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ARTICLE INFO ABSTRACT

Article history: Localized corrosion, exemplified by pitting and crevice corrosion, presents a significant
Received 1 August 2024 challenge in industrial and marine settings due to the presence of chloride ions in
Received in revised form 25 September 2024 seawater, brines and industrial fluids. It initiates and spreads at specific points on metal
Accepted 28 October 2024 surfaces and its hidden rapid metal degradation beneath intact surface layers
Available online 30 November 2024 complicates detection and monitoring, increasing the risk of unforeseen structural
failures and jeopardizing critical infrastructure integrity. Factors influencing its severity
include chloride concentration, pH levels, temperature variations and aggressive ion
presence, which degrade protective oxide layers and expose metal to accelerated
corrosion. This study aims to enhance predictive capabilities to effectively manage
corrosion in chloride-rich environments. Using COMSOL Multiphysics software, this
study models a microscale geometry representing a micropit and simulates chloride-
induced localized corrosion in steel, by integrating Nernst-Planck equations to
incorporate electrochemical reactions, ion transport dynamics and three-dimensional
geometrical features. Key parameters such as chloride concentration, pH and material
properties are crucial in the modelling approach to simulate the formation and growth
of corrosion sites. For 0 to 800 seconds simulation, the model displays the flux of ionic
species into and out of the pit. At 800 second, the results demonstrate a peak of Fe2*
concentration of approximately 2.53x103 mol/m3 at the deepest section, the CI- of
7%x103 mol/m?3 and an increase in H* inside the pit, reducing the pH from 8 to about 4.9.
These concentration changes indicate substantial metal dissolution is actively occurring
inside the pit, making COMSOL Multiphysics software a versatile platform for coupling
Keywords: multiphysical phenomena, enabling comprehensive analysis and 3D visualization of
Model; corrosion; steel corrosion processes.

1. Introduction

Corrosion science represents a vital area of research and application, crucial for understanding
and managing the degradation of steel structures due to environmental factors. Steel, renowned for
its strength and versatility, plays a pivotal role in numerous industries, including construction,
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infrastructure and manufacturing. However, its susceptibility to corrosion when exposed to moisture,
oxygen and aggressive chemicals necessitates a deep understanding of the underlying mechanisms.
Localised corrosion, specifically in the form of pitting and crevice corrosion, represents a persistent
and significant challenge in the utilization of steel and other metallic materials in various industrial
and marine environments [1-3]. This type of corrosion occurs when chloride ions, often present in
seawater, brines, de-icing salts or industrial process fluids, create aggressive local environments that
initiate and propagate corrosion at specific points on the metal surface. Unlike uniform corrosion,
which affects the entire exposed surface evenly, localised corrosion can lead to rapid and localized
material degradation, potentially causing catastrophic failures even in structurally sound
components. The detrimental effects of localised corrosion are exacerbated by its insidious nature,
often occurring beneath intact surface layers where corrosion is not readily visible. This makes
detection and monitoring challenging, increasing the risk of unexpected structural failures.
Moreover, localised corrosion can compromise the integrity of critical infrastructure such as
pipelines, offshore platforms, bridges and chemical processing equipment, leading to safety hazards,
environmental risks and substantial economic losses [4,5].

The severity of localised corrosion is influenced by various factors including chloride
concentration, pH levels, temperature, oxygen availability and the presence of aggressive ions or
contaminants [6]. These factors contribute to the breakdown of protective oxide layers (passive films)
on steel surfaces, exposing fresh metal to corrosive attack. Once initiated, corrosion pits or crevices
can act as preferential sites for ongoing degradation, progressing even under conditions where the
surrounding metal remains relatively unaffected.

Efforts to mitigate localised corrosion typically involve materials selection, protective coatings,
corrosion inhibitors and improved design practices tailored to specific environmental conditions.
However, these approaches require a thorough understanding of the underlying corrosion
mechanisms and the ability to predict corrosion behaviour under realistic operational scenarios [7].

In this context, ongoing research focuses on advanced modelling and simulation techniques to
simulate the complex interactions between chloride ions, steel surfaces and environmental factors
[8-10]. These efforts aim to enhance predictive capabilities, optimize corrosion management
strategies and ultimately prolong the service life of steel structures exposed to chloride-rich
environments. This introduction sets the stage for exploring the nuances of localised corrosion of
steel with chloride and underscores the importance of addressing this persistent challenge through
interdisciplinary research and innovative engineering solutions.

One of the key challenges with localized corrosion is its covert nature, often occurring beneath
intact surface layers where corrosion is not immediately visible. This characteristic makes detection
and monitoring difficult, heightening the risk of unexpected structural failures. Critical infrastructure
like pipelines, offshore platforms, bridges and chemical processing equipment are particularly
vulnerable, posing safety hazards, environmental risks and substantial economic losses if
compromised.

This interdisciplinary field integrates principles from electrochemistry, materials science and
engineering to elucidate the complex processes leading to corrosion initiation and propagation in
steel. Modelling localized corrosion is crucial for understanding these complex processes that occur
at microscopic scales [11], influencing the degradation of metals in various environments [12,13].
Localized corrosion phenomena such as pitting and crevice corrosion are influenced by multiple
factors including environmental conditions [14], material properties [15] and electrochemical
reactions [16]. These processes are particularly exacerbated by chloride ions in marine environments
and industrial settings, leading to accelerated material loss and structural integrity issues.
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From the science of corrosion, it is found that pitting or crevice corrosion, occurs when chloride
ions penetrate the protective oxide layer on metal surfaces, initiating aggressive chemical reactions
in localized areas despite the surrounding metal remaining relatively intact [1]. The initiation and
propagation of chloride-induced localized corrosion are influenced by multiple factors including
environmental conditions (e.g., temperature, humidity), alloy composition, surface defects and the
presence of other ions. Understanding these complex interactions is crucial for developing effective
corrosion mitigation strategies and designing corrosion-resistant materials. Besides advanced
techniques such as electrochemical impedance spectroscopy (EIS) and scanning electron microscopy
(SEM), computational modelling has indeed provided deeper insights into the mechanisms governing
chloride-induced pitting corrosion.

There exist a number of software applications that have been developed to tackle multiphysics
engineering challenges, yielding robust observations and results essential for analysing real-world
engineering issues [17,18]. COMSOL Multiphysics represents cutting-edge software capable of
addressing both multiphysics and multiscale problems, empowering researchers to construct
intricate computational models that incorporate multiple physical processes. This software provides
a versatile platform for designing, optimizing and predicting the behaviour of systems and devices
under different conditions.

Corrosion science has extensively employed modelling techniques, often validated against
published research [19]. However, the exact mechanisms governing the initiation of pits on metal
surfaces remain incompletely understood despite numerous studies [20,21]. Researchers have
developed both a two-dimensional axisymmetric model [22] and a three-dimensional model [23] to
investigate the propagation of pits after their initial stages. Several factors affect the corrosion rate
of steel in sodium chloride solutions, including chloride ion concentration, solution pH, temperature
and the presence of contaminants [8]. Recently, studies have shown that steel immersed in mildly
alkaline chloride solutions can clarify localized corrosion phenomena, particularly pitting [22,23]. In
this study, the aim is to create a three-dimensional model of a single microscale pit that represents
an active pit after the initiation stage. Using COMSOL Multiphysics software, the model is set with
the initial pH of the surrounding immersion liquid slightly alkaline at pH 8. Through the corrosion
model, the goal is to produce polarization curves that illustrate the relationship between current
density and electrode potential across varying initial pH values and display the flux of ionic species
into and out of the pit geometry. These curves will predict the evolution of the corroding metal
surface under different potential conditions.

2. Methodology
2.1 Geometrical Model of Corrosion

The corrosion geometry model was developed in COMSOL Multiphysics software. The design of
the corrosion structure was constructed with two parts which were the bulk solution and the
corroding pit. Figure 1 shows the geometry of the model used to simulate this project. The model
features a box-shaped domain (Domain 1) representing the bulk solution outside the metal, while
the pit (Domain 2) represents the corroding metal itself. The lower part of the pit (Domain 2) has
dimensions of 1x10°® meter (m) in radius and a depth of 1x10”7 m. The active area below the box-
shaped region facilitates interactions between ionic species and the surrounding environment,
defining where all reactions occur within the specified pH and potential conditions.

Domain 1 serves to simulate the immersing solution, with the pit mouth facilitating migration
processes both into and out of the pit. This region is electrically insulated in the software, with no
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current flow predefined. In contrast, Domain 2 is configured as active, representing the area where
metal dissolution takes place.

Fig. 1. Corrosion geometrical model

The total current inflow, i:: of the model, adheres to the following governing rule as in Eq. (1)
below:

itot = (]diss _]H+) X F (1)

where the Faraday’s constant, F (96485 C/mol), rate of iron oxidation/dissolution, J4iss, rate of proton
reduction, J4*, respectively.

The dissolved iron has generated a flux, which is reflected in the activity expression denoted by
Jaiss. Similarly, for Fe?*, the boundary condition was established based on flux. This correlation is
linked to the reduction in H* concentration, where the activity expression follows -J4*, with H* also
set as flux at the boundary condition.

2.2 Nernst-Planck Equation

The Nernst-Planck equations are extensively employed in scientific literature to model the
movement of ionic species in electrochemical systems [24]. They represent a physical reformulation
of Fick’s macroscopic diffusion law, incorporating the motion of charged particles. The equation was
originally proposed by Nernst, who experimentally validated its principles and theoretically
developed by Planck [25]. COMSOL has the capability to incorporate the Nernst-Planck equations in
scenarios where electroneutrality is both maintained and not maintained. By opting to enforce
electroneutrality universally, a more resilient model can be established. In this framework, the
movement of each species in the solution adheres to the principles of the Nernst-Planck law under
conditions where electroneutrality is rigorously applied, as shown in Eq. (2) below.

L= vl + zUFV(IVY) + R; 2)
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where the concentration of species j, [i], the effective diffusion coefficient, D;, charge number, z;,
mobility, U; (given that UF%), rate of production/depletion of i, R;, potential gradient, VV
respectively.

2.3 lonic Species
This model has eleven species which react in the aqueous alkaline solution, namely:

i.  Metal ion from dissolution process (Fe?*).
ii.  Hydroxyl ion (OH).
iii.  Hydrogen ion (H*).
iv.  Iron (ll) monohydroxide ion (FeOH").
v.  Sodiumion (Na*).
vi.  Chloride ion (CI").

vii.  Iron (ll) chloride ion (FeCl*).

viii.  Metal ions (Fe3*).
ix.  lron (lll) dioxide ion (FeOy).
X.  Iron hydroxide oxide ion (HFeOy).
xi.  Iron (Ill) dichloride ion (FeCly").

This model considered the diffusion, electromigration and chemical reaction.
3. Results

This section discusses the results obtained when the model was simulated for potential -1.0 to
-0.2 V which is equivalent to simulation time of 800 seconds.

3.1 lonic Concentration Distribution Inside the Pit
3.1.1 Concentration of Fe?*

Figure 2 presents a three-dimensional model depicting the concentration of Fe?* ions at pH8
across various times: 200 s, 400 s, 700 s and 800 s. The concentration of Fe?* inside the pit reaches a
peak value of 2.53x103 mol/m?3, which is higher than at the pit mouth, consistent with findings by
Salleh et al., [20,21]. This active region exhibits significant Fe?* dissolution, indicative of ongoing
corrosion processes within this area. The accumulation of Fe?* ions inside the pit necessitates
balancing with negatively charged ionic species to maintain electro-neutrality in the solution.
Additionally, the model shows Fe?* ions beginning to accumulate in the upper region of the pit,
aligning with diffusion theory where species move from areas of high concentration to low
concentration until equilibrium is achieved across the system.
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Fig. 2. Concentration of Fe?* at time (a) 200 s (b) 600 s (c) 700 s (d) 800 s
3.1.2 Concentration of CI

Figure 3 depicts the Cl- concentration at pH 8 within the pit at the conclusion of the simulation,
specifically at 800 s. The Cl" concentration begins to rise at -0.4 V potential around 600 s and continues
increasing until -0.2V. As shown in Figure 2, the Fe?* concentration is notably elevated in the pit
region, indicating substantial metal dissolution, particularly in the pit's lowermost section. The CI-
concentration model below illustrates a concentration level of 7x10° mol/m3 inside the pit,
underscoring active metal dissolution at the modelled boundary's lowest point, which is designated
as an active area in the model.
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Fig. 3. Concentration Cl"at 800 s
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3.1.3 Concentration of H*

Figure 4 presents the H* concentration inside the pit at 800s within a pH 8 environment. The H*
concentration starts increasing around -0.6 V potential and continues to rise until -0.2 V. The increase
in H* concentration results from the hydrolysis reaction between Fe?* and water. This process leads
to acidification of the pit environment, as documented in the study by Lee et al., [26] and supported
by model studies conducted by Mousson et al., [27].

Time=800 s surface: Concentration H+ c5 (mol/m3) Time=800 s Surface: Concentration H+ ¢5 (mol/m?)

x10® g 0 1 2 3
o

%10 m 6

z

b "

Fig. 4. Concentration of H" at 800 s

-

3.2 pH Change

Figure 5 displays a plotted graph depicting the pH values at Point 6 (a point at the bottom of the
pit) and Point 5 (a point at the mouth of the pit) against potential. The graph illustrates a decrease in
pH as the potential becomes more anodic. At -1.0 V potential, both points show a pH slightly above
8. At this potential, the concentration of OH™ exceeds that of H* due to the depletion of H* by the
hydrogen evolution reaction. However, as the potential increases further, this effect diminishes.
Within the pit, the pH remains at 8 under mild cathodic potentials and starts decreasing when the
potential reaches -0.6 V due to the Fe?* hydrolysis process. At -0.5 V potential, a pH lower than 5 was
observed inside the pit, which is within acceptable limits as stated by Pourbaix and L'Hostis [28] for
local corrosion of steel. The pH reduction is attributed to the hydrolysis process, which lowers the pH
to below 5. The acidity of the environment increases with higher concentrations of hydrogen ions, as
demonstrated in experiments [26]. Figure 4 illustrates ion concentrations, showing a significant
increase in H* concentration starting from -0.6 V potential. This rapid decrease in pH, from 8 to below
5 starting at -0.6 V, aligns with findings by Salleh [22], who reported a pH solution result of 4.7. The
pH at the bottom of the pit was observed to be more acidic compared to the area at the pit mouth.
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Fig. 5. Graph of pH vs potential

Figure 6 depicts the three-dimensional corrosion model in a pH 8 environment at 800s,
corresponding to a potential of -0.2V. The model is color-coded to represent the pH values across
different regions. In the inactive upper region of the geometry, the pH remains constant at 8 under
this potential. However, in the active lower part, which forms the pit shape, the pH drops to 4.9,
indicating an acidic environment. This decrease is directly correlated with the increased
concentration of H*, as illustrated in Figure 4 above. The pH dynamics are governed by the hydrolysis
of Fe?* with water, a process that leads to an accumulation of H*ions, thereby altering the alkalinity
of the pit environment. The presence of H* ions attract Cl" ions into the pit, where they combine to
form hydrochloric acid, further contributing to the acidic nature and lowering the pH of the
surrounding region.

Time=800 s Surface: pH o Tene~800 s Surface: pH

%10 m

a2 8
x107m o i 5 5
5

x10% m

I—— % ’ 5 ey
Fig. 6. lllustration of three-dimensional model for pH at 800 s

3.3 Flux of lonic Species

Figure 7 to Figure 9 depict the total flux of ionic species H*, Fe?* and Cl- at 800 s during the
modelling process. Arrows indicate the direction of flux movement for each ionic species. Specifically,
the arrows for H* and Fe?* ions show movement out of the pit, while Cl- flux arrows move towards
the pit region. The dissolution of Fe?* inside the pit represents the anodic reaction. A significant
concentration of H* ions move out of the pit region due to its anodic nature, where electrons released
by the anode flow towards the cathode, facilitating their outward movement. The accumulation of
positive metal ions within the pit creates a local excess of positive charge, attracting Cl- ions from the
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electrolyte into the pit through migration to maintain charge neutrality. Theoretically, the pit
contains a high concentration of FeCl*, a product of the electrochemical reaction between Fe?* and
Cl,, which increases in response to Fe2* concentration. At anodic potentials, Fe?* undergoes hydrolysis
to produce FeOH* and H* ions. The increasing concentration of H* leads to acidification of the
surrounding environment, causing a decrease in pH of the solution and turning the environment
acidic.

2 -

Fig. 8. Total flux of Feo* species
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2

Fig. 9. Total flux of CI species

3.4 Summary

The corrosion process involves intricate interactions among ionic species, characterized by their
diffusion and migration. A model was employed to vividly portray these dynamics across defined
ranges of potential and time, offering insights into how these species traverse into and out of
corroding pits, thereby generating notable concentration gradients and shifts in ionic compositions.

Throughout the observation period, simultaneous alterations in the concentrations of all species
were meticulously tracked. Notably, an uptick in Fe?* concentration served as a direct indicator of
metal depletion from the surface. The model effectively visualized these transformations, presenting
concentration profiles for each species in relation to varying potentials. Moreover, it underscored
distinct concentration disparities between specific locations within the corroding pit, such as at its
mouth versus its bottom.

Utilizing comprehensive data on species concentrations vis-a-vis potential, the model enabled
precise calculations of corrosion rates under specific environmental conditions or temporal intervals.
Remarkably, it disclosed that the dissolution rate of metal was notably higher at the pit's base
compared to its entrance.

The progression of potential was correlated with elapsed time, unveiling temporal dependencies
in the corrosion phenomena. Furthermore, the model elucidated a significant environmental shift
within the pit itself: despite an initial ambient pH of 8, the pH inside the pit gradually dwindled to 4.9.
This acidic milieu, distinctly confined to the pit, stemmed from the chemical reaction between
hydrogen ions (H*) and chloride ions (Cl’), culminating in the production of hydrochloric acid (HCl).

In summary, through its meticulous depiction of ionic movements, concentration gradients and
environmental transformations, the model not only deepened our understanding of corrosion
processes but also provided crucial insights into how localized chemical environments evolve within
corroding structures.

4. Conclusions
In conclusion, the three-dimensional model has successfully displayed the migration and diffusion
of ionic species into and out of the corroding pit. The simulation highlights a significant peak of Fe?*

concentration of approximately 2.53x10% mol/m3 at the deepest section of the geometrical pit, along
with an increase in Cl- concentration of 7x10° mol/m3 within the pit from potential -0.4V until -0.2V,
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taking 600 seconds. A significant drop of pH from 8 to 4.9 inside the pit is an observation resulting
from the formation of hydrochloric acid from accumulation of H* and ClI". These concentration and
pH changes indicating substantial metal dissolution and corrosion activities. This underscores the
ongoing process of metal dissolution at the lowest boundary of the three-dimensional modelled pit,
emphasizing the dynamic interplay of electrochemical processes and environmental factors.
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