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Abstract: The current laboratory experiments investigated the corrosion resistance of carbon steel in
artificial seawater (ASW) using the steel coupons hanging on a closed glass reactor of ASW with
volume-to-specimen area ratios ranging from 0.20 to 0.40 mL/mm?. These coupons were immersed
in ASW for varying time durations (7 and 14 d) at room temperature without agitation. Further, the
corrosion rates based on the weight loss and electrochemical analytical method were determined.
Following exposure to carbon steel for 7 and 14 d, corrosion rates were 0.2780 mmpy and 0.3092
mmpy, respectively. The surfaces appeared to be not protected by oxides based on this result. The
electrochemical impedance spectrometer in potentiostatic/galvanostatic mode, in conjunction with
EDX analysis, predicted the evolution of oxygen reduction. The 7th-day immersion sample had a
higher oxygen content, and the 14th-day immersion sample had a slightly lower oxygen content.
Methods of X-ray diffraction (XRD) and scanning electron microscopy (SEM) characterized the
surface morphology and composition of their corrosion product. Corrosion products derived from
rust minerals hematite, lepidocrocite and magnetite appeared to cover the carbon steel surface after
exposure. This result can get insight into the corrosion behavior of low-carbon steel used in marine
environments.
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1. Introduction

Carbon steels are a common material used in construction, with carbon levels varying in each
steel. Steel carbon levels follow three categories: low-, medium and high carbon content.
Low-carbon steel typically contains a carbon content of 0.25%-0.30% [1]. The low-carbon steels are
the most common materials used in marine engineering equipment because of their excellent
mechanical strength, ease of manufacture, weldability and formability [2,3]. These steels are highly
formable because they contain very little carbon, typically less than 0.30% C and up to 0.4%
Mn [1,4]. Compared to other types of steel, low-carbon steel is the preferred construction material
used today; it is commonly used in marine engineering [5]. Nonetheless, the carbon steel used in
engineering facilities exposed to the marine environment is vulnerable to serious corrosion
risks [5-8].

In general, corroded carbon steel causes degradation of the material properties when exposed to
a corrosive environment, resulting in weight loss and reduced material strength [9,10], which is a
potentially catastrophic problem, particularly for marine engineering structures. Further, many
engineering types of equipment made from carbon steel, such as oil and gas platforms, seawater
desalination systems, submarine cables, bridges and submarine transportation pipelines, are
susceptible to corrosion [11,12]. Metal corrosion in marine systems can be general or localized,
resulting in a high corrosion cost in terms of preventive inhibitors. Furthermore, corrosion in
seawater can cause significant economic losses due to lost production, product loss, efficiency loss
and contamination. According to NACE International research, corrosion cost can contribute
between 3.5% and 5.2% of global GDP (4.35% on average). Corrosion costs about 1-4% of a
developed country's GDP [13]. Furthermore, the cost of seawater corrosion may correspond to toxic
substance leakage, which influences the environment and human health. As a result,
corrosion-related deterioration of coastal steel infrastructure has become a focus of research into
corrosion-resistant materials and enhanced corrosion mitigation strategies [14].

Seawater is typically aggressive corrosive media for corrosion, whereas this corrosion
mechanism depends on chemical, biological and physical factors. The salt content in seawater is
higher than in freshwater, which directly controls water conductivity and oxygen content. Ocean
water has a salinity of 3.5% on average [15]. The concentration of [CI] ions in water is mainly
related to salinity. Here, chloride in seawater can destroy oxide layers on metal surfaces, forming
complex metal ions, producing hydrogen ions during hydrolysis, increasing seawater acidity and
strengthening local metal corrosion. However, nearly ionized salt has a high electrolyte conductivity
which can accelerate microcrystalline and macrocrystalline corrosion mechanisms.

Additionally, the form of corrosion in seawater is related to oxygen and carbon dioxide
concentrations. Carbon dioxide changes the pH of seawater, making it more acidic. In this case,
oxygen acts as a depolarizer in the cathodic half-cell, increasing the risk of corrosion. The greater the
concentration of dissolved oxygen in the sea, the greater the electron capacity of the metal produced
and the faster the metal corrodes. Oceanic water has a pH ranging from 7.3 to 8.6 [16]. The corrosion
behavior of passive metals will be affected by the pH range observed in seawater [17]. At pH levels
ranging from 1 to 8, the oxygen system typically controls the oxidation and reduction potential of the
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seawater.

Further, extensive research on carbon steel corrosion behavior in seawater has recently been
conducted and evaluated on the effect of induced stress. Correspondingly, the impact of induced
stresses on steel corrosion behavior in marine environments has been reported previously [18-20].
Specifically, corrosion studies on low-carbon steels A131/A and A131/AH32 in simulated seawater
environments have previously been reported [3,4]. A field study on the corrosion behavior of
AISI 4135 steel in exposure to marine environments has also been reported [21]. Moreover, the
corrosion evolution and stress corrosion cracking (SCC) behavior of E690 steel in the electrolyte
presence of the simulated marine environment was also intensively researched [22]. Following that,
the use of a coastal-industrial atmosphere for corrosion media of investigation in corrosion kinetics
and product layer evolution of galvanized steel submitted to a wet/dry cyclic corrosion test was
reported by Qiao et al. [23]. Depth understanding of the corroded surface carbon steel in natural
seawater and the relationship between the composition of these layers and the corrosion mechanisms
were studied by Refait et al. [24]. Recent advances in the depth understanding of localized corrosion
processes of carbon steel permanently immersed in natural seawater have been established through a
detailed analysis of the corrosion product layers [25-30]. Yan et al. [31] have successfully predicted
the corrosion rate and influencing factors evaluation of low-alloy steels in the marine atmosphere
using a machine-learning approach. Because hydrogen ions play a significant role in seawater
corrosion processes, an intensive study had performed on the rate of hydrogen absorption and
hydrogen diffusion in ferritic steel coated with ZnNi [32]. At the same time, other study had
conducted on the effects of microstructures and grain size of mild steel on the corrosion resistance of
carbon steel [33]. As carbon steel is found widely in marine constructions, many types of carbon
steel were corrosion tested under varying marine environments. Accordingly, understanding the
unique properties of different carbon steel is crucial for managing the corroding process in the
marine environment. This scientific knowledge is required to meet the technological goals of
accurately anticipating corrosive substance loss in this environment and determining the life
expectancy of low-carbon steel structures.

Despite varying results for corrosive environments in different sea areas and duplicating all in
situ seawater variables, in situ marine corrosion experiments are still the most reliable method for
studying corrosion in seawater environments. As a result, a laboratory experiment is a viable method
for seawater corrosion of metals and alloys, which has the advantages of a short testing period, low
experimental cost, easy operation and high reproducibility because the corrosive environments of
different sea areas are vastly different [25,34-39] Furthermore, it was proposed in terms of present
research that the carbon steel corrosion was hypothetically related to the oxygen content in seawater
and was almost unaffected by pressure. The difference in crevice corrosion between the two site
metallic samples might be due to a difference in oxygen content previously reported using seawater
from the Pacific (1.6 mL/L) and the Atlantic (5.7 mL/L) ocean [40].

Accordingly, this study included a short-term in-situ marine corrosion experiment with
corrosion-resistant low-carbon steel in seawater. The current study used a simple and quantitative
analytical method to evaluate the corrosion behavior of AISI 1010 in simulated seawater. The
novelty and rationale of the present work were related to the link between investigating the effect of
oxygen content in artificial seawater and the corrosion results of carbon steel. This study used
electrochemical measurement, gravimetric, scanning electron microscopy (SEM) and X-ray
diffraction (XRD) to characterize corroded low-carbon steel AISI 1010 surfaces. This study can add
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valuable data and guidance for material selection for oil and gas pipelines in coastal areas.
2. Materials and methods
2.1 Material, Medium and In-situ marine experiment

Specimens employed for this experiment were AISI 1010 low-carbon plates of steel having the
elemental chemical composition listed in Table 1. Sample coupons cut into 1.5 cm x<1.5 cm x0.5 cm
in size were for weight loss analyses. Other coupons of the same size were placed in epoxy resin
inside a PVC pipe for electrochemical measurements, with a working surface area of 2.25 cm?
(Figure 1a). Polishing surface coupons were conducted with silicon carbide metallurgical papers with
grid sizes ranging from 240 to 1200, degreased with ethanol and dried by electric dryers. A
desiccator was employed to test the polished coupons for corrosion.

Table 1. Chemical composition of AISI 1010 carbon steel (wt%).

Grade C Mn Ti Al Si Cr Ni Cu Co Fe

AISI'1010 0.04 0.33 0.003 0.013 0.02 0.013 0.017 0.0082 <0.005 Balance
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Figure 1. (a) The shape of the steel specimens; (b) Schematic set up for immersion process.

The artificial seawater (ASW) in this study is according to ASTM D1141, and its chemical
composition (g/L) is shown in Table 2. Adding 5% sodium hydroxide resulted in a pH solution of 8.2.
Figure 1b depicts the schematic diagrams of the in-situ marine experiment in this study. The
experimental reactor had two components: the reactor and the lid. The glass reactors have a total
volume of 400 mL and are sealed with an acrylic top, while specimens are suspended by hanging
with nylon string. The “solution volume to specimen area” ratio was 0.20-0.40 mL/mm? according to
ASTM G 31-72, so the maximum coupons with dimensions of 1.5 cm % 1.5 cm %< 0.3 cm were four
specimens for a working volume of 350 mL. Subsequently, the reactor was closed with wax during
immersion and lasted 14 d at room temperature.
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Table 2. Chemical composition of ASW (g/L) according to ASTM D1141.

NaCl MgCl, NaSO,; CaCl, KCI NaHCO3 KBr HsBO; SrCl, NaF

2453 5.2 4.09 1.16 0.695 0.201 0.101  0.027 0.025 0.003

2.2. Electrochemical and weight loss measurement

The computer program run with the CS Studio 5 software performed all electrochemical
measurements with the Potentiostat/Galvanostat (CorrTest Type CS 300). The OCP and Tafel
analysis tests determined the corrosion rate of the carbon steel samples. The electrochemical
measurements used three-electrode cells, including platinum (Pt) as the reference electrode and
silver-silver chloride (SSCE)/(Ag/AgCl) as counter electrodes. The un-corroded or corroded steel
specimens with an exposed area of 2.25 cm? are working electrodes. Polarization data collection
focused on the range voltage of 0.2 V to +0.2 V vs. open circuit potential range at a constant scan
rate of 10 mV/ min. Generating a linear fitting method may obtain the electrochemical parameters of
ba, bc, Icorr and Ecorr (Tafel slope of the anodic reaction and the cathodic reaction, corrosion current
density and corrosion potential) of each sample at the weak polarization region (220 mV vs. Ecorr).

Further, the weight loss (gravimetric) method was for determining corrosion rates of AISI 1010
steel simulated in the ASW and two samples of similar dimensions standard as parallel samples for
each experiment set. After ending the immersion test in the simulated seawater on the 7th and 14th
day, steel was washed with distilled water, gently scraping off corrosion products and eventually
descaling with a pickling solution. According to ASTM G1-90, cleaning corrosion products
employed a pickling solution (Clarke solution) (20 g Sb,O3 and 50 g SnCl, in 1 L of 6 N HCL). After
descaling, the steel was washed with distilled water and ethanol, then dried with an electric dryer.
The difference in metal weight measured before and after immersion and pickling determined
corrosion rates.

2.3. Corroded surface steel characterizations

The morphology of the corrosion products was studied using scanning electron microscopy
(SEM, Hitachi SU3500). The study includes SEM images of steel surfaces after 14 d of immersion.
The samples were dehydrated using aqua-dm and serial ethanol dilutions (20%, 50%, 75% and 98%).
All coupon specimens were then dried and placed in desiccators. Before SEM observation, a thin
gold film of 0.5 mm thickness was deposited on the specimen surface to give electrical conductivity,
and SEM images were at various magnifications to take.

Instead, XRD analysis was to evaluate the crystalline corrosion products on the surface of the
steel sample after immersion. (XRD-Bruker D8 method). The corroded metals were therefore dried
and stored in a desiccator before being exposed to X-ray beams emitting Cu-Ka (A = 0.154 nm)
radiation with a 26 scan between 10°and 90< The QualX PC-search-match tool [41] software
package aids in crystalline material identification. Using the crystal structure model in the literature,
the Rietveld refinement approach with Program X'Pert plus 1.0 (Philips Analytical B.V.) confirmed
the discovered crystalline phases of the search match method. (AMCSD-American Mineralogist of
crystal structure database) [42].
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3. Results
3.1. Corrosion rates

Table 3 shows the steel corrosion rates of specimens after an immersion test time of the 7th and
14th day in ASW-based weight loss analyses. Overall, corrosion rates appeared to increase according
to the length of the immersion time. There were no corrosion inhibitors used in the study area. In this
study, electrochemical analyses of corrosion rates provided results faster than rates of the weight loss
methods (Figure 2), presenting the polarization curve of the specimen measured in the ASW at various
immersion times. The longer the immersion time, the greater the negative value of Ecorr became,
eventually reaching —0.613 V on day 14. These findings suggested that the marine environment of
ASW promoted an increase in corrosion rates for low-carbon steel during immersion. Table 4 shows
the corresponding polarization curve adjustment results for this work. Icorr values appeared to
increase until they reached 24.733 A/lcm?. The highest Icorr values, however, were obtained after the
7th day rather than the 14th day of immersion (19.841 A/cm?). These findings were in close agreement
with the result of the corrosion rates calculation based on the weight loss procedure. After the 7th day
of immersion, the metal corrosion rate increased significantly, from 0.0954 mmpy to 0.2879 mmpy.
Then, the corrosion rate dropped slightly on the 14th day to 0.231 mmpy.

Table 3. Corrosion rate of AISI 1010 based on weight loss.

Immersion time (day) Average weight loss (%) Corrosion rate (mmpy)
7 0.07% 0.2780
14 0.16% 0.3092
107 . -0.30
4 -0.35
10
-0.40
10 P L e pay
a >
g X7 -0.50
<1
= -0.55
5o -0.60
-0.65
108L— — — -0.70k— - - - a
-0.7 -0.65 -0.6 -0.55-0.5-0.45-0.4 -0.35-0.3 10°¢ 10 10°¢ 107 10" 10
E(V) I (A/em®)

Figure 2. The polarization curve of AISI 1010 in the ASW.
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Table 4. Polarization measurement of AISI 1010 in ASW.

No. Material (Low Immersion time  Corrossion rate leorr Ecorr Ba Bc Residual
carbon steel) (day) (mmpy) (nA/em?) (V) (mV) (mV)
AISI 1010 0 0.0954 8.198 -0.506 88.126 147.56 1.58E-9
AISI 1010 7 0.2879 24,733 —0.449 13481 82.096 2.69E-8
AISI 1010 14 0.2310 19.841 -0.613 1138 88.839  7.16E-9

In this study, according to the results of the electrochemical analysis, the first seven days of
corrosion rate increased rapidly compared to the next seven days of the mass loss method (the increase
in corrosion rate here was only 0.0312 mmpy and reached 0.3092 mmpy). Instead, the corrosion rate of
the specimen based on the electrochemical analysis increased significantly in the first seven days but
decreased in the following seven days. Several materials corrode rapidly in the early stages of
exposure to an environment (before passive film formed) and later corrode at a much lower rate [43].

In gravimetric or weight loss measurement, there was involving step, namely, the removal of
corrosion products (pickling). This step is essential to accurately measure the weight loss due to
corrosion, as it eliminates the interference of passive films or corrosion products. More corrosion
products formed on the metal surface on day 14th than those on day 7th can provide by the value of
mass loss during the pickling process (Table 3). As a result, the weight of the specimen remained
decreased. A higher loss of metal mass indicates an increased corrosion rate. The increase in corrosion
rate in the first seven days corresponded to a lack of protective coatings on the metal surface and the
corrosive nature of the medium. The most well-known situation is metal corrosion (electrochemical) in
aquatic environments (water-containing environments), including dissolved species (salts) [44].
However, gravimetric analysis does not provide detailed information about the corrosion mechanism.
The gravimetric method does not allow the evaluation of quantitative estimation of the corrosion rate
for each layer separately [45]. As a more detailed understanding of corrosion mechanisms is required,
complementary techniques such as electrochemical methods may be necessary.

Electrochemical corrosion testing is a relatively rapid technique to estimate the corrosion
response of a material when exposed to a particular environment. The electrochemical method is
particularly to reveal the rate of the step-controlling process, calculate the mass corrosion index and
substantiate the choice of a protector for a specific aggressive medium. In the experiment, the
polarization curves refer to the mass corrosion indices of the layer components [46,47]. An exergonic
process because metals tend to have the lowest energy levels. As a result, when metals like steel
combine with oxygen and water, they naturally return to their lowest energy state and form iron oxides
(corrosion products). However, corrosion products may have different properties depending on the
specific metal and the conditions. The formed corrosion products revealed the surface of the corroded
metal over time. Then, metal surfaces can form dense and adhering layers that create physical barriers
between metals and corrosion environments. The barrier layer formed from an accumulation of
corrosion products can prevent metals from directly touching the corrosive agent and slowing metal
corrosion. Dense corrosion product layers act as a weight transport barrier, reducing corrosion rates
significantly [48]. According to the results of Chen et al. [49] for electrochemical measurement, the
accumulation of corrosion products may play a significant role in protecting carbon steel in sterile
seawater. Accordingly, inhibiting corrosion of carbon steel is due to accumulating corrosion product
film in a sterilized environment. More corrosion products building thick and complete layer has
adhered to the surface of carbon steel, limiting charge transfer in sterile seawater [49,50]. In this
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situation, the barrier layer delays the electrochemical reactions that cause corrosion and provides some
metal protection, resulting in a lower corrosion rate as measured by polarization (Table 4). Surface
morphology SEM data show the presence of this layer.

3.2. Surface morphology and chemical elemental mapping

SEM images of corrosion product distribution showed existing corrosion products on AISI 1010
surfaces (Figure 3). Within a relatively short period of immersion, corrosion product spots appeared
on corroded surface samples; on the seventh day, the surface rust thickened and became unevenly
distributed. Despite uneven thicknesses, corrosion products obtained on the 14th day almost covered
the entire surface. Moreover, the EDX spectra reflect the distribution of rust minerals (Figure 4).
Here the forming corrosion products of metals in seawater and marine environments are primarily
iron oxides [51-57]. The percentages of iron and oxygen contents related to the weight of rusting
material are on different color images of the chemical elements available in the samples. EDX
spectra revealed 67 wt% of Fe and 19 wt% of oxide concentrations on the uncorroded coupons
before immersion. However, the oxide concentrations increased to 47 wt% on the 7th day, while the
Fe concentration decreased to 44 wt% on the 14th immersion, as the amount of corrosion (rust)
products increased and the corrosion rate decreased. This finding is consistent with the corrosion rate
investigation. The slight decrease in the 14th-day corrosion rate previously observed by the weight
loss method matched the EDX analysis with a drop of 39 wt% in oxide concentration.

SU3500 10.0kV X250 SE ; 20 SU3E~S‘5 106kV X250 SE . 2 13500740, 0kV X250 SE: » ¢

3 p?
=& Pa >

i " 50,
SU3500 10.0kV X1.00k SE € 5 53 SU3500 10.0kV X1.00k SE s - o5 € T w‘soo SU3S0R10DKV:

Figure 3. SEM images of AISI 1010 corrosion in ASW at 250 and 1000 magnification
(Al1&2) after 0 d, (B1&2) after 7 d and (C1&2) after 14 d.
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Figure 4. SEM/EDX images of AISI 1010 corrosion in ASW (A) 0 days (B) 7 d and (C) 14 d.
3.3. Corrosion products of AISI 1010 in seawater

The shape of corrosion product particles can predict the type of corrosion product formed. It
appears that rust on the steel coupon surface has two distinct layers: a dense layer immediately
adjacent to the base Fe-metal and a relatively thin layer (Figure 3). After immersion in ASW, the shape
of the corrosion product shows an enlargement of hematite (Fe,O3), magnetite (FesO4) and
lepidocrocite [y-FeO(OH)], suggested to be corrosion products (Figure 5). Corrosion products
frequently exist by rust minerals such as Fe;0,4 and Fe,O3 [50]. EDX spectra confirmed the Fe and O
spectra corresponding to compounds of iron oxides (I1) and iron oxides (111), which formed easier on
the surface due to their high oxygen affinity.

Nematite

& s .0 {33500 100KV XT00KSE By % | ERCYONUTol 5U3500 10.00V X100k SE ™ {8

Figure 5. The visual appearance of AISI 1010 corrosion products in ASW.
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Further, hematite is a mineral substance with a reddish-brown appearance consisting of ferric
oxide. Hematite is one of the corrosion products that can form on the surface of iron or steel
materials and is the most stable phase when exposed to oxidizing environments [55]. The
appearance of hematite in Figure 5 agreed with the image obtained by the previous finding of
Mohammadikish [58]. On the other hand, magnetite is also identified from observations of
oxidation-inducing corrosive product forms and becomes hematite (Eqs 1 and 2). According to the
previous result by Antunes et al. [59], the magnetite pattern comes out as dark flat regions. Magnetite
can be compact and protective in the absence of oxygen. In addition, magnetite is usually favorable
to form as a second component in low-oxygen components near the metal matrix, controlling the
entire corrosion process [59]. As an iron oxide-hydroxide mineral, lepidocrocite is green hematite or
emeraldine and is formed as iron-containing substances rust underwater. Here lepidocrocite crystal
structure is like the boehmite structure found in bauxite and consists of layered iron (I11) oxide
octahedral bonded by hydrogen bonding via hydroxide layers. Lepidocrocite is the corrosion product
of carbon steel in sterilized artificial seawater [60]. The relative content of lepidocrocite increases
with immersion time in sterile seawater [49]. Previous studies indicated that the formation of global
and thin laminas corrosion products corresponded to lepidocrocite formation, which agrees with our
observation in Figure 5 [55,60]. In addition to iron hydroxides, SEM images revealed clear and
distinct oxide films on the surface (Figure 5), which eventually branched into cracks encountered due
to the breaking of the thin films during corrosion. Based on the result of Liu et al. [61], the
characteristics of the surface film can act as a barrier consisting of rust solid products with visible
slight cracks.

Even though seawater corrosion of the surface metal can take many forms, seawater is an
electrolyte for metal electrochemical corrosion, resulting in oxygen reduction in the surface metal
(Figure 6). It was proposed in the study that during marine corrosion in seawater, the steel surface
forms oxides and hydroxides of iron according to the reduction-oxidation reactions (Eqgs 3 and 4) [62].

0,
water Fo2+
0,
agmﬁ% ._
; 4 ?Q._MM&_;-J E = -
\\\,\ /'” Fe;03-xH,0 cathodic
O\ /s site
anodic
iron Site \.@/'
Fe(s) — Fe?*(aq) + 2e~ 0,(g) + 4H*(aq)

+4e” — 2H,0(1)

Figure 6. The electrochemical cell set up between anodic and cathodic sites on an iron
surface corrodes (CC BY-NC-SA; anonymous).

4Fe + 30, + 2H,0, - FeOOH (1)
2FeOOH - Fe,05; + H,0 (2)
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Fe + 0, + H,0 - Fe(OH), (3)

Fe(OH); + 30, > Fe30, + 3H,0 (4)

Moreover, the present results of rust minerals were in close agreement with identified different
types of oxides that may form on the steel surface: hematite (a-Fe,O3), magnetite (FesO,),
maghemite (y-Fe;03), goethite (a-FeOOH), lepidocrocite (y-FeOOH), akaganeite (B-FeOOH),
feroxyhite (6-FeOOH), iron hydroxide [Fe(OH);] and iron trinydroxide (Fe(OH)s) [62-64]. The
formation of lepidocrocite occurs by the re-oxidation of magnetite, which is the reaction according to
Eq 5 [65]. Lepidocrocite usually transforms to its more stable polymorphic goethite governed by the
topotactic process in Fe?* systems [66]. A detailed review of the marine corrosion of carbon steel by
Alcantara et al. [65] mentioned lepidocrocite formation as a primary corrosion product in the
atmospheric rust layer.

Fe304 + 0, + Hy0 - 3y — FeO0H (5)

The XRD Rietveld analysis in Figure 7 supports the SEM-based corrosion products by
demonstrating the low intensity of the diffraction peaks produced by the rust’s thin thickness.
Hematite and magnetite can form in oxidizing environments, whereas lepidocrocite can form in
reducing environments. As a result, hematite, lepidocrocite and magnetite may be corrosion products
formed during ASW immersion.

Counts

4000 Te =
3000- Fe
I Hy K
0 20 30 40 50 60 70 80 90
206°

Figure 7. XRD Rietveld analysis of corroded carbon steel (based on Fe) after a 14-day
immersion revealed rusting minerals H (hematite), L (lepidocrocite) and M. (magnetite).
Notes: The blue line spectra represent the crystal structure model, and the red line spectra
represent the measured XRD spectra.
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4. Discussion

Electrochemical corrosion of low-carbon steel surfaces in seawater is of particular interest to
avoid a catastrophic structure when used in marine applications. Understanding the mechanism of
seawater corrosion and the development of corrosion inhibitors, in particular, have received much
attention, as have the reduction-oxidation reactions that occur at the interfaces between the corrosive
electrolyte and a steel surface during the early stages of the corrosion process. The nature and
properties of the carbon steel surface, in particular, have been strongly affected by these reactions. As
a result, recent corrosion and corrosion-inhibition studies on corrosion-resistant metal alloys in
seawater environments have been conducted [38,67]. Furthermore, most corrosion studies refer to
in-situ corrosion experiments with electrochemistry characterization of materials and surface
properties.

Furthermore, the roles of chemical (oxygen content, salinity and pH), physical (temperature and
agitation speed) and biological factors for seawater corrosion must take into account when
considering the carbon steel surface, where seawater attacks the metallic surfaces controlling the
amount of corrosion product presented as weight loss, corrosion rate and external corrosion of
carbon steel [65]. Here a carbon steel pipe used in seawater may promote water-electrolyte formation
by a current flow on its outer surface due to high and low potential, resulting in a microcell
formation. The electrochemical impedance spectrometer with potentiostatic/galvanostatic mode
could predict the evolution of oxygen reduction in this study, combined with an EDX analysis
demonstrating that catalase aids processes for autocatalytic oxygen reduction and oxygen
consumption. The higher the oxygen content in interfaces promoted faster the corrosion rate
corresponding to the local anode corrosion rate depending on the cathodic reaction increases as the
higher amount of oxygen. With an oxygen content of 4.85 mg/L in artificial seawater, the cathodic
corrosion is predominantly by oxygen reduction, which is under mixed activation-diffusion
control [68]. The initial increase in the oxygen reduction current on the 7th day of immersion is
related to oxygen generation within the electrolyte, which can be produced by disproportioning
hydrogen peroxide to water and oxygen. The current study demonstrated that the different
concentrations of oxygen obtained from the varying day (7 and 14) of immersion provided varying
weight losses, corrosion rates and external surface corrosion of metal specimens presented as rust
minerals (hematite, lepidocrocite and magnetite).

Additionally, salinity (the amount of salt in seawater) regulates external metal corrosion.
Because diluted seawater has low salinity, the electrolyte is not aggressive. However, because the
current experiments only used one type of ASW, the influence of the salinity of seawater on carbon
steel corrosion was insignificant. It is also important to note that common saturated carbonate
accelerates seawater corrosion of carbon steel piping by increasing the pH level of seawater in
contact with the protective carbonate mud. In this case, the pH of seawater decreases as the
hydrostatic pressure in the seawater rises. As a result, a subsea pipeline may be unprotected by
carbonate mud, which may not accelerate the corrosion rates. Photosynthesis has an impact on pH as
well. For example, in subsea pipeline risers, proximity to water increases photosynthesis intensity
and affects pH value, accelerating riser corrosion.

However, the current study focused solely on surface analytical techniques for characterizing
corroded carbon steels in ASW media. This study has not yet evaluated factors such as dissolved
oxygen content, bacterial species and temperature, which are significantly different from those found

AIMS Materials Science Volume 10, Issue 3, 499-516.



511

in the marine environment below 500 m, and how they affect the corrosion behaviors of
corrosion-resistant carbon steel. One of the significant areas for oil and gas development is the
offshore area under seawater for a depth of approximately 170 m. As a result, more research needs on
emerging surface analysis techniques and their applicability to investigating the corrosion behavior
of carbon steels under the influence of seawater depth based on dissolved oxygen content, bacterial
species and temperature. Additional work could involve advanced surface analytical techniques to
measure temperature and oxygen content in seawater at depths in offshore areas, then replicating
these conditions in situ in carbon steel corrosion experiments. Extending marine corrosion studies on
carbon steel surfaces considering many corrosion factors (biological, chemical and physical) using
existing and emerging surface analytical methods can help to fill gaps in our understanding of marine
corrosion and corrosion inhibition mechanisms. Such knowledge is essential for developing
reasonable material selection and design corrosion inhibition to ensure the safe operation of
submarine oil and gas pipeline facilities throughout their life cycles and the corrosion behavior of
pipelines in seawater retention environments.

5. Conclusions

A laboratory corrosion experiment of AISI 1010 low-carbon steel simulated in ASW revealed
that the oxygen content influences the severity of localized metal substrate damage. According to
electrochemical impedance spectrometer measurements, the corrosion damage caused by oxygen
reducing to iron dissolution is due to oxidizing in the metal interface of the consumption of O, to
H,0. An oxygen uptake mechanism for oxygen reduction via iron dissolution may reduce biofilm
adhesion to the metal substrate. However, the current study did not thoroughly investigate the
biological, chemical and physical factors related to seawater depth. Therefore, further work should
be conducted by considering many corrosion variables and advancing surface analytical methods for
marine corrosion studies of carbon steel surfaces by duplicating those variables in in-situ corrosion
experiments.
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