron transfer, which accelerates the cathodic depolarization [29]. In such
locations they play a role in the local corrosion process.
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left corner in the image, where the original polishing pattern can be recognized. This is 
attributable to the fact that the oxygen is more easily accessible near the water surface than 
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Figure 10. Micrograph of metal coupon (S9) after 7 days of exposure (before cleaning). A biofilm was
detected on the metal coupon surface. Active cells (green) were mostly found in the pits whereas red
(inactive) cells were located around the pits.

3.2.2. Corrosion Morphology
Steel in Seawater without Bacteria

After exposure for 7 days samples S8, S9, S14 and S15 were taken out for surface
analysis. After cleaning, the surface of sample S15 is shown in Figure 11a. The upper
part of the sample corroded less than the lower part, e.g., little corrosion started on the
upper-left corner in the image, where the original polishing pattern can be recognized. This
is attributable to the fact that the oxygen is more easily accessible near the water surface
than in the lower part. Localized corrosion is visible on the bottom-left corner (Figure 11a),
although a large area of the sample S15 showed general corrosion. Small pits are visible in
the magnified image Figure 11b. These small pits were in the initial stage. Inside the pits
corrosion involved metal hydrolysis and pH decrease. The surrounding area of pits acted
as cathodes. The halos surrounding the small pits in the Figure 11b are evidence. The small
pits may grow in depth and laterally, becoming big pits or connecting in surface area as
general corrosion.
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Figure 11. An image for the sample S15 exposed to seawater for 7 days (after cleaning the surface). 
Local corrosion attack was found near the bottom-left corner (a) and small pits near the upper-right 
corner zoomed in the image (b). 

Figure 12 shows an image for the sample B3 exposed to seawater for 28 days after 
cleaning. The whole surface was corroded. Most areas of the steel surface showed general 
corrosion. The different colour on the surface is due to the rough surface after corrosion 
attack and possibly remaining deposits which were not completely removed in the stand-
ard cleaning procedure. Localized corrosion spots are visible at the sample surface. The 
corrosion products rolling down from the upper part affected the corrosion at the lower 
part of the sample (e.g., lower right corner in Figure 12).  

The maximum depth of the pits was measured as 46 µm in sample B3 (Figure 13). It 
corresponds to 0.6 mm/y, assuming that the local corrosion attack keeps occurring at the 
same speed.  
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Figure 11. An image for the sample S15 exposed to seawater for 7 days (after cleaning the surface).
Local corrosion attack was found near the bottom-left corner (a) and small pits near the upper-right
corner zoomed in the image (b).

Figure 12 shows an image for the sample B3 exposed to seawater for 28 days after
cleaning. The whole surface was corroded. Most areas of the steel surface showed general
corrosion. The different colour on the surface is due to the rough surface after corrosion
attack and possibly remaining deposits which were not completely removed in the standard
cleaning procedure. Localized corrosion spots are visible at the sample surface. The
corrosion products rolling down from the upper part affected the corrosion at the lower
part of the sample (e.g., lower right corner in Figure 12).
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Figure 12. An image for sample B3 exposed to seawater for 28 days (after cleaning). Localized cor-
rosion attacks were found in the steel (red circle). The lower part of the steel sample was affected by 
corrosion products rolling down. 

 
Figure 13. Cross-sectional view at pits for samples B3 in SW for 28 days. 

Steel in Seawater with Bacteria 
For sample S9 (Figure 14) exposed to SW + bacteria for 7 days, many small pits and a 

few big pits (about ϕ 0.6 mm) were found. The maximum depth was about 13 µm. More 
than 80% of the sample surface area showed micro pits; only about 5% surface area 
showed uniform corrosion; about 10% of the area did not show corrosion.  

Figure 12. An image for sample B3 exposed to seawater for 28 days (after cleaning). Localized
corrosion attacks were found in the steel (red circle). The lower part of the steel sample was affected
by corrosion products rolling down.
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The maximum depth of the pits was measured as 46 µm in sample B3 (Figure 13). It
corresponds to 0.6 mm/y, assuming that the local corrosion attack keeps occurring at the
same speed.
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Figure 13. Cross-sectional view at pits for samples B3 in SW for 28 days.

Steel in Seawater with Bacteria

For sample S9 (Figure 14) exposed to SW + bacteria for 7 days, many small pits and a
few big pits (about φ 0.6 mm) were found. The maximum depth was about 13 µm. More
than 80% of the sample surface area showed micro pits; only about 5% surface area showed
uniform corrosion; about 10% of the area did not show corrosion.
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Figure 14. An image for the sample S9 exposed to SW + bacteria for 7 days (after cleaning the sur-
face). Many small pits (yellow, diameter <0.1 mm, >80% area) and a few big pits (red, diameter >0.5 
mm, ~3% area) were in the steel. Uniform corrosion took place in a small area (black, ~5% area). 

With the addition of bacteria in SW, typical localized corrosion due to MIC was ob-
served (Figure 15). The corrosion boundary has a round shape. Approximately 40% sur-
face area was corroded. Assuming one third of surface area was corroding, the real corro-
sion current density would be three times of the average corrosion current density, which 
means the corrosion rate would be three times of the measured average corrosion rate. 

Similar corrosion morphology was found for the samples B1 and B2 exposed to 
SW+bacteria (MIC) for 28 days. The maximum pit depth is 63 µm (Figure 16), which cor-
responds to 0.82 mm/y, assuming that the corrosion keeps occurring at the same speed. 
This corrosion rate is higher than that measured in field assessment (0.53 mm/y in diam-
eter reduction in the worst case), which is attributable to those corrosive bacteria added 
in the seawater and the temperature in the lab test being higher than in North Sea waters.  

The relative percentage of the corroded area and maximum pit depth in samples B1-
B4 were evaluated using photo microscopy and are given in Table 7. The areas of micro-
pits and macro-pits were estimated by taking a few images and adjusting the black/white 
contrast. The samples (B1–B2) exposed to SW+bacteria showed a greater percentage of 
localized corrosion area, while the samples (B3–B4) exposed to SW showed a higher per-
centage of uniform corrosion and micro-pit area. 

Table 7. Percentage of corrosion area (%) and maximum pit depth of samples B1–B4. 

Sample  Condition  Time (Day) 
Uniform 

 Corrosion  Macro-Pits  Micro-Pits 
Corrosion Products  

Affected Area 
Intact 
Area 

Maximum  
 Pit Depth (µm) 

B1 MIC 28 - 30 70 - - 42 
B2 MIC 28 - 20 70 - 10 63 
B3 SW 28 30 10 50 10 - 46 
B4 SW 28 40 10 50 - - 39 

Figure 14. An image for the sample S9 exposed to SW + bacteria for 7 days (after cleaning the surface).
Many small pits (yellow, diameter < 0.1 mm, >80% area) and a few big pits (red, diameter > 0.5 mm,
~3% area) were in the steel. Uniform corrosion took place in a small area (black, ~5% area).

With the addition of bacteria in SW, typical localized corrosion due to MIC was ob-
served (Figure 15). The corrosion boundary has a round shape. Approximately 40% surface
area was corroded. Assuming one third of surface area was corroding, the real corrosion
current density would be three times of the average corrosion current density, which means
the corrosion rate would be three times of the measured average corrosion rate.
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Figure 16. Cross-sectional view at two pits for sample B2 after exposure to the SW + bacteria for 28 
days. The maximum pit depth is 63 µm. 

3.2.3. Microstructure and Inclusions in the Steel 
Figure 17 shows the microstructure of the steel. It shows a typical fine grain micro-

structure, composed of tempered martensite and bainite.  

Figure 15. An image of sample S13 exposed to seawater with bacteria for 28 days (after cleaning).
Half of the surface area was attacked by local corrosion.

Similar corrosion morphology was found for the samples B1 and B2 exposed to
SW+bacteria (MIC) for 28 days. The maximum pit depth is 63 µm (Figure 16), which
corresponds to 0.82 mm/y, assuming that the corrosion keeps occurring at the same speed.
This corrosion rate is higher than that measured in field assessment (0.53 mm/y in diameter
reduction in the worst case), which is attributable to those corrosive bacteria added in the
seawater and the temperature in the lab test being higher than in North Sea waters.
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The relative percentage of the corroded area and maximum pit depth in samples B1-B4
were evaluated using photo microscopy and are given in Table 7. The areas of micro-pits
and macro-pits were estimated by taking a few images and adjusting the black/white
contrast. The samples (B1–B2) exposed to SW+bacteria showed a greater percentage
of localized corrosion area, while the samples (B3–B4) exposed to SW showed a higher
percentage of uniform corrosion and micro-pit area.

Table 7. Percentage of corrosion area (%) and maximum pit depth of samples B1–B4.

Sample Condition Time (Day) Uniform
Corrosion Macro-Pits Micro-Pits

Corrosion
Products

Affected Area

Intact
Area

Maximum
Pit Depth

(µm)

B1 MIC 28 - 30 70 - - 42
B2 MIC 28 - 20 70 - 10 63

B3 SW 28 30 10 50 10 - 46
B4 SW 28 40 10 50 - - 39

3.2.3. Microstructure and Inclusions in the Steel

Figure 17 shows the microstructure of the steel. It shows a typical fine grain microstruc-
ture, composed of tempered martensite and bainite.
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at a cross section (a) and EDS plots at a particle (b) and nearby area (c) for an exposed steel 
sample (S8). The composition analysed using EDS (see Table 8) indicates that the dark-
grey particle in Figure 18a is an MnS inclusion. This inclusion is about 20 µm in length 
and 5 µm in width. The elements detected at position (3) are related to the composition of 
the steel matrix. 

 
Figure 18. An inclusion (backscattering image (a), EDS plots in the position 1 (b) and at position 3 
(c) for an exposed sample (S8) after exposure to seawater without bacteria for 7 days. 

Table 8. Element percentage (wt. %) measured at positions in Figure 18a. 

Element Si S Ca Cr Mn Fe Ni 
Position 1 6.2 38.0 0.2  53.2 2.4  
Position 3 0.5 0.4  2.0 1.2 95.3 0.6 

Figure 17. Microstructure of the chain grade R4 steel, composed of tempered martensite and bainite.

Inclusions have been found in the steel sample. Figure 18 shows a backscatter image
at a cross section (a) and EDS plots at a particle (b) and nearby area (c) for an exposed steel
sample (S8). The composition analysed using EDS (see Table 8) indicates that the dark-grey
particle in Figure 18a is an MnS inclusion. This inclusion is about 20 µm in length and
5 µm in width. The elements detected at position (3) are related to the composition of the
steel matrix.
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Figure 18. An inclusion (backscattering image (a), EDS plots in the position 1 (b) and at position 3
(c) for an exposed sample (S8) after exposure to seawater without bacteria for 7 days.

Table 8. Element percentage (wt. %) measured at positions in Figure 18a.

Element Si S Ca Cr Mn Fe Ni

Position 1 6.2 38.0 0.2 53.2 2.4

Position 3 0.5 0.4 2.0 1.2 95.3 0.6

TiVCr-enriched particles were also found in this steel sample (see Figure 19 and
Table 9). These particles are known for initiating local corrosion due to their potential
difference with regard to that of the surrounding steel matrix.
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because of the surface condition changes over time.  

In the presence of micro-organisms, OCP showed a large scatter during the first pe-
riod (a few days) of exposure. This has to be attributed to irregular attachment of the or-
ganisms at the surface and formation of biofilm which disturbs the balance of electro-
chemical reactions. After 2 to 3 weeks all samples reached a stable value of circa −0.6 
VAg/AgCl which is usually measured for this steel in seawater.  

The LPR (Rp) measured (in closed vessels) was relatively stable during exposure to 
SW in the absence of microorganisms. In the closed system the corrosion rate measured 
using LPR was one third of that measured using PDP curves in an open system. The Rp 
value 3.6 kΩ·cm2 corresponds with circa 0.1 mm/y corrosion rate for this steel in seawater, 
in case general corrosion is assumed. On the other hand, in the presence of microorgan-
isms the Rp decreased over time. In all cases good reproducibility was found, but ques-
tions were raised about the meaning of the Rp in the case of local corrosion, the subject of 
this study. This parameter and the way to measure it is completely based on the theory of 
uniform corrosion. In fact, pits were found in all samples, and that means localized corro-
sion. The local corrosion rate cannot be established via Rp since the representative area is 

Figure 19. An inclusion (backscattering image (a), EDS plots in the position 1 (b) and at position 3
(c) for an exposed sample (S8) after exposure to seawater without bacteria for 7 days.
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Table 9. Element percentage (wt.%) measured at positions in Figure 19a.

Element C Mg Al Si S Ti V Cr Mn Fe

Point 1 9.1 0.1 1.0 75.0 8.6 3.5 2.7

Point 2 0.2 0.3 0.5 24.6 1.7 1.8 1.2 69.7

4. Discussion

Mooring chain steel samples were exposed to artificial seawater and artificial seawater
with bacteria for different durations. Different techniques were used to study the localized
corrosion phenomena associated with these conditions.

PDP curve measurements show that the fresh steel surface has an average corrosion
rate of 0.3 mm/y in seawater (open to air). However, the corrosion rate changes with time
because of the surface condition changes over time.

In the presence of micro-organisms, OCP showed a large scatter during the first period
(a few days) of exposure. This has to be attributed to irregular attachment of the organisms
at the surface and formation of biofilm which disturbs the balance of electrochemical
reactions. After 2 to 3 weeks all samples reached a stable value of circa −0.6 VAg/AgCl
which is usually measured for this steel in seawater.

The LPR (Rp) measured (in closed vessels) was relatively stable during exposure to
SW in the absence of microorganisms. In the closed system the corrosion rate measured
using LPR was one third of that measured using PDP curves in an open system. The Rp
value 3.6 kΩ·cm2 corresponds with circa 0.1 mm/y corrosion rate for this steel in seawater,
in case general corrosion is assumed. On the other hand, in the presence of microorganisms
the Rp decreased over time. In all cases good reproducibility was found, but questions were
raised about the meaning of the Rp in the case of local corrosion, the subject of this study.
This parameter and the way to measure it is completely based on the theory of uniform
corrosion. In fact, pits were found in all samples, and that means localized corrosion. The
local corrosion rate cannot be established via Rp since the representative area is not clear. If
only one third of the surface area is corroding, the real corrosion rate will be three times the
measured average corrosion rate.

The reason for applying OCP and LPR in this investigation was that these techniques
are relatively easy to perform and therefore suitable to be used for in situ monitoring.
However, LPR creates errors due to the non-linearity when biofilms are present at steel
surface. EIS gives not only information of polarization resistance, but also information of
capacitive behaviour of the surface layers. The polarization resistance measured by EIS was
approaching 3.5 kΩ·cm2 in 28 days. The capacitance for the steel in the SW with bacteria
was larger than in SW without bacteria, which could be attributable to a larger charged
surface area in the presence of biofilm. Thus, EIS gives more information about the surface
conditions, although more data fitting is needed. Next to EIS measurements, a detailed pit
analysis is also required.

In all cases pits were found in the exposed steel surfaces. A distinction can be made
between two different types of pits:

(a) Relatively small pits which occur in large areas of the steel. Local corrosion attacks
initiate at defects such as the grain boundaries or inclusions. According to literature
these “micro” pits are formed very quickly after immersion. Most of these pits reach
the depth of 100–200 µm and then stop propagating [20,30]. Pits can continue their
growth only under a layer of corrosion products or biofilms. The observed pits are
the locations where anodic reactions occur, the rest of the surface being the cathodic
part. Sometimes after the start of exposure, corrosion products are formed in the pits
increasing the electrical resistance and inhibiting the access of oxidizing agents. Then
the reactions stop and start elsewhere, but with lower driving forces.

(b) A limited number of clearly larger pits is found on the surface of all samples. In con-
trast to the small pits described above, these pits are found in limited locations. These
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relatively large corrosion spots initiate from small pits and grow in depth and laterally
due to high local driving forces such as local metallic inclusions. Relatively large
inclusions are found in the steel (MnS and TiVCr, 5–20 µm, see Figures 18 and 19);
inclusions are known to have different potentials with regard to the matrix and
cause local galvanic corrosion. Therefore, it is obvious that a link exists between the
inclusions found and the large pits.

The exposure of coupons without bacteria indicated the aforementioned formation of
pits. The steel was fine-grain treated. It contains Al, Ti, V, Cr, Ni and Mo alloy elements,
apart from Mn. The microstructure was composed of martensite and bainite. A tiny differ-
ence in local chemical difference can initiate small pits as demonstrated in Figure 11. The
large pits and the underlying corrosion mechanism is attributed to the exists of inclusions.
The pit size depends on the geometry and orientation of the inclusions. The inclusions were
not uniformly distributed. The number of inclusions per unit area was not determined in
this work. The correlation between the locations of the localized corrosion and inclusions
deserves further investigation.

The important question is if the “large” pits will propagate because of MIC or other
local causes such as, for example, oxygen depletion (“crevice corrosion”). In the presence of
microorganisms, biofilms are formed on the surface. Biofilms can include elements which
contribute to the corrosion mechanism but can also function as a barrier to oxygen. One
mechanism of MIC is the oxygen differential cell formed under the biofilm which accelerates
the local corrosion. Results of epi-fluorescence microscopy showed local concentrations
of active organisms (near pits), which implies also local activity. Thus, it is evidence that
active organisms preferentially settle in the neighbourhood of pits indicating their possible
role in the corrosion process.

Concerning the mechanisms of MIC, a number of theories and models are reported,
such as cathodic depolarization theory (CDT), iron sulphide mechanism, anodic depolar-
ization, biomineralization, Romero’s mechanism etc. [31]. However, Blackwood examined
the CDT theory and reported that both the CDT and direct electron transfer from the metal
into the cell for the role of SRB in the corrosion of carbon steel were incorrect [32]. The MIC
process is so complicated that to understand the mechanism needs more effort by materials
scientists, electrochemists and biologists working together [32,33].

Results of this study, in particular those of the surface investigation after exposure,
prove that surface properties of the steel have an essential role in starting a local corrosion
attack. The microstructure and composition heterogeneities at the matrix such as grain
boundary (which will be investigated in future) and inclusions generate local corrosion
cells because a small difference in composition or microstructures generates an electro-
chemical difference (e.g., potential difference). These local corrosion cells are likely onsets
of local corrosion.

5. Conclusions

From the results described above conclusions can be drawn on the corrosion behaviour
of R4 steel in seawater:

(a) Localized corrosion has been found in the absence as well as in the presence of
microorganisms, and occurs from the start of the exposure.

(b) Inclusions of MnS and TiVCr have been detected in the R4 steel. These inclusions
formed during the manufacture of the chain steel have a critical influence on the local
corrosion attack.

(c) With the addition of bacteria, already after 7 days of incubation an active biofilm was
detected on the surface of the coupons with favoured locations in and around the pits.

(d) The localized corrosion rate was as high as 0.82 mm/y in the SW in the presence of
bacteria. In the case of local corrosion, applying uniform corrosion measurement
techniques and formulas are not considered representative. This paper shows
that representative areas have to be introduced to match physical results with
the measurements.
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